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A photosystem II preparation from the thermophilic
cyanobacterium Synechococcus elongatus, which is es-
pecially suitable for three-dimensional crystallization
in a fully active form was developed. The efficient puri-
fication method applied here yielded 10 mg of protein of
a homogenous dimeric complex of about 500 kDa within
2 days. Detailed characterization of the preparation
demonstrated a fully active electron transport chain
from the manganese cluster to plastoquinone in the QB
binding site. The oxygen-evolving activity, 5000–6000
mmol of O2/(hzmg of chlorophyll), was the highest so far
reported and is maintained even at temperatures as
high as 50 °C. The crystals obtained by the vapor diffu-
sion method diffracted to a resolution of 4.3 Å. The space
group was determined to be P212121 with four photosys-
tem II dimers per unit cell. Analysis of the redissolved
crystals revealed that activity, supramolecular organi-
zation, and subunit composition were maintained dur-
ing crystallization.

Photosystem II (PS II)1 functions as a water/plastoquinone
oxidoreductase in the thylakoid membrane of chloroplasts and
cyanobacteria yielding oxygen, protons, and reduced plastoqui-
none by the splitting of water. Powered by sunlight, this is the
key reaction that created and still sustains an oxygenic atmo-
sphere on our planet. As a pigment-protein complex, PS II
consists of more than 20 different subunits (1), most of them
being integral membrane proteins. The PS II reaction center
(RC) itself is composed of the D1 and D2 proteins, which bind
the cofactors for the light-driven electron transfer processes (2).
Upon light absorption, an electron is transferred from the
primary electron donor P680 to a nearby pheophytin molecule.
This charge separation is stabilized by rapid electron transfer

to a tightly bound plastoquinone molecule, QA, and finally a
mobile plastoquinone, QB, on the stromal/cytoplasmic side of
the membrane. After double reduction and protonation, the
reduced QB is released from its binding site on the D1 protein
and replaced by an oxidized plastoquinone molecule. On the
donor side, P6801 is reduced by a tyrosine residue of the D1
protein, tyrZ (3–5), which in turn is reduced by a cluster of four
manganese atoms located on the luminal side of PS II. This
manganese cluster is the place where water splitting occurs. In
four successive charge separation steps, four positive charge
equivalents are accumulated that yield, finally, one molecule of
oxygen out of two molecules of water. Accordingly, the manga-
nese cluster can assume five different oxidation states, S0–S4,
with S4 being the state in which oxygen is released. Because
water is a very stable molecule, its oxidation requires a poten-
tial of 11 V. Therefore, PS II is the most oxidizing enzyme in
nature.

Closely associated with the reaction center is cytochrome
b559 consisting of two subunits, a and b. Each subunit of the
cytochrome provides one histidine side chain for heme binding.
The function of cytochrome b559 is still not completely under-
stood (for a recent review see Ref. 6). Two chlorophyll a (Chl a)
binding proteins, CP47 and CP43, which form the inner an-
tenna of the photosystem, are located on either side of the
D1/D2 RC (7). Both proteins bind about 14–16 Chl a molecules
(7, 8, 15) as well as three to five carotenoids. There is also a
number of low molecular mass subunits (less than 10 kDa)
attached to the PS II core complex, which are predicted to have
only one transmembrane helix (9). Some of them seem to be
dispensable for PS II function and assembly, whereas others
are not. However, the exact function of the latter remains to be
elucidated.

The manganese cluster at the luminal side of PS II is
shielded by three extrinsic subunits (see Ref. 10 for a recent
review). Higher plant PS II contains three subunits of 33, 23,
and 16 kDa. Their role is to stabilize and to protect the man-
ganese cluster as well as to increase binding of Ca21 and Cl2,
two other inorganic cofactors of water splitting. In cyanobacte-
ria only the 33-kDa protein exists. The 23- and 16-kDa proteins
are replaced by cytochrome c550 and a 12-kDa protein, which
seem to also have protective and stabilizing functions for PS II.

The relative positioning of the extrinsic subunits in the PS II
complex was possible by comparison of the structure of PS II
with and without these subunits by single particle analysis.
This allowed the assignment of electron densities for the 33-
kDa protein (11), the 23- and 16-kDa proteins in higher plant
PS II (12), as well as the cytochrome c550 and the 12-Da protein
in cyanobacterial PS II (13).
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Despite intense research over the last two decades, the na-
ture and function of the key components of PS II, the primary
electron donor P680 which generates the oxidative power to
split water and the manganese cluster where water splitting
takes place, are still poorly understood. Although there has
been considerable progress in the structural analysis of PS II in
recent years, knowledge about its high resolution structure is
still missing. The first detailed three-dimensional structure of
PS II at 8-Å resolution was obtained by cryoelectron microscopy
of two-dimensional crystals obtained from a so-called RCzCP47
complex (14, 15). This complex consists of the D1 and D2
reaction center proteins as well as cytochrome b559, CP47, and
probably some of the small hydrophobic subunits. The electron
density of 23 transmembrane helices was assigned as well as a
number of tetrapyrrole rings of chlorophylls, pheophytins, or
heme groups. Comparison with the structure of the bacterial
reaction center (16, 17) as well as with PS I (18) allowed the
assignment of 10 helices to D1/D2 RC and six to CP47. In
addition, a projection map of a PS II core complex retaining
CP43 and the extrinsic 33-kDa protein was reported, which
allowed the positioning of CP43 within PS II (7). However, the
fact that most two- and three-dimensional crystallization at-
tempts of PS II preparations from mesophilic organisms re-
sulted in the loss of the luminal side subunits and/or the
water-splitting capacity (see for example Refs. 14 and 19)
points out the importance of using more stable PS II complexes
for crystallization, for example those isolated from thermo-
philic cyanobacteria.

In this communication we present a new purification proce-
dure for highly active dimeric PS II complexes with intact
electron donor and acceptor sides. Three-dimensional crystals
were obtained, which diffract to about 4.3-Å resolution. A first
characterization of these crystals together with a detailed bio-
chemical and biophysical analysis shows the extraordinary sta-
bility of these PS II complexes, which maintain both their
dimeric state and high oxygen-evolving activity even during
crystallization.

EXPERIMENTAL PROCEDURES

Cell Growth and Thylakoid Preparation—Synechococcus elongatus
was grown in a 25-liter foil fermenter (Bioengineering, Switzerland) at
55 °C in special growth medium according to a previous study (20),
bubbled with CO2-enriched air (5%) and illuminated with white light of
increasing intensity (50–250 mEinstein). Cells were harvested after 3–4
days at an OD730 of 3–4 and concentrated to about 1.5 liters using a
hollow fiber system (Amicon DC10 LA). Pelleting by centrifugation
(Sorvall GSA rotor, 11,000 rpm, 18 min, 4 °C) yielded about 100 g of
cells (wet weight), which were resuspended in about 150 ml of buffer A
(20 mM MES, pH 6.5, 10 mM MgCl2, 10 mM CaCl2) and pelleted again.
After resuspension in about 200 ml of buffer B (20 mM MES, pH 6.5, 10
mM MgCl2, 10 mM CaCl2, 0.5 M mannitol), lysozyme was added to a final
concentration of 1 g/liter. Cells were incubated in the dark at 37–40 °C
for 90 min on a shaker. Upon adding an aliquot of DNase and RNase,
cells were disrupted using a Parr bomb, pelleted (Sorvall GSA rotor,
11,000 rpm, 18 min, 4 °C), and resuspended in 200 ml of buffer A. This
washing step was repeated twice. The pellet was resuspended in 200 ml
of buffer B, centrifuged again, and resuspended in a small volume of
buffer B 1 20% glycerol to yield a high Chl concentration. The mem-
branes were frozen in liquid nitrogen and stored at 270 °C.

Purification of PS II Core Complexes by High Performance Liquid
Chromatography (HPLC)—Thylakoid membranes were washed with
0.05% b-dodecyl-D-maltoside (b-DM) (Biomol), pelleted, and resus-
pended in extraction buffer (20 mM HEPES, pH 7.5, 10 mM CaCl2, 10
mM MgCl2, 0.2 M (NH4)2SO4). Membrane proteins were solubilized at a
chlorophyll concentration of 1 mg of Chl/ml with 1.2% b-DM (Biomol)
and 0.5% sodium cholate (Sigma) by stirring in the dark at room
temperature for 30 min. After centrifugation (Sorvall T647.5 rotor,
40,000 rpm, 1 h, 4 °C) AMS buffer (3 M (NH4)2SO4, 20 mM HEPES, pH
7.5, 10 mM CaCl2, 10 mM MgCl2) was added to the supernatant to a final
(NH4)2SO4 concentration of 1.65 M. The extract was loaded onto a
hydrophobic interaction chromatography (HIC) column (POROS ET,
PE Biosystems) connected to a perfusion chromatography workstation

(BioCAD 700E, PE Biosystems). The HIC column was previously equil-
ibrated with 1.65 M (NH4)2SO4, 20 mM HEPES, pH 7.5, 10 mM CaCl2, 10
mM MgCl2, 0.03% b-DM. PS II was eluted after a short wash step with
a gradient of 1.65–0 M (NH4)2SO4 in the same buffer at a flow rate of 10
ml/min. PS II-containing fractions were pooled and concentrated in a
concentration device (Amicon Model 8050, equipped with a YM-100
membrane) to 8–10 ml followed by overnight dialysis against 20 mM

MES, pH 6.5, 10 mM CaCl2, 10 mM MgCl2, 0.5 M mannitol, 0.03% b-DM.
The sample was loaded onto an anion-exchange column (UNO Q-6,
Bio-Rad) pre-equilibrated with the same buffer containing 5 mM MgSO4

and eluted with a linear gradient of 5–200 mM MgSO4 in the same
buffer at a flow rate of 4 ml/min. Fractions containing active PS II were
pooled and concentrated twice by ultrafiltration (cutoff 100 kDa) to
finally 2–10 mg of Chl/ml. The sample was frozen in liquid nitrogen and
stored at 270 °C.

Analytical Size Exclusion HPLC—Analytical size-exclusion chroma-
tography was performed on a Waters system consisting of a photodiode
array detector 996, pump 515, and an injector (Rheodyne) with a TSK-
gel 4000 SWXL column (TosoHaas, Stuttgart) using a buffer of 20 mM

MES, pH 6.5, 30 mM CaCl2, 10 mM MgCl2, 0.5 M mannitol, and 0.03%
b-dodecyl maltoside at a flow rate of 0.5 ml min21.

Pigment Analysis by Reversed Phase Chromatography—Purified PS
II complexes were mixed with acetone to yield a final acetone concen-
tration of 87%. After vortexing and centrifugation (Biofuge, 15 min,
13,000 rpm, 4 °C), the pelleted protein was separated from the super-
natant containing the extracted pigments. Filtrated supernatant (up to
50 ng of Chl) was applied onto a Reversed phase column (Spherisorb
Typ ODS1, particle size 5 mm), which had been pre-equilibrated with
buffer A (acetonitrile, methanol, 0.1 M Tris-HCl (pH 8.0) mixed in a
ratio of 72:8:3) at 20 °C. At a flow rate of 1.5 ml/min, a linear gradient
up to 100% of buffer B (methanol and hexane at a ratio 7:1) was applied.
Quantification of chlorophyll a relative to pheophytin was done accord-
ing to the elution profile recorded at 663 nm, using the respective peak
areas and extinction coefficients of 78.4 mM21 cm21 (Chl a) and 49.6
mM21 cm21 (Pheo) (according to Ref. 21, modified). All organic solvents
used were of HPLC grade (Baker) and have been degassed prior to use.

Measurement of Oxygen Evolution—Rates of oxygen evolution were
measured at 25 °C unless otherwise indicated in a thermostated Clark-
type oxygen electrode (Model RE K1-1 N, Biolytik, Germany) using
continuous, saturating light provided by a 250-W cold light source
(Halolux). Thylakoid membranes, extract, and PS II core complexes
were suspended in 20 mM MES, pH 6.5, 10 mM CaCl2, 10 mM MgCl2, 0.5
M mannitol, 0.03% b-DM with a concentration of 2–5 mg Chl/ml. As
artificial electron acceptors 2,6-dichloro-p-benzoquinone (2,6-DCBQ) or
ferricyanide were used, both with a final concentration of 2 mM.

SDS-Polyacrylamide Gel Electrophoresis (PAGE)—The polypeptide
composition of the core complexes was analyzed using denaturing SDS-
PAGE with a 12–22% linear gradient polyacrylamide gel according to a
modified Laemmli system with 0.75 M Tris in the separating gel. Sam-
ples were solubilized in sample buffer with 3% SDS and 5% b-mercap-
toethanol (5 min at 60 °C and, subsequently, 45 min at room tempera-
ture). For heme staining, b-mercaptoethanol was omitted. The gels
were stained with Coomassie Brilliant Blue R-250 or tetramethyl ben-
zidine according to a previous study (22).

Optical Measurements—Absorption spectroscopy was performed on a
Beckman DU-7400 spectrophotometer. Chlorophyll concentration was
determined after extraction from thylakoid membranes with 100%
methanol by its absorbance at 665 and 649 nm according to a previous
study (21).

For optical difference spectra, the isolated PS II complex (10 mg of
Chl/ml) was treated with ferricyanide (final concentration, 2 mM) to
oxidize the heme groups, followed by partial reduction by ascorbate
(final concentration, 10 mM) and full reduction by the addition of an
aliquot of dithionite. At each stage, 10 spectra were recorded and
averaged prior to subtraction.

Thermoluminescence Measurements—Thermoluminescence was re-
corded in a set-up described previously (23) using PS II samples at a Chl
concentration of 17 mg of Chl/ml. Thermoluminescence was charged at
215 °C or 3 °C, respectively, by applying one or more single turnover
flashes onto the samples. Signals were recorded during warming up the
sample to 70 °C at a heating rate of 20 °C/min. Prior to thermolumi-
nescence measurements, samples were dark-adapted for 2 min at 20 °C.
No cryoprotectants were added for the measurements. Similar ther-
moluminescence bands were obtained with two different preparations
of isolated PS II complexes.

Crystallization Procedure—Best crystals were obtained with a reser-
voir consisting of 10% (w/v) polyethylene glycol 4000, 100 mM HEPES-
NaOH (pH 7.5), and 100 mM ammonium sulfate. Different techniques
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for the crystallization were successfully applied: Vapor diffusion in
Linbro cell culture plates using “hanging drop” and “sitting drop” set-
ups equilibrating against a 1.0-ml reservoir (24), micro batch under oil
(25), micro batch in small 400-ml chambers, and micro batch in crystal-
lization capillaries. In each case, the ratios of protein solution to reser-
voir solution were between 1:1 and 2:1, respectively. The final drop
volume was between 1.0 and 3.0 ml. In all cases the glass surfaces in
contact with the protein solution were siliconized with a solution of
0.5% (v/v) dimethyl dichlorosilane in toluene.

RESULTS

Isolation and Biochemical Characterization of a Dimeric PS
II Complex—Important requirements for the successful crys-
tallization of a multisubunit protein complex with many cofac-
tors such as PS II are the stability, homogeneity, intactness,
and sufficient quantities of the protein complex. For cyanobac-
terial PS II, this involves an efficient mass culture (see “Exper-
imental Procedures”), an extraction procedure using mild de-
tergents without loss of activity or partial loss of (extrinsic)
subunits, and a fast and efficient purification procedure. Al-
though other details are outlined in the “Experimental Proce-
dures,” the extraction and the chromatographic purification
procedures, which are the key steps, should be evaluated sep-
arately as follows:

(a) Extraction of PS II from the crude thylakoid membranes
was optimized using a combination of the detergents b-dodecyl-
D-maltoside and sodium cholate. Although the addition of so-
dium cholate led to a reduced solubilization efficiency com-
pared with solubilization by b-DM alone, monomerization of PS
II was avoided, which is an important prerequisite for a ho-
mogenous preparation and high oxygen activity yields.

(b) The use of perfusion chromatography as the first chro-
matographic step resulted in a considerable acceleration of the
purification procedure: Due to the stability of the matrix ma-
terial with excellent flow characteristics, the crude extract
could be applied directly onto the column without any prepu-
rification step, and the flow rates could be increased up to a
factor of 10. Using ethyl surface groups, weak hydrophobic
interaction chromatography could separate PS II from the
other main protein components of the thylakoid membrane, i.e.
PS I (absorption maximum at 680 nm) (Fig. 1, left) and phyco-
biliproteins (absorption maximum at 600–650 nm). In addi-
tion, free carotenoids (first peak of the elution diagram) and

nucleic acids (peak next to PS II) were separated, as identified
by absorption spectroscopy. In a second step, an ion-exchange
column with continuous bed matrix material separated PS II
dimers with high and low oxygen-evolving activity (Fig. 1,
right). The reason for the lower activity of one fraction (only
30–50% of the maximum activity) is not yet clear, because
SDS-PAGE analysis did not show any significant difference
between the two peaks. The dimeric state of both PS II frac-
tions was verified by size exclusion HPLC (see also Fig. 6, left).
Routinely, also a small peak of inactive monomers lacking the
33-kDa subunit (verified by size exclusion HPLC and SDS-
PAGE analysis, data not shown) was observed. In conclusion,
this second step was decisive in achieving both structural and
functional homogeneity of the dimeric PS II complex. Also,
besides using new column technology, the use of the mild
detergent b-DM for all steps, including solubilization of the
thylakoid membrane, was a prerequisite to maintaining a very
high oxygen evolution activity of the isolated complexes.

The success of this PS II purification procedure was analyzed
by SDS-PAGE and absorption spectroscopy (Fig. 2). By SDS-
PAGE analysis of samples taken at various steps during puri-
fication, from thylakoid membranes (Fig. 2, left, lane b) to
purified PS II (lane e), the extreme efficiency of the HIC step,
and the further removal of numerous contaminating proteins
by the ion-exchange chromatography step is obvious. Espe-
cially, the loss of phycobilisome subunits (17–20 kDa) by the
HIC step is apparent (lane d). Protein subunits of the purified
PS II complex (lane e) were assigned according to their appar-
ent molecular masses and/or Western blotting (data not
shown). All major PS II subunits are present: The reaction
center proteins D1 and D2, the internal antenna proteins CP47
and CP43; the a-subunit of cytochrome b559 (PsbE); and the
three lumen-exposed subunits, the 33-kDa protein, cytochrome
c550, and the 12-kDa protein, which are decisive for preserving
the water-splitting activity. Additionally, at least three small
subunits with molecular masses between 2 and 8 kDa were
detected, including most probably the b-subunit of cytochrome
b559. The presence of cytochrome c550 and the 12-kDa protein
was previously confirmed by immunoblot analysis and heme
staining (13).

The success of the purification procedure is also obvious

FIG. 1. Elution profiles from the
first and second chromatographic
step, HIC, and ion-exchange chroma-
tography column. The flow rates for the
two column runs were 10 and 4 ml/min,
respectively (for details see “Experimen-
tal Procedures”).
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when comparing absorption spectra of the crude extract and
the isolated PS II complex (Fig. 2, right). In contrast to the
extract with prevailing PS I (peaking at 679 nm) and phyco-
bilisomes (600–650 nm), the purified PS II core complex shows
the characteristic absorption maximum at about 674 nm and
the loss of all contaminating chromophores.

This purity as analyzed by UV-visible spectroscopy and gel
electrophoresis is in line with a low and reproducible number of
chlorophylls per 2 pheophytin molecules as determined by re-
versed phase chromatography. Several determinations of var-
ious preparations yielded (39 6 1) Chl per reaction center,
based on 2 pheophytins per PS II core complex (data not
shown). The small deviation from the average value indicates
the excellent reproducibility of the preparation procedure.

Characterization of the Electron Donor/Water-splitting and
Electron Acceptor Sides—The purified PS II dimers showed a
very high oxygen-evolving activity with a typical rate of 5000–
6000 mmol of O2 (mg of Chl)21 h21 (at 25 °C with 2,6-DCBQ as
electron acceptor). To our knowledge, this is the highest rate
reported for a PS II preparation. Also, the preparation showed
a remarkable stability, retaining about 70–80% of its original
activity after 7 days of storage on ice in the dark, which is an
excellent basis for subsequent crystallization experiments.

In accordance with oxygen evolution measurements on intact
cells (26), activity measurements with ferricyanide as electron
acceptor yielded an optimum above 50 °C for isolated com-
plexes, whereas the electron acceptor 2,6-DCBQ decomposes at
temperatures higher than 35 °C. The high temperature opti-
mum for the oxygen evolution activity indicates that the ther-
mostability of the water-splitting complex was maintained dur-
ing the purification procedure and is an inherent property of
this protein complex.

To study the nature of the cytochromes present in the PS II
preparation, redox difference spectra were recorded. The di-
thionite-reduced minus ascorbate-oxidized difference spectrum
showed peaks at 550 and 522 nm (Fig. 3, left). These maxima
are characteristic for cytochrome c550 (27, 28); the apparent low
redox potential is in agreement with the 2250 mV level re-
ported for cytochrome c550 for other cyanobacteria (28, 29). An
ascorbate-reduced minus ferricyanide-oxidized difference spec-
trum showed merely the characteristic peak of cytochrome b559

at approximately 559 nm (Fig. 3, left, dotted line (6)).
Thermoluminescence measurements were performed to

probe the functionality of the QB binding site of the isolated PS
II complex. After excitation by single turnover flashes given at
215 °C or 3 °C, respectively, a thermoluminescence B-band at
approximately 24 °C was observed, which originated from

charge recombination of the semiquinone QB
2 with the S2/S3

state of the manganese cluster (30). Fig. 3 (right) shows a
thermoluminescence signal after excitation with two single
turnover flashes. With the intensity of a single turnover flash
being too low to yield saturation, two flashes were required to
achieve maximal signal size for this preparation. In addition to
the B-band, a small Q-band due to charge recombination of QA

2

with the S2/S3 state of the manganese cluster was observed at
4 °C (30). This band reflects centers with QB missing or with
blocked electron transport from QA to QB. From the ratio of the
two bands, a 90–95% occupation of the QB site by plastoqui-
none was estimated, which is probably an underestimation: on
one hand, the intensity of the excitation flash was still not
saturating; on the other, part of the centers may have become
double reduced after the second flash, being single reduced
after the first flash.

In summary, the PS II preparation presented here is the first
one that yields highly purified PS II complexes with an intact
QB site, occupied by a plastoquinone molecule. This is an im-
portant fact in that it starts from a homogenous preparation
then yields homogenous crystals for x-ray analysis.

Three-dimensional Crystallization and Crystal Analysis—
Crystals were grown by the hanging drop method using poly-
ethylene glycol 4000 and (NH4)2SO4 as precipitants.

Depending on the conditions, crystals of different shape and
size grew within 6 h. Fig. 4 shows two different crystallization
results obtained by various conditions. If the equilibration of
the drop was too fast or the precipitant concentration too high
the crystals had the shape of dendrites (Fig. 4A), which did not
show any x-ray diffraction. Under optimal conditions PS II
crystallized in well shaped individual crystals reaching maxi-
mum dimensions of around 1.0 x 0.5 x 0.2 mm (Fig. 4, B and C).

For the optimization of the crystallization conditions, differ-
ent temperatures were tested (4, 15, 18, and 22 °C) yielding an
optimum at 18 °C.

Using the vapor diffusion techniques, we observed that the
crystals dissolved after 1 week, presumably due to a continuous
increase in the detergent and the salt concentration in the
drop. Crystals grown under oil kept their shape and diffraction
quality for over 2 weeks and yielded a diffraction of around 10
Å at room temperature using an in-house rotating anode. How-
ever, as they were extremely sensitive to x-ray radiation, cryo-
conditions had to be developed for further data collections. The
extreme fragility of the crystals and their sensitivity against
variations in the composition of the mother liquor hampered
the development of the cryoconditions considerably; finally, the

FIG. 2. SDS-PAGE (A) and absorp-
tion spectra (B) taken at various
steps during the isolation procedure
of PS II. Left, SDS-PAGE showing molec-
ular mass markers (a), thylakoid mem-
branes (b), solubilized membrane proteins
(c), and PS II after the first (d) and second
(e) HPLC purification steps. Right, ab-
sorption spectra of PS II after membrane
extraction (dotted curve) and PS II puri-
fied by two HPLC steps (solid line).
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best results were obtained by flash-freezing of small crystals in
liquid nitrogen with glycerol as cryoprotectant.

The unit-cell dimensions and the space group were deter-
mined using a data set (99% complete to 7.5 Å) collected from a
small single crystal (,0.1 x ,0.1 x , 0.05 mm) at our in-house
rotating copper anode (Enraf-Nonius FR 591) equipped with an
x-ray mirror system (Supper Inc., Natick, MA) and an imaging
plate detector (Mar345). The diffraction pattern revealed an
orthorhombic space group, with the unit-cell parameters a 5
139.6 Å, b 5 225.8 Å, and c 5 309.0 Å.

Under cryoconditions the PS II crystals diffracted in-house
up to 7.5-Å resolution, however, they displayed large mosaicity,

very diffuse scattering, and only 2 out of 10 crystals were
single. In addition, we observed a significant decrease in crys-
tal quality (in terms of mosaicity) with increasing size of the
crystals.

To further evaluate the optimization of the crystallization-
and cryoconditions, we used test beamtime at different syn-
chrotron sources. The best data so far were obtained with very
small crystals (largest dimension , 0.1 mm) at the microfocus
beamline ID13 at the European Synchrotron Radiation Facility
(Grenoble, France). A first preliminary data set with maximum
resolution of around 4.3 Å could be collected (Fig. 5, A and B).
However, the crystals displayed in the high flux beam a severe

FIG. 3. Left, difference spectra of cytochrome c550 with dithionite-ascorbate (solid line) and cytochrome b559 with ascorbate-ferricyanide (dotted
line). Right, thermoluminescence signal from purified PS II complexes. Thermoluminescence was excited by giving two flashes at 3 °C; the sample
contained 14 mg/ml Chl.

FIG. 4. Light microscopic images of different three-dimensional PS II crystals. A, a typical result of PS II crystals growing too fast
(mostly the concentration of the precipitant was too high). Within 1 day large dendrites are formed, which display no x-ray diffraction at all. B,
hanging drop under optimal conditions resulting in single crystals of PS II with dimensions of around 0.3 3 0.3 3 0.1 mm. These crystals are visible
within 2 h after mixing the drop and reach their final size after 2 days. In addition, after 1 week small dendrites are visible in the drop. C, enlarged
view of a PS II single crystal.
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radiation damage even at 100 K, which did not enable us to
collect a complete data set from a single crystal. The incom-
pleteness of the collected data, the significant radiation dam-
age, and the strong diffuse scattering contributed to a high
merging R-factor (around 20%) for the obtained data set. Based
on the systematic absences of reflections, we assumed the space
group to be P212121.

To proof structural and functional intactness of PS II within
the crystal, we redissolved PS II crystals and compared their
properties with the starting material of the crystallization as-
says. HPLC size exclusion chromatography revealed that PS II
still was a dimeric complex after crystallization (Fig. 6, left).
For comparison, monomeric PS II is also shown in these elution
profiles. Additionally, the unchanged subunit composition is
obvious from the SDS-PAGE analysis of the redissolved crys-
tals in comparison with the pattern before crystallization (Fig.
6, right); namely, the extrinsic subunits, the 33-kDa protein,
cytochrome c550, and the 12-kDa protein, which are easily lost
in PS II preparations of mesophilic organisms, were still pres-
ent after crystallization. This structural integrity is consistent
with the fact that the oxygen evolution activity is well pre-
served in the crystals: At least 70% of the original rate was
measured with the redissolved crystals (data not shown).

Based on an averaged molecular mass of the PS II dimer in
the detergent micelle of around 500 kDa, we estimated that the
crystal contains one PS II dimer in the asymmetric unit with a
Matthews coefficient (VM) of 4.7 Å3/Da (31).

Cryo- and negative stain electron microscopy studies enabled
us to estimate the dimensions of PS II dimers from the ther-
mophilic cyanobacterium S. elongatus to be around 115 3 170
Å in the plane of the membrane and around 95 Å across the
membrane (11, 13). Based on the electron microscopy pictures
and the measured dimensions, we constructed a simplified
model of a PS II dimer (Fig. 7, A–C) and placed it in the P212121

cell with the observed cell dimensions. Taking the flexibility of
the detergent ring into account, we filled the whole unit cell
with four PS II dimers without overlap between neighbored

dimers and without holes big enough to fit even a PS II mon-
omer. The suggested model for the arrangement of PS II dimers
is shown in Fig. 7 (D–G). We predict a packing between the
lumen-exposed subunits and the cytoplasma-exposed site along
the c axis. In this proposed packing, the surrounding detergent
ring (membrane plane) would be in the ab plane of the unit cell.

DISCUSSION

The procedure for the isolation of PS II from S. elongatus
described here is characterized by its simplicity and speed. In
particular, due to the robust perfusion chromatography matrix
material, the time-consuming overnight sucrose-density gradi-
ent required in the former procedure (32) can be omitted.

Besides PS II, the combination of two chromatographic steps
involving porous matrix materials could be a useful strategy for
the purification of membrane proteins in general; with slight
modifications, this procedure already turned out to be ex-
tremely efficient for the purification of PS I (33, 34, 35) and the
cytochrome b6f complex (36) from various cyanobacteria. Espe-
cially, the hydrophobic interaction chromatography step
achieves a powerful enrichment if the selection of the column
material, in the case of membrane proteins with surface-ex-
posed groups of very low hydrophobicity, is combined with
optimal pH and salt conditions. Additionally, both chromato-
graphic steps have also the potential for further scaling up due
to the stability and excellent flow characteristics of these ma-
trix materials.

In comparison with other PS II preparations from cyanobac-
teria or higher plants (for review see Ref. 37), our preparation
contains all function relevant components of the electron donor
and acceptor sides with highest degree of preservation. The
isolated PS II shows the highest rate of oxygen evolution re-
ported so far, which is in line with a clear multiline signal
obtained from EPR measurements before, indicating a func-
tional manganese cluster (38). High rates of oxygen evolution,
up to 4500 mM O2 per mg of Chl and per hour, have also been
reported from another PS II preparation of the same organism

FIG. 5. Oscillation x-ray diffraction pattern of a single PS II crystal. A, diffraction pattern recorded from a crystal of PS II grown within
10 h at the European Synchrotron Radiation Facility and shock-frozen in liquid nitrogen. The experiment was performed at the microfocus
beamline ID13 equipped with a MarCCD. Crystal-to-film distance, 350 mm; detector radius, 65 mm; wavelength, 0.782 Å; oscillation range, 1.0°;
exposure time 30 s; temperature, 100 K. The edge of the detector is at 4.3-Å resolution. It can be seen that the diffraction is very anisotropic. B,
enlarged section of the diffraction image displaying weak reflections up to the edge of the detector at a resolution of around 4.3 Å.
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(41); however, this preparation still contains many contaminat-
ing proteins making it unsuitable for structural studies.

Our water-splitting complex also shows a remarkable
thermo- and long-term stability, to which both its thermophilic
origin and the dimeric structure of PS II preserved by our
preparation procedure may contribute. The isolated dimeric
complex shows up to 100% higher oxygen rates than mono-
meric PS II of the same organism (11, 32, 39, 40); comparisons
of monomeric and dimeric PS II complexes of mesophiles con-
firm these observations (9), although at a much lower activity
level and considerably less stability.

In addition to the intactness of the electron donor side of our
PS II preparation, the acceptor side appears also to be intact
and the quinone binding site for QB is almost fully occupied.
The present work represents, to our knowledge, the first crys-

tallization of PS II with an occupied QB site. This is of partic-
ular interest, because the QB site is the site where herbicides
like DCMU and atrazine bind.

PS II from S. elongatus is also unique in that it maintains its
water-splitting activity even after crystallization: All PS II
preparations yielding two- or three-dimensional crystals from
other organisms have not been reported to show any oxygen
evolution after resolubilization of the crystals. Oxygen-evolving
activity was, however, reported of resolubilized three-dimen-
sional crystals that were originally grown from a monomeric PS
II preparation of S. elongatus and diffracted up to 5 Å (42).
Although the activity of this preparation was measured as
averaged O2 flash yield, which is difficult to compare with the
oxygen rates measured in our assay, the antenna size of about
60 Chl per (active) reaction center appears high, especially

FIG. 6. Comparison of size, homoge-
neity, and subunit composition of the
dimeric PS II complex before and af-
ter crystallization. 1–2 days after crys-
tallization, crystals were resolubilized in
buffer (20 mM MES, pH 6.5, 10 mM CaCl2,
10 mM MgCl2, 0.5 M mannitol, 0.03%
b-DM) and characterized by: Left, size ex-
clusion chromatography, using a TSKgel
4000 SWXL (see “Experimental Proce-
dures”); for comparison, also the elution
profile of monomeric PS II is shown.
Right, SDS-PAGE: Coomassie stain of di-
meric PS II before (a) and after crystalli-
zation (b) (for details see “Experimental
Procedures”).

FIG. 7. Analysis of the cell content
and suggested packing in the PS II
crystals shown by a simplified sphere
model. The size of the PS II monomer
and the dimer formation is chosen to re-
flect the shape and dimensions of active
PS II dimers as seen in electron micros-
copy images (11, 13). Top view shows a
dimeric PS II from the cytoplasma-ex-
posed side (A), from the lumen-exposed
side (C); side view is shown in B. The
lumen-exposed water-splitting site is
shown in blue, D1/D2 in yellow-green, and
CP43/CP47 in darker green. D, E, and F
display different side views of the sug-
gested packing of four PS II dimers per
unit cell; G shows a top view of the unit
cell.
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because values below 40 had been reported before (32). This
might also be due to the lower activity of monomeric versus
dimeric PS II preparations mentioned above.

Although our space group is identical with the one reported
for PS II crystals from the same cyanobacterium (42), although
with a different type of preparation, we disagree with their
suggestion of the packing of the unit cell with four monomeric
PS II complexes. Their suggestion is based on a different type
of PS II preparation, which has been reported to yield exclu-
sively PS II monomers and to remain monomeric even after
crystallization. In consequence, Zouni et al. (42) based their
analysis on even smaller dimensions for the PS II complex and
estimated the specific volume of the PS II crystals to be around
6.8 Å3/Da. Because the dimensions of both unit cells are nearly
equal, we propose that both crystals contain overall eight PS II
monomers per unit cell, forming four PS II dimers in our case
(as verified by size exclusion chromatography of dissolved crys-
tals), which is different from the 4 PS II monomers per unit cell
suggested by Zouni et al. (42).

In summary, the PS II preparation from the thermophilic
cyanobacterium S. elongatus reported in this article shows
excellent features concerning purity, homogeneity, activity,
stability, and quantity. The homogeneous dimeric PS II com-
plexes yielded three-dimensional crystals that diffract up to 4.3
Å, i.e. the highest reported resolution to date. The fact that both
oxygen-evolving activity and dimeric organization was pre-
served after resolubilization of these crystals should promote a
further structural analysis of PS II, including the water-split-
ting process in particular and of intrinsic membrane proteins in
general. (Structure resolution by multiple isomorphous re-
placement using heavy atom compounds is in progress.)

Moreover, this thermostable preparation may also facilitate
or open new ways of studying PS II as a model for the devel-
opment of semiartificial, light-driven water-splitting devices.
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Dekker, J. P., and Rögner, M. (1998) in Photosynthesis: Mechanisms and
Effects (Garab, G., ed) Vol. III, pp. 1537–1540, Kluwer Academic Publishers,
Dordrecht, Netherlands
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