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ABSTRACT: The determination of the structure of PSIl at high resolution is required in order to fully
understand its reaction mechanisms. Two-dimensional crystals of purified highly Sgtiezhococcus
elongatusPSII dimers were obtained by in vitro reconstitution. Images of these crystals were recorded by
electron cryo-microscopy, and their analysis revealed they belong to the two-sided plang@2®ip

with unit cell parametera = 121 A, b =333 A, anda. = 90°. From these crystals, a projection map was
calculated to a resolution of approximately 16 A. The reliability of this projection map is confirmed by
its close agreement with the recently presented three-dimensional model of the same complex obtained
by X-ray crystallography. Comparison of the projection map of3fieechococcus elongatlS!l complex

with data obtained by electron crystallography of the spinach PSII core dimer reveals a similar organization
of the main transmembrane subunits. However, some differences in density distribution between the
cyanobacterial and higher plant PSII complexes exist, especially in the outer region of the complex between
CP43 and cytochromiessg and adjacent to the B-helix of the D1 protein. These differences are discussed
in terms of the number and organization of some of the PSII low molecular weight subunits.

Photosystem Il (PSIH)is a pigment-protein transmem-  (4). In addition to these major subunits, the transmembrane
brane complex of the photosynthetic electron transport chain.domain of the PSII core complex contains a number of low
It functions as a watefplastoquinone oxidoreductase in molecular mass proteins frequently referred to as the small
which light energy is utilized to drive the oxidation of water ~subunits, which include the (PsbE) ang8 (PsbF) subunits
and release of oxygen. This reaction, the mechanisms ofof the redox-active cytochromiase (Cyt bssg). Apart from
which are still not fully understood, is unique in biological the transmembrane region, the PSII complex has a lumenal
systems and is the origin of the Earth’s oxygenic atmosphere.extrinsic domain composed of hydrophilic proteins. These

PSIl is a dimeric complex comprising more than 25 extrinsic proteins are known to optimize and maintain the
different protein subunits per monomer, which are encoded stability of the water oxidation site, which is composed of a
by psbgenes [reviewed byl( 2)]. In each PSIl monomer,  cluster of four manganese atoms located close to the lumenal
two proteins, known as D1 (PsbA) and D2 (PsbD), bind all syrface of the transmembrane domain and are in part
the cofactors involved in the electron-transfer chain from cgogrdinated by amino acids of the D1 protein. Within the
water to plastoquino_néSI. Each of these proteins has five  aytrinsic domain of the oxygen evolving complex (OEC),
transmembrane-helices, and together they form a het- e 33 kDa manganese stabilizing protein (PsbO) is highly

erodimer that constitutes the heart of the complex. TWo cqonserved, while the cyanobacterial PsbU and PsbV (also
chlorophyll binding proteins, CP43 (PsbC) and CP47 (PsbB), knhown as cytsso) replace PsbP and PsbQ found in higher
are closely associated with the PSII reaction center and plants and green algas)(

function as an inner light harvesting system and as interme- The inf . ‘ iiable for th f th
diates in the transfer of excitation energy from the outer light & information so far available for the structure of the

harvesting complexes to the reaction center. These proteindransmembrane domain of the higher plant PSII core dimer
have six transmembranehelices each (26) with a large complex has been obtained by electron cryo-crystallography.
lumenal loop between helices 5 and 6 composed of about These studies involved the analysis of 2D crystals obtained
150 and 200 amino acids in CP43 and CP47, respectively€ither of the spinach CP4PSII reaction center (CP47
RC) subcomplex, yielding a 3D map at a resolution of 8 A

t This work was supported by the Biotechnology and Biological (6, 7), or of the spinach PSII core dimer, for whia 9 A
ggig(ﬁgsxifspeafch Council (BBSRC). P.d.F. was supported by theprojection map was initially calculate8)(and subsequently
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75945267. E-mail: j.barber@ic.ac.uk. maps, it was possible to identify densities corresponding to

1 Abbreviations: CAB, chlorophylé/chlorophyllb; CP, chlorophyll the transmembrane-helices of D1, D2, CP43, CP47, and

binding protein; cyt, cytochrome; 2D, two-dimensional; 3D, three- iti -heli i ifi
dimensional; LHCII, PSII light harvesting complex; OEC, oxygen Cyt bsss. In addition, a further 1G-helices were identified

evolving complex; PAGE, polyacrylamide gel electrophoresis; PSII, in each monomer _Of the core dimer compl&. (The PSII
photosystem II; SDS, sodium dodecy! sulfate. low molecular weight subunits, PsbH, Psbl, PsbhJ, PsbK,
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PsbL, PsbM, PsbN, PskbTPsbW, and PsbX, are candidates MPS-2000 spectrophotometer) and fluorescence emission at
for these unassigned heliceR). liquid nitrogen temperature (recorded in a Perkin-Elmer LS50
In the case of ta 8 A 3D map of theCP47-RC luminescence spectrophotometer) upon excitation at 435 and
subcomplex, it was also possible to assign density to at 600 nm for chlorophyll and phycobilins, respectively.
chlorophyll molecules bound to the D1/D2 heterodimer and Chlorophyll quantification was performed as described by
within the six helical bundle of CP477). In particular, it (18). The activity of the purified samples was determined
was found that PSII did not have a ‘special pair of by measuring their oxygen evolution with a Hansatech CB1D
chlorophylls similar to that which characterizes the primary electrode, under white light illumination (500@&-m—2-s71)
donor of other types of reaction centers. Instead P680 isusing 1 mM dichlorobenzoquinone (DCBQ) and 1 mMK
composed of a tetramer of monomeric chlorophyllg)( Fe(CN) as electron acceptors, at an optimized temperature
which has implications for the mechanisms of primary charge of 35 °C. The protein composition of the PSIl samples was
separation in PSII12). In the case of CP47, 14 densities analyzed by the TricineSDS-PAGE method described by
were attributed to chlorophyll which was located in 2 layers, Schayger and Jagowl@). After electrophoresis, the D1, D2,
1 toward the stromal surface and the other toward the lumenalCP43, CP47, and PsbO proteins were identified by Western
surface of the complexry. blotting using antibodies specifically raised against these
The electron crystallography studies described above proteins. PsbV was detected using the heme stain method
represent the most detailed information to date on the as described in2(Q).

structural organization of the higher plant PSII core complex.  2p Crystallization.2D crystals ofSynechococcus elon-
The resolution of the data is limited, however, by the size gatusPSII core dimers were produced by in vitro reconstitu-
and order of the 2D crystals analyzed. PSII core preparationstion. All crystallization trials were conducted using freshly
from other species such as thermophilic cyanobacteria arepyrified PSII complexes, since it was found that the quantity
likely to be more stable than those obtained from higher and quality of the crystalline areas severely decreased when
plants. Such preparations could therefore be used to improvethe samples used had been previously frozen. Reconstitution
the quallty of the PSII 2D CryStalS and hence the ultimate was performed using a ||p|d mixture extracted fr(_ﬁyn_
resolution of the subsequent electron crystallography analysis.echococcus elongatubylakoid membranes, following the
With this in mind, PSII core Complexes have been isolated same method previous|y described for the preparation of
from the thermophilic cyanobacteriuBynechococcus elon-  thylakoid lipids from spinach21). The lipids isolated from
gatusand used to prOdUCG 2D CryStalS. This CyanObaCteriUm Cyanobacteria were dispersed by sonication into 5 mM
grows at temperatures above 35, and it has been shown MES—NaOH, pH 6.5, 30% (v/v) glycerol, 5 mM Mggl5

that PSII core complexes derived from this source are more mm znSQ, and 90 mM heptyjs-p-thioglucopyranoside. The
active and stable than the PSII complexes prepared frompsj| sample was added to a final chlorophyll concentration
higher plants 13). Indeed, they have proven to be suitable of 0.75 mg/mL. Reconstitution was achieved by detergent

for growing 3D crystals of PSII for X-ray diffraction analysis  removal during incubation in the presence of Bio-Beads, at
(14), and as a result, a 3D structural model of PSll at 3.8 A g °C, for at least 2 days.

resolution has recently been publishdd)(

Here we present an electron crystallographic analysis of
Synechococcus elongatBSll core dimers. This analysis has
yielded a 2D projection map at a resolution of approximately
16 A. The density distribution in the projection map agrees
very closely with the model derived from X-ray crystal-
lography (5). However, comparison of th8ynechococcus
elongatusprojection map with that of the PSII core dimer
of spinach 8) indicates some differences between the
cyanobacterial and higher plant systems.

Data Acquisition and Image Processing of 2D Crystals.
During the optimization of the 2D crystallization conditions,
each trial was evaluated and recorded by electron microscopy
of negative-stained samples, prepared using a 2% (w/v)
solution of uranyl acetate, on a Philips CM100 electron
microscope. When the quantity and quality of the crystalline
regions were observed to be high, samples were prepared
for electron cryo-microscopy by applying them to carbon-
coated grids followed by flash-freezing in liquid ethane. All
electron microscope grids were glow-discharged prior to the
MATERIALS AND METHODS sample application in order to increase the flatness of the
crystalline areas. Electron cryo-microscopy was performed
Son a Philips CM200-FEG microscope, at a calibrated
magnification of 4860&, under low-dose conditions. The
micrographs selected for image processing were digitized

Culturing of Synechococcus elongatus. Synechococcu
elongatuscells were grown as a 30 L culture in an airlift
fermenter using medium D as described by Castentdly (
at pH 7.5, 56°C, through which 5% carbon dioxide in air using a patch densitometeR?) at a step-size of 5m
was bubbled. o B followed by averaging of 3< 3 pixel regions, so that the

Preparation and Characterization of Purified Photosystem 5t were eventually sampled at 3.2 A at the specimen level.
Il. PSII core dimers were purified as described previously Image processing was performed using the MRC suite of

(17). The method_involved the. 'prepafration of thylakoid programs 23) together with locally developed software.
membranes, washing of phycobiliproteins from these mem-

branes, and solubilization and isolation of PSIl by anion RESULTS AND DISCUSSION

exchange chromatography followed by sucrose density

gradients. The final PSII core dimer samples were concen- 2D Crystals of Synechococcus elongatus PBtile PSII

trated and washed to remove sucrose and glycine betainecore preparations used for 2D crystallization were judged to

prior to 2D crystallization. be highly pure on the basis of their absorbance and
The purified PSII samples were analyzed by their room- fluorescence emission spectroscopy and protein composition

temperature absorbance spectra (recorded using a Shimadzanalysis, as previously reportedl7j. Fractionation of the
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Ficure 1: Negative-stained 2D crystals of tt&ynechococcus
elongatusPSII core complex prepared by in vitro reconstitution
using purified thylakoid lipids.

PSII preparation by ultracentrifugation in sucrose gradients
showed that the purified complex was dimeric. These
samples retained all the OEC extrinsic subunits associated
with the lumenal surface and were highly active, typically
evolving about 250@mol of O,*(mg of chlorophylly*-h=, B
Crystalline sheets were formed as the result of in vitro
reconstitution ofSynechococcus elongatBSli core dimers  g5pe 2: (A) Projection map determined by image processing of
(Figure 1). During the optimization of the crystallization 2D crystals of Synechococcus elongati®SIl core complexes
conditions, it was found that the presence of 5 mM ZpSO obtained after imposing full symmetry and amplitude correction,
during the reconstitution step was crucial for the formation USing a temperature factor 6£1000. One of the unit cells is

. : outlined in white (dotted line). These crystals belong to the two-
of large and highly ordered 2D crystals. This effect was sided plane group222; (the symmetry elements are represented

further enhanced by the presence of 5 mM Mg@lthough in red), and as a result, the projection map shows both lumenal
crystal patches could be clearly observed after 2 days of (white outline) and stromal (yellow outline) views of the complex,
incubation in the presence of Bio-Beads, their quality which are mirror images of each other. (B) 1Q plot of the Fourier
significantly improved with time. Crystalline samples suitable components used to calculate tBgnechococcus elongatésSli

for electron cryo-microscopy were harvested after at least 1 core projection map.

week of incubation at 20C in the presence of Bio-Beads.

It was found that these crystals were stable for periods of at (8, 21), usually have a tendency to form curved sheets, which
least 6 months when stored at@. places a limit on the size and order of such crystals.

Projection Map of the Synechococcus elongatus PSII  Comparison of the Structural Data on Synechococcus
Dimer ComplexThe final projection map obtained from the elongatus and Spinach PSII Core Dimer Complexes and Its
image processing of 2D crystals 8fnechococcus elongatus ~ Biological Releance.The membrane spanning subunits of
PSII dimers is presented in Figure 2A. According to the IQ PSII are highly conserved between higher plants and cyano-
plot of the Fourier transform components used to calculate bacteria ), which suggests a similar organization of their
this projection map (Figure 2B), the structural data are transmembrane domains. For this reason, we have compared
reliable and reasonably complete to a resolution of ap- the projection map of PSII isolated fro®ynechococcus
proximately 16 A. The crystal sheets belong to the two-sided elongatuswith the 9 A projection map obtained previously
plane groupp22:2;, and the unit cell parameters of these by electron crystallographic analyses of the spinach PSII core
crystals area = 121 A, b = 333 A, anda. = 90°. One dimer complex §). This comparison (shown in Figure 3)
important feature of the22,2; plane group is its set of in-  emphasizes that the PSII complexes of higher plants and
plane screw axes. These screw axes arise from the pSicyanobacteria are dimeric. Overall they share similar density
complexes being inserted into the reconstituted lipid mem- distribution, but there are some differences. In particular, the
brane in two opposite orientations, so that a projection map Spinach projection map has a lower level of density in the
shows both lumenal and stromal views of the complex. In region ringed in red in Figure 3. The significance of this
projection, the stromal (yellow outline in Figure 2A) and difference can be appreciated by comparing our data with
lumenal (white outline in Figure 2A) views of the PSII the 3D model of spinach PSIl derived from electron
complex are mirror images of each other. A significant crystallography §) and that of Synechococcus elongatus
advantage of 2D crystals with this plane group symmetry, obtained by X-ray diffraction analysid§).
along with other plane groups with in-plane rotation or screw  Figure 4A shows the 3D model of th&ynechococcus
axes, is that theoretically such crystal sheets can growelongatusPSIlI core dimer obtained by X-ray crystallography
indefinitely and are intrinsically flat. In contrast, 2D crystals at 3.8 A (L5) overlaid onto our 2D projection map derived
in which all molecules have the same polarity, such as the from the same complex. Although the latter is at a resolution
ones previously obtained for spinach PSII core complexes of 16 A, there is considerable agreement between the electron
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Ficure 3: Comparison of thé&Synechococcus elongat(s) and
spinach (B) PSII core projection maps. Data in (B) were derived
from (8). In (A), the outline of theSynechococcus elongatasre
dimer is identified by a continuous white line, while the outline of
the spinach complex is represented as a dashed yellow line. In (B),
the outline of the spinach PSII core is shown as a continuos yellow
line, and theSynechococcus elongatB$ll outline is shown as a
white dashed line. The red ellipses in (A) and (B) identify the main
differences between the outlines.

crystallographic data and the transmembrane domain of the
3D model derived from X-ray analysis. The projection map
also clearly shows the density that corresponds t@keand
cylindrical domain (indicated by white arrows in Figure
4A,B) assigned in the 3D model to a part of the extrinsic 33
kDa PsbO manganese stabilizing protein.

To gain a better understanding of the differences between
the projection maps @dynechococcus elongataisd spinach,
as indicated in Figure 3, we have overlaid the 3D model of

the transmembrane helices of the spinach core complex ;

. from Synechococcus elongatasd spinach. Th&ynechococcus
obtained by electron crystallograph§) (onto ourSynecho-  gjongatusSIi projection map, represented as contoured grayscale,
coccusprojection map. This overlay is shown in Figure 4C, s overlaid with: (A) the full 3D model oBynechococcus elongatus
where the similarities and differences of the higher plant and derived from X-ray crystallographyl); (B) the transmembrane
cyanobacterial structures are clearly seen by comparison withhelices of the model presented in (A); (C) the transmembrane helices

; of the spinach core dimer deduced from electron crystallography
the overlay of the transmembrane heliceSghechococcus (9). (D) The 3D model of the PSII core dimer &ynechococcus

elongatug(Figure 4B). In both models, the relative position-  g|ongatugierived from X-ray crystallographyL) is overlaid onto

ing of the main subunits, D1, D2, CP43, CP47, andbsy, the projection map of the spinach core compl@) fepresented as

and their transmembrane helices is essentially identical within contoured grayscale. The outline of tBgnechococcus elongatus

each monomer. Moreover, these subunits are related to eaclﬁort?ldimer_ isé%’rese“tedbbBt/ aWhitteh””e- Thebregtior.‘ ﬁorrzspondingl
- Ly - o o the main differences between the cyanobacterial and spinac

other in the same way within the dimer, emphasising the models is indicated by red ellipses. T)rqe white arrows idepntify

conservation of the basic structural features of PSII betweenpotein density assigned to a domain of the PsbO extrinsic protein.

higher plants and cyanobacteria. The positioning of many Color coding for the PSII subunits is as follows: D1 protein, yellow;

of the transmembrane helices of the low molecular weight D2 protein, orange; CP47, red; CP43, green; lmyt, magenta;

subunits is also conserved between the two systems. How-Unassigned low molecular weight subunits, blue. Extrinsic proteins

LT P (PsbO and PsbV) are in white.

ever, the dissimilarity identified in Figure 3 relates to a lack

of a cluster of transmembrane helices close to CP43 in theelongatus(ringed in red in Figure 4). In this region, there

spinach structure compared with that 8fnechococcus are four helices in th8ynechococcus elongateSll structure

Ficure 4: Comparison of the structural data on the PSII core dimer
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but only one in the spinach model. However, adjacent to subunits. These differences may reflect variations between
helix B of the D1 protein in the spinach structure, there are cyanobacteria and higher plants related to their different light
two transmembrane helices attributed to low molecular harvesting systems and extrinsic OEC proteins. Also to be
weight subunits but only one in the caseSynechococcus  noted is thaBynechococcus elongatissa thermophile while

elongatus These differences in the content and location of spinach is not, a factor that may cause environmental
small subunits appear to reflect variations in the PSIl adaptations and therefore may also contribute to the differ-

complex between higher plants aBgnechococcus elongatus
although it is also possible that they may be related to the
differential retention of particular small subunits during the
preparation procedures.

The variation in the region adjacent to the CP43 subunits
between the two types of PSIl complex is also clearly seen
by comparing the projection map of the spinach PSII core
dimer complex ) with the coordinates corresponding to the
transmembrane domain of tBgnechococcus elongateSl|
core complex15) (Figure 4D). It is apparent both that there
is insufficient space in the spinach PSII crystal lattice to

accommodate the three extra transmembrane helices of the

cyanobacterial system adjacent to CP43 (Figure 4D, red

ellipses) and that the location of these helices corresponds -

to a region of minimum density in the spinach map.
Discrepancies in the small subunit composition adjacent
to the CP43 subunit may be related to functional adaptations.
In Synechococcus elongatuthis region is close to the
extrinsic PsbV subunit as shown in Figure 4A. Higher plants
do not have this extrinsic cytochrome and instead bind
distinctly different extrinsic proteins. Also to be remembered
is that cyanobacteria lik&ynechococcus elongatisve
phycobiliproteins bound to the stromal surface of their PSII
core complex, while the outer light-harvesting antenna of
higher plants is composed of intrinsic CABoteins. It seems

therefore quite reasonable to assume that given these distinct14.
differences between higher plant and cyanobacterial systems

there could be some differences within the hydrophobic
regions of the PSII core dimers of the two classes of

organisms. However, these differences between the plant and 16.

cyanobacterial PSIl complexes are small compared to the
overall structural homology of the transmembrane helices
of the major subunits and many of the low molecular weight
proteins.

In conclusion, the work presented here is consistent with
the recently reported X-ray-derived model of the structure
of PSII from Synechococcus elongat{i$). The comparison
of the structural data of th8ynechococcus elongatBsSl|
complex with the 3D map of the spinach PSII core dimer
obtained by electron crystallographg) (reveals a similar
organization of the major transmembrane subunits. However,

differences were found between these two organisms regard-

ing the organization of the PSIl low molecular weight

ences observed.
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