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Myoglobin is an important protein for the study of structure and dynamics. Three conformational substates
have been identified for the carbonmonoxy form of myoglobin (MbCO). These are manifested as distinct
peaks in the IR absorption spectrum of the CO stretching mode. Ultrafast 2D IR vibrational echo chemical
exchange experiments are used to observed switching between two of these substates, A1 and A3, on a time
scale of <100 ps for two mutants of wild-type Mb. The two mutants are a single mutation of Mb, L29I, and
a double mutation, T67R/S92D. Molecular dynamics (MD) simulations are used to model the structural
differences between the substates of the two MbCO mutants. The MD simulations are also employed to
examine the substate switching in the two mutants as a test of the ability of MD simulations to predict protein
dynamics correctly for a system in which there is a well-defined transition over a significant potential barrier
between two substates. For one mutant, L29I, the simulations show that translation of the His64 backbone
may differentiate the two substates. The simulations accurately reproduce the experimentally observed
interconversion time for the L29I mutant. However, MD simulations exploring the same His64 backbone
coordinate fail to display substate interconversion for the other mutant, T67R/S92D, thus pointing to the
likely complexity of the underlying protein interactions. We anticipate that understanding conformational
dynamics in MbCO via ultrafast 2D IR vibrational echo chemical exchange experiments can help to elucidate
fast conformational switching processes in other proteins.

I. Introduction

Structural changes in proteins are essential for many biologi-
cal functions. Different conformations influence protein-ligand
interactions1 and play a role in enzyme catalysis.2,3 Protein
folding or unfolding involves a large number of major structural
changes. Global protein conformational transformations occur-
ring on time scales of microseconds and longer may be
collectively composed of much faster, individual motions that
can take place on the time scale of tens of picoseconds.1,4

Molecular dynamics (MD) simulations are frequently employed
to study structural changes involved in problems such as protein
folding. To assess the ability of MD to straightforwardly
describe the time dependence of protein structural evolution, it
is useful to study a single well-defined structural change that is
accessible to both experiment and simulation. Indeed, such MD
simulations may be limited by several factors, such as the
accuracy of the underlying potential energy function, relatively
short simulation time scales and related equilibration issues, and
a lack of knowledge of the proper collective coordinate(s) to
sample for the protein conformational changes. All of these
challenges make a comparison with detailed experimental result

invaluable to improve ultimately the accuracy and applicability
of the MD simulation technology.

The protein myoglobin, a small globular heme protein, is a
useful system for studying fast protein conformational changes.4,5

Three conformational substates3 have been identified for the
carbonmonoxy form of myoglobin (MbCO) that are reflected
by the IR absorption bands of the CO stretching mode. The
three substates give rise to three peaks in the absorption
spectrum referred to as A0 (1965 cm-1), A1 (1945 cm-1), and
A3 (1932 cm-1).5-7 The proximate cause of the different MbCO
substates is thought to arise from the configuration of the
imidazole side group of the distal histidine, H64.1,8 Structural
changes in the protein cause the side group to occupy three
distinct positions. Conformational switching between the A0

substate and either the A1 or A3 substate has been indirectly
estimated to take place on the 1-10 µs time scale.4 In the A0

substate, the imidazole has swung out of the heme pocket.4 Both
the A1 and A3 substates have the imidazole in the pocket. In all
three substates, the ε-nitrogen of the imidazole is protonated,
and the δ-nitrogen is deprotonated.1 In the A3 substate, the
protonated nitrogen is close to the CO, whereas in the A1

substate, it is further from the CO.1,8 The differences in the
locations of the imidazole side group of H64 give rises to the
CO stretch spectral shifts associated with the three substates.

Direct observation of the switching between the A1 and A3

substates in the myoglobin mutant L29I has been accomplished
using ultrafast 2D IR vibrational echo chemical exchange
spectroscopy.4,9 The 2D IR vibrational echo technique is akin
to 2D NMR, but it operates on much faster time scales. As
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discussed below, the substate switching time (chemical ex-
change) is determined by the growth of off-diagonal peaks in
the 2D IR spectrum. The time constant for interconversion
between the L29I A1 and A3 substates is 47 ( 8 ps.4 Substate
switching in wild-type MbCO has not been observed because
the A1 band has much larger amplitude than the A3 band. The
A3 band appears as a small shoulder on the A1 absorption. In
L29I, the A1 and A3 bands overlap, but they are approximately
the same size, making the observation of off-diagonal peaks in
the 2D IR spectrum possible.

In this Article, we report the observation of A1-A3 substate
switching in another Mb mutant, a double mutant T67R/S92D.
In this mutant, the A3 band is somewhat larger than the A1 band
in the absorption spectrum, but both have sufficient amplitude
to make observation of the growth of off-diagonal peaks in the
2D IR spectrum possible. As shown below, the time constant
for interconversion between the T67R/S92D A1 and A3 substates
is 76 ( 10 ps.

Interconversion from one substate to another requires crossing
a barrier that is non-negligible at room temperature. The
measurements of the substate interconversion times for the two
mutants, L29I and T67R/S92D, can serve as an important test
of predictions derived from MD simulations. The time scale of
the substate interconversions, along with the small size of MbCO
and the availability of atomic-resolution crystal structures,10,11

make substate interconversion in MbCO readily addressable by
MD simulations. The existence of conformational substates in
MbCO was first identified in MD simulations in 1987.12

Devereux and Meuwly13 have used electronic structure methods
combined with MD simulations using the CHARMM force field
to investigate spectroscopic substates of wild-type Mb. Their
calculations do not support the interpretation of the structures
associated with the A1 and A3 substates in wild-type Mb1,8 but
also do not produce any candidate structures consistent with
the experimentally observed dominant A1 substate. Recent MD
simulations of the double mutant discussed here14 using the
Amber 10 simulation package with the 2003 force field,15,16 are
consistent with the previous interpretation of the A1 and A3

substates in wild-type Mb.1,8

The experimental measurement of the interconversion time
between the A1 and A3 substates offers a new way to check a
given computational model. Reproducing the A1-A3 intercon-
version time in MD simulations would be an important
milestone, demonstrating that “the dynamics of real systems
undergoing an elementary structural change can be reproduced”
and providing structural details of the A1-A3 interconversion.4

In addition to the experiments on the double mutant T67R/S92D,
the study presented below uses MD simulations in concert with
umbrella sampling and the weighted histogram analysis method17

to investigate the free energy landscape and structural differences
between the A1 and A3 substates of L29I and T67R/S92D
MbCO. The experimental time constants of both Mb mutants
were compared with those obtained from the simulations. It was
found that the simulations were able to reproduce the L29I
substate interconversion time constant with good accuracy, but
the same approach when applied to the T67R/S92D double
mutant produced results that are not consistent with the time-
dependent 2D IR spectroscopy nor with the IR linear absorption
spectrum.

II. Computational and Experimental Procedures

A. Computational Methods. MD simulations were per-
formed using the CHARMM software package18 with the
CHARMM22 force field.19 A nonstandard parameter set was

used for the heme group partial charges in accordance with the
parameter set suggested by Devereux and Meuwly.13 This
parameter set has a net charge of -2, so extra positive charge
was added evenly to all atoms in the heme group to generate a
net charge of 0. Grossfield’s WHAM code was used to calculate
potentials of mean force (PMFs) from the umbrella sampling
data.20 All simulations began from the wild-type crystal structure
1a6g,10 with the L29I or T67R/S92D mutations then imple-
mented manually and hydrogen atoms added by CHARMM.
The distal histidine is simulated with Nε protonated and Nδ

deprotonated. Before solvation, both systems underwent 5000
steps of steepest descent minimization, followed by solvation
and the addition of two chloride ions for electroneutrality,
followed by an additional 5000 steps of steepest descent energy
minimization. Both systems were solvated in a truncated
octahedron of additional solvent with side length equal to ∼67
Å, which kept the protein a minimum of 9 Å away from the
edge of the water box to prevent it from interacting with its
periodic image, in addition to the water molecules found in the
crystal structure 1a6g. For the L29I system, 7488 water
molecules were added. For the T67R/S92D system, 7431 water
molecules were added. Hydrogen bond lengths were fixed using
the SHAKE algorithm.21

For the L29I mutant, before any biasing potentials were
added, the energy-minimized system was equilibrated for
slightly over 6.4 ns. For the CR-C�-Cγ-Cδ2 dihedral angle, 18
windows were used, biased in 20° increments. Each window
ran for 2 ns, including equilibration time after the bias was
applied. For the Nε-O distance, 23 windows were used, biased
in 0.1 Å increments from 2.7 to 4.9 Å. Again, each window
ran for 2 ns, including equilibration after the bias was applied.
For the Nδ-O distance, 25 windows were used, biased in 0.1 to
0.25 Å increments from 3.0 to 6.375 Å. The Nδ-O biased
windows ran between 1.4 and 3.8 ns.

For the T67R/S29D mutant, before any biasing potentials
were added, the energy-minimized system was equilibrated for
4.0 ns. For the CR-C�-Cγ-Cδ2 dihedral angle, 18 windows were
used, biased in 20° increments. Each window ran for 4 ns,
including equilibration time after the bias was applied. For the
Nε-O distance, 14 windows were used, biased in 0.25 Å
increments from 2.75 to 6.0 Å. Each window ran for between
2.13 and 3.73 ns, including equilibration time after the bias was
applied. For the Nδ-O distance, 16 windows were used, biased
in increments of 0.25 or 0.125 Å from 3.0 to 6.0 Å. Three of
those windows ran for 1.47 ns, and the other 13 windows ran
for 4 ns. All biased windows used a harmonic biasing potential
with an amplitude of 10 kcal/mol. The constant NVT ensemble
was employed, with all simulations executed at a temperature
of 300 K. Every 2 ps, the velocities of all atoms were randomly
reassigned to fit the system temperature to within 5 K of 300
K. Periodic boundary conditions were used. Electrostatics were
calculated using the particle mesh Ewald algorithm,22 whereas
nonbonded interactions were truncated at 10 Å with a 1 Å buffer
for the FSHIFT and VSWITCH functions. Integration of the
dynamics was carried out using the velocity Verlet integrator
and 2 fs time steps. Trajectories were saved every 2 ps for later
analysis.

B. Experimental Methods. 2D IR vibrational echo chemical
exchange spectroscopy,4,9 which is an IR analog of 2D NMR,
was used for the determination of the conformational switching
rate of L29I4 and T67R/S92D. Experimental details of 2D IR
vibrational echoes and chemical exchange spectroscopy have
been previously described.9,23-25 In a 2D IR vibrational echo
experiment, three ultrashort IR pulses tuned to the vibrational
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absorption frequency of A1 and A3 are crossed in the sample.
The IR excitation pulses (110 fs in duration and 150 cm-1 fwhm)
are produced using a Ti/sapphire regenerative amplifier pumped
optical parametric amplifier system.26 These pulses have suf-
ficient bandwidth to excite the CO stretching vibrational modes
of both A1 and A3 simultaneously. The first pulse “labels” the
initial structures of the species by labeling their initial frequen-
cies, ωτ. The second laser pulse ends the first time period and
starts the evolution period Tw during which the labeled species
undergo conformational switching and vibrational relaxation to
the ground state. The third pulse ends the evolution period and
induces the vibrational echo emission, which reports on the
structures that exist at the end of Tw by their final frequencies
(ωm).

In the 2D IR spectra, ωτ is the horizontal axis and ωm is the
vertical axis. At short time, two positive going peaks are on
the diagonal at the A1 and A3 0-1 CO vibrational absorption
frequencies. There are two more peaks that are directly below
the A1 and A3 peaks. These are negative going peaks and
correspond to vibrational echo emission at the frequency of the
1-2 vibrational transitions of the A1 and A3 CO stretch. These
peaks are shifted to lower frequency along the ωm frequency
by the vibrational anharmonicity.27,28 In the absence of chemical
exchange, the peaks in the spectrum will evolve in shape because
of spectral diffusion that was caused by structural fluctuations
within the individual MbCO29,30substates. The peaks will also
decay because of the vibrational lifetimes of the CO stretching
mode of each substate.

Chemical exchange, where two species in equilibrium inter-
convert one to another without changing the overall number of
the species, also contributes to the 2D IR vibrational echo
spectrum.9 Chemical exchange causes additional off-diagonal
peaks to grow in during the Tw period.9 The interconversions
between the A1 and A3 substates for L29I4 and T67R/S92D are
examples of chemical exchange. In the 0-1 region of the 2D
spectrum, when proteins initially in the A1 substate convert to
the A3 substate, a new peak appears with the A1 frequency on
the ωτ axis but with the A3 frequency on the ωm axis. In the
same manner, when proteins initially in the A3 substate convert
to the A1 substate, a new peak appears with the A3 frequency
on the ωτ axis but with the A1 frequency on the ωm axis.
Analysis of the growth of these off-diagonal peaks with
increasing Tw gives the chemical exchange rate.9 Because the
system is in equilibrium, the two off-diagonal peaks, A1fA3

and A3fA1, grow in at the same rate. In the 1-2 region of the
spectrum, equivalent off-diagonal peaks grow in.9

If the vibrational anharmonicity is large compared with the
frequency difference of the two species undergoing chemical
exchange, then two blocks of nonoverlapping peaks appear in
the 2D IR vibrational echo chemical exchange spectrum.9 One
block in the 0-1 region of the spectrum has the two positive
peaks on the diagonal and two positive peaks off-diagonal. The
block in the 1-2 region looks the same, but it is shifted by the
anharmonicities and is negative going.9 In the data presented
below for the MbCO double mutant T67R/S92D and in the data
previously reported for the L29I single mutant,4 the anharmo-
nicity is not large. Therefore, some of the negative going peaks
overlap with positive going peaks. This complicates the ap-
pearance of the spectrum but does not inhibit the analysis of
the chemical exchange rate.

III. Results and Discussion

A. Double-Mutant Substate Switching Measurements. The
background-subtracted linear absorption spectrum of CO bound

to the Myoglobin double mutant T67R/S92D is shown in Figure
1 (solid curve) along with the result of fitting the spectrum to
two Gaussians (dashed curves). The two Gaussians reflect the
two spectroscopically distinct conformational substates, A1 at
1945 cm-1and A3 at 1933 cm-1. The positions of the peaks are
the same as those observed in wild-type MbCO within experi-
mental error. However, in wild-type MbCO, the A1 substate
dominates the spectrum, and the A3 substate is a small shoulder
on the low-frequency side of the band. In the MbCO double
mutant, the A3 band has more amplitude. In the L29I single
mutant, the two bands are approximately the same amplitude.4

The mutations do not significantly shift the absorption frequen-
cies of the CO stretching mode in the two substates, but the
mutations do change the relative amplitudes of the bands.

Examples of the 2D IR vibration echo spectra are shown in
Figure 2 at three of the waiting times (Tw) that were measured
in the experiments. Each spectrum is normalized to the largest
peak. The bands in the upper half of the spectrum correspond
to the 0-1 transitions (red, positive going), and those in the
lower half correspond to vibrational echo emission at the 1-2
transitions (blue, negative going). As discussed above, the 1-2
peaks are displaced along the ωm vertical axis to lower frequency
by the anharmonic shift of the CO stretch. The prominent red
peaks correspond to the two peaks in the linear absorption
spectrum in Figure 1. The peak centered at (ωτ, ωm) ) (1932,
1932 cm-1) arises from the A3 substate, and that at (ωτ, ωm) )
(1945, 1945 cm-1) is from the A1 substate. Off-diagonal peaks
between the A1 and A3 substates in the 0-1 and 1-2 region
grow in with increasing waiting time Tw, which is the signature

Figure 1. FT-IR spectrum of the CO stretch of heme-ligated CO for
the myoglobin double mutant T67R/S92D (solid curve). The spectrum
was fit with two Gaussians (dashed curves), which represent the
absorption bands of the A1 and A3 substates. The peak positions are
the same as those found in wild-type MbCO.

Figure 2. 2D IR spectra of CO bound to the Mb double-mutant T67R/
S92D at several waiting times (Tw). The bands in the upper half of the
spectrum (red) correspond to the 0-1 vibrational transition. The bands
in the lower half of the spectrum (blue) arise from the vibrational echo
emission at the 1-2 transition frequency.
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of A1-A3 conformational switching. In the Tw ) 32 ps spectrum,
the off-diagonal peaks have become substantial. Because the
anharmonicity is not sufficiently large, there is overlap of the
positive going 0-1 and negative going 1-2 bands that distorts
the amplitudes of the other two off-diagonal peaks at (ωτ, ωm)
) (1945, 1932 cm-1) and (ωτ, ωm) ) (1932, 1920 cm-1). The
overlap of the bands does not interfere with the analysis because
the locations of all peaks are known, and all of the off-diagonal
chemical exchange peaks grow in at the same rate.9 In the
analysis, it is also necessary to know the vibrational lifetimes
of the CO stretch in the two substates. Lifetimes of the substates
were measured using IR pump-probe experiments. The life-
times for A1 and A3 are 22 and 20 ps, respectively.

Structural fluctuations of the protein produce spectral diffusion
within each substate. Spectral diffusion changes the shapes of
the bands but does not change their volume.9 Substate switching
causes the 0-1 diagonal peaks and the corresponding 1-2 peaks
to decrease in volume, whereas the off-diagonal chemical
exchange peaks increase in volume. The vibrational lifetime of
the CO stretch, T1, causes all peaks to decrease in volume.
Unlike small molecules in liquids,9,25,31-36 the orientational
relaxation in the protein is slow and can be neglected.4 The
integrated peak volumes were determined by fitting all of the
peaks to 2D Gaussian functions.9,23 The resulting fits were used
to extract the time constant for the conformational switching
from the 2D spectra.9,23

Equation 1 shows the kinetic model used to determine the
rate of the A1-A3 interconversion.

T1A1
and T1A3

are the vibrational lifetimes of the two substates.
As the system is in thermal equilibrium, the k13 and k31 exchange
rate constants in eq 1 are equal. The ratio of the substate
concentrations [A1]/[A3] at equilibrium (the equilibrium con-
stant) was determined from 2D IR peak volumes at very short
time and from the FTIR spectrum, [A1]/[A3] ) 0.75. Because
k13 ) k31 and the equilibrium constant and the lifetimes are
known, the data can be fit with a single adjustable parameter,
the A1fA3 substate switching time, τ13 ) 1/k13. The detailed
fitting procedure involving all eight peak volumes obtained from
the 2D IR chemical exchange spectrum has been previously
described9,23

Figure 3 shows the plot of the experimental diagonal and
off-diagonal peak volumes for 0-1 transition. The solid lines
are obtained by fitting the data to the kinetic model with τ13 as
the single adjustable parameter. Note that the off-diagonal
exchange peak data and fit have been multiplied by three for
clarity. The data from the 1-2 bands can be reproduced using
the parameters obtained from the 0-1 region fits, demonstrating
that the thermal equilibrium of the system is not perturbed by
the vibrational excitation of the CO stretch within experimental
error.9 The fitting results yield τ13 ) 76 ( 10 ps for the double
mutant T67R/S92D. The value for the single mutant L29I is
47 ( 8 ps.

B. MD Simulations. On the basis of previous studies, it is
believed that the configuration of the distal histidine, His64, is
the most important structural factor influencing the vibrational
frequency of the A1 and A3 substates.1,4,14 The simulations in
the present work were used to determine the PMFs along three
structural coordinates describing the configuration of His64
relative to the CO ligand: the separation distance between the

δ-nitrogen (Nδ) of His64 and the oxygen atom of the CO ligand
(Nδ-O), the separation distance between the ε-nitrogen (Nε) of
His64 and the oxygen atom of the CO ligand (Nε-O), and the
CR-C�-Cγ-Cδ2 dihedral angle of the distal histidine’s imidazole
side chain relative to its backbone (see Figure 4).

Results for the L29I mutant will be considered first. These
simulations display substate interconversion most clearly in the
PMF for the Nδ-O distance. (See Figure 5.) Along this coordinate,
the energy barrier for the rate-limiting step, escaping the minimum
that is deepest at 5.4 Å, is 1.56 kcal/mol. The energy barrier to
back reaction is 0.23 kcal/mol. From transition-state theory, we
can estimate the substate interconversion frequency as

. 79
1/T1A1

A1 {\}
k13

k31

A3.98
1/T1A3

(1)

Figure 3. Peak volume data obtained from the fitting of the 2D IR
spectra of T67R/S92D for the 0-1 transition region. The solid curves
are the results of the fit to the kinetic model with one adjustable
parameter. The results yield the A1 to A3 substate switching time τ13

) 76 ( 10 ps.

Figure 4. His64 and the nearby CO ligand. Hydrogen atoms are
suppressed except for Nε-H; Nδ is not protonated.

Figure 5. Potential of mean force for the Nδ-O separation distance.
The black line corresponds to L29I MbCO. The red line corresponds
to T67R/S92D MbCO.
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where K is the reaction constant, Kb is the Boltzmann constant, T
is the temperature of the simulations, ω0 is the fundamental
frequency, and ∆F is the free-energy barrier.37 The fundamental
frequency is calculated as ω0 ) [(d2PMF(r)/dr2)/(meff)]1/2 where
meff ) (KbT)/(〈V2〉) and V is the time rate of change of the Nδ-O
separation distance. The effective reaction coordinate velocity V
was determined from unbiased MD trajectories in which the protein
stayed near the free-energy minimum. This treatment assumes that
the fundamental frequency can be described by an “effective force
constant” related to the fluctuations of the reaction coordinate. The
value of the second derivative of the PMF at the lower-energy
minimum based on the best-fit sixth-order polynomial is 8.48 kcal
mol-1 Å-2, and the average velocity squared is 4.65 × 1022 Å2

s-2.
From these values, the reaction frequency in the deeper

minimum is 9.42 × 109 s-1, which corresponds to an intercon-
version time of 106 ps, a factor of 2.2 longer than the
experimentally observed time of 47 ps for the L29I mutant.
Around the higher energy minimum, the second derivative of
the PMF is 3.04 kcal mol-1 Å-2, and the average velocity
squared is 4.95 × 1022 A2 s-2. The reaction frequency in the
higher energy minimum near 3.96 Å is 5.43 × 1010 sec-1 for
an interconversion time of 18.4 ps, shorter than the experimen-
tally observed time for the L29I mutant by a factor of 2.6.
Because of the exponential dependence of the reaction constant
on the height of the energy barrier, the agreement within
approximately a factor of 2 between the predicted and experi-
mentally observed interconversion times may indicate that there
is closer agreement between the predicted and actual energy
barrier to substate interconversion along the Nδ-O separation
distance than there is between the predicted and observed
interconversion times. The only previous estimate in this range
was 100-200 ps, based on 39 unbiased trajectories totaling 12.7
ns, which was not sufficient to provide a more precise estimate
or a potential energy landscape along the path between the
substates.1 The ratio of the interconversion rate constants is
the equilibrium constant. The equilibrium constant determines
the ratio of the peak areas in the IR absorption spectrum. The
ratio from the simulations is 5.8, whereas the experimental ratio
is 1.14

Computational studies of wild-type MbCO have suggested
that rotation of the imidazole side chain of His64 may
characterize the change between the A1 and A3 substates.1 The
simulations carried out in the present study do not show evidence
of rotation of the imidazole ring in this interconversion. Rotation
of the imidazole ring would most clearly be seen in the PMF
of the CR-C�-Cγ-Cδ2 dihedral angle (Figure 6). Although the
PMF for this coordinate for each mutant does clearly show two
favorable positions, the higher energy minimum around 10° is
so energetically unfavorable that the probability of finding the
protein in a configuration with this dihedral angle between -30
and 162° is <1% for both the L29I mutant and the T67R/S92D
mutant, making the higher energy minimum statistically
insignificant.

The prediction that the A1 and A3 substates are differentiated
by rotation of the imidazole side chain also requires that the
Nε-O separation distance have two favorable values.1 However,
the PMF for the Nε-O separation distance displays only one
favorable position for both of the mutants (Figure 7). For the
L29I mutant, these results indicate that the His64 backbone
moves laterally around the CO ligand in such a way that the

ε-nitrogen maintains a constant distance from the oxygen of
the CO ligand, whereas the δ-nitrogen switches between two
favorable distances from the oxygen atom: approximately 3.96
and 5.39 Å (Figure 8A,B). This requires at least a local
reconfiguration of the E helix, which is consistent with the
suggestion made by Ishikawa et al.4 and X-ray crystal studies.11

The simulation results suggest a connection between the A1-A3

interconversion and global changes in the structure of the
protein.

In addition to the fairly good numerical agreement between
the predicted and observed substate interconversion time,
confirmation that the structure of the protein is being modeled
accurately can be found through comparison to the crystal
structure. This comparison should be used cautiously because
the simulations use MbCO containing the L29I mutation instead
of the wild-type protein and because of the temperature
difference between the simulations and the protein in the crystal
structure. However, from experiment, it is believed that the effect
of the L29I mutation is to push His64 farther away from the
CO ligand,38 which may leave the favorable position of the
imidazole side chain’s dihedral angle unchanged. Additionally,
the frequencies of the IR absorption peaks for L29I are nearly
identical to the wild-type absorption peak frequencies because
absorption peak frequencies are highly sensitive to protein
structure; this implies that the structural changes between the

K )
ω0

2π
exp( ∆F

KbT) (2)

Figure 6. Potential of mean force for the CR-C�-Cγ-Cδ2 dihedral angle
of His64. The black line corresponds to L29I MbCO. The red line
corresponds to T67R/S92D MbCO.

Figure 7. Potential of mean force for the Nε-O separation distance.
The black line corresponds to L29I MbCO. The red line corresponds
to T67R/S92D MbCO.
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L29I mutant and wild type are minimal.4 The crystal structure
shows three positions for the imidazole side chain of His64,
although this does not reveal how the local changes relate to
larger structural changes. One of these positions has His64
swung out of the heme pocket, a configuration that corresponds
to the A0 substate.4 The other two stable positions have dihedral
angles of -121 and -122°. These angles are consistent with
the -110° predicted by this study’s PMF.

The PMF for the Nδ-O coordinate for the T67R/S92D mutant
(Figure 5) shows only one favorable position, unlike the same
coordinate for the L29I mutant, whereas the Nε-O and CR-C�-
Cγ-Cδ2 coordinates are qualitatively similar to the L29I mutant
and show only one favorable position. These results predict that
there would be only a single peak in the IR absorption spectrum
in the frequency range that contains the A1 and A3 bands and
no interconversion. However, as seen in Figure 1, both the A1

and A3 substates have significant amplitude, and fast substate
interconversion is seen experimentally in the T67R/S92D
mutant. (See Figures 2 and 3.)

The failure of the same three reaction coordinates used in
the L29I mutant to reproduce the experimentally observed
interconversion time for the T67R/S92D mutant may indicate
that either the force field is in error or the true potential energy
landscape for the double mutant cannot be simply described by
a simple reaction coordinate (or by one of the three studied in
this work). These results demonstrate that a procedure that
successfully simulates dynamical behavior in one system cannot
necessarily be assumed to work for other systems, even if they
have minimal structural modifications. The agreement between
the L29I simulations and experimental results is unlikely to be
fortuitous given the wide range of time scales over which
substate interconversion can occur1,4 and the consistency
between the expectation of the change in the structure of the
E-helix4 and the movement of the H64 backbone observed in
the simulations. It should be noted that agreement between the
simulations in the current study and experiments on L29I
mutated MbCO as described above may provide evidence
verifying a reasonable degree of accuracy of the protein force
field. Additionally, comparisons between the electric field

generated by the force field and partial charge parameter set
used in these simulations with the electric field generated by
QM/MM(MD) simulations further verify the force field. In
previous studies, different reaction coordinates were used to
predict an interconversion time with the same order of magni-
tude as that observed experimentally.1 It was concluded that
some change in the structure of the E-helix is likely involved
in the A1-A3 interconversion,4 which is consistent with the
results in this study. However, the results of the present work
on the T67R/S92D double mutant appear to indicate that the
transition between the two substates cannot be simply described
by the same structural reaction coordinate for both the L29I
and T67R/S92D mutants despite the fact that the apparent
structural differences are small. (It should be noted that there
is no currently available crystal structure with which to compare
the simulated structure of the T67R/S92D double mutant. The
one available crystal structure of T67R/S92D myoglobin differs
by three amino acids from the protein system studied here and
has a CN ligand rather than CO.)39

IV. Concluding Remarks

Ultrafast 2D IR vibrational echo chemical exchange experi-
ments have been employed to examine A1-A3 substate inter-
conversion for the MbCO double mutant, T67R/S92D. The
absorption spectrum shows that the CO stretching mode
frequencies for the A1 and A3 substates are virtually identical
in frequency to that of wild-type MbCO. However, the equi-
librium constant is different favoring the A3 substate over the
A1 substate (Figure 1), in contrast with wild-type MbCO in
which the A1 substate is favored. The time-dependent evolution
of the 2D IR spectrum yields the A1fA3 substate switching
time, τ13 ) 1/k13 ) 76 ( 10 ps (Figures 2 and 3). Previous 2D
IR chemical exchange measurements for the single mutant, L29I,
gave a switching time of 47 ( 8 ps.4

MD simulations of L29I MbCO have successfully reproduced
the A1-A3 interconversion time within a factor of ∼2, whereas
simulations of T67R/S92D have failed to reproduce the experi-
mentally observed interconversion time (Figures 2 and 3) using
the same reaction coordinates. The simulations of the double
mutant indicate that there would be a single substate in the
frequency range associated with the A1 and A3 substates in
contrast with experiment. (See Figure 1.) The primary structural
change seen in the L29I simulations is lateral movement of the
backbone of His64 to push the δ-nitrogen of the imidazole side
chain back and forth between two favorable distances from the
CO ligand.

This primary structural change that produces two substates
for L29I but only one for the T67R/S92D is in contrast with
recent MD simulations of the double mutant14 using the Amber
10 simulation package with the 2003 force field.15,16 These
simulations obtained the frequency-frequency correlation func-
tion (FFCF) from the fluctuating electric field along the CO
bond using the Stark coupling constant as a single adjustable
parameter. The FFCF is used to calculate the IR absorption
spectrum and 2D IR vibrational echo data. The results yield
the A1 and A3 bands with virtually the correct line shapes but
an error of ∼33% in the separation between the two bands. The
simulated FFCFs for the two bands show decay times within
factors of ∼2 of the experimentally observed dynamics within
each substate. However, substate interconversion is observed
to be several orders of magnitude too slow. The structural
change identified as being responsible for the A1 and A3

substates involves the orientation of the imidazole side group
of H641,8,14 as opposed to the translation of H64 found here for
L29I.

Figure 8. (A) Representative snapshot of His64 with the Nδ-O
separation distance at 4.12 Å. (B) Representative snapshot of His64
with the Nδ-O separation distance at 5.06 Å. Note that the CR-C�-Cγ-
Cδ2 dihedral angle in (A) is -114° and the same angle in (B) is -125°.
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Reproducing the experimentally observed substate intercon-
version time of L29I represents a longstanding challenge in
biophysical modeling,40 so it is encouraging to see that the
present study has made significant advances in this regard.
However, the observations that (1) previous studies successfully
predicted the interconversion time to the right order of magni-
tude using different structural coordinates4 and (2) the same
reaction coordinates that successfully showed two favorable
substates for the L29I mutant in this study showed only one
favorable substate in the simulations of the T67R/S92D mutant
may indicate that structural transitions on the free energy
landscape of the various mutants cannot be described using the
same reaction coordinate, a result that points to the likely
complexity of the underlying protein free energy landscape. As
a result, computational analysis that may be reasonable for one
mutant may not be simply transferred to another mutant without
additional verification and development. Further study of this
particular protein free energy landscape is, however, warranted
because knowledge of the mechanism for fast substate inter-
conversion in myoglobin may serve as a model that can be used
to interpret conformational switching processes in other pro-
teins.4
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