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Thylakoid membrane protein phosphorylation affects photochemical reactions of Photosystem II. Incubation 
of thylakoids in the light with ATP leads to: (1) an increase in the amplitude of three components (4-6, 
25-45 and 280-300 ps) of delayed light emission after a single flash without any change in their kinetics; (2) 
a reduction of the flash-dependent binary oscillations of chlorophyll a fluorescence yield associated with 
electron transfer from the primary quinone acceptor, Q, to the secondary quinone acceptor, B; (3) an 
increase in the B - / B  ratio resulting from an increase in stability of the semiquinone anion during dark 
adaptation; and (4) no change in the redox state of the plastoquinone pool as determined by flash-induced 
photooxidation of the Photosystem I reaction center, P-700. All the above observations are reversible upon 
dephosphorylation of the thylakoid membranes. These data are explained by a protein phosphorylation-in- 
duced stabilization of the bound semiquinone anion, B- .  It is proposed that this increased stability may be 
due to an alteration in the accessibility of an endogenous reductant to B, or to an increase in dissipative 
cycling of charge around Photosystem II. 

Introduction 

It has recently been shown [1-3] that the hght- 
harvesting antenna chlorophyll-protein complex of 
PS II (LHC II) is reversibly phosphorylated on a 
threonyl residue of a surface-exposed portion of 
the complex. The LHC II is phosphorylated by a 

* The menuon  of fu'na names or trade products does not  imply 
that they are endorsed or recommended by the U S Depart- 
ment  of Agriculture over other ftrms or smular  products not 
menUoned 

Abbrevmuons  PS, photosystem, Chl, chlorophyll, Theme,  N- 
tns(hydroxymethyl)methylglycme, TMPD,  N,N,N',N'-tetra- 
methylphenylene-p-&armne,  dmron,  3-(3,4-&chlorophenyl)- 
1, l -&methylurea (DCMU)  

protein kanase [4,5] and dephosphorylated by a 
membrane-bound phosphatase [3]. It has been 
shown [6,7] that in chloroplasts phosphorylatlon of 
LHC II, just as cation depletxon [8,9], regulates the 
dlstnbuUon of absorbed excltatmn energy between 
P S I  and PS II. Phosphorylatlon of LHC II has 
been suggested to control excitation energy distn- 
buUon in xavo [10-12]. It has been suggested [10,13] 
that the protein klnase is controlled by the redox 
state of the plastoquinone pool m vwo, wluch 
ultxmately leads to excitation energy d~stributlon 
effects slmalar to that of altenng cation concentra- 
tions [9,14], however, phosphorylatlon-mduced 
changes are suggested to operate under physiologi- 
cal mn concentratmns and w~thout the major 
structural rearrangements (1.e., destackmg) seen 
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upon cation depletion [15]. In addition to LHC II, 
several other PS II polypepudes have been shown 
to be phosphorylated m pea thylakolds [16]. 

In this paper we report a secondary effect of 
protein phosphorylatlon on the primary photo- 
chemistry of PS II. We have related the results 
reported here to a single event: a change in the 
redox state of the secondary acceptor, B, of PS II 
[17]. Biological strategy is discussed for an altera- 
tion of the redox state of semaqumone anion under 
condmons that promote LHC II phosphorylaUon 
and distribution of absorbed excitation energy 
preferentmlly to P S I  

Materials and Methods 

Chloroplast preparation and phosphorylatton 
Broken chloroplasts were isolated from leaves of 
14-21-day-old dwarf peas (Ptsum sattvum var. 
Progress 9) by a method published elsewhere [11]. 
The isolated membranes were diluted to a con- 
centrauon of 200/~g Chl /ml  in a reacUon medium 
consisting of 10 mM MgC12, 10 mM NaC1, 10 
mM Tricine (pH 7.8) and 100 mM sorbltol. NaF 
(10 mM) was Included in samples to be phos- 
phorylated to Inhibit the phosphatase activity and 
to allow complete phosphorylation of the chloro- 
plast membranes. Phosphorylauon was mmated 
by the addmon of ATP (200 #M) and dlununatlon 
with a tungsten-halogen lamp (200 W / m  2). Phos- 
phorylation was camed out for 10 man at room 
temperature, following which the sample remained 
in the dark for 10 man prior to placement on ice 
for storage until the measurements were made. 
Dephosphorylated samples were prepared as 
above, but with no NaF  m the medium, and 
nonphosphorylated samples recewed no hght 
treatment. Phosphorylatxon and dephosphoryla- 
tlon of chloroplasts were demonstrated to have 
taken place by the characteristic changes in the 
Chl a fluorescence transients described earher [11] 
and by fluorescence emission spectra at 77 K 
described by Steinback et al. [16]. To obtain reha- 
ble phosphorylat lon and dephosphorylat lon,  
freshly prepared chloroplasts were used, and all 
glassware was washed with 0.1 M HCI and rinsed 
thoroughly with deionized-dtstdled water. 

Fluorescence yleM The Chl a fluorescence yield 
was measured by the two-flash method [18] The 

acUmc flash was provided by a General Radio 
Strobotac 1538 A and filtered through a Cornmg 
CS 4-96 blue filter. The delayed analyuc flash was 
ldenucal to the actinic flash but reduced m m- 
tensity by a 1% neutral density filter. Fluorescence 
was detected by a Hamamatsu R 928 photomulu- 
pher that was sinelded from the actinic hght with a 
Cornmg CS 2-64 red-cutoff filter The analog pho- 
tomulupher output was dlgmzed by a Blomatlon 
805 waveform recorder and transferred to a Heath 
H8 mlmcomputer for peak-height determanaUon 

Dark reoxldatlon of B- .  The redox state of the 
secondary acceptor was determined by the 
dturon-mduced Chl a fluorescence increase as de- 
scribed by Velthuys and Amesz [17]. The low-m- 
tensity measuring flash was provided by a xenon 
flashlamp filtered through a Corning CS 4-96 blue 
filter. The fluorescence signal was detected 90 ° 
from the analytic beam as described above 

Delayed hght emission. Delayed light emasslon 
was measured in the range of 12/is to 1 ms [19] 
For the 12-100 #s range, saturating flashes were 
provaded by a Phase-R model 1100 dye laser. The 
laser was operated with Phase-R LD490 dye in 
ethanol (peak emasslon = 479 nm). The laser pulse 
was 300 ns at half-height. In the 140-1000 ~ts 
range, saturating flashes were provided by a xenon 
flash through a Cormng CS 4-96 glass filter. The 
photomulupher was gated off electromcally by a 
factor of 5 .103 during the acumc flash. Further 
protection of the photomultlpher from the acumc 
source was provided by a Coming CS 2-64 glass 
filter. Signal artifacts from scattered hght and 
sample fluorescence dunng the actlmc flash were 
less than 1% of the delayed light enuss~on s~gnal 
amplitude Data were dlgmzed as in the fluores- 
cence measurement and converted to numerical 
form by the mamcomputer. 

Oxygen flash yields These were measured with a 
rate electrode as previously described [20]. Flashes 
were provided by two xenon flashlamps Rates of 
S-state relaxaUon are determaned by varying the 
time between two flashes and measuring the effect 
tins has on the oxygen yield on the third flash [21] 

700 nm absorption change Absorption changes 
at 700 nm were measured with a single-beam 
spectrophotometer, winch had a 200 #s electromc 
rise time. Single saturating flashes were prowded 
by xenon flashlamps on each side of the sample 



cuvette that were triggered simultaneously. The 
analyuc light was generated from a Bausch and 
Lomb high-intensity monochromator  adjusted to 1 
nm bandwidth and operated with a regulated d.c. 
power supply. The analytic beam passed through 
an electronic shutter that was opened 60 ms prior 
to the actinic flash to void any excitation by the 
analytic hght The photomultiplier was protected 
from the acttmc beam by a 700 nm interference 
filter. 

R e s u l t s  

Delayed hght enussion from chloroplasts is sen- 
sitive to many of the reactions associated with 
charge separation and stabilization m the PS II 
reacuon center [22,23]. The effects of protein phos- 
phorylatton on delayed light elmSSlOn following a 
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single flash are shown in Fig. 1. First-flash il- 
lumination was used to mimmlze the modulation 
of delayed hght enussion by other phenomena 
such as membrane potential and proton gradients 
[24] and the build up of higher S-states of the 
oxygen-evolving system [25]. Three components 
were observed with half-times of decay of 4-6,  
35-45 and 280-300 #s (Fig. 1) in agreement with 
previous results [22]. These decay rates were found 
to be unchanged by phosphorylation. The ampli- 
tudes, however, were enhanced 2-fold for the two 
most  rapid components  and approx. 40% for the 
300 /~s component  in the phosphorylated mem- 
branes This enhancement of delayed light enus- 
slon amplitudes was found to be reversible to a 
large extent upon dephosphorylatlon. 

Because prote in  phosphory l a t i on  caused 
changes in the amplitudes of delayed light emls- 
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slon rather than m kinetics and were observed on 
the first flash, effects on the rapid charge stabiliza- 
tion reactions on the donor side of PS II seem 
unhkely However, an alteratmn in the state of 
reductmn of components on the acceptor side of 
PS II should gwe the observed results. 

The decay of Chl a fluorescence yield, following 
a flash given to a dark-adapted sample, is known 
to be biphaslc [26,27] with components having 
half-times of approx. 200 #s and 1 ms [27] An 
analysis of the fluorescence decay curves after one 
or more excitation flashes of phosphorylated, non- 
phosphorylated and dephosphorylated samples is 
presented in Table I. The flash-number depen- 
dence of representatwe time points m the decay ~s 
shown in Fig 2 For the nonphosphorylated and 
dephosphorylated samples, the amplitudes of the 
fluorescence oscillates with a cycle-of-two, being 
low on the first flash. Tlus is due to a lugh 
proportmn of the 100-130 #s component on the 
first flash (Table I). This fast component has been 
attributed to the transfer of an electron from the 
reduced primary acceptor of PS II to the fully 
oxl&zed secondary acceptor [28,29] (Q-  B ~ QB-). 

In phosphorylated chloroplasts, the cycle-of-two 
oscdlatmn Is barely discernible (Fig. 2), and the 
portion of the fast component changes httle with 
flash number (Table I). According to earher in- 
terpretatmns [28,29], this behawor of fluorescence 
decay indicates that the B - / B  ratio that occurs 
during dark adaptation is much greater m phos- 
phorylated than in nonphosphorylated or dephos- 
phorylated chloroplasts. 

After many flashes, the B - / B  ratio will ap- 
proach a steady-state value of unity [17]. For the 
dephosphorylated and nonphosphorylated sam- 
pies, the portmn of the 100-130 #s component 
after many flashes becomes approx 30-35% (Ta- 
ble I) It is noteworthy that this is the proportmn 
of the fast component observed on the first flash 
in phosphorylated chloroplasts. 

The amount of the singly reduced secondary 
acceptor of PS II (B-) present in the dark can be 
detected by observing the level of Chl a fluores- 
cence yield after dmron injection [17,30] to sam- 
ples prelllurmnated with a series of flashes. Com- 
phcatlons due to quenching by oxygen-evolution 
S-states were eliminated by incubation of the chlo- 
roplasts for at least I0 mln in the dark at room 

TABLE I 

AMPLITUDES AND HALF-TIMES FOR THE TWO EX- 
PONENTIALS IN THE Chl a FLUORESCENCE DECAY 
FROM 50 #s TO 2 4 ms 

The fluorescence decay curves were analyzed by computer, 
using a two-component exponential-fit program, and the tabu- 
lated values represent the mmtmum-error fit The amplitude 
values (A) are the amplitudes of the variable fluorescence 
extrapolated back to the time of the flash The variable fluores- 
cence is calculated as follows A F =  ( F , -  Fo)/F 0 where F t is 
the fluorescence level at time t after the last excttatmn flash, 
and F o is the fluorescence level before any excltauon flashes 
Multiple flashes were given at a rate of 1 Hz All measurements 
were done at a chlorophyll concentratmn of I0 # g / m l  

Flash Ao) T ° )  A¢2 ) T ~2) 
(#s) (ms) 

Nonphosphorylated 
1 1 54 (53%) 105 1 37 (47%) I 51 
2 0 66 (25%) 110 2 03 (75%) 1 38 
3 0 81 (33%) 116 1 66 (67%) 1 36 
Many 0 80 (30%) 101 1 87 (70%) 1 30 

Phosphorylated 
1 0 58 (36%) 113 I 05 (69%) 2 64 
2 0 45 (28%) 127 I 16 (72%) 2 41 
3 0 53 (34%) 130 1 03 (66%) 2 58 
Many 0 55 (34%) 123 1 09 (66%) 2 87 

Dephosphorylated 
1 1 12 (50%) 100 1 10 (50%) I 68 
2 0 64 (27%) 105 1 72 (73%) 1 64 
3 062 (31%) 110 1 36 (69%) 1 66 
Many 0 60 (34%) 106 1 46 (66%) 1 52 

temperature with 5 mM NH2OH [30] Membrane 
protem phosphorylatton leads to a higher level of 
dmron-mduced Chl a fluorescence with no prell- 
lununaUon flashes and slgmficantly dampens the 
binary oscillation of this fluorescence with flash 
number (Fig. 3). In the nonphosphorylated and 
dephosphorylated samples, the dark fluorescence 
level is low, and pronounced binary oscdlauons 
Occur .  

Based on the data in Fig. 3 and assuming a 
constant mass parameter for flash photochenustry 
m all samples of 0.1 [20], estimates can be made 
for the B - / B  ratio in the dark. The ratio for 
chloroplasts that are nonphosphoryla ted is 
0.16 0.84, but it is 0.34 : 0.66 for phosphorylated 
and 0.13.0.87 for dephosphorylated samples. The 
values for nonphosphorylated and dephosphory- 
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Fig 3 Dmron-lnduced Chl a fluorescence as a function of 
prelllununauon flash number m phosphorylated, dephosphory- 
lated and nonphosphorylated chloroplast samples Measure- 
ments were made at a chlorophyll concentration of 10 pg/ml,  
and dmron was rejected wltlun 2 s after the last prelllurmnauon 
flash to gtve a final concentration of 10 pM Prefllurmnation 
flashes were gwen at a rate of 1 Hz Chloroplasts were in- 
cubated with 5 mM NHaOH for 10 nun m the dark AF = ( F  

- -  F o ) / F  o where F is the fluorescence level measured 30 s after 
dluron injection and F 0 the fluorescence level measured before 
prelllununaUon flashes or dmron mjecUon AFro= x = (Fma x - 
F o ) / F  o where Fma x is the fluorescence level measured after the 
sample had dmron added and 15 excltatmn flashes were given 

l a t e d  c h l o r o p l a s t s  a re  m g o o d  a g r e e m e n t  w i t h  p r e -  

vaous  r e p o r t s  [30]. A h i g h  a m o u n t  o f  B -  m the  

d a r k  a p p e a r s  to  b e  a s s o c i a t e d  w i t h  p o l y p e p t l d e  

p h o s p h o r y l a t l o n .  

T h e  d i f f e r e n c e  in  t he  B - / B  r a t i o  of  p h o s p h o r y -  

l a t e d  a n d  n o n p h o s p h o r y l a t e d  s a m p l e s  ~s e s t a b -  

l i s h e d  r a p i d l y  a f t e r  e x p o s u r e  to  c o n t i n u o u s  11- 

l u r m n a t t o n  to  a c h i e v e  a s t e a d y - s t a t e  B - / B  r a t i o  

T h e  t i m e  d e p e n d e n c e  o f  t he  B - / B  raUo,  as  i n d i -  

c a t e d  b y  t h e  d m r o n - m d u c e d  i n c r e a s e  m C h l  a 

f l u o r e s c e n c e ,  ~s s h o w n  m Fig.  4. T h e  B - / B  r a t i o  ~s 

s i g n i f i c a n t l y  l a r g e r  f o r  t h e  p h o s p h o r y l a t e d  

( ©  © )  t h a n  fo r  t he  n o n p h o s p h o r y l a t e d  s a m -  

p l e s  (11 II) e v e n  as s o o n  as  5 m l n  a f t e r  p r e d -  

l u m m a U o n .  T h i s  a p p a r e n t l y  is d u e  to  a m o r e  r a p i d  

r e o x l d a t l o n  o f  B -  m t h e  n o n p h o s p h o r y l a t e d  s a m -  

ple .  D u r i n g  p r e l l l u m l n a t l o n ,  t h e  s a m p l e  c a l l e d  de -  

p h o s p h o r y l a t e d  b e c o m e  p h o s p h o r y l a t e d ,  e x p l a i n -  

m g  t h e  h t g h  m m a l  A F t / A F m a  x m Fig.  4 I n  t h e  

d a r k  o n  tce, d e p h o s p h o r y l a t l o n  o f  th i s  s a m p l e  

o c c u r s  in  a b o u t  120 m m  (& A) as  c a n  b e  s een  

b y  t h e  m e r g i n g  o f  t h e  d e p h o s p h o r y l a u o n  a n d  n o n -  

p h o s p h o r y l a t l o n  c u r v e s  in  Fig.  4 H o w e v e r ,  a t  2 0 ° C  
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Fig 4 Dmron-mduced Chl a fluorescence as a function of Ume 
after prefllurmnatlon with continuous hght for l0 mm The 
phosphorylated (O O), dephosphorylated (@ @) 
and nonphosphorylated ( I  I)  samples were kept on ice 
m the dark after prelllun'unatlon For the one dephosphorylated 
sample (or ~,) the dark adaptation took place at 20°C 
A F is as defined m the legend to Fig 3 

( *  ~r), the dephosphoryla t Ion and conse- 
quent  B -  oxidat ion are largely complete  within 30 
m m  (Fig. 4). 

It is possible that changes in the B - / B  ratio 
were due to shifts in the redox potentml of  the 
medium d u n n g  preillumlnation. To determine if 
this was the case, an experiment slrmlar to that of  
Fig. 4 was carried out  with a reaction medium that 
conta ined 10/xM T M P D  and had its redox poten-  
tial adJusted to + 260 mV on the hydrogen scale. 
The AF,/AFma x at 1 min after predluminat lon was 
0 180 for the phosphoryla ted  and dephosphory-  
lated samples and 0.109 for the nonphosphory-  
lated sample. The presence of  the redox mediator  
T M P D  does not  eliminate the effect of  the in- 
crease in the B - / B  ratio caused by phosphoryla-  
tion. 

It is also conceivable that the increased stabdlty 
of  the bound  plastosemlquinone anion (B-)  may 
be due to an increased level of  reduct ion of  the 
free plas toquinone pool by protein phosphoryla-  
Uon. This was tested by observing the number  of  
flashes required to oxadlze completely the plasto- 
qulnone  pool  and P-700 in chloroplasts in the 
presence of  diuron, used to block electron flow 
into the plas toquinone pool. Fwe flashes were 
required to remove all the charge f rom the plasto- 
quinone pool and P-700 regardless of  the phos- 

phorylatxon treatment  (Fig. 5). A sample with its 
p las toqulnone pool  fully reduced by preillununa- 
tlon without diuron or methyl  vlologen takes 12 
flashes to remove the charge (Fig. 5). Thus, it 
appears  that protein phosphoryla t lon does not 
change the extent of  the plastoqulnone pool reduc- 
tion, but  it does affect the level of  reducuon of  the 
bound  qulnone (B) rather specifically. 

Since it has been shown [30,31] that oxidized 
S-states are essentml for B -  oxidation, ~t was pos- 
sible that changes in the B - / B  raUo due to phos- 
phoryla t lon nught  also be reflected in changed 
S-state relaxation. But phosphoryla t lon has no slg- 
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Fig 5 Flash-induced absorption changes at 700 nm m non- 
phosphorylated, phosphorylated and dephosphorylated chloro- 
plast sample Chloroplast samples were dark adapted for 10 
mm before addmon of dmron (4 #M) and methyl vmlogen (100 
#M) The lowest curve represents nonphosphorylated chloro- 
plasts in wluch the plastoqmnone pool was first reduced by 
predlununatmn with 30 saturating flashes before the addmon 
of dmron and methyl vmlogen Flashes were given at a rate of 1 
Hz, and all measurements were made at a chlorophyll con- 
centratmn of 25 #g/ml PQ, plastoqumone 
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Fig 6 Oxygen yield on flash three (Y3) as a function of ume  between flashes one and two (Atl2)  (A) and flashes two and three (&t23) 
(B) m phosphorylated and nonphosphorylated sample All other flashes are ~ven  at a rate of 2 Hz These samples were resuspended m 
reaction medmm that had 100 ~M N A D P  present as an acceptor Samples were loaded onto the electrode at a chlorophyll 
concentration of 0 5 m g / m l  

mflcant effect o n  S 2 and S 3 relaxat,on rates (Fig. 
6A and B). Apparently, although B-  can recom- 
bine with the oxygen system S-states, any changes 
m the rates of S-state relaxation due to phosphory- 
latlon are insignificant compared to mteracuons 
with other oxadants and reductants that are en- 
dogenous to chloroplasts. 

Discussion 

The data presented in this paper suggest that 
thylakold membrane protein phosphorylatlon is 
associated with an elevated level of reduct,on of 
B -  in the dark. In algae, it Is known that the B - / B  
ratio m the dark depends on the balance between 
an endogenous reductant and oxadatlon by oxygen 
[32,33]. In chloroplasts, this endogenous reductant 
is apparently absent, or at least not able to reduce 
significantly B or the plastoqulnone pool [33]. 
However, some form of reductant does exast in 
chloroplasts and is capable of fully reducing P-700 
and plastocyanm and partially reducing cyto- 
chrome/[34] .  The increase m dark equdlbnum of 
B - / B  in phosphorylated samples may be due to 
an alteration m the avadablhty of the secondary 
acceptor to tins endogenous reductant A slrmlar 
effect has been shown on the avaflablhty of an 
exogenous acceptor (ferncyanlde) to reoxa&ze the 
reduced pnmary  acceptor, Q [15]. The latter case 
was explained by a surface charge effect with a 

protein phosphorylatlon-mduced increase In the 
local negatwe surface charge around PS II. 

The reversibility of the phosphorylatlon-m- 
duced high level of B-  was demonstrated at 20°C 
to occur during 30 min of dephosphorylatlon. This 
time course matches that for the dephosphoryla- 
tlon of LHC II, whereas that of other labeled PS II 
polypeptldes have a somewhat longer ume scale 
for dephosphorylatlon [16]. We cannot, therefore, 
rule out the posslblhty that the increase in the 
local negative surface charge around PS II caused 
by the phosphorylaUon of LHC II that affects the 
ability of an endogenous reductant to interact w~th 
B. 

Another explanation for the high B - / B  ratio 
may be that protein phosphorylauon enhances a 
cychng of charge around the PS II reacuon center. 
This would be slmdar to the electrogenic back-re- 
action between P-680 ÷ and Q -  as proposed by 
Renger and Wolff [35] for Trls-treated chloro- 
plasts. A cycle of this type may act as a safety 
valve for &ssipatmg excess energy, when the 
plastoqumone pool is fully reduced and ATP levels 
are high, and thereby decrease photooxldauon of 
the PS II trap and buildup of the oxygen-evolution 
S-states. The level of B -  in the dark is known to be 
dependent upon the extstence of S-states [30,31]. 
Therefore, enhanced dissipative cychng around PS 
II would lead to higher stability of B-  in the dark 
Although these data also could be interpreted to 
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mean that the redox potential of B may have been 
altered by phosphorylatlon, preliminary evidence 
on the tltraUon of the bmary oscillattons of fluo- 
rescence decay with flash number m&cate that the 
redox potentml of B is unaffected by phosphoryla- 
tlon (Robinson, H ,  Crofts, A and Kyle, D., and 
independently by Jurslmc, P,  unpubhshed data) 

At this t~me we are unable to determine if the 
increase in the B - / B  ratio mduced by protein 
phosphorylatmn ~s due to a surface charge effect 
that increases abthty of an endogenous reductant 
to interact with B, or to the promotion of a cycle 
around PS II mvolwng B The latter explanation is 
tehologxcally acceptable, since it represents a phys- 
~ologlcal mechanism that would control pressure 
of electron dehvery to the plastoqumone pool and 
thereby work m concert with the phosphorylat~on 
of LHC-II, which changes the dlstnbuUon of ab- 
sorbed quanta to excite preferentmlly PS I [12] 
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