Journal of Bioenergetics and Biomembranes (1977)9, 117-139

Kinetics of Luminescence and of Electron
Transport in Photosystem
II. When Electron Transport on Acceptor Side
of this System is Blocked

E.M. Sorokin

Timiryazev Institute of Plant Physiology
USSR Academy of Sciences, Moscow, USSR

Received 20 November 1975

Introduction

This paper is a theoretical consideration of kinetics of chlorophyll a
prompt and delayed fluorescence and of electron transport in reactive
centers of photosystem II (PSII) during and after illumination with light
of different intensity when the electron transport from a primary
acceptor of PS II to the pool of intermediate carriers is blocked. The
following is shown:

(1) Depending on excitation irradiances, the curves of primary
acceptor reduction may be of two different shapes. At sufficiently high
excitation irradiances they consist of fast and slow phases. At low
irradiances there are only one-phase curves.

(2) Induction curves of prompt fluorescence are of two shapes. At
low and high excitation irradiances there is only one phase and at some
intermediate irradiances the curves may illustrate fast and slow phases.

(3) A change of delayed {luorescence with time may be of three
shapes: monotonously increasing (one-phase) in weak light, having a
maximum at high irradiances, consisting of many phases at intermediate
values of irradiances.

(4) The nature of a change of prompt and delayed fluorescence after
turning off the light depends on whether a steady state was attained
during illumination or not. After a short single pulse of saturating power
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a fast transition of a part of the reactive centers into an open state must
always take place, causing a sharp decrease of prompt and delayed
fluorescence.

(5) There is a range of excitation irradiances over which reillumina-
tion of a sample partly adapted to dark may increase the rate of
fluorescence yield change several times as compared to that of a
completely adapted sample.

{6) A change in concentration of a reduced form of primary donor
always follows the curves having a maximum.

(7) In case of a multicentral model of PSU, the curve of the primary
acceptor reduction changes during illumination faster than the induction
curve of fluorescence. The reverse relationship between these curves is
observed after turning off the light.

(8) It has been shown in an explicit form which factor caused one or
another kinetic pattern for any of the parameters in question.

A great body of experimental data on kinetics of processes in
photosystem II (PS II) has brought to the forefront the development of a
mathematical model of these processes, including prompt and delayed
chlorophyll ¢ fluorescence with Ay.x = 685 nm, a change in concentra-
tion of oxidized (reduced) form of primary donor and acceptor of
electrons, the value of total electron flow through the reactive centers.
The model must explain the experimental data available and systematize
them, thus promoting further investigations into mechanisms of the
above processes and structural arrangement of the systems in which they
proceed.

An attempt to construct such a model was made by us in [1]. It is
based on the following principles (Fig. 1).

1. The concept of a certain type of photosynthetic unit (PSU) model
[2-11] was used.
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Figure 1. Scheme of PS II reactive centers participation in noncyclic electron
transport (a) and different states of a reactive center (b). k& is the effective value of
the constant of reverse electron transfer in double-charged centers. ky o, k_p,0, k1
and &_, are the values with a dimensionality of sec™ describing direct (kgr_o, £_H.0)
and reverse (k_j1 (0, k.1) processes of electron transfer on donor (kyy o, £_y1.0) and
acceptor (ky, k_17) sides of photosystem II. : :
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2. Consumption of energy from singlet-excited states of the molecules
of PSU pigment matrix by the reactive centers is limited not by the
migration rate of excitation along the PSU but by the efficiency of its
capture with centers [12] and without any noticeable localization of
excitation in the vicinity of the reactive center.

3. The basic elements of the reactive center (a primary donor si,P and
a primary acceptor of electrons A) are “assembled” once and for all as a
complex in which electron transfer from P to 4 (PA — P*A7)takes place
at the expense of excitation quantum, P is considered to be identical to P
680 [13]. There are only one acceptor and one donor in each center.

4. Dark redox reactions on donor and acceptor sides of the reactive
center proceed completely and independently of one another. There is
no cyclic electron flow from 4~ to P*, except for their reverse transfer
in the centers. This results in four differently charged forms of the
center: neutral PA (“open” center), single P*4 and PA™ and double-
charged P*A~. The last three forms determine the “closed” state of the
center [14].

5. The rate constants of direct (km,0) and reverse (k_p,0) €electron
transfer on the donor side of PS II are commensurable. As a result, in an
equilibrium state (i.e., upon complete dark adaptation) a portion (p*)eq
of the primary donor P is oxidized and the same portion &; of the
reactive centers is closed owing to the presence of P4 form.

lay = (p¥a)eq = (P7)eq = k—1,0/Z 1,0, Where Zy 0 = ku,0 + k_m,0].

6. Delayed fluorescence is excited by the reverse electron transfer in
double-charged centers P*4~ from reduced acceptor A~ to an oxidized
donor P* [15,16]. Emission of fluorescence quanta occurs during
energy migration along the PSU pigment matrix.

Later [17-19] it was shown that various steady-state patterns of the
processes in PS II based on the above concepts and on the multicentral
type of PSU model (i.e., a model where several reactive centers are
assembled in a single functional system on the level of excitation energy
migration) agree fairly well with experiment. Therefore we decided to
consider some problems of non-steady-state kinetics in terms of previous
concepts. In this paper the case is investigated when electron transfer
from a reduced primary acceptor of PS II to the next electron carrier in
the chain of non-cyclic transport towards PS I (plastoquinone) is
blocked.

To completely explain the factors causing the most general properties
of non-steady-state kinetics, it is advisable to consider at first the
problem in terms of a unicentral PSU model (i.e., a model where each
reactive center has its own set of light-collecting molecules). In this
case the problem will be solved only qualitatively, but, unlike the
multicentral model, the solution is an analytical one up to the end. This
makes possible a deeper insight into the physical meaning of the
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processes taking place. Next, using the results obtained, we solve
approximately some particular cases in terms of a multicentral model,
and the most interesting ones solve numerically on the computer.

Unicentral Model

Instial System of Equations and its Solution

The equations describing the processes in PS Il in terms of a unicentral
PSU model were derived by us earlier [1]. For the problem in question
we may use the system of equations derived in [17], puttingc =%, = 0.
After this the system simplifies and becomes:

(6*) = —(leL + Zu,0— ko) (p*) —IeL(a™) + (IeL — ko) (p*a")
+ Iel +k—H,O

(67 = —IeL(p*) —IeL(a™) — (TeL —kq) (p*a”) + IeL (1)
(p*a”)=—IeL(p*) — (leL — k_pp){(a”) + (IeL — 12:04 EHZO)(p*'a') + JeL

The condition %; = 0 means that there is no electron transport from
AT to plastoquinone.
The following characteristic equation corresponds to system (1):

NP+ (TeL + 22y 0 + ko) N2 + [IeL(2Zn0 — k-n0) + Tho
+ ’;o(zﬂzo +k_mo)] N +IeL(Zho — k_moZno)
+ ];OZHZOk~H20 =0 (2)
This equation is satisfied with the roots
Ao = —0.5{({eL + Zu,o + ko) ¥ [IeL + Ty o + ko)?
— 4(TeLkuo + kok-n,0)] V)
A3 =—ZHo (3)

Here, as before, I is the excitation irradiance expressed as a number of
quanta per cm? per sec; € is the effective cross section for a capture of
light quantum by one PSU; L is the quantum efficiency of consumption
of singlet-excited states of PSU pigment matrix molecules by electron
transfer in centers at &; = 0; {p¥), (a”) are normalized concentrations of
the corresponding forms of the donor and acceptor of electrons: (p*a")
and « are the normalized concentrations of double-charged and closed
centers, respectively; ko = ko (1 — L), where %, is the effective value of
the constant of electron reverse transfer in the centers; (6*) and so on
are the rates of corresponding value changes.

The fluorescence vyield (p) of photon collecting molecules is the
function of closed center fraction «[6, 7]:

P =po+ (Pu—Po)u (4)
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where 0g and P are the quantum vyiclds of prompt fluorescence in
photosynthetic units with open and closed centers, respectively. The
relationship between «, (p*), (a”) and (p*a”) is given by a simple
equation:

a=(p)+ (@) = (p'a") (5)
The delayed fluorescence intensity Fy depends on (p*a”) according to
the law

Fy = kopoM(p*a”) (6)

where M is the number of PSU per unit volume: g4, the quantum yield,
is equal to
(p'a’)

Pd = koPo e (7)

We shall solve system (1) for the case when a sample was at first
completely adapted to dark [i.e., when t=0, (p7a”)=(a")=0 and
(p*) =a=0o,]; at instant ¢ =0 the illumination begins with a rectangular
light pulse with duration ¢.

Having determined the functional relation between (p*), (a7), (p*a”),
and ¢, we can easily obtain the time dependence of other values using
formulas (4)-(7).

The solution of system (1) may have the following form:

(Y—Ya)

% :Ryl eMt 4 Ryz e}‘zt+I€; ehat (8)
— ist

for (p*) and

(Y- Yq4)

— Rl NEL P2 Aty 3 A
M(Yt=0"Yst) Ry e e Rj e (N

for the rest of the parameters, where y denotes any of them; yg and y,—¢
are their values at steady state and at initial moment, respectively.

An explicit form of the factors from (8) and (9) is given in Tables I
and II.

Properties of the System in Question

A. Light Stage. As seen from Table I, upon illumination of the sample
adapted to dark the time dependence of the parameters under
consideration is described by the sum of two exponents. Figure 2
illustrates a change of the indices of these exponents —A;, —A,, —A5;
Fig. 3 shows a change of preexponential factors with excitation
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Figure 2. Roots of characteristic equations of system (1} as a function of relative
excitation irradiance (f€L/ky o). The values of Ay g5 are given with respect to ky,o

Calculated at ko = 0.01 kpy05 L =0.95 k_g o= =0. kg o

irradiances. These figures, along with Table I, diaplay the main kinetic
specific features of the system.

Since (p%)st = (§ )eq = const, (p*) deviation from an equilibrium value
always follows the curves with a maximum. This case is described by the
sum of exponents with equal amplitudes but different signs

hZ .phZ
Rivea )i Ry RiLiRL?

_20 i I | 1 1
w3t et e o 1wt e
TEL/ My

Figure 3. Preexponential factors (Table I) in formulas (8) and {9) as a function of
relative irradiance JeL/ky o.The rest is as in Fig. 2.
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(Rip+) + R(Zp+) = 0). The degree of deviation of (p*) from (p*)eq increases
with excitation irradiance, tending to a limit equal to the ratio(1 - «;)/a;.

A change of double-charged centers (p*a”) with time accompanied by
a proportional change of Fy and pg; may be of three different shapes. If
R(lp+-a») < R(2p+a-) or R(2p+,l—) = 1the dependence is exponential; for positive
and approximately equal R{,+,) and R+, it is a two-phase curve;
when R%p+a~) > 1and R(lp+a—) < Othere is a maximum on the curve.

A change in the rest parameters, namely (a7), &, p, Pz =(p + pg).
follows either one-phase (exponential) curves or two-phase ones. The
latter are observed over the range of excitation irradiances where Ry and
R? are commensurable. The values of excitation irradiances Ie L ensuring
the equalities R} = R; are also presented in Table I.

Kinetics of primary acceptor 4 reduction deserves special attention.
From the corresponding formulas in Table I it is seen that for
I+, Rl,y >a; and Rf;)—>(1—,) (see also Fig. 3). Thus, for
I 2 0.1,y the dependence of (a”) on t is two-phase everywhere. Over
the range I 2 10/(, the kinetics of (a7) change is characterized by the
following basic features. Slow phase of(a”) vs ¢ curve has a constant
amplitude equal to «; and constant extinction time (1/kgp)- Time
constant of fast phase is inversely proportional to excitation irradiances
at constant amplitude equal to (I —a;). Such a picture of primary
acceptor reduction in intensive light can be observed only when the
number of closed centers of PTA type under the conditions of dark
adaptation is measurable (their fraction is «;). Indeed, if excitation
irradiance is such that during time interval 7y <(1/kp o) each center of
the PA type, whose fraction is (1 — @, ), absorb one light quantum, then
on time interval T, satisfying the condition 7,< T, < (1/kp o) a will
equal unity with a high degree of accuracy when there are two types of
closed centers: P¥4~ and P"A. Donor P* oxidized molecules are reduced
with time by the water decomposition system (the rate constant is
ku,0). As a result of the reduction the centers of the P*4 type transform
at first into PA and then, having absorbed an excitation quantum, into
P*A”. From here it follows that in those centers which in dark had the
form P*4, A will be reduced with a rate equal to that of an electron
originating from the water decomposition system.

As is seen from the formulas in Table I, the quantum yield of prompt
and delayed fluorescence in steady state

p):,st = Pst + pd,st = P

is independent of I, whereas the contribution of py and pg4; to p.. does
depend on I Thus, for example, if o; = 0.1, L =0.9, and 7= 0, then
Pst = 0.19 p.. , while pgq = 0.81 p... . When IeL is equal to 10&g, Os¢ = 0.99
P and pg = 0.01 p.. (Fig. 4). All the above is due to the fact that pg; is
an increasing and pg ¢ a decreasing function of I and pg + pg & = const.
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Figure 4. Theoretical dependences of steady-state values of quantum vyields of
prompt p and delayed pg fluorescence on relative excitation irradiancesleL/kHZOfor
unicentral {(——~) and multicentral ( ) models of the photosynthetic unit.
Calculated parameters are the same as in Fig. 2.

Using the expressions given in Table I, one can see that (a) the mean
time ¢ during which py changes from p; to p. is determined by

Poo Poo
75_[ L‘dpz/_l» dpy = 1/[16L(1—o<1)+1%0a1]
oy oy

(b) The area 0 between p.. and the inductive curve px (&) equals

=)

0= [pe—pe(t)]dt=(pn—p)
0

(¢) The number of quanta stored by the system is determined from
the inductive curveps(t)

0 =1eM0/pe = MIeL(1 —0;) = [A 7]

and equals the stead-state concentration {47 ] of the primary acceptor
reduced.

B. Dark Stage. The expressions for the factors in (8) and (9)
corresponding to this stage are given in Table IL

Considering the kinetics after tuming off the light, we shall restrict
ourselves to the case close to the real one when kg > ko. Under this
condition Ay =—ka; and N, =—(Zpo + ko) ® A3, ic., we are dealing
here not with three but with two exponents (with a certain degree of
approximation. The pre-exponential factor for the second exponent is
Rl =Rj +Rj.

Next, the character of the kinetic curves in dark conditions will differ
depending on whether (p*) is in an equilibrium or near-equilibrium state
at the instant of turning on the light. If (p*) = a4, (p*e™) = a;(a”). As is
seen from the formulas for R and R; in Table II R? and R; and,
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consequently, R} are equal to zero when the above relationship takes
place. Thus, when (p*) = «; the dark relaxation of (a”), {pa”), and of
Fy follows the exponential law, the exponent being determined by the
product ko (1l —L)a;.

The equality (p*a”)=a;(a”) or (p*) =, Is realized in two cases: in
the strict sense, when a steady state is attained in light, and,
approx1mately, during the trans1t1on period at low irradiances. The latter
is conflrmed by the plot R( 4 vs leL presented in Fig. 3. When
IeL < kg, ( %~ 0, i.e. over this range of IeL values, (p*) practically
does not deviate from its equilibrium value.

Consider now another limiting case when the deviation of (p*) from its
equilibrium value is maximum at the moment of turning off the light.
This can take place at high / (leL > 10ky o) and small T [T < (1/kn,0)] -
After such a pulse the following equations are approximately valid:
(pfa)=(a)=(1—0oy) and (p")=a= 1 Using the formulas from Table
11, we see thatR(lp+ =R, =0; R(,, R{;y=1;Rpr) =Rl = R2 = oy
R(p+ 4= de Re = (1—ay). Thus, in th1s case as before (@) relaxation
follows only the one-phase law, and that of (p*) only the fast law. The
rest of the values, (p*a™), Fy,  (and, consequently, ) change according
to two-phase curves. The fast phase R(p Q) = Rfrd (1 —a;) predomin-
ates for (p*a”) and F; and the slow one R} = = (l — oy ) foraor p.
Repeating in part the considerations given in the previous section of the
kinetics of 4 reduction, we may explain the above in the following way.
Since under the conditions of dark adaptation the reactive centers are in
two forms P*A (fraction «; ) and PA (fraction 1 — «; ), at the end of a
light pulse with a duration 7' < (1/kp,0) and at high excitation irradiance
all PA convert into P*4™ and P¥A remain in the initial state. Thus, at
instant T after the beginning of illumination all centers are closed, i.e.,
a =1, but have two forms P*4A~ and P*A. After illumination almost all
P*A convert into open centers PA in time comparable with (1/kHZO)-
This transition causes a fast phase of change in @ and, consequently, in p.
Simultaneously, the main part (1 — ;) of the centers of the P*A™ type
convert into PA~. After this period of time, when kinetics is mainly
determined by the electron transport on the donor side of PSII, the
concentration of P* attains practically the equilibrium value. Then the
system relaxation proceeds only due to reverse electron transport in the
centers.

C. Reillumination. Consider now the relationship between the rates of
a change in the total fluorescence quantum yield [ps (£)] for the same
px (t')#p, after complete and partial adaptation of a sample to dark.
The problem is presented graphically in Fig. 5.

Let the system, being in the process of dark relaxation after a steady
state has been attained in light, be reilluminated withn the same
excitation irradiance. In this case the initial values (a7) and (p*a”) are
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Figure 5. Schematic curves of a change in quantum yield of total fluorescence

px(t) = p(8) + pg (¢) in samples completely px , (£) and partially py (¢} adapted to
dark.

not equal to zero, @ #&, and, correspondingly, p #p,;. The equation
describing the kinetics has the same form as before:

[oz(t—t') = pu]/[P(t)) = pu] =Rpy M* + RGN (9)

where t>t' and R},'Ez are the same as in Table I. From here the rate of
change in ps (¢}, i.e. px (¢) for a nonadapted sample at the moment of
turning on the light is equal:

Psn= 1Pz (t) —p=][Rog M + Ro N, ] (10)

The similar value for an adapted sample at the instant t=1" is
described by the expression

Pz,0= (1= o) (Rpp M + RE Dy o) (11)
Using (10), (11), and (9) for px (¢) we may show that

. : 1 p2 At A,
Ps,n — Pz _ (?\1 _)\2 )sz sz; (—6 1t et )
. - [N 2 A, F

Pr.a N Rpg et + ARy et

>0 (12)

since the product (A, — A, )R'R? is positive and (—e™ '+ M) as well as
the denominator in the right-hand side of (12) are always negative.

Thus, we see that for py (t') #p, the rate of change of pg (£) in an
adapted sample is always less than in a nonadapted one. A simple
calculation shows that at a; =0.1, L=0.9, IEL/ka =1.1 and
t'=(1/km,0) the left-hand side of (12), is, approximately, 10% whereas
at oy = 0.5 it is as high as 120%.
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Multicentral Model
Initial Equations

The system of equations corresponding to this model is of the form [17]
(6") = [LeL(1—a) —ko(p"a™)] /(1 — L) = Zn0 (b*) + huo  (18.1)

(@7) = [JeL(1 — ) — ko(p*a)] /|1 — La] (13.2)
(p*a™) = [TeL(1 —a) —ko(p*a™)] /(1 — La) = Zu,o (p*a”) + k_p,0(a”)
(13.3)
a=(p*) +(a’)—(p'a’) (13.4)
The dependence of fluorescence yield on « is nonlinear [6, 7]:
P = pof(1—La) (14)
Delayed fluorescence intensity is expressed as
Fg = MQpko(p*a”) (15)
and, correspondingly, its quantum yield
pa = p ko(p*a”)/le (16)

where M is the number of PSU of the multicentral type in a volume unit
and Q is the number of the reactive center in one PSU.

Properties of the System under Consideration

A. Light Stage. Using (13), we see that the dependence of steady-state
values of (p*), (a7), (p*a”), and & on excitation irradiance (/) is the same
as for unicentral model (see Table I). The sum of prompt and delayed
fluorescence quantum vyields in a steady state is equal to .. as before.
The character of pg; and pg change depending on I as shown in Fig. 4.

At low excitation irradiances when (p*) does not deviate from its
equilibrium value (feL/km,0 < 0.01) during the transition period, i.e.,
when the expressions (p*) = oy, (p*a”)=a; (a7), and =0y +(1 — ;)
(a7) are valid, p and pg increase only owing to the rise in concentration
of the reduced acceptor. In this case equation (13.2) transforms into

-y —eL(1 =) [1— (a7)] — kot (a7)
@) 1—Loy —L(1—ay)(a”) (17)
From here the relationship between (a7) and ¢ follows:

@h{@)+ @) - gty WS e g)

The curves p(¢) and F,(£) corresponding to this case are shown in Fig. 6.
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Figure 6. Theoretical curves of a change in quantum yield of prompt and in intensity
of delayed Fgy fluorescence in weak light. (feL/ky o) = 0.01. The rest of the
calculated parameters are the same as in Fig. 2.

If the excitation 1rrad1ance is sufficiently high (feL/knp > 10), the
equalities [(p*) — ;] =(a”) = (p*a”) = « — «; are valid on time interval
T'<(0.1/ky,0) after the onset of illumination, i.e., nonequilibrium
values of these parameters change proportionally. Then, for example, for
(a7) equation {13.2.) becomes

) ={IeL[1—a; — (7))} /{1~ Loy —L(a7)] (19)

with corresponding solution

1L 1—a,—(a)
(a™)— 7 In I a,

= Jet (20)

where (a7) acquires the values between zero and (1 — o ).

Over the range of excitation irradiances from 0.01 to 10/eL/ky 0 the
kinetic behavior of p and F; can be more complicated. Thus, over the
range IeL ~ ky o the end stage of the p(f) curve may have the “‘tail”
(Figs. 8,9, and 12); when (leL/ky o) =~ (0.01-0.05) the curves Fy (t) are
multiphase (Fig. 7).

B. Dark Stage. Under dark condition system (13) becomes

BY) = — ko(p*a )[(1 — Lo) — Ty (p*) + k_n0 (
(@) = —ko(p*a") /(1 — Lo (
pra) = — ko(p*a™)/(1 — Lo — Zuo(pa )y +tk_po(a’) (
a=(p*) + (@)~ (p*a) (
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Figure 7. The same as in Fig. 6 at (IeL/ky,0) = 0.07 and 0.1.
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Figure 8. The same as in Figs. 6 and 7 at (TeL/kp,0) = 1.1.
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Figure 9. The same as in Figs. 6, 7, 8 at (JeL/ky,0) = 10.
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Since ko< kpy o the terms containing kg, in (21.1) and (21.3) may be
neglected on time interval 0 + (10kp,0) after turning off the light. In this
case the solution of system (21) is determined by the equations

®") = [(pT) o] e ¥HO! + (22)
(@)= (a)r
(p'a’) = [(p*a )y —~ay(a’)r] €O + ey (a7)r
a=log—a — (L—0a)(@)r] e *HO + (1 —y) (@ )7 + oy
where subscript T denotes the values of corresponding parameters at the
moment of turning off the light. If we substitute the expressions for a

and (p*a”) from (22) into (14) and (15), the following time dependences
of p and F, are obtained:

Po
11— Loy — L{for — oy — (1 — ) (@)r] e PHO + (1 — oy ) (a )7}
(23)

P

Fa = MQpoko

[(p*a)r —ay(a7)r] e O +ay(a)r

L — Loy — L{[ar — oy — (1 — o) (a7)r] e7*HOf + (1 —ay) (7)1}

(24)
After ¢ ®H;0' becomes zero, system (22) takes the form
(pi) =0y
(@)=(a)r (25)

(pTa7) = ay(a)r

a=cg+(1-ay)(@)r

where further relaxation of (¢7) and, consequently, of (p*a”) and «
proceeds in conformity with the equation

(@) = ko (a7)/[1 — Ly — L(1 — o) (a)] (26)
having the following solution:
L(1—a)[(@ )7 —(a7)] + (1—Lay) In [(@ )@ )r] = koot (27)

In the same way the values (a”), (p*a”), and « change after the steady
state is attained in light. Figures 10 and 11 present the corresponding
plots of p and F; after turning off the light.

Thus, after non-steady-state conditions of excitation, a change of p
(or, to be more exact, of &) and F; with ¢ follows two-phase curves. The
fast phase of the curve Fy; is caused by a sharp decrease in concentration
of double-charged centers in the process of P* reduction by the water
decomposition system. On the curve p(¢) this is caused by the transition
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Figure 10. Change of p and F, in dark after non-steady-state excitation conditions
{feL/ky,0) = 50 T=(0.08/ky o). The inset shows the initial stages of p and Fy
changes. The rest is the same as in Fig. 2.

of the P*A4 centers to an open form (for details see the discussion of
kinetics in terms of the unicentral model). After the attainment of
near-equilibrium concentration of P* the further relaxation in the system
takes place owing to reverse electron transfer in double-charged centers,
whose concentration is expressed as (p*a”) =a;(a”), with subsequent
expenditure of energy through delayed fluorescence and its consumption
in chlorophyll a molecules on heating. An extremely long relaxation of
(a7) towards the initial (dark) state is in many respects connected with
the fact that the energy of singlet-excited molecules of PSU pigment
matrix is repeatedly using in open reactive centers for electron transfer.
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v 5000 Kyt 10000

Figure 11. The same as in Fig. 10 after steady-state excitation conditions.
IeL/kp,o = 0.01. The inset shows a change of Fy in a larger scale and in
semilogarithmic coordinates.
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Figure 12. Theoretical curves of a change in Pz (3) after complete (1) and partial
(2, 3, 4) adaptation to dark. The dashed line near curve (1) shows the initial stages of
px () change in partly adapted samples (parallel transfer of the initial sections of
curves 2, 3 and 4 along the absciss axis). 7,,, is time during which px (¢) changes by
1/2 of Apymax . Calculated at k_p,0= kn,05 Te(L/kp,0) = 1.2; L = 0.9; ko = 0.01
kH O-

B. Reillumination. Figure 12 presents the calculated curves ps (1)
corresponding to partial and complete adaptation of a sample to dark.
Here we deliberately consider a somewhat unusual case, setting o;; = 0.5
for the calculation of these curves. This case vividly shows that the slope
of the curves pyx (¢) obtained after repeated illumination may be several
times that of the corresponding sections of the curve py (¢) observed
after complete adaptation to dark. This is accompanied by a sharp
reduction in time during which the value pg (¢} changes by 1/2 of
Aps max. All this, as we have already seen, is due to the fact that under
the conditions of dark adaptation a part of the reactive centers has the
P*A form. At excitation irradiances JeL =~ kp,o the values considered
vary during a time interval commensurate with (1/kg o). Therefore, at the
instant of turning off the light two processes take place simultaneously:
closing of the centers of the PA type due to electron transfer from P to
A and opening of the centers of P*A type due to motion of electrons
toward P* from the water decomposition system. The contribution of
the second process depends to a large extent on the degree of A~
reduction. Under the condition of complete dark adaptatlon, (a” )eq =0,
so that the concentration of centers in the P*4 form is 2 maximum.
Therefore the “tail” in the curve py (¢) is also 2 maximum.
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Figure 13. The normalized curves of a change in concentration of a primary acceptor
(a7) reduced form and of a variable part of fluorescence quantum yield Ap at the
instant of turning on the light.JeL/ky,o = 0.1.The rest is as in Fig. 2.

C. Relationship between Time Dependence of p and (a”). Consider the
relationship between changes in fluorescence quantum vyield and the
degree of reduction of the electron primary acceptor. Figures 13-15 are
typical examples of the dependences in question. In Fig. 13 we see that
at the instant of turning on the light (a™) changes with time much faster
than p. A deviation is observed at very intensive excitation irradiances at
final stages of (¢7) and p variations (Fig. 14) when the rate of primary
acceptor reduction is limited by the rate of electron arrival from the
water decomposition system. On the contrary, after turning off the light
p decreases faster than (a7 )(Fig. 15).
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Figure 14. The same as in Fig. 13 at IeL/ky,0 = 50.
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Figure 15. Kinetics of a change in semilogarithmic coordinates of primary accept (a”)
reduced form, of variables parts of prompt (p —p; ) and total (py — p;) fluores-
cence in dark after the attainment of a steady state of the system in the light.

The above relationships between changes of p and (¢7) with time
when light is turned on or turned off are due to the multicentral type of
photosynthetic unit arrangement with nonlinear relationship between p
and (a”). In our calculations this follows from formula (14).

It should be noted that in a number of papers [20, 21] similar
dependences between the curves of a change in fluorescence quantum
yield and signal value C-550 assigned to the reduced form of a PSTI
primary acceptor are considered to be a proof of the fact that the
oxidized form of an electron donor P* quenches fluorescence. If C-550
does belong to the primary acceptor of PS 1I, the relationship between
the curves in question correlates qualitatively with those shown in Figs.
13 and 14 and, therefore, in no way testifies to the quenching effect of
the oxidized form of a primary doner P*. The conclusion drawn in
[20, 21] on the quenching effect of P* is based on the assumption of
linear dependence of fluorescence quantum vyield on the fraction of
closed centers.

Conclustons

The above analysis shows in what cases prompt and delayed fluorescence
vary in accordance with a change in the degree of acceptor reduction and
donor oxidation and when both these components of the reactive centers
are equally important [22]. Thus, stationary values of 055 Pg,st OF Fg st
completely depend on the degree of primary acceptor reduction since
(p*)se = const. A similar situation is observed at the instants of turning
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on and off the light with low excitation irradiances Je L < 0.1Te L(p+) (see
Fig. 2) as well as after illumination with light of any irradiance if a
steady state was attained during illumination. A fast decrease of o and
(p*a”) in dark after a short pulse of high power and a change of (p*a”)
and pg or Fy in light from maximum to steady-state value are caused
only by a variation in the degree of donor oxidation whereas (a7) is
practically constant. When light of high power is turned on
[feL > 10Ie L(p+,+9 the phase of an increase in (p *a™}(Fa, pq) as well as
in @ and p is observed with a simultaneous alteration of the degree of
acceptor reduction and donor oxidation. The irradiance range from
0.1IeL to 10Ie Lp, where the curves py (t) and p(t) are two-phased, is a
transition range from the region where kinetics of px () and p(¢) growth
is determined by the degree of primary acceptor reduction only to the
region where it becomes dependent on the degree of primary donor
oxidation as well.

At the same time the analysis shows that two following trends in
kinetics of chlorophyll a fluorescence with Ay .y = 6854y, in tissues of
plants and green algae observed experimentally may be explained
without additional assumptions: (1) the fact that it is impossible to
convert all the centers into a closed state using a single saturation pulse
with a microsecond duration [23]. (2) the fact that in the presence of
DCMU or at temperature below 0° C the curves p(t) or px (t) for samples
partly adapted to dark go up much faster than the corresponding
sections of the curves in the samples completely adapted to dark
[23, 24].

All this can be explained only by the existence of a measurable
number of the reactive centers in the P*4 form under the condition of
dark adaptation.

References

1. E.M. Sorokin, Fiziol. Rast. 20 (1973) 733-741 [English transl. Sov. Plant
Physiol, 20 (1974) 617-623].

. R. Lumry, B. Mayne, and ].D. Spikes, Discuss Faraday Soc., 27 (1959)
149-160.

. A. Joliot and P. Joliot, C. R. Acad. Sci. Paris, 258 (1964) 4622-4625.

W.J. Vredenberg and L.N.M. Duysens, Nature, 197 (1963) 355-357.

. S. Malkin and B. Kok, Biochim. Biophys. Acta, 126 (1966) 413-432.

A.Yu Borisov, Dokl Akad. Nauk. USSR, 173 (1967) 208-211.

R.K. Clayton, J. Theoret. Biol, 14 (1967) 173-186.

. P. Joliot, A. Joliot and B. Kok, Biochim. Biophys. Acta, 153 (1968) 635-652.

L.A. Tumerman and E.M. Sorokin, Mol Biol. USSR, 1.(1967) 628-638.

. E.M. Sorokin, Fiziol Rast, 18 (1971) 874-885; [English transl. Sov. Plant
Physiol., 18 (1972) 741-750].

. P. Joliot, P. Bennoun and A. Joliot, Biochim. Biophys. Acta, 305 (1973)
317-328.

—
SVENR G N

[
—



LUMINESCENCE AND ELECTRON TRANSPORT IN PHOTOSYSTEM II 159

i2.
14.
15.
16.
17.

18.

19

20.
21.

22.

23.
24.

G.W. Robinson, Brookhaven Symp. Biol, 19 (1967) 16-48. 13. C. Doring, H.H.
Stiehl and H.T. Witt, Z. Naturforsch., 22b (1967) 639-644.

R.K. Clayton, Proc. Nat. Acad. Sci. U.S.A4., 69 (1972) 44-49.

W.E. Arthur and B.L. Strehler,Arch. Biochim. Biophys, 70 (1957) 507-526.

J. Lavorel, in Progress in Photosynthesis Research, Metzner, H., ed, T.H. Laupp,
Jr, Tibingen (1969), Vol. 11, pp. 883-898.

E.M. Sorokin, Fiziol Rast., 20 (1973) 978-987; [English transl. Sov. Plant
Physiol., 20 (1974) 832-840] .

E.M. Sorokin, Photosynthetics, 8 {1974) 221-227.

E.M. Sorokin, J. Bioenergetics, 6 (1974) 27-39.

W.L. Butler, Acc. Chem. Res., 6 (1973) 177-184.

W.L. Butler, ].W.M. Visser and H.L. Simons,Biochim. Biophys. Acta, 292 (1973)
140-151.

L.N.M. Duysens and H.E. Sweers, in Microalgae and Photosynthetic Bacteria,
special issue of Plant Cell Physiol. University of Tokyo Press, Tokyo (1973),
pp- 353-372.

P. Joliot and A. Joliot, Biochim. Biophys. Acta, 305 (1973) 302-316.

W.W. Doschek and B. Kok, Biophys. J., 12 (1972) 832-838.



