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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 gréeiparged, polar, aliphatic, and aromatieading 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 Physid$§0021-9606)0)52141-2

I. INTRODUCTION AND BACKGROUND tential of mean force, ang(t) the time dependent friction
that is assumed to be spatially independetithe fluctuating

The concept of “friction” is one that is often used at random forceR(t) acting on thex coordinate is related to the

both the macroscopic and microscopic level to describe théme dependent frictiony(t) through the fluctuation dissipa-

dissipative effects of a generally defined “bath” on the de-tion theorem

tailed dynamics of a well defined “system.” In the dynamics

of a protein, thesystemmay be the stretching vibration of a 1

CO ligand molecule in the heme pocket of myoglobin. The ~ Y(1)= m—m(R(t)R(0)>- 2

bath may be defined as the atoms of the surrounding protein

and solvent. If one wishes to study the rate at which an .. 4 single atom or the center of mass of a molecule in

initially hot CO molecule transfers energy to the surrounding, liquid, it is in principle possible to estimate the zero fre-
protein and solvent, one can reduce the complex NeWtO”iaauency friction

dynamics of the CO/protein/solvent system of thousands of

atoms to the simple Langevin dynamics of two atoms—the w

CO—in a dissipative bath characterized simply in terms of 70=J y(t)dt 3

an average background potential and a “friction.” 0
At the macroscopic level, the friction is defined as a

proportionality constant relating the dissipative forEggs

felt by an object of masm moving with velocityv asF giss

= —yoMmu. At a microscopic level, the friction is fundamen-

tally defined through the generalized Langevin equation D= kB_T (4)

(GLE) as myg

ﬂ) - Jthmy( IX(t—7)+R(1), (1)  The diffusion constant may be known from experiment or it

X 0 may be computed using either the asymptotic dependence of

the mean-square displacement as a function of time,

through the Einstein relation for the translational diffusion
constant

mx+

wherex is the solute coordinaten the massyV(x) the po-

1
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or the associated Kubo relation for the velocity autocorrelaand accurate means of computing the intrinsic atomic fric-

tion function, tion but also provides a means of separating the contributions
1 of collisions and activated barrier crossing to the overall
D= 3 JO (V(H)V(0)). 6) friction” acting on atoms of the protein.

It may seem that the problem of determining the frictign

is solved. In theory, all that needs to be done is to calculatd- THE ERGODIC MEASURE
the mean square displacement or velocity autocorrelation
function of the particle and through these relations determin%m
the friction.

However, due to the length scales—on the order of 1_1(§ys
A—and time scales—on the order of 0.1 ps—1 ns—for ther- _
mal relaxation processes in proteins, molecular dynamics Q(t)=2 [f;()—f(D)]? 8
simulations are ideally suited to explore the times scales and )
pathways for energy transfer in biomolecular systems. Howwheref;(t) is the time average for atojnof propertyF of
ever, in practice this can be a very difficult task. If we werethe system,
interested in determining the friction acting on only one de- 1t
gree of freedom, many trajectories over many time steps fj(t):_J dsFi(s) (9)
would be needed in order to achieve convergence. Further- tJo
more, if the m.oFi_on i.S bounded the mean square dis.pla_ceéndf_(t) is the average over aM atoms of propertyF at
ment, after an initial rise, approaches a constant value in tim

The ergodic measure is a method for determining the
e scale for the self-averaging of properties in many body
tems.’ The fluctuation metric of the ergodic measure is

N

making it difficult to use the linear relation in Eg@5) to met,

extract the friction. Nevertheless, there has been some suc- — 1 N

cess using Langevin mod&fs and temperature echdesin f(t)= NE fi(t). (10
characterizing the magnitude of the intrinsic friction acting J

in proteins. If the system is self-averaging, the functi®¥(t) in Eq.

Another possibility is to directly compute the time de- (8) decays to zero as
pendent friction by solving the memory function equation,

0 Q(0)
d(v(t)v(0)) ¢ O~—p 0 (11
T f YO(V(t=)v(r)d7 (7) _ _ N
0 The slope of()(t) is proportional to the generalized diffu-

. . - _ sion constanD for the observablé& that can be written
relating the time dependent friction to the velocity autocor-

relation function through the associated Gt Ealculation of
(v(t)v(0)) and a subsequent inversion of EF) delivers
¥(1).8° However, this approach is sensitive to the quality of . .
the velocity autocorrelation function. Numerical instabilities W1€"€€2(0) is the mean square fluctuation of the propéfty

result if the velocity autocorrelation function being inverted and 7 is the time scale for t_akmg a.“step” of gengrahzed
is poorly characterized mean square lengl=Q(0) in sampling the fluctuations of

However, as a result of these limitations on the standar&ﬂe propertyF. US'”Q the kinetic energy metric n this way,
methods developed to derivg(t), the task of determining the degn.ae'of damping on subse.ts of the protein and solvent
the friction is commonly limited to the study of simple di- atoms within the system can be_mv_estl_gated. )
atomics such as CO, CN or Hgl2°-3(A notable exception If we takeF, t(_) be the_ ato_mlc kinetic energy of thrfh_

is the application to the case of CO diffusion in Ieghemoglo-atom then(ie(t) S ﬂ;e kinetic energy fluctuation meric.
bin by Elber and co-worker$) While it is true that the Qe(t) can be writte

calculation of friction along bonds within some simple poly- 1 [t t 1

atomic molecules has been accomplished, the methods em- (ke(t)= fodsljodSZ N >, 5fj(s1)fi(sp)

ployed either reduced the molecule to a simple diatomic us- :

ing an extended atom approachor involved the 1 ([t t

incorporation of normal modes, a method that can have se- 7 fodslfodSZCKE(sl_Sﬁ- (13

rious size limitations® An alternative approach is to charac-

terize the friction acting on probes of a protein using a com-The functionCyg(s;1—s) is the equilibrium autocorrelation

|2
DQ(0)=— (12

l
T

bination of experimental and modeling studies. function for the fluctuations in the kinetic energy given by
In this paper, we present a method for the computation m2
of the rate of kinetic energy relaxation that makes use of the  Cyg(t)= T[(vz(t)vz(O))—@z)z]. (14)

kinetic energy metric of the ergodic measure. Through a

Langevin dynamical model, the rate of kinetic energy relax-Following the standard derivation for the translational diffu-
ation is related to the intrinsic frictiog, acting on a specific ~ sion constaritfrom the time correlation function of the mean
atom of the protein. This method not only provides a directsquare displacemenone writes
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2 [t 1 2 © o
QKE(t):t_ZJO(t_y)CKE(y)dy- (19 D—KE:mJO CKE(Y)dYZZJO gA(tdt (20

H _ 2
At long times this is approximated by using the fact thatlg(0)=3(kgT)"/2.

B. Evaluation of Dyg for a Langevin dynamical model

2 0
QeO=7 fo Crely)dy (16) The object of this work is to compute the friction asso-

ciated with the individual groups in the protein whose mo-
so that the generalized diffusion const@ng: can be related tion is bounded. Let us assume that the relaxation of the
to the mean square fluctuation in the kinetic energy and thkinetic energy occurs along an undetermined and directional

equilibrium time autocorrelation function of the kinetic en- coordinate. An approximate equation of motion for any atom
ergy as with positionx and massn experiencing a constant friction

n can be derived from the Langevin equation for a harmonic

1 2 J'w potential with force constang,
—=——=| C dy. 1 .
Dke Me(0) Jo <e(Y)dy @7 mMu + kX=—Mygv + R(t), (21
A. The Gaussian random variable approximation where v=x. The autocorrelation function of the random

force R(t) satisfies the second fluctuation-dissipation theo-

~ What is needed to build a connection between the f”?rem(R(t)R(O)):2kaTy05(t). For this mode the velocity
tion and the rate of convergence of the kinetic energy met”%utocorrelation function

is a relation between the velocity autocorrelation function
and the kinetic energy autocorrelation function. Suppose that _ kT — yotl2 Yo .

we assume that the velocity is a Gaussian random variable. (v(Vv(0))= We o codat) - Zsm(at) (22
The joint probability of having velocity =uv(t) at timet and

it a2 2 2 2_
vo=0(0) att=0 is® with a“= w”— yg/4 andw”= x/m. When the force constant

k=0, the self diffusion constard for the mean square dis-
m 312 placement of x is given by the Einstein relatiorD
Plv(t),v(0)]= ~ =kgT/my,. When the force constant>0, the motion ofx
' 27kgT(1— (1)) . e - :
is bounded and the diffusion constaDt=0. This can be
m (v2+v§—2vvo¢2(t)) clearly seen through.the Kubo reIatipn relating the diffzulsion
X ex ST A= g20) , constant to the velocity autocorrelation function of Eg).
B The integral over all time of the velocity autocorrelation
(18)  function for k=0 is 1/y, but for x>0 is 0.
For the kinetic energy metric, using Eq4.7) and (19

wherey(t)=(v(t)v(0))/(v?) is the velocity autocorrelation e can determine the generalized associated diffusion con-
function. In that case, the kinetic energy metric can be exstant of Qe(t)/Qe(0)— 1/Dyet which is

pressed in terms of the velocity autocorrelation funcfids

that in turn is related to the diffusion constant. Berne, Pechu- Dke=70 (23
kas, and Harp showed that the joint probability distributionfor all k=0. It follows that at long times

given by Eq.(18) for a Gaussian random variable also results

if the information entropy corresponding to the probability of | %QKE(O) e (24
havingu(t) at timet andv(0) at time 0 is maximized’ Oye(t)

Given the conditional probabilit[v(t),v(0)], the au-  Through a determination of the generalized diffusion con-
tocorrelation function for any higher moments of the velocity stant for the kinetic energy metric, the friction acting on the
may be calculated. Predictions for the second, fourth, an¢,otion of a particle may be determinesten for the motion
eighth moments of the linear and angular momentum of &f a pounded systemhen the diffusion constant is zero.
diatomic fluid were compared with direct calculations from
computer simulations by Berne and Hafgror their study i1, COMPUTATIONAL MODEL AND METHODS
the assumption that the velocity is a Gaussian random vari-
able was found to be valid. We have applied our approach to the computation of the

The joint probability distribution Eq(18) may be used kinetic energy relaxation rates and friction coefficients for
to calculate the autocorrelation function for the fluctuationsthe atoms of the solvated carboxymyoglobin protein. We
of the kinetic energ} about its equilibrium average value in used the 260K x-ray structure of carbonmonoxy myoglobin

terms ofy(t), (MbCO) reported by Kuriyaret al?? for the initial configu-
ration. The MbCO molecule was introduced into a 56.570
Cre(t) ={(K(t)8K(0))=3(kgT)2(1). (199  x56.570x37.712 & box of equilibrated TIP3P water mol-

ecules and simulated using the CHARMM prograhiny
By combining Eqs(17) and(19) we can determine the gen- of the equilibrated water molecules lying within 2.5 A of the
eralized diffusion constantDye from the slope of protein molecule were removed, while the original water
Qye(0)/Qke(t) for a particular model ofy(t) as molecules of the x-ray structure were kept. The excess po-
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TABLE |. Time scales for the ergodic convergence of the kinetic energy in
solvated myoglobin at 300 K. Total signifies the complete system of the
* Total protein myoglobin, heme, and water. The criterion for convergence of the
Protein

1 kinetic energy fluctuation metric is that it decay to 1% of its original value.

¢ Heme
——=- Solvent

Region Time scaléps
e, Total 1.25
& ol E Protein 1.44
Heme 0.72
Solvent 0.75
1}
0.10
h '~ R o e e e e e e T
ineti -av i uick. -
kinetic energy self-averages is remarkabl ck. Each com
010 e 0 s ponent of the system reaches thermalization within a few
Time (ps) picoseconds. Furthermore, the data show that the kinetic en-

ergy is more rapidly redistributed within the heme and the
FIG. 1. Qg(t) plotted as a function of time for the solvated myoglobin solvent, than within the protein.

system, the protein, the heme, and the water solvent. The criterion for er- .
g)(;dicity reuni)resQKE(t) to decay to zero with time. The calculation was In Fig. 2, several forms OﬂKE(O)/QKE(t.). for the sol-
done at 300 K. vated myoglobin system are plotted. In addition, the plots for
the protein, the heme, and the solvent alone are displayed.
These data illustrate the relative amount of damping felt by
tential energy due to bad contacts and strain was then rehe atoms within the indicated subsets of the solvated myo-
duced using the steepest descent method. This resulted Q]bbm system. The frictional forces felt by the heme and
2534 protein and ligand atoms and 2946 water molecules fosolvent molecules are considerably higher than those on the
a total of 11372 atoms. remainder of the system. In fact, the friction constant for the
Using classical molecular dynamics the system temperaheme is approximately three times larger than that of the
ture was gradually raised to 300 K. Once a temperature Ofrotein itself. The kinetic energy metrics discussed thus far
300 K was achieved, molecular dynamics was run for 20 pgjescribe energy redistribution within the moiety itself and do
and the temperature was monitored. If a drift was detectedhot necessarily indicate a transfer of energy from one moiety
the velocities were resampled according to the Maxwell distg another.
tribution. During the last 10 ps of the run such velocity re-  The concept of rapid intramolecular vibrational relax-
assignment was not necessary indicating that the system hagon (IVR) within the heme is not ne#?’ The heme group
relaxed to a near equilibrium state. The molecular dynamicfas a large manifold of states, making it easy for energy to
time step was 1.0 fs using the Verlet algorithfrA switch-  redistribute quickly. The heme group and its host protein
ing function was used to taper the intermolecular potential tashare only one covalent bond—that between the proximal
zero from 9.5 A to 11.5 A. histidine and the iron atom. The heme is otherwise kept in

Beginning from the equilibrium structure obtained using place by roughly 90 van der Waals contacts with surrounding
the above protocol a 50 ps trajectory was generated. During
this trajectory the velocities were resampled every 2.5 ps and
a configuration was saved every 5 ps giving 10 configura-
tions. Each of these ten configurations was run for 15 ps, 300
resampling the velocities every 3 ps for the first 13 ps. The Total  :2.12ps"
remaining 2 ps were run without temperature resampling to ;Z:Ie:n ;gzgz
allow the system to relax before the data were collected. Solvent :7.49ps’
From each of the configurations obtained in this way a 30 ps
trajectory was run during which the coordinates and veloci-£ 200 sl

ties of the system were saved every 2 fs.

IV. RESULTS

Que(0)/ Qe

In Fig. 1, the functionQ«g(t) for the solvated myoglo- 100 1
bin system is plotted as a function of time. It is clear from
the figure that)«g(t) decays to zero for each of the compo-
nents listed. Using a cutoff of 0.01 for the decay(®dgg(t)
as an indicator of sufficient convergerfGethe time scales
for ergodic convergence were assigned.

The averaged values of the relaxation times are listed in Time (ps)

Table I. The time scales for this redistribution are similar for . e (0)/Qye(t) a5 a function of time for the total system, the pro-
both the heme and solvent molecules, while the time SCalﬁein, the heme, and the water solvent. The simulations were run at 300 K.
for the protein is roughly twice as long. The rate at which theThe data were averaged over ten 30 ps trajectories.
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300 T T 200 T T
o Charged :2.39ps™
With Solvent: 5.31ps Aliphatic  : 1.69ps™
With Protein: 5.11ps” Aromatic : 1.09ps™
Backbone :5.21ps™
150 | 1
=
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FIG. 3. ®ye(0)/Pye(t) as a function of time for heme using EE) in FIG. 4. Qye(0)/Qye(t) as a function of time for chargedAsp,Asn,
looking at the fluctuations within the heme itself and using &) for the Glu,GIn,Lys, aliphatic (Gly,Ala,Val,Leu,ll®, and aromatic (His,Tyr,
fluctuation between the heme and the solvent and protein. The simulatiorBhe,Trp sidechains. The simulations were run at 300 K. The data were
were run at 300 K. The data were averaged over ten 30 ps trajectories. averaged over ten 30 ps trajectories.

transfer and results in the hydrogen stretching motion being a

protein atoms. In that sense, Fhe environment of the heme 5ood normal mode. The fact that the frequency of the hydro-
not unlike that of a molecule in solution.

Th f this isolati be b ht to liaht usi gen stretching motions is absolutely high makes V-T trans-
d'?' eé(tfent N ; 'ﬁ IS0 au;n can be I’Ol;g tto 'r? LUSINGter inefficient. The weak coupling between the surroundings
a modified form of the ergodic measure of E8), where is the cause of the small values of the rate of convergence of

Nheme _ the kinetic energy equipartitioning for the hydrogen atoms.
Dye(t)= E [f,-(t)—fref(t)]z, (25 The situation is quite different for the oxygen and nitro-

i=1 gen atoms that display a marked increase in the rate of ki-
wheref; is the time average of the kinetic energy of jtie  netic energy equipartitioning compared to that of the hydro-
atom of theNp,emeatoms while and (t) is the average over 9en atoms. These backbone atoms are involved in hydrogen
all atoms of the reference system which may, for example, pgonding interactions that serve to lower their frequency and
the heme alone, the protein alone or the protein and solvefficrease the surrounding protein’s influence on their motion.
bath. The results of this analysis are shown in Fig. 3. It isExplaining the behavior of the carbonyl carbons relative to
clear from the figure that energy redistribution within the the a-carbons is more difficult. One might be inclined to
heme itself occurs on a faster time scale than the thermal@ttribute this difference to the relative mobility ef and
zation of the heme with its environment. This indicates that
the rate limiting step in heme relaxation following photolysis

) . ) 300
is the doorway between the heme and its surroundings.

. L s Oxygens :9.56ps™
. The relatl\(ely small fI‘IC.tIOI’] felt by the protein is alsq of Carbonyl Carbons : 3.78ps" o
interest, begging the question as to whether or not particula Nitrogens :9.45ps° wveen
parts of the protein experience more friction than others or if Hydrogens < 091ps

the environment within the protein is fairly homogeneous. 54 |
The data in Fig. 4 suggest that energy redistribution through:
out the protein may occur primarily through the protein
backbone. For those backbone atoms, the friction constant ix1
much closer in magnitude to that experienced by the heme2
In contrast, the protein side-chains are significantly less effi- 100 t
cient in redistributing their kinetic energy.

The data for the convergence of the kinetic energy fluc-
tuation metric for the different types of backbone atoms of
the protein are displayed in Fig. 5. The data show that the )
hydrogen atoms feel very little friction relative to the other 0 0 20 30
atoms of the backbone. Typically, the vibrational frequency Time (ps)
of bonds involving hydrogen atoms is much higher than the _ _ _
frequencies of bonds involving the heavier atoms of theEIG' 5. QKE(O)/QKE(t) as a function of time for the atoms of the protein

. . . . . ackbone, oxygen, nitrogen, hydrogencarbons, and carbonyl carbon. The
backbone and side chains. The relative mismatch in freéimulations were run at 300 K. The data were averaged over ten 30 ps
qguency of the vibrations reduces the importance of V—\Virajectories.

Qwe(t)

CQanyl—C e
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TABLE II. A summary of values of the average static frictigg computed 300 T T
for separate atom and chemical type.
Region yo (psh) Foproprionate G%
System Total 2.12
Protein 1.87 200 F Solvent
Heme 6.76 o
Solvent 7.49 S
S
Backbone =
Oxygens 9.56 -1
Nitrogens 9.45 G 100
a-Carbons 6.92
Carbonyl carbons 3.78
Hydrogens 0.91
Residues
Charged 2.39 0 L L
Aliphatic 1.69 0 0 20 30
Aromatic 1.09 Time (ps)

FIG. 6. Qye(0)/Qye(t) as a function of time for the atoms of the protein
solvent and heme isopropionate groups. The simulations were run at 300 K.
The data were averaged over ten 30 ps trajectories.

carbonyl carbon atoms or the number of nonbonded contacts.

However, since a majority of the myoglobin molecule con-
sists of relatively rigida-helices, neither thex-carbon nor
the carbonyl carbon atoms exhibit much orientational mobil-stants of the CHARMM potential for the bonds forming the
ity. The origin of the different average rates of kinetic energyaromatic rings are significantly greater than those used for
relaxation may be the fact that the carbonyl carbon is enthe aliphatic side chains.
gaged in a relatively high frequency vibration that is a good  In our earlier work, we examined the rate of equiparti-
normal mode and weakly coupled to the surrounding proteitiioning of the kinetic energy at seven temperatures for the
through covalent bonds, V=V or V-T transfer. However, theS-peptide and the RNase A enzyme compfehn those re-
carbonyl oxygens do not display a similarly reduced rate ofsults, computed for the peptide and protein in vacuum, at
kinetic energy relaxation. In fact, they equipartition the ki- short times there was a rapid convergence while at longer
netic energy more rapidly than any other type of backbondimes there was a linear convergence characteristic of a dif-
atom. fusive process. The rate of kinetic energy equipartitioning
The relative roles of residues based on their type—increased linearly with the temperature for the S-peptide and
charged, aliphatic, or aromatic—can be seen in Fig. 4. Théhe RNase A enzyme/product complex. Using a Langevin
results for the averaged rates of kinetic energy relaxation armodel the data were used to estimate the friction constant to
summarized in Table II. It is clear that charged groups coultbe, averaged over all atomg=(0.5-3) ps! over the
play an important role in the redistribution of excess kineticrange of temperature studied for both the enzyme/product
energy within the protein. This observation has interestingcomplex and the S-peptide. At room temperature, the aver-
repercussions when one considers the relaxation of myoglage velocity relaxation time was found to beyd# 0.5 ps.
bin following photolysis. The heme group is in direct contact ~ Relaxation times for atomic fluctuations have been cal-
with solvent water molecules. This contact is made with theculated for bovine pancreatic trypsin inhibitdBPTI) in
charged isopropionate groups that lie on the periphery of theacuum and solvent. McCammon, Wolynes, and Karplus
heme. It is possible that the contact of the heme with thdhave estimated the friction acting on a single dihedral angle
solvent through these groups is an importdobrway for  degree of freedom of Tyr 21 in BPTI and found a relaxation
excess vibrational energy to leave the photolysis site. Tdime of 0.2 ps which is significantly faster than our average
investigate this possibility furthef) xg(t) was calculated for value. Assuming an exponential decay of the atomic dis-
the isopropionate side chains using the protein and the soplacement correlation function the relaxation time was esti-
vent as reference systems. The results are plotted in Fig. &ated to be approximately 1.7 ps for the main chain atoms in
While the statistics are not sufficient to assign a quantitativdoth vacuum and solvent at room temperature.
number to the rate of kinetic energy relaxation, the data sug- In conclusion, an essential point made in this and earlier
gest that the isopropionate groups form an important linkwork is that there exists a strong inhomogeneity in the dis-
with the solvent for the dissipation of kinetic energy from thetribution of rates of kinetic energy relaxation that correlates
heme moiety. with the details of the protein structure. Average values of
Interestingly, the aliphatic side chains show a more rapidhe relaxation rate cannot be used to characterize the rates of
rate of kinetic energy equipartitioning than the aromatic sideelaxation for specific protein modes. The method presented
chains. It is believed that this results from the fact that thehere provides a straightforward means of estimating the fric-
intraside chain vibrational modes of the aromatic side chairtion for all atoms of the protein in a way that allows for a
are relatively high compared with the vibrations of the ali- global analysis of the dominant pathways for kinetic energy
phatic side chains. As a result, the harmonic bond force correlaxation.
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square displacement is followed to longer length scalgs
renormalized >L over longer timed> 7, a second and weaker conver-

gence with a slope on the order 0647 will emerge (see
/ / Fig. 7).
b If we think of the initial relaxation within a basin, we
would characterize the friction as being on the ordetygf.
We would then identify a “friction” as being on the order of
y=kT7/8°<y;,. As Zwanzig demonstrated,motion on a
longer length scale is characterized by an effective diffusion
constant for the “coarse grained” motion in a smoothed po-
- tential that has been averaged over a length séal€he
coordinate “renormalized” diffusion constant isD=kT/my= 8% r.
A The weakly damped dynamics within a basin and hopping
between basins is replaced by the strongly damped diffusion
on a length scal@. Therefore, the exact value of the friction
will depend not only on the choice of the coordinate but the
time scale of the motion that is considered.
In this work, we have presented a method for determin-
_I_ L2 ing theintrinsic friction vy;,;. Experimental or computational
- methods may be used to define the diffusive motion on a
time longer length and time scale providing an estimate.ofhe

FIG. 7. A rough potential where motion is characterized by the intrinsictWO frictions will be related by
diffusion constanD;,, is plotted above the smoothed potential energy func- KT

“‘rough” “smoothed"”

ehergy

LCxCE) xCOdS

tion where motion is characterized by a renormalized diffusion conftant t
y Y= Yint 5 eV /KT, (27)
wowB5
V. LENGTH SCALE DEPENDENCE OF FRICTION In the case thaby>wg We find that
Recall from the Introduction that the magnitude of the %
UT=kTIh—. (28)

static friction acting on a given coordinate may be deter-
mined from the Einstein relation if the translational diffusion
constant is known. However, the value of that static frictionThis result is identical to that found by Zwanzig for the case
constant is dependent on the exact definitioilpfthe coor-  of one-dimensional motion when the barriers were of an
dinate that is diffusingnd (2) the length(or time) scale over identical energyJ ™.
which the motion is examined. Consider the case of the dif-  In a multidimensional system, there will be many poten-
fusive motion of a particle in a one dimensional rough po-tial pathways connecting each pair of basins. Some pathways
tential, such as that shown in Fig. 7, considered bywill contribute little to the flux between basins because they
Zwanzig?® One way to describe the motion of that coordi- involve crossing a high energy barrier. Other pathways that
nate is in terms of a Smoluchowski equation where the coinvolve crossing lower energy barriers will be dominant and
ordinate moves in the rough potentidi(x) subject to an correspond to pathways of maximum flux for the diffusive
intrinsic diffusion constanD,,, that is related to a friction motion between basins. The valuelf that emerges when
Yint @8SDine=KT/My,y.. In terms of the relaxation of the ve- Ed. (28) is applied to a complex systems will be that of the
locity autocorrelation function, the initial decay time will be highestor rate limiting barrier along the pathway afaxi-
1/y; which will lead to a mean square displacement as anumflux.
function of time that will initially increase over a length Let us consider the application of this idea to the case of
scaleL with a strong slope BT/ y;, (see Fig. 7. That time  diffusive motion in liquid water. There the translational dif-
scale will characterize the relaxation of the veloaitithina  fusion constant is roughl = 2.2x 10~ ° cn/s at 300 K cor-
basin of widthL of the rough potential. responding to ay=2.7x10"%s" 1. We have applied the
On a longer time scale, it will also be possible for the method presented in this paper to find that for the same sys-
coordinate to move over barriers and between basins septem the intrinsic frictiony;,,=7.3x10'?s™*. Therefore, us-
rated by a length scal&>L. If the frequency of the basin is ing Eq.(28) we find that the characteristic “roughness” en-
taken to bew, and that of the barrier isg, the time scale ergy scale for the essential rate-limiting motion in the

Yint

for the activated barrier crossing, translational diffusion of water molecules is
: T
— Yint eUT/kT’ 26 U'=1.2kcal/mol, (29
WoWp

which is roughly on the order of the dissociation energy for
is inversely proportional to the probability of gaining the a hydrogen bond. This agrees with our intuition that the rate
activation energyU'. That activation time scale will be limiting step for diffusion in water will be the breaking of
much longer than the time scale for the initial velocity relax-hydrogen bonds in the instantaneous hydrogen bond net-
ation in the potential energy basin. Therefore, when the meawork. This application demonstrates that the method pre-
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sented here is capable of extracting the characteristic enerdpe interpreted in terms of a friction on the reaction coordi-
scale for the essential motions followed in the relaxation ofnate through the Stokes—Einstein relation only after the ratio
complex systems. ay /m for the reaction coordinate is specified.

Equation(7) may be applied to diffusive motions of pro- Unfortunately, the reaction coordinate for the process
teins in a similar manner. An experimental determination ofstudied is not well characterized making it difficult to make
v through the Einstein or Stokes—Einstein relation may bean accurate estimate of the friction. However, if we assume
combined with a computational evaluation of the intrinsicthat the increase in internal viscosity arises from barriers
friction y;,; and used to extract a “roughness” scalé for  associated with roughness within a single basin, then we can
motion on the rugged energy surface. write

= exp(UT/KT). 32
VI. INTERPRETING EXPERIMENTAL MEASURES OF Pprotein™ Tsolvent 3 .) N _ (32
PROTEIN FRICTION A barrier on the order okT is sufficient to give enhanced

. . . values for i=3X . A similar observation was
There are several experimental techniques designed Bade by G_Zr/)\;ﬁgnnote(;? st?:\gFtthe presence of the solvent can

investigate energy relaxation processes that offer an indire?ﬁfluence the shape of the protein potential energy surface,
measure of the frictional forces acting along the relaxing

degree of freedom. A measured relaxation time can be interErOducmg local minima separated by low-energy banfers.

preted using a microscopic model of the local environment

about the mode of interest that captures the essential dynarR- Transient phase grating spectroscopy and thermal

ics of the process. These technigues include time-resolved |f¥ffusion in heme proteins

spectroscopy, reaction kinetics experiments, transient phase QOther probes have at their core the monitoring of the

grating spectroscopy, and resonance Raman spectroscopymigration of thermal energy. Transient phase grating

A. Interpretation of reaction kinetics in hemoglobin experiment¥ monitor the change in the index of refraction _

using Kramers reaction rate theory of the solvent due to the thermal expansion and changes in

. 30 . the density that accompany ligand photolysis. In a pioneering

Using nanosecond lasers, Ansatial™ fit the rate of  gpplication of the technique to biomolecular systems, Miller

conformational change of carbonmonoxy myoglobin follow- 5 co-workers have determined the time scale for heme

ing ligand photolysis to the Kramers reaction rate theoryre|axation and transfer of energy from the protein to the wa-

expression for unimolecular processes in the high frictiong, path to be less than 20 ¥ Their work has raised a

limit, number of important questions related to the directionality of
WoWg o energy transfer following photolysis in heme proteins.
k~y—oe BE" (30) In this work, we have demonstrated that there are

strongly preferred pathways for kinetic energy relaxation.
wherek is the reaction ratep, and wg are the harmonic  The nature of the pathway will depend on the details of the
estimates of the reactant well and barrier frequendiésis  protein structure, the protein or heme composition, the de-
the activation energy, an¢0 is the static friction with units gree of Compactness or local density' and the degree of ex-
of inverse time. The dissipative force was related to the statigosure to the solvent. In the heme region of myoglobin, the
friction 7y, and the bulk viscosity of the surrounding bash  result is fast kinetic energy relaxation through the heme and
as isopropionate groups into the solvent. Such directional
mechanisms for energy transfer could be important in pre-
serving the protein’s structure in the aftermath of a protein
wherem is the effective mass of the reaction coordinatés quake following ligand rebinding by effectively funneling
the velocity of that coordinate, areg, is the effective hydro-  excess kinetic energy into the solvent bath and avoiding a
dynamic radius where it was assumed that the viscous dragnarp increase in the local temperature of the protein.

on the reaction coordinate could be modeled as a sphere of

radiusay moving in a viscous medium of bulk viscosity. o _
Ansari et al. decomposed the total viscosity acting on theC: Resonance Raman probes of vibrational relaxation
reaction coordinate as the sum of the solvent and protein'wn heme proteins
ViSCOsitiesnsoiventt Mprotein With 77protein D€ING the internal vis- Resonance Raman experiments have also been used to
cosity of the proteirt! This decomposition was found to give study thermal relaxation processes in heme proteins by Kita-
the best fit to the data which was their rationalization forgawa and co-worker€. They probed the relaxation of the
invoking the internal protein viscosity. In doing so, they as-photolyzed heme in myoglobin. Monitoring the time depen-
sumed thatl) the changes in the reaction rdtevere due to  dence of the relaxation process, they concluded that the
the changes in the effective frictio(®) the effective friction heme relaxation exhibited a biphasic decay. Earlier analysis
was proportional to the viscosity, an@®) there were no of Hochstrasser and co-work&tsuggested that the biphasic
changes in the effective activation energy due to changes idecay may have its origin in the fast relaxation of a “collec-
the solvent used to vary the viscosity. Taking the solventive mode” and slower collisional relaxation of the heme
viscosity to be the 0.01 Poise of room temperature waterthrough the protein to the solvent.

they estimated the contribution of the protein to the total Perhaps the simplest method, yet the one that most

viscosity to be approximately 0.04 Poise. The viscosity carclosely models experiment, involves the excitation of the re-

Faisss —Myov = — 67 nayv, (31)
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laxing moiety, often by adding excess kinetic energy, and thdéigand rebinding is a sensitive function of the protein coor-
subsequent monitoring of its vibrational and/or kinetic en-dinate. The protein coordinate is modeled by an overdamped,
ergy. Using that direct method, Henry and co-workérs diffusive dynamics with an associated diffusion constant that
found that the directly simulated relaxation times for thermaldepends on temperature and solvent type. That diffusion con-
equilibration of an excited heme in myoglobin were in goodstant has been interpreted in terms of a temperature depen-
agreement with experiment for the process of energy relaxdent friction acting on the protein coordinate. However, the
ation of modes in the heme group of myoglobin to the sur-exact nature of the protein coordinate, and as a result the
rounding protein and solvent. No identification of friction friction, is only vaguely defined.
acting on atoms or normal modes resulted from this study.

However, in this work we have shown the dominant
pathways for kinetic energy relaxation to be rapid funnelingr. |igand vibrational energy relaxation in heme
of excess kinetic energy through the heme and isopropionaggroteins
groups to the solvent and slower transfer to the solvent
through the protein matri¥: Those competing channels are
intimately related to the biphasic time relaxation observed i
the heme relaxation experiments.

Time resolved IR spectroscopy has been used to measure
the time scale of vibrational population relaxation from the
r}irst excited vibrational state to the ground vibrational state
(vo<v,) of CO in heme proteins. Using this tool, relaxation
times for both bountf~*°and photolyzetf CO in myoglobin

D. Inelastic neutron scattering experiments or hemoglobin have been determined. The time scale for
interpreted by Langevin normal mode models ligand vibrational energy relaxation was found to be on the

One of the most direct experimental probes of friction inorder of 20 ps in the bound case and 600 ps in the unbound
proteins is quasielastic neutron scatteﬁﬁglsing a Lange- case.
vin normal mode description of the protein dynamics, the  The process of vibrational energy relaxation from a pho-
scattering function is computed and fitted by adjusting theolyzed CO in the heme pocket of myoglobin has been stud-
distribution of friction constants assigned to the normalied using molecular dynamics simulations and theory by Sa-
modes of the protein. One such model has employed a dignella and Straubt The fluctuating force correlation

tribution of friction coefficients that is a Gaussian function of function, classically related to the time dependent friction of
the frequency of thes normal mode, the CO bond stretching vibration, was calculated from direct

_ 2 2 molecular dynamics simulations. The resulting relaxation
Y(w)=y(0=0)exp(— w%207) (33 time was in good agreement with the valueTgfexperimen-
so that the greatest frictional damping is assigned to the lowtally determined by Anfinrud and co-workef$The relax-
est frequency vibrations that are most strongly coupled to thation rate for the bond stretching relaxation is on the order of
solvent bath. In the parameterizatidtit was found thaty(w  0.05 ps*in the bound case and 0.0017 psn the unbound
=0)=30 cm *=0.90 ps! and ¢=15 cm '=0.45 ps! re- case which are both significantly larger than the atomic re-
sulted in the best fit to the experimental data using thdaxation rates determined in this study. In the case of CO
damped Langevin normal mode modgl. relaxation, the high frequency CO stretch is a “good normal
In this work, we have found that relaxation times for mode” that is only weakly coupled to the surrounding pro-
local fluctuations fall on the order of 1-10PsOur rates of  tein and heme through bonds or collisions and is isolated
relaxation are somewhat larger than those resulting from thom the solvent. Those facts account for the observed slow
experimental fits. That may be due in part to the fact that théVR of the CO oscillator.
experimental fits were dominated by low temperature data.  This overview of experimental measures of protein fric-
We have shown that there is a significant temperature depetion makes it clear that the assignment of an accurate mea-
dence in the values of the static fricti6hA more accurate sure of the friction constant requires a good knowledge of
distribution of friction constants would incorporate that ap-the specific mode on which the friction acts and an accurate
parently linear temperature dependence/(n=0) ando. experimental probe of the dynamics of that mode. The most
direct method for such a determination of the friction comes
from the direct molecular dynamics simulation of the dissi-

E. Geminate ligand recombination following . . .
pative dynamics of a protein.

photolysis in heme proteins

The rate of ligand rebinding in myoglobin following
flash photolysis has been extensively studied beginning wit,; sumMMARY
the seminal work of Frauenfeld&.The rebinding kinetics
has been measured over a wide range of temperature and The computation of the ergodic measure provides a
solvent type. The data have been fitted by a variety of modelean, facile method for the computation of the internal rate
els beginning with the work of Agmon and HopfigldH).3”  of kinetic energy relaxation within proteins. Issues of the rate
The AH model reduces the complex ligand/protein/solvenif kinetic energy relaxation are intimately related to the con-
dynamics to the dynamics of two coordinates. The ligandcept of the “protein quake” that follows ligand photolysis in
rebinding coordinate represents the motion of the ligand relaheme proteiné! Using this method, various local regions of
tive to the heme iron. The protein coordinate represents thimterest in the protein can be separately examined. This can
relaxation of the protein following photolysis. The barrier to provide interesting information regarding the local environ-
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