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Evidence for slow turnover in a fraction of Photosystem Il complexes
in thylakoid membranes
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We used two different techniques to measure the recovery time of Photosystem II following the transfer of a
single electron from P-680 to Q, in thylakoid membranes isolated from spinach. Electron transfer in
Photosystem II reaction centers was probed first by spectroscopic measurements of the electrochromic shift
at 518 nm due to charge separation within the reaction centers. Using two short actinic flashes separated by
a variable time interval we determined the time required after the first flash for the electrochromic shift at
518 nm to recover to the full extent on the second flash. In the second technique the redox state of Q, at
variable times after a saturating flash was monitored by measurement of the fluorescence induction in the
absence of an inhibitor and in the presence of ferricyanide. The objective was to determine the time required
after the actinic flash for the fluorescence induction to recover to the value observed after a 60 s dark period.
Measurements were done under conditions in which (1) the electron donor for Photosystem II was water and
the acceptor was the endogenous plastoquinone pool, and (2) Q 4o, the Fe2™ near Q,, remained reduced and
therefore was not a participant in the flash-induced electron-transfer reactions. The electrochromic shift at
518 nm and the fluorescence induction revealed a prominent biphasic recovery time for Photosystem II
reaction centers. The majority of the Photosystem II reaction centers recovered in less than 50 ms.
However, approx. one-third of the Photosystem II reaction centers required a half-time of 2-3 s to recover.
Our interpretation of these data is that Photosystem II reaction centers consist of at least two distinct
populations. One population, typically 68% of the total amount of Photosystem II as determined by the
electrochromic shift, has a steady-state turnover rate for the electron-transfer reaction from water to the
plastoquinone pool of approx. 250 e~ /s, sufficiently rapid to account for measured rates of steady-state
electron transport. The other population, typically 32%, has a turnover rate of approx. 0.2 e ~ /s. Since this
turnover rate is over 1000-times slower than normally active Photosystem II complexes, we conclude that the
slowly turning over Photosystem II complexes are inconsequential in contributing to energy transduction.
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The slowly turning over Photosystem II complexes are able to transfer an electron from P-680 to Q,
rapidly, but the reoxidation of Q, is slow (¢, ,, = 2 s). The fluorescence induction measurements lead us to
conclude that there is significant overlap between the slowly turning over fraction of Photosystem II
complexes and PS II; reaction centers. One corollary of this conclusion is that electron transfer from P-680
to Q, in PS II; reaction centers results in charge separation across the membrane and gives rise to an

electrochromic shift.

Introduction

In normally functioning Photosystem II com-
plexes electrons from H,O reduce bound plasto-
quinone resulting in the release of plastoquinol
into the hydrophobic region of the thylakoid
membrane [1-3]. The two-electron reduction of
plastoquinone requires two sequential photochem-
ical reactions and involves two bound quinones,
Q, and Qg, operating in series. In reaction centers
in which Q, and Qy are initially oxidized the first
light reaction drives an electron from P-680 to
pheophytin, which in turn reduces Q, creating a
relatively stable charge separation across the
membrane. Subsequently, the electron on Q, equi-
librates between Q, and Qg with the state of
electron sharing favoring Qg. In the second light
reaction an electron is transferred over the same
path to Qg and together with two protons results
in the reduction of Qg to QH,. Plastoquinol then
debinds from Photosystem II leaving the Qpg-site
available for oxidized plastoquinone. The steady-
state turn-over rate of normally functioning Pho-
tosystem II complexes is typically 200-300 ¢ /s
indicating that each Photosystem II complex must
on average turn over every few ms.

While this view of Photosystem II is sufficient
to account for a vast number of observations there
are various elements of Photosystem II that ex-
hibit heterogenous behavior not easily accounted
for by the above model [4-12]. These elements
include Q,, Qg, Qg (the Fe?* located near Q,),
cytochrome 5-559, and the antenna system serving
the reaction centers (reviewed in Refs. 1, 2 and
13). The observed heterogeneity has prompted di-
verse models of Photosystem 11, several of which
include a fraction of complexes that appear to be
inactive when compared to the normally function-
ing complexes [5-7,9-12). Lavergne {6,7] investi-
gated the Qg-site of Photosystem II by fluores-
cence measurements and concluded that Photosys-

tem II is divided between Qp and non-Qg type
reaction centers. He proposed that a fraction of
the reaction centers do not transfer an electron
from water to the plastoquinone pool at physio-
logical rates. In an earlier study Thielen and Van
Gorkom [5] measured fluorescence properties in
PS 11, and PS II; centers and concluded that the
reduction of Qg in PS Il; did not occur by the
two electron process. Furthermore, Van Gorkom
suggested that electron transfer from P-680 to Q,
in PS II; may not be electrogenic [2]. The notion
that PS Il centers may be impaired in electron
transfer from Q, to Qg has recently been sup-
ported by Melis [9] who measured fluorescence
induction in thylakoid membranes in the absence
of inhibitors and the presence of ferricyanide. He
concluded that PS I centers do not transfer
electrons rapidly to the plastoquinone pool. Fur-
ther evidence for functionally different reaction
centers is provided by recent results from Graan
and Ort [10] who measured the concentration of
Photosystem II complexes by the flash-induced
yield of protons using different electron acceptors
and by the number of Qg-sites capable of binding
the inhibitor terbutryn. They found that certain
halogenated benzoquinones increased the number
of Photosystem II complexes detected by flash-in-
duced turnover and concluded that approx. 40%
of the Photosystem II complexes do not transfer
electrons to plastoquinone at physiological rates in
thylakoid membranes.

In this work our interest centers on the func-
tional heterogeneity of photosystem II in thylakoid
membranes. We have investigated this problem by
probing the turnover time of photosystem II in
which H,O is the electron donor and endogenous
plastoquinone the electron acceptor. The objective
was to measure the reoxidation time of Q, subse-
quent to a saturating flash by monitoring the
electrochromic shift at 518 nm and the fluores-
cence induction. Our data indicate that in 32% of
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Photosystem II complexes in thylakoid mem-
branes the reoxidation half-time of Qj is 2 s,
1000-times slower than normally active Photosys-
tem II complexes. Below we discuss these observa-
tions in the context of previous explanations of
Photosystem II heterogeneity and examine the
extent of the overlap between the inactive Photo-
system Il complexes described here and PS II,
centers. We identify at least a fraction of the
inactive Photosystem II complexes with PS I,
which offers a resolution of the controversy sur-
rounding the amount of Photosystem II present in
thylakoid membranes [5-7,9-12]. Based on the
electrochromic shift we calculate that the ratio of
rapidly turning over Photosystem II to PS I is
1.1+0.1.

Preliminary accounts of this work have been
presented [11,12].

Materials and Methods

All experiments were carried out using thylakoid
membranes isolated from market spinach
(Spinacia oleracea) as described elsewhere [14].
The chlorophyll concentration was determined in
acetone/water (4:1) using the extinction coeffi-
cients for chlorophyll a and chlorophyll b at 664
nm and 647 nm determined by Ziegler and Egle
[15]. The thylakoid membranes were stored on ice
in a medium containing 0.2 M sorbitol, 5 mM
Hepes-KOH (pH 7.5), 2 mM MgCl,, 0.5 mg per
ml bovine serum albumin (essentially fatty acid
free) and used for experiments from 1 to 5 h after
isolation.

For spectrophotometric measurements at pH
8.0 the thylakoid membranes were suspended in a
reaction medium containing 0.1 M sorbitol, 30
mM Tricine/KOH (pH 8.0), 20 mM KCl, 2 mM
MgCl,, 0.1 mM methyl viologen. Other additions
are indicated in the legends. Gramicidin D or
valinomycin (Sigma, St. Louis, MO), when pre-
sent, were added from stock solutions in ethanol
so that the volume of ethanol in the reaction
mixture never exceeded 0.1%. For spectrophoto-
metric measurements made at lower pH values the
Tricine was replaced by either Hepes or Mes as
indicated in the legends. The flash-induced ab-
sorbance changes were signal averaged to improve
the signal-to-noise ratio. Samples were changed so

that the thylakoids received less than 100 actinic
flashes. The pathlength of the measuring beam
was 1 cm. All measurements were done using
samples thermostatted at 18°C.

Absorbance changes were measured using a
laboratory-built spectrophotometer. The measur-
ing beam was produced by a 55 W tungsten-halo-
gen lamp and was blocked by an electronic shutter
to prevent photochemical reactions prior to re-
cording traces. The half-bandwidth of the measur-
ing beam was 4 nm. The shutter was opened
between 50 and 200 ms prior to the actinic flash.
Actinic flashes were produced by a xenon flash
lamp (FX-193 Electric Optics) filtered by a red
blocking filter (Corning Glass Works, Corning,
NY, CS-2-58) directed through one of three light
guides at right angles to the measuring beam. The
half-peak width of the actinic flash was 6 ps,
which produced less than 8% double hits as com-
pared to a 0.5 ps duration laser flash. For all the
measurements shown here the actinic flash was
saturating. The photomultiplier tube (EMI 9634
QR, Thorn-EMI, Plainview, NY) was protected
from the actinic flash by a blocking filter (CS-4-96,
Corning Glass Works, Corning, NY) and a broad
band interference filter (DT-Gruen, Balzers, Rolyn
Optics, Arcadia, CA). The absorbance changes
were recorded using a Biomation Waveform Re-
corder (Model 805, Biomation Corporation,
Cupertino, CA) and stored in a Nicolet Signal
Averager (Model 1174, Nicolet Instrument Corp.,
Madison, WI).

The oxidation state of P-700 in the presence of
the far-red background light was measured using a
modified DW2c¢ spectrophotometer (SLM /
Aminco, Urbana, IL) as described elsewhere [14].

Far-red background light, when used, was pro-
duced by a 250 W tungsten-halogen lamp filtered
by a combination of a 730 nm interference filter
(10 nm half-bandwidth, Corion), a red blocking
filter (CS 2-58, Corning) and a heat absorbing
filter (CS I-57, Corning). The intensity of the
far-red light was measured using a YSI Model
65A Radiometer (Yellow Springs, OH).

Fluorescence measurements were done using a
laboratory-built fluorimeter and recorded using a
Nicolet Signal Averager (Model 1174, Nicolet In-
strument Corp., Madison, WI). Actinic light was
provided by a 250 W tungsten-halogen lamp



filtered by Corning CS 4-96 and CS 3-96 blocking
filters. Fluorescence intensity was detected by a
photomultiplier tube (EMI 9558 QA, Thorn-EMI
Corp., Holliston, NY) protected from exciting light
by a Corning CS 2-58 blocking filter and a Schott
630 blocking filter.

Results

A,

In the reaction centers of thylakoids a short
actinic flash drives an electron across the mem-
brane creating an electric field which causes a
shift in the absorption spectrum of carotenoids
and chlorophyll that can be monitored by a rapid
absorbance increase at 518 nm [16,17]. In Photo-
system II the transmembrane charge transfer is
accounted for by electron transfer from P-680 to
pheophytin to Q, [18]. In Photosystem I the
transmembrane charge transfer is accounted for
by electron transfer from P-700 to chlorophyll a
[19,20]. In the experiments described in this sec-
tion we measured the extent of the rapid ab-
sorbance increase at 518 nm induced by a short
flash in order to determine the number of reaction
centers capable of transferring an electron across
the membrane to a stable acceptor. The objective
was to measure the turnover activity of the reac-
tion centers by determining the time required sub-
sequent to a saturating flash for 100% recovery of
the signal [21,22]. The principal experiment was to
illuminate thylakoids with two actinic flashes sep-
arated by a vanable time and to compare the
extent of the rapid absorbance increase at 518 nm
due to the second flash to that due to the first
flash. A typical example of the gramicidin-sensi-
tive absorbance change at 518 nm induced by two
flashes separated by 200 ms for the electron-trans-
fer reaction from H,O to methyl viologen is shown
in Fig. 1. The extent of the gramicidin sensitive
A A induced by the second flash was 0.80 +
0.015 of that induced by the first flash. This result
indicates that 200 ms after a saturating flash ap-
prox. 20% of the reaction centers observed in the
first flash were unable to create a stable charge
separation across the membrane. Prior to the first
flash the thylakoid suspension was dark adapted
for 30 s.

The gramicidin-sensitive A A, defined as the
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Fig. 1. The gramicidin-sensitive absorbance change observed at
518 nm in spinach thylakoids due to two different flashes. The
figure shows two kinetic traces superimposed in order to
compare the extent of the rapid absorbance increase. The trace
labeled first flash was measured after a 30 s dark period. The
second flash was given 200 ms after the first flash. Each trace
is the absorbance change observed in the absence of gramicidin
minus the absorbance change observed in the presence of
gramicidin. Each trace is the average of 80 runs measured at an
instrument response time of 100 ps. The thylakoid membranes
were suspended at a chlorophyll concentration of 30 pM in a
reaction medium that contained 0.1 M sorbitol, 30 mM Tri-
cine/KOH (pH 8.0), 20 mM KCl, 2 mM MgCl,, 0.1 mM
methyl viologen, and 10 pg/ml gramicidin when present. See
text for further details.

flash-induced AA; measured in the absence
minus that measured in the presence of gramici-
din, was measured in order to monitor the electro-
chromic shift without interference from other
light-induced absorbance changes {21,23]. The
gramicidin-sensitive fraction of the signal is typi-
cally 85-95% of the absorbance change observed
in the absence of gramicidin. In this work we
assume that the gramicidin-sensitive flash induced
A A, is linearly proportional to the electric field
across the membrane [17], a reasonable assump-
tion when the electric field is created by one or
two flashes given to dark-adapted thylakoids.
The time required for full recovery of the reac-
tion centers subsequent to a flash was determined
by changing the time between the two flashes (Fig.
2). The data reveal a prominent biphasic recovery;
77% of the AAs,, signal recovers within 100 ms
(time-course not resolved), while the remaining
23% of the AAyq signal recovers with a half-time
of 1.8 s. On average we found 80% of the A4,
recovered faster than 50 ms after a flash. The total
flash-induced absorbance change at 518 nm ex-
hibits essentially the same characteristics as shown
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Fig. 2. Recovery of the gramicidin-sensitive, flash-induced
absorbance change at 518 nm in thylakoids as a function of the
time between the first and second flash. The recovery of A5,
is defined as the extent of the rapid absorbance increase due to
the second flash divided by the extent of the rapid absorbance
increase due to the first flash. An example is shown in Fig. 1.
Experimental conditions and the reaction mixture were the
same as described in the legend of Fig. 1. The error bars
represent the estimated standard deviation.
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here for the gramicidin-sensitive fraction {11,12].
Table I shows that the average amount of the
slow-recovering A A, was 20 4+ 3% with an aver-
age half-time of 2.3 + 0.5 s, whereas 80 + 3% of
the A 4, recovered faster than 200 ms. The possi-
bility that the transmembrane electric field created
on the first flash reduced the amount of stable
charge transfer on the second flash is unlikely,

TABLE 1

SUMMARY OF THE RECOVERY OF A4, AT pH 8.0
FOR DIFFERENT THYLAKOID PREPARATIONS

The extent of the A4y (2nd flash) was determined between
100 and 200 ms after a flash. The extent of AAgg (Ist flash)
was determined 30 s after a flash. Experimental conditions
were identical to those described in Figs. 1 and 2, except in
some experiments the total AAgy was measured rather than
the gramicidin-sensitive fraction. There was no observable
difference between the two cases. The uncertainty shown is the
standard deviation. The intensity of the far-red light was
45-100 W /m?,

Number Range Average
of thylakoid
preparations
Asig Qndflash) ) 74 -85% 80 +3%
AAgyg (st flash)
AAgq (slow recovery) 16 15 -26% 20 +3%
!y ;p (slow recovery) 5 18- 30s 23+05s
AAg g +1ar-red light 5 40 -44% 42 +1%

since the decay half-time of the transmembrane
electric field was 400-600 ms (data not shown)
and the recovery time of the slowly recovering
AA,, was 2 s (Fig. 2).

In order to determine the contribution of Pho-
tosystem Il to the gramicidin-sensitive A4, in
the reaction from H,O to methyl viologen,
thylakoids were illuminated with continuous far-
red light to oxidize P-700 so that the observable
A A, was due solely to Photosystem 11. We found
that the slowly turning-over reaction centers
saturated at far-red light intensities greater than
50 W/m’ and were therefore unable to turnover
in a short flash (see Ref. 11 for a detailed discus-
sion). Therefore, in the presence of far-red back-
ground light the A A;,, is due to the rapidly turn-
ing over fraction of Photosystem II. The rapidly
turning over Photosystem II complexes accounted
for 42 +1% of the control AA.,, induced by a
short flash in the electron reaction from H,O to
methyl viologen (Table I).

In Fig. 3 the pH dependence of the recovery of
the gramicidin-sensitive AA4;, using a single
thylakoid preparation is shown. We found that the
extent of the recovery, measured between 50 and
200 ms after a flash, was nearly pH independent.
We compared the recovery of the A, at pH 6.5
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Fig. 3. pH dependence of the recovery of the gramicidin-sensi-
tive, flash-induced absorbance change at 518 nm in thylakoids.
The recovery was determined as described in fig. 2, except the
second flash was given between 50 and 200 ms after the first
flash. The reaction conditions were the same as described in
Fig. 1 except the pH was titrated to the value indicated. At pH
6.5 the buffer was Mes, and at pH 7.0 and 7.5 the buffer was
Hepes rather than Tricine. The thylakoids were incubated in
the reaction medium for at least 3 min prior to the measure-
ments.



and 8.0 for five different thylakoid preparations.
At pH 8.0 the average recovery was 77 ¥ 5% and
at pH 6.5 the recovery was F6%. At pH 6.5 the
half-time for the recovery of the slowly turning
over fraction was 3 s [11].

Attempts to determine the effect of 2,6-di-
chloro-p-benzoquinone on the oxidation rate of
Q. measured by the AA,; due to the second
flash were unsuccessful. This was likely due to
partial oxidation of P-700 by 2,6-dichloro-p-ben-
zoquinone, which resulted in a variable extent of
AAs.

Fluorescence induction

Fluorescence induction measurements in
thylakoids consists of determining the chlorophyll
fluorescence yield as a function of time during
continuous illumination. The fluorescence yield is
a sensitive function of the redox state of Q,, and
is used here to determine the oxidation kinetics of
Q. [24,25]. Early studies of fluorescence induc-
tion using thylakoids in the presence of fer-
ricyanide and the absence of a Q site inhibitor
revealed a small induction phase labelled F,,
where F, 1s the fluorescence at plateau level [24].
We determined the effect of pretreating thylakoids
with a single turnover flash upon the F,; fluores-
cence induction kinetics. The objective was to

FLUORESCENCE -

TIME

Fig. 4. Fluorescence induction in thylakoids measured at vari-
ous times after a short actinic flash. AT is the dark time
between the short flash and the onset of fluorescence induction
driven by continuous light. F; is the initial fluorescence inten-
sity observed immediately upon illumination by the continuous
light. F, is the fluorescence itnensity measured 100 ms after
the onset of the continuous flash minus F,. The experimental
conditions were identical to those described in Fig. 1, except
MgCl, was present at 5 mM and 0.25 mM ferricyanide was
present. (a) Fluorescence induction measured after a 60 s dark
period. (b) Fluorescence induction measured 1 s after a short
actinic flash. (c) Fluorescence induction measured 200 ms after
a short actinic flash.
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Fig. 5. Recovery of F,/F, plotted as a function of the time

(AT) after a short actinic flash. F, /F, was determined as in

Fig. 5. The y-axis is F, /F, measured at the time AT after the

short flash divided by F, /F, measured after a 60 s dark time.

See Fig. 5 and the text for further details. Experimental condi-
tions were identical to those described in Fig. 5.

measure the recovery time of the reaction centers
giving rise to the F,; fluorescence induction subse-
quent to an actinic flash. The experiment was
stmilar to that done by Owens and Joliot
(presented in Ref. 24) and consisted of measuring
the fluorescence induction kinetics for thylakoids
in the presence of ferricyanide and in the absence
of an inhibitor (Fig. 4). In Fig. 5 the recovery of
the F,, fluorescence plotted against the time be-
tween the actinic flash and the onset of the flu-
orescence induction kinetics is shown. The half-
time required for full recovery was 3 s. Fluores-
cence induction measurements showed that Q,,
remained reduced even in the presence of 0.25
mM ferricyanide because the sample was exposed
to a flash every 60 s. The oxidation of Q,, in the
presence of 0.25 mM ferricyanide is several
minutes (data not shown).

Discussion

We interpret the slowly recovering phase of the
flash-induced electrochromic shift as due to a
fraction of reaction centers that require several
seconds recovery time before they are capable of
turning over a second time. The data reveal that
on average, 20% of the reaction centers in thylakoid
membranes require 2.3 s recovery time subsequent
to a short flash before they are capable of turning
over a second time. Firstly, we conclude that the
slowly recovering phase of the A A5, is not due to
Photosystem 1 reaction centers because the flu-
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orescence induction due to Photosystem Il mea-
sured in the presence of ferricyanide and in the
absence of Qy site inhibitor reveals a slowly turn-
ing-over fraction of Photosystem II reaction
centers with a recovery half time of approx. 3 s.
Secondly, we showed elsewhere that the A4,
measured under conditions where only Photosys-
tem II could turn over exhibits a slowly turning-
over component. These experiments were done
using thylakoid membranes in the presence of
ferricyanide and far-red background light that tot-
ally oxidized P-700, thereby preventing the flash-
induced turnover of Photosystem I [11].

The amount of the slowly turning-over Photo-
system II can be calculated from its contribution
to the gramicidin-sensitive AAq,,. Since on aver-
age 20 4+ 3% of the gramicidin-sensitive AAs,, is
due to slowly recovering Photosystem 11 complexes
and 42% is due to rapidly turning over Photosys-
tem Il complexes these measurements indicate
that 32 + 3% of the total Photosystem Il exhibits
slow recovery kinetics. According to these data,
38% of the gramicidin-sensitive AA;, is due to
the Photosystem I. Therefore, the ratio of rapidly
turning-over Photosystem II to total photosystem
I based on the AAg, is 1.1 +0.1. This ratio is
within the range of values we determined in an
earlier study for the ratio of active Photosystem II
to Photosystem 1 [14]. In the present analysis we
have assumed that charge transfer in the slowly
turning-over complexes spans the membrane. This
assumption may not be correct in which case the
contribution of slowly turning-over complexes may
be larger than is indicated by the electrochromic
shift.

The above interpretation of our data in terms
of two distinct groups of Photosystem II is based
on the assumption that in normally functioning
complexes after a single flash the equilibrium of
the electron between Q, and Qg favors Q,Qp
rather than Q, Qp, since Q, Qp would effectively
act as an inactive center during the second flash.
In other words, we assumed that the equilibrium
constant for the Q,Qg/Q.Qp reaction is large
[26-28]. Measurements by Robinson and Crofts
[25]. however, reveal a small apparent equilibrium
constant at pH 8 (K, near 6) that is strongly pH
dependent, increasing to a value of 20 at pH 6.5.
In contrast to the strong pH dependence de-

termined by Robinson and Crofts for the apparent
equilibrium constant for the Q, Q,/Q, Q5 reac-
tion, we found that the amount of slowly turning-
over complexes showed only a 10% change from
pH 6.5 to 8.5. We interpret this result to indicate
that the apparent equilibrium constant for active
Photosystem II complexes at pH 8.0 of Q. Qp/
QAQyp 1s 20 or larger, and as a consequence, the
active Photosystem II centers in the state Q,Qy
do not significantly contribute to the slowly turn-
ing-over complexes we observe.

Another factor that must be considered in in-
terpreting our results is the presence of Q,q
[29-31], which in the Fe'' state can act as an
additional electron acceptor in photosystem II. In
the experiments described here we selected experi-
mental conditions that maintained Q,, in the
reduced state so that it could not act as an elec-
tron acceptor.

Melis and Homann initially identified PS I,
by fluorescence induction measurements that they
interpreted in terms of two populations of Photo-
system II, PS II, and PS II; [32]. The PS II,
complexes have a smaller antenna size, and appear
to be located predominantly in stroma-exposed
membranes. Thielen and Van Gorkom [5] and
Lavergne [6,7] have suggested that PS Il centers
are impaired at the Qg-site and may not transfer
electrons efficiently to the plastoquinone pool.
Recently, Melis has also concluded that PS 11, are
inactive based on fluorescence induction measure-
ments done in the absence of inhibitor and the
presence of ferricyanide [9]. We investigated the
overlap between the inactive complexes and PS 11,
by measuring the recovery time of the fluorescence
induction after a saturating flash in the absence of
inhibitor and the presence of ferricyanide. Our
results show that the half-time for Q, reoxidation
1s the same as that determined using the electro-
chromic shift. If we assume, as argued by Melis,
that the fluorescence induction measured in the
absence of inhibitor and the presence of fer-
ricyanide is due to PS Il; centers [9], then our
data show a strong overlap between inactive com-
plexes and PS II,.

Conclusion

Two different probes of Photosystem II
turnover, the electrochromic shift and the fluores-



cence induction, each support the same conclusion
~ in thylakoid membranes Photosystem II exists
as two distinct populations: defined here as active
and inactive. The active complexes, comprising
68% of the total, are the normally functioning
Photosystem II complexes that turnover at high
rates (250 €7 /s) providing electrons for Photosys-
tem I. The inactive complexes comprise the re-
maining 32% and turn over 1000-times slower
than the active centers, 0.2 e”/s. The turnover
time of Photosystem II was determined by mea-
suring the recovery time after a flash of the elec-
trochromic shift and the fluorescence induction
measured in the absence of an inhibitor and the
presence of ferricyanide. The results show that the
reoxidation half-time of Q, after a flash is ap-
prox. 2 s in the inactive complexes. This conclu-
sion is applicable for thylakoid membranes iso-
lated from spinach under conditions where H,O is
the electron donor and endogenous plastoquinone
is the electron acceptor for Photosystem II and
either methyl viologen or ferricyanide is the elec-
tron acceptor for Photosystem I {11]. These experi-
ments were done under conditions where Q
remained reduced, so that complications due to an
additional electron acceptor near Q, do not apply
to our results [33]. We have measured approxi-
mately the same fraction of inactive Photosystem
II complexes in pea thylakoids (R. Chylla, W. Lee,
and J. Whitmarsh, unpublished data).

At present we are unable to identify the elec-
tron acceptor for reoxidation of Q, in the inactive
complexes. Among the possible acceptors are
plastoquinone at the Qpg-site turning over at a low
rate, plastoquinone at the quinol reductase site of
the cytochrome b/f complex, O,, or a back reac-
tion in Photosystem II to an unidentified acceptor.
The last possibility is supported by the fact that
the half-time for Q, reoxidation we determined

here for the inactive complexes is the same as the .

half-time determined for Q) reoxidation under
three different conditions where electron transfer
to Qy is impaired. (1) In the presence of DCMU,
which prevents plastoquinone from binding to the
Qy site, the half-time for Q. reoxidation is 2 s
[34,35]. Renger and Wolff [34] showed that the
reoxidation was altered by inhibition of water
oxidation and concluded the Q. reoxidation oc-
curred by a back reaction. (2) In a separate study
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Renger and Weiss [36] exposed thylakoid mem-
branes to trypsin which alters the Q site. Moni-
toring the reoxidation of Q, at 320 nm they
showed that the reoxidation half-time of Q, was
2.3 s in trypsin treated thylakoids or DCMU-in-
hibited thylakoids, this result led them to conclude
that Q. reoxidation occurred by a back reaction
in both cases. (3) Jursinic and Stemler [37] mea-
sured Q, reoxidation in thylakoids that had been
depleted of bicarbonate. They observed a half-time
of 1-2 s in 45% of the complexes and concluded
that electron transfer from Q, to Qg was im-
paired. While the correlation between the reoxida-
tion half-time of Q, in the inhibited thylakoids
and in the inactive Photosystem II complexes in
control thylakoids raises the possibility of a single
back-reaction mechanism, the possibility remains
that the similarity in half-time is coincidental and
the reoxidation of Q. in the inactive fraction
occurs by a different pathway.

The extent to which the inactive Photosystem 11
complexes described here overlap with PS 1l
complexes is not easy to answer. Our results indi-
cate the inactive fraction comprises approx. 32%
of the total Photosystem II complement. Quantify-
ing the amount of PS II; is difficult because the
slow rise in the fluorescence induction does not
reach a clear asymptote: estimates of the amount
of PS Il range from 15 to 35% in spinach
thylakoids. Therefore, it 1s possible that the inac-
tive complexes discussed here and PS II; centers
are identical, likewise, the possiblity exists that the
two groups simply overlap, or that PS Il is a
subset of the inactive complexes.

A corollary of identifying the inactive com-
plexes with PS II; is that, since electron transfer
from P-680 to Q, gives rise to a gramicidin-sensi-
tive absorbance change at 518 nm, the electron-
transfer reaction in PS II; is electrogenic. This
conclusion is in disagreement with an earlier
suggestion by Van Gorkom that electron transfer
from P-680 to Q, in PS II; centers is not electro-
genic [2,38].

The physical difference between active and in-
active complexes is unknown. One possibility is
that the inactive complexes do not have plasto-
quinone in the Qg site. In this model plas-
toquinone may occasionally bind to the site but
the on-rate can be no faster than a few seconds,
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otherwise Q. reoxidation would also be faster.
This suggestion is similar to the proposal by Melis
(9] that PS 1I; complexes are not able to interact
freely with the plastoquinone pool. An important
element in considering this model is that Graan
and Ort have shown the affinity of the Q-site for
terbutyrin is virtually the same for active and
inactive complexes and that the H,O oxidizing
complex is active if an appropriate electron accep-
tor is present {10]. One possible difference be-
tween active and inactive complexes is the redox
state of cytochrome 5-559. We find that there are
two high-potential cytochrome b5-559 hemes per
Photosystem II [14]. In addition, there is a varia-
ble amount of low potential cytochrome b-559
that may be associated with the inactive com-
plexes. Lastly, it is noteworthy that we found that
only 70% of the Photosystem Il complexes in
thylakoids exhibited Q,,, as measured by fluores-
cence induction, and furthermore that the interac-
tion between Q, and the Fe’* atom exhibits a
heterogeneous behavior [39-41]. These observa-
tions raise the possibility that the inactive com-
plexes may not exhibit a Q,q, signal in the pres-
ence of ferricyanide due to an altered Q,-Fe’*
interaction, which could account for the altered
Q4 — Qg interaction.

One outgrowth of the work identifying inactive
complexes with PS II; centers is that the disagree-
ment in the literature over the amount of Photo-
system II can be resolved (e.g. Ref. 14 and 9). In
brief, the measurements of Whitmarsh and Ort
showing 1 PS II: 570 Chl * detected only those
centers capable of evolving oxygen with dimethyl-
quinone as the acceptor. Graan and Ort have
shown that dimethylquinone and the endogenous
acceptor plastoquinone are not able to accept
electrons from the inactive complexes at a rapid
rate [10]. However, probes of Photosystem II that
require only a single turnover, or a slow turnover
(less than 0.1 e /s, e.g., fluorescence induction,
Q, reduction in the presence of DCMU) will
detect all of the PS II, active and inactive. Since
the inactive complexes make an insignificant con-
tribution to energy transduction it is important

* Calculated according to chlorophyll determined by Ziegler
and Egle [15].

when estimating the amount of electron flow due
to Photosystem II to determine the active fraction.

Whether there is a significant fraction of inac-
tive complexes in vivo is a question that remains
to be explored.
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