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ABSTRACT. Efficient photosynthetic energy transduction and its regulation depend on a precise supra-
molecular arrangement of the plant photosystem Il (PSIl) complex in grana membranes of chloroplasts.
The topography of isolated photosystem |l supercomplexes and the supramolecular organization of this
complex in grana membrane preparations are visualized by high-resolution atomic force microscopy (AFM)
in air in tapping mode with an active feedback control to minimize-§ample interactions. Systematic
comparison between topographic characteristics of the protrusions in atomic force microscopic images
and well-established high-resolution and freeze-fracture electron microscopic data shows that the
photosystem Il organization can be properly imaged by AFM in air. Taking the protruding water-splitting
apparatus as a topographic marker for PSlI, its distribution and orientation in isolated grana membrane
were analyzed. For the latter a new mathematical procedure was established, which revealed a preference
for a parallel alignment of PSII that resembles the organization in highly ordered semicrystalline arrays.
Furthermore, by analyzing the height of grana membrane stacks, we conclude that lumenal protrusions of
adjacent photosystem Il complexes in opposing membranes are displaced relative to each other. The
functional consequences for lateral migration processes are discussed.

One of the most complex structured biomembranes in stacked regions, most probably due to protrusions on their
nature is the thylakoid membrane system present within stromal side, and are found in the unstacked stroma lamellae.
chloroplasts of higher plants. Part of this membrane systemThe localization of the cytochrome (cyisf complex has
forms strictly stacked grana membranes interconnected bynot yet been clarified. It is assumed that this complex is

unstacked stroma lamellae. For recent models sed afisl

evenly distributed throughout the thylakoid membrar®s (

2. The resulting subcompartmentation in stacked and un-Intensive research over the past few decades has led to
stacked regions has been shown to be the basis for adetailed knowledge of the molecular architecture of the
pronounced lateral segregation of the photosynthetic proteinindividual photosynthetic protein complexe$.(A deeper
supercomplexes which are embedded in the thylakoid understanding of the functionality of these complexes on the

membrane ). The main population of photosystem (PS)

molecular level is now possible by combining the structural

Iland its light-harvesting complex (LHC) Il antenna system information with the huge amount of biophysical (e.g.,
is concentrated in the grana thylakoids, whereas PSI with spectroscopic) data. In particular there is considerable
its concomitant LHCI and the ATPase cannot enter the progress on the structurdunction re|ationship for PS”Q),

PSI 6), and LHCII (7, 8). The molecular architecture of
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structural complexity; i.e., the PSIl complex in grana
thylakoids forms a dimeric supercomplex with at least two
strongly bound LHCII trimersqg, 10). Each PSII monomer

in this supercomplex contains more than 20 subunits and
binds more than 100 cofactors.

Itis expected that the precise arrangement of many protein
complexes (supramolecular level) in grana membranes
determines the light-harvesting function of PSII and its
regulation and lateral diffusion processes. From functional
and structural studies there is evidence that PSII,bgft
complexes, and LHCII are not randomly organized in grana
thylakoids but could form structured arrangemefts{13),
indicating the operation of ordering forces in grana thyla-
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koids. In addition, at least under certain conditions, PSII orientation of individual PSIl complexes in AFM micro-
complexes can further organize into highly ordered 2D graphs. Furthermore, the spacing of stacked grana membranes
crystals Q). These observations allude to a certain flexibility was analyzed.

in the supramolecular protein arrangement, which in turn

could modulate photosynthetic function. This would open MATERIALS AND METHODS

up the possibility for a regulative adjustment of the photo-
synthetic machinery, i.e., upon environmental changes by
changing the protein organization in the membralg. (At

this point we can only speculate about the functional
significance of supramolecular protein ordering. It is likely
that the light-harvesting efficiency of photosystem Il or
diffusion of plastoquinone, phosphorylated LHCII, or pho-
todamaged PSII is affected by the precise protein arrange-
ment. To examine the significance of the protein organization
in grana thylakoids, ultrastructural methods are required to

V'SSIJ:I;? ttrr:ee ?:\?Cr;gfnrgleenéu?;pr?;?er;ncgp;;ieﬁ:ém in oho- tion in the presence of the PSII acceptor 1,4 dimethylben-
’ P 9 P zoquinone (1.5 mmol t*) was 306 umol O, (mg of

tosynthetic membranes has been examined mainly by 1 o1
: : . . : chlorophylly* h™2,

electron microscopic techniques, using either freeze-fracture

techniques on native membrand$)(or negatively stained

Preparation of Isolated Grana Membraneghylakoids
were isolated from 6 week old spinach plan&pihacea
oleraceavar. polka) grown hydroponically. The plants were
grown at 13-17 °C with a photoperiod of 10 h and about
300 umol of quanta m? s™*. Isolated grana thylakoids
(BBYs) were prepared according to 28 with modifications
described in refl3. The chlorophyll a/b ratio of the
preparation determined according to Bfwas 2.2+ 0.1,
which is typical for grana core membran&§). The activity
of the preparation measured as light-saturated oxygen evolu-

PSII Supercomplex and LHCII Trimer PreparatioBu-

samples obtained by mild detergent treatment of thylakoids percomplexes Of_ PSII from mark_e_t spmach were s_epara_lted
on sucrose gradients after solubilization of thylakoids with

(16). Besides the huge number of important findings made . ;

by electron microscopy, there are several drawbacks associ—20 m(lj\/l p -doquéll ma(.::tOSId% agcobrdlng to rﬁji Chlofrol thll
ated with these techniques. Using freeze-fracturing, only wfas3 fteT”T“”e. asLHeCs“crl eda olve,énef Ing & atr']o
metal replicas are examined, and for negative staining the®' o-1. [TMeric was lisolated from spinach as

samples have to be fixed and become dehydrated since the)giescribed ir_1 “33_2- The chlorophylla/b ratio of 1.41 as well
are analyzed under high vacuudi/). Thus, there is a risk as the maxima in the ak_)sqrptlon spectrum at 435, 473, 652,
of plastic deformation of the protein complexes. An alterna- 1d 675 nm and the emission maximum in 77 K fluorescence

tive to study the ultrastructure of biomembranes with spectra at 680 nm_W|th a small Sa“?”'te at 740 nm are
molecular resolution is atomic force microscopy (AFM), indicative of the purity of the preparation.

which was established in the 1980K8). In extension to SpectroscopyThe contents of cytochronfebs and bss
electron microscopic techniques the height of samples canWere determined from chemical d|fferenc_e absorptlor} spectra
be precisely measured with AFM. In the past two decades Measured between 520 and 580 nm with a Hitachi U3010
this technique has become a key tool in the life sciences SPectrometer (bandpath 1 nm, scan speed 120 nm*min
(19). Some advantages are a high signal-to-noise ratio, a fas@gverage of 10 scans) as described previousB). (BBY
sample preparation, and the possibility of imaging the probe Meémbranes were incubated in 10 mM KCI, &0 EDTA,

in air or aqueous solutions under physiological conditions. 330 MM sorbitol, 20 mM HEPES (pH 7.6, KOH), and 0.03%
The technique was improved for studying soft biomolecules /-dodecyl maltoside. Starting from completely oxidized
by the introduction of the dynamic tapping mode and a so- cytochromes (in the presence of 1 mM ferricyanide), the
called “Q-control” Q0). The Q-control is an active feedback redox potential was stepwise decreased by the addition of 5
circuit which reduces the forces between the AFM tip and MM sodium ascorbate and a few grains of sodium dithionite.
the sample and therefore minimizes the deformation induced The resulting difference spectra (sodium ascorbate minus
by the AFM tip. Direct comparisons between images of ferrlcygmde a_nd sodium dithionite minus sod|'um a§corbate)
DNA—protein complexes using the same tip taken with and Were fitted with reference spectra as described in3®f
without Q-control reveal that soft molecules imaged without Which gave the maximal absorption changes of the cyto-
Q-control appear lower and wider than expected, while chromes. From these values the concentrations of the
images taken using Q-control show features closer to known cytochromes were calculated and correlated with th.e chlo-
dimensions21). Recently high-resolution AFM was applied fophyll concentration. For cybsse a recently determined

on chemically fixed thylakoid2Q) and on the photosynthetic ~ €xtinction coefficient of 25.1 mM: cm™ at 560 nm 84)
membranes of purple bacteri23 24). For a recent review ~ Was used.

see ref25. In the first study the protein organization of PSI  The content of P700 was deduced from light pulse induced
and the ATPase was analyzed in stroma lamellae, granadbsorption spectra at 810 nm minus 860 nm as recently
margins, and end membranes with intact thylakoid mem- described §5). BBY membranes were incubated in 5 mM
branes after immunolabeling. Furthermore, low-resolution MgClz, 30 mM KCI, 50 mM citrate (pH 4.8, KOH), 0.2%
AFM images of isolated grana thylakoids were also recently S-dodecyl maltoside, 108M methylviologen, and 10 mM
published 26, 27) in which the degree of stacking and the sodium ascorbate. The maximal absorption changes induced
mean height of grana membranes were measured. In thioy a 200 ms saturating light pulse (about 6Q@@ol of
work we study the molecular organization of PSIl complexes quanta m? s™!) was determined to calculate the total P700
within the stacked regions of unfixed grana membranes in content 85).

air by AFM with a lateral resolution of about 4 nm. The Scanning Force Microscopysamples were prepared by
protrusion of the water-splitting apparatus of PSIl was used placing a 50uL drop of stacked grana membranes on a
as a topographical feature to identify the position and freshly cleaved mica surface-{ x 7 mm) for 2 min prior
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Ficure 1: AFM micrographs and their analysis of LHEIPSII supercomplexes and trimeric LHCII. (A) Isolated PSIl supercomplexes.
(E—G) isolated LHCII trimers. The numbers in parentheses give the chlorophyll concentratieri3) @ngle-particle analysis of PSII
supercomplexes. A total of 501 particles were analyzed. (H) Single-particle analysis of LHCII trimers (123 particles). Lateral dimensions
deduced for the particles are summarized in Table 1. For further details, see the text. Scale bars: (A, E) 200 nm, (B) 20 nm. Scale bar in
(E) also for (F) and (G).

to rinsing 10 times (10QuL/rinse) with Millipore water the situation in the native membran@8), which originate
(resistivity 18.2 M2 cm) to remove the buffer. The bulk  from the core region of grana thylakoids. Furthermore, BBY
water was then quickly removed from the mica surface by a membranes must be made to orient inside out, implying that
nitrogen stream, and then the sample was left under thethe protrusions of the water-splitting apparatus of PSII point
nitrogen stream for 2 min. AFM was carried out in tapping toward the AFM tip and can therefore be used as a
mode in air (Digital Instruments, Dimension 3000, Santa topographic feature to identify PSII complexes contained
Barbara, CA) equipped with an external Q-control module within the lipid bilayer. Last, evidence was found from
(Nanoanalytics). Silicon cantilevers were used (Nanosensors)previous freeze-fracture electron microscopy that the ar-
with resonant frequencies of 25850 kHz, nominal spring  rangement of PSII in BBYs is virtually indistinguishable
constants of~42 N/m, and tip radii of <10 nm. The from that of intact thylakoidsl@d). It was therefore concluded
Q-control was tuned to the maximum Q-factor that allowed that BBYs are suitable for the visualization of the PSII
stable imaging to minimize the force induced on the samples organization by AFM. In principle, the cytochrorhsubunit
by the tip. of the cytbsf complex and the extrinsic parts of PSI protrude
Single-Particle Image AnalysisAFM images had an  several nanometers out of the membrane surfate (
inherent resolution of 3.9 nm, and 4-fold oversampling was However, from chemical difference absorption spectra it was
found to be necessary for successful image conversion.deduced here that there was a chlorophyll to lwyt ratio
Datasets thus had a sampling frequency of 4.875 A per pixelof 219 + 8 and a ratio of 3424 571 for cytf (three
and were composed of protein complexes floated out into independent determinations). No cytochrobgesignal was
2D image boxes of either 40 40 or 52x 52 pixels (PSII) detected. Assuming that each PSII monomer binds one cyt
or 64 x 64 pixels (LHCII). Dataset compilation was by bssg (34), a ratio of more than 16 PSIl monomers taylt
automatic selection routines in “boxer”, a module of the bef complex is concluded. In addition, from light pulse
EMAN software package (v1.86), followed by interactive induced difference absorption spectroscopy of P700, we
removal of clearly false coordinate identification, i.e., empty deduced a chlorophyll to PSI stoichiometry of 6560080
images. All subsequent image processing was performed(three determinations), giving a PSII/PSI ratio of about 30.
using the Imagic-5 environment (Image Science GmbH, This indicates that the grana preparation reported here is
Berlin). Four datasets corresponding to isolated PSII particles,highly depleted in both cybf complexes and PSI, typical
TRIS-treated PSII particles, and grana membranes werefor BBY membranes3s).

subjected to reference-free alignment, followed by multi-  App of Isolated PSII Supercomplexes and LHCII Trimers
variate statlst|c_al an_alyses,_to give |n|t|<'_1l 2D c_Iass averagesTy test the applicability of the AFM technique to visualize
that were then iteratively refined to obtain the final averages, photosynthetic protein complexes in air, the structurally well-
subpopulations, and statistics7( 37). defined LHCI-PSII supercomplexy 10) and the trimeric
LHCIl complex (7, 8), both purified from spinach, were
RESULTS ) - - .
chosen as model systems (Figure 1). Single-particle analysis
For the visualization of the photosystem Il arrangement of isolated PSIl supercomplexes (Figure 1A) reveals three
in grana thylakoids by AFM, the AFM tip must have access particle classes (Figure HD). Their lateral dimensions are
to the surface of a grana disk. Samples which fulfilled this summarized in Table 1. The information about the height
precondition were isolated grana thylakoid membranes was perturbed during this analysis and prevented direct
prepared according to the BBY protoc@gj. Also advanta- correlation between the lateral dimensions and height.
geous for the AFM technique was to ensure that the BBY Therefore, the height of the particles was measured sepa-
method produced flat, paired membrane stacks, similar torately. A height histogram (not shown) reveals two types of
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Table 1: Dimensions of Isolated PSII Supercomplexes and LHCII Trimers

lit. height ratio,
Figure lateral dimension (nm) height (nm) height (nm) AFM/lit. (%)
1B 32.3x 18.9; 35% (= 173) 6.5+ 0.6 (72%} 9.5°(PDB file 1S5L) 68
1C 26.4x 18.2; 42% (= 208) 6.5+ 0.6 (72%%} 9.5°(PDB file 1S5L) 68
1D 19.1x 17.4; 24% (= 120) 2.8+ 0.6 (29%}
1G 19.5x 20.9 h=123) 2.9+ 0.4 (h=82) 4.8 65) 60
1F, 1.Level 3.2+ 0.6 (h=28) 4.8 65) 67
1F, 2.Level 6.3+ 0.8 (n=28)

a A total of 795 particles were analyzetdThe height is estimated from the cyanobacterial PSIl complex with extrinsic subunits of the water-
splitting apparatus removed.

particles of about 2.8 and 6.5 nm height. Comparing the
abundance of lateral dimensions and height, it was concluded JAN
that the particles in Figure 1B,C are 6.5 nm high and the
particle in Figure 1D is 2.8 nm high (Table 1). This
assignment was confirmed by measuring the lateral dimen-
sion and height of randomly selected individual particles in
the AFM images (not shown). It is likely that the particle
shown in Figure 1B represents the dimeric LHERSII

agreement with a higher plant supercomplex of 33.06.5
nm 39). Single-particle and height analysis of 453 objects
from TRIS-treated supercomplexes (not shown) reveals thatpg
24% of the particles have dimensions of 3&c21.1x 7.1
+ 0.5 nm (lengthx width x height) and 73% dimensions
of 21.5 x 18.5x 3.1+ 0.7 nm. TRIS treatment removes
extrinsic subunits (PsbO, PsbP, and PsbQ) of the water-
splitting apparatus4Q, 41). The increased abundance of
smaller particles and the decrease in larger particles (comparg
with Table 1) indicate a disintegration of PSII supercom-
plexes into smaller subparticles by the TRIS treatment, which ] ] o
was already reported4®). The observation that TRIS FIGURE 2. (A) 3D representation of an AFM image in air from
. . . __stacked grana membranes isolated from spinach thylakoids. I, I,

treatment did not reduce the height of the supercomplex givesanq ||| indicate discrete height levels. The white box indicates the
strong evidence that in untreated samples extrinsic water-region shown enlarged in (C). (B) 2D representation of the same
splitting subunits were already absent. The lateral dimensionAFM image. Scale bars: (A, B) 500 nm, (C) 50 nm.
of particle C is significantly smaller, indicating that a fraction
of the supercomplexes have lost subunits. This had previouslyplexes (Figure 1B) are not significantly altered. Unlike that
been observed in electron microscopic studies of isolatedof the PSII complex, the lateral size of isolated trimeric
supercomplexes3). LHCII is significantly larger than expected from high-

Due to the fact that the height of the object in Figure 1D resolution dataq), as assuming that the complex is sur-
is significantly lower than that of the objects in Figure 1B,C rounded by a detergent shell the diameter should bel21
(Table 1), this particle most likely represents free LHCII nm (8 nm+ 2 x 1.7 nm). Most likely this enlargement is
complexes 7, 10). A deeper analysis of isolated LHCII ~ caused by a tipsample convolution effect (see, e.g., 48).
trimers is presented in Figure 1. Interestingly, at high protein It is noteworthy that the convolution effect is much more
concentrations (Figure 1E), extended stacks of flat patchespronounced for smaller objects (i.e., LHCII) than for larger
were formed which can be higher than 200 nm. This 2D ones (i.e., PSII supercomplexegj3). The comparison of
and 3D self-aggregation of trimeric LHCIl complexes the height deduced by AFM in air with literature data
induced by high protein concentrations is well established (Summarized in Table 1) reveals-380% shrinkage of the
in the literature (see, e.g., r&8P). Smaller protein patches protein complexes. However, the height of a stack of two
were produced simply by dilution. At 10 nM chlorophyll LHCII layers is almost the double of one LHCII layer (Figure
(Figure 1F) separated patches of 3@®0 nm diameter  1F, Table 1), indicating that taking the height from AFM as
occurred with two discrete height levels (indicated by arrows an intrinsic measurement allows for relative comparisons of
in Figure 1F) of 3.2 and 6.3 nm (Table 1). Further dilution height values. This will be relevant for the organization of
leads to formation of one type of (small) particle (Figure grana stacks presented below.
1G,H) with dimensions of about 19:620.9 x 3 nm (Table Scanning Force Microscopy of Isolated Grana Thylakoids
1). The size of this object is in good accordance with the Figure 2 shows an example of an AFM micrograph from
sizes of particle 1D, supporting the interpretation that in AFM isolated grana membranes. The 3D representation (Figure
micrographs of the PSII supercomplex free LHCII complexes 2A) reveals steep increases in height to three different
were present. plateaus (levels tIl). Each plateau is crowded with

To summarize, in AFM micrographs of dried samples, the protruding structures. From a statistical analysis it was found
lateral dimensions of intact isolated LHEIPSII supercom-  that 9% of the membranes have a mean height of 6.4 nm
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Ficure 3: Topographical images of a grana area (area in the upper part of Figure 2B). (A) Bilayer level (see the text for the definition).
(B) Protrusion level, which is about 2 nm higher than the bilayer level. Clearly separated protrusions with a heighinof 4re visible.

(C) Result of a single-particle analysis (566 particles) of the objects in the protrusion level (for example, see Figure 3B). (D) High-
resolution structure of the lumenal part of the PSII dimer (PDB file 1S5L). Only the part which protrdlem from the bilayer level is

shown, together with an overlay of the similar density resolved at 1.7 nm resolution from cryo-EM-derivedS)atg) Low-resolution

2D projection deduced by mathematical filtering from the cyanobacterial PSIl underlying coordinates of (D). The resolst#bnrof
produced by the filtering was chosen as similar to the resolution of our AFM images. For further details, see the text. The scale bar in (D)
is 10 nm.

(level ), 73% a mean height of 11.9 nm (level Il), and 18% represent exclusively PSII due to the fact that the BBY
a mean height of 23.2 nm (level Ill), which is in agreement preparation contains mostly only PSIl and LHCII (see above).
with our previous data2g). The maximal height values for  Clearly separated particles with a roughly elliptical shape
each level are 8.68- 0.4 nm (level ), 14.8+ 0.8 nm (level were recognized in the protrusion level (Figure 3B). The
I1), and 26.74+ 0.7 nm (level lll). It is reasonable to assume single-particle analysis of these objects resulted in one
that the three levels represent one single grana membrane, particle average type shown in Figure 3C. The lateral
stack of two membranes, and a stack of four membranes,dimensions of this structure are about 22 sni3 nm and
respectively. It follows that most BBY membranes consist are characterized by two peaks separated by about 9 nm. To
of a stack of two grana disks, which was also deduced from verify that this particle represents the lumenal part of
electron microscopic studie8§). The diameter of a grana  photosystem I, it was compared with a high-resolution
disk has been observed to be 38D0 nm (5). The patches  structure of the dimeric complex from cyanobactedd;
shown in the upper part and level Ill in the 2D representation PDB data file 1S5L). In this way, the lumenal density that
(Figure 2B) are in accordance with these dimensions. protrudes out by 2 nm from the bilayer level was extracted
However, the remaining membrane is significantly larger. from the published structure (the underlying PDB coordinates
This enlargement might be explained by the lateral fusion in Figure 3D) and filtered down to a resolution of 4 nm
of several grana membranes by dilution of BBYs in (Figure 3E), which corresponds to the resolution of our AFM
detergent-free buffers either in solution or at the mica surface. micrographs. The resulting particle has a size of about 20
Recently we directly observed the lateral fusion of BBYs nm x 14 nm, whereas two density peaks (corresponding
on glass by confocal laser scanning microscopy (unpublishedmainly to the extrinsic loops of CP47 and CP43 and the
results), supporting the second alternative. Clearly BBYs PsbO, PsbV, and PsbU gene products engaging the water-
have a high tendency to fuse together. splitting apparatus) are separated by 9.2 nm. It is noteworthy
All AFM micrographs from grana thylakoids revealed a that at this resolution the structure of the lumenal protrusions
characteristic dense packing of protruding particles (e.g., seeof the cyanobacterial PSII is very similar to that of higher
Figure 2). For a deeper analysis, these protrusions wereplants. The correlation between the dimensions of the objects
visualized by the following procedure. First, the lowest height in Figure 3C,E gives strong evidence that the particles in
level of a grana patch was determined (light gray colors in the protrusion level (Figure 3B) represent the lumenal part
Figure 3A). This level should represent the level of the lipid of dimeric photosystem Il complexes. Further evidence for
bilayer and/or the level of LHCIl complexes (“bilayer level”).  this interpretation comes from the height of these protrusions
In stacked control membranes the height of this level was relative to the bilayer level for levels Il and 11l (see Figure
between 9.5 and 11.5 nm. In the next step the topography2A for the definition of the levels), which is 44& 0.8 and
of the AFM image higher than 2 nm relative to the bilayer 4.7 & 0.7 nm. These values are slightly lower than the
level was visualized (gray colors in Figure 3B) (“protrusion expected 5.2 nm deduced from electron microscopic studies
level”). We chose a value of 2 nm given that the lumenal on higher plant supercomplexey. In contrast, the height
protrusions of LHCII are not higher than 1 nif)(Structures for level | is significantly lower (2.6 0.5 nm), which is
higher than 2 nm relative to the bilayer level should therefore visualized in the enlarged 3D representation in Figure 2C.
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021 A 18-20 nm lished data using the same plant material grown under
! A |21250m B identical conditions were used.d). Comparing the next

o e A0 neighbor distribution between cryo-EM and AFM (Figure
) } ‘ 0.1 4A) reveals no significant differences. In particular charac-
il A\
e o S

teristic peaks in the distributions (indicated in Figure 4A)
occurred at almost the same positions. These peaks are
0,0 fingerprints of a given PSII distribution in the membrane.
Noteworthy significant differences are apparent when AFM
: ) ) ) (or EM) data are compared with a purely random PSII
distance in nm distance in nm distribution (Figure 4B) generated by computer simulations
FiGURE 4: (A) Comparison of next neighbor distribution analysis  (data from reflL3). A clear shift from shorter distances (1

of the particles in the protrusion level of grana membranes (AFM) ; ;
with electron microscopic data. The data represent the mean of eight14 nm) to longer distances was apparent in the AFM

different grana patches with their standard error of the mean. Gray distribution. This shift of about 10 nm could represent an
circles: NNDF data deduced from an electron microscopic analysis Organization in which adjacent PSIl complexes are spaced
taken from spinach grana thylakoids grown under the same by trimeric LHCIl complexes. The results suggest that

conditions (3). Note the similar pattern indicating a close cor- imaging grana membranes by AFM in air does not signifi-
relation in arrangement of PSII complexes. (B) Comparison of AFM : ot

data with a pure random PSiII distribution taken from t8&f For cantly alter the spacing and lateral _Orgaf"z?‘“or? of P.S”‘
further details, see the text. An advantage of the AFM technique is its high signal-

to-noise ratio. In addition to determining the position and

This protrusion may represent the stromal side of photosys-size of PSII particles, it was possible to deduce their
tem 1l. The density of the protruding structures in levels Il orientation in grana membranes due to their elliptical shape.
and Ill is 17314 55um~2, which is in good agreement with ~ This is illustrated in Figure 5. Figure 5A shows the height
the PSII density of 1703 49 um~2 deduced from electron  profile of the protrusion level of the grana patch in Figure 2
microscopic images of freeze-fractured thylakoid membranes (level Il). The position and orientation of individual elliptical
(so-called EF particles) prepared from spinach plants grown particles of the protrusion level were fitted with the PSII
under the same condition&3). contour extracted from the single-particle analysis (Figure

Height analysis of TRIS-treated grana membranes and the3C). This leads to Figure 5B. To analyze the orientation of
comparison with control membranes (not shown) reveal a the PSII complexes in Figure 5B, we developed a new
lower abundance of height values around 13.4 nm (level II) mathematical procedure which measured the angle of a given
and 25.1 nm (level lll) and a higher abundance of values particle relative to its nearest neighbor. We have called this
around 9.8 and 21.6 nm in TRIS-treated samples. In contrastthe next neighbor angle distribution functigiNNADF) in
to the missing effect of TRIS treatment in isolated LHEIl  analogy to NNDF. Figure 6 (hatched histogram) shows the
PSII supercomplexes (see above), this height reduction of NNADF for the distribution shown in Figure 5B. Note that
about 3.5 nm indicates the presence of the extrinsic subunitsthe AFM tip geometry or scanning process itself may produce
of the water-splitting apparatus in isolated grana membranes.an artificial angle distribution. We analyzed this by calculat-
The value of 3.5 nm is slightly lower than expected for the ing the NNADF of the isolated PSII supercomplexes which
height of extrinsic lumenal subunits of PSII (3.8 n#g). were imaged with the same tip and settings and under the

In summary, the topographic characteristics of the protrud- same conditions as the grana thylakoids. It can be assumed
ing structures in levels Il and Ill and their density as well as that this represents a pure random distribution. Therefore,
the height reduction after TRIS treatment gave strong the NNADF of isolated PSII (Figure 6, gray histogram) can
evidence that these objects represent the lumenal protrusiorbe used to analyze the scan-angle dependency of the AFM
of PSIl. Most likely level | corresponds to one grana apparatus. The dashed line indicates the expected frequency
membrane with the stromal side facing toward the AFM tip, for an equal distribution, i.e., a pure random orientation. For
whereas levels Il and Il correspond to a stack of two and isolated PSII the angle distribution is almost random except
four membranes in which the lumenal side is facing the tip, for a slightly increased population of angles betwegarid
respectively (see also Figure 7). 10° and depopulation of angles betweer? 80d 75. These

PSII Arrangement in Grana ThylakoidBhe above results  deviations from an equal distribution should represent the
indicate that the particles in the protrusion level in grana angle dependency of the AFM setup. However, compared
thylakoids represent the lumenal part of dimeric PSII to this distribution, significant deviation is apparent in the
complexes. This opens the possibility to use this topographic PSII orientation in BBY membranes. In particular, it appears
feature to analyze the supramolecular organization of this obvious that in grana thylakoids the PSIlI complexes are
complex in grana membranes. To test whether the lateralarranged more parallel (an increase in angles betwzand
membrane organization is affected by using dried samples25°) than perpendicular (a decrease in angles betweén 70
or by the AFM technique, a next neighbor distribution and 90) to each other.
analysis was used to compare the PSII distribution deduced
from AFM images with a distribution derived from well- DISCUSSION
established electron microscopic images of freeze-fractured Applicability of AFM in Air To Visualize PSIl Complexes
thylakoid membranes. The next neighbor distribution func- In this study dried samples were used to analyze the PSII
tion (NNDF) expresses the probability of finding an adjacent organization in grana thylakoids. An advantage of measuring
particle at a given distance and enables the objective with dried samples is that the mobility of membrane proteins
comparison of two distributionst). For the PSII distribu-  should be significantly reduced. AFM images taken from
tion from cryo-EM micrographs (Figure 4A) recently pub- dried samples are a kind of frozen snapshot of the protein
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Ficure 5: Fitting the PSII structure deduced from single-particle analysis (Figure 3C) to the protrusions of a grana membrane. (A) Protrusions
(2 nm above the bilayer level) of the grana patch shown in Figure 2 (level Il). For each protrusion the position and the orientation of the
PSII structure deduced from a single-particle analysis of the same membrane patch (Figure 3C) were fitted by hand given (B). Scale bar

250 nm.

plex is in good accordance with high-resolution data. (ii)
Comparison with freeze-fracture EM data reveals no lateral
shrinkage (almost the same PSII density and mean separation
of neighbored complexes). (iii) Next neighbor distribution
analysis (Figure 4) shows a typical pattern of distinct
distances as in freeze-fracture EM. Thus, we conclude that
AFM of dried grana membranes is an adequate tool for
analyzing the static PSII organization. However, significant
deviations were observed in the height of isolated complexes
and grana membranes (see below).

Vertical Organization of PSIl in Stacked Grana Thyla-
koids In principle, one benefit of the AFM technique is the
possibility to measure the height of samples with great
Ficure 6: Next neighbor angle distribution analysis. From a given accuracy. However, for isolated PSII supercomplexes and

particle the NNADF measures the angle with its next neighbor, . . . . .
taking the long axis as"0The definition of the angles is depicted ~timeric LHCII the height is 36-40% lower than expected

in the inset. The analysis was applied either for isolated PSII from high-resolution data (Table 1), indicating some vertical
complexes (gray bars) or for the protrusions in a grana membraneshrinkage. In grana membranes this shrinkage is less

(hatChed baI’S). Note the redundancy of angles greater than 90 pronounced The max|ma| he|ght of one grana membrane

For example, angles of 135225, or 315 are not distinguishable . : .
from the 43 angle. Thus, the angles higher thari @€e transformed should be determined by the height of PSII; hence, one

to angles betweerr@nd 90. The dashed line indicates the expected €xpected a value of 1011 nm @5). The height _measured
frequency for a pure random angle distribution, i.e., no preference by AFM is about 20% lower (8.6 nm). This reduced

in orientation to the next neighbor. For further details, see the text. shrinkage may be due to a higher amount of residual water

organization. In principle, photosynthetic protein can diffuse in the membranes compared to isolated complexes. However,
with a high rate. E.g., recently we found that a fraction of @n important finding was the almost exact doubled height
chlorophyll-protein complexes in BBY membranes migrate value for a stack of two layers of isolated trimeric LHCII
with a diffusion coefficient of about 0.5 107 cn? s°* compared to one layer (Table 1). Thus, the height deduced
(unpublished results). This value translates to a meanby AFM for one grana membrane can be used as an intrinsic
diffusion distance of about 140 nm’s Given that the AFM measure for analyzing the vertical PSII organization in stacks
image process is slow (e,@ s per X line in Figure 2), these  of several grana membranes (Figure 7). Taking the maximal
fast-migrating protein complexes cannot be detected andheight of a single grana membrane, a stack of two membranes
would perturb the AFM imaging process. However, an (level Il in Figure 2) should be 17.2 nm, in contrast to a
important prerequisite to analyze PSII organization in grana measured height of about 14.8 nm. This difference could be
membranes by AFM of dried samples is that these measuringexplained by a displaced arrangement of the stromal protru-
conditions do not lead to artificial membrane rearrangements. sions of two adjacent PSIlI complexes (Figure 7) which would
Good evidence exists that the lateral PSIl organization is give a maximal height of about 14.6 nm £28.6 nm— 2.6

not significantly altered in AFM micrographs: (i) The lateral nm), in good agreement with the measured value. A
dimension of the isolated complete LHEIPSII supercom-  conclusion similar to that for the stromal side can be drawn
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Ficure 7: Scheme of the vertical organization of PSIIHCII supercomplexes deduced from the AFM height measurements. Supercomplexes
with reduced height because of the drying in air (see Table 1). Dark gray structures:LP&Ill supercomplex. Light gray bars: lipid

bilayer. In stacks of two paired grana membranes, lumenal protrusions of PSII can face directly opposite each other (indicated by the arrow
in the gray box in the upper left) or can be displaced relative to each other (arrow in the middle).

for a stack of two paired membranes with respect to the in the membrane bilayer is probably involvesP). For the
lumenal protrusion of PSII. From our values it is expected latter we proposed a causal link between lateral membrane
that a stack of two paired grana membranes (level Il in pressure, modulated by the nonbilayer HIl phase of mono-
Figure 2) should have a height of about 29.6 nmx(24.8 galactosyldiacylglycerol, and binding properties of LHCII
nm), which is about 3 nm higher than the measured value. and/or PSIl which in turn trigger array formatiorsb2).
The simplest explanation for this reduction in height is the However, the results suggest a delicate balance of ordering
displacement of the water-splitting apparatus of two adjacent and disordering forces in grana membranes which determine
PSII complexes (Figure 7). For a displaced organization of a flexible equilibrium in the PSII arrangement. Interestingly,
the water-splitting apparatus in opposite membranes, a heightevidence accumulates that 2D array formation is stress
value of 26.0 nm is expected (2 14.8 nm— 3.6 nm). Thus, induced 9, 52). Thus, supramolecular ordering seems to be
the height analysis gives evidence for a dovetailed arrange-correlated with an optimization of photosynthetic functions.
ment of protruding stromal and lumenal parts of PSIl in  The functional consequences of an alignment and separa-
neighbored grana disks. The question of whether the lumenaltion of PSIl complexes are unknown. Lateral diffusion
protrusions of opposing PSII complexes are directly facing processes (proteins and or plastoquinone) or the intermolecular-
each other or are displaced is relevant for the migration of dependent light-harvesting function of photosystem Il could
hydrophilic lumenal proteins as well as for membrane be affected. The parallel organization of PSII most likely
proteins with lumenal protrusions (PSlI, dytcomplex). In reflects preferential interactions between LHCII at the top
particular, this should affect the migration of photodamaged and bottom sides of the supercomplex, leaving the middle
PSII complexes to the stroma lamellae and back in the courseportion protein-free. This is important for an efficient binding
of its repair cycle 47) and the diffusion of plastocyanine and unbinding of plastoquinone/plastoquinol because the QB
(48, 49). It is expected that a displaced arrangement of the binding niche is localized in this regiod4). Furthermore,
water-splitting apparatus as proposed from our data would efficient protein traffic is necessary for adaptation mecha-
hinder lumenal diffusion processes since (i) the inner width nisms such as state transitior3) or the PSII repair cycle
of the lumen is smaller (see Figure 7) and (ii) the number of (54). Diffusion analysis gives evidence for facilitated migra-
diffusion obstacles is increased. Therefore, the removal of tion of a fraction of pigment protein complexes (PSII or
the water-splitting apparatus from the photodamaged PSIILHCII) in grana thylakoids, allowing for fast protein
complex 60) could be important not only for the functional- exchange between stacked and unstacked membrane regions
ity of the photoinhibited complex, but also for its efficient (unpublished results). The structural basis for this fast
migration to unstacked stroma lamellae in the course of the diffusion in crowded grana membranes may be the formation
repair cycle. of small diffusion channels which must be formed by
Ordered PSII Organization in Grana Thylakoid$n organized protein arrangement. Parallel alignment of PSII
extension to earlier results which demonstrate a nonrandomsupercomplexes could be a key factor for this kind of
PSII positioning {3) and which are confirmed by the AFM  organization required for efficient diffusion processes in
data (Figure 4), the analysis in Figure 6 also reveals a densely packed grana thylakoids. A fraction of PSIl com-
tendency for an ordered parallel alignment of PSII in a plexes in Figure 5B indeed show a chainlike arrangement.
seemingly randomly organized grana membrane. A parallel In this study we have demonstrated visualization of the
alignment of PSII was also observed in isolated so-called supramolecular organization of photosystem Il in grana
megacomplexes (dimers of LHCHPSII supercomplexes) thylakoids using AFM in air. From the high accuracy with
and in highly ordered 2D semicrystalline PSII arrays in which one can map surface topography by AFM, we have
isolated grana membranes and intact thylakoids which canconcluded that the lumenal and stromal protrusions of PSlI
be formed under certain conditions (summarized inQef complexes in adjacent grana disks are displaced relative to
Both the positional order (Figure 4) and orientational order each other. Furthermore, a preference for an ordered parallel
(Figure 6) indicate that the same forces involved in 2D arrangement of neighbored PSII complexes was detected.
semicrystalline array formation are also apparent in mem-
branes with noncrystalline organization. The results indicate REFERENCES
that grana membranes are in a kind of “precrystalline” state 1 \jystady, L., and Garab, G. (2003) Granum revisited. A three-
in which building blocks for highly ordered crystalline dimensional modetwhere thinks fall into placeTrends Plant
organization are preformed. The factors which govern the Sci. § 117-122. _
degree of aray formation are not known. Specific protein 2 SO, =, Faviion, o oned, L snumieis v one feer, 7,
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