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Abstract — A cell is the product of a long period of evolution and can be represented as an opti-
mized system (homeostasis). Stimuli from the outside environment are received by sensory appa-
ratus on the surface of the cell and transferred through complicated pathways and eventually re-
gulate gene expression. These signals affect cell physiology, growth, and development, and the
interaction among genes in the signal transduction pathway is a critical part of the regulation. In
this study, the interactions of deletion mutants and overexpression of the extracopies of the genes
were used to understand their relationships to each other. Also, green fluorescent protein (GFP
reporter gene) was fused to the regulatory genes to elucidate their interactions. Cooverexpression
of the two genes in extracopy plasmids suggested that patS acts at the downstream of hetR in the
regulatory network. The experiments using gfp fusion in different genetic background cells also
indicated the epistasis relationships between the two genes. A model describing the regulatory

network that controls cell development is presented.
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olo} 2o 2 4o] FTRE AL Anabaena= 1007
5 o oF M| L5 (vegetative cells)Z
Vel = 2A)13kc) wba| Anabaena PCC

HEZEZREE 8435S A0 P 3
el Aol Ftadhd A7t Mz A4dPE 7
A8 Har, 9~ 14A17F Abe] (A 2713hel| o] 34|
e A Y Rl Hu o]F 18~244]
Abelel] )& A £E ¥ AddlT} (Yoon and Golden 2001).
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259 APNEEL olAEZRE Aoy FFo)
257 He} oA oy z2e) w3E AztshA o

224 10709 oA shte] o|gA Zeh o'l
A% FA17} At

I Ee ol ER 239} AR FAE &
AREo] g AFZ B3, hetR, patA, patS, hetN&) 4
N FAAE] T3 2AUARE Agsl= Aoz o
22 3Jo}(Golden and Yoon 2003). hetR §-H A= o]
M ze] 4 72} (master regulator) 2, H €] = (peptide)
o = Eeas GAel Bas T Al (serine) A7)
% Shell Ed9e)7t dejuiA =W Hetm £33 o] 1}
e} 3z (Buikema and Haselkorn 1991; Zhou et al. 1998;
Dong et al. 2000; Buikema and Haselkorn 2001) 48 =
& Q2o herk ARzo] AAAHR oA LA
G RARARAINE BEUG B 29 o)A 2}
A=+ multiple-contiguous-heterocyst (Mch) %313
K .¢lt} (Buikema and Haselkorn 1991; Buikema and Hasel-
korn 2001). HetR2- 2}7] A4l D parS 22 FE 299
DNAol| Hglsle 7loz B aE gl o, in vitro A3-S
Bl 48 HA elu|mAbel AlaEH|Qle] dehdos X3E
Ed el DNA A&} o] @A 3ik-5- (dimerization)
o] AFHe oYMz F3I5X] dvhe ARde] ut
313} (Huang ez al. 2004). =38}, hetRS] =2 RE} 290
£ ool AR EAsed, oF 3 93e
hetR3} AL BARIAL ntcAS 2oz AV hetR A
22 278 Aoz Rl (Buikema and Haselkorn
2001; Muro-Pastor et al. 2002).

patSe} hetNe §-%A4 T2 RES 23 7Us =
sl AR EA) A RS HEdos oYz
9] #3g A} parS $-AA = filaments7} £33 =
5 f=d 9 AHHoz A Y& 2 parS At

el

A &AW o] A (patS-null mutant)= A A7 Hul) 2] o A =
Mch 283 & veplim Ao EA)3lel M= w4
¢l R332 1Bel}(Yoon and Golden 1998). patS §- =}
T 13 = 1709 olulxeitoz offeal HqE|=g
gastsla Qlom, C-deded X8 57 efmxAbME
2 "E #lEe}sl e = (pentapeptide) & Anabaena PCC
7120 cultureol] FoJ3}3l& 79 o]PMEO] FAE o
A= Aol w3zt PatS ej=r) AP L 2
Aot AA4lEe] FuiE A H9) filamentE o}
2t o)A 27} Eateie wiEko 2 e FAbE ] vzlv)
. AlgkEle] ¢k} (Yoon and Golden 1998). PatS Al &
W 44 Az AIL(Wu er al. 2004), PatS2)
C-axt selfe| =7t herR 2219 =2 RE| oA
HetR s A3 AL wtevhs AMLS heR A7)x2
g AAIEe H PatSy AAFA oz HdE AL
A A3 o} hetR (R223W) Ed® o] Hf /-4 A o
PatSel 37 Heiggdozel F3e AA5: Aoz
d4A = G2 AR HetNell 28 Ao zheA
< YA g Aoz vepgt =3, pars 2AER
HolA7F 72417 Fof Mch HEle|A] op3 sjxlo = u}
ARt AME AP FA ] AT gl = o
£ dAEe] EAFHE A& AAIg(Yoon and Golden
2001).

hetN-2 ketoacyl reductase S ¢z 3bsl glon zput
A olPH £ H3}E AA AT o|FAZ HIFX
o F23 9¥E @I Y Aoz d¥A o
patS EAH A} 2 A, hetNo| L&A 4L fila-
ment = F 247k & AAFA Q] oA £ v
B3PS ey, 1 o] F2 et 23] Ass
Mch 283 o] vehdich heN §-H27 LGSR &
Z-¢el Mch 283 0] A Jehti heN A &
o] fr= F 12A]7ke] Apr{of vEpdtis ARAE
HetNe] o|gxzsie]l FANME ZAAH J4FE sz
WA gt Ag AARE Hale), HetN-S A= A4
3 Fgel o3 filamentE ARATI T 23 o|PAHE
£ 343 Aoz HEE fAATE de 343
Agg 3 o= nelth

199230l WA E patA FARE ofA7FA] B8l e)g)
2 o|PHZY AN Aol 3] U
w7k A9 glet o] A AR CheY MAF} fAMEE C-2
2 A3AGH Aol = AUAAMEY N-dgte
2 ojFold g ¥ A9 =ddE Lrsa Uk
CheYe] QUshe] B4 A A9 ebv)xabe] BES)
o] vte AR PatA®] xA-o| QAbslel #dY 4
U= Ag Aldsied. el = AR 2t o}
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Mch Z850] AR A padrt ¥iE 23
e 2 JEYFAM herR AALS) 8LF-9] 2} (down-
stream)Z 2H8-3lt}= 718 2]u)glc} (Buikema and Hasel-
korn 2001). parA B o)A 2] kel 12T AL
Tt hetR A} F2HE AL PatA 3t heR AL 3
3] 5 (upstream)s] FF& 7Ahe AL vepich
(Buikema and Haselkorn 2001).

FUAT 9 e %m g )

< B8}, hetRI} patS SR A)

E &A=} 712 AF
9] A (epistasis) @ o] FA ZR3}e} FAEIA Ao FH
Ag Golgowy fHA 2AAR 292 (genetic

regulatory network)E %3 112} dl¢loh

Escherichia coli®} Anabaena PCC 71202} A =}¢
o . BG-UAE Agshe ol EgAe 4=

A9l A, 18]35 photomicroscopys] hEt F=HE
£ Borthakur ez al. (2005)3 Fef|A] A A= wlds) $
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A o] o2 5} (Borthakur er al. 2005). o] M £ 7+
AF AE A7) PN, AREA @ T ol
S Abo]2] oJeRA 4o S Fig 1oA] A A® A|zh
F<9F &A= glvh Multiple-contiguous-heterocyst 4] 2]
28& AR SIsiA, 100702 oM 27} Aaks
3 ol M| 2] Sx 77} V2 2E Z
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Plasmid pSMC164= 27} parS #4122 UHMI101 3}
UHMI03 A %023l AAAA UHMI11Z UHMI13
A%-& FAsl7] 98 AR8-E 9k pSMC164% pSMC147
A =S, pSMC1472- parSe) ZAAE f=dt=
2 AAFADG pSMCL1642 w57] 9)8]4], Q Sp/Sm*
interposong E§a 2R ko] pSMC1479) EcoRV

site gFo 2 o] ¥ ¢t} Plasmid pDP120-2 F2] = 9
24 petE T2 RE|ZRE hetR-& IpLE3L7] A A
£5) oA WEle|th 342-bp perE T2 EE|Y 3Tkl
A9 6719) SAEY RES TS heiR 55 o
oo A}SSH= 920-bp SHEL PCRE B3] 2EH 3, /)
WA o7 TA cloning vector pGEM-T (Promega) .2 Z=.
Wt P Apal-Psil TFH 0. 2 A pBluescript €]
oz ol Rt T2l hetRS T Fo] Pruo] Y
D3k hetRe] 5"t A pDRIIGE 7] $l3) Zz}e]
Mol o]3] wkEo]Al Ndel site 52 o] 8- Ndel-pst] &
Hoza o M gtoz o] FIHUT} Puuw-herR A
= pDR120& WHE7] $)8l Kpnl-Sacl 5% 0 24 pDR119
ol A pAMS04E o] %EE¢lv}. Plasmid pDR1512 PCRe))
s A= E parS 53t od 2] 35bp Al AR
8= 308-bp ) A7l ©J8) WHEoixl pDRI207} ©f
2} (Zegbo| patSF-BamHI#} parSR-Saclg& AH4-3h).
308-bp HH-L pGEM-T WE|2. F2 Y597, Zeleln
dito] xPE ATEL YYSIE AT Bandl
Sacl ¥ o2 A Pop-hetR A8A S Z33s1= pDRI19
2 o) E sl AFEE A7) PrurherR parS 4 25
2.2 71 &) pDRISIE 57| 98] Kpnl-Sacl & o
24 pAMS04z ZF=Y Hojth =E PCR AAES o
29 Aol ALEE7) Aol 971 B Ao
Tog SR ) A

S A, AT o] 2l wntol Al (spec-
tinomycin)¥} A~ E %‘J ]— 141 (Gtreptomycm)oﬂ FH_L]' =8}

A =

HolA & wtEoza o]Fo] ’3‘4 "’ﬂJ— °“”ﬂ] ste
2 ARIE] Buanlme S Az 2aE el
R AUEARE Fojnl = pSMCI6A
s W ] @mfel Al
2l e] a 23} (single recombination)<-
wjefoll A A H I F W 23 i kE A APEA] <kl
Al B3 wepe w)shr] A A A 2% o)
oF #oll 3t Branson 1510 ultrasonic cleaner® AF&-3)
A HEE G M EER BEAT 183 oA HE

o & sacB FAAE WAV E17] 98 5% A

(neomycin) A4 o]}, B
SREEREEE

(sucrose)-& X &= 1A BG-11 v)Ao] =z glc} ¥
Ble] AL&e domfo]ile] gt #ApAd WEef s

= ogge] APYe A¥Fde=s Fudd.
UHMI 113} UHMI132 5% A}, 2#e]ente]4]l 17
31 sEH RS T3 BG-11 vl A&

noleh Be] T2 sl SlalA A el
Gl

Hz Eodwo]e] ofL ZZslglal, PCR YAES] =17]
= gae] AL oY Qeles AFREAE o
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Fig. 1. Expression pattern of the hetR-gfp fusion construct. Heterocyst formation was induced by removing fixed nitrogen sources from the
media (0 hour). Heterocyst development and gfp fluorescence was monitored as indicated time intervals (hours at the left top corner of
the pictures). Left panel, fluorescence photomicrographs: right panel, bright field photomicrographs.
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o] 7] Mube ola|A], T4 (colony) PCRo] A5 ¢} oA war) oM 2] WhAlel] mX| JekE abo}

wole} o] 8t BBl Anabaena PCC 71209] hetR%}
pas 4% o kel Eeduolsh o|F SAU]
o) Ao 3 FAAL HPel vhE AW FAAER
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Table 1. Phenotype of the mutant backgrounds and overexpression
of the genes involved in heterocyst pattern formation.
Plus signs indicate the strength of the phenotype

ba(c}lfgféfn d Extracopy Phenotype Reference
- Yoon and Golden
WT patS Het 1998
Buikema and
WT hetR Hett++ Haselkorn
1991
WT patS+hetR Het~ This study
Yoon and Golden
- - +++
patS Het 1998
Buikema and
- _ Haselkorn
hetR - Het 1991
patS~, hetR™ - Het~ This study
patS~ hetR Het**+ This study
hetR~ patS Het~ This study
WT hetR+peptide Het*+ This study

stoich = T e ol g sl an
= 5 Y fAAE Al dHdFge = F A
7+e] A5 Ag-E old st kit (Table 1). T Al &
A A S 234 sl 9 o] (deletion mutants) S A
Wejed DA Urw TAwolE Lo HE (point
mutation/insertion mutation)7} ZrAA o 2 o T 7 7}
NA 4 9l ofel BARE Al DPshua S
d| & Eo], Anabaena PCC 71200\ A hetR €K =2 179
HA G7)e A Edio|7b deojut serineo] asparagine
o =2 v} hetR $-AS] =4 0] 3 (mutant allele)} A
A GANGE AR oFAE AR (wild-type
allele)e] 3t H = o] FAle 24T A5, BdHe] &
AR o] ofAY FAHAH K $Aolehs AfAle] M
H uv} 9lod (Huang er al. 2004). == o2 7324, AHY
Edde], AX A Ehiol, Bols Eoweld 93
2qdE 4 Uv BA Ae|=Ee] 1 7)5o] WEse
Aoz Yeld (BEgland and Greenberg 2000), ¢ 21}
o) YL 79 FUAES 20 GFE FE AL
2 Vepygvh(Wang and Roth 1988). o] & FefjA] AL&-%
EdHelE A7 2dE xntolald AE Eale]]
EZA AL ReIsl: interposond 7P §FH R}
2 mAEle EAGAAF A5 AAE S 9=E
=3l

w3, o] AN A 54 FAbel TS 914
DNAS] 7} glo] 7 a9s A0A71E 54
A BEE FHN BRI BB AT FANREE
o2 SR fARTe] NBAHY A9 T F
F9) Bddels 24 SRS Bl A A

ftlo o

S 712, A A nPAES Abgel] 2)gh <33k
Whz) okirh o] 3 B el f = utElE o}
ML 7}=3E el Nostoc punctiforme ATCC 29133
7Z+e o2 A4} (filamentous) 2] Pz FoAE o] Fo]x]
ko, Anabaena PCC 712000412 Ag& wx] ok3ivh
o] ¢ Fol| A= Cai and Wolk (1990)2] <o A1 w}
& b WYAA Bael He S WK g
@R AEE BEYD 530, HY A2 (single
recombinants)& = MEE VoA EA|HRA] ¢ 4
A Eel 9RY PUPES 22T AE Fol Az
=2 slgen filamentE> AR A7) 4=s F
A ) 23 (double recombinants) Hel] A& 1333}

& colony PCR& F #HA] A z=3g B3l e %
e A filamentsE AE3E7] 23 AR-EHAEH,
AR o) AxFHEY Wi Aule] sk ol
& 7SS EdEs

herR AHA| Edd ol FAxe ¢35 Y Z2RE
g gAAzRE Azl qHEART R A
22, hetR & EAH|AE ZE A8 Het =
vehtid), ol X8 Edie] ¥ A EddelES
o] 88t hetR AP AT-E3 BA3h= A elt}(Table 1)
(Black er al. 1993; Dong et al. 2000). parS™ E-3w o] 4 2
A%, parS FAASE 233 9l 381bpe] FEE 4
AAz2E] AR5 A (Yoon and Golden 1998), &7
o el Q Spv/Smyr cassettedl] 23] WA Ao =K
wtso el 7 A7}, Q Sp/Smy’ cassetteS L EBFA] 9=
patS A4 wd Edol A= o] -] HiEl wiel ol
patS Q Spi/Smr cassette ) A EFH o) 9} FFHF o] 2t
(Yoon and Golden 1998, 2001). 3}, hetR, patS] °|%
Edel o] T EddelA e 2HY vwEH Y
7453 ARl =4 (epistasis) & Fobr7] 913 ezl

iJ L

=y

N

ow, 77te] EdwolBe] ol WA T AU
of W AT wRYS Jehdozd, o A9
dulolr} olF Bdwlole] EAS] S £ A

74g shalshe Aol Phsssish

HetRo) Anabaena PCC 712064 #3}) F¥ Az}
12 oM EFAL oFA FA (positive regulation)&
A3 FBesiohe T4 $77F sk HeR2 oA =
A z7)el wEo] Azt a2 AL o] 7 A
Zal o AEAR A Lo ZhEhs AL @
4 Sleh(Fig 1. HeR ol919) ohe 4 2AAR Tl
HetRol] ojs) "oz 2HHE= F717F AlA1€ 9t
Ao AUZRE HeRe) 383 /1% 3 sk 23
g ARHow 2R Puss B weAAE

Ao e € 4 9leh wek of shgel Aol
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1w o
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2h, parse) wiZAd el hetRe] wiBAde) A494dE 7Hd

Aolch wilel, HeRel A44o2 ¥3fo] Bad ohe
AAEE 285 Fage) duHoz Pesidy,

heRe] ¥ @A) ANAE ARk AT olF TIN
o] Y E-2 Het 7} FHofofat gt A¥ A3 AherR
(hetR deletion) v} A3}ell parS F3 A} o] EdW o|H 7}
G herR-AHA] EdW oAl Het 9} 22 H3¥& v}
ehd oz, ojFMz) EFAe] glolA HetRe] F
5l oo PatSel| 23t E3pAA Al &) A=A o
e AR AAE 93 & 4 9le(Table ).
hetR A 2] AAA L, 28HA 4& ¢ #3344
o 9le] F=3kAY HEFH AHRFA o] el 4 Qe
A4 AN 2AE QFHE |FHE A 3l
A gleiME S FAHEEAEA S HeRe] HEe
23] 3t HetRE AAAPZEANA ntcA (Muro-Pas-
tor et al. 2002), patS (Huang et al. 2004), hetR (Black et al.
1993), hetP (Fernandez-Pinas and Wolk 1994), hetC (Khu-
dyakov and Wolk 1997), devA (Cai and Wolk 1990)8] o
A 24 4045 BE $2a7) 99 275,
HA ol fAA4 F Zawe RS HeR Abe]e]
YA Asakgo] HalA 298 AL Pase) HeR
7¥e] Az =h-g-#o|t} (Huang er al. 2004). hetR AAESH
HolA o] Hetr EHYE At FAMo| 5 ¥o¥
o AR 494 ABATE heiRo] AP0z
sl R herRsh pars SAASRY ohiet e
Ao A& AP ez 2AHITE Ae Yehich
hetRe 3 ZTEfAn|=r)t 8] f-5A] petE 28R
Elo]l ' 2J&] opA3 A Bl sty of, Mch 2830
1}eh}= uld (Buikema and Haselkorn 2001), & =&
o) 28 parSe] FEPL o|FME P& A3
Aesl= Aoz 4= glu}(Yoon and Golden 1998).
oMz HAAAAME parse] o|HHE A 2}tgo]

i =]

2 o

PatS PatA

glnA, nar, nir

Nitrogen limitation
(MoeA)

O

—> NtcA ——> 77?7 —> HeR
Kin?

Predisposition
(cryptic pattern or

PatB

Deva HetC Nif
DevR Hup
HetP rearrangements

heiR A7) slf52A 2 AFsteAE dotrr] $3,
T8 45A petE =2 REQ] A3} hetRo|v} hetR3}
patS ¥ FAHAE TEF Az HESE A=
pDR1207} pDR151 plasmid?} pA¥ A E3} parS ==
hetR E@wolA 2 ==t T8 EA|ste o]&
Eelav|=r) 239 FFE W FS A herRoIvE hetR
3} patS7} SAlol A= T2 A v A
¥R W, Prr2REIS HAbe WEI, o 7 Fo
AT HEo] o] WEEA okgket. qHeF parse] e]
FA = A zHgo] heRe] 3F AA 2-el| AT
o, petE Z2REE AA 35k herRe] RA4A AA}
242 parS7} YL W o|FAMEE Y
Zolet. F2)7F E3HE WA heR FAAE dd
3% pDRI202 A|AMEl AX Y Mchz33& Jepio
w2 kY3 AZH parS heR T A FAAE FA
o =33l pDRI151¢] o8] 34438 UHMILLA
2 o)M=} DAEA] ogkeh (Het). FE|ZH #) =]
3] BG-11go|A] pDR151E Z§38l= opAE AlFA
heterocyst 3432 pDR151e] 9l 22 A5 A+ &
AFsHA VeRskeh (wild type). o] B3 patSE Ppazell 2
3 herRe] B A} 2H& 933t o] Fol oA 22
A A parSe] o|FHE A BFo] FEA U
A& hetR ALY} dFeAAR F3e A& AT
patS ZpEE o] herR LR A9Es AMLE parS7t
hetR A2} 249 F2HR olPMx] JA & Aslste
3o &g HoJFET. Fol, Huang ef al. (2004)2-
HetR2 ol o] ed of parS T2 RE RE) 2%
& 3 o] 9l DNA-ZE g e]w, PatS
pentapeptide:= DNA-HetR Z3-& A} (Table 1,
hetR +peptide). hetR AF$] A3 A3} F, herRo] Z71A 0
2 HEEFE A5 o)Az B3 IR PatSrt
HetN9] AF$|A 532 HetRo] o]FH L Aol H5H

= =

L [

Sigma factors?

o

cell cycle?) N 9 \/HGLN 2 (XisA, XisF, XisC)
Physiology Multiple het ? Nitrogen fixation
resolution? Pattern

maintenance
?
gln, arg, asp

Fig. 2. Genetic regulation and interactions among genes involved in heterocyst pattern formation. Arrows, activation of the downstream gene;

bars, repression of the downstream gene.



Genetic Regulation of Signal Targeting Pathways 383

o

ol BrbHe el A
AR gk

Fig 2% o)3e] 2i2] f7eh o)l AFol4 24
S Aole] AxAkes) o) 28d A 33
Jephe w6 AAE 4B 291170 2
b B A9)2) = 1™ A 57} all-or-none o] Y
o EoUk ARER LPAAIN Azl e
A= A& HodFo) (Ferrell and Machleder 1998). &

%*JEWW hetR 214 #3 722 #4312 o
I3 NtcA®9] DNA-Z 3 FA]-& 0] 2-oxoglutarate o)
Az Wl M Z7FE" nrcAe] BA3E 7Lt AE
I} 20X F A B Ao 2= el A
F=d 3|25 AXE heR AALY) 27] f-=71 NeAs}
A Agalzel gESIATE Fof o fx& Al
AE wi-$ RFSA FA G 22 4 QA wt== A
AHQ P A=A & A= HeRY) o8 & 4 3
o} (Ferrell and Machleder 1998; Ferrell 2002). PatS: 3} %=
bEste WA Y Y4 Aolses Jred
2239 fx & vA|sl= <& 3 (Yoon and Gold-
en 1998). o2 AT A Rzl AAE, parSe heNE
Al BZAAL) B el A= filamentd] BE A%
7F el o|¥AMEI} HxE=2 WHETH (Borthakur er al.
2005). PatSe} HetN-2- parSe} hetN2] #pabdlo] w1713
WA ke wUAS Juseln slE ek o3 5
AAke] B YA Aoz B 2 o (Khudyakov
and Golden 2004). o] A Fo|A Z=5 7Zx = PatS, HetN
FANA parse] L herRe] 7ol W3] $-¢)o]7] #)
Foll hetR AA} upstream#} w}a7}R] & hetR downstream
o] 4ol 28HE oz B 5 glvh heR AFS] AF
é»},_,—,._—ﬁmﬂ 83 BrlAde g4 159 %—/\g
oA Hotel Al Aoz Befol] geske A
el o). PatA E3bol A PatSe} HetNe] &A1= ¢l
9 B nelrn S5 A9 A5l ol
AAE PatSe}t HetN-J ApubE]= of ko) =EQ)
A% PatAe] BE 3747 7)%-2 ¥jS =g
BAREA 2R °}ﬂ}5 HetR& 3] =2A€do
421} (Fig. 2).
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