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The properties of the light-harvesting chlorophyll a/b-protei plex of Photosy N (LHCID have
been analyzed, in thylakoids and PS 1l b after phosphorylation. Using a newly developed
fractionation method, by flat-bed electrofocusing in granulated gel, sever Chl a/b proteins have been
separated from thylakeids. Their phosphorylation level and polypeptide composition have been evaluated.
PhosphoLHCH represent only 30% of the total Chl a/b proteins in thylakoids and the ‘mobile’ fraction
hndslﬂ%otdxetohlu-lc{lclﬂomphyll ’l’ightlybmndLHCllﬁﬁersfmmﬂnennbﬂefmztmnforthe
presence of a 26 kDa polypeptid ized by the ab of the N. inal LHCH p ly

fragment which is phosphorylated during state transition.

Introduction

When chloroplasts are exposed to light prefer-
entially absorbed by Photosystem II (PS 1), a low
fluorescence state (State II) is induced as a conse-
quence of a redistribution of excitation energy
between the photosystems. Under these conditions
the change in antenna size, which is the basis for
more energy being funnelled to PS I, avoids im-
balance in electron flow [1,2].

The acuvauon of t.hylakond bound kmase(s) 31

by d pl quinone is the un-

Abbreviations: pl, isoelectric point; IEF, isoel

derlying state transitions [4]. The phosphorylation
of a 9 kDa PS II polypeptide has been associated
to the inhibition of PS 1I photoch I activity
[5), while the PS II antenna size is modulated by
the phosphorylation of LHCH polypeptides. The
addition of negatively charged phosphate groups
to the LHCH complex is proposed to induce its
dissociation from PS II, and to favour its migra-
tion out of the appressed regions of the grana into
the stroma lamellae [6]. In this membrane com-
partment, LHCII is thought to transfer excitonic
energy to PS I centres [7,8]. However, recent re-
sults on the distribution of LHCII after phos-
phorylauon show that only a fraction of the PS II

;.

LHCH/I, ight-harvesting chlorophyll @ /b protein complex of
Photosystem 1L/1; PS II/I, Photosystem II/K; RC, reaction
centre; Tricine, N-2-hydroxy-1,1-bis(hydroxymethyl) ethyl-
glycine; SDS, sodium dodecyl sulphate; PAGF.. polyacryl-
amide gel is; Hepes, N-2-hydroxy
N’-2-ethanesulfonic acid.
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is red to the stroma mem-
branes [7, 9]

Accordingly, although LHCII polypeptides ap-
pear to be heavily phosphorylated, roughly half of
the total phosphate incorporated into LHCH is
found associated with the grana fraction [6,10,11].
These findings suggest that the different compo-
nents of the PS II antenna system may play differ-
ent roles in the molecular mechanism by which the
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‘mobile’ population of LHCII is induced to disso-
ciate from the PS II-LHCII matrix. We have
recently described the isolation and characteriza-
tion of the ‘mobile’ LHCII from maize stroma
membranes after light-induced transition to State
II and have shown that the polypeptide composi-
tion of this LHCII population is different from
that of the popuiation tightly bound to PS II [7].
In this paper we describe the application of a
newly develored method for the separation of
native chlorcphyll-proteins to the study of the
different LHCH populations generated after phos-
phorylatior.. Up to seven chlorophyll a/b-binding
complexes have been resolved by this method with
distinct polypeptide composition. One of these,
corresponding to the ‘mobile’ antenna obtained
from stroma membranes, is found to disappear
from grana membranes after phosphorylation.
Those remaining attached to PS II in the grana
moiety include a heavily phosphorylated complex
besides other LHCII chlorophyll-protein com-
plexes which do net incorporate phosphate groups.

Materials and Methods

Preparation of thylakoid membranes. Zea mays
L. seedlings were grown for 2-3 weeks in a growth
chamber at 28/22°C day/night at a light in-
tensity of 8000 lux. Thylakoids from mesophyll
chloroplasts were prepared as previously described
[12]. PS Il membranes were obtained according to
the method of Berthold et al. [13] using the mod-
ifications described by Dunahay et al. [14).

Phosphorylation of thylakoids. Seedlings leaves
were dark-adapted for 1 h at room temperature to
ensure dephosphorylation of thylakoid chloro-
phyll-proteins. Thylakoids were then isolated
according to Farchaus et al. [3] and resuspended,
at 200 pg chlorophyll/ml, in 100 mM sucrose/10
mM NaCl/5 mM MgCl,/50 mM Hepes-NaOH
{pH 7.5). 5 mM NaF was added to inhibit phos-
phatase activity. 30 pCi/ml of [®PJATP was
added to a final ATP concentration of 1 mM. The
suspension was illuminated in a flat glass cuvet
100 X 80 X 3 mm 10 ensure even light exposure.
After illumination, thylakoids were pelleted by
centrifugation and resuspended in 5 mM Tricine
(pH 8.0)/1 mM EDTA /5 mM NaF or in 25 mM

Hepes (pH 7.6)/5 mM MgCl,/10 mM NaCl/5
mM NaF for the preparation of PS II membranes.

Sucrose gradient vitracentrifugaiion. PS 11 mem-
branes or thylakoids were resuspended at 1 mg
Chl/ml in 5 mM Tricine (pH 8.0)/1 mM EDTA /2
mM NaF and solubilized for 5 min at 0°C in the
presence of 2% (w/v) n-octyl -p-glucopyranoside
(Sigma) and then centrifuged at 15000 X g for 15
min. Samples (1 ml) were loaded ontoa 0.1 to1 M
sucrose gradient containing 1% octylglucoside and
run at 39000 rpm in an SW41 rotor (Beckman) at
4°C for 15 h.

Isool P ) ing A iq The hnique of
Radola (15,16] was used. A bed (18 ml) of 5%
Ultrodex (LKB), 2% Ampholine carrier ampho-
lites (pH 3.5-5.0), 1% glycine, 1% octylglucoside
was prepared and made on a 4 mm layer using a
special tray 21 cm long. The sample (0.8 mg Chl)
was applied and focused at a constant power of 3
W, for 14 h, at 4°C. The green bands were then
eluted from small plastic columns with a small
volume of 25 mM Hepes (pH 7.6)/1% octylgluco-
side and tested for pH.

Gel electrophoresis. Samples (5-15 pg Chl) were
solubilized with 2% SDS/10 mM Tris-sulfate (pH
9.0) and run in a gel containing 6 M urca as
previously described {12). Gels were dried and
exposed to auioradiography with a Kodak X-Omat
ARS X-ray film.

g g For i oblot as-
says, the LHCII oligomeric complex was obtained
by preparative electroph [17]. Apop

were resolved by urea-SDS-PAGE as described
above and transferred to a nitrocellul filter
(Millipore). The filters were then assayed with the
monoclonal antibody as in Ref. 18.

Miscellaneous. Absorption spectra of the chlo-
rophyll-proteins were recorded using a Perkin-
Elmer Lambda-5 spectrophotometer. Chlorophyll
concentration and a/b ratio were determined in
80% acetone according to Arnon [19). Proteolysis
was carried at 20°C for 30 min. Trypsin (Boeh-
ringer) was used at 5 pg/ml concentration.

Results

Although the ATP-dependent fluorescence
quenching during light-induced state transition
was complete after 5 min, the phosphorylated
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Fig. 1. SDS-PAGL (a) and aummdmgmphy (b) of *P-labeled and control PS I and thylakoid membranes. (1) Control PS IE

b (2) phosphorylated PS I1 N

{3) control thylak

loaded in each lane. (¢) Dx ic scan of the

@ phosphorylaled thylakoids. 10 pg of chlorophyll were

thylakoid membranes used throughout this study
were subjected to the high light conditions for 15
min. After ths exposure, the phosphorylation of
the protei yll pl was found to
be almost complele. From this material, PS II

were prepared following the proce-
dure of Berthold et al. [13] with the modifications
described in Dunhaway et al. [14). As control
samples we used thylakoid membranes obtained
from dark-adapted plants which had been sub-
jected to the same light diti

di - (1) thylakoids; (2) PS 1 hy

thylakoids to Triton X-100 for shorter times dur-
ing fractionation (5 and 10 min vs. 20 min in the
standard procedure) (Table I). Milder solubiliza-
tions gave PS II particles slightly contaminated by
stroma components, namely CF1 and PS 1 poly-
peptides (Fig. 2), but excluded the possibility that
PS II particles prepared from light-adapted mem-
branes might lose some of their chlorophyll-pro-
tein complexes.

Examined by electron microscopy after nega-

of ATP. Thylakoids and PS II membranes were
then examined by high resolution denaturating
SDS-PAGE and autoradiography (Fig. 1). In the
27-30 kDa region, where the polypeptides of
LHCII are located, no differences were detected
in the pattern of phosphorylated and control sam-
ples, both in thylakoids and PS Il membranes, as
far as could be judged by densitometry of the
Coomassie-stained gels. Nevertheless, liquid scin-
tillation counting showed a significant difference
between the samples. Thus the radioactivity asso-
ciated with the grana membranes per unit chioro-
phyll was found to be about 40% of that found in
thylakoids. The same result was obtained when PS
II membranes were prepared by exposing the

in the ab tive g with uranyl acetate, the PS Il mem-
branes, from phosphorylated and control
TABLE 1

CHARACTERISTICS OF 2P-LABELED THYLAKOIDS
AND PS i MEMBRANES OBTAINED BY DIFFERENT
SOLUBILIZATION TIMES

The quoted values for specific labeling are normalized to the
chlorophyll content.

%Chl Chlaysb  Specific
ratio 2p label
‘Thylakoids 10 347 100
Ps II membranes 5 min 50 23 36
PS II membranes 10 min 33 22 38
PS Il membranes 20min 32 1.85 40
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Fig. 2. SDS-PAGE and short-exposure autoradiography of

hylakoids and PS IT b btained by different times of

solubilization with Triton X-100: (1) thylakoids; (2) PS II

membranes treated for 5 min; (3) PS 11 membranes treated for
10 min; {4} PS 11 membranes treated for 20 min.

thylakoids, appeared as flat membrane sheets with
an average diameter of 0.5 0.8 pm. These values
are not very different from that of grana stacks in
intact maize mesophyll chloroplasts.

Fig. 1b reports the autoradiography of PS II
and thylakoid membranes. It clearly shows that
the difference in P labeling between the two
samples is due mainly to polypeptides belonging
to LHCIIL. Moreover, the densitometric scan of
autoradiography in the LHCII range (Fig. 1lc)
shows that the decrease of labeling in PS II mem-
branes is not evenly distributed among the LHCII
polypeptides, but rather is concentrated on the
bands of 28.5 and 30 kDa. This finding suggests
that some of the LHCIH phosphoproteins are pref-

erentially removed from grana membranes during
phosphorylation. Fig. 3 shows that minor phos-
phoproteins of apparent mass 65, 34, 17, 14, 10
and 9 kDa are also detected with a longer ex-
posure. These phosphoproteins, with the exception
of the 34 and the 9 kDa bands, were removed
during the preparation of PS II membranes.

The fractionation pattern obtained by sucrose
gradient centrifugation is depicted in Fig. 4. Four
green bands were resolved from phosphorylated
thylakoids and three from PS II membranes. In
both cases the upper band with low chlorophyll
a/b ratio contains light-harvesting complexes,
while the other bands with high chlorophyll a/b
ratio contain reaction-centre complexes. This is
shown in Fig. 4b by the polypeptide composition
of the green fractions [17,20]. Lane 1 of panel b
shows the SDS-PAGE gel of the upper green band
from thylakoid membranes. This fraction contains
the polypeptides of the LHC complexes and some

1 1A 2 2A

-65KDa

-10
-9

X

Fig. 3. SDS-PAGE and long-exposure autoradiography of
hytakoids (1) and PS 11 b ).
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polypeptides of the OEC. The autoradiography
reported in Fig. 4c (lane 1) shows that, besides
LHCII, the 65 kDa minor phosphoprotein is also
present in this fraction, The second green band
(lane 2} contains PS II RC and some contamina-
tion of coupling factor. This PS II fraction ap-
pears partially depleted of the 43 kDa subunit,
which is enriched in band 1, but it contains all the
3P associated with the 34 and 9 kDa phos-
phoproteins (the latter polypeptide is not visible in
the gel of fig. 4). The third and fourth bands
contain PS I RC fractions including LHCI. No
phosphorylated bands are detected in these frac-
tions.

With the exception of the 65 kDa phos-
phoprotein, the band 1 from PS II membranes
(lane 6) is identical to the corresponding fraction
from thylakoids. The other two green bands both
derive from PS IT RC but are characterized by
different composition. Band 2 is depleted of the
43 kDa component and other minor polypeptides,
whereas the OEC polypeptides of 32 and 23 kDa
are present (lane 7). Band 3 contains the 43 kDa
polypeptide but the OEC components are re-
moved together with the 9 kDa phosphoprotein
(lane 8).

The upper bands from the sucrose gradient,
containing the chlorophyll a/b-proteins from both
samples (thylakoids and PS II membranes), were
further fractionated by nondenaturating IEF.
Seven chlorophyll a/b-proteins were resolved as
green bands from the thylakoids and six from the
PS II membranes. The IEF pattern of PS II mem-
branes is shown in Fig. 5a as an example. The
relevant characteristics of the chlorophyll-protein
complexes so obtained are summarized in Table 1T
and their polypeptide composition and autoradi-
ography are shown in Fig, 6.

All these complexes differ in their polypeptide
composition. All of them, except the less acidic
one (pI = 4.62), contain polypeptides in the 26--30
kDa range. A singie polypeptide of 31 kDa, be-
longing to the latter complex, can be easily identi-
fied as the CP29 by its chlorophyll a/b ratio (2.8)
-and characteristic absorption spectrum (A, =
677 nm) [17]. The other chlorophyll a/b com-
plexes show similar chlorophyll a/b ratios in the
range 1.15-1.35 with different red maxima (see
Table II). The polypeptide with the lowest ap-
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Fig, 5. (a) IEF pattern of LHCII isolated from 2P labelled PS
I membranes. Numbers in the bottom line refer to isoelectric
points of the green bands. (b) Schematic drawing of the IEF
pattemn from phosphorylated thylakoids, PS 11 membranes and
stroma membranes. The solid lines represent the pH gradient
in the gel. The points represent the positions of the green
bands in the IEF gels. Numbers are given which will be
referred to in the text and in the next Fig. 6.
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Fig. 6. SDS-PAGE and autoradiography of the Chl a/b proteins obtained by IEF lrom 2p| labeled thylakolds and PS Il

membranes. Numbers at the bottom correspond to those in Fig. 5b and mark the C tai

d patterns. A is

shown on the right of each numbered pattern.

parent mass (26 kDa) is present only in the IEF
band 1 together with five other polypeptides (28.5,
28.8, 29, 29.5, 30 kDa). The other bands contain
different combinations of the polypeptides in the
28.5-30 kDa range. Five polypeptides are clearly
resolved in bands 2 and 3, while a lower number
of peptides, in different proportions, are contained
in bands 4, 5 and 6. The autoradiography shows
that bands 1, 2 and 3 are the most heavily phos-
phorylated, band 4 and 5 carry little 2P, while
bands 6 and 7 are not labelled at all. Taking
together the data of Table II and Fig. 6, we may
calculate that the amount of chlorophyll associ-
ated with the highly phosphorylated bands repre-
sents no more than 30% of the total a/b chloro-

phyll carried by the chlorophyll a/b-proteins of
light-harvesting complex.

Panel b of Fig. 5 shows the comparison be-
tween the IEF pattern of thylakoids and PS 11
membranes. Two heavily phosphorylated bands
(p] 4.0 and 4.1) are missing in PS II membranes,
while four rather then three bands are resolved in
the 4.17-4.39 pH range. Most of the P label is
found associated with bands 1 and 2, those which
contain the 26 kDa apoprotein. These bands to-
gether represent 11% of the chlorophyll. Thesé
data suggest that the two missing bands, char-
acterized by pI = 4.0 and 4.1, largely correspond
to the ‘mobile’ LHCII.

To check this possibility we have isolated stroma
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membranes from State-Il-adapted leaves and
fractionated by sucrose gradient ultracentrifuga-
tion as previously described [7). When the fraction
corresponding to LHCII was analyzed by IEF,
two bands were resolved, with pI of 4.00 and 4.12,
which contained five polypeptides in the 28.5-30
kDa range whereas the 26 kDa apoprotein was
lacking, It is worth noting that no significant
differences were observed in the IEF pattern from
thylakoids and PS II membranes when they were
not subjected to phosphorylation.

As outlined above, a well-resolved 26 kDa poly-
peptide is found only in the LHCII subpopulation
which is strongly phosphorylated and yet remains
associated to the PS II reaction centres during
state transition.

The 26 kDa polypeptide is present only in
phosphoLHCII tightly bound to PS II in grana
membranes. A distinctive characteristic of this
polypeptide is found in its property of being re-
sistant to trypsinization. When the isolated LHCII
complex was treated with 5 pg/ml trypsin for 30
min and then separated in SDS-PAGE, the results
shown in Fig. 7 were obtained. It clearly appears

TABLE 11

CHARACTERISTICS OF THE Chi a/& PROTEINS SEP-
ARATED BY FLAT-BED IEF IN THE PRESENCE OF 1%
OCTYLGLUCOSIDE

Band pl/ chla/b Redmax %Chl %%Pla-
{om) beling

Thylakoids

1 392 127 674.0 9 70

2 400 129 6735 67 100

3 410 117 6710 144 84

4 42 122 6750 27 10

5 423 124 6735 215 4

6 432 134 676.0 13 1

7 462 28 6770 9.3 -
PS II membranes

1 385 125 674.0 6.0 18

2 417 122 675.0 5.0 100

3 422 124 6730 150 8

4 425 121 6740 251 2

5 439 130 676.0 369 -

6 462 28 6770 120 -
Stroma membranes

1 400 13 6700 450 -2

2 412 118 610 650 -

2 Not determined.

~N
w
N

R - % _25KDa

LHCHI

Fig. 7. SDS-PAGE (lanes 1-3) and Western blot (4) of LHCI1

complex. (1) Thylakoids; (2) LHCII untreated; (3) LHCII

treated with trypsin as ibed in Materials and Methods; (4)

monoclonal antibody reaction to LHCII: the nitrocellulose

filter was assayed with the MLH 1 monoclonal directed to the
N-terminal fragment of LHCIIL

that all polypeptides are cleaved by the proteolytic
enzyme except for the 26 kDa one. Western blot-
ting with a monoclonal antibody (also shown in
Fig. 7), directed to the 2 kDa N-terminal proteo-
Iytic fragment, which is known to be present in
the major LHCII polypeptides [20,21), does not
recognize the 26 kDa apoprotein.

Discnssion

The phosphorylation of LHCII polypeptides by
a membrane-bound protein kinase(s), regulated by
the redox state of the plastoquinone pool, and its
dephosphorylation by intrinsic phosphatase has
been proposed to be the mechanism for the energy
redistribusion between PS I and PS I [4,23). Fur-
ther studies have shown the existence of different



LHCII components with regard to their ability o
migrate from grana to stroma and to the extent of
phosphorylation they are subjected to during state
transition.

Spinach LHCIH has bzen resolved into two
polypeptides of 25 and 27 kDa in the stoichiomet-
ric ratio 1:3. The 25 kDa component is reported
to be preferermally contaiced in the ‘mobile’
LHCII population and to be more heavily phos-
phorylated [24). The ATP-induced fluorescence
quenching was correlated to the phosphorylation
kinetics of the 25 kDa polypeptide rather than to
the **P incorporation into the whole LHCII frac-
tion [9,11].

More detailed k ledge is ilable for the
maize PSIT antenna system, which has been re-
solved into four Chl a/b-proteins having poly-
peptides in the 20-31 kDa range [17). These have
been indicated as LHCII** (with an apparent
mass in :he native green gels of 64 kDa) and
CP29, CP26, and CP24, which are present at lower
concentration. The latter three minor chloroghyll-
proteins are not phosphorylated, and all of the 2P
label is incorporated into the major (LHCII**)
complex. The previous study therefore implies that
both ‘mobile’ and *tightly bound” phospho-LHCII
subpopulations belong to the major LHCII**
complex.

The results of Fig. 1la-c show that a specific
mobile LHCII has been removed from grana fol-
lowing phosphorylation, while a tightly bound
LHCII ins there, rep ing approx. 40% of
the *P label incorporated in the antenna system.
On the other hand, no detectable difference in the

of the Cc d bands is
found in the light-adapted PS I1I membranes with
respect to control thylakoids. The 60% reduction
of the 2P labeling in PS I membranes, after ATP
induced migration, seems therefore in contradic-
tion with the report of Hawort et al. [25] that
80-90% of LHCII is phosphorylated. Our results
rather suggest that phosphoLHCII is a small frac-
tion of total LHCII and that a large pool of
unphosphorylated proteins of LHCII is included
in the tightly bound subpopulation. These results
are in agreement with a recent report of sub-
stoichiometric 2P labeling of LHCII {26].

The analysis by isoelectrophocusing of LHCII
fractions, obtained from sucrose gradient
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fractionation, confirms this view. Thus, under our
experimental conditions, where a degree of phos-
phorylatior close to saturation is induced (9,26},
phosphochlorophyll a/b-proteins represent only
30% of the chlorophyll associated with LHCIHI,
including both ‘mobile’ and * obile”
(sce Table II). The application of IEF to the
mobile LHCII population resolve two chlorophyll
proteins with slightly different isoelectric points.
These were found to correspond to bands 2 and 3
from IEF of LHCII prepared from phosphory-
lated thylakoids. These two complexes show essen-
tially the same polypeptide composition but
slightly different degree of phosphorylation. The
identification of these complexes as ‘mobile’
LHCI! is confirmed by their absence in phos-
phorylated PS II membranes, while they are the
only LHCH complexes present is isolated stroma
membranes from State-1I-adapted leaves (Fig. 5b).
Tightly bound phosphoLHCIH is ch ized
by the presence of a 26 kDa component besides
the five polypeptides which are present in the
mobile LHCI and represent approx. 11% of the
total LHCII chlorophyll. A more comple!e char-
acterization of the chlorophyll
by IEF will be the subject of 2 fm'thcommg paper.
We will focuse here on the 26 kDa polypeptide
whose presence is the more obvious difference
between “tightly bound’ and “mobile’ populations.
This polypeptide is not phosphorylated and is not
recognized by a monoclonal antibody directed to
the N-terminal fragment that is cleaved by trypsin
[22}. Its mobility is not changed by trypsinization
that cleaves the other LHCII polypeptides in the
28.5-30 kDa range (Fig. 7). We propose that the
deletion of this phosphorylatable, trypsin-cleav-
able, N-terminal frag is a major ch istic
of the 26 kDa polypeptide. Whether this char-
acteristic is correlated to its property of staying
tightly bound to RC in the grana regmn is su]l
1 since other phosphoryl
are present in the same complex.
From isoelectropk i the iderabl
complexity of the polypepude composition of
LHCII is clearly revealed. Six polypeptides can be
resolved from a single IEF band and Coomassie
bands from different 1EF fractions, with the same
apparent mass, could well correspond to different
polypeptides. Moreover, the recent report that in-

POP
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complete phosphorylation of LHCII apoproteins
is due to intrinsic characteristics of different
LHCII populations rather than to a modulation of
the kinase activity [26] suggests that phosphory-
lated and unphosphorylated polypeptides differ in
their amino-acid sequence.

Although higher plant LHCII has been re-
solved into a few (mainly two) polypeptides
[24,26,28], molecular genetic data show that LHCII
is much more complex in petunia, lemna and
tomato [27,29-31]. In Zea mays, twelve distinct
¢DNA clones have been obtained [32] and dif-
ferential expression, depending on the cell type,
has been demonstrated [32,33). The results re-
ported here strongly suggest that one of the possi-
ble reasons for the expression of several different
LHCII genes may lie in the slightly different role
they play in the phosphorylation-dependent state
transition. Another reason could be the possibility
of differential expression in response to changes in
development or environmental conditions [34].
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