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The green alga Dt+mdiclla salim~ responds to growth under high-intensity light by reducing the c.nlplcmcnt of auxiliary 
light-harvesting complexes integrated into the thylakoid membrane, giving a reduction in the functional chh+roph)ll antenmt size 
lor both phott~systcms. Acclimation of the antenna system of Photosystcm II upon removed uf high-light-adapted cc".s to a 
low-light regintc was found to occur as a distinct sequence of rcassembly events. Analysis of fhJorc.scencc-induction kinetics 
indicated a conversion step after 4 h of low-light acclimation in which PS ll.+ :cntrcs wcrc convcrtcd to PS !1~ ccntrcs. 
Conversion of PS I1~ ccntrcs to PS II,, centrcs proceeded after 12 h and was accompanied by an increase in PS il-variablc 
fluorescence yield and PS II-quantum yield. Changes in chlorophyll a binding by, the CP47 pt)lypcplidc of the PS II core 
preceded changes in membrane protein composition and reasscmbly of auxiliary antenna complexes, suggcsling that regulation 
of assembly of the PS II antenna occurs at the level of chlorophyll synthesis. Chlorophyll binding by CP47 is not essential for its 
primary function in assembly of the complete photosynthetic upit. A modcl for the PS li antenna in ~hich ('P47 and CP43 act 
independently for exeilation energy Iransfcr to the PS II reaction centre is proposed and its implicvtions are discussed. 

Introduction 

Photosys tem 1 and  Pho tosys t em I1 arc integral  thyl- 
akoid m e m b r a n e  complexes  each  con ta in ing  a revct ion 
cent re  complex,  which b inds  chlorophyll  (Chl)  a and  
the  o the r  e lec t ron  t ranspor t  i n t e rmed ia t e s  inw~lvcd in 
pr imary  pho tochemica l  events ,  and  a l ight-harvest ing 
pign~ent-protein a n t e n n a  complex  which funct ions  to 
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absorb  light energy  and  t rans fe r  the  excitation to the  
react ion cen t re  (reviewed in Rcf. 1). The  l ight-harvest-  
ing complexes  of  PS 1 and PS 11 arc t e rmed  LHC-I  and  
LHC- l l ,  respectively,  and  these  arc exclusively respon-  
sible for binding the  accessory p igment  Chl b within 
the  thylakoid n lemhrane .  ( 'han t tcs  in thylzikoid mem-  
branc  Chi a / b  ratio, which occur natural ly dur ing  
chloroplas t  deve lopmen t  and in response  to environ-  
menta l  condi t ions  [2]. arc there fore  indicative of  
changes  in the  c o m p l e m e n t  or' accesso~ '  l ight-harvest-  
ing pro;.cins within the  thylakoid m e m b r a n e  [3-5]. 

Pho~o'wnthetic o rgan i sms  art" able to respired to 
var ia t ions  in both  the  spectral  quality and  the  intensity 
of  light unde r  which they are grown by adjus t ing  the  
composi t ion  and  s t ruc ture  of  the  photosynthe t ic  appa-  
ra tus  [2]. Such ad jus tmen t s  include a l te ra t ions  in pho-  
tosys tem s to ichiometry  as well as in the  c o m p l e m e n t  of  
accessory, l ight-harvest ing pro te ins  associa ted ~ i th  each 
of  the  two types of  photosys tcm,  in general ,  growth 
u n d e r  low intensi ty i l luminat ion induces  an incrensc in 
the  n u m b e r  o f  l ight-harvest ing complexes  associa ted 
with each photosys tem,  whereas  growth unde r  high 
i r radianee c:tuscs a dcplct i tm in the n u m b e r  of  light- 
har~cst ing complexes  scr~ing each photosys tem.  Such 
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vari:flions arc reflected a ~, c|l;,lngc ~, ill the functional 
;.tn[cnnH SlZC, a incasLlr~.," of  the  to'~;ll nLlnlhcr i.~t chl tHo-  
phyll tattletales c~mtluclin~.', cxcit:diqm Cllerg.~ Io c;It'h 
pholosyslCll l  rca¢ l ion  ccn l r c .  Asselllbl.~ ol Ihe  pht~lt~.. 
synthetic :lpparalus tlntlcr COllditi~nl~, t~f variability m 
incident illtlnlin:.ltit~n thuds |lt~t ;qq~ear It1 bc ;egnhllud 
by a incch , ln i sn l  in~t~l~,ing lhc  phyt~chronle response 
12,t~.71. and Irlay instead bc legulatcd al the level ~t 
chlorophyll biosynthesis [8]. 

The halotolerant unicellular green alga Dlolalielht 
sal#la shows a rcmarkablc capacity fl~r acclimation to 
diverse intensities of incidcnt illumination [9,111]. Un- 
dcr normal growth conditions, the organism exhibits a 
Chl a / h  r:dio of about 4.11. The population of PS Ii 
centrcs within the lhylakoid membrane is heteroge- 
neous with respect 11~ photosynthclic unit size [11.121. 
~,,ith lh¢ prcdomin,mt lk~rm tff centre. PS I1,,, having an 
an lcnn ; l  Silo wh ich  nl~ly be SOll!C 2i~(I ch lo rophy l l  
molecules, ~pprt~ximalcly twice thai of the mim~rity PS 
I1¢~ form [111,13,14]. t lnder  ctmditions of high irradi- 
ante,  Ihc organism exhibits ~1 high ( 'hi  ~t/b ralio ( >_ 20), 
rcflccling a greatly reduced complement of accessory 
lighl-hiff'.'e::ling proteins associ;.ded with each pholosys- 
tom. In the !hylakoid mcn:brancs of D. xaJilta cells 
grown under high-light I t tL)condi t ions ,  a population 
of PS II ccntrcs with an antenna size of only 6(1 
chlorophyll molecules !rrcd~minates. These ccntres, 
tcrmed PS I i t  [111], thcrcforc, have a residual antenna 
size approximately half that of PS Iit~ centrcs. 

Despite advances in our understanding o~" the an- 
tcn,la comp~sititm o f  the plaolosynthctic appariflus (see 
rcf. 15 lot ;t recent rcvicwk questions still arise con- 
coming asscmbiy of PS 11 light-harvesting c~unplexcs 
inld thcir organisalllHi and orientation relative to each 
other and 1o lhe PS II reaction centre. ()ucstions als~ 
ari',c ';urroLnading the structural dilfcrcnccs in the an- 
Icnnztc ~)1 the PS II sul~pt~ptdatitms. In this study, wc 
h;tvc cxpluitcd the plasti city which occurs in the orgltni- 
sa t ion  of  the photosynth~.tic apparatus in D. sa/itttt to 
inves;.igatc the assembly and moleculzlr architecture of 
the antenn;~ sy:,tcm of PS 11. Distinct functional changes 
in the antcnn:, ,,t PS 11 u, crc observed to occur in 
discrete stages tlt~rin,2 the rcstor,ttion t~ hwv-inlcnsit} 
light t~l D..stdilltt cell:, picviously acclimated 1o high-in- 
tcn~,ity light. 'l 'hcse ~bscrved changes reflect progres- 
sive steps in the reassembly of the PS I1 antcnmt 
systt.m, anti their implications for a ~,cncral model 
dcsc r ib in~  the  ,,tructt~rc of  Ihe .I:'S II a n t c l l n a  :ice 
discu's~cd. 

Materials  and Methods 

Ct,U ~ rdture 
11. salina ecllr, ~c]c  gr~wn at 2~'C in a nlcdium 

cont,~,ining 2.0 NI l',;aCl with ('O~ supplied its 20 mM 
:,tJdiurn hydrogen carb~n;lte [l(li. I:t r low-light (LL) 

growth, cullurcs were mainlaincd under incandescent 
lights giving ;1 photon flux density o |  lllll /.rE m -' s ~. 
For t t l .  growth, cultures wc,'e maintained under  a 
photon flux density of 21511/.rE m : s i provided by a 
tnngstcn-halogcn discharge tuhc separated from the 
cullurcs by ;I tr ;msparcnt water-circulating cooling de- 
vice. IlL cultures wcrc nlaintaincd at a Chl a conccn- 
trillion of not more than I # g  ml ~ in order to prcvcnt 
self-shading or light gradient effects. For experiments 
in which HL cells were restored to LL, HL cells from a 
single stock culture were t ransplanted into identical 
subcultures at equal initial Chl a concentrations.  These 
cultures wcrc maintained under  the HL regimc for a 
further 4N h prior to removal to the LI. regime. HL- 
grown cells acclimated to LL lot 44 h were identical to 
I~L-grown ct IIs in all characteristics investigated. 

llLvh~koM membrane isohttion 
Thylakoid membranes wcrc isolated from cells har- 

vested by ccntrifugation at 651111 × g  for 10 min. Cells 
wcrc resuspendcd in buffer containing 111(I mM sor- 
bitol. Ill mM MgCI 2. 5 mM NaCI, 5(I mM Tricinc- 
NaOH (pH 7.8) and wcrc disrupted by cxtrusion 
through a French pressure cell at 250 lb/in2~ Unbro- 
ken cells and cell debris were removed by centrifuga- 
tion at 650fl × g  for 15 min. Thy~akoid membranes 
were harvested by cenlrifugatlon at 30000 x g for 30 
min, rcsuspendcd in the abovc buffer and maintained 
on ice in the dark until required. 

I'oh'.ct3'hmzi~h" gel ch'cnophorcsis 
For non-denaturing PAGE, isolatcd thylakoid mem- 

branes wcrc resuspen, ' :d  to a chloroph.711 concentra- 
tion of 1 mg ml ~ in 111% (v/v)  glycerol, 62.5 mM 
Tris-HCI (pH 6.8) prior to the addition of dodecyl 
mallosidc to a protein : detergent  r~-io of 5 : I. Samples 
wcrc maintain~sd on ice in darkncss with frequent 
agitation t~)r 211 min. insoluble material was rcmoved 
by ccntritugation at 24111111 × g  Ior 111 rain. Non-dena- 
turing PAGE was perfi)rmed on 8.5r~-12.5")f acryl- 
amidc ,:_radicnt gels (N cm × 6 cm x 11.75 mm) essen- 
lially its in Rcf. 16, using an LKB minigel system 
cl~olcd to 4°C by a rcfrigcratcd ~atcr-circulating sys- 
tem. Cz~thodic buftcr cuntaincd I).1% (w/v)  LDS. Elec- 
trophoresis was performed at 6 mA constant current 
per gci for 20 rain followed by 12 mA constant current 
per gel Ii)r a further 711 pain. Two identical gels could 
hc run sinmltaneously. 

Molecular masses of chlorophyll-protein complexes 
isolated by non-denaturing PAGE were estimated by 
comparison of their relative eleetrophoretic migrations 
with those of standard proteins. Gel lanes containing 
standard proteins were rapidly stained and destained 
and the ianc realigned with the uns |aincd gel contain- 
ing chlorophyll-proteins. 
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SDS-PAGE was performed on 12.5-25f~ acryl- 
amide gradient gels using the buffer system ',)f Rcf. 17. 
Thylakoid membrane samples were solubilized at room 
temperature  in buffer containing 1(15~. (v /v)  glycerol, 
4% (w/v)  SDS, It); (w/v )  /3-mcrcaptoethanol, 62.5 
mM Tris-HCI (pH 6.8). Gels wcrc stained wilh 
C~x~massie brilliant blue. 

Chlorophyll concentration was determined as in Rcf. 
18. Protein concentration was determined for SDS- 
solubilized proteins by the fluorescamine-binding 
method described in Ref. 19. 

Electrophorctic transfer of polypeptides onto nitro- 
cellulose and subsequent immunoblotting with poly- 
clonal antibody raised against spinach LHC-II wcrc 
performed using standard procedur,:s. Colour develop- 
ment with alkaline phosphatase-conjugatcd secondary 
antibody was performed as described in Ref. 20. 

Low lemperature flttorescence SlJt ctroscol)y 
Spectra were recorded at 77 K with a Pcrkin-Elmcr 

LS5 luminescence spectrometer. Whole cells of D. 
salina were resuspended in fresh growth medium to a 
chlorophyll concentration of 5 p,g ml ~, dark-adapted 
for 15 min and rapidly frozen in liquid nitrogen. Spec- 
tra were normalized to the flw~rescenee emission maxi- 
mur'a in each case. 

Room temperature ]luorescen('e htduction 
Room temperature  PS II fluorescence induction was 

measured in whole cells harvested by centrifu~,ation at 
6500 × g for 10 rain and resuspended in fresh culture 
medium to a chiorophy!l concentration of 10 ,u g ml - 
Actinic light was provided via fibre-optic cable from a 
250 W stabilized light source, with wavelength defined 
by Coming 4-96 filter, and was admitted to the measur- 
ing euvette by electronic shutter. Fluorescence signal 
was detected by a photodiode screened by a Schott 
RG665 filter, and the amplified signal was stored using 
a storage oscilloscope, and induction t-ansicnts wcrc 
plotted using an X - Y  plotter. Cells were stirred in the 
dark for 10 min prior to the addition of DCMU (20 
#M),  which took place 5 s before switching off the 
stirrer and recording the transieat. Kinetics of fluores- 
cence r i~  were analysed as in Rcf. 11. 

Results 

Growth of D. salina under  high intensity light re- 
sults in a cell type which exhibits a high Chl a/b  ratio, 
as illustrated in Fig. la which shows changes in cellular 
chlorophyll content occurring when cultures were re- 
moved to a LL regime. Chl a concentration within 
cultures increased 2-fold during the 48-h period prior 
to removal to LL, indicating that I lL exposure does not 
inhibit cell growth (data not shown). HL cells showed a 
Chl a/b  ratio of 25. Removal to a LL regime indtlces 

an immediate increase in the total cel lular chh~nqdlyll 
(Fig. la, open circles), although for approxin]atel~' 4 h 
this increase was not accompanied by t, ny decrease it] 
the chlorophyll a/h  ratio (Fig. la, closed circles), 
suggesting a lag period preceding an accelerated syn- 
thesis (tf Chl h and its incorporation into LHCs. A 4-h 
lag period also preceded major changes in the p ro te in /  
chlorophyll ratio of thylakoid membranes isolated from 
HL-cells acclimating to L L  as shown in Fig. lb, sup- 
porting the suggestion that assembly of new LHCs into 
the thylakoid membrane does not occur for at least 
some 4 h after removal to LL. 

Changes occurring in the organisalion of the thyl- 
akoid membrane of HL-grown D. salina cells acclimat- 
ing to LL v, ere investigated by fluorcsccncc spec- 
troscopy at "77 K. Fluorescence emission spectra de- 
rived from cells acclimated to LL for varying times are 
shown in Fig. 2. HL-grown cells show distinct ~:mission 
maxima at 083 nm and 71(I nm. These emission maxima 
arc attributable to the antenna-depleted PS II co,-e [21] 
and PS ! core [22], respectively. 

The most striking feature of the spectrum derived 
from HL-grown cells acclimated to LL for 4 h is the 
appearance of a prominent  emission peak at 695 nm 
(Fig. 2). The ratio of 710 nm emission to 683 nm 
emission is. however, unchang,:d after 4 h. Subsequent 
to this, fluorescence emission at 683 nm becomes pre- 
dominant,  presumably as a result of the assembly of 
LHC-ll  into the thylakoid membrane,  which is implied 
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Fig, I. (a) Changes in cellular chlorophyll ( , )  and ( 'hl . / h  ratio (e) 
during acclimation to LL uf  l lL-grov.n D .  ,~.Im.. (bl Th;,lak~id 
mcmbn:nc protcin/chh~r,~phyll ratio during I .L acclimati*~,~ of l i L -  
grc, wn D. salma cells. I l L  grown culls v, er,.. r,..'m,,~vcd t,-~ LL ~t tim,.: 

zero. 
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l:i~. 2. FhlolCnC¢llCC clni,,nion ",peoria tct:ordcd ut 77 K lor llL-grov, n 
roll,, ol /). ~ahu~t acclinlalcd to I.I lot ~aDing linlcs indicated 
[;i:'ti'~+,ion ill Ihc '0,a~.clcllglh r;lngc h51) 751) nm ~a,, de tec ted  wi~}* 

c~.ClliltiOll lhl'Ollgh ( 'hi . ~lI 435 ran. Spectra were nornlalixcd to the 
ell l iNsi l ln l l l ; tXiI l l [ l t l ]  HI { ' l ~  niT1 i "  each cant:. I~tl[ drc dF~l~.~n apar l  h l r  

clarity. Thu' diMincl I]m~rc~ccncc C~.1111|1t)11~.'11[ ~lt 6t)~ 11111 and arising 
during lhc init ial 4 h ol LL  acchm~fiion i~ indicated b~ lhc ~tlm~. 

by the observed decrease in Chl a / b  ratio occurring 
over the time course of  LL acclimation. 

t:lunr~ ~tt 'ncc cmissitm ~tt 695 nm has been assigned 
to. '.i: ( P 4 7  ( 'hi a-bin,ling polyocpt ide which is a 
co ,  :u,i .  of thc PS !1 corc [23.24]. The  increased 
emission at 695 nm which occurs at this curly stage in 
acclimatinn to LL could arise from increased abun- 
dance of  H~.e CP47 chlorophyll-protein complex emit-  
ting at tiffs wavelength, or incrcancd chhtrl~phyll-bintt- 
ine to the complex "~cry early after rcm~;val to LL. 
Since changes  m ( 'hi  u / b  ratio arc not observed at thi.,, 
early stage in acclinwtion to LL, it is unlikely that 
increased ~,t)5 nm emission arises directly from in- 
crcasc, I abundance  of  a Chi a/h-binding species or 
indircctb as a result o f  incre~scd excitation energy 
transfer from ",uch a ~,pecics to the complex emitt ing at', 
f~t;5 hr.,. It is. hm~cver, pos,Qhlc t~ d;scriminatc be- 
t~ccn  these possibilities b~ lilt use ol l luorcsccnec 
excitation spectro,,copy. 

Fig. 3a shov, s excitation spectra  in the wavelength 
range 4011-50(1 nm for cmissinn at 695 nm. Pron,incnt  
excitation maxima ~ll .2,35 Itm and 476 mn art evident.  
arising as at result nl the abst,r3ance by Chl a and ( 'hi  
I,. respectively. I h c  ratio of  excitation at 435 nm to 
that at 476 nm therefore  providcs an index of  the 
relative contributions uf excitation absorbed through 
( 'hi  ~+ or Chl b to fluorescence emission at an~ given 
~vavclen~th. II increte, cd ,nnis<on a! 695 mn at an early 
stage in I.L acclimation results e i ther  directly or indi- 

rectly from incrcascd levels of  a Chl a/b-binding ~,an. 
plex. it can be predic ted that the relative contr ibut ion 
of ( 'hi  b -absorbed  light (at 476 nm) to the emission at 
ht)5 nm would remain constant  or  increase dur ing 
acclimation to LL. Only if the increased 695 nm emis- 
sion after  4 h LL acclimation were due  to an increase 
in Icvcls of  a p igment -pro te in  which binds exclusively 
Chl a could it be predic ted  that  thc relative contr ibu-  
tkm ol Chl b-absorbed  excitation (at 476 nm)  would 
decrease  during the early stages of  LL acclimation.  
This would be indicated by a t ransient  decrease  in the  
ampl i tude of  he 476 nm excitation peak. From the  
spectra  in Fig. 3a, it is clear  that  the  relative contr ibu-  
tion of  Chl b-absorbed  light to f luorescence emission 
at btJ5 nm does  decrease  during the first 4 t'. o f  LL 
aeclimatiov. Changes  in the ra ' io  Ex 435 n m / E x  476 
nm, indicative of  changes  in the relative ctmtribt, t ions 
of  Chl a and Chl b to f luorescence emission at both 
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Fig. 4. Non-denaturing PAGE of dodecyl maltoside-solubiliscd 
chlorophyll-protein complexes from the thylakoid membranes Df D. 
salina grown under HL {lanes 4-6) or grown under HL and reaccli- 
mated Io LL fl~r 12 h Ilanes I-3) Lanes were loaded with Ihyhkoid 
material equivalent to 3/zg Chl Ilanes 1.61. 4/.tg Chl {lanes 2.5) or 5 
,ag, Chl (lanes ~. 4). Estimated molecular mass, ~ ot the chloror, hyll- 

protei~ eemplexcs are ~hown (M). FP indicates free pigmenl. 

695 nm and 683 nm, are shown in Fig. 3b. For emission 
at 695 nm (F;~. 3b, closed circles), an initial increasc in 
the ratio Ex 435 n m / E x  476 nm is obscrved in thc first 
4 h of acclimation, indicating a transient increase in 
the relative con!ribution of excitation through Chl a. 
This is followed by a decrease in the ratio, indicating a 
subsequent progressive increase in the relative contri- 
bution of Chl b-absorbed excitation. For emission at 
683 nm, there is no change in the ratio Ex 435 n m / E x  
476 nm over the initial 4 h of reacclimation (Fig. 3b, 
open circles). Subsequently, the aame progressive. 
non-incremental  decrease in the ratio occurred, as 
observed for emission at 695 am. This change can 
therefore be attr ibuted to an increased contribution to 
the 683 nm emission by excitation through LHC-il. 

The data in Fig. 1 would tend to suggest that signifi- 
cant changes in the protein composition of the thyl- 
akoid membrane do not occur during the initial 4 h of 
LL acclimation in HL-grown D. salina cells. However, 
changes in distribution of chlorophyll among thylakoid 
membrane complcxcs could occur. Fig. 4 shows non- 
denaturing PAGE of dodecyl maltoside-solubilized 
chlorophyll-protein complexes from the thylakoid 
membranes of HL-grown D. salina cells and from cells 
acclimated to LL for 12 h. Thylakoid membranes were 
solubilized to the same de tergent :pro te in  ratio (scc 
Fig. lb), rather  than the morc usual index of 
detergent :chlorophyll  ratio, in order to eliminate as 
much as possible any variability in resolved chloro- 
phql-protein complexes resulting from differential sol- 
ubilization effects. Six typcs of chlorophyll-protein 
complex were resolved from the thylakoid mcmbranc 

of LL  cells. Complexes Mth approximate molecular 
masses 250-500 kDa, lf~l} kDa and 90 kDa ~cre identi- 
fied as multimcric forms of PS I, tZ]¢ dimeric form of 
the P S I  reaction centre and a multimcric lorm of 
LHC-1I, respectively, by 77 K fluorescence spec- 
troscopy and polypeptide analysis by denaturing SDS- 
PAGE of the isolated cca,p!:::e~ (data nt~t shown). A 
broad band containing complexes of approximate mas:, 
25 kDa contained monomeric LHCs. Two bands of 
mass 50 kDa and 45 kDa contained Chl a, correspond- 
ing m the PS I1 core proteins CP47 and CP43, respec- 
tively [16,25]. 

"l-he multimcric torms of P S I  and LHC-II wcrc not 
resolved from the thylakoids of HL-grown cclls, as 
might be expected in the light of the observed reduc- 
tion in photosynthetic unit size for both photosystems 
under these growth conditions [10]. The most striking 
feature, however, was the apparent absence of chloro- 
phyll a associated with a CP47 band in HL-grown ceils. 
Since changes in protein le~cts arc not implicated, this 
observation strongly suggests that changcs in 77 K 
fluorescence emission at 695 nm occurring within four 
hours of commencement of LL acclimation of HL- 
grown cells occur as a result of increased asscn,bb' of 
chlorophyll a into CP47 polypeptides. 

Changes in PS Ii fluorescence yield in the presence 
of DCMU at room temperature are also diagnostic for 
variations in functional properties of PS 11. Fig. 5a 
shows plots of PS I1 fluolescencc yield induced from 
HL-grown cells and HL-grown cells acclimated to LL 
for varying times. Fig. 5b shows the first-order kin:tic 
analyses of the rate of growth of area above the Huo- 
rescence induction curves shown in Fig. 5a. Derived 
fluorescence parameters F,,/F, and F,/k~ arc showr 
in Fig. 5e, in addition to the percentage of PS tl 
centres which are ~-eentres {Fig. 5c. triangles), this 
value being derived from the intercept at time zero of 
thc nearly extrapolated exponential pha,,,c ol the ki- 
netic plots in Fig. 5b,. HL-grown cells exhibit a l,,)~:- 
variable fluorescence )ield, indicatwe of the reduced 
antenna  size of PS II under the HL conditions. Gro~,th 
under HL has been found to induce a chronically 
photoinhibited state [111]. and in this study. HL cclb, 
also showed the low F,/F,,, ratio indicative of the Ira,, 
quantum yield of PS II photochemistry ~,hich has bccn 
attributed to the existence of a population of photoin- 
hibited PS 11 centres under  HL condition.;. 

Biphasic fluorescence kinetics are characteristic ef 
antenna size hcterogeneit,, amongst PS I, ccntrcs, with 
the slow phase of fluorescence arising from PS ti~, 
centres aad the more rapid phase arising from PS 11 
centres. During acclimation ot HL-grov, n cells to LL 
an increase in the proportion of centres which were ir's 
i1,: was observed Changes in the relative proportion of 
P5 1I~ centrcs during acclimation is shewn in Fig. 5c 
(triangles). whi~.i] illustrates that a lciativel~ slov, ~hilt 
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from PS I 1  t~ PS II;~ :cntrcs over thc initial 12 h of 
the LL acclimation period, followed by a pronounced 
and rapid shift to PS I I ,  bctwccn 12 and 18 h after the 
commencement of LL acclimation. ~he rate of pholon 
utilization by PS II~ ccntrcs was consistently in the 
range 3.9-4.1 photons s ~, whereas rates fi~r PS 11, 
centres increased from 5.1 photons s ~ to 9.(I photons 
s-~ over the LL acclimation time-course, suggesting a 
progressive increase in PS I! antenna size from the 
time-point after which the shift from PS I1~ to PS 11, 
began. PS I1~ centres comprised 32% of the total PS !1 
centrcs in cclls fully acclimated to LL, in agreement 
with previously reported values for D. salitza cells grown 
under normal irradiancc [14]. HL-grown cells also ex- 

hibilcd bipha,',ic fluorescence kinetics (Fig. 5h), :'.l- 
lhough these kinetics comprised two rclativcl)' slow 
component,: and no rapid phase attributable to I:'S II,, 
centres. The two slow phases arc defined by rate 
constants for light absorption of 4.0 photons s i and 
2.t, ~ photons s t. Dcconvolution of the fluoresctnee 
kinetics indicate thai the slower rate is attributable to 
light absorption by 9()~;~ of thc total PS II centres in 
the thylakoid membrane of HL cells. These centl,-s 
correspond !(, the PS i1~ centres which predominate in 
I-tL cells and which have a functional an tenna  size of 
only 60 chlorophyll molecules [10]. The rate of light 
absorption of the remaining 10% of PS !1 centres in 
HL thylakoid membranes characterises them as PS l ip 
ccntrcs. The very slow kinetic component  was no longer 
evident aft~'r 4 h of LL acclimation. HL-cells accli- 
mated to LL for 4 h showed only monophasic fluores- 
cence kinetics char;ictcristic of PS llt, centres, indicat- 
ing rapid conversion of PS l i t  to PS lip during the 
initial phase of rcacclimation. 

The pronounced incrcasc in the percentage o[ PS 
I I  ccntrcs between 12 and 18 h aftcr the commence- 
mcnt of acclimation to LL  coincided with an elevation 
in variable fluorcsccnce yield (Fig. 5a) and a pro- 
uounccd rise in the ratios F . , / F  o (Fig. 5c, closed cir- 
elcs) and F, /F , ,  (Fig. 5c, open circles), supporting the 
conclusion of increased PS il antenna size and suggest- 
ing an increase in quantum yield of PS 11 photochem- 
istry after an initially constant and relatively low level. 
The values F J F  m and Fm/F~) remained unchanged at 
their new, elevated vahtes subsequent to the pro- 
nounccd rise between 12 and 18 h after the commence- 
mcnt of LL acclimations. 

Changes in the polypcptidc composition of the thyl- 
akoid membrane during acclim-~tion of HL-grown D. 
.~tlli/ltt to LL were investigated by SDS-PAGE and 
imnTunobh~tting. Fig. ha shows SDS-PALiE analysis of 
polypcptidcs from thylakoid mcmbrancs isolated from 
cell,,, removed to LL, with each gcl lane loaded with 
thylakoid membrane protein equivalent to Ill p g  
ehloronhyll. No appreciable change in polypeptide 
compt~sition, specifically any increase in LhC-I I  poly- 
pcptides as a proportion of the total :nembrane protein 
complement, was observed until at least 4 k after the 
commencement of LL acclimation. Subsequent to the 
initial 4-h acclim:~tion period there was a progressive 
increase in LHC-I! polypeptides as a proportion of the 
total thylakoid membrane proteins. This phenomenon 
is most apparent  after 18 h of LL acclimation: LHC-II 
polypcptidcs bccame the most prominent  species in the 
thylakoid membrane.  Therc were no apparent  major 
increases in LHC-II content between 12 and 18 h, as 
might be suggested in light of the rapid increase in 
variable fluorescence yield at that point in the reaecli- 
mat |on time-course, implying a progressive rather  than 
incremental incrcasc in the levels of LHC-II poly- 
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Fig. 6. {u) SDS-PAGE analysis of thylukoid membranes isolated from 
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total chlorophyll. Molecular musses of marker proteins (M) are 
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25-32 kDa. ib) Immunoblot analysis of the LHC-II I~lypeptides in 
thylakoid membranes of IlL-cells acclimaling to LL Note the ab- 
sence of change:: during the initial 4 h of reacclimation and the 

subsequent increase in the relative abundance el LIIC-ll. 

peptides incorporated into the thylvkoid membrane 
after the initial 4-h lag period. Immunoblotting with 
polyclonal antibody to LHC-II (Fig. fib) emphasises 
this increase in levels ot  LHC-II polypcptides during 
LL acclimation: after an initial four hour ' g period, in 
which no changes in polvpcptide composition occurred. 
there was a progressive increase in the levels of LHU-ll 
polypeptides. The immunoblots also indicate there were 
no changes in the relative stoichiometries of the LHC-II 
subunits during LL acclimation. All four LHC-li sub- 
units recognised by the antibody which were present in 
LL cells wc~e also prcscnt in HL cells in the same 
proportions, alb~.ii at reduced overall levels. This con- 
trasts with observations made with other algal species. 
in which varying growth irradiance induced variations 
in both the polypeptide composition and overall size of 
the PS II antenna [26]. 

Discuss ion  

Cells of D. salina grown under h~$h irradiance show 
an elevated Chl a / b  ratio symptomatic of a decreased 
complement of LHCs in the thylakoid membrane, with 

,St) 

concomitantly decreased functional antenna size for 
both photosystems [101. Removal of Hl.-grov~rn cclts to 
a LL regime stimulated a decrease in (_'hl . / b  ratio 
and induced -i temporal sequence of events represent- 
ing changes in the size and composition ,af the PS Ii 
antenna. 

The initial acclimation event gave rise to increased 
fluorescence emission at 0)5 nm, which correlated with 
increased Chl a-binding to the CPJ,7 polypeptide of PS 
II core. This even! occurred within 4 h of LL acclima- 
tion, and preceded all other significant changes in the 
PS II antenna. No change in ratio of fluorescence 
emission at 683 nm to that at 710 nm was observed 
during this initial pcriod. 

These observations suggest that CP47 may associate 
with the PS II-RC in the absence of bound ehloropr'yll. 
This has significant intplications for the organisation of 
Ihe internal antenna of PS II. Recent m,)rk has indi- 
cated that CP47 is required for assembly of the PS II 
core in cyanobacteria [27]. In the ease of green algae, it 
has additionall~ been demonstrated that CP43 and 
CP47 are independently assembled in the thylakoid 
membrane of green algae [28]. and that while CP47 
may function in the initiation of PS Il core assembly, 
CP43 may play a role in initialing early stages of PS II 
accessory antenna assembly prior to it,', association with 
the photosystem core [28]. It may be reasoned there- 
fore that the binding of chlorophyll a to CP43 ts 
essential for its primary function, specifically the for- 
mation of a pathway of excitation energy transfer from 
the peripheral antenna of PS II to the reaction centre. 
If the primary function of CP47 is in the assembly of 
PS 11, chlorophyll-binding would not be essential for 
this functton. During periods of growth under which 
chlorophyll synthesis was repressed, such as periods of 
exposure to very high irradiance [g], a prioritization of 
chlorophyll integration into thylakoid membrane pro- 
tcins would occur, with full assembly of CP43 compe- 
tent for energy transfer taking priority over chlorophyll 
integration into CP47. Such a hierarchical assembly 
process has previously been suggested for Chl-h-defi- 
cient maize mutants [29]. 

The presence of CP47 ;s ] equired in order to main- 
tain structural stability of PS li [30-32], and is likely. 
theretore, to be present in the thylakoid membrane of 
HL-grown D. salina cells with or without bound 
chlorophyll. It cannot, however, conduct excitation en- 
ergy from the auxiliary antenna to the PS II reaction 
centre. This rules out any model for the organisation of 
the PS II antenna in which CP43 and CP47 operate in 
series to transfer excitation to the reaction centre. 
Instead, a model in which the two polypeptides act in 
parallel is required, with CP43 directly connecting the 
LHC-ll antenna to the PS II-RC. as shown in Fig. 7. 
This model (Fig. 7) is not incompatible with data 
indicating a more intimate association of the PS lI-RC 
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with ( 'P47 than with C1'43 [33-35]. Solubili,'ution stud- 
ic,, do not ncccssurily ~uggcsl close association of CP43 
and CP47. 

Both the Chl a/h ratio and thc protein/chlorophyl l  
ratio decreased steudil~ subsequent to the initial 4 h uf 
I.L acclimation, suggesting an essentially linear, non- 
incrementul increase in the etmlpiement of acee',soD' 
IHC- l l  associated with PS II ccntres in the thylakoid 
mcmbruncs of cells acclimating to LI+. Changes in 
low-temperature fluorescence emission spcclru also 
suggest progressive changes in thc organisation of 
chlorophyll-protein complexes in the thylakoid mem- 
brane (Fig s. 2 and 3). Removal of the repression of 
chlorophyll synthesis by transplanting to a low-light 
intensity regime increases avail~bility uf the chloro- 
phylls requisite for LHC-IJ asscmbly [8,36] and permits 
accumulation of the complexes within the thylakoid 
membrane. The fluorescence induction data (Fig. 5) 
suggest an adjustment in the PS I1 antenna during the 
first 4 h of acclimation ~hich rcsults in a shift from PS 

I1~ ccntrcs+ showing exceptionally slow fluorescence 
kin,tics, to PS I!;~ centres. This adjustment could re- 
sul  from increased binding of chlorophyll a to CP47. 
or to CP47 and some LHC-li subunits which arc pre- 
sets,, ir the thylakoid membrane even undcr  HL growth 
(scc Fig. bb}. During the subsequent 8 h of acclimation, 
inc",:~:;;:d a~,~ ~.,tancc of LHC-I! is apparent.  An in- 
crease in va r~ . ! e  fluorescence yield is secn (Fig. 5a), 
but flO change iil l'i~/l~l or k~/b~, is observed, imply- 
Jn~ an incrt:asc in a population of identical PS !!~ 
ccntres without further changes in antenna  size, co~- 
neetivity of cenlres or photochemical efficiency. 

The radical changes in variablc fluorcscence yield 
and ~+/ /:,/F,,, which occurrcd betwccn 12 and 18 h 
after the initiation of LL reacclimation indicatc a rapid 
increase in PS !I antenna  size of as many as 65~;,~ of PS 
lit+ ccntrcs within :~ 6-h period. This suggests, with 
support from SI)S-PAGE analysis and 77 K spec- 
troscop~,, that functionally complete LHC-ll  complexes 
arc acct.mulatcd within the thylakoid mcmbrane prior 
to assembly onto functional /:l-ccntrcs during a single 
adaptation phase. Implicit in this suggestion is the idea 
ti 'at PS I !  and PS II~ centrcs differ solely with 
respect to their ~mtenna sizes, and thai PS 11  ccntres 
arise simply us a result of addition of peripheral an- 
tenna complcxcs to PS II;j ccntrcs [37]. 

Addi ' ion of LHC-il complexes would also be cx- 
pcetcd to favour thylakoid membrane stacking, which 
would account for the greater area of thylakoid appres- 
sitm in LL-acclimated chloroplasts [4,38]. This feature 
of L L  PS ll,, membrane organisation is depicted in 
Fig. 7. 

q hc reacctimating D..~a]itltl system presents a good 
model fl,r examining the relalitmshiF, between subpop- 
ulations of PS II centres. It the transition from PS IIt~ 
IO P~  11 ,~ccurs as a consequence of increased an- 
tenna ~,izc+ then the added ! HU-Ii complexes would 
represent the peripheral antenna  which may become 
phusphoD'latcd [39] during the short-term adaptations 
to light regime known as State l -S ta t e  2 transitions 
[40]. (.'ells of 1)..';alina growrt under high irradiance 
:rod atclimatcd to low irradiancc fl~r 12 h would be 
expected therelorc !o bc incapable of slate transitions. 
The interaction of short-term, protein phosphoryla- 
lion-mcdklled adaptation mechanisms with long-term 
acclimation phenomena will be discussed in a subse- 
quet,, paper. 
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