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ABSTRACT

Bacteria usually use two-component systems for
signal transduction, while eukaryotic organisms employ
Ser/Thr and Tyr kinases and phosphatases for the
same purpose. Many prokaryotes turn out to harbor
Ser/Thr and Tyr kinases, Ser/Thr and Tyr phosphatases,
and their accessory components as well. The sequence
determination of the genome of the cyanobacterium
Synechocystis  sp. strain PCC 6803 offers the possibility
to survey the extent of such molecules in a prokaryotic
organism. This cyanobacterium possesses seven
Ser/Thr kinases, seven Ser/Thr and Tyr phosphatases,
one protein kinase interacting protein, one protein
kinase regulatory subunit and several WD40-repeat-
containing proteins. The majority of the protein phos-
phatases presented in this study were previously
reported as hypothetical proteins. We analyze here the
structure and genetic organization of these ORFs in
the hope of providing a guidance for their functional
analysis. Unlike their eukaryotic counterparts, many of
these genes are clustered on the chromosome, and
this genetic organization offers the opportunity to
study their possible interaction. In several cases,
genes of two-component transducers are found within
the same cluster as those encoding a Ser/Thr kinase or
a Ser/Thr phosphatase; the implication for signal
transduction mechanism will be discussed.

INTRODUCTION

group to an aspartate residue of a cognate response regulator
which is often also a transcription factasd). Two-component
systems are ubiquitously present among prokaryotes, and similar
components are also reported in several eukaryotic orgasms (

In the cyanobacteriur8ynechocystisp. strain PCC 6803 alone,
more than 80 open reading frames (ORFs), representing 2.5% of
its total coding capacity, are found to encode proteins of
two-component systems,{).

Bacteria may use eukaryotic-like components for signal
transduction as well. Indeed, during the last few years, several
bacteria have been shown to harbor Ser/Thr and Tyr kinases and
phosphatases (for reviews sg@). Such enzymes are very
abundant in all eukaryotic organisms. In the y8astharomyces
cerevisiaefor example, 2% of its total genes encode protein
kinases and a similar amount of genes encode protein phosphatase
(7-9). These enzymes, together with their regulatory proteins,
form signaling cascades and networks in order to regulate a
variety of cellular activities. Eukaryotic-type protein kinases can
be divided into two classes based on their substrate specificity:
Ser/Thr kinases and Tyr kinasé§<12). Only a few dual-specific-
ity protein kinases can phosphorylate on both Ser/Thr and Tyr
residues. Both classes of protein kinases belong to a single
enzyme superfamily, as they share a homologous catalytic
domain of (260 amino acids with some conserved signatures
indicative of their belonging to either of the two clasdésl@).

On the other hand, at least three families of Ser/Thr and Tyr
phosphatases can be distinguished based on their sequence
comparison &13,14). Members of the PPP family, such as the
mammalian PP1, 2A and 2B, are Ser/Thr phosphataled be
second family of Ser/Thr phosphatases is the PPM family,

Bacteria are able to sense a variety of internal and external facteepresented by the mammalian PP23).( No significant

in order to respond to environmental changes. The moleculsequence similarity can be found between these two families of
mechanism underlying the signal transduction process, whi@er/Thr phosphatases. The third family of protein phosphatases,
involves the so-called ‘two-cgmonent systems’, is now well the PTP family, includes low-molecular-weight PTPs, and PTPs
understoodX,2). A simple prototype of two-component systemswith dual specificity because of their ability to dephosphorylate
includes two proteins, a histidine kinase and a response regulatmth phospho-Ser/Thr and phospho-Tyr residug$. (The

The histidine kinase autophosphorylates on a conserved histidicetalytic domains of low-molecular-weight PTPs show a similar
residue in response to a stimulus and then transfers the phosphiatee dimensional structure to those of the dual specificity protein

*To whom correspondence should be addressed. Tel: +33 3 8865 5290; Fax: +33 3 8865 5330; Email: cheng-cai.zhang@edbs.u-strasbg.



3620 Nucleic Acids Research, 1998, Vol. 26, No. 16

phosphatases, but these two classes of protein Tyr phosphatasggon of 204 bp covering this junction was amplified by PCR and
are not related in primary sequence and share only tlsequenced. The result of this experiment, however, confirms the
CXXXXXR catalytic motif (14,16). original data. Dr S.Tabata’s group at the Kazusa DNA Research
How many eukaryotic-type signaling molecules could be founthstitute, where the genome $fnechocystisp. PCC6803 was
in a bacterium? The whole genome of the unicellular cyansequenced, could not find any sequencing error in this region
bacteriumSynechocystisp. PCC 6803 was recently sequencecither (S.Tabata, personal communication). A 1.57 kb DNA
(3,15). This offers a possibility to answer this question and tédragment covering sll1574 and sll1575 was inserted into an
assess the extent and importance of such molecules in bacteliatherichia colioverexpression vector, and the size of the
signal transduction besides the classical two-component systempsduced polypeptide corresponds well with that of only sli1574
In this report, different classes of eukaryotic-type signalingnstead of a sll1574—sl11575 fusion product (data not shown).
molecules are compiled and analyzed, along with their surroundifidnese results further indicate that a stop codon indeed interrupts

sequences and genetic organization. sll1574 and sli1575 (Figl). For the purpose of convenience,
these two ORFs will be jointly referred to as sll1574—75 in the text
MATERIALS AND METHODS since neither of them alone is likely to be functional as a protein

kinase. Several possibilities may explain this observation.
Sequences or conserved motifs of major families of eukaryotgynechocystisp. PCC 6803 has been cultured in the laboratory
signaling proteins were used to screen for similar molecules in teghce three decades ago, therefore, sll1574—75 may no longer be
CyanoBase (http://www.kazusa.or.jp/cyano/cyano.html), a datgequired for cell growth under laboratory culture conditions.
bank with the entire sequence of the cyanobacteiymechocystis  Another possibility would be that the stop codon interrupting
sp. PCC 6803. All positive scores after this screening were agaifese two ORFs is suppressed during the translation or restored

used to search for similar sequences in the CyanoBase, in orgg¢a non-stop codon post-transcriptionally by a mechanism such
to ascertain that sequences distantly related to eukaryotic proteifisthe RNA editing.

could also be found. Multiple sequence alignment was carried out

using the Cluster W prograriy). Table 1.Eukaryotic-type signal transducersSgnechocystisp. PCC 6803
To check the DNA sequence at the junction between sll15%halyzed in this study

and sll1575 (see below for more details), two oligonucleotide

primers were used to amplify the corresponding genomic regioRF Similarity to

by polymerase chain reaction (PCR) using the high-fidelity Verngj77¢

DNA polymerase (Biolabs). The sequences of the two PCR

protein Ser/Thr kinase

primers are: primer 1, ACTATTTCGGCCCTAC; primer 2, TGG- 157475 protein Ser/Thr kinase
GCACAATCCAAGC. The 204 bp long PCR product was slr0152 protein Ser/Thr kinase
purified from agarose gel using a GeneClean Il kit (Bio101) and;,o599 protein Ser/Thr kinase
sequenced with the Sequenase Il (Amersham). _ _

slr1225 protein Ser/Thr kinase
Major classes of eukaryotic-type signal transducers find sir1443 protein Ser/Thr kinase
their putative representatives inSynechocystisp. PCC 6803 slr1697 protein Ser/Thr kinase
A family of seven putative Ser/Thr and Tyr kinases has beef!1365 protein Ser/Thr phosphatase (PPM family)
previously identified §; Tablel), and their detailed analysis is sli1387 protein Ser/Thr phosphatase (PPP family)
shown below. A thorough survey of the genom&yfechocystis 1114 tein Ser/Thr phosphatase (PPM famil
sp. PCC 6803 has also identified seven putative protein phosphatassers pro efn erfThr phosphatase { ) amily)
(Table1), one belonging to the PPP family (sll1387), five to the SI0328 protein Tyr phosphatase (PTP family)
PPM family (sIr1860, slr1983, slr0114, slr2031 and sll1365) andsir1860 protein Ser/Thr phosphatase (PPM family)

y

one to the PTP family (slr0328). Most of these protein phosphataseg gg3
were previously considered as hypotheti@l Geveral ORFs

encode potential accessory signaling molecules; these includé2031
slr1234 encoding a protein kinase C interacting protein, slr0593Ir1234 protein kinase C interacting protein
encoding a protein kinase regulatory subunit, and severajgsos protein kinase A regulatory chain
WDA40-repeat-containing protein3,18).

protein Ser/Thr phosphatase (PPM family)
protein Ser/Thr phosphatase (PPM family)

The seven Ser/Thr and Tyr kinasessymechocystisp. PCC
6803 show various degrees of sequence identity (23.8-58.4%) to
The following ORFs encode Ser/Thr and Tyr kinases: sllO77&knA (19), the first Ser/Thr kinase found among cyanobacteria
sll1574, sll1575, slr0152, sIr0599, sIr1225, slr1443 and slrl69(Fig.1). The protein kinase catalytic domains of these proteins are
(Tablel). Several observations suggest that sli1574 and sll15&ways located at the N-terminal, as is the case for all known
form one single ORF and encode two different parts of the sameekaryotic-type protein kinases isolated so far from the filamentous
Ser/Thr kinase. Indeed the peptide deduced from sll1574 shoaganobacteriumAnabaenasp. PCC 7120 in our laboratory
sequence similarity to the catalytic domain of Ser/Thr kinasg$,19,20,26). Protein sequence analysis suggests that they are
(12), but only from subdomains -V, while subdomains VI-XImore likely to be Ser/Thr kinases than Tyr kinasks. (In
are followed immediately on the polypeptide deduced fronaddition, four out of the seven protein kinases have one (sIr0599,
sll1575 (Fig.1). We first suspected a sequencing error at thell0776 and slr1443) or several (slr1225) putative transmembrane
junction between sll1574 and sll1575. Therefore, a genomi&egments at their C-terminal regions. Those protein kinases with

Ser/Thr and Tyr kinases and their structural analysis
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1 11 III
PKNA ~ mmmmmmmmmmmmmmm e MEQLLDNRYRVIKTLGSGGFGETFLAEDSQMPSNRRCVVKQLRPTHNNP-QIYQLVQERFQRE 62
S1r0599 mmmmmmm oo mm oo MVTPLKLLNNRYRI IETLGRGGFGETFLAQDTHMPSARKCVIKHLKPVLENP-EIPSWLRERFHRE 65
§111574 === -mmmmmmmmmmmmmmmmmmmmeo o MTPDSRHRRLLANRYQLVELVGSGAMGQVYRAEDKLLGG-VTVAVKFLSQALLNP-- - - - RMKERFERE 63
$1r0152 ~--m--mmmm—mmmmme- MESLPVLGVFFMVKTANVAVMPLFPRSQYRI IGQIGQGQFGRVYCA- - IHRTPTGKMYALKDLEHRVFPT- - - - - - - NKFLRE 73
S1r0776 =mmmmmm oo e e MNVQVLDRYEIVKSLGSGGFGDTFLAKDTQI PSQKLVVIKRLKPANANSNTSTELIQKLFEKE 63
s1r1225 MDLLCTRPGCARLNSFPDLDNRNTLOTVQORFCTSCRMPLILAGRYLPVKLLGQGGFGAAYLALDRFTPTMRFCVVKQFQPSGNLNQEQLDLALSLFERE 100
$1r1443 —mmmmmmmmmmmmmmmeee ool MTPSLSLGQRLDDRYLIQLHLGONSLGQQYLAQDTHRFD-EPCTITVLTAPPGDK-----— AGNLFKQQ 62
s1rl697 —-—--m-----= MSFCVNPNCPHPKNPNNVQVCQACGNSLRLNGRYQTLGLLGKGGFGATFAAADVALPGTPICVVKQLRPQTDDP-NVFRMAKELFERE 87

* * * * *
v v VI
Pkna AAILEDLGSYSGQIPTLYAYFQSNTQ---------- FYVVQEWVEGDTLTAKLKQQ- - - ~GVLSESAVRDILINLLPVLEYVHS -~ ~-==-~ KRIIHRDI 140
s1r0599 AATLEELGENHPQIPQLYAYFSEGED---—------ FYLVQEWI PGLTLTQAHAQK- - - ~GNFSSTAVEELLLGILPVLEFTHQ-—-----~ RRITHRDI 143
5111574 ATISALLGEKSIHIVRVRDYGLDEKE--------~- IPFYVMEYLQGENN# 103
$111575 ...TISDVIKYR----- PLKVERFLKIARQICFGLDCAHKGIIYQGEACPVVHRDI 55
s1r0152 LSYLLTLR--HPNIVACHGLEYHPGG=~-~===~-~~~ RYLVMDYCEGGTLRDIIDGD- - - -GDLCLAGKIDLLRQILLGLAQAHQ--———---- HDIVHCDL 149
s1r0776 ASVLEDLGEHNSQIPKLYSYFSNDNE-------~--- FYLVQEYIQGVSLNEIAP-------- ISSEQAKTILSSLLTTLKYIHS--—-~--- KGIIHRDI 137
s1r1225 AVVLEKLGNRHDQI PDLFAYFPLLVDDPRTGKQDQFFYLVQEF INGQDLEKTVEKH - - - -GPLSEAEVRWVLTEMLKILSFVHG- ——— - -~ TGAIHRDI 188
s1r1443 AEILYALD--HPQIANFREFFALGSE---------~ LYLVQDFIEGQSYFDLLKDRRLOGKAFTELEVROQWCRQLLPVLHYLHI-——-—--- QKICHGQI 142
s1r1697 AQTLGRVGN-HPQVPRLLDYFEDDHQ--——-----~ FYLVQEYVKGHNLHQEVKKN- - - ~GTFTEGSVKQFLTEILPILDYIHS- - -~~~ QKVIHRDI 164
* * * * *
VII VIII X
Pkna KPDNIILRH--RDGKPV-LIDFGAVRESMGTVINS- - -QGNPTSSIVIGTPGYMPSEQ- -AAGRPVY-SSDLYSLGLTAIYLLTGKQPQELET-EPHSGE 230
s1r0599 KPDNIILRE--ADGKPI-LIDFGIIKETMGTLVNP---DGRSAYSVALGTPGYMASEQ--AAGRPVF-SSDLYSLGLTAIFLLTGKTPQYLTS-DSRTGE 233
s111575 KPSNVLLVEDPALGELVKILDFGIAKLVQAAEESK--~-~---~ TQAFMGTLAYCSPEQ--MEGKELDSRSDIYSLGVMMYEMLTGEMPLFPDN-SSFGGW 144
s1r0152 KPENILLIPR-AEGWQVKVSDFGIARLTAKTGNPN---~-~-~ FSKGYTGSPAYMAPER--FYGKFSV-ASDIYAVGILLYELIVGDRPFSGFPKALQAAH 238
s1r0776 KPENIILRD--SDHLPV-LIDFGAVKETMGAVTLG- - - SGSTVSSVVIGTRGFMAPEQ- - SSGRSVF - STDLYALGLTIIYTLTKKLPVEFSS-DQQTGQ 227
s1r1225 KPSN-LMRD--QEGKLY - LLDFGAVKQATAGVGAS -~~~ NEGSTGIYSMGFAPPEQ- -MAGNQVYPATDLYALAVTCLYLLTGKTAQDLY--DAYHNQ 274
s1r1443 SPSSIMRRT--VDGLPV-LVDFTHSQYYSGTPGED- - - ~-RRDLHGLGLGAIALLTGEVNPNPPWENLLSSVALSQEFROLLLKLLAWPPLVDWPTLTDNL ~ 235
s1r1697 KPANLIRRQ--TDQKLV-LIDFGAVKNQIDSVLSSNTSAQTALTAFAVGTAGFAPPEQ- -MAMRPVY -ASDIYATGVTCLYLLTGKTPKEIDC-NSQTGE 257
* * K *
X XI

PknaA TIWHRYALN--~~---~ ISPTLAAVIDRAIAYH--PRERFTTARQM- - -LEALQLGVVSYPPT. . . 280
s1r0599 ILWRQGAPQ-------~ VSPTLAKVIDQAVRYH- - PRERFNSATAM- - -AQTLQGNFSNVPMT . . . 283
5111575 YEAHHHTKPHPFSARYKIPASLEALVMNCLAKS - - PKGRPQSVDVI---IRAIDATEAEIKAP. . . 202
s1r0152 LNVRLTLPP------- EFPPLLAPIVQRALEKL - - PQRRFPNATAMASDLATVQOKQILEQDPP. . . 292
s1r0776 LDWQSHVSK-------~- IDSVLAKVINKAIEME--PSRRYSSAEAM---YQALHSLISSGAEP. . . 277
s1r1225 WNWRSPGLK-------~- VSQPLADVIDRLLLPT- - PKDRYASAEEV-- - LAVLNGGKGNQGKA. . . 324
s1r1443 NNLPQHFLPTVAEFN--LTSTIPEQTDNGVGKSSTGEPPFPTVHQS - - PESSSSAKVKNMVR. . . 293
s1r1697 MDWEKHVT--------~ VSSKFAEVIRKMLELS--VRHRYKSAQQV---LDALEMPTYEDGMM. . . 306

Figure 1. Sequence comparison of the catalytic domains of all protein Ser/Thr kinaseSyfmenhocystisp. strain PCC 6803. PknA is from the nitrogen-fixing
cyanobacteriurAnabaenap. PCC 7120 (19). sli1574 and sll1575 are jointly referred to as sll1574—75 elsewhere in the text (see text for detsitey.didentical
residues are marked by (*) and conserved residues are identified by a period (.). # indicates a stop codon. Residuesdaoa thenfigit. Subdomains |-XI are
also indicated as proposed (12).

one C-terminal transmembrane segment could be localized on $eguence by Bauet al (23). A particular feature of this domain
membrane, as in the case of the vertebrate protein kinase Myitd,the highly conserved leucine residue found by every five
in which the C-terminal hydrophobic region serves as an internedsidues (Fig?). For this reason, this conserved domain is termed
signal sequence (). Other protein kinases with several putativeas a leucine-repeat (LR) domain. The length of this domain is
transmembrane segments could act as membrane receptorsdriable, depending on the number of pentapeptidic repeats
signal transduction. present (Fig2). The only characterized proteins containing a LR
Regions other than the catalytic domain of Ser/Thr and Tydomain are HgIK and McbG. The former is believed to be
kinases often play regulatory functions in regard to their catalytiovolved in the localization of heterocyst-specific glycolipids in
domain. Some of the regulatory domains of Ser/Thr kinases, fAinabaenap. PCC 71203) and the latter required for the export
example, exert an inhibitory effect that is crucial for theof a peptide antibiotic, microcin B1Z4). While a dozen proteins
maintenance of a protein kinase in an inactive form in the absenftem Synechocystisp. PCC 6803 possess a LR domain, no or few
of signals, while others are required for the proper cellulasuch proteins have been found in other organisms. As already
localization of a given protein kinas232). To gain a better suggested by Bauet al (23), the LR domain may interact with
understanding of the function of these enzym&ymechocystis glycolipids inAnabaenasp. PCC 7120. Other possible roles of
sp. PCC 6803, the C-terminal regions following their catalytithis domain would include the localization of the protein kinase
domains were compared against protein sequences in variahsl697 to its proper cellular compartmeti)(or the transport of
databanks. The C-terminal region of slrl697 shows significambolecules from their sites of synthesis to the thylakoids in
sequence similarity to regions of several proteins such as thganobacteria. The latter possibility would explain the scarcity of
C-terminal region of HglK from the heterocyst-forming andsuch proteins in other non-photosynthetic prokaryotes whose
nitrogen-fixing cyanobacteriudAnabaenasp. PCC 712023). @ genomes have also been sequenced.
This conserved domain is characterized by repeats of a short motifrhe 235 residue long C-terminal region of slr0599 contains
of five residues (A D/N L S/T X), as pointed out in the HglIK 27.2% of proline residues. Proline-rich sequences have diverse
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slrl697 NLVGIVLAKAFVPGINCYQANLTNANFEQAELTRADFGKARLKNVIFKGANLSDAYFGYADLRGADLRGANLNGVNFKYANLQGANFSGADLGSAKVSPEQL 256
pSW200 DLTNANLNQTDLPNVNLSGANLAHANLTMAYLSEADLSNANLSNADLKRADLSNANLSGADLTNANLNQTDLPNVNLSGANLAHANLTMAYLSEADLSNANL 234
s1r0516 NLAGADLREFNLENARLNRSDLSGANLSGVNLRRALLDRANLTGANLSETDLTEAALTEANLAGADLSGANLERSFLRDVDLTGANLKGANLAWANLTAANL 145
s1rl152 NLQNADLSGFTLISVDFERTNLIGSNLQORTFLTKARLGHCQMNWADLTYAKLNQADLSHADLTKASLYGAFAVKTNFKGAKLSGATLAHANLRGANLEQTNL 152
s1r1851 DLGGANLTRAQLDSATLKNANLALANMTEVCLIYADLSNADLSGANLVGADLTNADLSGAKLGGADLRKANLSEASLRGADLRGVNLIEANLTNTDFSEADL 145
s1r1819 DLIGIVLNEADLRGANLLFCYLNRANLGQANLVAANLSGASLNQADLAGADLRSANFHGAMLQGAILRDSDMTLATLQDTNLIGADLRGADLSGATLTGACL 125
HglK DLSQAQMKQANFTDANLSRVLMTRSDLSRATLNRANLSNARL IGANLS SAQLVGADLRGTVLENASLTGADLGDAKLQOEANLYGARLSRVIAIGAQLSFANL 603
McbG LIDCEFKDCLLQGVNAADIMFPCTFSLVNCDLRFVDFISLRLQKSIFLSCRFRDCLFEETDLRKSDFTGSEFNNTEFRESDLSHCDFSMTEGLDINPEINRI 170

Figure 2. Multiple sequence alignment of the LR domain from various proteins. pSW200 (accession no L42525) is a plagmidrfimstewartii HgIK is from

the nitrogen-fixing cyanobacteriuAnabaenasp. PCC 7120 (23). McbG is froncoli (24). All other sequences are fr@gnechocystisp. strain PCC 6803. The
size of the LR domain in a given protein can be shorter or longer than that shown here, depending on the number of titicpapeaepresent. Residues are
numbered on the right, and the most conserved leucine (L) and alanine (A) residues are highlighted with bold charactsesnstisesequence of the pentapeptidic
repeat is A D/N L S/T X.

$111387  —--mmmmmmmmmmmmmmmm e MPN----- PRRIVFGDVHGHFDALTALFEAIAPNERDGVYFVGDLIDRGPESAKVV-~DFVMENKYHC~~~-LLGNHE 67

PP13-AT TKQVQLTEAEIKHLCSTAKQIFLTQPNLLELEAPIKICGDTHGQFSDLLRLFEYGGYPPAANYLFLGDYVDRGKQSVETICLLLAYKIKYKENFFLLRGNHE 123

PP2A1-SC SKCEPLSEDDVARLCKMAVDVLQFEENVKPINVPVTICGDVHGQFHDLLELFKIGGPCPDTNYLFMGDYVDRGYYSVETVSYLVAMKVRYPHRITILRGNHE 179

PP2A-Hu NECKQLSESQVKSLCEKAKEILTKESNVQEVRCPVTVCGDVHGQFHDLMELFRIGGKSPDTNYLFMGDYVDRGYYSVETVTLLVALKVRYRERITILRGNHE 119
*

*k kk K Kk kx * kk *kk K * * kKoK

5111387 QOMMLDAVGGF--NFSPQL--LHAWIYSGGKSTLESYEHQI PQSHVDWMRNLPLYLDLGDVWLVHAGVDPRLPIEEQG-EAQFCWIRDEFHRYPYPYFANKLI 164
PP13-AT CASINRIYGFYDECKKRY-SVRVWKIFTDCFNCLPVAALIDEKILCMHGGLSPELKHLD--EIRN-IPRPADIPDHGLLCDLLWSDPDKDIEGWGENDRGVS 221
PP2A1-SC SRQITQVYGFYDECLRKYGSANVWKMFTDLFDYFPITALVDNKIFCLHGGLSPMIETID--QVRE-LNRIQEVPHEGPMCDLLWSDPD-DRGGWGISPRGAG 277
PP2A-Hu SRQITQVYGFYDECLRKYGNANVWKYFTDLFDYLPLTALVDGQIFCLHGGLSPSIDTLD--HIRA-LDRLQEVPHEGPMCDLLWSDPD-DRGGWGISPRGAG 217

*%x * * * * *

s111387 IT-GHTITFTFANVEPGKLVSGPGWLDIDTGAYHPKSGWLTALELNNQEVYQAHIFTNEVRRLPLEDAVVPLPP~~--QN~---— LHRSRQKGKKRGLLG# 254
PP13-AT YTFGADKVEEFLQTHDLDLICRAHQVVEDGYEFFANRQLVTIFSAPNYCGEFDNAGAMMSVDDSLTCSFQILKASEKKGNFGFGKNAGRRGTPPRKGGGKG# 322
PP2A1-SC FTFGQDVSEQFNHTNDLSLIARAHQLVMEGYAWSHQONVVTIFSAPNYCYRCGNQAAIMEVDENHNRQFLQYDPSVRPG----- EPSVSRKTPDYFL# 369
PP2A-Hu YTFGQDISETFNHANGLTLVSRAHQLVMEGYNWCHDRNVVTIFSAPNYCYRCGNQAAIMELDDTLKYSFLQFDPAPRRG--~~~ EPHVTRRTPDYFL# 309

* * * * * *

Figure 3. Sequence comparison between sll1387 and some PPP-family Ser/Thr phosphatases. PP13-AT, PP1 isofathaBanafdlatabank accession number
P48483); PP2A1-SC, PP2A-1 froBicerevisiagP23594); PP2A-Hu, PP2é catalytic subunit from human (P13197). Identical residues are marked by (*) and
conserved residues are identified by a period (.). # indicates the end of a polypeptide chain. Residues are numbetigd on the rig

binding functions Z5). This region indeed shows sequencecfGwas previously investigatedq) and will be analyzed further
similarity with fibronectin-binding proteins (A32192, U53585) along with its surrounding sequences below. The other four ORFs
from Staphylococcus aureuand Mycobacterium aviuman  were labeled as hypothetical in the CyanoBase dataBank (
actin-associated protein fronsSchizosaccharomyces pombe The N-terminal regions of these ORFs, preceding their
(298980), and a SH3-domain binding protein (U25281) fronprotein-phosphatase catalytic domain, were also analyzed. The
Rattus norvegicu§he majority of the identical residues in theseN-terminal region of slr1983 shows strong sequence similarity to
aligned sequences are proline residues (data not shown). response regulators of bacterial two-component signaling systems.
Response regulators are the second member of bacterial two-
Ser/Thr and Tyr phosphatases; a new class of membrane  component signal ransduction systemS)( A response regulator
Sensors? domain can form either a single polypeptide, or a part of a
multi-domain protein such as in the case of the hybrid His kinases
The ORF sll1387 encodes a protein of 255 amino acid residuetich possess in addition a His kinase domajp) (Because of
showing significant sequence similarity to the catalytic domains dfs particular structural features, slr1983 represents a new class of
PPP-family Ser/Thr phosphatases from eukaryotes3)Figjis also  regulatory proteins which can be termed as hybrid protein
similar to the catalytic domain of a putative protein phosphatagghosphatases equivalent to hybrid His kinases. Interestingly, an
from Anabaenasp. PCC 7120 characterized in our laborat®f).( ORF (slr1982) upstream of slr1983 encodes a His kinase protein.
Another ORF, slr0328, has been previously described as a géeffee possibility that slr1982 and slr1983 working together as a
encoding a homolog of low-molecular weight Tyr phosphatasds/o-component system has been previously postulated by
(3, see also Figl). A polypeptide similar to sIr0328, encoded by aMizunoet al (4). It would be interesting to know the role of the
partially-sequenced ORF adjacent to genes encoding phycobitirotein phosphatase domain of sIr1983 in signal transduction
proteins from another cyanobacteri8gmechococcigp. WH8020,  within this putative two-component system.
was also reported{). The N-terminal regions of both sl11365 and slr0114 possess two
Five ORFs, sll1365, slr0114, sIr186€f@), slr1983 and slr2031, putative transmembrane domains. In addition, a region of 64 amino
encode proteins similar to PPM-family Ser/Thr phosphatasgs ( acids of sll1365 shows 23% sequence identity (49% sequence
They all possess a conserved catalytic domain at their C-termirgitinilarity) with the serine chemoreceptor proteireafoli (30).
end (Fig.5), with signatures shown to be critical for the activitysll1365 and slr0114 could function as membrane receptors
of PPM-type protein phosphatas2g)( Among these genes, only (sensors). Typically, a sensor domain is found at the N-terminal
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s1r0328 ----- MKLLFVCLGNICRSPAAENIMNAQIDQAGLGAKI -VCDSAGTSSYHVGDSPDRRMTESLKKRGYRVQ-GRARQFFPEDFAEFDLILAMDGDNYRN 93
Y£kJT-BS ----MISVLFVCLGNICRSPMAEATFRDLAAKKGLEGKI -KADSAGIGGWHIGNPPHEGTQEILRREGISFDGMLARQVSEQDLDDFDYIIAMDAENIGS 95
PtpA-SC - --MTYRVCFVCTGNICRSPMAEAVFRARVEDAGLGHLV - EADSAGTGGWHEGEGADPRTEAVLADHGYGLD-HAARQFQQSWFSRLDLVVALDAGHLRA 95
STP1-SP -MTKNIQVLFVCLGNICRSPMAEAVFRNEVEKAGLEARFDTIDSCGTGAWHVGNRPDPRTLEVLKKNGIHTK- HLARKLSTSDFKNFDYIFAMDSSNLRN 98
ACP1-Bovin AEQVTKSVLFVCLGNICRSPIAEAVFRKLVTDQNISDNW-VIDSGAVSDWNVGRSPDPRAVSCLRNHGINTA-HKARQVTKEDFVTFDYILCMDESNLRD 98
PTP-Hu - -QATKSVLFVCLGNICRSPIAEAVFRKLVTDONISENW-VIDSGAVSDWNVCRSPDPRAVSCLRNHGIHTA -HKARQITKEDFATFDYILCMDESNLRD 96
. hhkk KhrkkkAk kK . .. * K . * * * **. * . '_*
s1r0328 ILAQDP-AGQYHHKVKMICDYT- - EKFGDREVPDPYYGGQAGFEHVIDLLEDACGNLLTSLGKELVN# 157
YfkJI-BS LRSMAG- - FKNTSHIKRLLDYVE--DSDLADVPDPYYTGN- - FEEVCQLIKTGCEQLLASTIQKEKQL# 156
PtpA-SC LRRLAP-TERDAAKVRLLRSYDPAVAGGDLDVPDPYYGGRDGFEECLEMVEAASTGLLAAVREQVEGRAA# 164
STP1-SP INRVKP--QGSRAKVMLFGEYAS- - PGVSKIVDDPYYGGSDGFGDCY IQLVDF SQNFLKSIA# 156
ACP1-Bovin LNRKSNQVKNCRAKIELLGSYD---PQKQLIIEDPYYGNDADFETVYQQCVRCCRAFLEKVR# 157
PTP-Hu LNRKSNQVKTCKAKIELLGSYD- - - PQKQLI IEDPY YGNDSDFETVYQQCVRCCRAFLEKAH# 155
* *k kK * *

Figure 4. Sequence comparison of slr0328 to some low-molecular-weight protein Tyr phosphatases. YfkJ-BS, YBkdutotilis (accession number D83967);
PtpA-SC, PtpA fronBtreptomyces coelicolP53433); STP1-SP, STP1 fr@&mpomb¢P41893); ACP1-Bovin, bovine ACP1 (P11064); PTP-Hu, human red-cell type
PTP (M83654). Identical residues are marked by (¥) and conserved residues are identified by a period (.). Underlinedreiqaeniteshighly conserved active
site (16). # indicates the end of a polypeptide chain. Residues are numbered on the right.

s1lr0114 LEIKVAERTADLAKANEAITGLNAQLKQENMRLGTELDVARKLOMMVLPKHEELSEITDLDIACYMASATEVGGDYYDVVKIGN--------~~--———-—~ 316

5111365 TQDEMAEVVHAFNTVADALCRLTEKLQDENLRLEAEIDITRQLOQMLMPSEQELAAVAGLEIAGFMESATEVGGDYYDVLQTNG--------—----~--- 439

s1r2031 TRRKLLQLISDQTAVAIANSDLNQKLRSR~ESQDRELEIASEIQNQLLPRC--CPQINGLDIAAQCKTASRVGGDYYDFIPANYDQLROGDWLCRNTSHL 219

slr1l860 RQDEIGILGNSFIYMKNQI-KTLIAQEVKDGVNRLELEKGRQIQONFLPIS--LPDLQOWQINAVFEPARSVSGDFYDAFLLGDD-~---~~--~----—— 419

slr1983 LKARIGSSLEKKRLRDQEK-LYTQQVEGLSEMMAKELEKGROMOKNFLPAH--LLTRSGWEFSAYFSPAQQLAGDFYDLFELPGD~~-----~-—--——-== 380
*

* * Kk Kok

s1lr0114 --RIFISIGDVTGHGLESGVMAIMAQTAIQTL------=-=-=====-— LTAE---~---~--------- ITEAVQFHNLLNQVLYKNTQRMELSKNMTLVMLD 384
s111365 --QVRISIGDVTGHDLESSLVMIMAQTALRTL-------=-=-=---=-- LEHG--------------—- VTDPVKLLSAMNRTIYENTRRMGSSKNMTLSVLQ 507
s1r2031 GVPWSIVIGDVMGKGVPAGLIMTMTRGMLRAE~~--====-=~~===~ VLNR~-----==-->--ee—— HSPAQILNHLNRVMYADLENSHRFVTLFYSEYN 288
slr1860 --YLAIVIGDVCDKGVGAAMFMGLFRSLLRVFSGETMPGDTCIRDVNYKCS--ANDGNGK---KKVIVQFLNAVRLTNDYIATEHGDMAMFATLFFGVID 512
s1r1983 --RLGIVVADVCDKGVGAALFMGLFRSLIRIFSGQAALDGLINPSFNLPSGQGLLDVNLDNLLNNINFEPLESIKLINNYVAINHGEASMFATIFFGILE 477

* *k *

slr0114 YQSG-ELILSGQHESIFVVRADG--AIEEIDTIDLGFPLALEKDITTFIARTQINLHSGDVVVLYTDGIPEAENGEKQFYGLA--RFQEVLIANHQSTAL 479

s111365 YEAG-LIRLSGQHEEVLIIRSNG--ATEQIDTFELGFPLGLEQDISAFVTEREITLNSGDLAVLYTDGITEAMNSQRQFYGIE--RLQTVLCQHRHQAPA 602

s1r2031 PETSILSYSNAAHNPPLLWRAGSDSPQCLIPLDTEGALIGLESDS--NYRDAQIQLVPGDVVLYYTDGLTDAGNAKGDRFDDKNLRIAFQRACETAQTAQ 386

s1r1860 ISNGNLSYINAGHEPVFILNS----EGIKHRLKSTGPAVGMMPNS-TFTID-SLKIDPGEMLIGYTDGVTDARSPTKEFFGRQ--RLMETLTAN-FSAKT 603

s1lr1983 PSSGKLSYINGGHEPVFIVDSN---HQLKTKLTSTGPAVGMLPDL-QFKTA-EIILQPGDLLLSYTDGVTEAKSPTGNFFGKE-~KLLNALGSS-FNSVD 570
*

* . R * L o kxEx ok
slr0114 EISQAVVEDLMAYIG-DS------- RVFDDITLVIFKKI# 510
5111365 EIRHQAIADLRNFLG-DQ-~--~-~ PAEDDVTLLILKQK# 633
s1r2031 GILTEIFTSVEAFVGSDNSHQTDKIPARDDMTLVVLRVKSTE# 428
slr1860 EILDIIKQELIGHID-GS~------ IQFDDITMIAVYRN# 634
s1r1983 QLMLNIKESLEEHMG-EA--~---- QQFDDITLLAIKFQTT# 603

*k *

Figure 5.Sequence comparison of the catalytic domains of all PPM-family Ser/Thr phosphataSss&ohocystisp. strain PCC 6803. Identical residues are marked
by (*) and conserved residues are identified by a period (.). # indicates the end of a polypeptide chain. Residues aremtivabegbd

part of a sensory His kinase in bacterial two-component syster(iz5,41,42). Several WD40-repeat containing proteih8) (have

(1,2). sll1365 and sIr0114, if confirmed, would thus represent already been previously pointed o8}.(In addition, two other
new class of membrane sensors with an original molecul@olypeptides (sIr0593, slr1234) 8ynechocystisp. PCC 6803
architecture containing a sensory domain linked to a proteimay also be regulatory signaling molecules (Tahlslr0593 is
phosphatase domain instead of a protein kinase domain. Thigrotein of 434 residues which contains a segment similar to the
situation can be compared to that encountered in many eukaryqgulatory subunit of the cAMP-dependent protein kinase
receptors which contain either a protein kinase domain or @rotein kinase A). The same conserved domain is also found in
protein phosphatase domain, although the early exampleswere@lbrotein of unknown function, U21853, present in another

receptor protein-tyrosine kinasex1(0). ) . CyanobacteriumAnabaenasp. PCC 7120. In eukaryotes, the
The N-terminal region of slr2031 contains a GAF domainygqjatory subunit inhibits the catalytic subunit of protein kinase
believed to play a role in light and redox sensi.( A in the absence of a signal, and the catalytic subunit is
. . subsequently released and activated once cAMP is bound to the
Accessory signaling molecules regulatory subunit3?).

The proper functioning of Ser/Thr and Tyr kinases and phosphatasesIr1234 is similar to the protein kinase C interacting protein 1
requires different classes of regulatory proteins acting as scaffoltiem mammals%3). A similar ORF, ORF1, has also been found
or adaptors for signaling complex formation and enzymé the cyanobacteriurBynechococcusp. strain PCC 7942 in
localization, or as effectors of protein kinases or phosphatasesich it is co-transcribed withsbAllencoding form Il of the D1
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protein in the photosystem Il reaction cenf&l) (The expression  Another interesting gene cluster is the one involving the
level of ORF1psbAll increases after exposure to high lightSer/Thr kinase gene sll0776. This cluster contains 8 ORFs
intensity and an ORF1-disrupted mutant displays slower grow{sll0775-sll0782) in a region ofll0 kb. The polypeptides
rate than the wild type3f). The protein kinase C interacting encoded by this gene cluster include an ABC transporter subunit
protein 1, also called protein kinase C inhibitor, is a zinc-bindingsll0778), a hybrid histidine kinase (sll0779), and a transcription
protein belonging to the histidine triad (HIT) protein famig)  factor with a helix—turn—helix DNA binding motif (sll0782).
The zinc-binding motif, His-X-His-X-His, is conserved in The protein Ser/Thr kinase gene sIr1225 is separatetidib
slr1234 and ORF1 dbynechococcusp. strain PCC 7942. The from sIr1234 encoding a homolog of the protein kinase C
role of the protein kinase C interacting protein 1 in regulatingnteracting protein 1. Thirty five kb further downstream of
protein kinase C activity remains unclear. Recent evidence froairl234 is another Ser/Thr kinase gene slr1443. The close linkage
structural analysis suggests that these proteins act as nucleotiogtween slr1982 and slr1983 has already been discussed above
hydrolases, transferases, or bo#b)( In this case, it seems About 13 kb downstream of sIr1983 is sll1387 which encodes
unlikely that they act as protein kinase C regulators. another protein phosphatase (see above).

Because the conserved signatures of accessory signaling
proteins are often short and poorly characteriz€y the number
of such molecules iynechocystisp. PCC 6803 is probably very
much underestimated in this study.

Clustering of genes encoding Ser/Thr kinases or Ser/Thr
phosphatases with those encoding two-component systems

Although eukaryotic-type protein kinases and phosphatases are
_ o found in several prokaryotes, in most cases it is still unclear how
Genetic organization these molecules are involved in bacterial signal transduction. One
possibility is that they participate in signal transduction through
In order to gain a better insight into the function of eukaryotica cascade of Ser/Thr and Tyr phosphorylation/dephosphorylation, in
type signaling molecules iBynechocystisp. PCC 6803, the a way similar to that which takes place in eukaryd@g<). The
genetic organization of a few gene clusters of major interest is alsossing links in this possibility are protein Tyr kinase receptors
analyzed. Genes included within a cluster are those in closad G-protein coupled receptors for signal transmission across
proximity to, and transcribed in the same direction as, a getiee membrane. Several protein kinases and phosphatases analyze
encoding either a protein kinase, a protein phosphatase, ohere possess transmembrane segments, and thus may fulfil the
regulatory protein of these enzymes. task of membrane receptors, although how they transmit signals
One cluster with potentially important regulatory function isdownstream remains unknown.
that containing the protein phosphatase @&fi@(slr1860). This Another possibility would be the coupling of some Ser/Thr
cluster contains 10 genes (slr1852—slIr1862) packed in a regionkifiases and phosphatases to two-component systems, with
[0.5 kb.icfG was shown to be inducible by glucose and requiredensors of two-component systems acting as membrane receptors,
for cell growth under conditions of low concentration of inorganicThis is the case for ethylene response in the Bleattidopsis
carbon in the presence of glucogé)( One ORF in this cluster, thaliana (39) and for high osmolarity adaptation in the yeast
slr1857, encodes a protein highly similar to the glycogenS.cerevisiag40). In both cases, a two-component system acts
debranching enzyme, the second enzyme required for glycogepstream of a cascade of Ser/Thr kinases in the same signal
catabolism$7). One possible function of this gene cluster wouldransduction pathway. It is thus very interesting to notice that
thus be the degradation of glycogen, in accordance with tlseveral genes encoding Ser/Thr kinases or phosphatases in
presence of slr1857 and the results of genetic analy$i$Gf Synechocystsp. PCC 6803 are found in the same cluster as those
(29). Another interesting aspect of &G cluster is the presence encoding members of two-component systems; or as in the case
of several genes similar to those intstegene cluster iBacillus  of sIr1983, the same protein contains both a response regulator
subtilis(38). Thersbgene cluster iB.subtiliscontains two serine  domain and a protein Ser/Thr phosphatase domain. The slr0114
kinase genesrgbT andrsbW), two protein phosphatase genescluster, for example, contains slr0114 encoding a protein Ser/Thr
(rsbU and rsbX) and two genesrgbS and rsbV) encoding phosphatase and sIr0115 encoding a DNA-binding response
substrates of serine kinases and phosphatases. The interactegulator. Similarly, the Ser/Thr kinase gene slr1697 is followed
among these molecules, through a partner-switching mechanismmediately by sll0921 which encodes a response regulator,
is required for cell response to environmental stré8p (cfG  although these two genes are transcribed in opposite directions.
shares sequence similarity with RsbU and RsbX, sIr1861 E&he sll0776 cluster is also in the same situation, since it contains
similar to RsbT and RsbW, and sIr1856 and slIr1859 are similane Ser/Thr kinase gene (sll0776) and one hybrid His kinase gene
to RsbS and RshV. The genetic organization atfieclusteris  (sll0779).
thus reminiscent of threb gene cluster iB.subtilis and a similar In prokaryotes, genes involved in the same cellular process are
mechanism could be postulated for the regulation of glycogdrequently clustered or form an operon. It could thus be expected
catabolism by th&fG cluster inSynechocystisp. PCC 6803.  that at least some Ser/Thr kinases or phosphatases may interac
The gene cluster (slr0144 to sIr0152) containing the Ser/Thvith two-component regulatory proteins encoded by the same
kinase gene slr0152 encodes several proteins of functiorggne cluster. The elucidation of such molecular interaction will
importance in cyanobacteria. slr0148 and slr0151 encode prprovide a new mechanism of signal transduction in bacteria. It
teins similar to ferredoxin 11fIxB) and | petF1), respectively. will also advance our understanding of signal transduction in
slr0149 is similar to the allophycocyanin alpha chain from the sansikaryotes as well since more and more two-component systems
strain (slr2067, ApcA) as well as that from other cyanobacteriare also being discovered in various eukaryotic organignisven
slr0149 and slr2067 are similar in size, but are only distantlyn A.thaliana and S.cerevisiagn which the coupling between a
related, with 20% identity and 41% similarity. two-component system and Ser/Thr kinases has already been
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