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The nucleotide sequence and transcript initiation site of the Synechococcus sp. strain PCC 7002 recA gene
have been determined. The deduced amino acid sequence of the RecA protein of this cyanobacterium is 56 %
identical and 73% similar to the Escherichia coli RecA protein. Northern (RNA) blot analysis indicates that the
Synechococcus strain PCC 7002 recA gene is transcribed as a monocistronic transcript 1,200 bases in length.
The 5’ endpoint of the recA mRNA was mapped by primer extension by using synthetic oligonucleotides of 17
and 27 nucleotides as primers. The nucleotide sequence 5’ to the mapped endpoint contained sequence motifs
bearing a striking resemblance to the heat shock (o>2-specific) promoters of E. coli but did not contain
sequences similar to the E. coli SOS operator recognized by the LexA repressor. An insertion mutation
introduced into the recA locus of Synechococcus strain PCC 7002 via homologous recombination resulted in the
formation of diploids carrying both mutant and wild-type recA alleles. A variety of growth regimens and
transformation procedures failed to produce a recA Synechococcus strain PCC 7002 mutant. However,
introduction into these diploid cells of the E. coli recA gene in trans on a biphasic shuttle vector resulted in
segregation of the cyanobacterial recA alleles, indicating that the E. coli recA gene was able to provide a
function required for growth of recA Synechococcus strain PCC 7002 cells. This interpretation is supported by
the observation that the E. coli recA gene is maintained in these cells when antibiotic selection for the shuttle

vector is removed.

The cyanobacteria (blue-green algae) represent the largest
and most diverse group of the photosynthetic bacteria. They
share with plants the ability to use two photosystems to
evolve molecular oxygen from water. Current evidence
indicates that the photosynthetic apparatus of the cyanobac-
teria is highly homologous to that found in the chloroplasts
of higher plants (6). These organisms also share with the
higher plants and algae the manner in which they assimilate
and metabolize inorganic nitrogen compounds; additionally,
some species are able to fix atmospheric nitrogen (43).
Because the cyanobacteria encompass many basic plant
functions in a relatively simple procaryotic genetic back-
ground, there is interest in developing these organisms as
model systems for the study of various plant functions at the
molecular level.

Several characteristics make the unicellular marine cya-
nobacterium Synechococcus sp. strain PCC 7002 an attract-
ive candidate for development as a genetic model system.
One of the simplest cyanobacteria, its structure and genetic
complexity are similar to those of other gram-negative
bacteria (38). Synechococcus strain PCC 7002 cells demon-
strate natural competence for exogenous DNA uptake and
transformation, and both chromosomal and plasmid trans-
formation studies have been carried out in this species (35).
Biphasic shuttle vectors, based on the fusion of native
Synechococcus strain 7002 plasmids and Escherichia coli
cloning vectors (e.g., pBR322), have been constructed (7;
J. S. Buzby, Ph.D. thesis, The Pennsylvania State Univer-
sity, University Park, 1984). Allowing for genetic manipula-
tion in E. coli, these plasmids can be transformed into and
propagated in Synechococcus strain PCC 7002. However,
these plasmids cannot at present be usefully employed as
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bearers of cloned Synechococcus sp. fragments for merodip-
loid analysis. Homologous recombination between plasmid-
and chromosome-borne alleles leads to gene conversion and
integration events that render merodiploid analysis in this
species problematic (36).

In E. coli, homologous recombination is largely governed
by the recA gene product. Since the elimination of RecA
protein activity results in mutant E. coli strains that are
capable of maintaining stable merodiploids, we have been
interested in determining whether a similar strategy could
lead to the production of a Rec™ cyanobacterium. We have
previously reported the cloning and partial characterization
of the Synechococcus strain PCC 7002 recA gene (32). The
cyanobacterial recA gene product was found to be similar in
size to the E. coli RecA protein and was able to complement
homologous recombination function when expressed in E.
coli recA mutants. Hybridization experiments also indicated
that the gene is widespread among the cyanobacteria (32).
We report here the complete nucleotide sequence of the
Synechococcus strain PCC 7002 recA gene, the results of
experiments designed to eliminate recA function in the
cyanobacterium, and the finding that the E. coli RecA
protein is able to provide a function required for growth of
recA Synechococcus strain PCC 7002 cells.

MATERIALS AND METHODS

Culture conditions and strain. The unicellular marine cya-
nobacterium Synechococcus strain PCC 7002 (formerly
Agmenellum quadruplicatum PR-6) was maintained in liquid
culture and on 1.5% agar plates in medium A as described
previously (44). Various transformants of Synechococcus
strain PCC 7002 were selected and maintained on antibiotic
concentrations of 200 pg of kanamycin per ml, 2.0 ug of
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ampicillin per ml, and 50 pg of streptomycin per ml for both
liquid culture and plate-growth conditions.

DNA isolation. Small-scale E. coli plasmid preparations
were performed by following the rapid boiling procedure of
Holmes and Quigley (21). Small-scale plasmid extractions
from Synechococcus strain PCC 7002 for analysis of trans-
formants was carried out by following an alkaline extraction
procedure (28), with two modifications: cells were frozen
and subsequently thawed at 37°C prior to reagent I-lysozyme
treatment, and cells were treated with proteinase K (50
png/ml overnight) after RNase treatment. Synechococcus
strain PCC 7002 chromosomal DNA was isolated from 10-ml
liquid cultures by the following method. Cells were har-
vested by centrifugation and suspended in buffered lysis
solution (25% sucrose, 50 mM Tris hydrochloride, pH 7.5, 10
mM EDTA). Following freezing and subsequent thawing at
room temperature, cells were incubated first at 37°C in the
presence of 10 mg of lysozyme per ml for 30 min and then
overnight at 55°C, after the addition of sodium dodecyl
sulfate and proteinase K (Sigma Chemical Co.) to 10 mg/ml
and 100 pg/ml, respectively. Lysates were subsequently
extracted at least twice with phenol-chloroform (1:1) and
two final chloroform extractions before precipitation of the
DNA with isopropanol.

Cloning, transformation, and hybridization procedures.
Various restriction endonuclease enzymes were used to
digest both plasmid and chromosomal DNA in accordance
with instructions provided by the manufacturers (Bethesda
Research Laboratories, Inc.; International Biotechnologies,
Inc.). E. coli plasmid transformations were performed by
using either the 24-h CaCl, procedure of Dagert and Ehrlich
(11) or the method of Kushner (26); transformants were
selected on LB agar plates containing 50 wg of ampicillin per
ml or 100 ug of kanamycin per ml or both. Both plasmid and
chromosomal transformations of Synechococcus strain PCC
7002 were carried out as previously described (7, 44) for
chromosomal transformation of the cyanobacterium. DNA
fragment isolation and purification were performed by agar-
ose gel electrophoresis as previously described (32). DNA
ligations, nick translations, and Southern and Northern
(RNA) hybridizations were performed by using standard
procedures (28). Synechococcus strain PCC 7002 RNA was
isolated by following the mechanical breakage protocol of
Golden et al. (14). Primer extension mapping of the 5’
endpoint of the Synechococcus strain PCC 7002 recA mRNA
was performed by the method of Ausubel et al. (2) and used
avian myeloblastosis virus reverse transcriptase (Boehringer
Mannheim Biochemicals) and the aqueous hybridization
option recommended for oligonucleotide primers. The hy-
bridization solution contained 0.3 M NaCl, 0.5 M HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), pH
7.5, and 1 mM EDTA. S1 nuclease mapping of the 5’ end of
the Synechococcus strain PCC 7002 recA transcript was
carried out by the procedure outlined by Maniatis et al. (28),
with slight modifications. The overhanging 5’ termini of the
252-base-pair (bp) gel-purified EcoRI-BstEII fragment from
plasmid pAQPR75 were labeled by using [y->*?PJATP and T4
polynucleotide kinase (Bethesda Research Laboratories) af-
ter dephosphorylation with bacterial alkaline phosphatase
(Bethesda Research Laboratories). A 1/2-ug portion of this
fragment was allowed to hybridize overnight at 50°C with
approximately 200 ug of Synechococcus strain PCC 7002
RNA. S1 nuclease treatment at 1,000 U/ml was allowed to
proceed for 1 h at 37°C. After precipitation and suspension in
TE (0.01 M Tris hydrochloride, 1 mM EDTA, pH 8.0), the
sample was denatured and electrophoresed on a polyacryl-
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amide gel alongside the sequence reactions of a DNA sample
of known sequence.

DNA sequencing. Double-strand nucleotide sequencing
was carried out by allowing specific dideoxynucleotides to
terminate >?P-labeled primer extension reactions randomly
by using base-denatured plasmid DNAs as templates (16,
40). The radiolabeled fragments were subsequently sepa-
rated by electrophoresis at a constant power of 60 watts
through a 40 by 33 by 0.4 cm 5% acrylamide gel (acrylamide:
bisacrylamide = 19:1); in TEB buffer (TEB = 275 mM
sodium EDTA, 89 mM boric acid, 89 mM Tris hydrochlo-
ride, pH 8.3) containing 8.5 M urea. Following electropho-
resis, the gel was exposed to Kodak X-Omat AR film at
—70°C for about 15 h prior to film development. Initial
sequencing at the extreme ends of the insertion fragment
used M13 universal and reverse primers (48). As nucleotide
sequence data were obtained, appropriate primers were
prepared as synthetic oligonucleotides on a model 380A
automated DNA synthesizer (Applied Biosystems, Inc.).
The entire nucleotide sequence was determined on both
DNA strands. The synthetic 27-mer used in the primer
extension mapping experiments was purified by reverse-
phase high-pressure liquid chromatography prior to detrity-
lation.

RESULTS

Nucleotide and amino acid sequence analysis. Plasmid
pAQPR?7S5 was previously shown to encode the Synechococ-
cus strain PCC 7002 recA gene on a 2.2-kilobase-pair EcoRI-
Bglll fragment that had been cloned into the EcoRI-BamHI
sites of E. coli plasmid vector pUCS8 (R. C. Murphy, Ph.D.
dissertation, The Pennsylvania State University, University
Park, 1989). The entire cyanobacterial DNA fragment (2,218
bp) was subjected to double-strand nucleotide sequence
analysis (Fig. 1). The cloned Synechococcus sp. fragment
was found to contain both the complete coding sequence of
the recA gene (nucleotides 1 to 1047 in Fig. 1) as well as the
5’ portion of a second open reading frame (nucleotides 1192
to 1960 in Fig. 1) which begins 144 bp downstream from the
recA termination codon. Although the deduced amino acid
sequence of this open reading frame is shown in Fig. 1, the
significance of this potential coding sequence is unknown.
No homology to sequences in GenBank could be found.

The cyanobacterial recA gene (1,047 bp) and the E. coli
recA gene (1,062 bp) are similar in size. A comparison of the
two coding sequences for the region in which the two
sequences overlap demonstrates 56% sequence identity at
the nucleotide level. Similarly, the deduced amino acid
sequence of the Synechococcus strain PCC 7002 recA gene
shows 56% sequence identity with the E. coli RecA protein
(Fig. 2 and Table 1). This homology increases to about 73%
when allowances for conservative amino acid substitutions
are made (30). The Synechococcus strain PCC 7002 RecA
protein is approximately equally homologous to those of E.
coli, Proteus mirabilis, Thiobacillus ferooxidans, Pseudo-
monas aeruginosa PAO, Rhizobium meliloti, and Agrobac-
terium tumefaciens (see Table 1). Several regions of com-
plete or nearly complete amino acid identity among the
various recA gene products are observed (Fig. 2). However,
the amino acid sequence homology of all RecA proteins is
considerably reduced at their carboxyl termini.

An acceptable ribosome-binding (Shine-Dalgarno-type)
sequence, 5" GAGG 3', is found S bp upstream from the
ATG initiation codon of the cyanobacterial recA gene (Fig.
1). The downstream open reading frame is preceded by the
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SYNECHOCOCCUS STRAIN PCC 7002 recA GENE
NUCLEOTIDE SEQUENCE OF SYNECHOCOCCUS SP. PCC 7002 mecA GENE AND ITS DEDUCED AMINO ACID SEQUENCE
-250 -240 -230 -220 -210 ~200 -190 -180 -170 -160 =150 -140
GAATTCTTGGCCTGGCTCCAGTTACCAACCTTTATCCAAGCGGCCCCCGTCAARACCCAGACCATCTATCACTTCCAGCAGCCCARATARTCATCCCOGTGAGGGTTGTTTGCCGCCGGA
-130 -120 -110 -100 -90 -80 =70 =60 -50 ~40 =30 =20
ATATCACCTGGATCTGCCTTTCGTCAGATTGTAAAAATCCTGCGACAGCTTTCCGGGAARATTGCGATACCATAAGTACGATTGAACTCAGAAATCCAATCACTTTTGACCCATTACGCC

-10 -1 1 10 20 30 40 50 60 70
ACGGCGATCGAGGTAACC ATG TCA GCC ATC AGC AAT AAT CCC GAC AAA GAA AAG GCC CTA AAC CTA GTG CTC AAC CAA ATT GAG CGT AAC TTT
m s A I S N NP DK E K A LNTLV L N @I ERNTF

80 20 100 110 120 130 140 150 160
GGT AAG GGG GCG ATT ATG CGG TTG GGG GAT GCC GCC CAG ATG AAG GTC GCA ACC ATT CCC AGT GGG GCT TTG ACC CTA GAT CAG GCG ATG
G K 6 AT M R L G D A AQ@ M K V AT IT P S CEALTLDQ@AWMN

170 180 190 200 210 220 230 240 250
GGC GGT GGG TTT CCG CGT GGG AGA ATT GTG GAA ATC TAT GGC CCG GAG AGT TCT GGG AAA ACG ACG GTT GCT CTC CAT GCG ATC GCC GAA
6 6 6 F P R G R I VET Y 6P E S S 6 KT T V A L HATATE

260 270 280 290 300 310 320 330 340
GTC CAA AAA GG GGT GGC GTC GCT GCT TTT ATT GAC GCT GAA CAT GCC CTG GAT CCC ACC TAT TCC 6CG GCC TTG GGA GTT GAT ATT GAA
vV @ K A6 6 V A A F I DAEWHWHALIDPTY S AALGV DI E

350 360 370 380 390 400 410 420 430
AAC CTG CTG GTG GCC CAA CCC GAT AAC GGC GAA TCT GCT TTA GAA ATT GCC GAC CAA TTG GTT C6C TCG GC6 GCT GTG GAT CTA ATC GTG
N L LV A QP DNGESALETLIADU @@LV RS AAVDLIV

440 450 460 470 480 490 500 510 520
ATT GAC TCG 676 GCG GCC CTT 6T6 CCC AGG GCA GAG ATC GAA GGA GAA ATG GGC GAT GTG CAG 6T6 GGT CTC CAG GCC CGT CTC ATG AGT
I DS VA ALV P RAETIT EG6GEMG6DV Q@ V 6 L @ ARLHMS

530 540 550 560 570 580 590 600 610
AAA GCC CTC CGT AAA ATT GCC GGG AAT ATG GGG CGT TCG GGT TGT ACG GTG ATT TTT CTC AAT CAA TTG CGC CAA AAA ATT GGC ATT AGT
K AL R K 1T A G NMGRS G6CTV I F L NOQLRQKTITG IS

620 630 640 650 660 670 680 690 700
TAC GGC AAT CCA GAG GTA ACC ACC 666 GGA ACC GCC CTC AAA TTT TAT GCC TCT GT6 CGC CTA GAT ATC CGC CGC ATC CAA ACC CTC AAG
Y 6 NP EV T T G666 TALZKFY ASV R LDTIRRTIUGTILEK

710 720 730 740 750 760 770 780 790
AAA GGG AGC GAA GGG GAA TTT GGC ATC CGC GCC AAG GTT AAA GTG GCG AAA AAT AAA GTT GCT CCA CCG TTC CGC ATT GCC GAA TTT GAC
K 6 S E G E F 6 I R A KV KV A KNZKV AP P F R AETFTD

800 810 820 830 840 850 860 870 880
ATT ATT TTT GGC AAA GGA ATC TCC CGT GTG6 GGC TGC ATG CTA GAC CTC GCG GAA CAA ACA GGT GTC ATT ACC CGC AAA GGC GCT TG6 TAC
I 1 F 6 K 61 S RV 6 CMLDLAE®TG6VYV I TR KGANWY

890 900 910 920 930 940 950 960 970
AGC TAT GAA GGG GAT AAC ATT GCC CAG GGT CGC GAC AAT GCA GTG AAG TAT CTA GAG GAA AAT CCG GAC GTT GCG GCG ATC GTC ACC CAA
S Y E 6D N T A Q@ GRDNA AV K Y LEENTPTDVAATILIVITaa

980 990 1000 1010 1020 1030 1040 1050 1060 1070
AAA GTC CGG GAA AAT CTG GAT ATG AGT TCC ATG GGT TTC GGG GAT GAG CAC CAC ACC ACC GAA GAA GAA TAA GCATTTTTGTGGCAGCAAATATT
K vV R E N L D M S S M 6 F 6 D E H H T T E E E EN

1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190
CCTGATCCAATGCAAGATGGTAAGACAAGGGGCGAATTTAAGCCTCTTTTTTCTTGAGTTTTTTGAAAAT TAGGGAAACAGGCACCAGACAACAGCATAATTTGCGGCGTGCTAGAATCG

1200 1210 1220 1230 1240 1250 1260 1270
G ATG COT CAT TTT GAA AAA AAA CGT TAC GTT CAC TAT GGG TAT TCG TTT CTC TCG TT6 GTT AGT GGG TTG C66 TGT GGC GAT CGC TTC
m R H F E K KRY V HY G6Y S F LS LV S G6LRTCG6DRF

1260 1290 1300 1310 1320 1330 1340 1350 1360
66T GTA TT6 TCC CCT TCA GTC ACT TGG GCT AAT CCC CAA CTC AAT GCC CTC CTC GAA CAG GGA AAT GAA CAG CTG ACC AAT CGG AAT TTT
G v L S P SV T W ANZPIQLNALLTES TGNETZ Q@LTNR RNE

1370 1380 1390 1400 1410 1420 1430 1440 1450
GCC CAA GCA GTG CAG CAT TAC CGC CAG GCT CTC ACC CTA GAA GCC AAC AAC GCC CGG ATC CAT GGT GCC CTC GGT TAC GCC CTT TCC CAA
AAQ AV @ H Y RG@ALTULEANNARTIIUHWGATLGY ALSQ

1460 1470 1480 1490 1500 1510 1520 1530 1540
CTG GGC AAT TAT TCA GAA GCG GTG ACG GCC TAC CGC CGG GCT ACG GAA TTA GAA GAT GAT AAT GCA GAG TTT TTC AAT GCC CTG GGT TTC
L 6 NY S EAV T AY RRATTETLTETDTDNATETFTFNALGTF

1550 1560 1570 1580 1590 1600 1610 1620 1630
AAT TTG GCC CAA AGT GGC GAT AAC CGC AGT GCC ATC AAC GCC TAC CAG CGA GCC ACC CAA CTG CAG CCG AAT AAC CTG GCC TAC AGT CTG
N L AQ S 6D NURSAITNAY Q@R AT QL Q@ P NNLAY S L

1640 1650 1660 1670 1680 1690 1700 1710 1720
GGT TTA GCG ACC GTA CAA TTT CG6 GCC GGG GAC TAC GAT CAA GCT CTG GTC GCG TAC CGT AAA GTT TTG GCT AAA GAC AGC AAC AAC ACC
G L AT V Q@ F R A GDY D@ ALV AY RKV LAKTIDSNNT

177 1780 1790 1800 1810
17;?6 6C6 CTGIEI‘\X AAT AGT Tﬂsﬂct AGT TTé??G CAA TTG GGR CGT AAC CAA GAG GCG GCA GTG CTG TTT CCT GAT TTG CTG CGC CAA CGA
m A L Q@ NS LTS L L @ L 6 RNOQ@EAAV LFPDLLROQR

s 1860 1870 1880 1890 1900
"EEC AAT GAClgEg GAA CTC CECB‘RTT AAG GCll\aGgG GT6 ACG TGG TTT GGC CTC AAT GAT CGT GAC CAG GCG ATC GCC TTC CTG GAA GAA GCC
P N D A E LRI KA AV T W F 6L NDRUDGGATIATFILTETEA

1910 1920 1930 1940 1950 1960
CGC CGC CTC AGC ACC CGC GAC AGT GCG ATG CAA ATT CGG GTC GGC AAG ATC T
R R L S T R DS A MQ I RV & K I
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FIG. 1. Nucleotide sequence of the Synechococcus strain PCC 7002 recA gene and flanking sequences (GenBank accession no. M29495).
Nucleotide numbers 1 through 1047 encompass the recA coding sequence. The coding region of the downstream open reading frame begins
with nucleotide number 1192. Nucleotide —26 is the transcription initiation site as determined by primer extension and S1 nuclease mapping.
An interrupted inverted repeat which could play a role in transcription termination and/or mRNA stabilization occurs at nucleotides 1046 to

1073.

sequence 5’ AGAA 3’ 4 bp prior to the translation start

codon. The nucleotide sequence coding for the structural mRNA stabilization.

1046 to 1073) may play a role in transcription termination or

portion of the RecA protein contains two short regions of
dyad symmetry (nucleotides 398 to 407 and 458 to 468 in Fig.
1), but the ‘‘pseudo-ISs’’ observed in the E. coli recA gene
sequence (39) are not found in the cyanobacterial homolog.
Finally, the A+T-rich interrupted inverted repeat that is
observed immediately 3’ to the coding sequence (nucleotides

Northern blot and primer extension analyses. Northern
blots of RNA prepared from exponentially growing Synecho-
coccus strain PCC 7002 cells or from cells which had been
starved for a combined nitrogen source for 5 h were hybrid-
ized with two different radiolabeled probes. The first probe
was prepared from the gel-purified 980-bp Alul fragment of
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COMPARISON OF THE DEDUCED AMINO ACID SEQUENCES OF SEVERAL PROCARYOTIC recA PROTEINS

10 20 30 40 50 60 70 80 90 100
SYNECHOCOCCUS : MSATSNNPDKEKALNLVLNQIERNFGKGA IMRLG-DAAQMKVAT 1PSGALTLDQAMG-GGFPRGRIVE I YGPESSGKTTVALHAIAEVAKAGGY
E. coLi: MAIDENQ@ AAAG KO S -EDRSDE STSS ILA LM LT Qv AA RE KT
PROTEUS: MAIDENQ@ AMG K@ S -EDRSNE STSS VLA L LT Qv SA RE KI
THIOBACILLUS: MDEQRS 6 SAA S DK@ V  DHN IKDIEVYSTSG6 LLV L V LT SCA T
PSEUDOMONAS : MDEN KR AM G @ V MHERA-IPASTSG6 ILI LK LTSV A QAT
AGROBACTERIUM: MAQNSLRLVEDKSV S EAA S S S K SNENVWE E VST SS I L I Lessasssssssassesssassansansanssens
Ru1ZOB1UM: MAQNSLRLVEDKSY S EAAS S S K AKDSW IEVSTSG ILI LK I L QT AK I
110 120 130 140 150 160 170 180 190 200
SynecHococcus:  AAFIDAEHALDPTYSAALGVDIENLLVAQPDNGESALEIADQLVRSAAVDLIVIDSVAALVPRAE 1 EGEMGDVQVGLQARLMSKALRKIAGNMGRSGCTV
E. coL1: C 1 ARK D ¢S T Q@ CAAG VYV TK 1 SHM A M QM L LKQ NTLL
PROTEUS : 4 1 ARK D ¢ T @ CASG VYV TK I SH A M OM L LKNNTLL
THIOBACILLUS: GAHKK L IS T @ M 6 TK SH Q NLTA IS NTL
PseuboMonas:  C V DAGK MDD S T Q@ TM N VIV K AH Q T IKNAN L
AGROBACTERIUM: 338822 VARK LQS ICS I--RR GADH T 6 VL Ss3i2sasasasssssessiscs Q LTASISK K M
RH1ZOBIUM: () VARK L IS T@ TT 6I1IL M Q  LTASISK N M
210 220 230 240 250 260 270 280 290 300
SynecHococcus:  IFLNQLRQKIGISYGNPEVTTGGTALKFYASVRLDIRRIQTLKKGSEGEFG]RAKVKVAKNKVAPPFRIAEFDI IFGKGISRVGCMLDLAEQTGVITRKG
E. coL1: I IM W T GAVEEN-WSETR V 1A KO QLYE NFYELV GVKEKL EKA
PROTEUS: I ITM W T N GSVND -VI SETR V A K& QMY E NTY ELI GVKHKLVEKA
TH10BACILLUS: I Im w T N GAI SD -W NDTR V E AYE LSELV  GVKFDIVEKT
PSEUDOMONAS : I IM W T N TAVED-WSETR vV S @ QLY YTEIl GVLLVEKS
AGROBACTERIUM: 1 ITM VS T [ S2TR023222220222222222822222KQV MY E V KT ELV  GVKA IVEKS
RutzoBium: I IM WS T N GSV ERE -W NQTR VM KQV MY E V KT ELI GVKA IVEKS
310 320 330 340 350 360
SyNecHococcus:  AWYSYEGDNIAQGRDNAVKYLEENPDVAAIVTQKVRENLDMSSMGFGDEHHTTEEES
E. coL1: KEKG KA TAW KD ET KEIEK L LSNPNSTP FSVDDS- GVAETNEDF2
ProTEUS: NEKG KA TN K H EMYNELNT L M LNHAGE TSAADFAG SDSDADDTKER
THIOBACILLUS: QHR G K RQ KVH EL NIE RI AAAAGHPLA AE VESPQRSASE
PSEUDOMONAS : QSKG6 KA A D EIGSVLEKTI D@ LAK GPVKADAEEVADAEAD:
AcroBACTERIUM:  F NSQRLG E 2KTF RD T NEIELAL @ AGLIADR LENGGPDAG GDDGSDEGS
RHIZOBIUM: F NSQRLG E KLF R ELLREIETAL @ AGLIADR LENGGPES-DGDEAADME

J. BACTERIOL.

FIG. 2. Comparison of the deduced amino acid sequences of the RecA proteins of Synechococcus strain PCC 7002, E. coli (39), P.

mirabilis (1), T. ferrooxidans (37), P. aeruginosa PAO (41), A. tumefaciens (Buikama, Ph.D. thesis), and R. meliloti (Buikama, Ph.D. thesis).
Blank spaces indicate amino acids identical to those of the Synechococcus strain PCC 7002 RecA protein; hyphens indicate deletions inserted
to improve the alignment, and asterisks in the A. tumefaciens sequence indicate regions which have not yet been sequenced.

plasmid pAQPR75 (nucleotides —92 to 886); this probe is
highly specific for the Synechococcus strain PCC 7002 recA
gene. Hybridization with total Synechococcus strain PCC
7002 RNA revealed a transcript of 1,200 nucleotides (Fig.
3A), suggesting that the Synechococcus strain PCC 7002
recA gene is transcribed as a monocistronic transcript ap-
proximately 1,200 nucleotides in length. From the continu-
ous smear of smaller hybridizing species, it appears that the
recA transcript may be rather unstable. The pattern and
strength of the hybridization obtained with RNA from cells
which had been starved of combined nitrogen for 5 h were
indistinguishable from those obtained with exponentially
growing cells from nitrogen-replete media.

A second radiolabeled probe was prepared from the
gel-purified 780-bp HindIlI-Hinfl fragment of plasmid
pAQPR?7S (the HindIII site is in the pUCS8 multiple-cloning
site). This probe contains DNA sequence exclusively from
the open reading frame that begins immediately downstream

from the Synechococcus strain PCC 7002 recA gene (nucle-
otides 1185 to 1960; Fig. 1). Hybridization of this probe with
Synechococcus strain PCC 7002 RNA yielded an apparent
transcript size of approximately 7,200 nucleotides (Fig. 3B).
The Northern blot data suggest that the recA gene and the
downstream open reading frame are not cotranscribed.

The 5’ endpoint of the recA mRNA was mapped by primer
extension by using synthetic oligonucleotides of 17 bases (5’
CCAAAGTTACGCTCAAT 3'; nucleotides 77 to 61; data
not shown) or 27 bases (5' CGCCCCCTTACCAAAGTTA
CGCTCAAT 3’; nucleotides 87 to 61; Fig. 4). The two
oligonucleotide primers produced identical extension pat-
terns. The major 5’ endpoint of the recA mRNA determined
with either primer occurred 26 nucleotides upstream from
the translation start codon of the recA gene (nucleotide —26
in Fig. 1). Consistent with the results of the primer extension
reactions, protected fragments of 24 to 28 nucleotides were
also observed when the 252-bp EcoRI-BstEII fragment of

TABLE 1. % Amino acid sequence identity of RecA proteins from various bacterial species®

% Identity

Bacterial sp
E. coli P. mirabilis P. aeruginosa T. ferrooxidans R. meliloti A. tumefaciens® Synechococcus sp.
E. coli 100 84 70 68 65 59 56
P. mirabilis 100 71 68 65 58 55
P. aeruginosa 100 68 64 55 58
T. ferrooxidans 100 66 59 59
R. meliloti 100 86 S5
A. tumefaciens® 100 46
Synechococcus sp. 100

@ References for sequences: E. coli (39), P. mirabilis (1), P. aeruginosa PAO (41), T. ferrooxidans (37), and R. meliloti and A. tumefaciens (Buikama, Ph.D.

thesis).
b Based on incomplete sequence data.
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FIG. 3. Fluorogram resulting from Northern blot hybridization
of Synechococcus strain PCC 7002 RNA. (A) Hybridization with a
radiolabeled Synechococcus strain PCC 7002 recA gene internal
probe (nucleotides —92 to 860; see Fig. 1). (B) Hybridization with a
radiolabeled Synechococcus strain PCC 7002 fragment comprising
sequences derived exclusively from the open reading frame located
downstream from the recA gene (nucleotides 1185 to 1960; see Fig.
1). The left and right lanes of both panels A and B represent equal
portions (20 pg) of RNA from Synechococcus strain PCC 7002
grown in medium with and without (for 5 h) combined nitrogen,
respectively. The bars at the right show the position of the Synecho-
coccus strain PCC 7002 ribosomal RNA molecules, whose approx-
imate sizes are expressed in kilobases.

plasmid pAQPR75 was used in S1 protection experiments
(results not shown). Although the sequence 5’ to the mapped
mRNA does not resemble the E. coli consensus (¢7°) pro-
moter sequence (15, 17), the sequence does closely resemble
the E. coli consensus heat shock (¢3?) promoter (10, 33). The
sequence 5’ CGATTGAA 3’ occurs at 27 to 34 bp upstream
from the transcription initiation point and is separated by 13
nucleotides from the sequence S’ TCACTTTT 3’ which
occurs 5 bases upstream from the transcription initiation
point. These sequence motifs and their spacing are similar to
the heat shock promoter sequence ' CCCTTGAA—13 to 15
bp—CCCCATTTA 3’ which occurs 7 to 8 bp upstream from
the transcription initiation points for genes whose transcrip-
tion is dependent upon the o2 form of RNA polymerase in
E. coli (10, 33). Finally, no sequence motif homologous to
the ¢“SOS box’’ (i.e., the operator sequence recognized by
the LexA repressor [34]) was found in the sequence up-
stream from the recA translational start codon.
Introduction of an insertion mutation at the recA locus of
Synechococcus strain PCC 7002. Plasmid pAQPR?7S carries a
single EcoRYV restriction site located in the central portion of
the Synechococcus strain PCC 7002 recA gene (nucleotides
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FIG. 4. Primer extension analysis of the Synechococcus strain
PCC 7002 recA transcript. Lane E contains the primer extension
product. The nucleotide sequence shown is of known sequence and
is derived from a subclone of a flanking sequence of the Synecho-
coccus strain PCC 7002 apcE gene. The extension primer used in
this experiment was the synthetic 27-mer 5" CGCCCCCTTACCA
AAGTTACGCTCAAT 3’ and corresponds to nucleotides 87 to 61
(complement) in Fig. 1. The extension product was 113 nucleotides
long and thus corresponds to a transcription initiation site at
nucleotide —26 (see Fig. 1). This length determination was con-
firmed by repeating the extension experiment with a sizing ladder
generated by using the synthetic 27-mer as the sequencing primer
and with plasmid pAQPR?7S as template (results not shown).

==
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679 to 684; Fig. 1; see Fig. 5). A 1,350-bp fragment carrying
the aph gene of Tn5 was inserted at this site to form plasmids
pRM1357 and pRM6455, in which the aph gene is tran-
scribed, respectively, in the same direction or in the opposite
direction relative to the recA gene in plasmid pAQPR7S (Fig.
5). The aph gene encodes aminoglycoside 3’-phosphotrans-
ferase and confers resistance to the antibiotic kanamycin.
Since equivalent results were obtained with both construc-
tions, only the results obtained with pRM1357 will be
described here. Synechococcus strain PCC 7002 cells were
transformed with the gel-purified HindIII-EcoRI fragment of
plasmid pRM1357 bearing the insertionally inactivated Syn-
echococcus sp. recA allele, and chromosomal DNAs from 12
kanamycin-resistant transformants were subjected to endo-
auclease restriction, electrophoresis, and Southern blotting.
Hybridization of the blotted DNA with radiolabeled plasmid
pAQPR7S demonstrated that in all 12 transformants exam-
ined, the insertionally inactivated recA allele had recom-
bined into the chromosome to produce the expected prod-
uct. However, although all of the transformants yielded the
predicted fragment sizes for displacement of the recA gene,
the hybridization pattern also indicated that an uninterrupted
wild-type recA gene remained in each of the transformants
(data for only one transformant are shown in Fig. 6; compare
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FIG. 5. Physical map of the recA locus of Synechococcus strain PCC 7002 and maps of the constructs made for plasmids RM1357 and
pRM6455. The 2.218-kilobase-pair EcoRI-Bg/II fragment of Synechococcus strain PCC 7002 encoding the recA gene was cloned in the
EcoRI-BamHI sites of pUCS. Plasmid pAQPR7S was digested with EcoRV, and a 1,350-bp fragment encoding the aph gene, indicated as neo,
of TnS5 was blunt-end ligated into this plasmid in both directions as shown. In plasmid pRM1357, the aph (neo) gene is transcribed in the same
direction as the Synechococcus strain PCC 7002 recA gene, while in plasmid pRM6455 the aph (neo) gene is transcribed in the opposite
direction. Restriction endonucleases: E, EcoRI; A, Alul; Bs, BstEIl; B, BamHI; R, EcoRV; X, Xbal; V, Pvull; P, Pstl; and G, Bg/Il.

lanes 3 and 4). This observation suggested that the Synecho-
coccus strain PCC 7002 transformants carried (at least) two
genomic copies of its chromosomal DNA when transformed
and that cells surviving growth through continuous kanamy-
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FIG. 6. Fluorogram resulting from Southern blot hybridization
demonstrating the elimination of the wild-type Synechococcus strain
PCC 7002 recA gene. The radiolabeled DNA insert of plasmid
pAQPR7S (see Fig. 5) was used as the hybridization probe. (A)
DNAs digested with EcoRI and Pst1. (B) DNAs digested with Bg/II.
(C) DN As digested with EcoRI. Lanes 1 and 2 contain chromosomal
DNAEs isolated from two Synechococcus strain PCC 7002 transform-
ants harboring plasmid pAQES/recA and the pRM1357-derived
insertion mutation in the cyanobacterial recA locus. Lanes 3 contain
chromosomal DNA isolated from Synechococcus strain PCC 7002
transformants carrying the pRM1357-derived insertion mutation at
the chromosomal recA locus but not harboring plasmid pAQES/
recA. Lanes 4 contain chromosomal DNA isolated from the wild-
type Synechococcus strain PCC 7002. A single fragment hybridizes
to the probe for chromosomal DNA from the wild type. However,
two fragments hybridize for DNAs isolated from transformants
when these are digested with EcoRI and PstI or BgllI because of the
Pst] and BgllI sites within the aph gene fragment (see Fig. 5). The
bars to the right show the position of size markers, the HindIII
fragments of phage lambda DNA, whose sizes are indicated in
kilobase pairs.

cin selection had maintained two chromosomes carrying the
diploid recA alleles. It is known that cyanobacteria routinely
exhibit high genomic copy numbers (19). The wild-type recA
gene remained despite exhaustive subculturing of the trans-
formants in kanamycin-containing medium, and the inter-
rupted recA allele (plus kanamycin resistance) was quickly
lost from cultures grown in the absence of kanamycin
selection. The recA diploids were stably maintained under
kanamycin selection for more than a year.

Several lines of evidence suggest that a recA null mutation
is lethal in Synechococcus strain PCC 7002. In an attempt to
enhance the probability of segregating the interrupted and
wild-type alleles and identifying a recA Synechococcus
strain PCC 7002 mutant, the transformed cyanobacterial
cells were subjected to a number of growth regimens. Cells
were grown and subcultured through liquid cultures contain-
ing up to 1,600 ng/ml (i.e., eight times the normal kanamycin
concentration). Each liquid culture was allowed to grow into
deep stationary phase prior to subculturing. Since the num-
ber of cyanobacterial chromosomes per cell is proportional
to cell growth rate (19), it was anticipated that increasing the
selection pressure for kanamycin resistance during exponen-
tial growth, followed by conditions leading to a reduced
number of chromosome copies, might lead to an increase in
the number of cells carrying only the mutant allele. Of
surviving colonies examined, however, all maintained the
wild-type and interrupted alleles. Similarly, the diploid con-
dition was maintained in these cells following slow growth
(in the presence of kanamycin) induced by CO, limitation,
extremely reduced lighting, or filtered red lighting condi-
tions. Interestingly, microscopic examination of plates
streaked from these slow-growth liquid cultures demon-
strated that a very high percentage (greater than 90%) of the
cells did not yield colonies, even when plated on kanamycin-
free media. Also evident on these nonselective plates were
many microcolonies consisting approximately (by micro-
scopic examination) of from 10 to 50 cells. These colonies
did not grow larger and died relatively quickly. On the other
hand, wild-type Synechococcus strain PCC 7002 cells grown
under the same slow-growth regimens exhibited faster
growth rates than the diploid cultures and yielded normal
(nearly 100%) plating efficiencies.

In another experiment, an attempt was made to enrich the
transformant cultures for cells carrying a stable kanamycin
marker. The transformed cells were taken through three
nonselective (i.e., no kanamycin) subculturings in liquid
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TABLE 2. Stability of antibiotic markers in transformed
Synechococcus strain PCC 7002
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TABLE 3. Chromosomal transformation efficiencies of
Synechococcus strain PCC 7002

Time of

Chromosomal recA genotype(s) growth ctll(:)hzgs
in liquid Total
Insertion culture  colonies
i ithout d
Wild type mutation Pi?:;:;d a:tlibi(():tlic assaye p* Km"
(Km?) selection
+ - None 6 days 50 0 0
+ - pAQES 6 days 200 15 ND¢
+ + None 6 days 500 ND 0
- + pAQES/recA S mo 400 400 400

“ ND, Not determined.

medium prior to streaking onto kanamycin plates. Although
the vast majority of cells died upon reexposure to kanamy-
cin, a very small number of kanamycin-resistant colonies did
grow. However, Southern blotting and hybridization of
DNA isolated from surviving kanamycin-resistant colonies
demonstrated that these cells still carried both the inter-
rupted and wild-type recA alleles. When wild-type Synecho-
coccus strain PCC 7002 cells in deep stationary phase were
transformed with the pRM1357-derived recA allele, transfor-
mation efficiency was reduced approximately 50-fold as
compared with cells transformed while in exponential
growth. Although kanamycin-resistant transformants were
readily recovered, Southern blot analysis revealed that these
cells also carried both mutant and wild-type recA alleles.
Finally, it was noted that although plated wild-type Synecho-
coccus strain PCC 7002 cells generally form smooth, round-
edged colonies, microscopic observation of the transformant
colonies plated on kanamycin medium displayed wedge-
shaped indentations, possibly indicating lethal sectoring.
Complementation with E. coli recA. Plasmid pBEU14 car-
ries the E. coli recA gene on a 3.0-kilobase-pair BamHI
fragment (46). This fragment was cloned into the single
BamHI site of the E. coli-Synechococcus strain PCC 7002
shuttle vector pAQES (7) to produce plasmid pAQES/recA.
Plasmids pAQES and pAQES/recA both carry a functional
bla gene and thus confer ampicillin resistance to both E. coli
and Synechococcus strain PCC 7002 host cells. The diploid
Synechococcus strain PCC 7002 carrying both wild-type and
interrupted cyanobacterial recA alleles was transformed
with plasmid pAQES/recA. Selected transformants were
serially subcultured three times through liquid media con-
taining both ampicillin and kanamycin before streaking onto
ampicillin-kanamycin plates. Isolated colonies of each trans-
formant were chosen for inoculation of liquid cultures and
subsequent DNA isolation. The presence of the intact plas-
mid pAQES/recA in each transformant was confirmed by
recovery of the original plasmid after transformation into E.
coli (data not shown; see Murphy, Ph.D. dissertation).
Southern blot hybridization using the DNA insert of plasmid
pAQPR75 (see Fig. 5) as probe clearly demonstrated that the
wild-type Synechococcus strain PCC 7002 recA gene had
been eliminated from each of the two transformants ana-
lyzed (Fig. 6, compare lanes 1 and 2 to lane 3). Moreover,
repeated subculturing (6 months) in the absence of both
kanamycin and ampicillin did not result in the loss of either
of these markers from the cells (Table 2). The stability of the
kanamycin marker in these cells provided independent con-
firmation that the wild-type and interrupted Synechococcus
strain PCC 7002 recA alleles had segregated. Maintenance of
ampicillin resistance presumably indicates selection for the
E. coli recA gene in these cells, since ampicillin resistance

Chromosomal recA genotype(s) Str
. transformants/
Wild type Insertion Plasmid 10° CFU
+ - None 1,400
+ + None 560
- + pAQES/recA 83

carried by the pAQES shuttle vector is normally lost from
cell populations not kept under antibiotic selection (Table 2).
Both the comparative ease with which introduction of the E.
coli recA gene into these cells allowed segregation of the
interrupted and wild-type cyanobacterial recA alleles and the
continued selection of the Synechococcus strain PCC 7002
recA mutant for the E. coli recA gene argue strongly for the
notion that the E. coli recA gene product is complementing
in these cells a function normally provided by the Synecho-
coccus strain PCC 7002 RecA protein.

Transformation efficiencies. The diploid Synechococcus
strain PCC 7002 strain carrying the wild-type and interrupted
recA alleles and the cyanobacterial strain carrying pAQES/
recA but no wild-type Synechococcus strain PCC 7002 recA
gene were compared with wild-type Synechococcus strain
PCC 7002 cells for their ability to undergo chromosomal
transformation. All three strains were transformed with
chromosomal DNA isolated from a streptomycin-resistant
mutant of Synechococcus strain PCC 7002. Streptomycin-
resistant colonies were scored following plating onto strep-
tomycin medium. The results of these experiments (Table 3)
indicate that the diploid strain carrying both the wild-type
and interrupted recA alleles is approximately half as effec-
tive as wild-type Synechococcus strain PCC 7002 cells in
undergoing chromosomal transformation. In contrast, the
cyanobacterial strain carrying the E. coli recA gene but no
wild-type Synechococcus strain PCC 7002 recA gene shows
a roughly 17-fold decrease compared with wild-type cells in
its ability to undergo chromosomal transformation.

DISCUSSION

Although recA analogs have reportedly been cloned from
diverse bacterial species, recA nucleotide sequence data
have been reported only E. coli (39), P. mirabilis (1), T.
ferrooxidans (37), P. aeruginosa (41), A. tumefaciens (29;
W. Buikama, Ph.D. thesis, Harvard University, Cambridge,
Mass., 1985), and R. meliloti (Buikama, Ph.D. thesis). We
report here the nucleotide sequence of the recA gene of the
cyanobacterium Synechococcus strain PCC 7002.

Overall deduced amino acid homology between the E. coli
and Synechococcus strain PCC 7002 RecA proteins is 56%.
This is somewhat higher than the level of amino acid
homology observed for the phr repair enzymes of E. coli and
the cyanobacterium Anacystis nidulans (50). The phr gene
rroduct is responsible for photoreactivation of DNA lesions
produced by UV irradiation. The observed amino acid
homology between the E. coli and Synechococcus strain
PCC 7002 RecA proteins is, however, somewhat lower than
those observed between the E. coli protein and the deduced
amino acid sequences of P. aeroginosa, T. ferrooxidans, R.
meliloti, and A. tumefaciens recA proteins (Table 1). It is
interesting to note, however, that although amino acid
homologies among the recA genes varies from roughly 55 to
86%, the more divergent Synechococcus strain PCC 7002
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gene product maintains a rather constant level of homology
(about 55%) with each of the other RecA proteins. It is also
clear that regions of strong homology between the E. coli
and Synechococcus strain PCC 7002 proteins are for the
most part maintained in the other homologs.

Sequence analysis supports the idea that the E. coli and
Synechococcus strain PCC 7002 RecA proteins maintain a
structural and functional relationship at the amino acid level.
E. coli recAl mutants, for example, are deficient in all
known RecA protein functions. The RecAl protein contains
a single point mutation resulting in the replacement of
Gly-160 by an aspartic acid residue (22). Gly-160 is con-
served in each of the sequenced recA homologs. Between
the E. coli and cyanobacterial proteins there are several
extensive regions of homology, one of which includes the 16
amino acids from Gly-59 to Thr-74. This sequence has been
identified as the nucleotide-binding fold and is common to a
number of ATP-ADP-binding proteins (20, 49). In contrast,
the use of ATP-analog affinity labels has suggested that the
region about Tyr-264 of the E. coli RecA protein is also
involved in the binding of ATP (23, 24). However, this region
is not especially conserved between the E. coli and Synecho-
coccus strain PCC 7002 RecA proteins. Other regions exhib-
iting strong homology between the two proteins have been
tentatively identified, via analysis of E. coli recA mutants, as
the site for single-stranded DNA binding (Lys-6 to Gly-30),
as the active site for ATP-hydrolysis (Ala-91 to Ile-128), and
as the region for bacteriophage repressor recognition (Gly-
204 to Gly-229) (34). Single point mutations in the latter
region reportedly allow the E. coli protein to distinguish
between the repressors of phage A\ and ®80 (34). Although
cyanobacterial species have been found to harbor phage
(42), one could expect that phage systems and host cell
recognition proteins would be allowed some measure of
freedom for divergence. The extreme degree of homology
between the cyanobacterial and E. coli protein sequences
may suggest that this region is also involved in a more
fundamental RecA protein function.

The E. coli and cyanobacterial RecA proteins demonstrate
considerable diversity in the carboxy-terminal region. No
known E. coli recA mutants have been mapped in this
region. In turn, evidence has been provided suggesting that
this region of the E. coli RecA protein is required for binding
of ATP to RecA protein (3), regulating binding of double-
stranded DNA to recA protein (4), and regulating RecA
protein protease activity (34). Ogawa and Ogawa found that
arecA deletion mutant missing 25 amino acids at the carboxy
terminus appeared to take an active protease form without
DNA damage (34). It is perhaps interesting that although the
deduced amino acid sequence of the P. mirabilis recA gene
displays a much greater overall homology with the E. coli
protein (Table 1), it also diverges considerably from the E.
coli RecA sequence at the carboxy terminus. A similar
divergence from the E. coli RecA protein at the carboxy
terminus is observed for the recA homologs of T. ferrooxi-
dans, P. aeruginosa, A. tumefaciens, and R. meliloti, al-
though the RecA proteins of the latter two species appear to
share more homology between themselves in this region than
is found for any other RecA protein comparison.

The promoter regions of the E. coli and cyanobacterial
recA genes demonstrate no real homology, and no sequence
resembling the ‘‘SOS box,”’ the binding site for the LexA
repressor, was found. Although a sequence resembling the
SOS box is present in the promoter region of the P. aerugi-
nosa (41) and P. mirabilis (1) recA genes, no such sequence
was found in R. meliloti (Buikama, Ph.D. thesis), A. tume-
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faciens (Buikama, Ph.D. thesis), or T. ferrooxidans (37).
Attempts to identify a lexA homolog in Synechococcus strain
PCC 7002 by low-stringency, heterologous hybridization
with a radiolabeled gene internal fragment of the E. coli lexA
gene were unsuccessful (Murphy, Ph.D. dissertation). These
results suggest that regulation of expression of the recA gene
in Synechococcus sp. might differ significantly from that in
E. coli.

Sequence motifs immediately 5’ to the mapped 5’ extrem-
ity of the recA transcript of Synechococcus strain PCC 7002
closely resemble, in both sequence and spacing, the consen-
sus heat shock () promoter sequence of E. coli (10, 33).
The Synechococcus strain PCC 7002 recA promoter does not
resemble the promoters for a wide variety of genes, includ-
ing cpcB, apcA, psaA, psaC, psaE, apcE, cpcG, and psbAl,
which encode components of the photosynthetic apparatus
in this cyanobacterium (G. E. Gasparich and D. A. Bryant,
unpublished results). We presently have no evidence to
suggest that transcription of the Synechococcus strain PCC
7002 recA gene is enhanced following heat shock, but such
experiments can now be attempted. It is important to note
that heat shock proteins are constitutively expressed at low
levels in E. coli but are hyperinduced in response to several
stress signals, including heat shock (33). A heat shock
response has been well documented in the cyanobacterium
Synechococcus strain PCC 6301 (5), but the identities of
proteins whose expression is enhanced by heat shock re-
mains unknown. The more important aspect of these results
is that the recA promoter appears to belong to a potentially
minor and distinctive class in Synechococcus strain PCC
7002. Although multiple RNA polymerase sigma factors
have not yet been suggested to occur in nonheterocystous
cyanobacteria, the likelihood that multiple sigma factors
should occur is quite high, based upon analogies with other
procaryotes (17, 18, 45). Consistent with this possibility,
preliminary hybridization experiments with the rpoD (¢**)
gene of Bacillus subtillis produced multiple (2 to 4) hybrid-
ization signals with DNAs from a wide variety of cyanobac-
teria, including Synechococcus strain PCC 7002 (D. A.
Bryant, unpublished results).

The recA gene product is required for homologous recom-
bination in E. coli. The ability of Rec™ E. coli strains to
maintain stable merodiploids has rendered these mutants
especially useful for genetic analysis and general cloning
purposes. It is considered that elimination of homologous
recombination function in the cyanobacterial species should
be similarly advantageous for use of these organisms as
model systems for genetic study. However, our attempts to
produce a recA Synechococcus strain PCC 7002 mutant by
introducing as insertionally inactivated recA allele into the
cells did not prove successful. Mutagenesis was performed
by transforming Synechococcus strain PCC 7002 with gel-
purified recombinant DNA fragments in which the aph gene
interrupted the cyanobacterial recA gene sequence. Subse-
quent Southern hybridization analysis demonstrated that in
every kanamycin-resistant transformant examined, the mu-
tant allele had recombined with the chromosome and re-
placed a wild-type recA gene. However, despite exhaustive
subculturing in the presence of kanamycin, both Southern
analysis and the instability of the kanamycin marker indi-
cated that a wild-type recA gene also remained in the cells.
Identical results were obtained for a deletion construction
when the BamHI fragment of plasmid pAQPR?7S (see Fig. 5)
was replaced in either orientation by the aph gene (data not
shown; Murphy, Ph.D. dissertation).

Several investigators have found that attempts to muta-
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genize certain cyanobacterial genes via homologous recom-
bination results in displacement of the proper gene but that
the cells also maintain a wild-type copy of the gene. Syn-
echococcus and Synechocystis sp. strains carrying mutagen-
ized genes encoding photosystem I (psaA and psaB; J. Zhou
and D. A. Bryant, unpublished results) and II (psbA; 13)
apoproteins, ferredoxin I (47), thioredoxin (31), and ribulose
1,5-bisphosphate carboxylase protein (John Pierce, E. 1. Du
Pont de Nemours, personal communication) have also been
observed to maintain copies of the wild-type gene. Failure of
these alleles to segregate has been interpreted as an indica-
tion that cells lacking the functional gene products are not
viable.

A number of observations reported here lend support to
the conclusion that recA is required for viability of Synecho-
coccus strain PCC 7002 cells. All colonies formed from
transformant cells harboring the diploid recA alleles ap-
peared to demonstrate lethal sectoring, indicating that seg-
regation of the alleles resulted in nonviable cells. The fact
that segregation of the mutant and wild-type alleles readily
occurred following introduction of the E. coli recA gene into
the diploid cells demonstrates that the E. coli recA gene
product was able to provide a function that allowed for
growth of the cyanobacterial cells. Moreover, the observed
maintenance of ampicillin resistance in these cells presum-
ably reflects selection for the E. coli recA gene located on the
shuttle plasmid pAQES/recA. Although resistance to ampi-
cillin is rather quickly lost from pAQES-transformed Syn-
echococcus strain PCC 7002 cells not maintained under
ampicillin selection, ampicillin resistance was found to be
completely stable in the pAQES/recA-transformed cells not
harboring a wild-type cyanobacterial recA gene (Table 2).
Finally, despite the variety of growth regimens to which the
diploid recA cells were subjected, segregation of the mutant
and wild-type Synechococcus strain PCC 7002 recA alleles
was never observed. Particularly interesting were the results
obtained when liquid cultures were subjected to regimens
inducing slow growth. Because the number of chromosomes
carried by cyanobacteria is directly related to cell growth
rate (19), segregation pressures should increase under slow-
growth conditions. This should result in an increased per-
centage of cells carrying only one recA allele. Under normal
exponential-growth conditions, the wild-type and trans-
formed Synechococcus strain PCC 7002 cells demonstrated
no obvious difference in growth rates. However, when both
were placed under identical slow-growth liquid culture con-
ditions, those cells harboring the diploid recA alleles expe-
rienced greatly reduced growth rates compared with wild-
type cells. Plating of the former revealed that the majority of
these cells did not form colonies either with or without
kanamycin selection. This suggests that cells that had lost a
functional recA gene were no longer viable. Many microcol-
onies resulting from approximately three to six cell divisions
were also observed on the nonselective plates. The relatively
large number of such colonies arising from slow-growing
liquid cultures suggests they may be the product of recently
segregated cells. Thus, the inability of these cells to maintain
growth may be due to the dilution of intracellular RecA
protein to levels below that necessary for cell viability.

The required function the recA gene product apparently
provides in Synechococcus strain PCC 7002 is not known. It
has been observed that growing cultures of recA E. coli
strains contain a significant fraction of nondividing cells (8).
The nonviable cells may result from the accumulated effects
of routine genetic damage that is normally repaired by recA
protein. It is possible that Synechococcus strain PCC 7002
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cells rely more heavily upon the DNA repair activity of
RecA protein than do other procaryotes for which recA
mutants have been obtained. The cyanobacterium may lack
secondary repair systems or more readily sustain genetic
damage during growth due to its phototrophic growth mode.
It is also possible that the cyanobacterium lacks the equiv-
alent of the rdgA, rdgB, or sdrT genes that recA E. coli cells
require for viability (9, 12, 27). The function of the rdgB gene
product in E. coli is not understood. In recA rdgA E. coli
cells, transcription appears to be blocked, while in sdrT E.
coli strains, RecA function is required for initiation of DNA
synthesis. Perhaps the cyanobacterial RecA protein is more
intimately involved with DNA synthesis in Synechococcus
strain PCC 7002. On the other hand, it is known that RecA is
required for repair of double-strand breaks in E. coli (25).
These lesions may occur more frequently in the cyanobac-
teria, either as a result of photodamage or as the result of an
enzymatic system regulating chromosomal rearrangements.

Future investigations into the role played by the Synecho-
coccus strain PCC 7002 recA gene product should be aided
by the complementation ability demonstrated by the E. coli
RecA protein. Although chromosomal transformation stud-
ies indicate that the level of recombination activity is some-
what reduced in cyanobacterial cells harboring pAQES/recA
but no wild-type Synechococcus sp. recA gene (Table 3), it
seems doubtful that these cells would allow for meaningful
merodiploid analysis except under the most transitory assay
conditions. More promising, perhaps, is the possibility of
introducing various E. coli mutant recA alleles into the
cyanobacterium. In E. coli, the RecA protein does not act
only as a recombinase but the protein also acts to effect the
cleavage of certain repressor proteins. If the requirement of
Synechococcus strain PCC 7002 for RecA is not due to the
recombinase function per se, then a cyanobacterium defi-
cient in recombination activity might be created by replace-
ment of the host recA gene with a recombinase-deficient E.
coli recA allele.
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