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In a previous molecular dynamics simulation study, the kinetic energy relaxation of photolyzed heme in
solvated carbonmonoxymyoglobin was found to be a single exponential decay process with the relaxation
time constant 5.9 ps [Sagnella, D. E.; Straub, J. E.J. Phys. Chem. B2001, 105, 7057]. The strong electrostatic
interaction of the isopropionate side chains and the solvating water molecules was shown to be the single
most important “doorway” for dissipation of excess kinetic energy in the heme. In this work, the results of
a molecular dynamics simulation study of heme “cooling” in two modified myoglobins, in which (1) the two
isopropionate side chains in the heme are replaced by hydrogen or (2) the proximal histidine is replaced by
glycine, His93Gly, are presented. For each “tailored” protein, the relaxation of the heme’s excess kinetic
energy is found to be a single exponential decay process. For the His93Gly mutant protein, the relaxation
time is found to be 5.9 ps, in agreement with the relaxation time in native wild-type myoglobin. For myoglobin
with the modified heme lacking isopropionate side chains, the relaxation time was found to be 8.8 pssa
decrease by 50% compared to that for native myoglobin. These results lend strong support to the proposal
that the predominant channel for fast kinetic energy relaxation of the heme in native myoglobin is directed
energy “funneling” through the heme side chains to the surrounding solvent.

1. Background

Following ligand binding or dissociation, heme proteins
undergo vibrational energy relaxation (VER). Understanding the
time scales and mechanisms of vibrational energy transfer is
an essential component of a complete understanding of the
ultrafast conformational changes and the reorganization of
protein structures that follow fundamental events such as binding
or release of substrate molecules, or electron transfer.1-7

Much experimental and theoretical work has been done to
investigate the rate of vibrational energy relaxation for small
diatomic ligands,8-14 particularly CO in the heme protein
myoglobin.15-17 In myoglobin, ligand dissociation can occur
when the ligand-heme complex absorbs a visible or UV photon,
which can cause vibrational excitation of the ligand, heme, and
surrounding residues18,19and a global conformational transfor-
mation of the protein. The detailed analysis of vibrational energy
relaxation of heme proteins can provide important information
about the cooperative nature of protein dynamics.8

Computer simulation of vibrational energy relaxation in heme
proteins began with the pioneering work of Hochstrasser and
co-workers.20 By adding 54 or 81 kcal/mol of kinetic energy to
the heme, they simulated the process of absorption of a 530 or
353 nm photon. They found the heme “cooling” in the heme
proteins myoglobin and cytochromec to be a biphasic process
with roughly 50% energy loss occurring in 1-4 ps in a “fast”
process attributed to relaxation by “collective modes”21 and the
remainder in 20-40 ps by a “slow” process attributed to heat
diffusion in the protein. Their simulation work was done in
vacuo; they argued that the solvent may increase the relaxation
rate. In myoglobin, much of the heme is buried in a hydrophobic
pocket within the protein matrix, but the heme has significant
contacts with the solvent. The two isopropionate side chains of
the heme are highly solvated and extend away from the protein.

Hochstrasser first suggested the possibility that the vibrational
energy could be transferred directly from the heme to the solvent
through the two heme isopropionate side chains.20,21

Time-resolved Raman studies by Martin and co-workers22

found that the heme’s excess energy, following excitation by a
500 nm pulse, is transferred to protein modes in approximately
5 ps. In a related study of deoxyhemoglobin, Lingle and co-
workers found the heme’s excess vibrational energy to dissipate
within 15 ps.23 From a Raman scattering study on a variety of
metalloproteins, Li, Sage, and Champion derived a time constant
for heme cooling of 4 ps.24 Lim, Jackson, and Anfinrud reported
a single-exponential time constant of 6.2( 0.5 ps for cooling
of the electonically relaxed heme.35 Kitagawa and co-workers
monitored the time dependence of the relaxation of an excited
in-plane vibrational mode of the heme in myoglobin using
resonance Raman spectroscopy, concluding that the decay was
biphasic with time constants of 3.0( 1.0 ps (for 93% of the
relaxation) and 25.0( 14.0 ps.10 The results of each of those
studies is consistent with a view of a signficant component of
the heme vibrational relaxation occurring on a time scale of
3-5 ps.

Subsequently, Sagnella and Straub25,26 studied the heme
“cooling” in solvated myoglobin using molecular dynamics
simulation. To simulate the photolysis process, approximately
88 kcal/mol of excess of kinetic energy, equivalent to two 650
nm photons, was deposited in the heme. They found evidence
for energy transfer from the heme to the surrounding protein
and solvent proceeding through three channels: “through
projectile” involving ligand collisions with the heme pocket
residues, “through bond” involving covalent bond between heme
and proximal histidine, and “through space” involving non-
bonded collision channels. Most significantly, they found strong
evidence for the mechanism of “highly directly energy funnel-
ing” suggested by Hochstrasser and co-workers.21 Sagnella and
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Straub identified the dominant channel for vibrational energy
relaxation of the heme to be one involving two steps: (1) the
excess kinetic energy is redistributed through a rapid intraheme
vibrational relaxation process and (2) the excess kinetic energy
is transferred to the surrounding solvent directly through the
two isopropionate side chains. The simulation results indicate
that the heme’s kinetic energy relaxed according to a single-
exponential process with a time constant of roughly 5.9 ps. That
theoretical result agrees with the experimental result of Lim,
Jackson, and Anfinrud, who observed heme “cooling” in
myoglobin to be a single-exponential process with a time
constant of 6.2( 0.5 ps.12

In this paper, we present our computational study of the heme
relaxation process in two tailored myoglobinssthe His93Gly
mutant with native hemeb and wild-type myoglobin in which
the two isopropionate side chains in the heme are each replaced
by hydrogen atoms. If the energy transfer channel through the
two isopropionate side chains is the dominant channel for heme
“cooling” as has been proposed, one expects to see a significant
variation in the relaxation rate for heme “cooling” in a heme
without its acidic side chains. However, little change in the
relaxation rate is expected for the His93Gly mutant with native
hemebsits acidic side chains are intact. Our simulation results
provide direct support for this view and a detailed picture of
the pathways for energy flow from excited hemes in myoglobin.

2. Computational Model and Methods

2.1. Molecular Dynamics. The computational protocol
follows closely that developed by Sagnella and Straub.26 The
sperm whale myoglobin molecule and solvent water were
introduced into a 56.70× 56.70× 37.712 Å3 box and simulated
using the CHARMM program.27 The initial configuration of
the system, including protein, heme, and solvent, was equili-
brated at room temperature as part of a previous study.26 The
all-hydrogen parameter set (version 27) of the CHARMM28

force field was used.
In His93Gly mutant myoglobin, the His93 was replaced by

Gly93, with the resulting heme being five-coordinate in the
A-state. One molecular dynamics trajectory was run for 30 ps
at constant energy until the new equilibrium state for the
His93Gly mutant myoglobin was reached. Subsequently, one
molecular dynamics trajectory was run for 50 ps at constant
energy and volume. During equilibration, the velocities were
randomly resampled according to the Maxwell distribution to
maintain a constant temperature. The molecular dynamics
employed the Verlet algorithm, which is time reversible and
symplectic.29-31 The nonbonded Lennard-Jones and electrostatic
potential energy was truncated using a group based switching
function extending from 9.5 to 11.5 Å. Snapshot configurations
were saved every 5 ps. For each of the 10 configurations
obtained in this way, 30 ps trajectories were run for both the
equilibrium initial states and nonequilibrium excited states. The
initial configuration for each excited state was identical to the
corresponding nonexcited state at the moment of excitation with
the exception of the velocities of the 73 heme atoms.

In myoglobin with the modified heme, the heme’s two
isopropionate side chains were amputated and replaced by
hydrogen atoms. Figure 1a shows the structure of the heme for
native myoglobin, and Figure 1b shows the structure of the
modified heme used in this study. One molecular dynamics
trajectory was run for 20 ps at constant energy until the new
equilibrium state for this modified myoglobin was reached. The
following molecular dynamics simulation protocol is that used
in the simulations of the His93Gly mutant protein.

2.2. Preparation of the Excited State.To simulate the
absorption of a photon, approximately 88 kcal/mol of excess
kinetic energy, equivalent to two 650 nm photons, was deposited
in the heme. The excess kinetic energy was distributed uniformly
among the heme atoms. With the excess kinetic energy
equipartitioned to the vibrational modes of the heme, the
“temperature” of the heme would increase by 400 K for the
His93Gly mutant and 500 K for the modified heme mutant.

In the photolyzed state of the protein with modified heme,
the heme changes its geometry from six-coordinate to five-
coordinate and the equilibrium structure of the heme becomes
domed instead of planar. However, the equilibrium structure
of the heme in His93Gly mutant is still approximately planar,
since it becomes four-coordinate following CO photolysis. The
equilibrium bonds and angles are different for the photolyzed
and nonphotolyzed states. They were changed “instantaneously”
within the 2 fs integration time step upon the simulated photon
absorption and ligand photolysis.

2.3. A Measure of the Rate of Local Kinetic Energy
Relaxation. The ergodic measure is a useful means of deter-
mining the time scale for the self-averaging of a given property
in a many-body system.32,4,25The fluctuation metric is defined
by

wherefj(t) is the time average for atomj of propertyF(t) of the
system andfh(t) is the average over allN atoms of propertyF(t)
at timet. Here we definefj(t) to be the kinetic energy of thejth
atom. If the total system is self-averaging and ergodic, the
function ΩKE(t) will decay to zero asymptotically in time as

The slope ofΩKE(0)/ΩKE(t) is proportional to the generalized
diffusion constantDKE for the kinetic energy. The mean square
of the fluctuations in the kinetic energy metric is related to this
generalized diffusion constantDKE that is a measure of the rate
of the exploration in the momentum space.

If we assume that the microscopic motion is well described
by a Langevin dynamics, one can relate the rate of self-averaging
of kinetic energy to the magnitude of the static friction of a
Langevin model. From the kinetic energy metric and the
Langevin equation, one can identify the generalized associated
diffusion constant of

Figure 1. (a) Structure of heme for wild-type/His93Gly mutant
myoglobin, in which the positions of two isopropionate side chains
can be seen. (b) Structure of heme for the modified myoglobin, in which
the two isopropionate side chains are amputated and replaced by two
hydrogen atoms (green, Fe; blue, N; red, O; cyan, C; white, H).

Ω(t) ) ∑
j

N
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whereγ0 is the static friction.25 It follows that at long times

3. Results and Analysis

The simulated dynamical trajectories were used to determine
the time scales and pathways of the kinetic energy relaxation
following the absorption of a photon in modified myoglobin.
The results for the mechanism and time scale of relaxation were
compared with previous results for wild-type sperm whale
myoglobin with hemeb.

3.1. Relaxation in His93Gly Mutant Myoglobin. The
average kinetic energy deposited over the 73 atoms in the heme
of His93Gly mutant myoglobin during the excitation process
is approximately 88 kcal/mol. Assuming complete intramolecu-
lar vibrational energy relaxation, the deposited energy will
induce a change of over 400 K in the temperature of the heme.
The average time dependence of the excess kinetic energy decay
in the heme is shown in Figure 2a. The simulation data are
well fitted by a single exponential decay function with the
relaxation time 5.9 ps, which is in agreement with the time scale
for heme “cooling” for photolyzed wild-type myoglobin.26 From
this evidence, we conclude that the covalent bond to the heme
does not play a primary role in the process of heme “cooling”
for myoglobin in room temperature aqueous solution.

3.2. Pathways for the Kinetic Energy Relaxation in
His93Gly Mutant Myoglobin. The analysis of the pathways
for energy relaxation is made nontrivial by the large number of
accepting modes. While the absolute excess energy that must
dissipate is large, the average mode accepts a quantity of energy
less than the thermal energykBT. That observation supports the
applicability of a classical weak collision model of energy
transfer and relaxation.25 Here we employed the analysis
methods of Sagnella and Straub26 to investigate the possible
pathways of energy transfersthe “mechanism” of heme “cool-
ing”. The coordinates of the system were translated and rotated
so that the Fe atom was the origin while two nitrogen atoms of
the heme’s pyrrole rings A and B were arranged along thex-axis
andy-axis, respectively. This transformation results in the Fe
atom and the four pyrrole nitrogens staying more or less in the
x-y plane. Figure 3 illustrates the orientation of the heme with
respect to the anglesθ andφ. θ is the angle between thez-axis
and thex-y plane;φ is the angle measuring the rotation of the
heme plane about thez-axis. Using this definition, the four
pyrrole ring nitrogens were located nearθ ) 90° andφ values
of 0°, 90°, 180°, and 270° for ring A, B, C, and D, respectively.

Figure 4a depicts the positions of the “hot” protein residuess
those residues with excess kinetic energy significantly larger
than their equilibrium average values. The hot protein residues,
shown in the space-filling CPK model, are those excited by
direct collisions with the vibrationally excited heme atoms and
CO molecule. It is apparent that in the absence of the covalent
bond of the His93 to the heme iron, as in its presence, the
dominant channel of energy flow out of the heme is through
the heme’s two isopropionate side chains.

In Figure 5, there are six snapshots at different times showing
the positions (inθ andφ) of atoms with excess kinetic energy
that is significantly higher than the equilibrium average value.
Both protein atoms and solvent atoms are shown. There is a
high concentration of kinetic energysa “hot spot” in the region
of θ ) 90 ° φ ) 300°s that is the location of the two
iosproprionate side chains. This plot clearly shows the directed
“funneling” of kinetic energy from the heme through its side
chains into the surrounding solvent. These simulation results
are consistent with the results of the earlier computational study
by Sagnella and Straub of wild-type myoglobin.26

3.3. Relaxation in Modified Heme Myoglobin.The average
kinetic energy deposited over the 57 atoms in the heme during
the excitation process is 88 kcal/mol, which leads to an increase

Figure 2. Clear demonstration of the single-exponential decay of the
kinetic energy excess in the heme following ligand photolysis. The
simulation data are represented by points; the best single-exponential
fit is represented by the solid line. The time decay is modeled well by
a single-exponential function with relaxation time (a) 5.9 ps for
His93Gly mutant and (b) 8.8 ps for modified heme myoglobin.EKE is
the kinetic energy of the heme at timet. 〈E〉 is the average equilibrium
kinetic energy for the heme at 300 K, computed as 3NkBT/2, whereN
is the number of atoms in the heme.

slope[ΩKE(0)

ΩKE(t)] ) γ0 (4)

Figure 3. The heme in His93Gly mutant myoglobin with its Fe atom
at the origin and nitrogen atoms of pyrrole heme rings A and B located
along thex-axis andy-axis, respectively. The Fe atom and the four
nitrogen atoms are to a good approximation in thex-y plane during
the simulated dynamics.θ is the angle between thez-axis and thex-y
plane;φ is the angle measuring the rotation of the heme plane about
the z-axis.

Figure 4. Hot protein residues in (a) His93Gly mutant myoglobin and
(b) modified heme myoglobin depicted using space-filling CPK models.
(a) Red indicates the heme pocket region, green indicates the proximal
Gly93 residue, and blue identifies the specific energy “funneling”
channel involving the heme isopropionate side chains. (b) Red indicates
the heme pocket region, green indicates the proximal His93 residue,
and blue identifies the specific “through space” energy transfer channel
involving Phe138, Lys139, and Arg140.
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of over 500 K in the temperature of the heme. The average
time dependence of the excess kinetic energy decay in the heme
is shown in Figure 2b. The simulation data are well fitted by a
single exponential decay function with the relaxation time 8.8
ps. There is no evidence of biexponential or stretched expo-
nential time relaxation. In previous work, the time scale for heme
“cooling” was found to be 5.9 ps for photolyzed wild-type
myoglobin. Therefore, it is observed that the rate of kinetic
energy relaxation of the heme decreased by 50% relative to the
native wild-type myoglobin due to the amputation of the heme’s
two isopropionate side chains. These results are strong evidence
that the two isopropionate side chains play an important role in
“funneling” excess kinetic energy from the heme of wild-type
myoglobin.

3.4. Pathways for the Kinetic Energy Relaxation in
Modified Heme Myoglobin. Figure 4b depicts the positions
of the “hot” protein residues in modified heme mutant myo-
globin. The hot protein residues, shown in the space-filling CPK
model, are found in two distinct regions. The red region consists
of those residues forming the heme pocket. Those atoms are
excited by direct collisions with the vibrationally excited heme
atoms and the photolyzed CO molecule. The blue region can
be recognized as a specific “through space” energy transfer
channel that involves residues Phe138, Lys139, and Arg14. The
distance between the ethyl side chain of the heme and the phenyl
group of Phe138 is short, making collisions between the heme
side chains and the phenyl group common. The average distance
between the carbon atoms of the ethyl side chain and the closest
carbon atoms of the phenyl group in Phe138 is 4.0 Å. The polar
Lys139 and Arg140 residues extend out of the protein and are
highly solvated. Theφ value is 100° for this specific energy
transfer channel.

Figure 6 shows the distribution of hot water molecules along
φ. Although it is not obvious, we can distinguish a high
concentration of kinetic energy in the region ofφ ) 100°, which
is the location of the side chain in the heme’s B pyrrole ring.
This suggests that kinetic energy is transferred from the side
chain B of the heme to the solvent directly. However, since the
kinetic energy must pass two or three peptide bonds along this
pathway, in order to reach the solvent, this energy transfer

channel is not as effective or, consequently, important as the
“highly directly energy funneling” found previously in myo-
globin. We imagine that this pathway is a competing secondary
pathway in myoglobin. We find that it is also a secondary energy
transfer channel in the modified myoglobin.

In summary, the spreading of the kinetic energy from the
heme to the protein occurs through three channels. The first is
the “through projectile” energy transfer by ligand collisions with
the heme pocket residues, including Leu29, Leu32, Phe43,
Val68, His64, and Ile107. In the photolyzed state, the heme
interacts with the CO molecule through nonbonded interactions.
The excess energy in the CO ligand is transferred to the heme
pocket residues through direct collisions. It should be noted that
the “through projectile” energy transfer channel only occurs on
a subpicosecond time scale immediately following photolysis.
After only a few collisions with its neighbor atoms, CO will
begin to dissipate its excess kinetic energy via the “through
space” channel. The second channel is “through bond” energy
transfer. The proximal His93 is the only residue that is
covalently bonded to the heme. The excess kinetic energy could
be transferred through the intramolecular vibrational relaxation.
The third energy transfer channel is “through space” energy
transfer due to direct collisions between the hot heme atoms
and the surrounding protein atoms, most importantly Phe138,
Lys139, and Arg140, and solvent molecules.

3.5. Spatial Anisotropy in Kinetic Energy Relaxation.The
inverse kinetic energy fluctuation metricΩKE(0)/ΩKE(t) was
computed as a function of time for the total system, the protein,
the heme, and the solvent. Each data set consists of an average
over ten 30 ps trajectories. The effective intrinsic friction
constants,γ0, were derived using eq 4. In Figure 7, the function
ΩKE(t) for the solvated modified myoglobin system is depicted.
While the rate of convergence is significantly slower in the
heme, after 20 ps it appears that there is effective self-averaging
of the kinetic energy by the heme, protein, and solvent.

In Figure 8, the functionΩKE(0)/ΩKE(t) for the solvated
modified myoglobin system is plotted as a function of time.
Data for the individual contributions of the protein, the heme,
and the solvent are listed in Table 1. These data illustrate the
relative amount of damping felt by the atoms within the
indicated subsets of the solvated modified myoglobin system.
The frictional forces felt by the heme and solvent atoms are

Figure 5. Distribution of the hot atoms with a significantly higher
kinetic energy than the mean value at the equilibrium temperature in
His93Gly mutant myoglobin. Red (+) represents the protein atoms,
and blue (×) indicates the solvent atoms.

Figure 6. Distribution of hot water molecules alongφ in modified
heme myoglobin.
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considerably higher than those in the remainder of the system.
The time constants calculated as the reciprocal intrinsic friction
for the protein, the heme, and the solvent are 0.38, 0.16, and
0.22 ps, respectively, for His93Gly mutant myoglobin, and 0.45,
0.16, and 0.24 ps, respectively, for modified heme myoglobin.
The topological structure of heme and protein are different in
these two systems. The heme is four-coordinate planar in the
His93Gly mutant myoglobin and five-coordinate domed in the
modified heme mutant. In each of the systems, the time scales
for the protein, heme, and solvent relaxation are all larger in
the modified heme myoglobin. These results suggest that the
solvent degrees of freedom play a significant role as acceptor
modes in the flow of energy out of the heme that effects not
only the rate of kinetic energy equipartitioning in the heme but
the rate of equipartitioning in the protein and solvent as well.

4. Summary and Conclusions

This work has investigated the time scales and pathways of
vibrational energy relaxation in two modified forms of myo-
globin following ligand photolysis. Our simulation results
suggest that the excess kinetic energy of the heme dissipates
according to a single exponential decay process with the
relaxation time constant of 5.9 ps for the His93Gly mutant and
8.8 ps for the modified heme mutant. The rate of heme

vibrational energy relaxation in wild-type myoglobin with heme
b was found to be 5.9 ps26 by simulation, in agreement with
the 6.2 ps time scale measured experimentally by Anfinrud and
co-workers.12

In more recent studies, Kitagawa, Haruta, and Mizutani have
observed relaxation of vibrationally excited heme in photodis-
sociated MbCO on the time scale of 1-2 ps, derived by
monitoring the anti-Stokes Raman intensity.33 Champion and
co-workers have observed the vibrational relaxation of selected
heme modes in MbO2 and MbNO on the time scale of 1 ps, for
the six-coordinate heme, and biphasic decay in 0.5 and 2.4 ps,
in the five-coordinate deoxy heme.34 In our study, we observe
the “cooling” of the five-coordinate heme on a time scale 2-3
times longer than indicated by these studies. This may be due
to the fact that their estimates are based on measurements of
the time evolution of the Soret peak34 or anti-Stokes Raman
intensity,33 while we monitor a more complete thermal relaxation
of the heme as a whole.

The cleavage of the single covalent bond between the heme
and apoprotein in myoglobin does not cause any change in the
rate or mechanism of vibrational energy relaxation of the heme.
However, the amputation of the heme’s isopropionate side
chains results in an increase in the vibrational energy relaxation
time by 50%. There is a corresponding change in the mechanism
of heme “cooling” with a significant pathway for energy flow
being “through space” energy transfer from the heme to
neighboring protein side chains. Our results support the
conjecture that the two isopropionate side chains and their
coupling to the solvent bath play a dominant role in the
dissipation of excess kinetic energy of the excited heme in
solvated wild-type myoglobin.
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