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ﬁm‘sﬁﬂﬂ‘sﬁuﬁuaﬂmanuuﬁawaé’mmqn%wmﬂixqnﬁlﬁmoﬁmmﬂiﬂaﬁ%mw
aENINYIN AI88NILTY screening-displayed peptide libraries, whole-cell biocatalysts Lae
biosensor age'lsfia SelifmerwiAmfussuiuealusduuninasdlosuwuuafiGy Snas
ugadliiAnin () activated cyanobacteria-reactor Huizadsendalumatiaiud@nnn
ﬂ"i”.ll."saun'%aqelmﬁn's‘m {ii} organophosphorus hydrolase (OPH) mm‘mt}aﬂﬁﬂwﬁvﬂéu
Organophophate  (OP) %qﬁﬁugeun:’l'ﬁlﬂuuwjmum (pesticide) NANBATATIALAZ LW
afFosatouninans  anidnaadunuilunluuefiGofadn  oPH  Ssomdudtlwa
FMSU o RANY I UURY W Tzuswaasinaaduwnilusdnuuiioad oo Tu
wwafids luasdnuniadlels leenluuuafidy Synechococcus PCC7942 1w model system
lun3a$ha OPH 91n Flavobacterium sp. WAL green fluorescent protein (GFP) ?1n Aequorea
victoria UwRLwasLagld Lpp-OmpA system 183 E. coli 738 ice nucleation protein 184
Pseudomonas syringae \Iw anchoring motif llUTauIiny OPH activity 989 Synechococcus
fiflfin opd FeaFe OPH muldminuauvedlusluima AP, usz tRNA promoter (P
WU Py, FnemudadiuniiAp, dnfwieathe shuttie plasmid Afifw Lpp-OmpA 33 fused in
frame fufiu opd MeldmIRILANYEY Py, U2 transformed 1I1g Synechococcus WANTS
nasssusasliifwinfin1saths opd mRNA ualinn OPH activity §3%% gene cassette P ,-
(Lpp-OmpA)-opd limansossrsluséin OPH afinmnsld ice nucleation protein 1w
anchoring motif 398579 shuttle plasmid 71l gene cassettes fwiuatalus@nneluisad
(Prua-0Pd  UBY  Pry-gfo) UWREMUUBDYAR  (Ppya-inak-0pd URZ Py -inakK-gfo) U&7
transformed g Synechococcus \lonsaamey OPH activity vastmasiuansluiuars guum
aaTRsImesTulwen OPH activity goga maafwlusdiv oPH mulwaadniauuiuaadli
fiuansznudonmnadyidiula av9ay kinetic parameters w8y OPH Wuluwesse (fresh
whole cells) il Py,-0pd WAL Py, -inaK-opd i1 Vmax (ilu 141.67(£29.58) uay 2.78(:0.37)
UnitL/ODyg,  SIWERSAHAWSWERT (frozen/thawed whole cells) é1  Vmax ilw
477.50(£51.86) Uz 11.04(£0.68) Unit/L/ODsqe anudndils tilasn’lainy OPH activity Tu cell
lysate DENDAETT P aysinak-opd SetiednTmiairalusdiu OPH uufiadirinin die3oy
anti OPH polyclonal antibody 'lm\'hl. laply antige_n f0 GST-OPH fusion protein ﬁﬂﬁﬂﬂ?@ﬂ§
910 E. coli 71§l GST-opd fusion gene "¢l antibody Fanaainlfn3uniy oPH Aasheuuin
wwas uberaneulagld diaminobenzidine uazdaiglaslindasgansimisiiasosnadan
\nimes (CLSM) waminaasdtedindl OPH agiuuﬁawaéﬁﬁ P-inaK-opd wananitnms
MRSy proteinase accessibility assay NHWIWINN OPH aguuiwed asnnaansaasa
WU OPH activity lwiwadfifl Pry-opd @vatulusin oPH molwasd uaasldifini
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immune complexes IRgANRBtUBAIERS ManAnlddaauin mmqmmﬁmmn GFP ai
infiow oPH Alilslusdufiiizatasiu membrane



Abstract

Microbial cell surface display has a wide range of biotechnological applications, for
examples: screening-displayed peptide libraries, whole-cell biocatalysts and biosensor. So far,
there is no report concerning surface display system In cyancbacteria. It has been shown that
(i), the activated cyanobacteria-reactor is an economical method for treating both domestic and
industrial wastewater; (ii), organcphosphorus hydrolase (OPH) can effectively detoxify
organophosphorus compounds which are highly toxic and used extensively as agricultural and
domestic pesticides. Therefore, recombinant cyanobacteria expressed OPH could be used as a
novel method for biodegradation of pesticides. In this study, in order to develop a system fo
display recombinant proteins in cyanobacteria, Synechococcus PCC7942 was used as a model
system to surface display the OPH of Flavobacterium sp. and the green fluorescent protein
(GFP) of Aequorea victoria by using the Lpp’-OmpA system of E. cofi or ice nucleation protein

of Pseudomonas syringae as anchoring motif. Comparison of OPH activities of Synechococcus
harboring the opd gene encoding OPH under the control of Z,PR promoter and tRNA promoter

(Pws) indicated that P, is stronger than /1PR. Therefore, the shuttle plasmid containing Lpp*-
OmpA gene fused in frame with the opd gene under the control of P, was constructed and
transformed into Synechococcus. Results revealed that the opd mRNA was transcribed,
however, no OPH activity was detected. Thus, the gene cassette P, .- (Lpp-OmpA)-opd was
not able to expressed functional OPH protein. To study the ice nucleation protein as anchoring
motif, the shuttle plasmids containing gene cassettes for intracellular (P,,-opd and P,,,-gfp)
and surface-expressed (Pg.-inaK-opd and P,,-inakK-gfp) proteins were constructed and
transformed into Synechococcus. Determination of OPH activity of cultures at various intervals
revealed that the two-days cultures of recombinant Synechococcus expressed highest OPH
activity. Expression of OPH protein either intracellular or on cell surface had no effect on cell
growth. investigation of kinetic parameters of OPH showed that the Vmax of fresh whole cells
harboring Pg.-opd and P,,,-inaK-opd were 141.67(+29.58) and 2.78(x0.37) Unit/L/ODs;
frozenfthawed whole cells, 477.50(x51.86) and 11.04(x0.68) Unit/L/OD;;,, respectively. No
OPH activity was detected in cell lysate of cell harboring P,.~nakK-opd, therefore, the OPH
was only expressed on cell surface. The mouse anti OPH polyclonal antibody, obtained by
using the GST-OPH fusion protein purified from E. coli harboring GST-opd fusion gene as
antigen, was used to react with surfaced expressed OPH; reactivity of immune complexes was
visualized using diaminobenzidine under confocal laser scanning microscopy (CLSM). Results

showed that OPH was surface expressed on Synechococcus harboring P,,-inaK-opd. In



addition, proteinase accessibility assay also confirmed the presence of surface expressed OPH.
The OPH activity was detected in cells (P,,,,-opd) with intracellular OPH protein, indicating that
the substrate (paraoxon) was able to transport across the cyanobacterial cell wall. CLSM
revealed GFP to be almost exclusively focated in the periplasm of Synechococcus harboring
Paa-inaK-gfp, the reactivity of GFP immune complexes was barely detectable on

Synechococcus cell surface. This might be due to the fact that GFP, unlike OPH, is not
membrane associated protein.
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Wsdwuwinaadlooluuefides Wowawssuuuselusdwuniamsdlooinuuafice
Tonmridviaadanlflonlnuuaiidy Synechococcus PCc7942 Tdsdwilmunsfiasldly
Tasimsisuilaa Organophosphorus hydrolase Tatiaany BiMULNAINg Organophophate

m3LAliNgw Organophophate (OP) (fumsiiAw (toxic) mnﬁﬁgﬂnsjuﬁﬁa OP an
thanlfillugnsinuun (pesticide) NMILNBAINTINALEIIUWIARNE :ﬂ@'ﬁ’um‘s OP azilanmstha
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plasmid il gene cassettes §wiLETIUTAUMBTUDNE (P, opd WAz Pa,egfp) ez
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ATIRREY OPH activity Tanaadniapdluiudrsgnuin wasmasimasiulien OPH activity
goge  msadwlsdiu - opH  awlwasdnSeuniniad Wifikansznudamaaigdivle
@37988Y kinetic parameters 289 OPH WUIw8aRa (fresh whole cells) b Prna-opd Uuaz
Pu-inak-opd fidn Vimax flu 141.67(229.58) uaz 2.78(0.37) Unit//ODy5, SIWIARTHY
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1. Unin

‘S:UULLﬂmIﬂ‘iﬁuuuﬁm*ﬂa5’11&"51&! (Microbial cell-surface display system) fams
LilusGudlmanalduseseanuuiinwas lamilus@wilwane'll fused 7 anchoring motifs
dngfainiulusfulusatsanuufingsd (cell surface protein) Snmilusdufiusaoanum
Ausadvassdnanlszgndldinedmnaluladfinmwuasgasmnruagranivam daedn
LW UMAY viral antigen tﬁal‘ﬁﬂuﬁ'ﬂ%u {Lee et al., 2000), screening-displayed peptide
libraries {Boder and Wittrup, 1997), immeobilizing enzymes Lﬁa'l‘?'ﬁflu whole-cell biocatalysts
{Richins et al., 1997), anchoring enzymes Lﬁlﬂﬂ'ﬂﬂu biosensor (Shibasaki et al., 2001) Wuan
atnlsfia Grladnenwimdusuousallsduunioend o luwuafise

taraluuuafide {cyanobacteria) M'%ﬂﬂ'lﬂ‘i"lﬂﬁ'li”lﬁ%l&ﬂﬂﬁﬂ's (blue green algae)
1iugadn prokaryote ianansndaamziuas LﬁtyLﬁﬂﬂ'l@ﬁlummstﬁuat%ﬂﬁﬁmmgn (lwi
gowiuiudn  nmslflosnlunuefi3y  (activated cyanobacteria reactor) viAdEBTIN
ﬂ%":ﬁawﬁaqmmhn‘smLﬂu’:‘i’ﬁ'ﬂ‘imﬂ'ﬂ wanemnit  Senweuladudunanadieslf e
woefidmduwdniu iRenialilsdiusine 9fifiszlominaasugha (Tandeau de Marsac et af,
1887; Chungjatupronchai, 1990; Kawata et al., 1991; Fukuda et al., 1994) atnalsAdnIaie
heterologous  proteins @ guadlmeluuuafGadumssemelwesd  Saladineemw
Aeonfusuuusallsiuuuinad e lnuuafise tewannszuuuessldsanuniad s
pluuuafide Tasonsisnisadanls o TuwunfiSy Synechococcus PCC7942 iz lef
WAW32UL host-vector system uazlanunulusluinasudetin Prya (Chungjatupormchai et al.,
1999; Chungjatupornchai et al., 2002) %aﬂw:mm:ﬁm%‘umuqum‘suﬁmaan-naﬂﬂ'i?m
dhwansunAees oo lwwuaiiGe Tosawihnansfieslfulasensidoiiae
Organophosphorus hydrolase atiagaan BEUNSINGH Organophophate

aTAflingyu Organophophate (OP) lussilfin (toxic) mnﬁqﬂnejmﬁo OP an
sanlfiflunnsituuse  (pesticide) MANBATNTINALIUNIAAE 1w Methylparathion,
Parathion, Malathion, Paraoxon, Coumaphos W& Diazinon uﬂﬂiﬂﬂd‘ OoP ﬁ’ognmm‘l‘ﬁlﬂu
chemical nerve agents YNINWIT 1% Sarin W&z Soman (Compton, 1988), OP iilu
Acetylcholinesterase inhibitor &1a3uanT OP Jsflaimmaude quazdiniFsdia (Donarski et
al, 1989) soiumstwilonuas op ludswiadan Bu WBaRamMaNBaTLezURSIth Saiin
Sooindwinuazdenaduduatneblumsiawitfiszan Usaasy uazlianugumums
sz lumssmefivensiuuss P, dnsnunslduuefiGedimuiroaaiofiy OP 1w
Flavobacterium  sp. strain  ATCC27551 fimsanwuiusuanmisaiuiSwles

Organophosphorus  hydrolase  {OPH) "fmf.lu membrane-associated protein N
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Flavobacterium sp. strain ATCC27551 (Mulbry and Karns, 1989) Lﬁ‘ﬂi‘ﬁ'&iﬂﬂamﬂﬁﬂ OoP
stielsfauuafiGodonaigdvledt  mafiasnsuuefiGsliAsimeudnsldiuis
dwliftdenn  Weudtlgwadinanteldfimiaie opH Tadld £ coii  dhwdniim
(Mulchandani et al., 1999, Wang ef al,, 2002; Kang et al., 2002) uﬁa:mmsmﬁuiwmu E.
coti Idlaninpuszlasvalubilidaralsn winswilon £ col arareliiAalgymguamly
vaw wnudtlymilasnsatia OPH wigntann £ coll inldialifuypumoiesughe
dnvmlasimeidoll  Susueiflwiussmadentnad  lunsdessmaomsiuss
Organophosphate twliawluunsadr Tavldmsatre oPH vwfinwsd oo Tuaueiids
L'iﬁtylautﬂvlﬁ\iﬂEl'l‘ll.il’\“'l‘il.gﬂdl%’ﬂﬁ'i'lﬂ"lgn unzenansoRawilu Bioreactor 1@

2. TanUszaed
e - - ot ol [ = 5
iWWanauIzuULEas s @ uunioad lren luuwuafiso uazaFawlud
a ol P f '
Organophosphorus  hydrolase vuiLas b luiuaniGe (WadaBFageIwILURINGY
Organophosphate
a Ao Y
1. @nwnIusaeantaItiu opd Waz gfo NAIWTRE Synechococcus PCC7942 lagld Ice
Nucleation Protein System wazmuldnisaauauvailislunad AP, wia Pgy,
- da o
2. AnwMsuEaIanTaviin opd uax gfo NATAR Synechococcus PCC7942 laald Lpp™-

OmpA System uazmuldnsaiuauveslsluaes AP, w3a Py,

RULINEG: tu opd (Mulbry et al., 1986) aselisdin Organophosphate hydrolase (OPH), B
gfo (Matthysse et al., 1996) 831 Green fluorescent protein (GFP), Ice Nucleation Protein
(Inp) System 2N Pseudomonas syringae (Jung et al., 1998), Lpp-OmpA System 310 E.
coli (Francisco ef a/.,1992), lilsluiaa¥ AP, 31n A bacteriophage (Tsurimoto et al., 1982)
waz lustuma¥ Pirna 1ndu RNA™ 289 Synechococcus PCC7942 (Chungjatupornchai et
al., 2002)

3. amsivauaziansal
1). @nsuazuFaufsunsuaasasnvasiv opd nalamsasuanvashlslaned AP,
UAY Py, IWiwad loenlunuafiss
1.1). Taauin opd ﬁﬂ%”m Organophosphate Hydrolus (OPH) W@wlafann Flavobacterium sp.
strain ATCC27551
1819 specific primers (Tﬂﬂ'ﬁ'fl'ﬂ%lﬂil’lﬂ GenBank sequence M29593) taz
genomic DNA 184 Flavobacterium sp. strain ATCC27551 Lﬂu*template Tunsvin per e
Fudduermnatszanm 1 kb 1098w opd udlanwdnaiadia pucts-cus ldnmedia
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P v AT o e
pUC18-OPH Zail promoterless- opd WAz Nos-ter (93N 1) wiaunildamareudiauius
P o w o [ Y MW
1945w opd Nlaauld LOUeRHE g U TR IE TR (lWi'lduraina)

1.2). auwasfiandfiu opd agmaldminiuquuaslislune$ Ap, (AP,-opd)
hiuiifuefidadin  BamHUEcoRI  nwanafia  pUC1B-OPH il
promoterless- opd UR: Nos-ter (g}gﬂﬁ 1) uﬂﬂﬂum"'njwﬂ'\aﬁﬂ pKG Haflldaawaaia
shuttle vector pKOPH '?Ili'l promoterless- opd LR: Nos-ter (Qgﬂ'ﬁ 2) LLﬁ"Jﬁ’l%ﬂﬁlﬁmaﬁﬁ
TilsTaef AP, Tnawidh BamHI site 28anaaiia pKOPH udlewanatin pkOPH-P, il
AP.-0pd U8z NosTer (ﬂgﬂﬁ 3) Taniinsmasfluduan 12 §2v89 AP, structural gene &4
fused in frame AV 5' end Va8 opd (gzﬂﬁ 4)

1.3). WSlgamIurasaanvas APg-opd
\{la991n APg-opd Tumn e pKOPH-Pg (e secondary structure @14 5' end
289 opd transcript (ggﬂﬁ 5) douudounlalasld35 overlap extension PCR doliidasld
MIlaauae restriction sites (g}gﬂﬁ 6) uaIETIINaIRNA pK-POPH (ggﬂﬁ 7 uaz 8) &

- of
§1017087 secondary structure 1% 5’ end 189 opd transcript & (@Hﬂﬂ 9)

1.4). shanmnalafiiiu opd agmaldminiuauaclusTuaad Py, (Pryw-ord)
s 9w Euani gene cassette P,,-opd lauld3% overlap extension PCR (@
Eﬂﬁ 10) us2laanthnanaiin pUC18-GUS naflldaawmalia pUC-TOPH (ggﬂﬁ 11) ud
Taswdmaaiia shuttle vector pKGT wafildnowsnalin pKT-OPH (ggﬂﬁ 12) us

transform L4 cyanobacteria
aa

1.5). AnmuaziUSouiay OPH activity Lwieiad E.coli uax Synechococous

|#@379m1 OPH activity Tas3% Spectrophotometry | 400 nm @aMUIT p-
nitrophenol SAAINNTEBBRENDEYS paraoxon (Kang et al., 2002) (ggﬂﬁ 13) WANT
nanadin OPH activity Tu £ coii lsfuaasluensafi gaunaniimasassn OPH activity lu
Synechococeus 'lRuaasluaTaf 2 nanImassIwLitlu E.coli axaInaasiia pKOPH-
Pr Waz pK-POPH lWd1 OPH activity Liuansdnaiwin ualwloanluuyefiSeniivaadia
pK-POPH 1Wdh OPH activity gonin unzlooluuuafiGefifinatalia pkT-OPH 1Wen
OPH activity §9nd1 pk-POPH luizaslonlunuaitise wudolisTueed Pres oo 18

- T]J '[ « A‘ o \ e tlv 1 =
AN IUILNLEAT AP 3URNTIVARDINEIITNUIILT PrRNA %ﬂ"l'iﬂ']nquﬂ'l'iu\ﬂﬂﬂﬂaﬂ'ﬂﬂﬁﬂu
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2). MaA3eN antibody elus@n OPH Tuwy
2.1). showenadiaild GST-OPH fusion protein 1ialF1un17 raise antibody
#a99n E. colf Aidnmelia pKOPH-P, fmsusasaanvaslilsan oPH el
manzinzlfiedoulys@n OPH u'%qn‘{ saldulamwnldnslaanin opd [Fwanadia
pGEX-5x-1 nafi ldRenamedia pGEX-OPH (@lgﬂﬁ 14) \eifin GST-OPH fusion protein
uazifleldaereunmiuaniaanuesBunyindszay GST-OPH fusion protein Tuszdugs
WORUAT (g}gﬂﬁ 15, 16 uaz 17)

2.2). MIATUY antisera luny
|ddia GST-OPH fusion protein 88n31N acrylamide gel udkunldfiadh wy
$7uIm 3 @7 1fle raise antibody #e OPH lum3samesauiiasdmmudn antiserum wéﬁﬁ
3 'lﬁ'waﬁﬁqﬂ (ggﬂﬁ 18) udntalsna ﬂy‘.‘s‘hﬁ 3 IdnFianenaufianiin antiserum Saiin
Jaxansaiity antisera 'l@'fmnméﬁ"nﬁ 1 uaz 2 i

3). @nwnsudadesnaasiv opd NAgas lxeinuuaiiiselaels Lpp-OmpA System
3.1).8msadiafil gene cassette P, (Lpp-OmpA)-opd
leawfonaaiiae pKT-OMP-OPH “I‘Nﬂ gene cassette P,,-(Lpp-OmpA)-opd I
shuttle vector pKGT ﬁa‘lﬁ'l.l.ﬂﬂﬁ%ﬁ’ﬂﬂﬂdﬂ'lugﬂﬁ 19 ua? transform (BALwas lwenlu
wuaiiise

3.2). @1 OPH activity 7834088 Synechococcus Aiiwa1aia pKT-OMP-OPH
HANTNARINLIT OPH activity YDITAR Synechococcus ﬁﬁwmaﬁﬂ pKT-
OMP-OPH §itaeiann (0.1740.02 UnitL/OD74,) 19911 DNA sequencing 283 gene cassette
Prna-{Lpp™-OmpA)-opd Wuilidauuagneas uastilonyiraaulavi’ RT-PCR s1w190
A9V opd MRNA (qgﬂﬁ 20) FITMHANTNARDISILIT gene cassette P,,-(Lpp*-
OmpA)-opd Lisansnadra OPH 7l activity & enriu Lpp-Ompa Seliwmanzanfiasld
vifw anchoring motif lwleeluuuafiGe

4). AnvnrsuaninanzesBu opd NRBas Iselwnuaiialasly Inp System
4.1). GaNRRTATAT gene cassette P,,,-inaK-opd
Ieaiananadia pKT-INP-OPH 71l gene cassette P, ,-inak-opd &9\dugasitvi
Tmftia'l.ugﬂﬁ 21 Wi7 transform Niaad e luwuafise



14

4.2). fnw OPH activity 283188 Synechococcus AIiEiw opd

iearassum uflradnTydulaudalid OPH activity Aflgn Seldnagaum
OPH  activity ﬂaownﬁﬁlé"ua'luﬁ'm'Jui'mi'wq HANTINARDI (g}gﬂﬁ‘ 22) Wy
Synechococcus fifiwanafin pKT-OPH w32 pKT-INP-OPH enafl OPH activity gagaiile
IRaLradaas i

Waarameudiinain OPH  dnadamuaiguaviavesmsdwiold  Jal4
@719 Growth curve TAITAA WANITNARED (g;ﬂﬁ 23) WUI1 Synechococcus s
wmella pKGT, pKT-OPH wia pKT-INP-OPH fmsisiguiivlalidnaii dntunisats
oPH S Lifinasemuoindulavaimad

1daTasay Kinetic parameters adwlan] OPH wudn (g}m'mﬁ 3) WUIEeR
8@ (fresh whole cells) ins1e OPH anuluiad (pKT-OPH) uaz uazuuATmsd (pKT-INP-
OPH) §ifin Vmax 1ilu 141.67(+29.58) Uz 2.78(£0.37) UnitL/ODyg; SIWTRATIHAUNNTUS
wiy (frozen/thawed whole cells) A1 Vmax i% 477.50(251.86) Uz 11.04(0.68)
UnitL/OD 5 audndy lunsdidn km iwadfisss OPH muluimad (pKT-OPH) awas
ITRRNAURZITARHIUNWBIES [1.03(0.08) WAz 1.05(x0.19) mM @1NENY] LAZVRILTAA
aANRI19 OPHUNAUTAS (PKT-INP-OPH) [0.96(x0.30) mM] Helaiuandrafwnmiada ua
f1 Km vadaesfiade OPH unfaasduazrwnmisugudefidrdninadnsdaan [0.35
(£0.09) mM] aamInasadiimadudionarnliesdussnanwes cell wall vnesw
Fomovinl® OPH unfinumadsasn bind AU substrate loaTw

Famameuanizuegasan (fresh whole cells) URSLTSRTIFNWATTUTLTY (-
80°C frozen/thawed whole cells) U8z Proteinase K 1ina¢a OPH activity atdls wams
neandluanTafl 4 uaasin Liwy OPH activity 1w cell lysate filavnimadng pKT-INP-
OPH tiwunuAWin OPH v‘?mum%’wag‘iuuﬁownﬁm%fu Wasnndu opd u pkT-
OPH uaz pKT-INP-OPH sinatmaldminiuguued Py, 2w INP-OPH Sinavinlsivinlat
MILERIAaNTEY OPH 189, n3ld Proteinase K anansadaslysauunasiuum cell wall
F9v I substrate sunsarnwdnaanisa§aafiil pKT-OPH ¥inliii OPH activity qoi‘fu usz
Wik OPH ﬁaguuﬁmméﬁﬁ pKT-INP-OPH 80311350 WUy substrate 'léatedwieiien
OPH activity qﬁu Tunsdivas frozen addsJuarmiilusduunadinun cell wall iawin
il Proteinase 39019vIW substrate twdhaaniaadfiil pKT-OPH ldadn udvin
gansoenlliiu OPH uufiawadfidl pKT-INP-OPH ld#ietu Twarnlvd 1 OPH
activity 8a8
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4.3). AAFAUNIRIN OPH Uuinaaslagld confocal laser scanning microscopy (CLSM)

Ifasramoumsadhy OPH uwiaioes Synechococcus MIRWANAEA pKT-OPH
%30 pKT-INP-OPH lagld antiserum 62 OPH ﬁtm‘%'ﬂn'l.@'fmnmul.tﬂu 1* Antibody udald
1gG conjugated with horseradish peroxidase 1w 2"d Antibody 9779 immune complexes ﬁ
ldlasld diaminobenzidine unz amidazole davglasld CLSM wammasad (ggﬂﬁ 24)
WU §I01TOATIIN immune complexes UWTASHIWAADR pKT-INP-OPH e Laiwuumu
\wasniwaafia pKT-OPH é'nfuunmm@aaai{aﬁumun’rsm'aawumm%"n OPH u%HY
L8 Nuwansfia pKT-INP-OPH

4.4). a3sun5a319 OPH lasld Immunogold transmission electron microscopy (TEM)
Lﬁ'aﬂ‘i‘mﬂaui’lwaﬁ' Synechococcus ﬁﬁwmaﬁﬂ pKT-INP-OPH 8319 OPH 974
drulavenwadiy :lF antiserum da OPH ﬁwl?uu'lﬁ'mnnhuﬂu 1" Antibody udal4
protein A- gold uazavasglasld TEM nammaaad (gﬁﬂﬁ 25) Wyl gold particle finag]
mulwaasuaziiiniasfaatunminged namanasaslidaiawinatadasasesandn

5).dnwnsusnseanzosiin gip Nangas lgeTwuuaiiiseTasls Inp System
5.1). s NMIREATAT gene cassette Py,,-gfp Wid Py, inaK-gfo
\dwsananafia pKT-GFP Il gene cassette P,-of (@ Frilaodalugui 26)
nswaafia pKT-INP-GFP i} gene cassefte Pqy,-ina-gfp (ﬂ%ﬁﬁﬂﬂﬂﬂﬂluﬁﬂﬁ 27) usa
transform LIwaa Loan lwuuadl 5

5.2). avxaunsaialusin GFP Tagldndasganssmingasisaioud uaz

Spectrofiuorometer

dasremeunsusaaantaslis@n GFP lwaad Synechococcus Tiiwaaiie
pKT-GFP %38 pKT-INP-GFP lanldndasyanssaingeaismiaud wudiaragaumnann
nan1maaadliaed (HanIMaaadIll leaana) a’mflmwmumwg'wanmﬂmt{ nnlusin
cFp liwtuy 'lﬁ'ﬂ%‘uﬂ;ﬁ%mmn%aauhuqﬂ'ﬁ’m‘%'aa Spectrofiuorometer I8N0
aTranuMIuReIsanaadlsdu  GFP  wildraminasasfisilined  (eammensafile
URGS)

5.3). ATIABUNIRINY GFP uuiasleeld confocal laser scanning microscopy (CLSM)
- . o .
NANINTI98BY GFP UnAwadlay |y CLSM (g‘}gﬂﬂ 28) WU Synechococcus ﬁ
finmafia pKT-GFP &1 GFP 1w cytoplasm wazfianndiuannndy toasnsl pKT-INP-
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A ' ' ” & =
GFP &slsiwy GFP lu cytoplasm wéWU GFP iawizveuimas advtaziduwuiiom
periplasmic space e Wisunsnszyuitahaguuinsadvwialy

5.4). ATIIRAUMIFTI GFP unfarasianly immuno-CLSM
ol . M [v) - ' o
WoaTIIReLdNTasnd pKT-INP-GFP &34 GFP uufluwsdwialy 1
' t . L . . .
monoclonal Ab @a GFP 1w 1% Antibody udl¥ 1gG conjugated with horseradish
. - . d v -
peroxidase w2 Antibody ©13732 immune complexes filelaeld diaminobenzidine WAz
. ' o oA -
amidazole #adqlagld CLSM wanmanas (@7 29) wudrdl immune complexes (g
PR a ¥ o ) o o &, - P o a ¢ & X
W@nBs LA NadtRwlitalauin asuwinzdl GFP Raadniasuningas nikana
- af . . v 'S - . |
Wieynn GFP $il4 membrane protein m3aFauuiintasasldna lidvinfians
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Pstl
‘Sall
Flavobacterium sp. strain ATCC27551 L f—\f%é‘iﬂmm
genomic DNA P N
Amp RN

e’

pUC18-GUS#9 3]
i

4

PCR with specific primers

opd gene ~1kb

EcaRI: '.S'acI

BamH]I; Sacl

Ligation

Figure 1. Flowchart of procedure used to construct plasmid pUC18-OPH
The plasmid pUC18-OPH harbors opd gene and Nos-ter in pUC18 vector.
The figure is not drawn to scale.



18

EcoRI
Sacl :

HindIII

Bam HI -‘_"’J
Sall" ji
1 Sacl
BamHI/EcoRI Hmdlll
" Xbal
sall bal HindIll’
FamHI '“EcoRV i r’{bal Sacl coR1
op NOS-ter
L3 kb BamH]iEcoRI
Ligation
EeoRI
Sacl
BamHI
Sall 4 HindlIl
) 3 Sacl
Hindlll Hindlll
"Xbal

Figure 2. Flowchart of procedure used to construct plasmid pKOPH
The pKOPH harbors opd gene and Nos-ter in pKG shuttle vector.
The figure is not drawn to scale.



Plasmid pKG-Pg .

l BamHI

IBamHI IandIlI IBamHl
cI857 Py promoter Hindilt
~300 bp
BamHI
Ligation
EeoRI
Sacl,

_HindlIl

B Sacl
HindIlt

Xbal

Hindlll

19

Hindlll

Sacl
¢ HindlIII

Xbal

Figure 3. Flowchart of procedure used to construct plasmid pKOPH-Py
The pKOPH-PR harbors opd gene, under the control of lambda P promoter,

and Nos-ter in pKG shuttle vector. The figure is not drawn

to scale.
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Q-ter ¢I857 lambdaPp opd geme  NOS-ter

\

-35 -10
TGCGTGITGACTATTTTACCTCTGGCGGTGATAATGGTTGCATGACTAA

S.D. Start
GGAGGTTGT ATG GAA CAA CGC ATA ACC CTG AAA GAT TAT GCA ATG

BamH1 opd gene
CGG ATC CCT GGA TCG ATC GGC ACA GGC GAT CGG ATC AAT...

Figure 4. Fusion region of lambda Pg promoter and opd gene in

plasmid pKOPH-Pr .

The 12 amino acids of lambda Py structural gene were fused in frame with
the opd gene which is shown in bold letters. The figure is not drawn to scale.
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Figure 5. Predicted secondary structure of lambda Pr-opd
fusion mRNA in plasmid pKOPH-Py
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p¥.G-fwd-oligo Lk2-oph-fwd1

opd

[
Pr-Lk2>-revl oph-rev-1

pKG-fwd-oligo \ /
[y

-
oph-rev-1

ﬂ Overlap Extension PCR

-35 -10 S.D. Start Smal
tgcgtgttgactatittacctctggeggtgataatppttgcatgtactaaggaggttet atg TCC CCG GGT

Start opd gene
GGT CAG TCC CTT ATG TCG ATC GGC ACA GGC GAT CGG ATC

AAT ACC GTG CGC...

Figure 6. Flowchart of procedure for overlap extension PCR of APg-opd in plasmids
pUC-POPH and pK-POPH

The 0.9 kb APr promoter was fused with the 1.0 kb opd gene using overlap extension
PCR. The APy, linker sequence and opd gene were shown in small letters, capital letters
and bold letters, respectively. .
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pUC18-GUS#9

. 49kb o |
BamH( Hindll Smal ‘E0oRV Sthal Sac | g
clas? B bk opd i:;!f"
EcoR ]
Sacl
BamHV/Sacl
T4 ligase l
Hnd 1
gs}ll
al
j8amH |
{Hhu m
AP }}7
ik | 'smat
“Sal |
EcoRA W

EcoR |

Sac |

Figure 7, Flowchart of procedure used to construct plasmid pUC-POPH
The 1.9 kb BamHI/Sacl fragment of overlap extension PCR product was inserted into
the BamHl/Sacl site of pUC18-GUS#9 to replace the GUS gene. The resulting 4.9 kb
pUC-POPH resulting plasmid contains cI857-APg-opd-(NOS-ter) cassette.



BamHI £ coRY
: i Smal | Smal Sad  EcoRI
[ TPERY T - ] |
c1857 AP, Lk opd NOS-ter
Hing 11
BamHI1/EcoRI
T, ligase l

Hind Il 4 /EoRV

“Hind il

Hd I

“Hird 1)

Figure 8. Flowchart of procedure used to construct plasmid pK-POPH
The 2.2 kb BamHI/EcoRI fragment containing cl857-APr-opd-(INOS-ter) cassette from
pUC-POPH was inserted into the BamHI/EcoRI site of pKGTs to replace the GUS
gene. The resulting 10.4 kb pK-POPH plasmid contains cI857-APr-0pd-NOS-ter in the

shuttle vector.
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Figure 9. Predicted secondary structure of APp-opd mRNA from plasmid pKOPH-Pg and
pK-POPH

Computer predicted secondary structures of APr-opd mRNA downstream of the start
codon in plasmids pKOPH-Py (A) and pK-POPH (B, C).
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A)
1* PCR (Primer : T1-R1} pKOPH-Py
Py, (0.12 1) opd gene {148)
E3T1 ‘ poRFHAR4 LkZoph-twdt § PCR ophrevt
D | .|
Complamentary region
> —
- £ | coh-revl
Overlap extensios PCR
Pasas opdgene
—— ey
Pigxy-opd gene (L14 kb)Y
B)

Pioca- opd (114 kby
Pua apd gese

CGGGATCCTTIGCCCTCGCCTCCTAGTCCTGCACCTG
-1§
AGTAGGATACGCCTCTTGGCAGTGACCOGGCATCAGT

.- Smal
GCTA &TTGGTAACTTGTCACG ATCCCOGGGIGGEYS
Start
AGICCCTT ATG TCG ATC GGC ACA GGU GAT CGG

Figure 10. Overlap extension PCR product of Py 4-0pd gene
(A). Flowchart of overlap extension PCR procedure.
(B). Pewrw4-0pd fusion region.



sout ™,
Haml  Swaf Bl - xz,..r . ‘%ﬁ
e ——————— PUCHE-GUS |
4.9 Kb ’}
Poona opd GUs ;
: ¥

P a4 - 0pd gene from overiap exteasion PCR o wf

NOY ey o
1.14 kb It
BamHI:Sacl
Ligation

Figare 11. Flowchart of procedure used to construct plasmid pUC-TOPH
The pUC-TOPH harbors opd gene, under the control of tRNA®® promoter,
and Nos-ter in pUC18 vector. The figure is not drawn to scale.
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Aedf

P - Firdrll

Ptkf\' A OPd 4 Nos-fer
P ..., - opd and Nes-ter from pUC-TOPH

~ 7

BamHI-EcoRI BamHI-EcoRI

[

Ligation

\

Figure 12. Flowchart of procedure used to construct plasmid pKT-OPH

The Pna-opd gene and Nos-ter from pUC-TOPH was cloned into the BamHI-EcoRI of
pKGT shuttle plasmid to generate pTOPH shuttle plasmid. The 9.4 kb pKT-OPH
contains Pry4-0pd gene and Nos-ter in the shuttle plasmid.
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EaHet) CaHz0
y 2tg

A o
e <:> . OPH \/ + HO—< >— NO,
‘32“5‘:'/ \DH

Paraoxon Diethylphosphoric acid p-nitrophenol
(PNP), 400 nm

Figure 13. OPH activity determination

The OPH activity was measured by following the increase in absorbance of p-
nitrophenol from the hydrolysis of paraoxon at 400 nm (400 = 17,000 M cm™ for p-
nitrophenol). Activities are expressed as pmol of paraoxon hydrolyzed per min (U) per
mg protein of cell lysate or per ODy3o whole cells.
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Table 1. The OPH activities of E. coli harboring the opd gene.

Plasmid OPH activity (Unit/L/mg protein)*
28°C° 42°C*
MC 1061 (-ve) 8.67 (+0.39) 75.70 (£7.02)
pKOPH-Py 74.18 (£4.22) 406.01 (£15.71)
pK-POPH 76.97 (+7.09) 406.00 (£23.85)

* The specific activities of cell lysate are the means of three independent
experiments, with standard deviation indicated in parentheses.

b.c E coli was grown in LB broth at 28°C (non-induction) and 42°C (heat
induction) for 6 hr.

Table 2. The OPH activities of Synechococcus harboring the opd gene.

Plasmid OPH activity (Unit/L/mg protein)®
28°C° 39°C°
R2-SPc (-ve) 0.00 (£0.00) 0.10 (:0.01)
pKOPH-Py 0.21 (£0.01) 7.81 (£0.25)
pK-POPH 0.82 (+0.04 29.08 (+1.02)
pKT-OPH 95.02 (+7.6) ND

® The specific activities of cell lysate are the means of three independent
experiments, with standard deviation indicated in parentheses.

b.c Cyanobacteria was grown on BG-11 agar at 28°C (non-induction) and
39°C (heat induction) for 24 hr.

4 Results to be confirmed



pKOPH-Pr
BamHI/EcoR e 10
pCEX-5x-1
Sall Xbal
FamHI tioRV i IXbaI ‘gacl EecoRI
op NOS-ter
1.3 kb

BamHI/EcoRI

Ligation

PGEX-OPH 4
6.2 kb

pPBR322
ori
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Figure 14. Flowchart of procedure used to construct plasmid pGEX-OPH
The pGEX-OPH harbors opd gene fused in frame GST gene. The figure is not

drawn to scale.
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1 2 3 4 5 6
kDa
116 — &
66 — *
+— {1 kDa
(GST-OPH)
45 —
31—
+— 26 kDa
(GST)

Figure 15. Expression of GST-OPH fusion protein in E. coli harboring pGEX-
OPH

12% SDS-PAGE staining with Comassie brilliant blue R-250. Lane M is standard
molecular mass marker. Total cell lysate of E. coli harboring vector pGEX-5x-1 (lanes
1 and 2) and pGEX-OPH (lanes 3-6). Lanes 1, 3 and 5 are from without induction.
Lanes 2, 4 and 6 are from IPTG induction.
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Figure 16. Expression of GST-OPH fusion protein in fractions of E. celi harboring
pGEX-OPH.

12% SDS-PAGE staining with Comassie brilliant blue R-250. Lane M is standard
molecular mass marker. Lanes 1, 2 and 3 are total cell lysate, supernatant and pellet
fraction of non-induced cells, respectively. Lanes 4, 5 and 6 are total cell lysate,
supernatant and pellet fraction of IPTG induced cells, respectively.
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@WKpa oy 3 4 s 6 7
116 —| we
A
66 — |
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Figure 17. Western blot analysis of GST-OPH fusion protein in E. coli using antisera
against GST

(A). 12% SDS-PAGE staining with Comassie brilliant blue R-250. (B). Western blot analysis
using antisera against GST, Lane M is standard molecular mass marker.

Lanes 1 and 2 are cell lysate of E. coli DH50, without and with [PTG induction, respectively.
Lanes 3 and 4 are lysate of cell harboring pGEX-5x-1 without and with IPTG induction,
respectively. Lanes 5 and 6 are ltysate of cell harboring pGEX-OPH without and with IPTG
induction, respectively. Lane 7 is inclusion of cells harboring pGEX-OPH with IPTG
induction.
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Figure 18. Western blot analysis of GST-OPH fusion protein in E. coli using
antisera from mice.

The samples are the partial purified inclusion bodies of the GST-OPH fusion protein.
Lanes 1, 3 and 5 are 1:1,000 dilution of antisera from mouse no. 1, 2 and 3,
respectively. Lanes 2, 4 and 6 are 1:300 dilution of antisera from mouse no. 1, 2 and 3,
respectively. Lane 7 is 1:300 dilution of pooled normal mouse serum that was used as
primary antibody control. Lane 8 is 1:300 dilution of horseradish peroxidase conjugated
anti-mouse IgG that was used as secondary antibody control.
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ompA-revi

OmpA-u;hFl

A

apd

ompA-revi OFH-revi

N/

Pirna

BamHI

NN i 17,77207222/ 20 i
opd

i

BamHAl

+ pUC18/BamHI+Sacl

BamHi Sacl EcoRl

Nos-ter

pUCI18-Tomp-OPH + pKGT/BamHI+EcoRI

ﬂBanHEcoRl

BamHi Sack EcoRl

Am

Figure 19. Flowchart of procedure used to construct plasmid pKT-OMP-OPH
The pKT-OMP-OPH harbors ompA-opd gene, under the control of tRNA®™ promoter,
and Nos-ter in pKGT vector. The figure is not drawn to scale.
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M1 2 3 4 S M

te— 168

|¢— opd

Figure 20. Comparison of steady-state opd mRNA level using relative RT-PCR
Lanes M are 100 bp ladder markers. Lane 1 is negative control, Lanes 2-5 are RT-PCR
of Synechococcus harboring pKT-OPH, pKT-INP-OPH, pKT-OMP-OPH #2 and pKT-
OMP-OPH #9. First strand ¢cDNA synthesis was performed using primer OPH-rev] and
total RNA extracted from Syrechococcus. The PCR products were co-amplified using
primers OPH-revl and OPH-fwd3: 16S rRNA for 10 cycles; opd for 25 cycles. The
RT-PCR products of 165 rRNA and opd are 458 and 304 bp, respectively.
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Figure 21. Flowchart of procedure used to construct plasmid pKT-INP-OPH
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Figure 22. OPH activity of Synechococcus cultures

Synechococcus harboring pKT-INP-OPH, pKT-OPH and pKGT were grown on BG-11
agar and taken each day and kept at -80°C. Whole cell suspension (1.0 OD730) was
assayed for OPH activity in 1 ml of 2 mM paraoxon.
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Figure 23. Growth of Synechococcus expressing OPH
Synechococcus harboring pKGT, pKT-OPH or pKT-INP-OPH were grown in BG-11
broth. Cell growth was measured as OD730. The data are the means of three independent
experiments. The maximum standard deviation was 0.27.
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Table 3. Kinetic parameters of paraoxon-bioconversion reaction using the
intracellular (pKT-OPH) and surface display OPH (pKT-INP-OPH) activity. The
values for kinetic parameters, VPmax and Km, were determined by analyzing
Lineweaver-Burk plot. All data were based on cells grown for two days at OD;3=1.

pKT-OPH pKT-INP-OPH
Whole cells Whote cells
Fresh Frozen/thawed Fresh Frozen/thawed
Vmax (Unit/L/OD730) 141.67 (£29.58) 477.50 (+51.86) 2.78 (£0.37) 11.04 (£0.68)
Km {mM) 1.03 (£0.06) 1.05 (£0.19) 0.96 (£0.30) 0.35 (x0.09)

Table 4. OPH activities of Synechococcus with OPH expressed on the surface
(pKT-INP-OPH) and intracellularly (pKT-OPH)

QOPH activity
Whole cells
Unit/L/OD73q
Plasmid Cell lysate Fresh cells Frozen/thawed cells
Unit/L/mg protein Proteinase K Proteinase K
&) (&) () H
pKGT 0.0 0.0 0.0 0.0 0.0
pKT-OPH 688.13(£66.29) | 75.36(x10.45) | 302.55(+19.44) | 320.90(+38.5) | 322.20(x31.4)
pKT-INP-GPH 0.0 1.63(+0.22) 3.19(+0.28) 9.20(£0.90) 3.90(+0.40)

Fresh cells: determine the OPH activity immediately after the two-day cells harvested.
Frozen/thawed cells: determine the OPH activity of the cells after kept at -80°C.

The specific activities are the means of three independent experiments, with standard
deviation indicated in parentheses.
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pKT-OPH pKT-INP-OPH

Figure 24, CLSM images of Synechococcus cells harboring pKT-OPH or
pKT-INP-OPH.

Whole cells were treated with antiserum raised against OPH as first Ab and IgG
conjugated with horseradish peroxidase as second Ab. The immune complexes were
visualized using diaminobenzidine and amidazole.
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Negative control
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Figure 25. Immunogold transmission electron microscopy of Synechococcus cells
harboring pKT-INP-OPH.

Synechococcus was treated with anti-OPH (dilution 1:400) followed by protein A- gold.

Synechococcus treated with protein A- gold without treatment of anti-OPH was used as
negative control.
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Figure 26, Flowchart of procedure used te construct plasmid pKT-GFP
The shuttle plasmids pKT-GFP harbor gene casseite Py 4-gfpr. The figure is not drawn
to scale.
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pKT-GFP pKT-INP-GFP

Figure 28. Cell surface observation using the GFP laser/ emission settings CLSM.
Synechococcus harbors plasmid pKT-GFP or pKT-INP-GFP.
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pKT-GFP pKT-INP-GFP

Figure 29, L.SM images of Synechococcus cells harboring pKT-GFP or
pKT-INP-GFP.

Whole cells were treated with monoclonal antiserum raised against GFP as first Ab and
IgG conjugated with horseradish peroxidase as second Ab. The immune complexes
were visualized using diaminobenzidine and amidazole.
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Cyanobacterial Surface Display of Recombinant Proteins Using Ice Nucleation Protein
as an Anchoring Motif

Wipa Chungjatupornchai and Sirirat Fa-aroonsawat

Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus,
Nakornpathom 73170, Thailand. E-mail: stwcj@mucc.mahidol.ac.th

Microbial cell surface display has a wide range of biotechnological and industrial
applications, for examples: screening-displayed peptide libraries, immobilizing enzymes used
as whole-cell biocatalysts and anchoring enzymes used as biosensor. So far, there is no report
concerning surface display system in cyanobacteria. It has been shown that: (i), the activated
cyanobacteria-reactor is an economical method for treating both domestic and industrial
wastewater; (ii), organophosphorus hydrolase (OPH) isolated from soil microorganisms can
effectively detoxify organophosphorus compounds which are highly toxic and used
extensively as agricultural and domestic pesticides. Therefore, recombinant cyanobacteria
with surface expressed OPH could be used as a novel method for biodegradation of
pesticides. In this study, in order to develop a system to display recombinant proteins in
cyanobacteria, Syrechococcus PCC7942 was used as a model system to surface display the
OPH of Flavobacterium sp. and the green fluorescent protein (GFP) of Aequorea victoria by
using the ice nucleation protein (INP) of Pseudomonas syringae as anchoring motif. The opd
gene encoding OPH or the gfp gene encoding GFP was fused in frame with the ina gene
encoding INP and under the control of the tRNA(pro) promoter of Synechococcus PCC7942
in the shuttle plasmid. Analysis of the surface expressed OPH and GFP are undertaken and
the preliminary results will be presented.

Abstract In: The 6th European Workshop on the Molecular Biology of Cyanobacteria,
September 25-28, 2005. Gdansk, Poland.
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Display of Recombinant Proteins on the Cyanobacterial Cell Surface Using Ice

Nucleation Protein as an Anchoring Motif
WIPA CHUNGJATUPORNCHAI and SIRIRAT FA-AROONSAWAT

[nstitute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, Nakornpathom
73170, Thailand. E-mail: stwcj@mucc.mahidol.ac.th

Microbial cell surface display has a wide range of biotechnological applications, for examples:
screening-displayed peptide libraries, whole-cell biocatalysts and biosensor. So far, there is no report
concerning surface display system in cyanobacteria. It has been shown that: (i), the activated
cyanobacteria-reactor is an economical method for treating both domestic and industrial wastewater;
(ii), organophosphorus hydrolase (OPH) can effectively detoxify organophosphorus compounds
which arc highly toxic and used extensively as agricultural and domestic pesticides. Therefore,
recombinant cyanobacteria with surface expressed OPH could be used as a novel method for
biodegradation of pesticides. In this study, in order to develop a system to display recombinant
proteins in cyanobacteria, Synechococcus PCCT7942 was used as a model system to surface display
the OPH of Flavobacterium sp. and the green fluorescent protein (GFP) of dequorea victoria by
using the ice nucleation protein of Pseudomonas syringae as anchoring motif. The opd gene encoding
OPH was cloned. The plasmids containing gene cassettes Pgg-ina-opd or Ppws-ina-gfp were
constructed and transformed into Synechococcus. The mouse anti OPH polyclonal antibody was used
to react with surfaced expressed OPH; reactivity of immune complexes was visualized using
diaminobenzidine under confocal laser scanning microscopy (CLSM). Results showed that OPH was
expressed on Syrechococcus cell surface. In addition, proteinase accessibility assay also confirmed
the presence of surface expressed OPH. The OPH activity was detected in cells with intracellular or
surface expressed QPH protein, indicating that the substrate (paraoxon) was able to transport across
the cyanobacterial cell membrane, CLSM revealed GFP to be almost exclusively located in the
periplasm, the reactivity of GFP immune complexes was barely detectable on Symechococcus cell

surface. This might be due to the fact that OPH is membrane associated protein, but not GFP.

Abstract In: The 12" International Symposium on Phototrophic Prokaryotes. August 27-
September 1,2006. Pau, France.
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A cyanobacterial strain with all chromosomal rRNA
operons inactivated: a single nucleotide mutation
of 23S rRNA confers temperature-sensitive
phenotypes

Tanakarn Monshupanee, Sirirat Fa-aroonsawat

and Wipa Chungjatupornchai

Institute of Molecular Biofogy and Genetics, Mahidol University, Salaya Campus, Nakormnpathom
73170, Thailand

The presence of a multicopy chromosome, with each copy containing two rRNA operons {rrnA and
rnB), has been an obstacle to analysing mutated rRNA in Synechococcus PCC 7942, To create
a system for expressing homogeneous mutated rRNA, the chromosomal rrn operons were
sequentially inactivated and a final strain was successfully obtained with all the chromosomal rrn
operons inactivated but carrying a replaceable multicopy plasmid containing a single srn operon. The
lag time required for growth response on dark/light shift of mulant strains with ¢chromosomal
renA or rrnB inactivated was increased 50 % over that of the wild-type strain; however, the presence
of the plasmid-bome rrn operon restored the lag time. The doubling time of mutant strains carrying only
a functional /B operon, but not strains carrying only a functional rrnA operon, was significantly
longer than that of the wild-type strain. A strain in which essentially all the celiular 23S fRNA
contained the mutation C258BA was temperature sensitive at 16 °C and 45 °C. Position C2588 is
equivalent 1o C2611 of the peplidyltransferase centre in domain V of Escherichia coli 233 rRNA,

INTRODUCTION

Cyanobacteria are prokaryotic micro-organisms that carry
a complete set of genes for higher-plant-like oxygenic photo-
synthesis (Nakamura et al., 1998). Synechococcus PCC 7942
is a prime example of photoautotrophic cyanobacteria.
Synechococcus PCC 7942 (NZ_AADZ00000000) and Syne-
chococcus PCC 6301 (NC_006576) possess nearly identical
genomic sequences and therefore are considered as the same
species. Results obtained with Synechococcus PCC 7942 or
PCC 6301 would most likely be applicable to both strains.
Synechococcus PCC 7942 and PCC 6301 {hereafter referred
to as Synechococcus) have approximately 10 copies of the
chromosome (Binder & Chisholm, 1990; Mori et al., 1996).
Each chromosome contains two rRNA operons, rrA and
rmB (Tomioka & Sugiura, 1984), which are separated by
600 kb and transcribed oppositely (Kaneko et al., 1996).
The rrrA and rrnB operons have 100 % identical coding
sequences organized in the following order: tandem pro-
moters (P1, P2 and P3) (Asato, 2003), 165 gene, tRNA™
gene, tRNAM® gene, 235 gene, 55 gene and terminator
region. Many bacteria also possess multiple rra operons; for
example there are seven rrn operons in Escherichia coli (Kiss
et al., 1977}, ten in Bacillus subtilis (LaFauci et al., 1986) and
six in Lactococcus lactis (Tulloch et al., 1991).

rRNAs play an important role in protein synthesis. A
growing number of regions in both 165 and 23S rRNA have

been identified as having specific functions (for a review,
see Green & Noller, 1997). It has been shown that 235 rRNA
is 2 ribozyme that catalyses the peptidyltransferase step of
protein synthesis (Nissen et al, 2000). In Synechococcus,
rRNA synthesis is stimulated by a light-activated DNA-
binding factor in the light but not in the dark (Asato, 1998).
However, current knowledge concerning the structure—
function relationship of rRNA in cyanobacteria is still
limited, due to the lack of a genetic system for mutational
analysis, The presence of a multicopy chromosome in
cyanobacteria has restricted the mutational analysis of rRNA
and the in vivo production of pure mutant ribosome
populations. Genetic systems for expressing homogeneous
mutated rRNA have been developed in the yeast Saccharo-
myeces cerevisise (Chernoff et al., 1994) and in E. coli (Asai
et al., 1999),

In this work, we describe a strategy for developing a genetic
system for expressing homogeneous mutated rRNA in cyano-
bacteria. We sequentially constructed and characterized
Synechococcus mutant strains with chromosomal rraA or
rrnf inactivated and a final strain with all chromosomal rra
operons inactivated but carrying a replaceable multicopy
plasmid containing a single rrn operon. Here we report an
application of our systern. We constructed and character-
ized a Synechococcus strain in which essentially all cellular
23S tRNA contained the mutation C2588A encoded by a

0002-8691 © 2006 SGM Printed in Great Britain

1417



T. Monshupanee, S. Fa-aroonsawat and W. Chungjatupornchai

plasmid. Position C2588 is equivalent to C2611 of the
peptidyltransferase centre in domain V of E. coli 235 tRNA.

METHODS

Strains, growth conditions and gene transfer procedures.
E. coli strains DH5« (Hanahan, 1983) and R1443 (Elhai & Wolk,
1988b) were grown in LB broth or on agar (Sambrook & Russell,
2001). Synechococcus PCC 7942 strain R2-SP¢ (Kuhiemeier er al,
1983) was grown in liquid or on solid (1'5 % Difco Bacto Agar) BG-
11 medium (Williams, 1988) under constant illumination of 3000 Lx
(i.e. 38 pE m™% s7"). Sypnechococcus cell growth was monitored as
ODy30. The ODy3g of cell suspensions was linearly related to cell
density (determined by flow cytometry) over the range of values
used in the experiments (D44, <0-55). The doubling time of expo-
nentially growing cultures at 30 °C was calculated from ODy3, data.
Synechococeus was transformed as described by Kuhlemeler et al.
(1983). Triparental conjugation, used to transfer plasmid into
Synechoceceus, was performed according to Elhai & Wolk (1988b).
Antibiotics were added at the following concentrations when

required: 10 pg chloramphenicol (Cm) ml™', 20 pg erythromycin
(Em) mi™', 10 pg kanamycin (Km) ml™' and 50 pg spectinomycin
(Spc) ml™".

Construction of chromosomal rrn-inactivated strains. In order
to construct strains harbouring Arrnd:: Spc™ (designated Al) and
ArmB:: Cm® (designated Bl), pDA-Spc and pDB-Cm were linear-
lized with Ndel and separately transformed into Synechococcus wild-
type strain (WT). Since Synechococcus contains multiple copies of
the chromosome, the transformants containing heterogeneous chro-
mosomal rrn operons (i.e. wild-type and inactivated rrm operons)
were segregated on BG-11 agar containing Spc at 50-150 pg m! ™' or
Cm at 10-30 pg ml™'. The resulting Al and Bl strains harbouring
bomogeneous chromosomal rrn operens were transformed with
PRN-A or pRN-B to cbtain strains A2 (ArrnA:: Spc*/pRN-A), A3
(Arrma:: Spc*fpRN-B) and B2 (ArsnB:: CriP/pRN-B). Strain A3 was
transformed with Ndel-linearlized pDB-Cm to obtain strain ABI
(ArrnA:: Spc® ArenB:: Cof/pRN-B). The resulting strains harbour-
ing homogeneous inactivated rrit operon(s} with or without plasmid-
borne rri# operon are shown in Table 1.

Southern blot analysis of chromosomal rro-inactivated
strains. Total DNA of Synechococcus was isolated as described by

Table 1. Plasmids and Synechococcus strains

Plasmid or strain Description or genotype Reference
Plasmids
pHP45Q Souarce of Spc® cassette Prentki & Krisch (1984)
pUC303 Source of Cm™ cassette Kuhlemeier et al. (1983)
pDA-Spc pUCLS containing a 2-0 kb Spc" cassette flanked by 1-4 kb PCR product (primers AF1  This work
and 16R1} of upstream rruA and 1-8 kb PCR product (primers 23F2 and 5Ri) of 5
end of 58 gene, Ap® Spc%, rrnd:: Spdt
pDB-Cm pUCIS containing a 1-0 kb Cm® cassette flanked by 2-0 kb PCR product (primers BFI  This work
and 16R1) of upstream rmB and 1-8 kb PCR product (primers 23F2 and 5R1) of 5
end of 55 gene, Ap™ Cm®, rmB:: Cm®
pKG E. coli-Synechococcus shuttle vector, Km™ Chungjatupornchai ef al.
(1999}
pRN-A pKG containing a é-5 kb PCR product (primers AFl and AR1) of full-length rmA This work
teplacing the fi-glucuronidase gene, Km®, rrna
pRN-B pKG containing a 6-3 kb PCR product {primers BF2 and BR1) of full-length rrnB This work
replacing the f-glucuronidase gene, Km®, rmB
pKT210 RSF1010-derived broad-host-range plasmid, Cm" Stc® (kindly provided by C. P. Elhai & Wolk (1988a)
Wolk, Michigan State University, USA)
psbV/EmR Source of Em® gene (kindly provided by J. ]. Eaton-Rye, University of Orago, Morgan et al (1998)
‘ New Zealand)
pKT-A pKT210 containing a 6-5 kb PCR product (primers AF1-P and Nos-R) of full-length This work
rrnd including Nos-ter, Cm® gene replaced by an Em® gene, Em® Su™, rma
pKT-AS1A pKT-A containing C2611A mutation in 235 rRNA gene, Em® Sur®, 23856114 This work
Strains
WT Wild-type, Synechococcus PCC 7942 strain R2-5Pc, rmA rmB Kuhlemeier er af. (1983)
Al WT ArmA :; Spc® This work
A2 Al/pRN-A This work
A3 Al/pRN-B This work
Bl WT ArmB:: Cm This work
B2 BI/pRN-B This work
AB1 WT ArmA:: Spc ArmB:: Cm/pRN-B This work
AB2 WT ArraA:: Spc™ ArenB:: Cm®/pKT-A This work
AB3 WT ArmA:: Spd ArmB:: CmpKT-AS%!1A This work
1418 Microbiology 152
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Cyanobacterium with inactivated chromosomal rRNA operons

Draper & Scott (1988). Three micrograms of total DNA was digested
with Pstl, electrophoresed on agarose gel and transferred to a nylon
membrane (Hybond-N*, Amersham Biosciences). Probe [ (485 bp)
and probe il (490 bp) were amplified using primer sets 16F1 and
16R2; 23F]1 and 23R1, respectively (Table 2, Fig. 1), and labelled
with digoxigenin using the PCR DIG Probe Synthesis Kit (Roche
Applied Science). The hybridized membrane was treated with
antidigoxigenin-atkaline phosphatase Fab fragments and lumines-
cent substrate CSPD as recommended by the manufacturer (Roche
Applied Science). The treated membrane was exposed to X-ray film.

Plasmid replacement Iin the strain with all chromosomal
1 operons inactivated. To generate plasmids contzining site-
directed mutation at nucleotide position C2588, equivalent to C2611
in E. ¢oli numbering (hereafter referred to as nt 2611), the procedure
was carried out as described in the QuickChange Mutagenesis Kit
(Stratagene), using pKT-A as template and appropriate primer sets
including CAF and CAR. The mutated C2611A/G/T in the resulting
plasmids was confirmed by DNA sequencing. The cargo plasmids
pKT-A, pKT-ACSUIA pKT-AC?'m 16 and pKT-AQﬁ“T i separatelz
transferred into strain ABL by triparental conjugation. Em"™-Km

conjugants harbouring both cargo plasmid and pRN-B were
obtained, Replacement was enforced by segregating the conjugants
on BG-11 containing Em to obtain Em®-Km® clones harbouring
only cargo plasmid but not pRN-B. The resulting clones harbouring
pKT-A and pKT-AS**'* were designated AB2 and AB3, respectively.
The presence of pKT-A and pKT-A®''* was confirmed by PCR
and RT-PCR. The PCR was carried out using total DNA, with pri-
mers 23F3 and 23R3. The RT-PCR was performed essentially as
described previously (Chungjatupornchai et al, 2002; Plansangkate
et al, 2004). The ¢DNA of the 235 rRNA gene, synthesized from
total RNA with primer 23R3, was used as template for amplification
of PCR product using primers 23F3 and 23R3. The resulting PCR
and RT-PCR products of 1:6 kb were digested with Accl to generate
fragments of 630 and 1002 bp. The 1002 bp fragment was further
analysed by Sau961 digestion (see Results). The digested DNA was
resolved in a 4-5% agarose gel containing ethidium bromide. An

image of the gel was captured with UVP (Life Science). The mutated
C2611A of PCR and RT-PCR products was confirmed by automated
sequence analysis {Perkin-Elmer, ABI Prism 3100},

RESULTS

Inactivation of Synechococcus chromosomal
frn operons

We previously identified the upstream and downstream
chromosomal flanking sequences of the rrnA and rraB
operons using the genome walking method. The resulting
sequences, identical to parts of currently reported Synecho-
coceus genome sequences (AADZ00000000 and NC_006576)
(data not shown), were used to design primers for PCR
to clone the full-length rrnA and rrnB operons. The two
operons have identical coding sequences containing three
rRNA genes (168, 235 and 58) and two tRNA genes (for Ile
and Ala) (see Fig. 1). Synechococcus strains with the chromo-
somal rrm operons inactivated were sequentially constructed
(see Methods). The chromosomal rrnA and rmB operons
were inactivated by deletion—insertion mutagenesis using
cassettes encoding Spc and Cm resistance, respectively
(Fig. 1). The resulting Synechococcus strains harbouring
homogeneous inactivated rrn operon(s) with or without
plasmid-borne rrn operon are shown in Table 1. Southern
blot analysis using probes specific to regions of the 165 and
23S genes confirmed that strains with expected genotypes
were obtained (Fig. 2). The intensity of hybridized bands
was determined by densitometry. The results indicated that
the ratic of a chromosomal rri operon (either rmA or rrnE)
to a plasmid-bome rri operon (either pRIN-A or pRN-B)

Table 2. Primers

Locations of rr primers are indicated in Fig. 1. The restriction sites EcoRI, BamHJ, Psf and Sall are underlined.

Primer Sequence {(5'-3") Target sequence
16F1 GGTAGGGGTAGCGGGAATTC 168

16R1 CGGGATCCTGTAGGCAGATTCTCACGC 165

16R2 GTGGGTTGCGCTCGTTGCG 165

23F1 GAGGATTTCCGAATGGGGC 238

23F2 CGGGATCCTGCGCCGAAAATGAACG PER)

23F3 AGGAGGTGGGAGTGCATAGACAACCAGG 233

23R1 CGGCTCATTCTTCAACAGGC 235

23R3 TTCCTCCCGGTCCTCTCGTACTAGGGAG 238

5R1 CGGAATTCAGAGTGGTTCCATACCGCC 55

AF1 ACGCGTCGACTCAAGATTGCGCGGAC Upstream of rrnA
AF1-P AAAACTGCAGACTCAAGATTGCGCGGAC Upstream of rrtA
AR1 CGGGATCCGCAGAGGATTGGCTATTGG Dowmstream of rruA
BE1 AAAACTGCAGCTGCATTGCTCGGTGCG Upstream of rruB
BE2 ACGCGTCGACCGCACAGAGCTGTTTGAC Upstream of rrnB
BR1 CGGGATCCGGGATAGTAACGCCTTICCC Downstream of rrnB
Nos-R AAAACTGCAGATCTAGTAACATAGATGAC Nos-ter in pKG
CAF CGTGAGACAGTTCGGTCAATATCCGGTGCAGG C2611A mutation
CAR CCTGCACCGGATATTGACCGAACTGTCTCACG C2611A mutation
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Fig., 1. Deletion mutations introduced into the Synechococcus chromosomes. The physical maps of chromosomal
operons including the promoters (F) and terminator (ter) are shown. The numbers of nucleotides are with respect to the +1
transcription start site of the rrn operon. Locations of primers and probes used in this study are indicated. Deletion regions of
rnA and rinB operons were replaced with spectinomycin (SpcR) and chloramphanicol {Cm®) resistance gene cassettes,
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Fig. 2. Southern blot analysis of chromosomal rn-inactivated
strains. The total DNA of Synechococcus (3 pg) digested to
- completion with Pstl was hybridized with DlG-labelled probes
(see Fig. 1). The unlabelled probes at 1 and 3 ng (lanes 1 and
" 8 respectively) were used as control. (a) Inactivation of the
165 rRNA gene. The DNA was hybridized with probe 1. (b)
ihacﬁvation of the 235 rRNA gene. Probe | was removed from
the membrane shown in (a), and the DNA was rahybridized
yith probe 1.

respectively.
(a) ] u was 1 : 3 in strains A2, A3 and B2 (Fig. 2). The band intensity
. WTAIAZAIBLIB2ABY 1 3 1 3 ratio of 1 and 3 ng of unlabelled probes used as control was
' kb also 1: 3. We obtained the final strain AB1 with all chromo-
"E‘;g _x o O e <15 somal rrn operons inactivated but carrying the replaceable
W multicopy plasmid pRN-B containing a single rrnB operon
| {Fig. 2).
B - e e +— 8.2
i T - - e .8 Growth response of rro-inactivated strains on
‘. dark/light shift
I'-‘Cunlrol [ o l‘_ is Strains Al and Bl, harbouring an inactivated rritA or rrnB

operon respectively, were viable, indicating that the re-
maining one chromosomal rri operon was enough for cell
survival, To investigate the growth response on dark/light
shift, exponential cultures were incubated in the dark and
then re-exposed to the light. It has been shown that a shift
from light to darkness will cause all Syrechococrus cells to
arrive at a common rest point and that upon returning to
light, the cells start to grow from the common rest point
{Asato, 2003). The lag time that was required to initiate cell
growth upon returning to light was determined. The lag
time of strains Al and B1 was 3 h as compared to 2 h for the
WT, representing a 50 % increase; however, the presence of
plasmid-borne rrn operon in strains A2 and B2 restored the
lag time to 2 h {Fig. 3}. The results indicated that the two
chromosomal rrrn operons were necessary for Synechococcus
to adapt rapidly for initiating cell growth on darl/light shift.

Effect of rrn inactivation on doubling time of
cell growth

The Synechococcus mutant strains used in this study
(Table 1) survived with no apparent deleterious effects. In
order to investigate the effect of rrn inactivation on cell

B
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Fig. 3. Growth of chromosomal ren-inactivated strains on dark/
light shift. Exponential cultures of strains WT (wild-type), A1
(ArmnA:: Spc™, A2 (ArmA::Spc™pRN-A), B1 (AmnB::Cm™
and B2 (ArmB::CmRIpRN-B) were incubated in the dark for
14 h and then re-exposed to the light. Call growth was mea-
sured as ODv30. The data are the means of three independent
experiments, The maximum standard deviation was 0:02. At
least two strains of each type were tested in each growth con-
dition and found to behave similarly.

growth, the doubling time of the mutant strains was
measured. This revealed that inactivation of chromosomal
rriA (strain A1} prolonged the doubling time {Table 3). The
presence of plasmid-borne rrnA {strain A2), but not
plasmid-borne rruB (strain A3), restored the doubling
time. In contrast, inactivation of chromosomal rruB (strain
Bl) in the presence of plasmid-borne rmB (strain B2) did
not affect the doubling time. Similarly, the presence of only
plasmid-borne rruB in strain AB1 prolonged the doubling
time, whereas only plasmid-borne rrnA in strain AB2 did
not. The results suggested that the rrnA operon might
produce a higher amount of rRNA and tRNA molecules

than the rmB operon. In addition, the doubling time of
strain AB3 producing C2611A-mutated 23S rRNA was
significantly longer than those of the AB2 and WT strains
(Table 3).

Expression of homogeneous C2611A~-mutated
23S rRNA in the strain with all chromosomat
rrn operons inactivated

We have successfully constructed the ABI strain with all
chromosomal rrn operons inactivated but carrying a replace-
able plasmid pRN-B (Fig. 2}. To apply our system for experi-
mental analysis of mutated rRNA, we constructed plasmids
containing the mutation at position 2588 with respect to
the first nucleotide of the 235 rRNA transcript (Douglas &
Doolittle, 1984). Position C2588, equivalent to C2611 of
the peptidyltransferase centre in domain V of E. coli 235
rRNA, is shown in Fig. 4(a). Plasmids containing wild-type
C2611 (&sKT -A) or mutated C2611 of the 235 rRNA gene
(PKT-ASUA oKT-AS$'1C and pKT-A“**''T) were trans-
ferred separately into strain AB1 by conjugation to replace
pRN-B. The resulting Em®-Km® strains are ABZ and AB3,
harbouring pKT-A and pKT-A“**''A, respectively. Strains
AB2 and AB3 accounted for 35 % of the conjugants. However,
attempts to select for an Em®-Km® strain harbouring pKT-
ACEHG o pKT-AS!'T, but not pRN-B, were unsuccessful.
The presence of wild-type C2611 and C2611A-mutated 235
rRNA was confirmed by PCR, RT-PCR (Fig. 4b, ¢) and
DNA sequencing (data not shown). The results indicated that
strains AB2 and AB3 expressed homogeneous wild-type and
C2611A-mutated 235 rRNA, respectively.

Growth response of C2611A-mutated 23S rRNA
strain on temperature shifts

In order to study the effect of Sywechococcus C2611A-
mutated 235 rRNA on temperature shifts, cell growth of

Table 3. Doubling time of chromosomal rra-inactivated strains

The doubling time of exponentially growing cultures at 30°C was calculated from QD44 data. The data
are the means of three independent experiments with standard deviations in parentheses, At least two
strains of each type were tested and found to behave similarly. Data marked with an asterisk represent
doubling times significantly different from that of the WT strain (P<0-01, two-tailed paired ¢ test).

Strain Chromosomal rm operon Plasmid-borne Doubling time
Inactivated Punctional Trm operon ()
WT None rrnA, rrnB None 13:62 (0-58)
Al rmmA rrnB None 15-61 (0-77)*
A2 mA rnB A 13-13 (0-56)
A3 rrA rrnB rrmB 15-06 {0-79)*
Bl rmnB rTHA None 14-58 (0-82)
B2 rrof rrnA B 14-18 (0-56)
ABI rrmA, rmB . None rrmB 16-00 (1-31)%
AB2 rmd, rrn8 None A 14-62 (0-65}
AB3 1A, rmnB None g CH1A 1736 (1-47)*
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Fig. 4. Analysis of C26811A-mutated 23S rRNA expressed in
strain AB3. (a) Secondary structure of the peptidyltransferase
centre in domain V of Synechococcus 235 rRNA (Douglas &
Doolittle, 1984). Positions C2611 and G2057 of the E coli
numbering are indicated in parentheses. The circled and boxed
nucleotides indicate the sequence polymorphisms of E. colf
235 rRNA and Sacch. cerevisiae mitochondrial 215 rRNA,
respectively. The deletion polymorphism is indicated by a tri-
angle. (b} The Sau98l restriction map of the region containing
Synechococcus C2611. The presence of the C26811A mutation
abolishes the Sau96l site as indicated by an arrow. (c) Image

of a 4-5% agarose gel stained with ethidium bromide. Lanes 1

and 3 are Sau96l-digested PCR products of strains AB2 and

 AB3, respactively. The PCR products were amplified using total

DNA including plasmids as template. Lanes 2 and 4 are

Saudbl-digested RT-PCR products of strains AB2 and AB3,

respectively. First-strand cDNA synthesis was performed using
total RINA.

strains AB2 and AB3 was determined. The results revealed
that the growth of strain AB3 producing C2611A-mutated
23S tRNA was significantly slower than that of the WT at
30°C and almost ceased at 16°C and 45°C, whereas the
growth of strain AB2 producing wild-type 235 rRNA was
not significantly different from that of the WT (Fig. 5). The
results indicated that C2611A-mutated 235 rRNA confers
temperature-sensitive phenotypes in Synechococcus.

DISCUSSION

We constructed several strains with the chromosomal rma
operons inactivated and harbouring a multicopy plasmid
containing a single rrm operon. Southern blot analysis
revealed that the ratio of a chromasomal rro operon (either
rmA or rmB) to a plasmid-borne rriroperon (either pRN-A
or pRN-B) was 1:3 in strains A2, A3 and B2 (Fig. 2).
Synechococeus has approximately 10 copies of the chromo-
some (Binder & Chishelm, 1990; Mori et gl., 1996). Thus,
the data suggested that there were approximately 30 copies
of pRN-A or pRN-B in the cells. It has been shown that there
were approximately 30 copies of RSF1010-derived plasmid
in cyanobacterial cells (Ng et al, 2000). Therefore, there
were approximately 30 copies of the RSF1010-derived
plasmids pKT and pKT-A®*''* in strains AB2 and AB3,
respectively. The data suggested that there were approxi-
mately 20 copies of the rrn operons in WT; 10 copies in
strains Al and B1; 40 copies in strains A2, A3 and B2; and
30 copies in strains ABI, AB2 and AB3.

Strains Al and B1, harbouring an inactivated rrmA and rrmB
operon tespectively, survive with no apparent deleterious
effects, similar to the findings of Golden et al (1989).
Analysis of the growth response on dark/light shift (Fig. 3)
revealed that decreased rra copy number (10 copies in
strains Al and B1) increased the lag time required for initiat-
ing cell growth upon returning to light, whereas increased
rrr copy number (40 copies in A2 and B2) restored the lag
time but did not achieve faster adaptation than the 20 copies
in the WT. The results agree well with the feedback inhibi-
tion model in E. coli, in which increased rrr copy number does
not lead to increased rRNA transcription; rRNA synthesis
from individual operons is reduced to keep the total rRNA
production unchanged (Jinks-Robertson et al, 1983) and
depletion of functional rrn operons causes increased expres-
sion of the remaining intact copies (Condon et al., 1993).

The presence of 10 copies of the rrnA operon (strain Bl) did
not affect the doubling time, whereas the same copy number
of the rmB operon (strain Al) increased the doubling time.
However, 40 copies of the rrnB operon (strain A3) did not
restore the doubling time (Table 3). These results suggested
that the rrmA operon might produce a higher amount of
rRNA and tRNA melecules than the rruB operon. The
sequences downstream of nt —&0, including the core
promoter regions of the rrund and rrmB operons, are 100%
identical (NZ_AADZ00000000 and NC_006576), However,
we observed that the upstream sequence of the rrnA operon,
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Fig. 5. Effect of C2611A-mutated 235 rRNA on growth follow-
ing temperature shifts. Exponential cultures of strains WT
(wild-type), AB2 {ArmA::Spc® AnnB:: Cm™pKT-A) and AB3
{armA :: Spc® ArmB :: CmFpKT-AS?*"'"Y) grown at optimal tem-
perature (30 °C) were diluted with BG-11 medium. The diluted
cultures were then incubated at 30°C a$ control (a), 16°C
{b) and 45 °C {c). Cell growth was measured as ODy3,. The data
are the means of three independent experiments. The maximum
standard deviations in (a}, (b) and (c) were 0-31, 0-06 and 0-14,
respectively. At least two strains of each type were tested in each
growth condition and found to behave similarly.

but not the rmB operon, includes the sequence 5'-TGCA-
TCTCC-AGCA-3' (nt —123 to —111), which is highly
homologous to the binding site for the LysR-type tran-
scriptional activater of Synechococcus TGCA-N5-TGCA
(Maeda et al., 1998). Whether the presence of this putative
binding site for a LysR-type transcriptional activator leads
to higher expression of the rmA operon remains to be
investigated. rrn operons with different promoter strengths
have been found in E. coli (Condon et al., 1992).

We have successfully constructed the AB1 strain with all
chromosomal rrn operons inactivated but carrying the
replaceable plasmid pRN-B. Using this system, we obtained
strains AB2 and AB3 carrying only pKT-A and pKT-A%%%"'4,
respectively. However, attempts to obtain a strain harbour-
ing only pKT-A“**"'% or pKT-A“%"", but not pRN-B, were
unsuccessful, Thus, the mutation C2611G/U in the absence
of wild-type 235 rRNA may be lethal to cells. The C2611A-
mutated 23S rRNA in strain AB3 prolongs doubling time
(Table 3) and confers temperature-sensitive phenotypes at
16 °C and 45 °C {Fig. 5). It has been reported that in Sacch.
cerevisiae, a single C3993A mutation in the peptidyltrans-
ferase region of mitochondrial 21S tRNA confers a cold-
sensitive phenotype and blocks the assembly of the 545
ribosomal subunit at 20 °C but not at 32 °C, suggesting that
the nucleotide at position 3993 or base pairing between
positions 3993 and 1950 may influence the interaction
between the rRNA and a ribosome protein (Cui & Mason
1989). Positions C3993 and G1950 are equivalent to C2611
and G2057 of E. coli 235 rRNA, respectively. Positions 2611
and 2057 of the peptidyltransferase centre in domain V of E.
coli 235 rTRNA, Synechococeus 235 rRNA and Sacch. cerevisiae
215 rRNA are shown in Fig. 4(a). Disrupticn of the 2611-
2057 base pair, resulting in disruption of the rRNA structure
at the end of the stem preceding the single-stranded portion
of the peptidyltransferase region, was found to confer
resistance to macrolide antibiotics including Em (Vester &
Douthwaite, 2001). However, the mutation C2611A/G/U
has little effect on ErmE methylation (Villsen et al,, 1999).
Mutation at nt 2611 is associated with disparate phenotypes.
Our results indicated that C2611G/U-mutated 235 rRNA
seems to be lethal to Synechococcus, whereas the mutations
C2611A/G/U in Sacch. cerevisiae mitochondria, C2611G/U
in Chlamydomonas reinhardtii chloroplast, C2611A/G/U in
Streptococcus prneumoniae and C2611U in E. coli cause a
different pattern of resistance to macrolide antibiotics
{Vester & Douthwaite, 2001; Franceschi et al,, 2004}, We
are not able to determine whether the C2611A-mutated 235
IRNA in AB3 strain confers resistance to Em, since pKT-
AS1A contains an Em® gene (ermC) as a selectable marker.

We have successfully constructed a Synechococcus strain
for expression of homogeneous engineered tRNA in cyano-
bacteria; this strain has all chromosomal rra operons
inactivated but carries a replaceable multicopy plasmid
containing a single rrn operon. This system provides
potential for the study of the structure and function of
rRNA in photoautotrophs.
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Abstract

A Synechococcus PCC7942 gene, encoding 76 amino acids of an unknown protein (designated ORF76), is located at the same
orientation and downstream of the AtpG gene. The processed site of ORF76 transcripts is located at position +39 with respect to the
true transcription initiation site. The non-E colic™-like basal promoter of ORF76 (=51 to -9) is controlled by three ¢is-acting
clements: positively acting element (160 to —86), negative regulatory clement (—86 to —51) and light-responsive element (5] to
+63) that, together, respond to high light induction at transcriptional level. The ORF76 gene is expressed as monocistronic tran-
script. The promoter elements of ORF76 gene overlap with the coding sequence and 3' end formation signal of AipG gene.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

Keywords: Cyanobacteria; Synechococcus; Light-responsive promoter; Promoter-terminalor overlap; Atp< gene: B-glucuronidase

1. Introduction

Cyanobacteria are prokaryotic microorganisms that
carry a complete set of genes for higher plant-like oxy-
genic photosynthesis [1]. More than 160 light-responsive
genes have been identified in cyanobacterium Synecho-
eystis PCC6803 [2]. However, current knowledge con-
cerning light-responsive promoters of cyanobacteria is
still limited. In Synechocystis PCC6803, the light-re-
sponsive regulators of the psbAIl gene [3,4), psbAIll
gene [4], secA gene [5], fedl gene [6] and random isolated
promoier fragments [7] have been characterized. The
light-responsive regulators of the pshAl [8), psbAIl
[9,101, psbAIII [9) and psbDIT [11] genes of Synecho-
coccus PCCT7942 have been investigated intensively.

To identify cyanobacterial promoters, distinguishing
between the 5 end of mRNAs generated from true
transcription initiation sites and those generated by
processing is critically important. The tobacco acid py-

"* Corresponding author. Fax: +66-2-441-9906.
E-mail address: stwej@mucc.mahidol.ac.th (W. Chungjatupome-
hat).

rophosphatase treatment method for distinguishing
triphosphates (indicating true initiation sites) from 5’
monophosphates (indicating processed products) has
been used previously in Enterococcus faecalis [12] and
Synechococcus PCC7942 [13].

The organization of 3’ end formation signals is espe-
cially interesting in area of the genome in which two open
reading frames (ORFs) are separated by a short intergenic
region, implying compact arrangement of genes in ge-
nome. Overlapping of terminator and promoter of two
adjacent genes have been reported in E. coli [14,15] and
yeast [16], but no such report in cyanobacteria.

We previously isolated a strong promoter-active
fragment (designated E!0), which responds to light in-
tensity in Synechococcus PCC7942 but does not function
in E. coli [17]. Here we characterized the sequences re-
quired for basal promoter function and other cis-acting
regulators of the light-responsive E!Q promoter. We
demonstrated that the E10 promoter is the regulatory
sequence of a gene designated ORF76. The genuine
initiated transcript and processed transcript of ORF76
were differentiated. The ORF76 promoter-htpG termi-
nator combination was investigated.

0378-1097/$22.00 © 2004 Federation of European Microbiclogical Societies. Published by Elsevier B.V, All rights reserved.
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2. Materials and methods
2.1. Strains and growth conditions

Synechococeus PCCT942 strain R2-SPc (hereafter,
referred to as Synechococcus) [18] was grown in liquid or
on solid (1% Difco Bacto Agar) BG-11 medium [19]
under low light (LL, 1500 lux, i.e. 19 pEm~25~!) or high
light (HL, 5000 lux, i.e. 63 pEm2s"). E. coli strain
MCI1061 [20] was grown in LB broth or on agar as
previously described [21).

2.2. Oligonucleotide sequences

Locations of primers used in deletion analysis are
indicated in Fig. 1. The following primers are shown 5'
to 3’ and the Sall, BamHI and Smal sites are underlined:

F2, ACGCGTCGACCCAAAAAGGGTTTIGATG-

CTG;

F3, CGGGATCCGTTCTAATGCGGTCTTGACG;

F4, ACGCGTCGACCAGTGAAGGGTTTAGGG-

GAAC,

FS, CGGGATCCTAGCTATCTCGCCCTCAGACG;

R1, CGGGATCCGAGATAGCTAGGATGACGT-

TCTG;

R2, CGGGATCCACCCCACACCACGAAATGG-

ATC.

Primers based on ORF76 sequence (Fig. 3) are as
followed:

ORF76-fwd, TCGCGGCGTCGCATCCCAAGC;

ORF76-revl, CGCTCTCAGCCCAAGCCCCTCGG;

P. Plansangkate et al. | FEMS Microbiology Letters 235 (2004 ) 341-347

ORF76-revs, GGGGGGTATCGCGCAACCACACC,

ORF76-rev6, CAAGGCCATCCCCGCCCGTAGG.

Primers: Link, GUS-fwd, GUS2, 165-fwd and 16S-
rev2 have been reported previously [13]. The 35-mer
RNA oligos and primer ESK were generated as
described [13).

2.3. Construction of EIO fragment deletion plasmids and
GUS assay

Plasmid pKG-E10 containing the EI0 promoter-ac-
tive fragment upstream of the promoterless -glucuron-
idase (GUS) reporter gene has been reported previously
[17]. In order to construct the deletion plasmids, PCR
was carried out using pKG-E10 or chromosomal DNA
of Synechococcus as template with different sets of
primers (Fig. 1). The endonuclease digested PCR
products were cloned into the corresponding sites lo-
cated between the transcription-translation terminator
signal and upstream of the promoterless GUS gene in
plasmid vector pKGT [13]. The resulting recombinant
plasmids (Fig. 1) purified from E coli MC1061 were
transformed into Synechococcus as described [18]. GUS
assay of the transformants was carried out as described
previously [13].

2.4. Preparation of toral RNA

Total RNA was extracted {rom Synechococcus with
Trizol Reagent (Life Technologies, USA). The RNA

P
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P hpG YA GUS
PKG-EI0 =k —- G511 305(:23)
g B e >
pEI0-DL -160 = & T8(+25) 350{+35}
pEL0-D2 12 331 150(+19)
pE10-D3 24(+2) 96(+4)
pE10-D4 0.39(+0.01)  0.43(30.14)
+53
pEI0-NI 160 o T4{+10) 309(25)
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pE10-N2 -5 6317 273(+26)
PE10-N3 1 —’\( 65(+10) 1BB(+17)
pEI0-N4 160! :"\\ P 11(22) 101¢+14)
pKGT “\&""“ﬁ-‘_._—--*"”‘" _ 0.47(+0.08)  0.49(+0.07)

Fig. 1. Deletion analysis of the E10Q promoter-active fragment, The E10 promoter-active fragment harboring the ¥’ end of h(pG gene located upstream
of the promoterless GUS gene is shown. Locations of primers used in this study are indicated. The PCR products performed with different sets of
primers were cloned into pKGT plasmid. The true transcription initiation site and processed site are indicated by +1T and +1P, respectively. The
numbers of nucleotide are with respect to +1T. Plasmids pKG-E10, pE10-DI, pEl0-D2, pE10-D3 and pE10-D4 harbor the 35 bp (+42 1o +76)
artifact. In plasmids pE10-N1 and pEi0-N2, the 35 bp was replaced with the 22 bp (+42 to +63) located downstream of the hpG gene on the
Synechococcus chromesome (see Fig. 3). The GUS activities of Synechococcus, harboring the plasmids and grown on solid medivm under LL or HL
for six days, are the means of the three independent experiments, with standard deviations indicated in parentheses. The figure is not drawn to scale.
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was treated with RNase-Free DNasel (Life Technolo-
gies) o remove contaminating DNA.

2.5. Detection of GUS and ORF76 mRNAs using relative
reverse tremseription (RT)-PCR

The RT-PCR method was carried out essentially as
described [13]. In brief, the cDNA of GUS, ORF76 and
165 rRNA transcripts were co-synthesized from 5 pg of
total RNA with primers GUS2, ORF76-rev], 168-rev2
and ImpromII™ reverse transcriptase (Promega, USA).
The reverse transcription reaction mixture was used as a
template for PCR. The PCR products were co-amplified
using primers: GUS-fwd and GUS2, ORF76-fwd and
ORF-revl, for 25 cycles; primers 165-fwd and 16S-rev2,
for 10 cycles. After PCR amplification, the reaction
mixture was resolved in a 3% agarose gel containing
ethidinm bromide. An image of the gel was captured
with UVP (Life Sciences, UK).

2.6. Analysis of ORF76 transcription initiation sites

The procedure used to differentiate genuine initiated
transcript from processed transcript of QRF76 was
carried out essentially as described [12,13]. In brief, 10
pg of total RNA from Synechococcus grown under
standard light intensity (3500 lux, i.e. 43 uEm=2571) was
treated with tobacco acid pyrophosphatase (TAP)
{(Epicenter Technologies, USA) or incubated without
TAP in the presence of RNasin (Promega). Then, the
samples were ligated to the 35-mer RNA oligonucleotide
using RNA ligase. The treated RNA was annealed with
primer ORF76-rev] and the cDNA was synthesized with
SuperScriptll RNAseH-free Reverse Transcriptase (Life
Technologies). First PCR was carried out with primers
ORF76-rev5 and ESK. The first PCR product was then
subjected to nested PCR with primers ORF76-revé and
ESK. The nested PCR products were then cloned into
pGEMT-easy vector (Promega) and the DNA sequences
were determined by automated sequence analysis (Per-
kin—-Elmer, ABI, Model 377).

3. Results

3.1. Sequences required for basal promoter function and
other cis-acting regulators of the E10Q fragment

The EI10 strong promoter-active fragment in pKG-
E10, isolated previously by transcriptional gene fusion
to the promoterless GUS reporter gene, responds to light
intensity in Synechococcus but does not function in
E. coli. The GUS activity of Synechococcus harboring
pKG-E10 increases about fourfold at HL induction [17].

In order to analyze the El0 promoter region, all
promoter inserts were cloned in front of the promoter-
less GUS reporter gene of the pKGT plasmid. The re-
sulting plasmids and their GUS activities in
Synechococcus are shown in Fig. 1. The EI0 fragment
harbors the 3’ end sequence of htpG gene (Fig. 1).
Analysis of downstream sequence of hfpG gene on the
Synechococcus chromosomal DNA (Figs. | and 3) re-
vealed that the 35-bp Sau3Al fragment at position +42
to +76 with respect to the true transcription initiation
site of transcript (+1T) is an artifact from cloning of the
promoter using Sau3Al chromosomal fragments [17].
Plasmids pKG-E10, pE10-D1 (insert from —160 to +76),
pE10-D2 (132 to +76), pE10-D3 (~86 to +76) and
pE10-D4 (-9 to +76) harbor the 35 bp. In plasmids
pE10-N1 (-160 to +63) and pE10-N2 (-51 to +63), the
35 bp was replaced with the 22 bp (+42 to +63) of
downstream sequence of A/pG gene on the chromosome
(Figs. 1 and 3). The GUS activities of pKG-E10, pE10-
DI and pEI0-N1 were not significantly different (Fig. !).
The results indicated that: (i) all of information neces-
sary for transcription and for light responsive expression
is located downstream of —160; and (it) the presence of
either the 35-bp fragment or the 22-bp sequence does
not significantly affect the GUS activity. A smaller
fragment required for basal expression of GUS gene was
found to extend from -5! to -9 (pE10-D4 and pE10-
N2, Fig. 1). The presence of region (86 to -51) up-
stream from basal promoter decreased GUS activity
about threefold (pE10-D3 and pE10-N2, Fig. 1). Thus,
the region (-86 to —51) harbors a negative regulatory
element. The regton (~160 to ~86) harboring a positively
acting element overcome the downregulation of negative
regulatory element that resulted in an increase of GUS
activity about threefold (pE10-D1 and pEl0-D3). The
region required for HL response of GUS activity was
found to locate downstream of =51 (pE10-N2). Deletion
of YUTR (pE10-N3, lacking +42 to +63) did not affect
the GUS activity at LL, but decreased GUS activity at
HL to about twofold when compared with that of un-
deleted control (pE10-N1). The 22-bp (+42 to +63) and
35-bp (+42 to +76) sequences share no significant ho-
mology and the presence of either region does not
significantly affect the GUS activity (pE10-N1 and
pE10-D1). Thus, the effect of SUTR deletion on GUS
activity is due to its short distance rather than lacking
the specific nucleotide sequence. Further deletion of the
S'UTR region (pEL0-N4, lacking +6 to +63) decreased
GUS activities at both LL and HL, but remained re-
sponsive to HL. We observed that deletion of the S UTR
changes ratio of GUS activities at LL to HL. The ratios
of GUS activities at LL to HL of pEI0-N3 (~160 to
+42) and pE10-N4 (~160 to +6) were about 1:3 and 1:9,
respectively, whereas, those of other constructs were
about 1:4 with the exception of those of pE10-D4 and
pKGT (Fig. 1).
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3.2. Effect of regions of EI10 promoter-active fragment on
the level of steady-state GUS mRNA

The levels of steady-state GUS mRNA of the deletion
plasmids were determined using relative RT-PCR, which
were co-amplified with 16S rRNA as endogenous con-
trol. Since 168 transcript content significantly exceeded
that of GUS, 168 primers were added in later cycles to
achieve similar product yield for exponential phase am-
plification. Results in Fig. 2(a} showed that RT-PCR
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products of all the plasmids increased about two to
threefold at HL induction with the exception of those of
PE10-D4 and pKGT. Thus, the E10 promoter-active
fragment responded to HL at the level of transcription.
The levels of steady-state GUS mRNA of the plasmids
were corresponded to their GUS activities with the ex-
ception of that of pE10-N4 (Fig. 1). The steady-state
GUS mRNA of pE!10-N4 was not significantly different
from that of pE10-N1, however, its GUS activity was
about three times lower than that of pE10-N1 (Fig. 1).
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Fig. 2. Detection of GUS and ORF76 mRNAs using RT-PCR. (a) Comparison of steady-state GUS mRNA level of deletion mutants. (b) Effects of
light intensities on the GUS and ORF76 transcripts. RT-PCR products of Synechococcus harboring plasmids are indicated. First strand cDNA
synthesis was performed using total RNA extracted from Synechococeus grown under low light (L) or high light (H) for 2.5 days. The PCR products
were co-amplified: 165 rRNA for 10 cycles; GUS and ORF76 for 25 cycles. The RT-PCR products of 168 tRNA, GUS and ORF76 are 458, 286 and

163 bp, respectively.
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Fig. 3. Nucleotide sequences of the EI0 promoter-active fragment and ORF76. Nucleotide sequences of the E10 promoter-active fragment and its
downstream sequences are shown. The 3’ ead of AtpG gene is written in lowercase letters. The stop codon of h1pG gene is marked by double line. The
ORF76 is in bold. The start and stop codons of ORF76 are underfined. The true transcription initiation site and processed site of the ORF76 are
indicated by +1T and + [P, respectively. The numbers of nucleotide are with respect to +1T. The inverted repeat sequences are marked by arrows.
The 35-bp Sau3Al fragment (+42 to +76) below the sequences indicated by dashed lines represents an artifact from cloning. The deduced amine acid
sequence of ORF76 is also shown. The membrane-spanning c-helix region is boxed. The putative phosphorylation sites of protein kinase C are

marked by asterisks.



3.3. The El0 light-responsive promoter identified as the
promoter of ORF76 gene

In order to identify the gene regulated by the EI0
promoter-active fragment, downstream sequence of the
hipG gene was isolated using genomic walking method
(data not shown). Analysis of the resulting nucleotide
sequence revealed a possible ORF encoding 76 amino
acids of an unknown protein (designated ORF76) lo-
cated at the same orientation and downstream of the
htpG gene (Fig. 3).

To investigate whether the ORF76 pene was
expressed and regulated by the E10 light-responsive
promoter, the levels of steady-state ORF76 and GUS
- mRNAs of Synechococcus harboring pKG-E10 were
determined using relative RT-PCR (Fig. 2(b)). The
ORF76 mRNA was transcribed from chromosomal
DNA and the GUS mRNA from plasmid pKG-El10.
Results showed that the steady-state mRNAs of both

bp

300 —|

200 —

Fig. 4. Analysis of the 5' end of ORF76 transcripts. Negative image of
3% agarose gel containing ethidium bromide. Lane M, DNA size
marker. Nested PCR products of cDNA derived from TAP-treated
and untreated total RNA of Synechococcus are indicated. The PCR
products of size about 200 and 170 bp result from true initiated and
processed transcripts, respectively.

dG = -23.8 kcal mol'!
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QRF76 and GUS genes increased about threefold at HL
induction (Fig. 2(b)), suggesting that these two genes
respond similarly to HL. Therefore, the EI0 light-re-
sponsive promoter is the promoter of the ORF76 gene.
Hereafter, the E10 light-responsive promoter is referred
to as ORF76 promoter.

3.4. Differentiation of true transcription initiation site
from processed site of ORF76 transcripts

The ORF76 gene is located at the same orientation
and downstream of the htpG gene with the intergenic
distance of 107 bp (Fig. 3). In order to investigate
whether the ORF76 transcript is controlled by its own
promoter or by AtpG promoter resulting read-through
transcripts, we performed experiments to differentiate
the genuine initiated transcript {from processed tran-
script of ORF76. Fig. 4 shows the PCR products gen-
erated by amplification of QRF76 cDNA synthesized
from TAP treatment and untreated total RNA. A dis-
tinct band of 200 bp was obtained in TAP-treated
sample that was not detected in untreated sample
(Fig. 4), indicating the presence of true transcripts. The
band of 170 bp that appeared in both TAP-treated and
untreated samples (Fig. 4) indicates the presence of
processed transcripts. The two PCR products from
TAP-treated sample were cloned and the DNA
sequences were determined. Sequencing analysis of
independent clones harboring the 200-bp PCR product
revealed that the true transcription initiation site (des-
ignated +1T) is located upstream of QRF76 coding se-
quence at A (all five clones), whereas the independent
clones harboring the 170-bp PCR product revealed that
the processed site (designated +1P) is located at G (+39)
{(all three clones) downstream of the +1T site (Fig. 3).
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Fig. 5. Predicted secondary structure of the ORF76 promoter-iupG terminator overlapping regions. The sequences of hfpG and ORF76 genes are
written in the RNA form and their secondary structures are predicted. The AG value are indicated. Positions of the true transcription tnitiation site
and processed site are indicated by +) T and +1 P, respectively. The numbers of nucleotide are with respect to the +1T of QORF76.
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Therefore, these results confirm that the ORF76 tran-
scripts are transcribed from its own promoter and not
the read-through transcripts from AfpG gene.

3.5. The ORE76 promoter overlapping with the htpG
terminator

Results in this study clearly indicate that the ORF76
promoter overlaps with the AfpG terminator (Figs. | and
3). To investigate how the two transcription machineries
cope with the situation that the ORF76 and hipG genes
are packed in promoter-terminator combination, the
secondary structure of ArpG/IORF76 mRNA was pre-
dicted using the computer program mfold {22,23]. Results
(Fig. 5) revealed a putative stem-loop structure termi-
nator (~42 to —22) of htpG transcripts with the predicted
AG value of ~7.4 keal mol™'. The putative strong stem-
loop structure with the predicted AG value of -23.8
kcal mol~! was found at region (+1 to +44) including the
true transcription initiation site and processed site of
ORF76 transcripts. This strong stem-loop structure was
probably a signal for processing of the 5UTR of ORF76
transcripts. In addition, the putative stem-loop structure
terminator (+295 to +332) of ORF76 transcripts with the
predicted AG value of —5.7 kcalmol ™! was found.

In order to investigate the location of 3’ end of htpG
transcript, relative RT-PCR was performed. We found
that RT-PCR product of hipGIORF76 transcripts con-
taining region (—269 to +6) was detected at 25 cycles of
amplification, whereas RT-PCR product of region
(-269 to +63) or (—51 to +250) was not detectable at 25
cycles but at 35 cycles of amplification (data not shown).
Therefore, major amounts of AtpG transcripts contain
the 3" end at least until position +6 and a very small
amount that read through the 5 UTR processing site
(+39) of ORF76 transcripts.

4. Discussion

The promoter of ORF76 gene is composed of four
elements: positively acting element (=160 to ~86), neg-
ative regulatory element (-86 to ~51), non-E. colic™-
like basal promoter (—51 to -9) and light-responsive
element (51 to +63) including the 5UTR of the tran-
scripts. The non-E. colic’-like basal promoter of
ORF76 gene is in good agreement with the fact that the
promoter does not function in E. cofi [17]. The promoter
of ORF76 pene shares no significant homology to the
previously reported promoters [7] that harbor non-
E. colic™-like basal promoters and respond to HL. It
has been shown that the light-responsive elements of
psbAII [9,10), psbAILI [9] and psbDIT [11] genes are lo-
cated at SUTR of the transcripts. We observed that the
5UTR of ORF76 transcript harbors sequence, 5'-
ctCGeTAAGCTGaGg-3' (+22 to +36), which is highly

homologous to the light-responsive element of psb DI,
5-AACGTTAAGCTGCGA-Y (+11 to +24) {11]. De-
letion of the S'UTR region (pE10-N4, lacking +6 to
+63) did not affect the level of steady-state GUS mRNA
(Fig. 2(a)), but decreased GUS activities at both LL and
HL (Fig. 1) resulted in an increase of GUS activity ratio
at LL to HL (1:9). Thus, the 5UTR homologous region
(+22 to +36) is not the light-responsive element of
ORF76 promoter. However, the length of 5UTR is es-
sential for the HL response of the ORF76 promoter
(pE10-N3 and pEl10-N4, Fig. 1).

Downstream sequence of the frpG gene in this study
is tdentical to part of the sequences in Acession No.
AY 157498 that contains a predicted ORF encoding 92
amino acids of an unknown protein (Accession No.
AAN46192). This predicted ORF in the database is lo-
cated at position +16 to +294 with respect to +1T in this
study (Fig. 3). However, our results show that the
transcripts are processed at SUTR and the resulting
processed transcripts contain a possible ORF encoding
76 amino acids located at position +64 to +294 (Fig. 3).

The ORF76 is probably a membrane protein with
a single membrane-spanning o-helix as predicted by
SOSUI program [24] and could be phosphorylated by
protein kinase C family, which are Ser/Thr kinases, as
predicted by the GCG program (Madison, W1) (Fig. 3).
It is possible that ORF76 protein is involved in signal
transduction in cyanobacteria.

The transcription initiation sites of GUS transcripts
from pKG-E10 at LL and HL,, previously determined
using 5 Rapid amplification of ¢cDNA ends PCR
(5RACE-PCR) method, are identical {25] and differen-
tiated as the processed site in this study. The true tran-
scription initiation site of GUS transcripts is not
detected with the SRACE-PCR method. The processing
of YUTR of ORF76 still occurred, although the se-
quence downstream of the stem-loop structure (+1 to
+44) was replaced with the 35 bp and GUS gene (pKG-
El0, Fig. 1) {25]. Thus, the processing of ¥UTR of
ORF76 transcripts is based on the stem-loop structure
(+1 to +44), not its downstream sequence.

The elements specifying 3' end formation in the htpG
gene and those needed for initiation of transcription of
ORF76 gene overlap. The stem-loop structure (+1 to
+44) is probably a signal for processing of SUTR of
ORF76 and 3'end of hipG transcripts. The presence of
both stem-loop structure terminator (—42 to —22) and
the processing signal {(+1 to +44) on the AtpG transcripts
probably ensures efficient transcription termination.
However, the 3’ end terminator of AtpG transcripts is not
absolutely effective, resulting in a very small amount of
htpG read-through transcripts.

The stem-loop structures immediately downstream of
htpG (42 to -22) and ORF76 (+295 to +332) coding
regions, possibly involved in rho-independent tran-
scription termination, are not followed by U-trails. In the
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Synechococcus PCC6803 genome, only 22.3% of genes
contain putative stem-loop structure terminator down-
stream of coding regions. Interestingly, 55.8% of these
structures are not followed by a discernible U-trail [26].

In the genomes of Syrechococcus PCCT7942 [e.g. Ac-
cession No. AY 157498 and U30252) and Synechocystis
PCC6803 [1], we observed several predicted ORFs have
short intergenic sequences (less than 100 bp) which may
result in overlapping of terminators and promoters. In
addition, overlapping terminators of upstream genes
and coding sequence of downstream genes were ob-
served. The sum of the sequences coding for potential
protein genes occupies 87% of the genome length [27],
implying compact arrangement of genes in Synechocys-
tis PCC6803 penome. The observed compactness of
Synechococcus PCCT942 and Synechocystis PCC6803
genomes suggests that overlapping between gene ends
may be a common event for cyanobacteria.
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