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ABSTRACT. The excitation energy transfer between photosystem (PS) Il complexes was studied in isolated
grana disks and thylakoids using chlorophglifluorescence induction measurements in the presence of
DCMU under stacked and destacked conditions. Destacking of grana was achieved using a sonication
protocol in a buffer without MgGl The degree of stacking was controlled and quantified by atomic force
microscopy and by the concomitant absorption changes. As expected from the literature, intact thylakoids
showed a strong dependency of the connectivity of PSII center§, g ratio as well as the fraction of

PSII5 centers on the MgGlconcentration. In contrast, these parameters did not change in isolated grana
disks. In particular, the connectivity remained constantly high irrespective of the degree of destacking.
These differences were explained by the high protein density in grana disks, which hinders separation
and mixing of proteins sufficiently to change energy transfer properties. Due to the occurrence of stroma
lamella in intact thylakoids, intermixing of PSIl and PSl is possible and allows for chandggha ratio

as is the separation of LHCII from PSII, thus leading to an increase in the fraction of. ESién if

mixing and separation of proteins are impaired in isolated grana disks, destacking should lead to a decrease
in connectivity if transversal excitation energy transfer between two opposite membranes is significant.
Because the connectivity is constant over all degrees of destacking employed, we conclude that the energy
transfer in granas is mainly lateral.

Light harvesting is of vital significance for all photosyn- integral components of the thylakoid membrane system in
thetic organisms. This function is realized by highly special- chloroplasts.

ized proteins, light harvesting protein complexes (LHCS),  The thylakoid membrane is subdivided in two compart-
and core antenna proteins. These proteins bind the lightments: About 80% of the membranB) (is organized in
absorbing pigments, such as chlorophyllsZ). Absorbed  strictly stacked grana membranes which are connected by
light energy is transferred inside and among LHCs by ynstacked stroma lamellaé)( The main integral proteins
nonradiative exciton transfer to the photochemically active of the thylakoid are, in addition to the LHCs, the two
traps of the photosystems (reaction centers,'R8) Here  photochemically active photosystems | and Il, the cyto-
the energy of the excited state is converted into redox energychromebf complex, and the ATPasé)( Today, a detailed
(primary charge separation) that is finally used for the picture of the organization of the protein complexes in the
formation of ATP and NADPH+ H*. An extended light  thylakoid membrane exists due to a huge number of structural
harvesting antenna system is built up from the functional investigations. The protein complexes, which can consist of
cooperation of many LHCs. This results in an enlargement yp to 30 different subunits, can assemble into relatively stable
of the apparent absorption cross section per RC by a factorhigher associations named supercomplexes1(). From

of 100-1000, which forms the basis of efficient light functional considerations of the energy transfer in PSIl and
harvesting. In various photosynthetic organisms (green PS| the term photosynthetic unit (PSU) was introduced,
bacteria, purple bacteria, cyanobacteria, red algae, or highefwhich can be defined as a structural entity consisting of the
plants) the antenna systems are remarkably diverse. Howevereaction center and its associated antenna systémip).

in higher plants all LHCs are members of thab-gene It is likely that supercomplexes are the structural representa
family, which share a high sequence homology. (They tion of the PSUs. The organization of the PSUs of PSII and
are characterized by three transmembrane helices and ar@Sl is quite different. Beside the fact that PSI has a RC of
the iron—sulfur type and PSII has a quinone type RIG3)(

the antenna systems show significant differend&. (Most
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(Lhcb 4, 5, and 6) 1), which altogether bind about 100 chloroplasts 30). Thus, this type of preparation is useful to
chlorophylls. There is good evidence for a monomeric analyze both lateral and transversal energy transfer in the
organization of PSH in thylakoids (L5). The majority of antenna system of PSII.

PSIl is of the PSik type that binds various numbers of  Here we examine the contribution of transversal exciton
additional LHCII trimers Lhcb 1-3 gene products). This  transfer by a functional comparison of stacked versus
results in a two to three times bigger antenna (2280 unstacked grana, exploiting the fact that no transversal energy
chlorophylls per RC) compared to PBlIThere are good  transfer is possible after destacking. For unstacking a protocol
indications that PStl is exclusively localized in stacked was developed on the basis of sonication of membranes in
grana regions and is organized as a dimeric supercomplexmedia of low ionic strength. The degree of stacking under
(16). The progress in the structural elucidation of protein poth stacked and destacked conditions was quantified by
complexes in thylakoids forms the basis for a deeper atomic force microscopy (AFM). The functional analysis of
biophysical understanding of energy migration and photo- energy transfer in the PSIl antenna was examined by
chemical trapping in PSIl and PS1{-19). chlorophyll a fluorescence induction measurements.

An important difference between P&land PSIB and PSI Chlorophyll a fluorescence induction is a sensitive, non-
is the fact that in the case of P8liseveral PSUs are jnvasive, and well-established method for analyzing the
excitonically connected (e.g., ré?). This phenomenon is  energy utilization in PSII {1, 31). Lavergne and Trissl
named connectivity and enables a better utilization of light developed a sophisticated mathematical description for
energy by PStu Light quanta absorbed by a PSU that is analyzing induction kinetics3@) which is based on the
photochemically inactive (e.g., the primary quinone acceptor, commonly accepted exciton radical pair equilibrium model
QA, is in the reduced state) can be used by a neighboringfor pS|| (3). Besides other parameters this analysis provides
PSU with an oxidized QA via interunit exciton transfer. This the quantityJ, which is a measure of the Connectivity
connectivity is associated with grana stacking. Grana canpetween PSUs of the PSlltype. The value (1 J) can be
be destacked in vitro by incubating thylakoids in media with interpreted as the relative enlargement of the antenna of an
low ionic strength, e.g., without Mg cations g0, 21). open PSii (oxidized QA) by interunit exciton transfer if
Destacked thylakOIdS show a Significant decrease in the all neighboring PSUs are closed (reduced m)(ThUS, a
ConnectiVity between PSll (22) The structural realization decrease inJ upon destacking of grana membranes is
of the connectivity phenomenon on the supramolecular level indicative of a significant contribution of transversal exciton
in grana stacks is under debate. It is likely that the excitonic energy transfer in stacked grana thylakoids.
coupling between PSUs is mediated by LHCII. In principle,
this coupling can occur by lateral exciton transfer within a MATERIALS AND METHODS

grana disk or by transversal transfer between opposite grana ) )
disks. Both possibilities were suggested in the literat28e ( Membrane Preparations and Destacking of Grana Thyla-

24). The experimental evidence for a transversal energy koids.Thngkoids were isolated from 6 week old Iee}ves of
transfer is rather low. From fast photovoltage measurementsSPinach §pinacea olerac_emar. polka) grown hydrop_omcally

it was concluded that it could exist in stacked thylakoids (33) at 13-16°C according to re84. The photoperiod was
(25). However, the evidence is rather indirect, and the author 10 h (300umol of quanta m* s*). Grana thylakoids were
discusses also alternative explanatio2s).(So far there js  isolated from the chloroplasts according to &8 (BBY

no direct evidence that both lateral and transversal excitonMembranes) with slight modifications described in 36f
transfers are realized in grana stacks. Electron microscopy ! h€ chlorophyll content was determined according td3gef

on isolated grana membranes gave evidence for some parts Several conditions were tested to destack isolated grana
of grana membranes that only contain LHCII. Next to these membranes. Atomic force microscopy and absorption changes
areas crystalline arrays of P8&lare found, as well as inthe ~ at 505 nm (see Results) were used to check the degree of
opposite membrane sheet. As the size of the LHCIl-only stacking. No quantitative destacking could be reached by
areas is too large to allow for efficient lateral energy transfer, €ither incubating the BBY membranes over several hours in
it was concluded that transversal energy transfer has to takeMgClo-free buffer with EDTA or an additional treatment in
place @6). The question whether a transversal energy transfer & sonicator bath (low energies). However, a nearly complete
is possible is even more relevant for a recently postulated unstacking was achieved by treating BBYs for 1 min with
alternative structural model of the protein organization in an ultrasonic tip (30 W) in buffer containing 0.5 mM EDTA,
grana stacks2?). In this model two types of homogeneously 10 mM KCI, and 15 mM 244-morpholino)ethanesulfonic
built membranes strictly alternate in the grana disks. One acid (MES) (pH 6.5, KOH) at 48 °C and a chlorophyll
type contains only PSII cores whereas the other type containsconcentration of 1gmol-L~*. For control membranes and
solely LHCII complexes. In this organization efficient light for partly destacked membranes due to different MgCl
harvesting requires transversal energy transfer from theconcentrations, EDTA was replaced by 7 mM MgGt the
LHCII-only membranes to the opposing membrane, which indicated MgCj} concentrations, respectively. The mem-
contains the PSII centers. In this work we analyze the branes were stored on ice for at least 20 min prior to use.
significance of transversal exciton transfer between opposite Destacking of intact thylakoids was achieved as described
disks in isolated grana membranes prepared according to refin ref 36. In detail thylakoids were adjusted to 2 mg of
28(BBY membranes). BBY membranes consist of flat paired chlorophylkmL™. The membranes were diluted 1:1 in 0.5
membranes originating from the core region of the grana mM EDTA, 5 mM KCI, and 10 mMN-(2-hydroxyethyl)-
together with different amounts of grana margir9)( piperazineN'-2-ethanesulfonic acid (HEPES, pH 7.6) and
Recently, it was shown that in BBY membranes the protein incubated fo 1 h on iceunder slow stirring. The membranes
density and organization are similar to grana of intact were then again diluted 1:100 in the same buffer and stored



14510 Biochemistry, Vol. 43, No. 45, 2004 Kirchhoff et al.

on ice until use (1«mol-L~1 final chlorophyll concentra-  the relative fraction of PS#l fluorescence, anéls andk,
tion). For the MgCJ series EDTA was replaced by the are the rate constants for QA reduction in Bihd PSl,
indicated MgC} concentrations. Control thylakoids were respectively.

directly diluted in a buffer with 330 mM sorbitol, 80 mM In these calculationsds and ks were freely adjustable
KCI, 7. mM MgCl;, and 25 mM HEPES (pH 7.6, KOH). parameters. After fitting, the residuals were calculated, and
Atomic Force Microscopy (AFM)AFM (Digital Instru- another routine was conducted with a nievandJ parameter

ments, Dimension 3000, Santa Barbara, CA) was performedset. From the plot of the residuals versysandJ the best

in air using the tapping mode with silicon cantilevers parameter set was extracted (where the residuals are mini-
(nanosensors) with resonant frequencies of-2880 kHz mal). An example for a fit is given in Figure 4.

and nominal spring constants 642 N/m. Samples were Absorption MeasurementSalt-induced changes of ab-
prepared by placing a 5L drop of stacked or destacked  sorption spectra indicate aggregation of LHCII (e.g. 38f
grana membranes on a freshly cleaved mica surfadex( and are used to monitor the degree of stacking of grana (see
7 mm) for 2 min prior to rinsing 10 times (10@L/rinse)  Results). Absorption spectra from 400 to 800 nm were

with Millipore water (resistivity 18.2 M2-cm) in order to  recorded in a Hitachi 3010 photometer with a slit width set
remove the buffer. The sample was then dried under atg 1 nm and a scanning speed of 300 nm/min. Salt-induced
nitrogen stream for 2 min. Qualitative comparisons between absorption changes were demonstrated by the difference of
samples prepared with and without the rinsing step indicated the spectrum of grana membranes sonicated in the presence
that rinsing the adsorbed membranes with pure water hadof the indicated MgGlconcentration minus the spectrum of
no obvious effect on the stacking of the membranes. untreated membranes in the presence of 7 mM MgTh
Chlorophyll a Fluorescence Inductiomduction curves  5ccount for slightly different chlorophyll concentrations, the
were measured in a laboratory-built fluorometer. Broad green spectra were normalized to the absorption maximum around
excitation light was produced by a halogen lamp filtered g75 nm pefore subtraction. Therefore, the data in Figure 2

through Corning 9782, BG 18, and heat mirror filters. The represent absorption changes relative to the maximum
light was guided on the entrance of a mirrored cuvette apsorption around 675 nm.

(dimensions 5x 5 mm) protected with a fast electronic
shutter (0.7 ms opening time, LS6T2, Uniblitz Co., Dietzen-

bach, Germany). The fluorescence light at 9s filtered . : :
by Schott RG695 and Calflex C filters and detected with a ggr%t;;r;d;;%eﬂ%rgsdae%dir@.J#g?ggfagizsg mM

photomultiplier with a red-sensitive photocathode (R636- MgCl,, 30 mM KCI, 300 mM sorbitol, 50 mM citrate (pH
10, Hamamatsu). The photomultiplier signal was recorded 4.8), a,nd 0.2% (w/\,/) dodec;ﬂ-maltos,ide at a chlorophyll

with an 3”?'&’19 to Ifd'g'?l conésvrter computer Ii?)rclj\/l and concentration of 4@mol-L 1. Before the measurements 100
processed with a self-written software program (v ess- uM methyl viologen and 1 mM sodium ascorbate were

and Piiisysteme, Kaen-EngeI_dorf, Ger_many). . added. The P700 content was calculated from the maximal
BBY membranes or thylakoids were incubated in buffers absorption change induced by a 150 ms red light pulse
described above at a chlorophyll concentration of 10 (Schott RG 645)

umol-L~t, The F, level was measured after 15 min of
incubation in strict darkness. With the same probe Fhe
level was detected after addition of 1 mM sodium dithionite.
Dithionite was added to avoid fluorescene quenching by
oxidized plastoquinone. In a separate experiment the fluo-
rescence induction kinetics in the presence of DCMU were
measured. After incubating the membranes in strict darknessp e 15
for at least 15 min, 1 mM NKOH (to compensate for
possibly damaged donor sides) and 20 DCMU were Degree of Stacking of Grana Membranesdatigated by
added and the induction kinetics recorded after21min. Atomic Force Microscopy (AFMFigure 1 shows examples
Fluorescence induction kinetics were analyzed on the basisof AFM images measured on sonicated grana membranes
of the connected units model as described in32f The under stacked or destacked conditions. From topographic
analysis of the normalized variable fluoresceriteprovides sections (gray lines at the top of Figure 1 and the corre-
the rate constants, andks for QA reduction (proportional  sponding height profiles at the bottom) it is obvious that the
to the apparent antenna size of a PSU) of aihd PSIp, structures are rather flat and are characterized by a sharp
respectively. In addition, the relative proportion of #5Il  rise from the mica surface (black) to the level of the
fluorescence and the connectivity param@téar PSlla can structures (gray). Both parameters are good indications for
be deduced. For these calculations an iterative fitting proce- biomembranes as, e.g., the topographic profile of small water
dure was employed. First, theoretical fluorescence induction drops shows a sine-like characteristic (not shown). Further-
curves for PSkk (F,o)) were calculated using a givég and more, within a few hundred nanometers the diameter of a
J parameter set and eq 11 taken from32f The measured  membrane disk corresponds to the dimension of grana
Fv signal was then fitted with the equation (program thylakoids ¢0). Additionally, topographic substructures such
SigmaPlot): as patchy surfaces and indentations in the height profiles can
be recognized. It can be estimated that these structures with
Fu(t) = Ag(1 — _tkﬂ) + (1= AgFa(t) (2) a diameter of about 20 nm extrude abott2nm from the
membrane surface of46 nm, resulting in a maximal height
whereF,(t) is the variable fluorescence level at tié\; is of about 8 nm (Figure 1B). Thus it is possible that these

The P700 content was determined using the light-induced
absorption changes at 810 nm minus the changes at 860 nm

Calculation of Foster Transfer RateDistances between
neighboring chlorophylls inside LHCII (PDB file 1IRWT)
were measured using the program39)(for all chlorophylls
present. Calculations of FFster transfer rates were done using
the formulas provided by ref9.
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subunits of PSII shielding the water splitting system (see
above). Considering that a single grana membrane has a mean
height of 6-7 nm, the discrete height distribution in Figure

L 2 can easily be understood: For destacked conditions the
height of 11.8 and 17.8 nm represents two and three single
layers, loosely associated by lying on top of each other on
the mica surface. In contrast, under stacked conditions
obviously only multiples of paired grana membranes of 11.9

; M nm occur (22.4 and 33.5 nm). This is in accordance with
30; iy , electron microscopic studies on BBY membrane preparations

B) destacked

oo

g 6 =
‘Ezné 4% in the presence of Mggl(29). In summary, we conclude
3 < that grana membranes incubated in order to preserve stacking
£ 10} 2§ are organized as pairs of two membranes, whereas under
0 b e —T the conditions for unstacking used here mainly single layer
0 500 1000 1500 4] 200 400 60 membranes are present_

distance / nm distance / nm .
Ficure 1: Atomic force micrographs of grana membranes. The MgCl-Dependent Stacking of Grana Measured by Ab-

membranes were either incubated under stacked (A) or destackeosor_ptIon Changgslt is assumed that.LHCII IS th'e protein
(B) conditions. The gray lines indicate the position of the height mainly responsible for grana stacking3j. Salt-induced
profile shown at the bottom. The level of the mica surface (black) aggregation of the LHCII is accompanied by characteristic
was set to zero. Note the patchy structures in panel B. For further ghsorbance changes (e.g., &f). These changes might
details see the text. : : :

reflect light scattering changes and flattening effedt®).(

substructures represent PSII supercomplexes where the wat%ome\éi;.’ V;tee ul\s/ledqf_hfdsecse'g n(?rlf':\r?sei r.ilat'r\;g Ss'ggllfntom
splitting complex is oriented toward the AFM tip@). It is investigate Vigtzrindu ges in g Ing,
noteworthy that interactions between the AFM tip and the calculating difference spectra of nonsompated grana in the
sample can distort the apparent topography (see Discussion)presence of 7 mM MgQImln.us grana sonicated at a given
Thus, the dimensions must be taken as a rough estimate.l\/lgc’I2 concentratlon: A typical d|fference_ Spec‘?“m for a
However, in this work we are interested in the mean height sample sonicated without Mg£is shown in the inset of

of grana membranes under stacked and destacked conditionf igure 3';— his spectrum Is :;] gpﬁ(ljjc(g:ltl)rdanﬁ_eawithadiflierence
Statistical analyses of the height distributions are given in SPEcira that are associated wit stackiaig ¢3). For

Figure 2. The histograms were fitted with Gaussians (Figure mo_nitoring Mng-dependgnt changgs in grana stacking, th?
2). The relative proportion of membranes with a particular height of the characteristic absorption change at 505 nm is

mean height was then deduced from integrating the curves Plotted against the salt concentration (Figure 3).
For 61% of stacked grana a mean height of 11.9 nm, for It is noteworthy that sonication of membranes alone,
32% 22.4 nm, and for 7% 33.5 nm was calculated; 73% of without further change in MgElconcentration (7 mM
destacked grana have a height of 6.8 nm, 20% of 11.8 nm,MgCl.), already leads to the appearance of a signal at 505
and 7% of 17.8 nm. nm (Figure 3). Itis likely that this is caused by unspecifically
A single lipid bilayer has a thickness of 4:6.7 nm @1) associated grana stacks being present, which are separated
depending on the type of lipid. The height of the LHCII by the sonication without dissociation of the grana pairs (see
trimer is 4.8 nm 48). It was suggested that the thickness of AFM analysis). However, a decrease in the Mg€incen-
the thylakoid lipid bilayer is about 5.5 nnd@). Thus the tration causes a further increase in the absorption signal
mean value of 6.8 nm determined for grana measured under(Figure 3). On the basis of the analogy to the results with
destacked conditions is slightly higher than expected for a isolated LHCII 87) and of the AFM analysis, we conclude
single, unpaired grana membrane. This difference can easilythat the MgCj-dependent changes reflect destacking of
be explained by the increase of the mean height due topaired grana. From Figure 3 it follows that 50% of stacked
extrinsic parts of the membrane proteins, especially the grana are destacked at about 0.2 mM MgClI

.30 3
930 A) stacked grana B) destacked grana | **
0.25 1 6.8 nm 0.25

70,20 0.20
=
g 0.15 1 11.9 nm 0.15
o
[:F]
&= 0,1 11.8 nm 0.10
17.8 nm
0,05 1 0,05
0,00 0,00
10 20 30 40
height / nm height / nm

FiGure 2: Statistical analysis of the grana height. The data were collected from 16 stacked and 19 destacked grana patches as shown in
Figure 1. For the histograms the pixels of an entire grana patch were analyzed. Histograms were fitted with three Gaussians (bold lines) to
deduce the mean height and the relative contribution. The white histogram in panel B indicates the profile of stacked grana (panel A).
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Ficure 3: Dependence of absorption changes on the MgCl o
concentration. The data represent the difference between untreated ™ g
grana membranes at 7 mM Mg(nd grana membranes sonicated 2 eagqe o __ A & Suy 5
in the presence of the indicated Mg@bncentration. The spectrum & 05 98¢ ® Y e 05 =2
of untreated membranes (control) and the difference spectrum 2 e -
(without MgClh) are shown in the inset. The characteristic signal =
change at 505 nm was used to quantify the absorption change. 0,0 e A M LX)
Vertical bars indicate the standard deviations. The data are the mean- 0,02 0qum -4 4 Pt ®002 %
g e vo0, Y S - PSlla_———¢ -0,
of six independent determinations. 2z ® i (¢—+ + * S
=N ~
L 2 001 o g o 001 &
e Q%GPSHﬁ e o2 rsip T 07 >
3 4
0.8 v/ N
3 0,00 e 72 1000
N _— 00 0,1 02 03 04 057,000 0,1 02 03 04 052070
= 06 e F, (PSIl)
E / mM MgClp mM MgClp
2 04 f.f" - Ficure 5: MgCl, dependency of functional PSII parameters. Data
e / i T _F\E)S“L’,) were deduced from the fitting of the chlorophwlfluorescence
o2l f/ _— induction curves (see Figure 4). In the left panel (grana membranes)
y white triangles represent untreated control membranes (not soni-
0.0 - : cated). Each point represents the mean of at least four independent
T(; 0.02 determinations. Vertical bars represent the standard errors. If no
S 0,00 3 < T ICLNE error bars occur, the size of the symbol is bigger than the bar.
Z-0,02
o :
0 50 100 150 200 250 300 350 400 Table 1: Chlorophylia/b Ratio and P700 Content of the
. Chloroplast and BBY Membrane Preparafion
time / ms
Ficure 4: Example for a chlorophyh fluorescence induction and _ mmol of P700/
its analysis. The curve shows the light-induced increase of the chl a/b ratio mol of ch
normalized variable fluorescendgj which reflects QA reduction BBY membranes 258 0.10 0.96+ 0.21
measured with grana membrane (7 mM Mg@h the presence of thylakoids 3.67+ 0.10 1.96+ 0.43
20 uM DCMU and 1 mM NHOH. The curve was fitted with eq N -
1. The resulingF, curves for PSky, Fy(PSli) and PSIB, The data represent the mean of four for the chloropbidiratio

F.(PSI|) are shown. Deviation of the fitted curve from the and two for the P700 quantification independent measurements.
measured data is depicted at the bottom (residuals). Values of the

fitted parametersk, = 0.0210 s1; ks = 0.0092 s1; A; = 0.37;J . . .
; 1_58_ sk % Ao core grana contain exclusively P&land no PSI§ (14). This

can be explained by a contribution of grana margins to our
Chlorophyll a Fluorescence Induction of Stacked and BBY preparation since PSlis possibly localized in this

Destacked MembraneA. chlorophyll a fluorescence induc- ~ membrane domainlp). It is known that depending on the
tion curve measured on BBY membranes and its analysisdetergent conditions grana membrane preparations contain
are shown in Figure 4. As explained in Materials and different amounts of margin29). Here we used a relatively
Methods this analysis is based on the BERSI|5 hetero-  |ow detergent concentration (Triton X-100/chlorophyIR0)
geneity (5, 31). Additionally, it is assumed that the energy to ensure highly intact grana preparation. Thus it is likely
migration and photochemical trapping in RSIfunction  that the relative amount of margins is high. This is further
according to the connected units model and for PSIl  jhgicated by the chlorophyle/b ratio of 2.50 and the
functions according to the separate units mod2| §2). The considerable amount of PSI present (Table 1). Core grana
parameters for PSiland PSIf deduced from this analysis 5,511y have a chi/b ratio of 1.8-2.0 and in grana margins
are summarized in Figure 5 for BBY membranes (left) and the chla/b ratio is 3.0-3.3 (5). Additionally, grana margins
intact thylakoids (right) as a function of the MgQoncen- but not core grana contain P3Kj. However', for the analysis

tration. : S I A
The comparison of the stacked control probes for BBYs of thl_s work the significant contribution of grana margins is
of minor relevance.

and thylakoids (at 7 mM MgG) reveals that all parameters
have similar values. It is surprising that the BBY preparation  For intact thylakoids (Figure 5, right panel) a decrease in
has a similar proportion of Pl compared to intact the MgCh concentration is accompanied by a decline in the
thylakoid membranes (third lane) because it is assumed thatconnectivity (), the F/F, ratio, and to a minor degree a
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decrease in the apparent antenna size of bothoP&tid 10?
PSIB (k. andkg). The relative proportion of PSiIfluores-
cence increases slightly. These salt-induced changes in
functional PSII parameters are well established for intact
thylakoids (e.g., ref®2, 44, and45) and can be explained

in the following way: MgC} removal leads to destacking

of grana stacks and an intermixing of the protein complexes
(20, 21). As a consequence the antenna systems of PSIl and
PSI come into excitonic contact. This results in a spillover
of excitons from PSII to PSKE) and a decline of the/F,

ratio. Furthermore, the lateral association between LHCII and
PSll is stabilized by Mg' ions because cations screen protein distance (nm)

surface charges and enable van der Waals attracion ( Fgure 6: Relationship between Fater transfer rates (p§ and
Thus MgC}h depletion leads to a repulsion of protein chi—chl distances. The orientation facterwas set to—2 (upper
complexes and results in a decreased connectivity betweerfurves) and 0.01 (lower curves), respectively. &hthl a transfer

i ; i is shown as solid lines and chtchl b as dotted lines, and chl
PSlioc and an increase in the proportion of RStenters. b—chl b transfer is depicted with dashed lines. The light gray bar

A different response to the Mgg&toncentration is apparent  represents chichl distances found in LHCII trimers; the gray bar
for isolated grana thylakoids (Figure 5, left panel). None of depicts the approximate lateral and the dark gray bar the ap-
the functional PSII parameters depends significantly on the {:)(oxmate transversal chkhl distances between adjacent LHCII
MgCl, concentration. Especially fét./F, and the proportion fIMErs.
of PSIIB fluorescence this is somewhat surprising since the
same effects apparent for intact thylakoids are expected to
be relevant for isolated grana, too. A simple explanation for
these differences is given in the Discussion and is based on™™:
the limited membrane space in isolated grana compared to Due to the high packing density of LHCII and PSII in
intact thylakoids. However, it is noteworthy that for the grana stacks the lateral distance of proteins is quite small
MgCl, concentration range under study the grana membraneg30). They even assemble into semicrystalline arreé38).(
change from a fully stacked to an almost completely In those arrays, in PSIl megacomplexes consisting of PSII
unstacked organization (see above). surrounded by several LHCII trimers/)( and in areas

Estimation of Lateral and Tranersal Exciton Energy ~ consisting of only LHCII with an average distanpe of 8.3
Transfer RatesThe transfer of excitation energy between NM between the centers of LHCII trimeiS1], the distance
chromophores is a function of the distance between the between chlorophylls of adjacent LHCIIs is considerably
pigments and of the angle between their transition dipole Smaller (around 2 nm) than found for the transversal spacing.
moment vectors (e.g., rdf). Due to the recent progress in  The closest chtchl distances are found inside LHCII, where
X-ray crystallography of LHCII 48) and PSII cores49) the center-to-center distances of the neighboring chlorophylls
these data are available for the pigments bound to thesein monomers are in the range of 8.:8.6 nm and the smallest
proteins. However, our knowledge about the exact orientation chl—chl distances between two monomers in a trimer are
of the proteins inside a grana stack is limited, especially still around 1.2 nm48).

concerning the relative arrangement in opposite membranes. \yhereas the angles and thus the vectors between the

Thus, calculations about transyersgl excitation energy tranSferpigments can be estimated for the pigments bound to LHCII,
between these complexes in vivo rely on rather rough

f the di b q this is impossible for two pigments bound to different antenna
measurements of the distances _etween appresse merTI:'omplexes, due to our lack of knowledge concerning the
branes. Membrane to membrane distances-of &m (0)

. o ._precise arrangement. Thus, our comparison will consider onl
were calculated between adjacent lipid bilayers, whereas mp 9 P y

ref 40 a distance of 6 nm from electron micrographs of thin the range of transfer rates assuming either a rather optimal

sections of grana stacks was estimated. For precise calculagonentaltlon factore = —2) or poor orientation«( = 0.01)

tion of the pigment pigment distances one would have to of the two chlorophylls in question (see r&®9 for defini-

add the distance from the edge of the membrane to the closesﬁons)' Figure 6 shows the distance dependence of tretdfo

chlorophyll molecule. However, embedding artifacts might transfer rates for the energy transfer betweengdmhd chl
influence the values. A more precise estimate may be drawn@ chl @ and chlb, and chib and chib, respectively. The
from the data presented by Nield and co-workei) (on light gray bqr rgpresents the range of distances .between
isolated PSII supercomplexes examined by cryoelectron €hlorophylls inside LHCII (lef) and the gray bar in the
microscopy. These complexes tended to stack with their middle the distance inside PSII megacom_plexes as shown
stromal surfaces, thus resembling the in vivo situation in PY refs7 and26), and the dark gray bar depicts the €bhl
grana stacks. By centering the actual height of LHCII (4.8 distances in adjacent grana membranes. It is immediately
nm) as estimated by X-ray crystallograph48) into the clear that excitation energy transfer in the latter has a much
density, one can calculate that the average distance betweetower though finite probability as the transfer rates are 2
opposite LHCIIs of two stacked PSII supercores is about orders of magnitude slower compared to interactions between
2.5 nm. To get an idea of the distances between two oppositechromophores of complexes of the same membrane or up
chlorophylls, one also has to consider the distance from theto 4 orders of magnitude slower compared to chlorophylls
stromal surface of the protein to the outmost chlorophylls, inside one LHCII trimer.

10°
10"

04

10

Faorster transfer rate (ps'1)

10

which is about 1.5 nm. Thus, the minimal distance between
two chlorophylls of opposite LHCII would be around 5.5
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DISCUSSION smaller (Figure 6), favoring a lateral energy transfer. From
the comparisons of fast photovoltage measurements on
stacked and destacked thylakoids it was concluded that
in Grana StaCkSRecentIy, the first atomic force minOgraphS transversal energy transfer could OCCQB)( Considering
of intact thylakoid membrane$g) were published. In this | HCII-only patches as described in 128, transversal energy
study we apply atomic force microscopy to visualize the transfer might take place in cases where lateral trapping
topography of grana membranes. The potential of this methodpecomes unlikely. This phenomenon would depend on the
for further structural investigations is shown in Figure 1 gmount of the LHCIl-only patches, which were not quantified
(right) where probably single PSII supercomplexes are jn this study. However, our data point to a very minor
discernible. It is expected that the height of a single grana sjgnificance of transversal energy migration in stacked grana
membrane is determined by the height of the PSIl complex, membranes.
which is about 10.5 nm1(). In this study we determined a  Accepting the interpretation that transversal energy transfer
maximal height for destacked grana (one bilayer) of about in grana stacks is of minor significance, the plausibility of
8 nm (mean height 6.8 nm). This reduction in height is often the models postulating two distinct types of alternating
recognized in AFM measurements with “soft” biological membranes in a grana disR7] is questionable. Without
probes and can be explained by a distortion of the membraneyransversal exciton transfer the proposed PSli-free, only
surface by the AFM tip (i.e., refS3and54) or by adhesion | HCII containing grana membranes transfer absorbed light
when measuring in air (i.e., réd5). Furthermore a height  energy only along the membrane plane via the grana margins
_reduct|0n of a membrane or of membrane stacks could betg the next disk by lateral energy transfer over several
induced by the drying process. Therefore, it is likely that hyndred nanometers. This is highly unlikely. From singlet
the absolute height values determined in this study aresinglet annihilation measurements on isolated LHCII ag-
slightly underestimated (2630%). However, the AFM data  gregates it was estimated that the lateral diffusion radius for
are self-consitent and can be used to control and quantify excitons is about 65 nm4g). Thus there would be a high
the degree of stacking of grana thylakoids (Figure 2). In probability that light energy harvested by the LHCII-only
contrast to intact thylakoid membranes, which can be grana disks can never be used photochemically. Therefore,
destacked by incubation in buffers of low ionic streng2tt)( structural models assuming a mixed distribution of LHCII
BBY membranes need an additional ultrasonic treatment (se€and PSII in all grana disks are more likely.
Materials and Methods). Mg ions localized between Significance of the Protein Density for the Lateral Exciton
opposite grana disks are probably relatively firmly bound. Transfer. In contrast to isolated grana membranes the
Thus it is possible that energy must be supplied to releaseconnectivity parametetin intact thylakoids depends strongly
these ions and to allow for destackirgj7). This interpreta-  on the MgC) concentration (Figure 5, top right). It is known
tion is supported by the observation that destacking of intact that ateral protein interactions similar to the transversal
thylakoids requires several hours af@ but is completed  stacking interactions are also stabilized by catioB6).(
in minutes at 20C (40). Depletion of cations leads to a lateral separation of proteins
An important result is that the connectivity between BSII  and causes a decrease in the connectivity betweern RSl
(parameterd) in isolated grana thylakoids remains high thylakoids @2, 45). At first sight it is surprising that this is

Evidence That Trangrsal Exciton Transfer Is Missing

irrespective of the degree of stacking (Figure 5, top left).
The parametel is a measure of the exciton transfer between
neighboring PSUsS3Q). In the case of a significant contribu-

tion of transversal exciton transfer to the connectivity

not observed in isolated grana thylakoids. A simple explana-
tion for this difference between intact thylakoids and isolated
grana is that due to the high protein density in grana
thylakoids a significant separation of protein complexes,

between PSH, it is expected thafl decreases if grana are necessary for a decline in the lateral connectivity, is
destacked. This is not observed. The data give strongimpossible. It was estimated that about 80% of the membrane
evidence that transversal exciton transfer is negligible and area in grana thylakoids is occupied by protein complexes
mainly lateral energy migration is realized in grana thyla- (30). Thus itis likely that Mg* depletion leads to a loosening
koids. Calculation of lateral and transversat$ter transfer ~ of protein interactions but not to a separation sufficient for
rates based on recent structural data of PSIl and LHCII a decrease in connectivity. In intact thylakoids the situation
supports this interpretation (Figure 6). According to this, the is different. By unstacking PSII and LHCIlI complexes can
transversal energy transfer between adjacent chlorophyllsmigrate from grana disks into stroma lamellae. This enables
localized in opposite grana disks is expected to be at leasta significant separation of P&lland additionally intermixing
100 times slower than the lateral transfer. For a rather optimalwith other protein complexes (PSI, ATPase), leading to a
chlorophyll orientation the transversalister transfer time reduced connectivity. This interpretation would also explain
is still in the nanosecond time range (Figure 6) and thus is why in isolated grana neither the apparent antenna sizes of
too slow to explain the photochemical trapping time for PSII PSllo. and PSIB decrease nor the fraction of PBitenters
(time from light absorption in the PSU to charge separation), increases (Figure 5).

which is a few hundred picoseconds?). From the calcula- Due to the occurrence of PSI in our grana preparation it
tions it becomes evident that the main reason for the missingis expected that Mg depletion leads to an increased
transversal exciton transfer is the large separation betweerspillover from PSI to PSIlI 46) and similar to intact
chlorophylls on opposite PSUs in grana. Even under the thylakoids to a decline in thé/F, ratio which is not
unlikely assumption of a direct proteiiprotein contact of  observed (Figure 5, left two rows). There are three possible
all stromal surfaces of LHCII, the transversal chl to chl explanations for the missing decline in isolated grana. First,
distance would already be about 3 nm (see Results). Inthe stoichiometry PSII/PSI is significantly reduced. From a
contrast, the chl to chl separation within grana disks is much PSII determination of our grana preparation in 8&fand
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the PSI determination in Table 1, we calculate a PSII/PSI
ratio of 1.3 for intact thylakoids and of 4.1 for the BBY
preparation. Thus it is expected that the spillover effect is
significantly reduced in the grana preparation. Second, again
the high protein density in grana stacks could prevent
intermixing of protein complexes. Recently, we analyzed the
lateral diffusion of PSII supercomplexes in grana disks by
Monte Carlo simulations30). Due to the high density of
diffusion obstacles (protein complexes) the diffusion process
is drastically impaired. We estimate that 1 h the PSII
supercomplex migrates only 600 nm. The situation is
different in intact thylakoids. A complete intermixing during
destacking of thylakoids2() is facilitated by the presence
of additional stroma areas. Third, it was reported that PSI
can crystallize in isolated grana with associated mardis (
Possibly a protein intermixing is hindered by this aggrega-
tion.

Physiological Considerationd.he results of this study do
not rule out transversal exciton transfer in principle. Rather
lateral energy transfer competes efficiently due to the shorter
chl to chl distances. This could be ensured by both the high
local intramolecular chlorophyll concentration (0.3 5B)
and the high protein density in grana stacks (e.g.36f It
is interesting that lateral energy flow is also realized on the
intramolecular level%9). In photosystems 18) and 1l (49)
as well as in LHCII 48), chlorophylls are arranged in two
separated layers. The results in this study indicate that in
the extended antenna system of photosystem Il in grana
stacks the intermolecular exciton transfer is mainly lateral
as well. From the structural data it can be estimated that the
two chlorophyll layers of PSIl and LHCII have a similar
position within the membrane, possibly ensuring an efficient
intermolecular exciton transfer. It is to note that exciton
migration in the antenna system of PSII is ultrafast and
resembles a statistical diffusion proces. (Possibly the
limitation to a two-dimensional diffusion plane is advanta-
geous compared to a three-dimensional (lateral plus trans-
versal) network. Thus, energy losses, e.g., by fluorescence
emission, become less likely.

As discussed above, the high protein density in isolated
grana disks could prevent the separation of LHCs and PSII
complexes under Mg depletion. Efficient separation is
enabled in intact thylakoids possibly by additional membrane
areas from stroma lamellae. This situation resembles the
separation of LHCII from PSII after protein phosphorylation
(60, 61). Specific phosphorylation of LHCIl and PSII
subunits is an important regulation in the adjustment of the
energy balance between PSIl and PSI. Results in this study
indicate that a simple loosening of proteiprotein interac-
tion in grana stacks, e.g., by protein phosphorylation, is not
sufficient to decrease the excitonic pressure on the PSII
antenna. Therefore, the migration of LHCII out of the stacked
grana is necessary. Alternatively, intramolecular alterations
in the exciton transfer efficiency of LHCII could lead to a
decreased energy input to PS24J.
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