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Imbalance for lincar clectron flow in light 2 fe.g. A < 690 nm) in fivor of PS 11 may be regulated by o mechanism which changes
the ratio between competing lincar and eyclic electron flows. In order to examine this possibility, artificial PS L-cvelic ¢leetron
flow cofactors were added to broken chloroplasts, which performed lincar whole clectron transport in fight 2 excitation with
methviviologen as an clectron acceptor. A significant increase of the apparent photosystems imbalance for lincar clectron
transport activitics in favor of PS 11 monitored by modulated fluorimetry. occurred upon addition of oxidized or reduced (with
excess ascorbate) forms of PMS and TMPD as well as with the reduced form of DAD. Tt is suggested that these cffects arise
from a competition with PS I on clectron donation to PS L and establishment of 4 steadv-state where cvelic electron flow
competes with the lincar one. Most convincing was the observation of a «imilar increase of this imbalance in tavor of PS 1L
reproduced in feaf dises treated with PMS. performing in this case a more dircet measurement of osygen evolution by
photoacoustic spectroscopy. The wavelength dependence of the imbalance for lincar clectron transport activitics was checked in
chloroplasts for the case of PMS. and had maxima at wavclengths wheie absorption of chlorophyll b predominates. These
obscervations suggest that the final photoactivity distribution between the o photosystems for the lincar electron flow Gaffected
by the cofactor) depends on the basal photosystems imbalance of guanta absorbed in cach photosysiem due to the pigment
distribution pattern between PS Tand PS 11 as influenced by the cationic level and the abalition of membrane encrgization The
relevance 10 a possible regulation mechanism in-vive, which controls the ratio between evclic 10 non-eyvelic electron flows i
discussed.

- Introduction
Abbreviations: DAD. 2.3.5.6-tetramethyl-p-phenyvienedinmine: DM-

BIB. 2.5-dibromo-3-methyl-6-isopropyl-p-henzogumone  (dibromo-
thymoguinone). DCMU. 3«3 4-dichlorophenyl)-1E-dimethylurea: it has been demonstrated in whole chloroplasts that
DCPIP. 2.6-dichlorophenolindophenol: F,. F, and F, . minimum, the imbalance in the photosystems activities for lincar

steady-state and maximum fluorescence respectively: G grami- . . .
i peeliived £ electron transfer in favor of Photosvstem (PS) 1 (as

cidin-D: Hepes, N-2-hvdroxyethylpiperazine V-2 cthanchulfonic

acid: LHC, light hanesting chiorophyll « - b-protein complex: MeV expressed by Emerson enhancement) dcpcnds on the
methyliologen: PC. plastocvann: PMS. Nemethyl phenazonium tvpe of the tinal clectron acceptor “—3]. In this depen-
methosuifate: PS. Photosvstem. PO, plastoquinone: TTCL trivdethy]- dence. the imbalance increased when the ATP,¢

enediamine) Cobaltd}y chloride: TMPDR. VNNV detramethy -

benvlened: requirement for the reduction of the final acceptor was
phenvicnedianmine.

higher. This result could be interpreted by assuming

. ) , N , ™ ‘e 1, AT P S TR
Correspondence: S Mathin, Biochemistry Department. Wormann that duc 10 an Lk"t_ﬁ dtm.dﬂd for ATP. a ovelic ngurfm
institute of Scierce. Rehovot, 76106 Isracl path around PS I ix activated to produce more ATP.
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The competition between eyelic and hmcar clectron
flows at a certain sitets) in the inear clectron transfer
chain between the two photosystems is expected Lo
result in an anparent shift of the imbalance in lincar
clectron flow to strongly tavor PS il

In a previous study [4] we have demonstrated a very
strong dependence of the photosystems imbalance for
fincar clectron flow aciivities n light 2 (c.g. A < 690
nm) on cations. uncouplers and ionophores. To observe
such an imbalance in favor of PS 11 the thyvlakoids must
be stacked. e suspended inoa high cnough cation
concentration (c.g. 5 mM MgCl.) A particular high
level of this imbalance is obsenved in the presence of
uncouplers o1 wonophores (e.z. gramicidin I or valino-
myein and KCEL One of the possibifities. which was
considered to account for this eftect, was that mem-
brane energization controls the extent of an endoge-
nous cyvclic clectron flow around PS 1 [4]: when mem-
brane energization is abolished Goe by the additon of
an uncoupler). the evelic path may be accelerated and
compete more tinosably for more excitation in PS L
thus decreasing the efficiency of PS 1 towards dectrons
from PS 11 and giving rise to an apparent imbatance tor
the finear clectron flow in tavor of PS 1L This idea,
however, seemied unaceeptable since the uncoupler’s
effect was strongly wavelength-dependent [4]. indicat-
ing more favorably that the photosystems imbilancee in
photoactivities for lincar clectron transport as related
to excitation distribution via specific pigment composi-
tion of cach photosystem.

Nevertheless, to obtain more comprehensive knowl-
edge, it s important to study the ceffect of the change
in the ratio between cvelic and non-cvclic lows. This
could be manipulated by the addition ot different
non-physiological cotactors of cvelic clectron transport
to isolated thylakoids, which also perform lincar elece-
tron {low with PS 1 acceptors. We examined particu-
farly the effect of N-methvl phenazonium methosulfate
(PMS). a classic cofactor tor ovclic electron flow around
PS 1{5] which donates electrons in its reduced form to
P-700 {6.7]. as well as the cffects of other cofactors,
which donate clectrons 1o PS 1 (either through the
cvtochrome b, 1 complex and PC or diteetly via P-700
such as 235 o-tcramethvl-p-phenvlenediamine (DAD)
8] and NN NN -tetramethviphenylenediamine
CITMPD) [7.9]. Under light-limiting conditions, the ad-
dition «f PMS and TMPD in their oxidized state in-
deed resulted in a strong shift towards imbalance {u-
voring PS 11 A similar phenomenon was observed with
PMS. DAD and TMPD in their reduced state (kept by
excess aseorbated, Furthermore, a simitar increase of
the imbalance for lincar clectron flow activities in favor
of PS IH was reproduced in OO, evolution measurements
when PMS was introdaced to leat dises. The effect of
cvelic electron flow cotactors on the photosvstems im-
balance i relation to hincar electron transport activi-

ties 1 Proken chloroplasts was even more dramatic in
the presence of gramicidin-D. Resembling the efifect or
uncouplers per-se., the PMS effect was strongly wave-
length-dependent. in contrast to expectations, indicat-
ing imvolvement of the pigment distribution pattern.

Materials and Methods

Muaterials

HIEEFES. gramicidin-D. valinomycin, nigericin, meth-
vlviologen and PMS were purchased from  Sigma.
DCPIP was purchased from Fluka. TEC was purchased
from Alfa Products. DAD was given as a gift from
Prof. Achim Trcbst. Ruhr University, Bochum, Ger-
many. TMPD was purchased trom BDH Chemicals.
Stock solutions of TMPD. DCPIP., PMS and Na-
ascorbate (agueous). DAD (in cthanol :water. 1:1),
gramicidin-D (in cthanol). DCMU (in mcthanol) were
kept at - 20°C. During experiments the stock solutions
were kept on ice in the dark. The DAD solution was
renewed frequently (about once a week).

Chilaroplusts preparation

Broken chloroplasts from market lettuce were pre-
pared and stored in liguid nitrogen [10]. The storage
medium contained 0.3 M sorbitol, 20 mM Hepes, 10
mM NaCl. 5 mM MgCl. and 307 (v /v) ethyleneglycol,
pH 7.3. Total chlorophyll concentration was deter-
mined spectroscopically [11].

Reaction mixtures

For fluorescence measurements, chloroplasts were
diluted 300-1000-foid in a4 2 ml cuvette. so that the
concentration of chiorophyll did not exceed 10 pg/mil.
The standard reaction mixture contained 20 mM Hepes,
pH 7.3, 10 mM NaCl. 5 mM MgaCl, and 200 uM MeV
as un clectron acceptor. In some experiments, MgCl,
was omitted (exeept for a resideal amount, < 10 uM).
Alcohol concentration did not exceed (.37 w /v). Be-
fore cach experiment, the chloroplasts were diluted
into the reaction medium and kept in the dark for at
lcast 2 nun. Al measmements were done at room
temperature (22-25°0),

Chlorophvil-u fluorescence mcasurements

Modulated chlorophyll @ fluorescence was mea-
surced by a home-built fluorimeter as described previ-
oushy [4]. which included several light sources tor exci-
tation. One source was used to produce modulated
€20 Hz) exciting light 2 Gsolated by an appropriate
veerference filter: 480 nm for most of the experiments)
of an itensity within the light-limiting range of clec-
tron transport Gibout 1 nE em s ). The fluores-
cence signal from the sample Osolated by a 683 nm
interference filter? was detected by a photodiode (EG



and G HUV-4000) and processed by a lock-in amplificr
(PAR 128 A). The output corresponced to the ampli-
tude of the modulated fluorescence only and was
recerded on a strip chart recorder. Light (rom a sccond
unmodutated source (background light) ser-ed to exert
actinic cffects. Two sorts of background iight were
uscd: (a) a strong blue broad-band light. isolated with a
4-96 corning glass (about 120 nE cm = s '), serving to
saturate electron transport, thus causing moduiated
fluorescence to reach the maximum levei. £ (b) fer-
red light (light 1), isolated with a sharp-banced inter-
ference filter peaked at 720 nm (about 30 nE cm
s~ M. serving to maximally open the reaction centers of
PS 11, thus resulting in an approach of the moedulated
fluorescence to the minimum, F,. Without any back-
ground light, the fluorescence level F, varied between
these two limits. An increase in F, and its approach to
F,, indicates an increase in the imbalance of photo-
chemical capacitics of the two photosystems in favor of
PS 1L

Fluorescence induction measurements were made
using the same modulated fluorescence set-up, but
with the photodiode connected 1o a storage oscillo-
scope and illuminating the saple with the non-mod-
ulated saturating blue broad-band light only. The onset
of illumination was controlled by an clectronic shutter
(Compur — opening time about 3 ms).

Calculation of photoactivity  distribution  between  the
photosystcins . the modulared light. from maodidated
fluorimetry

The distribution of light 2 quanta to PS 1L 8. can be
calculated according to (4), from the fluorescence pa-
rameters:
B=(F, - Fo/2n, k- Fo
However, this expression is valid provided that a+ g8
= | (where « is the corresponding light activity distri-
bution coefficient of PS 1 for lincar electron flow).
namely, that there is no waste of excitation cnergy
except for that utilized for lincar electron transport
between the two photosystems [12]. In the context of
this article, we used a parameter termed imbalance for
linear electron flow activities, equal to (8/a — 1) (ab-
breviated simply ‘imbalance’). which can be calculated
directly. independently of the above assumption:

(B/ay-1=t/1 1=k~ F)/(F,~F)

where f is the fraction of open PS 11 reaction centers.
deduced directly from the fluorescence parameters
[4.12]. This expression is valid only as fong as F > F,,.
In the limit when F_ tends to equal £, this imbalance
term tends to zero.

=Y

PMS treatment of Hibiscus sy feaces

Hiluscrs sp. leaves were cut from the upper part of -«
bush growing in the garden and kept in hamid condi-
tions. For all measurements, feat dises (1 ¢m in diame-
ter)y were cut along the feaf vein, using a standard cork
borer. and mncubated cuher in witer (eontrol) or in an
aqueous solutions of PMS at specificd concentrations
for 15 min at ncar 0 C n the dark. Iacubation was
chosen to be at low temperature and in the dark in
order t¢ prevent PMS photo-conversion to pyocvanin
and to avoid the damage duc to oxidized phenolie
compounds. Control cold-incubated leaf dises exiibited
similar O, cvolution rates compared to control dises
which were not preincubated. indicating that no dam-

ing incubation. Following incubation. the leaf disex
were rinsed dry, punche Voeently at several places on
the upper surface with a hypodermic needle and placed
inside the photoacoustic cell.

Photoucoustic measurements and calculations
Measurements oi photosynthetic O. evolution and
Emerson enhancement of Fibiscus sp. fcat dises were
done by the photoacoustic method. as deseribed clse-
where [13]. Madulated light was obtained from a 900
W xenon-lamp/ monochromator combination (650 pm,
about 2 nE cm s ). Non-modulated background
light was cither a strong, photosynthetically saturating
light (white. about 100 nk em ° s ") or tar-red light
(710 am. abouat 20 nE cmt ° s " which was saturating
for its effect By superposing the tar-red light with the
maodulated 650 nm light upon the leat dise surtace tor
several minutes, a complete transition to state 1, where
the photosystems imbalance for hacar clectron flon
activities in light 2 excitation is maximum, wus ensured
[14]. When the O. signal reached @ maximum, the 710
nm light was turncd oft. All measurements of oxyeen
cvolution and Emerson enhancement were execoted it
a4 constant low modulation frequency (20 Hz) In the
measurements. the phase of the lock-in amplificr wis
set such that the quadrature channel contained onhy
the modulated O, evolution signal, while both modu-
fated photothermal and oxygen signais were present in
the in-phase channel This was set by cnsuring that
the presence of photosynthetically saturating light. the
quadrature channel had a zero signal. At the same
time, the in-phase channel had @ maximum photo-
thermal signal {and zero oxygen). Modulated oxygen
evolution was calculated from the signal in the quadra-
ture channel when no saturating light was present. As
an expression for the vicld of modulated O evolution.
we used the ratio O/T where O is the O evolution
signal in the quadrature channel and T is the maximum
photothermal signal in the in-phase channel. Emerson
enhancement in O evoluaon (£ was caleulated as the
ratio between the signal O in the presence ot 710 nm



6o

background light to that when the 7H nmowas with-
drawn:

RS L 0)

' . ¢

Resulis

Performineg modulated fTuorescence measurements,
we enamined the ettect of PMS and other cotactors of
evelie electron transport on the imbakance between the
two photosystems i fivoe of PS T for linear clectron
tlow activities Gibbreviated simply as simbalance™), Dur-
mp these meisurements, lincar clection flow through
the two photosystems was maintained with MoV oas an
clectron aceeptor. Our initial assumption was that such
cofactors will irtroduce o competition between two
tovelic and hincar) electron flows, resulting in an appar-
ent inerease in the imbalance tor light 2 in favor of PS
1. Indecd. addition of PMS (5 u MYy induced an appre-
ciable increase in Fooand trerctore a deeper far-red
lght-induced quenching of F_oowhich indicated an in-
crease of the photossstems mbalance”. An example of
such an ovperiment s deseribed in Figo 1o Notice in
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Frg 1. Time course of the changes o the modufated fluoresoence of
broken chloroplasts, demenstrating the cteot of PMS and the wdds-
tne et ot gramicidin-D G.DD an the photosssiems imbalanee”
Fhe Huoresconee parametens e mdicated betore the addibon 17,
FooF atier the addimon of S pN PNIS OF 0T F 3 and sl
turther addition of oM G tE O f 0 Fo The wany arrom
denotes the onsawaiching of the modulated hight 7 Thin arrows
upward and downward denote, respeciney the on and oft switching
of backeground Teaat 10 Thich arrews, open and  closed. denote,
pospoctinedu the oo and oft swatchie of the backpround wrtaraning
blue bl

10p
o R
* +G.D.
09
« 08t . hd
-GD.
o7} T
06
o5+
] 1 1 ] 1
5 10 15 20
KM PMS

Fig. 2. The apparent distnbution of photoactivity to PS 11 (g1 in light

2 g~ a tunction or the PMS concentration in the presence (@) or

absence € ) of gramadin-[3 (G.D) The experimentad protocol.
using broken chloroplasts, was made similar to that in Fig. 1.

Fig. 1 that the F, level is defined by the initial mo-
mentary level when the saturating light is switched on,
Repetition of this experiment after addition of grami-
cidin-D caused an additional appreciable increase in
the “imbalance”. In some cases. the combined effect of
the presence of both PMS and gramicidin-D was guite
dramatic in increasing the steady-state fluorescence
level F_oup to almost the F,, level (ie. reaching maxi-
mum Cimbalance’ in favor of PS H in the modulated
licht), A PMS concentration dependence for such a
case 1s shown in Fig. 2 and indicates an optimum for
this cffect at 3-5 uM PMS. at which point 8 reached a
vatue of about 0.7 and increased further. upon the
addition of cramicidin-D. up to almost the possible
maximum value of 1. A similar effect to PMS has been
obtained with TMPD but not with DAD.

Whilc the basic effect of PMS (and the other cofac-
tors) was straightforward. as shown in Figs. 1 and 2. it
became immediately clear. however. that the erfcet has
further aspects and that additional fluorcscence phe-
nomena exist, some of which were also noted before
[15-18). For example. there was a significant decrease
of the b, level relative to the control. (cf. Fig. 1—the
maxiviam tluorescence level without PMS is denoted
b, wdinits presence is denoted F,oor F . Clearly

m
i, <1,. Furthermore, the F, level was further
guenched in time with continuation of the strong back-
ground light which was used for its assessment. The
dependence of the initial £ fevel on the PMS concen-
tration is shown in Fig. 3. The mitial quenched level of
-, relative to s value without PMS could be a result
of a direct immediate independent interaction of PMS
with the chlorophylls in their excited state (.. physical
quenching) [15]). Thus we assume that the new initial
F,, tevel nonetheless represents the state where all PS
H reaction centers are closed and have considered this
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Fig. 3. Effect of the PMS concentration on the initial £ level (e,
the level obtained immediately as the saturating blue fight is turned
on) in broken chloroplasts. The experimental protocol is simitar to
Fiz. | except that PMS was pre-added in the dark before illumina-
tioa (without gramicidin-D). The inset describes a fluorescence in-
duction curve of control and of chloroplasts containing S uM PMS.
Before the induction measurement the chloroplasts were  dark-
adapted for 2 min.

level for the calculation of the ‘imbalance’. To show
the rapidity of this initial quenching we have per-
formed fluorescence induction measurements (inset in
Fig. 3) which showed a quenching of about 109 with 5
uM PMS already at initial induction times {(less than 50
ms). Becausc of the rapidity. the aczuracy of deicrmin-
ing the initial F,, value by the siowei modulated fluo-
rimetry {in the chart recorder) was somewhs, liniited
and was estimated to be lower by about 109/ of the
true valuc.

Not only F,, but also £ and F, underwent tran-
sient reversible changes undcr the effect of the strong
illumination. These occurred also in control chloro-
plasts but were very pronounced in tae presence of
PMS and were reversed when the background light was
switched off. Fig. 4 focuses attention on such changes
in the absence of PMS (Fig. 4a), its presence (Fig. 4b)
and also in the presence of PMS and gramicidin-D

(b)
g C(acrl-zol F S pu PMS
H T
: ll/(__l
° . |
g r.,-L? B
3
mn, |
1 } 8 1
68%01“\ ﬁ ‘ ? l 480 nm
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(Fig. d¢). In the control experiment, the £ level was
reversibly quenched by the strong background light (10
the fevel denoted Foin Figl 4D and <o also was £
The change in /), was relatively small. Introductio. of
PMS yiclded immediately a higher I level and a lower
Fy levell as shown above (Fig. 1). When a strong
hackground light was applicd, £, decreased at a con-
spicuously faster rate and deeper extent than the con-
trol. reaching a new steady-state fevel ). Relative to
the control, big reversible changes were also induced in
F, and in F,. The change in all these fluorescence
parameters, particularly the relative closer approach of
the final £ value to the final F,, value, actually indi-
cates a transient decrease of the “imbalance’. Using the
time-dependent values of the fluorescence parameters
we calculated accordingly a time-dependent “imbui-
ance’ term. It appears tha. while the initial “imbalance”
in favor of PS Il was indced very high in the presence
of PMS. it decreased significantly and rapidly with the
strong background light, compared to a slower and
milder decrease in the control. For example, after |
min iflumination with the strong light in the presence
of 5 uM PMS. the “imbalance” term decrcased from
about 0.97 to about 0.28 (7077 decrease). compared to
a paralicl decrcase from about 0.36 to about (.22 (40
decrease) in the control. Some irreversibility in the
strong background light-induced cffect on £, was no-
ticed repeating the background light exposure again
and again (c.g. the two repetitions in Figs. 4b and ¢).
This partial irreversibility of F,, restoration may be
attributed to an artifact due to to the photochemical
conversion of PMS 1o pyocyanin under the strong bluc
illumination, since pyocyanin by itself did not cause any
change in the “imbalance” (not shown). Indeed. an
cxposure of ¢ S uM PMS solution to the strong blue
illumination under the same conditions resulted after |
min in about 207/ irreversible decrease in the absorp-
tion peak of PMS at 385 nm (not shown). A further
exposure of about 5-10 min resulted in a complete
disappearance of PMS absorption peak.

480 nm

Fig. 4. Time course of light-deves changes in modulsted fluorescence parameters of broken chloropla-ts i a control sample tak with pre-added

S uM PMS (BYor S pM PMS with | oM gramicdin-D(G.DO Q) £, Fand F,, denote the fluorescence parameters measared betore an

extemive application ot the backgrovnad strong light'in cach case. F F and F, denote the fluorescence parameters obtained ot the end of the
satursting hght peniod. Detaibs are asan Fie 1
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The time-dependent quenching of £, in strong hght
in the presence of PMS has been observed previously.
While initially thought to retlect the build-up of an
¢lectrochemical gradient of protons (the “high-energy
state’), it has been shown later to be rather affected by
other factors [15.17). Indced. the reversible time-de-
pendent guenching of F,, with PMS was obtained ¢ven
in the presence of an uncoupler (Fig. 4¢3 which elimi-
nates the “high-cnergy state” as a sole quenching factor
in this case. Blocking clectron transfer from PS 11 to
the plastoguinone pool by DCMU still did not prevent
the saturating light-driven quenching of F in the
presence of PMS, which still persisted in the presence
of an uncoupler (Fig. 5). This is in contrast to the
control without cofactor. where the transients in F . F,
and F, arc strongly inhibited by uncouplers [4]. Similar
cffects have been obtained with 30 uM TMPD.

It is clear that in the presence of the above cyclic
cleetron flow cofactors there is a range of time-depen-
dent phenomena. which are not obviously understood
a-priori. Most probably. an explanation of these phe-
nomena will be found considering the presence of
oxidized and reduced forms of the cofactors, their
ratios and distribution in the stromal and lumenal
sides, Changes in these parameters will change the
ratio of cyclic to lin-ar electron flows and also the
cxtent of F,, quenching. These are affected reversibly
by the strong background light (¢f. Discussion). Never-
theless, it is quite evident that PMS affects the “imbal-
ance’ of photoactivitics in the light-limiting range. man-
ifested particularly by the clear increase of F, and the
resulting stronger far-red light-induced quenching of
the fluorescence from /- to the (almost) unaffected £,
level. This effect was most clearly seen with & minimum
exposurc to the strong background light. just to probe
the F,, level. Most of the “imbali nce’ data refers
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Fig. 5. Saturating light and PMS-driven guenching of modulated

fluorescence of broken chloroplasts in the presence of DCMU. PMS

(5 M) and DCMU (10 uM) were added in the dark prior to the

experiment, Gramicidin-D (G.D.) (1 uM) was added under illumina-

tion at the second stage of the experiment, as indicated. Other
details are as in Fig. 1.

therefore to the light-limiting conditions, using the
initial value of £

Once expects a similar effect of the above cofactors
when they are brought to and kept in their reduced
form by c¢xcess ascorbate. This 1s because the electron
donation to PS I, by itself, is the main cause for the
competition with F'S 11 and thus would cause electron
accumulation at the reducing side of PS 1l The ques-
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Fig.. 6. Chunges in the “imbalance” term. (8,0 - 1), as a function of the umu,mmlinn of different clectron flow cofactors. Different
concentrations of PMS G, DAD (b). TMPD (¢) and DCPIP (d) were introdneed sinder ciande crzte moduintad laht 2 illemination in their native

(minatly ovidde;

=d? Lo catiier 10 g standard chloroplast reaction mixture without () or wnh (®) 5 mM d\LUrhdtL The inset in (a) presents the

data corresponding to PMS in the presence of ascorbate in more detail and also compares them to the “imbalance” values obtained after a a
turther addition of gramicidin DA(G. DO p M),



tion in this case would be whether PS 1. when over-ex-
cited with far-red light, would be able to over-balance
both the cofactor and PS 11 clectron donation to cause
fluorescence quenching down to F,. It was found that
in the presence of ascorbate, PMS, as well as DAD and
TMPD indeed shifted the fluorescence level away from
F, and closer to F,, while far-red light caused signifi-
cant opposing quenching cffccts. One may visualize
this again as an apparcnt shift in the ‘imbalance’
between the two photosystems regarding whole lincar
electron transport between them.

A comparison between the different effects of adding
PMS, DAD. TMPD and DCPIP in the absence or
presence of excess ascorbate is presented in Fig. 6. All
these compounds yielded different concentration de-
pendencies. In the absence of ascorbate, TMPD and
PMS are similar in vielding curves with low values at
low and high concentrations and an optimum point of
the ‘imbalance’ in between. DAD in this case had,
howcver, a very small cffect at all concentrations. When
kept reduced by excess ascorbate, PMS and TMPD
gave different responses: with reduced TMPD, the
‘imbalance’ term tended to infinity (8 tends to 1) as
the concentration increased, while with reduced PMS,
there was an optimal point and a decrease of the
‘imbalance’ at higher concentrations. DAD, when kept
reduced by ascorbate caused an increase in the ‘imbal-
ance’ as the concentration increased. inclining towards
an asymptotic value. Reduced DCPIP, which donates
clectrons to P-700 [7,19,20] yielded only a small effect
of increase in the imbalance (Fig. 6d). Neither reduced
nor oxidized DCPIP caused any strong light-induced
quenching of any of the modulated fluorescence pa-
rameters. As already noted above. at relatively high
cofactor concentrations (c.g. above 40 uM for oxidized
PMS, 70 uM for TMPD, 10 uM for reduced PMS with
ascorbate and 20 uM for reduced TMPD with ascor-
bate), all fluorescence parameters and particularly the
initial F,, werc very strongly quenched, such that the
whole span of change became small until the estima-
tion of the ‘imbalance’ became doubtful. thus reaching
the limit of the method of the imbalance assessment by
modulated fluorimetry. With the reduced cofactors, the
effect of I, quenching was even stronger. in a perfect
agreement with the results on PMS obtained by Papa-
georgiou [15].

Fo complement the fluorescence measurements and
avoid the complications due to fluorescence quenching
phenomena, we also obtained preliminary results of
the rate of oxygen uptake by an ordinary Clark oxygen
electrode which indicated an increase of Emerson en-
hancement in broken chioroplasts, from about 2.3 with-
out PMS to about 3.4 with 10 uM PMS. These mea-
SULCIHICHD> WOIC Lariou vut sinaaily o that described
in Ref. 4. Moie extensive experiments were carried out
on the cffect of PMS on oxvgen cvolution from leaf
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Fig. 7. The cttect of PMS on decad photosynthesis-oxygen evolution in

light 2 and ts enhancement by background light | s a tunction of

PMS. Hibisews sp. lcat dises were treated with PMS and the ratio

(Q/T) of the photobaric und photothermal photoscoustic signals

with (@) or without ¢ ) additional far-red dlumimation was deter-

mined (cl. Materials and Methods). The inset deseribes the resulting
calculated enhancement ratic.

discs of Hibiscus sp.. which yiclded very clear results.
Leaf discs were immersed in PMS solutions at various
concentietions und incubated in the dark. hoping that
some of the PMS would penetrate through the interior
of the leaf and to the chioroplasts. Photoacoustic mea-
surements were performed. in which the ratio between
the modulated oxygen and the thermal signals was
determined (Fig. 7). This ratio decrcased with PMS
concentration, impiying a decrease in the quantum
yicld of modulated oxvgen evolution for light 2 alone.
However. upor addition of saturating far-red bach-
ground light (.e. under conditions where the reaction
centers of P> H are presumably all open), this ratio
increased and reached again the same maximum of the
control value at all PMS concentrations. This implies
that PMS did not induce any inactivation per-se in PS
1§ or any decrcase in the maximum guantum yicld of
the overall electron transfer chain, but competed with
PS 11 and thus increased the extent of closure of PS 11
reaction centers. This competition could be balanced
by excess far-red lighe. The parallel increase in the
Emcrson enhancement to the decrease in O /T without
the far-red light is shown in the inset to Fig, 7.

All the above results demonstrate that an increase
in the photosystems “imbalance” for light 2 in favor of
PS It can be achieved artificially b+ the addition of
different cyclic electron transport cotactors under dil-
ferent conditions. presumably by creating an artificial
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cyclie electron flow pathway around PS 1. In & previous
paper [4] we have argued that such a cause for an
apparent “imbalance” should be wavelength-indepen-
dent, since the fraction of PS T activity utilized for the
cyelic path should depend only on competition between
two dark rates of clectron feeding. cither from the
cofactor or from the reduced endogenous acceptors of
PS I1. We used this argument for the ctfect of uncou-
plers [4] which was wavelength-dependent and thus
excluded the possibility that their effect is due to the
opening of an endogenous cyclic path. We therefore
examined the wavelength dependence of the PMS ef-
feet on the “imbalance’. For this. we checked the ratio
f /f. wvs.wavelength, where f and | are the [rac-
tion of open centers of PS 11 in the modulated fight as
defined by the fluorescence parameters in the absence
and the presence of PMS. respectively. Contrary to
expectation, it was found that this ratio depends on the
wavelength in a similar mannper to the imbalance in-
duced by gramicidin-D [4] (Fig. 8). This raises some
doubts about our previous arguments on the etfect of

fi-)/ fia
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Fig. 8. Wavelength-dependence of the cileulated £/ f2 ratio ob-
tained. respectively. in broken chloroplas s with 5 uM PMS aslone (o,
continuous cune) or with | gM gramicidin-D (G.D) glone (

dished curve). Data for the grame idin DD offcci were taken from
Ref. 4. Fluvrescence parameters weee measured in the steady-state
before (f ) and after (f ) the addition of these compounds to the
standard reaction mixture. The wovelength of the modulated light
wis varied using interference filters (bandwidth S-10 am). The
incident light intensity was adjusted for equal absorbed light intensity
at all wavelengths (using light absorption measviements with an
integrating sphered in both cases. the £ f . ratio was maximum at
480 nm. The S8D nm and 650 nm poimts were exceptional in that the
mterference filters did not pass enough light mtensity 1o reach the

~ttie absaorbed intonsity as tor the other points,
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Fig. 9. Dependence of £ /f  ratio in broken chloroplasts on the
cation (TEC)Y concentration « ith PMS aloae (@, continuous curve) or
with gramicidin-D alone . dashed line). The ratio f /f, was
calculated from fluorescence parameters measured in steady-state
before (f ) and after (£, ) the addition of cither 5 uM PMS or |
uM gramicidin-D (G.D.). Reaction mixtures were standard except
that MgCl, was not included and with varying amounts of TEC.
These results were obtained with chloroplasts. isolated as described
in Matenials and Methods but in the complete absence of Mg(l, in
order 10 avoid a possible effect of residual Mg® . Other details are

asin Fig, 1.

uncouplers [4] and its possible interpretation. Although
still preliminary. it scems that the PMS effect varies
with wavelength in a similar way to the uncouplers
cffect and to Emerson cnhancement in-vivo, 1n that its
effect is maximum at about 480 nm and about 640 nm
[4.14].

Another comparison between the uncoupler and the
PMS cffects on the “imbalance’ is brought in Fig. 9. It
secems that even in the absence of cations (i.e. with
unstacked membranes) there is already a significant
PMS cffect. while the gramicidin-D effect strictly fol-
lows the degree of stacking [4]. A similar observation
was that the additional cffect of gramicidin-D when
PMS was present (see Fig. 2) did rot show up in the
absence of cations (not shown). It follows that the PMS
and the uncoupler effects represent independent phe-
nomena. which may act in synergism.

Discussion

Compounds like PMS, DAD and TMPD are capa-
ble of donating clectrons to PS 1 when reduced. This
causes competition to clectron transfer by PS 11 to PS
1. resulting in reducing equivalents accumulation in PS
11 and thereby. an increase in steady-state fluores-
cence. This competition is largely removed by increas-
ing PS 1 activity with additional far-red light, indicating
cnough capacity of PS | to over-balance the combined
PS 11 and the cofactor electron donation. The presence



of such cofactors apparently results in a shift of the
photosystems ‘imbalance’ for light 2 excitation in favor
of PS II.

In a more detailed explanation we have to introduce
the sideness of the membrane. in view of the different
membranal locations where the cofactor can be re-
duced or oxidized [21]. With this, we have to consider
the different affinitics to the sites of reduction and
oxidation and to the permeabilitics through the mem-
brane. To explain the PMS concentration dependence
of the *imbalance’ (Fig. 6a), for example. onc needs to
assume that PMS at relatively low concentrations ac-
cepts electrons mainly from PS | at the stroma side and
returns them to PS | at the lumen side. The competi-
tion to the normal electron transport increases with the
concentration of the cofactor. This explains the rising
part of the curve. At higher concentrations, however.
PMS accepts electrons from a PS 1l site either at the
stroma or the lumen sides. This creates a bypass mech-
anism similar to that which was shown for TMPD [18].
and independently shown recently also for PMS (Braun
et al., submitted). The bypass serves as an additional
route of the electron transfer from PS I to PS I and
hence decreases the ‘imbalance’. Onc could raisc an-
other possibility that when PMS is added at a high
concentration, clectron transfcr may proceed via re-
duced PMS to oxvgen and thus linear electron flow
would compete better with the cyclic one. causing a
decrease in the photosystems ‘imbalance’. However,
this idea requires that a high concentration of reduced
PMS is accumulated, which is untenable with the light
limiting conditions and the short time of measurement.
This idea was anyway checked experimentally. It was
found that indeed PMS does nct act in this fashion:
addition of high PMS concentrations (e.g. 300 uM) to
illuminated chloroplasts, in the presence of MeV, de-
creased the rate of oxygen uptake significantly (not
shown). Without MeV. addition of PMS resulted rather
in a small decrcase of the small endogenous rate of
oxygen uptake. These effects occurred both under
low-intensity or strong illuminations. This indicates a
competition between PMS and MeV on electrons. while
reduced PMS has no affinity for eiectron transfer to
oxygen.

The effect of PMS persists even in the presence of
ascorbate: PMS is reduced at the stroma side by ascor-
bate, the reduced form easilv penetrates to the lumen
side where it donates electrons to PS 1. Thus. a pool of
the oxidized form is formed at the lumcn even in
presence of ascorbate. as the hydrophylic dissociated
ascorbate anions are hardly penetrable and the charged
oxidized PMS diffuses only slowly out. The decrease ot
the “imbalance’ at high PMS concentrations in the
presence of ascorbate can be explained. as before. by a
bypass mechanism through the lumenal site of electron
acceptance from PS 11 The existence of such a site has
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recently been shown maore dircethy iy PMS alleviation
o1 DBMIB inhibition cven in the presence of ascorbate
{(Braun ct al.. submitted).

The strong F quenching and the decrease in the
imbalance induced by the saturating light must also he
refated to the distribution ratios ot the cofactor be-
tween the stroma and the lumen. The rapid stromal
photoreduction in strong hight results in a4 massive
transport of the cofactor (in its reduced form) from the
stroma to the lumen. Thercafter. the cofactor, being
oxidized by the oxidizing side of PS 1. accumulates in
the lumen. As the concentration of oxidized PMS
becomes low outside and high inside. the extent of the
cyclic pathway diminishes largely and that of a bypass
mechanism incrcases. This explains the decrease of the
‘imbalance” in high light. To explain the strong £,
quenching. one must assume that the physical F
quenching by the cofactor is exerted most strongly
from the lumen side [t5]. £, and the "imbalance” are
slowly regained. after the strong light has been switched
off. as a steady-state of concentrations is re-established
in the weak light with the oxidized form of the cofactor
slowly diffusing {rom the lumen to the stroma.

The different concentration saturation cunves for
the other cofactors (Fig. 6) must be assigned to differ-
ent affinities of electron donation or acceptance.
TMPD behaved in a similar way to PMS but with a
lower affinity (Fig. 6b). It was much more active when
kept reduced with ascorbate. probably indicating a high
affinity for donation of electrons to PS 1. DAD was
effective when kept reduced by ascorbate but not when
added by itself (Fig. 6¢). It is possible that oxidized
DAD has a very high affinity to accept electrons from
PS 11 in a bypass mechanism which then returnto PS 1L
In this way. electrons from PS Il compete better with
clectrons originating from the reduced side of PS 1 on
the donation to PS 1.

It is interesting to note that DCPIP had almost no
cffect whether in the oxidized or the reduced form
despite the fact that it has been used in its reduced
form as an efficient electron donor in the presence of
DCMU. Our ability to « .tect the effect of oxidized
DCPIP was quite limited hecause of its strong blue
color but nevertheless it was sull feasible to see no
cffect in a low concentration range. One may conclude
that in the reduced form it had a rather low efficiency
in donating electrons to PS 1 compared with the effi-
ciency of the other compounds under the experimental
conditions emploved. This point, however, nceds fur-
ther investigation.

While the fluorescence phenomena become complex
and the determination of the “imbalance” may be un-
certain at high cofactor concentrations. therc is no
doubt regarding the validity of the effect when mea-
sured by O, evolution. The effect became particularly
clean in intact leaves where it is clearly shown that
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PMS introduces competition between PS 11 donation
of clectrons and (artificial) evelic electron flow around
PS I

The wavelength dependence of the oxidized PMS
cffect on the “imbalance” (Fig. 8) was not as expected.
In a model where there is competition between linear
clectron flow through MeV and a cvelic flow through
PMS. such that the ratio petween them. p. depends
only on the PMS concentration and 1s particularly
independent of the excitation rate in PS 1 one may
write an ¢quation expressing equad Tincar fluxes through
PSHHand PS &

£y 1+ pja

Without PMS (p -» x) the equation takes the fornu
B e

and henee:

' fo-tl=p p

L. one expects that the [ /) rauo is constant and
hence wavelength-independent. Sinee this result was
not obtained (Fig. 8)and the f /F ratio was variable.
higher when 8 was larger, the model had to be modi-
ficd. One possiblity is to assume a fixed rate of the
cyclic flow. . (with the condition a > r ). In this case
a resulting cquation is:

f.B=a-,

from which # follows that

The left-hand side of the Last cquation becomes indeed
higher as B increases (e, a decreases). This expros-
sion may hold only within certain ranges of the param-
ctors. It is more ditficult to interpret the meaning
behind the last two mathematical equations in terms of
a conerete model. Indeed, a constant low rate of the
evelic flow indicates a limitation which is not obsen-
able 1 experiments where the cotactor is added alone.
This may be resolved by a two site competition be-
tween MeV oand PMS on clectrons from PS I In such a
model, there is a main branch. potentially a high-rate
one. where both MeV and PMS are efficiently re-
duced, but where the reduction of MeV competes
much more strongiy. In addition there s a side branch
where PMS is mostly reduced. but which has o limited
rate. r.

In conclusion, one may consider that regulation of
the apparent “imbalance” of photoactivities  in-vivo
could also occur through the operation of cyclic elec-
tron flows. The in-vitro “imbalance” has been shown to
depend largely on the inter salt levels, on the amount
of membrane cnergization and on pigment distribution
between PS 1 and PS 11 {4.12]. Here. it is demonstrated
in broken chloroplasts that these parameters. particu-
farly pigment distribution, play an important role in the
cffect of cyclic electron flow cofactors, which affect the
“imbalance” by changing the ratio between cyclic and
lincar clectron flows.,
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