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1. Introduction

1.1. Specific features of cyanobacteria importantoir this study

Cyanobacteria are aquatic and photosynthetic Gregative bacteria important to the food
chain and the renewal of the oxygenic atmosphetbeplanetSynechocystisp. PCC6803
(hereafter referred aSynechocysti$803) is an unicellular freshwater inhabitant, wvahic
belongs to the phylul@yanophytaand cannot fix nitrogen. The cyanobacteria of giglum
contain only chlorophylla and various phycobiliproteins, which are assembledhe
phycobilisomes on the thylakoid membranes. Thidifferent from prochlorophytes, genera
of cyanobacteria, which lack phycobilins and hagthpbchlorophylla and chlorophylb.

Like all Gram-negative bacteria, the cells of cylaexteria are surrounded by two membranes,
an inner membrane and an outer membrane with awadl] made of the peptidoglycan
murein. Therefore, cyanobacteria possess a furatmariplasm between the inner membrane
and outer membrane. The thylakoids of cyanobactieriaot form grana, though the thylakoid
membranes form the internal membrane structureclwhesembles the layers (Fig.1). The
model of the internal membrane structure which wasposed based on the electron
microphotographs of the thin sections is represkntat the internet page

http://Isweb.la.asu.edu/Synechocystis/

According to the endosymbiotic theory, cyanobaatesre considered as ancestor of
chloroplasts (Schwartz et al., 1978). Taking thgpeat into account, the cyanobacteria are
suitable model object to study the oxygenic phattisgsis, the regulation of photosynthesis
and cell development. The genomeSyhnechocysti6803, a well known model object, was
completely sequenced (Kaneko et al., 1996). Theogén DNA is 3.57 Mbp large; the
genome encodes 3168 proteins. This bacterium is &bl grow phototrophically and
heterotrophically in the absence of photosynthdsis. easily transformable (Shestakov and
Reaston, 1987), and easily amenable for targeted gedifications (Vermaas et al., 1996)
andshares a large number of genes in common with p(@rtin et al., 2002)The intensive
work on photosynthetic organisms including thisreyaacterium has clarified the function of
many photosynthetic proteins (Pakrasi, 1995). Tedyais of the role of the proteins related
to the regulation of photosynthesis became recemityof the central research areas, in which
different cyanobacteria are intensively used.



The cytoplasmic membrane separates the cytoplasmm fperiplasm and contains in
cyanobacteria mostly the proteins of the respiyatdectron transport chain. The thylakoid
membrane system in cyanobacteria, which sepafaesytoplasm from the thylakoid lumen,
contains protein complexes of both, the photosyiitend the respiratory electron transport
chain. The photosynthetic electron transport cbaityanobacteria is largely similar to that of

plants, though there are differences in the contiposof the protein complexes.

//A thylakoid

periplasm lumen

ell wall
thylakoid
membrane

cytoplasmic
membrane

Figure 1. Schematic representation of the intracalllar structure of cyanobacteria (based
on Vermaas, 2001).Thylakoid membranes (indicated in green) occupairs and separate
the cytoplasm from the lumen; the cytoplasmic memeér(brown) separates the cytoplasm
from the periplasm; and the outer membrane (brdamms the cell wall.

In cyanobacteria, several redox-active componentseothylakoid membranes are utilized by
both, photosynthesis and respiration. These commpsrage the plastoquinone (PQ) pool, the

cytochromebgs f complex and the soluble electron carriers in timedn.

The photosynthetic electron transport chain incdupletein complexes of PSII, PSI, dgtf
and ATP-synthase. The light harvesting antenna (LltfBt-harvesting complex), found in
thylakoid of plants, is absent from tBgnechocystithylakoids. Instead, iBynechocystishe
phycobilisome is the major light-harvesting, multigin complex attached to the surface of

photosynthetic membrane (Grossman et al, 1993)toBstem Il uses light energy for water



splitting and PQ pool reduction. Upon the wateitspd), the protons are released into the
thylakoid lumen. The electrons are transferred ftbenPQ pool to the cys f complex. The
proteins of photosystem Il are encodedoipgenes which occur in cyanobacteria and also in
higher plants and algae (Barber et al., 1997). &meptions are several proteins like: the
PsbT protein, which is not homologous in plant agdnobacteria; the psbW protein, which
has been found in plants but not in cyanobactarid,the PsbU and PsbV proteins, which are
present only in the cyanobacterial oxygen evolwogiplex (Thornton et al., 2004). About
luminal proteins of PSIl oSynechocysti§803, like PsbO, PsbU and PsbV it is known that
they are synthesized as precursors (Philbrick ahlasKas, 1988; Shen et al., 1997; Shen et
al., 1995).

The cyanobacterial cytochrone f complex is essential for the electron transpothefcell,
thus it is indispensable for cyanobacteria, unlikeg., the cytbs f complex of
Chlamydomonas reinhardt{Vermaas, 2001; Berthold et al., 1995). Theype cytochromes
of cyanobacteria (cytochronfe cytochromecsso, and cytochromesss) are localized on the
lumenal side of the membrane and are synthesizedpascursor protein, whose N-terminal
signal sequence is recognized by the Sec systgmotdin translocation and is cleaved by the
signal peptidase (Tichy and Vermaas, 199Bony-Meyer et al., 1995From the cytbs f
complex the electrons are transferred to a solaldetron carriers, cytsss or plastocyanine
(PC), located on the luminal side of the thylakmiémbrane and synthesized as precursor
protein (Varley et al., 1995). These proteins &sponsible for further electron transport to
PSI.

The core of the PSI complex is formed by the Psad BsaB subunits. In addition, the
cyanobacterial PSI complex contains three periplpeateins (PsaC, PsaD, and PsaE) and six
integral membrane proteins (PsaF, Psal, PsaJ, Fsd{,, and PsaM) (Chitnis, 1996). PSI
complex is monomeric in higher plants and greeag|lgnlike cyanobacteria, where the PSI
is trimeric (Scheller et al., 2001) and containsstraf the chlorophyll of the cell (Rogner et
al., 1990). In some cyanobacteria, the ratio of RSIPSII is higher than in plants. In
Synechocysti6803 this ratio is about 5 (Shen et al., 1993khs in plants an equal ratio is
usual. Such high ratio is proposed to be necess$arycyclic electron flow from
PSl/ferredoxin to cybs f and PQ and back to PSI. This is used to generptetan gradient
across the thylakoid membrane, and thus for ATRh&ans, but not for NADP reduction. On
the other hand, the high number of PSI may prothéeoxidized state of PQ pool in the light,

which is important to minimize photodamage (Andensand Barber, 1996).



Although in cyanobacteria, both the respiratory phdtosynthetic electron transport chains
use the same electron transport intermediates (&GhEY90), only the respiratory electron
transport chain involves the activity of succindehydrogenase, NAD(P)H dehydrogenases
(NDH-1 and NDH-2) and different terminal oxydases#)ose activity was detected in both
cytoplasmic and thylakoid membranes.

An interesting question is how photosynthesis amdpiration are regulated in a
cyanobacterium. If light is abundant, the photobkgtit electron transport chain has a much
higher capacity of electron flow than has the nedpry chain, but at very low light intensity
or in darkness respiratory rates are higher thasettof photosynthesis (Vermaas, 200he
analysis of the role of the proteins related tordgulation of photosynthesis became recently
one of the central research areas where differgahabacteria are also intensively used.
Among these proteins amaportant factors of regulation of the post-tratistaal membrane
insertion and translocation of thylakoid proteif®opinson et al., 1998; Wollman et al.,
1999). An intriguing question by the study of thgsecesses in cyanobacteria is the
determination of the membrane where the photosyinthemplexes are forming, as there are
two potential targets for protein export — thylakeanembrane and plasma membrane. For
cyanobacteria it was recently proposed that ingieps of biogenesis of photosystems occur

in the plasma membrane (Zak et al., 2001).

1.2. Translocation of proteins and biogenesis of yiakoid membrane.

Protein translocation in and across the membraaksstplace in all living organisms
including bacteria. Typically, about half of thelakar proteins need to be transported across
or into membranes (Schatz and Dobberstein, 1996).

Firstly, it was proposed that proteins contain infation within their amino acid sequences
for protein targeting to the membrane (Bl6bel anabeini, 1971). Unaware of this
hypothesis, it was discovered that the light chaikkappa-immunoglobulin from myeloma
cells was synthesized in a higher molecular weligith and was converted to its mature form
when microsomes were added to the translation sy@téistein et al., 1972). Subsequently
the signal peptides were later found to be cledvech the exported proteins by specific
signal peptidases in the processing step.

In both, prokaryotic and eukaryotic cells, protetestined for secretion are initially made

with an N-terminal signal peptide that serves tateothe attached polypeptide into the
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secretory pathway. The structure of the signaligepdetermines the moment of the protein
export, i.e., either during or after the translati@and the type of energy used for the
translocation. The proteins can be translocategitiver folded or unfolded state. For proper
protein conformation, the function of chaperones loa required.

The translocation is an energy-dependent procéssan be carried out with the help of
protein factors associated with the transmembramenrmel, which use the energy of
nucleosidetriphosphate hydrolysis. Another moviogcé used for protein translocation in
thylakoid membrane and bacterial membranes is tbtmp gradient (Dalbey and Robinson
1999).

The systems of protein translocation in differemnmbrane systems can be basically divided
into two major groups: the export system and thpoirnsystem (Schatz and Dobberstein,
1996). The export system transports proteins frdra tytosol to an extracytosolic
compartment. The export systems of eukaryotes hwmrey common features with the export
systems of bacteria. Since the export systemshafegenetically related, the investigation of
the bacterial and chloroplast protein transportesys complete the general knowledge in this
research area. Though many components of the aigln machineries are known (Table
1), the mechanisms of the protein translocationrateyet sufficiently clarified. For better
understanding of the role of the protein transpiot photosynthetic organisms, new
approaches are necessary. One of such is to staedyanslocation mechanisms in organisms
whose genome has been completely sequenced. Fatutleg of the thylakoid membrane
biogenesis, the uni-cellular cyanobacteriBgmechocysti6803 is very suitable since not only
the nucleotide sequence of this organism is comlylsequenced, but also a large amount of
data conserning physiology and biochemistry of ptytthesis is available. Cyanobacteria
like other bacteria have the systems of proteinoex@nd are of particular interest for the
study of protein export in the thylakoid membraRer proteins synthesized in cyanobacteria
there are two potential targets for export — thdatkoid membrane and plasma membrane.
Potentially, in both membranes the same componfetiiteotranslocation machineries can be
located (Howe et al., 1996).

Through the study of the protein translocation eystin chloroplastsn vitro several
pathways of protein integration in the thylakoideres discovered. The selection of the
pathway of protein integration depends most likely the protein nature (integral or
peripheral), and the nature of the signal (i.ee,ghesence of the signal peptide in the protein).

Four pathways of the protein translocation in awoas the thylakoid membrane were found

11



(Fig. 2). These are: SeapH, SRP and spontaneous mechanism, which will beudsed

below.

| LHCP |

-

PC PsbP
L CFol EQSE ;;E'?
‘:"‘v‘r?_/ —— Y ;isea;e
.. [ Sech I _@
' GTP +apH 4 ATP + apH |
' " apH

TPP

TPF r SecYE
Dﬁ TataB

— &

Figure 2. Protein translocation pathways in thylakad membrane of chloroplasts

SRP - signal recognition particle.
TPP — thylakoid processing peptidase
Further abbreviations are given in text.

The similarity search of the known translocatiomtpin factors fromk. coli and plants

revealed the presence of the homologous proteitiseigenome o8ynechocysti6803. The

data is summerized in the Table 1 (based on Robiasd Dalbey, 1999).

Table 1.

Proteins which are important for protein translocation in Gram-negative bacteria and

chloroplasts.

Function E.coli Synechocystis 6803 Chloroplast
Recognition SecB - -
Ffh Ffh chISRP54
chISRP43
Translocation SecA SecA SecA
SecY SecY SecY
SecE SecE SecE
SecG SecG
SecD SecD
SecF SecF
YaiC

12



TatE (YbeC) TatA TatA (Tha4)

TatA (YigT)

TatB TatB TatB (Hcf106)

TatC TatC TatC

FtsY FtsY FtsY
N-terminal SPtypel-LepB |SPtypel-LepBl | TPP1
processing - LepB2 TPP2

SP type Il — LspA | SP type Il —LspA | -

SPP

Abbreviations: Ffh — fifty-four homolog, SRP — sa&jmecognition particle, Hcf — high chlorophyll
fluorescence, Tha — thylakoid assembly, SP — sigmgdtidase, TPP — thylakoid processing
peptidase, chl - chloroplast.

The Sec-pathway of the protein transport was imehsstudied in the plant thylakoids and in
the Gram-negative bacteriuld. coli. The common principle of this pathway is that the
substrate proteins are translocated in unfolded.stdoe number of the proteins involved in the
pathway is relatively high in th&. coli cells (Table 1). Moreover, this pathway is impottér

the secretion of the proteins out of the cell. Thdakoid Sec-pathway involves the function of
SecA, SecY and SecE proteins as it is known u@te.d

In the genome o$ynechocysti6803, the genes encoding for the putative compsranSec-
dependent translocation were also identified (tdhleThese are the genes typical for plant
secA, secY, sectut also genesecG, secDand seck Two facts suggest that the Sec-
dependent translocation pathway operatesSynechocysti$803: the presence of proteins
translocated in chloroplast by Sec-dependent wap@P PsaF and plastocyanin) and the
structural similarities of the signal peptides loéde proteins with those from plants (Howe et
al., 1996).

The chloroplast signal recognition particle (SRR}thgvay is responsible for targeting of
integral thylakoid proteins, the LHCPs (Li et aP9b). The membrane insertion of these
proteins does not depend on the signal sequencepfia 1988). The SRP54 protein from
chloroplast is homologous to the bacterial SRP wayts component ffh (SRP54 - fifty-four
homolog) and forms a soluble complex with LHCP s¢w@#tes in the stroma (Keegstra and
Cline, 1999). A second soluble factor, FtsY, isoaisvolved in the insertion mechanism
(Kogata et al., 1999), which requires GTP hydrdysioffman and Franklin, 1994).

There are data suggesting that SRP could partecipathe process of the membrane insertion
of the chloroplast encoding protein D1. It remdiosvever unclear whether the SRP43 subunit
participates in this process too (Nilsson et @99). In theSynechocysti§803 genome, two

genes were identified which encode the proteinsdfiti FtsY (Table 1), but it is unknown
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whether the SRP-dependent mechanism is importanthjdakoid membrane biogenesis of
Synechocysti€803.

The ApH-dependent pathway of protein translocation in ptasts is homologous to the TAT
(twin arginine translocase) pathway of bacteria.e ThpH-dependent pathway uses
hydrophobic signal peptides of the transportedginst similar to that of the Sec-dependent
pathway. However, thé\pH-dependent mechanism operates without a stromabrfaar
nucleoside triphosphates. The protein transpoxtaisied out on the expense of thgH-
gradient across the thylakoid membrane (Fig. 2nridest al.,, 1994; Mould et al., 1991;
Klosgen at al., 1992\pH-dependent and Tat dependent systems translodde= fproteins
whereas the Sec-dependent system transfers thieledforoteins (Santini et al., 1998).

The plant proteins PsaN, PsbP, PsbQ, PsbT, whiehthesApH-dependent translocation
pathway, are absent iBynechocystis sgPCC6803 (Nakamura et al.,, 1998). The Rieske
protein, which is one of the subunits of cytochrofmef complex, is present in both
cyanobacteria and plants. In plant chloroplasts,Rieske protein is transported to thylakoid
lumen viaApH-dependent translocation pathway. The leader peptad cyanobacterial and
plant Rieske proteins serve to anchor the proteithylakoid membrane and show a high
degree of homology. This can be an argument in rfasfoexistence ofApH-dependent
translocation in cyanobacteria (Madueno et al. 3199

Some thylakoid proteins like GH (ATP-synthase subunit), PsbW and PsbX (subuoits
PSII) are synthesized as precursors in cytosokanthin a bipartite signal peptide, typical for
proteins of the thylakoid lumen. The membrane itserof proteins C1l, PsbW and PsbX
depends neither on protein factors of the strormapn nucleoside triphosphates, norpH

in thylakoids, and is also not affected by proteasatments of thylakoids (Fig. 2; Michl et
al., 1994; Lorkovic et al., 1995; Kim et al., 1998herefore, it has been proposed that these
proteins insert spontaneously into the thylakoidnbeane. The genes encoding.gFand
PsbX were found in the genomes of cyanobacteriaptastid genomes of some eukaryotic
algae, but these proteins are synthesized withoutsignal peptides. The signal peptides
appeared after the transfer of the respective getwethe nucleus. Probably, the signal
peptides provide in this case the insertion medmantoncerned with the more complex
pathway of protein delivery from the cytosol to thglakoid membrane.

14



1.3. Role of the signal peptidases for the protetnmansport processes.

1.3.1. Types of signal peptidases in bacteria

The translocation of the proteins in bacteria respiia cleavage of the N-terminal signal
peptide. This function is performed by signal paases, which help the proteins to reach
their final destination. There are different classé the signal peptidases involved in the
cleavage of the signal peptides in bacteria. Tlyaadi peptidases that employ a catalytic
serine/lysine dyad and are inhibited by penem lgekonthe type | of the signal peptidase

(also mentioned as leader peptidase). Signal @eysglof this type can process nonlipoprotein
substrates that are exported by the Sec-pathw#yeofAT-pathway. The specific feature of

the signal peptidase of type Il is the ability tieave lipoprotein signal peptides. These
enzymes can be inhibited by globomycin and alsstagip suggesting that they are aspartic
peptidases (Rawlings and Barrett., 1995). The $igeptidases of class Il are responsible for
the cleavage of the prepilins of type IV— outer rbegime proteins excreted by Gram-negative
bacteria (Nunn and Lory, 1991).

1.3.2. Specific features and role of different siga peptides

Signal peptides are important for the correct ttimgeof the proteins. It is believed that the
secretory signal peptides of eukaryotic and prodacyproteins are formed by three distinct
regions (von Heijne, 1989, Gierasch, 1989): i) aipeely charged N-terminus (n-region), ii)
a central hydrophobic region (h-region) and iiip@ar C-domain (c-region). These features
determine the recognition of the signals by thepeesve translocation machinery. The
hydrophobic amino acids of the signal peptidesiamgortant for initiation of the protein
insertion into the membrane. In the positions -8 @hto the cleavage site, uncharged amino
acids with small side groups are located (von Heghal., 1989). The analysis of the amino
acids important for the cleavage has revealed fenemece for alanine or an Ala-X-Ala motif
(von Heijne, 1983). The amino acid composition loé signal peptides is variable among
different proteins, though they can show some sintiés depending on the translocation
pathway. In Fig. 3, the signal peptides of the plamoteins of thylakoid lumen are shown.
These proteins use the Sec-dependemtpdt-dependent pathways of protein translocation.
The specific feature of the proteins translocatgditie ApH-dependent mechanism is the

presence of two arginine residues in front of tiidrbphobic core of the signal peptide. The

15



comparison of the signal peptides for differenthpatys has shown that the hydrophobic
domain, characteristic for SRP-specific translaratiis longer than that of Sec-dependent
pathway both in eukaryotic and in bacterial systéd@t®eng and Gierasch, 1996; Ng et al.,
1996, Ulbrandt et al., 1997; Valent et al., 1998).

1. Sec-type

Syn PsbO MRFRPSI VALLSVCFG_LTFLYSGSAFA

Sp PsbO - - CVDATKLAGLALATSALI ASGANA

Sp PsaF - - KLELAKVGANAAAAL AL SSVL L SSWEVAPDAANA
2. ApH-type

Sp PsbP - - NVLNSGVSRRLALTVLI GAAAVGSKVSPADA
Ara PsbQ - - AQQSEETSRRSVI GLVAAGLAGGSFVKAVFA

Figure 3. Signal peptides of proteins of the thylagid lumen.

As example, the peptides &ynechocystigSyn), Spinacia oleracegSp) andArabidopsis
thaliana (Ara) are shown. The hydrophobic regions are Umdat; the charged amino acids
are in bold.

The lipoprotein signal peptides contain a cystesidue at the C-terminus, modified by the
prolipoprotein diacylglyceryltransferase. This nfamition is essential for the processing of
the protein by the lipoprotein signal peptidase. the cells of E. coli an additional
modification of lipoproteins occurs: the aminoatylg of the diacylglycerylcysteine
(Tokunaga et al., 1982). In the bacteria the sigeaitidases of the type Il play an important
role for the protein secretion. Especially in Grpositive bacteria these enzyme are very
important as they are essential for developmermiaipetence and for sporulation (Sutcliffe
and Russell, 1995).

The type IV prepilin signal peptides are charazediby a short basic region without any
hydrophobic domain. The processing site is locaaedhe amino-terminal side of the
hydrophobic region within the mature protein.

The chloroplast proteins, which are transferred mt across the thylakoid membrane, have
more complex signal peptides than cyanobacteriasé&lproteins have to be delivered from
the cytosol into the stroma of chloroplasts, whigse first signal peptide is cleaved by the

stroma processing peptidase SPP (Dalbey and Robjrk@99). In the thylakoid membrane,
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the second part of the signal sequence is cleaydbyakoidal processing peptidase (TPP),
which belongs to the type | of signal peptidases.

Generally, the signal peptide serves for the dffegbrotein translocation in the membrane.
Some proteins carry the signal peptides that dohawe any additional function and are
processed after the translocation. Other protearsycthe signal peptides which serve to
anchor the protein in the membrane. The signaligeuif Rieske protein is not deleted after
the translocation and serves to anchor the prédeiine thylakoid membrane. The transport of
the proteins into the thylakoid lumen strongly negs leader peptidase function. For
example, the proteins of the photosystem Il comgRSIl) - PsbO, PsbP and PsbQ that are
responsible for water splitting reaction and staailon of the Mn-ion, or plastocyanin, which
participates in electron transfer from the cytoohedys f complex to photosystem Il (PSII),
undergo after the translocation the processing. stepll these cases the processing step is
obviously needed to release the protein from tlytakioid membrane after the translocation
thus converting it into the active state.

The protein translocation step can be accompanyedther processes like protein-cofactor
interaction. An example is the biogenesis of themfm@ne protein cytochromk which
comprises two key steps. The first one is the @siog of apocytochromiethe second is the
transformation of the apocytochrome into the haloclirome by covalent binding of c-heme
with two cysteine residues of the holocytochromethBsteps take place on the luminal side
of the membrane, or after the translocation stepaM@iand Merchant, 1994). The binding of
heme-group by the apocytochrome can occur pridhéoprocessing. This is testified by the
ability of the cytochromé precursor to bind the heme group in the cellhefrhutant which

is not capable to cytochrome processing (Wollmaal.etl999). Therefore, in this example,

the processing is the final step of protein matarat

1.3.3. Structural and functional similarities of leader peptidases from bacteria and
thylakoid processing peptidase from higher plants.

The features of the signal peptidase type | fromtdréa Escherichia coliare most well
studied. It is an integral membrane protein witlo tnansmembrane regions. The C-terminal
part of the protein is located in periplasmic spadeere it is catalytically active (Bilgin et al.,
1990). The position of the signal peptidases naatd the membrane is shown on the Fig. 4.

In contrast to the LepB frork. coli, the leader peptidases from cyanobacteria and plan
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chloroplasts possess only one transmembrane retjfiongh the active site is proposed to

have the same orientation in the membrane.

A B
lumen E N periplasm
C i C
| | membrane |
stroma N ! cytoplasm

Figure 4. lllustration of topology of the signal p@tidases in the membrane (adapted
from Dalbey, 1997).Left, on part A, the presumable orientation of th@akoid processing
peptidase is shown. The orientation of the sigegltidase oE. coliis shown on part B. The
transmembrane regions are filled with black colour.

The comparison of the different peptidases of typmvealed the presence of some conserved
regions in the amino acid sequences (Paetzel ,e2@2). The site-directed mutagenesis of
the E. coli signal peptidase in the conserved regions revetilatltwo amino acids are
essential for catalytic activity: serine 90 andrgs145 (Dalbey et al., 1997). Lysine residue is
typical for the catalytic site of the mitochondred prokaryotic leader peptidases, whereas
the homologous region of the leader peptidase gadoplasmic reticulum contains histidine
residue instead (Paetzel and Dalbey, 1997). Thetsue specificity of this peptidase is
determined by the amino acids lle1l44 and 1le86, ka4 is important for the cleavage at
the correct site (Karla et al., 2005).

The thylakoid processing peptidase (TPP) has italyd& site on the luminal side of
thylakoid membrane (Kirwin et al., 1988). As wedl the leader peptidase frdm coli, the
TPP belongs to the type | of signal peptidases. 3P off the transit peptide from the N-
terminus of the precursor protein. The proteolytiechanism of TPP is similar to that of
leader peptidase @&. coli, as the catalytic active residues — serine ariddyare conserved in
these proteins (Chaal et al., 1997). These catalgsidues are inhibited by the inhibitor
penem which is known to inhibit activity of the s&j peptidase frori. coli (Barbrook et al.,
1996).

The signal peptidase is an essential enzymeEfocoli. The study of a conditional-lethal
mutant has shown that, in the absence of signalidaee, the protein substrates are not
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released after the translocation, but remain baonthe membrane (Dalbey and Wickner,
1985). In contrastBacillus subtilisencodes five type | leader peptidases with overtap
substrate specificity and different importance tbe cell (Tjalsma et al., 1998). This
redundancy suggests differential roles for theggmes in the cellular processes (Bonnemain
et al., 2004).

In cyanobacteria, there are two independent memelsgstems, which are targets for protein-
carrying signal peptides: the cytoplasmic membramel the thylakoid system. Both
membranes carry leader peptidase activity, as viaasvrs for example forPhormidium
laminosum(Packer et al., 1995). In line with that, most mylaacterial genomes analyzed so
far contain at least two genes encoding proteirth Wwomology to type | leader peptidases.
According to Cyanobase, the genomeSyihechocysti€803 encodes leader peptidases of
both type | and type Il (table 1). In the cellsnodst cyanobacteria at least two genes encoding
for leader peptidases are foundSynechocystis lepB1(sll0716) andepB2(slr1377), which
show homology to the unique leader peptidasé&.otoli (Chaal et al., 1998). The signal
peptidase of type Il is encodedS$ynechocystiby thelspAgene

1.4. Aims of this work

The translocation pathways in thylakoid membranésplants are intensively studied.
However, the information about the exact role gldkoid processing peptidase in thylakoid
membrane biogenesis is limited. For the study at@bynthesis related processes, a well-
studied model objectSynechocystisp PCC 6803 is very suitable as its genome was
completely sequenced and it is easy amenable fgeted genetic modifications. In order to
examine the specific function of the two putatieader peptidases (LepB1, LepB2) encoded
in the genome of the cyanobacteriuBynechocystis6803, inactivation mutants were
generated by insertions of kanamycin resistanceeti@s into the respective open reading
frames. The function of the leader peptidases wadiexl by characterization of the mutant
phenotype with different physiological and biocheahiapproaches. In addition we analysed

the complementation of LepB1 with homologous prote2pB fromEscherichia coli
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2. Materials and Methods

2.1. Chemicals and enzymes

For this study chemicals of p.a. quality were ugéte suppliers were:
Difco-Laboratories (Detroit, USA), Merck (Darmstadberva (Heidelberg), Biomol
(Hamburg), Applied Biosystems (Roche Diagnostiéshersham Biosciences (Freiburg),
Roth (Karlsruhe) and Sigma-Aldrich (Munich).

Enzymes were purchased from Sigma-Aldrich (Muni@oeringer Ingelheim, MBI
Fermentas (St.Leon) and New England Biolabs (Frahkim Main).

2.2. Bacterial strains and plasmids

Table 2

Bacterial strains and plasmids used in this work

A. Strains

Genotype or phenotype

References

Escherichia coli

JM109

BL21(DE3)

DH5a

C600
M15 (pREP4)

recAl endAl gyrA96 thi hsdR17-(mct)
relA supE441” A(lac proAB)

[F’ traD36 proAB" lac’z AM15]

F- dcm hsdS gal( clts857) ind1 Sam7 nin5
lacUV5-T7 gene 1

F endA hdR17 supE44 thit recAl gyrA96
relAl (argF-laczya) U16980dlaczaM15

F" thi-1 thr-1 leuB6 lacY1 tonA21 supE44

F~, NalS, StrS, RifSthi™ gal

lac’ , Ara+, Mtl—, , RecA+, Uvr+, Lon+
[lacl

F-lacZ (am) pho (am) lon trp (am)

tyrT[supC (ts) ] rpsL (Str R)mal (am)

Yanisch-Perron et al.,
1985

Studier and Moffat,
1986
Hanahan 1983

Sambrook et al., 1989
Qiagen

Synechocystis sp. Wild type Genetic dept.
PCC 6803 MSU, Russia
B. Plasmids Genotype or phenotype References
pPACYC184 T¢Cnl Rose, 1988
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PCRII Ap' Km' Invitrogen

pPGEM-T Easy ApLac Promega

pUC-4K Ag Km' Taylor and Rose, 1988

pSL762 Ap Gml Schweizer, 1993

pVvZ321 IncQ Km Cn1 Zinchenko et al., 1999

pSLEP1 IncQ CimepB1 Zinchenko, pers
communication

pELEPB IncQ CrhlepB (from E. coli) Zinchenko, pers
communication

pET3a Ap (Rosenberg et al.,
1987)

pET21 Novagen

R571 IncP TpTra" Meyer and Shapiro,
1980

pRD8 A Dalbey, 1985

*  Abbreviations:

Inc, Incompartability group;

Ap ampicillin resistance; Chmn

chloramphenicol resistance; Gngentamycin resistance; Knpkanamycin resistance; Tc
tetracycline resistance; Tptrimethoprim resistance; Tracapability of the plasmid to
conjugative transfer.

Table 3.

Mutant strains of Synechocystis 6803, used in this work

Strain Genotype Reference

LepB1::KnT Inactivation oflepB1(sll0716) Complete this work
segregation

LepB2::KnT* Inactivation oflepB2(slr1377) this work.
Uncomplete segregation

TatA::GnT® Inactivation oftatA (slr1046) Zinchenko et al., isolated
Uncomplete segregation at year 1998

TatB::Km? Inactivation oftatB (ssl2823) Zinchenko et al., isolated
Uncomplete segregation at year 1998

TatC::KnT* Inactivation oftatC (sll0194) this work
Uncomplete segregation

SecA::Knf Inactivation ofsecA(slr0616) Zinchenko et al., isolated
Uncomplete segregation at year 1997

SecY::Knf Inactivation ofsecY(slr1814) Zinchenko et al., isolated
Uncomplete segregation at year 1997

FtsY Inactivation oftsY (slr2102) Zinchenko et al., isolated
Uncomplete segregation at year 1997

Ffh Inactivation offth (slr1531) Zinchenko et al., isolated
Uncomplete segregation at year 1998
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slr1378:Knf

Inactivation of the unknown gene
downstream of slr1377, Complete
segregation

Zhbanko et al., isolated at
year 2002

pLepBlcompl LepB1::KM strain with sll0716 Zinchenko et al., isolated
expressed from pVZ321 at year 2000

pLepBEcompl LepB1::K strain withlepB (E.coli) Zinchenko et al., isolated
expressed from pVZ321 at year 2000

2.3. Oligonucleotides

Olygonucleotides for this work were synthesizedMstabion GmbH (Munich, Germany) or

MWG Biotech GmbH (Ebersberg, Germany) and storembuneous solution at -20°C.

Table 4.

Oligonucleotides used in this work

Name Sequence (5'-3)

sllo716F 5 CCTGCTGCTGCGTTTCTTTGT3

sll0716R 5 GGGGTGTCGGGTATTAGGTATTG 3
lep1043rev 5 CTTTAGCTCTGGTCGCCGTGA 3’
SynLeplforw | 5 GCATATGCAAAATTCCCCCATCC 3
SynLeplrev 5" GAAGCTTAGGTATTGATGATGGTACG 3
SynLeplBam 5-CGGATCCTTAGGTATTGATGATGGTACG-3
lepB2forw 5" CCCACCAGGAAGAAGAAGAGG ¥

lepB2rev 5 CTGTTGTTGCGGTTATCCCCTA 3
slr1378forw 5" CCCAGTGAAAGTGCCCGATG &

slr1378rev 5 GTGGGCTGCTTTGGTTCCCC 3

lepBforw 5" GCATATGGCGAATATGTTTGCCCTG 3’
lepBrev 5 AGTCGACGATGGCTATTAATGGATGCCG 3
sli0194F 5 GCATATGTCAACCCAGCTTGATAAC 3
sll0194R 5" GGATCCTATTTACCCAGTAAGCGCAC 3’
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2.4. Molecular weight markers for gel electrophoreis

DNA-size marker: 1 kb ladder (Gibco BRL); fragmeites12216 bp, 11198 bp, 10180 bp,
9162 bp, 8144 bp, 7126 bp, 6108 bp, 5090 bp, 4p72@64 bp, 2036 bp, 1636 bp, 1018 bp,
517 bp, 506 bp, 396 bp.

To determine the size of the proteins, followingl@ealar weight markers were used.

Table 5.

Molecular weight standards used for protein electrphoresis

Marker Sizes of the fragments, kDa used for
SDS-VII-L (Sigma) 66, 45, 36, 29, 24, 20.1, 14.2 SPAGE

10 kDa protein ladder| 200, 120, 110, 100, 90, 80, 70, 60, 50, 4GDS-PAGE
(Gibco BRL) 30, 20, 10

SDS VII-B (Sigma) 118, 116, 84, 58, 48.5, 36.5626. Western Blots
HMW standard 669, 440, 232, 140, 67 Blue native PAGE
(Amersham

Biosciences)

2.5. Cultivation of Escherichia coli cells

E. colistrains were cultivated in LB medium. When necgsthe medium was
supplemented with antibiotica solutions sterilibgdfiltration. For overexpression, different
media were tested. For preparation of the comp&eali cells for electroporation, S.O.B.
medium was used. By the electroporation, SOC medvasiused.

LB

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.586\) NacCl

S.0.B.

2% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.06/&%6v) NaCl, after autoclaving KCl and
MgCI2 were added to the end concentration of 2.5 amdl 10 mM respectively.

SOC

SOB medium with 20 mM glucose

All media were adjusted to pH 7.0 with NaOH.
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2.6. Cultivation of Synechocystis sp. PCC6803 cells

Synechocystisp. PCC 6803 cells were cultivated in BG11 med{iRippka et al.,1979) at
30°C with stirring at 100 rpm. For photomixotrophgonditions, the growth medium was
supplemented with 5 mM glucose. The mutant straas wept under light intensity of 5
WE/nfxsec. For photoautotropic conditions, the culturesewlluminated with 50 pE/frsec.
For photoheterotropic conditions the medium wagkpented with 5 mM glucose and 10

mM DCMU and the cultures were grown under ligheirgity of 50 pE/fxsec.

BG11-medium

NaNG; 18 mM Trace elements

KoHPOyx3H,O 0.23 mM

Citric acid 0.031 mM H3BOs 46 uM

Ammonium ferric citrate 0.02 mM MnCl;x4H,0O 9.1 uM

Na:MgEDTA 28 uM ZnSQx7H,0 7.7 uM

Na,COs 0.19 mMm NagM0O4x2H,0 1.6 uM
CuSQx5H,0 0.32 uM

MgSQOx7H,0 0.40 mM Co(NQs)2x6H,0 0.17 uM

CaCbx2H,0 0.24 mM

5% BG11 stock solution was prepared and autoclavpdragely from the Mg and Ca salts and
trace elements. 1080concentrated solutions of Mg@'H,O, CaC}x2H,O and solution of
trace elements were autoclaved separately too a&nd added to liquid or solid media just
prior to use.

Solid media plates were supplemented with 1% dgiicq). When necessary, sterile glucose
in concentration of 5 mM or filter-sterilized NaHG@@® concentration of 10 mM were added

prior to inoculation.
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2.7. Transformation of E. coli cells

Transformation withE. coli cells was conducted according to Sambrook e{E)89) using
either the CaGlmethod or the electroporation method with Bio-F&ehe Pulser according to
the instructions of the supplier (Biorad).

2.8. Transformation and conjugation ofSynechocystis 6803 cells.

The cells ofSynechocysti§803 are naturally transformable (Shestakov araste, 1987).
The only request for successful transformationhis early logarithmic growth phase of
competent cells. The cells from 1 ml of the cultwieh OD;3, 0.3-0.5 (normally 3 days old
culture) were centrifuged at 2,000 g for 5 minwed the cell sediments were resuspended in
50 ul of fresh BG11 medium (1/20 of original volum&hen 0.1-0.3 pg DNA was added and
the suspensions were incubated at 30°C for 18theright of 20 pE/fksec. Subsequently
the transformation suspensions were plated on Bidies containing 10 pg/ml kanamycin.
After 2 weeks the transformants became visible @wade transferred to BG11 plates with
higher concentration of antibiotic.

SinceSynechocysti§803 contains 12-15 chromosome copies per cebdira et al., 1989),
the higher selective pressure was needed for coenpégregation of the mutant gene copies.
Therefore, the antibiotic concentration in the mediwas raised up to 100 pg/ml. After
several rounds of restreaking, the segregationamalysed by PCR.

If the first attempts of segregation were unsudoésshe antibiotic concentration was

stepwise increased to 200 pg/ml. Segregation wamstoned by PCR.

The plasmids pSLEP1 and pELEPB were introduced Symechocysti$803 lepB1:Km"®
mutant via conjugation (Zinchenko et al., 1999)eTdonorE. coli culture and helper strain
(with R751 plasmid) were grown over night. Then( 10 of eache. coli culture were mixed
with 600 pl of Synechocysti6803 culture grown until late exponential stagmtdfugated at
3000 rpm for 5 min and resuspended in 50 ul ohsallhe conjugation mixture was dropped
on the membrane filter with pore size of 0.45 pm excubated on BG11 plates supplemented
with 5% LB medium and 5 mM glucose. After 1 dayinfubation under dim light, the
membrane was transferred on the BG11 plates suppleah with antibiotic (for pVZ321M-
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derivede plasmids, the antibiotic chloramphenid@ij was used in concentration of 3-5
ug/ml. The transconjugants appeared normally @ft8rweeks after incubation on selective

medium.

2.9. Harvesting ofSynechocystis 6803 cells

For physiological and biochemical analysis of 8ymechocysti§803cells the cultures were
harvested as they reached the late logarithmicepblgrowth. This growth stage corresponds
to an optical density of the culture (@g of 0.6-0.7. The cells were collected by the
centrifugation of the cultures at room temperafiorel0 minutes at 3000 g. The cell pellet
was resuspended in fresh BG11 medium in 1/100iginal volume. After the determination
of the chlorophyll concentration, the aliquots dfllcsuspension were prepared for an

experiment. For later processing, the cell peltetid be stored in thylakoid buffer at -70°C.

2.10. Preparation of stock cultures

Both E. coli and Synechocystis803 cultures can be stored in stock culturesoat |
temperatures. For preparation of the stock cultafeE. coli, glycerole was added to the
overnight culture to a final concentration of 10Phen the vials were rapidly frozen in liquid
nitrogen and stored at -80°C.

Cryopreservation refers to the indefinitely longrage of living organisms at ultra-low
temperatures. After such preservation the cultaegsbe revived in the same state as before
storage. The temperature of storage correspondtheotemperature of liquid nitrogen,
approximately —130°C, at which frozen water no kemgecrystallizes. To prepare stock
cultures  of Synechocystis 6803, the method of Brand htfp://www-

cyanosite.bio.purdue.edu/protocols/cryo.htmés used. The cultures of logarithmic phase of

growth were pelleted and resuspended in fresh B@&dium, which was diluted twice. To
avoid the osmotic stress or the ice crystal dantagimg freezing and thawing processes, the
cryoprotective compound DMSO was added to a fimaicentration of 8%. The tubes with
cultures were gently shaken and protected fromngtigght, as the cells are highly light
sensitive in the cryoprotective solution. The tulese prechilled for 2 h at -70°C and then

transferred for the storage in liquid nitrogen.
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For re-thawing, the cryocultures were taken out\eadned rapidly to room temperature. The
cell pellets were centrifuged at low speed (300fh)rgor 5 minutes. The cells were

resuspended in fresh BG11 medium and incubatetl-fodays at 30°C in complete darkness.
Subsequently, the cells were inoculated as usdajuid BG11 medium or on the agar plates.

2.11.Synechocystis 6803 growth curves

To measure the growth features $fnechocystiss803 cells the cultures were grown
simultaneously until the cultures reached-f 1.0. Then the cultures were diluted in fresh
medium to the ORy, of 0.04. The growth was monitored twice a day bgasuring of the
optical density at 730 nm with a Schimadzu spetitpmeter (Schimadzu, Japan).

2.12. Molecular biology methods

2.12.1. Standard methods

Basic methods of molecular biology were conductedescribed by Sambrook et al. (1989).
Enzymatic modifications of DNA were performed aaing to the instructions of the
suppliers. Plasmid DNA isolation was performed witle alkaline method from 1.5 — 3 ml
over night culture (Birnboim and Doly, 1979). Redonant plasmids based on pVZ321 were
isolated by boiling method (Holmes and Quigly, 1P82NA sequencing was carried out
using ABI method and DNA sequencing Kit (ABI PristRhodamine).

2.12.2. Polymerase chain reaction

DNA fragments were amplified by PCR using speggiitners and th&aqDNA polymerase
from Promega (White et al., 1989). The reactiontarix of 20 to 50 pl contained 1 U/200 pl
Tag-polymerase, 0.4 pmol of each primer, approxatgad.2-2.0 ug of genomic DNA in a
buffer containing 3 mM MgGland 0.2 mM dNTP mixture. The reaction was caraetlin a
Biometra thermocycler. The reaction mixture wastéedor 5 minutes at 95°C, then 30

cycles each with three steps were programmed Jtdeation of DNA for 40 sec at 95°C, 2)
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annealing for 45 sec at 56°C and 3) elongatiori finin per 0.5 kb of DNA fragment at 72°C.
The reaction was terminated after a final elongastep for 10 min at 72°C. DNA fragment

of interest was isolated from the reaction mixtoyeextraction from the gel.

2.12.3. Isolation of genomic DNA fronBynechocystis 6803 cells

For DNA isolation, the cultures were grown untiettate logarithmic phase (i.e. @{90.9-
1.0). The cells from 3 ml of culture were pelletgdcentrifugation for 2 minutes at 11600 g.
Then the cells were washed with 1 ml Tris/EDTA kuféf pH 8.0 containing 50 mM Tris-
HCIl and 50 mM EDTA and resuspended in 270 pl of B8% (w/v) sucrose, 5% (v/v)
Triton X-100, 50 mM EDTA and 50 mM Tris-HCI, pH §.0The cell suspensions were
shaken for 5 minutes with 15 pl of chloroform. Afthis treatment, the suspensions were
incubated for 30 minutes at 37°C upon addition®{u8 of lysozyme (20 pg/ml). 100 ul 10%
SDS was added for cell lysis and the suspensiome weubated for 60 minutes at 65°C.
After addition of 100 ul 5 M NacCl, the solution wdsproteinized three times by extraction
with the same volume of chloroform. The chromosom&lA was precipitated from the
agueous solution by addition of the same voluméasopropanol, centrifuged at 4°C and
13000 rpm for 20 min, washed three times with 7@k&m=ol and resolved in 30-40 pl of TE
buffer.

2.12.4. Isolation of plasmid DNA fromSynechocystis 6803 cells

For isolation of plamids by the alkaline method tells were grown in the presence of
selective antibiotic for 2 weeks. Cells from 3 roltare were pelleted and resuspended in 1
ml of Tris’EDTA buffer of pH 8.0 containing 50 mMri$-HCI and 50 mM EDTA and
centrifuged at 5000 rpm for 2 min. The cell suspamswere treated for 5 minutes with 200
ul of chloroform and the cells were collected fragqueous phase and resuspended in 280 pl
of STET buffer (8% (w/v) sucrose, 5% (v/v) Triton200, 50 mM EDTA and 50 mM Tris-
HCI, pH 8.0). Then the suspensions were incubate&¥ &C for 20-40 min upon addition of
20 pl of lysozyme (20 pg/ml). For cell lysis, 60Dgi 0.2 M NaOH solution containing 1%
SDS were added, and suspensions were incubatedlfx moom temperature. After addition

of 450 pl of 3 M Na-acetate pH 5.2, the cell delwas precipitated by centrifugation for 15
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minutes at 11600 g. Plasmid DNA was precipitatedhfthe supernatant with same volume of
isopropanol, centrifuged, washed three times wi#o £thanol and resolved in 50 ul of TE
buffer.

2.12.5. Construction of recombinant plasmids

For cloning of genes dbynechocysti6803 for subsequent inactivation, the DNA-fragmnsent
were amplified by PCR using appropriate primersi€lil in table 5). The amplified fragments
were cloned with the pGEM T-easy vector (Promedter dransformation okE. coli strain
JM109. The resulting transformants were screeneB®R using M13 primers. Appropriate
recombinant plasmids were isolated and sequenced.

For insertional inactivation of the gene, the reborant plasmid was linearized at a unique
endonuclease restriction site within ttf8ynechocystiss803 gene, and ligated with a
kanamycin-resistance cassette, cutted from pUC4kgLes corresponding cleavage site. After
transformation ofE. coli strain JM109 with the ligation mix, the clones t@oning the
respective recombinant plasmid were selected oredium with kanamycin. The plasmid
DNA was dissolved in TE buffer and used for transfation ofSynechocysti€803 cells.

For introducing of the complementing genes int&ymechocysti$803 mutant, the vector
pVZ321M that allows expression of a cloned genenfregulatory elements of the aphll gene
conferring the resistance to kanamycin was gengrhte group of Zinchenko V. It was
constructed from the 9.2 kb KmCnT' RSF1010-derived vector pVZ321 that replicates
autonomously in cyanobacterial cells (Zinchenkalet1999; accession number AF100176).
To generate pVZ321N, thddd site was introduced in front of the ATG start oadof the
aphll gene of pVZ321 using the mutagenic primers 5'-
CAGTAATACAAGGGGTCATATGAGCCATATTCAACGGG-3 and 5'-
CCCGTTGAATATGGCTCATATGACCCCTTGTATTACTG-3', and th@uikChange site-
directed mutagenesis kit (Stratagene).

Complementation studies were performed with théléwgth lepBl gene ofSynechocystis
6803 and full-lengthepB gene ofEscherichia coli ThelepB1coding region was amplified
from genomic DNA of Synechocystiss803 by PCR using théldd creating primer
SynLeplforw to introduce aNdd restriction site in front of the ATG start codcemd the
Hindlll creating primer SynLeplrev to generatélimdlll site downstream of the TAA stop

codon (Table 4). Correspondimtgd-Hindlll fragment was cloned into the vector pVZ321N

29



opened with botliNdd and Hindlll, yielding the plasmid pSLEP1. THepB gene ofE. coli
was amplified by PCR usinydd creating primedepBforw to introduce arNdd restriction
site in front of the ATG start codon, and t8al creating primelepBrev to generate Sal
site downstream of the TAA stop codon (Table 4)tAestemplate for this PCR, DNA of the
pRD8 plasmid (Dalbey and Wickner, 1985) was useaxré&spondindNdd-Sal fragment was
cloned into the vector pVZ321N opened with bdldd and Sal, yielding the plasmid
pPELEPB. The plasmids pSLEP1 and pELEPB were inttedunto Synechocystis sp. PCC
6803lepB1:Km® mutant via conjugation (Zinchenko et al., 1999).

For overexpression of LepB1 protein frddynechocysti6803 inE.coli, the pET28 plasmid
(Novagen, Madison) was used. TlepB1 coding region was amplified from the genomic
DNA of Synechocysti6803 by PCR using th&ldd creating primer SynLeplForw to
introduce an Ndel restriction site in front of tA&G start codon, and thBanHI creating
primer SynLeplBam to generat@anHl site downstream of the TAA stop codon (Table 4).
After restriction enzyme digestion, tiNdd-BanHI fragment was ligated in frame with the
pET3a (pAR3040) plasmid (Rosenberg et al., 198&cormbinant plasmids containing the
correct insert were used for transformationEof coli strain BL21(DE3) (Novagen). The
resulting cell cultures were used for expressiothefLepB1 protein.

The cells carrying the expression plasmids werevgrat 37°C in LB medium containing 50
png/ml ampicillin. The growth was monitored by measnent of the optical density at 600 nm
(OD600). When the cultures had reached a densif.&fthe expression of the protein was
induced by the addition of the isoprof/b-thiogalactopyranoside (IPTG) to the final
concentration of 1 mM. The cultures were incubdtedan additional time of 2 hours. The
optical density of the cultures should not excee?l fbr effective protein expression. The
cultures were collected by centrifugation at 6,808 for 15 minutes and were suspended in
20 mM Tris HCI, pH 7.5.

After that, lysozyme was added, and the cells wieseipted by sonication.

2.13. Biochemical methods

2.13.1. Determination of protein concentration

The protein concentration was determined usinddibeRad protein assay Kit according to

the instructions of the supplier.
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2.13.2. Protein precipitation

The proteins in solutions were precipitated withOlyolume of cold 100% trichloracetic acid
TCA (w/v) for one hour on ice. The precipitated teins were pelleted by centrifugation at
11,600 g for 15 minutes. The pellet was washed waitbtone and dried in a vacuum dryer
(Bachofer, Reutlingen, Germany). The proteins wes®lved in a loading buffer (Laemmli,

1970).

2.13.3. Isolation of expressed protein frork. coli

Small scale isolation of expressed proteins

The plasmids carrying the recombinant genes foreprexpression were transformed freshly
into the E. coli strain BL21 (DE3). The colonies selected from LB@p plates were
inoculated in 3 ml of fresh LBG medium supplementedth ampicillin to a final
concentration of 100 pg/ml and grown overnight. ThEOO0 diluted cultures were incubated
at 37°C until they reached an @pof 1.0. Then, the cells from 1 ml of the cultureres
pelleted to prepare the (-) fraction in Laemmlifeuf For induction of protein expression 1
mM IPTG was added to 2 ml of culture and the celuvere incubated at 37°C for additional

3 h. The cells from these cultures were used tpgreethe (+) fraction.

Large scale isolation of expressed protein in isic bodies

The overnight culture was diluted 1:100 in the éavplume of fresh LBG medium containing
100 pg/ml ampicillin and incubated at 37°C untiteached an Ofg, of 1.0. Expression of
the protein was induced by the addition of IPTGtfinal concentration of 1 mM. Then, the
cultures were incubated at 37°C for 1-3 h. Thescskre collected by centrifugation at 2,000
g for 10 min, washed in 200 ml of the 50 mM TrisHEH 8.0 and resuspended in 20 ml of
the same buffer. The cells were twice disruptechgisa French press at 1000 psi. After
centrifugation of the cell lysate at 8000 rpm (7@&)dor 30 min, the pellet was resuspended
in 50 mM TrisHCI pH 8.0, containing 20% saccharoBee suspension was layered on 20 to
40% sacharose gradient in 50 mM TrisHCI pH 8.0,m@8l NaCl, 1.5 mM EDTA and
inclusion bodies were centrifuged at 10000 rpmZ0@rmin. The pellet was washed 4 times
with a solution containing 10 mM TrisHCI, pH 8.010nM EDTA, 50 mM NacCl, 0.5 mM
PMSF. In the first washing step this solution wagmemented with 400 mM NaCl and 0.5%
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NP-40. In the second step the solution was suppitedewith 0.5% NP-40 and 1 mM DTT,
in the third step with 1 mM DTT. The last washingp was carried out with a solution
supplemented with 1 mM DTT and 1 M Urea. Finallg fhellet was resolved in a solution
containing 7 M Urea and 30 mM HEPES/KOH, pH 7.5r Eee monitoring of protein
isolation, aliquots equal to 1/1000 of original wwle were prepared for SDS-PAGE.

Antibodies

Polyclonal antiserum was raised against expresep&1 protein. The protein was excised
from the separation gel, and used for rabbit imsatnon. This was performed by Dr. H.

Schubert from the Instute fur Versuchstierkunderadédrich-Schiller University in Jena.

2.13.4. SDS-polyacrylamide gel electrophoresis (SEPFRAGE)

For the separation of the polypeptides according thieir molecular weight, SDS
polyacrylamide electrophoresis with a Tris-glycimgffer system was used (Laemmly et al.,
1970). The sample gel was made of 5% acrylamide,tla® separation gel was made either
from 12.5% acrylamide or from two acrylamide sajas, 10 and 17,5%, in case of gradient
gels.

Samples were mixed withxdsample buffer containing 0.25 M Tris-HCI, pH 618% (w/v)
glycerol, 8% SDS, 20% (v/vB-mercaptoethanol, 0.016% (w/v) bromophenolblue and
incubated in the 1 sample buffer at 90°C for 3 min. Prior to loadirtje samples were
cooled and centrifuged at 11,600 g for 3 minutesl, the supernatant was loaded on the gel.
When samples contained membrane proteins, they sedubilized in the £ sample buffer at
60°C for 15 minutes. The electrophoresis was comdugsing a running buffer containing 25
mM Tris, pH 8.3, 125 mM glycine, 0.1% (w/v) SDS.rFamall gels (10870x1 mm) the
running conditions were 2 hours 30 mA/gel. The tetgahoresis in standard gels (2@D0x1

mm) was conducted at 160 V overnight.

2.13.5. Staining of polyacrylamid gels

The polyacrylamide (PAA) gels were stained aftecgbphoresis either with coomassie or

with silver nitrate.
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A coomassie staining solution containing 42.5% )\&thanol, 5% (v/v) acetic acid, 0.4%
(w/v) coomassie blue R-250, 0.04% (w/v) coomassie -250 was used for incubation of
the gel for one hour or over night. The gels wesstained with a solution containing 20%
(v/v) methanol and 7% (v/v) acetic acid.

To detect low amounts of the proteins in the ged ¢els were stained with silver nitrate

according to Blum et al., 1987.

2.13.6. Staining of heme-containing proteins

For SDS electrophoresis of heme-binding proteihs, gels and the running buffer were
supplemented with a reduced amount of SDS (0.0186 (nstead of 0.1% (w/v)). To protect
the cytochromes from the loss of the heme groupetbctrophoresis was conducted at 4°C
and in the dark. The loading buffer contained QM3 ris-HCI, pH 6.8, 2% (w/v) glycerol,
4% (viv) B-mercaptoethanol, 0.004% (w/v) bromophenolblue &md% SDS. The
concentration of SDS in PAA gel was also reduce@.186 (Tichy and Vermaas, 1999). The
weak peroxidase activity of the proteins contairantgeme group allows the detection of these
proteins in the gel with 3,3',5,5'-tetramethylbesine (TMBZ) and HO, (Thomas et al.,
1976). A 6.3 mM TMBZ solution was freshly prepatadnethanol. Immediately before use,
3 parts of the TMBZ solution were mixed with 7 gadf 0.25 M sodium acetate, pH 5.0.
After electrophoresis, the gels were incubatedhia mixture 1 to 2 hours with occasional
mixing at room temperature in the dark. Thei©Okwas added to a final concentration of 30
mM, and the heme-containing protein bands becasiblei The staining appeared within 3
min and increased in intensity over the next 30.nim remove any precipitated TMBZ, the
gels were placed in 30% isoropanol solution butfesgt 0.25 M sodium acetate pH 5.0. This

solution was replaced to clear the gel background.

2.13.7. Western Blot Analysis

For immunological analysis, proteins were trangfégrron polyvinylidenfluorid (PVDF)

membranes (Millipore Corporation, Bedford, MA) ugithe semi-dry blotting system from
Bio-Rad. Prior to the transfer the gels were intetdfor 30 minutes in blotting buffer (25
mM Tris-HCI, pH 8.3, 192 mM glycine and 10% (v/v)ethanol). After the transfer of the
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proteins onto the membrane, it was reversibly sthiwith Ponseau S solution (0.2% (w/v)
Ponseau, acetic acid) to visualize the moleculaghtestandard VII-L. Prior to applying the
first antibody, the membrane was blocked with PB&iffer (137 mM NaCl, 1.5 mM
KHoPOy, 7.9 mM NaHPQ,, 2.7 mM KCI, 0.5% (v/v) Tween-20) containing 1.584/v)
skimmed milk. After one hour of blocking the fiestitibody was applied in the concentrations
shown in the Table 6, and the gel was incubatedraadditional hour.

After incubation with the secondary antibody (amtdbit horseradish peroxidase conjugate
(Sigma) in the dilution 1:15000), the membrane washed 4 times with the PBST buffer. To
start the ECL reaction, the membrane was incubaittda solution containing 100 mM Tris-
HCI, pH 8.5, 2.5 mM luminol, 0.4 mM p-coumaric acadd 0.01% (v/v) BD,. The signal
was documented using a X-ray film.

To estimate the protein size in the Western bla,molecular weights of protein bands were
compared with molecular weight standards: VII-Lg{8&a), which was visualized by Ponseau
staining, and prestained VII-B (Sigma).

The thylakoid membranes from spinach were used aaitiye control for Western blot

analyses.

Table 6.

Antisera used for Western blot

Antiserum Origen of the antigen Dilution  Sourcdloé antisera

PsbO Spinacia oleracea 1:1000 | Laboratory of Prof. Dr. R.B. Klosgen,
University of Halle-Wittenberg

Anti-CFoll Spinacia oleracea 1:1000 | Laboratory of Prof. Dr. R.B. Klosgen

Anti-PSI-3 Spinacia oleracea 1:1000 | Laboratory of Prof. Dr. R.B. Klésgen

Anti-Rieske | Spinacia oleracea 1:1000 Laboratory of Prof. Dr. R.B. Klosgen,

Anti-PC Spinacia oleracea 1:1000 | Laboratory of Prof. Dr. R.B. Klosgen,

Anti-cyt f Spinacia oleracea 1:1000 | Laboratory of Prof. Dr. R. Malkin,
University of California

PsaA/B Synechococcus elongatud:1000 | Laboratory of Y. Inoue, University,
RIKEN, Japan

LepB1 Synechocysti6803 1:1000 | this work

slr0924 Synechocysti§803 1:1000 | Fulda S. et al., 2002

Anti -D1 Spinacia oleracea 1:300 Johanningmeier U., 1988

Anti-CP43 Chlamydomonas 1:300 Laboratory of Prof. Dr. U

reinhardtii Johanningmeier, University of Haller

Wittenberg
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2.13.8. Isolation of membranes fronBynechocystis 6803

Cells from the late exponential phase were pellatadi were resuspended in thylakoid buffer
(1/100 of the original culture volume) containing ®M Hepes-NaOH, pH 7.0, 5 mM MgCl

5 mM CaC}, 10% glycerol (v/v) and 0.5% DMSO. Cell suspensi@7 ml) were transferred
to 2-ml microcentrifuge tubes, mixed with an equalume of glass beads (0.1 mm diameter),
and kept on ice. The cells were broken in a mirddezater (Thermo Savant, USA) two times
at the highest speed for 30 sec with 2 min intdronpfor cooling on ice, and then centrifuged
at 1,000 rpm for 1 min in a Heraeus centrifuge (@eh The glass beads were washed twice
to increase the yield of thylakoid membranes. Tomdgenate was centrifuged at 4,000 rpm
for 10 min at 4°C to remove cell debris. The supt@nt was centrifuged at 14000 rpm at 4°C
for 20 min to pellet thylakoid membranes. The geNas resuspended in the original volume
of thylakoid buffer.

For heme staining, the thylakoid membranes weratso in the same manner as described
above, with following buffer: 50 mM MES/NaOH, pH06.5 mM MgC}, 5 mM CaC} and
10% glycerol. The thylakoid membranes were pelletie?1,000 rpm in Super T21 centrifuge
(Sigma) for 30 minutes.

2.13.9. Blue native PAGE

Blue native PAGE was carried out as described erdBofer and Klésgen, 1999) with some
modifications.

The sample preparation

The Synechocystist803 thylakoid membranes were prepared as dedcribe2.13.8.
Thylakoid membranes corresponding to 30 pg chloybpvere resuspended in 25 pl of lysis
buffer (50 mM Bis-Tris pH 7.0, 1 M-aminocaproic acid, 5 mM EDTA, 0.5 mM MgCl
mM PMSF, 1 mM DTT) and supplemented with 8 pl 5%vjwdigitonin. Solubilisation was
carried out on a rotating mixer at 4°C for one hadumsolubilized membranes were pelleted
by centrifugation at 40,000xg for 1 h. The supenttvas supplemented with 1.5 pl 5%
(w/v) Coomassie G-250 and incubated on ice for i) end then loaded on the gel.

Composition of the PAA gel for blue native electnopesis.
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For blue-native separation of the protein complexbe 5-13.5% gradient gel with a 4%

stacking gel containing 0.03% (w/v) digitonin wagared (Schagger and von Jagow, 1991,

Schagger et al., 1994) (Table 7).

Table 7.

Solutions for blue native PA gel (200 x 200 x 1 mm)

Solution Stacking gel Resolving gel
5% 13.5%

H.O 51ml 5.42 mi 1.2 ml
0.5M Bis-Tris pH 7.0 1ml 1.3 mi 1.3 ml
30% acrylamide solution (30% acrylamide,1.3 mi 2.2 ml 5.85 ml
0.8% bisacrylamide)

2M g-aminocaproic acid 2.5 ml 3.25 ml 3.25 ml
87% glycerol - 0.74 ml 1.3ml
5% digitonin 60 pl 78 pl 78 ul
10% APS 90 pl 50 pl 40 pl
TEMED 9 ul 5 pl 4 pl
Volume 10 ml 13 ml 13 ml

Protein complexes were separated at 100 V and 4%night with a cathode buffer
containing 50 mM Tricine, 15 mM Bis-Tris, 0.0075%/¢) coomassie brilliant blue G-250
and an anode buffer 50 mM Bis-Tris, pH 7.0. Thetetphoresis was stopped after the blue

front had reached the bottom of the gel.

The gels were scanned for documentation and welteereifrozen at -80°C or used

immediately for separation in the second dimensknor to the second dimension the gel

strips were equilibrated in a solution containirtg $DS and 19B-mercaptoethanol for 10

min at 40°C. The strips were sealed with 0.5% aggroelted in SDS-electrophoresis running

buffer.
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2.13.10. Determination of chlorophyll content

The chlorophyll concentration was determined aftegthanolic extraction according to
Lichtenthaler, 1987.

Chlorophyll (ug/ml) = 16,720Dges9,16xODgs,. The formula is generally used for
calculation of the concentration of chlorophgl and b, but can be applied also for
cyanobacteria, which contain only chlorophyll a.

The 10 ul of a cell suspension or a membrane ssgpewere added to the 1 ml of methanol.
The suspensions were vortexed and kept in the daskan ice for at least 30 minutes. The
cell debris was centrifuged at 11,6@0for 10 minutes, and the ODs of the clarified agtr

were measured at 665 and 652 nm.

2.13.11. Pigment analysis by HPLC

For qualitative analysis of pigments 8ynechocysti6803, reverse phase high performance
liquid chromatography (HPLC) was used. The pigmemse extracted with a mixture of
acetone:methanol in the ratio 3:1 (both solutiomsenof HPLC-grade). After incubation on
ice for 30 minutes, the cell debris was precipddtg centrifugation. To ensure the purity of
the extracts, the probes were stored at -80°C 4oh 2nd centrifuged at 14000 rpm for 20
min. The pigment extracts were analysed in a gradsgstem with the HPLC pump 322
(Kontron, Munich, Germany) and Rheodine 7125 prabgector ventile (Rheodin
Incorporated, USA). The volume of the probe wasiROrhe pigment separation was carried
out according to Doege (1999). To purge the sahuiiom gas bubbles, the degas system DG
1210 was used. (UNIFLOWS, Co., Japan).The pigmeete analysed with the diode array
detector DAD440 (Kontron, Munich, Germany), whichlgs to identify the pigments by
spectral features. The final identification of thgments was done by comparison of the
spectra with already known data. For managemetiieofteparation the programm DS 450-
MT1-EMS (KONTRON Instruments, Munich, Germany) weed.
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2.13.12. Determination of the cell densities

For the quick determination of the cell numberapid essay was developed. The cell density
was measured as absorbance of the cell suspernsik80anm. Then, the cell number was
counted in a Thoma cell chamber (Bad Blankenburgin@ny). The dependence of the
optical density at 730 nm from the cell number @D;3, of approximately 0.9 has linear
character (Fig. 5). The cell number per ml wasdfwe calculated from O, with a formula

1 0D730 = %10’ cells.

OD730
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Figure 5. Graphic illustrating the relation betweenthe cell number and optical density
of Synechocystis 6803 cultures at 730 nmThe cell number was counted in the cell
suspension, which was diluted, and the optical ileasf the different dilutions were
measured at 730 nm.

2.14. Proteomic methods

2.14.1. Two-dimensional gel electrophoresis

Two-dimensional (2D) gel electrophoresis is a pdwenodern method, which was applied

for proteomic analysis of the lepB1 mutantSyfnechocysti§803.

In 2D gel electrophoresis the following reagentsemgesed:
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for protein denaturation 8-9 M urea, which can be partially substitutehwthiourea to

increase the solubility of the hydrophobic proteins
detergents - Zwitterionic detergent CHAPS (3-[(3-cholamidopyt)-
dimethylammonio]propanesulfonate) and non-ioni@dgnt Triton X-100.

reducing agents 2-mercaptoethanol; dithiothreitol (DTT)

electrophoretic reagentscarrier ampholyte IPG-buffer (immobiline polygiamid gel) and

as electrophoresis dye the bromphenol blue was used

Sample preparation

Total proteins
The cells from 50 ml of culture were pelleted aesuspended in 300 pl chloroform/0.0B8%

mercaptoethanol. The suspensions were frozen fonird in liquid nitrogen and were
subsequently thawed by mixing. The proteins werecipitated by addition of 3 ml
aceton/10% TCA/0.079%-mercaptoethanol and incubation at -20°C for astldahour. The
proteins were pelleted by centrifugation at 4°C30rmin. The pellets were washed with 1 ml
of the mixture aceton/0.07%-mercaptoethanol and were dried in vacuum for 30. he
proteins were solubilized in 200 ml buffer contami7 M urea, 2 M thiourea, 2% CHAPS
and 2% B-mercaptoethanol. Protein concentration was detexthiusing Bio-Rad Protein
Assay Kit based on method of Bradford (BioRad, USA)

Membrane proteins

For the preparation of the samples containing man#proteins, detergent solubilisation was
used. Thylakoid membranes isolated as describe2l18.9a were mixed with a solution,
containing 9 M Urea, 2% triton X-100, 40 mM Trisa@e). After allowing the solubilization
of proteins for 1 hour at room temperature, the@amwere centrifugated at 21000 rpm in
ST-micro Rotor (Sigma). The supernatant was thesd Udsr application on the IPG-strip
together with rehydration solution consisting ofM8 Urea, 0.5% triton X-100, 10 mM
dithiothreitol, 0.5% carrier ampholyte (pH 3.0-10ahd 0.001% bromphenol blue.

Isoelectric focussing

The first dimension was conducted using the imndal pH gradient (IPG) strips (strip
gels), pH 4-7/180 mm or pH 3-10/180 mm (Pharmaciag strips were rehydrated with a
buffer consisting of 8 M urea, 19 mM DTT (dithiogftol), 2% (w/v) CHAPS, 0.001% (w/v)
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bromphenol blue and 0.2% of the carrier ampholfgkeatmalyte, corresponding to the pH
range of the strip) at 20°C for 12 h. AdditionalB50 pg protein was added together with
rehydration buffer. The focussing step was caraaetlin IPGphor (Amersham Biosciences,
Sweden) at 20 °C using the program: step 1: 5060& V/h for 1 h; step 2: 1000 V/ 1000
V/h for 1 h; step 3: 8000 V/ 30,500 V/h for 4 h.

Equilibration of the IPG-strips prior to 2nd dimension SDS-PAGE

Upon electrophoresis, the proteins on the stripewesuilibrated for 15 minutea 50 mM
Tris-HCI (pH 6.8), 6 M urea, 30% (v/v) glycerol, 20&/v) SDS, 1% (w/v) DTT followed by
10 minutes in 50 mM Tris-HCI (pH 6.8), 6 M urea,28{v/v) glycerol, 2% (w/v) SDS, 2%
iodine acetamide (IAA), 0.001% bromophenole blue.

Second dimension

In the second-dimension electrophoresis, the pretevere separated according to their
molecular mass in 10.0 — 17.5% gradient gel at 2Bf€hamber MULTI-Cell (BioRad,
USA). Gels were run at 40 mA and stained with CossieaBrilliant blue or silver nitrate
(2.13.5). The stained gels were scanned with UMé&heer with parameters settings 300 dpi
and 16 bit greyscale and analysed using the ImageMa&D Elite software package

(Amersham Biosciences).

2.14.2. Peptide mass fingerprinting (performed by B Angelika Schierhorn)

Peptide mass fingerprinting (PMF) was carried guDb. Angelica Schierhorn at the Institute
for Biochemistry of the Martin-Luther-University HeWittenberg. The proteins from the
spots in polyacrylamide gels were digested witpsiye and identified by MALDI-ToF MS.
The protein spots were washed three times in wat@ce with 50 mM ammonium
bicarbonate and finally with 50 mM ammonium bicarate in 50% acetonitrile. The gel
pieces were dried under a gentle stream of nitrogegwollen in 20 pl 50mM ammonium
bicarbonate (pH 8.0) and incubated with trypsiro(Rega, Madison, WI, USA) overnight at
37°C.

MALDI mass spectra were recorded on a Bruker REFLUEXass spectrometer (Bruker-
Daltonik, Bremen, Germany) upgraded with a SCOUT source and pulsed ion extraction.

Data were analysed with XMASS software suppliedwhie spectrometer. For analysis of the

40



tryptic digests a matrix thin layer preparation waede (Shevchenko et al.,1998)saturated
solution ofa-cyano-4-hydroxycinnamic acid in acetone was miixed 4:1 (v/v) ratio with a
10 mg/ml solution of nitrocellulose (Transblot tsé&r medium, Bio-Rad, Hercules CA, USA)
in acetone. 0.5 pl of the matrix was deposited diméosample probe. 1 pl of the sample was
injected into a small drop of 1% trifluoroaceticida@reviously deposited onto the matrix
surface in order to prevent dissolution of the mdtayer by basic pH of the digest solution.
The sample was allowed to dry and the dried spat mvesed three times with 10 pl 0.1%
trifluoroacetic acid. Mass spectra were calibraisihg trypsin autolysis products as internal
standards.

The peptide mass fingerprint spectra were searelgaihst the nonredundant protein data
base (NCBInr) for exact matches using the MASCO@rde program (Matrix Science
Ltd.,London,UK) or MS-FIT (Protein Prospector, UGSan Francisco, CA, USA).

To confirm the results, peptide maps were desaliéid ZipTip C18 (Millipore Corporation,
Bedford, MA, USA), and MS/MS spectra were recordacan ESI-Q-TOF mass spectrometer

(Micromass, Manchester, UK) equipped with a hareggource.

Table 8.
Parameters used for identification of the proteinsvith MS-Fit
Database NCBI
Species Synechocysti6803
Minimum peptide matches 4
Peptide masses monoisotopic
Mass tolerance +/-100 ppm
Digest trypsin
Number of missed cleavages 1
Cysteins modified by carbamidomethylation
N-terminus hydrogen
Mass window 1-100 kDa
Possible modifications peptide N-terminal Gin toq&ylu
oxidation of methionin
Protein N-terminus acetylated
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2.15. Physiological methods

2.15.1. Measurements of the absorption spectra

To measure the absorption feature of mutant stréescell cultures were diluted with fresh
BG11 medium to an OR of 0.2. The spectra were recorded in UVIKON931
spectrophotometer (Kontron, Munich, Germany). The/cpcyanin/chlorophyll (PC/Chl)
ratios were calculated from the absorption speuasiag the equations of Richaud et al.
(2001). These equations are based on the inderwaluchlorophyll content (&sA7s0) and

of phycobiliprotein content (&gsA7so).

2.15.2. Low temperature fluorescence emission spext

The measurements of chlorophyll fluorescence eomsspectra were carried out in the lab of
Prof. Dr. Conrad Wilhelm at the Botanical Institatiethe University of Leipzig. Fluorescence
emission spectra were measured at 77K using a hiithoorescence spectrophotometer
(Tokio, Japan). Cell suspensions were diluted ¢blarophyll concentration of 1 pg/ml in 10
mM Hepes-NaOH, pH 7.0 containing 45% glycerol. Aft® min of incubation in the
darkness, the samples were rapidly frozen in licuitdogen. The excitation and emission

slitwidths were 10 and 3 nm respectively.

2.15.3. Measurements of the photosynthetic activityith Clark-electrode

Rates of the photosynthetic electron transfer reastwere measured using a Clark-type
electrode (Hansatech, UK). The electrode chambmipeeature was maintained at 30°C.
Saturating red light (RG610 filter, Schott) was\pded by a KL-1500 light source (Schott,
Germany). Light intensity in the reaction chambemesponded to about 1500 uEfmsec.
The electron-transport activities of whole chaird &SIl were determined in intact cells
suspended in BG11 medium. The samples were adjtst@ahlorophyll concentration of 10
ng/ml for the suspensions of wild type cells andgdml for the suspensions of lepB1::Rm
mutant cells. Whole chain electron transport ratese measured in the presence of 10 mM
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sodium bicarbonate. PSll-mediated electron trarigpoes were measured in the presence of
0.5 mM 2,6-dichloro-p-benzoquinone (DCBQ) and 1 n[Fe(CN)]. The short-time
measurements were conducted for at least 5 minutes.

Chlorophyll content of the cell suspensions andlaisd membranes was determined
accordingly the method of Lichtenthaler as describieove.

Light treatment

The cells from the late-exponential growth phase. (OD30 0.9) were harvested by
centrifugation and resuspended in fresh BG11 medilime suspensions were subjected to
heat-filtered white light with intensity of 1000 [rf¥ s. Temperature was controlled so as not
to exceed 32°C, and aliquots for various measurtsneare withdrawn after 30, 45, 60 and
120 min. The degree of inhibition of photosynthetiectron transport was monitored by the
parameters of oxygen evolution (nmaol/®;3oh L).

2.16. Electron-microscopy of theSynechocystis 6803 cells (performed by Dr. Gerd

Hause)

The cells ofSynechocysti€803 were cryofixed for electron microscopy by higressure

freezing and followed by freeze substitution. Tlescwere embedded in Epoxy resin, which,
upon polymerized, may be sectioned using an ulti@atome. For standard transmission
electron microscopy, sections of approximately 60were cut, labelled with uranyl acetate
and Reynold's lead citrate and then viewed usingess EM900 transmission electron

microscope.
2.17. Computer analysis of polypeptides
2.17.1. The search aBynechocystis 6803 proteins containing N-terminal signal peptide

with the Signal-P3.0 program

The proteins ofSynechocysti6803 were analysed with the SignalP program ver3ionto
detect possible N-terminal signal peptides. Thisogpam is available online
(http://www.cbs.dtu.dk/services/SignalP/
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The amino acid sequencesS®fnechocysti6803 proteins were downloaded from Cyanobase
and uploaded on the SignalP3.0 server. By uploadihg N-terminal sequences were

automatically truncated to 70 aa.

The parameters were set for gram-negative bactBoth methods, neural networks and

hidden Markov model described in (Nielsen and Kro$yd98) were used to predict the

presence and location of signal peptide cleavdgs.si

2.17.2. Blast and ClustalW analysis

Nucleotide or amino acid sequencesSyhechocysti§803 were obtained from Cyanobase
(URL: http://www.kazusa.or.jp/cyano/cyano.hjml

The sequences dhrabidopsis thalianaproteins were obtained b&rabidopsisdata base
(URL: http://www.mips.biochem.mpg.de/proj/thal/db/inddrlj.

The sequence d&scherichia colprotein LepB was obtained on NCBI server.
For sequence alignment the following online tooé&sewsed: BLAST (URL:
http://www.ncbi.nlm.nih.gov/BLAST)/ ClustalW (URL:http://www2.ebi.ac.uk.clustaly/

The analysis of different protein parameters ligdrbpathy plots (according to Kyte and

Doolittle, 1982), molecular mass (Mw) and isoelegioint (pl) was performed using the
ProtParam tools on Expasyww.expasy.ory

The transmembrane helices (TMH) were predicted dRVIM server 2.0 (Sonnhammer at
al., 1998; Krogh et al., 2001).

44



3. Results

3.1. Analysis of the protein translocases and sighpeptidases ofSynechocystis 6803

By analysis of the Cyanobase database, 14 genes idemtified which show homology in
their encoded amino acid sequence to subunitsobéiprtranslocases and signal peptidases of
bacteria and chloroplasts. These are SecA, Secb(G,Sand SecE, SecF and SecY
homologues, Tat A, TatB, TatC homologues; SRP sitdhand signal peptidases (Kaneko et
al., 1996; Nakamura et al., 1998). In order to ws®lthe function of the corresponding
proteins inSynechocysti6803, a gene-disruption approach was applied,was developed
together with the group of Prof. Dr. V. Zinchenkdgscow Universitiy). This approach is
based on the interruption of the corresponding gdmeinsertion of an antibiotic resistance
gene. The list of the interrupted genes (12 gerteshashow homology to protein translocases
detected in chloroplasts and signal peptidases)tlaid gene products is shown in Table 9.
With this approach it was impossible to eliminalleaald-type copies of the genes encoding
translocases subunits. This indicates that thetifumof the most translocase subunits appears

to be essential for survival &ynechocysti€803 cells.

Table 9.
Overview of the putative translocases and signal pédases inSynechocystis sp. PCC
6803

Group Protein Putative function Gene Homologoldentity to  predicted
protein inA.  Syn localization
thaliana

Sec SecA  ATP-dependent sll0616  At4g01800  59% cytoplasmic side

translocase of membrane

SecE Subunit of SecYEG ssI3335  At4g14870 19% membrane
translocase protein

SecG Subunit of SecYEG ssr3307  not established membrane
translocase protein

SecY Subunit of SecYEG slr1814  At2g18710 43% integral
translocase membrane

protein
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Tat TatA Subunit of TAT- slrl046  At59g28750 52%

translocase

TatB Subunit of TAT- ssl2823  At5g28750 42%

translocase At5g52440 41%
TatC Subunit of TAT- sll0194  At2g01110 61% integral
translocase membrane
protein
SRP  Ffh SRP54 homolog slr1531  At5g03940 54%
FtsY SRP-receptor slr2102  At2g45770  36%
SP LepBl Signal peptidase | sli0716  At2g3044048% membrane
Atlg06870 48% protein
LepB2 Signal peptidase | slri377  Atlg0687039% membrane
At2930440 42% protein
LspA  Signal peptidase Il sIr1366  not present gher plants integral
membrane
protein

Abbreviations:

Sec— Sec-pathwayTat — TAT-pathway;SRP — SRP-pathwaySP — signal peptidases;
Syn - Synechocysti6803

3.2. The strategy of the targeted gene inactivation

As an example, inactivation of ttf&y/nechocysti803tatC gene (sll0194) will be described
on tatC gene encoding subunit TatC of the TAT translocase.insertion site, thd>st
restriction site was chosen. This site is locate2ild bp from the start codon of ttetC gene
(Fig. 6A). The open reading frame sll0194 was afiggliwith the primers sll0194Forward
and sll0194Reverse (Table 4) and cloned into th&ENMGeasy plasmid (Promega). The
resulting plasmid was designated &s@.
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Figure 6. Insertional inactivation of thetatC gene ofSynechocystis 6803. A.ThetatC gene
was amplified fromSynechocysti$803 genomic DNA with the primers sll0194FOR and
sll0O194REV. The 1.2 kiPst fragment containing the kanamycin cassette wassed from
pUC4K and inserted into thEst restriction site of thagatC gene. The arrow “p” shows
position of the kanamycine resistance gene promBtd?CR analysis of the segregation of
the Synechocystis 6803 tatC::Km " mutant. Chromosomal DNA from WT and the
tatC::Km" mutant was used to amplify thatC gene with sll0194F and sll0194R primers.
The sizes of the fragments amplified by PCR aremin kb, line M represents 1 kb DNA
Ladder marker.

Subsequently, the kanamycin resistance cassettexeised from the plasmid pUC4K with
restriction endonucleadesti. The Pst fragment with a size of the 1240 bp containing th
kanamycin resistance gene was ligated with tla¢Cpplasmid, which was linearized at the
Pst site. TheE. coli cells were transformed with the ligation mixturelaghe resistant clones
were selected on the medium containing kanamycah anpicillin. The resulting plasmid
DNA was isolated from was isolated frd coli clones and examined by restriction or PCR
analysis. Finally the cells of th®ynechocysti803 were transformed with the appropriate
recombinant plasmid. The kanamycin resistant tansints ofSynechocysti$803 were
subjected to segregation analysis on BG11-plateakdnpresence of high concentrations of
kanamycin at both photoautotrophic and photomiyatro conditions. After several rounds of
restreaking, segregation of the mutant and wilettgpnes was monitored by PCR (Fig. 6B).
The disrupted gene containing the kanamycin inserhas a size of 2050 bp, and was
detected in the mutant cell (Fig. 6B). It turned that even after several rounds of restreaking
the cells still contained the PCR fragment of 7@5répresenting the wild type gene Though
selective pressure was made for several weeksgstnet possible to eliminate the wild-type
gene copy in the mutant cells. Therefore, we maykwmle that the indispensability of the
TatC subunit of the Tat-translocase for survivalSyinechocysti$803 cells prevents the

complete segregation of the inactivation mutant.
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3.3. Functional analysis of the two genes for typesignal peptidases oSynechocystis
6803.

3.3.1. Analysis of amino acid sequences of signaptidases I.

According to Cyanobase, the genomeSyinechocysti$803 contains two genes encoding
signal peptidases of the type | (Kaneko et al.,6)9%he corresponding open reading frames
are assigned as sll0716 for the gene encoding LgpBtein, and slrl377 for the gene
encoding the LepB2 protein (Nakamura et al., 1998 analysis of amino acid sequences
has revealed that the hydrophobic sequences atltieeminus of LepBl1 and LepB2 show
characteristics of transmembrane domain descrilyeldyite and Doolittle (Fig. 7, Kyte and
Doolittle, 1982).
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Figure 7. Hydropathy plots of LepB proteins of Synechocystis 6803 according to Kyte
and Doolittle (1982). A) Analysis of LepB1, B) Analysis of LepB2. Amino acid positions
are indicated at the bottom of the graph. For this analysis a scan window of 13 was used.
Hydrophobic amino acids are shown above zero line. In this graphic presentation, a
hydrophobicity index above 1.0 defines potential transmembrane domains.
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The transmembrane helices near the N-terminuseoptbteins are formed by residues 17-35
of LepBl protein and residues 27-43 of LepB2 protgtig. 7). These data suggests the
presence of only a single transmembrane domaieaddr peptidases 8fynechocysti6803,
unlike the leader peptidase LepB Bf coli which spans the membrane twice (Table 10;
Wolfe et al, 1983, Whitley et al., 1993).

Table 10.

Protein parameters calculated using the ProtParamdols on Expasy database

Protein Cyanobase entry Length (aa) Mw (kDa) pl mhmber
of TMH

LepB1 sll0716 196 22.230 5.67 1

LepB2 slr1377 218 24.733 5.40 1

LepBE.coli| - 324 37 6.8 2

TMH — transmembrane helix

The analysis of the amino acid sequences usin&itpealP3.0 program showed the absence
of a signal peptide in both, LepB1 protein and L2gBotein. The data of the hydropathy
analysis suggests that the C-terminal part of Ipotiteins is soluble (amino acids 36-198 of
LepB1 and 44-218 of LepB2 (Fig. 7). The active mdrL.epB peptidase dE. coliis located

in the periplasm and is represented by the solabéee C-terminal part with the amino acids
76-324 (Bilgin et al., 1990; Dalbey, 1991). The amiacids which determine the substrate
specificity in LepB ofE. coli are located in the soluble part of the proteinr(&at al., 2005).
The amino acids serine S90 and lysine K145, whiehlacated in the soluble part of the
LepB protein, are essential for catalytic actiiiyalbey at el., 1997). The analysis of the
amino acid sequences of leader peptidases frorareift organisms has revealed that the
catalytically active residues are located in thielldle part of the protein (Paetzel et al., 2002).
Since the soluble C-terminal part of LepB1 proietiudes the catalytically active residues, it
might be located like LepB d&. coli in the periplasmic space. However, the cyanobiacter
contain in addition to plasma membrane the thyldkoembrane system and the prediction of
the topology of the leader peptidases LepB1, LepBd8 thylakoid processing peptidases
(TPP) (Fig. 7; Chaal et al., 1998) suggest thahckacterial leader peptidases can potentially

function in the luminal space of thylakoid membrane
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The similarity features of bacterial leader pepea and thylakoid processing peptidases
suggest that these enzymes may be functionallyiairChaal et al., 1998). The multiple
sequence alignment of the proteins has revealedative high level of homology between
LepB1, LepB2 and thylakoidal processing peptidaseduding the N-terminal chloroplast
targeting transit peptides of TPP (Fig. 8). On puetein level both cyanobacterial leader
peptidases have 51% of identical amino acids an®o lof conserved substitutions.
Interestingly, the TPP1 and TPP2 show higher hogylamong each other, namely 65%
identity and 75% similarity. The homology level bépBl1 and LepB2 to the the TPP is
significantly higher than to leader peptidase frBmcoli, namely 39-49% in comparison to
26-27% respectively (Fig. 8). The LepB1l shows higthegree of identity to both TPP of
plants @Arabidorsis thaliana)n comparison to LepB2 thus suggesting that Lepher than

LepB2 is related to the TPP ancestor protein

LepBl Syn LepB2Syn LepBEc TPP1 Ath TPP2 Ath

100 51/68 26/36 49/67 49/67 LepBynechocysti6803 (LepB1 Syn)
100 27/38 42/60 39/57 LepB®y/nechocysti6803 (LepB2 Syn)
100 37/51 37/52 LepBscherichia col{LepB Ec)
100 65/75 TPPArabidopsis thaliangdTPP1 Ath)
100 TPPZArabidopsis thaliand TPP2 Ath)

Figure 8. Homology of leader peptidases and thylakdal processing peptidases. Analysis

of identity and similarity. The identical and similar amino acids of the protsequences of
leader peptidases fro@ynechocysti6803 (LepBl Syn; sll0716 and LepB2 Syn; slrl377 ,
Cyanobase), fromEscherichia coli (LepB Ec; Databank) and thylakoidal processing
peptidases fromArabidopsis thaliang TPP1 Ath, Databank; TPP2, Databank) were pairwise
aligned.

The levels of identity/similarity are given in %
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Figure 9. Comparison of the amino acid sequences t#ader peptidases (LepB) from
Gram-negative bacteria and the thylakoidal processig peptidases (TPP)ldentical amino
acids are labelled by star)( similar amino acids are labelled by dot¥s (The residues
essential for catalytic activity are shown in frame bold letters and indicated by bold star.
The conserve regions are shown in shaded boxespUfa¢ive transmembrane domains are
underlined. Abbreviationg&\ra — Arabidopsis thalianaSyn — Synechocysti$803, Ecoli —
Escherichia coli Accession numbers for the thylakoid processingtigases are the
following: TPP1 fromA. thaliana - gi:22135950, TPPA. thalianagi:21553622. The long N-
terminal parts of the TPPs under the line reprefiemttransit peptides for the import into
chloroplast (CTP). For the further explanation thextext.
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The comparison of the amino acid sequences of Legiil LepB2 proteins with those of

homologous proteins frork. coli or the plant TPP showed the presence of four nsgio

containing relative high number of identical amiacids and interchangeable substitutions
(Fig. 9). These regions correspond with the coreskmomains detected in bacterial signal
peptidases of type | from different organisms (Beletat al., 2002). The catalytically

important residues serine and lysine (showed inl Istdr on Fig. 9) and many amino acid
residues in the first three boxes that form thessabe binding pockets S1 and S3, which bind
the -1 and -3 residues of preprotein substrates, identical in leader peptidases and
thylakoidal processing peptidases. This suggestexistence of functional similarities of the

signal peptidases LepB1, LepB2, LepB fr&ncoliand thylakoidal processing peptidases.

Interestingly, in the cDNA sequence of TPP1 thereegion which shows strong identity to
the coding region of both sll0716 and slr1377. DINA section shown in Fig. 10 encodes the
motif x Vx GDNRNx Sx DSHXWG in the last conserved domain. In contrast, thengpgequence
of thelepB gene fromE. coli does not show homology to coding sequences of BRBthe
cyanobacterial genes sll0716 and sIrl1377 in thgiore The presence of homology on
nucleotide level indicates that the plant gene®eimg thylakoid processing peptidases have

probably evolved from the common ancestor whialeliated to cyanobacterial genes.

tpp2 TTCGICCTAGGAGACAACCGCAACAAAAGCTTTGATTCTCATAACTGEGGT
F VL GDNIRNIKSFDSHNWG

tppl TTTGICCTTGGT GATAACCGCAACAAAAGCTTTGACTCTCATAACTGEGGT
F VL GDNRNIKSFDSHNWG

lepB2 TTAGT GT TAGGGGATAACCGCAACAACAGCTATGACTCCCACTATTGEEEC
L VL GDNIRNNZSYDSWHY WG

lepB1 TTTGTCATGGGGGAT AACCGCAACAACAGCAAT GATTCCCATGTATGGGGA
FVMGDNIR RNNSNDSHV WG

conser ved
mtif x V x G D N R N x S x D S H x W G

Figure 10. Conserved amino acid sequences derivadm nucleotide sequences of cDNA
of TPPs ofArabidopsisthaliana or leader peptidases oBynechocystis 6803.The conserved
amino acid motif which is shown below is locatedhe forth conserced box on Fig. 9.
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3.3.2. Inactivation of the genes encoding LepB1 arigepB2 proteins.

In order to examine the function of these two mgstes, both genes were independently
inactivated by inserting a kanamycin resistanceetss into either of the two open reading
frames via homologous recombination (Fig. 11A). eAftransformation, the cells were
propagated under dim light conditions on agar plasepplemented with glucose and
kanamycin. In order to promote complete geneticresgion of the mutated gene, the
concentration of kanamycin in the medium was stepvilicreased. After several rounds of
restreaking, the insertionally inactivateepB1 gene had fully segregated giving rise to the
homozygous mutanepB1:Km®. PCR analysis showed that the wild-typpB1gene, which

is represented by a fragment of 0.5 kb, is comlyleeplaced by the mutant allele for which a
PCR fragment of 1.8 kb is indicative (Fig. 11B)

Hincll
sl0716F |

—_—

—< s0721  |—|  fepB1 /sll0716 >—| sl1043 >—

—

sliD716R

Figure 11. Insertional inactivation of thelepB1 gene ofSynechocystis 6803.

A. The chromosome region with open reading framesratsll0716lepBlgene. The unique
restriction siteHincll was used for insertion of the kanamycin resisea(Knt) cassette from
pUC4K. The positions of the primers, sll0716Forwamt sll0716Reverse, are shown by
small arrows. Arrow with “p” shows the position K" gene promoter.

B. PCR verification of the complete genetic segregatflepB1:Km~ mutant. The sizes of
the fragments amplified by PCR are given in kbe Iv represents 1 kb DNA Ladder marker.

In contrast, it was not possible with the same ag@gin to completely eliminate the wild-type
copy oflepB2 While the insertional inactivation of the gene Hliymologous recombination
was successful also in this case, the cells rerddeé&rozygous even if the concentration of
kanamycin in the growth media was raised to 200nligto select for higher copy numbers
of the mutant allele (Fig. 12B). This suggests ageatial role of LepB2 for viability of
Synechocystis803. However, since the open reading framelepB2 overlaps by 49

nucleotides with that of the adjacent gene sIr1@i§. 12A), which encodes a protein of
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unknown function (Kaneko et al., 1996, Nakamuralet1998), it could not be ruled out at
this point that the insertional inactivation lepB2 had a polar effect on the transcription of
slr1378 which itself might be essential for growth. order to examine this possibility,
slrl378 was inactivated in the same manner as ibescabove by insertion of a kanamycin
resistance cassette. PCR analysis of culturestsdlea kanamycin containing media showed
that the homozygous mutant slr1378::Keould easily be obtained (Fig. 12C). These cells
did not show any phenotype different from that ofdvtype cells (data not shown) which
clearly demonstrates that it must be the functiblepB2 and not any polar effect on the
expression of slrl378 what prevents the eliminatbthe wild-type copy of slr1377. Thus,
since one of the two leader peptidaseSyriechocysti6803 cannot be completely inactivated
without loss of cell viability, it must be concluti¢hat the two homologous proteins are not

redundant in function.

A l Km" i
BamHI Hincll
sIr1377F | sir1378F |
—| sll1376 >—| lepB2 / sIr377 k> sIr1378 >—

sIr1377R slr1378R

Figure 12. Insertional inactivation of thelepB2 gene ofSynechocystis 6803. Panel AThe
chromosome region of the open reading frames arsliid77/lepB2gene. The positionsf
forward and reverse primers (slr1377F and slr13AR378F and slrl378R, respectively)
are shown by small arrows. The 1.2 RanHI fragment containing the kanamycin cassette
was excised from the pUC4K and inserted intoBlaeHlI restriction site of théepB2gene.
Similarly, the gene sIr1378, whose 5’-region oveslawith 3’- region of sIrl377, was
inactivated Panels B and CPCR analysis of the segregationSyinechocysti6803 mutants.
Chromosomal DNA from WT and respective mutant sgavas used to amplify the lepB2
gene with slr1377F/slr1377R primei)(or the slr1378 gene with slr1378F/slr1378R prener

(©).

55



3.3.3. Analysis of LepB1 antigen and production adntiserum.

For preparation of an antiserum against the Lepi®iem fromSynechocysti6803, the full-
length nucleotide sequence of sll0716 was ampliged®CR with the primers SynLepBlforw
and SynLepB1Bam generatiiddd and BanHI restriction sites in front of start codon and
after the stop codon, respectively (Table 4). Aftestriction enzyme digestion, thiddd-
BanHI fragment was ligated in frame with the pET28 R2040) plasmid (Rosenberg et al.,
1987). Recombinant plasmids containing the coliresgrt were used for transformationkf
coli strain BL21(DE3) (Novagen). The resulting cell oo#s were used for expression of the
LepB1 protein.

Protein expression was carried out as describe&kation 2.13.3. The cells &. coli BL21
were transformed freshly with recombinant plasmepfpand after 3 h of growing the protein
expression was induced with 1ImM IPTG. The analgéis and + fractions has shown the
presence of the expressed protein with a moleautaght of 22 kDa in the + fraction (Fig.
13). The LepBl was then expressed in a large sEalethe immunization of a rabbit, the
proteins from overexpression were separated on@8ilyacrylamide gel and transferred to
nitrocellulose membrane (Schleicher and Schuelig proteins were stained with Ponceau S
and the band of interest was excised and handad@®r. H. Schubert from the Institute of
Versuchstierkunde of the Friedrich-Schiller-Univeref Jena for immunization.

The antiserum was analyzed with Western blot of @xpressed LepB1 and the mobility of
the band recognized by the obtained LepB1l antisenatthes well the predicted molecular
weight 22 kDa (data not shown). During the largalesgreparation of the over expressed
LepB1 and separation of the different fractionsha disruptecE. coli cells, the analysis of
these fractions has revealed that LepB1 was loagthdr in inclusion bodies or in membrane
interphase. It could be resolved from the membmaneeins precipitated with TCA only after
addition of thiourea in solubilisation buffer (FiB3B). This observation supports the idea that

LepB1 is an integral membrane protein.
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Figure 13. Overexpression of a full-length LepB2 motein.

A. For overexpression, the vector pAR3040 contairtimg full-length lepB1 gene was
transformed in the BL21 (DE3) strain & coli. Expression of LepBl was induced by
addition of 1 mM IPTG and was monitored after 3 Imoubation at 37°C on SDS PAGE.
B. The solubilisation of the precipitated with 10% A Gver expressed protein LepB1 from
interphase fraction was monitored on SDS-PAGE. Fheernatant was loaded after
resuspension with buffer Lane 1: 20 mM TrisHCI leaffpH7.5, 1/50 volume loaded; lane
2. supernatant after the pellet resuspended in 7l prepared in same buffer, 1/50
volume loaded; lane 3, the pellet was resuspendétvi urea/2M thiourea, 1/35 volume
loaded; lane 4: the pellet was washed with 7M @Mathiourea, 1/10 volume loaded; lane
5: the pellet was resuspended in Laemmly bufferldBd/olume was loaded on the gel.
The position of the LepB1 protein with the moleculgeight of about 22 kDa is shown by
arrow. The positions of the molecular weight staddare indicated in kDa.

A corresponding band in the samples of thylakoidnimeine of the wild type was not
detected in the sample of the mutant, thus demetirggrthe complete inactivation #pB1l
gene (Fig. 14).

WT  lepB1:KmR
- 24 kDa

- 20 kDa

Figure 14. The leader peptidase LepBl is absent ithe lepB1l::Km” mutant cells.
Thylakoid membranes were isolated from the cellshefwild type andepB1:Km® mutant
and the proteins were separated on SDS-polyacrgiagel. After the transfer of the proteins
to nylon membrane, the LepB1 protein was detecyeWbstern-analysis using an antiserum
raised against LepB1 protein frdBynechocysti6803.
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3.4. Phenotypic features ofepB1::Km~ mutant

3.4.1. HomozygousepB1::KmR cells are sensitive to high light intensities

Since it was impossible to fully inactivate the dvilype allele oflepB2 all further work was
focused on the analysis of the homozygepeB1::Km® mutant. Remarkably, the complete
segregation of this mutant could be achieved anljiin light (5 HE rfs?) in the presence of
glucose. Similar features were observed for mutamtéch are defect in photosynthesis, like
for example a PSI-less mutant (Shen et al., 199@psequent tests have confirmed that the
lepB1:Km~ mutant was not capable to photoautotrophic gramdicating that it is not able
to perform the photosynthesis at significant rafése cells of thelepB1l:Km® mutant
appeared to have a more bluish colour than the e cells, because the chlorophyll
content in the mutant cells reached only 50% ot thfathe wild type. The cells of the
lepB1:Km® mutant grown in dim light in the presence of gsrcshowed a strong light
sensitivity. After transfer of the cultures to thght stronger than 40 pE frs” significant
bleaching of the mutant cells was observed. This pr@sumably caused by degradation of
the photosynthetic pigments (Fig 17). The lightssety was also observed by the analysis of
the photosynthetic properties of tlie@B1:Km" mutant.

3.4.2. The alterations in thylakoid membrane struaire revealed inlepB1::Km ® mutant

by electron microscopy of theSynechocystis 6803 cells

The cyanobacteriunSynechocystiss803 contains the intracellular system of thyldkoi
membranes, which form several layers parallel éoddll-membrane (Fig. 1). The phenotype
of bacterial mutants can be analysed by the quadingt analysis of physiological or
biochemical parameters. Also, it was interestinglbserve the membrane structure of both
wild-type and lepB1:Km® mutant cells. Therefore the cells that were groum at
photomixotropic conditions were visualized by elenttransmission photography (Fig. 15).
On the Fig. 15, the overall reduction of thylakaiembranes of th&ynechocysti$803
lepB1:Km® mutant cells could be observed. The mutant cetls different stages of the cell
cycles showed different expression of the damageoafnal thylakoid membrane structure,
shown in Fig. 15. Remarkably, there were stronfekhces between single cells in the same
samples: some mutant cells were similar to somengxo those of the wild type; some were

almost empty of inner membrane structure. A motaidel observation of the mutant cells,
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which did not have the drastic reduction of the rbeanes, has revealed that the space
between thylakoid layers increased significantlycamparison to that of the wild type. The
almost empty cells of the mutant showed very stn@utyiction of thylakoid membranes, and
they contained instead granular electron-denseugsiaris. In addition, some mutant cells
displayed the intense light granular backgroundesgnhfeatures of the mutant cell structure

are probably connected to the observed physiolbfgetures of the mutant.

.repB1::HmR

Figure 15. Inactivation of the leader peptidase LeBl leads to a reduction of thylakoid
membranes. The figure shows the electron microphotographs itd type cells (WT) and
lepB1:KnT® mutant grown in photomixotrophic conditions. Baepresent size markers.
Different panel show most typical cells of the nmitaThe arrowheads indicate the light
inclusions, which represent starch granula, or deadusions, which are presumably
carboxysomes.

Another specific feature in thiepB1:Km”® mutant cells is the absence of thansparent

intracellular inclusions, presumably starch grasulghich were detected almost in all wild-
type cells (Fig. 15). This feature and the reducbbthe thylakoid membranes might indicate
that the mutant cells do not use the photosyntliesitie cell growth. In contrast, some of the

mutant cells showed electron-dense crystallineusiohs similar to the wild-type cells, which
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can be carboxysomes. The carboxysomes are inclusidies that contain the enzymes
involved in carbon dioxide fixation including thebulose bisphosphate carboxylase
(RUBISCO). On the basis of the similarities obsdrva wild-type and mutant cell
photographies, the significant alteration in cardaoxide fixation cannot be expected.

The observed heterogeneity of the mutant cells tmiggresent different situations. A possible
explanation is that the culture of thepB1:Km® mutant is not monogenic. However, the
function of LepB1 is absent since tlepB1:Km~ mutant had fully segregated and no LepB1
protein could be detected by the Western blot {@®d below). To find the explanation for
the heterogeneity, the systematic analysis of tbk morphology in different growing

conditions is necessary.

3.5. The complementation of the leader peptidaseration in the lepB1::Km * mutant.

After the complete inactivation ¢¢pBlgene was achieved, the first observations hawersho
that the mutant was photosynthetically inactive cdafirm that the resulting phenotype was a
direct consequence of thepBlgene disruption, a complementing strain with wjlde gene
expressing on the plasmid pVZ321N was created aumrof V. Zinchenko. The original
vector pVZ321 (accession number AF100176) is basedRCF1010, a broad host range
plasmid, which is capable of replicating autononipa¢so in cyanobacterial cells (Scholz et
al., 1989; Marraccini et al., 1993). The vector 32ZM differs from plasmid pVzZ321
(Zinchenko et al., 1999) by thedd site, which was introduced in the start codonthod
kanamycin resistance geraphll. This modification facilitates the cloning of ange of
interest under the control of the Krgene promoter iBynechocystis803 cells (Fig. 16A).
The resulting plasmid carrying the wild-tyfsB1gene instead of the inactivataghll gene
was designated as pSLEP1 (Fig. 16). This plasmisl temsferred intdepB1:Km® mutant
cells via triparental mating. The complementinglscehere therefore resistant to both
chlorampenicol (Cfhgene on the plasmid) and kanamycin (Kgene on the chromosome).
The resulting strain carrying the plasmids pSLERds wlesignated as pLepl. The genetic
background of the pLepl strain was analyzed by R@R specific primers. Although the
reverse recombination events are unlikely, theynoarwompletely be excluded. Therefore
primers were designed to detect the possible revezsombination events between the
chromosomal and plasmid DNA. The fragment, amglifiéth sll0716F and lep1043rev from
WT genomic DNA, has an estimated size of 0.8 klixayment of the same size could not be
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detected in pLepl cells, which indicate the absesfceecombination between the pSLEP1
plasmid and the chromosome. The size of the PGRnfeat obtained from the genomic DNA
of the complementing strain pLepl is about 2.1 kb eorresponds with that obtained from
the mutant DNA (Fig. 16B). This result indicatesittlthe plasmid pSLEP1 remained stable
replicating inSynechocysti6803 cells and the lepB1 gene is transcribed fiteenplasmid in
the cells of the pLepl strain.

A
|| KmR L
Hincll
sli0716F |
{ sr0721  —  lepB1/sll0716 >—| s11043 >—
lep1043rev
o pSLEP1
N
epBT/SI0716 > K |
’
Ndel HindlIll Sall EcoRl
.
&

PR
§\‘ZIQQ\/M

Figure 16. Complementation of thelepB1::Km R mutant strain with wild type lepB1
gene Panel A: Construction of the complementing strainpLepl. The plasmid pSLEP1,
which carries the LepB1 gene and Cwas transferred in the cells of the mutant yiejcthe
pLepl strainThe schematic map shows positions of primers s867dnd lep1043 rev which
were chosen to analyse chromosome DNA (ChrDNA) gossible recombination with
plasmid DNA. The promoter of kanamycin resistaneeeyis shown by “p”.

Panel B. PCR analysis of the DNA isolated from wildype, lepB1::Km ® mutant and
complementing strain pLepl.Total DNA was isolated from wild typéepB1:Km® mutant
and complementing strain pLepl. M indicates thatjposof 1 kb ladder marker. PCR was
carried out with the primer pair sll0716F and lef3@v which are able to anneal only
chromosomal region containing thepB1 gene resulting in fragments of either 0.8 kb dr 2.
kb.
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The resulting strain pLepl resembled the wild-tybenotype, i.e it was capable to grow
photoautotrophically similar to wild type and didtrshow the light sensitivity observed in the
lepB1:KmR mutant cells. The concentration of chlorophyll dahe photosynthetic properties
of the pLepl strain were practically the same athefwild type cells (in detail described in
chapters 3.7; 3.8).

3.6. Characterization of thelepB1::Km® mutant strain of Synechocystis 6803

3.6.1. ThelepB1::Km R mutant strain is incapable of photoautotrophic gravth

The lepB1:Km® mutant differed significantly from the wild typéready with respect to its
growth behavior. Under photoautotrophic conditidhg, mutant did not show any measurable
growth (Table 11) indicating that it is not ablepgerform photosynthesis at significant rates.
Furthermore, even if the cultures were supplemenmiitdl fermentable carbon sources like
glucose (photomixotrophic conditions), the mutagitsccould be propagated only if they were
exposed to dim light (5 HE fns?) which is not sufficient for efficient photosynsis
(Anderson and Mcintosh, 1991). Under these conultishe growth rates of wild-type and
mutant cultures were essentially identical (Tadlethus demonstrating that the mutant is not
affected in energy metabolism in genetdbwever, if incubated in the presence of glucose
but at light intensities allowing efficient photoghesis (40 pE h s'), growth of
lepB1:KmR was again completely abolished (Table 11). Thiicites that the mutant is not
only incapable of performing photosynthesis butt thght, even at relatively moderate

intensities, is harmful for the cells.

Table 11.
Growth rates of wild type and homozygousepB1::Km ® mutant
wild type  lepBL:Km*

doubling time [h]

photoautotrophic growth 12.3+ 1.3 No growth
(- glucose/ - DCMU:; 40 pE ths?)

photomixotrophic growth 20.9+2.2 20.9+1.0
(+ glucose/ - DCMU; 5 UE ths?)

photomixotrophic growth 8.0+ 0.9 No growth
(+ glucose/ - DCMU; 40 pE ths?)

photoheterotrophic growth 16.2+ 1.8 26.6£1.2

(+ glucose/ + DCMU:; 40 pE ts?)
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Remarkably, supplementation of the medium with 3-#chlorophenyl)-1,1-dimethylurea
(DCMU) restored the property of the mutant cellsgrow at such conditions, though at
somewhat reduced rates as compared to wild-typwiresl (Table 11). DCMU leads to
inhibition of photosystem 1l electron transfer tolagioquinone, therefore the
photohetrotrophic growth upon addition of this iitor is non-photosynthetic (Herranen et
al., 2004). Moreover, the observed growth behawbrthe lepB1:Km® mutant cultures
suggests that the electron flow from photosysteroalised photodestruction in the mutant

cells.

3.6.2. The mutant cells show the altered pigment ogosition and PSI/PSII ratio

Analysis of the absorption spectra

The photosynthetic properties of cyanobacterialscedn be analysed using the absorption
spectra of the whole cells. The comparison of theogption features of the wild type and
lepB1:Km® mutant has revealed that the light-sensitivitghef mutant was reflected also by
the variability of its pigment content in responsdifferent light intensitiedf propagated in
dim light (5 pE rif s, all photosynthetic pigments were present inrtheant, though in a
composition that was somewhat different from tHawitd-type cells (Table 12). In particular,
the peaks characteristic for chlorophyll at 442 88d nm were decreased in flepB1:Km"®
mutant cells demonstrating that the chlorophyllteabhwas reduced (Fig. 17A). In addition,
the absorption of the phycobiliproteins at 630 nas Increased in the mutant cells. These
alterations lead to an increase of the phycobilgandchlorophyll ratio from 0.85 in wild type
to 1.16 in mutant cells (Table 12) and, conseqyernt a bluish phenotype. The higher
phycobiliprotein to chlorophyll (PC/Chl) ratio isandicator for a higher PSII/PSI ratio or a
decrease of the chlorophyll content per photosygtarand Sherman, 2000). Indeed, the 50%
reduction of chlorophyll content per cell was comied for the cells of the mutant by a
methanolic exctraction of chlorophyll (Table 12).
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Figure. 17. Absorption spectra of the wild-type andepB1::Km ® mutant cells.

Wild-type (dotted line) and mutant cells (solidd)nwere grown up in photomixotrophic
conditions in dim light until the cultures densiti;mached OR, 0.6. The spectra are shown
in panel A. Then the cultures were transferrecheodtandard light (40 mE/m2 sec) and after
24 h of incubation the spectra were measured dpgairel B).

After transfer of the cultures to higher light insities (40 pE M s® or more), significant
bleaching of the mutant cells was observed. This pr@sumably caused by degradation of
the photosynthetic pigments. This fact was confdrbg spectral analyses that demonstrated
the complete loss of the indicative absorption peak chlorophyll and phycobiliproteins in

the mutant samples (Fig. 17B).

Table 12.

Pigment characteristics of the wild type andepB1::Km ® mutant strains

pigment characteristics

wild type lepB1::Km®
chlorophyll conterft(ug mi* A7357) [ 3.8+0.2 1.7+ 0.1
phycobiliprotein/chlorophyll ratid 0.85 1.16

2 chlorophyll was extracted from cells grown in phratxotrophic conditions at 5 pE frs*
® determined from intact cells according to the digneof Richaudet al 2001.

Analysis of the chlorophyll fluorescence emissiorpsctra
Since the chlorophyll concentration in tlepB1:Km® mutant cells was significantly reduced

in comparison to the wild type, the chlorophylltdisution between the two photosystems in
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the Synechocystis803 cells had to be analysed. This was made dynasurement of the
low temperature (77K) fluorescence emission spextcdlorophyll. The wave length 435 nm
was chosen for excitation (light absorbed primayychlorophyll a in PSIl and PSI core
complexes). On the Fig. 18, two characteristicskpeariginating from PSII fluorescence
appeared at 685 nm and 695 nm and another fluoresgeeak originating from PSI appeared

at 725 nm of the spectra 8f/nechocysti€803 cells.

Fluorescence [ rel. units ]
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600 650 700 750 800
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Figure 18. Low-temperature (77K) fluorescence emigm spectra of wild-type and
lepB1::Km® mutant cells. The 77K fluorescence emission spectra of the wifzk t(dotted
line) andlepB1:Km® mutant (solid line) were recorded after excitatigrchlorophyll at 435
nm. The spectra were normalized for the same cefier.

Wild-type (dotted line) and mutant cells (solidd)nwere grown up in photomixotrophic
conditions in dim light until the cultures reach@By3, 0.6.

In Fig. 18 the following alterations in the intetiess of the fluorescence peaks of wild type
and lepB1:Km® mutant could be observed: in comparison to thel wyjipe, the mutant
showed a significant decrease in fluorescence @nigeom PSI in relation to fluorescence
emission from PSII. The decreased ratio of PSI &l Rnd the 50% reduction of the
chlorophyll content in thdepB1:Km® mutant cells might reflect a decrease in the PSI
content, as most chlorophyll molecules in Bynechocysti$803 cells are associated with
reaction centers of PSI. (Pakrasi, 1995; Régnat.£1990).

The cells of théepB1:Km® mutant showed altered ratios of the photosysterdsaareduction
of chlorophyll content when grown in photomixotrapltonditions. These changes may be
due to a direct or indirect effect of leader pegsiel inactivation. On the one hand, LepB1

could be involved directly in biogenesis of photathetic complexes. On the other hand, the
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decrease of the chlorophyll content could be a aese to light stress, caused by a
deregulation of the electron transport already umdeak light conditions. The harmful effect

of light on the mutant cells can be demonstratedhaypigment analysis (chlorophyll and

carotenoids) using high performance liquid chromgegphy (HPLC).
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Figure 19. Pigment analysis oSynechocystis 6803 cells with HPLC

The pigments were extracted from the same cell ameuth mixture of acetone and
methanol in the ratio 3:1 and analysed with HPL®r{tkon, Milan, Italy) after Gilmore and
Yamamoto (1991). The pigments were identified bglysing of absoroption spectra.
Abbreviations:

M — myxoxanthophyll, Z — zeaxhantine, Ch- Chlorolblay E- echinenond§ — -carotene.
WT, PA — wild type cells grown in photoautotrople@nditions

PM,l dim — cells were grown in the photomixotrophamditions under dim light (5 pE
sec).

The analysis of the pigment compositionSyinechocysti6803 cells has shown that the cells
of the mutant grown in the presence of glucos@eaidim light intensity 5 mE thse¢' (PM,
dim) have not only a decrease of chlorophyll cont&éhe detailes comparison of the HPLC
data of the pigments of the wild-type and mutafisdes revealed in the mutant a decrease of

[-carotene content and an increase of myxoxanthbpbgtent in relation to other pigments
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(Fig. 19). The carotenoid myxoxanthophyll is knotenbe a stress pigment that comprises a
quarter of the total carotenoids when the cellsmdfl type are grown under high light
conditions (Mohamed and Vermaas, 2004). The functib this pigment is to protect the
electron transport chain from photoinhibition (Selaet al., 2005). Indeed, wild-type cells
grown under higher light intensity (PA, 40 uE “msec’) showed a higher
myxoxanthophyll/chlorophyll ratio than the wild-typcells grown in the photomixotrophic
conditions under dim light (PM, dim). An increadetloe myxoxanthophyll suggests that the
cells of the mutant suffer from stress already @allight.

The biochemical properties of thylakoid membranesnf the wild-type andepB1:Km"®
mutant cells were also studied in respect of thgiment composition. The membranes were
resuspended in a buffer and aliquots were takatetermine concentrations of proteins and
chlorophyll in the samples. When compared on timesprotein level, the membranes of the
wild type have a 2 times higher chlorophyll concatibn than the mutant cells. Therefore the
ratio of protein to chlorophyll in the membranegtoé wild type was 7.7, in the membranes of
mutant 13.2. This feature of the mutant cells idit@hal evidence that a decrease of the
chlorophyll concentration may cause the differengesthe protein composition of the
photosynthetic membrane.

3.6.3. The photosynthetic electron transport inepB1::Km R is inhibited by strong light

In order to examine the photosynthetic propertieth® mutant in more detail, photosynthetic
oxygen evolution was determined with the Clark typggen electrode for wild-type and
mutant cells that were grown photomixotrophicaltylawv light intensities (5 pE ths?).
Unexpectedly, the mutant was able to perform phyotinetic electron transport rather
efficiently in short term experiments (the measwsta for at least 5 minutes). Comparing
identical cell numbers, the photosynthetic oxygemdpction of the mutant reached
approximately 80% of the wild-type level, irrespeetof whether the entire photosynthetic
electron transport chain or solely the PSIll-mediad&ectron transport was measured for 5
minutes (Table 13). Thus, despite the lack of cdemme to grow photoautotrophically the
mutant is competent for photosynthetic electronndp®rt which indicates that the

photosynthetic complexes of the thylakoid membrareeable to operate.
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Table 13. Rates of electron transfer reactions i®ynechocystis 6803 cells.

oxygen evolution [pmol O, Azsg L™ h]

wild type lepB1::Km R
whole chain electron transport 995+ 53 783+ 51
PSll-mediated electron transport 1956+ 173 1543+ 187

" determined in four independent short term expemts1é5 min) with cells grown in
photomixotrophic conditions at 5 pEs™

However, photosynthetic electron transport is ifthib in the mutant cells by high light
intensities, as shown by two complementary appreschn the first approach, the
measurement of the entire photosynthetic electramsport chain was repeated with diluted
culture samples which allowed to determine phottsstic oxygen evolution with the Clark
electrode for extended periods of time. The ideairfmkthis experiment was to potentially
identify effects on electron transport which becowsble only after long-term exposure of
the cells to high light intensities (e.g., 100 6034E n¥ s* in the example shown in Fig. 20).
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Figure 20. Photoinhibition of the oxygen evolutionin the lepBl:Km® mutant.
Photosynthetic oxygen evolution of wild type (ddtténe) and lepB1::K cultures (solid
line) which were exposed to continuous light (pakel 100 HE rif s*; Panel B - 500 pHE th
s') was determined for identical amounts of cellsgsi Clark electrode.

Indeed, with this experimental design strongeredéhces between mutant and wild-type cells
became apparent. While oxygen production in wilgetycultures remained essentially
unaltered during the entire incubation time, theanticells showed a clear drop in oxygen
evolution after approximately 20 minutes (Fig. 20AYhen incubated for more than 60
minutes, photosynthetic oxygen production was eterminated in the mutant culture.

Essentially the same results were obtained wherexiperiment was performed with more
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moderate light intensities (100 uE”rs"), except that the effects were slightly retardeig).(
20).

The cells ofSynechocysti6803 are capable to accumulate carbohydratesnm &6 glycogen

if they are incubated in medium grown in the presenf glucose (Yoo et al., 2002). To
prevent the consumption of glycogen reserves, the&coge was added during the
measurement, but it did not support the stablegsyoithetic activity of the mutant, which
become completely inhibited after 60 minutes ofulvation in the light (Fig. 21). The
observed inactivation of the photosynthetic elett@ansport machinery of the mutant cells
occurs during extended exposure to light irreseypedtthe additional energy source is added
to the medium. These data suggests that the phutatic electron transport chain of the

mutant can not be used for cell metabolism.
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Figure 21. Oxygen evolution ofSynechocystis 6803 cells in the presence of glucos#/ild-
type (dotted line) antepB1:Km® cultures (solid line) were exposed to continuadgist|(1000
HE m? s%). The Q evolution activity was determined for identical @mts of cells upon
addition of 10 mM glucose using a Clark electrode.

This was confirmed by an independent approach inctwlihe oxygen evolution was
determined for cultures that were exposed to lggtess (30-120 minutes at 1008 m? s?)
prior to the actual measurement. While the wildetywas only mildly affected by this
treatment, preserving more than 90% of the iniplbtosynthetic activity even after 120
minutes of light stress, the activity of the mutadeclined gradually with increasing
incubation time (Fig. 22). After 120 minutes, tsidual photosynthetic activity was reduced

to approximately 15% of that obtained with untrdasamples. From these data it must be
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concluded that the mutant cells are able to assembiunctional photosynthetic electron
transport chain when grown in dim light but thagythare apparently not able to preserve its
activity when exposed to high light intensities.

From these data it seems likely, that the functigrof the photosynthetic electron transport
chain is harmful for the mutant cells. Inhibitiof the photosynthetic activity by the light
occurs even in moderate light intensities, thukecéihg that the cells of the mutant cannot use

the energy of photosynthesis for the growth.

100% 03
75%
50%

25%

O evolution [ % of original ]

O% 1 1 1 1 1
0 20 40 60 80 100 120

Time [ min ]

Figure 22. Photosynthetic oxygen evolution ofepB1::Km ® mutant cells is inhibited by
light stress. Panel A- whole chain electrone transport, Panel Bhotosystem Il activity.
Cultures of Synechocystis5803 wild type (squares) ankpBL:Km® mutant (circles)
propagated under photomixotrophic conditions in dight (5 HE n? s*) were exposed to
light stress (100QE m? s?). Samples containing identical amounts of cellsantaken at the
time points indicated and photosynthetic oxygenwian was immediately determined using
a Clark electrode. For each time point, the averdgs least five independent measurements
is given. The error bars show the standard error.

3.6.4. The assembly of the core proteins of photadgms is not significantly affected in
the mutant.

3.6.4.1. Analysis of thylakoid membrane proteins lisg SDS-PAGE

As a first step to analysgynechocysti6803 proteins, the thylakoid membranes were isdlat
and thylakoid proteins were separated on SDS-PA&ter electrophoreses, the proteins
were stained by Coomassie, and the resulting prqaiterns of wild type and mutant were
compared (Fig. 23). The analysis of the proteinsnfboth wild type andepB1:Km® mutant
did not reveal any significant differences, whiclggests thatepB1:Km® mutant cells are
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capable of, for example, forming photosynthetic ptares in the thylakoid membrane when
grown in dim light in the presence of glucose (RR8A). However, after incubation of the
cultures in photoautotrophic conditions, the strqmigtein degradation in the cells of the
mutantlepB1:Km® could be observed (Fig. 23B). This feature ofrtheant suggests that the
proteins, which are synthesized under non-photbgyiat conditions, are not stable in the
light, thus confirming the incapability of photoatrbphic growth.
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Figure 23. Protein analysis of total membrane prepation from the wild type
Synechocystis 6803 andthe lepB1::Km® mutant. Coomassie-stained gel of total protein
from wild type membranes (WT) and the membranegpB1:Km® mutant (lepB1) were
prepared either from cells grown in photomixotrapbonditions (panel A) or from the cells
that were placed for 3 days in photoautotrophicditions (light intensity 40 umol/Mmsec)
(panel B). in total, 100 ug protein were loadedtloa gel. Mobilities of molecular weight
markers are indicated in kDa.

3.6.4.2. Analysis of membrane protein complexes lyjue-native PAGE.

For analysis of the protein composition of the #kglid membrane, blue-native PAGE was
chosen (Schagger et al., 1994, Schagger and J4§94). This method allows separation of
the native protein complexes of the thylakoid meamler (Ktgler et al., 1997; Berghofer and
Klésgen, 1999). The detergent digitonine was used sblubilization of the thylakoid
membranes oBynechocysti6803. The solubilized complexes were charged ®@dbmassie-
dye prior to native electrophoresis. In blue-natRAGE the complexes of the thylakoid
membrane are visible either as blue-stained (liR€Aynthase or cytochromef ltomplex)

or blue-green stained bands (like PSIl or PSI cemgd which contain chlorophyll

molecules).
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During the adaptation of the solubilization step $ynechocysti§803 thylakoids it became

notable that it was difficult to resuspend the meambks in the same volume of solubilization
buffer as that used for samples of spinach thytikd¢data not shown). For optimisation of
this step, the thylakoid membranes $fnechocysti€803 were resuspended in a higher
volume of lysis buffer (Fig. 24A). Finally, a buffeolume of 25 ul instead of 15 ul (as used

for spinach thylakoids) was chosen to resuspend nieenbranes containing 30 pg of

chlorophylla.
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Figure 24. Blue-native PAGE of the thylakoid membraes of spinach andSynechocystis
6803 wild type andlepB1::Km ® mutant. The thylakoid membranes &ynechocysti§803
wild type andlepB1:Km® mutantwere solubilized in different volumes of buffer wil%
digitonin. The protein complexes &ynechocysti6803 (the positions are shown in center)
and spinach (the positions are shown on the sides¢ separated by blue-native PAGE.
Thylakoid membranes oBynechocysti$803 with chlorophyll concentration 30 pug were
resuspended in 42 pl of solubilization buffer (Raffeor in 30 ul of solubilization buffer
(Panel B). The positions of the molecular weighindards are shown by arrowheads (from
the top to the bottom: thyroglobulin (669 kDa) rfen (440 kDa), and catalase (232 kDa)).

After the separation of the complexes in the filishension, the differences in the mobilities
of protein complexes fronsynechocysti$803 and spinach thylakoids could be observed
(Fig. 24). Though the number of the complexes wlastical, the order of the complexes was
different in spinach an8ynechocysti6803 samples (Fig. 24; Berghofer and Kldsgen, 1999
For instance, the green complex3gnechocysti6803 samples was absent in spinat, and the

green-coloured band in spinach sample with moleauaght of 240 kDa, which corresponds
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to LHCII complex did not appear Bynechocysti6803. Notably, the bands 8fynechocystis
6803 samples were less sharp in the first dimenefoblue-native gels than the bands of

spinach samples.
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Figure 25. Blue-native PAGE of the protein complexe of Synechocystis 6803 wild type
and lepB1l::Km® mutant. The thylakoid membranes of the wild type (panel @d
lepB1:KmR mutant (panel B) were solubilized with digitonimdeseparated on the blue-native
PAGE (BN-PAGE). Then the gel strips were denatuaed placed on SDS-PAGE and the
proteins were separated according to their molecukight. The molecular masses of the
standard proteins are given in the middle. The impmunder the gel pictures show the protein
spots, for abbreviation of the protein names see te
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The separated complexes of the wild type EmpB1:Km® mutant were compared after the
first dimension. The concentration of the photostystcomplexes seemed to be lower in the
pattern of the mutant when compared with the wilget though the samples contained same
quantities of chlorophyll (Fig. 25B).

After the first dimension the gel strips were erdigrom the BN PAA gel and the proteins
were separated in the second dimension by SDS-P&gG&rding to their molecular weights.

The protein complexes @ynechocysti$803 were identified by analysis of the molecular
weight of the proteins from the second dimensiome Tobilities of the proteins on SDS-

PAGE were compared with those observed previoustyip et al., 1997; Herranen et al.,

2004; Huang et al., 2002; Peterman et al., 1998) the proteins were assigned to the
complexes of the first dimension (Table 14).

Table 14. Protein assignment in th&ynechocystis 6803 complexes of BN-PAGE

Protein complex Molecular weight of the&orresponding
proteins on SDS-PAGE protein
1. PSI 65 kDa PsaA/PsaB
17 kDa PsaD
16 kDa PsaF
14 kDa PsaL
12 kDa PsaE
2. and 4. PSII 48 kDa CP47
37 kDa CP43
31 kDa D2
3. ATP-synthase 59 kDa AtpA/AtpB
31 kDa AtpC
19 kDa AtpF
18 kDa AtpD
15 kDa AtpG
5. Cytoef 29 kDa cytf
22 kDa cytbe
17 kDa subunit IV

The proteins complex dynechocysti§803 with highest molecular weight had green color
The subunits of photosystem I, PsaA and PsaB heagigbed molecular weight of about 82
kDa, but on SDS electrophoresis they appear usaallyand at approximately 65 kDa (Kruip
et al., 1997; Sun et al., 1997). This band ande¢hgining protein bands below 17 kDa were
referred to the proteins of photosystem | (Fig. P&hle 14).
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Another green complex, which has molecular weigh®#) kDa, represents photosystem I
with the proteins CP47, CP43 and D2 (Fig. 25). bdtgin, which has an approximate size of
29 kDa, could not be detected in samplesSpfiechocysti§803 wild type andepB1:KmR
mutant after second dimension. The green compléx thie molecular weight of about 450
kDa, which was also assigned to PSII, comigratdl thie proteins of PSI complex (Fig. 25).
ATP-synthase complex migrates most likely nexthe photosystem Il complex as blue-
coloured band with the molecular weight of 600 kDhough the subunits observed on the
SDS-gel and listed in the Table 14 could match ghbunits of ATP-synthese, it is not
definitive that these proteins solely belong to ASythase complex.

Cytochrome kf complex was represented by three proteins, wbarhespond to cytochrome
f, cytochromebs, and subunit IV (Peterman et al., 1998; Herrartead.e2004). This complex
migrated at 420 kDa. The phycobilisome complex ammg phycocyanin (PC) and
allophycocyanin (APC) migrates right at the bottomSDS gel as seen from the second
dimension (Fig. 25).

The detailed examination of the composition of¢bparated thylakoid membrane complexes
of the wild type andepB1:Km® mutant showed no significant differences. Takegetoer,
the data suggest that the core complexes of thiglakembrane have idenical composition in
the lepB1:Km" mutant and wild type if the cultures are growrdim light with glucose, the
assembly of the core complexes in the thylakoid brames oflepB1:Km® mutant is not
really affected in the tested growth conditions.fdstunately, the attempts to analyse
thylakoid membranes from the cells exposed to tken light have failed, since the optimal
time for harvesting of the mutant cells without qoete degradation of the pigments and

proteins in thylakoid membranes was not reachet (aiat shown).

3.6.4.3. Analysis of cytochromésf complex by specific staining

In order to clarify how the leader peptidase inadton influences the photosynthetic

properties of the mutant, an analysis of the cytmtie bsf complex using heme-staining was
performed. Since tetramethylbenzidine (TMBZ) condiebinds heme-groups in proteins, the
concentration of heme-containing proteins in witge and mutant cells could be estimated
after staining of the PAA gel with TMBZ (Thomas &t, 1976) (Fig. 26). This analysis

showed that the concentrations of protein bandsextaby TMBZ were at least two times

lower in thelepB1:Km® mutant than in the wild type when the membranepéasncontaining

the equal protein amount were loaded on the get fEsult indicates that there is significant
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reduction of the heme-containing proteins in thglakoid membranes of thkepB1:Km~
mutant.

The content of the proteins with heme-group wasneséd and the bands were compared
with those observed previously by Tichy and Verm@&9€9). According to molecular weight
the respective proteins were assigned tofcylyt bs, Cytso and cytsss The decrease in
concentration of the cyif cytbs and cyiss proteins in the mutant cells compared to the wild
type suggests a reduction in the content obglicomplex (Fig. 26A). The same samples
were also analysed by staining of the proteinh@RAA gels with Coomassie (Fig 26B). It
was confirmed that the concentration of the totatgin in samples of wild-type and mutant
was equal. Thus the decrease in the concentrafimytochromes could be observed only

with the heme-specific reaction.
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Figure 26. Heme staining of the total membrane pratins from wild type Synechocystis
6803 andthe lepB1::Km " mutant. Thylakoid membranes were isolated, and the samples
were loaded on a polyacrylamid gel, which contai@édug (lane 1), 50 pg (lanes 2,3) and
100 pg of protein (lanes 4,5). The cytosolic sasmmlentaining soluble proteins (100 pg)
were collected during the thylakoid membrane isotatThe proteins from wild-type (WT,
lanes 1,2,4 and 6) adpB1:Km"® mutant samples (M, lanes 3,5 and 7) were idedtifig
heme-staining (panel A), or by coomassie-stainpanél B), or by cross-reaction with a cyt f
antibody (panel C).
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A similar result was obtained after immunoblotteagalysis using an antiserum raised against
the spinach cyt protein. The accumulation of the dyprotein was strongly decreased in the
membrane samples of the mutant (Fig 26C). Howeher obtained result showed no direct
connection between the inactivation of LepB1 andrelese of accumulation of cytochrome
bef complex. Since no precursor form of dyprotein could be detected in thepBL:Km~
mutant the leader peptidase LepBL1 is apparentely not waebln apocytochrome processing
(Fig 26C).

3.6.4.4. Immunological analysis of thylakoid proteis

The gendepBlencodes a putative peptidase, which might be reddor removal of signal
peptides from precursor proteins that need to ctbes membrane to reach their final
destination in the cell. Considering the phenotypthe lepB1:Km® mutant described so far,
LepB1 appears to be important for the processingrecursor proteins of the photosynthetic
machinery in the thylakoid membranes. This functtan be assumed to be essential for the
biogenesis of the photosynthetic electron transgmaitn and thus to be particularly important
under conditions in which the photosynthetic maehinis damaged like, for example, after
photooxidation of the membrane complexes by ligrgss. Under these circumstances, the
number of defective protein subunits that neecetoeplaced will be significantly higher.
To investigate the function of the LepB1l proteihe tprotein composition of thylakoid
membranes oBynechocysti$803 wild type and mutant was analysed in moraidasing
antisera raised against various proteins. Maintgtgins synthesized with N-terminal signal
peptide were examined. The obtained results caliMmied in three groups.

1) no difference in the accumulation of the tegtecteins in the samples of the wild
type and théepB1:Km" mutant: Rieske protein and SIr0924 (Fig. 27)

2) a decrease in accumulation in the samples ofeipB1:Km® mutant: PsaA/B and

PsbO, (Fig. 28, Fig. 29)

3) no any crossreaction of tgnechocysti8803 samples with following antisera:

Anti-CR43, Anti D1, Anti-CFOII , Anti-PSI-3 and AnPlastocyanin (data not shown)

The first group of analysed proteins showed noedtffice in the accumulation in wild type
andlepB1:Km® mutant cells. The protein SIr0924 shows similatiythe plant chloroplast
protein Tic22 (Fulda et al., 2002). The synthedisSw0924 is induced by the high salt
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concentrations (Fulda et al., 1999). This protsimmiainly localized in the thylakoid lumen
though it was also detected in the periplasmic s@ad is synthesized with an N-terminal
signal sequence, which is similar to those of Satnpay (Fulda et al., 2002; Fulda et al.,
2000). This protein Fig. 27A shows the Western blaalysis with antiserum raised against
SIr0924 protein ofSynechocysti§803. It is apparent that no alterations in acdatran or
processing of this protein in tHepB1:Km® mutant cells could be detected. The specific
reaction band corresponds to the protein with ibe af 26 kDa. Since the absence of leader
peptidase LepB1 did not lead to any alterationsSSlb0924 protein, it seems that another
leader peptidase LepB2 is responsible for procgssithis protein.
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Figure 27. Western blot analysis of the protein emmed by sIr0924 and of Rieske
protein. Panel A. The thylakoid membrane samples of thd tyibe (WT) containing 100 pg
of total protein (or 13 ug Chl a) ahepB1:Km® mutant containing 170 pg of total protein
(which corresponds the same chlorophyll conceminadis in wild type sample 13 ug Chl a)
were separated on SDS PAA gel. Panel A.The spdudiicd which is recognized by slr0924
antibody (about 26 kDa) as well as mobilities ofl@ealar weight standards are indicated.
Panel B. The same membrane samples were testedmtiferum raised against the Rieske
protein from spinach: PetC1 — encoded by sli13ECB — by sll1182. The positions of the
protein weight standards are indicated.

The Rieske protein is an important subunit of thgochrome bsf complex. In plant
chloroplasts, this protein is transported into thydakoid membrane via the delta-pH way.
The signal peptide of the protein undergoes novelga and serves to anchor the protein in
the thylakoid membrane. Bynechocysti6803, 3 Rieske proteins were identified (Nakamura
et al., 1998). All three proteins consist of thetdininal transmembrane-helix, which
contain RR-motif and serve to anchor the proteith@n membrane (Schneider et al., 2002).
However, only two of them, namely PetC1 and Pet@B approximate molecular weights of
19 kDa and 13 kDa, respectively, could be detertedylakoid membranes @&ynechocystis
6803 by Western blot analysis using specific arsig&chneider et al., 2002). In order to
analyse the translocation of Rieske protein inlép®B1:Km~ mutant strain, the Western blot

analysis was carried out with an antiserum raigginst Rieske protein of spinach (Fig 27B).
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The antiserum crossreacted with two proteins wibraximate molecular weights of 19 kDa
and 13 kDa. These proteins were assigned to Pet€@PatC3 based on the results obtained
previously by Schneider et al. (2002). Thus, in tedls of thelepBLl:Km® mutant no
alterations in accumulation of Rieske proteins ddé detected.

Furthermore, several proteins were analysed by &kesiot although they did not contain N-
terminal signal peptides. The integral membranetegmme PsaA and PsaB insert in the
thylakoid membrane co-translationally; these prateiorm the core of photosystem | and
were therefore chosen to analyse the corresporatingplex in the cells of theepB1:KmR
mutant. The antisera raised against PsaA/B hetaryddf Synechococcugcognized PsaA/B
proteins inSynechocysti$803, and was therefore used for immunoblottingthylakoid

membrane samples.

WT  lepB1::KmR

Figure 28. Western blot analysis of PsbA/B proteingn
thylakoid membranes of Synechocystis 6803. The
thylakoid membrane samples of the wild type (WTY an

116 sllo716:: Knf mutant containingl00 pg of total protein

"84 were solibilized with Laemmli buffer and loaded 8DBS-
PsaA/B- PAA gel. Mobilities of molecular weight standarts (
- 58 kDa) and the reacting band, which correspond to the
PsaA/B dimer (with mobility of about 62 kDa) are
indicated.

This analysis revealed that the PsaA/B content sigrsficantly lower in the samples of the

thylakoid membranes fromepB1:Km® mutant if the same protein amount as in the
membranes of wild type was loaded (Fig. 28). Suebtrehse in concentration of the core
Photosystem | proteins implies the decrease of d@&tent, which was also suggested in

previous experiments. (3.2.)

As next step to examine whether LepB1 is involwedhie processing of thylakoid proteins,
Western blot analysis was performed for the subBsliO of the oxygen evolving system
associated with photosystem II. Bynechocysti$803, this protein is synthesized as a
precursor polypeptide carrying a signal peptide tfee translocation across the thylakoid

membrane (Erickson and Rochaix, 1992). In wild-tgp#s, a single protein was recognized
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by the antiserum which was raised against PsbO fspmach (Fig. 29). According to its
mobility upon SDS-PAGE, its size was estimatedd@pproximately 29 kDa which is in line
with the molecular mass predicted for mature Psi§05(kDa). This protein is also present in
the lepB1:Km® mutant. However, in these samples a second pdigieejs detected by the
antibodies which has a size of approximately 32.KdDprobably represents the unprocessed
precursor of PsbO that still carries the PsbO s$igeptide with a predicted mass of 3 kDa.
This result indicates that LepBl plays an impostahbugh not an essential role in the

maturation of PsbO.

WT lepBl

-prePsbO
-— em» -PsbO

Figure 29. Western analysis of thylakoid proteinsri wild-type and lepB1::Km ® mutant.
Thylakoid proteins isolated from cultures propadateder photomixotrophic conditions in
dim light were separated by electrophoresis on 1028.5% SDS-polyacrylamide gradient
gels, transferred to nylon membranes and analystd amtisera raised against PsbO. The
position of the presumed precursor and mature jm®is indicated.100 pg of protein was
loaded on the gel.

3.6.4.5. In thelepB1::Km ® mutant cells some proteins, which are synthesizedth the

signal peptides, accumulated in reduced amounts

In order to allow for the simultaneous analysis aflarge number of proteins from
Synechocysti6803, two-dimensional electrophoresis was choséighwcombines isoelectric
focussing and SDS-PAGE.

The solubilization of the native thylakoid membrawas carried out with mild nonionic
detergent triton X-100, which is widely used fodwmlization of the membrane proteins
(Phadke et al., 2001). However, in the two-dimemsigel with an isoelectric focusing range
of pH 3-10 and a protein load of 100 pug no morenth@0 spots could be resolved (Fig. 30).
The analysis of the protein patterns of the wilgetyor lepB1:Km® mutant thylakoid
membrane proteins did not show significant diffees1 To prove how this approach can be
applied for the separation of the membrane proteing/estern blot analysis of the protein
patterns was performed with the antiserum raiseshagPsbO protein of spinach (Fig. 30).
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Figure 30. Two-dimensional analysis of thylakoid poteins from Synechocystis 6803 wild
type and the lepB1:Km® mutant. Thylakoid membranes from the cells grown under
photomixotrophic conditions in dim light were solliged in Triton X-100 containing buffer.
The proteins were separated in two dimensions aamipiisolelectric focussing (pl 3.0 -
10.0) and SDS-polyacrylamide 10% - 17.5% gradieit kjp each case, 104y protein was
loaded. In both panels, examples of gels obtainéd pvoteins isolated from either wild type
cells (left side) otepBL:KmR cells (right side) are shown after silver stainibgwer panels
show the Western blot analysis with antiserum thigainst PsbO protein from spinadB: the
stronger intensity of the protein spots on the 2D \gith mutant sample is due to a little
longer incubation time in developing solution by @ilver staining; the vertical strips on the
2D gel with wild type sample are due to an intefeion of the chlorophyll by the silver
staining.

This analysis showed that an additional spot camelsegnized by PsbO antibody in the
protein pattern ofepB1:Km® mutant. This protein spot has a mobility of 32 kihich is
approximately 3 kDa higher than that of the mapnaein. The pl shift of about 0.2 to basic
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pH could be also observed for this additional grogpot. These parameters were compared
with predicted parameters for precursor and ma®skeO protein. The PsbO precursor protein
has a predicted molecular weight of 29.9 kDa andfph.82, which is higher than the
predicted parameters of PsbO mature protein (2@@ knd pl of 4.7). The predicted
difference of 3 kDa is in line with the differencdserved in the pattern ¢épB1:Km”
mutant sample. The increased pl of the additiomatgn spot fits well with higher pl
predicted for the precursor protein (Fig. 30). Hiere, these observed differences of
molecular weight and pl between both protein fortmsrefore allowed us to assign this
additional spot detected in tHepB1:Km® mutant sample as the precursor form of PsbO
protein. Apparently this method of separation alodetecting some membrane-bound
proteins, though the extremely low number of pradevhich can be analysed required further
optimisation of the separation method. Another dirsatage of solubilization of the native
membranes is the influence of the pigments on tldejm separation. For instance, the
chlorophyll in the gel of the second dimensioniifaees during the subsequent silver staining.
To increase the number of proteins which can bdysed, additional methods for sample
preparation were tested. The precipitation of thetgns with trichloracetic acid (TCA)
permits avoiding the interfering substances inledec focussing (IEF). A sample of total
proteins isolated from whol&ynechocysti$803 cells was chosen for this method. For
solubilization of precipitated proteins, the zwitb@ic detergent CHAPS was applied, which
is apparentely more effective than Triton X-100r(fesv et al., 1983).

2D gel electrophoresis of total protein was conéddtrst within pH range of 3.0 to 10.0 and
the gel was stained with silver (Fig. 31). Since thost proteins were separated in the range
of pl 4.0-7.0, the protein samples were subsequamiblied on IPG strips in the pH range of
4.0 to 7.0. The silver straining of the gels allowdetection of about 800 proteins. The
attempts to identify the proteins stained by silvérate using mass-spectrometry were
unsuccessful. To analyse if this staining appraashbe used further, one known protein was
excised from the silver-stained 2D-gel and its tdieation was carried out using mass-
spectrometry. The obtained results gave only 3 Inagc peptides after tripsin digestion,
which is insufficient for reliable identificationfdhe protein. According to this result the

staining was subsequently always performed witmassie (Fig. 33).
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Figure 31. Two-dimensional analysis of the total proteins fronSynechocystis 6803.Total
proteins were isolated from wild-type cells growmdar photomixotrophic conditions in dim
light and separated in two dimensions combinindelsetric focussing (pl 3.0 - 10.0) and
SDS-polyacrylamide 10% - 17.5% gradient gel.

The Western blot experiments with anti-PsbO antisewere conducted with samples
prepared for IEF (Fig. 32) or with the Western blaith proteins obtained after second
dimension (Fig. 33). The Western blot analyses gbthe presence in both wild type and
lepB1:Km® mutant only one form of the mature PsbO proteiig.(B3), whereas the IEF
sample of the mutant loaded on the SDS-PAGE stiitaned the precursor of PsbO (Fig. 32).
The absence of the precursor form of PsbO protieen the second dimension suggests that
the precursor is lost during IEF. This loss is preably caused by the treatment during

precipitation of the proteins prior to solubilisati

WT Lepl

p mix sol | p mix  sol

- prePsbO
- PsbO

Figure 32. Western blot analysis of the samples f&D analysis.Abbreviations: WT — wild
type, Lepl H4epB1:Km® ; p — pellet, mix — solubilization mix; sol — sbilized protein.
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Western blot

Figure 33. Two-dimensional analysis of the total mteins from Synechocystis 6803.Total
proteins were isolated from wild-type atepB1:Km® cells grown under photomixotrophic
conditions in dim light and separated in two dimens combining isolelectric focussing (pl
4.0 - 7.0) and SDS-polyacrylamide 10% - 17.5% gmaidgel. In each case, 2Q@ protein
was loaded. In both panels, examples of gels aidawith proteins isolated from either wild
type cells (left panel) otepBL:Km® cells (right panel) are shown after staining with
Coomassie Brilliant Blue. Numbers indicate protespots that in five independent
experiments always showsdjnificant differences. These spots were recovaretlanalysed by
MALDI-TOF-MS (see Table 15).

The 2D gel with a protein load of 200 pg and isciele focusing range of pH 4-7 results in a
gel with about 200 spots visualized by coomassmisig (Fig. 33). After four independent

experiments with the two-dimensional separationtha proteins from the wild type and
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lepBL:KmR® mutant were performed, the resulting gels were paationally analysed with
the Image 2D software (Amersham Biosciences). Tdmparison of the protein patterns of
the mutant and the wild-type gels revealed thatdhecentration of about 17 proteins was
altered in thdepB1:Km" mutant cells (Fig. 33). That corresponds to 8%heftotal number

of proteins resolved in this experiment.

Table 15.

Proteins with altered accumulation in homozygousepB1::KmR® cells

Spot | pl Mol. mass |ORF Protein name Localization | Signal

no. [kDa] peptide

reduced amount in thelepB1::Km ® mutant (about 50 %)

1 5.29 43.2 Ni

2 5.13 42.8 slr0394 | phosphoglycerate kinase cysopla

3 5.23 36.8 slr0513 | FutA2 periplasm 31 aa
(iron-binding transporter

4 4.49 35.2 ni

5 4.65 30.1 sllo427* PsbO thylakoid 28 aa
(33 kDa protein of PSII)|lumen

6 469 | 288 sll1784 | unknown protein periplasm 33 aa

7 4.08 19.5 ni

8 4.49 17.5 ni

9 5.6 16.3 sll1578 | CpcA phycobilisome
(phycocyanim chain)

11 4.04 14.3 ni

12 4.74 14.0 sll1746 | Rpl12, cytoplasm
(ribosomal protein L12)

13 4.1 13.7 sll1194 | PsbuU thylakoid 36 aa
(12 kDa protein of PSII)|lumen

14 4.93 12.6 ni

15 4.41 12.0 ni

16 4.48 11.7 ssl2501| unknown protein

17 4.66 11.6 ni

increased amount in the mutant (about 50%)
10 [5.04 [143 | ni | |

ni — not identified proteins
* - confirmed by Western blot
! _ according to SignalP (http://www.cbs.dtu.dk/sees/SignalP-2.0)

As it can be seen from Table 15, almost all of ghateins with altered accumulation in the
mutant cells, notably 16 out of 17, showed reducedlcentrationsEight of these proteins
were subsequently identified by mass spectrometoyn fwhich four turned out to be

synthesized with signal peptides (Table 15). Takig consideration that only about 10% of
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the proteins encoded 8ynechocysti6803 are predicted to carry signal peptides (Table
Table A), four out of eight proteins appears agmarkably high value, although a serious
statistical evaluation can not be made due toithield size of the samplé&itill, these results
allow several interesting conclusions. First, thecpssing of neither of the precursor proteins
identified is completely abolished in the mutantjine with the results obtained by Western
analysis for PsbO (Fig. 30). Instead, the accunuradf the respective terminal processing
products is only reduced thus suggesting that dependent processing activity, presumably
provided by LepB2, can replace the function of L&p® some extent. Second, PsbO, as
components of the thylakoid system, was also dedeict periplasm (Zak et al., 2001). FutA2,
for example, is an iron-binding protein that is dted in the plasma membrane of
Synechocysti$803 (Huang et al., 2002), but it was also detkdateintrathylakoid space
(lumen) (Tolle et al., 2002). This indicates thdher LepB1 is involved in the processing of
proteins from both membrane systems present inabauteria or the thylakoid lumen and
periplasmic space are connected (Zak et al., 200hgrefore additional analyses of
localization of LepB1 peptidase are necessary.llyireanong the polypeptides accumulating
to a lesser extent in the mutant are also cytogobiteins like phosphoglycerate kinase (Table
15) or ribosomal protein L12 which are not direa#yated to functions associated with the
thylakoid system or the periplasmic space of thiis.c&o far, it is unknown why their
accumulation is affected in the absence of LepBd iaremains to be shown whether it is a
direct consequence of the mutation or a secondtegténstead.

Not all proteins which are synthesized with a sigpeptide and are present in lower
concentration in the mutant cells have direct cohoe to photosynthetic process. The
protein encoded by sll1784 is synthesized withes@guence but nothing is known about the
function of this protein whether or not it has amjation to photosynthesi®robably, this
protein might be involved in response or in adaptabf the cells to strong light, since it was
observed that the expression of this gene is detivafter the transfer of the cells to strong
light (Hihara et al., 2001). This protein was lozadl in the periplasmic space by two-
dimensional separation of the membraneSyfechocystifHuang, 2002). In this context, the
study of the function of the protein encoded by &4 would be very interesting for a better
understanding of the phenotype of tleB1:Km® mutant and of the biogenesis of the

photosynthetic machinery.
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3.6.5. Search of the full protein complement dbynechocystis 6803 for prediction of
proteins with N-terminal signal peptides

In order to obtain a general idea of how many pnstén Synechocysti$803 are actually
synthesized with a signal peptide and could be thotential substrates for LepB1, a
computational analysis was carried out with the mve learning techniques: the neural
networks model (Nielsen et al.,, 1997) and the hdMarkov model (Nielsen and Krogh,
1998). For prediction of the presence of signauseges the amino acid sequences can be

analysed online with the SignalP program (http:Awebs.dtu.dk/services/SignalP/).

It turned out that about 13% of the proteins (td#3) are predicted to be synthesized with N-
terminal signal peptide, among those, most (65%l wnknown or hypothetical function
(Table 16, Table A). Less than 4% (17 proteins)mretosynthetic proteins, subunits of the
PSII, PSI, cytbg f and ATPase complexes. A rather big proportion, 1&%he potential
substrates of the leader peptidases (54 proteiag) gn important role in the transport of
different cofactors and ions. Interestingly, to thetential substrates of leader peptidase
belong the proteins, which are involed in processéshe cell development such as
biosynthesis of cofactors, prosthetic groups, eonponents of the cell envelope (Table 16).
The function of the leader peptidases might beavhes importance for processing of the
proteins involved in some cellular processes lieexample cell division and chemotaxis or
for some metabolic processesSynechocysti€803 cell.

In the analysis of the protein patterns of 2D g#le, concentrations of two photosynthetic
proteins were altered. When compared with predictath, the group of photosynthetic
proteins is presented in higher number (4% agali8b, which corresponds to 2 of 17
proteins). Among proteins with decreased concedatrain the mutant there were one
transport protein FutA2 and one hypothetical protevhich are synthesized with a signal
peptide. The proportions (in each case 6% of atgans with altered concentration), which
respresent one transport protein and hypotheticabin, appears to be lower in contrast to
predicted proportions (12% and 34%, respectively).

About 14% of the potential subtrates contain therRRif in the signal peptide indicating that
they may be transported via TAT-dependent proteinsiocation pathway iBynechocystis
6803 (Table A). The majority of the proteins listedTable A belongs thus to the potential

substrates of the Sec-pathway.
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Table 16. Classification of the proteins, which migt be potential substrates of leader
peptidases inSynechocystis 6803.

Protein category Subgroup Number of
the proteins
Biosynthesis of aromatic amino acids 1
Biosynthesis of cofactors, prosthetic groups, Cobalamin, heme, phycobilin and porphyrin 1
and carriers
Carotenoid 3
Nicotinate and nicotinamide 1
Cell envelope Membranes, lipoproteins, and porins 8
Murein sacculus and peptidoglycan 8
Surface polysaccharides, lipopolysaccharided
and antigens
Surface structures 1
Cellular processes Cell division 3
Detoxification 4
Transformation 1
Chemotaxis 4
Central intermediary metabolism Polysaccharides and glycoproteins 1
Energy metabolism Amino acids and amines 1
Sugars 2
Glycolate pathway 1
Fatty acid, phospholipid and sterol metabolism 6
Photosynthesis and respiration ATP synthase 1
Respiratory terminal oxidases 1
CO2 fixation 1
Cytochrome b6/f complex 4
NADH dehydrogenase 1
Photosystem | 1
Photosystem Il 6
Soluble electron carriers 2
Purines, pyrimidines, nucleosides, and Purine ribonucleotide biosynthesis 1
nucleotides
Regulatory functions 8
Translation Degradation of proteins, peptides, and 7
glycopeptides
Protein modification and translation factors 1
Ribosomal proteins: synthesis and 1
modification
Transport and binding proteins 54
Other categories Adaptations and atypical conditions 2
Drug and analog sensitivity 5
Other 10
WD repeat proteins 3
Hydrogenase 1
Hypothetical 152
Unknown 134
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3.7. Complementation of thdepB1 mutant leads to reconstitution of the wild type
phenotype

The cells of complementing strain pLepl (see chia@i®) were able to grow like wild-type
cells in photoautotrophic conditions (Fig. 37). Terpression of thdéepBl gene on the
plasmid pSLEP1 in the cells of tHepB1:Km® mutant could provide the same growth
behavior as of wild type cells also in other coiodis tested (Fig. 36). From these data it can
be concluded, that the productiegpB1lgene determines ability to photosynthetic growth.
Analysis of the absorption features of pLepl commaeting strain confirmed that the
pigment content in thiepB1:Km® mutant strain is identical to that of the wild &y(Fig. 37).
Moreover, the cells of the pLepl strain did notwltbe light sensitivity, which was observed
in thelepB1:Km® mutant. Thus, the leader peptidase LepB1 fundiidmportant for proper
pigment composition dbynechocysti6803 cells and for resistance to strong light.

The photosynthetic activity of pLepl cells grown photomixotrophic conditions was
identical to that of the wild type (Table 17). Téleght decrease of photosynthetic activity of
pLepl cells grown in photoautotrophic conditionbdiat 75% of wild-type level, Table 17)
might be caused by insufficient expression of l#EB1 gene, when this gene is transcribed
from the plasmid.

In the cells of the complementing strain containihg wild type gendepB1 there was no
accumulation of the precursor form of PsbO, irresipe of the growing conditions (Fig. 38).
Taken together the data of complementation withwiid type lepB1l gene suggest that the
phenotype ofepB1:Km® mutant derives from tHepB1gene inactivation.

3.8. Complementation with LepB fromE. coli

The cloning of the homologous gelepB from E. coli was performed similar to the cloning
of lepB1 gene fromSynechocysti$803 except that the insertion of thepB gene was
performed into the plasmid pVZ321M linearized witte Ndel and Sall restriction nucleases
(Fig. 34). The resulting strain carrying the pladspELEPB was designated as pLepEc.

The genetic background of the pLepEc strain wasyaed using PCR. PCR analysis with
primers specific to theepB gene fromE. coli showed that the fragment containing this gene

was succesfully introduced in the cells of kBl mutant (Fig. 34).
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p_lepB F Sall
— oG]
Ndel lepB R EcoRI

Figure 34. Complementation schemes of the pELEPB gdmid with lepB gene from
Escherichia coli. Schematic map shows position of primers to lepBegasiepB F (forward
primer) andlepB R (reverse primer) that were used for PCR analysigasmid DNA with
lepB gene fromE. coli. The plasmid pELEPB was transferred in the cetlshe mutant
yielding pLepEc strain.

Figure 35. PCR analysis of the DNA isolated from Wd type, lepB1::Km R mutant and
complementing strain of Synechocystis 6803. Total DNA was isolated from wild type,
lepB1:Km® mutant, complementing strain pLepl and complemgnfihepEc strains. M
indicates the position of 1 kb ladder marker. PC&& warried out with primer pair sll0716F
and lep1043rev which are able to anneal only chemmal region containingepB1 gene
resulting in the fragments either of 0.8 kb or Rl(see Fig. 16). For another PCR the primers
for amplification oflepB gene ofE. coliwere used yielding the fragment of 1 kb.

The analysis of genomic DNA of complementing stialiepEc was carried out with primers
sll0716F and lep1043rev. The size of the PCR fragrobtained from the genomic DNA is
about 2.1 kb and corresponds with that obtained e mutant DNA (Fig. 35). This result
indicates that the plasmid pELEPB remained stadpdicating inSynechocysti$803 cells

and thdepBgene is transcribed from the plasmid.

The cells of complementing strain pLepEc were ablgrow in photoautotrophic conditions,
albeit the growth rates of this complementing straas somewhat reduced when compared
with that of pLepl cells or wild-type cells, but tnsignificantly (Fig. 36). In all other
conditions except the photoautotrophic the growties of the complementing strain pLepEc

were practically identical to that of the wild tyf&g. 36,A,C and D). Thus, the expression of
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the homologoug. coli genelepBin the cells of théepB1:Km® mutant can provide the same
growth behavior as of wild type cells. These daednstrate that the leader peptidasé&.of

coli can substitute the function of the inactivatedejepB1

2
A Glucose, 5 HE / m< sec B 50 UE / m? sec
18 1
16 i —a—WT —s—WT
T —e—lepB1:KmR 121 —o—lepB1::KmR
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0 20 40 60 80 100 0 20 40 60 80 100

C Glucose, 50 UE / m? sec D Glucose, DCMU, 50 HE / m? sec
127 ot 167 —aWT
[ —e—IlepB1:KmR 141 —e—lepB1::KmR
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Figure 36. Analysis of the growth features of the M type and different mutant strains
under different growth conditions. The growth of wild type (WT)JepB1:Km® mutant,
complementing strains pLepl and pLepEc was momtorgohotomixotrophic conditions at
dim light (panel A), in photoautotrophic conditiofS0 pHE nif s* light) (panel B), in
photomixotrophic conditions (50 ME “ms® light) (panel C) and in photoheterotrophic
conditions (panel D).

The absorption features of the complementing celigaininglepB gene fronE. coli differed
from that of the cells of the wild-type and pLepdmplementing strain, when the cells were
grown in photomixotrophic conditions. Though the epEc cells were able to grow
photoautotrophically, the concentration of chlorglplin the cells of pLepEc was reduced.
The cells of pLepEc grown in photomixotrophic cdmatfis in low light showed only about
70% and the cells grown in photoautotrophic coodsgionly about 60% of the chlorophyll

content of the wild type cells as measured by nmthaxtraction (Table 17). Since the
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absorption features of pLepEc cells are not idahtio that of the wild-type or of pLepl
complementing strain, the proper pigment compasitibSynechocysti6803 cells could not

be reached if homologoWs coligenelepBis expressing in the mutant cells
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Figure 37. Absorption spectra ofSynechocystis 6803 cells grown in the photomixotrophic
conditions (A) or in photoautotrophic conditions (B. Absorption spectrum dépB1:KmR
mutant is shown by black solid line, pLepEc cells@ption — by dashed line, and of pLepl
cells - by dotted red line. Wild type cells abs@mptspectrum is shown by red line. The
absorption maxima for chlorophyll (at 442 and 684) mnd for phicobiliproteins (at 630 nm)
are indicated on the graph.
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Table 17. Photosynthetic properties of complementmstrains.

wild type pLepB1 pLepBEc
Photomixotrophic conditions, dim light
chlorophyll content (ug 1l Azsg") 3.8+ 0.2 35£0.15  2.7+0.1
phycobiliprotein/chlorophyll ratid 0.85 0.89 1.03
Photoautotrophic conditions, 40 pE/m2 sec
chlorophyll content (ug 1l Azsg") 3.3+ 0.1 3.0£0.12  1.9:0.1
phycobiliprotein/chlorophyll ratid 0.74 0.74 0.76

oxygen evolutior! [umol O, A7zg L™ h]

whole chain electron transport, PM 995+ 53 941+ 48 850+ 55
whole chain electron transport, PA 950+ 66 705+ 49 460+ 32

PSll-mediated electron transport, PM 1956+ 173 1947+ 156 1768+ 147

& determined from intact cells according to the ¢igneof Richaudet al 2001

® determined in short term experiments (5 min) wighs grown in photomixotrophic
conditions at 5 pHE s’

All parameters were calculated from four indepen@speriments.

The decrease of photosynthetic activity was obskmeomplementing strain pLepEc, if the
cultures were grown in photoautotrophic conditi¢hable 17). The strong reduction of the
oxygen evolving activity of pLepEc cells can be lexped either by specific featureslepB
gene product, which is unable to substitute Lepiiction completely, or by differences in
expression ofepB1gene in wild type antepB gene from the plasmid pELEPB. Therefore
the additional analyses including the study of éxpression of the homologous genes from

the plasmid in théepB1:Km~ mutant cells are needed.
To determine the function of LepB frof. coli in the cells of thdepB1:Km® mutant, an

analysis of the PsbO processing in the thylakoigdnbranes of the complementing strains

was performed.
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Figure 38. Western analysis of thylakoid proteinsri wild-type, lepB1::Km ® mutant and
complementing strain. Thylakoid proteins isolated from cultures propagatunder
photomixotrophic conditions in dim light were segtad by electrophoresis on 10% - 17.5%
SDS-polyacrylamide gradient gels, transferred tdomymembranes and analysed with
antisera raised against PsbO. The position of thsumed precursor and mature proteins is
indicated. (lanes a: 5@y protein, lanes b: 100g protein).

The Western blot, which is shown in Fig. 38, deni@tss that there was no accumulation of
the precursor form of PsbO in the cells of the clemgnting strain pLepEc. The absence of
accumulation of PsbO precursor form was observed ahder photoautotrophic growth
conditions (Fig. 39). The obtained results implgttthe function of the LepB1 peptidase can
be substituted by the peptidase LepB fiancoli.

WT plLepl plLepEc Figure 39. Western analysis of thylakoid proteins
‘ in wild type Synechocystis 6803 and

complementing strain grown in photoautotrophic

PsbO conditions. Thylakoid proteins isolated from the
cells grown in photoautotrophic conditions were
separated by electrophoresis on 10% - 17.5% SDS-
polyacrylamide gradient gels, transferred to nylon
membranes and analysed with antisera raised against
PsbO. The position of the mature protein is
indicated.

Taken together the data of complementation WeiB gene fromE. coli demonstrate that
LepB can partially substitute the function of LepB1Synechocysti6803 cells. However it
was not possible to distinguish at this step, wiy phenotype of the pLepEc strain is not
completely identical of that of the wild type oreggl complementing strain. To answer this
question a number of experiments are needed, vdaictprovide the possibility to analyse the
expression of the genes encoding leader peptidiasaghe pVZ321M-derived plasmid.
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4. Discussion

4.1. Two putative leader peptidases dynechocystis 6803 are not redundant in their

function

In this work, | have analyzed the function of theotgenes encoding leader peptidases in
Synechocystisp. PCC 6803. This was done by inactivation ofgiees by insertional knock-
out. The complete inactivation was successful dotyone of the two genes encoding leader
peptidases, namelgpB1

The segregation of tHepB1:Km® mutant was achieved in dim light conditions in edinm
containing glucose. The absence of segregation hotoputotrophic conditions can be
explained by the photosynthetic deficiency of theitant. Indeed, the growth features
demonstrate that leader peptidase LepBl is eskefatiagrowth in photoautotrophic
conditions. The second leader peptidase, LepBi)dspensable in all growth conditions,
since it was not possible to eliminate the wildeygopies olepB2 gene completely. From
these segregation experiments it can be concludgd_epB1 cannot perform the function of
the peptidase LepB2. Similarly, LepB2 cannot fumailly replace LepB1, as the cells with
inactivatedepBlgene were unable to grow photoautotrophically.sTlalthough both LepB1
and LepB2 belong to the same class of leader pegsg] they cannot functionally replace
each other. The presence of two genes encodin@rigeptidases of type | in genome of
Synechocysti6803 suggests that their functions are not idehtic

The lack of complementation can have various readbmight be due to different expression
rates oflepB2gene and that of tHepB1gene. This problem has to be clarified by analgsis
the expression of théepB2 gene from the pVZ321M-derived vector in thepB1L:Km"
mutant. Alternatively, the lack of complementatimould be due to a partial specialisation of
the functions of two peptidases 8ynechocysti6803 cells. LepB2 seems to be responsible
for the processing of essential proteins whichycaut housekeeping functions. Therefore the
attempts of segregation failed in all conditionstéd. LepB1l might be responsible for
processing of proteins essential for photosynthetic growth.
Indeed, one photosynthetic protein PsbO of the emygvolving system is considered to be
the putative substrate of LepB1 peptidase.

The complementation of thiepB1:Km® mutant with the plasmid carrying the wild-type
lepB1l gene and the full restoration of the wild-type pbiype serves as evidence that the

observed mutant phenotype is a direct consequehdbedepBl inactivation. The slight
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difference of the photosynthetic activity of pLepdmplementing cells and WT cells, when
grown in photoautotrophic conditions, might be doedifferences in gene expression. The
expression of théepBlgene from the kanamycin resistance gene promat@93 (in pLepl
strain) can be different to the expression from th#omosome (WT). To check this
possibility, thelepB2 gene has to be placed under the control of therkgnoin resistance
gene promoter and introduced in the cells oflép®1:Km® mutant and the phenotype of the
complementing strain has to be studied. This wbelg to answer how the additional copy of
lepB2 gene can influence the expression of the LepB2ifaihatan provide the capability to
photoautotrophic growth and light resistance tolép&linactivation mutant.

4.2. The function of LepB1 is important for photoadotrophic growth and light tolerance
of Synechocystis 6803 cells.

Although the homozygouepB1:Km® mutant strain cannot grow photoautotrophicallyisit
able to perform photosynthetic electron transpbsignificant rates (Table 13). The decrease
of photosynthetic activity per cell is represeniigdthe 50% reduction of chlorophyll content
in the mutant strain in comparison to the wild typable 12). This photosynthetic activity,
however, is not stable and takes place only fortgheriods of time (Fig. 20). After longer
incubation in strong light the photosynthetic aityivdecreases gradually and finally
disappears. This suggests that the mutant is higgmgitive to light, which is indicative for
photooxidative stress.

In line with that, thdepB1:Km® mutant was able to grow in the presence of carnthatigs
only if either kept in dim light or if photosynthetelectron transport was inhibited by DCMU
(Table 1) which blocks the @ binding site at photosystem [The dim light conditions are
not sufficient for efficient photosynthesis (Andamsand Mcintosh, 1991), and DCMU blocks
the linear electron transport chain. These dat@estgthat thdepB1:Km® mutant cannot
grow on the expense of photosynthesis and theretedlow from photosystem Il caused
photodestruction in the mutant cells. Interestinglye same effect of DCMU on growth
behaviour was observed 8ynechocysti6803 mutants with affected photosystem I. Similar
phenotype, i.e. light sensitivity which is suppexsdy inhibition of photosystem II, was
described also for mutants which either lack phgattesn | (Shen et al, 1993) or show an
imbalance in the ratio of the two photosystems (Hanet al., 2003). The enhanced light
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sensitivity of these strains could be decreaseddujtion of DCMU to the growth medium.
The reduction of the size of the light-harvestimjeana complex by deletion apcE gene
coding for the anchor protein linking the phycadmine to the thylakoid membrane, leaded to
the suppression of the activity of photosystem3hégn et al., 1993). A similar effect of
DCMU, notably the restoration of the growth in hilight conditions was observed also for
the pmgA mutant. This strain is not capable to properha@dthe stoichiometry of two
photosystems in response to different light cood#j which presumably leads to an
imbalance in the photosynthetic electron flow (Héat al., 1998; Sonoike et al., 2003). The
mutation of thgomgAgene leads to cell death after prolonged incubatahe strong light,
but addition of DCMU restored cell growth undergbeonditions.

It was often observed that the abundance of camasrncan be increased to protect cells
facing photodamage. This pigment accumulates tlipicahigh light conditions, therefore it
was suggested that caroteinoid myxoxanthophylesponsible for protection from the high
light (Mohamed and Vermaas, 2004). The function negxoxanthophyll, namely the
protection of the electron transport chain from tpirhibition was confirmed also by other
investigators (Schafer et al., 2005). Indeed, thés of thelepB1:Km® mutant have under
weak light conditions an increased level of myxdkaphyll in comparison to the wild-type
cells (Fig. 19). Therefore the increase of thisyegt in thdepB1:Km" mutant cells suggests
that they require the protection of the electrams$port chain against photoinhibition.

In thelepB1:KmR® mutant cells a decrease of PSI content was revésle’ 7K fluorescence
emission spectra as well as by Western blot arsmlysing PsaA/B antiserum (Fig. 18; Fig.
28). However, the analysis of the thylakoid membraomplexes by the blue-native PAGE
did not show any significant alterations in the wanalation of the photosynthetic proteins
including PSI. Also, a direct connection of fleeBlinactivation and the PSI biogenesis was
not detected. Still, the strong degradation ofghetosynthetic pigments and proteins in the
light suggests an important role of the LepB1 foe tftunctioning of the photosynthetic
apparatus inSynechocysti$s803. Therefore, the exact way of influence of tepBl
inactivation on the two photosystems as well asettect cause for photoinhibition remains to
be elucidated.

Similarly, the decrease of the subunits of cytoofedsf complex in thdepB1:Km® mutant,
revealed by heme-staining of thylakoid proteingg(F26A), cannot be recognized as direct

involvement of the LepB1l in biogenesis of theseusits. Since the Western analysis of
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cytochromef did not show any alterations in the processinthisf protein in thdepB1:Km”

mutant (Fig. 25C), the apocytochrorngrocessing might be performed by LepB2.

4.3. The processing of PsbO is affected in thepB1::Km® mutant

The analysis of phenotypic featureslepB1:Km® mutant has shown that LepB1 is required
both for photoautotrophic growth and protectioniagfalight stress. This suggests that the
enzyme might be preferentially involved in the mmation of components of the
photosynthetic machinery. Indeed, subunit PsbChefdxygen evolving system associated
with photosystem Il could be identified as the ptitd substrate of the LepB1 (Figs. 29, 30;
37). The PsbU subunit of the oxygen evolving compgstem of PSII was identified in the
2D-analysis of proteins of thepB1:Km® mutant and wild type. Since the content of this
protein was reduced in the mutant samples, Psblbeaiso considered as another potential
substrate of LepBl (Fig. 33, Table 15). Substragiecticity might, however, also be
mimicked by different localization of the two leadpeptidases in the cyanobacterial
membranes. In line with that, LepB2 was identifiactell fractions that were enriched with
the inner plasma membrane $§nechocysti803, whereas LepB1l was not found in these
samples (Huang et al., 2002) suggesting thatldcated in the thylakoid membranes instead.
However, the suggested classification in the slildegltopology of the two leader peptidases
is probably not strict, because (i) among the yresd substrates of LepBl is also a
periplasmic protein, notably FutA was found (Tab%), (ii) processing of thylakoid proteins
like PsbO or cytochromkis not completely abolished in homozygdesB1::Km® cells(Fig.
29,30, Fig. 26) and (iii) PsbO protein was alsteded in the periplasmic fraction (Huang et
al., 2002). Interestingly, some authors have sugdee existence of a connection between
the thylakoid lumen and periplasmic space (Zal.e2801; Tolle et al., 2004 According to
this idea, the proteins may be delivered from tlzsmpa membrane to their final destination
thylakoid membrane either by lateral movementshef inembrane or the vesicle transport
(Huang et al., 2002).

Another important fact concerns the proteins SIW88d FutA2, which were detected in the
periplasm, but subsequently also in thylakoid lunffenlda, 2000, Fulda 2002, Katoh 2001,
Tolle 2004). LepB1 is probably involved in the pessing of FutA2 as determined from the
2D analysis (Fig. 33). But in the absence of LepBdAother leader peptidase, LepB2, is

capable to process this proteins. In contrastdd-ttA2 protein, the SIr0924 protein, which is
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involved in salt response, is essential proteirSymechocysti$803. It is obviously that
LepB2 carries out the processing of SIr0924 premmo(Fig. 27). Therefore, based on
available data, the classification of the functiafsboth leader peptidases appears more
likely, according to which LepB2 processes esskptiaieins while LepB1 is responsible for
processing of non-essential proteins. On this kggae analysis of the SIr1784 protein with a
hypothetical function appears to be important ideorto verify the classification of functions
of two leader peptidases.

The genome oBynechocysti6803 encodes 3667 proteins (Nakamura et al., 12@8prding

to the SignalP prediction, about 13% ®ynechocysti$803 proteins are synthesized as
precursors with N-terminal signal peptides (Tabe Table A). This value represents the
approximate proportion of the proteins, which apéeptially transported across the thylakoid
membrane or the inner plasma membrane in this lluiee cyanobacterium. The proteins
with N-terminal signal peptides belong to differgmbups, which are involved in different
cellular processes (Table 16). The most numerooapgincludes the proteins with unknown
and hypothetical function. The photosynthetic prigePsbO and PsbU, and the transport
protein FutA2, all of which accumulate in the mutamreduced amounts (Table)l&ere
shown not to be indispensable for photoautotrophySynechocysti$803 (Burnap and
Sherman, 1991; Shen et al., 1993; Katoh et al.1p@6d, thus, cannot be initiative for the
observed defects deépB1:Km® mutant. The function of other proteins affectale Ifor
example of the gene product of sll1784, is so taraven known. Furthermore, only a very
limited number of proteins could be examined so. féaking into consideration the
complexity of the processes involved in the biogenhef the photosynthetic apparatus, it will
therefore not be trivial to conclusively answersiiguestions. Further work will therefore be
required to finally identify the primary cause fitve lack of photoautotrophic growth of the
lepB1:Km® mutant.

4.4. LepB fromE. coli can functionally replace the leader peptidase LepB

Alignment of the two putative leader peptidasesnfi®ynechocysti€803 with homologous
proteins revealed a high level of identity in fmanserved domains of the protein sequence
(Fig. 9). The catalytically active amino acids seriand lysine were identified in both
peptidases LepBl and LepB2 as well as in the tloydlk processing peptidases. These facts
support the idea that LepB1 and LepB2 indeed foncéis leader peptidasesSgnechocysis
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6803 cells. The signal peptidase Ef coli, LepB, consists of a polypeptide chain with the
molecular mass of 37 kDa (Wolfe et al., 1982). Tdnigyme is an integral membrane protein
in the inner plasma membrane, which spans the nambwice, and the small N-terminus as
well as the large carboxyl-terminal domain with tetive site is located in the periplasmic
space (Wolfe et al., 1983; Bilgin et al., 1990). ¢tontrast, the signal peptidase of
cyanobacteria like for exampRhormidium laminosunPacker et al., 1995) appears to have
only one membrane-spanning region (Fig. 4).

The wild-type gendepBl can complement théepB1:Km® mutant. However, the slight
differences in the photosynthetic activity of thallg grown in photoautotrophic conditions
suggest that the expression of tepB1gene from the kanamycin resistance promoter Tn903
might be different than its expression from theochosome. For better understanding of the
mutant phenotype, the construction of a complemgnstrain expressing LepB2 from a
plasmid and the analysis of the photosynthetic gnigs of such strain are necessary.

The complementation experiments showed that traeteaeptidase fror&. colican partially
substitute the function of the leader peptidaseBleplf the leader peptidase LepB was
expressed from a self-replicating vector, it restiophotoautotrophic growth of mutant cells.
From the alignment of the leader peptidases fBymechocysti803 andE. coli it appears
likely that these enzymes have similar functionwideer, the comparison of the function of
LepB1l and LepB peptidases in complementation exparis indicates that the function of
both enzymes is not identical, as the photosyrdhgtiformance of the strain pLepEc, grown
in photoautotrophic conditions was reduced whenpamed to the wild-type cells or pLepB1
complementing cells. Therefore it is most likelyatt the homologous leader peptidase from
E. colican substitute the function of endogenous proteoygh only partially

The identity of the most important residues suggestsimilar mechanism for the leader
peptidases which operate in plants, cyanobacterth adher bacteria. Therefore the LepB
peptidase fronk. coli was able to process quantitativétyvivo PsbO precursor (Fig. 38).
This is in line with other experiments mainly ddnevitro, which have shown that precursor
proteins from different sources are substratetiéderologous leader peptidases (Halbig et al.,
1999; Halpin et al., 1989; Kuwabara et al., 198@&x#r et al., 1998).

It remains unclear, however, why the photosynthatitivity of the pLepEc complementing
strain is low, though leader peptidase LepB frén coli can perform processing of
Synechocystiss803 proteins also under photoautotrophic growtimddions (Fig. 39).
Therefore the question arises, why the photosyisthptoperties are affected in the

complementing strain pLepEc. On the one hand, ffi@ency of LepB peptidase frora. coli
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for processing of the photosynthetic proteins ia strong light might be lower than that of
LepBl. On the other hand, the rate of the exprassiothe lepB gene fromE. coli in
Synechocysti$803 cells from the plasmid has to be compareti Wie expression rate of
lepB1 gene from the chromosome. The expressionepBl gene might be regulated in
response to different conditions of growth.

In E. coli, the signal peptidase is an essential enzyme (D8&3). In most cyanobacterial
genomes analysed so far, two genes encode foiyeuteader peptidases of type I. Taking in
account that cyanobacteria contain two types memas;gplasma and thylakoid membranes,
the existence of two leader peptidases may origifraim division of the functions between
two peptidases. SimilarlyBacillus subtiliscontains five leader peptidases of type I, which
have overlapping substrate specificity (Tjalsmalet 1998). Such a large number of signal
peptidase-encoding genes may be correlated witlityabf this bacterium to secrete large
amounts of protein. The expression of these genakl de regulated for effective protein
export. In addition, the signal peptidases fr@&n subtilis appear to have preference for
different pre-proteins, indicating that they havifedent though overlapping substrate
specificities (Bolhius et al., 1996). Similar faatencerning different functions of several
leader peptidases were reportedlimteria, and the observed functional redundancy suggests
that these enzymes can play different roles ircéllellar processes (Bonnemain et al., 2004).
Taking in consideration the data reported so faran be concluded that the leader peptidase
LepB1 is involved in maturation of photosynthetiofeins, but the exact role of this protein
in Synechocysti6803 cells remains to be further elucidated.

4.5. Outlook

The accumulation of the PsbO precursor proteiepi1:Km~ mutant suggests that LepB1 is
involved in processing of thylakoid proteins. Howethe mature PsbO protein is located in
both thylakoid lumen and periplasmic space (Za#let2001; Huang et al., 2002). Therefore
it is important to find out the localization of tRsbO precursor in the cells of tepB1:Km~
mutant and determine if LepBl is functioning in l&kpid membrane or periplasmic
membrane or in both. To determine the localizabbriepB1 protein, the immunolabeling

experiments should be carried out.
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In addition, the function of SlI1784 has to be deii@ed using targeted gene inactivation.
This will help to ascertain whether the role ofsthprotein might be important for
photoautotrophic growth and the light tolerance.

The isolation of possibly entire photosynthetic ptemes from thdepB1:Km® mutant and
wild type, comparison of their spectroscopic feasuand analysis of their protein composition
by SDS-PAGE shall be carried out. The complexeshmisolated from the cells grown in
different conditions using different approaches likr example some additional to BN-PAGE
native gel electrophoresis systems, or gradientitegation.

Finally the processing of other thylakoid proteinslepB1:Km® mutant has to be studied
further. For this purpose, the available antibodigminst Synechocysti$803 thylakoid
membrane proteins shall be requested from othegstigators and tested for the wild type
and thdepB1:Km® mutant. Alternatively the isolation of the thylattkanembrane complexes
using different detergents may be applied.
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5. Summary

The N-terminal processing step is important forcegsful transport of proteins, which are
located in the thylakoid lumen or periplasmic spacethe thylakoid membranes several
transport pathways exists, but the exact degrémvofvement of the processing peptidases in
the biogenesis of the thylakoid protein complexas their regulation are not well studied.

In this work, the function of leader peptidases tire photosynthetic cyanobacterium
Synechocysti§803 has been studied. Apparently there is a dvisif function of the two
leader peptidases, which are encoded in the gerafntbis cyanobacterium. The leader
peptidase LepB2 is an essential proteinSghechocysti$803, as it was not possible to
achieve complete segregation of the mutant altelalliconditions tested. In the absence of
LepB1, LepB2 is not capable to substitute the fimmcof the leader peptidase LepB1l in
photoautotrophic conditions, but is rather impadrtdar maintenance of housekeeping
proteins.

Leader peptidase LepB1 is important for the optipeaiformance of photosynthesis and
therefore for photoautotrophic growth. Analysistbé complementing strain pLepl proved
that the observed phenotypic features of the mutkmive from gene inactivation. The
immunoblotting analysis has confirmed that LepB& ismiembrane protein, and according to
the appearance of the mutant cells in electronaoplatographs, LepB1 might be involved in
the development of the thylakoid membrane systensyofechocysti$803. However, the
assembly of the photosynthetic complexes was rfectaid in the mutant cells upon the
photomixotrophic growth under weak light conditioiitie 50% chlorophyll reduction in the
cells of thelepB1:Km® mutant was accompanied by reduction of PSI corgtadtthus by an
alteration of the PSII/PSI ratio. The concentratadnthe cytochromedosf complex subunits
was also decreased. It remains, however, unknown these features of the mutant are
connected with the LepB1 inactivation.

The inactivation of the leader peptidase LepBl dead a high light sensitivity of
Synechocysti6803 cells, which can be observed as a strongadatgon of the photosynthetic
complexes in the light. An excess of light causeltldeath even in the presence of glucose in
the growth medium, but can be prevented to somenekly addition of DCMU, which blocks
the PSII electron transport. The photosyntheticviigtbecomes inhibited by light in the
mutant cells. These observed features were indecati photooxidative damage, which was

probably caused by inefficient replacement of daedagomponents of the photosynthetic
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machinery due to the lack of a leader peptidaseoverg the signal peptides from
photosynthetic precursor proteins. Indeed, thegmmic and immunological studies revealed
that LepBL1 is involved in processing of photosytth@roteins, i.e. the PsbO protein, the
subunit of oxygen-evolving complex of PSII proteind apparently of another protein of this
complex, PsbU. The results of this work stronglggest that LepB1 is important for removal
of the signal peptides after membrane transporthef components of the photosynthetic
machinery, which in turn is a prerequisite for thiegenesis of a functional photosynthetic
electron transport chain.

The computational analysis of proteinsSyinechocysti6803 has revealed that about 13% of
all proteins are synthesized as precursor prot@msare thus potential substrates of leader
peptidases. Thus the function of leader peptidas&ynechocysti6803 might be important
for different cellular processes. The proteins BsBSbU and FutA2, which accumulated in
reduced amount in the mutant cells, are not esdeuiteins ofSynechocysti§803. In line
with this, the function of the forth potential stdase of LepB1, the Sll1784 protein shall be

clarified to find out how the functions of two lesdpeptidases are divided in cyanobacteria.

The complementing experiments have shown that hagoois LepB protein frork. coli can
functionally substitute LepB1, which restores th®toautotropic growth and complete PsbO
processing. However in photoautotrophic growth domus the phenotype of the
complementing strain is not identical to that o thild type, suggesting that the functions of

homologous proteins are not absolutely identical.
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Appendix

Sequences of genes and proteins
LepB1

> Synechocystisp. strain PCC6803 (99199-98609) - sll0716

ATGCAAAATTCCCCCAT CCCTTCCCCT TGGCAAT TCAT CAAGGAAAACAT CCCCCTGCTCATGGTGGCCCTGGTG
CTGGCCCTGCTGCTGCGT TTCT TTGT GGCGGAACCCCGCTACATTCCCT CCGATTCCAT GT TGCCCACCCT CGAA
CAAGGCGATCGCCT GGT GGT GGAGAAGGT GTCCTACCAT TTCCAT CCACCCCAGGT GGGGGACATTATTGTGITC
CATCCGCCGGAGT TGCT GCAAGTACAAGGCTAT GATCTAGGGCAGGCATTTATTAAACGAGT CATTGCGT TGCCG
GGGCAAACAGT GGAAGT TAACAACGGCATTGT TTACCGGGATGGGCAACCT TTACAGGAAGAATATATTTTGGAG
CCGOCCCAATATAAT TTGCOCCGCAGT GOGGGT GCCGGACGGT CAGGT GT TTGT CAT GGGGGATAACCGCAACAAC
AGCAATGATTCCCATGTATGGGGAT TTTTACCCCAGCAAAATAT CATCGGCCATGCCCTATTTCGT TTTTTCCCC
GCCAGCCGT TGGGGECCAACT GEGTAGCT TCACCT TTGT CCCAGCCOGT ACCATCATCAATACCTAA

> LepB1, sll0716 (98609 — 99199) translated proseiguence

MONSPI PSPWQFI KENI PLLMVALVLAL LLRFFVAEPRY!I PSDSM.PTLEQGDRL VWEKVSYHFHPPQVGDI | VF
HPPEL L QVQGYDLGQAFI KRVI ALPGQTVEVNNG VYRDGQPLQEEY! LEPPQYNL PAVRVPDGQVFVMGDNRNN
SNDSHVWGFLPQQNI | GHAL FRFFPASRWGQL GSFTFVPARTI | NT

predicted transmembrane region is underlined

LepB2

> Synechocystisp. strain PCC6803 (672291-672947) — slr1377

ATGACCGAAAATATTGT CCGOGAAACCAGCAAGAAAAAAGAAAGCCCCCCGGAAAATACCT GGT TAGAGT TGGGC
AAAACCAT GGT TACCGOGGT TATCCTGGCGAT CGGTATTCGGACT TTTGT GGCCGAAGCTCGCTACATTCCCTCT
TCCTCCAT GGAGCCGACCCT GCAGAT TAACGAT CGCCT GATCAT TGAAAAGAT CAGT TACCGAT TGCGGGATCCG
GAGCGGGGAGAAAT TGT GGTCT TTAACCCCACT GACGCCCTAAAAGCAAAAAACT TCCACGATGCTTTTATTAAG
CGCATTATCGGT TTACCGGGGGATGAAGT TAGGGT TTCCCAAGGCAACGT TTATGT CAACGGCAAAATGCTGGAC
GAAAATTACAT TGCGGCT CCTCCCGCCTAT GAAT ATGGCCCAGT GAAAGT GCCCGATGATCAGTATTTAGTGTTA
GGGGATAACCGCAACAACAGCT ATGACT CCCACTAT TGGGGCT TTGT CCCCCGGGAAAAAT TGCTCGECCGTGLC
TTTGTCCGT TTTTGGCCCGT ACCCOGGGT AGGCCT GT TGACT GATGAT GCT GAGCGAGAAGCAGTAGAAATTAGC
CCCCAAGCAT GGGAAAGT CCAGCCAT TTCCCCCCAGACAGT GCCGGAGAGTCGTTAG

> LepB2, sIrl377 (672291 — 672947) translated pnatequence

MTENI VRETSKKKESPPENTW.EL GKTMVTAVI LAl G RTFVAEARY!I PSSSVEPTLQ NDRLI | EKI SYRLRDP
ERGEl VWFNPTDAL KAKNFHDAFI KRI | GLPGDEVRVSQGN\VYVNGKM_DENYI AAPPAYEYGPVKVPDDQYL VL
GDNRNNSYDSHYWGFVPREKL L GRAFVRFWPVPRVGL L TDDAEREAVEI SPQAVESPAI SPQTVPESR

predicted transmembrane region is underlined
TatC

> Synechocystisp. strain PCC6803 (2531666-2532430) - sll0194

ATGT CAACCCAGCTTGATAACAT CACT TCCGCGGAAACT GCCCCCGAT TAT TTGGACGAAGT GCCCGATGACGT G
GAAATGTCTTTGT TTGATCACCTCGACGAACT CAGAACTCGTATTTTTCTGT CTTTGGGGEGECGGTCTTGGT CGGG
GTAGTGGCCTGCTTTATTTTCGT TAAACCCT TGGTGCAAT GGCT TCAAGT CCOGGCAGGCACAGT TAAATTTCTG
CAGCTCTCCCCAGGGGAATTCTTTTTCGT TTCCGTCAAAGT AGCAGGCTACAGCGGCAT TCTGGTGATGAGCCCC
TTTATCCTCTACCAAAT TATTCAAT TCGT TCTACCCGGT CTAACCCGT CGGGAACGCCGAT TACT GGGACCGGTG
GTGCTAGGCTCCAGTGTACTTTTTTTTGCTGGACTGGGCTTTGCT TACTATGCTCT CATCCCCGCCGCACT CAAG
TTTTTTGTCAGCTACGGAGCGGAT GTGGTGGAGCAACT CTGGT CGATTGATAAATATTTTGAGT TTGTGCTGT TG
TTGATGTTTAGCACCGGGCTAGCT TTTCAAATTCCGATTATTCAAGT GGTTCTCGGCTTTTTGGGCATCGITTCC
TCCGAACAAAT GCTCAAGGGCTGGOGCT TTGT CATT TTGGEGGGCGAT GGT GCTGEGGGECAATTCTCACCCCTTCC
ACGGACCCCCTGACCCAGT CCCTTCTAGCT GEGGCAGT GCTGGGGECT TTACT TTGGOGGGAT CGGT TGCGT GCGC
TTACTGGGTAAATAG
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> TatC, sll0194 (2531666 — 2532430) translatedganatequence

MSTQLDNI TSAETAPDYL DEVPDDVENSLFDHLDELRTRI FLSLGAVLVGWACFI FVKPLVQW.QVPAGT VKFL
QLSPGEFFFVSVKVAGYSG LVNMBPFI LYQ | QFVLPGLTRRERRLL GPVWLGSSVLFFAGLGFAYYALI PAALK
FFVSYGADWEQLWS| DKYFEFVLLLMFSTGLAFQ Pl | QWVLGFLG VSSEQVLKGARFVI LGAWLGAI LTPS
TDPLTQSLLAGAVLGLYFGG GCVRLLGK

(The predicted transmembrane regions are undejlined

Table A.
Proteins of Synechocystis sp. PCC 6803 synthesizeith N-terminal signal peptides
(predicted with SignalP 3.0).

ORF [ Protein function | GenleSignal peptide | SPL| aa
Biosynthesis of aromatic amino acids
slr2081 | prephenate dehydrogenase | tJjMI GWGLGLI GASLA- D 16 [279

Biosynthesis of cofactors, prosthetic groups, andacriers

Cobalamin, heme, phycobilin and porphyrin

sll1091 | geranylgeranyl hydrogenase 1 |  cHMWVLRVAWGGGPAGSSA- AE |17 [407
Carotenoid
slr0940 | zeta-carotene desaturase 2 CIMRVAI VGAGLAGVATA- VE 16 489
2
slr1254 | phytoene desaturase criPRWI AGAGLAGLACA- KYLA- DA 16 |472
slr1293 | C-3',4' Desaturase MyxoxanthophyrtD |MVPSNAESQSVWWI GAG GGLTTAALLA- QQG |28 |507
biosynthesis
Nicotinate and nicotinamide
slr1434 | pyridine nucleotide transhydrogenapatB |[MSNSLOTVAYVAASI LFI FSLGELA- NQ 25 480
Bsubunit
Cell envelope
Membranes, lipoproteins, and porins
sll0772 | probable porin; major outer MP MGELI CELAI ASGLTVTI PSEA- QT 21 |546
sll1271 | probable porin; major outer MP MNFTKQFTCLSSLG TVLI TAI VGG 25 |572
GNTEPI FAQS
sll1550 | probable porin; major outer MP MRTPMLRKLSLVWGEL GAL VAl AGGGCEALA- EP |30  |544
slr0042 | probable porin; major outer MP 4 MKQYRFTW.AGFATVTSLTTFPGSAGA- QM 27 |576
slr1227 | chloroplastic outer envelope MP VMENQNKSVI LSPYYRLLLLTSG.VLGASPAQA- |32  |861
homolog TQ
slr1272 | probable porin; major outer MP M NRSVKSCLLAALGGLLLGGMIPPAI A- DP 28 |254
slr1841 | probable porin; major outer MP M_KLSWKSLLVSPAVI GAALVAGAASA- AP 27 630
slr1908 | probable porin; major outer MP MNKLTSHLLKLFPLALGSSLAI VPGAVA- QS 28 691
Murein sacculus and peptidoglycan
sll0016 | probable membrane-bound lytic M KQFFPLLALLLVFGFHGSGLRA- Q5 24 |383
transglycosylase A
sll0657 | phospho-N-acetylmuramoyl- MANAKSSSL PSWKNPSGKTLLI LLWALALALMAL |39 |365
pentapeptide-transferase LSSWA- DM
slr0191 | amidase enhancer, periplasmic protein  |MFI SPPRNLLKVAVOQRVGGELVI ALGLVAGGALPS|36 | 535
FA- KD
slr0804 | probable D-alanyl-D-alanine MVRGSEL YWKPMBKKCSPW.KVGVLATSAALLST|39 |314
carboxypeptidase TPALA- NQ
slr0891 | N-acetylmuramoyl-L-alanine amidase MVAMVESW.GTM GVGAAVVFTMPAVA- QS 26 |591
slrl744 | N-acetylmuramoyl-L-alanine amidase VSRLPGFALTFLSVLLTSLPAVA- GQ 23  |649
slr1910 | probable N-acetylmuramoyl-L-alanine MNYFSCSLPKSLGLI CASLLSLPALAPPWA- GS[31 338
amidase
slr1924 | D-alanyl-D-alanine carboxypeptidage VKKSL FMVGTLAFFSGLPAGGAWG- ES 24 400
Surface polysaccharides, lipopolysaccharides and antigens
sll0380 | probable glycosyltransfrase | [MIGSHLLVNLSFLLAQPTGLSVYA- SN |24 [365
Surface structures
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sIr1962 | probable extracellular solute-binding MKRRQLLGQSAI AAGTAAG.VA- CGKATTSN 22 |370
protein
Cellular processes
Cell division
slr0228 | cell division protein FtsH 5 ftsHIVKFSWRTAL LWSL PLLVWGFFFWOGSFGGADA- (32 [627
NL
slr1390 | cell division protein FtsH ftsHMGLLVAGTLALPVSTLA- QE 17 |642
slr1604 | cell division protein FisH, salt respojfitstd | MSKNNKKWRNAGLYALLLI VWLALA- SA 25 |616
Detoxification
sll1980 | thiol_disulfide interchange protein |  trxMTPAKI RNALLAWAI ALSAAVYLG FQ |25 [180
Protein and peptide secretion
slr0775 | protein-export MP SecF se¢WKLDLFKVEKPAW VSSLLVLI SI FAMAI SWA- (32 | 315
q:
slr1277 | Pilus assembly protein (general MRSNSVKNFRFWLTTEI ATCCLLALAPAQA- ET |30 |785
secretion pathway protein D) 6 out
membrane
ssr3307 | preprotein translocase SecG subunit  $8EGI TVLRI | WWASA- ALLTVLVLLHS 15 |77
Transformation
sll1929 [ competence protein ComE | coWBFHPLALI CLSFI LGLLG TGL |19 [709
Chemotaxis
sll1694 | pilin polypeptide PilAl 6 outer pilA |MASNFKFKLLSQLSKKRAEGG- FT 21 |168
membrane
slr0163 | a part of pilC, pilin biogenesis prote|n |Qpi [MARLONQ KSAMAYPVAVGFLAVWAFLGMTI FLI (38 | 247
PVFA-G
slr1120 | type 4 prepilin-like proteins leader VDPLI APLAFLLAI ALGCAVGSFLNWA- YR 28 |269
peptide processing enzyme type IV
slr1929 | type 4 pilin-like protein pil ABNVMKLPNPTFLLKLVFNPHPSTSSQGWMLI EI GV|51 | 183
VTVI VA LAAMAFPSLA- G
Central intermediary metabolism
Polysaccharides and glycoproteins
sIr0518 | similar to alpha-L-arabinofuranosidase  |[MKLLPLLPLFGLTVALAI PSVAI LGGPRQ QA- (32 |177
B oS)
Energy metabolism
Amino acids and amines
slr0229 | 3-hydroxyisobutyrate dehydrogenage  |MNVSKI AVFGL GVMGSPVA- QN 19 [290
Sugars
sll0244 | UDP-glucose 4-epimerase MATQQTI LVTGGAGYI GSHGVLA- LQ 23 338
slr1617 | similar to UDP-glucose 4-epimerase MKI RW TPLLGTAAFNAVQ- NI 19 |411
Glycolate pathway
sll1831 | glycolate oxidase subunit, (Fe-S) MFFPMVPNMBAPPSFTALAQA- VN 20 |460
protein
Fatty acid, phospholipid and sterol metabolism
sll0330 | sepiapterine reductase MNLLNKTALVTGSSRA GRAI A- EEL 22 259
sll0418 | 2-methyl-6-phytylbenzoquinone MPEYLLLPAGLI SLSLAI A- AG 19 |318
methyltransferase 7
sll1522 | CDP-diacylglycerol-glycerol-3- pgsA [MNI PNVWTVSRLLALPLLFLW.PTPEA- ET 27 179
phosphate 3-phosphatidyltransferase
slr0089 | gamma-tocopherol methyltransferase MVYHVRPKHALFLAFYCYFSLLTMASATI ASA- |32 |317
DL
slr1369 | phosphatidate cytidylyltransferase CASBRTQRI | SAVI G ALAFSLLI LGOWFSAA-1A |29 |293
slr2124 | 3-oxoacyl-[acyl-carrier protein] MKPWLI TG AGE GQATA- EL 19 |249
reductase
Photosynthesis and respiration
ATP synthase
ssl2615 [ ATP synthase c chain of CF(0) [  afjMDPSTVAAASVI AAALAVGLGAI GPG GQGNA- SG31 [81
Respiratory terminal oxidases
sll0813 | cytochrome c oxidase subunit Il ctakZSRKNLI LLAVYI VFTVGA- SLW.GQRA- 19 |300

YOQWLPPAAA- QE

CO; fixation
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slr1838 | CQ concentrating mechanism prote|pemK3 [MPQAVGVI QTLGFPSVLAA- ADAM 19 103
CcmK homolog 3
Cytochrome b6/f complex
sll1182 | Rieske iron sulfur protein pet®®KRRKLI SYTAFSTAI A- VI TG 18 [133
sll1317 | apocytochrome f petfAVRNPDTLGLWTKTMVALRRFTVLAI ATVSVFLI T|44 328
DLGLPQAASA- YP
slr1185 | Rieske iron sulfur protein pet®@PNTQAI APPSYSRRQLLNFLAGTTVAVTASAGA|36  |178
YA- MG
smr0010|cytochrome b6f complex subunit 5 pet® EPLLLG VLGl PVTLA- GL 19 |38
NADH dehydrogenase
slr2009 | NADH dehydrogenase subunit 4 ndWNFPTAI APNNLLI Al VALLVLALMGAFG GY |29  |495
6
Photosystem |
sll0819 | PSI reaction center subunit Il |  psHAWKHLLALLLAFTLWFNFAPSASA- DD [23 [165
Photosystem I
sll0258 | cytochrome ¢550 pshWKRFFLVAI ASVLFFFNTMWGSANA- VE 25 |160
sll0427 | photosystem Il manganese-stabilizifgsbO [MRFRPSI VALLSVCFG.L TFLYSGSAFA- VD 28 (274
polypeptide
sll1194 | PS Il 12 kDa extrinsic protein pshVKFI SRLLVACSLLI GLMGFLGADLAQALTPNPI (36 {131
LA- EL
sll1418 | similar to PS || OEC 23 k protein PSP KKSLSTAVWLVTLLLSFTLTA- CG 23 |188
2
slr1645 | PS Il 11 kD protein, Psb27 psPAVBFLKNQLSRLLALI LVWAI GLTA- CD 25 |135
slr2034 | PSII stability assembly factor HCF183@f48 |MPVKFPSLKFEQLKQLVLVAAI AVFCVSCSHVPD|36 | 342
homolog, ycf48 LA- FN
smr0009|photosystem Il PsbN protein pstTNESATVLSI TFAVI LI Al TALAVYTSFGPPSA- (32 |43
ELGDP
Soluble electron carriers
sll0199 | plastocyanin petEVBKKFLTI LAGLLLVVSSFFLSVSPAAA- AN 28 126
sll1796 | cytochrome c553 petMFKLFNQASRI FFA ALPCLI FLGGE FSLGNTAL |35 |120
A- AD
Purines, pyrimidines, nucleosides, and nucleotides
Purine ribonucleotide biosynthesis
sIr1164 | ribonucleotide reductase subunit | [VHPTLI SAPI SSSANDAHA- GT 19 [767
Regulatory functions
sllo474 | two-component hybrid sensor and MVQEKPRFTRPLRYQLLAGCALI LM TSAI A- W|31 806
regulator
sll0798 | Ni(ll)-sensor and/or redox sensor, twosS, [MNTRRLFARSRLQLAFWYALVMGGE LTLLA.GVY|40 454
component sensor histidine kinase |rppB, |RA- 1 VQA- NW
hik30
sll1871 | two-component system sensory MVSI | KSVRRSLLLKFVLSYFCLSSVWA-SI |29 (674
histidine kinase
slli1872 | transcriptional regulator MVAKNSNKRGCDSHNGKKSPRKGKFQGEKW.LTG41(521463
FALTAI A- LVSAGAGSLLA- MYS )
slr0527 | transcription regulator ExsB homolag MIKTAWLLSGGE.DSATVA- Al 20 |232
slr0640 | two-component sensor histidine kinase |MFQATRRRLALWYTLVTAVLLLLFA- SGVY 25 441
sIr1860 | carbon metabolisms regulatory proteaiG |[MKMKLI QPFI QSI RFRI VGLLLLCLI PPTLG- G |31 | 634
IcfG
slr2104 | two-component hybrid sensor and |hik22|MKSFFLNTFSPLRSTARFW/LVALLTSMELSA- |32 | 950
regulator SQ
Translation
Degradation of proteins, peptides, and glycopeptides
sll1427 | protease, hhoBAl HLKASHLGVAVLLLLFGGAI GA- AG 25 416
sll1679 | periplasmic protease HhoA hhiMKYPTWLRRI GGYLLAFAVGTAFG ANLPHAVAA|34 384
- ADD
sll1703 | protease IV SppAVKNFFQOWASFFGTLAAI VWLLSLGATGLVLLF|41 |610
1 | LVSAEA- DP
sIr0008 | carboxyl-terminal processing protease cHlVBKRTRRFWALAFSLLMGALI YLGNTPSALA- FT|31 427
slr0257 | peripl carboxyl-terminal protease ctpBSPHLLCLRPLVAALVFGLGLGTALRPALS- AP |30 |462
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slr0535 | protease | spr|M KRFFLTI LFFAGLWFA- LNLY 18 |613
slr1751 | periplasmic carboxyl-terminal protegstp  |[MLKQKRSLI LGTTALLLTTVAVT- GV 23  |423
Protein modification and trandlation factors
sll0227 | peptidyl-prolyl cis-trans isomerase BppiB |MRI LPNI SRATWFVGE FFVWNI LLTACNGQPSANS|36 | 246
periplasmic protein SA- EP
Ribosomal proteins. synthesis and modification
sll1824 | 50S ribosomal protein L25 | rplP9APKI AFPLLTLI I | FTSI TMA- LS [22 118
Transport and binding proteins
sll0064 | putative polar aa transport system ’L MLLKSAFTW.ALTFTTGALVAI APVQA- ET 26 |275
periplasmic substrate-binding protei
sll0108 | ammonium/methylammonium amtl [MBNS| LSKLNVGERSPVNRTHSSRTEAEKSSLFR|64 | 507
permease FVRRKI NSPW.ACVPLTALI VAl WNAAAI A- QD
sll0142 | probable cation efflux system protein MSSPNSVFSLSG. Al RRHI ATLMLTLAI | VLGVF|38 | 1075
AVFS- LP
sll0221 | bacterioferritin comigratory protein MTISKKFSWPKTI | ALLLTLGLW.GLA- DLP 34 184
sll0224 | amino-acid ABC transporter binding VKKFACLAL SVLLSGAASLPSWA- GE 23  |298
protein
sll0537 | ammonium/methylammonium amt3 |MI'SI DTLW.LLCAGLVFFMQA- GFMCLE- SGLTR|27 |541
permease
sll0540 | phosphate-binding protein PstS MGQKNEAVI LI GALAI TGWV- VA 22 |307
homolog
sll0679 | periplasmic phosphate-binding protein M-DLSRLSRG VPMALLLLG SACTPSQT-SQ |29 |336
of ABC transporter
sll0680 | phosphate-binding periplasmic protein MITFKQ KKLSKHLVPTASI LALTVGLA- 28 383
precursor (PBP) ACGGGGEGECEEDTA- QT
sll0682 | phosphate transport system permease  |MIAVNLQKKKSDLRAI FGYSMIAVSAACLLATVI |38 | 287
protein PstA homolog PLFA- VL
sll0738 | molybdate-binding periplasmic protein MKLAWFWL LT LVALL TACGVSSFN- QL 24  |270
sll0739 | ATP-binding protein of molybdate MATDLTPLW SLKTAGLATWTFI LA AAAYG (32 |615
ABC transporter ML
sll0771 | glucose transport protein glgPMNPSSSPSQSTANVKFVLLI SGVAAL- GG 26 |468
sll0833 | probable oligopeptides ABC MDWAKKLRRNSLARWGAI LLLLFYVAVI G- AD |29 |371
transporter permease protein
sll0834 | low affinity sulfate transporter M TNKI HFRNLQGDLFGGVTAAVI ALPVALAFG 41 564
| ASGAGA- TAGL
sll1017 | ammonium/methylammonium amt2 |MKPKNFPLARYVL GAMLAFL FVGVAQA- QT 27 442
permease
sll1104 | substrate-binding periplasmic proteigtrC |MFNKVI NFLPMGKFFCFFTYTTLSMRSLI VASCL |47 | 296
of a TRAP-type permease Na-dep.tr LFLI PALTVSATA- QT
sli1202 | iron(lll) dicitrate-binding protein of MKKYKI NYFSTLM FMTSLL- TSCNT 21 347
ABC transporter
sll1263 | cation efflux system protein MIARLARPYAVLS| GAALATMELKLGAYA-I T |29 |310
sll1270 | substrate-bindingrotein of the ABC- |bgtB [MKGWKLGHWEKTWRYYLLLALGVLLAI A-1 PLL|29 |530
type Bgt permease
sll1404 | biopolymer transport ExbB protein |exbB |MAGG VAVPLLGFSLLAVA- LI 19 (210
homolog
sll1406 | ferrichrome-iron receptor, outer fhuA [MNTKI SLGA.TI CCLCSGLVAPLPI LA-Q 26 828
membrane
sll1409 | ferrichrome-iron receptor fhuMNGACQKM KI LEQTSLAVLI GLTALHSGVALG- |32 863
SV
sll1428 | probable sodium-dependent transporter |[MESNFLTTI FLPLALFLI MFGMELG LT 25 292
sll1450 | nitrate/nitrite TS substrate-binding |nrtA |MSNFSRSTRRKFMFTAGA- AAI GGWLHG CT |18  |446
protein
sll1482 | ABC transporter permease protein MKI PLAVHQLFHERVRLLAAI AG AFA- DV 27 1383
sll1598 | Mn transporter MntC mni®GATSFASRGELLASGLAI A- 19 (330
sll1762 | putative polar aa transport periplasmic  |[MLKQFSATFI GLLLATVGAQA- Al 21  |299
substrate-binding protein
slr0040 | bicarbonate TS substrate-binding |cmp |MGSFNRRKFLLTSAATATGALFLKGCAGNPPDPNI35  |452
protein, outer membrane A A- ASTG
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slr0401 | periplasmic polyamine-binding protéin MNL PCYSRRHFL QSAAAVALATGLGECWPGEGSS|34 |384
of ABC transporter - KE

slr0447 | ABC-type urea TS substrate-bindingurtA |[MINPFGRRKFLLYGSATLGASLLLKA- CG 26 |446
periplasmic protein

slr0513 | Fe-TS substrate binding peripl protein sl TKI SRRTFFVGGTALTALVWVANLPRRASA- Q531 | 346

slr0529 | glucosylglycerol substrate-binding |ggtB [MKFFKI TTLI I SLI VLTSCQGPGVNG- DE 26 421
protein

sIr0559 | binding protein of ABC transporter foratB |[MNNLVGDFFRVRLFWPQSRRRLTAI ALNLALA- |32 454
natural aa GITAG

slr0681 | probable Na/Ca exchanger protein MMIWLTI PFLI LALG LVAGA- El 21 |368

slr1200 | urea TS permease protein MSVLLEG FNGLSTSSVLLI AALGLAI VFGLMGV|38 388

| NLA- HGEL

slr1229 | sulfate permease MGELYASFTI AVLTAFFGGRSGSI SA- ATG 25 |453

slr1247 | phosphate-binding periplasmic protgibp |[M.SSLQKVATFSWWSVI VGFGE GQAI A- GT 28 333
(PBP)

slr1249 | phosphate TS permease protein PStA MKSSAPSSL L APL SFFRNGFA- W/M 21 290
homolog

slr1295 | iron TS substrate-bindingouter futAl MVQKLSRRLFLSI GTAFTVWGSQLLSS- CG 28 |360
membrane protein

slr1316 | ABC-type iron(lll) dicitrate TS MPFLQCI MRSSLYFRAKSPGYLALGLVLGATVLF|[35 343
permease protein A-CL

sIr1319 | iron(lll) dicitrate transport system [fecB [MKSKLI | FTFCLVLFGCA- KQ 18 |315
substrate-binding protein

slr1336 | H+/Ca2+ exchanger M5TKSKI FLVLLVFCPLSFA- AHW 20 |372

slr1452 | sulfate TS substrate-binding protein sHARSAFGAGFSVI AVLMWGSI TA- CN 23 |352

slr1454 | sulfate TS permease protein cyBWTT NLPKTFKVKYLLI ALALFYLI LVLLLPAI Aj34 |276

- VFYE

slr1490 | ferrichrome-iron receptor MGVI MNQVOABVLLMAE VSLLCAPRAWA- ET |29 853

slr1491 | iron(lll) dicitrate TS substrate-binding MHRSCGRRFRLFTLTI LTI VFFSACVGSTS- QN |29  |330
protein

slr1509 | membrane subunit of a Ktr-like ion Tri@pJ [MI'l SRTI CLGFI AAI AGGTLLLLMPLATST-GE |30 |444

slrl723 | permease protein of sugar ABC MKHWKTYLVLVLLAI AMLLPLLW.VATA- LK 28 |270
transporter

slr1730 | K-transporting ATPase C chain kdMCRNFVI SLRSTALLW LTALI - YPAI 25 1190

slr1740 | oligopeptide binding protein of ABC M_LNLPATVKSRSCKLI| GGLLPLLLFA- CG 28 |582
transporter

sIr1897 | sugar-binding periplasmic protein of MVSVWCRWRSPRRWLFACLGLLLSGELI SC- Q5 |29 433
ABC transporter

slr2057 | water channel protein apKKYI AEFI GTFW. VL GGCGSAVFA- AF 25 |247

slr6042 | probable cation efflux system protei MNRI | VQGMAFPLLLGLLVNMSPQATLAHA- GHG|30 545

czcB homolog

=

Other categories

Adaptations and atypical conditions

sll1283 | similar to stage Il sporulation proteiff D [MRKFVMEFTTKTGGSLPTNLRVLLPW.QLI GKSS[50 [391
FFGLI | SLAWILSAQA- ME

sll1677 | similar to spore maturation protein B MLNYI WFAI | LLSVI AGTVTG- KI 21 |203
Drug and analog sensitivity
sll0210 | bacitracin resistance protein MSPRQLNFLSAFSLSVAI A- VWYH 19 326
sll1154 | putative antibiotic efflux protein MBSFQTLRQLSPSTQKTFALLFASVLMFW.SLTA|43 418
LLPTLPMYA- QD
sll1434 | penicillin-binding protein MSSTSTLKPSSTKVKAKAQPNFFQRVLCTTGTITF|46 | 650
LGVGALVSTAWA- GG
slr0319 | beta-lactamase IMNHRFLLLVSLVVGSAEM_LTSPVSA- EL 26  |304
slr0378 | similar to 7-beta-(4- M.VQ RGKLRRGVGLVLLFVLTVAL.G GNPVWA- (33 | 704
carbaxybutanamido)cephalosporani¢ NG
acid acylase
Other
sll0222 | putative purple acid phosphatase MELSRLPVI GLFI TLVTI AFLLVA- NF 24 326
sll0576 | putative sugar-nucleotide M MKI LI TGEGEGYI GSVLTPTLLA- AG 24 312
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epimerase/dehydratease

sll0686 | probable cytochrome c-type biogenesis |M_NRARRSFSSVAPWAFCLI LFLGALSLWLTSQ36 |275
protein WA- SLTA
sll0915 | putative zinc protease periplasmic |pgqE [MPLLVFRSLSRCLLVTALI LVLHGPGLWEHPAI A|34 | 524
protein - AD
sll1369 | putative peptidase MVRI FGATVLALLSWGEGAG EP 24 1430
sli8034 | 2-nitropropane dioxygenase M.TTQ TQTYHLTTPI | SAGVAFVATPKLA- AAV|30 |344
sIr1106 | prohibitin MBKQPSFDONXSI VGGLI AALLVLLSFNSFV- VI |31 | 282
slrl761 | FKBP-type peptidyl-prolyl cis-trans MRGRTHG | RPTLLRPI FLMKFFTAMRDI LI SLT|59 |201
periplasmic isomerase VWTFFSLVLI SVAI FCKSSPSAI AA- PQ
slrl772 | probable periplasmic hydrolase MVGAI ARWASLKI VWMNPRQLTKTWNI QFLGNI TT|53 | 377
Al LLAWLQ TLWPSAAQA- CT
slr5093 | probable flavin-containing amine M RRRSFFKLSQLMFVSYLLSTSCGKNNTPVTAN|52  |458
oxidase, periplasmic protein DAPSI LI | GAGLAGLAAA- (S
WD repeat proteins
sll1491 | WD-repeat periplasmic protein, salt MNNYFPRLKQFSAPATFFLTVACLVYPGENAHA- |33 | 348
responce NA
sIr1409 | periplasmic WD-repeat protein MRl FPVFLLTFSLFLI KEEI VTA- EVK 23  |326
slr1410 | WD-repeat periplasmic protein MKHKFLVSFLLG.TI SFAGA- QVI A 24 |334
Hydrogenase
sll1224 | hydrogenase subunit of the hoxY |MAKI RFATVW.AGCSGCHVSFL- DM 22 1182
bidirectional hydrogenase
Hypothetical
sll0148 | hypothetical protein MTI'FDRRTFLRSGVAL GL GSVWAVWA- WEGRN 23 |375
sll0173 | periplasmic virginiamycin B hydrolasegb |MSPFPAKSLLI ALVLSWPASFDAALA- AP 26 |352
sll0174 | hypothetical protein MNLFRKCLLI LGLASPLYLGLGQTSAHA- EA 28 284
sll0180 | membrane fusion protein MVRKRSQFPVI GSMVALA- LLNT 18 |501
sll0183 | hypothetical protein rfrB|VKI RPFLVALGLTTFAGAAHG- AN 21 259
sll0269 | hypothetical protein MIEPLFWLGLSLTLVSI SLTAVLWA- LP 26 137
sll0274 | hypothetical protein rfrCMLIMNFLVI CQKFFTPNLFPVWKAI ARVQREKPQSL |63 | 196
GRWQFVWRTGA LVATFI LALGSLASPSLA- LD
sll0301 | hypothetical protein rfrN[MSSFLVFSWRRW.QI LI LAl ALVLLWAPSALA- |32  |169
A
sll0314 | hypothetical periplasmic protein M_VFLTRFTPMNLI RNRWAQ FTQSI LGVLI AGG38 |314
TAWA- GD
sll0319 | hypothetical periplasmic protein M\WKFFPHPFLAMVAVGAI LAPFTPVSA- ST 27 297
sll0355 | hypothetical protein M ESKTNTNI RSGLTLI APFFLWGTAMVAMKGV|36  |330
LA- DT
sll0381 | hypothetical protein MPPRKSMRSPFKSGWBLVSLLFVLLSGCG GE |30 |294
sll0382 | hypothetical protein MKFNLALFCLAGA LTQTVSVLA- HG 23 176
sll0470 | hypothetical protein MBMPSMPKFSQAKL SKKLLALLSLSGVLVMGLPA|38 | 186
| GFA- QG
sll0471 | hypothetical protein M TYCRRTVAAI FLAI FSWPI APG- QT 24 |684
sll0498 | hypothetical protein MKNRFVALI FALLFGSFGLHK- FYLG 21 |150
sll0564 | hypothetical protein MPRQVW FQRQFSLVPLKHSMIVSTATPAPTAMS(34 327
- Qv
sll0577 | hypothetical protein rfrQMLKVFRQSFLVWLTVACLI WEAPAI A- AS 26 169
sll0638 | hypothetical periplasmic protein MEQSASGDRRGL SRSLLNKLVAVGMAL TLASFSM39 449
APAFA- QT
sll0676 | hypothetical protein MAKNDL QSLLSASAMTITAEA- LS 20 [180
sll0685 | hypothetical protein MKTTRSFLTSTLAI AFLGGALGVASVSLSSPQVS|36 |162
VA- QM
sll0691 | hypothetical protein MGASFRAEFPLW HLAG VWPLALLTMVMLGLAL |42 |200
GTPFSVYG- LEL
sll0727 | hypothetical protein MPRSFLLLLLWWI A- AGLRSVWN 20 |580
sll0736 | hypothetical protein MATPVWHYL GGKLWRLLVLLVALLWLTTVFLGON|37 408
SSA- SP
sll0749 | hypothetical protein MEKI MSEQKSSSSLTGFALAALMVALVGTGFA- (32 199

FWG
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sll0751 | hypothetical protein ycf2RTAGRNORLSPVLL(QSSI GLLI LTALI LLA-FS |30 169
sll0788 | hypothetical protein, salt responce MENQFW YG_AGLLLSGSAAG VT 21 196
sll0837 | hypothetical protein MVEKFTVSKRHW.LLWGELQLGLAGGAAPVFS- QA |30 |294
sll0839 | hypothetical protein MPRPCCLKLLGFSSVWKFG.SVTGFALI LVTGALG40 197
LSSAQA- RN
sll0858 | hypothetical protein MTKRSPTG RQFVLFNHFSVNFLRNLLI MKNI'T (53 | 197
| AGLLSGLACTVSTMPANVA- QN
sll0875 | hypothetical protein IVDNSLLSEI WVRQSLAFPW_SAVI LNSFLLALA- |32 |258
Al
sll0886 | TPR-family membrane protein 8  |ogtA [MLSLLRKYFALLMPSLWGE VLVGE.LLFFPSPVWA34 | 279
LAHG required TE- SP
sll0931 | hypothetical protein MASTKKI LQKTFI | ASGLAFLGWITVPMLTVLRG36 |156
NA- NQ
sll1002 | hypothetical protein ycf2WL RPRTI KEGSVGLFALLGLFI | GE VLW.RGGA(36  |456
FG NP
sll1004 | hypothetical protein M.I'I Al LCLGLLVAQGVAS- LI 19 [324
sll1052 | hypothetical protein MAI NTFTI | SFI ALGLI AGFA- SG 21 |124
sll1071 | hypothetical protein MAVHL PSSATRFSKNFVWLLAASLSLML.WAGPAS|38 | 275
PAQA- VN
sll1123 | hypothetical protein M_FLCNLLW.G ARSPTLA- ES 19 |256
sll1158 | hypothetical protein M SQSI | Pl PKNSMLRLKTVSSLLTPLI LA-GM |30 |138
sll1160 | hypothetical protein MNI RPLVSSLSALAI SVALLPLANFPAQA-QM |29  |160
sll1191 | hypothetical protein VEPTAEGSFRWWLRRVBQLAI AMWLALGLI SLA- |33 103
LL
sll1254 | hypothetical protein ML_EI VAAI FI VLLGSA CSCAEA- AL 23 346
sll1307 | hypothetical periplasmic protein M_KFTFTPLLTTI ALTGLALPALA- LE 24 175
sll1314 | putative C4-dicarboxylase binding MKHSRRNFLALAGASSLLAI A- APK 21 |369
periplasmic protein
sll1319 | hypothetical protein MRl LSNVNLMGLLI VLLAAI FFCFHNVI V-RI L |29 |329
sll1358 | putative oxalate decarboxylase, MVNSVI GAL.RRRFLLVGA_SVLLI TFLA FTPTI Ai34 |394
periplasmic protein -5
sll1378 | hypothetical periplasmic protein MAL TMPRFFSAFLSPLSWLLVAGMGFPAVQA- |32 300
LE
slli1390 | hypothetical protein VEFHRQLPMTVAPHHPFNLSI FCKRLLSFLFLTL{46 |249
VLLGLSPAPSLA- TG
sll1424 | hypothetical protein MI'SAYI LVLSVLVLGA | AALG DH 22 1491
sll1447 | hypothetical protein MRMLSVFGAI GGVWLASGALMA- | G 23 126
sll1477 | hypothetical protein MKQARVRWVLVVAI AALWI SLA- TLF- QP 22 1832
sll1483 | similar to transforming growth factor MKTAARI VAFTALTGFALGVPTVAMVA- EM 26 |180
induced periplasmic protein
sll1488 | hypothetical protein MNSFWRTCROKHW.SRNLSRPRVRKCRLWSLI SL|49 | 221
LALVNMASSTLTI ALA- SN
sll1507 | salt induced periplasmic protein MDLWMNVRFPHFCLSLMFASLLAGAGTLPLAA- |33 181
AE
sll1509 | hypothetical protein ycf2DORTRLNTI VEVRGQQL SQFFRNPVRRI SLSLLS|46 109
FLFGFFVGTAVA-TT
sll1532 | hypothetical protein MFKPLFPLTLLLGCLSFLLTMLLHSPGQWG AV (30 |211
sll1581 | GumB outer membrane protein MNAMNPSQSFPSKL GGAVLVTTMACLGLWIQEAF (35 | 504
A-Q
sll1618 | hypothetical protein M_PLI LPALLSLSPAA- HP 16 |200
sll1620 | hypothetical protein MGALLAVLLSGWWFA- ALPGF 16 |158
sll1638 | hypothetical outer membrane protein MBRLRSLLSLI LVLVTTVLVSCSSPQV- El 27 149
sll1667 | similar to mitochondrial outer M_I LKNSVASPHPFPWPQRFTVIVALTFAWGLSLP|37 | 266
membrane 72K protein, periplasmic VLA- QT
sll1680 | hypothetical protein MKRRYLLEVGTASLGAFW. AQYVNS- TN 25 |176
sll1696 | hypothetical protein MVFKLNLHARFVFQNLFSPCLAFASLI GLI TLQR|38 |270
PALQ AP
sll1736 | hypothetical protein MNNFSPKFVTVNQSGLGCGLTVLAVAMLLSA- 1 G31  |128
sll1738 | hypothetical protein MSDSRLNLVAI Al FLMMVBALV- GPI 22 231
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sll1783 | hypothetical protein MRADFFLSDNRAALLKRGLTI | LSFLVFTSI FLL|40 |147
PSPSLA- ED

sli1835 | hypothetical periplasmic protein MATHNLDRVAAPL| SKLFPFFLVLAGWSGTLAA[36  |265
QA QG

sll1886 | c-type cytochrome??? 9 VRl WPVWLTGLVI VFLSLGGGNNA- QT 25 188

sll1940 | hypothetical protein MFRLFNSGKLDKWLFWMELTSALVTFYPTPSYGI34 | 157
- N

sll1973 | hypothetical protein MITALLLCLCLLLI TYLMSSI PTGYLA- &K 27 222

sll5033 | hypothetical protein, on pSYSM MKSI LSFI KSVFI LA LVGVLI | NLAVSPAQA- |32 179
Vi

slI5034 | hypothetical protein MOTLPQRI LSLM_I | G SLLLLGGNAAI ATA- AP|31 | 207

sll7069 | hypothetical protein MKI | | TAKGALLRNLATALVNGAI TLTI LLI APL|38 |104
GLLA- VI TNT

sll8025 | hypothetical protein MRLKI SKRSW.LSLH ATGGVYWWFGTALCSVALA- (33 |171
LS

slr0049 | hypothetical protein MAKVM VGAGGVGSVVAHK- CA 19 |398

slr0121 | hypothetical protein M TSMPRRPKSRRTQRRNLRVI SGTSTPPTGVTI |31 |495
A-EV

slr0142 | hypothetical protein MKLLSSGQLVAGVLFSGVAGFI DA- AS 24 244

slr0197 | competence protein 6 comASKL NRGVKPNPVVI FVALALLVAI A- VI 26 |553

sIr0238 | hypothetical protein MRLI KQ VAFLLLSLA PLELYCWV- El 25 |140

slr0243 | hypothetical protein MRKSLSGKQ LOPWQSFSVNLI DFYRYRLLNW.T{44 |175
LGl CFSLNA- CQS

slr0250 | hypothetical protein MVRLLMWFPQRFSPSHLLSRHWGALAVANVASLGS|42  |178
LSSLPVNV- NS

slr0280 | hypothetical protein MAL GDLLKMVNWITRNWFGFSCLFVLTLAVMLGLK|43 610
LFLPSPWA- (5

slr0380 | hypothetical protein VBRFCPRFRLWGRLVPGVI LALLLFI GLAPW/QA|34  |459
-Q

slr0404 | hypothetical protein M_KM_KNLPLPKNI TWRSVWWRGTSWVI | FVLAF|43 |333
TLVFTPTFE- AE

slr0431 | hypothetical outer membrane protein MRPKFFSRRPTMA SKLSKFSASVLLSGAI LTTL|41 | 250
PPSPLWA- NE

slr0453 | hypothetical protein MGSTLVGKCTSLGVFSMVTSPFSLSPFGQA- RS |30 | 821

sIr0503 | hypothetical protein YCF66 ycfd@/NFCLNSASI LG FLAVA- GA 19 |337

slr0516 | hypothetical protein rfrDMNNKKLSLTLPLVG LALTA- CN 20 |166

slr0565 | hypothetical protein MVRRRSVPW HRYSRFI MGAI AVLG LI TSYLA- |33 [325
YI

slr0575 | hypothetical protein M_PKI SLAAVA.TVGAE LTI TGFVAYA- LD 27 1184

slr0594 | hypothetical protein MFVNSSPI ADGLSALVGL.DSQPLQFYERGDVWVPP|38  |407
KDQG- CW

slr0625 | hypothetical protein M_SLI NVLFAFI Tl Al LI LAGRFLKQKI KLFQKL |55 {487
YLPESI | AGAI ALLLGPGVFG Al

slr0643 | hypothetical protein MALLLLI LAVI TYFVWKSNA- APl TR 20 |493

slr0695 | hypothetical outer membrane protein MRKRLTRFLSLALVLGLLWFGTAACA- SQ 24-6 | 173

slr0712 | hypothetical protein MIAWKI QKI APAAI GACLFVLSI GAl N- SE 28 322

slr0734 | hypothetical protein VPNI AVI GAGVWGAAI A- YE 17 372

slr0765 | hypothetical protein MPLI TKLKKYRRKYKRFFWL.GCWVLALLLI | PHP[37 |617
SQA- QF

slr0769 | hypothetical protein MXQVSPLARVALW.GGVSLTATSLVI PTAAQA- |33 |204
OS)

slr0779 | hypothetical protein MSTLLG LAI LSAAAAAGVRI A- LP 22  |206

slr0784 | hypothetical protein MWKLSQALGLACLAVAAYVAVEI RQLLLLLFLAI [39  |340
VLSTA- LN

slr0815 | hypothetical protein MFFCCPLFPFVI PGKTTVMRRI DALAI ALGFFLLGI39  [121
GWYA- GL

slr0924 | periplasmic(lumen) salt induced MKSLLRI GATLGLI GTTAI GTW.GTTLQALA- LP[31 |242

protein (Fulda et al., 2002)
slr0967 | hypothetical salt responce protein rffPIVKTI KSPLI ALGLI FASPLLWGGTAI A- EN 28 |150
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slr1025 | hypothetical protein MKNKLG | LVCNCLFSLFI NRGVGA- EE 25 112
slr1160 | hypothetical periplasmic protein M_QRLVHI LALTVCGLAWSSLTPSVRG QG 28 204
slr1170 | hypothetical protein MBSPPLPLLLPSSQTAVS- QD 17 |117
slr1173 | hypothetical protein VDKAI RKI FAYLRPGVI LVACLLSLLFFVRPALA|34 |463
- FCG
slr1178 | hypothetical protein M.TSMKGLSGLLQFFI GFI LGVTLFVGE SLAGY|41 | 155
LVFNRFA- AS
slr1184 | hypothetical protein MASI VFRYLTVLVFSLCLMGEFFSPPTLA- AG 28 |164
slr1207 | hypothetical protein MPMAMPLVQSMKKPLPI LLSLLGLGE LWA FAY|37  |514
RSA- YG
slr1i215 | hypothetical protein MVLNRLALACLW.ALVI FAFGFAPPSNP- QT 28 |222
slr1236 | hypothetical salt responce protein MIPLTFRNLGQSKAPSI ARTLVTI GLA GLAMGT 142|177
VGCSPSYS- RS
slr1260 | hypothetical protein MVSWCQSLFLRWEGKVLTLTVLSFGA.CCACLTLWP|41  |177
VATPALV- RE
slr1262 | hypothetical protein MALQVWGYFLASCI GLSLG.LGGEGSVLA-LP |29 | 288
slrl266 | hypothetical protein MSKNFNLLLGTLVGVSLVFPQAI A- VQ 24 185
slr1270 | hypothetical periplsamic protein tolC |MKSI HPLKFWSSSTLLLLLSTSVGVFLPGFSGEQ40  |536
GAl AVA- (S
slr1273 | hypothetical protein MFLTALRSFLLFLAVTCLSLAI AVPAWA- LT 28 |146
slr1306 | hypothetical required for optimal MEQPCL TMGFKTVFKKPLVMEGE GLSVLLGLWST|38 485
photoautotrophy (Zhang et al2004 THSA- EQ
slr1406 | hypothetical periplasmic protein MKVSKRFFQPCLVLGE SLASLALVPDALA- LK |30 |181
slr1415 | hypothetical protein MGLDPPLPMLFKSRRNLVI LLAI AWAVAALLWI'|39 |382
GPGCQA- DH
slr1428 | hypothetical protein MG LI LPI AGVI SFLLVAASWY NA- VWH 25 1624
slri506 | hypothetical outer membrane protein MVTFPLNLRRW.QSVCLGALTAI A- VQ 24 |577
slr1608 | putative glucose dehydrogenase-B, M.I PFLFKLTLPLASG ALS- SC 16 |412
periplasmic salt responce protein
slr1624 | hypothetical protein M_DRHWANQNNCRPSYWSHVTTVLTI CLLAI A- |32 458
MG
slr1649 | hypothetical protein VBHST DL SAL ARWVAADFSNQAQA- FE 24 196
slrl661 | hypothetical protein MPRAMLSCRYTLQLALCFCLPLGLVNQALA- TG (30 |654
slrl704 | hypothetical protein M-NSFSFPKLHWQARRSTALLTTVLLMEGALVGSF|40  |274
TNPVEA- RP
slr1753 | hypothetial P outer membrane prote MVEI LLI SPLI AVLNPSLRLFCLALLACSSSFSG38 |1749
osmotic stress responce NVLA- QN
slr1796 | hypothetical protein M MSVCLPW.ARCRRFLI VSLAFAMLLLG WGTL |42 |201
PFSLSDHGTAI A- AL
slr1820 | hypothetical protein MKLTWLNSSRRLI SVI 1 YLTI FI RVLTLGLYAVA|34 {490
-DR
slr1927 | hypothetical protein MRKQRSKENWSPFSI LI NSRDLNFADW.ERRWT |58 | 406
PSYAGWLLLVLAVCLFGAATNSVA- GW
slr1940 | hypothetical periplasmic protein MPQFPMGFCl VRRI NLRFASI LALAI PLNLVASS|38 482
LTA- AP
slr1944 | hypothetical periplasmic protein M DFKRLLGA ALTSSLLVLA- SP 20 |538
slr1946 | hypothetical protein MNKKI KLWGWCLALFLLTLLLVSLPAI A- NN 28 |261
slr1971 | hypothetical protein MEFRRYQSLFAW LTWLTATVTVAI A- SPV 27 1283
slr1972 | hypothetical protein ycf81|MLDAVI | LLSI FTFAGVGFA- W 20 |359
slr2000 | hypothetical protein MAQKSSSFFPYLI AGLCALLGACSGNQA- LQ 28 321
slr2005 | hypothetical periplasmic protein MKRRKFI RTAGAGLLAVA- GV 18 [261
slr2013 | PSIl assemebly regulation 11 MVPTLRFYI CLM.1 GGGAMVWAQV- DTV 24 435
slr2052 | hypothetical protein M APl CRALRSRLPLAAMLM AATATPALA-NS |30 |298
slr2101 | hypothetical protein MKFI SSFFALATVLACQPTVFA- FE 22 1143
slr2105 | hypothetical protein MARLTALFRTYGKYAFLPAI A- FGL 21 |595
slr6039 | hypothetical protein on pSYSX MENQFW YGLAGLLLSGSAAGVTA- VYR 24 1196
slr6044 | hypothetical protein on pSYSX MKFSI PTNPVI LLLI VFLLNACG NQ 23 159
slr7102 | hypothetical protein on pSYSA MKKLLKSLKWPALFVA | LLLAACHRAPTRTA- (32 338

KE
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smr0015(hypothetical protein MAEKRKKRRSSSSLFGKPLLGALVA.TLALYLLRG36 |67
WG|

ssl0461 | hypothetical protein MSCRRL STSGVLSMSVQNL SK- QD 21 |83

ssl1792 | hypothetical protein MAFFKSLFLTSI FCFVLTAI PSQA- KE 24 |99

ssr1966 | hypothetical protein MATNMGSI DRLI RLVI ASALLYLGLFFYSGTSLG[34 |64
-LG

ssr2340 | hypothetical protein VEI VLFLATI LI | GLVLRWFFENVTA- AT 25 |64

ssr2611 | hypothetical protein MIPKSG LLLLSCVSAI A- AV 18 |65

ssr3409 | hypothetical protein MIVLLWIMLLAVFI PLLA- TLQ 18 |83

ssr5121 | hypothetical protein on pSYSM M_LKFI G ALLAALVGYAFGVNVA- G 22 |71

unknown proteins

sll0008 | unknown protein MWSI FHQLVKLFLVFI FVLTAFVGFSAQAI A- GE[31 | 169

sll0167 | unknown protein MFTKI RDLASPLPLMAAMAALGGMLFAPVWRS- (32 | 164
QE

sll0172 | unknown protein MKI NLI FM CAVLFAGTAAA- ET 20 |152

sll0237 | unknown protein M_LSTRKQALLTLI SLLAI A- VN 20 343

sll0238 | unknown protein MRSPTSFGGYWEKLGLVWSALVI FSPLLA-LV |29 |534

sll0252 | unknown protein MKKLTSFPFPLFKLFKSLKSSKSFSFQAI AGRWP|57  |428
MSRKWALMLI PLASI GTI PLLLA- W5

sll0293 | unknown protein, osmotic stress MPNI RPLTASLSLLTTAFVGLTPALYATI AEA- |32 |170

responce QD

sll0394 | unknown protein MRNQYFSLI SPALWPAVVPTLASVYLGTLVI SSP(37 |208
Al A-LD

sll0419 | unknown protein MYFLLVTLVI LVFPLLSI A- LE 19 |154

sll0426 | unknown protein MKYHYSPWKLVLLAGTAFVLGTPTTVTA- (S 28 |120

sll0443 | unknown protein MKSW LFSLLALVLAGCGQR- GG 20 469

sll0448 | unknown protein MNRLRNFAI VFI WI | RSI SPVYA- QQ 24 401

sll0473 | unknown protein MKYSLKKLLGFGLI LI LTAI A- LI 21 329

sll0479 | unknown protein MKFRHRQDRDKL PELEI TPMLNVMLWLAFFVAV|35 |150
A- AN

sll0494 | unknown protein MVARAI LLQLI LLLFSNNLI HA- QE 22 |301

sll0518 | unknown protein MIRAFLLGFVI SPPLALE- VI 18 |385

sll0539 | unknown protein MVELNFFLRNQNLCVYSPSTI FSKGKLAKSTVI K{51 397
LLVSALAVWFMGSEATG- AE

sll0552 | unknown protein MNPRHRTTTNHKLKEQLI YNQVSKNPPWDKLTAL (48 | 168
VPGGAW.QTPTAMA- FP

sll0588 | unknown protein MSLFPLLTALLG MPANT- | E 18 |153

sll0590 | unknown protein MKRI GHMLVTFTI FLLLVLTI PTVGVA- QN 27 564

sll0595 | unknown protein MMWANL GHCCRW.GALTVATTLLAPI PLKA-GS (30 |143

sll0630 | unknown protein MGYCRFLPTCLI GVLLSSLVAI APANA- GK 27 |145

sll0645 | unknown protein MSNRPGKLLFAGLMGELALA- FPF 19 |255

sll0647 | unknown protein MAANL TFLGSGSAFT- VGA 15 |256

sll0702 | unknown protein MAI VI NYRSPI AVLGACLCI SAI APVQA- | P 28 130

sll0761 | unknown protein MIMKTAQ TRCLALSALTTGLFSFAPVQG- QS |29 119

sll0762 | unknown protein MVLKLKRGTW. LW VALM.GLGVVA- V\EE 25 |116

sll0775 | unknown protein MKI | FSPKNVLSI SGLSLLSTCLAASPALA- GY |30 |125

sll0779 | unknown protein MAI SAQSFI NVANESLVSTLAI AALGLSLLVI LS|36 884
LA- VI

sll0843 | unknown protein MKLAFFQKCL SFLGFI WL SWEAPPVQA- FS 28 |365

sll0914 | unknown protein MPAPKI | KI GONTALI LASI VLSLVI A- El 27 |376

sll0943 | unknown protein MLKI LQKLLI GVLTLCPSMALA- GV 22  |220

sll0985 | unknown protein M_PTNRKNYI FRHQRLNLSQLI ALTLLTLLLSLG38 |680
FAQA- (S

sll1040 | unknown protein MPMCCRFATVKRLI LLGLLAFTLAVLI PPATA- (32 | 765
Q

sll1068 | unknown protein MASTVNRLFLAI LTI ASFSLSGGYGYVPVPMAI A|34  |143
- AD

sll1086 | unknown protein salt response M_LFLLPGSGDRLAKFSTALLSFAFMGLGNLI TP|38 | 155

MAVA- AQ
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sl11089 | unknown periplasmic protein MKYSLFVATAI ATVWGGSTTGQVMVA- QS 25 |213

sll1135 | unknown protein MKQ SWVI VGGELCELMAAWLGQ LQ 26 |334

sll1306 | unknown periplasmic protein MOARRDLFKYGLATGAGAI ASYALMGNKPLLA- (31 |335
Q5

sll1315 | unknown protein MKHI FRFKNYFFHSKNNQLKRLLLVAFLLTAW. |39 352
TPQQG RV

sll1333 | unknown protein MTVI FROGANLSLLPSSLVI FSAI ASVGSVGA- QE |30 | 235

sll1338 | hypothetical outer membrane protein M_NKSVQ LSGWLAAAALGFTTPAQA- EP 27 187

sll1344 | unknown protein VDRCKFSNVKTI AKI SYQHKONPVRTFTLALLAI |43 | 253
GTLAPSASA- QT

sll1359 | unknown protein MKI GRI TAYALWI | FVLFFSLVTPVSS- KT 28 678

sll1426 | unknown protein MKSLLRGA ALSVSVLVATGGYGLTTSAQV- AP |29 | 155

sll1511 | unknown protein MTLLSKLLALFPG.VI TLALSCVI FWAMTRA- WAf31 | 205

sll1531 | unknown protein M_VPLLGLAI GFLLLTFSLLVYK- GV 23 1608

sll1570 | unknown protein MVKSESGA SMQTHLLPKKVASW TSLGLAGLSI L |43 |243
ALDPLASRA- DS

sli1665 | unknown protein METLSLVLAVI | GLWGFA- GT 19 |589

slli1761 | unknown protein MNRLSKMYVKSALLAPLTI VLGLLGAARVEA- EP|31 | 204

slli1763 | unknown protein IVNSNQL SWIAFLVAI AGVTSASAQA- AT 25 134

sll1764 | unknown protein MAI NNRSSWIAFVI ALTAI GTVAEPGNALA- TN |30 |144

sll1765 | unknown protein M VSLAI VGYQLLPSQPLLA- EP 20 |159

sll1784 | unknown periplasmic protein MKTLRLSPLLSKLCLI LLI VLGTLTI Al PKALA- (33 | 267
| S

sli1785 | unknown periplasmic protein M_LKVKLWGE GLVLTLTLGTI LFLOQNFSVA- A- |30 | 268
ET

sli1837 | unknown protein MNKGLWSAAVIWL GSTLVGSVFA- PT 30 [145

sll1885 | unknown protein MRNNRMIFKKPAQWL GLL GAW.VL GAWSSNTDHH|43 | 845
G SSPSALA- DP

sll1891 | unknown protein MYNHPLPLLLATALTFTVSA- PQT 20 |252

sll1949 | unknown protein MKKRSLFSLLTVSLLMFSGGCGFLPGGGSG EE (30 | 247

sll6010 | unknown protein on pSYSX MTLI Al MKYKI LSSLALVTLG TAI APMWNAGVA(34 | 227
- KD

slr0019 | unknown protein MVFRFPSPVLVI | LANCLMI'VWGLI LPQSA- RT (30 892

slr0060 | unknown protein MKPKVAI ACQGGGSQTAFT- AG 19 |369

slr0061 | unknown protein MLKKI FI LVMLLAI AGAGLG YY 20 |221

slr0112 | unknown protein MVMRNALTI FALLLSSTG FVSLA- RE 24 |185

slr0114 | unknown protein ppcC |MVFRPLSRAI QVAMYYPI RI VAAAI | LTALLFI P|38 |510
LGNE- SW

slr0262 | unknown protein MANEVWKAKRRSKFNFGDFVFSPLALFLAVLAGM38  [134
GATA- FI

slr0271 | unknown protein MRl NHKPLLI ATALLTLVPNVWW\S- SP 24 |172

slr0306 | unknown protein MVKNQGAW. SRCLWEVL I WGAMATVCRA- ET 28 |506

slr0333 | unknown protein MILDKLGSAFLLG ALASLGVPALA- RG 25 |106

slr0334 | unknown protein MKKFSRTVSALI LSI SGAI AWCLPSFA- Al 27 |110

slr0341 | unknown protein MBNSSGSRLPQPKSFPI LRPLLTLSAWALQSLWV[39 318
PPVQA- ET

slr0353 | unknown protein MKI DYKLTLLLFCLCVPGVI A- SS 21 121

slr0386 | unknown protein MPPFSAI VLFSMIKSPQKKQALANALLVLGSLGF|39 412
AVWA- EV

slr0442 | unknown protein MNTRFFLNFLTAPKRNAGFAMPMWI MGGALVI TVA[36 611
AA- Al

slr0489 | unknown protein MATFLALLPRSLTTFLYAVA- AL 20 |151

slr0522 | unknown protein VKTSI LSASTLLI LGLTSLI PAMA- QS 24 294

slr0579 | unknown protein VKRNYLLTAI ATLG LASLAPNANA- QF 25 [117

slr0582 | unknown protein MAGLRQNLI M-I PSEDI NAMTTSTDQTRRSPTF(56 | 126
LLVTLLSLLTAALVFFPVLAQA- GE

slr0587 | unknown protein M TVARKTTI TLGLMAI AVSSVWPAQA- QM 27 110

slr0593 | cAMP binding membrane protein saivpLGKI SPI | | NLLKTVENFALTAFLQG LGASS|44  |434

MALGALI A- VA
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slr0602 | unknown protein M_LSSLFSGALTLTLALAPVGAFT- VE 23 |129
slr0699 | unknown protein MFKNGYLLMSE FSATFFW.SATI SA- ET 25 [140
slr0708 | unknown protein MBQNFFANL PKTRLLARLNDGW. GKAVLALALVL (42 402
LMAFPTWA- LL
slr0829 | unknown protein M_LQVLLVNMAVLVFSALS- LD 17 829
slr0841 | 12 periplasmic protein VRLNFSRTLFFAAI MGGFALA- MG 21 |291
slr0913 | unknown protein MNKLPKI TNTNNEFFVSI LALLLFI G FFI TASY|35 |539
S-DL
slrl079 | unknown protein MASFLALLPRSLTTFLYAVA- AL 20 |164
slrl082 | unknown protein MASFLALLPRSLTTFLYAVA- AL 20 |136
sIr1150 | unknown protein MDIMKFFI LCRPLI SFGLVSTI SLALPATA- QG  [29 |170
slr1257 | unknown protein M.l LRRLI LVWSLSFATI A- 1D 19 |327
slr1258 | unknown protein MSTI KALLPPKFPQLLTGLALLSLSLVWVSTAI A- 33  |251
AK
sIr1391 | unknown protein MBDPRTI YFQPRKPENSPKGGKFWGVLLW.SLLS|40 | 156
MVPVQG- CA
slr1407 | unknown protein MKQVNFLAGFLSNSLI TLVI | FWTVAT- VT 28 289
slr1450 | unknown protein MFNFFVRLSAI GGMGVGAAVAI VSGA- CS 26 |104
slr1485 | putative phosphatidylinositol MFKFAQ | FLAGSMVCLSSLGHQSLA- GN 26 |345
phosphate kinase (fulda 1999)
periplasmic salt induced protein
slrl567 | unknown protein MKLFHWLLYFTTFSLPG | PCPVLA- NE 25 |765
slrl576 | unknown protein MGNRSRFGALTSLGLI VWAPLVLI LSPNFSAMA- (33 | 106
TE
slrl627 | unknown protein M.TMGWENI LSLFGAMLI LAALPSLSVLT-VS |29 |106
slrl667 | (target gene of sycrpl) 13 MFTKFNQVLLASGLVLTSLVGFGSSAFA- EG 28 |178
slr1681 | unknown protein MBVKLAVLSLLASTFTLPLLLPSSVQA- QT 27 |320
slr1773 | unknown protein M_LKNI FALTI FGA FGAFPVLS- QT 22 |258
slrl774 | unknown protein MGPTMKSLVRQTACLFSI LI LGLTLLPMDSALA- (33 |289
RG
slr1866 | unknown protein MBVRHRFLSYVLLACLSCTSFTA- FI 24 333
slr1869 | unknown protein MNFKLEQALAMVFI | APPLA- ST 20 249
slr1928 | type 4 pilin-like protein pilABVFEVLI ALM SFLFLTGTLNA- W 21 152
slr1931 | type 4 pilin-like protein pilABVKI LWYLMITRNSSKGFTLLELLLASI MTFFVWSA(34 | 305
-TG
sIr1956 | unknown protein MVNHGYPLGRSLLSI AVAMLGALSLVFPLPLLT- (33 |172
Q@
slr2004 | unknown periplasmic protein MHQ SMKQTRFVQVLI VSI FLVFGVAI GLQQLSA|34 474
- QP
slr2018 | unknown protein MKNKAI GNLRLTLFLFSRNPKSNPRGYMLFLWS|45 | 799
LLI TLSGLLVA- YA
slr2048 | PratA, processing accociater TRP |pratA|MNLRYLWEGKQ LI GGGELI PLLFGAAVSA- (5 |29 383
periplasmic protein
slr2071 | unknown protein MFKFLANNYSQSLGLTACLGLFTYLAI A- VP 28 107
sIr5085 | unknown protein on pSYSM MTLPAI MKYKI LSSLALVTLG TALAPGAFA- NP[31 | 106
sIr5111 | unknown protein on pSYSM M NYYTAKPMNNPLLM_KDKTGSMKI KLLI SLL{48 |150
| LTPI TALSSWFA- QS
sIr5126 | unknown protein MKKLLLLLTTI LLI PLNATPSNA- GA 23 |156
sIr5127 | unknown protein on pSYSM MRKI SI NRLLAI KVAGSFAAATI CGFAGYA- | F (30 | 256
sIlr6006 | unknown protein on pSYSX MLTI THLLVGAASVGVAAQT - TNP 20 |342
sIlr6008 | unknown protein on pSYSX M\WRAL L LAVI LGTWFGGLHA- QT 22 343
sIlr6065 | unknown protein on pSYSX MLTI THLLVGAASVGVAAQT - TNP 20 |342
slr6067 | unknown protein on pSYSX M\WRALLLAVI LGTVWFGGELHA- QT 22 343
ss12100 | unknown protein MKKNAGQQVTRSKQEL VI RSFFGLFFLALA- 30 |78
| Al LV
ssl12384 | unknown protein MFDRSNKDLI SAGLVSALGAGQ VTSFA- VN 27 |57
ssl2502 | unknown protein MRFPRRI LGFCGGELLLCONCLNLPSHT- AQ 27 |78
ssl3383 | unknown protein MRl LAPHPLGQTLVFTAG MLAAGMGFGVMALRSA|40 |90

PPRWA- DP
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ssl3769 | unknown protein M_VLSVLSLALASFSAI L- CF 18 74

ssl6018 | unknown protein on pSYSX MLKFI G ALLAALVGYAFGVNVA- J 22 |71

ssl6077 | unknown protein on pSYSX MLKFI G ALLAALVGYAFGVNVA- J 22 |71

ssr0536 | unknown protein MKNFPAM GGSLI VGSFALFSGAMPGVA- QE 28 |84

ssr0693 | unknown protein MKVLHLALNMVATFSVWWYATVAVA- VP 22 |95

ssr1049 | unknown protein MASLFKI LRSLAI PAVI A- GL 18 |73

ssr2153 | unknown protein MKL QHPKPHNSVRRALRSWAGPLAI ALVM | GLE|36 65
TAA- TA

ssr2318 | unknown protein MKSYRRLKQLLFFTNI GDKSKQ RQKTGAGKTKI |50 87
YLSVAVFLLCPLTLWG TT

ssr2912 | unknown protein MPFPQRFFPTFSFTPTPMFSTSKTSVI GRI | LLA|47 |85
TLCNLAI ASPI YA- AG

ssr3402 | unknown protein MKQ | PALI TLSFSPMVAI A- AL 19 |96

ssr5074 | unknown protein on pSYSM MFKFI G VLI GGLAGYALGVAA- G 22 |71

Abbreviations: SPL — length of the signal peptake, Twin arginine motifs are shown in bold.
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