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ABSTRACT. A genetic approach has been adopted to investigate the organization of the light-harvesting
proteins in the photosystem Il (PSIl) complex in plants. PSII membrane fragments were prepared from
wild-type Arabidopis thalianaand plants expressing antisense construdthieébh4andLhcb5genes, lacking

CP29 and CP26, respectively (Andersson et al. (2604t Cell 13 1193-1204). Ordered PS Il arrays

and PS Il supercomplexes were isolated from the membranes of plants lacking CP26 but could not be
prepared from those lacking CP29. Membranes and supercomplexes lacking CP26 were less stable than
those prepared from the wild type. Transmission electron microscopy aided by single-particle image analysis
was applied to the ordered arrays and the isolated PSIlI complexes. The difference between the images
obtained from wild type and antisense plants showed the location of CP26 to be near CP43 and one of
the light-harvesting complex trimers. Therefore, the location of the CP26 within PSII was directly established
for the first time, and the location of the CP29 complex was determined by elimination. Alterations in the
packing of the PSII complexes in the thylakoid membrane also resulted from the absence of CP26. The
minor light-harvesting complexes each have a unique location and important roles in the stabilization of
the oligomeric PSII structure.

Photosystem Il (PSIt) is the multisubunit thylakoid  the PSIl antenna2j. The PSII antenna functions to increase
membrane associated complex, consisting of over 25 subunitghe rate of excitation energy delivery to the PSII by at least
(1), that uses energy of sunlight to drive the oxidation of 2 orders of magnitude, ensuring a sufficient rate of the light
water, evolving oxygen, donating electrons into the photo- energy input into photosynthesis. The LHC antenna of PSII
synthetic electron transfer chain, and depositing protons intois complex and heterogeneous, consisting of six different
the thylakoid lumen. An important aspect of PSII function proteins named Lhcbi6 (3), encoded by a large multigene
relates to the design, assembly, and regulation of the light-family (4). Lhcb4, Lhcb5, and Lhcb6 form the monomeric
harvesting complexes (LHC), which form the major part of complexes CP29, CP26, and CP24, respectively, and Lhcb1,
Lhcb2, and Lhcb3 associate in different combinations into

t Supported by the UK Biotechnology and Biological Sciences trimers of the main complex, LHCII, that binds 60% of all
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structural models (e.g., ref§ 8) showing the locations of  at 3 mg chl/mL concentration. After 30 min of incubation,
CP29 and CP26 are based upon indirect evidence. Structurathe PSIl membranes were sedimented at 3@Qy36030 min
studies on PSHLHCII associates (LHCH-PSII supercom-  and resuspended in a buffer containing 20 mM Bis-Tris (pH
plexes) using single particle analysis of EM images of both 6.5) and 5 mM MgCl. Membrane fragments and PSII
solubilized PSII membrane®<{11) and ordered arrays of supercomplexes were obtained after solubilization of the PSII
PSII complexes in membrane fragments2,(13) have membranes with 0.4%-dodecyle-pD-maltoside ¢-DM) at
revealed that there are areas of density with the estimateda Chl concentration of 1.4 mg/mL. Large fragments were
size of a monomeric LHC complex. Biochemical analysis removed by centrifugation for 3 min at 9000 rpm in an
of a purified supercomplex preparatiof4] showed the Eppendorf tabletop minifuge and the supernatant was
presence of CP26 and CP29, and it was therefore assumegromptly filtered through a 0.45 mm filter. Finally the sample
that two areas, on either side of the supercomplex, arewas subjected to gel-filtration chromatography, using a
occupied by these two proteins. Since CP26 and CP29 areSuperdex 200 HR 10/30 column in an Amersham-Pharmacia
predicted to have a similar overall shape, it obviously could Acta Purifier system using the same buffer and similar
not be deduced at which of the two potential sites CP26 andconditions as described inl9). Isoelectric focusing of
CP29 were located. The assignment of CP26 and CP29 inn-dodecylg-p-maltoside f-DM) solubilized PSII mem-
the complex is therefore based only on the study of cross-branes was carried out as described by Ruban e®@). (
linking products 15). These studies suggested that CP26 was Separation of solubilized PSII membranes on a sucrose
close to CP43 and that CP29 was close to D2, but the gradient was performed using the method describe@ih (
possibility of close proximity between CP29 and CP43 could Room-temperature absorption spectra of samples were
not be excluded. Moreover, the recent X-ray model of PSIl recorded in the 1 cm cuvette at chlorophyll concentration of
(16) clearly pointed to an alternative position of the D2 4 g/mL using a Varian Cary 50 spectrophotometer.
protein to that assumed id%), which also complicates any Electron Microscopy and Image Analysishe two first
tentative assignments based on this work. fractions after gel filtration eluting around 17 and 19 min
A direct approach to assign unambiguously the location were immediately after chromatography prepared for electron
of the CP26 and CP29 complexes would be to use plantsmicroscopy, using 2% uranyl acetate as negative stain.
lacking each of these proteins and to compare them with Membrane fragments and supercomplexes were analyzed in
the wild-type plants. We have therefore used reverse geneticsa similar way as was previously done using preparations from
and createdArabidopsisplants deficient in specific LHC  spinach and the wild typ@rabidopsisplants @0, 12, 13).
proteins by the expression of antisense (as) genes. Expressioiihe samples were imaged in a Philips CM10 electron
of asLhcb4andasLhcb5genes led to plants, which have no microscope at 52 000 magnification. Electron micrographs
CP29 and no CP26, respectiveB).(Here we use these plants were digitized with a Kodak Eikonix Model 1412 CCD
to directly assign the position of the CP26 subunit by electron camera. Single particle projections were extracted from
microscopy analysis of ordered PSII arrays and of isolated negatives and analyzed with IMAGIC software and Gronin-
PSII-LHCII supercomplexes obtained froasLhcb5plants. gen Image Processing (“GRIP”) software. Single particle
Our data show the CP26 position clearly to be at the tips of projections were obtained by selecting all discernible particles
the supercomplex. Supercomplexes were also found to befrom 75 negatives. From 107 digitized negatives of paired
less stable irasLhcbh5plants and completely absent from inside-out membranes with crystalline arrays from the
theasLhb4plants lacking CP29, implying an important role asLhcb5 plants, we selected 3088 partially overlapping
of the minor antenna complexes in the stability and assembly fragments with a size of 144 144 pixels (or 700x 700
of the PSII supercomplex. Further, it was found that CP26 nm). The averaged projection of the wild-type crystal (taken
also influences the supramolecular organization of the from (13) was used as a first reference. Subsequently, the

complexes in the thylakoid membrane. aligned fragments were submitted to multivariate statistical
analysis and classificatio2®, 23). For the second alignment
MATERIALS AND METHODS run, we used the best class-sum as a next reference. This

Plant Materials Arabidopsis thalianav Columbia plants ~ reference led to a further improvement of the accuracy of
were grown in growth chambers &h photoperiod and 200  alignment and classification. From the last classification, 876
umol quanta m? s~* for 8 weeks as previously described fragments from the best classes were summed. In the case
(17). TheasLhcb4andasLhcbSines show complete absence of wild-type paired membrane crystals, this procedure turned
of Lhcb4 and Lhcb5 gene products, respectively, but outto be sufficient to filter out the contribution of the second
unchanged levels of other Lhcb proteins, except for some crystal layer. However, in the case of theLhcb5plants,
depletion of CP24 irasLhcb4(6). the contribution of the second layer was still visible after

Preparation and Fractionation of PSII MembrandzSl| summation. To remove the second layer contribution, the
membranes were prepared according to the protocol origi-image was Fourier transformed, and the two superimposed
nally developed for spinachL8), but with some modifica-  crystalline lattices were separated (seel@ffor a similar
tions. In brief, leaves were harvested and mixed with the example). The back-transformed image contained the pro-
chilled grinding buffer (20 mM Tricine-NaOH, pH 8.4, 0.45 jected density of only a single layer
M sorbitol, 10 mM EDTA, 0.1% BSA) and homogenized
three times for 5 s. After pelleting and washing in wash RESULTS AND DISCUSSION
buffer (0.3 M sorbitol, 20 mM Tricine NaOH, pH 7.6, 5 Gel-Filtration Analysis of PSIl Membrane§he strategy
mM MgCly), chloroplasts were osmotically shocked for 30 used for structural analysis was the same as developed
s. Pelleted thylakoids were incubated in the stacking mediumrecently @2, 13, 19) and involves very mild detergent
for 1 h, after which they were treated with 2.5% Triton X-100 treatment of PSIl membranes, followed by rapid fractionation
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Ficure 1: Gel filtration elution profiles ofi-dodecyle-p-maltoside
solubilized photosystem Il membranes from wild type (bottom) and
asLhcb5(top) samples, detected at 670 nm. The main fractions are
designated+VI. From previous work 19) it is known that these
fractions contain the following: I, membrane fragments; I, PSII
LHCII supercomplexes; I, PSI; IV, PSII cores; V, LHCII trimers;
VI, monomeric light-harvesting complexes.

FIGURE 2: Room-temperature absorption spectra of the six main
gel-filtration fractions from the wild-type sample (see Figure 1). I,
membrane fragments; Il, PSILHCII supercomplexes; 1] PSI—
LHCII supercomplexes fronasLhcb5plants; 1ll, PSI; IV, PSII
cores; V, LHCII trimers; VI, monomeric light-harvesting complexes.
Dashed and dotted lines are respectively the red-region absorption
spectra of a PSII core preparation and PSI isolated from the
solubilized PSII membranes from spinach by sucrose gradient

by gel filtration. The samples are then immediately prepared centrifugation 20).
for EM analysis. Although this rapid separation procedure . )
does not yield highly purified samples, for EM analysis this Other hand, the LHCII trimer Fraction V was much stronger
is not critical because the applied image analysis proceduredn the antisense line, and Fraction 1V, the monomeric PSII
allow the projections of single PSII molecules plus eventual Core complex, was also much more apparent. Together these
contaminants to be classified. Moreover, the major advantagedata indicate a decrease in stability of the P&IHCII
of this procedure is that membrane fragments containing SUPercomplex in the antisense plants, with correspondingly
ordered arrays of PSIl membranes can also be obtained i@ larger fraction of PSIl monomers and LHCII trimers. The
the same gel-filtration. This allows an analysis of the @bsorption spectrum of the supercomplex fromabehch5
supercomplex structure and the macro-organization of the Plants was almost identical to that of the wild type (Figure
complexes in the thylakoid membrane to be obtained. Figure 2, trace Ii).
1 shows the gel-filtration chromatograms of mildly solubi- ~ The chromatogram for the antisense plants lacking CP29
lized PSIl membranes obtained from wild type asi.hch5  (asLhcbd was similar to that ofasLhbc5 (not shown).
plants, recorded at 670 nm to monitor chlorophyll content. However, in this case Fraction Il was greatly decreased,
The elution profile of the wild type plant (Figure 1, bottom indicating a dramatic reduction in the fraction of PSI
line) shows a strong similarity to that obtained previously LHCII supercomplexes. We tested different strategies for
(19), and the compositions of these fractions were confirmed solubilization of the thylakoid membrane, such as the use
by observation of their absorption spectra. The first main a-DM instead of Triton X-100 to prepare PSIl membranes
fractions (I and Il) were attributed to the PSII grana (19) and the use of lowea-DM concentrations to disrupt
membrane fragments and PSLHCII supercomplexes, the membranes. However, we were never able to recover
respectively. As expected, the absorption spectra of thesignificant chlorophyll in Fraction Il. These experiments
Fractions | and Il are very similar to those shown previously indicated that the membranes from taglhcb4plants are
(19) (Figure 2, traces | and Il). Similarly, Fraction Ill is much less resistant to detergents than wild-type membranes
assigned to monomeric PSI-200 complexes, the absorptionso that the PSHLHCII supercomplexes are less stable and
spectrum being almost identical to that of a purified PSI possibly even absent.
fraction (Figure 2, trace Ill and the overlapping dotted curve).  Localization of CP26 in Isolated PSHLHCII Supercom-
The minor Fraction IV arises from PSII core monomers, and plexes.To investigate the structure of the supercomplexes
again the absorption spectrum is similar to that of a purified from theasLhcb5plant, EM was used to analyze Fraction
monomeric PSII fraction (Figure 2, trace IV and dashed I, where PSI+-LHCII supercomplexes were expected. From
curve). Fractions V and VI originate from the major, trimeric 75 negatives, only about 180 potential PSLHCII particle
LHCII and from monomeric LHC complexes, respectively. projections could be selected. Multireference alignment,
The absorption spectrum of the Fraction V resembles closely multivariate statistical analysis and classification revealed
that of purified LHCII 1). only one class of PSII projections, shown in Figure 3A. This
The chromatograms from tlasLhcb5plants gave different  class resembles the “standard;Sg PSII—LHCII supercom-
elution profiles (Figure 1, top curve). There was a decrease plex found in wild type plants (Figure 3C11). However,
in the amount of chlorophyll in Fractions | and Il. On the it misses tips on two of its corners. A similar type of
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from 21.4 nm in the wild type to 19.5 nm in the antisense.
In the horizontal direction, the distance of 25.7 nm between
the cores remained the same. There was also a difference in
the orientation of the cores in the lattice. Most importantly,
there are clearly differences seen at the tips of the core: the
spacing between the tips of adjacent cores is smaller; the
densities around the tips are different; and the tips juxtapose
with a different orientation.

It should be pointed out that because negative stain tends
to accumulate more at the base of a protein and into cavities,

FiIGURE 3: Single-particle image analysis of PSLHCII super- the true protein density is not exactly observed. Although
complex projections, from material obtained in Fraction 1. (A) PSII is a rather flat structure, it has a strongly protruding
Averaged image of the 15 projections frasLhcb5plants lacking oxygen-evolving complex, around which stain accumulates,

CP26; (B) for comparison, averaged image of 300 projections : :
obtained by classifying large heterogeneous data sets of supercomtendlng to obscure the areas where the minor antenna

plexes in spinach: (C) averaged image of 218 projections from wild COmMplexes are found. At the resolution of these images,
type Arabidopsis The image denotes the,& supercomplex that ~ which is close to 3 nm for the arrays from antisense plants
contains just two S-type LHCII trimers per core dimer and which and 2 nm for the wild type, the trimers are just visible. There
:‘hag i?j%ﬁﬁi«fa%r It\glga?oonnnggczgnfr?g% C‘mg‘f‘;’r(]%se- @Ség’agﬁesg‘;‘p’% little detail of their internal features, and the exact borders
is 10 nm. ’ Y ’ : of minor antenna proteins cannot be determined. However,

the features of the core in both samples are very well defined,
and this allows a fitting of a PSHLHCII supercomplex
obtained from single particle analysis as previously per-
formed (L3). For this, we used the £S5,M; type of super-
complex that was previously shown to be the predominant
form in wild type Arabidopsismembranesi(3). This complex
contains the dimeric core (C), spaces for six monomeric
complexes (green areas), and four LHCII trimers (yellow
areas, S and M). For the wild type, all these features can be
fitted to the image of the PSII array (ref 13 and Figure 5E).
However, in the case of thasLhcb5plant, the complete
supercomplex cannot be fitted: there is not enough space
for two areas on the lower left and upper right tips (Figure
mgﬁgrgheE}fgtﬁre‘méCg%%;?ﬁehds f?ggqe%?g\cfﬁéy r;s!tfihnfbd 5(%"2‘:1 grana 5D). These are exactly the same areas, which are missing
wild-type (B) A?abidopsisshowing the crystalline arrays of PSII frqm the isolated PSII supercomplex from the antisense plant
LHCII supercomplexes. The space bar is 50 nm. (Figure 4). Therefore, we conclude, unequivocally, that each

of these tips is the location of a CP26 complex. The alteration
projection has been found previously with low frequency in the supercomplex structure also explains why the orienta-
by classifying large heterogeneous data sets in spinachtion and spacing of the lattice is changed: in the absence of
(Figure 3B), and it was suggested to result from the loss of CP26, the supercomplexes are packed closer together. Hence,
a minor antenna compleX), The missing tips in the single  not only does the removal of CP26 alter the supercomplex
particle sum obtained from the antisense plants show directly structure, it alters the way in which they are packed in the
that CP26 is located in these areas. thylakoid membrane.

The Localization of CP26 in PSIlI Ordered Array§o Electron Microscopical Analysis of asLhcb4 Plani®
support the conclusion obtained from analysis of the popula- gain insight into the organization of PSII prepared from the
tion of isolated supercomplexes, we examined Fraction | with asLhcb4plant lacking CP29, we examined Fraction | from
EM to test for the presence of paired grana membranethe gel-filtration chromatography by EM. The paired grana
fragments containing ordered arrays of PSIHCII super- membranes, obtained after a 0.486DM treatment of
complexes. As found previously for wild-typ&rabidopsis chloroplasts, were found to be partially solubilized because
membranes 13), about 10% of the fragments showed many stain-filled holes were visible. The size of the particles
macrodomains with an ordered crystalline lattice of rows of observed and their distribution resembled those of PSII core
PSII complexes on both membranes of the granum (Figuredimers in membranes from wild-typ&rabidopsis (not
4). Such arrays are not perfectly ordered but still suitable shown), but there was no tendency to form two-dimensional
for structural analysis at low to medium resolution. arrays. Therefore, it was not possible to get further informa-

The results of image analysis are shown in Figure 5. Theretion about the presence of specific types of supercomplexes
were significant differences between the wild type and in the membrane. Moreover, examination of images made
antisense images. The crystal from wh&_hcb5plant has from Fraction Il where purified PSHLHCII supercomplexes
unit cell dimensions of 25.% 19.5 nm, an angle of 86 were expected indicated that supercomplexes were totally
between the axes, and a unit cell area of 50G (fgure absent. Nevertheless, by elimination, the assignment of the
5A). In contrast, the unit cell from the wild-type membranes location of CP26 establishes the CP29 position (Figure
has dimensions of 25.¥% 21.4 nm, an angle of 77and an 4D,E). The third minor antenna complex CP24 probably
area of 534 nrh(Figure 5B). Hence, the vertical spacing occupies the remaining space in theS@/1, PSII—LHCII
between the cores (bright features) was different, decreasingsupercomplex, as shown by its absence from th&,C
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FicurRe 5: Image analysis of the ordered PSII arrays in membrane fragments. (A) The sum of 867 imagasi fnchBplants; (B) the sum

of 450 images from wild-type plants (taken from rE8). The unit cells or repeating motifs of both crystals are indicatbére is a
difference in size and angle between the axes (see text); (C) the averaged projectidmatiidopsisC,S;M, supercomplex obtained from
previous work 13), which is used to fitting, showing the position of the PSII cores (C), the S and M-types of LHCII trimers (yellow), and
minor antennae complexes (green); (D) contour version ofagidcbh5image (A) with the position of the S-type and M-type LHCII
trimers, and CP29 and CP24 indicated; (E) contour version of the image (B) with the position of the S-type and M-type LHCII trimers, and
CP29, CP26, and CP24 indicated. Note the absence in D of the two areas at the tips of the supercomplex seen in panel A.

complex (4). Within the GS, PSII-LHCII supercomplex, the antisense plants indicated that PSII is more labile in plants
CP29 is close to the CP47 subunit, and a cross-link with lacking CP29 6).
CP47 was foundl4, 24). This assignment also predicts that ~ The Function of CP29 and CP2Breviously it was shown
CP29 will be close to CP24 in the,§M, PSII—LHCII that there were decreases in PSIl quantum yield in the
supercomplex, again in agreement with the cross-linking dataantisense plants lacking CP26 and CP&p In the case of
(25). Furthermore, a close proximity of CP29 and CP24 is plants lacking CP29, this was associated with an increase in
consistent with the fact that ttesLhcb4plants missing CP29  the F, level of chlorophyll fluorescence, suggesting a
are also deficient in CP24&y). decrease in the efficiency of trapping of excitation by the
CP26 and CP29 Are Important in Stability of the PSII  reaction center. In the absence of CP26, the lower PSII
LHCII Supercomplexlt is evident from the EM and gel  quantum yield was associated with a quenching ofRhe
filtration experiments that the absence of the CP26 or CP29level of chlorophyll fluorescence. Quenching B, could
subunits reduces the stability of the PSLHCII supercom- arise from altered interactions between the LHCII on adjacent
plexes. For CP26, in its absence, PSIHCII supercom- supercomplexes that result from the change in packing of
plexes can still be formed, although the supercomplexes arethe complexes in the thylakoid membrane. This implies that
less stable and the grana membranes are more vulnerable tthe minor antenna complexes play important roles in the
detergents. The deletion of the CP29 protein has a particularlyassembly of PSII into the supercomplex and the macro-
detrimental effect because no supercomplexes could beorganization of supercomplexes in the thylakoid membrane.
detected by electron microscopy. In the absence of CP29,These structural features of PSII are required to maintain its
the strongly bound LHCII trimers (S-type trimers) appear high quantum efficiency. Consequently, from this notion we
to have been releasetil]. These results are consistent with begin to understand the very precise design of the PSII. In
previous indirect observations on spinach supercomplexes.this case, the function of the minor antenna is related to this
Although some supercomplexes had been found after isola-vital structural role in PSIl, and perhaps not to any other
tion that lacked what we have now proved to be the CP26 specific function. For example, CP26 is not required for
subunit, no native supercomplexes were ever detectedenergy transfer from LHCII to the PSII core, and neither
without what we now assign to be CP29 10). Furthermore, complex appears to be required for the regulation of light
previous measurements made on thylakoids prepared fromharvesting §). However, it is important to stress that our
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results show that CP29 and CP26 each has a unique role 12.

and location in the oligomeric structure of PSII. The absence
of either CP29 or CP26 does not lead to its replacement by
another complex.
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