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The effective antenna size of  Photosystem 11 is regulated by a kinase mediatcd phosphoq4ation ot the main light-ha~'esting 
chlorophyll a / b  protein (LHCII). This regulatory mechanism, ~,hich in~ol~,es lateral migration o! the phospho-protcin along the 
thylakoid membrane,  is thought to be essential for short term acclimauon of  the photosynthetic light har, csting. In this stud~ we 
have analyzed how LHCI! phosphorylation and the subsequent  changes in the orgamzation of the thyiakoid membrane arc 
influenced by low temperatures.  It was shown that the kinase activity, measured as dcg,'ec of LI|CI~ "hosphorylation. is 
operational at 0°C although partially inhibited. By subfractionation of  thylakoid membranes phosphor~latcd at WC it was shown 
that virtually no phospho-LHCI!  migrates to the stroma thylakoids at this low temperature,  in contrast to the c a ~  at nortnal 
temperatures.  When such thylakoids, with phospho-LHCl l  retained in the appresscd grana regions, ~,crc gradually subjected to 
increasing temperatures  followed by subfractionation, it was shown that rapid lateral migration o! ohospho- lHCI i  ~.as indut 'd 
in a quite narrow temperature  range of  10-12°C. At 5°C the migration of phospho LHCII ~ould require hours for completion 
while at 20°C all phospho-LHCl l  had arrived in the stroma thylakoids v, ithin 5 rain. From a functtonat In~int of ,.icy., our results 
reveal that at temperatures  when the migration of phospho-LHCi i  from the grana rcgkm is prc~,cnted, there ts nt~ rcductiof  in 
the effective antenr, a size of  Photosystem II. This shows that protein phosphot~lati~m in it,,clf is not sufficient to crcal~: a 
functional disconnection between Photosystcm li and LHCII but that the sub,.cqucnt lateral diffusion of phospho-LHCll  in the 
thylakoid membrane is required. "The significance of  the results in conncctkm with inc rca~d  photoinhibition during combtncd 
light and cold stress is discussed. , \par t  from these physiok~gical implications, the prc',cnt combination of protein phosphor)la- 
tion and thylakoid subfractionatiLm offers a novel v, ay to stud.,, lateral dillu,,t~m ot a single protein m an undisturbed 
biomcmbrane.  

Abbreviations: LHCil, light-harvc,tmg chlorophyll a/h-prt,tctn 
complex of Photosystem It: SDS-PAGE, sodium dodecn. Nulphate 
l~flyacD4amide gel electrophorcsis; I rtcine, N-[2-hydro,cy-I .I-bN4hy- 
dro.w, methyDethyl]gl}cine: MGDG. ~,onogalactosyl diacylgl,,ce~ok 
DGDG. digalactosyl diacylgl~,cerol. 
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I n t roduct ion  

Plan t s  have to  acc l imate  to  a var ie ty  o! d i f f e r e n t  
e n v i r o n m e n t a l  o m d i t i o n s  for  op t ima l  func t ion  and  sur- 
vival. M a n y  o f  t h e s e  acc l ima t ion  mechanism,, ,  are  mani -  
f e s ted  at the  m o l e c u l a r  level involving t r ansc r ip t iona l ,  
t r ans l a t i ona l  and  Fn~sttranslational r egu la t ions  [1.2]. 
Two  ma jo r  s t ress  fac toP,  to  p l an t s  a re  high light cond i -  
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t ions 1o~ temperature,, ~hich arc p:lriicularly 
harmtul ii ltlcy arc commncd [3.4]. ()ttcn such a com- 
bined light and cold stress leads to scvcre photoinhibi- 
lion due to impairement of Photos~stcm I!. 

A molecular mechanism that is regarded as essential 
for the short term regulation of the light-harvesting of 
the photosynthetic apparatu~ in algae and higher plants 
is protein phosphorylation [5-8]. A membrane bound 
kinase [7.9] phosphorylate,, the main light-harvesting 
chlorophyll a/b-protein complex of Photosystem II 
(LHC I11 in addition to several subunits of the Photo- 
system 11 core [7]. The kinasc activity is controlled by 
the rcdox state of electron translx~rt components such 
as p!astoquinone [5.1(I] and the cytochrome b/f com- 
plex [11-14] which function bctween the two photo- 
systems. As a result of the protein phospho~'lation one 
subpopulation of LHC 11 dissociates from Photosystem 
I1 and migrates along the membrane away from the 
appresscd thylakoids into the Photosystcnl 1 rich non- 
appresscd lh)lakoid regions [6.8.15-17]. This rcar- 
rangement in the organization of the light-harvesting 
antcnna, which requires a fluid membrane bilaycr, has 
been suggested to be important for the balancing of 
excitation energy between the two photosystems [5-7] 
as well as protecting against photodamage of Photosys- 
tern !I [8.18]. 

In order to understand the molecular basis for 
light-cold stress on photosynthesis we have made an in 
vitro study on the effect of low temperature on protein 
phosphorylation and the accompanying lateral rear- 
rangements in the thylakoid mcmbrane. The results 
show that the protein kinasc is functional at low tem- 
peratures but that the rapid lateral migration of phos- 
pho-LHCll in the thylakoid membrane is largely pre- 
vented below 10°C, and th.,t there is no decrease in the 
antenna size of Photosystem !!. The results arc dis- 
cussed in biochemical terms with respect to thylakoid 
membrane fluidity and lateral diflusion of integral 
membrane proteins and in physiological terms in rela- 
tion to combined light and cold stress of pla,lts. 

Materials and Methods 

Spinach was grown hydroIx)nically in nutrient solu- 
tion [19] at 25°C and 475 #mol photons m-"  s ~.  
Thylakoids were isolated according to Ref. 20 and 
finally suspended in 50 mM Tricine-KOH (pH 7.6). 20 
mM NaCI, 5 mM MgCI_, and 100 mM sorbitol (incuba- 
tion buffer). For protein phosphorylation, the th- 
ylakoids were suspended in the incubation buffer at a 
chlorophyll concentration of 0.4 mg/ml  and kept in 
darkness at r¢~-~m temperature for 10 min before being 
brought to the desired temperature. 10 mM NaF and 
0.4 mM ATP containing [y-3-'P]ATP (0.035 mCi /mg 
chlorophyll) were added to the suspension ~hich v, as  
then illuminated (5(X) ~.mol photons m--" s -~) for 10 

Scheme I. 
Subfractionation at various temperatures of lhylakoid membranes 
phosphorylated at 0C. 

1. Protein phosphorylation of intact thylakoids at 6 C in the pres- 
ence of [~,.32p] ATP. 

2. Incubation in the dark at different temperatures (0"C-20"C). 
3. Withdrawal of samples for digitonin based subfractionation at 

specified timepoints. 
4. Isolation of stroma (or grana) membranes. 
b. Analysfs of phospho-LHCII content by SDS-PAGE and auto- 

radiography cr scintillation counting. 

min. Alternatively. protein phosphorylation was per- 
formed with the same additions in the dark for 5 min 
in the presence of 1 mM NADPH and 10 /aM ferre- 
doxin. The reaction was stopped either by addition of 
Lacmmli solubilization buffer or digitonin (see below), 
depending on the nature of the experiment. 

Grana and ,troma thyiakoid membranes were pre- 
pared by digmmin based subfractionation of stacked 
thylakoids essentially according to Ref. 21. One volume 
of (1.8¢~ digitonin was added to the thylakoid suspen- 
sion ((I.4 mg chlorophyll /ml)  giving a final concentra- 
tion of (I.4% digitonin. The ~lubi l izat ion at 20°C was 
stopped after 2.5 min by adding ten volumes of ice-cold 
incubation buffer. The grana membranes were isolated 
by ccntrifugation at I(1000 x g for 5 min. The resulting 
supcrnatant was spun at 40(XX) x g  for 31) mm and the 
stroma thylakoids contained in the supernatant were 
finally collected by centrifugation at 100000 × g for 60 
min. 

In order to follow any changes in the lateral location 
of LHCII subsequent to protein phosphorytation, as a 
function of temperature and time, the following 
'kinetic" subfractionation experiment was designed 
(Scheme I). After the thylakoids had been subjected to 
protein phospho~'lation at 0°C the samples were di- 
vided into different lots. Each of these were trans- 
ferred to a defined temperature in the 0°C-2(I°C range. 
At specific time-points at each temperature, samples 
v, crc v, ithdrawn and subfraetionated into grana and 
,,troma thylakoids by the digitonin method. 

SDS-PAGE was carried out according to [22] using 
a 12 to 22.55~ polyacrylamide gradient in the separa- 
tion gel. Prior to electrophoresis the samples were 
suspended in the Lacmmli solubilization buffer [22] 
and incubated at 70°C for 5 min. The gels were autora- 
diographed and the r, ims subsequently .scanned by 
laserdensitometry for quamification. 

Photosystem !: electron transport was measured at 
3°C in a Hansatech oxygraph using hght passed through 
a 6511 nm interference filter. The light intensity in the 
range of 14 to 2680/.tmol photons m - "  s-~ was modu- 
lated by neutral density filters. Phenyl-p-benzoquinone 
(0.5 raM) was used as an artificial electron acceptor. 



The assay medium consisted of 25 mM Hcpcs-NaOH 
(pH 7.5), 10 mM NaCI, 2.5 mM MgCI: and 100 mM 
sucrose. Thylakoids were added to a final conccntra- 
~,ion of 20 .ug chlorophyll/ml. Chlorophyll concentra- 
tion was determined in 8(17~, acetone according to 
Arnon [231. 

For electron microscopy, thylakoids were qu ckly 
spun down, resuspended in 50 mM sodium phosphate 
(pH 7.3) and fixed in 2.5% glutaraldehyde. The sam- 
ples were postfixed in I% osmium tetroxide in phos- 
phate buffer for 2 h at room temperature and subse- 
quently washed, dehydrated in an acetone series and 
embedded in Spurr's resin, Ultrathin sections were cut 
on a Sorvall Ultra Microtome MT 50(X). The sections 
were stained with uranyl acetate and lead citrate and 
observed using a Zeiss EM 10 electron microscopc. 

Results 

The effect of low temperatures on protein phospho- 
rylation and the subsequent organizational and func- 
tional changes in the photosynthetic apparatus was 
investigated in vitro using isolated spinach thylakoids. 

Initially, the temperature dependence of the kinasc 
mediated phosphorylation of LHCII was investigated. 
Fig. 1 depicts an experiment where the degree of 
phosphorylation at different temperatures was deter- 
mined. It shows that whether light or NADPH/fer-  
redoxin was used to activate the kinase, the level of 
LHCI! phosphorylated was almost as high at {~C as it 
was at 20°C. This indicates that the kinase is not 
particularly sensitive to low temperatures. It should be 
pointed out, however, that the results were variable 
and in some thylakoid preparations the kinasc activity 
at 0°C was only 25% of that at 20°C. rhe reason for 
this variation is not yet clcar, but the expcrimcn:s show 
:hat phosphorylation of LHCll indeed takes place at 
temperatures as low as (I°C. 
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Fig. 1. Teml'~ralure dependence of L t tCI I  phosphor)latlon m i'~)- 
lated thylakoids, e. 5 min light mediated protein phospho~lation: . 
phosphoDlation 5 rain in the dark med~:¢ed by NADp.I'] a~=d f;'rrc- 
doxin. Total [~ZP} phosphate incorporation ,'-as determined h~ Ein- 
Ullation counting of hand.', excised from SDS-P,~GE. 100c; r,.'fers to 

maximum labelling (20(1(10 cpm and 3gtl~l(! cpm. re~pccti',,'ly ) 
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~uhfrttcttorr~ t~gdat~'d ,~lt~ r prot~'tll pho~ph~rxhHt~m tn i~lt¢~ t ttt~[~¢,~.l~ 

a t  0 (  or  22 ( 

Fhc ~pecilic [ ~2Plpho~,ph,tlc IrT ~,tpor,tti~m v,,~, ~.,tlttll,llt:d B~. r~+tnl,~}- 
.zing Ihc lolal ph(~',phalc ]at~c] to ~hc c(~rrc,,p, mdnlg Jl.l~unl "~ 
prolcin qu~mllticd from the ~'t:i~k a~ca~. *~1 Ihc (~,~m~z~',,.ic-,,':,~mt.d 

Fraction Am¢~unl of label in I,t I('11 
tcmpcr~lt ur¢ 

lnt;icl th.qakt~id,, 5 ],(Xl 5565 
(;rana th.qakoid~ 515{I ¢,51H1 
Stroma expensed lh~lakoid!, 2S5 47311 

If the temperature was raised above 2(I°C. a rela- 
tively sharp increase in the degree of ph()sphoI3'lation 
was observed, particularly when NADPH/ferredoxin 
was used as rcducing agent (Fig. 1). l'his increase in 
protein phosphorylation was followed ~Jy a sudden drop 
at 35°C. in the case ot the light-induced reaction, or at 
approx. 45°C in the case of the NADPH/fcrredoxin 
induced phosphorylation, in the case of the light in- 
duced phosphoD'lation, thc curve probably primarily 
reP.::cts the effect of temperature on the photo- 
synthetic electron transport and its ability to reduce 
the plastoquinone pool. Hence, the temperature de- 
pendence observed with NADPH/ferredoxin most 
likely represents a more direct measure of thc heat 
stability of the kinase actkity. 

Although lowered tcmper::tures in most cases did 
not severely affect :he prote,n kinase activity per se, 
they may drastically influence the subsequent lateral 
migration of phc~spho-LttCll [8]. considering its depen- 
dence on membrane fluidity, in order to investigate 
this, th}iakoid membranes phosphorylated at different 
tempera:ttres. ~ere subtr:'ctionated into grana and 
stroma thylakoids, using digitonm incubation and dif- 
fercntia; centrifugation. The subfractionation method 
s~as de~ ised so tha" intermediate organizatior~al changes 
of the phosphoD'lated thylako;d membranes at defined 
temperatures and time intervals could be trapped and 
detected (Scheme I). In Table 1 it can be seen that 
when thylakJids were phosphorylated at 0°C, radiola- 
bel v, as almost exclusively found in the grana mem- 
bra,tes In contrast, when the same experiment was 
performed at room temperature, grana and stroma 
lamellae had the same relative degree of LHSII phos- 
phorylation. These observations strongly indicate that 
the kinase is situated only in the appressed regions of 
the stacked thylakoid membrane and that phospho- 
LHCll cannot migrate To the non-appressed regions at 
0~C. This view is fur:her strengthened by measure- 
ments showing that stroma lamellae vesicles isolated 
from thylakoids phosphor)'lated at 0¢C have the same 
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t 
chlorophyll ( , , / / )  i+~iti~ (t~.t,-t~) and relative l+lt('il 
content (11: ~ ).is those isol~ilcd lrom tmphosphorslatcd 
control thylakoid~. 

This subfraction analysis suggests that phospho- 
D'lated LHCII is trapped in the apprcsscd regions of 
grana at low temperatures. In order to see if this leads 
to any rearrangements in the grana structure, i.e.. 
dcstacking, control thyhtkoids and thylakoids pho:~pho- 
rylated at 0°C and subsequently kept at (I°C or :rans- 
ferred to 20°C, respectively, were analyzed by electron 
microscopy (Fig. 2). The ultrastructural appearance of 
the three samples was very much the same. When the 
number and the sizes of grana stacks were calcu!ated 

Fig. 2. Electron micrographs of (A) unphosphorylated control thy- 
lakoids; and (B) and (C) thylakoids phosphorylated at O°C and 

subsequently kept at 0°C (B) or at 20°C. Bar represents 1 /zm. 
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Fig. 3. Time dependence of the appearance of phospho-LtlCll in 
isolated ~,troma thylakoids at different temperatures. After protein 
phosnhoD'lation at n'C, thylakoids were incubated for the indicai.:d 
times in the dark at 0°C (©): 5°(7, ( z~ ); 12.5°C (o): 20°C ( • ) before 

isolation of stroma thylakoids. 

from several representative micrographs, no differ- 
ences could be found between non-phosphorylated thy- 
iakoids and thylakoids phosphorylated and kept at 0°C 
or 20°C. This suggests that no destacking occurs in 
response to thylakoid protein phosphorylation at 0°C. 

To test if the phosphorylated LHCII molecules, 
trapped in tile grana appressions, would start to mi- 
grate once the temperature was raised, thylakoids were 
phosphorylated at 0°C and thereafter incubated at 
different increasing temperatures for various times 
prior to fractionation (Scheme l). As illustrated in Fig. 
3. the rate of appearance of phospho-LHCll in the 
stroma vesicles is strongly dependent upon tempera- 
ture. At 20°C the first LHCI! molecules appeared very 
rapidly in the stroma membranes, and after 5 min the 
total "migrating population' of phospho-LHCll had 
already arrived (Fig. 3). In contrast, at 5°C the LFICI! 
migration within 5 rain was very limited and it w~uld 
have taken more than l h for all mobile phospho-LHCll 
to a, rive in the stioma membra;~cs. At 0~C ~irtua;h no 
migration of phosph,~-LHCll was seen (Fig. 3). When. 
initial rates of migration, are plotted against tempera 
ture (Fig. 4), a strong biphasic nature of the tempera- 
ture dependence of the diffusion is observed. A marked 
increase in the diffusion rate is observed at tempera- 
tures above 10°C, indicating a 'critical migration tem- 
perature' around this temperature. 

It has previously been shown in a large number of 
studies that phosphorylation of LHCII at room tem- 
perature results in a decrease in the size of the Photo- 
system 11 antenna [5,6,24-26]. Considering the results 
presented above, phosphorylation at low temperatures 
provided a means to test if the LHCll phosphorylation 
as such is responsible for this decrease or if the subse- 
quent lateral movement is also required. In order to 
experimentally address this problem light saturation 
curves of Photosystem 1I dependent oxygen evolution 
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Fig. 4. Initial migration rates of phospho-LttCII as a function of 
temperature, Initial rates were calculated from several experiments 
equivalent to those in Fig. 3. Each point represents the mean of t~,'o 

to four experiments. The error bars show' the standard deviation. 

were  de te rmined  for thylakoids phosphorylated at 0°C 
and subsequently kept at 0"C or transferred to 20°C for 
20 min. The  tempera ture  in the oxygraph was kept at 
3°C, o avoid lateral migrations during the assay, and 
hence relatively low rates of  O 2 evolution were ob- 
tained. The  data  for electron transport  rates were 
t ransferred into an Eadie-Hofs tee  plot (Fig. 5) in which 
the slope is equal  to Kin, the light intensity required 
for half-maximal activity of  oxygen evolution [26]. This 
value was taken as an est imate of  the effective antenna 
size. From the data presented  in Fig. 5 it can be 
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Fig. 5. Eadit.-Ho~stee plot of the light saturation curve of Pholosys- 
tern ll-dependeat electron transport in pho~phorylated Ihylakoids 
subjected t~, different temperatures. Thylakoids were pho,,phor~lated 
m the light at 0~C and subsequently incubated in the dark for 20 min 
at 0*C (C,) or 2(l°C ( A ). t .  control, unphosphorylated thylakoids kept 
in the dark at 0~C. t equals the 02 evolution rate at different ligh! 
intensities ~1). (!) was ,,aried between 14 and 26,~J p.mol photons 

m-:  ~ ' .  
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calculated that ~hcn  thylakoids ~crc  nho,phor~i~tl~.d 
at (l°(" and there,:fret  incubated at 211~( ". the halt ~,l~u- 
ration ~aluc was incrcascd from 94 p.mol phot(m,, m ~ 
s ~ to 1311 p.mol photons m -~ s ~. This illustrate,, a 
reduction of the Photos;, , tcm ii antenna of appr(~×. 
30f~ which is normally seen following LHCII  phospho- 
ryladon at room temperature  [26]. In tonlrast ,  the 
thylakoid sample phosphorylatcd at (|°C and kept :~t 
this low temperature  showed the same K m value (91 
p.mol photons m--" s - ' )  as in the unphosphorylated 
control thylakoids (Fig. 5), demonstrat ing that the cf- 
fe,'tive antenna  size of  Photosystcm I1 did not change. 
It can therefore  be concluded that phosphorylation :t~ 
such is not sufficient to crc~ ' • a functional disconnec- 
tion between Photosystem II and LIt(_ 11 but that re- 
moval of  phospho-LHCi l  through latcral diffusion from 
the appressed into the stroma exposed thyladkoid re- 
gion is also required. 

Discussion 

The phosphorylation of LHCI i  is considered to he 
essential for regulation and protection of the photo- 
synthetic apparatus against imbalances in the light 
supply. The mechanism for this molecular  acclimation 
is quite complicated,  involving a redox mediated activa- 
tion of kinase activity, p ro te in-pro te in  dissociation and 
lateral diffusion of  phospho-proteins within the mem- 
brane lipid bilayer. In this study we have analyzed ho~  
low temperatures  influence the phosphorylation of 
L H C l l  and the subsequent rearrangements  in the orga- 
nization of the thylakoid membraJ~e, In part, the study 
has a physiological dimension since combined cold and 
light stress is particularly damaging to the photo- 
synthetic apparatus [3.4]. Moreover.  the slud~ is of 
significance for understanding the temperature  depen-  
dence of  lateral migration of a single protein compo- 
nent within the thylakoid membrane.  

LHCI!  polypeptides show a substantial phosphoDla-  
lion close to freezing temperatures  indicating that both 
the activation of  the kinasc and the enz3'm~,tie activity 
itself can tolerate Iov, temperatures.  In certain experi- 
ments ~e  could detect  as much as 80~:~ of  LHCl l  
phosphorylation compared to the normal room temper- 
ature experiments.  

Even though the kinase activity is operational  at low 
temperatures ,  I_HC,.'I phospho~' lat ion does not induce 
the organizational  and functional alterations in thc 
Photosystem !1 antenna (Figs. 3-5t .  It can therch)re be 
concluded that it is not the protein phosphorylation 
itself that regulates the antenna size of phc'~osystem II 
but that there is an absolute requirement  for lateral 
migration of  phospho-LHCl l .  This observation, in an 
undisturbed thylakoid membrane  system, corroborates 
a study of  Haworth [27] who incorporated cholesterol 
hemisuccinate into the thylakoid membrane,  ~hich did 



|l+~t a~I,+.'cl the kma,l ,I~.Ii',iI~. |'qll v+hic'h ]+rcvuntcd the 

+,I,tl,.: I -',talc II IritIl~itlt)D +++. 

\Vhat ,qgnilicancc doe,, the lack ol ph(,,,phor~l:.lt;on 
induced reduction in the Photos~stem I1 antenna at 
h~x temperalurcs ha, e on our understanding ot the 
mechanism behind the increased light induced impmr- 
ment of ph~m):,)nthcti¢ cfficnc~ in the cold [3.4]'? In a 
i 'cent in ',itro ',tt, d.,, [2X] ~c sho~cd that the Photos~s- 
ten, ii clcctnm transport in itself is not more susccpti- 
hie to photoinhibition at low temperatures. It way 
therelorc argued that the synergistic stimulation of 
photoinhibilicm in vi~,o by light and low tcmperaturcs is 
not duc to ellcots on the ,:lcctnm transp,~rt but rather 
duc to reduced clficicncy ot protection a n d / o r  repair 
mcchanb, ms. The inability of phospho-LHCll to func- 
tionally disconnect from Photos.w, tcm II belong 10°C 
duc to the rc,tricted lateral mobility as shown in the 
present study gi~cs strong support to the argument that 
reduced protcclion is a signilicant factor for c~m~bincd 
light and c~ld stress. Indirectly. our study also gives 
support for diminished rep:tir at Io~ temperatures since 
rcstor;,tion of photoinhibited Photosystem ii requires 
lateral migration of damaged centrcs [29.311] and newly 
s~nthcsized Dl-protein from between the two thy- 
lakoids [31]. interestingly, plants can bc acclimated to 
low temperatures and bc more resistant to light stress 
and photoinhibition [32]. A molecular understanding of 
thi:, acclimation and its relation to th~lakoid membrane 
fluidity and lateral migration of proteins is therefore an 
essential task for future experimentation. Prclimina~' 
studies in our laboratory indicate that the "critical 
migration temperature" of phospho-LHC!i is lower in 
spinach acclimated to cold temperatures. 

Lateral migration and randomization of all mem- 
brane proteins take place during the reversible thyl- 
akoitl des!acking that occurs under Io~ salt conditions 
[~.33]. It is well known from freeze-fracture analyses 
[33] and fluorescence mcasurcmcnts [3-1] that the lat- 
eral migration ol membrane complexes'in the .,alt-in- 
duced &.stacking/rcstacking process is highly temper- 
ature dependent. 

Our present subfractionation procedure allo~s a 
detailed anal~,,i,, ~t the lateral mobilit.~ ol one single 
protein unit, the outer pool o1 IJ tCII .  induc~.d tot 
migration in the thylakoid membrane by a physio- 
logically regulated posttranslational phospho~latlon.  
.At low temperatures tht migration is veq' 'dov... requir- 
ing hours fi)r completion. Howev:, .  there is a quite 
distinct increase in the lateral mobdity of : ospho- 
LHCll at temp-ra tmes  around 10°C. Above this "criti- 
cal migration temperature" the e~'tent and rate of 
LHCII migration into the stroma thylakoids rapidly 
reaches that seen at r t~m temperature conditions. The 
rca.,am for this biphasic nature of the mobility of LHCil 
is not obvious. "lnc lipid bilayer of plant thylakoid 
membranes which is predominantly composed of 

galactoliph!s (M(H)G and DGDG)wi th  an unusually 
high degree of unsaturation [35]. do,,s not undergo any 
obvious gross phase changes ovel the temperature 
range of - 20°C to 55~C [36]. 

Thus. the quite sharp increase in mobility of phos- 
pho-LH( ' l l  above 10°C can not be attributed only to 
properties of membrane lipids such as fatty acid unsat- 
uration. This notion is experimentally supported by a 
spin label EPR study on cyanobacteria grown at differ- 
ent temperatures showing that changes in fatty acid 
composition does not influence the thylakoid vi~osity 
[37]. However, Barber and co-workers have shown mat 
plants grown at low temperatures l~)ssesses a more 
fluid thylakoid membrane than plants grown at higher 
temperatures [36]. Recent studies mlng spin label elec- 
tron spin resonance spectroscopy emphasizes the role 
of l ipid-protein interactions affecting the fluidity at 
different temperatures ,,f the membrane [38]. Whether 
the distinct increase in lateral mobility of phospho- 
LHCII at 10-12°C is due to such a change in the 
interaction between lipids and proteins remains to be 
established. 

Integral membrane proteins usually have a diffusion 
coefficient in the range of 10-"-10 - j"  cm 2 s - I  with 
most proteins gathered in the upper part of this range. 
[39]. However, the estimation of such a diffusion coeffi- 
cient is not easy and often involves specific modifica- 
tion of a protein using a chemical or immunological 
label followcd by spectroscopically based analyses. Such 
approaches have their limitations in that they may 
induce pcrtubation of the protein or membrane struc- 
ture. in that respect oar  present study offers a unique 
opportunity since it is based on !ateral mobility in a 
undisturbed membrane where the migration has been 
induced by a physiological addition of a phosphate 
group at the exposed N-terminus of LHC!!. Based 
upon the rate of appearance ol LHCII in stroma 
thylak~uds at 2(eC (Fig. 3). Einstein's equation [40] can 
bc used to calculate an approximative diffusion coeffi- 
cient of 10- j-" cm-" s-  : for the phosphorylated protein, 
assuming that the radius of a granum is 300 rim. 
Holdover. a strict analysis of the diffusion of phospho- 
I.H('II  would require a Monte-Carlo simulation as 
pcrf~rmcd for othc~ situations of lateral migration in 
the thylakcid membrane [41,42]. 

It is generalb assumed that the migration of phos- 
pho-LHCli  occurs from any part of the appress,.d 
thylakoid regions. Howe~,er recent analyses based upon 
immuno-gold electrom'r;cro~opy usir.~, an antibody 
against the LHCil-kina sw,;gest that the enzyme has 
a somewhat n.~n-tmiform distribution within the ap- 
pressed regions v ~th an enrichement in the outer por- 
tions close to the margins [431. Thus migration of 
phospho-LHC11 may mainly occur from areas close to 
the margins into the non-repressed regions. Such a 
situation would be consisten~ with the observation that 



t h e  L H C l l  a n t e n n a  o f  P h o t o s y s t c m  11 is l a r g e s t  in  t h e  

m i d p o r t i o n  o f  a g r a n u m  a n d  d e c r e a s e s  t o w a r d s  t h e  

p e r i p h e r y  [44]. 

T h e  p r e s e n t  s u b f r a c t i o n a t i o n  p r o c e d u r e  s h o u l d  b e  

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

p e n d e n c e  o f  o t h e r  p r o t e i n  d i f f u s i o n  p l ( , c e s s c s  o c c u r -  

r i n g  in  t h c  t h y l a k o i d  m e m b r a n c ,  s u c h  a s  r e m i g r a t i o n  o f  

d e p h o s p i a o r y l a t e d  L H C l l  i n t o  t h e  g r a n a  r c g i o n s  a n d  

m o v e m e n t  o f  n e w l y  s y n t h e s i z c d  P h o t o s y s t c m  ! i  p r o -  

t e i n s  f r o m  n o n - a p p r e s s e d  t o  a p p r e s s e d  m e m b r a n e  rc -  

g i o n s .  
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