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Abstract: Members of the rhodophytan order Cyanidiales are unique among phototrophs in their ability to live in 
extremely low pH levels and moderately high temperatures. The photosynthetic apparatus of the red alga 
Cyanidioschyzon merolae represents an intermediate type between cyanobacteria and higher plants, suggesting that this 
alga may provide the evolutionary link between prokaryotic and eukaryotic phototrophs. While red algal PSI resembles 
that of the higher plants, the PSII complex is more reminiscent of the cyanobacterial ancestor in that it contains 
phycobilisomes as the light-harvesting system instead of Chla/b binding proteins of green algae and higher plants, as 
well as the PsbU and PsbV subunits stabilising the oxygen evolving complex (OEC). The most remarkable feature of 
the red algal PSII is the presence of the fourth extrinsic protein of 20 kDa (PsbQ′) which is not found in the 
cyanobacterial OEC and which is distantly related with the green algal PsbQ. This feature together with some 
differences in the structural cooperation between the OEC subunits suggests that the lumenal side of red algal PSII may 
vary from the prokaryotic ancestor. In order to elucidate the structural differences between cyanobacterial and 
eukaryotic PSII, we have isolated highly active and stable dimeric complexes of the C. merolae PSII and subjected 
them to high throughput crystallization and mass spectrometry analyses. Here we report the full subunit composition 
and preliminary results of 3D crystallization of the dimeric C. merolae PSII. 
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Introduction 
 

Recently, the crystal structure of photosystem II 
(PSII) isolated from the thermophilic cyanobacterium 
Thermosynechococcus vulcanus has been reported at a 
resolution of 1.9 Å (Shen et al., submitted). This atomic 
structure has confirmed a working model for 
understanding the water splitting reaction based on the 
previous crystallographic structures of cyanobacterial 
PSII obtained in our laboratory (Ferreira et al., 2004; 
Kargul et al., 2007; Murray et al., 2008a; Murray et al., 
2008b) and others (Kamiya and Shen, 2003; Loll et al., 
2005; Guskov et al., 2009; Yano et al., 2006). The 
catalytic site is composed of a Mn4Ca-cluster surrounded 
by a number of highly conserved amino acids. Although 
the precise arrangement of the metal ions was uncertain 
in the available crystallographic structures of PSII (due 
to the resolution limitation and possible radiation 
modifiction during diffraction data collection), the model 
which places three Mn ions and a Ca ion at the corner of 

a cubane with oxo-bridges and the forth Mn linked to the 
cubane via a bridging oxygen has gained  support in the 
latest atomic structure of PSII (Shen et al., submitted), as 
well as from quantum mechanical considerations 
(Sproviero et al., 2008, Dau et al., 2008; Siegbahn, 
2009).  

Although we now have a detailed structural model of 
PSII from cyanobacteria at an atomic resolution, no 
corresponding structure of the eukaryotic PSII complex 
has been reported to date. To this end, we isolated and 
characterized PSII from the extremophilic unicellular red 
alga Cyanidioschyzon merolae aiming at structural 
characterization of this eukaryotic PSII complex. C. 
merolae belongs to the rhodophytan order Cyanidiales 
whose members thrive in acidic hot springs (Ciniglia et 
al., 2004), and are unique among phototrophs in the 
ability to live in extremely low pH levels (pH 0.2-4) and 
moderately high temperatures (40-56ºC). Furthermore, C. 
merolae is considered to be one of the most primitive 
photosynthetic prototrophs because it diverged near the 



 

root of the red algal lineage that forms a basal group 
within the photosynthetic eukaryotes (Nozaki et al., 
2003). It is well established that the oxygen evolving 
complex (OEC) from C. merolae is stabilized by 4 
extrinsic lumenal subunits: cyanobacterial-like PsbV and 
PsbU, the evolutionary conserved PsbO subunit, and an 
additional 20-kDa subunit PsbQ′ exhibiting low 
homology with the higher plant and green algal PsbQ 
polypeptides (Ohta et al., 2003). The precise localization 
of this subunit and its role in stabilization of the OEC are 
currently unknown, although low-resolution single 
particle analysis and reconstitution experiments 
suggested that red algal PsbQ′ directly binds to CP43 of 
the core complex independently of other extrinsic 
proteins and is required for effective binding of the PsbV 
and PsbU subunits (Gardian et al., 2007; Enami et al., 
2008). In contrast, PsbQ in higher plants functionally 
associates with PSII via its direct interaction with both 
PsbO and PsbP (reviewed in Enami et al., 2008). 
Interestingly, PsbQ′ can functionally replace PsbQ in 
spinach during cross-reconstitution experiments despite 
their low amino acid sequence homology (Enami et al., 
2008).  Moreover, it has been shown that the binding 
mode of PsbV differs between cyanobacteria and red 
alga, in that the red algal PsbV binds via other extrinsic 
subunits, whereas its cyanobacterial counterpart binds 
directly with the PSII core (reviewed in Enami et al., 
2008). All these observations point towards significant 
structural differences on the lumenal side of PSII at 
various evolutionary stages.  

The logic of working with C. merolae was to obtain 
a crystal structure of a eukaryotic form of PSII using an 
organism which was likely to provide a very stable form 
of the enzyme. Here we describe the fist steps towards 
the ultimate goal of obtaining the first structure of 
eukaryotic PSII. We demonstrate that a highly active and 
robust preparation of the dimeric PSII from C. merolae 
can be used to obtain 3D crystals of this complex.    
 
Materials and Methods 
 
Functionally active Photosystem II (PSII) has been 
isolated from the red alga Cyanidioschyzon merolae, 
strain N1332 (obtained from the NIES microbial culture 
collection). Thylakoid membranes were prepared from 
late-log phase cells grown in the Allen 2 medium (OD682 
3.5), using a modified procedure of Adachi et al. (2009). 
The cells were collected by centrifugation at 4,000 x g, 
washed once with buffer A (40 mM MES-NaOH, pH 
6.1, 25% (w/w) glycerol, 10 mM CaCl2, 5 mM MgCl2) 
and resuspended in buffer A supplemented with 50 
µg/ml DNAse I and the CompleteTM protease inhibitor 

cocktail (Roche Diagnostics GmbH). Cells were broken 
by passing through a French Press (≈ 2000 psi) twice. 
Thylakoids were pelleted by centrifugation at 104,200 x 
g for 30 minutes at 4°C and washed once with buffer A. 
The thylakoid pellets were resuspended in buffer A at a 
chlorophyll (Chl) concentration of 2-3 mg/ml, snap-

frozen in liquid N2 and stored at -70C prior to use. The 
dimeric PSII has been isolated by two-step anion 
exchange chromatography according to the modified 
protocol of Adachi et al. (2009) using the DEAE 
ToyoPearl 650 M followed by DEAE ToyoPearl 650 S 
chromatographic media. Thylakoids (1 mg/ml Chl) were 
solubilised with 1.2% (w/v) dodecyl-β-D-maltoside 
(DDM, Biomol) by stirring in the dark at 4ºC for 40 min. 
Soluble fraction was collected by centrifugation at 
100,000 g for 30 min, then loaded onto the DEAE 
ToyoPearl 650 M column equilibrated with buffer B (40 
mM MES-NaOH, pH 6.1, 25% (w/w) glycerol, 3 mM 
CaCl2, 0.03% (w/w) DDM). The immoblised crude PSII 
was washed with the wash buffer (40 mM MES-NaOH, 
pH 6.1, 25% (w/w) glycerol, 3 mM CaCl2, 0.09 M NaCl, 
0.03% (w/v) DDM), then eluted with Elution 1 buffer 
(40 mM MES-NaOH, pH 6.1, 25% (w/w) glycerol, 3 
mM CaCl2, 0.23 M NaCl, 0.03% (w/v) DDM), and 
dialysed against buffer A supplemented with 0.03% 
DDM overnight at 4ºC in the dark. Dialysed crude PSII 
was loaded onto the DEAE ToyoPearl 650 S column 
(equilibrated with buffer A + 0.03% (w/v) DDM) to 
separate the PSII monomers and dimers using a 
continuous gradient of 0.05-0.15 M NaCl. The PSII 
dimer fractions were pooled and concentrated using the 
VivaSpin-20 (Sartorius Stedim Biotech) concentrating 
devices to at least 3 mg/ml Chl. Functional activity of 
purified thylakoids and PSII dimers (5 μg Chl) was 
measured using a Clark-type electrode (Hansatech). 
Measurements were performed at 30ºC in buffer A in the 
presence of 0.125 mM 2,6-dichloro-p-benzoquinone 
(DCBQ) and 2.5 mM potassium ferricyanide as the 
exogenous electron acceptors, using white light 
illumination intensity of 6,000 μE. In addition, samples 
have been biochemically analysed by size exclusion 
chromatography, SDS-PAGE, and mass spectrometry, 
using standard procedures. The highly active and pure 
dimeric PSII was subjected to extensive 3D 
crystallisation trials using a Mosquito nano-litre high 
throughput robot (TTP Labtech) and 14 commercially 
available screens pre-dispensed into 96 well MRC plates. 

 
Results and Discussion 
 

We set out to purify a highly active, intact and 
homogenous preparation of the C. merolae dimeric PSII 



 

that wocould be suitable for 3D crystallization trials. 
Following solubilisation of thylakoids with the detergent 
(dodecyl-β-D-maltoside, DDM) we separated PSII 
monomers and dimers using a 2-step anion exchange 
chromatography approach (see Figure 1). In the second 
step, we purified a robust and higly active PSII dimer 

 
 

 
preparation (yield 3.5%) that was stable for up to 24 
hours of incubation at an ambient temperature (see 
Figure 2b). The homogeneity of the sample was verified 
by size-exclusion chromatography which showed a 
single elution peak with the retention time corresponding 
to the PSII dimer (data not shown). The oxygen evolving 
activity varied between 3200-4300 μmoles O2/mg Chl/h 
for different preparations tested. It was the highest 
recorded oxygen evolving activity obtained under our 
experimental conditions, and exceeded the activity of 

PSII isolated from the thermophilic cyanobacterium 
Thermosynechococcus elongatus used to obtain the X-
ray structure of PSII (Ferreira et al., 2004).  Moreover, 
this preparation retained its oxygen evolving activity 
when illuminated with high light intensities (up to 
13,000 μE, see Figure 2a), indicating that the oxygen 
evolving complex remained intact when subjected to a 
high light stress.  

We analysed the subunit composition of the purified 
C. merolae PSII dimer by biochemical and mass 
spectromentry approaches.  Table 1 and Figure 3a show 
that the reaction centre subunits (D1, D2), inner antenna 
subunits (CP43, CP47), four extrinsic subunits 
stabilizing the OEC (PsbO, PsbU, PsbV, PsbQ′), and 
small intrinsic subunits were present in our preparation. 
Interestingly, our mass spectrometry analysis showed the 
presence of the PSII auxiliary subunits Psb27 and Psb28 
implied in the regulation of the PSII repair cycle and 
biogenesis (Nowaczyk et al., 2006; Dobáková et al., 
2009). However, their stoichiometry of binding to PSII is 
presently unknown. 

 
 

 
 
Figure 1. Purification of the C. merolae PSII. PSII was 
purified using two-step anion exchange chromatography. In the 
first step (a), crude PSII was purified which was subsequently 
separated into PSII monomer and dimer fractions (b). 

Protein 
subunit 

Calculated 
mass from 
database 

No. of 
peptides 

Experimental 
mass 

PsbA 39706 3 39218 

PsbB 56300 6 56218 

PsbC 51912 7 50410 

PsbD 39290 3 37910 

PsbE 9094 2 9084 

PsbF 4706 2 4504 

PsbH 7220 3 6644 

PsbI 4475 3 4473 

PsbJ 3991 2 3865 

PsbK 4895 2 4867 

PsbL 4382 1 4298 

PsbM 16126 3 16054 

PsbN 4725 1 4688 

PsbO 35454      12 34757 

PsbQ′ 23622      5 23504 

PsbT 3791 2 3769 

PsbU 16847 6 16673 

PsbV 16609 2 16350 

Psb28 12580 2 12466 

PsbX 4592 1 4376 

PsbY 3926 2 3921 

ycf12 3792 1 3732 

PsbZ 6484 1 6396 

Psb27 22017 3 21845 

a 

b

Table 1. LC/MS and MS/MS analysis of protein composition 
of the C. merolae dimeric PSII 



 

 

 
Figure 2. Stability of purified C. merolae PSII. Activity of 

PSII dimers was measured at various light intensities (a) or as a 
function of time over a 24-hour period of incubation at 17ºC in 
the dark (b). Oxygen evolving activity of PSII was measured at 
30ºC in the presence of 0.125 mM DCBQ and 2.5 mM 
ferricyanide as the exogenous electron acceptors. 
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Figure 3. High-throughput screening of crystal-forming 

conditions using the C. merolae PSII dimer. (a) Sitting drops of 
200 nl were set up at 4ºC or 20ºC by mixing a PSII dimer 
sample (1.4 mg Chl/ml) and mother liquor of 14 various 
crystallization screening kits (96 conditions per kit). (b) SDS-
PAGE analysis of the C. merolae PSII dimer subunits. Proteins 
(5 ug Chl/lane) were separated on a 15% polyacrylamide gel, 
then visualized by Coomassie staining. PM, prestained marker. 
The PSII subunits are arrowed on the right-hand side of panel a. 
 

Having obtained a highly robust and homogenous 
preparation of the C. merolae dimeric PSII we used it for 
extensive crystallization trials aiming at obtaining well-
diffracting 3D crystals of this eukaryotic PSII. Initially, 
we tried to manually reproduce crystallization conditions 
that were successfully used to obtain crystals of PSII 
from T. elongatus (Ferreira et al., 2004) and a related red 
alga Cyanidium caldarium (Adachi et al., 2009). These 
conditions did not yield any crystals when the dimeric C. 
merolae PSII was used. To search for alternative 
conditions, we have performed high throughput robot-
based screening using 14 commercially available 
crystallizations screens. In this approach, we identified 9 
conditions which yielded 3D crystals (see Figure 3b) 
with some diffracting properties (data not shown). Work 
is under way to optimise these conditions in order to 
produce crystals with improved X-ray diffraction 
characteristics. 
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