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Quenching of chlorophyll a fluorescence by low pH ('high-energy quenching') has bccn characterized by stationary fluorescence 
and time-rc~lved fluorescence decay in thylakoid membranes and photosystcm PS II preparations. Fluorescence is quenched 
when the pH on the lumen-side of PS II decrea~s below 5.5. it is likely to involve an one-proton transition (apparent 
pK = 4.5-4.8) and quenching is accompanied by an inactivation of the photosynthetic oxygen evolution. The overall quenching is 
due to a decline in the two nano~eond fluorescence decay components (r = 1.6 ns and 5 ns at pH 6.5). which mainly contribute 
to the stationary fluorescence in the presence of the reduced acceptor QA- Two picosecond components (r = 30 ps and 5111) ps at 
pH 6.5) are little affected by low pH and the stationary "F~'-fluoresccnec (with oxidized QA ) remains constant. When artificial 
e -donors were added at low pH, the fluorc~cnce recovered, suggesting that quenching is caused by inhibition of e donation 
from the water-splitting side. There is no indication that the transfer of excitation energy from the antennae to centers or the 
trapping process itself is disturbed by internal acidification. We propose that, at centers with an inactive donor side, 
excitation-energy is 'quenched' by charge recombination between QA and P-bS0~. Under physiological conditions quenching 
induced by a high dpH may serve to dissipate excess excitation-energy and to keep Oa oxidized, even at high irradianee. 

Introduction 

pH-dependent control of the photosynthetic elec- 
tron transport between PS 11 and PS 1 occurs in plants 
when photosynthesis is limited by the carbon meta- 
bolism and a high proton gradient builds up across the 
thylakoid membrane. P S i  is then controlled by a 
shortage of electron donation from the plastoquinonc 
pool (photosynthetic control). As a consequence, the 
PS 1 reaction center pigment. P700, tends to accumu- 
late in its inactive oxidized form [!]. 

Correspondence to: E. Weis. lnstitut ffir Botanik. Universitiit 
Miinster. Schlossgarten 3. D-441X) Miinster, Germany. 
Abbreviations: F., initial (minimal) fluore~ence level: F m. maximal 
fluore~ence level; F~. variable fluore~ence (Fr,,-F.): PS. photosys- 
tern; tyr.. intermediate electron donor in PS I!: P-680 reactkm cenler 
pigment in PS !1; Pheo. pheophytin; Qa. primary quinone in PS ii: 
Chl, chlorophyll: DPC. diphenylcarbazide: Mops. 3-[ N-morpholino]- 
propanesullonic acid; Mes. 2-[N-morpholinokthanesulionic acid: 
Hepes, N-[2-hydroxyethyl]piperazine-N'-12-ethanesulfonic acidl: 
DCMU. 343.4-dlchlorophenyl)- I ,I -dimet hylnrea. 

Recently it has been proposed that a high proton 
gradient a l ~  exerts control on PS !1, by which the 
activity of this photosystem is adjusted to the electron 
consuming processes of carbon metabolism (Refs. ! -4 ;  
for a re~,icw see Ref. 5). pH-dependent control of PS !i 
is accompanied by quenching of Chl a fluorescence 
('high energy quenching', see Ref. 5). "~,~.t, its molecu- 
lar basis is still unknown. It has been suggested that PS 
II is controlled by a pH-dependent interconversion 
betw'een a photochemicaily active and an inactive state; 
in centers of inactive PS !! non-photochemical decay 
processes at centers are enhanced and com.gcte effi- 
ciently with regular photochemical charge ,separation 
[i,2,5]. in an alternative concept it has been proposed 
that quenching at PS ll  centers is caused by a futile 
electron cycle around PS I! [6-8], where cyt b-559 or 
other mediators are assumed to reao. with the oxidized 
donor side. Also. the possibility has been diseus~d, 
that excitation energy is dissipated by charge recom- 
bination processes within the center, and that recom- 
bination is induced by a donor side limitation of PS Ii 
[9]. Schreiber and Neubauer [9] have pointed out that a 
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donor side limitation is a rcquirement for any cyclic or 
charge recombination proccss at PS !1 centers. Inacti- 
vation of the donor side of PS Ii has been shown to 
occur at pH < 5.5 [10-13]. and this inactivation is in- 
duced by release of Ca bound close to the water 
splitting side [13.14]. ( 'a  release, as induced by a high 
ApH. may actually bc a physiological process which 
induces reversible inactivation of PS 11 and "high en- 
ergy quenching" [11]. 

In contrast to models of "reaction center quenching'. 
it has been suggested that a high A pi t  exerts an effect 
by increasing non-radiative decay processes in the pig- 
mcnt matrix of PS !1, which cMciently compete with 
photochemical processes at centers [15]. Recently, 
Horton and co-workers have proposed that quenching 
in the antennae is caused by aggregation of light- 
harvesting complexes of PS II [16.48]. 

In the energized state the well characterized enzy- 
matic carotenoid cycle [17] is shifted towards zcaxan- 
thin tormation and a possible role of this carotenoid 
species in energy-dependent quenching has bccn dis- 
cussed [1~]. Yet, it is not clear whether zcaxanthin 
formation is directly involved in the quenching process 
or whether it ,~ccurs in parallel. Zcaxanthin formation 
has been prop~,,cd to amplif.~ a preexisting quenching 
mechanism (scc Rcf. 19). 

in this study, wc have investigated the effect of pH 
on stationary fluorescence and time-resolved fluores- 
cence decay. Time-resolved fluorescence spectroscopy 
can bc used to investigate the early stages of energy 
gathering and conversion in different states of PS 11. 
Two simplified experimental systems have bccn used in 
this study: ( I ) isolated thylakoid membranes, in which a 
proton gradient is created in the dark by ATP-hydroly- 
sis via the activated thylakoid ATPasc: and (2) isolated 
PS I! particles suspended at different pH values. We 
attribute ApH-dcpcndcnt  quenching and inactivation 
of PS 11 to charge recombination between Q x and 
P-680' .  induced by a donor side limitation of PS 11. 
Quenching in the pigment matrices of PS II is unlikely 
to occur in our experimental system. Wc discuss the 
significance of the model derived from our data to in 
viw~ quenching. 

Materials  and Methods  

.1 ptt by h.v,ln@sis of A TP 
Intact chloroplasts were isolated from spinach 

(Spinachl oh'racea cv Monatol) as described by Laasch 
[20]. The chloroplasts wcrc incubated in a medium 
containing I).3 M sorbitol. 5t) mM KCI. I mM MgCI 2, I 
mM MnCI,.  I mM EDTA, t).5 mM KH2PO 4. 15 mM 
ilcpes (pH-7.6). I mM Na2CO 3 was added as electron 
acceptor. To activate the thylakoid ATPasc. chloro- 
plasts wcrc illuminated 3-5 rain with white light (51X)- 
IIXX) p.mol quanta m : s ~) and then osmotically 

shocked in the light by adding a medium containing 7 
mM MgCl: and 15 mM Hcpcs (pH 7.6). After 30 s the 
same amount of a medium containing 0.6 M sorbitol, 7 
mM MgCI3. 100 mM KCI, 15 mM Hepcs (pH 7.6) and 
30/.tM ATP was added in the dark. The final chloro- 
phyll concentration was 10-20 #g  Chl /ml .  Broken 
chloroplasts were uncoupled by 10 mM NH4CI or 2 
# M  nigericine. The transthylakoidal pH gradient was 
calculated from 9-aminoacridine fluorescence [21]. 

pli-dependem quenchhzg #t PS ll particles 
P S I !  particles (BBY) were prepared from spinach 

according to Ref. 22 and modified as in Ref. 23. Th~ 
preparations contained no detectable contamination 
with P S i .  as tested by gel electrophoresis and fluores- 
cence spectroscopy at 77 K. pH-dependent  quenching 
was obtained by incubating the particles in a medium 
containing 0.3 M sorbitol, 50 mM KCI, 5 mM MgCI2 
and 30 mM of different buffer substances: glycylglycine 
(pH 4.0-4.5), succinic acid (pH 4.5-5.0), Mes (pH 
5.0-6.5), Mops (pH 6.5-7.0). The particles were incu- 
bated for 15 min in the different media before starting 
a measurement. 

PS II activity was measured with a Clark-type oxy- 
gen-electrode, using i mM 1,5-dimethylbenzoquinone 
as acceptor at saturating light intensities ( 1 = 3 0 0 0  
#mol  quanta m- 2 s-Z). Usually, the maximal rate of 
oxygen evolution in BBY-preparations was about 350 
#tool  O2 /mg  Chl per h. Stationary fluorescence w as  
mcasured with a pulse modulation fluorometer (PAM 
101, Walz). The F m level of fluorescence (with reduced 
QA) was recorded during short (1-2 s) saturating light 
pulses. Actinic light ( l~ ) /~mol  quanta m - :  s -z)  from 
a halogen lamp was filtered through Calflex C, K 65 
(Balzers) and RG 630 (Schott) filters. Illumination wa, 
started with a Compur-photoshutter.  Fluorescence in- 
duction was measured following direct fluorescence 
emission with a photomultiplier (EMI 9558B) pro- 
tcctcd by the filters RG 9 (Schott) and 742 nm interfer- 
ence filter (Balzers). The signal was recorded by a 
transient recorder (Vuko VKS 22-16). 

Chlorophyll fluorescence-lifetime measurements  
were carried out and analyzed as described by Moya 
and coworkcrs [24]. The source of light consists of a 
mode-locked and cavity-dumped dye laser system (dye 
Rhodamine 6 G) synchronously pumped by a mode- 
locked Ar + laser. This system provides pulses of 10-15 
ps duration at a repetition rate up to 4 MHz (0.8 MHz 
in the p r e ~ n t  measurements). The excitation wave- 
length was usually set at 630 rim. Fluorescence w as  
measured at 90 ° to the excitation beam in a 2 x 2 mm 
cuvctte situated at the place of the entrance slit of a 
monochromator (Jobin & Yvon M25). The band width 
was 3 nm and the analysis wavelength was 681 rim. In 
order  to ensure the best elimination of the excitation 
light, a red filter was introduced behind the monochro- 
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mator (Schott RG 665, 3 mm), which was removed 
when measuring the scattered light. The detector was a 
micro-channel plate photomultiplier tube (Hamamatsu 
RI564U with $20 spectral response) kept at -30°C  by 
a Peltier cooler in order to reduce the dark counts to 
about 5-10 counts/s .  As a consequence no back- 
ground was recorded in the time window used (20 to 40 
ns). This time window is necessary to follow the com- 
plete decay processes in the ns range. Under these 
conditions, the full-width at half maximum of the in- 
strumental response function was approx. 60 ps, when 
scattered light was examined instead of fluorescence. 
The counting rate was set at 5000 counts /s  for both 
flash and fluorescence. The decays were accumulated 
over 1024 channels in a multichannel analyzer (Tracor 
Northern 1750) with 104 to 3.104 counts at the peak 
channel. Each measurement was repeated several times 
until reproducibility of the results was reached. Decon- 
volution of the decays into a sum of exponential was 
carried out on line by means of a least-squares pro- 
gramme using the Marquardt search algorithm for the 
non linear parameters. Quality of the fits were judged 
by the reduced g 2 and the distribution of the weighted 
residuals. 

The single-photon counting apparatus and deconvo- 
lution programme has been checked by measuring and 
analyzing the fluorescence decay of oxazine in methanol 
[25]. It was found, with this dye, that a single exponen- 
tial decay with a lifetime of 785 ps was enough to fit 
the data and to obtain a reduced X z of about 1. 
Deconvolution on the basis of four or five components, 
with lifetimes and amplitudes similar to those found 
under our experimental conditions, was tested in Ref. 
25, using simulated decay curves in the presence of a 
gaussian noise. 

Fluorescence decay at F 0 and intermediary levels 
were measured with a flow system. Intermediary fluo- 
rescence levels were produced by preillumination - to 
reduce Q A -  and by allowing the sample to flow at 
different flow rates. During time-resolved measure- 
ments the level of stationary fluorescence was mea- 
sured simultaneously with a PAM-fluorimeter. 

Results 

To investigate the influence of a ApH on chloro- 
phyll fluorescence, we used an artificial experimental 
system, in which a high ApH across the thylakoid 
membrane was created by hydrolysis of ATP (see Figs. 
1 and 2). Provided the thylakoid ATPase is preacti- 
rated and ATP is added, ATP hydrolysis starts and 
protons are pumped into the thyiakoid lumen via the 
c F  0 protein of the ATPase. Under such conditions a 
proton gradient is built up in the dark [26]. We preaeti- 
rated the ATPa.se by illuminating intact chloroplasts. 
When the chloroplasts were ruptured in the light the 
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Fig. I. Induction of variable fluorescence (total fluorescence minus 
the initial. F.. fluorescence) in the absence (euwe I) or presence 
(curve 2) of a ApH. The initial (F.) fluorescence at the beginning of 
illumination was set as zero. the maximal amplitude of variable 
fluore~ence in uncoupled samples (absence of a ApH. curve I) was 
set as one. Dashed line: curve 2 normalized on the maximal ampli- 
tude of curve 1. in uncoupled samples, the ratio F m/F, was about 4. 
in presence of a JpH ('high energy state', curve 2) the maximal 
amplitude of the variable fluorescence was about 0.35. A ApH was 
pre-established in the dark by ATP hydrolysis, as de~ribed in the 
text. Uncoupled samples ~ere pretreated, as for curve 2. but 2 s 
before starting the measurement. 2 aM nigericine has been added. 

activated state of the ATPase was preserved in the 
dark and a ApH driven by ATP hydrolysis was stable 
over a period of 20 to 30 min. The inner thylakoidal 
pH could be as low as 4.5 (estimated by means of 
9-aminoacridine fluorescence quenching and corrected 
considering Ref. 27). The ATP-induced ApH was not 
affected by inhibitors of the electron transport, such as 
DCMU, but was highly sensitive to uncouplers (data 
not shown). In the presence of an ATP-driven dpH 
the maximal level of chlorophyll fluorescence. F m. (flu- 
orescence level in saturating light), was lowered by 
30-70% depending on the preparat ion,  but the fluo- 
rescence completely recovered within a few seconds 
after the addition of an uncoupler. 

The light-induced fluorescence increase from Fcj 
level (QA oxidized) to the F m level in the presence of a 
3pH  ('high energy state') and after addition of an 
uncoupler is shown in Fig. 1. There was no detectable 
change in the F 0 level of fluorescence, however, the 
maximal level of the variable fluorescence (Fm-F o) was 
quenched by 66% in the high energy state. Also the 
increase from F o to Fm was slowed down (see dashed 
line). In both energized and uncoupled thylakoids, the 
slope of the F,  to F,, ri,e increasec with the intensity 
of the actinic light, but the F m level, relative to F 0, was 
not affected by light (not shown~. 

pH-dependent quenching is actually related to the 
absolute H* concentration in the thylakoid lumen. 
rather than to the a p H  [5.28]. In Fig. 2, the depen- 
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Fig. 2. Dependency of 9hotorcduction of O,~, oxygen evolution. 
stationa~' t]uorcscencc and life time of fluorescence decay ~m the ptt 
in the th~lakoid lumen (i~o;,.tcd thylakoids) or on the p l l  of the 
suspension medium (PS II particles). [-3. el) I, = rel. quantum yield of 
plmloreduclion ol O.\ of thylakoids (calculated from the growth of 
the complemental '  area above fluorc~,cence induction as in Fig. I) 
vs. p l t  in the thylakoid lumen: a ..lptt was induced by hydrolysis of 
ATP. the p l l  m the medium ~,as 7.6: z~. q~<~,, maximal rate of oxygen 
c~olution of th.~lakoids in saturating light (iti presence of 1,5-dimeth- 
ylbcnzoquinonc) ~s. the p l l  in the lumen. The ,.lpl-I was induced by 
light. At ptt  7.1) (lumen) a rate of 680 /~mol O:  mg (Thl i h- i has 
hccn measured, v ,  <h~, tel. yield of flunrcscence in thylakoids 
,'luring a ~aturating light pulse vs. pt t  in the thylakoid lumen, ..1ptt 
induced by hydrolysis of ATP. . q~:, rel. yield of fluorescence in PS 
II particles during a saturating light pulse vs. ptt  in the medium. ~,, 
average lifetime of fluorescence decay ;'m" in PS I! particles in the 
/-~, state vs. the pi t  in the media. ~ ,  lifetime of fluorescence decay. 
rru, iii PS !1 particles in the F, state vs. the pH in the medium. • ~ :  
(in saturating light) of PS 11 particles in presence of the donor DPC 
( 1 mM) vs. the pH in the medium, e. ~ (in saturating light) of PS 11 
particles in presence of 5 mM ascorbate vs. the pH in the medium. 

dcncy of the maximal fluorescence (in a saturating light 
pulse [],,) on the pH in the lumen is shown. Fluore.~- 
cence was normalized by setting the maximal value at 
pH 6.5 as 1. Different values for J p H  have becn 
obtained by addition of small amounts of the weak 
uncoupler NH4CI. Fluorescence decreased at pH < 5.5 
in the lumen. Basically. the same pH response of 
fluorescence was seen when a . lpH was built up in the 
light in the presence of an electron acceptor (see Fig. 6 
in Rcf. 1). 

Wc also isolated PS 11 particles from chloroplasts 
and suspended them in media with pH values between 
4.0 and 7.0. Both donor and acceptor side were then 
exposed to the pH indicated. Nevertheless, the pH-re- 
sponse of particles was similar to that obtained from 
thylakoids where only the donor side was exposed to 
various pH values. Best fit of the pH-response of 
fluorescence was obtained by the assumption of a 1 H ~ 
transition. The apparent pK value of the variable 
fluorescence could vary in different preparations be- 
tween 4.5 and 4.8, while only little variation in the 
slope of the titration curve was seen. 

The pH response of the average lifetime with closed 
centers, -r.,, obtained from time-resolved fluorescence 
decay, followed that of the stationary fluorescence, i.e., 
%, was directly proportional to the maximal stationary 
fluoresccnce, Fro. In the F~j state (when QA was oxi- 
dized) no change in r,, could be seen, suggesting, that 
the Fc~ level of fluorescence is not affected by variation 
in pH This seems to contradict observations with in- 
tact systems, where 'energy-dependent '  quenching is 
often accompanied by a significant decline in the dark- 
level level of fluorescence [2,15,19]. 

Addition of artificial electron donors to PS II, like 
ascorbatc or DPC, completely reversed the Fm quench- 
ing in PS !1 particles at low pH (Fig. 2). Reversal of 
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Fig. 3. Dependency of the lifetime (~-,), the relative amplitude (A  i) 
and the relative quantum yield (q~F) of the four deconvoluted decay 
components in PS II particles (measured in the Fr, state) on the pH 

in the medium e C t, • C >  • C 3, • Ca. 
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Fig. 4. Excitation profile and f luore~ence  decay at 681 nm at F m. E: 
excitation, F: f luo re~ence  decay. R: distribution of  weighted residu- 
als. scale + 10 to - I0. Lower curve, deconvolut ion with three kinetic 
components .  )¢z = 1.31): upper  curve, deconvolution with four kinetic 

components .  ~¢-" = 1.1)3. 

pH-dependent  quenching by ascorbate has already been 
demonstrated [29]. 

The photosynthetic oxygen evolution of PS II, mea- 
sured at saturating light intensities in presence of 
1.5-dimethylbenzoquinone decreased in parallel with 
fluorescence quenching (Fig. 2), i.e., the capacity of PS 
I1 to evolve oxygen is affected. This agrees well with 
previous suggestions from analysis of steady-state 
photosynthesis, that energy-dependent  quenching of 
fluorescence is related to an increase in the fraction of 
photochemically inactive PS !I [1,2]. 

171 
Fig. 3 shows the pH-response of the different decay 

components of time-resolved fluorescence of PS 11 
particles in the F m state, obtained by deconvolution of 
the overall fluorescence decay. We assume that in the 
saturating light used, most centers were clo::ed In 
several studies, the sum of three decay compomnt~ is 
supposed to be sufficient to fit the overall decay [30,31]. 
The data presented here could be adequately de- 
scribed only by the sum of four decay components. The 
upper limit of the time window used for the analysis 
was set to 30 or 40 ns. This allowed detection of 
long-living nanosecond components (¢ > 2 ns). Fig. 4 
shows the deconvolution of fluorescence decay and 
recording of X 2 values, using three and four decay 
components, respectively. 

The four components ( C I - C  4) were characterized 
by their specific lifetimes and relative amplitudes. At 
pH 6.5, the individual lifetimes, ~'i, were identified as 
~'l = 30 ps, r 2 = 450 ps, r 3 = 1.7 ns and r 4 = 5 ns, and 
at pH 4.0 as r I = 30 ps, r ,  = 380 ps, "r 3 = 650 ps and 
~'4 = 2.5 ns. As shown in Fig. 3, r 3 and r 4 were lowered 
by 50% at pH values < 5.5, while r~ and r 2 did not 
vary significantly. 

Relative amplitudes (A, ,  pre-exponential factor), of 
the different components are also shown in Fig. 3. A~ 
decreased from 65% at pH > 5.0 to 25% at pH 4.0. 
Also A 4 decreased at low pH values, whereas A 2 
seemed to have incleased and A,  remained relatively 
constant. To interpret these data, it is necessary to 
know that, for each pH value, the total sum of ampli- 
tudes has been set to 100%, irrespective of the amount 
of emitted fluorescence. For example, the absolute 
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Fig. 5. Relationship between the avarage lifetime, rm. and the specific lifetimes (left side) and the relative quantum yields (right side) o f  the four 

decay components in PS I I  particles. The pH was varied. Data from Fig. 3. ~,mbols as in Fig. 3. 
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TABLE 1 

| briahh" oart of  th+' ~tatiomlrv th,m".cen¢~', t'~ (:re+ritual ]7ttorc~¢<'n¢~' ht ¢; ~atttnHittg hght puls<' minus I-;~ I aml fluore.~cetwe eh'cay compom,n/.t at p t l  
0.5 aml 4. 2 m t~olatcd PS I I  parti~'h'~: the in/h.'m'c +~I + artl/h'ial ~hmor~. 

Symbols a,, explained in the texl; ";" = n~,, 1-" = arhilrar3' unils. /"~ ~11 pll b.'~ w'as set as 1. 

pl I Artificial donors F. ( norm. ) r,,, r I ";'2 r ~ 7+ @l @" @3 @4 

b.5 I 1.6 i).1)2 I).57 1.5 4.2 0.4 32 I 17 19 
5 mM ascorbatc 1.2 I.t~7 0.()3 I).74 1.8 5.5 11.6 15 122 61 

4.2 I).25 11.55 (kill I).36 1).8 2.3 11.2 311 62 7 
5 mM ascorbatc II.qh 1314 0.113 ().80 1.9 h.2 ().6 23 112 611 

31) mM K4[Fc(('N) .] 0.75 
I11 mM KI 0.~4 

I m M  D P ( '  I 

emission of  C ,  did not rcally change  with pH. but  its 
relative con t r ibu t ion  to the  total  emission increased 
(655; at pH 4.0. compared  to 25C,; at pH 6.5). 

The  specific con t r ibu t ion  of each  c o m p o n e n t  to the  
total  f luorescence at each pH is given by the yield 
~/Ji = A ,  * r+ (Fig. 3). @3 dec reased  from 73c/~ at pH 6.5 
to about  9% at pH 4.2. while @~ and  @, r ema ined  
relatively constant .  @4 var ied paral lel  to @3, but  the 
overall  con t r ibu t ion  of  this  c o m p o n e n t  to the total  
emission was low (@+ < 9¢; at pH 6.5). The  da ta  shown 
in Fig. 3 have bccn  used to plot the average  lifetime. 
:',,, vs. r, and  @ , ( w h e r c  r,,  varies  in paral lel  with F,,. 
see above). A propor t iona l  change  of  r 3 and  @~ with 
7,, was seen.  while the  o the r  c o m p o n e n t s  r ema ined  
relatively cons tan t  (Fig. 5). Summariz ing ,  the  da ta  indi- 
cate. tha t  the  p H - d e p e n d e n t  decl ine  in r m (and  in 
stat iona~" f luorescence)  is mainly due  to a dec rease  in 
the l ifetime and  ampl i tudc  of  C 3. 

As  a l ready shown in Fig. 2, upon  add i t ion  of  artifi-  
cial e lec t ron  donor s  at  low pH.  f luorescence  reap-  
peared .  Table  I shows, tha t  even donor s  with relat ively 
high redoxpoten t ia l s  like K4[Fe(CN)~,] (Em= + 3 6 0  
mV),  DPC (E , ,  = + 4 4 0  mY)  and  KI (Em = + 5 6 0  m V )  
were elf icient .  Af te r  add i t ion  of  a scorba te  at  low pH,  
the  f luorescence  p a r a m e t e r s  r+ and  @+ were  res to red  
to the i r  or iginal  values  (pH 6.5, absence  of  artificial 
donors) .  ~'~ and  @4 even  increased  c o m p a r e d  to the i r  
or iginal  values. The  c o m p o n e n t  C 4 may reflect  charge  
r ecombina t ion  be tween  P-680 + and  P h e o -  in the  reac- 
t ion cen te r  [32-34],  and  this  r e c o m b i n a t i o n  could be  
s t imula ted  by artificial e lec t ron  donors .  A fu r t he r  char -  
ac ter iza t ion  of  the  C 4 c o m p o n e n t  will be  the  subject  of  
a following paper .  

T ime- reso lved  f luorescence  has  also b e e n  ana lyzed  
in isola ted thylakoids in the  p re sence  of  an ATP- in -  
duced  ApH (Fig. 6). T h e  A p H  was var ied  by a l te r ing  
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I I i i 

i "r--"-g r , 0 

0 0,8 1,6 
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0 0 ,8  1,6 
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Fig. 6. Relationship betv, een the avarage lifetime. "r m. and the specific lifetimes (left side) and the relative quantum yields (right side) of the f i)ur 
deca~ components in th',lakoids. Open symb~ls: different ApH values as induced by hydrolysis of ATP. CIo.~d symbols: sample.,, measured in 

presence of Nit 4CI. Different decay components denoted as in Fig. 3. 
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Fig. 7. The relat ionship between the avarage lifetime, r m. of the specific lifetimes (left side) and the quan tum yields (right side) of the four decay 
coml~mcnts  in thylakoids in the presence of  an uncoupler  ~NH4CI). The intensity of the background  light was varied to obtain different states 

between /:~) and  F m (gradual  reduction of O,s ). SymI~,l., as in Fig. 3. 

the activation state of the ATPase (by different pr,qilu- 
mination times). The lowest pH value in the lumen, as 
estimated by 9-aminoacridine fluorescence, was 4.3. In 
the uncoupled state (10 mM NH4CI) the individual 
lifetimes of the components C t - C  4 in the F m state 
were: ~-~ = 30 ps, r ,  = 500 ps, r3 = 1.9 ns and r4 = 6 ns. 
Keuper and Sauer [35] observed similar values with 
thylakoid membranes, with the exception of the 6 ns 
component,  which was not described by these authors. 
Changes in fluorescence parameter,  as seen when an 
ATP-dependent  AoH was formed, were similar to those 
observed by suspending PS !1 particles at low pH: z 3 
and ~ (and 1" 4 and 4, 4) declined with z m while few or 
no changes of the components C_, and Ct were seen 
(Fig. 6). 

The pattern of changes in lifetime and quantum 
yield of decay components as seen here in saturating 
light ( F  m state) by decreasing the pH below 5.5 (Fig. 6), 
was similar to that usually observed going at moderate 
pH (6.5) from the F m state (closed centers) to the F .  
state (open centers). F , ,  and intermediate levels of 
fluorescence, were measured with a flow system, where 
the time of preillumination (before tlae sample entered 
the measuring chamber) was varied (see Fig. 7 and 

similar results in Ref. 32). in both cases, the slope of z, 
and q~, vs. r m was nearly identical, except that. in the 
case of pH-dependent  quenching, the intersection point 
with the x-axis was slightly different (compare Figs. 6 
and 7). Obviously, there is a residual level of the 
component C 3 which seemed to be insensitive to low 
oH values. 

The data shown in Table I! demonstrate that, in the 
F ,  state (oxidized OAk high J p H  across the thylakoid 
membrane had no detectable effect on values for r, 
and q~,. it strongly supports the suggestion that changes 
in the pH do not affect fluorescence in the F .  state 
(see also Figs. i and 2). 

Discuss ion 

The analysis of chlorophyll f luore~ence decay kinet- 
ics of intact photosynthetic organisms can be statisti- 
cally well defined by at least four exponential decay 
components [~] .  More recent studies, based on iso- 
lated membranes enriched in certain complexes or 
well-characterized mutants, suggest at least two fast 
components for PS 1 and three components for PS !! 
[36,37]. Although we may expect .some contribution of 

T A B L E  II 

Fluoresc,'nce decay comI~m,'nts in presence or ahscncc( + NHaCI) Of a . l pH  in thylakoids ill the F o state. 

~;ymbols as explained in the text: r = ns. q~ = arbi t rary units. 

r m r z r :  r~ .% ~ ~h. q,~ 4~ a 

Control  0.30 0.(13 O. 18 ().40 1.3 0.4 10 20 ¢~ 
J p H  0.31 I).03 0.2() 0.45 1.4 (I.4 I0 21J 5 
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PS ! emission in thylakoids it w':., not separated from 
the picosecond components. C~ and C~. The wave- 
length of detection (681 nm) was selected to optimize 
PS 11 emission and. thus. contribution of PS 1 was 
expected to be very low. In BBY preparations we ,lid 
not expect significant contribution of PS i, anyway. 

The 0.8-1.6 ns component (C~L responsible for 
most of the appearance of variable fluorescence upon 
closure of centers, may reflect the sum of decay pro- 
ccsses in the antennae, provided the photochemical 
trapping process at centers is blocked by QA. In our 
preparations, wc consistently found a slow component, 
C4 ( r , =  5-11) ns); however, its contribution to the 
overall emission was low. Perturbations of the l ip id-  
protein interaction within the thylakoid membrane 
could generate lifetime components in the 4-5 ns 
range by artificially disconnected chlorophyll proteins 
[38]. In intact systems luminescence components may 
also appear, under conditions where recombination 
between P-680" and Phco is stimulated [34]. 

When traps wcrc opened to various degrees (be- 
tween the F,, and F.  levels) lifetime and yield of the 
ns-decay components decreased in parallel with aver- 
age lifetime, r,, of fluorescence (Fig. 7, see Refs. 25, 
35). The individual lifetimes of the ns-dccay compo- 
nents decrease with an increased fraction of open 
centers, probably as a consequence of energy excha,~ge 
between connected PS !I antennae, in a system with 
connected antennae, the effective size of antennae, 
and the probability that excitation energy is located in 
the anter~nac, decreases when the fraction of "quench- 
ing' centers increases [25]. The actual lifetime of each 
decay component depends on the effective size of 
antennae connected to a 'quenching" center [39]. We 
assume a certain degree of energy exchange even in 
BBY preparations, which may consist of membrane 
fragments rather than of isolated PS II units. The 
assumption that PS il units are connected and energy 
exchange occurs in BBY preparations is further sup- 
ported by the observ~ltion that fluorescence induction 
curves in the presence of DCMU were usually sig- 
moidal (not shown). 

Similar to quenching by "opening' centers, a specific 
dcc!inc in the two ns components C 3 and C4 (with C~ 
and C,  remaining almost constant) is also sccn by 
lowering the pH ~Figs. 3. 5. 6J. In both cases, going 
from the non-quenched state ( F  m) to the quenched 
state, lifetime and yield of C 3 and C~ decrease linearly 
with the average lifetime (compare Figs. 5, 6, 7). In this 
respect, pH-dependent quenching resembles "photo- 
chemical" quenching by O x and the question arises 
whether this similarity points to a similar quenching 
mechanism, 

An important criterion to interpret the data is in- 
sensitivity of the F.  fluorescence. In the Ft~ state, when 
excited states from the antennae are trapped and deac- 

tivated by a fast photochemical process at the reaction 
centers, the fluorescence mainly consists of two pi- 
cosecond components, C~ and C, .  Low pH had no 
significant effect on these components, and also, the F 0 
level of stationary fluorescence remained unaffected 
(sac Table 11). An insensitivity of F~ on pH in BBY 
preparations has already been reported by Crofts and 
Horton [411]. It can best be explained by the assumption 
that, at least in the experimental system we used, 
neither the energy transfer from the antenna to cen- 
ters, nor the trapping efficiency of PS !! centers is 
affected by acidification, nor is the effective absorption 
cross-section altered. Also, other quenching mecha- 
nisms which would effectively compete with photo- 
chemical quenching of centers as, for example, 'anten- 
nae quenching" (see Ref. 41), are unlikely to occur, as 
they would affect the F~ fluorescence. As 'energy-de- 
pendent" quenching is caused by internal acidification 
rather than by the transmembrane proton gradient 
[5,28], it is expected to affect, primarily, the donor side 
of PS 11. The reversal of fluorescence quenching at low 
pH values by artificial electron donors (Fig. 2; Table !, 
see also Ref. 40) actually indicates a donor side limita- 
tion of PS i1: electrons from artificial donors may 
replace electrons from the water-splitting side and, 
thus. restore photoaccumulation of QA and 'variable '  
fluorescence at low pH values. 

Inhibition of the water-splitting system at low pH 
was shown by several groups [12-14,42,43] and 
Schreiber and Neubauer [6] already discussed the pos- 
sibility that energy-dependent quenching is induced by 
a donor side limitation of PS 11. Ono and lnoue [13,14] 
provided evidence that inactivation at low pH is caused 
by a release of calcium from the water-splitting com- 
plex (see also Rcf. 44). The apparent  p K  value of 
inactivation described by these authors is similar to 
that shown in Fig. 2 for fluorescence quenching and 
inactivation of oxygen evolution. In the Ca-depleted 
state, the formation of higher S states is inhibited 
[14,45]. As a consequence, a positive charge is stabi- 
lized on the donor side and the reduction of P-680 + by 
tyr, is inhibited [46]. Actually, Krieger and Weis [11] 
proposed that reversible Ca-release by internal acidifi- 
cation is a primary step to induce "high-energy quench- 
ing'. 

The question remains to be answered as to how 
excitation energy absorbed by centers with an inactive 
donor side is 'de-excited'.  As a possible explanation 
Schreibcl and Neubauer [9] proposed the recombina- 
tion of the primary radical pair, P-68fl* Pheo-  to the 
triplet state, 3P-6811-Pheo. However, at least in open 
centers (QA oxidized) this sort of recombination is 
unlikely to occur as the fast charge stabilizing electron 
transfer from Pheo-  to Qa  may efficiently compete 
with P-680~-Pheo - recombination, irrespective of 
whether the donor side is active or not. in closed 



c e n t e r s  ( O  A reduced) primary charge separation, P- 
680 +. Phco-  has been assumed to be suppressed, any- 
way [30,47]. Also, triplet state formation associated to 
P-68(1 +- Pheo- recombination is known to cause po- 
tentially damaging oxidative side-reactions and addi- 
tional mechanisms would be required to quench these 
states safely. Finally, the long-living nanosecond com- 
ponent, shown in this study (C4), possibly reflecting 
P-680 ÷. Pheo-  recombination [34] does not increase. 
but even decreases, upon acidification (Fig. 3). 

We propose an alternative recombination model, in 
which it is assumed that, in both the active (oxygen- 
evolving) state and the inactive, 'high energy state" of 
PS 1I, energy is trapped by the radical pair, P-680 ~- 
Pheo-  formation, followed by the regular stabilizing 
electron transfer from Pheo-  to Oa- in active centers, 
recombination is then suppressed by rapid (20 ns) 
reduction of  P-680 + by tyr,. In centers with an inactive 
donor side, however, P-680 + is stabilized and the for- 
mation of the state P-680 ~-. Pheo-O,~ may then be 
followed by an electron transfer from O,( to P-680 +, 
either directly or via an unknown route. There is actual 
experimental evidence for a lengthening of the P-68(1 ~ 
reduction time from the nanosecond to the microsec- 
ond range upon acidification [12,42,43] or Ca depletion 
[46]. and the microsecond relaxation of P-68(V has 
been suggested to indicate recombination of  this radi- 
cal with QA- This may become the dominant reduction 
reaction when electron transfer from tyr, to the center 
is inhibited as proposed for a Ca-depleted state [46]. 
Recently, it has been shown that inactivation by low 
pH [14] or by internal acidification [11] is actually 
induced by Ca depletion. Recombination in the low pH 
state may also be favored by an increase in the redox 
potential of QA by 150 mV [i 1]. For some rea~)ns, in 
the low pH state the free energy change related to 
recombination of P-680+-Q,( may not be sufficient to 
create excited states of the reaction center and. thus. 
energy would be lost as heat. A scheme of the route of 
de-excitation in the "high energy state" proposed in this 
model is shown in the follov, ing: 

-tyr,-P680*-Pheo, O a 

l 
-tyr;P680 +-Pheo--Oa 

$ 

-tyrz-P680 +-Pheo-O A 

l 
4yr~-P680-Pheo-Q~ 

As in this model, excitation energy' in inactive (non- 
oxygen evolving, non-fluorc~ent t centers is trapped by 
a regular charge separation process (as in o,'~gen e,~olv- 
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ing centers). The similarity in the pattern of fluores- 
cence changes (compare Figs. 5-7) may actually reflect 
a similarity in the trapping process in both active and 
inactive centers, in inactive centers, even at high irradi- 
ante. the acceptor O,x would be kept in the oxidized 
state by a recombination process. This recombination 
process is induced by a blockage of electron donation 
from tyr,. No additional quenching processes, either in 
the center or in the pigment matrix, are required to 
explain the data shown here. By this mechanism excita- 
tion energy not required for photosynthesis, could be 
safely dissipated at the center. 

Yet the question remains to be answered whether 
the P-680". Q,~ recombination model a l ~  applies to 
high energy quenching in viw). We arc aware of an 
apparent di~repancy between the insensitivity of F, 
reported here (Table Ill and data from intact systems. 
where an energy-dependent decline in the dark-level 
fluorescence was frequently ob~rved (e.g., Rcfs. 2, 15. 
19). For intact systems, alternative mechanisms have 
been propo~d,  which include quenching processes in 
the pigment matrix (e.g.. Refs. 15. 16, 18). Very' re- 
cently, Horton and co-workers [48] proposed a mecha- 
nism by which excess excitation energy is dissipated by 
quenching at the level of  antennae pigments cau~d  by 
a structural rearrangement (aggregation) of light- 
harvesting complexes. As di~us.~d above, antennae 
quenching is not consistent with the data of fluores- 
cence lifetime shown here. Perhaps. for ~*me rea~n,  
pH-dependent light harvesting complex aggregation 
does not appear in thylakoid membranes under the 
particular conditions used in our study. We cannot 
exclude the possibility that in the intact system differ- 
ent mechanisms are operating in concert and amplify 
each other. Also, a preexisting mechanism could be 
modified by additional mechanisms such as the zeaxan- 
thin cycle [18]. r¢~ clari~' the problem, wc obviously 
need a more rigorous analysis of the quenching process 
in intact 'Lvslems. 
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