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Abstract 

The glucose-6-phosphate dehydrogenase (EC 1.1.1.49) gene (zwf) of the cyanobacterium Synechococcus 
PCC 7942 was cloned on a 2.8 kb Hind III fragment. Sequence analysis revealed an ORF of 1572 
nucleotides encoding a polypeptide of 524 amino acids which exhibited 41 ~o identity with the glucose- 
6-phosphate dehydrogenase of Escherichia coli. 

In cyanobacteria the dissimilation of fixed carbon 
occurs predominantly via the oxidative pentose 
phosphate pathway [ 11]. Glucose-6-phosphate 
dehydrogenase (G-6-PD, EC 1.1.1.49), apart 
from being the key enzyme for the entry of fixed 
carbon into this pathway [see 14], has also been 
implicated in the supply of reductant to nitroge- 
nase [1]. Because of the central importance of 
this enzyme in the transition from phototrophic 
metabolism to heterotrophic metabolism in the 
dark, the regulation of its activity has been the 
focus of much attention. To date there are no 
reports of the characterization, at the nucleotide 
sequence level, of the G-6-PD gene (zwf) from 
any cyanobacterium or, indeed, from any oxygen- 
evolving photosynthetic organism. Recently, how- 
ever, the zwfgenes from several non-photosyn- 

thetic bacterial species [3, 10, 13] have been 
sequenced and found to exhibit considerable ho- 
mology both with each other and with G-6- 
PD genes from eukaryotic organisms. Conse- 
quently, we utilized the approach of heterologous 
hybridization to isolate and characterize a cyano- 
bacterial zwf gene. 

Chromosomal DNA from Synechococcus PCC 
7942 was partially digested with Sau 3A and used 
to construct a library in 2 charon 35. A 1.9 kb 
Kpn I-Xho I fragment from the plasmid pTC117 
which is derived from pTC111 [3] and carries the 
Zymomonas mobilis G-6-PD (zwf) gene was used 
as a hybridization probe to screen the library. 
One clone from the library hybridized strongly 
with the 1.9 kb Kpn I-Xho I fragment and con- 
tained a 2.8 kb Hind III fragment which also by- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X64768. 
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10 30 50 ~ 90 

ATGA~T~C~A~TGCTTGAG~CCCG~TTCGCATTGGACTC~GC~GACAAAGTCCCTG~CCGCAAAT~CTCGTCATCTTTGGGGC~ 

M T P K L L E N P L R I G L R Q D K V P E P Q I L V I F G A 

110 130 150 1 ~  

ACC~GCGACTT~CAGCG~AACTG~TGCCT~C~ATCTAC~GATG~CTCG~CG~GTTTGCCGCCAG~TGA~AT~GTGGGG 

T G D L T O R K L V P A I Y E M H L E R R L P P E L T [ V G 

190 210 230 250 270 

GTGG~T~GG~GCGACTGGAG~GATGA~TATTTCCGAGAG~ACCTTCGCC~GGGGTTG~CAGTTTGGCGG~GGCATT~GCA~GG~ 

V A R R D W S D D Y F R E H L R Q G V E Q F G G G I Q A E E 

290 310 330 350 

GTTTGG~CACCTTTGCAC~GG~CTCTTCTTTGCGCCGGGC~CATTGATGACC~C~GTTTTAT~AAACCCTTCGCGATCGC~TTGCG 

V W N T F A Q G L F F A P G N [ D D P Q F Y Q T L R D R L A 

370 390 410 430 450 

AATCTGGATGAGCTGCGCGG~CGCGGGG~ATCGCA~TTTTTACCTCTCGGTCGCA~CCCGTTTCTTTGGTG~GCTGC~MC~CTC 

N L D E L R G T R G N R T F Y L S V A P R F F G E A A K Q L 

470 490 510 530 

GGGG~GCCGG~TGCTTGCCGATCCAGCTAA~CGCGGCTGGT~GTCGMAAACCTTTTGGC~GCGATCTCAGCT~CGCTCAGGTGCTG 

G A A G M L A D P A K T R L V V E K P F G R D L S S A Q V L 

550 570 590 610 630 

AATGCCATCTTGCAGAACGTTTGCCGCG~AGCCAGATCTATCGGATT~CCATTACCTCGGC~AGA~CAGTTCAAAACCTCTTAGTT 

N A [ L Q N V C R E S Q ] Y R I D H Y L G K E T V Q N L L V 

650 670 ~0 710 

TTCCGGTTTGC~AATGCCATTTTTGAGCCGCTCTGGAACCGGC~TACATTGA~CATGTCCA~TCACGGTGGCTGA~TGTGGGGTTG 
F R F A N A I F E P L W N R Q Y ] D H V Q I T V A E T V G L 

~0 750 7~ NO 810 

G~GGGCGAGCTGGCTACTACGAAACTGCTGGTG~TCTGCGGGATATGGTGCAAAAC~ACTTGATG~G~TCTT~GCCTGACGG~GATG 

E G R A G Y Y E T A G A L R D M V Q N H L M Q L F S L T A M 

830 850 8~ 890 

GAGCCGCC~ACT~TCTAGGTGCTGACGGTATCCGT~CGAAAAGGTC~GGTGGTGCAAGCCACA~GGCTGGcGGATATCGACGATCTc 

E P P N S L G A D G I R N E K V K V V Q A T R L A D I D D L 

910 nO 950 970 990 

AGTTTGT~TG~GGTGCGGGGGCAGTACAAAGCGGGCTGGATGMTGGCCGCTCTGTGC~CGCCTATCGGGATGAGGAGG~G~GGATc~C 

S L S A V R G Q Y K A G W M N G R S V P A Y R D E E G A D P 

1010 1030 1050 I0~ 

~AGTCGTTTACGC~CCTATGT~GCCATGAAATTGCTGGTCGACMCTGGCGCTGGCAGGGAGTGCCGTTCTATCTACG~GGGTAAA 

O S F T P T Y V A M K L L V D N W R W Q G V P F Y L R T G K 

1090 1110 1130 1150 1170 

CGGATGCCC~AAAGGTGAcGGAGATTGCCATT~GTT~AF&CCGTGCCGCACTTGATGTTCCAGTCAGCCACCC~AAAGTG~TAGT 

R M P K K V T E I A I Q F K T V P H L M F Q S A T Q K V N S 

1190 1210 1230 1250 

CCCAACGTCTTAGTGCTGCGGATTCAGCC~TG~GGCGTGTC~TTGCGCTTTG~GTGAAAACA~CGGGTTCCTCGCAA~GGACG~ 

P N V L V L R I Q P N E G V S L R F E V K T P G S S Q R T R 

1270 1290 1310 1330 1350 

TCGGTGGATATGGACTTCCGCTAC~CGG~TTTTGGCTCCCCCACCCAAGAGGCCTATAGCCGCCTGCTGGTGGACTGCATGCTCGGC 

S V D M D F R Y D T A F G S P T Q E A Y S R L L V D C M L G 

1370 1390 1410 1430 

GATCAGACGCTGTTCACC~GCGCTGATGAGGTTG~GCGT~TTGGCGGGTTGT~CGCCGTTA~TCG~T~TTGGGATGAC~CGCG~C~ 

D Q T L F T R A D E V E A S W R V V T P L L E S W D D P R Q 

1450 14~ 1490 1510 1530 

GcCGCTGGCATTTcTTTTTACG~G~TGGCACTTGGGAGC~GG~GAGGCGGAGCAGTTGAT~AACCGTGATGGTGCCGTTGGCGT~GT~ 

A A G I S F Y E A G T W E P A E A E Q L I N R D G A V G V V 

1550 1570 

TCTAGGATCCCTGCAACCCAGCTC~TTCTTCTGGAGATGTTTGATGA 

S R I P A T Q L N S S G D V * * 

Fig. 1. Nucleotidesequenceandderiveda~noacidsequenceofthe1572kbORFencodedonthe2.8kb ~ndIIIffagmentffo~ 
~nechococcus PCC 7942. 
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a . . . . . . . . . . . . . .  HAVTQTA QAC/)LV. I FG AI(GOLARRKL LPSLYQLEIOk GQLNPOTRII GVGRADk~KA AYTICI/VREAL ETFN.IGETID EGLbi)TLSAR 

b . . . . . . . . . . . . . . . . . .  NTN TVSTN].LFG STGDLSQRHL LPSLYGLDAD GLLADDLR1V CTSRSEYDTD GFRDFAEKAL DRFVASDRLkl DDAKAgFLNK 

c. NTPKLLENPL RIGLRQDIOfP EPQILV. IFG ATGDLTQRKL VPAIYEHHLE RRLPPELTIV G V A R ~  YFREHLRQGV EQF.GGGIQA EEt/VIlTFAQG 

d . . . . . . . . . . . . . . . . . .  NVS EIKTLVTFFG GTGDLAKRKL YPSVFNLYKK GYLQKHFAIV GTARQALNDO EFKGLVRDSI I(])FTDDQAQA EA . . . .  FIEH 

# # ~ l ~ * ~ f ' * * * ~ f *  * # * # # * # t ~ l P # # # #  # # # *  WI~# #1M 

101 200 

LDFCNLDVND T . . . . . . .  AA FSRLGAHLDQ KNRITINYFA 14PPSTFGAIC KGLGEAKLNA KPA..RWHE KPLGTSLATS QEINDQVGEY FEECQVYRID 

LFYATVDITD P . . . . . . .  TQ FGKLADLCGP VEI(GIAIYLS TAPSLFEGA] AGLKQAGLAG PTS, ,RLALE I(PLGQDLASS DHINDAVI.KV FSEKQVYRID 

LFFAPGNIDD I~FYQTLRDR LANLDELRGT RGNRT.FYLS VAPRFFGEAA I(QLGAAGHLA DPAKTRLVVE KPFGRDLSSA QVI.MAILQNV CRESQIYRID 

FSYRAHDVTD AASYAVLKEA IEEAADKFDI DGNRI.FYNS VAPRFFGTIA KYLKSEGLLA DTGYNRLHIE I~FGTSYDTA AELQNDLENA FDDNQI.FRID 
# * #  # # # # #  #### #*~ /  ##*##*# ## # *# ## ## #~IE *##  * * *# *  ~# ## # #8 # # #  # * ~ : :  

201 300 

HYLGKETVLN LLALRFANSL FVNNWDNRTI DHVEITVAIEE VGIEGRWGYF DKAGGI4RDgl QNHLLQILC14 IAHSPPSDLS ADSIRDEKVK V.PEVSSPHR 

HYLGKETVQN LLTLRFGNAL FEPLWNSKGI DHVgISVAET VGLEGRIGYF DGSGSLRDNV QSHILQLVAL VAHEPPAHHE ANAVRI)EICI/I( VFRALRPINN 

HYLGKETVQN LLVFRFANA] FEPLI~RQY! DHVQITVAET VGLEGRAGYY ETAGALRDI4V QNHLRQLFSL TA/4EPPNSLG ADGIRNEICI/K VI~ATRLAD[ 

HYLGKENVQN IAALRFGNPI FD/LAWNI~YI KNVQVTLSEV LGVEERAGYY DTAGALLDI4I QNHTNQIVGW LANEIO~ESFT DKDIRAAKNA AFNALKIYOE 
* * * * * * # * I t *  ## **I t*## *###*# #* # # * ~ F - ~ #  #*#*p '#**# ~e*###**# *#*IMP,# # **#Jp' #lie ## It* #*## ~ # # 

301 &00 

PLQRTRKNRT RAIYCVPQGIC KVPGYLEEEG ANKSSNTETF VAIRVD|DNU RUAGVPFYLR TGKRLPTKCS EVVVYFICrPE LNLFKESUQD LP,QNE'LTIR 

DTVFTHTVTG OYGAGVSGG[( EVAGYIDELG ..QPSOTETF VAIKAIIVDNU Ri~GVPFYIR TGIERLPARRS EIVVQFI(PVP HSIFSSSGG! LQ,PNKLRIV 

DOLSLSAVRG QYI(AGk~INGR SVPAYRDEEG N)PgSFTPTY VN4KLLVI)NW I;tt~b'VPFYLR TGIEIZJ4PI(I(YT EIAIQFKTVP NU4FQSATQI( VNSPflVLVLR 

AEVNKYFVRA OYGAG..DSA DFI(PYLEELD VPADSKNNTF IAGELQFDLP RkEGVPFYI/R SC.~tLAAJ(OT ItVDIVFKAGT FNF...GSEQ EAQEAVI.SI! 
~MMeCkle~/ # W e * # * ~ e l #  * # *  t * ~ M # * H * * I ~ " ~ * # * # * * * # 1 # ~ I I W e ' ~ d M M #  i f #  # I M P  # 

401 500 

LQPDEGVDIQ VL)IIO/PGLDH K.HNLQITKL DLSYSETFNQ THI.N)AYERL LLETHRGIQA LFVRRDEMEE A ~ S I T E  AVANDk~AI~ p..YQAGTUG 

LCWOIETIQIS HHVI~PGLDR NGAHNREVWL DLSLTDVFIQ) RIQRIAYERL NLDLIE(;DAT LFVRRDEVEA QUVUIDGIRE GUIOLNSW(PK T..YVSGTUG 

IQPgEGVSLR FEVI(TPG... SSQflTRSYDg DFRYDTAF.G SPTQEAYSRL LVI)CNLGDQT LFTRADEVEA SVRWTPLLE SMDDPRGAAG ISFYEAGTI~ 

IDPKGAIELIC LNAKSVE... DAFNTRTIDL GMTVSOE.DK k'NTPEPYERN IIIDTNNGOGS NFN)t~IGVSI AWKI:VQAISA VYTADKAPLE T..YKSGSMG 
# # * # # # #  r H H H  # # # # # # / * * # # # # * ~ k l e r  ###*fME * # iF # # *t'~tl~l e 

501 531 

PVASVANITR DG . . . .  RSUN EFE . . . . . . . .  

PSTAIALAER DG . . . .  VTUY D . . . . . . . . . .  

PAEAEQLINR DGAVGVYSRI PATQLNSSGD V 

PEASOKLLAA NGDA~/FKG . . . . . . . . . . . .  
" # H # r  

Fig. 2. Alignment of the amino acid sequences of glucose-6-phosphate dehydrogenases from (a) Escherichia coli, (b) Zymomonas 
mobilis, (c) Synechoeoccus PCC 7942 and (d) Leuconostoc mesenteroides obtained using the PILEUP program [6]. The * symbol 
indicates residues conserved in all four sequences and the # symbol indicates where a residue found in the Synechococcus PCC 
7942 protein occurs in at least one of the other proteins. 

bridized strongly with the probe. This 2.8 kb 
Hind III fragment was subcloned into pUC19 to 
yield pNUT1. The nucleotide sequence of the 
2.8 kb fragment was determined by the dideoxy 
chain termination method following a combina- 
tion of both random and directed subcloning into 
M13 mpl8 and M13 mpl0. Analysis of the nu- 

cleotide sequence revealed an ORF (524 amino 
acids) of 1572 nucleotides followed by two stop 
codons (Fig. 1). Alignment of the amino acid se- 
quence of the predicted polypeptide encoded by 
this ORF with those of known G-6-PD from pro- 
karyotic sources using the PILEUP program [6] 
revealed extensive homologies (Fig. 2) strongly 
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suggesting that this O R F  represents the authen- 
tic zwf  gene of  Synechococcus PCC 7942. The 
cyanobacterial  G-6-PD was estimated to be 60 ~o 
similar (41 ~o identical) to that of  Escherichia coli 
using the G A P  alignment program [6]. In addi- 
tion, the predicted polypeptide includes the ca- 
nonical sequence ( D H Y L G K E )  of  the active site 
of  G-6-PD [9] as recognized in the P R O S I T E  

dictionary. 
Numerous  studies have been directed at anal- 

ysing the regulation of  activity of G-6-PD activity 
in cyanobacteria  particularly in connection with 
the light-dependent control of  activity. The 
metabolites implicated in regulation include 
N A D P H  [1, 12], ATP [8] and thioredoxin [5], 
the latter having a role in regulating G-6- 
PD  activity in chloroplasts [2]. Thioredoxin can 
function as a protein disulphide reductase and 
has been shown to reduce the disulphides in cer- 
tain proteins, such as the activation of  chloroplast 
fructose- 1,6-bisphosphatase [4]. In this context it 
is worth noting that the amino acid sequence re- 
ported here for the Synechococcus PCC 7942 en- 
zyme contains only two cysteine residues and 
consequently both residues would be involved 
in such regulation. Neither of  the two cysteines 
present in the cyanobacterial  polypeptide are 
conserved residues in the other prokaryotic en- 
zymes and one of  the cysteines (Cys-188), which 
replaces a conserved phenylalanine in the other 
prokaryotic enzymes, lies immediately prior to 
the active site region defined by the sequence 
D H Y L G K E .  
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