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Dielectric Dispersion Interpretation of Single Enzyme Dynamic Disorder, Spectral Diffusion,
and Radiative Fluorescence Lifetimé
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A formulation based on measurable dielectric dispersion of enzymes is developed to estimate fluctuations in
electrostatic interaction energy on time scales as long as milliseconds to seconds at a local site in enzymes.
Several single molecule experimental obsevations occur on this time scale, currently unreachable by real
time computational trajectory simulations. We compare the experimental results on the autocorrelation function
of the fluctuations of catalysis rate with the calculations using the dielectric dispersion formulation. We also
discuss the autocorrelation functions of the fluorescence lifetime and of spectral diffusion. We use a previously
derived relation between the observables and the electric field fluctuations and calculate the latter using dielectric
dispersion data for the proteins and the Onsager regression hypothesis.

I. Introduction (w) of the protein. The experimentally observab(e) makes
Recent advances in sinale molecule spectroscony allow thepossible the comparison of experimental and theoretical auto-
g P Py correlation functions of fluctuations ik, dwo, anddy, * that

observation of real time trajectories of individual molecules. s . ; .
. ; X ' are observables in single molecule experiments. This comparison
With these experimental techniques, several novel observations . : . .
i - L of experiment and theoretically based relations is the essence
were made on single proteins: -eaff switching of fluorescence
. Cdeg o . of the present paper.
in proteinst—3 oscillations of green fluorescent proteins between . . .
o - . The paper is organized as follows. Equations for the auto-
neutral and anionic conformations at a near-denatured condi-

tion45 spectral diffusion of the chromophore in an enzyime, C0'relation ofok, ow, anddy, " in terms of those IV E(Y are
fluctuations of fluorescence lifetime in enzymfésand the summarized in section Il using results derived previoésgnd

fluctuations in the rates of enzyme cataly&fsit All of these the autocorrelation function fayE(t) is also given in terms of

observations have been regarded as reflecting the dynamics the dielectric dispersion of the protein. The comparison of

the enzyme between different conformational substates on theeépmeé'mg:?;ﬁg%:}igrg::iﬁgﬁi‘;ﬁfﬂ?:rin n ;?9:]'0823!’0"313
milliseconds time scale. For example, several enzyme-catalyze 9 given ! ’

reactions occur typically on the time scale of milliseconds to together with suggested further experimental tests of eqs 1e and
seconds, and the millisecond conformational dynamics of "
enzymes s con§|dered as an |mportant.cont.r|but0r to. the II. Dielectric Dispersion and Fluctuations in Electrostatic
functional dynamics of the enzym@Fluctuations in catalysis .
S . . _Interaction

rate observed in single enzymes were also interpreted as being
due to fluctuations in the conformation of the enzyie. A. Relation Among Observables.In a previous article on

The ensemble experimental data on enzyme catalysis havethe observables in single molecule experiméhtiie fluctua-
often been studied theoretically with the aid of computer tions in the rate of catalysis of a substrate by the enzyik@)j,
simulations: for example, see refs-126. In these studies, spectral diffusion of the fluorescence emissidm{(t)), and the
electrostatic interactions have played a key role in enzyme radiative part of the fluorescence lifetimed){ *(t)) of a
catalysist316-28 Earlier, a relation between three different chromophore in the enzyme were treated as arising from the
observables, catalysis rate fluctuatiodk(f)), spectral diffusion fluctuations of electrostatic interaction enef(t) at the local
(dwo(t)), and radiative fluorescence lifetime fluctuations ( site in the enzyme. On the basis of this assumption, a relation
y. X)), was derived on the basis of fluctuations of the Wwas derived for the autocorrelation functions of each of these
electrostatic interaction energyH(t)).2° Computer simulations ~ quantities in terms of the autocorrelation functi@g(t) of
of protein dynamics in real time are currently limited to tens of fluctuations in electrostatic interactions at that active siEf).
nanoseconds. Accordingly, a detailed dynamical analysis for The latter correlation function is defined by
the estimation ofdE(t) on the millisecond time scale is not
analyzable by current real-time trajectory computational meth- _ [BE()OE(0)T

Ce)=——"—>— (1a)

ods, and a resort to other methods must be made. As a step BE(0)D
toward estimating the)E(t), we model the autocorrelation
function of OE(t) by relating it to another experimental observ-  For the autocorrelation of the catalysis rate fluctuati@@igt),
able, the frequency-dependent dielectric response funetion we had®
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for the autocorrelation of the spectral difusid,(t), where the integration is frorh= 0 because of the unit step
function 6(t) in Au(t). The Fourier-Laplace transform,/

0 — Dlswo(t)éwo(O)D% c defined asF(w) = /(f(t) = [o exp(iwt)f(t) dt, of the

o,V Bay(0)°0 e(V) (1c) response function(t) is given a$®
and for the autocorrelation function of the radiative component r(w) = 2 (@) ~ & (4)
of the fluorescence lifetime, ,&(t) ro 26(w) + €.~

c By, Moy, (0)0 wherel is a unit tensor.
7r71 (t) B

=) -~ C() (1d) _ _ _

by, “(0)oy, “(O)U The time-dependent component of the interaction energy
defined as

From eqgs 1b-d, we have

E() = —Au(®)-R(0) (%)

is obtained using the above relation$®as

C(t) = C,, (1) = C, (1) = Ce(t)

Although eq 1e was derived treating tHE as causal for the

other fluctuations, an alternative view would be that all four A2 1 €(w) — €

o -7 : ER) =" -2 ¢ (6)
guantities may have a common cause, fluctuations in protein (37 iw 2¢(w) + €
conformation. We consider next a way of evaluati@g(t) 0 €

approximately in terms of the overall dielectric dispersi¢m) . .
for the protein and then relate the experimental observables to, Co.”f‘b'“'“g egs 2.and 6.and using the Laplacel transform
the calculations based on these equations. While the protein itsetfdentitiesf(t = 0) = lim,, . ioF(w) andf(t = ) = lim,—o

is heterogeneous, we use its averaged property in the form ofl@F(), the autocorrelatioCe(t) is given as

€(w) as a first approximation and then compare predictions from

the model with experiments. |1 €@) —e | [&— e
B. Autocorrelation of JE(t). Using the Onsager regression T iw 2e(w) + €, 26+ €,
hypothesi$?2 we find the autocorrelation function of the Ce() = p— e (7)
fluctuations of electrostatic interaction energt) about the [ lad [ s c]
equilibrium value is related to the decay of interaction energy 2, t ¢ 26+ €.
in a nonequlibrium process following an initial excitation
C. Dielectric Dispersion of Proteins.The continuum di-
OEM)OEO)T E(t) — E() electric response of proteins has been modeled in the litera-
DDE(O)(SE(O)DZ E(0) — E(w) ) ture?*35 using the Havriliak-Negami behavidf with a andb
in the range [0,1]:
Electrostatic fluctuations in the interaction enefgff) can
be estimated by approximating the enzyme as a homogeneous e(w) — €, 1
dielectric with a frequency dependent dielectric constdn) = (8)

€. —€, i ab
and the reactants/chromophore as a dipole embedded in a s [+ (k)]

spherical cavity of dielectric constantin the enzyme. By using
eq 2, the autocorrelation function of the equilibrium fluctuations
of E can be studied by considering a model nonequilibrium
system formed by the creation of a dipad(t) = Au6(t) in

the cavity att = 0, whered(t) is the unit step functionAu is

This dielectric response becomes a Cabole dispersion when
b =1 and a Cole-Davidson dispersion whar= 1.

Dielectric dispersion measurements of some proteins are
available for a frequency range corresponding to the time scale

the dipole moment created by electronic excitation of the ©f Milliseconds to seconds (HkHz)343>*'Dielectric properties
chromophore in the case of spectral diffusion and the dipole of proteins were also used to study protein denatur&ti@ne

moment difference between the transition state and the reactantémere?c‘t_ in the die_Iectric relaxation measurements of prote_ins in
in enzymatic catalysis. In the case of single enzyme experimentsthe m|_|||secoqd_ tlrsr;e scale has been in the possible relation to
on catalysis rat& the rate is obtained by averaging the turnover Piological activity: , o

times for several cycles of the enzyme over which the enzyme In the case of hemoglobin, a Cet€ole behavior witha =

is assumed to be in the same conformation. Thisfor the O'ZI’_ b=1ineq8 W;z obsgrved forTZw in the range OL
reaction contributes to an electrostatic interaction for this Milliseconds to seconds.For hydrated lysozyme powder, the

conformation of the enzyme. On longer time periods, there are imaginary part of the dielectric response was found to behave

changes in conformations, resulting in fluctuations in this energy ase”(w) ~ L% o varying fromEKO.S to .0'7 V\_/hen temp”erature
difference associated with fluctuations in the electric field and Was changed from 260 to 280 K.This imaginary part”(w)

thereby leading to fluctuations in the rate constant for the ¢@n correspond ta = 0.3-0.7 andb = 1 in eq 8. Other
enzymatic catalysis. dielectric measurements in this time range yialdecreasing

The time-dependent interaction energgt) of dipole in a from 0.50 to 0.36 for candida antarctica lipase B and lysozyme,
spherical cavity of radiug, following an initial creation of the _and b = 0.3 for both t_hese enzyniésas the temperature is
dipole is given in terms of the time-dependent reaction field Ncréased from approximately 195 to 255 K. The paramater

R(t) because of the protein environment acting on the dipole " the ab_ove experiments becomes a constant yalu_e at temper-
Au(t) and the response function tensgt) as? atures higher than 243 K (personal communication with J.

Mijovic and Y. Bian). Among glassy materials, Cel€ole
e , - behavior withe''(w) = w~Y2 (which can correspond ta =
R(®) = ﬂ) r(t = t)-Au(t) dt @) 0.5,b = 1) in the milliseconds range is commonly observéd.
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Figure 1. Comparison ofC(t) of the experimental data of candida antarctica lipase B from Figure 4A of ref 9@th calculated using the

dielectric dispersion data on candida antarctica lipase B from ref 36.
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Figure 2. Comparison of experimental data from ref 10 and calculated correlation using Cole relation usinga = 0.60,b = 1 in eq 8. The
data points from Figure S7 of ref 10 were extracted using Adobe lllustrator.

[ll. Comparison with Experiments

A. Catalysis Rate Fluctuations.As noted in section Il C,
the dielectric dispersion behavior of candida antarctica lipase
B showsb = 0.3 and a saturation in parametemat 0.36 at
temperatures higher than 243%KThe autocorrelatioi€y(t) in

of es and ., the calculations can again be matched with
experiment by choosing an appropriate value foiVhile a
was taken from the abowdw) data, the calculation dE(t) is
not very sensitive t@. Usinga in the range 0.250.4 fits the
experimental data equally well.

eq 1b calculated with these parameters in eq 8 and using egs 2 1he experimental data on the autocorrelation functipft)

and 6 is compared in the present Figure 1 with the experimental
data of ref 8 (Figure 4A there). Numerical inversion of the
Laplace transform was performed using the method in ref 41.
In the calculatione. of the cavity is assumed to be 2. The
parameterss, €., andr were not given in ref 36. For the present,
we assumess = 40 ande., = 4, similar to the parameters
observed experimentally for lysozyrieFor those values afs

and e, a calculation using eq 2 with = 1 s in eq 8 gives
agreement with th€(t) in Figure 1 for the candida antarctica
lipase B over the time range considered. With a different choice

for B-galactosidasé® are compared with the calculatez(t)
using eq 2 in Figure 2. The calculation was performed \aith
= 0.6 andb = 1 in eq 8, again assuming = 40 ande., = 4.
The dielectric dispersion data girgalactosidase are not yet
presently available. However, the paramet@snd b needed
in eq 8 for the fit in Figure 2 are close to those available for
hemoglobid* and lysozymé’

B. Fluctuations in Fluorescence Lifetime.The fluorescence
lifetime of a chromophore in the proteinp,, depends upon
the rate constants of radiative ) and nonradiativey(,,) decays
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Figure 3. Comparison of the experimental data from ref 8 along with
the error bars and calculated correlation using €alele relation using
a=0.40, 0.50, 0.65 and= 1 in eq 8. The normalized autocorrelation
C,i(t) was obtained by using eq 3 of ref 8 a@{t) from Figure 4 of
ref 8.

of fluorescence, with possible fluctuations in either or both of
these:

9)

Only if fluctuations iny,', y,*, andE(t) have a common
origin (e.g., fluctuations in enzyme conformations) can both the
fluctuations in the radiative and those in the nonradiative
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Figure 4. Comparison of fourth order correlation from the experimental
data of ref 48 with the calculated correlation using CeBole relation
usinga = 0.40, 0.50, 0.65b = 1 in eq 8, and Wick’s theorem.

and is also seen in computer simulatidhshe higher order
correlations of lifetime fluctuations can be immediately calcu-
lated from the second-order ones. They are obtained directly,
for example, using Wick’s theorethand will be the same as
the experimental observations. Results for the fourth-order
correlation fora = 0.43, 0.5, 0.65 are compared with the
experimental data on flavin reductase from ref 48 in Figure 4,
to test the sensitivity of the calculation to the parameter

C. Memory Kernel. The Havriliak-Negami dielectric re-

components be represented by the fluctuations in electrostaticsponse as in eq 8 has been modeled as a dynamics with a

interactionsoE(t), thereby yieldingC,+(t) = C,(t) = Ceg(t).

memory kernel ofK(t) whose FourierLaplace transform is

Only then could the results of the previous section be applied given a8’

to the experimentally observed, .78

However, although it is not known whether distance fluctua-
tions and the energy fluctuations have a common origin in
enzyme conformational fluctuations, it is nevertheless useful
to compare the calculated autocorrelation @r(t) with the
experimentally observed ones from ref 8, we use eq ldaand
= 0.5 andb = 1 for the Cole-Cole exponents in eq 8. A
comparison of the experimental data@y+ antifluorescein from
ref 8 with the calculate@g(t) is shown in Figure 3. To test the
sensitivity of the calculated correlation to the valuepofaplace
inversion was performed numerically for the cabes 1 and
a = 0.40-0.65 in eq 8, and the results are shown in Figure 3.
The value ofa = 0.5 andb = 1 gives the best agreement with
the experiment ory~! fluctuations. From the discussion in
section Il C, this use of a CoteCole exponent o& = 0.5 and

iw

Klw)= [1+ (i)’ -1

(11)

Fora = 0.5 andb = 1, this expression gives a memory kernel
K(t) of

K(t) ~}/t (12)

Thus, an alternative way of representing the Cdmle
relaxation mathematically for the present problem, when
0.5 andb = 1, involves a diffusive dynamics of the protein
structure with a memory kernel oft. This memory kernel is

b =1 can be replaced by the experimental values when dielectricthe same as that used in ref 8 to fit the correlation to the observed

dispersion data on the enzyme become available.
Whene., = €, an analytical relation can be derived from
egs 2 and 6 for the autocorrelation functiGga(t) as

C, () = expt/ty) erfe(y/tty)

where erfc is the complementary error function, erfcE
@7 [2 exp1?) dv, andty = (o + 1)%(eo + 1)
Equation 10 is functionally the same as the experimental
fluorescence lifetime autocorrelation function reported in the
literature”8 A test is proposed later to see whether the radiative
component yields a correlation function similar to that of
dwo(t) and ok(t).

(a=0.5,b=1) (10)

fluorescence lifetime autocorrelation datadyy, ™. It has been
showr? that this memory kernel approach provides a useful
mathematical model for summarizing the data although the
origin of the memory kernel remains to be addressed. One
feature in modeling fluctuations using dielectric dispersion is
that a memory kernel can be obtained from the measurable
(w), even though that feature does not indicate its molecular
origin.

The Cole-Cole relaxation, withb = 1 and arbitrarya, has
been mathematically cast into the formalism of continuous time
random walk (CTRW), a diffusion with an associated memory
kernel*849The difference between the usual random walk and
CTRW is thatin CTRW there is a distribution of times at which

Since the Gaussian nature of protein fluctuations is assumedthe random walker can take a step, unlike in conventional

in studies of solvation of chromophores by protein dynafdics

random walk where each step happens at a regular int€rval.
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This distribution of waiting times leads to a memory function
in the anomalous diffusive dynamics in CTRW.

IV. Discussion

A. General Remarks.In the present work, a relation between
the dynamic disord€e¥® observed as catalysis rate fluctuations,
and another experimental observab(®) is developed. The
derivation itself was based on electrostatic interactions in
enzymatic catalysi&16-28 The relations derived previough

between various observables in single molecule experiments

were used to relate the autocorrelation function of all these
observables te(w) on the Hertz to kiloHertz frequency range.
Different kinds of dynamics in a protein have their intrinsic
time scales$! ranging from vibrations in the hundreds of
femtoseconds to global motions involving dynamics of large
domains in the proteins that are in the milliseconds. d{ag

J. Phys. Chem. B, Vol. 112, No. 2, 200803

In the general case,,, can depend upon fluctuations &t
and on electronic coupling-dependent fluctuations such as in
Orpa. If 0E anddrpa have a common origin in conformational

fluctuations of the enzyme, the analysis usifg fluctuations
for oy, can be immediately extended tiy. Otherwise, an

analysis that includes both sourcgsandy,, is needed.

A relation between the autocorrelation functionyof: (taken
to bey,’) and that ofrpa was derived in eq 3 of ref 8C.(t)
= &C® — 1. For the range of parameters involved, it can
be verified using a perturbation expansion that the auto-
correlations Ci(t) and C;,,(t) are the same after norm-
alization. Because of this similarity, the functional form
of the autocorrelatiorC,,,(t) shown in ref 8 is the same,
to within a normalization constant, to that @f-+(t) which
in turn is equal to the present eq 10.

Other potential approaches interpreting the fluorescence
lifetime autocorrelation function without invoking a memory

measurements in kHz range thus capture the global dynamicskernel can be explored. In one of them, a polymer dynamics

of the domains involving polar groups in the protein. A Debye
dielectric response wita = 1, b = 1 in eq 8 represents one

model was used for the primary chain of the profSit
However, it was showat that the nanosecond time scale for

characteristic time scale associated with the dynamics of thethe transition ofC, ) to 14/t behavior in this model is not

protein. On the other hand, the Havriliaklegami dielectric
dispersion as noted in section Il C has been attributed to
cooperative dynamics in the protethpossibly arising from a
contribution from several different domains in the protein each
responding over a different time scale. Possible origins of non-
Debye behavior ofe(w) in proteins and glasses have been
discussed extensively in the literat$fe>37-39.42

The conformational dynamics in enzymes can affect the

consistent with the experimental millisecond time scale.

B. Suggested Experimentsl. Measurements of the fluctua-
tions ok(t), oy~1(t), and dwo(t) for the same enzyme would
permit a test of the present expressions, eq le. Measurements
of dielectric dispersion data on the milliseconds to seconds time
scale for that protein would be useful, for example, for

p-galactosidase and cholesterol oxidase enzymes on Wk{th

were observetl® and on flavin reductase and antifluorescein

catalysis rate through electric fields, steric effects, changes of for which 6y ~1(t) was observed?
reactants’ bond lengths in the transition state, and hydrogen bond 2. When fluorescence lifetime measurements are performed

interactions with the reactant&Since electrostatic interactions
are usually considered to be a key factor (e.g., ref 13) in

removing the quencher, for example, Tyr35 in flavin reductase,
measurement of the autocorrelation function in the absence of

determining the rate of catalysis, we focused on the catalysisthe quencher will be helpful in interpreting the relative contribu-

rate fluctuations arising froMiE. This aspect of the conforma-
tional dynamics resulting idE was treated using(w). Other

tions of the radiative and nonradiative componentgjto?, as
discussed in ref 29. If there is a common origin of both

features of the conformational dynamics such as those leadingcomponents (e.g., fluctuations in protein conformation), the

to the donot-acceptor distancefa) fluctuations reflected as
fluctuations in the electron-transfer rate may or may not be the
same as those E. A way of testing the presence of a common
origin for these two aspects of conformational dynamics is given
later.

The nonradiative decay due to electron transfgf) depends
upon the nuclear reorganization energy, free energy differ-
ence between donor and acceptor stak3)( and on any factors
that affect the electronic coupling, such as the deraarceptor
distance pa),>?

Vo = Vgr o (1+AGP)AMkeT ~froa (13a)

When AG is small compared withl, the following ap-

proximation can be made

Voo = ynro o HAKeT o~ AGI2K6T o

(13b)

AG depends upon the electrostatic interaction end&gyf
the dipole () formed by electron transfer from donor to
acceptor. This gives an exponential dependencg,obn E.
However, when the system is in the activationless regime, with
AG =~ —1, ynr Will be insensitive to the changes Eand will
depend only on the electronic coupling of the two reactants,
and hence ompa.
0 e—ﬂfDA

Vnr ~ ynr (13C)

autocorrelation functions oby,' and oy, * will both be
similar, but otherwise differ. The suggested experiment will help
in examining the commonality of conformational changes
responsible fooE and drpa.

V. Conclusion

The local fluctuations in the electrostatic interactions occur-
ring in the milliseconds to seconds time scale in enzymes are
modeled using the dielectric dispersion of the proteins. This
model provides a formalism for interpreting the fluctuations in
the observables on these timescales, which is presently not
readily addressed using real time computational methods. Using
the formulation presented earférelating various observables
to the electrostatic interactions, several correlation functions can
be modeled using a ColgCole or more general dielectric
behavior. Experiments on the dielectric dispersion and on the
various correlation functions for the same system would be
useful in presenting a broad picture of the fluctuation phenomena
in proteins.
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