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Ab stract
A phylo gen etic anal y sis of ex trin sic pro teins as so ci ated
with the ox y gen evolv ing com plex of Photosystem II was
per formed by gen er at ing trees for each ex trin sic subchain
of PSII. Sub se quently these subtrees were writ ten into one
re sul tant tree. These in ves ti ga tions pro vide hints about the
evo lu tion of the ox y gen evolv ing com plex, help ing in un -
der stand ing func tion ally im por tant and con served parts of
the pro tein struc tures. The de tailed de scrip tion of the evo -
lu tion of ox y gen evolv ing com plex and the ex trin sic pro -
teins on ba sis of the pre sented data is a first step in a wider
anal y sis to de scribe the in ter ac tions of the ex trin sic pro -
teins within the ox y gen evolv ing com plex and of the com -
plex it self with PSII. In con trast with pre vi ous our study
con tains all extrinsic pro teins in clud ing PsbP-like and
PsbQ-like and we try to build re sul tant a tree con tain ing all
spe cies, not just those hav ing the same gene.

In tro ducti on

Oxygenic pho to syn the sis is an en ergy-transducing pro cess
whereby light en ergy is trapped and con verted into bio -
chem i cal en ergy. This multi-step pro cess en com passes a
se ries of elec tron trans fer re ac tions from wa ter mol e cules
to NADP+, cou pled to ATP syn the sis [1]. Four types of
pro tein com plexes par tic i pate in this pro cess go ing on in
thylakoid mem brane of cyanobacteria, red and green al gae
and in green plants. One of these com plexes – photosystem
II (PSII) – me di ates elec tron trans fer from wa ter to
plastoquinones, as a re sult of the photo in duced charge sep -
a ra tion be tween a pri mary chlo ro phyll do nor P680 and a
pheophytin ac cep tor mol e cule [1]. It forms a dimeric struc -
ture. Each of al most iden ti cal mono mer units con sist of
more than 25 sub units.We fo cus on the ex trin sic pro teins of 
PSII that can be found in lumenal face of thylakoid mem -
brane. PsbO pro tein – some times called 33 kDa pro tein ac -
cord ing to its ap par ent mo lec u lar mass of spin ach pro tein
on SDS-gel – is com mon for all men tioned types of or gan -
isms. It is di rectly bound to in trin sic pro teins of PSII, es pe -
cially to CP47, but par tic i pa tion of other sub units can not
be ex cluded. It is in charge of sta bi li za tion of man ga nese
clus ter and pro tect ing it from at tack by en dog e nous
reductants. It also ef fects the con for ma tion of the lumenal
side of in trin sic PSII sub units which are re spon si ble for
bind ing PsbP and PsbQ [2]. Other ex trin sic pro teins dif fer
among men tioned groups of or gan isms. Ex trin sic sub units
of green al gae and green plants con tains more over PsbP
(23 kDa pro tein) and PsbQ (16 kDa pro tein) sub units
which are bound to PSII through PsbO pro tein, bind ing of
PsbQ also re quires pres ence of PsbP. These sub units cre ate 

a high af fin ity Cl- bind ing site, pro tect the man ga nese clus -
ter from chem i cal at tack and sta bi lize it. PsbP pro tein
more over pre vents Ca2+ from be ing re leased from PSII dur -
ing the S-state turn over.On the other hand ex trin sic re gion
of PSII of cyanobacteria con tains pro teins PsbO, PsbU (14
kDa pro tein) and PsbV (cytochrome c-550). PsbV has a
func tion sim i lar to that of O sub unit in O2 evo lu tion. The
func tion of PsbU re mains un known [1]. Re cently it was
shown [3] that cyanobacteria have also homo logues of
PsbP and PsbQ pro teins of higher plants (homology of
about 30 %). They take part in mod i fy ing the CaCl2 re -
quire ments for PSII ac tiv ity.Ex trin sic pro teins of PSII of
red al gae con tain PsbO, PsbV, PsbU and pro tein which is
called PsbQ like pro tein (20 kDa pro tein). The last pro tein
does not func tion di rectly in ox y gen evo lu tion but is re -
quired for max i mum bind ing of PsbV and PsbU pro tein
which are re quired for op ti mum ac tiv ity of ox y gen evo lu tion 
[4]. Our work was in spired by [5], some of their ex per i -
ments were re taken with broader group or gan isms and we
ex am ined phy log eny of all ex trin sic pro tein.

Methods

All avail able pri mary se quences of ex trin sic pro teins of
PSII were ex tracted from da ta bases us ing PubMed internet
in ter face [6]. The ab bre vi a tion of used spe cies can be seen
in Ta ble 1. If nec es sary, tran sit pep tides were re moved.
Mul ti ple align ment of se quences of each pro tein was done
by ClustalX [7]. Later these align ments were used for com -
pu ta tion of phylo gen etic trees us ing PHYLIP soft ware
pack age [8] ver sion 3.6. Two meth ods – Fitch-Margoliash
with the as sump tion of mo lec u lar clock and pro tein par si -
mony – were used. To ex am ine the sta bil ity of tree
branches boot strap for 1000 times was used; the or der of
pro tein se quences was jum bled for 50 times. Fi nally trees
were rooted, the most an cient spe cies was cho sen as the
root. For de ter min ing the re la tion ship be tween dif fer ent
spe cies trees cal cu lated by Fitch-Margoliash with the as -
sump tion of mo lec u lar clock with out branch length were
used. Branches with boot strap scores higher than 50 %
were taken as con clu sive. The re sul tant tree was drawn us -
ing CorelDraw soft ware by add ing branches to PsbO pro -
tein tree. If some spe cies were pre sented at dif fer ent places
in dif fer ent trees the one with the high est boot strap value
was used.To dem on strate the time dis tance of sin gle spe cies
the same trees us ing the branch length were cal cu lated. We
used pro tein par si mony method to com pare and con firm the
re sults (es pe cially „most im por tant“ branches). 
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Re sults and Dis cus si on

Our study is the first study where all avail able genes of ex -
trin sic pro teins of ox y gen evolv ing com plex were used.
First we built phylo gen etic tree for each gene sep a rately
and than we com posed these trees into one con tain ing all
avail able genes.Our re sults clearly dem on strate that green
plants (fig ures 1 to 6) form the clos est group of spe cies.
This is in agree ment with the fact that this group is evo lu -
tion ary the youn gest one. Also higher plants are
multicellular or gan isms and thus less prone to mu ta tion
com pared with uni cel lu lar or gan isms. On the other hand,
the evo lu tion ary old est group of uni cel lu lar cyanobacteria
is ex pected to be the most „dif fuse“ group of ex am ined spe -
cies. It can be di vided into two branches from one of which
the green plants had de vel oped.Green al gae form an other
evo lu tion ary im por tant group; they are rel a tive close to
green plants. These find ing are sup ported by the com po si -
tion of ex trin sic pro teins of PSII – both green plants and
green al gae have PsbO, PsbP and PsbQ. The group of green 
al gae can be di vided into two sub groups, a more con sis tent

sub group of multicellular green al gae and more „dif fuse“
sub group of uni cel lu lar green.Other unique group of genes
are red al gae that ap pear to be an inter link be tween the up per
men tioned green al gae and green plants and cyanobacteria.
Ex trin sic subpart of PSII con tains chains PsbO, PsbU, PsbV
and PsbQ homolog of green plants (homology of about 30
%). This means red al gae is the only group of ex am ined
genomes (i.e. green plants and al gae, red al gae and
cyanobacteria) lack ing the gene en cod ing the PsbP chain. As 
can be seen in the phylo gen etic trees of PsbO that red al gae
sep a rated from the com mon an ces tor at about the same time
as green al gae clearly dem on strat ing that red al gae is not an
an ces tor of green al gae. Also it seems that red al gae did not
de velop from that time on. This sup ports the pre sump tion
that PsbP up rates the wa ter ox i da tion and cou pled re ac tions. 
In ter est ingly the sub group of cyanobacteria ad ja cent to red
al gae lacks PsbQ pro teins. So it seems that na ture was try ing
many ways how to re duce pro tein chains nec es sary for wa ter 
ox i da tion (the more pro tein the more en ergy that could be
used more ef fec tively is needed). Prob a bly some when in the 
past there were some or gan isms hav ing PsbO, PsbP, PsbQ
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Fig ure 1. Re sul tant phylo gen etic tree con tain ing all 65 used spe cies. As the root of this tree was used the most acient or gan ism
Gloeobacter violaceus PCC 7421.

Fig ure 2. Phylo gen etic anal y sis of 29 avail able PsbP se quences. Im age shows the rooted tree us ing Gloeobacter as outgroup, giv ing the
boot strap ping scores with scales. 
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Fig ure 3. Phylo gen etic anal y sis of 39 avail able PsbO se quences. Im age shows the rooted tree us ing Gloeobacter as outgroup, giv ing the 
boot strap ping scores with scales. 

Fig ure 4. Phylo gen etic anal y sis of 15 avail able PsbU se quences. Im age shows the rooted tree us ing Gloeobacter as out-group, giv ing the 
boot strap ping scores with scales. 

Fig ure 5. Phylo gen etic anal y sis of 20 avail able PsbQ se quences. Im age shows the rooted tree us ing Gloeobacter as outgroup, giv ing the
boot strap ping scores with scales. 



pro teins and miss ing one of PsbU or PsbV pro teins. There
are known se quences of both PsbP and PsbQ pro teins from
the other sub group of cyanobacteria; these cyanobacteria
have also PsbU and PsbV pro teins which play the cru cial
role in wa ter ox i da tion. Later dur ing the evo lu tion (green al -
gae and plants) the fun da men tal role of wa ter ox i da tion was
shifted to PsbP and PsbQ sub units and PsbV and PsbU
subchains dis ap peared. In the case of PsbP it seems to be that 
first de vel oped the PsbP-like pro tein and much later the
PsbP pro tein in green al gae and in higher plants. How ever,
in case of PsbQ, the gene en cod ing the PsbQ chain in green
al gae is much closer to the PsbQ-like gene of cyanobacteria
than to the higher plant one. There fore it can be stated that
PsbQ de vel oped ear lier, tak ing over the role of PsbU and
PsbV, and then later PsbP de vel oped to make oxygenic pho -
to syn the sis more ef fi cient.
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Fig ure 6. Phylo gen etic anal y sis of 25 avail able PsbV se quences. Im age shows the rooted tree us ing Gloeobacter as out-group, giv ing
the boot strap ping scores with scales. 


