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Thylakoid membranc fluidity

The effective antenna size of Photosys 11 is regulated by a kinase mediated phosphorylation ot the main light-harvesting
chlorophylt a/b protein (LHCID. This regulatory mechanism. which involves lateral migration ot the phospho-protein along the
thylakoid membrane, is thought to be essential for short term acclimation of the photosynthetic light harnvesting. In this study we
have analyzed how LHCIH phosphorylation and the subscquent changes in the organization of the thvlakoid membrane are
influenced by low temperatures. It was shown that the kinase activity, measurcd as degree of LHCIT ~hosphorylation, is
opcrational at 0°C although partially inhibited. By subfractionation of thylakoid membranes phosphorylated at (°C it was shown
that virtually no phospho-LHCIH migrates to the stroma thylakoids at this low temperaturc. in contrast to the case at nornial
temperaturcs. When such thylakoids, with phospho-LHCII retained in the appressed grana regions, were gradually subjected to
increasing temperatures followed by subfractionation, it was shown that rapid lateral migration ot phospho-LHCH was indus-d
in a quite narrow temperature range of 10-12°C. At 5°C the migration of phospho LHCH would require hours for completion
while at 20°C all phospho-LHCH had arrived in the stroma thylakoids within § min. From a functionat point of view, our results
reveal that at tempcratures when the migration of phospho-LHCII from the grana region is prevented, there s no reductior in
the cffective antenna size of Photosystem II. This shows that protein phosphorylation in itself is not sufficicnt to create a
functional disconncciion between Photosystem 11 and LHCI but that the subsequent fateral diffusion of phospho-LHCIE in the
thylakoid membranc is required. The significance of the results in connection with increased photoinhibition during combined
light and cold stress is discussed. .Apart from these physiological implications. the present combination of protein phosphoryla-
tion and thylakoid subfractionation offers a novel way to study lateral diffusion of a single protein i an undisturbed
biomembrane.

- Introduction

Abbreviations:  LHCIL light-harvesting  chlorophyll @/ b-protein
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tions low temperatures which are pariiendarly
harmful it they are comoined [3.4]. Often such & com-
bined light and cold stress leads to severe photoinhibi-
tion due to impairement of Photosystem 1L

A molecular mechanism that is regarded as essential
for the short term regulation of the light-harvesting of
the photosynthetic apparatus in algac and higher plants
is protein phosphorylation [5-8]. A membrane bound
kinase [7.9] phosphorylates the main light-harvesting
chlorophyll a/b-protein complex of Photosystem 11
(LHC 1D in addition to several subunits of the Photo-
system 1 core [7). The kinase activity is controiled by
the redox state of electron transport components such
as plastoquinone [5.10] and the cytochrome b/f com-
plex [11-14] which function between the two photo-
systems. As a result of the protein phosphorylation one
subpopulation of LHC H dissociates from Photosystem
11 and migrates along the membrane away from the
appressed thylakoids into the Photosysten 1 rich non-
appressed  thylakoid regions [6.8.15-17). This rear-
rangement in the organization of the light-harvesting
antenna. which requires a fluid membrane bilayer. has
been suggested to be important for the balancing of
excitation encrgy between the two photosystems [5-7]
as well as protecting against photodamage of Photosys-
tem 11 [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 membrane. The results
show that the protein kinasc is functional at low tem-
peratures but that the rapid lateral migration of phos-
pho-LHCII in the thylakoid membrane is largely pre-
vented below 10°C, and th.it there is no decrease in the
antenna size of Photosystem Il. The results are dis-
cussed in biochemical terms with respect to thylakoid
membrane fluidity and lateral diffusion of integral
membrane proteins and in physiological terms in rela-
tion to combined light and cold stress of plaats.

Materials and Methods

Spinach was grown hydroponically in nutrient solu-
tion [19] at 25°C and 475 umol photons m ™ s ',
Thylakoids were isolated according to Ref. 20 and
finally suspended in 50 mM Tricine-KOH (pH 7.6). 20
mM NaCl, 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 room temperature for 10 min before being
brought to the desired temperature. 10 mM NaF and
0.4 mM ATP containing [y-PJATP (0.035 mCi/mg
chlorophyll} were added to the suspension which was
then illuminated (500 wmol photons m~* s~ ") for 10

Scheme |

Subfractionation at various temperatures of thylakoid membranes
phosphorylated at 0°C.

Protein phosphorylation of intact thylakoids at ¢ C in the pres-
ence of [y-22P] ATP.

. Incubation in the dark at different temperatures (0°C-20°C).

. Withdrawal of samples for digitonin based subfractionation at
specified timepoints.

. Isolation of stroma (or grana) membranes.

. Analysis of phospho-LHCII content by SDS-PAGE and auto-
radiography or scintillation counting.
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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 uM ferre-
doxin. The reaction was stopped either by addition of
Lacmmli solubilization buffer or digitonin (sce below),
depending on the nature of the experiment.

Grana and troma thyiakoid membranes were pre-
pared by digitonin based subfractionation of stacked
thylakoids essentially according to Ref. 21, One volume
of 0.8% digitonin was added to the thylakoid suspen-
sion (0.4 mg chlorophyll /ml) giving a final concentra-
tion of 0.4% digitonin. The solubilization at 20°C was
stopped after 2.5 min by adding ten volumes of ice-cold
incubation buffer. The grana membranes were isolated
by centrifugation at 10000 X g for 5 min. The resulting
supernatant was spun at 40000 X g for 30 min and the
stroma thylakoids contained in the supernatant were
finally collected by centrifugation at 100000 X g for 60
min.

In order to follow any changes in the lateral location
of LHCII subsequent to protein phosphorylation, as a
function of temperature and time, the following
‘kinetic” subfractionation experiment was designed
(Scheme ). After the thylakoids had been subjected to
protein phosphorviation 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-20°C range.
At specific time-points at each temperature, samples
were withdrawn and subfractionated into grana and
stroma thylakoids by the digitonin method.

SDS-PAGE was carried out according to [22] using
a 12 to 22.5% polyacrylamide gradient in the separa-
tion gel. Prior to electrophoresis the samples were
suspended in the Laemmli solubilization buffer [22]
and incubated at 70°C for 5 min. The gels were autora-
diographed and the fiims subsequently scanned by
lascrdensitometry for quaniification.

Photosystem I clectron transport was measured at
3°C in a Hansatech oxygraph using hght passed through
a 650 nm interference filter. The light intensity in the
range of 14 to 2680 uwmol photons m~? s~' was modu-
lated by neutral density filters. Phenyl-p-benzoquinone
(0.5 1aM) was used as an artificial clectron acceptor.



The assay medium consisted of 25 mM Hepes-NaOH
(pH 7.5), 10 mM NaCli, 2.5 mM MgCi, and 100 mM
sucrose. Thylakoids were added to a final concentra-
tion of 20 pg chlorophyll /ml. Chlorophyll concentra-
tion was determined in 809 acctonc according to
Arnon [23].

For clectron microscopy. thylakoids were gu ckly
spun down, resuspended in 50 mM sodium phosphate
(pH 7.3) and fixed in 2.5% glutaraldehyde. The sam-
ples were postfixed in 17 osmium tetroxide in phos-
phate buffer for 2 h at room temperature and subsc-
quently washed, dehydrated in an acctone series and
embedded in Spurr’s resin. Ultrathin sections were cut
on a Sorvall Ultra Microtome MT 5000. The sections
were stained with uranyl acetate and lead citrate and
observed using a Zeiss EM 10 electron microscope.

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 kinase
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
LHCII 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. The reason for
this variation is not yet clear, but the experimen:s show
+hat phosphorylation of LHCII indeed takes place at
temperatures as low as 0°C.

100

50r L

LHCII phosphorylation (%)

1020 30 0 50
temperature {*C)

Fig. 1. Temperature dependence of LHCI phosphorylation 1 iso-
lated thylakoids. @. 5 min light mediaied protein phosphorylation: =,
phosphontiation S min in the dark medizted by NADPH and ferrc-
doxin. Total [* P} phosphate incorporation was determined b scin-
tillation counting of bands excised from SDS-PAGE. 1007 rofers to
maximum labelling. (20000 cpm and 3HX0 cpm. respectiely )

TABLE ]

J CPIPhosphate ancorporaton i LHCH i thylakonds wsd g hind
swbfractions isolated aftcr protern phosphordlation or imtact thyhakonds
at 0C or 22¢

The specitic [ T PIphosphate inorporation was calcabated by normal
zing the totad phosphate label to the corresponding araoant
protein quantificd from the peik arcas of the Coomassie-stained
SDS-polyacrylanude geis

Fraction Amaount of lahel in LHCH
temperatare
e
Tntact thylakoids <300 5568 -
Grana thylakoids 5150 SSy
Stroma exposed thylahoids 285 4730

If the temperature was raised above 20°C. a rela-
tively sharp increase in the degree of phosphorylation
was observed. particularly when NADPH /ferredoxin
was used as reducing agent (Fig. 1). This increase in
protein phosphorylation was fellowea oy a sudden drop
at 35°C. in the case of the light-induced reaction, or at
approx. 45°C in the case of the NADPH/ ferredoxin
induced phosphorylation. In the case of the light in-
duced phosphorylation. the curve probably primarily
reflects the cffect 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 the heat
stability of the kinase activity.

Although lowcered temperatures in most cases did
not severely affect the proten kinase activity per se.
they may drastically influence the subsequent lateral
migration of phospho-LHCII [8]. considering its depen-
dence on membrane fluidity. In order to investigate
this. thyiakoid membranes phosphorylated at different
temperaiures, were subfroctionated into grana and
stroma thylakoids. using digitomin incubation and dif-
ferentiai centrifugation. The subfractionation method
was devised so tha® intermediate organizational changes
of the phosphorvlated thylakoid membranes at defined
tempcratures and time intervals could be trapped and
detected (Scheme I). In Table 1 it can be seen that
when thylakoids were phosphorylated at 0°C, radiola-
hel was almost exclusively found in the grana mem-
branes. In contrast, when the same experiment was
performed at room temperature, grana and stroma
lamellae had the same relative degree of LHTII phos-
phorylation. These observations strongly indicate that
the Kinase is situated only in the appressed regions of
the stacked thylakoid membrane and that phospho-
LHCII cannot migrate to the non-appressed regions at
0°C. This view is further strengthened by measure-
ments showing thut stroma lamellae vesicles isolated
from thylakoids phosphorylated at 0°C have the same
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chlorophyll /b vatio (6.0-6.8) and relative LHCT
content (1177 ) as those isolated from unphosphorylated
control thylakoids.

This subfraction analysis suggests that phospho-
rylated LHCII is trapped in the appressed regions of
grana at low temperatures. In order to see if this leads
to any rearrangements in the grana structure, i.c.
destacking, control thylakoids and thylakoids phospho-
rylated at 0°C and subsequently kept at 0°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 0°C and
subsequently kept at 0°C (B) or at 20°C. Bar represents 1 um.

in stroma thylakoids

relative amount of phospho-LHCI!

. L
S 10 15
time (min)

Fig. 3. Time ¢ of the e of phospho-LHCIi in
solated stroma thylakoids at different ures. After protein
phosphorylation at ("C, thylakoids were incubated for the indicat=d
times in the dark at 0°C (O): 5°C, (s ); 12.5°C (®); 20°C (a ) before
isolation of stroma thylakoids.

' 1

from several representative micrographs, no differ-
ences could be found between non-phosphorylated thy-
lakoids 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 tiie 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 1). As illustrated in Fig.
3. the rate of appearance of phospho-LHCII in the
stroma vesicles is strongly dependent upon tempera-
ture. At 20°C the first LHCII molecules appeared very
rapidly in the stroma membranes, and after 5 min the
total ‘migrating population” of phospho-LHCII had
already arrived (Fig. 3). In contrast, at 5°C the LHCII
migration within 5 min was very limited and it would
have taken more than 1 h for all mobile phospho-LHCII
to asrive in the stioma niembr: At 0°C virtuaiiy no
migration of phospho-LHCII 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 1l antenna [5,6,24-26). Considering the results
presented above, phosphorylation at low temperatures
provided a means to test if the LHCII 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 II dependent oxygen evolution




[
k=3

LtHCh
-
o

w
o
T

~
o
T

{percent/min})

of phospho

=
T

initial rate of appearance

ri A " L

5 10 15 20

temperature (°C )

Fig. 4. Initial migration ratcs of phospho-LHCII as a function of

temperature. Initial rates were calculated from several experiments

equivalent to those in Fig. 3. Each point represents the mean of two
to four experiments. The error bars show the standard deviation.

were determined for thylakoids phosphorylated at 0°C
and subsequently kept at 0°C or transferred to 20°C for
20 min. The temperature in the oxygraph was kept at
3°C, .0 avoid lateral migrations during the assay, and
hence relatively low rates of O, evolution were ob-
tained. The data for electron transport rates were
transferred into an Eadie-Hofstee plot (Fig. 5) in which
the slope is equal to K, the light intensity required
for half-maximal activity of oxygen evolution [26]. This
value was taken as an estimate of the effective antenna
size. From the data presented in Fig. 5 it can be

v {umole O3 / n-ng Chi}

01

Fig. 5. Eadic-Hoistee plot of the light saturation curve of Photosys-
tem Il-dependeat electron transport in phosphorylated thylakoids
subjected te different temperatures. Thylakoids were phosphorylated
in the light at 0°C and subsequently incubated in the dark for 20 min
at PC (C) or 20°C (a ). @, cantrol, unphosphorylated thylakoids kept
in the dark at 0°C. ¢ equals the O, evolution rate at different light
intensities (1). (I) was varied between 14 and 2680 umol photons
PR
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calculated that when thylakoids were phosphorytated
at 0°C and thereafter incubated at 20°C. the hall satu-
ration value was increased from 94 umol photons m -
s ' 10 130 wmol photons m ° s ' This illustrates a
reduction of the Photos; stem 11 antenna of approx.
307 which is normally seen following LHCIH phospho-
ryladon at room temperature [26]. In contrast. the
thylakoid sample phosphorylated at 0°C and kept ot
this low temperature showed the same K, value (91
wmol photons m™7 s™') as in the unphosphorylated
control thylakoids (Fig. 5), demonstrating that the cf-
fective antenna size of Photosystem 11 did not change.
It can therefore be concluded that phosphorylation as
such is not sufficient to cre > a functional disconnec-
tion between Photosystem 11 and LHCII but that re-
moval of phospho-LHCII through lateral diffusion from
the appressed into the stroma exposed thyladkoid re-
gion is also required.

Discussion

The phosphorylation of LHCII is considered to be
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, protein—protein dissociation and
laterai diffusion of phospho-proteins within the mem-
brane lipid bilayer. In this study we have analyzed how
low temperatures influence the phosphorylation of
LHCII and the subsequent rearrangements in the crga-
nization of the thylakoid membraace. In part, the study
has a physiological dimension since combined cold and
light stress is particularly damaging to the photo-
synthetic apparatus (3.4]. Mowcover, the study is of
significance for understanding the temperature depen-
dence of lateral migration of a single protein compo-
nent within the thylakoid membrane.

LHCII polypeptides show a substantial phosphoryla-
tion close to freezing temperatures indicating that both
the activation of the kinase and the enzymatic activity
itself can tolerate low temperatures. In certain experi-
ments we could detect as much as 807 of LHCH
phosphorylation compared to the normal room temper-
ature experiments.

Even though the kinase activity is operational at low
temperatures, LHC! phosphorvlation does not induce
the organizational and functional alterations in the
Photosystem I antenna (Figs. 3-5). It can therefore be
concluded that it is not the protein phosphorylation
itself that regulates the antenna size of phctosystem 11
but that there is an absolute requirement for lateral
migration of phospho-LHCIIL. This observation, in an
undisturbed thylakoid membrane system. corroborates
a study of Haworth (27} who incorporated cholesterol
hemisuccinate into the thylakoid membrane, which did
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not adeet the himase activite but which prevented the
state d=stite 11 transitions

What significance does the lack of phosphondation
induced reduction in the Photosystem 1 antenna at
fow temperatures have on our undurstanding of the
mechanism behind the inercased light induced impair-
ment of photosynthetic effiency in the cold [3.4]7 In a
1 -cent in vitro study [28] we showed that the Photosys-
tem H clectron transport in itself is not more suscepti-
ble to photoinhibition at low temperatures. It was
therefore argued that the synergistic stimulation of
photoinhibition in vivo by tight and low temperatures is
not due to cffects on the clectron transport but rather
duc 10 reduced etticieney of protection and /or repair
mechanisms. The inability of phospho-LHCII to func-
tionally disconnect from Photosystem 1 below 10°C
due to the restricted lateral mobility as shown in the
present study gives strong support to the argument that
reduced protection is a significant factor for combined
light and cold stress. Indirectly, our study also gives
support for diminished repair at low temperatures since
restorition of photoinhibited Photosystem 11 requires
lateral migration of damagced centres [29.30) and newly
synthesized Dl-protein from between the two thy-
lakoids {31]. Interestingly. plants can be acclimated to
low temperatures and be more resistant to light stress
and photoinhibition [32]. A molecular understanding of
this acclimation and its relation to thylakoid membrane
fluidity and lateral imigration of proteins is therefore an
essential task for tuture experimentation. Preliminary
studies in our laboratory indicate that the “critical
migration temperature” of phospho-LHCIH is tower in
spinach acclimated to cold temperatures.

Lateral migration and randomization of all mem-
branc proteins take place during the reversible thyl-
akoid destacking that occurs under low salt conditions
[6.33]. 1t is well known from freeze-fracture unalyses
[33] and fluorescence measurements [34] that the lat-
eral migration of membrane complexestin the salt-in-
duced destacking / restacking process is highly temper-
ature dependent.

Our present subfractionation procedure allows a
detailed analysis o the fateral mobility of one single
protein unit, the outer pool of LHCIHL induccd for
migration in the thylukoid membrane by a physio-
logically regulated posttranslational phosphorylation.
At low temperatures the migration is very Siow, requir-
ing hours for completion. Howevzy, there is a quite
distinct increase in the lateral mobility of : ospho-
LHCII at temp:ratuies around 10°C. Above this “criti-
cal migration temperature” the extent and rate of
LHCII migration into the stroma thylakoids rapidly
reaches that seen at room temperature conditions. The
reason for this biphasic nature of the mobility of LHCIH
is not obvious. Tne lipid bilayer of plant thylakoid
membranes which is predominantly composed of

galactolipids (MGDG and DGDG) with an unusually
high degree of unsaturation [351 dows 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-LHCH above 10°C can not be attributed only to
properties of membrane lipids such as fatty acid unsat-
uration. This notion is expcrimentally 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 viscosity
[37). However, Barber and co-workers have shown tiat
plants grown at low temperatures possesses a more
fluid thylakoid membrane than plants grown at higher
temperatures [36]. Recent studies uzing spin label elec-
tron spin resonance spectroscopy emphasizes the role
of lipid-protein interactions affecting the fluidity at
different temperatures of 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 107°-10"'* cm? s~' 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 followed by spectroscopically based analyses. Such
approaches have their limitations in that they may
induce pertubation of the protein or membrane struc-
ture. In that respect our present study offers a unique
opportunity since it is based on lateral 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!l. Based
upon the rate of appearance of LHCII in stroma
thylakoids at 20°C (Fig. 3). Einstein’s equation [40] can
be used to calculate an approximative diffusion coeffi-
cient of 107! cm® 5™ ' for the phosphorviated protein,
assuming that the radius of a granum is 300 nm.
However, a strict analysis of the diffusion of phospho-
LHCIE would require a Monte-Carlo simulation as
performed for othei situations of lateral migration in
the thylakeid membrane [41,42].

It is generally assumed that the migration of phos-
pho-LHCIH occurs from any part of the appressud
thylakoid regions. However recent analyses based upon
immuno-gold electrormicroscopy usir, an antibody
against the LHCIl-kina  sr3gest that the enzyme has
a somewhat non-aniform distribution within the ap-
pressed regions with an enrichement in the outer por-
tions close to the margins [43]. Thus migration of
phospho-LHCH may mainly occur from arcas close to
the margins nto the non-=ppressed regions. Such a
situation woeuld be consisten: with the observation that



the LHCH antenna of Photosystem 11 is largest in the
midportion of a granum and decreases towards the
periphery [44].

The present subfractionation procedure should be
useful for investigating the rate and temperature de-
pendence of other protein diffusion piocesses occur-
ring in the thylakoid membrane, such as remigration of
dephosphorylated LHCII into the grana regions and
movement of newly synthesized Photosystem 11 pro-
teins from non-appressed to appressed membrane re-
gions.
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