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B AYoA o]83 FAMT Synechocystis sp. PCC 6803
(Syn6803)2 Escherichia coli, Bacillus subtilis$t v}27}A 2 &
A% FYo| FHou} A EARe] FFE WE 4 0oy, A
A FAAY F7IMEe] EEA Qo] 71F A AT 53
o o FE3 5AE 2L 3Uthe). ol HEeR Hde
PHB B A=<l thgt open reading frames (ORFs)7} &
A= Bk Slth4, 20). 53] HH] Syn6803 w231 SMCC
(Synechocystis sp. PCC 6803 Mutants Culture Collection)®l] 4
transposable element®] Tn5Z Syn6803 T2 DNAS) AFUsh=
random mutagenesis W& F3 THEOIT Ute] B o
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TnS tansposons ©]-8-3 F-29] Edwolo o) Al=g oF
1,200 &i7e] EdHo] FFE EF Syn6803 T332 SMCC
ZRY BT B8 I glucose’t A7HE BGIT WA
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chloroform® 2 PHAE F33813(0H9). &% PHBE 104 -3
9} ethanoldl] FAAIZ! F filtration®. & TEAITE F8)5le] Ax
NAY AxA TEAE diethylether® MEste] MAE wiig]
on, JAHH AHE 53] vHEst] YA ST T8 E PHBY
e M 2 WHmol wel gas chromatography (GC,
Hewlett- Packard 5890, USAYZ ©[-8-8}o] =8},
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Inverse PCR &l
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Fig. 1. Schemes for the identification of Tn-inserted gene by inverse
PCR.
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Fig. 2. Typical example of Chl fluorescence for the measurement of
photochemical efficiency of photosystem IT (PSII). AL; actinic light.

(1. %A 1e} /Fell& ED-101US/D, PAM data acquisition system
(PDA-100), temperature control unit US-TZ} emitter-detector-cuvette
o} Z&E pulse amplitude modulated fluorescence measuring
system (Xe-PAM, Heinz Walz, GmbH, Effeltrich, Germany)%
ol&sta] YAt B8 482 PHB A3 WiAR] BG110)
A 547 Wik & =48 Syn680390 A Chl fluorescence
profile®] AL o= Fig. 29} 2k &4E-S FeiolM B4 11
center®ll &%+ 4! 4 Hz & HIFH Fo 74X 833o] 2718}, o}
Al 800 ms, 2800 umol photons m?%s' 2] 74g WE BA [ o
HIZH Fm 742] ¥33o] Zvlshad), o) ale] 437} 34 1 o)
A2y AUE XY = F e FAOIth Fm oA Fos ¥l &
4 Fv (maximum vatdable fluorescence)® &H4, Fv/Fm b &
Bhef whgol w2 HdiAlg oWk, 3%
(measuring lightye P ¥ Fo ¥¥4t& 788k, 9589 9
of Zapgg viFo] Hd ¥ A2l Fmg SHSCE B30l
dohA k= F& ¥IE F(actinic light, AL), & A¥7} 38
A ke Tl 23RS B3l 239 Aol ¥ AR Fo'e
ZAeict. ojglA] dolrl AL B3 o] ¥ JPA 54
TEE (I-B/Fm) 28 Ak o Fe o] Al3E
o] Fggoltt. B APAME YR 1 mE cuvetted] BT
28°Coll A A& Al F pAME S35 k(1)

B, wiF ARE el 2 NADP)' 25E] NADP)HZE )
W 248 48] AL8E emittors= UGIL filtero}™, detector
= BGIS, KV418 filerS AH&-3FSATh 30&7te] 4A§ #F,
actinic lights= 400 pmol photons m2s!' 2.8 187 F2ch 2E
292 pHB A =X BGIILIM 718 o585 e
ST, o Axe] Z22Y FE lepoR T =
3t

o ¥ 0
Foiuo] #F 23|

Synechocystis sp. PCC 6803% BG1t1 HiA|o|A Zwn)okslgds
W PHBE =HstA 9itov), didol AFHIT 015gL

Synechocystis sp. EAH0] @dolx9] PHB A £ 69

glucoseE EZs= BGlL, AN 5UF Z=0|UA] A=
(dry cell weight, DCW)2] 4% (wiw)el] 35 PHBE 373}
AehEAA AR, T3 glucose ™A THE EhAHS ARl
Wil WY PHB A FE 2% olste] FFEOE v vy
o} olEj3t duiAPS nigte g B A W fo18
(glucose)e} Fo] EAN3H= mixotrophicd ZZ100A 1,200 oJ7) 9]
Tas EA8¥o] TFEE BGl, BAMA A sl dstiL, gas
chromatography w212 53 PHB A3 52 43T 1 3
3, PHB $A%0°] 10-20% FFo2 Vel 21708 759} 20
% °) %2 HAFL 13l e FRE AEsant.

Inverse PCRE 58! Tn &) FEIXt &0l

AEE 25709 BRI FFE i eg 79 genomedol
o] A48 FRAA 48 #st7] 934 inverse PCRS &
st A2 PCR 2H2-9] H7IMEE ¥438)3, Basic Local
Alignment Search Tool (BLAST)S- ©]-8-3+ Cyanosite (http://
www-cyanosite.bio.purdue.edw)2]  Synechocystis sp. PCC 6803
A A G7INEHRY mnE g3l g AxE Felst
Ut} Table 1°A] H= Hiep 2ol Tas 4HQel 28] &89 &
Ak BT 14 FF0IeH, 7 Bdde] #59 &4 &
A 2 7150l AR 2 Aoz Vel 9, dud
QW] dY SAE A BEHEY 7es AEEE 7
G o e g 202 JEPITHTable 2). 1 S0l
59 4943 didlell BEEE A Tesoh AEAR 7
T 5 5 TF(EL-33, E2-36, M19-1, M24-27, LIS04-22)84
71 B8 g xAstac

E1-33 T539] 739, photoreceptorol] &] A Zz gl Bedsles 3
22 d#A histidine kinase G327} BoE FFolv) &g
E2-36, M19-1, M2427 52 7%, cyatoplasm®l] $X|5h=
NADH dehydrogenaseS Y388 #2144 590l Tos7)F 4Hg
H A8 =2, NADH dehydrogenase= AT & B o
FH17). Syn6803E o] gle ZANAME ekzke] ATP AJAlo]
dofuie, 8ol et 1%e Ho) gy 04 FA I
oA W& olddtd HAE AREA A@she AR oy,
NADH dehydrogenase®) 23} NADH] 4Atals E3lo] AAH
FAZ} quinone poolE SAHA FZHOE ATP Ao Yol
F A7) mWEelth17). ] Al F5= ol F4o Tas7t AUR
BFE o] Afelle AAY dge] A8 dojuA EsAl
ot viAge 2 11S04-22 FF ASw HPEY A A &
AR FANE 0%+ subunit?] PsbT THAAL o] R= AR
™s7F AER B2 o] Aeelx Yo] gl oA WA}
of o] YA o FoiAA ¢L Ao AT}

PAM fluorometerS S8 ZAY &2 ZA

ol Ziedt et o] AFA TFol AEE FA)
Tool AYE A @50 39 MEiY Axpe) Hgo] Ags)
dofubA] &0 @M B Bgol Be ¥Es) g Fow
dEHAT. 1 FINE FA 19 AuE A8 B} e
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Table 1. List of Tn-induced mutants showing high amounts of PHB accumulation and proposed function of the proteins encoded by the genes

Kor. J. Microbiol

disrupted by Tn
Mutant PHB content (wt%) ORF Product
E1-32 30 sl10723  hypothetical protein (putative fibronectin type IIl domain)
E1-33 16 slr 1969 two-component sensor histidine kinase
E1-60 17 sl10616  preprotein translocaase SecA subunit
E1-91 18 slr 1050  hypothetical protein
E2-36 14 slr 0914  hypothetical protein(putative NADH-ubiquinone oxidoreductase chain 4)
MS5-31 18 slr 0854  deoxyribopyrimidine photolyase
M19-1 13 slr 0914  hypothetical protein(putative NADH-ubiquinone oxidoreductase chain 4)
M19-13 10 sll 1404  biopolymer
M21-28 16 slr 1945 hypothetical protein
M23-5 16 slr 1917  hypothetical protein (putative o/p hydrolase fold)
M24-27 13 sir0914  hypothetical protein(putative NADH-ubiquinone oxidoreductase chain 4)
Y01-6 11 slr 0983  o-D-glucose-phosphate cytidylytransferase
YO01-12 10 slr 0983  o-D-glucose-phosphate cytidylytransferase
LIS04-17 25 sll 1443  serine/threonine kinase
LIS04-19 34 sl1 1959  inositol monophosphatase
LIS04-22 15 smr0001 photosystem II PsbT protein
K1-26 18 slr 1674  hypothetical protein
K2-31 13 sir 1554  hypothetical protein
M28-32 23 sl 1081  hypothetical protein
M46-6 11 slr 2002  cyanophycin synthetase
M46-8 17 slr 1917 hypothetical protein (putative o/} hydrolase fold)
M50-32 19 slr 0752  enolase
YO01-24 10 slr 1896  hypothetical protein
Y02-2 10 slr 0454 RND multidrug efflux transporter
Y02-13 11 slr 1998  hypothetical protein

PAM fluorometerZ ©]8-3led A¥HE W] @3¢ A 19 33
THS A A, oY 75 B3 $Ee] 012 1 v
o Eddo] FFEL EF 004007 =02 u)$ it}
(Fig. 3a). E9R] #F FAE 34 09 subunitk] PsbTell
Tno] AYE LIS04-22 75| B33 Sgo] 7P HW3deh &=,
Ho FAGES vlas] B A} oy wrt 045804 Hish
o @] #F9 H9E 0.26-0.399) GAFES HYon, 1

Table 2. Classification of Tn-induced mutants showing high amounts
of PHB accumulation based on the function of proteins encoded by
ORFs in the Tn-inserted regions

. Number of
ORF grouping mutants

Biosynthesis of cofactors, prosthetic group and carriers 1
Cell envelope 2
Cellular processes 1
DNA replication, recombination, repair, 2
restriction, modification

Energy metabolism 1
Other categories: Adaptations and atypical condition 2
Photosynthesis and respiration 5
Regulatory Functions 1
Transport and binding proteins 2
Unknown protein 9

Z 243 S22 09149 Tnol AFYE E2-36, M24-273}
Mio-1 @59 A% 2o gl MEd Row vehgrh

EQNe] gFE] AY oE Tl sl B ol 2

ofAH, A Ak B o] AFskA| Kt MEe| st &

ik AlZtof| 2 A% 3! PHB M Ef

oM E ot BT TF A FAA o] AYE o
F 2 E1-33, M24-27, LIS04-22 FFE ez A3t o
A2 A% 2 PHB AFAHHS ZABIAE Fig. 4a0lA B
nis} o] opyE ol uls) EAMo] FFE AFo) M2
of & 40-70% T FAFE Bt ol EdHo] FF2
78 BT 5Fo] B3 dojuR] E3)y] wEdl ATP A
A 5o BEsto] o d T3 ol wls) Fgo] = Aoz A
ZAsjolaick. aeht opdd FFol Hls) ZE Edvo] FFE
PHB =& #o] & AL A3 5= UthFig. 4b). °l= AF
o] Holt oy 3ol Hls) o] Aulz F 4 gle 5
Hol #FE B 2 ouix|9S SHRs ke g o EAUAL
W3} Jouh-g-& B Fo}. 53] o] 12HE digrlde
PHB %3 #o| A3 ¥Hi, 47go] FA = A)7|ol= PHB &
Aol F43] 78k AS A & 5 ASU) oS A
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Fig. 3. The maximal photochemical efficiency of PSII measured as
Fv/Fm (a) and 1-F/Fm' (b) fluorescence. Each bars indicate the range
of experimental readings obtained (sample number, n=3).
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NAD(PHE ] Fgwdao] vt Zow yehgth & oy ¥
ol Hlgte] EAHo] 75 HEfjoll oju] FUFS) NADPH
9] ¢o] wol EAt Y-S NF = A=, o= =AW
o] #F9] A9 T FAAY AEoE et Ao BEo
A2 =2 ot Ale] Ader BdE Y2 AstE T gl
2 9ngt). GA Lee S(10)2 Ralstonia eutropha A)E o))
NADPH7| 28 ZZoA= citrate synthase®] E430] HAE 1L
utHe NAD(P)H-dependent acetoacetyl-CoA reductase”’} BAJ3}
=o] PHB A¥43e] FXES ® g vt JeH, A2 Lim 5
(1% NADPH A3} #9 fd7e] =4l os) A3 o
e 256 9] PHB Aol TEES ER1g vt lot. wabA
B Aol sdHo] Fpe] A Aol Aer) gelw ),
NADPH7} B8 ZHo| 4 AE] PHB &3 o] Holx|e
< gefatol= 7t R AXshe 99| HRFE©] PHBY
Aol #ofsle F WA &9 NADP)H-dependent acetoacetyl-
CoA reductase®} §H3-3le] M) PHB S35 3ol 7]931%
7] BE2 Ao g AT o3t AIE Synechocystis
sp. PCC 6803 °X¢] PHB FZ|°] AZ o] 4tsh2h g9}
LT A slom, B R SEHAY &4 o) A=t
o] 50| AZ HA| o} AE HWR7F S8 deid o)
9] HAEe] PHB A4S IS AT &3, & A8
9] A= Syn680391419] PHB F2jo] dwtdog deid I3

o S N
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Fig. 4. Time courses of the cell growth (a) and PHB accumulation (b) during the mixotrophic cultivation of wild type and Tn-induced mutants in
BG11, medium containing 0.15 g/L glucose. Symbol; @ , wild type; ¥ , E1-33; ll , M24-27, @ , 1L.JS04-22.
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NADPH fluorescence

Incubation time (days)

Fig. 5. Time profiles of the dark-light-dark induction transients of
NAD(P)H fluorescence in wild type and Tn-induced mutants.
Symbol; @ , wild type; ¥ ,E1-33; I, M24-27; @, .JS04-22.

FE R A ATdMe A FE o= AMEuy

FE T U2 A, ol
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metabolic engineering®] 7% A5 2= {88 Ao rojHL).

ZEMa 5§ Y |EX A SeiHoloiMel PHB &
2k ZA}

oA B njpe} o] F3MgH FFol| AHE FEAlol Tnol
A" Eddo] #5519 4 25 PHB o] Fopith w
ZhA ol st @ie] A ERlE ¢J3le] JIF oz JFPAEY 5F
FE FAAE AR A 71 SdEe] F5ollA2] PHB
TS AL HSkth(Table 3). 2t 0] w59 54 2 2
AR 1A AR 7152 e 2 dpeM T2 -
cytochrome C,f complex (4KDa) 9] F-HAIQ1 smr0003E #| A Al
71 o], o] Wol = ZZANA BA IellA] vHEold A
A7} quinone poolS AL BA 102 717] Hel| EAse B3
AEM FEE o-helixo|™, Wo] e 2WMA =] EF
FAske AR BiAolth18). o] BFAE FAs 74
A7y AYE Q0] FFE Yol e A AL 5F
o] 9% 32| Z&}te] quinone pooldl] A7} B 3 Ae)rt =of
At} Acyd, ActaDll, ActaDI #5273 quinol oxidase,
cytochrome C oxidaseZ TA3H= subunit®] FARE A|AAIZ
TFo|th(5). Cytochrome C oxidaser= Wo] §i Z79A] quinone
pool?] AAE sreAl e IGE-S 33T Synechocystis sp.
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PCC 68039l= "Wo| gle 27 quinone pool®] FALE wiul
© 985 3= oxidaseZt Al A EAsk=H], 242} Cyd, CtaDIL,
CtaDI ©]th(5). o]52 &tz ol= o W= cytolpasmic Thol] &
A Aoz =oAL CaDl detzo|E oM 553
AR Aol AAst= 42 BHaE Ut Quinol oxidase,
Cyde cytoplasmic ol 2] & 2102 o= o x|, CaDI=
opz] F3lgt 7wo] BRI got, 2k HAL oA
HAo qYL T Ao 2 o dE o) kS). andhB EARC] T
= NADH dehydrogenased] FAA7} #A| A€ F5oth(15). ©]
2 A Hom FId T-EHE FAAE 2427 20
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¥, PHB g ZAIB) Boktt 1 A7) A ol 35 25
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C oxidased CaDI 347} A€ Edwlo] 459 A9,
PHB Z2go] AE ZAZe] 302%2 AY =34t olsh 2
A= B Arelxe] PHB B3 FAAH aFo &
He FRA7E 2AE ] 1 75l AgstA] Kl delol=
o o) MR 449 AS 2 SE § LS ] &
¥ Felsl 31 gt

HArlel 2

2 A7 e 20028 % 2N e Adow
FPAUFUL
AnEsl
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ABSTRACT : Enhanced PHB Accumulation in Photosystem- and Respiration-defective Mutants of a
Cyanobacterium Syrechocystis sp. PCC 6803
Soo-Youn Kim, Gang Guk Choi', Youn Il Park, Young Mok Park?, Young Ki Yang®*, and
Young Ha Rhee** (Department of Microbiology, Chungnam National University, Daejeon
305-764, 'Department of Biology, Chungnam National University, Daejeon 305-764, *Bio-
molecular Research Team, Korea Basic Science Institute, Daejeon 305-333, 3Department of
Genetic Engineering, Chosun University, Kwangju 501-759, Korea)

Photoautotrophic bacteria are promising candidates for the production of poly(3-hydroxybutyrate) (PHB) since
they can address the critical problem of substrate costs. In this study, we isolated 25 Tn5-inserted mutants of the
Synechocystis sp. PCC 6803 which showed enhanced PHB accumulation compared to the wild-type strain.
After 5-days cultivation under nitrogen-limited mixotrophic conditions, the intracellular levels of PHB content
in these mutants reached up to 10-30% of dry cell weight (DCW) comparable to 4% of DCW in the wild-type
strain. Using the method of inverse PCR, the affected genes of the mutants were mapped on the completely
known genome sequence of Synechocystis sp. PCC 6803. As a result, the increased PHB accumulation in 5
mutants were found to be resulted from defects of genes coding for NADH-ubiquinone oxidoreductase, O-suc-
cinylbenzoic-CoA ligase, photosystem II PsbT protein or histidine kinase, which are involved in photosystem in
thylakoid inner membrane of the cell. The values of NAD(P)H/NAD(P)* ratio in the cells of these mutants were
much higher than that of the wild-type strain as measured by using pulse-amplitude modulated fluorometer, sug-
gesting that PHB synthesis could be enhanced by increasing the level of cellular NAD(P)H which is a limiting
substrate for NADPH-dependent acetoacetyl-CoA reductase. From these results, it is likely that NAD(P)H
would be a limiting factor for PHB synthesis in Syrechocystis sp. PCC 6803.



