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Abstract

A biochemical and structural analysis is presented of fractions that were obtained by a quick and mild solubilization
of thylakoid membranes from spinach with the non-ionic detergeatddecyle,D-maltoside, followed by a partial
purification using gel filtration chromatography. The largest fractions consisted of paired, appressed membrane
fragments with an average diameter of about 360 nm and contain Photosystem Il (PS 1) and its associated light-
harvesting antenna (LHC Il), but virtually no Photosystem I, ATP synthase and cytochgbommplex. Some of

the membranes show a semi-regular ordering of PS Il in rows at an average distance of about 26.3 nm, and from a
partially disrupted grana membrane fragment we show that the supercomplexes of PS Il and LHC Il represent the
basic structural unit of PS Il in the grana membranes. The numbers of free LHC Il and PS Il core complexes
were very high and very low, respectively. The other macromolecular complexes of the thylakoid membrane
occurred almost exclusively in dispersed forms. Photosystem | was observed in monomeric or multimeric PS 1-200
complexes and there are no indications for free LHC | complexes. An extensive analysis by electron microscopy
and image analysis of the @ ATP synthase complex suggests locations ofttan top of the it headpiece) and

€ subunits (in the central stalk) and reveals that in a substantial part of the complexes#edpiece is bended
considerably from the central stalk. This kinking is very likely not an artefact of the isolation procedure and may
represent the complex in its inactive, oxidized form.

Abbreviationsx-DM — n-dodecyle,D-maltoside; BBY — PS || membranes prepared according to Berthold, Bab-
cock and Yocum (1981)%-DM — n-dodecyl8,b-maltoside; Chl — chlorophyll; LHC | — light-harvesting complex

I; LHC Il — light-harvesting complex II; MSP — manganese stabilizing protein; PS | — Photosystem I; PS Il —
Photosystem I
Introduction a continuous three-dimensional network that consists

of two clearly distinct types of membrane domains.
The thylakoid membranes of green plant chloroplasts One type is formed by cylindrical stacks of appressed
comprise one of the most complex and dynamic mem- thylakoids, known as grana, and the other, the so-
brane systems in biology (Staehelin and van der Staay called stroma membranes, appear as flattened tubules,
1996). Within a chloroplast, these membranes form interconnecting the grana stacks. The stacking is me-
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diated by the presence of divalent cations and leads core complexes to which various numbers of trimeric
to a concentration of Photosystem Il (PS Il) and its and monomeric LHC Il complexes are attached) and
associated light-harvesting antenna (LHC II). Pho- megacomplexes (dimeric associations of some of the
tosystem | (PS I) and its associated light-harvesting PS Il supercomplexes), as well as a heptameric asso-
antenna (LHC ) and the ATP synthase complex are ciation of trimeric LHC Il, the so-called icosienamer
predominantly restricted to the non-stacked areas of (Dekker et al. 1999).
the thylakoid membranes, whereas the cytochrbghe In this paper we investigate the usexeDM for the
complex is probably more or less evenly distributed solubilization of intact thylakoid membranes and show
over the stacked and non-stacked parts of the thylakoid that under certain conditions this detergent effectively
membranes. solubilizes the components of the stroma lamellae but
Within the last decade, impressive progress has leaves the grana membranes relatively intact as paired,
been made on the structure and organization of es-appressed membrane fragments. The structural organ-
sential parts of the protein complexes involved in the ization of these membrane fragments resembles those
photosynthetic light reactions (see, e.g., Kihlbrandt prepared with Triton X-100 (Dunahay et al. 1984),
et al. 1994; Schubert et al. 1997; Rhee et al. 1998). although thex-DM treatment seems to preserve to
Despite this progress, however, it is still not known a much larger extent a higher order of regularity in
how the various proteins in the thylakoid membranes the packing of the PS Il supercomplexes, which are
cooperate to convert the light energy so efficiently. considered to form the basic structural unit of PS I
This type of knowledge is very important, also because in the stacked parts of the thylakoid membranes (see,
structural rearrangements in the thylakoid membranese.g., Boekema et al. 1999a, b; Nield et al. 2000). The
form the basis of several regulatory processes of the most important advantage of the useaeDM is the
photosynthetic light reactions (e.g., the state trans- intactness of the solubilized fractions, which will al-
itions, non-photochemical quenching and the xantho- low an extensive characterization of the components of
phyll cycle, the extremely rapid turnover of some PS the stromal membranes, such as the native PS | com-
Il proteins and the repair mechanisms occurring after plex and CgFy ATP synthase complex. Some recent
photoinhibitory damage). results on the structure of the latter complex will be
A large part of our knowledge of the structural discussed in more detail.
organization of the thylakoid membranes has been ob-
tained from freeze-fracture and freeze-etch electron
microscopy (Staehelin and van der Staay 1996), which Materials and methods
give images with structural detail at about 40-50 A

resolution. Considerably more detail, however, is re- Freshly prepared thylakoid membranes at a chloro-
quired to understand the role of the various proteins in phyll concentration of 1.4 mg/ml were suspended at
the energy flow to the reaction center and in the dy- 4 °C in a buffer containing 20 mM BisTris (pH 6.5)
namics related to short-term acclimation processes. Inand 5 mM MgC», solubilized with n-dodecyler,D-
order to get more insight in the structure and dynam- maltoside &-DM, final concentration 1.2%) during 1
ics of the thylakoid membrane we recently developed min and centrifuged for 3 min at 9000 rpm in an Ep-
new methods to prepare macromolecular protein asso-pendorf table centrifuge, after which the supernatant
ciations occurring in these membranes in as-native-as-was pushed through a 0.48n filter to remove large
possible states and analyzed these macromolecules bragments. The solubilized fractions were subjected to
transmission electron microscopy and image analysis, ge| filtration chromatography as described by Eijck-
using negatively stained specimens. We solubilized elhoff et al. (1996) using a Superdex 200 HR 10/30
PS Il membrane fragments obtained by Triton X-100 column (Pharmacia) with 20 mM BisTris (pH 6.5), 5
treatment of stacked thylakoids (Berthold et al. 1981) mm MgCl, and 0.03%x-DM as mobile phase and a
with the very mild detergem—dodecyla,D—maltoside flow rate of 25 ml/h. The Chromatography was per-
(«-DM) and reduced the amount of detergent and the formed at room temperature, while for detection a
time of detergent exposure to an absolute minimum to Wwaters 990 diode array detector was used. After the
prevent the fragmentation of the fragile macromolec- appearance of the first green material at 16.3 min after
ular complexes as much as possible (Boekema et al.supplying the solubilized thylakoids to the gel filtra-
1998, 1999a, b). The results revealed the presence oftion column, 13 fractions of 0.6 ml each were pooled,
various types of PS Il supercomplexes (dimeric PS Il kept at 4°C and further analyzed within one hour. The
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particles were kept in darkness during the complete g _Fraction: 1 23 456 7 8 9101112
isolation procedure. For the low temperature fluores- o L L
cence measurements the fractions were diluted in the
above-mentioned BisTris/Mg@k-DM buffer + 75% 8-
(v/v) glycerol to an optical density at 679 nm of about
0.1cnrl,

Chlorophyll a and b contents were measured in
80% acetone using the extinction coefficients repor-
ted by Porra et al. (1989). Absorption spectra were
recorded at room temperature with a Lambda 40
spectrophotometer (Perkin EImer). Contents of cyto-
chromef were evaluated from the peak at 555 nm S
in the ascorbate-reduced minus ferricyanide-oxidized
difference spectrum (corrected for baseline effects). ¢
Fluorescence emission spectra were measured with a 10
1/2 m imaging spectrograph (Chromex 500IS) and a Time (min)

CCD camera (Chromex Chromcam I) with a spec- Fgure 1. FPLC gel filtration chromatogram (full line) recorded at
tral resolution of 0.5 nm. Broadband excitation was 400 nm of spinach thylakoid membranes solubilized vaitiDM.
applied using a tungsten halogen lamp (Oriel) and a Zjhai hcgéﬂmg;oggznghi F:ﬁt;ed rg?ftgj‘zttévétfl‘mtgf?g’%ﬂnrfaot:%
bandpass filter transmitting at 42,0 nm (band_wmﬁh ation on the relative 7gonte;?s of Cl + carotenoigs and the
20 nm). The samples were contained in a helium-bath |ong-wavelength antenna chiorophylls, respectively. The values on
cryostat (Utreks, 4K). SDS-PAGE was performed on the y-axis are the real values of these ratios. The flow rate was 25
a 12% acrylamide ge| according to Schégger and von Mh. _The upper scale represents the fraction; on which the vari-
Jagow (1987). ous biochemical and structural studies shown in Figures 2-7 were
o . performed.

Transmission electron microscopy was performed
with a Philips cm10 electron microscope at 52,000
x magnification. Negatively stained specimens were membrane fragments are also included, as long as
prepared with a 2% solution of uranyl acetate on glow- they are not much larger than about 0;4% (because
discharged carbon-coated copper grids as in Boekemathe ‘solubilized’ material was passed through a 0.45
et al. (1999a). Projections were extracted for image ,;m filter before it was subjected to the gel filtration
analysis with IMAGIC software (Harauz et al. 1988) chromatography). Figure 1 (full line) shows a typical
following alignment procedures and treatment by mul- chromatogram, recorded at 400 nm. The suspension
tivariate statistical analysis (Van Heel and Frank 1981) usua”y fractionates into six main fractions peaking
and classification (Van Heel 1989) as described previ- at about 18, 20, 23, 28, 31 and 34 mins, which ap-
ously (Boekema et al. 1999a) on a Silicon graphics pear maximally in fractions 1, 3, 5, 9, 11 and 13,
octane computer. respectively. First indications of the identity of the

various fractions were obtained by the simultaneously

recorded ratios of the absorbances at 480 and 410 nm
Gel filtration chromatography (dashed line) and at 700 and 670 nm (dotted line). The

Augo/Aa1p ratio roughly monitors the ratio of chloro-
Incubation of spinach thylakoid membranes at a phyll b and chlorophylh (and to some extent also the
chlorophyll concentration of 1.4 mg/ml with 1.2% carotenoid content), whereas thgy/As7o ratio mon-
a-DM usually resulted in a very quick and almost itors the relative content of long-wavelength absorbing
complete ‘solubilization’ of the membranes, even at chlorophylls, which are predominantly present in PS
4 °C. We note that the term 'solubilization’ is defined . Both ratios vary quite considerably during chro-
here rather arbitrarily as the property to stay in the matography (Figure 1) and indicate that fraction 1 is
supernatant after a 3 min centrifugation at 9000 rpm enriched in PS Il (lowA700/As70 ratio) and LHC 1l
in a table centrifuge (see ‘Materials and methods’). (high A4go/A410 ratio), fractions 3 and 5 are enriched
This effectively means that a complete solubilization in PS | (low Aagg/A410 ratio and highAzoo/As7o ra-
to individual membrane protein complexes is not re- tio), fraction 9 consists primarily of trimeric LHC I
quired for this procedure and that ‘non-solubilized’ (highAsgo/A410ratio), fraction 11 is enriched in mono-

Absorbance
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2. ldentification

of polypeptides in chromato-
graphy-purified, «-DM-solubilized thylakoid membranes by

SDS-PAGE. The lanes designated ‘B’ and ‘T’ show the polypeptide .
composition of BBY and thylakoid membranes, respectively, A

whereas the lanes designated ‘1’ to ‘12’ show the polypeptide

composition of the corresponding fractions from the gel filtration

column (Figure 1). The volume of applied sample was the same for
fractions 2—12 and two times smaller for fraction 1. The gel was
stained with Coomassie Brilliant Blue. On the left side of the gel
the positions of the most of the PS Il proteins are depicted while

on the right side the positions of some of the PS |, ATPase and
cytochromebgf proteins are shown

Absorbance

T T
620 640 660

680

Wavelength (nm)
Figure 3. Room temperature absorption spectra of fractions 1-13
from the gel filtration chromatography, normalized to 1 at the max-
imum absorption value. In (A) the fractions 2—13 are shown with an
offset to illustrate the differences. In (B) thg, @bsorption regions

are shown of fractions 1 (full line), 5 (dashed line) and 9 (dotted

) line), normalized as in (A) but without the offset
meric LHC Il proteins (a lowersgy/Aa10 ratio and

a low A790/As70 ratio) and fraction 13 is enriched in
carotenoids (because of the extremely higlo/As10
ratio).

Photosystem Il
The various fractions have been further analyzed Grana membrane fragments
by SDS-PAGE (Figure 2), the ratio of chlorophyéls

andb (Table 1), absorption spectra at room temperat- The polypeptide pattern of fraction 1 (Figure 2) sug-
ure (Figure 3 and Table 1), the content of cytochrome gests the presence of PS Il core proteins (CP47, CP43
f (Table 1), emission spectra at 4 K (Figure 4) and the extrinsic 33 kDa protein or MSP, cytochrome
transmission electron microscopy (Figures 5-7). Inthe 559) and major and minor LHC Il proteins and is
following, we discuss the appearance and properties of virtually the same as that of the ‘BBY’-type of PS

the various macromolecular assemblies, i.e., PS Il, PSIl membranes prepared according to Berthold et al
I, ATP synthase and cytochrorbegf.

(1981) (‘B’ in Figure 2). The 4 K emission spectrum
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Table 1. Details of the fractions 1-12 from the gel filtration chromatography (Figuret thih)’ represents the average time in minutes after
the onset of the chromatography, ‘@l b’ is the ratio of Chla andb determined in 80% acetone using the extinction coefficients reported
by Porra et al. (1989), ‘c§{%)’ is the relative amount in the various fractions of cytochrdrdetermined from the ascorbate-reduced minus
ferricyanide-oxidized absorbance difference spectrum, agdx (hm)’ is the wavelength of the maximum absorption at room temperature in

the Q, absorption region of the chlorophylls

Fraction 1 2 3 4 5 6 7 8 9 10 11 12

t (min) 17.0 18.4 19.9 21.3 22.8 24.2 25.6 27.1 28.5 30.0 314 32.8
chla/b 2.30 2.85 4.45 6.05 7.65 8.20 6.15 2.15 1.55 1.85 2.75 3.60
cytf (%) 2 0 0 0 2 8 37 30 14 5 2 0

Amax(nm)  678.0 678.5 679.5 679.5 680.0 679.5 676.5 675.0 675.0 677.5 677.0 673.0
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B « Figure 5. Electron micrographs of two exceptionally large in-
S side-out paired grana membrane fragments obtained from fraction 1,
negatively stained with 2% uranyl acetate. From the positions of the
stain-excluding subunits, which presumably originate from the ex-
= < T - T trinsic proteins involved in oxygen evolution and which are attached
660 680 700 720 740 760 to the core parts of PS I, it can be deduced that the membranes in

Wavelength (nm) (A) have a relative low ordering of the PS Il core and that those in
) L . ) (B) show a semi-crystalline lattice in which the distance between
I_:lgure 4. 4K emission spectra of fractions 1 (fl!" I|n‘e), 5 (dashed o5 of ps || complexes is about 26.3 nm. The two membranes
line) and 9 (chain-dashed line) from ‘th’e gel flltr_atlon chrom_ato- overlap almost totally, but some small areas which are single layered
graphy and of BBY PS II.m_embranes (B', dotted line), normalized .5 e recognized from a different staining pattern (indicated by
to 1 at the maximum emission value. arrows).

shows a broad band peaking at 690 nm and a shouldermembrane fragments with their lumenal sides exposed
at 680 nm (Figure 4, full line), again similar to that (see, e.g., Dunahay et al. 1984; Lyon 1998). In a set
of BBY PS Il membranes (Van Dorssen et al. 1987; of 200 randomly recorded membrane fragments, 68%
Figure 4, dotted line). The slightly higher fluorescence had a diameter between 300 and 500 nm. The average
yield around 736 nm in fraction 1 compared to the overall diameter was 360 nm, which is very similar
BBY membranes suggests a small contamination with to the value of about 400 nm for membranes in intact
PS I. Also the faint A/B band in the SDS-PAGE pat- granastacks, as seenin thin sections of spinach chloro-
tern of fraction 1 (Figure 2) and the slightly higher Chl plasts (Weibull et al. 1990; Murakami 1991; Olive and
a/b ratio of fraction 1 (2.3 compared to about 2.0 for Vallon 1991; Staehelin and Van der Staay 1996).
the BBY membranes) suggest that our preparation still The «-DM derived membranes differ, however, in
had a small PS | contamination. one aspect significantly from the BBY membranes
The structural organization of PS Il and LHC Il  obtained by Triton X-100 treatment. Whereas the lat-
in fraction 1 was investigated by electron microscopy. ter usually show a total random orientation of their
Figure 5 shows two electron micrographs which in- PS Il supercomplexes, theDM derived membranes
dicate that fraction 1 consists of paired membrane show a strong degree of two-dimensional ordering,
fragments, again similar to the BBY PS Il membranes, although the amount of semi-crystallinity appears to
which were shown to consist of paired, appressed vary strongly from one membrane to another and



160

Figure 6. Disruption of an average-sized inside-out paired grana
membrane fragment obtained from fraction 1 by access-DM.

The central part of the membranes is still consisting of two lay-
ers with some periodicity of the PS Il supercomplexes whereas
the lower left tip is clearly one single layer. Image analysis of
the single GS, supercomplexes from the center, which are almost
solubilized, indicates that they are all in an upside-down or ‘flop’
orientation, in which the extrinsic subunits face the carbon support
film. In contrast, the freely dispersed molecules laying around this
membrane (one supercomplex lacking a CP26 tip is visible in the
left upper corner) are in the flip orientation, commonly found by
image analysis (Boekema et al. 1999a, b). This indicates that the
almost-solubilized S, complexes are part of the lower membrane.

Another advantage of our preparation method is
that the grana membranes have been exposed to a
small amount of a very mild detergent during a short
period of time and that therefore the PS Il complexes
should be in a relatively native state. Figure 6 shows
this unique aspect of the-DM treatment very well. It
concerns a membrane fragment of average size which
was visualized after treatment witDM in slight
access. Although the two sandwiched membranes are
already substantially disrupted, the PS Il complexes
are still not totally randomnized and the contours of a
number of almost solubilized PS Il super- and mega-
complexes can be easily observed. Most complexes
show the characteristic rectangular shape of the most
common GS, supercomplex (Boekema et al. 1999a,
b). This result gives solid evidence for the idea that
this supercomplex represents a basic structural unit of
PS Il in the grana membranes (see, e.g., Nield et al.
2000).

Isolated PS Il and LHC Il complexes

The intactness of the solubilized complexes from the
non-stacked regions of the thylakoid membranes al-
lows an analysis of the amount and properties of the PS
Il complexes present in the stroma membranes. Bio-

also within one membrane. The membranes shown chemical studies have suggested that about 10-15%
in Figures 5A, B represent two extreme examples of the PS Il complexes are located in the stroma mem-
of variation in this semi-regular ordering. The semi- branes (reviewed by Lavergne and Briantais 1996)
regular ordering appears as rows at an average dis-and thus should appear as solubilized complexes in
tance of about 26.3 nm and resembles the order- later fractions in our gel filtration chromatogram. Our
ing that has been studied more than two decadesprevious results on PS Il complexes prepared from
ago by freeze-fracture electron microscopy (see, e.g.,PS Il membranes (Boekema et al. 1999a, b) indicate
Simpson 1978). An extensive analysis of the semi- that the various solubilized PS Il complexes should
regular ordering of PS Il in the grana membranes has be observed somewhere between fraction 4 (dimeric
been recently presented by Boekema et al. (2000).  PS II-LHC Il supercomplexes) and fraction 7 (mono-
We conclude that thex-DM treatment of the meric PS Il core complexes). Inspection of the gel
thylakoids results in a selective solubilization of the presented in Figure 2 suggests that the number of
stromal parts of the membranes and of the intercon- 10-15% of PS Il complexes in the stroma should be
necting margins and leaves the appressed granal partsegarded as an upper limit. No significant amount of
more or less intact. Thus, theDM treatment gives  MSP is observed in these fractions. In addition, EM
essentially the same result as the Triton X-100 treat- analysis has shown that dimeric PS II-LHC Il super-
ment employed for the preparation of the BBY PS Il complexes are completely absent in fractions 4 and 5
membranes. We note that, as yet, atlbM treatment (E.J. Boekema, unpublished observations) and the 4 K
can not compete with the Triton X-100 treatment in emission spectrum of fraction 5 (Figure 4) reveals only
terms of yield of the PS Il membranes and cost ef- a very small amount of PS Il fluorescence (most of
fectiveness. However, a very clear advantage is the the emission around 686 nm originates probably from
fact thata-DM is a much more gentle detergent for PS | — see below). An immunological analysis of the
the solubilized fractions than Triton X-100 and allows various fractions will shed more light on this issue.
a detailed analysis of the complexes of the stromal In contrast to the strongly reduced amounts of PS Il
membranes and the margins (see below). core components in the later fractions of the gel filtra-



161

tion chromatography, it is evident that large amounts temperature absorption spectra peak at 679.5-680 nm
of isolated LHC Il components have been solubilized. (Figure 3B, dashed line) and strongly resemble that
The SDS-PAGE of fractions 8 and 9 clearly shows the of the PS I-200 complex i8-DM (Croce and Bassi
presence of the major LHC Il proteins (Figure 2), and 1998). The 4 K emission spectrum (Figure 4, dashed
the absorption (Figure 3) and the fluorescence proper-line) shows a broad peak at 736 nm and two much
ties (Figure 4) of fraction 9 are very similar to those of smaller peaks at 679 and 686 nm. A very similar spec-
the main trimeric LHC Il complex (see, e.g., Hemel- trum, including the small peaks at 679 and 686 nm,
rijk et al. 1992). The SDS-PAGE of fractions 10 and has been observed for PS 1-2008fDM (J. lhalainen,
11, in which monomeric LHC complexes are expec- unpublished observations).
ted, shows a number of other proteins (Figure 2), the  All these results indicate that theDM treatment
most dominant of which co-migrates with CP26. Also leaves the PS I-200 complex intact. Another indica-
the spectroscopic properties of these fractions, such astion for this is found by a search for isolated LHC |
the higher Chb/b ratio and the red shift of the absorp- complexes. LHC | is most likely organized as a het-
tion maximum of the chlorophylls (Table 1), suggest erodimer of the Lhcal and Lhca4 gene products and
the presence of ‘minor’ monomeric LHC Il proteins as a homo- and/or heterodimer of the Lhca2 and Lhca3
(see, e.g., Ros et al. 1998; Pascal et al. 1999). It is gene products (see, e.g., Schmid etal. 1997; Croce and
possible that at a part of this LHC Il is involved in the  Bassi 1998). This means that LHC I, if present, should
state 1 — state 2 transition and reversibly connects to be observed predominantly in fraction 10. However,
PS | after phosphorylation (Williams and Allen 1987; the SDS-PAGE pattern does not reveal the character-
Staehelin and Van der Staay 1996). istic pattern of the Lhca2, Lhca3 and Lhcal-4 proteins
around fraction 10. In addition, as LHC | is expected
to display the highesf;oo/As70 ratio of all photo-
Photosystem | synthetic complexes, its possible presence should be
observed as a raise of this ratio around fraction 10,
According to the gel filtration chromatogram and its Which is not observed (Figure 1, dotted line). A third
preliminary analysis (Figure 1) PS | occurs in two indication for the absence of free LHC | proteins is
main fractions. An analysis of these fractions by foundin the 4 K emission spectra, which should show
electron microscopy and image reconstruction tech- intense bands peaking near 733 and 702 nm (lhalainen
niques (E.J. Boekema, unpublished observations) haset al. 2000) if intact LHC | is present and which were
revealed that the smallest complex occurring max- Not observed at all (see the chain-dashed line in Fig-
imally in fraction 5 can be attributed to monomeric ure 4 for a4 K emission spectrum of fraction 9). These
PS 1-200 Comp|exesy while the |arger Comp|exes ocC- results indicate that the-DM treatment did not give
curring predominantly in fraction 3 can be attributed rise to significant amounts of uncoupled but otherwise
to artificial (upside-up-upside-down) aggregations of intact LHC | complexes. These results Clearly differ
these complexes. Also larger aggregates have beerfrom those of LHC Il (see above). We can not ex-
observed (trimers, tetramers, etc.). clude the possibility, however, that small amounts of
The SDS-PAGE pattern (Figure 2) shows that the one or more of the LHC | complexes are present in
fractions 3—6 are enriched in PS I, although in none of @ monomeric form without long-wavelength chloro-
the fractions the PS | complex is pure. In fraction 3 Phylls. Also in this case a quantitative immunological
there is a contamination with PS Il (most likely some analysis of the various fractions is required to resolve
overflow of membrane fragments described above), these questions.
while the fractions 5 and 6 are heavily contaminated
with the ChF1 complex. Nevertheless, in all PS | con-
taining fractions not only the large PS | A/B proteins ATP synthase
can be observed, but also all four LHC | polypeptides
(the bands just above and below the main LHC Il band The highest concentration of the gf; ATP synthase
are probably Lhca3 and Lhca2, while the intense band complex is found in fractions 5 and 6. The SDS-
migrating at the same position as CP24 is very likely PAGE clearly shows the presence of theg andy
caused by Lhcal and Lhca4 — see Jansson et al. 19965ubunits in these fractions (Figure 2). Electron mi-
and, below the extrinsic 23K protein of PS Il, at least crographs of these fractions revealed several hundreds
7 of the small PS I-C/L and PS I-N subunits. The room of well-preserved molecular projections of monod-
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ispersed ATPase. From 80 negatives of fraction 6 we see (Béttcher et al. 1998). In some of our classes the
extracted about 8000 projections for single particle tip of the headpiece is quite pointed (12, 15-17, 21,
image analysis. In fraction 5 the number of ATPase 23, 26-28), but in a few others this tip is absent and
molecules equalled about the number of PS I-200 instead an indentation is present (20, 22 and 24). This
molecules. Out of 146 micrographs another 8500 mo- density on top of the headpiece is not presentin the X-
lecules were extracted. A last set of 500 molecules was ray structure from the beef heart enzyme (Abrahams et
extracted out of 174 micrographs from fractions 3 and al. 1994), but was revealed by analysis of about 5000
4, where ATPase is only present in small numbers. The electron microscopy images of ATPase from the same
cumulative set of 17 300 projections, which originates source (Karrasch and Walker 1999). In the chloro-
from four independent solubilizations, was aligned plast ATPase this feature was not very well resolved
and treated by multivariate statistics and subsequently (Béttcher et al. 1998). Since th# subunit (or the
classified (see ‘Materials and methods’). The last two equivalent OSCP subunit in mitochondrial ATPase) is
steps could not be carried out on the complete data known to be somewhere at the top of the headpiece
set, since the multivariate statistics procedure can not (Engelbrecht and Junge 1997) but absent in the X-ray
yet handle more than about 10 000 images simultan- structure (Abrahams et al. 1994), we interpret the vari-
eously; even on a modern work station the computing ation in our classes as caused by a partial absence of
of 10 000 images takes already 10 days. The results ofthe § subunit. This subunit must for most of its mass
both classifications, however, looked rather the same be located right on top of the headpiece, in contrast
(not shown). Each classification showed three similar to earlier models where it is placed more at the side
groups of classes differing mainly in the overall posi- (Engelbrechtand Junge 1997; Engelbrecht et al. 1998;
tion of the i headpiece relative tagHsee below). For ~ Junge et al. 1999), but in agreement with a recent study
the final classification step all particles were pooled by Wilkens et al. (2000).
in one of these 3 groups and re-analyzed. These final
results are presented in Figure 7. Shape of the central stalk

The analysis of single particle projection, presen-
ted here, is based on the largest number of projections
analyzed until now for any F-type or V-type ATPase.
Although the resolution, which is about 3 nm, is lower
than obtained in the classifications of the related V-
type ATPase (Boekema et al. 1999c; Wilkens et al.
1999; Ubbink-Kok et al. 2000), some features were
found which have not been observed before.

The central stalk of the chloroplast ATPase is formed
by the e subunit and the lower part of the subunit,

as deduced mainly from extensive crosslinking studies
(reviewed in Engelbrecht and Junge 1997). In almost
all of the classes the central stalk is clearly visible,
except for those where the Feadpiece is closer to
Fo than usual (classes 1 and 2, Figure 7). In most
of the classes, the central part is clearly the thickest
(6-12, 14-16, 18-23) and in some of the classes it
appears as an oval density, especially in classes 11
and 18. The crosslinking studies suggest that a ma-
jor part of the central thick density is formed by the

Shape and variation of the;Fheadpiece

The high-resolution structure from the ATPase head-

piece (Abrahams et al. 1994) shows that the Iatge' € subunit. A thicker central part of the central stalk
andp subunits have an overall banana-shaped Conflg'Was: also observed for beef heart mitochondrial AT-

uratlpn.Thithree corlJles of each oftthesde .tWO .SdUbu.n'ts Pase (Karrasch and Walker 1999), but this enzyme
are Iin an hexagonal arrangément and in SIOE-VIEW 5 4t |east one additional central stalk subunit, which
p05|t_|on In microscopy preparauons they show some makes a comparison less useful. In contrast, the cent-
rotational freedom. This often results in two types ral stalk region in the classes presented by Béttcher

of predominant viewg, in which ‘either two gr?ups et al. (1998) is somewhat diffuse, without indication
of three large subunits overlap (bilobed views’) or for the knobby central density. It could be that this

three groupsBof tE ree Iartgel sul%%rgts ovzrlslgé_‘trﬂol? el? preparation, obtained after extensive purification pro-
views’) [see Boekema et al. ( c)an INK-KROK" cedures including 14 hours of ultracentrifugation, had

et al. (2000) for clear examples in the V-type AT- o modified position o&¢ or some loss of this subunit.
Pase]. Several classes belong clearly to the trilobed

type (15, 21 and 23, Figure 7) or the bilobed type presence of the stator
(13, 17, 24, 27). In a previous analysis of about 4700
chloroplast ATPase molecules this feature is harder to Despite the fact that we analyzed a very large number
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Figure 7. Single particle image analysis of a set of 17,300 side-view projections of chloroplggfF Pase, obtained mainly from fractions 5

and 6. The first 29 classes (1-29) were derived from three separate classifications. Classes 1-11 represent the best 11 classes out of 12 of particles
with the headpiece tilted to the left, classes 12—-22 represent the best 11 classes out of 15 with the headpiece in an almost straight position and
classes 24-29 represent the best 6 classes out of 10 with the headpiece tilted to the right. Class 30 was obtained from a decomposition of
the latter group into 50 classes (instead of 10). Each image is the sum of several hundred projections (except for 30, which is the sum of 65
projections. Bar equals 10 nm.

of particles, the second stalk, or stator, necessary to fix hidden behind the second stalk (13 and 157?), it is likely
the headpiece to the immobile part of the membrane- that the limited resolution of the classification also
bound ky during rotational catalysis (Noji et al. 1997), plays arole. In the V-type ATPase the stalk region was
is clearly revealed in only a few classes (10, 16, 30), much better resolved, because it is substantial larger
in line with earlier investigations (Bottcher et al. 1999; (Boekema et al. 1999c; Wilkens et al. 1999; Ubbink-
Karrasch and Walker 1999; Hausrath et al. 1999) Kok et al. 2000). This facilitated the observation of
where it appeared diffuse as well. Although it could one central stalk and two stator structures in the V-
very well be that in some of the classes it is (partly) type ATPase. In the F-type ATPase there is, however,
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no evidence for more than one stator (Boekema et al. ments, especially of the stalk subunjiteinde (Richter
1999c), but it might well be that this stator is totally and Gao 1996; Hisabori et al. 1998). The rearrange-
absent in at least a part of the data set (as it was in ments are not known in detail, but are thought to
the V-type ATPase), especially in those particles which include a shift in the position of thesubunit.e could

already lack thé subunit, as discussed earlier. be more closely associated tg i the inactive form
and more closely to ¢~in the active form (Richter
Position of the Fheadpiece relative to thegpart and Gao 1996). As moves, it may pull part of the

y subunit along with it. Thus, it seems possible that

The most surprising new feature of our analysis is that the rearrangements upon activation could also involve
a substantial number of molecules show a displace- & ‘straightening’ of kinked ATPase headpieces. With
ment of the headpiece, either to the left (1-10) or our fast isolation procedure we are in a situation to
to the right (23—-30). The degree of this ‘kinking’ is ~ S€t upin vitro experiments with fresh enzyme to in-
somewhat variable over the classes, but quite substan-vestigate if the kinking effect has indeed anything to
tial and almost 90 degrees in the most extreme casedo with the (in)activation of the chloroplast ATPase at
(class 30). The bending appears to happen mainly in all. It should be stressed again that th®M method
the stalk, since the structure of thehHeadpiece and of solubilization is very suitable for this purpose, since
the membrane-boundyfart remain largely the same. @ high purity of the stroma components and complete
Kinked molecules were present in about equa| num- solubilization are not necessary, as Iong as sufficient
bers in all four independent solubilization experiments Single particles can be extracted.
from which particles were extracted.

We note that, to our knowledge, similar observa-
tions have never been reported. In a recently published Cytochrome bgf
ATPase structure of yeast F-type ATPase it can be
seen that the central part of kthe multimer of the The ascorbate-reduced minus ferricyanide-oxidized
c-subunit, or subunit Il in the chloroplast termino- absorbance difference spectra of cytochrorhe
logy) does not make any significant angle with the (Table 1) clearly indicate that the cytochrob com-
base of i (Stock et al. 1999) and earlier electron plex occurred mainly in fractions 7 and 8 and to a
microscopy studies have not indicated any significant minor extent in fraction 9. The presence of an about
displacement of the headpiece as well. Thus, it could 34 kDa protein in the SDS-PAGE of fractions 7 and 8
well be argued that this novel feature is just an artifact, (Figure 2) that can be attributed to cytochrohisee,
but there are strong arguments against this reasoning.e.g., Huang et al. 1994) is consistent with these res-
First comes the very short time of preparation, which ults. The other protein components of the complex are
was well within an hour, in contrast to, for instance, probably presentas well, but hard to attribute with cer-
the procedure of Bottcher and Gréaber (1998), which is tainty because of overlap with similarly-sized proteins
suspicious of loss of part of thesubunit. Moreover,  from other complexes such as Rubisco (fraction 7) and
it has been shown that during crystallization the yeast trimeric LHC Il (fraction 8). Based on the position
ATPase loses several of its subunits from the stalk re- of the cytochromeosf complex in the chromatogram
gion and ko (Stock et al. 1999). Finally, our treatment we consider it most likely that the complex occurs
of the membranes by-DM instead of Triton X-100 mainly in a dimeric aggregation state, in agreement
can not be regarded as especially harsh. Thus, therewith results reported by Huang et al. (1994).
are presently no sound arguments to consider the novel  An important issue is the localization of the cyto-
finding as an artifact. chromebgf complex in the thylakoid membranes. It

This raises the question about its meaning. It is is generally accepted that this complex is not present
difficult to imagine that the strongly kinked ATPase in the BBY-type of PS || membranes (Berthold et al.
molecules would still be able to synthesize ATP by ro- 1981), which could mean that this complex is not
tational catalysis, and since our preparations were pre-present in the appressed parts of the grana. How-
pared in darkness we speculate that the kinked particleever, a number of studies using two-phase aqueous
projections show the ATPase in its inactive (oxidized) polymer partitioning and immunolabeling or direct
form. The chloroplast ATPase has the unique capacity immunolabeling have suggested that the cytochrome
to undergo large conformational changes upon light- bsf complex is more or less evenly distributed between
induced activation. These include major rearrange- the appressed grana membranes and stroma lamellae



(see, e.g., Allred and Staehelin 1986; Olive et al. 1986;
Vallon et al. 1991; Hinshaw and Miller 1993), or that
it is even preferentially localized in the grana core
vesicles (Albertsson et al. 1991; Albertsson 1995).
The absence of the cytochrorbgf complex from the
BBY PS Il membranes could then be caused by a se-
lective extraction by the detergent Triton X-100. This
is not unreasonable because the BBY procedure in-
volves indeed a rather long incubation step with high
concentrations of Triton X-100.

Our results witha-DM indicate that a possible
detergent-induced removal of the cytochrorgf
complex from the PS Il membranes must have oc-
curred rather quickly and efficiently. With our protocol
of preparing PS Il membranes, the detergent incub-
ation step takes a very short period of time (a few
minutes). This seems very short for an almost com-
plete disappearance of this (large) complex from the

stacked membranes. However, in many membranes
a number of stain spots were observed (see, e.g.,

Figure 5B), and it is possible that these spots arise
from very local membrane disruptions, caused by the
detergent-induced extraction of a membrane-protein
complex. The number of spots, however, is much
smaller than the number of PS Il complexes, and it
is therefore unclear if a removal of the cytochrobgé

complex from the PS Il membranes can be responsible

for these spots. We note that the spots always oc-
curred randomly, also in those parts of the membrane
in which PS Il shows a semi-regular organization,
and that the organization of PS Il in our grana mem-
branes is very similar to that observed before in native
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