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Time scales and pathways for kinetic energy relaxation in solvated
proteins: Application to carbonmonoxy myoglobin
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Using a novel method for determining the coordinate friction for systems that possess bounded
diffusion, the rates of kinetic energy partitioning for various elements of solvated
carboxy-myoglobin were calculated. Energy redistribution within the heme group and solvent is
found to be rapid compared with energy redistribution within the protein. Within the protein,
charged residues exhibit much more rapid dispersal than neutral residues. The results suggest that
a possible doorway for energy release from the photolyzed heme involves the interaction of its
isopropionate groups with the neighboring solvent molecules. The results are analyzed as a function
of atom type, protein residue and residue group~charged, polar, aliphatic, and aromatic! leading to
general observations relating to the inherent inhomogeneity in the spatially dependent relaxation
rate of the solvated protein. The computational results are used to analyze a variety of estimates of
the internal friction, viscosity or damping invoked to interpret experimental measures of protein
dynamics. The concluding discussion includes speculations on the origin of internal viscosity in
proteins. © 2000 American Institute of Physics.@S0021-9606~00!52141-2#
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I. INTRODUCTION AND BACKGROUND

The concept of ‘‘friction’’ is one that is often used a
both the macroscopic and microscopic level to describe
dissipative effects of a generally defined ‘‘bath’’ on the d
tailed dynamics of a well defined ‘‘system.’’ In the dynami
of a protein, thesystemmay be the stretching vibration of
CO ligand molecule in the heme pocket of myoglobin. T
bathmay be defined as the atoms of the surrounding pro
and solvent. If one wishes to study the rate at which
initially hot CO molecule transfers energy to the surround
protein and solvent, one can reduce the complex Newton
dynamics of the CO/protein/solvent system of thousands
atoms to the simple Langevin dynamics of two atoms—
CO—in a dissipative bath characterized simply in terms
an average background potential and a ‘‘friction.’’

At the macroscopic level, the friction is defined as
proportionality constant relating the dissipative forceFdiss

felt by an object of massm moving with velocityv asFdiss

52g0mv. At a microscopic level, the friction is fundamen
tally defined through the generalized Langevin equat
~GLE! as

mẍ1S ]V

]x D52E
0

t

dtmg~t!ẋ~ t2t!1R~ t !, ~1!

wherex is the solute coordinate,m the mass,V(x) the po-
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tential of mean force, andg(t) the time dependent friction
that is assumed to be spatially independent.1,2 The fluctuating
random forceR(t) acting on thex coordinate is related to the
time dependent frictiong(t) through the fluctuation dissipa
tion theorem

g~ t !5
1

mkBT
^R~ t !R~0!&. ~2!

For a single atom or the center of mass of a molecule
a liquid, it is in principle possible to estimate the zero fr
quency friction

g05E
0

`

g~ t !dt ~3!

through the Einstein relation for the translational diffusi
constant

D5
kBT

mg0
. ~4!

The diffusion constant may be known from experiment o
may be computed using either the asymptotic dependenc
the mean-square displacement as a function of time,

D5 lim
t→`

1

6t
^Dx~ t !Dx~0!& ~5!
2 © 2000 American Institute of Physics
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or the associated Kubo relation for the velocity autocorre
tion function,

D5
1

3 E0

`

^v~ t !v~0!&. ~6!

It may seem that the problem of determining the frictiong0

is solved. In theory, all that needs to be done is to calcu
the mean square displacement or velocity autocorrela
function of the particle and through these relations determ
the friction.

However, due to the length scales—on the order of 1–
Å—and time scales—on the order of 0.1 ps–1 ns—for th
mal relaxation processes in proteins, molecular dynam
simulations are ideally suited to explore the times scales
pathways for energy transfer in biomolecular systems. Ho
ever, in practice this can be a very difficult task. If we we
interested in determining the friction acting on only one d
gree of freedom, many trajectories over many time st
would be needed in order to achieve convergence. Furt
more, if the motion is bounded the mean square displa
ment, after an initial rise, approaches a constant value in t
making it difficult to use the linear relation in Eq.~5! to
extract the friction. Nevertheless, there has been some
cess using Langevin models3–5 and temperature echoes6,7 in
characterizing the magnitude of the intrinsic friction acti
in proteins.

Another possibility is to directly compute the time d
pendent friction by solving the memory function equation

d^v~ t !v~0!&
dt

52E
0

t

g~ t !^v~ t2t!v~t!&dt ~7!

relating the time dependent friction to the velocity autoc
relation function through the associated GLE.2 Calculation of
^v(t)v(0)& and a subsequent inversion of Eq.~7! delivers
g(t).8,9 However, this approach is sensitive to the quality
the velocity autocorrelation function. Numerical instabiliti
result if the velocity autocorrelation function being invert
is poorly characterized.

However, as a result of these limitations on the stand
methods developed to deriveg(t), the task of determining
the friction is commonly limited to the study of simple d
atomics such as CO, CN2, or HgI.10–13~A notable exception
is the application to the case of CO diffusion in leghemog
bin by Elber and co-workers.14! While it is true that the
calculation of friction along bonds within some simple pol
atomic molecules has been accomplished, the methods
ployed either reduced the molecule to a simple diatomic
ing an extended atom approach15 or involved the
incorporation of normal modes, a method that can have
rious size limitations.16 An alternative approach is to chara
terize the friction acting on probes of a protein using a co
bination of experimental and modeling studies.

In this paper, we present a method for the computat
of the rate of kinetic energy relaxation that makes use of
kinetic energy metric of the ergodic measure. Through
Langevin dynamical model, the rate of kinetic energy rela
ation is related to the intrinsic frictiong0 acting on a specific
atom of the protein. This method not only provides a dir
-
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and accurate means of computing the intrinsic atomic f
tion but also provides a means of separating the contribut
of collisions and activated barrier crossing to the over
‘‘friction’’ acting on atoms of the protein.

II. THE ERGODIC MEASURE

The ergodic measure is a method for determining
time scale for the self-averaging of properties in many bo
systems.17 The fluctuation metric of the ergodic measure

V~ t !5(
j

N

@ f j~ t !2 f̄ ~ t !#2, ~8!

where f j (t) is the time average for atomj of propertyF of
the system,

f j~ t !5
1

t E0

t

dsFj~s! ~9!

and f̄ (t) is the average over allN atoms of propertyF at
time t,

f̄ ~ t !5
1

N
(

j

N

f j~ t !. ~10!

If the system is self-averaging, the functionV(t) in Eq.
~8! decays to zero as

V~ t !;
V~0!

Dt
→0. ~11!

The slope ofV(t) is proportional to the generalized diffu
sion constantD for the observableF that can be written

DV~0!5
l 2

t
, ~12!

whereV~0! is the mean square fluctuation of the propertyF
and t is the time scale for taking a ‘‘step’’ of generalize
mean square lengthl 25V(0) in sampling the fluctuations o
the propertyF. Using the kinetic energy metric in this way
the degree of damping on subsets of the protein and sol
atoms within the system can be investigated.

If we takeF j to be the atomic kinetic energy of thejth
atom thenVKE(t) is the kinetic energy fluctuation metric
VKE(t) can be written17

VKE~ t !5
1

t2 E
0

t

ds1E
0

t

ds2

1

N (
j

d f j~s1!d f j~s2!

5
1

t2 E
0

t

ds1E
0

t

ds2CKE~s12s2!. ~13!

The functionCKE(s12s2) is the equilibrium autocorrelation
function for the fluctuations in the kinetic energy given by

CKE~ t !5
m2

4
@^v2~ t !v2~0!&2^v2&2#. ~14!

Following the standard derivation for the translational diff
sion constant2 from the time correlation function of the mea
square displacement2 one writes
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VKE~ t !5
2

t2 E
0

t

~ t2y!CKE~y!dy. ~15!

At long times this is approximated by

VKE~ t !'
2

t E0

`

CKE~y!dy ~16!

so that the generalized diffusion constantDKE can be related
to the mean square fluctuation in the kinetic energy and
equilibrium time autocorrelation function of the kinetic e
ergy as

1

DKE
5

2

VKE~0!
E

0

`

CKE~y!dy. ~17!

A. The Gaussian random variable approximation

What is needed to build a connection between the f
tion and the rate of convergence of the kinetic energy me
is a relation between the velocity autocorrelation funct
and the kinetic energy autocorrelation function. Suppose
we assume that the velocity is a Gaussian random varia
The joint probability of having velocityv5v(t) at timet and
v05v(0) at t50 is18

P@v~ t !,v~0!#5F m

2pkBT~12c2~ t !!G
3/2

3expF m

2kBT

~v21v0
222vv0c2~ t !!

~12c2~ t !!
G ,
~18!

wherec(t)5^v(t)v(0)&/^v2& is the velocity autocorrelation
function. In that case, the kinetic energy metric can be
pressed in terms of the velocity autocorrelation function18,19

that in turn is related to the diffusion constant. Berne, Pec
kas, and Harp showed that the joint probability distributi
given by Eq.~18! for a Gaussian random variable also resu
if the information entropy corresponding to the probability
havingv(t) at time t andv(0) at time 0 is maximized.20

Given the conditional probabilityP@v(t),v(0)#, the au-
tocorrelation function for any higher moments of the veloc
may be calculated. Predictions for the second, fourth,
eighth moments of the linear and angular momentum o
diatomic fluid were compared with direct calculations fro
computer simulations by Berne and Harp.18 For their study
the assumption that the velocity is a Gaussian random v
able was found to be valid.

The joint probability distribution Eq.~18! may be used
to calculate the autocorrelation function for the fluctuatio
of the kinetic energy18 about its equilibrium average value i
terms ofc(t),

CKE~ t !5^dK~ t !dK~0!&5 3
2~kBT!2c2~ t !. ~19!

By combining Eqs.~17! and~19! we can determine the gen
eralized diffusion constantDKE from the slope of
VKE~0!/VKE(t) for a particular model ofc(t) as
e
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1

DKE
5

2

VKE~0!
E

0

`

CKE~y!dy52E
0

`

c2~ t !dt ~20!

using the fact thatVKE(0)53(kBT)2/2.

B. Evaluation of DKE for a Langevin dynamical model

The object of this work is to compute the friction ass
ciated with the individual groups in the protein whose m
tion is bounded. Let us assume that the relaxation of
kinetic energy occurs along an undetermined and directio
coordinate. An approximate equation of motion for any ato
with positionx and massm experiencing a constant friction
h can be derived from the Langevin equation for a harmo
potential with force constantk,

mv̇1kx52mg0v1R~ t !, ~21!

where v5 ẋ. The autocorrelation function of the rando
force R(t) satisfies the second fluctuation-dissipation the
rem ^R(t)R(0)&52mkBTg0d(t). For this mode the velocity
autocorrelation function is3

^v~ t !v~0!&5
kBT

m
e2g0t/2Fcos~at!2

g0

2a
sin~at!G ~22!

with a25v22g0
2/4 andv25k/m. When the force constan

k50, the self diffusion constantD for the mean square dis
placement of x is given by the Einstein relationD
5kBT/mg0 . When the force constantk.0, the motion ofx
is bounded and the diffusion constantD50. This can be
clearly seen through the Kubo relation relating the diffusi
constant to the velocity autocorrelation function of Eq.~6!.21

The integral over all time of the velocity autocorrelatio
function for k50 is 1/g0 but for k.0 is 0.

For the kinetic energy metric, using Eqs.~17! and ~19!
we can determine the generalized associated diffusion c
stant ofVKE(t)/VKE(0)→1/DKEt which is

DKE5g0 ~23!

for all k>0. It follows that at long times

slopeFVKE~0!

VKE~ t !G5g0 . ~24!

Through a determination of the generalized diffusion co
stant for the kinetic energy metric, the friction acting on t
motion of a particle may be determinedeven for the motion
of a bounded systemwhen the diffusion constant is zero.

III. COMPUTATIONAL MODEL AND METHODS

We have applied our approach to the computation of
kinetic energy relaxation rates and friction coefficients
the atoms of the solvated carboxymyoglobin protein. W
used the 260K x-ray structure of carbonmonoxy myoglo
~MbCO! reported by Kuriyanet al.22 for the initial configu-
ration. The MbCO molecule was introduced into a 56.5
356.570337.712 Å3 box of equilibrated TIP3P water mol
ecules and simulated using the CHARMM program.23 Any
of the equilibrated water molecules lying within 2.5 Å of th
protein molecule were removed, while the original wa
molecules of the x-ray structure were kept. The excess
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tential energy due to bad contacts and strain was then
duced using the steepest descent method. This resulte
2534 protein and ligand atoms and 2946 water molecules
a total of 11372 atoms.

Using classical molecular dynamics the system temp
ture was gradually raised to 300 K. Once a temperature
300 K was achieved, molecular dynamics was run for 20
and the temperature was monitored. If a drift was detec
the velocities were resampled according to the Maxwell d
tribution. During the last 10 ps of the run such velocity r
assignment was not necessary indicating that the system
relaxed to a near equilibrium state. The molecular dynam
time step was 1.0 fs using the Verlet algorithm.24 A switch-
ing function was used to taper the intermolecular potentia
zero from 9.5 Å to 11.5 Å.

Beginning from the equilibrium structure obtained usi
the above protocol a 50 ps trajectory was generated. Du
this trajectory the velocities were resampled every 2.5 ps
a configuration was saved every 5 ps giving 10 configu
tions. Each of these ten configurations was run for 15
resampling the velocities every 3 ps for the first 13 ps. T
remaining 2 ps were run without temperature resampling
allow the system to relax before the data were collect
From each of the configurations obtained in this way a 30
trajectory was run during which the coordinates and velo
ties of the system were saved every 2 fs.

IV. RESULTS

In Fig. 1, the functionVKE(t) for the solvated myoglo-
bin system is plotted as a function of time. It is clear fro
the figure thatVKE(t) decays to zero for each of the comp
nents listed. Using a cutoff of 0.01 for the decay ofVKE(t)
as an indicator of sufficient convergence,25 the time scales
for ergodic convergence were assigned.

The averaged values of the relaxation times are liste
Table I. The time scales for this redistribution are similar
both the heme and solvent molecules, while the time sc
for the protein is roughly twice as long. The rate at which t

FIG. 1. VKE(t) plotted as a function of time for the solvated myoglob
system, the protein, the heme, and the water solvent. The criterion fo
godicity requiresVKE(t) to decay to zero with time. The calculation wa
done at 300 K.
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kinetic energy self-averages is remarkably quick. Each co
ponent of the system reaches thermalization within a f
picoseconds. Furthermore, the data show that the kinetic
ergy is more rapidly redistributed within the heme and t
solvent, than within the protein.

In Fig. 2, several forms ofVKE~0!/VKE(t) for the sol-
vated myoglobin system are plotted. In addition, the plots
the protein, the heme, and the solvent alone are displa
These data illustrate the relative amount of damping felt
the atoms within the indicated subsets of the solvated m
globin system. The frictional forces felt by the heme a
solvent molecules are considerably higher than those on
remainder of the system. In fact, the friction constant for
heme is approximately three times larger than that of
protein itself. The kinetic energy metrics discussed thus
describe energy redistribution within the moiety itself and
not necessarily indicate a transfer of energy from one mo
to another.

The concept of rapid intramolecular vibrational rela
ation ~IVR! within the heme is not new.26,27The heme group
has a large manifold of states, making it easy for energy
redistribute quickly. The heme group and its host prot
share only one covalent bond—that between the proxi
histidine and the iron atom. The heme is otherwise kep
place by roughly 90 van der Waals contacts with surround

r-

TABLE I. Time scales for the ergodic convergence of the kinetic energy
solvated myoglobin at 300 K. Total signifies the complete system of
protein myoglobin, heme, and water. The criterion for convergence of
kinetic energy fluctuation metric is that it decay to 1% of its original valu

Region Time scale~ps!

Total 1.25
Protein 1.44
Heme 0.72
Solvent 0.75

FIG. 2. VKE~0!/VKE(t) as a function of time for the total system, the pr
tein, the heme, and the water solvent. The simulations were run at 30
The data were averaged over ten 30 ps trajectories.
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protein atoms. In that sense, the environment of the hem
not unlike that of a molecule in solution.

The extent of this isolation can be brought to light usi
a modified form of the ergodic measure of Eq.~8!, where

FKE~ t !5 (
j 51

Nheme

@ f j~ t !2 f̄ ref~ t !#2, ~25!

where f j is the time average of the kinetic energy of thejth
atom of theNhemeatoms while andf̄ ref(t) is the average ove
all atoms of the reference system which may, for example
the heme alone, the protein alone or the protein and sol
bath. The results of this analysis are shown in Fig. 3. I
clear from the figure that energy redistribution within t
heme itself occurs on a faster time scale than the therm
zation of the heme with its environment. This indicates t
the rate limiting step in heme relaxation following photolys
is the doorway between the heme and its surroundings.

The relatively small friction felt by the protein is also o
interest, begging the question as to whether or not partic
parts of the protein experience more friction than others o
the environment within the protein is fairly homogeneou
The data in Fig. 4 suggest that energy redistribution throu
out the protein may occur primarily through the prote
backbone. For those backbone atoms, the friction consta
much closer in magnitude to that experienced by the he
In contrast, the protein side-chains are significantly less e
cient in redistributing their kinetic energy.

The data for the convergence of the kinetic energy fl
tuation metric for the different types of backbone atoms
the protein are displayed in Fig. 5. The data show that
hydrogen atoms feel very little friction relative to the oth
atoms of the backbone. Typically, the vibrational frequen
of bonds involving hydrogen atoms is much higher than
frequencies of bonds involving the heavier atoms of
backbone and side chains. The relative mismatch in
quency of the vibrations reduces the importance of V

FIG. 3. FKE~0!/FKE(t) as a function of time for heme using Eq.~8! in
looking at the fluctuations within the heme itself and using Eq.~25! for the
fluctuation between the heme and the solvent and protein. The simula
were run at 300 K. The data were averaged over ten 30 ps trajectories
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transfer and results in the hydrogen stretching motion bein
good normal mode. The fact that the frequency of the hyd
gen stretching motions is absolutely high makes V–T tra
fer inefficient. The weak coupling between the surroundin
is the cause of the small values of the rate of convergenc
the kinetic energy equipartitioning for the hydrogen atom

The situation is quite different for the oxygen and nitr
gen atoms that display a marked increase in the rate of
netic energy equipartitioning compared to that of the hyd
gen atoms. These backbone atoms are involved in hydro
bonding interactions that serve to lower their frequency a
increase the surrounding protein’s influence on their moti
Explaining the behavior of the carbonyl carbons relative
the a-carbons is more difficult. One might be inclined
attribute this difference to the relative mobility ofa and

ns

FIG. 4. VKE~0!/VKE(t) as a function of time for charged~Asp,Asn,
Glu,Gln,Lys!, aliphatic ~Gly,Ala,Val,Leu,Ile!, and aromatic ~His,Tyr,
Phe,Trp! sidechains. The simulations were run at 300 K. The data w
averaged over ten 30 ps trajectories.

FIG. 5. VKE~0!/VKE(t) as a function of time for the atoms of the prote
backbone, oxygen, nitrogen, hydrogen,a-carbons, and carbonyl carbon. Th
simulations were run at 300 K. The data were averaged over ten 3
trajectories.
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carbonyl carbon atoms or the number of nonbonded conta
However, since a majority of the myoglobin molecule co
sists of relatively rigida-helices, neither thea-carbon nor
the carbonyl carbon atoms exhibit much orientational mo
ity. The origin of the different average rates of kinetic ener
relaxation may be the fact that the carbonyl carbon is
gaged in a relatively high frequency vibration that is a go
normal mode and weakly coupled to the surrounding pro
through covalent bonds, V–V or V–T transfer. However, t
carbonyl oxygens do not display a similarly reduced rate
kinetic energy relaxation. In fact, they equipartition the
netic energy more rapidly than any other type of backbo
atom.

The relative roles of residues based on their type
charged, aliphatic, or aromatic—can be seen in Fig. 4.
results for the averaged rates of kinetic energy relaxation
summarized in Table II. It is clear that charged groups co
play an important role in the redistribution of excess kine
energy within the protein. This observation has interest
repercussions when one considers the relaxation of myo
bin following photolysis. The heme group is in direct conta
with solvent water molecules. This contact is made with
charged isopropionate groups that lie on the periphery of
heme. It is possible that the contact of the heme with
solvent through these groups is an importantdoorway for
excess vibrational energy to leave the photolysis site.
investigate this possibility further,VKE(t) was calculated for
the isopropionate side chains using the protein and the
vent as reference systems. The results are plotted in Fi
While the statistics are not sufficient to assign a quantita
number to the rate of kinetic energy relaxation, the data s
gest that the isopropionate groups form an important l
with the solvent for the dissipation of kinetic energy from t
heme moiety.

Interestingly, the aliphatic side chains show a more ra
rate of kinetic energy equipartitioning than the aromatic s
chains. It is believed that this results from the fact that
intraside chain vibrational modes of the aromatic side ch
are relatively high compared with the vibrations of the a
phatic side chains. As a result, the harmonic bond force c

TABLE II. A summary of values of the average static frictiong0 computed
for separate atom and chemical type.

Region g0 (ps21)

System Total 2.12
Protein 1.87
Heme 6.76
Solvent 7.49

Backbone
Oxygens 9.56
Nitrogens 9.45
a-Carbons 6.92
Carbonyl carbons 3.78
Hydrogens 0.91

Residues
Charged 2.39
Aliphatic 1.69
Aromatic 1.09
ts.
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stants of the CHARMM potential for the bonds forming th
aromatic rings are significantly greater than those used
the aliphatic side chains.

In our earlier work, we examined the rate of equipar
tioning of the kinetic energy at seven temperatures for
S-peptide and the RNase A enzyme complex.28 In those re-
sults, computed for the peptide and protein in vacuum
short times there was a rapid convergence while at lon
times there was a linear convergence characteristic of a
fusive process. The rate of kinetic energy equipartition
increased linearly with the temperature for the S-peptide
the RNase A enzyme/product complex. Using a Lange
model the data were used to estimate the friction constan
be, averaged over all atoms,g05(0.5– 3) ps21 over the
range of temperature studied for both the enzyme/prod
complex and the S-peptide. At room temperature, the a
age velocity relaxation time was found to be 1/g050.5 ps.

Relaxation times for atomic fluctuations have been c
culated for bovine pancreatic trypsin inhibitor~BPTI! in
vacuum and solvent. McCammon, Wolynes, and Karpl3

have estimated the friction acting on a single dihedral an
degree of freedom of Tyr 21 in BPTI and found a relaxati
time of 0.2 ps which is significantly faster than our avera
value. Assuming an exponential decay of the atomic d
placement correlation function the relaxation time was e
mated to be approximately 1.7 ps for the main chain atom
both vacuum and solvent at room temperature.

In conclusion, an essential point made in this and ear
work is that there exists a strong inhomogeneity in the d
tribution of rates of kinetic energy relaxation that correla
with the details of the protein structure. Average values
the relaxation rate cannot be used to characterize the rat
relaxation for specific protein modes. The method presen
here provides a straightforward means of estimating the f
tion for all atoms of the protein in a way that allows for
global analysis of the dominant pathways for kinetic ene
relaxation.

FIG. 6. VKE~0!/VKE(t) as a function of time for the atoms of the prote
solvent and heme isopropionate groups. The simulations were run at 30
The data were averaged over ten 30 ps trajectories.
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V. LENGTH SCALE DEPENDENCE OF FRICTION

Recall from the Introduction that the magnitude of t
static friction acting on a given coordinate may be det
mined from the Einstein relation if the translational diffusio
constant is known. However, the value of that static fricti
constant is dependent on the exact definition of~1! the coor-
dinate that is diffusingand~2! the length~or time! scale over
which the motion is examined. Consider the case of the
fusive motion of a particle in a one dimensional rough p
tential, such as that shown in Fig. 7, considered
Zwanzig.29 One way to describe the motion of that coord
nate is in terms of a Smoluchowski equation where the
ordinate moves in the rough potentialU(x) subject to an
intrinsic diffusion constantD int that is related to a friction
g int asD int5kT/mg int . In terms of the relaxation of the ve
locity autocorrelation function, the initial decay time will b
1/g int which will lead to a mean square displacement a
function of time that will initially increase over a lengt
scaleL with a strong slope 2kT/g int ~see Fig. 7!. That time
scale will characterize the relaxation of the velocitywithin a
basin of widthL of the rough potential.

On a longer time scale, it will also be possible for t
coordinate to move over barriers and between basins s
rated by a length scaled.L. If the frequency of the basin is
taken to bev0 and that of the barrier isvB , the time scale
for the activated barrier crossing,

t5
g int

v0vB
eU†/kT, ~26!

is inversely proportional to the probability of gaining th
activation energyU†. That activation time scale will be
much longer than the time scale for the initial velocity rela
ation in the potential energy basin. Therefore, when the m

FIG. 7. A rough potential where motion is characterized by the intrin
diffusion constantD int is plotted above the smoothed potential energy fu
tion where motion is characterized by a renormalized diffusion constanD.
-

f-
-
y

-

a

a-

-
n

square displacement is followed to longer length scalesDx
@L over longer timest@t, a second and weaker conve
gence with a slope on the order of 2d2/t will emerge ~see
Fig. 7!.

If we think of the initial relaxation within a basin, we
would characterize the friction as being on the order ofg int .
We would then identify a ‘‘friction’’ as being on the order o
g5kTt/d2!g int . As Zwanzig demonstrated,29 motion on a
longer length scale is characterized by an effective diffus
constant for the ‘‘coarse grained’’ motion in a smoothed p
tential that has been averaged over a length scaled. The
‘‘renormalized’’ diffusion constant isD5kT/mg5d2/t.
The weakly damped dynamics within a basin and hopp
between basins is replaced by the strongly damped diffus
on a length scaled. Therefore, the exact value of the frictio
will depend not only on the choice of the coordinate but t
time scale of the motion that is considered.

In this work, we have presented a method for determ
ing theintrinsic friction g int . Experimental or computationa
methods may be used to define the diffusive motion o
longer length and time scale providing an estimate ofg. The
two frictions will be related by

g5g int

kT

v0vBd2 eU†/kT. ~27!

In the case thatv0}vB we find that

U†5kT ln
g

g int
. ~28!

This result is identical to that found by Zwanzig for the ca
of one-dimensional motion when the barriers were of
identical energyU†.

In a multidimensional system, there will be many pote
tial pathways connecting each pair of basins. Some pathw
will contribute little to the flux between basins because th
involve crossing a high energy barrier. Other pathways t
involve crossing lower energy barriers will be dominant a
correspond to pathways of maximum flux for the diffusi
motion between basins. The value ofU† that emerges when
Eq. ~28! is applied to a complex systems will be that of th
highestor rate limiting barrier along the pathway ofmaxi-
mumflux.

Let us consider the application of this idea to the case
diffusive motion in liquid water. There the translational di
fusion constant is roughlyD52.231025 cm2/s at 300 K cor-
responding to ag52.731013s21. We have applied the
method presented in this paper to find that for the same
tem the intrinsic frictiong int57.331012s21. Therefore, us-
ing Eq. ~28! we find that the characteristic ‘‘roughness’’ en
ergy scale for the essential rate-limiting motion in t
translational diffusion of water molecules is

U†51.2 kcal/mol, ~29!

which is roughly on the order of the dissociation energy
a hydrogen bond. This agrees with our intuition that the r
limiting step for diffusion in water will be the breaking o
hydrogen bonds in the instantaneous hydrogen bond
work. This application demonstrates that the method p
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sented here is capable of extracting the characteristic en
scale for the essential motions followed in the relaxation
complex systems.

Equation~7! may be applied to diffusive motions of pro
teins in a similar manner. An experimental determination
g through the Einstein or Stokes–Einstein relation may
combined with a computational evaluation of the intrins
friction g int and used to extract a ‘‘roughness’’ scaleU† for
motion on the rugged energy surface.

VI. INTERPRETING EXPERIMENTAL MEASURES OF
PROTEIN FRICTION

There are several experimental techniques designe
investigate energy relaxation processes that offer an ind
measure of the frictional forces acting along the relax
degree of freedom. A measured relaxation time can be in
preted using a microscopic model of the local environm
about the mode of interest that captures the essential dyn
ics of the process. These techniques include time-resolve
spectroscopy, reaction kinetics experiments, transient p
grating spectroscopy, and resonance Raman spectrosco

A. Interpretation of reaction kinetics in hemoglobin
using Kramers reaction rate theory

Using nanosecond lasers, Ansariet al.30 fit the rate of
conformational change of carbonmonoxy myoglobin follo
ing ligand photolysis to the Kramers reaction rate the
expression for unimolecular processes in the high frict
limit,

k;
v0vB

g0
e2bE‡

, ~30!

where k is the reaction rate,v0 and vB are the harmonic
estimates of the reactant well and barrier frequencies,E‡ is
the activation energy, andg0 is the static friction with units
of inverse time. The dissipative force was related to the st
friction g0 and the bulk viscosity of the surrounding bathh
as

Fdiss52mg0v526phaHv, ~31!

wherem is the effective mass of the reaction coordinate,v is
the velocity of that coordinate, andaH is the effective hydro-
dynamic radius where it was assumed that the viscous
on the reaction coordinate could be modeled as a spher
radiusaH moving in a viscous medium of bulk viscosityh.
Ansari et al. decomposed the total viscosity acting on t
reaction coordinate as the sum of the solvent and pro
viscositieshsolvent1hproteinwith hproteinbeing the internal vis-
cosity of the protein.31 This decomposition was found to giv
the best fit to the data which was their rationalization
invoking the internal protein viscosity. In doing so, they a
sumed that~1! the changes in the reaction ratek were due to
the changes in the effective friction,~2! the effective friction
was proportional to the viscosity, and~3! there were no
changes in the effective activation energy due to change
the solvent used to vary the viscosity. Taking the solv
viscosity to be the 0.01 Poise of room temperature wa
they estimated the contribution of the protein to the to
viscosity to be approximately 0.04 Poise. The viscosity c
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be interpreted in terms of a friction on the reaction coor
nate through the Stokes–Einstein relation only after the r
aH /m for the reaction coordinate is specified.

Unfortunately, the reaction coordinate for the proce
studied is not well characterized making it difficult to ma
an accurate estimate of the friction. However, if we assu
that the increase in internal viscosity arises from barri
associated with roughness within a single basin, then we
write

hprotein.hsolventexp~U†/kT!. ~32!

A barrier on the order ofkT is sufficient to give enhanced
values for hprotein.33hsolvent. A similar observation was
made by Gōwho noted that the presence of the solvent c
influence the shape of the protein potential energy surfa
producing local minima separated by low-energy barriers4

B. Transient phase grating spectroscopy and thermal
diffusion in heme proteins

Other probes have at their core the monitoring of t
migration of thermal energy. Transient phase grat
experiments32 monitor the change in the index of refractio
of the solvent due to the thermal expansion and change
the density that accompany ligand photolysis. In a pioneer
application of the technique to biomolecular systems, Mil
and co-workers have determined the time scale for he
relaxation and transfer of energy from the protein to the w
ter bath to be less than 20 ps.32,33 Their work has raised a
number of important questions related to the directionality
energy transfer following photolysis in heme proteins.

In this work, we have demonstrated that there a
strongly preferred pathways for kinetic energy relaxatio
The nature of the pathway will depend on the details of
protein structure, the protein or heme composition, the
gree of compactness or local density, and the degree of
posure to the solvent. In the heme region of myoglobin,
result is fast kinetic energy relaxation through the heme
isopropionate groups into the solvent. Such directio
mechanisms for energy transfer could be important in p
serving the protein’s structure in the aftermath of a prot
quake following ligand rebinding by effectively funnelin
excess kinetic energy into the solvent bath and avoidin
sharp increase in the local temperature of the protein.

C. Resonance Raman probes of vibrational relaxation
in heme proteins

Resonance Raman experiments have also been use
study thermal relaxation processes in heme proteins by K
gawa and co-workers.26 They probed the relaxation of th
photolyzed heme in myoglobin. Monitoring the time depe
dence of the relaxation process, they concluded that
heme relaxation exhibited a biphasic decay. Earlier anal
of Hochstrasser and co-workers34 suggested that the biphas
decay may have its origin in the fast relaxation of a ‘‘colle
tive mode’’ and slower collisional relaxation of the hem
through the protein to the solvent.

Perhaps the simplest method, yet the one that m
closely models experiment, involves the excitation of the
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laxing moiety, often by adding excess kinetic energy, and
subsequent monitoring of its vibrational and/or kinetic e
ergy. Using that direct method, Henry and co-worker27

found that the directly simulated relaxation times for therm
equilibration of an excited heme in myoglobin were in go
agreement with experiment for the process of energy re
ation of modes in the heme group of myoglobin to the s
rounding protein and solvent. No identification of frictio
acting on atoms or normal modes resulted from this stud

However, in this work we have shown the domina
pathways for kinetic energy relaxation to be rapid funnel
of excess kinetic energy through the heme and isopropio
groups to the solvent and slower transfer to the solv
through the protein matrix.34 Those competing channels a
intimately related to the biphasic time relaxation observed
the heme relaxation experiments.

D. Inelastic neutron scattering experiments
interpreted by Langevin normal mode models

One of the most direct experimental probes of friction
proteins is quasielastic neutron scattering.35 Using a Lange-
vin normal mode description of the protein dynamics, t
scattering function is computed and fitted by adjusting
distribution of friction constants assigned to the norm
modes of the protein. One such model has employed a
tribution of friction coefficients that is a Gaussian function
the frequency of thev normal mode,

g~v!.g~v50!exp~2v2/2s2! ~33!

so that the greatest frictional damping is assigned to the l
est frequency vibrations that are most strongly coupled to
solvent bath. In the parameterization,35 it was found thatg~v
50!530 cm2150.90 ps21 and s515 cm2150.45 ps21 re-
sulted in the best fit to the experimental data using
damped Langevin normal mode model.35

In this work, we have found that relaxation times f
local fluctuations fall on the order of 1–10 ps21. Our rates of
relaxation are somewhat larger than those resulting from
experimental fits. That may be due in part to the fact that
experimental fits were dominated by low temperature d
We have shown that there is a significant temperature de
dence in the values of the static friction.28 A more accurate
distribution of friction constants would incorporate that a
parently linear temperature dependence ing~v50! ands.

E. Geminate ligand recombination following
photolysis in heme proteins

The rate of ligand rebinding in myoglobin followin
flash photolysis has been extensively studied beginning w
the seminal work of Frauenfelder.36 The rebinding kinetics
has been measured over a wide range of temperature
solvent type. The data have been fitted by a variety of m
els beginning with the work of Agmon and Hopfield~AH!.37

The AH model reduces the complex ligand/protein/solv
dynamics to the dynamics of two coordinates. The liga
rebinding coordinate represents the motion of the ligand r
tive to the heme iron. The protein coordinate represents
relaxation of the protein following photolysis. The barrier
e
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ligand rebinding is a sensitive function of the protein coo
dinate. The protein coordinate is modeled by an overdamp
diffusive dynamics with an associated diffusion constant t
depends on temperature and solvent type. That diffusion c
stant has been interpreted in terms of a temperature de
dent friction acting on the protein coordinate. However, t
exact nature of the protein coordinate, and as a result
friction, is only vaguely defined.

F. Ligand vibrational energy relaxation in heme
proteins

Time resolved IR spectroscopy has been used to mea
the time scale of vibrational population relaxation from t
first excited vibrational state to the ground vibrational st
(n0←n1) of CO in heme proteins. Using this tool, relaxatio
times for both bound38–40and photolyzed10 CO in myoglobin
or hemoglobin have been determined. The time scale
ligand vibrational energy relaxation was found to be on
order of 20 ps in the bound case and 600 ps in the unbo
case.

The process of vibrational energy relaxation from a ph
tolyzed CO in the heme pocket of myoglobin has been st
ied using molecular dynamics simulations and theory by
gnella and Straub.11 The fluctuating force correlation
function, classically related to the time dependent friction
the CO bond stretching vibration, was calculated from dir
molecular dynamics simulations. The resulting relaxat
time was in good agreement with the value ofT1 experimen-
tally determined by Anfinrud and co-workers.10 The relax-
ation rate for the bond stretching relaxation is on the orde
0.05 ps21 in the bound case and 0.0017 ps21 in the unbound
case which are both significantly larger than the atomic
laxation rates determined in this study. In the case of
relaxation, the high frequency CO stretch is a ‘‘good norm
mode’’ that is only weakly coupled to the surrounding pr
tein and heme through bonds or collisions and is isola
from the solvent. Those facts account for the observed s
IVR of the CO oscillator.

This overview of experimental measures of protein fr
tion makes it clear that the assignment of an accurate m
sure of the friction constant requires a good knowledge
the specific mode on which the friction acts and an accu
experimental probe of the dynamics of that mode. The m
direct method for such a determination of the friction com
from the direct molecular dynamics simulation of the dis
pative dynamics of a protein.

VII. SUMMARY

The computation of the ergodic measure provides
clean, facile method for the computation of the internal r
of kinetic energy relaxation within proteins. Issues of the r
of kinetic energy relaxation are intimately related to the co
cept of the ‘‘protein quake’’ that follows ligand photolysis i
heme proteins.41 Using this method, various local regions o
interest in the protein can be separately examined. This
provide interesting information regarding the local enviro
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ment felt by various parts of the protein. Furthermore,
magnitude of the relaxation rates provides insight into p
sible relaxation pathways within the protein.

In this paper, we have presented data for solvated
bomonoxy myoglobin. The data suggest that the water
vent could be an important channel in the loss of exc
kinetic energy from the heme where the coupling is strong
through the isopropionate groups. In addition, the prot
backbone may be an effective ‘‘thermal wire’’ in the diss
pation of excess energy throughout the protein.

The method used to isolate the rate of kinetic ene
relaxation may be combined with experimental or compu
tional measures of diffusion over longer length scales
used to isolate the ‘‘roughness’’ energy scale for diffusion
a rugged energy landscape.42 The origin of internal friction
in proteins is still not entirely clear. Because we start w
x-ray coordinates in our simulations, it is most probable t
dissipation of thermal energy arises due to collisions
tween side chain atoms and backbone atoms that are alr
in contact in the native state. It is unlikely that loop conta
can explain the source of internal friction for folde
proteins.43 For such a mechanism to be operative, larg
scale conformational fluctuations, which may be preval
under denaturing conditions, are required. These consi
ations point to a rather complex role for internal friction
proteins. We speculate that protein internal viscosity depe
on the extent to which the chain is folded. Thus, in the p
cess of folding internal viscosity is best described by lo
entropy considerations,44 while in the compact and nativ
states local collisions that redistribute the thermal ene
may dominate. It is that latter process that is best descr
by our method.
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