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Chapter 3 
 
 

Structural Characterization of Photosystem I of the 
Unicellular Cryptophyte Alga Rhodomonas CS24 
 
C.D. van der Weij – de Wit, S. Kereiche, R. Kouřil, H. van Roon, G.T. Oostergetel, 
K.E. Wilk, E.J. Boekema and J.P. Dekker 
 
 
Photosystem I (PSI) of cryptophyte algae is a membrane-integrated protein-
complex, which binds chlorophyll (Chl) a and Chl c for light-harvesting. 
Biochemical analysis of the cryptophyte PSI core complex predicted little 
difference with cyanobacterial PSI. However, up to date, cryptophyte PSI has not 
been structurally characterized. In this study, we report an electron microscopy 
study of a supercomplex of the PSI core complex and a number of Lhca (Chl a/c2 
antenna complexes) of the unicellular cryptophyte algae Rhodomonas CS24. The 
supercomplex is found to be a monomer, is significantly larger than the native PSI–
LHCI complex from higher plants, and has a similar size and shape as the recently 
characterized PSI-LHCII supercomplex from Arabidopsis thaliana, suggesting that 
it may have a peripheral antenna of about seven Lhca proteins. About five of these 
antenna units would bind at the side of the PSI-F and -J subunits and the others at 
the side of PSI-A, -H, -L and -K. Spectroscopic analysis of the isolated PSI 
complexes reveals the absence of typical red pigments, with absorption wavelength 
above 700 nm. 
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Introduction 
 

Oxygenic photosynthesis is performed by two photosystems (PSI, PSII), 
which are embedded in the thylakoid membrane of plants, cyanobacteria or algae. 
Plants have an extensive membrane-integrated light-harvesting system composed 
of the Lhca1-4 and Lhcb1-6 proteins, which associate in single or multiple copies 
to PSI and PSII, respectively (Dekker and Boekema 2005). Cyanobacteria lack this 
peripheral light-harvesting system but have instead a large water-soluble system, 
the phycobilisome, which is composed of multiple copies of three 
phycobiliproteins (Adir 2005). Phycobilisomes are associated on the stromal side 
of PSI and PSII, but their precise attachment location is not known. Cryptophytes 
and red algae are unique algae, because they utilize both phycobiliproteins and 
chlorophyll (Chl) c-containing membrane-integrated light-harvesting proteins in 
their light-harvesting apparatus. Cryptophytes exploit only a single type of 
phycobiliprotein – phycoerythrin or phycocyanin – (reviewed by Macpherson and 
Hiller 2003) in contrast with cyanobacteria and red algae, which use three types of 
phycobiliproteins (Adir 2005). Another contrast with the cyanobacteria and red 
algae, is the location of phycoerythrin or phycocyanin of cryptophytes in the 
lumen. Rhodomonas CS24 contains phycoerythrin 545 (PE545), a complex 
consisting of 4 polypeptides and a mass of 60 kDa; its structure has been solved at 
about 1 Å resolution by X-ray diffraction (Doust et al. 2004). Some electron 
microscopy studies have suggested that within the lumen the phycobilin proteins 
assemble into stacks or rows, although there is no real consensus (Macpherson and 
Hiller 2003). 

The chloroplast of cryptophytes is related to the red algea (Douglas and 
Penny 1999). Sequencing of the plastid genome of the cryptophyte Guillardia theta 
indicated the presence of PSI subunits PsaA-E, PsaF and PsaI-M (Douglas and 
Penny 1999). With respect to cyanobacteria, cryptophytes thus lack the PSI-X unit, 
whereas higher plants also lack PSI-M, but do contain the extra units PSI-G, -H, -O 
and -N (Jensen et al. 2003). X-ray diffraction studies based on the crystals of PSI 
complexes revealed very similar structures of the core parts of higher plant and 
cyanobacterial PSI (Jordan et al. 2001, Ben Shem et al. 2003), suggesting that 
slightly different polypeptide composition does not cause pronounced structural 
differences. Thus, the PSI core of cryptophytes is expected to have a similar 
structure to that of higher plants. 

A biochemical analysis of thylakoid membranes of the cryptophyte 
Rhodomonas sp. solubilized with the mild detergent n-dodecyl-β,D-maltoside (β-
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DM) revealed six pigment-bearing fractions of different size (Bathke et al. 1999). 
Two of these fractions showed characteristics of light-harvesting complexes, other 
bands could be attributed to PSI and PSII. Up to 10 different light-harvesting 
proteins could be identified, some of which are specific for PSI, others for PSII. 
The polypeptides of the light-harvesting complex of PSII show a higher Chl c/a 
ratio than the antenna proteins of PSI (Bathke et al. 1999). The resolved band 
pattern of polypeptide masses resembled that of PSI fractions of other organisms 
(Jensen et al. 2003). And since the Chl a/P700 ratio was estimated to be 175, which 
is similar to values of native PSI complexes from vascular plants (Jansson 1994), 
Bathke and co-workers (1999) concluded that the PSI light-harvesting antenna of 
cryptophytes will be of similar size as that of Chl a/b containing organisms.   

The first three LHC genes of a cryptophyte (Lhcc4, 10 and 13 from 
Guillardia theta) were sequenced by Deane and co-workers (2000). The full-length 
sequence of Lhcc10 (20,667 Da) and and Lhcc13 (21,778 Da) emphasize the link 
between cryptophytes and red algea. Hydrophobicity plots predict three membrane-
spanning helices, and probably the folding of Lhcc4, 10 and 13 could be quite 
similar to plant LHCII. However, cryptophytes still require extensive genetic 
studies.  

The photosynthetic membrane proteins of the cryptophytes have not been 
structurally characterized. In this study we have analyzed a large PSI-Chl a/c 
supercomplex from the unicellular cryptophyte Rhodomonas CS24 and show that 
this complex differs substantially in size and shape from that of green plants and 
red algae analyzed before.  
 
Material and Methods 
 
Harvesting cells 

Cells were pelleted by centrifugation (15 min., 4000 g, 4 o C) and the 
resulting pellet was resuspended in Hepes/KCL pH 7.8 and 1 mM of PMSF. After 
the addition of 0.1 mg/ml lysozyme and 30 min. incubation at 4 oC, the cells were 
disrupted using a French Press (1000 psi, two repeats). To remove remaining 
undisrupted cells, the lysate was centrifuged (10 min., 7000 g, 4 oC) and the 
resulting pellet was discarded. The thylakoids were collected by centrifugation of 
the supernatant in a Centrikon T-124, A8.24 rotor (30 min., 30.000 g, 4 oC) and 
washed two times to remove the phycoerythrin antenna. 
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Sample preparation 
Thylakoid membranes were pelleted in an Eppendorf table centrifuge and 

resuspended in a BTT buffer (20 mM BisTris pH 6.5, 20 mM NaCl, 10 mM 
MgCl2, 1.5% Taurine) at a chlorophyll concentration of 1 mg/ml, solubilized with 
n-dodecyl-β,D-maltoside (β-DM) at a final concentration of 2% during 1 min. and 
centrifuged for 3 min. at 9000 rpm in an Eppendorf table centrifuge, after which 
the supernatant was pushed through a 0.45 μm filter to remove large fragments. 
The solubilized fractions were subjected to gel filtration chromatography using two 
Superdex 200 HR 10/30 columns (Pharmacia) with BTT and 0.03% DM as mobile 
phase at a flow rate of 0.45 ml/min. The chromatography was performed at room 
temperature, while for detection a Shimadzu SPD-M10A VP diode array detector 
was used. Fractions of 0.3 ml each were pooled, kept at 4 oC and further analyzed. 
The particles were kept in darkness during the complete isolation procedure. 

 
Spectroscopy 

Cryptophyte cells were diluted with artificial seawater and the isolated 
PSI-enriched fraction was diluted in 20 mM BisTris pH 6.5, 10 mM NaCl, 0.03% 
β-DM and 60% v/v glycerol to an OD smaller then 0.1 cm-1 at 680 nm. A 4 K 
Utrex Cryostat with a gasflow temperature controller was used to vary the 
temperature between 6 and 280 K. Absorbance measurements at 5 K were assessed 
on a home-built spectrometer. Fluorescence emission spectra were recorded on a 
home-built setup, using a 0.5 m imaging spectrograph and a CCD camera 
(Chromex Chromcam I). Broadband excitation was provided by a tungsten halogen 
lamp (Oriel) and 420 nm interference filter (bandwidth ~15 nm). The spectral 
resolution of the detection setup was 0.3 nm. The recorded emission spectra were 
corrected for the wavelength sensitivity of the detection system. 
 
Electron microscopy 

Samples were negatively stained with 2% uranyl acetate on glow 

discharged carbon-coated copper grids. Electron microscopy was performed on a 
Philips CM120 electron microscope (FEI, Eindhoven, The Netherlands) equipped 

with a field emission gun operating at 120 kV. Images were recorded with a Gatan 
4000 SP 4K slow-scan CCD camera at a magnification of 80,000x with a pixel size 
(after binning the images) of 0.375 nm at the specimen level with GRACE software 
for semi-automated specimen selection and data acquisition (Oostergetel et al. 
1998). Single particle analysis was performed using a data set of 60,000 particles 
including multireference and nonreference alignment procedures, multivariate 
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statistical analysis, and classification, as previously described (Boekema et al. 
1999). 
 
Results and Discussion 
 
Gel filtration chromatography 

Figure 1 shows the chromatogram, using the double-column procedure, of 
ß-DM solubilized thylakoid membranes of Rhodomonas CS24, recorded at 400 nm. 
Four fractions are discerned, respectively at elution times of 46, 57, 63 and 67 min. 
The absorption ratio at 460 and 400 nm, respectively, A460/A400, is representative of 
the Chl c/a ratio present in the different fractions. A significantly lower Chl c 
content is thus recorded for the first fraction with respect to the later fractions. Note 
that a biochemical analysis by Bathke and co-workers (1999) of solubilized 
thylakoid membranes of the cryptophyte Rhodomonas sp. resulted in a higher Chl 
c/a ratio for the polypeptides of the light-harvesting complex of PSII with respect 
to the antenna proteins of PSI. The A700/A675 ratio represents the relative amount of 
long-wavelength absorbing Chl a present in the respective fractions. This ratio is 
normally used to indicate the relative amount of PSI or LHCI present in the 
fractions, since PSII and LHCII hardly absorb at these red wavelengths (≥ 700 nm). 
From a time-resolved study on Rhodomonas CS24 intact algae, it was concluded 
that the amount of long-wavelength absorbing (red) pigments in PSI of this 
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Fig 1. FPLC chromatogram recorded at 400 nm, of the ß-DM solubilized thylakoid 
membranes of the cryptophyte alga Rhodomonas CS24, obtained with the double column 
procedure. In the chromatogram, the ratios A460/400 and A700/675 are plotted to provide 
information on the relative amount of Chl c/a and red Chl a present, respectively. The 
values on the y-axis are the real values of these ratios. 
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cryptophyte algae will be either very minor or perhaps even absent (Van der Weij – 
de Wit et al. 2006). From the A700/A675 ratio in Figure 1 it is observed that the 
absorption at 700 nm is indeed low with respect to that at 675 nm, with a maximum 
of 0.1 in the first fraction. For comparison, this ratio is about 0.3 for green plant 
PSI supercomplexes (Boekema et al. 2001). However, absorption at 700 nm is 
observed to be much higher for the first eluted fraction only than for all other 
fractions (Figure 1).  

Finally, from higher plants it is known that upon good solubilization of the 
unstacked thylakoid membranes, PSI supercomplexes will be the first ones to elute 
in the gel filtration method, since it is a complex of larger size than PSII (Dekker et 
al. 2002). In stacked membranes, PSII occurs however in large PSII-LHCII 
supercomplexes (Boekema et al. 1999, 2001). For the thylakoid membranes of 
Rhodomonas CS24, it is not known in which aggregation states PSI and PSII occur. 
We conclude that the first fraction, which elutes after 46 min, is very likely 
enriched in PSI (super)complexes and may contain some PSII supercomplexes as 
well. We used this fraction for further experiments. The later fractions, eluting at 
57, 63 and 67 min, are probably enriched in Chl a/c antenna units in different 
aggregation states.  
 
Low temperature spectroscopy 

In Figure 2, the room temperature absorption spectrum is shown of the first 
eluted fraction of Figure 1. The spectrum reveals the Chl a QY absorption 
maximum at 679 nm, which is typical for PSI (see, e.g. Andrizhiyevskaya et al. 
2002). The absorption by PSII core is known to be blue-shifted with respect to that 
of PSI, with absorption maximum at 674 nm (see, e.g. Andrizhiyevskaya et al. 
2005a). In the Soret region, the Chl a absorption maximum is observed at 437 nm 
in Figure 2. A small contribution of Chl c in the Soret region is present at 467 nm, 
of which the QY absorption is overruled by the Chl a QX absorption around 630 
nm. The absorption band at 493 nm is assigned to carotenoids, which are mainly 
alloxanthins in this cryptophyte alga.  

Figure 3 displays the 6 K absorption spectrum of fraction 1 of Figure 1 and 
the second derivative of this spectrum. Six Chl a absorption bands are observed, 
respectively at 662, 666, 675, 679, 687 and 695 nm. Note the almost complete 
absence of red pigments, with absorption wavelength longer than 700 nm. This 
spectrum resembles that of PSI core complexes from organisms without many red 
Chls (see, e.g. Gobets et al. 2001, Andrizhiyevskaya et al. 2002). The peaks at 679, 
687 and 695 are for instance typical for the PSI core, and PSII usually does not 
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have strong absorption bands at 687 and 695 nm. We conclude from this 
observation that PSI dominates fraction 1 but that small amounts of PSII can not be 
excluded.  

Figure 4 shows the temperature dependent emission of Rhodomonas CS24 
cells upon excitation at 420 nm. At 6 K, the emission maximum is observed at 695 
nm with a shoulder at 686 nm and a very minor shoulder at 682.5 nm. Comparison 
of the emission spectra with those of PSII cores from higher plants 
(Andrizhiyevskaya et al. 2005b) results in the assignment of the 695 nm emission 
band to a mixture of PSI and PSII, the 686 nm emission to PSII and the 682.5 nm 
band will be due to the presence of a small fraction of free antennae in the cells. 
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Fig 2. Room temperature absorption spectrum of the PSI-enriched fraction of Figure 1 
isolated from Rhodomonas CS24 cells. 
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Fig 3. 6 K absorption spectrum of the PSI-enriched fraction of Figure 1 isolated from 
Rhodomonas CS24 cells and its second derivative. 
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Upon an increase of the temperature from 6 to 77 K, the emission band at 686 nm 
shifts to 685 nm and the emission maximum at 695 nm to 693.5 nm. The 77 K 
spectrum, with two emission bands at 685 and 693.5 nm, thus largely resembles the 
typical PSII emission spectrum of higher plants at this temperature 
(Andrizhiyevskaya et al. 2005b). This observation suggests structural resemblance 
between the PSII core complexes of cryptophytes and higher plants. Raising the 
temperature above 77 K, results in the diminishing of the broad emission band at 
695 nm, whereas the band at 684 nm shifts to the blue to 681.5 nm (Figure 4), 
conform the temperature dependence of the PSII core emission spectrum 
(Andrizhiyevskaya et al. 2005b).  

Figure 5 shows the recorded emission spectra of fraction 1 of Figure 1 at 
different temperatures upon excitation at 420 nm. At 6 K, the emission maximum 
is observed at 702 nm and shows a shoulder at 693 and 673 nm. Since PSII emits 
primarily at wavelengths below 700 nm, the recorded emission maximum at 702 
nm supports our assignment of fraction 1 to be enriched in PSI, which would be 
caused by a ‘red’ Chl with about the same absorption maximum as P700. The 
contribution at 673 nm is seen to be rather temperature independent and is thus 
assigned to the presence of free Chl a as a result of the isolation procedure (Kwa et 
al. 1994). Note, that the PSI fluorescence quantumyield could be very small, due to 
which a very minor contamination with free Chl a would already result in a 
relatively large band at 673 nm. The recorded emission maximum at 702 nm is 
significantly red-shifted with respect to the emission maximum of the algae at 6 K 
(Figure 4). Consequently, the 6 K emission spectrum of the algae will be 
dominated by PSII emission and contains only a minor contribution by PSI, 
conform our conclusions drawn from Figure 4. The emission maximum at 702 nm 
confirms the absence of typical red pigments in PSI (Gobets et al. 2001) in these 
cryptophyte algae (Figure 3). The emission at 702 nm is observed to largely 
decrease upon raising the temperature from 6 to 77 K, conform PSI of a 
cyanobacterium with a small content of red chlorophylls (Andrizhiyevskaya et al. 
2002). At 77 K, the cryptophyte PSI emission is observed to consist of a band at 
687.5 nm with a shallow shoulder at wavelengths above 700 nm. This observation 
supports the assignment of the 695 nm maximum of the 77 K algae emission 
(Figure 4) to PSII and shows that the isolated PSI-enriched fraction is not (or 
negligibly) contaminated with PSII. Raising the temperature above 77 K, results in 
a blue shift of the peak at 687.5 nm to 684 nm and the disappearance of red PSI 
emission.  
 



 53

Electron microscopy 
Electron microscopy was performed on the PSI-enriched fraction of 

Rhodomonas CS24 (fraction 1, Figure 1). A set of projections was picked with the 
size of tentative PSI particles and were statistically analyzed and classified into 
several groups, of which two are shown (Figure 6a,b). The Rhodomonas CS24 PSI 
supercomplex is observed to be monomeric and similar to PSI-200 from plants 
(Boekema et al. 2001) in respect to its PSI core part, but has a larger antenna on 
both sides (Figure 6a,b). Its total surface equals the PSI-LHCII supercomplex 
 

660 680 700 720 740
wavelength (nm)

0

em
is

si
on

 (
a.

u.
) 

6 K
20
40
77
110
160

 
 

Fig 4. Temperature dependent emission from Rhodomonas CS24 cells. Excitation at 420 
nm.  
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Fig 5. Temperature dependent emission of the PSI-enriched fraction 1 of Figure 1 isolated 
from Rhodomonas CS24 cells. Excitation at 420 nm. 
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(Figure 6c) (Kouril et al. 2005), which binds besides the four Lhca proteins at the 
side of the PSI-F/J units a single LHCII trimer at the PSI core site consisting of the 
PSI-A, -H, -L and –K subunits. This comparison indicates that PSI of cryptophyte 
Rhodomonas CS24 (Figure 6a) may have a peripheral antenna compatible to about 
seven Lhca proteins. The yellow dots in Figure 6 mark equivalent positions in the 
PSI core. For the cryptophyte PSI, the upper, smaller peripheral antenna might 
consist of about two monomeric copies bound at the side of the PSI-A, -H, -L and -
K subunits. The lower, larger peripheral antenna, which is more loosely attached or 
partly present as concluded from its absence in part of the projections (Figure 6b), 
might be composed of 4-5 copies attached at the side of PSI-F and -J. There is no 
evidence that some of these proteins are composed of trimers, but because of lack 
of higher resolution we can not exclude the presence of trimers at the moment. 
 
Conclusions 
 

We have structurally characterized PSI of the cryptophyte alga 
Rhodomonas CS24 by electron microscopy. The PSI complex has a similar size as 
the PSI-LHCII supercomplex from plants (Kouril et al. 2005), but has a very 
different organization. The light-harvesting complex of the PSI core in 
cryptophytes is shown to differ from that of higher plants in its Chl a/c antenna 
size, which comprises approximately 7 copies of proteins similar to Lhca. The  
 

 
 
Fig 6. A comparison of the electron microscopy projections of the complex of PSI and 
LHC from the cryptophyte Rhodomonas CS24 (a,b) and the PSI-LHCII supercomplex from 
Arabidopsis thaliana (c). Similar positions in the core complex parts are marked yellow; 
the centre of the LHCII trimer in the PSI-LHCII supercomplex is marked green. In the full 
cryptophyte complex of a, there are peripheral LHC copies bound on two sides of the core 
complex; in the smaller complex of b it appears that the lower peripheral antenna is 
lacking. The space bar is 10 nm. 
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configuration of these antenna units remains to be resolved. From spectroscopic 
measurements at low temperatures, we have shown that PSI isolated from cells of 
cryptophyte Rhodomonas CS24 lacks typical red pigments with absorption 
wavelength above 700 nm. As a consequence, PSI of cryptophyte Rhodomonas 
CS24 shows an emission maximum at 702 nm at 6 K. 
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