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Abstract

We have examined the effects of phosphorylation and photoinhibition upon grana membranes and photosystem I (PSII)
by electron microscopy and single particle analysis. No change to the overall size of PSII complexes was observed after
photoinhibition. PSII centres were found to be in closer proximity to each other after phosphorylation, an effect which was
reversed by photoinhibition. There were also distinct changes to thylakoid sensitivity to detergent with a reduction in
(detergent-insensitive) grana membrane by up to 40% after phosphorylation and/or photoinhibition. Only minor changes to
the shape and domain architecture of PSII were apparent after photoinhibition. Our data argue against the recently proposed

hypothesis that photoinhibition causes a change to the oligomeric form of the complex. © 1999 Elsevier Science B.V. All

rights reserved.
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1. Introduction

In oxygenic photosynthesis three large protein
complexes, photosystem II (PSII), the cytochrome
bef complex, and photosystem I (PSI), located in
the thylakoid membranes of plants and cyanobacte-
ria, are linked in series. Together the photosystems
catalyse the light-induced liberation of oxygen from
water, the production of a proton gradient to drive
the reduction of NADP™, and synthesis of ATP.
PSII consists of an integral core, an oxygen-evolu-
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tion enhancing complex (OEC), and light harvesting
antennae. The light harvesting antennae may be sub-
divided into proximal and distal antennae. The prox-
imal antennae are comprised of two chlorophyll-
binding proteins (CP) CP47 (47-51 kDa) and CP43
(4347 kDa), which are tightly coupled to the reac-
tion core, binding chlorophyll ¢ (Chla) and carotene.
Previous calculations based on Chl:PSII stoichiome-
try have suggested that about 10 light harvesting
proteins per PSII complex form the distal light har-
vesting antenna (LHCII), around the core, covalently
binding Chla, Chld and xanthophylls [1,2]. Electron
crystallography of two dimensional (2-D) crystals of
trimeric LHCII has been described at a resolution of
34 A 3]
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LHCII polypeptides provides an elegant and rapid
mechanism to regulate the distribution of quanta be-
tween the two photosynthetic complexes, PSII and
PSI, in response to light intensity [4-6]. The precise
mechanism of protein phosphorylation for regulating
the distribution of excitation energy between the two
photosystems and the role in state 1-state 2 transi-
tions [5,7-9] is unclear with a number of models
proposed [10]. In a ‘molecular recognition’ theory
[10] it is suggested that disruption of intramolecular
and intermembrane forces by phosphorylation, leads
to major structural changes by altered protein—pro-
tein interactions which provides the basis for modi-
fying the complementarity of their respective docking
surfaces. As a result of phosphorylation, phospho-
LHCII dissociates from PSII, with changes to its
conformation rendering binding to PSII unfavoura-
ble and so becoming free to migrate. More recently
Nilsson et al. [11] have presented data which show
both quaternary and tertiary structural changes to
LHCII upon phosphorylation, together with the dis-
sociation of the trimeric form. These results favour a
model for the control of LHCII function based on
structural changes to LHCII, upon phosphorylation,
which lead to a reduction to the distance of electro-
static effects to short range, intramolecular interac-
tions; with the tertiary structure of LHCII having a
greater affinity for PSII than PSI, and the reverse for
the phosphorylated form of LHCII.

There is evidence for the phosphorylation of other
PSII polypeptides including the reaction centre pro-
teins D1 and D2, CP43 and the psbH product, (a 9-
kDa protein) [10]. The role of the phosphorylation of
these proteins is as yet only partially understood. It
has been postulated that phosphorylation of the re-
action centre polypeptide D1 is to provide partial
protection of PSII under high light intensities [12].
Studies have found the rate of degradation of phos-
pho-D1 and phospho-D2 to be substantially reduced
under photoinhibitory conditions [13]. However,
conflicting data [14] have shown the D1 phosphopro-
tein preferentially degraded during photoinhibition.
More recently, Kruse and co-workers [15] suggested
a role for PSII protein phosphorylation as a means
of stabilising PSII in a dimeric form to control the
rate of D1 degradation during the photoinhibitory
repair cycle. Experiments showed that solubilised
PSII complexes normally isolated as dimers [16]

were isolated predominantly as PSII monomers after
treatments with photoinhibitory light; whereas under
phosphorylating conditions the dimeric form ap-
peared to be stabilised.

The oligomeric nature of native PSII is still
shrouded in some controversy (see [1,17] for recent
reviews). A number of groups [18-23] advocate that
native PSII exists as a dimer in thylakoid grana
membranes. However, several other laboratories
[24-28] have presented data to indicate that PSII is
a monomer in vivo. Clearly there are inconsistencies
between the different studies of PSII architecture
which are discussed in some length in the cited re-
views [1,17]. In the study presented here, we examine
the effects of phosphorylation and photoinhibition
upon both thylakoid morphology and native PSII
architecture determined by electron microscopy and
digital image processing. In this paper, we present
evidence to challenge the hypothesis proposed by
Kruse and co-workers [15] that photoinhibition in-
fluences the oligomeric state of grana PSII. We have
followed the experimental procedures exactly as de-
scribed previously [15] with the difference being that
we have examined the photoinhibited/and or phos-
phorylated PSII complexes in the grana membranes
as opposed to the study of Kruse et al. [15] in which
photoinhibited/and or phosphorylated PSII com-
plexes were solubilsed from grana membranes (and
then subsequently analysed the ratio of monomeric
and dimeric complexes under each set of conditions).
We have used negative staining to obtain high con-
trast images of the PSII grana-embedded complexes.
In particular, negative stain allows visualisation of
mainly those parts of the complexes extending out
into the aqueous medium, thus the projection maps
of grana PSII that we present are dominated by the
core complex proteins; CP47, CP43, D1, D2, and
extrinsic polypeptides, OEE-33 OEE-23 and OEE-
16. Since LHCII polypeptides are predicted to pro-
trude less than 1 nm out of the membrane bilayer [3],
it would be expected that they would be very weakly
contrasted in our images and as such not contribute
much to the calculated averaged structures of PSII.

2. Materials and methods

A stock of thylakoid membranes was prepared
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from commercial spinach (Spinacia oleracea) leaves
as described previously [29]. Prior to preparation of
thylakoid membranes, spinach leaves were left in the
dark for 24 h at 4°C thereby promoting maximum
dephosphorylation. One half of the thylakoids (batch
A) was set aside in the dark at 4°C whilst the other
half of the thylakoids (batch B) was phosphorylated
employing conditions described by Kruse and co-
workers [15] (a modified procedure of Pramanik et
al. [30]).

Briefly, thylakoid membranes (batch B) were phos-
phorylated by suspending the membranes (at a chol-
orophyll concentration of 100 pug/ml) in re-suspen-
sion buffer (RSB, 20 mM MES/NaOH pH 6.0,
5 mM MgCl,, 15 mM NaCl) containing 0.5 mM
ATP, 20 mM NaF, and sodium ascorbate (0.5 g/l).
Thylakoids were then incubated for 5 min in the
dark followed by illumination (300 pE m~2 s~') for
30 min at room temperature. Phosphorylation was
stopped by centrifugation (10 min at 20000 rpm,
Beckman J2-21 centrifuge, JA20 rotor, at 4°C). The
pellet was re-suspended with the medium above but
without ATP and only 10 mM NaF. Phosphoryla-
tion of PSII phosphoproteins was confirmed by ra-
dioactive 3?P-labelling with [y->*P]JATP (specific activ-
ity > 148 TBq; purchased from ICN). Following this
method [30] an estimated 80% of the maximum phos-
phorylation will have been achieved. Phosphorylated
thylakoids were examined by sodium dodecyl sul-
phate (SDS-PAGE) polyacrylamide gel electrophore-
sis (4-20% gels, Bio-Rad) [31] and autoradiography
of gels was performed with a Fujix BAS 1000 Phos-
phor-imager and quantified using the TINA V2.06b
software. Several distinct bands on the autoradio-
gram (not shown) corresponding very closely to
those shown by Kruse et al. [15] were identified
with the strongest broad band between 26 and 29
kDa due to phosphorylated LHCII polypeptides.

Batch B, i.e. non-phosphorylated thylakoid mem-
branes, were stored in absolute darkness for 30 min
in the same buffer as that used for phosphorylation
but without ATP or NaF.

Both batches, A and B were then divided into half,
one portion put aside from each, and the other ex-
posed to high light irradiance of 2000 uE m~2 s~ ! as
described in [15]. From each of the four thylakoid
samples (see schematic Fig. 1) PSII enriched grana
membranes, (BBYs) [32] were prepared as previously

described [29]. All buffers in contact with phospho-
rylated samples included 10 mM NaF. These proce-
dures produced four BBY samples which we accord-
ingly termed non-phosphorylated control (NPC),
phosphorylated control (PC), non-phosphorylated
photoinhibited (NPPI) and phosphorylated photoin-
hibited (PPI), as shown in Fig. 1.

Thylakoid and BBY preparations were either im-
mediately used or stored (—80°C) in re-suspension
buffer, RSB, (20 mM morpholinoethane sulphonate
(MES)/NaOH pH 6.3, 5 mM MgCl,, 15 mM NacCl)
containing 20% (v/v) glycerol, or RSB containing 10
mM NaF for phosphorylated samples. Chlorophyll
concentrations were determined as described by [33].
For each sample photosynthetic oxygen evolution
activity was determined (see Section 3).

Average membrane area for each sample was esti-
mated by selecting membranes from several different
micrographs (n=135) from each data set. All mem-
branes selected were chosen on the basis that: (a)
there were no overlapping/superimposed areas; and
(b) they were clearly identifiable as a separate mem-
brane patch with the boundaries of the membrane
well defined. Depending upon the shape of the mem-
brane it was treated as a circle, square or rectangle;
diameters were measured and the area calculated.
For particle density measurements a boxed off area
was superimposed upon each selected membrane
patch and the particles falling within each area man-
ually counted. The same boxed off area was used for
all density calculations.

Aliquots of each of the BBY samples diluted to a
concentration suitable for electron microscopy (EM)
(20-30 (ug Chl mI~!') were mounted onto collodion—
carbon-coated 300 mesh/inch copper grids and neg-
atively stained using 4% uranyl acetate as described
by Holzenburg et al. [28]. Grids were examined in a
Philips CM10 transmission electron microscope op-
erated at an accelerating voltage of 100 keV. Elec-
tron micrographs were recorded on Agfa Scientia
23D 56 electron image sheet film at calibrated mag-
nifications of 28 500 X g. Micrographs were digitised
resulting in a pixel size of 5.1 A at the specimen level.
For single particle analysis of non-ordered PSII, SPI-
DER and WEB image processing packages [34] were
employed. A box size of 40X 40 pixels was used and
from each sample 999 particles were selected (830
particles selected for PC). Using the reference-free
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alignment algorithm, particles in each data set were
rotationally and translationally aligned. Correspond-
ence analysis and hierarchical ascendant classifica-
tion using complete linkage as a merging criterion
were performed to separate out and average particles
in each sample group. The threshold level was deter-
mined by visual inspection of particles randomly se-
lected from each group to check for agreement of
particle orientation, shape and size.

Resolution assessment of the final averaged images
(for each sample type) was determined by plotting
differential phase residual (DPR) and Fourier ring
correlation (FRC) between two independent averages
against spatial frequency. A cut-off of 45° was taken
as a conservative measure of resolution for DPR and
1/yN for FRC where N is the number of comparisons
within the given Fourier ring [35].

3. Results

Electron micrographs of negatively stained grana

membranes from each of the samples; non-phos-
phorylated control (NPC), phosphorylated control
(PC), non-phosphorylated photoinhibited (NPPI)
and phosphorylated photoinhibited (PPI), are shown
in Fig. 2A-D, respectively. Control (NPC) mem-
branes (Fig. 2A) are typical of BBYs previously iso-
lated in this laboratory with large continuous mem-
brane sheets containing stain-excluding PSII protein
complexes [36]. In contrast, the grana membranes of
PC, NPPI and PPI (Fig. 2B-D, respectively) were
found to be smaller as shown in Fig. 3. Detailed
measurements showed a 25-60% reduction to the
area of isolated grana membranes after phosphoryl-
ation or after photoinhibition of control thylakoids
(Fig. 3). However, when phosphorylated membranes
were subsequently exposed to high light irradiance
no further reduction in grana membrane area was
found.

The density of PSII in the grana membranes (num-
ber of stain-excluding particles per um? of mem-
brane) was determined after each treatment, as pre-
sented in Fig. 3. After phosphorylation there was a

Thylakoid membranes
Divided into half
Phosphorylated, thylakoids Membranes kept in dark at 4°C
(re-suspended in RSB* +10mM NaF)
Divided into half
Divided into half
Phosphorylated Thylakoids Exposure to high light Thylakoids koept in Exposure to h1_g2h Eght
kept at 4°C (2000 pEem2 s) dark at 4°C (2000 uEem~ s)
BBYs prepared BBYs prepared BBYs prepared BBYs prepared
Phosphorylated Control Control
PC NPC

Phosphorylated photoinhibited

PPI

* RSB =20mM MES/NaOH pH 6.3, SmM MgCl,, 15mM NaCl

Non-phosphorylated photoinhibited
NPPI

Fig. 1. Schematic representation of sample preparation employed in this work. Detailed methods are given in the main text (see Sec-

tion 2).
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Fig. 2. Electron micrographs of negatively stained grana: (A) control (NPC); (B) photoinhibited (NPPI); (C) phosphorylated (PC);

(D) phosphorylated and photoinhibited (PPI). Scale bar: 200 nm.

significant increase (P <<0.002%) in particle density
(ranging between +20 and +42%) as compared to
control (NPC) samples. We found that photoinhibi-
tion of non-phosphorylated thylakoids did not sig-
nificantly affect grana PSII density (P > 0.1%), but in
contrast photoinhibition of phosphorylated thyla-
koid membranes resulted in a reduction in PSII den-

sity in grana membranes by between 31 and 43%
(P <0.001%).

Oxygen evolution activities of each sample were
measured. Phosphorylation of thylakoids led to a
23% reduction in oxygen evolution compared to con-
trol (NPC) membranes. After exposure of both con-
trol and phosphorylated thylakoid membranes to
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Schematic
representation of
membrane area and
PSII density data

(Circles represent
membrane areas; black
dots PSII complexes

particles /um2 (n=5)

Sample treatment NPC NPPI PC PPI
Average size of

grana membranes 0.39 +/- 0.08 0.19 +/- 0.04 0.17 +/- 0.01 0.16 +/- 0.01
(HmM2) (n=5)

PSII density: No. of 3089 +/- 203 2802 +/- 82 4043 +/- 135 2548 +/- 127

Fig. 3. Average grana membrane size (um?) and mean PSII density (um~2) for the four different preparations represented graphically
and numerically. NPC, non-phosphorylated control; NPPI, non-phosphorylated photoinhibited; PC, phosphorylated control; PPI,

phosphorylated photoinhibited.

high light irradiance for 30 min there was a loss of
virtually all oxygen evolving capacity in the grana
suggesting that PSII was fully photoinhibited.
Presented in Fig. 4a—d are projection maps gener-
ated by single particle alignment and averaging of
particles selected from micrographs of each sample.
Hierarchical classification showed that in each data-
set there was a relatively homogeneous population of
PSII complexes, and in each case the average was
generated from over 90% of the total particles se-
lected (see Table 1). A homogeneity in terms of com-
plex orientation and staining would be expected since
the PSII complexes are embedded within the grana
lipid bilayer and as such movement of the complexes
would be restricted in the direction perpendicular to
the membrane. The control (NPC) map shows a dis-
tinct resemblance to previous maps of PSII (a clearly
defined central cavity surrounded by four or five
protein domains) as determined from 2-D crystals
[25,37] and by single particle analysis of non-ordered
PSII [26,38]. Domains -V are labelled on the pro-
jection maps in Fig. 4 according to the assignment by
Holzenburg et al. [25,36,39]. After exposure to phos-
phorylating conditions, minor changes to the overall
shape of the averaged PSII complex were observed.
The central cavity in the projection map of phos-
phorylated samples (Fig. 4b) is still well defined
though there are some apparent changes to the pro-
tein domains surrounding the cavity. These changes

result in a more pronounced ‘wedge’ shape to the
lower half of the complex in the figure and a reduc-
tion in the pseudosymmetrical appearance of the
complex. Similar changes have previously been ob-
served after partial removal of the oxygen evolution-
enhancing subunits, OEE II (23 kDa) and OEE III
(16 kDa), by mild salt treatment [39]. Similarly, the
projection maps for the photoinhibited (NPPI) and
phosphorylated photoinhibited (PPI) PSII show a
more pronounced wedge shape and are suggestive
of the partial loss or rearrangement of domains II
and III. However, in all maps, domains I, IV and V
appear to be present. In both phosphorylated (PC)
and phosphorylated photoinhibited (PPI) PSII (Fig.
4b,d) there appears to be a small migration of do-
main [ to a position close to the mid-line of the
complex.

Since there remains much contention as to whether
PSII exists as a monomer or dimer we have also
presented the averaged projection maps of the PSII
complexes (Fig. 4a—d) after applying a two-fold sym-
metry operation, see Fig. Sa—d. As would be expected
there is no real change to the overall size of the
averaged PSII complexes (control and treated) as
compared to the non-symmetrised projection maps.
By taking the closely spaced contours as delineating
the boundaries of the complexes, the dimensions of
PSII after each treatment (Fig. 4a—d) were calculated
(Table 1). There were no significant changes to the



A. Kitmitto et al. | Biochimica et Biophysica Acta 1413 (1999) 21-30

27

Fig. 4. Average projection maps of grana PSII complexes from each of the samples: (a) control (NPC); (b) phosphorylated (PC);

(c) photoinhibited (NPPI); and (d) phosphorylated and photoinhibited (PPI). Scale bar: 5 nm.

Table 1

Particle dimensions and resolution estimates of averaged projection maps

Sample treatment Particle dimensions (nm)? Class size (% of total particles selected) Estimated resolution limit (nm)
DPRP FRC®

NPC 12.9x17.5 90 34 2.6

NPPI 13.4x18.3 94 3.7 2.5

PC 13.4%17.8 92 3.1 2.4

PPI 12.7x18.3 94 3.5 2.3

NPC, non-phosphorylated control; NPPI, non-phosphorylated photoinhibited; PC, phosphorylated control; PPI, phosphorylated pho-

toinhibited.

2As determined from the projection maps in Fig. 3.

PDPR, differential phase residual.
¢FRC, Fourier ring correlation.
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Fig. 5. Average projection maps of PSII complexes from each sample type after two-fold rotational symmetry has been imposed:
(a) control (NPC); (b) phosphorylated (PC); (c) photoinhibited (NPPI); and (d) phosphorylated and photoinhibited (PPI). Scale bar:

5 nm.

overall dimensions of any of the averaged molecules
with dimensions of, 13.4X18.3 nm (NPPI),
13.4%17.8 nm (PC), 12.7X18.3 nm (PPI), when
compared to the control (NPC) 12.9x17.5 nm.

4. Discussion

The role of protein migration in the thylakoid
membrane has been correlated to several events,
such as state transitions, protein turnover and repair
of PSII [10]. Changes to thylakoid domain organisa-

tion as a function of phosphorylation state have been
documented [40-43]. However, the reduction to
grana membrane area reported here of between 25
and 60%, after phosphorylation, is greater than that
determined previously. For example, Kyle et al. [42]
showed only a 23% reduction to the area of stacked
membranes after phosphorylation as determined by
freeze fracture. In addition, the reduction in area
reported here is much larger than the area expected
to be occupied by the phospho-LHCII complexes
[40]. These large changes would seem to support
the phosphorylation model proposed by Barber [44]
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involving the intermixing of PSII with PSI as a result
of grana unstacking. However, the extent of solubi-
lisation of membranes by detergent treatment after
phosphorylation of LHCII is likely to be dependent
on several factors including the extent of destacking
of the grana. Thus effects of phosphorylation and
photoinhibition studied here may well have resulted
in greater sensitivity of the thylakoid membranes to
detergent.

Particle density measurements show a closer pack-
ing of the phosphorylated PSII complexes. This is
consistent with the idea of migration of phospho-
LHCP complexes away from the grana membranes.
This would result in a population of PSII complexes
with a depleted distal antenna and thus motion in the
plane of the membrane would allow PSII complexes
to come closer together. Since LHCII polypeptides
are believed to be in part responsible for the stabili-
sation of grana stack structure then this migration
might also result in an unravelling of the stacks
leading to greater sensitivity to detergent (as dis-
cussed earlier). Photoinhibition of control thylakoids
showed no significant changes to the density of PSII
complexes, but rather a change in membrane area.

The projection maps of the averaged PSII com-
plexes in the grana membranes (Fig. 4) showed no
large changes to the overall dimensions of the PSII
complexes after phosphorylation or photoinhibition.
According to the hypothesis put forward by Kruse
and co-workers [15], we would predict a reduction to
one of the dimensions of the NPPI averaged PSII
complex (Fig. 4c) by one half when compared to
the control (Fig. 4a). Clearly this is not the case.
Furthermore, close examination of the 6% of par-
ticles excluded from merging found no sub-group
with dimensions which could be likened to a PSII
population with dimensions half the size of control
(NPC) PSII complexes (Fig. 4a). The approximate
dimensions of control PSII 13X 17.5 nm are very
close to those previously reported for core PSII com-
plexes [37]. These dimensions are, however, smaller
in comparison to previous reports for the unit cell
dimensions of native PSII, from this laboratory, of
17X 19 nm determined from studies of native 2-D
crystals. As discussed earlier (see Section 1) we would
not expect the LHCII polypeptides to be readily vis-
ualised and thus contribute to the calculated aver-
aged structure. Therefore, it would be reasonable to

predict that the projection maps presented here more
closely represent averaged core PSII complexes, i.e.
LHCII depleted. Though the same argument holds
true for studies of native negatively stained PSII 2-D
arrays it is believed that the LHCII polypeptides are
involved in forming the lattice structure in the 2-D
crystals (see [1]) which leads to a calculation of a
larger unit cell.

Although it has been suggested that photodam-
aged PSII complexes migrate to the non-appressed
regions [45] of the thylakoid and that those in the
grana may represent an undamaged PSII population,
albeit inactive, it should be emphasised that the pur-
pose of this investigation was to test a hypothesis
[15], in which the subject of study was grana PSII.
Analyses of stromal membranes for photodamaged
PSII complexes would therefore be an interesting
avenue to pursue for a logical continuation of this
work. A key consideration when considering this
data in context with that presented earlier [15] is
that here we have studied the effects of phosphoryl-
ation and photoinhibition upon native PSII com-
plexes. We suggest that in the study of Kruse and
co-workers conformational changes to solubilised
PSII complexes under phosphorylating conditions
work to stabilise the detergent-induced dimer (nor-
mally isolated under their described experimental
conditions [16]) when exposed to high light inten-
sities.
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