Biochintica et Biophysica Acta, 1100 (1992) 83-9

83

< 1992 Edevier Scienee Publishers B.V. Al rights resenved OHU3-2728 /92 7505 00

BBABIO 43501

Restoration of irradiance-stressed Dunaliella salina (green alga)
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The green alga Dunaliclla saling responds to growth under high-intensity light by reducing the complement of auxiliary
light-harvesting complexes integrated into the thylakeoid membrane, giving a reduction in the functional chlorophyl! antenna size
for both photosystems. Acclimation of the antenna system of Photosystem H upen removal of high-light-adapted cc'ls to a
low-light regime was found to occur as a distinet sequence of reassembly events. Analysis of fluorescence-induction kinctics
indicatcd a conversion step after 4 h of low-light acclimation in which PS IL, zentres were converted to PS 11, centres.
Conversion of PS I, centres to PS 11, centres proceeded after 12 h and was accompanied by an increase in PS H-variable
fluorcscence yield and PS [l-quantum yicld. Changes in chlorophyll ¢ binding by the CP47 polypeptide of the PS 11 core
preceded changes in membrane protein composition and reassembly of auxiliary antenna complexes, suggesting 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 asscmbly of the complcte photosynthetic urit. A model for the PS H antenna in which CP47 and CP43 act
independently for excitation energy transfer to the PS I1 reaction centre is proposed and its implications arc discussed.

Introduction

Photosystem | and Photosystem II arc integral thyl-
akoid membrane complexes cach containing a reaction
centre complex, which binds chlorophyll (ChD) ¢ and
the other electron transport intermediates involved in
primary photochemical cvents, and a light-harvesting
pigruent-protein antenna complex which functions to
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absorb light energy and transfer the excitation to the
reaction centre (reviewed in Ref. 1). The light-harvest-
ing complexes of PS I and PS 11 are termed LHC-T and
LHC-II, respectively, and these are exclusively respon-
sible for binding the accessory pigment Chl b within
the thylakoid membrane. Changes in thylakoid mem-
branc Chi «/b ratio, which occur naturally during
chloroplast development and in response to environ-
mental conditions [2). are therefore indicative of
changes in the complement of accessory light-harvest-
ing prowcins within the thylakoid membrane [3-3].
Phowsvnthetic organisms are able to respond to
variations in both the spectral quality and the intensity
of light under which they are grown by adjusting the
composition and structure of the photosynthetic appa-
ratus {2]. Such adjustments include alterations in pho-
tosystem stoichiometry as well as in the complement of
accessory light-harvesting proteins associated with cach
of the two types of photosystem. in general. growth
under low intensity illumination induces an increase in
the number of light-harvesting complexes assoctated
witl, each photosystem, whereas growth under high
irradiance causes a depletion in the number of hght-
harvesting complexes serving cach photosysiem. Such
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vartations are reflected as changes in the functional
antcnna size. @ measure of the tol number of chloro-
phyll molecules conducting excitation energy (o cach
photosystem reaction centre. Assembly ot the photo-
synthetic apparatus under conditions of variability i
incident illumination docs not appear to be repulated
by a4 mechanism involving the phytochrome response
[2.0.7]. and may instead be regulated at the level of
chlorophyll biosynthesis [8].

The halotolerant unicellular green alga Dunaliellu
salina shows a remarkable capacity for acclimation to
diverse intensities of incident illumination [.10]. Un-
der normal growth conditions, the organism ¢xhibits a
Chl a/b ratio of about 4.0. The population of PS 11
centres within the thylakoid membrane s heteroge-
neous with respect to photosyathetic unit size [11.12]
with the predominant torm of centre. PS I, having an
antenna size which may be some 260 chlorophyli
molecules, approximately twice that of the minority PS
I, form [10.13.14]. Under conditions of high irradi-
ance, the organism exhibits a high Chl « /b ratio (= 20),
reflecting a greatly reduced complement of accessory
light-harvesting proteins associated with cach photosys-
tem. In the thylakoid membranes of D, salinu cells
grown under high-light (HL) conditions, a population
of PS 11 centres with an antenna size of only 60
chiorophyll molecules predominates. These centres,
termed PS 11 [10], therefore, have a residual antenna
size approximately half that of PS 1, centres.

Despite advances in our understanding of the an-
tenna composition of the photosynthetic apparatus (see
rel. 15 for a recent review), questions still arise con-
cerning assembly of PS 11 light-harvesting complexes
and their organisation and orientation relative to cach
other and to the PS 11 reaction centre. Questions also
arise surrounding the structural differences in the an-
tennae of the PS T subpopulations. In this study, we
have cxploited the plastizity which oceurs in the organi-
sition ot the photosynthetic appavatus in D. selina to
invesiigate the assembly and molecular architecture of
the antenna system of PS 1L Distinet functional changes
in the antenns of PS 11 were observed 10 accur in
discrete stages durine the restoration to low-intensity
light of 0. suling cells previously acclimated to high-in-
tensity fight,. These observed changes reflect progres-
sive steps in the reassembly of the PS 1l antenna
system, und their implications for a general model
deseribing the structare of the PS 11 antenna are
discussed.

Materials and Methods

Cell culure

D. saling cells were grown at 28°C in a medium
contuining 2.0 M NaCl with CO. supplied as 20 mM
sodium hydrogen carbonate [10]. For low-light (LL)

prowth, cultures were maintained under incandescent
lights giving a photon flux density of 100 uE m 37!,
For HIL. growth, cultures were maintained under a
photon tlux density of 2150 yE m 2 s ! provided by a
tungsten-halogen discharge tube separated from the
cultures by a wransparent water-circulating cooling de-
vice. HE cultures were maintained at a Chl @ concen-
tration of not more thun | wg ml ' in order to prevent
scif-shading or light gradient etfects. For experiments
in which HL cells were restored to LL, HL cells from a
single stock culture were transplanted into identical
subcultures at equal initial Chl a concentrations. These
cultures were maintained under the HL regime for a
further 48 h prior to removal to the LL regime. HL-
grown cells acclimated to LL for 44 h were identical to
F.L-grown cclls in all characteristics investigated.

Thylakoid membrane isolation

Thylakoid membranes were isolated from cells har-
vested by centrifugation at 6500 X g for 10 min. Cells
were resuspended in buffer containing 100 mM sor-
bitol. 10 mM MgCl,, 5 mM NaCl, 50 mM Tricine-
NaOH (pH 7.8) and wecre disrupted by extrusion
through a French pressure cell at 250 ib/in®, Unbro-
ken cells and cell debris were removed by centrifuga-
tion at 6500 x g for 15 min. Thylakoid membranes
were harvested by centrifugation at 30000 x g for 30
min, resuspended in the above buffer and maintained
on ice in the dark until required.

Polvacrylamide gel electrophoresis

For non-denaturing PAGE, isolated thylakoid mem-
brancs were resuspend’ad to a chlorophyll concentra-
tion of 1 mg ml™' in 10% (v/v) glycerol, 62.5 mM
Tris-HCl (pH 6.8) prior to the addition of dodecyl
maltoside to a protein:detergent retio of 5: 1. Samples
were maintained on ice in darkness with frequent
agitation for 20 min. insoluble material was removed
by centrifugauion at 24000 X g tor 10 min. Non-dena-
turing PAGE was performed on 8.5% -12.57 acryl-
amide gradient gels (8 cm x 6 ecm x 0.75 mm) essen-
tially as in Ref. 16, using an LKB minigel system
covled to 4°C by a refrigerated water-circulating sys-
tem, Cathodic buffer contained 0.1% (w/v) LDS., Elec-
trophoresis was performed at 6 mA constant current
per gei for 20 min followed by 12 mA constant current
per gel for a further 70 min. Two identical gels could
he run simultancously.

Molecular masses of chlorophyll-protein complexes
isolated by non-denaturing PAGE were estimated by
comparison of their relative electrophoretic migrations
with those of standard proteins. Gel lanes containing
standard proteins were rapidly stained and destained
and the iane realigned with the unstained gel contain-
ing chlorophyll-proteins,



SDS-PAGE was performed on 12.5-25  acryl-
amide gradient gels using the buffer system of Ref. 17.
Thylakoid membrane samples were solubilized at room
temperature in buffer containing 109 (v/v) glycerol,
4% (wyv) SDS, 1% (w/v) B-mercaptocthanol, 62.5
mM Tris-HCI (pH 6.8). Gels were stained with
Coomassie brilliant bluc.

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

Electrophoretic transfer of polypeptides onto nitro-
cellulose and subsequent immunoblotting with poly-
clonal antibody raiscd against spinach LHC-I1 were
petformed using standard procedures. Colour develop-
ment with alkaline phosphatase-conjugated secondary
antibody was performed as described in Ref. 20.

Low temperature fluorescence spectroscopy

Spectra were recorded at 77 K with a Perkin-Elmer
LSS5 lumincscence spectrometer. Whole cells of D.
salina were resuspended in fresh growth medium to a
chlorophyll concentration of 5 ug mi !, dark-adapted
for 15 min and rapidly frozen in liquid nitrogen. Spec-
tra were normalized to the flunrescence emission maxi-
murt in each case.

Room temperature fluorescence induction

Room temperature PS 11 fluorescence induction was
measured in whole celis harvested by centrifugation at
6500 x g for 10 min and resuspended in fresh culture
medium to a chlorophy'l concentration of 10 gg mi ™"
Actinic light was provided via fibre-optic cable from a
250 W stabilized light source, with wavelength defined
by Corning 4-96 filter, and was admitted to the measur-
ing cuvette by electronic shutter. Fluorescence signal
was detected by a photodiode screened by a Schott
RGO65 filter, and the amplified signal was stored using
a storagc oscilloscope, and induction transients were
plutted using an X-Y plotter. Celis were stirred in the
dark for 10 min prior to the addition of DCMU (20
uM), which took place 5 s before switching off the
stirrer and recording the transient. Kinetics of fluores-
cence rise were analysed as in Ref. 1.

Results

Growth of D. salina under high intensity light re-
sults in a cell type which exhibits a high Chi « /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 HL exposure docs not
inhibit cell growth (data not shown). HL cells showed a
Chl a/b ratio of 25. Removal to a LL regime induces
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an immediate increase in the total cellular chlorophyll
(Fig. la, open circles), although for approximawly 4 k
this increase was not accompanied by anv decrease in
the chlorophyll @ /b ratio (Fig. 1a, closed circles),
suggesting a lag period preceding an accelerated syn-
thesis of Chl b and its incorporation into LHCs. A 4-h
lag period also preceded major changes in the protein /
chlorophyll ratio of thylakoid membranes isolated from
HL-cells acclimating to LL, as shown in Fig. 1b, 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 organisation of the thyl-
akoid membrane of HL-grown D. salina cclls acclimat-
ing to LL werc investigated by fluorescence 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 distinc: cmission
maxima at 683 nm and 710 nm. These emission maxima
arc attributable to the antenna-depleted PS 11 core [21]
and PS I 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, unchangcd after 4 h. Subscquent
to this, fluorcscence emission at 683 nm becomes pre-
dominant, presumably as a result of the assembly of
LHC-II into the thylakoid membrane, which is implied
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Limssion in the wavelength range 650- 730 nm was detected with
cxcitation through Chl w at 433 nm. Spectra were normalised to the
emission maximam at 683 nmin cach case. but are drawn apuart for
clarity, The distinet Nuorescence component at 6935 mm and arising
durning the initial 4 h of LL acchimation is indicated by the arrow.,

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

“learcseence emission at 6Y5 nm has been assigned
te ¢ (247 Chl oa-binding polypeptide which is a
cor e 0f the PS I core [23.24]. The increased
emission at 695 nm which occurs at this carly stage in
acclimiation w0 LL could arise from increased abun-
dance of the CP47 chlorophyll-protein complex emit-
ting at this wavelength, or increased chlorophyll-bind-
ing to the complen very carly after remeval to LL.
Since changes in Che ¢ /b ratio are not observed at this
carly stage in acclimation to LL. it is unlikely that
increased 695 nm emission arises directly from in-
creased abundance of a Chi @ /b-binding species or
indirectly as a result of increased excitation energy
transfer from such a species to the complex emitting at
OUS . It s however, possible to diseriminate be-
tween these possibilitics by the use of fluorescence
CXCItation spectroscopy.

Fig. 3a shows excitation spectra in the wavelength
range 400-300 nm for cmission at 695 nm. Prominent
excitation maxima at 435 nm and 476 nm are evident.
arising as a result of the absorhance by Chl v and Chl
h. respectively. The ratio of excitation at 435 nm to
that 2t 476 nm therefore provides an index of the
refative contributions of excitation absorbed through
Chl « or Chl b to fluorescence emission at any given
wavelength, I increased cmission at 695 am at an carly
stage in LL acchimation results cither directly or indi-

rectly from increased levels of a Cht a /b-binding «om-
plex, it can be predicted that the relative contribution
of Chl b-absorbed light (at 476 nm) to the emission at
6YS nm would remain constant or increase during
acclimation to LL. Only if the increased 695 nm emis-
sion after 4 h LL acclimation were due to an increase
in levels of a pigment-protein which binds exclusively
Chl a could it be predicted that the relative contribu-
tion of Chl b-absorbed excitation (at 476 nm) would
decrease during the carly stages of LL acclimation.
This would be indicated by a transient decrease in the
amplitude of e 476 nm excitation peak. From the
spectra in Fie. 3a, it is clear that the relative contribu-
tion of Chl b-absorbed light to fluorescence cmission
at 6YS nm does decrease during the first 4 L of LL
acclimatior. Changes in the ratio Ex 435 nm/Ex 476
nm, indicative of changes in the relative contributions
of Chl « and Chl b to tluorescence emission at both
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Fig. 3. G BExcitation spectra for flucic.cence emission at 695 nm,
recorded at 77 K in the wavelength range 400-500 nm, from HL-
grown . sufing acclimating to LL for varyving times indicated.
Spectra were normalised to the excitation maximum at 435 nm.
Spectra from cells acclimated 1o LU betwween 4 and 24 h are omitted
for clarity. (b)Y Changes i the relative contributions of excitation
ahsorbed through Chl ¢ Gat 435 nin) and through Chl b (at 476 nm)
to the fluorescence emission components at 695 nm (@) and 683 nm
) expressed as the ratio Bx 435/ Ex 476,



Fig. 4. Non-denaturing PAGE of dodecyl maltoside-solubilised
chiorophyli-protein complexes from the thylakoid membranes of D.
salina grown under HL (lanes 4-6) or grown under HL and reaccli-
mated (0 LL for 12 h (lanes 1-3) Lanes were loaded with thylikoid
material equivalent to 3 ug Chl(lanes 1. 6). 3 g Chl (lanes 2. 5) or 3§
ug Chl (lanes 3. 4). Estimated molecular mass.s ot the chloroohyll-
proteian complexes are shown (M). FP indicates free pigment.

695 nm and 633 nm, are shown in Fig. 3b. For emission
at 695 nm (Fi2. 3b, closed circles), an initial increasc in
the ratio Ex 437 nm/Ex 476 nm is obscrved in the first
4 h of acclimation, indicating a transient increase in
the relative contribution of excitation through Chl a.
This is foliowed by a decrease in the ratio, indicating a
subsequent progressive increase in the relative contri-
bution of Chl b-abscrbed excitution. For emission at
683 nm. there is no change in the ratio Ex 435 nm/Ex
476 nm over the initial 4 h of reacclimation (Fig. 3b.
open circles). Subsequently, the same progressive,
non-incremental decrease in the ratio occurred, as
observed for emission at 695 nm. This change can
therefore be attributed 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 chlorophyli among thylakoid
membranc complexes 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 detergent: protein raiio (sce
Fig. 1b), rather than thc morc usual index of
detergent: chlorophyll ratio, in order to eliminate as
much as possible any variability in resolved chloro-
phvil-protein complexes resuliting from differential sol-
ubilization effects. Six types of chlorophyll-pretein
complex were resolved from the thylakoid membrance
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of LL cells. Complexes with approximate molecuiar
masses 250-500 kDa, 160 kDa and 90 kDa were identi-
fied as multimeric forms of PS I, tie dimeric form of
the PS I rcaction centre and a multimeric form of
LHC-IL, respectively, by 77 K fluorescence spec-
troscopy and polypeptide analysis by denaturing SDS-
PAGE of the isolated ccaplzies (data not shown). A
broad band containing complexes of approximate mass
25 kDa contained monomeric LHCs. Two bands of
mass 50 kDa and 45 kDa contained Chl a, correspond-
ing to the PS 1l core proteins CP47 and CP43, respec-
tively [16,25].

The multimeric forms of PS I and LHC-H were not
resolved from the thylakoids of HL-grown cells. as
might be expectec 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 cells.
Since changes in protein levels are not implicated. this
obscrvation strongly suggests that changes in 77 kK
fluorescence emission at 695 nm occurring within four
hours of commencement of LL acclimation of HL-
grown cells occur as a result of increased asscimbly of
chlorophyll « into CP47 polypeptides.

Changes in PS I fluorescence vield in the presence
of DCMU at room temperature arc also diagnostic for
variations in functional properties of PS 1L Fig. Sa
shows plots of PS Il fluoiescence yield induced from
HL-grown cells and HL-grown cclls acclimated to LL
for varying times. Fig. 5b shows the first-order kinctic
analyses of the rate of growth of arca above the nuo-
rescence induction curves shown in Fig. Sa. Derived
fluorescence parameters F,,/F, and F /F,, are shown
in Fig. Sc, in addition to the percentage of PS 11
centres which arc B-centres (Fig. Sc. triangles). this
value being derived from the intercept at time zero of
the nearly extrapolated exponential phase of the ki-
netic plots in Fig. Sk, HL-zrown cells exhibit a fow-
variable tluorescence yield, indicative of the reduced
antenna size of PS 1T under the HL conditions. Growth
unde: HL has been found to induce a chronically
photoinhibited state [10]. and in this study. HL <clis
also showed the low F, /F, ratio indicative of the low
quantum yield of PS Il photochemistry which has been
attributed to the existence of a population of photoin-
hibited PS 11 centres under HL condition.

Biphasic fluorescence kinetics are characteristic of
antenna size heterogeneity amongst PS I centres. with
the slow phase of fluorescence arising from PS 11,
centres 2ad the more rapid phase arising from Ps 11
centres. During acclimation of HL-grown cells to oL
an inc¢rease in the proportion of centres which were PS
Il was observed. Changes in the relative proportion of
PS 11, centres during acclimation is shewn in Fig. 5S¢
(triangles), whica illustrates that a reiativelv slow <hifu
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D). salon:. Values derived from the fluoreseence inducthion curves in
Gy were normalised o the value £ /£, tor LL cells. Changes in the
proportion of PS 11, centres in the thylakoid membrane. deduced
tfrom the Kinetic analyses in {b), are also shown (a ).

from PS 11, to PS 11, centres over the initial 12 h of
the LL acclimation period, followed by a pronounced
and rapid shift to PS 11, between 12 and 18 h after the
commencement of LL acclimation. The rate of photon
utilization by PS 11, centres was consistently in the
range 3.9-4.1 photons s~'. whereas rates for PS 11,
centres increased from 5.1 photons s ' to 9.0 photons
57! over the LL acclimation time-course, suggesting a
progressive increase in PS 11 antenna size from the
time-point after which the shift from PS 11, to PS 11,
began. PS [ centres comprised 329 of the total PS 11
centres in cells fully acclimated to LL, in agreement
with previously reported values for D. salinza cells grown
under normal irradiance [14]. HL-grown cells also ex-

hibited biphasic fluorescence kinetics (Fig. 5b), of-
though these kinctics comprised two relatively slow
components and no rapid phasc attributable to FS II,
centres. The two slow phases are defined by rate
constants for light absorption of 4.0 photons s ' and
29 photons s ! Deconvolution of the fluorescence
kinetics indicate that the slower rate is attributable to
light absorption by 909 of tnc total PS Il centres in
the thylakoid membrane of HL cells. These centres
correspond ¢ the PS 11 centres which predominate in
HL cells and which have a tunctional antenna size of
only 60 chlorophyll molecules [10]. The rate of light
absorption of the remaining 109 of PS II centres in
HL thylakoid membranes characterises them as PS 11,
centres. The very slow kinctic component was no longer
evident after 4 h of LL acclimation. HL-cells accli-
mated to LL for 4 h showed only monophasic fluores-
cence kinetics characteristic of PS 11, centres, indicat-
ing rupid conversion of PS 11, 10 PS H, during the
initial phase of reacclimation.

The pronounced increase in the percentage of PS
I, centres between 12 and 18 h after the commence-
ment of acclimation to LL coincided with an ¢levation
in variable fluorescence vyield (Fig. 5a) and a pro-
nounced rise in the ratios F /F, (Fig. Sc, closed cir-
cles) and F, /F,, (Fig. Sc, open circles), supporting the
conclusion of increcased PS 11 antenna size and suggest-
ing an increase in quantum yield of PS 11 photochem-
istry after an initiaily constant and relatively low level.
The values F./F,, and F,,/F, remained unchanged at
their new, clevated values subsequent to the pro-
nounced risc between 12 and 18 h after the commence-
ment of LL acclimation.

Changes in the polypeptide composition of the thyl-
akoid membrane during acclimation of HL-grown D,
salina 1o LL were investigated by SDS-PAGE and
immunoblotting. Fig. 6a shows SDS-PAGE anaiysis of
polypeptides from thylakoid membrances isolated from
cells removed to LL, with cach gel lane loaded with
thylakoid membrane protein cquivaient to 10 ug
chloroghyll. No appreciable change in polypeptide
compaosition, specifically any increase in LHC-1I poly-
peptides as a proportion of the total membrane protein
complement. was obscrved until at least 4 L after the
commencement of LL acclimation. Subscquent to the
initial 4-h acclimation period there was a progressive
increasc in LHC-1I polypeptides as a proportion of the
total thvlakoid membrane proteins. This phenomenon
is most apparent aftcr 18 h of LL acclimation: LHC-I
polypeptides became the most prominent specics in the
thylakoid membranc. Therc were no apparent major
increases in LHC-H 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 reaccli-
mation time-course, implying a progressive rather than
incremental incrcasc in the levels of LHC-11 poly-
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Fig. 6. (a) SDS-PAGE analysis of thylakoid membranes isolated from
D. salina cells grown under HL and reacclimated to LL for the
specified times. Lanes were loaded with material equivalken? to 10 ug
total chlorophyll. Molecular masses of marker proteins (M) are
indicated. LHC-IT polypeptides are prom‘nent in the mass range
25-32 kDa. (b) Immunoblot analysis of the LHC-11 polypeptides in
thylakoid membranes of HL-cells acclimating to LL. Note the ab-
sence of change: during the initial 4 h of reacclimation and the
subsequent increase in the relative abundance of LHC-11L

peptides incorporated into the thylrkoid membranc
after the initial 4-h lag period. Immunoblotting with
polyclonal antibody to LHC-II (Fig. 6b) emphasises
this increase in levels ot LHC-II polypeptides during
LL acclimation: after an initial four hour ' g period. in
which no changes in polvpeptide composition occurred.
there was a progressive increase in the levels of LHC-11
polypeptides. The immunoblots also indicate there were
no changes in the relative stoichiometries of the LHC-11
subunits during LL acclimation. All four LHC-II sub-
units recognised by the antibody which were present in
LL cells were also present in HL cells in the same
proportions, albuii 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 11 antenna [26].

Discussion
Ceils of D. salina grown under high irradiance show

an elevated Chl a /b ratio symptomatic of a decreased
complement of LHCs in the thylakoid membrane, with
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concomitantly decreased functional antenna size for
both photosystems [10]. Removal of Hl-grown celis to
a LL regime stimulated a decrease in Chl a /b ratio
and induced 2 temporal sequence of events represent-
ing changes in the size and composition of the PS 11
antenna.

The initial acclimation event gave rise to increased
fluorescence emission ot 695 nm, which correlated with
increased Chi «-binding to the CP47 polypeptide of PS
Il core. This event occurred within 4 h of LL acciima-
tion. and preceded all other significant changes in the
PS H antenna. No change in ratio of fluorescence
emission at 683 nm to that at 710 nm was obscrved
during this initial pcriod.

These obscrvations suggest that CP47 may associate
with the PS 1I-RC in the absence of bound chiorophyll.
This has significant implications for the organisation of
the internal antenna of PS 1. Recent work has indi-
cated that CP47 is required for assembly of the PS 11
corc in cyanobacteria [27]. In the casc of green algac, it
has additionaily been demonstrated that CP43 and
CP47 are independently assembled in the thylakoid
membrane of green algac [28]. and that while CP47
may function in the initiation of PS Il core assembly,
CP43 may play a role in initiating carly stages of PS 11
accessory antenna assembly prior to its association with
the photosystem core [28]. It may be reasoned there-
fore that the binding of chlorophyll ¢ to CP43 1s
essential for its primary function, specifically the for-
mation of a pathway of excitation cnergy transfer from
the peripheral antenna of PS 11 to the reaction centre.
If the primary function of CP47 is in the assembly of
PS 11. chlorophvil-binding would not be essential for
this function. During periods of growth under which
chlorophyll synthesis was repressed. such as periods of
exposure to very high irradiance [8]. a prioritization of
chlorophyll integration into thylakoid membrane pro-
teins 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 tor Chl-h-defi-
cient maize mutants [29].

The presence of CP47 is 1equired in order to main-
tain structural stability of PS I [30-32]. and is likely.
therefore, to be present in the thylakoid membrane of
HL-grown D). salina cells with or without bound
chlorophyll. It cannot, however, conduct excitation en-
crgy from the auxiliary antenna to the PS I reaction
centre. This rules out any model for the organisation of
the PS I 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-H antenna to the PS 1I-RC. as shown in Fig. 7.
This model (Fig. 7) is not incompatible with data
indicating a more intimate asscciation of the PS II-RC
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Frour hours” reacclimation to low haht:

PS 115

LHC 1

triner

Full reacelimation to low light:

PS lHa

LHC 1

petiplicral

LHC 1t

gt

LHC ll[ ~

LHC I

peripheral

LHCH

tnner

Fig. 7. A moded for changes in PS 11 organisation during acclimation
of He-grown celis to LE, showing additions of CP47 and an inner
population of LHC-TT to P8 1L to give PS 1Y after 4 h acclimation.
Addition of further LHC-Ts (EHCAT peripheral) oceurs atier tull L
acclimation. giving PS 11 centres connected for energy transfer

with CP47 than with CP43 [33-35]. Solubilization stud-
ies do not necessarily suggest close association of CPA3
and CP47.

Both the Chl « /b ratio and the protein/ chlorophvil
ratio deercased steadily subscquent to the initial 4 i of
LL acclimation. suggesting an essentially lincar, non-
incremental increase in the compiement of accessory
LHC-1T associated with PS 11 centres in the thylakoid
membranes of cells acclimating to LL. Changes in
low-temperature  fluorescence cmission spectra also
suggest progressive changes in the organisation of
chlorophyli-protein complexes in the thylakoid mem-
brane (Figs. 2 and 3). Removal of the repression of
chlorophyll synthesis by transplanting to a low-light
intensity regime increases availsbility of the chloro-
phylls requisite for LHC-11 assembly [8,36] and permits
accumulation of the complexes within the thylakoid
membrane. The fluorescence induction data (Fig. 5)
suggest an adjustment in the PS 11 antenna during the
first 4 h of acclimation which results in a shift from PS

M centres, showing cxceptionally slow fluorescence
kin-tics, to PS H,, centres. This adjustment could re-
sul: from increased binding of chlorophyll a to CP47.
or to CP47 and some LHC-HI subunits which are pre-
sent in the thylakoid membrane even under HL growth
(sce Fig. 6b). During the subsequent 8 h of acclimation,
increascd abeicdance of LHC-IN is apparent. An in-
crease in varaale fluorcseence yield is seen (Fig. Sa),
but no change v F /F, or F, /F, is observed, imply-
ing an increase in a population of identical PS H,
centres without further changes in antenna size, con-
nectivity of centres or photochemical efficiency.

The radical changes in variable fluorescence yield
and i1 F /F, which occurred between 12 and 18 h
after the initiation of LL reacclimation indicate a rapid
increase in PS I antenna size of as many as 65% of PS
11, centres within a 6-h period. This suggests, with
support from SDS-PAGE analysis and 77 K spec-
troscopy. that functionally complete LHC-1I complexes
are accemulated within the thylakoid membrane prior
1o asserubly onto functional B-centres during a single
adaptation phase. Implicit in this suggestion is the idea
that PS 1L, and PS 11, centres differ solely with
respect to their antenna sizes. and that PS 11, centres
arisc simply as a result of addition of peripheral an-
tenna complexes to PS H; centres [37].

Addition of LHC-II complexes would also be ex-
pected to favour thylakoid membrane stacking, which
would account for the greater arca of thylakoid appres-
sion in LL-acclimated chloroplasts [4.38], This feature
of LL. I'S II,, membrane organisation is depicted in
Fig. 7.

The reacclimating D. salina system presents a good
model tor examining the relationship between subpop-
ulations of PS 11 centres. 1t the transition from PS H,
to PS 1, occurs as a consequence of increased an-
tenna size. then the added 1HC-H complexes would
represent the peripheral antenna which may become
phosphorylated [39] during the short-term adaptations
to light regime known as State 1-State 2 transitions
{40} Cells of D, salina grown under high irradiance
and acclimated to low irradiance for 12 h would be
expected therefore to be incapable of state transitions.
The interaction of short-term. protein phosphoryla-
tion-mediated adaptation mechanisms with long-term
acclimation phenomena will be discussed in g subse-
quen. paper.
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