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ABSTRACT: Photosystem 1l is a multisubunit pigmerpirotein complex embedded in the thylakoid
membranes of chloroplasts. It utilizes light for photochemical energy conversion, and is heavily involved
in the regulation of the energy flow. We investigated the structural organization of photosystem Il and its
associated light-harvesting antenna by electron microscopy, multivariate statistical analysis, and classification
procedures on partially solubilized photosystem II membranes from spinach. Observation by electron
microscopy shortly after a mild disruption of freshly prepared membranes with the deterdedéecyl-
o,D-maltoside revealed the presence of several large supramolecular complexes. In addition to the previously
reported supercomplexes [Boekema, E. J., van Roon, H., and Dekker, J. P. FEEB)Lett. 42495~

99], we observed complexes with the major trimeric chloropafilprotein (LHCII) in a third, L-type of

binding position (GS;Mo-2L1-2), and two different types of megacomplexes, both identified as dimeric
associations of supercomplexes with LHCII in two types of binding siteS4({@>—4). We conclude that

the association of photosystem Il and its associated light-harvesting antenna is intrinsically heterogeneous,
and that the minor CP26 and CP24 proteins play a crucial role in the supramolecular organization of the
complete photosystem. We suggest that different types of organization form the structural basis for
photosystem Il to specifically react to changing light and stress conditions, by providing different routes
of excitation energy transfer.

The photosynthetic apparatus of green plants and algae isplastoquinone, the oxidation of water, and the formation of
a highly complex system consisting of a number of multi- a transmembrane pH gradient. It consists of at least 25
subunit protein complexes bound to thylakoid membranes different types of protein subunitd)( many of which are
of chloroplasts. One of these complex systems is photosystenbound to the thylakoid membrane. Some subunits are
Il (PSIN),* which uses light energy for the reduction of involved in the capturing of solar energy and the regulation

1 Abbreviations:o-DM, n-dodecyle,b-maltoside; C, photosystem

* To whom correspondence should be addressed. TelephbtBé: Il core complex; Chl, chlorophyll; L, loosely bound trimeric LHCII;

20 4447931. Fax+31 20 4447999. E-mail: dekker@nat.vu.nl. LHCII, light-harvesting complex II; M, moderately bound trimeric
* University of Groningen. LHCII; PSI, photosystem I; PSII, photosystem Il; gE, nonphotochemical
8 Vrije Universiteit Amsterdam. quenching; S, strongly bound trimeric LHCII; X, extra loosely bound
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of the energy flow; others are directly or indirectly respon- fragile supramolecular complexes as much as possible and
sible for the photochemistry, including the oxidation of water to avoid the risk of artificial aggregation due to extensive
to molecular oxygen. biochemical manipulation16). The results revealed the
The central part of the complete PSII unit is formed by presence of larger supercomplexes3®;-,) with “mod-
the so-called core complex, a well-defined structure of which erately” bound trimeric LHCIl (“M”) and a monomeric
the reaction center proteins D1 and D2 and the core antenngprotein on exactly the same position as independently
proteins CP47 and CP43 are the largest and functionally theproposed by Harrer et al18) on the basis of their cross-
most important component$)( This structure is responsible  linking studies.
for all electron-transfer reactions in PSII, including the In this report, we present a much more elaborate analysis
formation of oxygen. There is overwhelming evidence that of the partially solubilized PSIl membranes. To facilitate the
the PSII core complex is organized as a dimer in the stacked,EM analysis, we partially purified the solubilized fractions
appressed regions of the thylakoid membrane (see,2.9., by gel filtration chromatography. From a data set of 10 600
1). The projected structure of the PSII core complex without projections, we found new characteristic associations of PS|
the CP43 subunit has been determine@ & resolution by and its light-harvesting antenna, including a number of

electron crystallography on two-dimensional cryst8)s&nd supercomplexes with LHCII in a third type of binding

three-dimensional maps at lower resolution have also beenposition (“L”, indicating “loosely” bound LHCII) and two

reported (see, e.g4). different types of megacomplexes &M,_s). We propose
The dimeric PSIl core complex is surrounded by the that the various types of association form the structural basis

peripheral antenna, which in green plants and algae consistsf PSII to respond to short-term changes of the quality and

of an unknown structure of several light-harvesting complex quantity of the excitation light.

Il (LHCII) proteins that together bind a large number of

chlorophyll a, chlorophyllb, and carotenoid (xanthophyll) MATERIALS AND METHODS

molecules. The LHCII proteins are encoded by the sequence-

related nuclear genes designatduth1-6. LhcblandLhbc2 Sample Preparation and Biochemical Characterization
encode the two most abundant proteins in the thylakoid PSII mgmbranes were isolated f_rom freshly prepared spinach
membrane, which together with the minbhcb3 protein thylakoid membranes as described befdr8),(except that

form the major trimeric LHCII complex, 6). The three after the second precipitation step the pellet with the PSII
other proteinsLhch4 (CP29), Lhcb5 (CP26) antlhcb6 mempranes was resuspended in a buffer containing 20 mM
(CP24) are monomeric and probably more closely associated®iSTris (pH 6.5) and 5 mM MgG| and that the PSII
with the PSII core complex than théich1-3 gene products membranes were not frozen until use. The PSIl membranes
(5, 6). The structure of the major trimeric LHCII complex ~Were diluted in 20 mM BisTris (pH 6.5), 5 mM Mggland

is known at 3.4 A resolutiori7( 8). All Lhcbgene products ~ N-dodecyle,p-maltoside ¢-DM, Sigma) at 4°C to reach

show strong sequence homology, in particular in the trans- final concentrations of 1.9 mg of Chi/mL and 1.2%DM.
membraner-helices. The suspension was stirred for 5 s, centrifuged for 3 min at

Despite the impressive progress on the knowledge of the 9000 rpm in an Eppendorf 5414 table centrifuge, and pushed
structure and organization of most of the PSII proteins, it is through & 0.45m filter to remove unsolubilized material.
still not known how the various proteins in the thylakoid The solubilized material was subjected to gel filtration
membranes cooperate to convert the light energy so ef-Chromatography, using a Superdex 200 HR 10/30 column
ficiently. A basic understanding of the organization of (Pharmacia) as described befor®7) but with 20 mM
thylakoid membranes in vivo has been obtained from freeze BiSTris (pH 6.5) and 0.03%.-DM as mobile phase. The
etch and freezefracture electron microscopy, which give fract|0ns_ elutlng_ at0.41.0 min _after the highest absorption
images with structural detail at 40 A resolution 9). of the first main peak contained the largest amount of
Considerably more detail, however, is required to understandSUP€rcomplexes and were prepared for electron microscopy
the role of the various proteins in the energy flow to the |mmed|at<_aly after elution. The. investigated fractions were
reaction center and in the dynamics related to short-term characterized by auzdAuss ratio of 0.60-0.62 (L4). The
acclimation processes§,(10. The isolation of a PSII dimer ~ Minor proteins CP29, CP26, and CP24 were isolated and
surrounded by two copies of CP29, CP26, and trimeric pu_rlfleo_l from Trl_s-washe_d PSII membranes from_splnach_ by
LHCII (11) and the characterization of this complex by USing |soe_lectr|c _focusmg and sucrose density gradient
electron microscopy and image analysig)(revealed first ~ céntrifugation as in re18.
details of the structural organization of the PSII core and Biochemical CharacterizatioThe isolated fractions were
part of its associated antenna. We will abbreviate this characterized by means of their absorption spectrum, iso-
complex as @S, in the present paper, in which “C” refers  electric point, and polypeptide pattern. SBIBAGE was
to a monomeric PSII core complex and “S” to a “strongly” performed using the system developed by $gea and von
bound trimeric LHCII. Cross-linking studies on an even Jagow (9).
larger supercomplex suggested the locations of the CP29 and Electron MicroscopyFor electron microscopy, the sample
CP26 proteins, while also locations for CP24 and another was diluted 6-fold in 10 mM BisTris (pH 6.5F 0.015%
trimeric LHCII were proposedi1@). o-DM, and prepared using the droplet method with 2%

Recently, we started to investigate the supramolecular uranyl acetate as the negative stain on glow-discharged
organization of PSII and its associated antenna by electroncarbon-coated copper grids. During the staining procedure,
microscopy and image analysis on partially solubilized grana the grid was washed once with distilled water to reduce
membranesl4). The time of exposure to detergent was kept detergent aggregation in the background. Electron micros-
to a minimum &5 min) to prevent fragmentation of the copy was performed with a Philips CM10 electron micro-
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scope using 100 kV at 52080magnification. Micrographs 1 2 3 4 5§
were digitized with a Kodak Eikonix Model 1412 CCD -EPa7
camera with a scan step of 281, corresponding to a pixel . " -
size of 4.85 A. s

Image AnalysisFrom 107 images, all well-preserved top- ' 3
view projections with the size of a supercomplex, or larger, * [
were extracted. The 7300 selected projections were aligned,
treated by multivariate statistical analysis, and classified with - o<
IMAGIC software as described previousI2Q, 12. In an ' - LHEE
initial classification, the data set was decomposed in 100 _— - ¥ o
classes, which appeared to represent 5 rather homogeneous
groups of different types of projections and about 20%
misaligned projections. Next, the aligned parts of the 7300 .

projections were divided into 5 subsets consisting of the
above-mentioned groups. For the 4 less numerous subsets

. P ; Ficure 1: Identification of polypeptides in chromatography-
the similar projections of the previous data set of 3300 purified, partially o-DM-solubilized PSIl membranes by SBS

projections {4) were added. The five subsets were separately paoge. 'Lane 1, fraction eluting at 0.4 min after the highest
processed and classified. Their analysis resulted in the findingabsorption of the first main peak in the chromatogram [see Materials
of two additional types of projections. Finally, classes from and Methods andl@)]. Lane 2, fractions containing 75% purified
each of the subsets were used for refinement of alignmentsCP24. Lane 3, fraction containing95% purified CP26. Lane 4,

P : action containing~95% purified CP29. Lane 5, fraction eluting
and subsequent classifications, and searches for interpretablg "~ 'o" " 0 e highest absorption of the first main peak in the

views were performed among projections misaligned in the chromatogram. The gel was stained with Coomassie Brilliant Blue.
initial classification step. The resolution of the images was “33K OEC” and “23K OEC” refer to extrinsic proteins involved

measured by comparing the two halve-images by Fourier- in oxygen evplution with apparent molecular masses of 33 and 23
ring correlation 21). kDa, respectively.

RESULTS

Sample Preparationlo analyze large associations of PSII
and its light-harvesting antenna, we added the relatively mild
nonionic detergentn-dodecyle,b-maltoside ¢-DM) to
freshly prepared PSII membranes. To make sure that the
amount of detergent is the limiting factor in the solubilization
process, we added an about 2-fold smaller amount of
detergent than required to completely solubilize these
membranes. It is therefore likely that almost all detergent
molecules will be attached to the hydrophobic surfaces of
the membrane proteins under these conditions, thus minimiz-
ing further disintegration of the various associations by free
detergent molecules, and that most of the inner shell of lipids
will remain bound to the complexes. We checked that the
pigment fi-nd protei_n Composit_iorjs of the solut_)ilized and FiIGURE 2: Part of an electron micrograph showing various types
nonsolubilized fractions were similar (by absorption spectra of PSII-LHCII complexes isolated from partially solubilized PSII

and SDS-PAGE, respectively), which suggests that a membranes and negatively stained with 2% uranyl acetate. Some
random fraction of the PSIl membranes was solubilized. of the mega- and supercomplexes have been marked with letters

This strategy was also applied in our previous repbé},( that correspond to the average imgges of these projections presented
where we analyzed the complete set of solubilized proteinsIn Figure 3. Bar represents 500 A.
by electron microscopy. However, the image analysis was ence of many large top-view projections (Figure 2). Small
hampered to some extent because of the large amount ofragments of the size of trimeric LHCII and “sandwiches”
relatively small fragments, which predominantly consist of of two appressed PSII complexes were relatively scarce. The
trimeric LHCII. We therefore partially purified the solubi- top-view projections appear with a strong preference for one
lized fractions by gel filtration chromatography. The increase type of handedness (the “flip” projection), a feature that was
of the time of detergent exposure from a few minutes to up also noted for other PSII preparatior22( 23. The most
to 1 h appeared not to have significant effects on the gbundant complex was a 2-fold symmetrical supercomplex
composition of the solubilized associations. SEFRAGE (“A” in Figure 2), consisting of a dimeric PSII core complex
showed that the investigated fractions contained all major surrounded by two trimeric LHCII complexes, namesSg
and minor LHCII proteins (Figure 1). In particular, our in the short nomenclature introduced previoudlg)( Other
material contains the minor protein CP24, which was reported complexes, with an LHCII trimer in the M-position §&M),
to be absent in the original .5, supercomplex X1) but were also visible (marked “B” in Figure 2). Besides these
present in a larger associatiohdj. previously characterized types of projections, several new
Image Analysisinspection of electron micrographs from types of projections were present (e.g., those marked “H”
chromatography-purified PSIl membranes showed the pres-and “K” in Figure 2).
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Ficure 3: Average projections of (A) the best 6003, (B) the best 360 &S,M, (C) 91 GS;M,, (D) 86 GS;ML, (E) 6 C;S;M.L, (F) 65

C,S,L, and (G) 6 GS,L, supercomplexes, and (H) 115 type JSiM, (1) 25 type | GSM3, (J) 3 type | GS,My, (K) 150 type Il GS4M,

and (L) 6 type Il GS;M3; megacomplexes, found by classification of a data set of 10 600 projections. Note: No rotational symmetry was
imposed on the images.

Ficure 4: Contoured versions of the most detailed sums of supercomplexes and megacomplexes. (ANhes@percomplex presented
in Figure 3D. (B) The type | ¢€5,M, megacomplex presented in Figure 3H. (C) The tXpe&Nz megacomplex presented in Figure 3K.
Notes: On images B and C, 2-fold rotational symmetry was imposed; scate b&o A.

To investigate the structural variation among the various Since only a small number (7%) of the%M supercom-
PSII-LHCII projections, we focused in this investigation plexes have this extra mass, it is defined as “L” (from
only on the complexes larger than,$. To study all “loose”) in our nomenclature, and the supercomplex is called
projections in a computer-economic way, we split the data C,S;ML (see Figure 4A for a contoured version).
set after initial classification into five subsets of similar types  This finding prompted us to look if the L-part would also
of projections, belonging to the groups3g C:S:M, C,S:Ms, be present in other types of complexes. In the subset of the
C.SML, and GS;M,, respectively. The analysis of the latter C,SM type of particles, 2 classes comprising 225 projections
two subsets is described below; the analysis of the first threeconsisted mainly of projections with the other handedness,
subsets partially overlaps with our earlier word), and the so-called “flop” projections (not shown). Since a potential
will be further described in detail elsewhere (see Figure C,S,L projection has some similarities with the flop-type
3A—C for final results of the €S;,, C;S;M, and GSM, projection of GS;M, this data set was further classified. This
projections, respectively) together with a study on the resulted in the finding that about one-third of these projec-
rotational orientation of LHCII. tions were not gS;M flop-projections, but indeed belong

Analysis of GSML, C,SL, and GS,L, Supercomplexes  to a projection type that can be described aS,C (Figure
In the present data set, a new (fourth) subset is observed3F). Searching for the symmetricab®L, supercomplex
with a type of projection like €5,M (Figure 3B), but with revealed a few projections of this type (Figure 3G).
additional mass in the upper left part of the complex. The finding of another LHCII trimer in an alternative third
Classification of 125 projections gave a sharply outlined sum binding position implies that if all three LHCII binding
of 85 projections, from which it becomes clear that the extra positions would be occupied, six LHCII trimers should
mass has the size of a trimeric LHCII protein (Figure 3D). surround a dimeric supercomplex. However, a systematic
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search resulted in finding only six particles with five LHCII (b) The relative occurrence of megacomplexes and larger
trimers (Figure 3E) and none with six trimers. Statistically supercomplexes in this report and in our previous redeit (
seen, this is not a total surprise, in light of the ratio eB/ is similar, despite an initial (before chromatography) about

to GS,M; and GS,L to C,S;L, (both about 10:1) and of  20-fold difference in protein and detergent concentration. If
the ratio of GS;M to C,S;ML (about 15:1). However, in a  artificial aggregation would occur, it would be more promi-
data set of 10 600 one might expect to find some, even if nent at higher protein concentrations.
such complexes are prone to fractionation by the detergent. (c) Some type | megacomplex particles are visible in
The fact that such a particle has not been observed leads ugregularly shaped membrane fragments of over 2 times their
to conclude that the supercomplex with six LHCII trimers own sizes. In such fragments, these megacomplexes are
is also rare because the “L” component is not present in easily recognizable from the characteristic stain-filled central
stoichiometric quantities. The finding of “megacomplexes” density and jagged edges (not shown).
supports this conclusion (see below). (d) Particles that have been shown to be artificial aggrega-
Analysis of MegacomplexeShe fifth and last subset tions (L5) require an intermediate aggregation/disaggregation
consisted of about 600 projections with a square-like shapestep. In our particles, the detergent concentration was always
and a size of at least 2,65, supercomplexes. By further kept above the critical micelle concentration. In addition,
classification, we found that this subset was inhomogeneous,freezing/thawing procedures, which in principle also could
but in a specific way. It consisted not only of square-like give rise to artificial associations, were completely avoided.
projections (Figure 3H), but also of rather rectangular-shaped It is furthermore worthwhile to note that the resolution of
projections (Figure 3K). In the following, the two types are the larger complexes (382 A, Figure 4A-C) is not
denoted as “megacomplex type I” and “megacomplex type substantially lower than that of the ‘standard’ supercomplexes
II”, respectively. The term “megacomplex” refers to the about C,S, and GS;M (14). This means that the way of association
double size compared to the various supercomplexes (Figureof the L-type of LHCII and of the megacomplexes must be
3A—G). In our preparations, the square-like type | was about very specific. If considerable disorder would occur in the
3 times more abundant. The type | megacomplex is easily binding of the various units, the resolution of the complexes
recognizable by its stain-filled central cavity, which is very would be lower.
strong in most projections. Both types of megacomplexes Supramolecular Organization of PSIl in Grana Mem-
appear to be built up from two perfectly parallel-arranged branes At present, we do not have indications for PSlII
C,S; supercomplexes (tests: within ©)pwith additional LHCII complexes with more than three types of binding sites.
mass in between. The parallel arrangement strongly suggestdlevertheless, on the basis of biochemical considerations,
the presence of a 2-fold symmetry axis. A closer inspection about four trimeric LHCIl complexes are thought to be
reveals that both megacomplexes consist of tw&Ka types present on every monomeric PSII unit (see, €4, 5, 11),
of supercomplexes and that the tweSaM halves are 180 suggesting that every dimeric PSII core complex could be
rotated. Type Il has the same constitution as type I, but with surrounded by eight trimeric LHCII complexes and that there
the two halves translationally shifted toward each other. Upon may be four different types of LHCII binding sites. It is
2-fold averaging, these details become enhanced (Figure 4B possible that a very loose association of, for instance, the
C). The classification further showed variation in a similar C,S,ML particle with a fourth type of LHCII (“X”, from
way as seen in the supercomplexes. The bag&N, unit “extra loose”) is overlooked. However, a search for an X-type
can also be larger (S;M3, Figure 3I,L; or GS4M,, Figure of LHCII at the most obvious position (on top of the L-type
3J). We even noticed one type Il projection of thes{,L » of LHCII in Figure 4A) had a negative result.
type (not shown). We can only speculate on the relation between LHCII in
the various binding sites (S, M, and L), the X-LHCII that is
DISCUSSION not observed in our work, and the ‘tightly bound’ and
Do the Obsered Complexes Represent in®iOrganiza- ‘mobile’ populations of LHCII discussed previousi§g, 2.
tions? In this report, we present several new types of Itis possible that the ‘tightly bound’ population includes S,
association of PSIl and LHCII. It can be estimated that the M, and perhaps even L, and that the ‘mobile’ population
megacomplexes shown in Figure 4B,C have a molecular only involves the LHCII that is not directly associated with
mass of about 1600 kDa, which means that they representPSII.
the largest isolated associations of PSIl and LHCII that have  An interesting point is the simultaneous occurrence of
been observed thus far. supercomplexes with at least one occupied L-type of binding
An important issue regarding these new findings is the site (Figure 3B-G) and of megacomplexes, which cannot
question whether the observed megacomplexes and largehave an occupied L-type of binding site between the two
supercomplexes can be considered to be present in thesupercomplexes (Figure 3H.). This shows that the as-
thylakoid membrane in vivo and do not form after membrane sociation of the PSIlI core and LHCII is intrinsically
disruption. There are several arguments against potentialheterogeneous. These results extend the large number of
formation during or after isolation: freeze-etching studies, which have shown that in the stacked
(a) In the data set of 3300 nonpurified particles selected thylakoid membrane PSII core complexes (and their unre-
from specimens fixed within minutes after the partial solved antenna system) are usually randomly positioBed (
disruption of grana membranes by a mild detergédy, (all Only in some special cases, ordered two-dimensional lattices
major types of larger associations appear to be present (e.g.have been shown to occur. The lattice dimensions of such
those shown in Figure 4AC), though in low numbers. This  arrays are quite variable, but usually much smaller than
means that artificial aggregates, if any, must have occurredexpected for PSII dimers surrounded by four trimeric LHCII
in a very short time. proteins (with GS;M, as basic unit) or by six trimeric LHCII
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Ficure 5: Scheme showing subunit interactions in the type | (A) and type Il (B) megacomplexes of PSII and LHCII. Density contours of

the GS;M supercomplex have been superimposed on the images of the megacomplexes (Figure 3H,K), and antenna components have been
outlined. “S” and “M" refer to trimeric LHCII in the S-type and M-type of binding position, respectively, whereas the numbers “24”, “26”,

“29”, and “43” indicate the positions of the CP24, CP26, CP29, and CP43 proteins, respectively.

proteins (with GS;M,L, as basic unit). The larger lattices formed by two symmetrically identical interfaces, and are
might be caused by S, supercomplexes (see, e.t), the provided by two densities attributed to CP26 in one super-
smaller ones by just PSIl core complex&3)( One should complex and by densities of M-LHCII and CP24 in the other
keep in mind, however, that at least some of these arrays, in(Figure 5A). In the type Il megacomplexes, the contacts are
particular the smaller ones, are likely to be the result of the different. Here, a more closed structure appears with several
detergent treatment (see, e2j7), and that these arrays may types of contact (Figure 5B). In the binding of L-LHCII to
not have anything to do with the physiological situation. Until the GS;M,-, supercomplex, again CP26, CP24, and the PSI|
now, periodic averaging of two-dimensionally ordered arrays core contribute. This association resembles that of the upper
has not shown clear details of the antenna structure, aspart of the type Il association, but the L-LHCII is buried
discussed recently in ref deeper in the complex to provide the contact with the CP24

We would like to stress that the observed large associationsof the other half of the complex.
should be rather flexible. There is no doubt that the innermost  We conclude from these considerations that the minor
PSII reaction centers in megacomplexes and in complexes|. HC proteins CP26 and CP24 are essential for all three types
containing the L-type LHCII are almost completely sur- of interaction. In contrast, CP29 is not involved in these
rounded by peripheral antenna proteins (Figure-@A. For interactions, because it is shielded from the interface of the
normal functioning, the plastoquinone electron acceptors megacomplexes and from LHCII at the L-position by the
(which due to their hydrophobicity only occur in the lipid CP24 protein. It is tempting to speculate that the observed
phase of the membrane) need to have good access to thetructural differences between CP29 on one hand and CP26
heart of the reaction center to ensure efficient electron and CP24 on the other are related to reported functional
transfer from PSII to PSI. This means that the antenna differences. First, CP29 can be phosphorylated, unlike CP26
proteins must provide some channel for plastoquinone orand CP24, although its phosphorylation sit28)( and
must at least be so flexible that there are no severe restrictiongphysiological respons@) are different from those of trimeric
to reach the photochemical reaction center. Furthermore, theL HCII. Second, CP29 has a relatively high content of
antenna system should also allow the exchange of the Dlviolaxanthin, just like CP26 and CP24, but the deepoxidation
protein under photoinhibitory conditions, which seems of violaxanthin to zeaxanthin under conditions of nonpho-

unlikely in case of a very rigid organization. tochemical quenching seems to occur mainly in CP26 and
Role of CP29, CP26, and CP24 in the Supramolecular CP24 @9, 30.
Organization of PSlIOne of the most important results of In the megacomplexes and larger supercomplexes that we

our work is that there are at least three principally different opserved, CP26 and CP24 play key roles. In addition, there
ways by which PSII and LHCII interact. All associations can be differences by which the excitation energy migrates
have in common that they bind LHCII at S- and M-positions from the major antenna complexes (the trimeric LHCII
around a dimeric PSII core complex. Thus, th&SM; unit proteins) to the PSII core. The L-LHCII seems to have direct
could be viewed as the basic building block of the various contact with the CP43 and reaction center parts of the core
larger associations. This complex can then form either a typecomplex, and thus is expected to provide efficient energy
| association (as in the type | megacomplex), a type Il transfer to the reaction center. This type of LHCII could be
association (as in the type Il megacomplex), or an associationparticularly relevant for plants grown under low-light condi-
with additional LHCII at the L-position. tions, which are characterized by increased concentrations
The resolution of our images permits us to give details on of trimeric LHCII (see, e.9.26). Type | and Il associations

the contact sites that form the basis of the three types ofgive rise to the same number of trimeric LHCII per PSII,
association. The type | megacomplex (Figure 4B) has a verybut differ in the contact points. In type |, the three minor
open structure in which the PSII core parts of both super- proteins seem to form a cluster in the center of the
complexes make no direct contact. Actually, all contacts are megacomplex, with CP24 in the middle. Consequently,
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almost all energy transfer from the M-LHCII to PSII has to

pass this cluster of minors and can be reduced if quenchers
are present. Only the S-LHCII seems to have some direct 11

contact with the PSII core. In contrast, in type Il the three

minor proteins do not cluster together, and a direct contact

between the M-LHCII and the PSII core occurs.

We conclude that the observed differences of organization

can give rise to different efficiencies by which the light
energy is transferred from the major light-harvesting com-

plexes to the photochemical reaction center and thus provide
the system a way to regulate the efficiency of photosynthesis
under various light or stress conditions that green plants may

undergo. An analysis of complexes extracted from thylakoid

membranes of plants grown under different conditions might

give further clues.
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