This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
SIMULATION

Protein dynamics control of electron transfer in reaction centers from Rps.
viridis

10K Bl 6 9 Wy E. S. Medvedev?; A. I. Kotelnikov; N. S. Goryachev?; B. L. Psikha® J. M. Ortega®; A. A. Stuchebrukhov®
2 The Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Russia
® Instituto de Bioquimica Vegetal y Fotosintesis, Universidad de Seville-CSIC, Seville, Spain ©
Department of Chemistry, University of California, Davis, CA, USA

To cite this Article Medvedev, E. S. , Kotelnikov, A. I., Goryachev, N. S. , Psikha, B. L., Ortega, J. M. and Stuchebrukhov,
A. A.(2006) 'Protein dynamics control of electron transfer in reaction centers from Rps. viridis', Molecular Simulation, 32:
9,735 — 1750

To link to this Article: DOI: 10.1080/08927020600880802
URL: http://dx.doi.org/10.1080/08927020600880802

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020600880802
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18: 00 14 January 2011

Downl oaded At:

Molecular Simulation, Vol. 32, No. 9, 15 August 2006, 735-750

Taylor & Francis
Taylor & Francis Group

Protein dynamics control of electron transfer in reaction
centers from Rps. viridis

E. S. MEDVEDEVT, A. I. KOTELNIKOVT, N. S. GORYACHEVT, B. L. PSIKHAT, J. M. ORTEGA and
A. A. STUCHEBRUKHOV Y *

1The Institute of Problems of Chemical Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia
FInstituto de Bioquimica Vegetal y Fotosintesis, Universidad de Seville—CSIC, E-41092 Seville, Spain
Y Department of Chemistry, University of California, Davis, CA 95616, USA

(Received April 2006; in final form May 2006)

Electron transfer (ET) in the reaction center from Rhodopseudomonas viridis has been studied experimentally by our group in
the range of temperatures of 153—295 K. The kinetics of ET reaction from the proximal heme of cytochrome to the special
pair was found to be non-exponential. The degree of non-exponentiality strongly depends on temperature, with increasing
non-exponentiality at lower temperatures. Here, the experimental kinetic data for ET are analyzed in the frames of a
theoretical Sumi—Marcus-type model, which allows establishing a connection between the observed kinetics and local
structural dynamics of the protein in a close vicinity of the donor and acceptor sites. The phenomenological model subdivides
the multi-time-scale dynamics of the protein into two groups: fast and slow. The division is determined by the rate of ET,
which is dynamically controlled by the slow modes of the protein medium. The slow modes are described by a
phenomenological collective coordinate X, for which a diffusion type of dynamics is assumed. The analysis of the
temperature dependence of the kinetic curves for ET allows a complete characterization of the slow time-scale protein
dynamics: we find the corresponding activation barrier for the dynamics of X, around 0.5eV and the exponential
pre-factor, which is in the range of 10~ '®s. The pre-exponential factor is lower than is expected for a typical activation
process described by the transition state theory. We discuss the nature of the collective modes X, the nature of its activation
barrier (breaking of hydrogen bonds) and possible explanations for a low-pre-exponential factor of its dynamics. The main
conclusion of the paper is that the kinetics of ET at low-temperatures can be used as a probe of protein structural dynamics in
the microsecond time-scale, the time-scale that is not easily accessible by the computer simulations methods and can be

complementary to other experimental techniques.

Keywords: Electron transfer; Protein dynamics; Reaction centers; Non-exponential kinetics

1. Introduction

For an electron transfer (ET) reaction to occur, the thermal
motion of the medium surrounding electron donor and
acceptor is necessary. In case of biological ET, the
medium is a protein matrix in which donor and acceptor
complexes are imbedded, thus protein dynamics is a key
factor for ET in proteins. Can ET reaction then be used as a
probe of protein dynamics? In recent years, several groups
explored this question experimentally [1-10].

In this paper, we develop theory and show how the
analysis of the temperature dependence of the kinetics of
ET allows one to get insights into details of the
corresponding protein structural dynamics.

A great number of examples of ET proteins is provided
by biological energy generating machinery, of which the
reaction center of photosynthesis is one prominent
example. Earlier, the ET from the proximal heme c-559
to the special pair in the reaction center from
Rhodopseudomonas viridis has been investigated experi-
mentally by our group in the range of temperatures of
153-295 K. The kinetics of ET reaction from the proximal
heme of cytochrome to the special pair was found to be
non-exponential. The degree of non-exponentiality
strongly depends on temperature, with increasing non-
exponentiality at lower temperatures, as one approaches
the glass transition temperature, T, where the protein
structural dynamics slows down.
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At room temperature, in this as in many other biological
ET systems [11,12], the kinetics is almost single-
exponential. In such a regime, the protein medium
dynamics is much faster than ET and the ET rate is not
sensitive to the protein dynamics per se, as long as it is
sufficiently fast; instead, only the energetic parameters of
this dynamics enter into the rate expression in terms of
reorganization energy, driving force and electronic
coupling, according to the standard Marcus theory.
However, as the protein dynamics slows down at low-
temperatures, it begins to bottleneck the ET. In such
conditions, the ET occurs from many quite different
conformations of the protein and the kinetics of the
reaction becomes multi-exponential. It is in these
conditions, one can say that the ET is controlled by the
protein medium dynamics per se and the non-exponential
kinetics can be used as a probe of the protein dynamics.
Once the parameters of the dynamics are determined at
low-temperatures and a theory is available for its
temperature dependence, the conclusions can be drawn
on the protein dynamics not only at low, but at room
temperature as well.

Protein dynamics is multi-time-scale in nature, with
different types of motions occurring on a femtosecond to a
millisecond, or even slower time-scales. The slow
complex collective motions of the protein involving
structural rearrangements are difficult to characterize and
any probe of such dynamics is of significant value. Only
few studies where ET is used as a probe are described in
the literature (Kotelnikov’s [1-3], Nienhaus’ [4,5] and
Gray-Winkler’s [6—10] studies).

Here, the experimental ET kinetic data are analyzed in
the frames of a theoretical Sumi—Marcus-type model [13],
which allows establishing a connection between the
observed kinetics and structural dynamics of the proteinf
[14—18]. The phenomenological model subdivides the
multi-time-scale dynamics of the protein into two groups:
fast and slow. The division is determined by the rate of ET,
which is dynamically controlled by the slow modes of the
protein medium. The slow modes are described by a
phenomenological collective coordinate X, for which a
diffusion type of dynamics is assumed. The analysis of the
temperature dependence of the ET kinetic curves allows a
complete characterization of the slow time-scale protein
dynamics: we find the corresponding activation barrier for
the dynamics of X around 0.5 eV and the exponential pre-
factor, which is in the range of 10~ '®s. The pre-
exponential factor is lower than is expected for a typical
activation process described by the transition state theory.
We discuss the nature of the collective mode X, the nature
of its activation barrier (breaking of hydrogen bonds) and
possible explanations for a low-pre-exponential factor of
its dynamics. The main conclusion of the paper is that the
ET kinetics at low-temperatures can be used as a probe of
protein structural dynamics in the microsecond time-scale,

the time-scale which is not easily accessible by the
computer simulations methods and can be complementary
to other experimental techniques, e.g. Mdssbauer [19,20]
and optical [21-24] spectroscopy.

The plan of the paper is as follows. In the next Section
2, we describe a theoretical model that will be used for the
analysis of kinetic data, Section 3 will describe the fitting
procedure to extract dynamic parameters from the kinetic
curves, Section 4 gives a comparison with other methods
used to monitor the dynamics of proteins and viscous
solutions and the last Section 5 will discuss results and
summarize the findings.

2. Model

We assume that all modes of the protein coupled to the ET
are divided into three groups: one quantum mode ¢, to
describe quantum effects, a classical “fast” collective
coordinate x and a classical “slow” collective coordinate
X. The fast and slow classical coordinates are some
collective independent coordinates of the protein that
presumably describe different types of motions of the
protein—the first refers to dynamics of various bonds of
the protein and the second is related to more macroscopic,
structural dynamics. Therefore, they relate to different
time-scales. However, the description is entirely pheno-
menological and within this theory, we can only speculate
on what type of motions of the protein they may
correspond.

If both x and X were fast enough, the rate of ET would
be expressed in the standard form of the Marcus theory,
with quantum corrections due to quantum mode ¢, in
terms of the reorganization energy for the entire system,
driving force and electronic coupling.

We assume, however, a possibility that X can be slow
and therefore the setup of the model is as follows. We
assume that the reaction can occur at different
conformations of the protein that correspond to different
values of X. For each such conformation, the rate of the
reaction will be written as

_Hp, [ (M AGONY?
KO == \//\szTeXp{ AMkpT } M

This formula looks like a standard classical ET rate
expression, but in fact it takes into account quantum
effects by introducing two reorganization energies, A; and
Ay. This is of course, an approximation, but a good one,
which works well in a wide range of AG variation around
the maximum of the rate. This formula was derived by Lee
et al. [25]. Thus, except for some generalization of the
reorganization energy, this is a standard expression for the
rate, with a driving force that is different for different
conformations of the protein X, thus we have AG(X).

FSimilar ideas extending the original Zusman model [14] to include a non-diffusive mode were developed by Ovchinnikova [15], Alexandrov [16],

Helman [17], Agmon and Hopfield [18] and others.
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Figure 1. Schematic behavior of the kinetic curves at various relaxation
times 7 > 7 > T3 > 4.

Expression (1) ignores a possible dependence of the
matrix element Hpa on the conformational coordinate
[26—32]. Such dependence may arise due to confor-
mational changes in the medium separating the donor and
acceptor sites. On the contrary, the driving force is
modulated by conformational fluctuations in an immediate
vicinity of the donor and acceptor centers, i.e. different
types of conformational motions are responsible for the
effect on the electronic coupling and the driving force. The
effect on Hpa arises only under special conditions
specified in the above-cited papers whereas the effect on
AG is very general. In this paper, we neglect the former
following the original approach by Sumi and Marcus.

The two A’s in equation (1) are:

_ _ fwgAq hawg

AM=ArtA, A=Ag+ 2T coth (ZkBT> )
where Ay and A, are reorganization energies of the
quantum and classical modes, respectively and w, is the
frequency characterizing the quantum mode (assumed to
be high compared with kg7 /). We now need to specify
how the driving force depends on X.

The free energy profile for X in the reagents state is
written as

Vi) = 3X7, 3)

that is the slow collective coordinate X is formally
described as one of the oscillators of the medium. Then,
the driving force for the reaction at given X is [13]

AGX) = AG® + V(X — Xo) — V(X)

=AG? + Ay — /2AxX (4)

where Xo = /2y is the equilibrium value in the products
state and Ay is the reorganization energy of X.

The next step is to specify how the collective coordinate
X is changing in time. We do it by describing the behavior

of an ensemble of proteins characterized by a distribution
function P(X; ). The dynamic behavior of X is assumed to
be diffusive and therefore the equation for P(X;t) looks as
follows:

oP __9*P D 8 ([ _dV
dx

— =Dt (P ) —kX)P
ot~ Pox? kT ox ) *) )

where D is the diffusion coefficient and k(X) is the rate
constant specified in equation (1). The diffusion motion
can itself be characterized as random walk on the energy
profile V(X), i.e. it can be viewed as a sequence of random
transitions between neighboring conformations. The
transition time, 7, between the neighboring conformations
is related to the diffusion coefficient as

_ kT
D

T (6)
This time can also be called “relaxation time” of
coordinate X, which characterizes the structural relaxation
response of the protein medium to a sudden perturbation,
as in the experiments on time-resolved optical spectra (e.g.
eosin attached to hemoglobin [21]), as well as in
investigations of dynamics of myoglobin [19] and
bacterial reaction centers [20] by Mssbauer spectroscopy.
Instead of diffusion coefficient D, it is more convenient to
deal with this relaxation time parameter 7, which will be
the focus of the subsequent discussion.

The initial distribution of X at = 0 is assumed to be
thermal,

P(X;0) = )

1 X?
S2kaT eXp( w>
In the analysis, the kinetic equation for P is solved
numerically and the kinetics of the ET process is described
as follows.

The quantity measured in experiment is the survival
probability,

o0 = J, PX;ndX, Q(0)=1 ®)

The important characteristic of this function is its time
derivative at t = 0. Using equations (5) and (8), it is easy
to show that

ki

—0(0) = J, k(X)P(X; 0)dX (€))

This quantity is independent of the relaxation time at all
temperatures and is, therefore, a characteristic of the
equilibrium system. Moreover, it coincides with the rate
constant k. in the slow reaction limit (in the notation and
terminology of Sumi and Marcus [13]), or equivalently in
the fast diffusion limit (7 = 0), where the decay is single
exponential,

Ora(r) = exp(—ki1) (10)
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Figure 2. Experimental record at 193K, long time interval. Inset, the
same record, short time interval.

Population

Population

Population

Figure 3. Comparison of the calculated kinetic curves (lines) for Set IV
of table 1 and the experimental records (circles) at 153, 173 and 193 K in
the non-diffusing limit (7 = 00).

In the opposite, non-diffusing limit (7 = o) the decay is
multi-exponential [13],

o0

Onalt) = J P(X: 1) " dx (11

—00

with the same initial rate constant k; as Qg(?). At any
finite relaxation time, 0 < 7 < oo, the survival prob-
ability initially decays with the same rate constant k; and
then the decay slows down so that Q(7) falls between
Ond(?) and Qg(2). This is illustrated in figure 1, where
curve 1 is Qnq(¢) and curve 4 is Qgy(t), whereas curves 2
and 3 correspond to intermediate relaxation times.

The strategy for the analysis then is to compare the
kinetic curves for Q observed in experiment with the
theoretical ones and try to extract information about
the dynamics of X, which is basically reduced to finding
the relaxation time characterizing the dynamics of X.

Our model contains six generic parameters characteriz-
ing the equilibrium state of the system,

Hpa, AG®, g, Ag, Act, Ax (12)

They are assumed to be independent of temperature. In
addition, we have an unknown relaxation time 7, which is
a steep function of 7. Thus, overall we have six
temperature-independent parameters plus a function of
temperature to determine. It is of course impossible to
extract all parameters unambiguously unless a wealth of
data is available. We will see in the next section how this
seemingly dubious task can nevertheless be accomplished.
Some details of the fitting procedure, which itself is not a
trivial matter are described in Appendix A.

We now go directly to the analysis of experimental data
with the theory outlined above.

3. Analysis of experimental Kinetic curves

The kinetics of the ET reaction from the proximal heme
(c-559) of tetraheme cytochrome to the oxidized primary
electron donor, the bacteriochlorophyll dimer (P1), was
measured at 12 temperatures between 193 and 295 K. Rps.
viridis was grown and reaction centers were prepared as
described in Ref. [33]. Purified reaction centers were
handled as described in Refs. [34,35]. Flash-induced
absorption changes were measured in the time domain of
0.1-2000 ws using a ruby laser as a source of excitation
light. The oxidation of the primary donor P and its
subsequent reduction were measured by following the
1283 nm absorption of P*. The cuvette contained 60 vol.%
of glycerol. The redox conditions were such that hemes
c-559 and c-556 were reduced whereas other hemes
oxidized before the flash. The data were published in part
in Refs. [36,37]. The interheme ET c-556-c-559 is
disregarded in the present analysis since its rate is ten
times slower than ¢-559 to P at all temperatures and the
amplitude is only a few percent at 7 = 200K [34-37].
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Figure 4. Same as in figure 3 at 207, 223 and 238 K.

The observed kinetics is in fact due to two electron
transfer reactions: fast ET from heme ¢-559 to dimer P
and slow ET from quinone Q, to P". The scheme of the
reaction is the following:

¢-559 fast P* slow Q;x

Scheme 1.

The observed curves include a short-lived component
with a rate ~10°s™" and a long-lived component with a
rate ~10%s~ ', This is demonstrated in figure 2 for 193 K,
where the slow kinetics manifests at long times ~ 2000 s
and the fast kinetics is seen at short times ~2 us. As
described in literature [5,38], the slow component whose
rate is practically independent of temperature, is due to the

1.0
S
2 0.54
o
>
Q
o
o
0.0
T T T T T T 1
0 5 10 15 20 25 30
t, us
c
Ke)
kS
>
Q
o
o
c
Re]
©
>
a
o
o

t, us

Figure 5. Comparison of the calculated kinetic curves (lines) for Set IV
of table 1 and the experimental records (circles) at 251, 261 and 270 K.
The quality of the fits is nearly the same for the ranges of 7 given in
table 2.

ET from the reduced quinone Q, to the oxidized dimer P,
We are interested in the fast reaction, i.e. the ET from heme
¢-559 to P™; this reaction is complete on the time-scale of
= 10 ws. The kinetic curves measured at other tempera-
tures are shown in figures 3—6 by open circles, whereas full
lines are calculations by our theory. In the next sub-section,
we will describe how the contribution of the slow reaction
was eliminated and how the parameters of the model were
determined to draw the theoretical curves.
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Figure 6. Same as in figure 5 at 278, 288 and 295 K.
3.1 Elimination of Q} to P reaction from experimental
kinetic data

An important feature of the fast reaction (c-559 to the
dimer) is that it does not go to completion below room

temperature, i.e. an appreciable fraction of dimer P
remain oxidized on the time-scale as long as 100 s and
longer, while c-559 reduced. At yet longer times, the
dimer will be reduced due to a slower reaction of ET from
Q, to the dimer (see scheme 1 of the reaction). The
fraction of RC’s in which the dimer P" gets reduced by an
electron from c-559 depends on temperature—it decreases
with decrease of temperature. Therefore, the fraction
where the slow ET from Q, to the dimer occurs, increases
with lowering temperature.

The reason for the fractional nature of ET from c-559 to
the dimer at low-temperatures is not entirely clear and is
not important for the present studyi. We are interested in
the kinetics of those RC’s that do react. We, therefore, will
subtract the slow kinetic component that is due to ET from
Q, to the dimer.

Thus, as the first step in the data processing, we have to
separate the contributions of the fast (ET c-559 to P*) and
slow (ET Q, to P") protein populations. We will assume
that the fast population fully disappears before the reaction
in the slow population starts. Then, a moment f,,;, can be
defined, such that the amplitudes and rate constants of the
slow decay components can be defined from the
experimental curves at f > fy;,. We take fni, = 100 s
and approximate the slow decay with two exponentials,

Qs(t) = Asl GXP(_kslt) + AS2 eXP(_kszf) (13)

where the amplitudes and rate constants are variable
parameters in a non-linear fitting to the experimental curve
Qexp(?). The values of (1 — 3) X 10>s~! were obtained for
ks and kg for all temperatures in accordance with the
literature data [5,38]. The sum of the amplitudes,
As = Ag1 + Ag, is proportional to the number of the
reaction centers in the slow population. In the subsequent
calculations, we will use Ag, kg, and kg to remove the
contribution of the slow component, see equation (14)
below.

The decay of the fast population at ¢ < fy,, is also
approximated by a bi-exponential expression,

Qf(t) Qexp(t) - Qs(t)

= Ag exp(—kg 1) + Ap exp(—kpt) (14)

Similarly, A¢ = Ay} + Ay, is proportional to the number of
the reaction centers in the fast population. We will divide
Oexp(1), O5(?) and QO4(¢) by the total amplitude, Ar + As, so
that the new amplitudes (for which we retain the same
notations) obey the normalization condition Ay + Ag = 1.
The individual amplitudes and rates of equation (14) are
characteristics of the experimental decays and will be used
for determination of the model parameters.

+One possible reason for the fractional nature of electron transfer from c-559 to P* is that a protolitic group in a vicinity of the heme of c-559 gets
protonated, thereby increasing the potential of the heme. However, the fact that the reaction is practically arrested can hardly be explained in terms of a
change in the driving force. An alternative possibility is that the protonation of a group affects the local dynamics of the protein—say, hindering
reorientations of water dipoles, which can significantly affect the rate. For instance, if the extra proton present in the slow population forms an H-bond
between an amino acid residue and/or a water molecule in the interior of the protein, then reorientation of a particular dipole may become prohibited,

which in its turn can fully stop the reaction



18: 00 14 January 2011

Downl oaded At:

Protein dynamics control of electron transfer 741

300 250 200 150
T.K

Figure 7. Plot of log[(1 — A5)/A] vs. 1/T. Circles, experimental data;
line, equation (15) with AS = 1.0meV/K and AE = 0.19¢eV.

The temperature dependence of A can be represented
by the equation

TAS — AE\] ™!
AS = |1+ exp T (15)
B

where AS and AE stand for the changes in entropy and
energy between the deprotonated and protonated states. In
figure 7, the ratio (1 — Ay)/A;s is plotted as a function of
temperature. From a linear least-squares fit, the values of
AS=+11.8 X kg = 1.0meV /K and AE = +0.19¢V are
obtained.

The positive signs mean that the entropy and energy are
higher in the state in which the fast reaction (c-559 to P™)
is not arrested. If we assume that the arrest is due to
protonation of a group near heme of c-559, the pK, of this
group can be calculated from the above values of AS and
AFE as

oy TAS—AE
PRa = PR T T In(10)
44 o
1o
o
.24 ©
=
O
9 8
O
O_
1é0 ' 260 ' ZéO ' 360
T.K

Figure 8. Plot of k; vs. T. Circles, experimental data; line, theoretical
curve, equation (20) with parameters from table 1.

Table 1. The parameters of the model, Set IV (see Appendix A.4).

Generic parameters
Hpy =22cm™ !
AG®= —1100cm™"
fiwg = 800 cm ™!
Aq=284cm™!

Ay =718cm™!

Ag = 6175cm™!

Basic parameters
ko =47 %x 10°s7!

p=17.81
P = 7
X = 9.02

k1(193) = 0.261 x 10°s7!
k1(295) = 3.48 X 100s~!
k2(193) = 0.3 X 10057

at T = 295 K and pH 8. At room temperature, this group is
fully deprotonated, while at low-temperatures, it gets a
proton which presumably affects the fast reaction. One
needs to remember however, that the true nature of
incompleteness of the c559 to P* reaction is not known.
After elimination of the contribution from the slow Q,
to P reaction, equation (14), we can focus entirely on the
reaction of our interest, ET ¢-559 to P' and determine the
model parameters for this reaction according to our theory.

3.2 Determining basic parameters of the model

As shown in Appendix A.l, only four basic static
parameters define the equilibrium properties of the system
in our model,

ko, Xim, Px s Pel (16)

which are some combinations of the original parameters,
equation (12). The basic parameters are to be found from
experiment with a restriction that the resulting generic
parameters can be assigned “reasonable” values, which
do not contradict to the available data and the common
sense.

Obviously, the initial six parameters in equation (12)
cannot be uniquely defined given only four parameters in
equation (16). We fix two of them at the following values:

AG’ = —1100cm ™!, fiwy = 800cm ™! (17)

The value of AG® was estimated by Frolov et al. [20]. The
quantum frequency is typical for intra-molecular
vibrations. Variations of wy while keeping parameters in
equation (16) constant result in redefinitions of the
reorganization energies.

To define four equilibrium parameters, we use the
experimental values of k;, which are independent of 7. In
the next section and Appendix A.2, we describe how these
parameters were actually obtained from the experimental
data. The best set of parameters is given in table 1.

The general strategy of our analysis is to determine first
the static parameters, equation (16), from the low- and
high-temperature data; after that, the dynamical parameter
7 can be found from the intermediate-temperature data.
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Table 2. The relaxation time, 7 and the corresponding error bar, A7,
calculated for each experimental record.

Record T (K) T (s) AT (us)
02 295 0.018 0.009-0.029
04 295 0.059 0.026-0.11
05 295 0.033 0.023-0.044
06 295 0.064 0.029-0.12
07 295 0.045 0.027-0.068
08 295 0.053 0.038-0.071
09 295 0.057 0.024-0.095
10 295 0.054 0.029-0.086
11 295 0.020 0.0069-0.037
14 261 0.090 0.048-0.15
15 261 0.47 0.24-0.87
16 261 0.80 0.50-1.23
17 261 0.19 0.10-0.32
18 251 1.1 0.66—1.8
19 251 1.7 1.25-2.3
21 251 1.79 0.45-1.35
22 251 0.75 0.42-1.3
23 270 0.13 0.092-0.19
24 270 0.12 0.054-0.21
25 270 0.074 0.055-0.095
26 270 0.077 0.041-0.13
27 278 0.055 0.038-0.073
28 278 0.055 0.039-0.074
29 278 0.049 0.019-0.088
30 278 0.039 0.010-0.079
31 288 0.039 0.024-0.057
33 288 0.053 0.032-0.077
34 288 0.038 0.013-0.070

The function 7(7T) is found by solving the diffusion-
reaction equation, equation (5), at various values of 7, so
that 7 at a given T is obtained from the best fit to
experiment. The 7(T') obtained in this way is fitted by the

1000 4

100 4 2

0.01 5

1E-34

1E-4

300 270 240 210 180
T,K

Figure 9. The calculated and measured relaxation time for various
systems as a function of temperature (logarithm of time vs. reciprocal of
temperature). Circles and rhombs, the upper and lower bounds on 7,
respectively, calculated in this paper (data from table 2). Line 1, the least
squares fit giving E, = 0.45eV, 7., = 5-107'° 5. Plusses and crosses, the
optical spectroscopy data [22] on the dielectric relaxation of a glycerol—
water solution (60 vol.% of glycerol) and of hemoglobin in the same
solution, respectively (see Section 4). Lines 2 and 3, the least-squares fits
giving similar values of E, = 0.37eV, 7o, =3 X 10745, Squares and
triangles, the data of Mossbauer spectroscopy on heme iron in myoglobin
[20] and on free iron ion in a glycerol-water mixture (94 vol.% of
glycerol)[42], respectively. Lines 4 and 5, the least squares fits giving
E,=0.14eV, 7o =4 x 107 s and E, = 0.91eV, 7, =2 X 10725,
respectively. Filled circle, estimated by Frolov et al. [21] from Mdssbauer
data on reaction centers from Rps. viridis. For comments on the
experimental data, see Sections 4 and 5.

function

E,
T(T) = Teo €XP <kBT> (18)

where E, is the activation energy and 7. the pre-factor.

3.3 Fitting the kinetic curves and determining 7(T)

We first focus on the initial decay of the fast population,
characterized by kj. This rate is a useful characteristic
because it is independent of the dynamical variable 7 at all
temperatures and therefore it helps to determine the static
(i.e. independent of 7) parameters of the model, equation
(12). The experimental values of k; were calculated by the
first part of equation (9), where Q(¢) is replaced with Q¢ (¢)
from equation (14), to give

kiexp = Anki + Apnkp (19)

The data are shown in figure 8. Three to four
measurements were performed at each temperature (9s
at 295K). The measured curves are well reproducible
above the glass transition temperature (data at 7 = 193 K)
and the values of k; calculated by equation (19) smoothly
increase with increasing temperature, showing a small
scatter. Unfortunately, at 153 and 173 K, the kinetic curves
are very different between successive measurements,
which manifests as a large scatter in the k; values.
Therefore, we will rely on the data at 7 = 193 K. The
theoretical values were calculated by equation

k() X2
———exp|  — & —— (20)
V1 +p(T/Ty) [ 1 +p(T/Tg)}
which follows from equations (28) and (29) of Appendix
A.1.1In figure 8, the theoretical curve k;(7T') calculated with
the use of the parameters from table 1 is shown. The
selection of the static parameters is described in the next
section and Appendix A.2. A good agreement in the entire
temperature interval from 193 to 295K assures that the
theoretical kinetic curves will follow the experimental
ones at least at the initial stage of decay.

Given the equilibrium parameters of table 1, we
calculate the theoretical curve, Queor(?), at a given T and
various values of the relaxation time 7. The theoretical
curve is calculated as the sum of the contributions from the
fast and slow populations,

Otneor (1) = ArQ(1) + Os(1) 1)

where Ay and Q(f) were defined as described in Section
3.2. The function Q(r) describing the decay of the fast
population is found as follows: at a given temperature, we
solve the diffusion-reaction equation, equation (5), for
various values of 7by expansion in the harmonic basis set
[39,40] (see Appendix B) and find 7 that gives the best
agreement with the experimental curve.

In the range of temperatures 251 =7 = 295K, 7
could be determined by the procedure described above.
Of course, the fitting procedure is not unambiguous and
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for each set of the experimental data, the best value of 7
is determined with a corresponding error bar, At. Table 2
gives the results of the data analysis and shows typical
ranges of obtained in the fitting procedure.

The data are also depicted in figure 9 where the lower
and upper bounds on 7 are plotted versus inverse
temperature. They are fitted by equation (18). The result
for 7 in terms of the activation energy and the pre-
exponential factoris £, = 0.45eV and 7o = 5 X 107165,
respectively. Several tests were performed in Appendix
A.3 in order to check the stability of the results. Other sets
of parameters are treated in Appendix A.4. Collecting all
data, we obtain that the activation energy for the dipole
reorientation in the protein matrix lies in the interval of
0.4-0.6¢eV, which is the main result of the present work.

At temperatures below 251K, the experimental data
were collected at 7= 238, 223, 207, 193, 173 and 153 K.
For such temperatures, the fitting procedure with varying
T becomes very inaccurate. For 193 K, for example, the
only estimate one can obtain from the fitting is that the
relaxation time 7> 10ws. The reason for such a
problem is that the time-scale of ET, which is less than
2 s, becomes shorter than that of relaxation of the
medium; at such conditions, the rate of the observed
reaction is no longer sensitive to the actual dynamics of
the medium and the medium can be considered as
“frozen” on the time-scale of the reaction. The kinetics
of the ET reaction in such a case is determined by
equation (11).

The large relaxation time determined from the
experimental data is consistent with the temperature
dependence of 7 determined for 251-295K, which
predicts that the relaxation time should be 2 ws at 238 K
and 300 s at 193 K. The increase of the relaxation time is
in fact even more dramatic when the glass transition
temperature (7, = 180K) is approached. Thus, at
temperatures below roughly 200 K, the protein medium
should be considered as static, as far as our ET reaction is
concerned. The relaxation parameters E, and 7 found for
temperatures 251-295 K are probably also good down to
say 238 K, but not much lower, because of the closeness of
the glass transition at 180 K.

Figures 3—6 show the comparison of the experimental
kinetic curves with theoretical predictions for the
parameters determined as described above. In figures 3
and 4, the kinetic curves are shown for 7'in the range 153—
238 K. At these temperatures, the determined relaxation
time 7 is so large (on the time-scale of the reaction) that
the reaction is considered to occur in a “frozen” medium
and the rate is calculated by equation (11).

For very low-temperatures, 153 and 173K, there is
significant disagreement between the theory and experi-
ment at the initial stage (a few ps) of the decays. This most
likely is related to the glass transition, which affects all
dynamics of the protein, not only our coordinate X. Above
the glass transition temperature, already at 193 K, figure 3
and higher temperatures, figure 4, the comparison of
experiment and theory is much better. Figure 4 still

describes the low-temperature frozen-medium limit of the
theory.

Figures 5 and 6 refer to temperatures in the range of
251-295 K. This is the dynamically controlled ET regime
per se, i.e. each curve depends on the relaxation time 7
(not shown in the figures, see below). As seen from table 2,
there is a quite large scatter of the 7 values at each
temperature. This means that the quality of the fits in
figures 5 and 6 does not vary appreciably when 7 varies
within the intervals shown in table 2. Because of such a
low sensitivity of the method, the individual values of 7
make little sense and only the general trend derived from
the statistical analysis in figure 9 is significant. It should be
remembered that all 12 curves shown in figures 3—6 are
described with the same set of static parameters. The
agreement with experiment is quite good, as one can see.

Summarizing, our theory is able to describe a wealth of
experimental kinetic data with a limited set of physical
parameters; the procedure is such that the most interesting
dynamic parameter 7 and the corresponding E, and 7. of
equation (18) could be determined with a reasonable
degree of accuracy.

4. Comparison with other methods

Since our goal here is to extract the relaxation time of a
protein immersed into a glycerol—water mixture, it is of
interest to mention other methods to monitor relaxations
of proteins and super-cooled liquids. Kotelnikov et al. [21]
developed a method based on measuring the time-resolved
shift of the maximum of the phosphorescence spectrum,
u(t), of the xanthene dye eosin dissolved in a glycerol—
water solution (60 vol.% of glycerol) at various
temperatures. In a different experiment, eosinisothio-
cyanate was covalently bound to the SH group at the
surface of hemoglobin immersed into the same solution.
At T < 170K, where the medium was frozen, the
maximum of the spectrum did not change in time,
v = 1. At higher temperatures, above the glass transition
point, a decrease of vfrom vy at t = 0 down to v < 1y at
long times was observed due to dielectric relaxation of the
medium. The lifetime of the excited triplet level of eosin at
T =90 — 170K is 0.67 ms, which enabled measuring the
dielectric relaxation times in the range of 1 — 10* ps. The
use of fluorescent probes [24] will permit monitoring the
protein dynamics on the nanosecond time scale.

The results of these experiments are shown in figure 9,
data sets 2 and 3 for the triplet probe either dissolved in the
solution or attached to the surface of hemoglobin,
respectively. Obviously, the relaxations of the solution
were monitored in both cases, with only a small
contribution from the protein in the latter case. When
comparing with our data on the bacterial reaction centers,
data set 1, we note that, first, the reaction centers were
immersed into a solution of nearly the same composition
as in 2 and 3 and second, the influence of the protein
dynamics should be more pronounced than in 3 since ET
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occurs between the redox centers buried inside the protein
body. The similar activation energies obtained in both
cases imply that the relaxation of the solution plays a
major role. A slightly higher activation energy and a wider
data scatter for the reaction centers might be due to the
protein contribution and in particular, the result of a broad
distribution of the protein relaxation times [2,3,19], which
was not accounted for in the present treatment.

Chang et al. [19] and Nienhaus et al. [41] used
Mossbauer spectroscopy on iron to measure relaxations in
myoglobin and glycerol, data sets 4 and 5, respectively. In
the Mossbauer experiments, a different kind of dynamics
is monitored associated with the random motion of the
iron ion. Yet, as demonstrated by Nienhaus et al. [41],
the motion of the Mossbauer nuclei is closely coupled to
the structural relaxation, giving an average relaxation time
similar to the times of dielectric and ultrasonic volume
relaxations. A drastic difference in relaxation between
myoglobin crystal, data set 4 and nearly pure glycerol,
data set 5, is noticeable. The existence of conformational
substates in proteins makes structural rearrangements
easier to perform, thereby decreasing the activation energy
and may also result in an increased broadening of the
relaxation times distribution with increasing temperature
[19]. Both these features are definitely of importance for
electron transfer under study. Unfortunately, the relaxation
time distribution cannot be taken into account in frames of
the present approach because the procedure would become
too complicated.

Frolov et al. [20] measured the temperature dependence
of the mean-square displacement of iron atoms in reaction
centers from Rps. viridis by Mossbauer spectroscopy.
They found it to steeply increase with temperature
increasing from 200 to 300K and reached the half-
maximum value at 250K, which corresponds to the
protein relaxation time approximately equal to the lifetime
of the excited nuclear level, 0.14 ps. This single point is
shown in figure 9 by the filled circle, which falls within the
data set 1 obtained in this paper.

5. Discussion

We have described an example of how ET reaction in a
protein can be used as a probe of protein dynamics. This
method provides insights into dynamic characteristics of
the protein on a time-scale of few microseconds and is
complementary to other methods in this area, regarding
the specific temperature and time intervals, as demon-
strated in Section 4 by comparison with the experimental
results by optical and Mdssbauer spectroscopy.

A limitation on the method is imposed by the fact that
the kinetics of the ET is insensitive to the medium
dynamics when the ET rate is either too fast or too slow
compared to the dynamics time-scale 7 of the protein. In
this respect, the ET from c¢-559 to P" in bacterial
reaction centers provides an example where in the range
of temperatures from the glass transition to room

temperature, there is a window of temperatures at which
the relaxation time of the protein medium is comparable
to the ET time-scale, which results in sensitivity of the
ET kinetics to protein dynamics utilized in this work.

In our model, the structural protein dynamics (i.e. the
slow component of the dynamics of the protein coupled to
the ET process) is represented by a generalized coordinate
X, which is characterized by the relaxation time (7). The
relaxation time is a sensitive function of temperature 7'and
has a typical activation form, equation (18), with
parameters E, and 7., which we determined from the
analysis of the kinetics of the ET reaction at different
temperatures. Our results show that it is 0.5 = 0.1eV and
Teo is within 10~ "°=107'7s. The determined pre-factor 7o,
is much too small for a system that could be described by a
simple transition state theory, however, not unusual for
such relaxation characteristics of viscose media as super-
cooled glycerol—water solutions [42] (see also a comment
in Ref. [5] below). The activation barrier can correspond,
for example, to breaking of H-bonds in the dynamics of X,
however, the phenomenological nature of the model does
not allow more specific conclusions at this stage.

The model that we apply for the analysis is similar to
that of Sumi and Marcus [13], yet not identical to it. In
their theory, only two generalized modes—a non-diffusive
mode ¢ and a diffusive mode X—were used. We find that
the original two-mode model does not work: we were
unable to fit the experimental curves with the parameters
for one mode ¢ and one slowly relaxing medium mode X.
Instead, we find that it is absolutely necessary to include
non-diffusive classical modes of the medium, which
provide the largest contribution to the total reorganization
energy, as seen from table 1.

The kinetics of ET from c-559 to P™ has revealed an
unexpected feature: at low-temperatures the reaction
proceeds in such a way that only in a fraction of proteins
the P* is reduced by the electron from c-559 on the time-
scale of a few ps. In the rest of proteins, this reaction
appears to be arrested (at least on the time-scale of 100 pw.s)
and the reduction of P* occurs by the electron from Q,-
This prompted us to introduce two populations (two
ensembles) of the proteins—fast (ET ¢-559 to P™) and
slow (ET Q, to P™), as shown in scheme 1. The nature of
the factors that result in such an arrest of the reaction from
¢-559 is not clear at present, however, the analysis of the
temperature dependence of the fraction of protein reacting
(fast population) indicates that it could be a protonatable
group with pK, = 6 at T = 295 K that is protonated in the
slow population at low-temperatures, thereby somehow
slowing down the reaction.

In our model, the multi-exponential decay of the fast
population is caused by a static heterogeneity, which is
described by the dependence of the rate constant upon the
X coordinate. Previously, we proposed a model where
dynamic heterogeneity, i.e. a distribution of the relaxation
times, was supposed to be responsible for the multi-
exponential kinetics of a similar reaction in Rhodo-
pseudomonas  sulfoviridis [1-3]. The Cole—Davidson
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Table 3. The activation energy and the pre-exponential factor of (7)), equation (18).

Test E, (eV) Teo 10772 (5) Notes

1 0.45 0.5 Determined by A7 from table 2°

2-8 0.54 0.01 Determined by At from table f

9 0.44 0.9 Determined by 7 from table 2"

10-12 0.52 0.03 Determined by 7 from table 2*

13 0.49 0.1 Determined by A7, STD100, ASTD = 0.002"
14-16 0.52 0.03 Determined by A7, STD100, ASTD = 0.002*
17 0.43 1.2 Determined by A7, STD5, ASTD = 0.001°
18-20 0.51 0.03 Determined by A7, STD5, ASTD = 0.001“?
21 0.44 0.7 Determined by A7, STD5, ASTD = 0.002°
22-24 0.51 0.04 Determined by A7, STD5, ASTD = 0.001%
25 0.42 2.1 Determined by 7, STD"

26-28 0.50 0.07 Determined by T, STD*

Summary: E, = 0.42-0.54 eV, 7., = (0.01-2.1) X 10~ s

" All records.

“Five records at 295K are omitted. For a given set of tests, only the one with the maximum deviation from the result of Test I is shown, see text.
T All records except 02, 11 and 30, for which the lower bound on 7 could not be defined.

¥ All records except 02, for which the lower bound on 7 could not be defined.

distribution was used to represent the dynamic hetero-
geneity, as is common for studies of relaxation. It was
obtained that the characteristic parameter 8 of the Cole—
Davidson distribution decreased with increasing tempera-
ture. The same trend was observed in Ref. [19] for
myoglobin crystal.

Our X coordinate, which describes conformational
dynamics of the protein, is virtually equivalent to the &
coordinate in the model proposed by McMahon et al. [5]
in their studies of the slow reverse ET from Q, to P™ at
cryogenic temperatures. These authors introduced a
distribution of energy gaps between the donor and
acceptor states to account for the structural (confor-
mational) heterogeneity in the sample. They discussed
four different types of conformational states with
dynamics on the time-scale from 0.1 to 10%s, with the
corresponding activation energies 0.2—1eV and pre-
factors 1072107,

Gray et al. [6—10] investigated large-scale confor-
mational changes of proteins using electron and energy
transfer as a probe. Transitions between folded and
unfolded conformations typically occur on the time scales
of 1 ms—1s [7,9-10]. Faster conformational changes, on
microsecond [6] and submicrosecond [8] time-scales,
could be observed as well. In this paper, we deal only with
short-scale conformational changes around the donor and
acceptor sites, which influence the driving force of the
reaction keeping the electronic coupling constant.

The present measurements were performed at 12
temperatures between 153 and 295 K. No unique set of the
four basic parameters could be defined from fitting 12
experimental kinetic curves, therefore, the most interest-
ing parameter of the model, 7(T), could be also determined
only within some error bars. The variations are not very
dramatic, however and the result is meaningful, as shown
in table 3 of Appendix A.3.

Formally, we deal with a model that contains six static
temperature independent parameters and one dynamic
temperature dependent parameter, 7(7). In fact, however,
two of the static parameters (AG" and w,, see equation

(17)) were fixed at constant values selected from general
considerations and one more parameter (p|, see Appendix
A.4) influenced the results very weakly. Six low-
temperature curves in figures 3 and 4 were considered as
independent of the dynamical variable 7 and were fitted
only with three static parameters. Fittings of the six high-
temperature curves in figures 5 and 6 were performed with
the same set of static parameters plus the dynamic
parameter 7 individually selected for each curve. There-
fore, the level of agreement with the kinetic curves at 12
different temperatures is noteworthy.
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A Details of the fitting procedure

A.1 Introducing dimensionless parameters

It is convenient to introduce a new variable,

X
Y= kT

(22)

in order to bring equation (5) into a form where the
diffusion operator depends only on the relaxation time 7
whereas all parameters characterizing the equilibrium
state are moved to the reaction rate. The latter is written in
terms of the new variable as

ko

k(X) = N

2
(xm — Dy) ] 23)
a

k(y), K(y) = exp {—
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Figure 10. Plots of x,, (curve 1), xfﬂ/p (curve 2) and ko (curve 3) vs. p.
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ko= Hoa | 27 24)
)= DA
f\ hwghg
fiw T ZkBT A 1
= coth 4 — =58 25
*=eo (2kBT> trag s PTGy P
AGY + A
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The glass transition temperature, T, was artificially
introduced into these equations to make the parameters
pa and px dimensionless. The rate constant of the initial
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Figure 11. The measure of non-exponentiality of the experimental
curves as function of temperature. Zero ordinate corresponds to a single-
exponential decay.

decay is calculated from equations (1), (7) and (9) to give

ko 2
ki = exp( — 28
(e @

Replacing the first term of « in equation (25) by unity,
we obtain

T
a+bi=1+p— (29)
Ty
where p = p. + px is a new parameter to be used in fitting
the experimental data.

A.2 Selection of the parameters

As explained in the main text, the equilibrium parameters
are defined from the low- and high-temperature data. In
particular, the values of k; will be used. The average
experimental values at 193 and 295 K are given in table 1.
It is seen from equations (28) and (29) that the theoretical
ratio k1(295)/k;(193) is a function of only two parameters,
x2 and p. Equating this ratio with its experimental value,
we obtain x2,/p and x, (up to the sign) as functions of p.
Further, equating the theoretical expression of k;(193)
with its experimental value, we obtain k as a function of p.

These functions are shown in figure 10. In the low-p
region, p <5, curves 2 and 3 rapidly increase, which
results in unrealistic values of the generic parameters,
equation (12). The sign of x,, can be positive or negative,
corresponding to the reaction in the normal and inverted
regions, respectively. The generic parameters, equation
(12), calculated with negative x, also take unrealistic
values, therefore, x,, > 0 will be used. The analysis in Ref.
[21] also indicates that the reaction is in the normal region.

Thus, the problem is reduced to a selection of only two
equilibrium parameters, p and p.;. There is no unique way
to make a right choice. In practice, we used the second
derivative of the initial decay. In general, this quantity
depends on 7. However, for the initial Boltzmann
distribution a simple relation similar to equation (9) can
be easily obtained,

e=00)= | PPacoa G0
which again is independent of 7. The experimental values
calculated from equation (14) as

kaexp = Ak + Apkp (31)

are shown in figure 11 in the form of r = (kz/k%) — 1. For
single-exponential decay one has r = 0, therefore r is a
measure of how far the experimental curve declines from a
single exponential. Again, a large scatter is seen at 153 and
173 K. The large value of r at 193K indicates that the
decay strongly declines from a single exponential
behavior. At increasing temperature, r decreases and the
decay is nearly single exponential at room temperature.
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Figure 12.  STD of the theoretical curves from the experimental ones as
functions of the relaxation time.

The use of the second derivative is limited because it is
defined from experiment with a much lower precision than
the first derivative. In addition, the precision is rapidly
decreasing with increasing temperature. Therefore, we
will use k, at 193 K as a variable parameter instead of p.
The advantage of k, over p is that we have the average
experimental value of k;(193) = 0.154 as a reference
point. The value 0.3 shown in table 1 gives satisfactory
results for the kinetic curves. If we impose the restriction
on the theoretical value of &, to be equal to the latter, we
obtain a connection between p and p (not shown). The
resulting p is slightly larger than p;.

Thus, we arrived at the following picture. The
restrictions imposed on the values of k; at 193 and
295K decreased the number of the parameters to be
adjusted from four to two, namely p and p.;. Using k,(193)
instead of p narrows the range of possible variation. It was
observed that the reference value of k;(193) gave
satisfactory results for fitting the low- and high-
temperature kinetic curves (with an appropriate choice
of p.), but fittings at intermediate temperatures were poor.
Increasing k,(193) by about two times resulted in a better
agreement at intermediate temperatures, but the agree-
ment became worse for the low-temperature data while the
high-temperature results remained good. A further
increase in k,(193) confirmed this trend, so that the
value shown in table 1 was selected as a compromise.

Further, p.; = 7 was selected to start with, which gave p
shown in table 1. As was said in the discussion of figure
10, the low values of p < 5 lead to unrealistic values of the
generic parameters. The same is true of the very large p
values. Therefore, the above values of p.; and p seem to be
a good starting point for our analysis.

Given the values of four basic parameters in equation
(16), the generic parameters in equation (12) were defined
as follows. Inserting AG, x,, and fiw, into equation (26),
we obtain a quadratic equation with respect to y/Aq. Then,

Table 4. The parameters of the model, Sets IX—XIII.

Parameter Set IX Set X Set XI Set XII
Hpa, cm™ ! 1.83 171 1.66 1.60
Ags cm ™! 128 73 47 19
Ax, cm ! 682 669 662 655
Aes cm ! 5994 5926 5893 5857
Ko, 10°s7! 49 5.7 6.7 9.9
p 17 29 44 110
Pel 15 26 40 100
X 13 16 20 31

Parameters missing in this table are the same as in table 1.

Aq and Ay are defined from equations (25) and (27). The
results are collected in table 1.

A.3 Details of determining +(T'). Testing stability of the
results for the activation energy and pre-factor

At a given temperature, we solve the diffusion-reaction
equation (5) (see Appendix B) repeatedly for various
values of 7in order to reach the best agreement with the
experimental curve. As a quantitative measure of the
quality of the fit, standard deviations within time intervals
of 0—5 or 0—100 s (STDS or STD100, respectively) were
used. The STD vs. 7curves behave very differently at low-
and high-temperatures as demonstrated in figure 12 for
two temperatures. At 193K the standard deviation is
independent of 7at 7> 10 s and increases at 7 << 10 p.s.
While the protein mobility is expected to manifest above
the glass transition temperature (= 180 K), the relaxation
time at 193 K cannot be defined by the present method and
only a lower bound on 7can be found. This is also the case
for 207, 223 and 238 K. In contrast, at 295K the STD
reaches a minimum, STD,,;,, at a value of 7 somewhere
between 0.01 and 0.2 ps. Since the minimum is very flat,
the values of 7 at the minimum are defined poorly.
Therefore, we put a “gate” around STD,,;,, ASTD and find
the upper and lower bounds on 7 such that the respective
values of STD are STD,,;,=ASTD. The calculated data
are collected in table 2, where the first column is the
number of the experimental record (the data file), the
second column gives the values of 7 at the minimum of
STDI100 and the third column shows the range of 7
variation within the STD interval of 0.001 around the
minimum. The data are also presented in figure 9, where
the lower and upper bounds on 7 from table 2 are plotted
vs. the inverse temperature. They are fitted by equation
(18). The results obtained are shown in the first row of
table 3 (test 1).

The calculated values of E, and 7. depend on the
method used. In particular, as shown in table 2, nine
experimental records were made at 295 K, 3 at 288 K and
four at other temperatures. Hence, 295K has a
significantly higher statistical weight than other tempera-
tures. Since there is no meaningful justification for such
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“over-weighting”, tests 2—8 were performed with five
295 K records omitted. The records to omit were selected
arbitrarily. For instance, in tests 7 and 8, the records with
the shortest and longest 7, respectively, were omitted.

Further, we could use directly the 7values instead of At
(tests 9—12), or ASTD = 0.002 rather than 0.001 (tests
13-16), or STDS instead of STD100 (tests 17-28). In all
cases, the results shown in table 3 correspond to the
maximum deviation from test 1 within a given set of tests
with various numbers of the data records at 295 K.

The results of these tests are summarized in the last row
of table 3, which gives the ranges of E, and 7 obtained
with the parameters of the reaction center from table 1.

A.4 Other sets of parameters

A total of 13 sets of parameters have been explored. We
will review the most informative results and compare them
with what has been obtained for Set IV. Some sets are
shown in table 4.

We remind that only two adjustable static parameters, p
and p, are available to fit the experimental curves at low-
temperatures where the calculated kinetics depends solely
on these parameters but is independent of the relaxation
time. We also said in Section 3.3 that it is more suitable to
use k,(193) instead of p since the experimental value of
this quantity can be utilized as a starting point.

Sets I-III are based on k,(193) = 0.154, the average
value for three experimental records at this temperature
and variable p, =7 — 10. The common feature of the
calculated kinetics is higher STD100, which are increased
by a factor of 1.2—1.5 at 193, 207, 223 and 238K as
compared to Set IV. As a result, the STD vs. 7
dependences showed no minima for all records at 251 K,
three records at 261K and three records at 270K.
Therefore, these sets are unsatisfactory.

Set IV was obtained by increasing k,(193) by about two
times, see table 1. We remind that k, is the second
derivative of the kinetic curve at r = 0, equation (30).
Therefore, increasing k, with respect to its experimental
value should result in poorer agreement with experiment
at short times. Indeed, STDS5 characterizing the quality of
the fits at the initial stage of the decay at times 0—5 s are
slightly increased, by about a few percent, as compared to
Set III. However, as was said above, the overall agreement
at the 100 ws interval is improved significantly. This is the
reason to consider Set IV better than Set III.

The next trial was to increase k;(193) further. In Set
XIII, we took k2(193) = 0.5 keeping p unchanged. The
fitting results for kinetic curves at 7 < 251K were
significantly poorer than for Set IV since STD100 and
STDS increased by 15-35 and 15-60%, respectively.

Sets V-XII was built on varying p., at a given
k>(193) = 0.3. As discussed in Section 3.3, decreasing p.;
below the value for Set IV led to unrealistic values of the
generic parameters. Therefore, only increased values were
explored up to p,; = 100. Some relevant sets are shown in

table 4. It is seen that increasing p. results in a
corresponding decrease of Ay whereas other parameters
change only slightly. Very small values of Ay, say, less than
0.01eV (=80cm™") are of little meaning. Therefore,
further increase in p.; was not considered.

No significant influence on the quality of the fits was
achieved with these sets as compared to Set I'V. The values
of the activation energy were obtained in the range 0.46—
0.57 eV for Set IX and 0.48-0.59 eV for Set XII.

B Solving the diffusion-reaction equation

It is appropriate to introduce new variables § = ¢/7 and y
by equation (22) and rewrite equation (5) for P using
equations (6) and (23),

OP  13%°P 9P
— =4y 41— P 32
Y 28y2+yay+[ ak(y)] (32)

where a = ko1/+/a. The initial distribution at 6 = 0 is

exp(—y?)
NG

Introducing a new unknown function f(y, 6),

P(y; 0) = /P(y; 0)f (v, 0) (34)

brings equation (32) into a self-adjoint form,

J
£ — [HO) + ak()]f (35)

P(y;0) = (33)

where

has the form of the Hamiltonian of the harmonic oscillator,
2 9% 1
Hy) = ———+-mw*y* + E
”) 2m6y2+2mwy +Eo

with iw =1, mw? =1, Ey = —1/2. The approximate
solution to equation (35) is expanded in a finite, N-term
series over the eigenfunctions of H(y),

N
FG30) =D Fa(0)n(y) (36)
n=0

The eigenfunctions satisfy the equation H¢, = n¢, and
have the well-known form,

¢n(y) — (\/',E_znn!)(*1/2)6(71/2)})21{]‘@)

where H,(y) are the Hermite polynomials. The initial
distribution, equation (33), can be rewritten as

P(y;0) = ¢o(v)* (37)
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Inserting equation (36) into equation (35), after multiply-
ing with ¢, and integrating over y, we obtain

() &
TR ’;Bm«fn/w) (38)

where

o0

Bnn’ = nsnn’ + akpy  Kpw = J d)n(y)K(y)d)n/(y)dy

and 6,y is the Kroneker symbol. The survival probability

is given by
t t
P(y; —) dy = fo (—)
T. T

where we inserted equations (33), (34), (36) and (37) and
used the fact that the eigenfunctions are orthogonal and
normalized to unity. The differential equation (38) has to
be solved with the initial condition

fn(o) = 6nO (39)

which follows from equations (34), (36) and (37). Next,
we find the eigenvalues and eigenvectors of B,

00

o) = J

—00

N
Z Bnn’f;l/{) = /\kfszk)

n'=0
(40)
N
Zf;k)fgf) == 8nn’
k=0

Using equation (40), it is easy to show that the solution to
equation (38) obeying the initial condition (39) has the
form

N
Fa0) = _ff0 e
k=0

The final expressions for the survival probability and the
distribution over y at time ¢ are

N
on=>Y" () e~ M/

k=0
t N N
P(312) = B b)Y _fORD M
n=0 k=0

In numerical calculations, 10 basis functions were used.
Increasing N from 10 to 15 did not affect the calculated
QO(t) curves for the relaxation times 7= 0.001 — 1000 s
in the time interval t = 0.1 — 100 ps.
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