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Several studies have shown that a subpopulation of the light-harvesting chlorophyll a / b-protein complex of
Photosystem II (LHC-II) migrates from the appressed to the stroma-exposed thylakoids upon its phosphory-
lation. In this study we have analyzed the 27 and 25 kDa apopolypeptides of LHC-II, resolved by
two-dimensional electrophoresis, with respect to their relative abundance and phosphorylation in thylakoids
and subfractions derived from appressed or stroma-exposed thylakoid regions. The results show that the two
polypeptides are heterogeneous with respect to both phosphate incorporation and degree of lateral migration.
In intact thylakoids, the specific phosphorylation of the 25 kDa polypeptide exceeded that of the 27 kDa
polypeptide by a factor of 3. Following phosphorylation, the 25 kDa polypeptide of the stroma lamellae
showed as much as 4-5-times higher specific phosphorylation compared to the 27 kDa polypeptide.
Moreover, there was a time-dependent increase in the amount of the 25 kDa polypeptide relative to the 27
kDa polypeptide in the stroma-exposed thylakoids. These results demonstrate a different polypeptide
composition of the LHC-II tightly bound to Photosystem II and the free pool of LHC-II able to migrate
laterally upon phosphorylation. The mobile pool of LHC-1I is estimated to have two 27 kDa polypeptides for
every 25 kDa polypeptide, while the ratio in the immobile pool is 4: 1.

Introduction

The thylakoid membrane of higher plant chlo-
roplasts exhibits a pronounced lateral asymmetry
in the distribution of supramolecular complexes
involved in light-harvesting, electron transport and
ATP synthesis [1]. Whereas photosystem I and the
ATP-synthase are concentrated in the non-ap-
pressed stroma membranes, most of Photosystem
II and its light-harvesting chlorophyll a/b com-
plex (LHC-II) are concentrated in the appressed

Abbreviations: Hepes, 4-(2-hydroxylethyl)-1-piperazineethane-
sulphonic acid; LHC-1I, light-harvesting chlorophyll a /b-pro-
tein complex of Photosystem II; Tricine, N-[2-hydroxy-1,1-
bis(hydroxymethyl)ethyljglycine.

grana membranes [1-5]. Despite this spatial segre-
gation of Photosystem I and II, it has been shown
that chloroplasts have a mechanism that can bal-
ance the excitation energy distribution between the
photosystems (for a review, see Ref. 6).

Several studies [6-10] have suggested that this
regulatory effect is due to protein phosphorylation
causing changes in the organization of the
thylakoid membrane that would allow an in-
creased degree of interaction between LHC-II and
Photosystem I. Protein phosphorylation causes a
limited destacking of grana thylakoids as judged
from electron microscopy [11,12], linear dichroism
[13] and subfractionation [14] studies. Moreover,
several studies have shown that phosphorylation
induces a lateral migration of phosphorylated
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LHC-II from the Photosystem II-rich appressed
regions of grana to the Photosystem I-rich
stroma-exposed thylakoid regions, since (i) the
proportion of LHC-II in stroma lamellae vesicles
isolated from phosphorylated thylakoids is in-
creased compared to stroma lamellae vesicles iso-
lated from control thylakoids [14-16], (i1) there is
a. 7-10-times higher specific phosphorylation of
LHC-II in stroma lamellae vesicles compared to
that in everted thylakoids derived from the ap-
pressed thylakoid regions [17,18], (iii) a pulse-chase
experiment shows an increased proportion of
[*2P]phosphate label in LHC-II of stroma lamellae
with time following phosphorylation [15], (iv)
freeze-fracture analysis reveals that 8 nm particles
of the PF fracture face, inferred to be associated
with LHC-II, migrate from grana to stroma re-
gions of phosphorylated thylakoids [11].

The LHC-II is heterogeneous with respect to
polypeptide composition [19-23), and usually two
major polypeptides are resolved by SDS-poly-
acrylamide gel electrophoresis. These two main
polypeptides are synthesized from distinct mRNAs
[24], but as judged by amino acid analyses, im-
munological comparisons and proteolytic di-
gestions, they are very similar [24-30]. In this
study we have compared the two polypeptide sub-
units of LHC-II with respect to kinase-dependent
incorporation of phosphate and their relative
abundance in the grana and stroma lamellae re-
gions before and after phosphorylation. The re-
sults demonstrate pronounced differences in both
phosphorylation and lateral migration of these two
LHC-II subunits.

Materials and Methods

Phosphorylation of thylakoids

Stacked thylakoids were isolated [31] from
spinach leaves (Spinacia oleracea L.) in 50 mM
sodium phosphate buffer (pH 7.4), 5 mM MgCl,,
300 mM sucrose and washed twice in 50 mM
sodium phosphate buffer (pH 7.4), 5 mM MgCl,,
50 mM sucrose. Then they were further washed in
50 mM Hepes-KOH (pH 8.0), 10 mM MgCl,, 100
mM sucrose and resuspended in the same medium
to a concentration of 200 pug chlorophyll/ml. Be-
fore phosphorylation, NaF was added to a final
concentration of 10 mM in order to inhibit phos-
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phatase activity. Thylakoids were phosphorylated
by illumination for 10 min (500 gE-m~2-s7') in
the presence of 0.2 mM [y-*?P]JATP (300000
cpm/nmol ATP). Control thylakoids were kept in
the dark without addition of ATP. (Other controls
were thylakoids illuminated in the absence of ATP
and thylakoids kept in the dark with added [y-
32P]ATP.) The thylakoids were sedimented at 5000
X g for 10 min and washed in 10 mM sodium
phosphate buffer (pH 7.4), 5 mM EDTA, 10 mM
NaF, and finally suspended in 50 mM sodium
phosphate buffer (pH 7.4), 140 mM NacCl, 10 mM
NaF.

Phosphorylation of thylakoids for pulse-chase
experiments was performed mainly according to
Ref. 15 at a chlorophyll concentration of 400
pg/ml in a medium containing 15 mM Tricine
(pH 7.8), 10 mM NaCl, 5 mM MgCl,, 10 mM
NaF, 100 mM sorbitol. Phosphorylation was car-
ried out by illumination (500 pE-m~2-s71) for 2
min in the presence of 0.4 mM [y-32PJATP (300000
cpm/nmol ATP). Typical [*?*P]phosphate label of
the thylakoids in the two types of phosphorylation
experiments was 5 nmol /mg chl.

Subfractionation of thylakoids

Control and phosphorylated thylakoids were
fragmented in a Yeda press at a nitrogen pressure
of 10 MPa [31]. The time between illumination
and disintegration was approx. 2 h. The Yeda
press homogenate was centrifuged at 40000 X g
for 30 min. The supernatant, containing stroma
lamellae vesicles from the non-appressed region
was sedimented by centrifugation at 100000 X g
for 60 min, yielding the Y-100 fraction. The 40 000
X g sediment was resuspended in a low salt
medium of 10 mM sodium phosphate buffer (pH
7.4), 5 mM NaCl, 100 mM sucrose and passed
again through the Yeda press. The thylakoid
material thus obtained was separated by partition-
ing in an aqueous dextran/poly(ethylene glycol)
two-phase system [32] including five partition steps
as in Ref. 33. The BS fraction, highly enriched in
inside-out vesicles originating from the appressed
thylakoid region, was collected by centrifugation
at 100000 X g for 45 min.

For the pulse-chase experiment, phosphorylated
thylakoids were disrupted with digitonin (final
concentration, 0.4%) at 2, 12 or 32 min after start
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of phosphorylation. The detergent treatment was
terminated after 2 min by a 10-fold dilution of the
samples with the incubation buffer at 0°C. The
homogenates were centrifuged at 40000 X g for 30
min. The supernatant, containing the stroma
lamellae fraction (D-100) was collected by centri-
fugation at 100000 X g for 60 min.

Clorophyll a/b ratios were determined accord-
ing to Arnon [34].

Two-dimensional gel electrophoresis

For the first-dimension electrophoresis, chloro-
phyll-protein complexes from the thylakoid mem-
brane were resolved by a mild SDS-polyacryla-
mide gel electrophoresis mainly according to Ref.
35, with modifications as in Ref. 2. Solubilization
of the material was performed at 4°C with an
SDS /chlorophyll ratio of 6.5. Gradient gels of
8-12% acrylamide were used. Electrophoresis was
run at 4°C for 3-4 h at a constant current density
of 0.05 mA /mm’. The green bands resolved corre-
sponding to the monomeric (LHCP3) and trimeric
(LHCP1) forms of LHC-II were excised from the
gel. No dimeric form of LHC-II (LHCP2) was
obtained. For the second-dimension electrophore-
sis, the gel pieces were incubated in the solubiliz-
ing buffer of Laemmli [36] and reelectrophoresed
under more denaturing conditions in the buffer
system of Laemmli, using 12-22.5% gradient gels.
The second-dimension gels were stained with
Coomassie brilliant blue and scanned using a laser
densitometer. The polypeptides were quantified
from their peak areas. In experiments using [vy-
32PJATP, the second-dimension gels were sliced,
solubilized in H,O,/perchloric acid and counted
for radioactivity in Aquasol.

Results and Discussion

Different specific phosphorylation of the 27 and 25
kDa apopolypeptides of LHC 11

Fig. 1 shows a gel scan of the 27 and 25 kDa
apopolypeptides of LHC-II (previously designated
25 and 23 kDa respectively [17,18)) in intact phos-
phorylated thylakoids resolved by two-dimen-
sional gel electrophoresis. The relative amount of
the 27 kDa polypeptide, determined from the peak
area, is approx. 4-times higher than that of the 25
kDa polypeptide (Table I). For this quantification
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Fig. 1. Gel scan of the 27 and 25 kDa apopolypeptides of
LHC-1I after two-dimensional gel electrophoresis. The second
dimension gel was stained with Coomassie brilliant blue, de-
stained and scanned using a laser densitometer.

TABLE 1

EFFECTS OF PHOSPHORYLATION ON THE PROPOR-
TION BETWEEN THE 27 kDa AND 25 kDa APOPOLY-
PEPTIDES OF LHC-II IN INTACT THYLAKOIDS, AP-
PRESSED GRANA AND STROMA LAMELLAE VESICLES

Appressed grana (BS) and stroma lamellae (Y-100) vesicles
were isolated from non-phosphorylated and phosphorylated
thylakoids. The amounts of the two apopolypeptides of LHC-II
were quantified from gels after two-dimensional gel electro-
phoresis. The second-dimension gel was stained with Coomas-
sie brilliant blue, destained and scanned using a laser densito-
meter. The relative amounts of the 27 kDa and 25 kDa
apopolypeptides were quantified from their peak areas. Data
represent the mean values from five independent experiments
with standard deviation of 0.02-0.08.

Treatment Ratio between the 27 kDa and
25 kDa polypeptides
intact appressed  stroma-exposed
thylakoids membranes membranes
(BS) (Y-100)
Nonphosphorylated 4.0 4.0 42
Phosphorylated 39 4.0 3.2




it assumed that the 27 kDa and 25 kDa poly-
peptides had the same binding constant for the gel
stain (Coomassie brilliant blue), an assumption
that appears valid in the light of the similar size
and pronounced homology between these two
polypeptides [24-30]. When the [*?P]phosphate
label (cpm) of these two polypeptides was analyzed
it was found that the total phosphate incorpora-
tion of the 25 kDa polypeptide was only slightly
lower than for the 27 kDa polypeptide (Table II).
Therefore, the specific phosphorylation (cpm /rela-
tive amount of protein) of the 25 kDa polypeptide
is nearly 3-times as high as for the 27 kDa poly-
peptide.

The difference in [*?P]phosphate incorporation
between the two polypeptides was seen also in
thylakoid subfractions -derived from appressed or
non-appressed thylakoids (Table II). In stroma
lamellae vesicles (Y-100), which have the highest
specific phosphorylation of LHC-II in agreement
with previous studies [17,18] even the total phos-
phate incorporation is highest for the 25 kDa
polypeptide. Thus, in the stroma lamellae, the
specific phosphorylation of the 25 kDa poly-
peptide exceeds that of the 27 kDa polypeptide by
as much as 4.5-times . Also in the appressed
thylakoid vesicles (BS) the specific phosphoryla-
tion is highest for the 25 kDa polypeptide.

It was essential that these quantification could
be done without disturbance of comigrating poly-
peptides. This was accomplished by a two-dimen-
sional electrophoresis which in the first dimension

TABLE I
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resolves LHC-II into two green bands; a mono-
meric (LHCP3) and a trimeric form (LHCP1). In
the second dimension, LHC-II dissociates and
since undenatured chlorophyll-protein complexes
migrate differently to the fully denatured poly-
peptides during electrophoresis [37,38], the poly-
peptides comigrating with LHCP1 and LHCP3 in
the first dimension will have a mobility quite
distinct from the LHC-II apopolypeptides. This
purification effect is of course most pronounced
for the trimeric form of LHC-II. In our quantifica-
tions we have therefore mainly relied on LHCP1,
but in all cases similar results were obtained with
LHCP3.

Some previous studies [15,17,18,29,39] have in-
dicated a rather even distribution of radioactive
label between the two apopolypeptides of LHC-II
when resolved by one-dimensional SDS-poly-
acrylamide gel electrophoresis. However, these
studies did not allow for a determination of the
specific phosphorylation of the two polypeptides
to unequivocally demonstrate their different de-
gree of phosphorylation.

The molecular mechanism responsible for the
higher degree of phosphorylation of the 25 kDa
polypeptides compared to the 27 kDa poly-
peptides is not obvious considering the similarity
between the two polypeptides. Possibly, the con-
formation of the 25 kDa polypeptide makes it a
better substrate for the kinase or it may structur-
ally be more intimately associated with the kinase.
Alternatively, the 27 kDa polypeptide would be

TOTAL AND SPECIFIC INCORPORATION OF [*2P]PHOSPHATE INTO THE 25 kDa AND 27 kDa APOPOLYPEPTIDES OF
LHC-II IN INTACT THYLAKOIDS, APPRESSED GRANA AND STROMA LAMELLAE VESICLES

Thylakoids were phosphorylated and fractionated into appressed grana (B5) and stroma lamellae (Y-100) vesicles. The relative
amounts of the 25 kDa and 27 kDa apopolypeptides were quantified from their peak areas after two-dimensional gel electrophoresis
as described in the legend to Table 1. The total incorporation of [*2PJphosphate, expressed in cpm, of the two apopolypeptides was
analyzed after cutting out the individual apopolypeptide bands from the second-dimension gel. The specific phosphorylation
(cpm /relative amount of protein) was calculated by normalizing the total phosphate label to the corresponding amount of protein.
The values are presented as mean values from five independent experiments. Standard deviations are given in parentheses.

Apopolypeptides Intact thylakoids Appressed membranes (B5) Stroma-exposed membranes (Y-100)
of LHC'_I I tot. incorp. spec. incorp. tot. incorp. spec. incorp. tot. incorp. spec. incorp.

25 kDa . 1250 4580 1310 3170 2740 9560

27 kDa 1740 1650 2550 1490 1960 2150

25,27 0.72(0.001) 2.8(0.05) 0.51(0.001) 2.1(0.03) 1.4(0.02) 4.5(0.08)
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more susceptible to dephosphorylation, but this is
less likely, since the phosphorylation and subfrac-
tionation were carried out in the presence of phos-
phatase inhibitor (NaF). The higher degree of
phosphorylation of the 25 kDa subunits could be
due to a greater number of phosphorylation sites.
Alternatively, the proportion of all 25 kDa poly-
peptides that become phosphorylated is higher
than the proportion of phosphorylated 27 kDa
polypeptides.

Different lateral mobility of the phosphorylated 27
and 25 kDa polypeptides of LHC-11

The higher specific phosphorylation of the 25
kDa polypeptide would indicate that this poly-
peptide population carries more negative charges
than the 27 kDa polypeptide population and
according to Barber [6] it would therefore show a
higher probability of being excluded from the ap-
pressed thylakoid regions. This would be con-
sistent with the particularly high specific phos-
phorylation observed for the 25 kDa polypeptide
in the stroma lamellae vesicles (Table II). To ex-
amine whether the different [** P]phosphate incor-
poration into the two LHC-II subunits indeed was
accompanied by a corresponding difference in
lateral migration behavior, the amounts of the 27
kDa and the 25 kDa polypeptides were de-
termined after two-dimensional gel electrophoresis
of the two thylakoid subfractions isolated from
control or phosphorylated thylakoids (Table I).
The ratio between the 27 kDa and the 25 kDa
polypeptides of 4:1 in unfractionated control
thylakoids was found also in the Y-100 and B5
fractions, demonstrating that before phosphoryla-
tion the LHC-1I has the same subunit composition
in both the appressed and stroma-exposed
thylakoid regions. After phosphorylation the ratio
in the intact thylakoids remained close to 4:1,
showing that phosphorylation itself did not change
the amount of the two LHC-1I apopolypeptides.
In contrast, in stroma lamellae vesicles, isolated 2
h after phosphorylation of the thylakoids, the ratio
between the amount of the 27 kDa and the 25 kDa
polypeptides was 3.2, compared to a ratio of 4.2 in
stroma lamellae vesicles isolated from control
thylakoids (Table I). This lower ratio indicates a
significant increase in the relative amount of the
25 kDa polypeptide in stroma lamellae following
phosphorylation.

The increased proportion of the 25 kDa poly-
peptide in the LHC-II of phosphorylated stroma
lamellae was further demonstrated by a develop-
ment of the pulse-chase experiment of Kyle et al.
[15]. Thylakoids were illuminated for 2 min in the
presence of [y-*>P]JATP. Digitonin was added at
different times after phosphorylation, and stroma
lamellae particles (D-100) were isolated by dif-
ferential centrifugation. As shown in Table 111, the
total phosphate incorporation into LHC-II in in-
tact thylakoids was almost constant over the 30
min chase period, demonstrating that there was no
incorporating of phosphate into the apopolypep-
tides in the dark. In contrast, the total incorpora-
tion of phosphate into LHC-II of stroma lamellae
increased with time even after the light was turned
off. This was accompanied by a continual increase
in the proportion of LHC-II in the stroma lamel-
lae (not shown) in accordance with previous stud-
ies [14,15]. This clearly confirms that most of the
phosphorylated LHC-II found in the stroma
lamellae originates from the grana regions. When
the amounts of the 27 kDa and the 25 kDa poly-
peptides in the D-100 fractions isolated at differ-
ent times after phosphorylation were quantified
(Table I1I), it was demonstrated that a time-depen-
dent increase in the 25 kDa polypeptide relative to
the 27 kDa polypeptide accompanied the migra-
tion of [*’P]phosphate-labelled LHC-II to the
stroma-exposed thylakoid regions.

Both the Yeda press and digitonin fractiona-
tions of phosphorylated thylakoids (Table I and
I11) clearly show that the mobile pool of phos-
phorylated LHC-II have a high content of the 25
kDa polypeptide compared to the bulk of LHC-II.
The polypeptide composition of the laterally
migrating LHC-II population was estimated. This
was done by using the observed ratios between the
27 kDa and the 25 kDa polypeptides of stroma
lamellae vesicles before and after phosphorylation
(Table III) and the previous finding {14] that the
amount of LHC-II chlorophyll in the stroma
lamellae increases from 13 to 21% following phos-
phorylation. Assuming that the polypeptides carry
the same amount of chlorophyll, these values give
a ratio close to 2 between the 27 kDa and the 25
kDa polypeptides in the migrating population of
LHC-1I compared to 4 for total LHC-11.

It could be argued that the increase in the 25



TABLE 111

TIME-DEPENDENT INCORPORATION OF [*2P|PHOS-
PHATE INTO TOTAL LHC-II AND EFFECTS OF PHOS-
PHORYLATION ON THE RATIO BETWEEN THE 27 kDa
AND 25 kDa APOPOLYPEPTIDES OF INTACT THYLA-
KOIDS AND STROMA LAMELLAE

Thylakoids were illuminated for 2 min in the presence of
[v-32PJATP. Digitonin was added after a chase period of 0, 10
or 30 min. The stroma lamellae fraction (D-100) was collected
by differential centrifugation. Total incorporation of [*2P]phos-
phate and the relative amounts of the 27 kDa and 25 kDa
apopolypeptides were determined as described in legends of
Table I and I1. For comparison, the ratio before phosphoryla-
tion (control) between the two apopolypeptides in isolated
stroma lamellae is included.

Chase Tot. incorp. of [*?P]phosphate 27,25
period in LHC-II (cpm) polypeptide
(min) intact - stroma f'am:
thylakoids lamellae 1n stroma
lamellae

Control 4.3

0 2610 2180 36
10 2650 4220 31
30 2680 5870 3.0

kDa polypeptide relative to the 27 kDa poly-
peptide in the stroma lamellae vesicles upon phos-
phorylation could simply indicate proteolytic de-
gradation of the 27 kDa polypeptide, which then
could lose a 2 kDa segment [22,30,40]. However,
this explanation cannot be applicable, since the 2
kDa segment lost upon proteolysis also carries the
phosphorylation sites [40,41]. Thus, proteolytic de-
gradation of the 27 kDa polypeptide would result
in a 25 kDa polypeptide with a low specific phos-
phorylation. In contrast, as shown in Table I, the
25 kDa polypeptide of the stroma lamellae vesicles
showed the highest specific phosphorylation of all
samples tested.

In this and previous studies [14,17,18], we re-
port that although phosphorylated LHC-I1 is found
primarily in the stroma lamellae, significant
amounts remain in the grana regions even 2 h after
phosphorylation. This has also been found by
Kyle and coworkers [11,15] who suggest that there
are two pools of LHC-II, one tightly bound to the
Photosystem II core and one structurally free to
migrate from grana to stroma lamellae regions
upon phosphorylation. Our present findings sug-
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gest that the mobile and immobile LHC-II sub-
populations have different polypeptide composi-
tions.

The size of the LHC-II units that migrate later-
ally upon phosphorylation is 8 nm as revealed by
freeze-fracture electron microscopy [11). This size
excludes the possibility that the apopolypeptides
migrate as individual units; instead, they have to
be organized in clusters possible containing six
units [42,43]. It remains to be determined whether
each mobile unit contains four 27 kDa and two 25
kDa polypeptides or each cluster contains only
one type of polypeptide. The physiological signifi-
cance of the different polypeptide composition of
the two LHC-II pools is at present not obvious.
Possibly, the composition of the mobile LHC-II,
containing a high proportion of the 25 kDa poly-
peptide, makes it particularly suited for functional
interaction with Photosystem I located in the
stroma lamellae.
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