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We present a theoretical description and experimental evidence for a nonlinear effect of repetitive stepwise
alteration of photoexcitation intensity on quasi-stationary-state optical absorption changes of an electron trans-
fer biomolecular system. This effect was studied for photosynthetic reaction centers, and analyzed with a
model that takes into account correlative behavior of charges and slow structural motions of the macromol-
ecule. Theoretically, photosynthetic reaction centers can be described with a conformational potential, the
shape of which depends on the intensity of the photoexcitation. This is in agreement with previous studies on
hysteretic behavior of reaction center absorbance, causing bifurcational appearance of a “light” conforma-
tional state that coexists with a “dark” conformational state within a particular range of exciting light inten-
sity. The essential assumption that allows for observation of the effects reported here is the nonequilibrium
character of macromolecule transitions between dark and light conformational states. Experimentally observed
behavior of absorbance changes, caused by a sequence of photoexcitation intensity alternations, indicates
unambiguously that the reaction center functions as a highly nonequilibrium, nonlinear dynamic system with a
pronounced capability for regulation of the photoelectron flux by slow structural motions. This system could be
considered as a molecular motor for pumping the charge separated St063-651X99)08703-4
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INTRODUCTION 1) Ages0) — Aggs(1) B AAged1)
| | D= 7"2d0)  Ased0)
The observation of new physical phenomena and effects 1)
was often related to the discovery of new classes of objects 0o<s<1.

under physical investigation. A number of traditional objects
of solid-state physics easily exemplifies this tendency: pers(l) determines the probability of charge separation in a
fect, doped, or liquid crystals, glasses, etc. Biological syssingle RC under conditions of photoexcitation with light of
tems, some of which have already become the objects afitensityl.

physical studies, may occupy a specific individual place in The hysteretic behavior of the quantigfl)under condi-
this rank. A pronounced example is charge transfer biomotions of quasistationary variation of a light intensityave
lecular systems. Among these systems is the pigment-protefpeen observed recenfl$,9]. The authors showed that such a
complex—the photosynthetic reaction centgRC)— S(1) dependence could be associated with dynamic self-
effectively performing charge separation of about 40 A duePrganization taking place due to interaction between sepa-
to the energy of the primary dond® (bacteriochlorophyll
dimen photoexcitation PE P*)[1—4]. An isolated RC usu-
ally consists of three protein subunits containing specific
molecules, or redox cofactors, which perform the function of
an electron transfe(ET) chain for a photoexcited electron
(see the schematic representation in Fiy. Structures of
RCs from several species have been determined with high
resolution x-ray analysi§5—7]. Spectroscopic studies of
light-induced absorbance changksfge(1) in the bacterio-
chlorophyll dimer absorption ban@ =865 nm provide an

e§t|mat_e of.the fr_actlon of RCs with separated Charge§ at f”‘esponsible for the charge separation and transfer across the mem-

given “ght |ntenS|tyI_ (Refs.[l,_4], and references there)ln brane are showrP is the bacteriochlorophyll dimefthe primary

The main Chgract_enstlc quantlty that may be obtained fro”bhotoelectron dongyandQ, and Qg are the primary and second-

experiments in this case is: ary quinone acceptors. The short living intermediate acceptors are
not shown in the schemeis the intensity of photoexcitation, mea-
sured in units of the number of charge separation events per second,

*Authors to whom correspondence should be addressedindkap, kag, andkg, are the rate constants of ET between redox
Electronic addresses: gouscha@ucracl.ucr.edu, holzwarth@mptofactors(in s™1). The direct charge recombination fra@y, to P is
muelheim.mpg.de not shown because of the low probability of this prodesk12.

FIG. 1. Simplified schematic representation of the structure of
the photosynthetic reaction center. The redox centeofactors
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controlled change of stationary-state optical absorption under
repetitive variation of the exciting light intensity.

P Q, Q4 THEORY
k The scheme of photoinduced ET from the dofdto the
54 final (secondary quinoneacceptorQg, followed by charge
recombination in the RCsee Fig. 2, may be reduced to only
+ . two electronic states with electron localization either on the
P QAQB photodonorP or on the acceptoRg (see Refs[11,12):
Tpp=1""
PQ,Q, R 5, @
FIG. 2. Scheme of electronic levels for the photosynthetic RC. ree~klex AGys
PQ,Qs and P*Q,Qg are the states with unexcited and photoex- BP=XAp OXP kT

cited primary electron donors, respectivelP"Q,Qg and

P"QaQg are the charge-separated states with an electron localizeg, \which AG,g is the free energy difference for an electron

on the primary and secondary quinone acceptors, respectively. Tt]ScaIized atQ, and Qg, and 7pg is the average time of

short-living states with electron localization on intermediate accep- . . i _ .
X . electronic transition to state (P ; . -
tors are not shown. The arrows show the possible transitions of the . (P QaQg; see Fig. 2 deter

electron between various states. For RC’s fi@msphaeroidesn- mined by _the photoexcitation intensify The t'me of the
der normal condition&ap~10 S kgp=<0.1 S, kyg~10* s back transition of the electron fro@g to P (the time of the

andkga~10° s 1[11,17]. The value of all rate constants are given _electronic reIaxatioanp)_ increases expon_entially with an
for dark-adapted RC’s. increase of the generalized structural variable value chosen
in the dimensionless forfiL0]

rated charges and RC structure. The slow component of me- AG

. A . . - . . AB

dium polarization, with a characteristic lifetime, from X=—= 3)
b

seconds to tens of minutes, was assumed to play a decisive
role in the observed effects. To account for the observed ] ]
effects, a model was based on gradual rearrangements of tf/Ch @ strongrgp(x)dependence is due to the experimen-
RC structure concurrent with consecutive elementary stepi@lly determined fact that the back reactidh” QaQg
of RC turnove[8,9] (i.e., charge separation events resulting— P QaQg 0ccurs mainly via the state with electron localiza-
in electron localization on a secondary quinone acce@tpr tion on Q4 at normal conditiongsee, e.g., Refd.11,12).
followed by a charge recombination; see Fig. Phe extent Recent studies indicate a possibility for the valu€,g to
of the structural rearrangement depended on the frequency ehange by~6kgT, and even more under conditions of pro-
the turnover, which is a function of quasistationary photoexdonged illumination of RC’s[10]. This striking result has
citation intensityl. The basis for this nontrivial behavior of been attributed to light-induced bifurcation followed by the
the system is a backward action of rearranged structure of@rmation of a new conformational state in RC’s. A drastic
the rate of charge recombination. A violation of Le Chat-illumination-induced increase by more than two orders of
elier’s principle occurs as the result of this action. Each smalmagnitude of the electronic recombination time constapt
fluctuation of the generalized structural variali¢hen be- has been reported recently for both @Qg-inhibited[13] and
comes important due to the strong backward interaction ifQg-active RCq14]. This fact has been attributed to a charge
the system. A new equilibrium configuration of the systemrecombination from the charge-separated, light-adapted state
(conformational stafeappears at a particular level of photo- P*(QaQg)~, which is characterized by a considerably
excitation intensity. This statéhe so-called “light” stat¢ ~ changed structure in comparison to that of the dark-adapted
coexists with the initial “dark” conformational state within state. The valu&,p was shown not to be influenced signifi-
a particular range of exciting light intensitpistability do-  cantly by the exciting light of the normally used intensities
main). A further increase of caused a bifurcational vanish- (<100 mW/cnf) [14—17. A large increase of the charge
ing of the dark conformational state of the RC. Experimentarecombination time constant for tl@g-inhibited RC’s[13]
results describing the photoinduced bistability of RC absorwas presumably caused by very high intensities of continu-
bance were described in Ref8,9]. The theory of this effect ous wave exciting light used in that work. In the current
was presented in RefE3,10]. work only lower intensities of exciting light are used; there-
Current work describes a nonlinear effect of self-fore, the light-induced changes &f,p are not taken into
regulation of the electronic-conformational transitions inaccount. Assume that a slow componentf the medium
RC'’s caused by strong electronic-conformational interactiongolarization is formed, mainly near the binding site of the
in the system. It is shown below that the flexible macromo-secondary quinone acceptQj [8,10,14. This is supported
lecular system performing charge separation and transfdyy the results of x-ray studies of light-induced structural
may work as a molecular motor for a pumping of the chargechanges of the RE7]. These studies revealed a large light-
separated state under nonequilibrium conditions. Also reinduced shift and rotation of the ubiquinone molecule in the
ported is the observation of a physical effect—a light-Qg binding pocket from its equilibrium position in the dark.
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No significant light-induced structural changes have been ob- The stationary populations of states with an electron lo-

served in theQ 4 binding pocket. calization onP and Qg can be obtained from Eq$5):
Choose a movement equation foas the equation for the
overdamped modedfx/dx?~0) [8,10]: Kap €Xp(—X)
o)y y=—————
dX  AVe(X) [dVa(X) Vp(X) " ke
dx_ dVe(x) B(X)  dVp(X — ®)
9t Ix ( X X )G)(t)+ 2D |
ng(®)= ————.
=0, (4) 8(%)= 17 Kap exp( —X)

in which g is a generalized friction coefficien/p(x) and  These populations may be reached through a monoexponen-
Vg(x) are the potential energies of the structural variable fottial process with the characteristic time constant= (I

the case of electron localization #hand Qg, respectively;  +Kkapexp(=x))~*. This value does not exceel s for all

L(t) is the &correlated random procespl(t)(t+ 7) possible sets of RC parameters that correspond to real ex-
=§(7)] that models thermal fluctuations of the structuralPerimental conditions due to either the tekip exp(=x) un-
variable; y2D is an amplitude of these fluctuation® der low excitation intensity or the _termat high inte_nsit_y
—KkgT/q is a generalized diffusion constant for the structural(Refs.[1,4,11, and references thergirThe only exclusion is
variable; and® (t) is a random function that describes the wh.en the system is in a dark relaxation state, and is qharac—
process of the photoelectron localization @g in accord terized by a large value of the structural parameterhis

with scheme(2): case is not studied in the current work. Therefore, for current
consideration, the correlation> 7, is fulfilled and the so-
0 if the electron is localized on P lution of Eq.(7) can be found in the adiabatic approximation
O(t)= . . . )
1 if the electron is localized on £ Pi(a,x)=n,()Pi(x,]), a=P,B, 9)

;hsn%r%babgg;es;gt(it/)ealnd gfét)dgfe?rlﬁfnt;%n flr(())(;‘r?“tzha(;uot)glc;zcein which the distribution function of the structural variable
B, €SP Y, P.(x,l) satisfies the equation

equations
dnp(t) IP(x,1) _ i 1 IVe(X,1) 1)+ IP(x,1)
T:_Inp(t)+kApqu_X)nB(t), &t ax kBT ax t ’ ax .
10
(6) (10
M= —kapexp —x)ng(t) +Inp(t), Vei(X,1) is an adiabatic potential for the structural variable
dt corresponding to the photoexcitation intendityl'his poten-

o o tial is of statistic origin, and can be defined from the equation
and the normalization condition ig(t) +ng(t)=1.

The joint solution of Eqs(4) and (6) provides a self- Ner(X,1)  Vp(X) N g(X)
consistent description of the stochastic behavior of the elec- = ng(e). (11)
tronic and structural variables. It is a coupled random process
with the mutual distribution functiof®,(«,Xx), a=Pand B,
that satisfies equations

o0
X ax " X

An application of the adiabatic approximatig®) corre-
sponds to a substitution of the functié(t)in Eq. (4) by

AP(P,x) al 1 aVp AP(P,X)] averaging over the time valugs(t)=®(t). The population
P kBT—é,XPt X) X ng(t) is a time-dependent function, so averaging is made
: : over the time intervak,> 7> 7. The physical meaning of
—IP{(P,x)+kapexp(—Xx)Py(B,x), such a procedure is obvious: the slow structural variable is
7) not sensitive to single jumps of the photoelectron between
dPy(B,x) [ 1 aVg IP«(B,x)] the statesP and B, but susceptible only to their average
o D X kBT—ﬁx P«(B,x) + T ox populations or even to the average charge distribution corre-
- : sponding to multiple successive ET events in the system.
+1P(P,X)—Kkapexp(—Xx)P:(B,x). Exact solutions of Eqg4) and(6) have been obtained for

the stationary case in the absence of thermal fluctuations

The method of passage from E¢4) and(6) to Eq.(7) is  [19]. Analysis of the limiting transition casg> 7, given in
given in Ref.[18] only for the case when the rate constantsthe cited work, indicated the correctness of the adiabatic ap-
of the transitions do not depend on the variablghe back- proximation (9). The influence of fast variable fluctuations
ward action is abseptand the termy2D&(t) in Eq. (4) is  on the slow variable may give first order small terms to the
absent. Generalization of this method for the case oeffective potentiaMg4(X,1) and the diffusion constari2. A
x-dependent rate constants was made in REJ]. An ap-  separate work will show that these terms can be neglected for
proach based on a consideration of E(&. as the initial  the current case. Thus, for the sake of simplicity, do not take
equations is possible as well, but such an approach would bamall terms of this type into account. For the RC'’s stationary
more formal and would not help to describe clearly thedistribution function over the structural variabteat a fixed
physical meaning of the phenomenon studied. value of the excitation intensitya solution is obtained:
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FIG. 4. Dependence of the stationary-state vakugs) of the
x structural variable from photoexcitation intensitgalculated from
Eqg. (12) at various values of the parametax=xz—Xp, which
FIG. 3. Dependence of the effective adiabatic poteMig(x,!) characterizes the magnitude of an electron-conformational interac-
from photoexcitation intensity calculated from Eq.10). The  tion: Ax=1.51), Ax=4 (2), and Ax=5.33). I, and | are the
curves correspond to the following values of light intensity1) O, values of photoexcitation intensity corresponding to appearance of
(2) 0.07 s, (3) 0.1 s, and(4) 0.13 s. The valuel=1 s*  “light” and disappearance of “dark” conformational states, re-
corresponds to the light intensity valuexa0'® quanta/criis) (see  spectively. The curves are calculated for the following values of the
Ref.[22]). The probe potential¥p(x) andVg(x)are taken as para- parameterskap=10 st andxp=2.
bolic shaped. The values of parameters used in calculations are
kap=10 s'andxp=2; Ax=5.3. branchx{)(1) of the stationary states of the structural vari-
able corresponds to the sets of maxima of the adiabatic po-
Ver(X,1) tential Veg(x,1). The position of the maximum, i.e., the value
 keT ) x?), changes considerably under the increase of excitation
(120 light intensity fromxg, ~xp to x¢,~Xg . The positions of the
® Ver(X,1) minima barely change undéwariation, and the correspond-
Z= Jloo ex;{ T ke )d ing values arex)(1)~xp andx$)(1)~xg for the dark and
light states, respectively. The equilibration of the distribution
Consider the simplest case of harmonic initial probe pofunction near the adiabatic potential minirf@rresponding
tentialsVp(x) and Vg(x). They determine the shape of ef- to the dark and light conformational stat@ecurs on a time
fective adiabatic potential.(x,1) in accord with Eq(11).  scale of minuteg8,10,14. This means that the conforma-
Then, for the case of electron localization Bnthe potential ~ tional transition through the potential barriéwhere x
minimum corresponds tx=xp, whereas for the case of =x?) could occur on a time scale of several hours; thus it
electron localization oiQg, the global minimum of the po- can be considered forbidden. In this case the total distribu-
tential shifts tax=xg . Figure 3 shows the dependence of thetion function over the whole range &fvariation is no longer
adiabatic potential upon the structural variaklat the value equilibrium . Thus we can write
of the parameteA x=xg—Xp=>5.3. This value is close to the
estimate from experiments on hysteretic behavior of RC’s
[10]. The critical value of this parameter, above which the P(x,l)={
bistability appears in the system, was found to be equal to 4
[8,10]. From the conditiondVeu(X,1)/dx=0, one can find ) . o )
the extremaxs of the adiabatic potential as a function of i whlch the qua3|eqU|I|br|um distribution functions over the
photoexcitation intensity. Taking into account E¢8) and configurations of the “light” and “dark” conformational

Pg(x,)=2"1 exp(

VaPaan%.1),  x<x&(1)
2) (14
U1Piigh(X,1),  x>xg7(1),

(12), this condition gives the dependenides): states are
IVp(xg)/ dx 1 Ves(X, 1)

I=—Kap eXp(_XS)ﬁjlaxz’ (13 Pgard X, 1) = Z—(jexr{ TTkgT )
in which xs are the stationary values of the structural vari- VeI Vei(X,1)
able corresponding to the extrema of the adiabatic potential Zd=f s dxexr{ e
Vei(X,1). The reciprocal dependenegg(l) is shown in Fig. o B
4 for harmonic potential¥p(x) andVg(x) with equal cur- (15
vature, and for the valuAx=xg—xp=5.3. The set of 1 Verl(X,1)
minima of the conformational potenti®l.(x,!) that corre- Piight(X,1) = Zex;{ _kB—T)’
spond to the branched™(1) andx$)(1) of the dependence
depicted in Fig. 4 should be considered as that defining the o Ver(%,1)
conformational coordinates, whereas correlati8) is the Z= f @ dx ;(_ ek—T)
condition for their value determination. The intermediate xg (1) B



3448

1.0

=
=
> 105
.. S,
2 B
=

: 0.0

: I

I I
0.05 0.10 0.15 0.20
IGh

FIG. 5. Dependencies of the population of the “light” confor-
mational statev,(l) (solid line) and the ‘“dark” conformational
statevy(l) (dashed ling from the intensity of the stationary-state
photoexcitationl, which was reached after its stepwise variation

from zero. The behavior of the experimentally measured quantity

S(1) under the same conditions calculated from Edp) is shown
by the dotted line. The values of parameters lgge=10 s and
Xp=2; AX=5.3.

and the quantitiesy=24/Z andv,=Z,/Z define the integral
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FIG. 6. (a) Protocol of an exciting light intensity alteration be-
tween two stationary-state levels=0.09 s'andl,=0.1 s (b)
Changes of the valug,(l) calculated from Eqs(18)—(22) for the
values of parametersx=>5.3 andk,p=10 s %, and under the con-
dition of instantaneous alteration of the exciting light intensity, in
accordance with the protocol shown in patf@l Within the bista-
bility domain, 8(1)~v,(1); see Eq.(27).

populations of the dark and light conformational states, re-

spectively.

In the case of an instantaneous increase of exciting light

intensity from zero, whenV4(x,0)=Vp(x)and Pg(X,0)
=Z exp(-Vp(X)/ksT) up to the valud e[IL,,11], such a
sharp stepwise variation ofresults in cutting off part of the

populationAvd=f;c(z)Ps(x,O)dx from the initial population
S

of the dark conformational state that was equalvt@O)
=1 atl =0. As a consequence of this stepwise increase fro
=0 to | e[l.,,I1], the populations of the dark and light
conformational states becomes equalvtgl)=1—Avy(l)
andv|(I)=1—vq4(1)=Awvq(l), respectively.

The calculated dependencieg(l)andv (1) for the RC’s
are shown in Fig. 5. The jumps of valueg and v, are

X&)

T knpexp —x) | da1)dX,

ol 1)= [

(17)
Plight(xv | )dX

©

Bigne(1) = Lg)(,)m

The dependence af(1), calculated in accord with Eq§16)

Mnd(17), is shown in Fig. 5 by the dotted line. The shape of

the curve is qualitatively the same as that obtained in earlier
experimentg8,9].

The functionsv 4(1) andv (1) are not unambiguously de-
termined by exciting light intensity functions; they depend
on the protocol of thd(t) variation. These functions are

related to the bifurcational character of both the appearancieinctionally dependent quantities bft).

of the light conformational state at=|lcr and the disappear-
ance of the dark conformational statel atl!. These jumps

could not be observed for experimentally measured quant@Nd back, applied in equal time intervals, lebe||

ties, because the depths of the potential valleys that appear
disappear bifurcationally near the critical valugsand I},
approach zero, and the statistical weight of these states in t

measured quantity is negligible. Indeed, the experimentall;ﬁ)

measured quantity(l) [Eq. (1)] includes the averaging over
the RC’s distribution functiorP(x,1). Taking into account
Eq. (14), we obtain

[

B I
5(|)_J_w I +Kapexp(—X)
:Ud(l)édark(l)+UI(|)5light(|)-

P(x,l1)dx

(16)

in which

In a sequence of stepwise alterations of exciting light in-
tensity from some particular valug to a different vlaluﬁz
cr !Icr]
apdl,>1, [Fig. 6@]. The populatiorv 4 of the dark confor-
mational state decreases by a faaier1l concurrently with
ch step of a sharp stepwise increase of light intensity from
to I,. Similarly, the populatiorv, of the light conforma-
nal state decreases by a facfp1l concurrently with
each decreasing step of the light intensity from the vajue
to I4:

increase

when 13— 15, v (1) =qui(1y),
(18)
decrease
when 14— 1, v{"" V(1) =po{(1y).

The successive periods of exciting light alteration are distin-
guished with the superscript The reduction factorqg andp
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depend only on the valuds and |, of the exciting light

intensity, and are determined by the expressions 0.544 a) Lo’ 27
= ol ; gant
a=aly, )= 22 s et
YTz a®
(19 0.501 .°
— (l |)_ﬁ I I .',l’,.
p_p 112_22(|2)1 0.2_ b) .g.‘.‘ i
in which = '
¥ 01 ..t
@ Verr(X, | o°
700 fxs () dxex;{ _ Ve lsa) | 20
These expressions describe the change in populations of dark 0.8 DX
and light RC conformational states on multiple repetitive al- =
terations of exciting light intensity between the vallesnd By esssoccnce
I, within the bistability domain. The initial conditions for 061 .*
such changes are given by(t=0)=I1,; and vf,l)(l 1)

=Z4(11)/Z. Thus, aftem+ 1 periods of reaching of the light

intensityl =1, we obtain

vi ) =(1—-p)+paui’(ly),

(21)

which is in fact the recurrent relationship fog. From Eq.

(21) it follows that

1-(pgNt

vd(l)=(1-p) =3

+(pN (). (22

The quantitiesyJ(1;) andv}(1,) have their asymptotic

constant values dfl— o

0 5 101520 25
Time (arb. units)

FIG. 7. () Dependence of the experimentally measured quantity
S8(1) with an alteration of photoexcitation intensity between two
stationary-state levels =0.09 s!andl,=0.1 s!in accordance
with the protocol shown in Fig. (&), and calculated for identical
parabolic-shaped probe potentigs(x) andVg(x). Panelgb) and
(c) show &(1)behavior with an alteration of the photoexcitation in-
tensity between the following levels:I;=0.005 s, I,
=0.015 s![panel(b)], andl;=0.025 s?, 1,=0.055 s [panel
(c)]. Dependencies in panel®) and (c) are calculated for the
Morse-shaped “dark” probe potenti&lp(x) and parabolic-shaped
“light” probe potential Vg(x). The values of the parameters are

1
=P iy =, (23)
1-pq

vg(ly)= 1-pg

xg—Xp=5.3 andkap=10 s ! for each dependence.

which only depend on the photoexcitation intensitigand
I, not the initial populatiorvgl)(l 1). The population behav-
ior of the light conformational state is then given [¥ig.

6(b)]

(V) =1-0v"(l,), a=12.

(24

If the light intensity valued, andl, fall inside the inter-

val

Kap €XP(—Xp)>15>11>Kap €Xp(—Xp), (25)
then, in accord with Eq(17), we obtain
Siight(1) =1, Sgand1)~0. (26)

These relationships become more exact when bptnd|, pC _
values approach the center of the bistability domain. As #luence of peaks and minima for the dependengij@ly and

result of | being deeply inside the bistability domain, Eq.
(16) gives the approximate relationship

s(h=~v,(1).

(27)

Therefore, the experimentally measured vali{¢) should

reveal the dependence, as shown in Figp).6

The correlation of Eq(25) is automatically fulfilled in the
model because values of the exciting light intensity that cor-
respond to the bifurcation points are given|[igg. (13)]

Xg— Xp
le~Kap €XP(—Xg) s
° Xg™ Xer
(28)
1
Xer ™ Xp
Il ~Kkapexp(—x .
o~ Kap €Xp P)XB_XP

This means that for, ,e[1%,,15], the nonequalitie§25) are

always fulfilled.

In the calculated dependence wf with time, the peaks
and minima reveal a slightly converging behayibig. 6(b)].
A detailed analysis shows that this dependence may also fol-
low a parallel increase. This behavior depends strongly on
the shape of the probe potentidls(x) andVg(X). The se-

S(1)always reveal nondiverging behavior for harmonic probe
potentials and for light-intensity alteration within the entire
bistability domain[Figs. §b) and 7a)]. This behavior also
occurs for the case of different curvatures of the ddgkx)

and lightVg(x) probe harmonic potentials. In contrast, the
anharmonic probe potentials may readily produce diverging
behavior in the sequence of peaks and minima&(h). For
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example, for the case of the Morse-shaped dark probe poten- a)
tial Vp(x) and the harmonic light probe potentidj(x), a 0.04}
pronounced diverging behavior iA(l) is obtained at the
low-light-intensity interval within bistability domairjFig.

7(b)]. The diverging behavior changes to a converging one

when both the lowel; and the uppel, values of the excit- g
ing light intensity are closer to the high-light-intensity bifur- 25 0.015¢+
cation pointl ! [see Fig. 7c)]. Consequently, the analysis of
S(1) behavior upon repetitive alteration of photoexcitation 0.010}
intensity within the bistability domain may provide ex-
tremely valuable information about the shape of the system 0.005¢, ‘ ‘ _
conformational potential as well as about the degree of the 0 2000 4000 6000
probe potential anharmonicity. In addition, such intriguing Time (s)

properties of the charge transfer macromolecule cannot be

obtained using conventional theories of charge-
conformational interaction, in which tha priori defined
number of conformational states determines the macromo

eﬁule pr]?phertlef?. T_hese r‘r]lodelslass:Jme a l.lglht';:ndepeq%?@gth graphs shows the behavior®Aggs given that a single step is
S. ape o t. .e effective conformationa pOtentla.' onequrl applied to increase the photoexcitation intensity between the lower
rium conditions f_or forward and b_ack transitions of mol- and higher levelgsee the text for more details
ecules between different conformational states cannot be cre-
ated in such models. Such conditions, which are aAfter passing through the sample, the testing light was moni-
prerequisite for the effects reported above, can be achievadred with a Hamamatsu S1336-5BQ photodiode connected
with the light-driven conformational potential only. The the- to an EG&G lock-in analyzer. Light from a halogen lamp,
oretical requirements for such an effect are the nonlineafiltered with an IR heat filter and interference filtex (5,
dynamic regimes of a functioning macromolecular charge=850 nm,AXx~60 nm), was mounted at 90° relative to the
transfer system. measuring beam, and was used as background excitation.
The intensity of the exciting light was controlled either by
EXPERIMENT ;mooth variation of the incande_scent lamp current or by an
instantaneous change of the calibrated neutral density filters.
For experimental studies, RC’'s from the photosynthetic The sample, which had been initially dark adapted for
purple bacterisRhodobacter (Rb.) sphaeroidegere used. more tha 1 h was then subjected to a continuous wave pho-
RC'’s were isolated following the procedure described in Reftoexcitation of smoothly increasing intensity. After the excit-
[20]. The details of the sample preparation are presentethg light intensity |, had been reached, this intensity was
elsewhereg[21]. After isolation, the sample contained 80% kept constant for a period of timAt=10 min. This was
RC’s with aQg site occupied with native ubiquinoriemea- needed to complete electronic relaxation of RC’s. The excit-
sured by the amplitude of &1-s component in the primary ing light intensity was then stepwise increased to the value
donor recovery kinetics following a single saturating actinicl,. The next stage of light intensity variation was a stepwise
flash. No reconstitution of the secondary quindRg activ-  decrease fronh, down tol, with a waiting time interval of
ity procedure was applied. The ratio of protein absorbance tapproximately 10 min between changes. Such a sequence of
bacteriochlorophyll absorbance wasggo/Aggo=1.3. This ra- | alterations was applied repetitively following the protocol
tio characterizes the purity of the sample. A 1-cm path-shown in Fig. 6a). After each step variation df the proper
length cuvette was used for the experiments. The sample haine was taken until the quasi-stationary-state level of
a steady-state absorbanggss=0.2. The sample was thor- Ag{(l) was achieved.
oughly degassed before experiments began, by multiple Valuesl; and |, of the excitation light intensity were
freeze-thaw-pump cycles down to 77 K and #Gnbar. This  chosen so that they fell inside the bistability domain Rir.
procedure allowed us to avoid the nonfunctional oxidation ofsphaeroidesRC’s [8,10]. Figure 8 represents the results ob-
semiquinones by oxygen or any other gases under prolongedined forl;=1.5 uW/cn?, 1,=3.6 uW/cn? [panel (b)],
illumination of the RC’s. All experiments were then con- and |,=3.6 uW/cn?, 1,=12.8 uWicn?, [panel (8)]. The
ducted at ambient temperature on a home-made optical setyponounced change afAggs concurrent with the repetitive
described previousli9]. variation ofl is in complete agreement with the theory de-
The absorbance changeshat,,=865 nm(the maximum  veloped aboveFig. 7). There was no detectable change of
of the primary photoelectron donor absorption bamgre  Aggson the long time scale>600 s when a single increasing
measured under various illuminating conditions. This ab-tep ofl increases from, up tol, [curve 1 in Fig. )] or
sorption band bleaches with photoexcitation of RC's, provid-from I, up to |5 [curve 1 in Fig. §)] was applied.
ing a measure of the number of RC’s in the charge separated After reaching the final value- AA™M(1,) of absorbance
state P*QaQg (Refs.[1-4], and references therginThe  change[Fig. 8@)], the photoexcitation intensity was de-
incident testing light was set af,s—= 10" quanta/cris). A creased in a stepwise mannerlto=1.5 uWi/cm?. The re-
PEM-90 (HINDS Instruments photoelastic modulator (2 laxation kinetics measured at 865 nm showed an almost
=100 KH2 was positioned between two crossed Glan po-complete recovery of the primary donor absorbance to the
larizers, and used as a high-frequency testing beam choppesalue — AA™(I,), that is characteristic for the light intensity

—~

0.02+ ~A Afmal(Iz)

FIG. 8. Absorbance changes }t865 nm for RC’s fromRb.
sphaeroideswith repetitive alterations of exciting light intensity
petween the levels; = 1.5 uW/ien?, 1,=3.6 uWicn? [panel(b)],
d1,=3.6 uWicn?, 13=12.8 uW/cn? [panel (@)]. Curve 1 in
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the parameteAx, that characterizes the magnitude of this
interaction, gaveAx=5.3 [10]. This corresponds to a light-
induced increase in the Gibbs free energy differeAe.
by more than 130 meYcompare Eq(3)]. Such a large in-
crease, which is controlled by the correlative behavior of
transferring charges and structure, seem to be ubiquitous for
biological charge transfer systems. A number of studies
0.005 , , , , showed that the free energy actually drops with time for an
0 300 600 900 1200 electron on a variety of intermediate acceptors of the RC,
Time (s) throughout its survival on this acceptf®3-25. Structural
, o changes that occur in response to ET@g-inhibited RC’s
abri';f'sfépvs:s'zaégcge";soé ;‘:Ct‘;‘éegxcﬁ't?neS'clnghT‘?gtse”;;?y af‘fgr; @'decrease the free energy gap between the charge neutral state
=3.6 uW/cn? to |,=1.5 uW/cn? (see the text for more detalls PQ.A ar_ld the charge separated SﬂaﬁeQ.A by 120 m?\’[25]'
The break in the experimental curve corresponds to the interruptio}luvhICh IS v_ery close to the value eStI_mated previousg]
and used in the current work f@g-active RC'’s.

of the data collection.
The behavior of optical density changes for RC’s turned

I =1, (Fig. 9. This also indicates the irrelevance of the ob-0Ut to be dependent on both the initlaland finall ; light-
served effects to any nonfunctional traps of the charges. ANteNsity levels, as well as on the light intensity intergél
experimental results presented here support the explanation(!1—12) width. For an alteration of light intensity close to

of slow relaxation kinetics shown in Fig. 9 within the model the low-intensity bifurcation point, a pattern of divergent be-
of adiabatic relaxation in the double well conformational po-havior of peaks and minima sequences was measured, as
tential. A detailed analysis of the RC’s equilibration kinetics Shown in Fig. 8b). For higher values of, andl,, the cor-

in response to a stepwise variation of the light intensity will "esponding dependence of optical density changes revealed a
be presented in a forthcoming paper. The effects reporteBonverging behaviofsee Fig. &)]. A comparison with the
above were repeatable many times with the same sampl€orresponding theoretical dependenciessof) [Figs. 1b)

until the degradation of the sample became obvious in 5—2nd 1c)] indicates the essential anharmonicity of the probe
days. conformational potential of the RC, at least for the “dark”

conformational stat® Q,Qg .
DISCUSSION AND CONCLUSION The experimentally observed effects AfAggs changes
that were obtained under conditionslofariation were found
The striking experimental results described above couldo have a wider excitation intensity range than that predicted
not be explained with conventional linear theories or bytheoretically. This means that more comprehensive studies
some artifacts arising from trapping of charges by exogenousust be carried out to obtain more accurate parameters for
acceptors to electrons that could accumulate during a lengthheoretical modelingno fitting procedure was applied in the
period of RC illumination. Assume, for example, that suchstudies; all parameters for the calculations were taken from
exogenous acceptors of electrons are really effective, andxperiments The determination of the proper shape of the
that they ensure an accumulation of redox stategffective conformational potential seems to be one of the
P*(QaQg)during the lengthy period of RC’s photoexcita- most important problems for future studies.
tion with light of intensityl,, producing a bleaching of the It is shown in this work that the experimentally observed
corresponding absorption band. A sequence of stepwise rehange of optical density at=865 nm(the maximum of the
petitive alterations of exciting light intensity between the primary donor absorption bandan be explained within the
levels1, and I, (I,>1,)also produces an alteration in the idea of self-regulation of electronic-conformational transi-
sample optical density. The possible accumulation of reactions in photosynthetic RC’s. One of the main features of this
tion centers in the redox sta” (QAQg)in this case can system is a forbidden direct thermally activated transition
never produce an absorption band bleaching larger than th&om the dark conformational state over a potential barrier to
obtained during prolonged excitation of RC’s with a light of the light conformational state. This transition may neverthe-
intensity | ,. Similarly, one may abandon all possible expla- less take place due to a fast light-induced shift of the barrier
nations based on the influence of artifacts such as trappingiaximum that separates the two different conformational
charges by exogenous donors or acceptors. Instead, the estates. This allows the system to be described as a strongly
periment shows the prime importance of repetitive “up” and nonequilibrium one, in which the intensity of the photoexcit-
“down” alterations of the excitation light intensity in the ing light stands for the control parameter. The results ob-
effect of increasing steady-state absorbance chatdegss. tained provides a clear example of the synergetic behavior in
The highly nonequilibrium conditions, which are created bya system on the macromolecular level.
such alterations of, should be of prime importance in a  Based on the presented results, it can be concluded that
treatment of the above experimental results. These experihe biomolecular complex of RC’s not only provide a high
mental results may be well described using the ideas of norefficiency of charge separation due to the absorbed energy of
linear dynamic behavior of RC’s under nonequilibrium con-the photoexcitation, but also undergo a light-induced struc-
ditions, in accord with developed theory. It was showntural rearrangement, thus ensuring the stabilization of the
previously that a prerequisite for nonlinear dynamic effectselectron-hole pair with respect to the recombination process.
in Qg-active RC's is fulfilled due to a sufficiently strong The features of such rearrangements are described by the
electron-conformational interactid®—10]. The estimate of effective adiabatic potential for a generalized structural vari-

0.020F AAT @)
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able that is constructed from both the dafk(x) and light  organization effects, proposed for the first time by Haken
Vg(X) potentials of the system, and is controlled by the in-[26] and Prigogind27], to the high efficiency of a function-
tensity of the photoexcitation. The good qualitative agreeding biological charge transfer systdi®—10,28—30

ment between experimental and theoretical results suggest

that_additional investigations into the shape of _the initial po- ACKNOWLEDGMENTS
tentialsVp(x) andVg(x) are necessary to achieve a better
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tive alterations of exciting light intensity within particular ogy” is gratefully ackowledged. We acknowledge Professor
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