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Simulating Vibrational Energy Flow in Proteins: Relaxation Rate and Mechanism for
Heme Cooling in Cytochrome ¢
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The rate and mechanism of the kinetic energy relaxation of directly excited heme in cytochrome ¢ was
investigated using classical molecular dynamics simulation. The kinetic energy relaxation was found to be a
biphasic exponential decay process with relaxation time constants of 1.5 ps for the fast process and 10.1 ps
for the slow process. Approximately 60% of the kinetic energy relaxes on the short time scale. Energy flow
from the heme to the protein is found to occur “through bond” via (1) covalent linkages of the heme to the
Cysl4, Cysl7, His18, and Met80 protein residues and (2) hydrogen bonds to Tyr48, Thr49, Asn52, and
Thr78 protein residues and nearby water molecules and “through space” via nonbonded collisional energy
transfer to nearby heme pocket residu@sg38, Thr40, Gly41, and Phe46. In a previous simulation study by
Sagnella and Straub, heme “cooling” in myoglobin was found to proceed via a spatially anisotropic “funneling”
mechanism as a single-exponential process with a time constant of 5.9 ps. Topological variations in heme/
protein connectivity and variations in the accessibility of the heme to the solvent are used to explain the
distinctly different pathways and time scales for heme “cooling” in the two proteins.

1. Background vibrational relaxation is a single-exponential process with time

. N . constant of 5.9 ps, differing from the earlier simulation studies

Heme proteins undergo vibrational energy relaxation (VER) hat suggested a biexponential relaxation proéedsreover,

following ligand binding or dissociation. To understand the ime ¢ yecent studies suggested a mechanism of spatially anisotropic
scales and mechanisms of vibrational energy transfer, it iS giracied energy flow where the heme's isopropanoate side chains
essential to understand the conformational changes and reor¢g e to “funnel” energy from the heme to the closely coupled
ganization of protein structures that follow fundamental events solvent.
such as the binding or release of substrate molecules or electron A recent simulation study by Bu and Straub of heme cooling

transfer:™¢ . . o in the H93G mutant, where the sole covalent bond between the
An important goal of the detailed analysis of the vibrational heme Fe and protein is severed, showed no change in the
relaxation of heme proteins is to provide important information g|axation rate or pathway of energy fIé#.That result is
about the cooperative nature of protein dynaniitén myo- supported by an independent experimental study by Champion
globin, ligand dissociation can occur when the ligaie¢me and co-workers, who found no difference in the rate of heme
complex absorbs a visible or UV photon. Ligand photolysis is cooling in wild-type and H93G mutant myoglolif. An
followed by vibrational excitation of the ligand, heme, and gqditional simulation study of a modified heme, where the
surrounding residué$2°and a global conformational transfor- isopropanoate side chains were replaced by hydrogen atoms,
mation of the protein itself. Experimental and theoretical studies ghowed a dramatic increase in the time scale for heme cooling
have explored the rate of vibrational energy relaxation for small by 50%, providing support for the conjecture of Sagnella and
diatomic ligands}~?* particularly CO in the heme protein  girauh that the heme side chains play a particularly important
myoglobin. role in the relaxation mechanistfhRecent experimental results
Computer simulation of vibrational energy relaxation in heme of Champion and co-workers indicated that the rate of heme
proteins began with the pioneering work of Henry, Eaton, and cooling in myoglobin with porphine, a heme without side chains,
Hochstrasset,who found heme “cooling” in both myoglobin  was significantly slower relative to that of myoglobin with
and cytochrome c to be a biphasic process with roughly 50% standard protoporphyrin IX, with side chaitfsThese results
kinetic energy loss occurring in-# ps and the remainder of  |end support for the conjecture that heme cooling in myoglobin
the relaxation to thermal equilibrium occurring in-280 ps. s a single-exponential process that occurs by spatially directed
The time scales observed for the relaxation of the heme wereenergy funneling from heme to solvent.
found to be approximately the same for both myoglobin and  How does the rate and mechanism of heme cooling in
cytochrome c. That result is surprising because the local cytochrome c differ from that in myoglobin? Differences in
environments of the heme are quite different in the two proteins. protein structure suggest that the time scale and mechanism of
More recent simulation studies of fully solvated myoglobin energy flow could be quite different in the two proteins. The
have provided a more detailed description of energy flow heme chromophore in myoglobin has only one covalent bond
following ligand photolysis or the direct excitation of the to the proteir-the bond between the Fe atom and a nitrogen
heme?27 Simulations of the wild-type protein suggest that heme atom of the proximal histidine, His93, shown in Figure 1. In
the ligated state, the Fe is six coordinate, and theNF&ond
* Corresponding author. E-mail: straub@bu.edu. is orthogonal to the heme plane and its in-plane vibrational
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x 53.934x 53.934 &. Molecular dynamics trajectories were
run for 200 ps at constant energy and volume. During equilibra-
tion, the velocities were occasionally resampled according to
the Maxwell statistical distribution of atomic velocities to
maintain a constant temperature. Assuming that an equilibrium
state had been reached, data were collected from the constant
energy and volume dynamics.

The molecular dynamics trajectories were generated using

Figure 1. Active sites of (a) sperm whale myoglobin and (b) horse the pOSIt.Iorzl_g\,{lerlet algonthm’ which is time-reversible and
heart cytochrome c. In myoglobin, the heme is covalently bonded to symplgctlc? employing atlme step of 1 fs..The nor!bonded
the proximal His93 and the CO ligand. In cytochrome ¢, the heme potential was truncated using a group switching function, from
group and residues His18 and Met80 ligate the heme's Fe atom. The8.0 to 12.0 A, applied to the Lennard-Jones interaction potential
heme is covalently attached to the apoprotein by two thioether linkages, energy and a group-based switching function, from 8.0 to 12.0
formed by the addition of the thiol groups of two cysteine residues, A which was applied to the electrostatic force. Snapshot
Cys14 and Cys17, to the vinyl groups of the heme. configurations were saved every 20 ps during the 200-ps
equilibration dynamics. From each of the 10 configurations
obtained in this way, 30-ps trajectories were run for both
equilibrium dynamics, continuing the NVE dynamics used for
equilibration, and nonequilibrium dynamics, where the initial
configuration for each excited state was identical to the
corresponding nonexcited state at the moment of excitation,
except for the velocities of the 75 heme atoms.

2.2. Simulation of Photon Absorption by the Heme.To
simulate the absorption of a photon, approximately 68 kcal/
mol of excess kinetic energy, equivalent to one 420-nm photon
(the largest absorption position in UV/vis spectroscopy of
cytochrome c), was deposited in the heme. The excess kinetic
energy on each atom was assigned as follows. The velocity of
each atom of the porphyrin was randomly selected from a
Maxwell statistical distribution. The magnitudes of the velocity
components were then scaled to correspond to a net increase in
energy equivalent to that due to the absorption of the photon.
In prior studies of heme cooling in myoglobin, it was found
that the intramolecular vibrational energy relaxation within the

modes. This orientation decouples the-R&stretch from the
heme’s in-plane vibrations, making through-bond energy transfer
from in-plane heme vibrations through the proximal histidine
to the surrounding protein an unlikely doorway for excess
vibrational energy relaxation.

The environment of the heme chromophore in cytochrome ¢
(cyt c) is quite different from that in myoglobin. Cytochrome ¢
consists of a single polypeptide chain containing 104 amino
acid residues and is organized into a series of ttelices and
six 8 turns. The heme active site in cytochrome c consists of a
six-coordinate low-spin iron, binding His18 and Met80 as the
axial ligands. In addition, two cysteines (Cysl14 and Cysl17)
provide the thioether bridges to the heme shown in Figure 1.
Crystal structures of cytochrome ¢ show that the heme group
is located in a groove and is almost completely buried inside
the protein. The porphyrin is distinctly nonplanar and somewhat
distorted into a saddle-shaped geometry. Therefore, through-
bond transfer of excess kinetic energy from the heme to the

protein following the direct excitation of in-plane heme vibra- heme was sufficiently rapid that the results were insensitive to

tions is more likely in cytochrome ¢ than in "?yog'."b'”- . the exact means of distributing the excess energy within the
We have used classical molecular dynamics simulation to heme26

observe the process of heme cooling in aqueously solvated
cytochrome c following the direct excitation of the porphyrin
chromophore. Although the results of previous studies indicate
a single-exponential decay of heme excitation in myoglobin and
several myoglobin variants, we observe that heme cooling in
cytochrome c is a biphasic exponential function of time. We
argue that the mechanism of heme cooling is different in N
cytochrome ¢ and myoglobin and that the differences result from Q(t) = Z[f' (t) — f(t)]z
unique aspects of protein/heme topology in the two proteins. !

2.3. 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 systeri¥38 A particular form of the ergodic
measure, the fluctuation metric, is defined to be

J

2. Computational Model and Methods wherefj(t) is the time average for atojrof propertyF(t) of the

2.1. Molecular Dynamics.An X-ray structure of the horse  system and(t) is the average of properf(t) over allN atoms
heart cytochrome ¢ molecdfewas used as the initial config-  at timet. Here we considefi(t) to be the kinetic energy of the
uration. That structure was introduced into a 55.8785.872 jth-atom. If the total system is self-averaging, then the function
x 55.872 B truncated octahedral box of equilibrated TIP3 water Qg(t) will decay to zero afke(t)/Qxe(0) ~ 1/Dyet — 0. The
molecules and simulated using the CHARMM progf@m  slope of Qg(t) is proportional to the generalized diffusion
following standard simulation protocéf. The all-hydrogen constantDge for the kinetic energy. The mean square of the
parameter set (version 27) of the CHARMM force fiélvas fluctuations in the kinetic energy metric is related to the
used. Equilibrated water molecules lying within 2.5 A of the generalized diffusion constant describing the rate of exploration
protein molecule were removed, and the original water mol- within the kinetic energy state spate’
ecules of the X-ray structure were preserved. The excess If we assume that the microscopic motion is well described
potential energy due to bad contacts and strain was then reducedby a Langevin dynamics model, then one can relate the rate of
using the steepest-descent energy-minimization method. self-averaging of the kinetic energy to the magnitude of the static

Using classical molecular dynamics, the system was gradually friction.38 The Langevin model is a “weak collision” model
heated to 300 K. One molecular dynamics trajectory was run because it is based on the assumption that the exchange of
for 20 ps at constant pressure and temperature, after which theenergy with the bath takes place in increments that are small
volume of the box was found to fluctuate about a constant mean compared with the thermal energf/\°By evaluating the kinetic
value. The new parameters for the box were found to be 53.934energy metric using dynamics consistent with the Langevin
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Figure 3. Heme shown with its Fe atom at the origin and nitrogen

_ ) o ~ atoms of the pyrrole heme rings A and B located alongxtandy
Figure 2. Exponential decay of the excess kinetic energy placed within axes, respectively. The Fe atom and the four nitrogen atoms are roughly
the heme. The simulation data are represented by points, whereas thén the x—y plane.f is the angle between theaxis and thex—y plane;

best exponential fit is represented by a solid line. The time decay of ¢ is the angle measuring the rotation of the heme plane about the
the kinetic energy can be modeled well by a biphasic exponential axis counterclockwise from the axis.

function with relaxation time constants of 1.5 ps (0.58 weighting factor)

and 10.1 ps (0.42 weighting factor), respectivélillis the average evenly among the heme atoms within a few femtosecéAéls.

time (ps)

equilibrium kinetic energy for the heme at 300 K, computedhdis 3/2 The rapid redistribution of the excess kinetic energy in the heme
whereN is the number of atoms in the heme. is consistent with the large value of the effective friction
TABLE 1: Thermal Energy Relaxation of the Heme coefficients assigned to the atoms of the héfnote that in
Exhibited a Biphasic Decay for Both the Native Cytochrome the harmonic approximation the deposited excess kinetic energy
¢ and Two Covalently Modified Cytochrome c Proteing will be redistributed equally between kinetic and potential
time constants (ps) energy. Therefore, the initial value of the kinetic energy decays

to one-half of its original value, about 34 kcal/mol.
naive cytochrome 15203 (58%) 104 L1(@2%) . 3.2.dPathwa)]:s rf]or Kinr(]etic En;arlgy R_elaxation.Thle spz_ﬂial
severed hoetherbonds 1804 (64 1200 17 sy 220 80 N NI, O O BRSO
severed FeS (Met80) bond 1.7 0.3 (55%) 10.7 1.0 (45%) . L ! . .
instantaneous kinetic energy of the atoms was projected in
a Respecting the S'imulation error, there 'iS no Significant diﬁerenge sphencal po'ar Coord|nates Second, |nstantane0us snapshots
between these protein molecules for the time scales of heme cooling ying the process of nonequilibrium relaxation were depicted
and kinetic energy relaxation. . -
using temperature-based color labels on all atoms. Our graphical
analysis makes possible the identification of common features
of relaxation pathways observed in the molecular dynamics
trajectories.
3.2.1. Results for Wild-Type Cytochromé-igure 3 illustrates
the orientation of the heme porphyrin with respect to angles
and¢. The coordinates of the system were translated and rotated
so that the Fe atom sits at the origin and two nitrogen atoms of
the heme’s pyrrole rings A and B are positioned alongxhe
andy axes, respectively. This transformation results in the Fe
atom and the four pyrrole nitrogen atoms being positioned close
The simulated dynamical trajectories were used to determineto or in thex—y plane.f is the angle between theaxis and
the time scales and pathways of the kinetic energy relaxation thex—y plane;¢ is the angle measuring the rotation of the heme
or cooling of the heme in cytochrome c following the absorption plane about the axis. Using this definition, the four pyrrole-
of a 420-nm photon. ring nitrogen atoms were located nébar= 90° and¢ values of
3.1. Relaxation in Excited Cytochrome c.The average 0, 90, 180, and 270for rings A, B, C, and D, respectively.
kinetic energy deposited over the 75 atoms in the heme during In Figure 4, there are snapshots at six different times showing
the excitation process is approximately 68 kcal/mol. In our the positions (ird and¢) of atoms with excess kinetic energy
model, the simulated absorption induces an instantaneousthat is significantly higher than the equilibrium average value.
increase in the temperature of the heme of over 300 K. The Both protein atoms and solvent atoms are shown. There is a
average time dependence of the excess kinetic energy decay ithigh concentration of kinetic energya “hot spot” in the
the heme is shown in Figure 2. The simulation data are well solvent-in the region o = 90°, ¢ = 18C°. That is the location
fitted by a biphasic exponential decay function with relaxation of the side chain of the heme (C ring) where Cys17 is covalently
time constants of 1.5 ps for the fast process and 10.1 ps for thecoupled to the heme. There is a similarly distinct hot spot in
slow process (Table 1). Approximately 60% of the excess energythe protein neaé = 90°, ¢ = 300°, which is the region of the
was found to relax on the short time scale. The initial decay of interface between the protein and the A and D rings of the
the excess kinetic energy is rapid. The fast component is dueheme-the region of contacts between the protein and the heme’s
to the energy transfer via the coupling between the heme andtwo isopropanoate side chains.
the collective motions of protein. The covalent bonds and This plot clearly shows the spatially anisotropic-directed
hydrogen bonds between the heme and protein residues playunneling of kinetic energy from the heme through its side chains
the dominate role. The slow process is due to energy transferinto the surrounding solvent. These simulation results are
via collisional contacts consistent with classical heat diffusion consistent with the results of the earlier computational study of
from the heme to the protein and to the solvEntn our myoglobin26.27where spatially anisotropic energy flow during
simulation model, the excess kinetic energy is not deposited in heme cooling was observed. Sagnella and Steaargued that
a specific vibrational mode of the hemi is redistributed the two side chains of the porphyrin (A and D rings) with

molecule fast process slow process

equation, we can estimate the generalized kinetic energy
diffusion constant to bBkg = yo, Wherey, is the static friction.

It follows that at long times the slope of the ratfexg(0)/
Qe(t) is equal to the static friction constapd. The computation

of the kinetic energy metric is a straightforward and effective
means of assigning time scales for atomic kinetic energy
relaxation in molecular system$.

3. Results and Analysis
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Figure 4. Redistribution of the excess kinetic energy in the heme-

centered frame. All of the hot atoms with a significantly higher kinetic

energy than the mean value at the equilibrium temperature are shown.
Red+ symbols represents the protein atoms, and blue * symbols stand
for the solvent atoms. The strong spatial anisotropy clearly demonstrates
the directed funneling of excess kinetic energy through the heme side : . : .
chains and into the surrounding solvent. T=100fs T=200fs

associated 'SOprOpanofite _S'de chains form the dominant energyFigure 5. Redistribution of the excess kinetic energy from the heme
transfer pathway for kinetic energy relaxation. The results in o the surrounding protein. Only heme atoms are shown in space-filling
Figure 4 indicate that whereas the energy flow is spatially CPK models. The protein atoms and solvent atoms are shown as dots.
anisotropic a larger fraction of the excess energy is transferredEach atom is colored on the basis of its temperature. Red corresponds
from the heme to the protein than was observed in myoglobin. t© the regions of highest temperature, and blue marks the regions of
This is due to the distinctly different protein topologies and OWest temperature.
connectivity to the heme. In particular, (1) the strong coupling
of heme and protein in cytochrome c through direct covalent
linkages and hydrogen bonds is responsible for the larger role
of through-bond relaxation of the heme, and (2) the absence of
the strong electrostatic interaction between the heme’s isopro- cy11
panoate side chains and the solvent is responsible for the smaller (77}
role of energy-funneling relaxation of the heme. Ly
In Figure 5, we show snapshots of the vibrational energy
redistribution in the heme and protein. Four sets of coordinates
are shown. Heme atoms are shown using space-filling CPK
models. The protein atoms and solvent atoms are indicated using
dots. The atoms are colored by temperature. Red correspondgigure 6. Hot protein residues in cytochrome c are depicted using a
to the regions of highest temperature, and blue marks the regionsspace-filling CPK model. Red indicates the through-space energy-
of lowest temperature. The fluctuations in the kinetic energy ansfer channel including Arg38, Thr0, Gly4l, and Phe46. Blue

. . L identifies the through-bond energy-transfer channel consisting of (1)
are averaged over a time window of 50 fs to eliminate large Cys14, Cys17, His18, and Met80 (covalently bonded to heme), (2)

fluctuations in the estimated instantaneous kinetic energy. ThatTyr48, Thr49, Asn52, and Thr78 (hydrogen- bonded to heme) and (3)
is to say, the “instantaneous” temperature shown at 50 fs Lys13 and Lys79 (neighboring residue of those in 1 or 2).

corresponds to the average “temperature” in the first 50 fs for
each atom; the temperature shown at 100 fs corresponds to thdheme atoms with surrounding protein atoms. Another channel
temperature over the next 50 fs for each atom and so on. It isis through-bond energy transfer by intramolecular vibrational
evident that the heme is cooling over the time depicted. relaxation through the covalent bonds of the heme atoms to the
However, it is not possible to identify the pathway of energy protein atoms. After the first 50 fs following direct excitation,
transfer because the cooling process is very fast and the kineticthe protein residues contain hot atoms with an instantaneous
energy of the heme atoms drops precipitously. Because of thekinetic energy that is significantly higher than average. The
large number of degrees of freedom in the protein and solvent regions of the protein that accept significant quantities of kinetic
that are able to accept energy from the excited heme in ourenergy can be divided into two setsne contains Lys13, Cys14,
classical molecular dynamics simulations, the excess kinetic Cys17, His18, Tyr48, Thr49, Asn52, Thr78, Lys79, and Met80,
energy is redistributed over many protein atoms, and the averageand the other consists of Arg38, Thr40, Gly41, and Phe46. The
temperature of any given protein atom does not increase first set is composed of residues that are bonded to the heme.
significantly. Cysl4, Cysl7, His18, and Met80 are covalently bonded to the
As we show in Figure 6, the spreading of the kinetic energy heme, and Tyr48, Thr49, Asn52, and Thr78 are associated with
from the heme to the protein occurs through two channels. Onethe heme through hydrogen bonds, as shown in Figure 7. The
channel is through-space energy transfer by collisions of hot residues in the second set are those in close proximity, but not

78 1 N
Pheds Thrdo
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direct through-bond connectivity of the heme, our classical

molecular dynamics simulation indicates that the cleavage of
only two covalent bonds bonds between the heme and protein
does not influence the cooling process significantly.

3.2.3. Modified Cytochrome c with a&ed Bond to Met80.
To explore the role of through-bond energy transfer further, we
observed heme cooling in simulations of a modified cytochrome
¢ where the covalent bond between the heme’s iron atom and
the sulfur atom of the Met80 residue was severed. The results
of our simulations of the modified system suggest that the heme
cooling in cytochrome c following Met80 ligand photolysis
remains a biphasic process. The relaxation time constants were
found to be 1.7 ps for the fast process and 10.7 ps for the slow
process (Table 1). The time scales for both the fast and slow
Figure 7. Protein residues hydrogen bonded to the heme are depictedrelaxation processes are slower than the time scales for the native
using space-filling CPK models. Red indicates oxygen atoms, and cytochrome ¢ and faster than those observed for the modified
nitrqg_e_n atoms are blue. The hydrogen bond length is determined from cytochrome c lacking thioether bonds between the two cysteine
the initial crystal structure. residues, Cysl14 and Cys17, and the heme. The qualitative trends
in these results are reasonable. Because the most effective modes
active in the dissipation of kinetic energy from the heme are

directly bonded, to the heme. The first set of residues forms . | brati th d K led to th :
the through-bond energy-transfer channel, and the second sef-Plane vibralions, those modes are weakly coupied 1o the out-

forms the through-space energy-transfer channel. It should pe0f-Plane direction of the bond between Met80 and the heme.
noted that our definition is based on the behavior of the atoms That res!JIt and Interpretation Is consistent W'Fh the result for
at the onset of energy transfer from the heme. As time increases\lrcyogcli()b'? ST(:W'ITIQ ;[hag hem((ej iOOIt'Eg n ihe H'Sgt?’.th’ m”.tt‘;}]’.“
it is practically impossible to make a clean separation between as iaentical 1o that observed for the native protein to within
the two energy-transfer channels. the uncertainty of the computed valtfe.

3.2.2. Modified Cytochrome ¢ with &ed Bonds to Cys14 The time scale for the fast component of the vibrational
and Cys17.0ur simulation results suggest that the through- relaxation of the heme is also consistent with the experimental
bond energy-transfer channel is more important in cytochrome €sults of Champion and co-workers, who observed vibrational
¢ than in myoglobin, partially because there &var covalent cooling in cytochrome 02f0||0WIng Met80 ligand photolysis in
bonds and four hydrogen bonds between the heme porphyrinthe range of 0.£2.8 ps2 In the experimental study, there is
and protein residues in cytochrome ¢, compared with a single Strong evidence for the photodissociation of the Met80 ligand
covalent bond between the porphyrin and protein in myoglobin. from the heme following excitation. Rebinding of the Met80
Moreover, two of the covalent bonds between the protein and !i9and occurs on the time scale of 6.2 ps. The computational
heme in cytochrome ¢ are essentially in-plane to the heme andM0del eémployed in our studies does not allow for the photo-
can be expected to be coupled to in-plane vibrational modes dissociation or rebinding of the Met80 ligand from the heme.
excited by ligand photolysis. To estimate the role of the covalent However, because we find essentially no statistically significant
bonds in vibrational energy relaxation, we made a modified difference between the time scales for heme cooling in the native

cytochrome ¢ molecule in which we severed the two thioether @nd modified (dissociated Met80) proteins, we reason that our
bridges between the heme and the protein. In the modified simulations are consistent with the results of the experimental
protein molecule, there are only two covalent bontlose study of Champion and co-worket3.
between the heme Fe atom and protein residues His18 and 3.3. Spatial Anisotropy in Kinetic Energy Relaxation.The
Met80. (The four hydrogen bonds between the heme and proteininverse kinetic energy fluctuation metriexe(0)/Qxe(t) was
are not changed.) Our protocol for the simulation of this computed as a function of time for the total systetine protein,
modified cytochrome ¢ molecule was identical to that described the heme, and the solvent. The simulations were run at 300 K.
earlier for simulations of the native cytochrome c. Each data set consists of an average over 10 30-ps nonequilib-
Just as we observed in the case of the native cytochrome crium molecular dynamics trajectories. Values of the effective
protein, the kinetic energy relaxation in the modified cytochrome intrinsic friction constantyo, were derived using the relation
c is also a biphasic process. The relaxation time constants arethat at long time the ratictke(0)/Q2ke(t)] is equal to the static
1.9 ps for the fast process and 12.0 ps for the slow process.friction yo. In Figure 8, the functiorf2kg(t) for the solvated
These results are shown in Table 1. The rate of kinetic energy cytochrome ¢ system is plotted as a function of time. For all
transfer from the heme in the native cytochrome c is marginally SubsystemsQxg(t) decays to zero for each of the components
faster than in the modified cytochrome ¢ molecule due to the listed, demonstrating the expected ergodic sampling of the
covalent bonds to the heme. Although our results point to a momenta on the simulation time scale.
slowing of the rate of heme cooling, the relaxation times for  In Figure 9, the functionQkg(0)/Qke(t) for the solvated
the native and modified cytochrome ¢ molecules are within the cytochrome c system is plotted as a function of time. Data for
estimated uncertainty. Our results imply, but do not definitively the individual contributions of the protein, the heme, and the
demonstrate, the essential role of the covalent bonds betweersolvent are listed in Table 2. These data illustrate the relative
the protein and porphyrin in the relaxation process. We reasonamount of damping felt by the atoms within the indicated subsets
that the similarity in the heme cooling kinetics is due to the of the solvated cytochrome c system. The frictional forces felt
fact that there are four covalent bonds and six hydrogen bondsby the heme are considerably greater than those acting on the
between the heme and its surroundings in the native pretein remainder of the system. In fact, the effective friction constant
four hydrogen bonds between the protein and heme and twofor atoms of the heme is approximately 4 times larger than that
hydrogen bonds between the heme and solvent. With such strondgor the protein itself.
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Tr . Toral region. Therefore, the kinetic energy can be transferred from

Protein -----—-- the heme to the solvent rapidly. In cytochrome c, the two

gheme - isopropanoate side chains remain inside the protein, forming

contacts with proximate polar residues including Tyr48, Thr49,

£ o5 . Asn52, and Thr78 (Figure 7), and the two ethyl side chains
& extend out of the protein. Unlike the isopropanoate groups, the
ethyl groups are not highly solvated in an aqueous environment.

As a result, the channel of direct energy transfer through the
0 side chains is much less effective, and therefore less important,
o 0 20 % in cytochrome ¢ than in myoglobin.

Time (ps)
Figure 8. Qe(t) plotted as a function of time for the solvated

gztr?\fgroergiecoiéite(ﬁgesg;?tﬁirrg‘j th(% neme, and the solvent. For the - Cytochrome c is one of the most thoroughly physicochemi-
calcula%ion represgents an gver;gEe over );he 10 trajectories for theCally characterlze_d m‘?ta""p.ro‘e”%we ha_ve used CI.aSS'pal
equilibrium NVE molecular dynamics of the aqueously solvated Molecular dynamics simulations to investigate the vibrational
cytochrome c protein. energy relaxation of the heme porphyrin in room-temperature
aqueously solvated cytochrome c following the direct excitation
of the heme by the simulated absorption of a photon. Our

simulations suggest that in the native wild-type protein the

4. Summary and Conclusions

400 |- v b heme’s kinetic energy relaxes according to a biphasic expo-
= nential decay process with relaxation time constants of 1.5 ps
T 300 . for the fast process and 10.1 ps for the slow process. The
% simulation also indicates that there is a spatially directed energy
T 200 | i flow through the side chains of the heme to the surrounding
G solvent.

oo T oo R — The dominant channel for the relaxation of the excess kinetic

R, energy of the heme consists of two steps. First, the excess kinetic
energy is rapidly redistributed within the heme atoms. Subse-
0 10 20 30 quently, the excess kinetic energy is transferred from the heme
Time (ps) to the protein and the neighboring solvent molecules. (1) The
Figure 9. Qke(0)/Qke(t) plotted as a function of time for the solvated through-pond energy transfer initially occurs from the heme to
cytochrome c systerrthe protein, the heme, and the solvent. The data the proximal His18 and Met80 that are covalently bonded to
were computed from an average over the 10 trajectories for the the heme iron atom, to the Cys14 and Cysl17 residues that are
equilibrium NVE molecular dynamics of the aqueously solvated bonded to the heme side chains, and to protein residues Tyr48,

cytochrome c protein. Thr49, Asn52, and Thr78 through hydrogen bonds. (2) The
TABLE 2: Rate of Convergence of the Kinetic Energy thrqugh-space energy transfer proceeds through nonbonded
Metric Interpreted as a Static Friction Constant, through a collisional energy transfer to nearby heme pocket residues such
Langevin Dynamics Model, for Simulations of Aqueously as Arg38, Thr40, Gly41l, and Phe46. (3) The direct energy
Solvated Cytochrome ¢ and Myoglobir transfer to the solvent is minimized by the absence of the strong
cytochrome ¢ H93G myoglobin interaction between the heme’s isopropanoate side chains and
region 1fo(ps) yo(ps ) o(ps Y the solvent. . . o
I 0255 0.01 2.03£ 0.09 383£0.10 For cytochrome ¢ in aqueous solution, our results indicate
total 25+ 0. ) ) ) ) that through-bond channels play a dominate role in the heme
protein 0.37+ 0.02 2.6+ 0.16 2.62+0.18 . .
heme 0.08+ 0.02 12.0+ 2.8 6.37+ 1.05 cooling process. That result stands in contrast to the results of
solvent 0.22+ 0.01 4.61+ 0.10 4.47+0.10 our previous simulation studies of heme cooling in myoglo-

bin.2627 In cytochrome ¢, heme cooling appears to be a
biexponential process with fast® ps) relaxation associated
with rapid relaxation through bonds via modes coupled to the
In His93Gly mutant myoglobin, the time constants calculated protein and slow¥ 10 ps) relaxation associated with collisional
as the reciprocal intrinsic friction constant for the protein, the energy transfer that can be viewed as thermal diffusion from
heme, and the solvent were found to be 0.38, 0.16, and 0.22the heme to the protein and the solvent. In myoglobin, we have
ps, respectively? The time scales for the heme and solvent are observed heme cooling to occur by a single-exponential decay
similar, whereas the time scale for the protein is approximately process (with an intermediate time constant of 5.%p3)there
a factor of 2 longer in His93Gly mutant myoglobin. These is substantial evidence for the spatially directed funneling of
results suggest that the solvent could play a significant role in excess kinetic energy from the heme directly to the solvent,
the flow of energy out of the heme in myoglobin. However, which acts as the dominant energy-transfer channel. In cyto-
the situation in cytochrome c is somewhat different from that chrome c, energy flow is directed through two channeldast
in myoglobin. The average friction constant for atoms of the process through bonds and a slower process through space.
heme is much larger than for the remainder of the system. Because of the weak interaction between the heme side chains
Although the effective friction acting on the solvent atoms is and surrounding solvent molecules in cytochrome c, the rate of
larger than that for the protein atoms, the difference is not great. the slow process decreased significantly relative to that of
This is due to differences in the local environment of the heme myoglobin (6 ps in myoglobin and 10 ps in cytochrome c).
in these two proteins. In myoglobin, the two isopropanoate side  We identify three principal causes for the differences in the
chains extend out of the protein, forming a highly solvated rates of heme cooling observed in our classical molecular

@ Here, total means the entire system consisting of the cytochrome
c protein, the heme, and the solvent.
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dynamics calculations for cytochrome ¢ and myoglobin. (1) The
different topological structures of the hemes lead to substantial
through-bond coupling between the heme and protein in
cytochrome ¢ that is essentially absent in myoglobin. In
myoglobin, the heme is predominately planar in the six-
coordinate carboxymyoglobin and only moderately domed in
the five-coordinate deoxymyoglobin. There is no measurable
energy flow from the heme through the covalent bond to the
proximal histidine. In cytochrome c, the heme is saddle-shaped
and substantially nonplanar in the six-coordinate species as well
as in the five-coordinate heme following the dissociation of
Met80. Although there is no substantial energy flow through
the covalent bond to Met80, there is measurable energy flow
through the in-plane bonds to Cysl4 and Cysl7. (2) The
different heme-protein connectivity (a single covalent bond
between the heme and protein in myoglobin and four covalent
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bonds between the heme and protein in cytochrome c) provides™ »6)" sagnella, D.; Straub, J. Phys. Chem. B001 105, 7057-7063.

a mechanism of fast energy transfer in cytochrome<2 ps)

that is absent in myoglobin. (3) Direct coupling of the heme to
the solvent through charged side chains in myoglobin, which
leads to a highly directed energy-funneling mechanism of heme
cooling in myoglobin, is largely absent in cytochrome c. This
comparative analysis provides a consistent picture of heme
cooling in these fundamentally important proteins.
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