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The dnaA genes of Salmonella typhimurium and Serratia marcescens, which complemented the temperature-
sensitive dnaA46 mutation of Escherichia coli, were cloned and sequenced. They were very homologous to the
dnaA gene of E. coli. The 63 N-terminal amino acids and the 333 C-terminal amino acids of the corresponding
DnaA proteins were identical. The region in between, corresponding to 71 amino acids in E. coli, exhibited a
number of changes. This variable region coincided with a nonhomologous region found in the comparison of
E. coli dnaA and Bacillus subtilis ‘“‘dnaA” genes. The regions upstream of the genes were also homologous. The
ribosome-binding area, one of the promoters, the DnaA protein-binding site, and many GATC sites (Dam
methyltransferase-recognition sequence) were conserved in these three enteric bacteria.

The DnaA protein is an essential factor in initiation of
DNA replication at oriC in Escherichia coli (34). The DnaA
protein affects the frequency of initiation. In dnaA(Ts)
mutants, in which DnaA protein activity is low, the initiation
frequency per cell mass is decreased (10, 15, 19, 32). In a
cold-sensitive revertant of the dnaA46 mutant, the initiation
frequency is increased (18); this increase also occurs when
the DnaA protein is overproduced (e.g., with a dnaA gene
controlled by a A p; promoter) (3). The function of the DnaA
protein is still not known, although it binds to DNA at
specific sites (DnaA boxes) in the oriC region (12). The
DnaA protein also binds to the DnaA box in the dnaA
promoter region (4, 12). The DnaA protein probably inter-
acts with several other proteins: the B subunit of the RNA
polymerase (1), the DnaB protein (11), the DnaZ protein
(37), and the groE gene products (9, 17). Thus, the DnaA
protein is possibly involved in the assembly of the initiation
complex.

The dnaA gene of E. coli has been sequenced. It encodes
the DnaA protein with a M, of 52,500 (13, 29). The dnaA
gene is expressed from two promoters, dnaAlp and dnaA2p
(14), and the expression is regulated by the DnaA protein
itself. This autoregulation depends on the DnaA box located
between the two promoters (2, 4, 18a).

The DNA sequence encompassing the origin of replication
of Bacillus subtilis has been determined (24). It was found to
contain a gene (‘‘dnaA’’) coding for a protein homologous to
the E. coli DnaA protein (28).

To extend the comparative study of this essential initiation
factor, we cloned and sequenced the dnaA genes of two
enteric bacteria, Salmonella typhimurium and Serratia mar-
cescens. We compared the nucleotide sequences and the
amino acid sequences (deduced from the nucleotide se-
quences) with those of the E. coli dnaA gene and DnaA
protein, and we found that the three genes were very
homologous. This study complements the study of Zyskind
and co-workers (39), who have compared origins of replica-
tion from different enteric bacteria and found them to be
very homologous.
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MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli MT102 is an hsdR
derivative of MC1000 (6) constructed by M. Trier-Hansen;
E. coli FH1220 trp-3 his<4 thi-l1 dnaA46 pyrB::Tn5 and
CM2517 metB46 trp-3 his-4 thi-1 dnaA46 recAl were used
for complementation tests (both strains are derived from
CM734) (16). Plasmid pFHC539 (35) was used as a hybrid-
ization probe. pGV455 is a sequencing vector analogous to
those described in reference 33. Strain TA98 (23) was used to
isolate S. typhimurium chromosomal DNA, and strain W225
(38) was used to isolate S. marcescens chromosomal DNA.
Cultures were grown in NY medium (36).

DNA technology. Preparation of plasmid DNA, use of
restriction enzymes (from New England BioLabs, Inc., or
Amersham Corp.), ligation, and transformation were accord-
ing to Maniatis et al. (20).

Southern DNA-DNA hybridization experiments (31) were
carried out to determine the restriction map of the dnaA
regions of S. marcescens and S. typhimurium. Chromosomal
DNA was cut with different restriction enzymes, separated
by agarose gel electrophoresis, denatured, transferred to
filters (GeneScreen or GeneScreen Plus; New England Nu-
clear Corp.), and hybridized with nick-translated (kit from
Amersham) pFHC539 DNA (pFHCS539 carries the intact
dnaA gene of E. coli). Hybridization and washings were
carried out at 60°C.

Restriction fragments enriched for the dnaA gene of S.
marcescens were purified from a digest of total chromosomal
DNA as follows. Fragments of 4 to 6 kilobase pairs were
electrophoresed 10 cm into an agarose gel and then collected
by further electrophoresis onto DEAE membranes (NA4S;
Schleicher & Schuell, Inc.) which were repeatedly inserted
into the same slit cut in front of the fragments. This process
allowed us to pool chromosomal DNA fragments in well-
defined size classes. The DNA fragments were eluted from
the DEAE membrane with buffer (1.5 M NaCl, 7 mM Tris
hydrochloride [pH 8.0], 1 mM EDTA, 0.1 mg of tRNA per
ml) at 70°C for 30 min and recovered by ethanol precipita-
tion. Fragment pools which were enriched for the dnaA gene
were identified by dot-blot analysis (samples denatured at
95°C were spotted onto GeneScreen-Plus membrane) with
nick-translated pFHCS539 DNA as the hybridization probe.
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FIG. 1. Sequencing strategies for the S. typhimurium (A) and S.
marcescens (B) dnaA genes. Only restriction sites used in the
nucleotide sequencing are indicated. DNA fragments were end
labeled by using Klenow polymerase and the appropriate 32P-labeled
deoxynucleoside triphosphate. Symbols: O, fragments labeled di-
rectly; @, fragments cloned in the sequencing vector pGV455 and
then sequenced.

Nucleotide sequencing was according to Maxam and
Gilbert (22). Plasmids pOSC277 (S. marcescens) and
pOSC292 (S. typhimurium) were used as sources of DNA.
The sequencing strategy is shown in Fig. 1. Part of the S.
typhimurium sequence was obtained with fragments sub-
cloned in the Clal site of pGV45S (33).

RESULTS AND DISCUSSION

Restriction mapping and cloning of the dnaA regions of S.
typhimurium and S. marcescens. Plasmid pFHCS539 carrying
the wild-type E. coli dnaA gene (35) was used to probe for
homologous sequences in S. typhimurium and S. mar-
cescens. We obtained hybridization signals from both bac-
teria, and we could construct restriction maps of the regions
homologous to the E. coli dnaA gene (Fig. 2).

We cloned the S. marcescens dnaA gene as follows. The
4.7-kilobase-pair BamHI fragment from S. marcescens (Fig.
2), which hybridized to pFHCS539, was purified approxi-
mately 50 times (see Materials and Methods) and cloned into
pBR322. A library of 100 clones was screened for the
presence of the 1,000-base-pair (bp) EcoRI fragment charac-
teristic of the dnaA region (Fig. 2). The plasmid DNA from
one of these clones was subsequently found to hybridize to
the E. coli dnaA region in a Southern experiment with
nick-translated \ tna-dnaA phage DNA (16) as a probe. This
plasmid (pOSC269) contained two different BamHI frag-
ments of 4.7 kilobase pairs. We subcloned the 1,950-bp
BamHI-EcoRV fragment (Fig. 2) and obtained plasmid
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FIG. 2. Restriction enzyme map of the dnaA regions of S.
typhimurium (Sty) and S. marcescens (Sma) derived from the
hybridization experiments. mmm, Extent of E. coli DNA carried on
plasmid pFHCS539.

Sty 1

L 1 ]

-4

Sma-

dnaA GENES FROM ENTERIC BACTERIA 3977

c E i’ X/S
]
pFHCS539 —c . S s
CItE I3 Ev t/c
L -
p0OSC292 L3 —— p—
rnpA rpmH
E EVE
4—4* . o}
p0SC277 =
dnaA dnaN'’

FIG. 3. Structure of plasmids carrying dnaA genes from E. coli
(pFHC539 [35]), S. typhimurium (pOSC292), and S. marcescens
(pOSC277). The three plasmids are pBR322 derivatives, with the
chromosomal DNA inserted into the tet gene. Only the chromo-
somal part and the tetr gene of pBR322 are shown. 3, Chromo-
somal genes; mmm, fe! gene. Arrows, orientation of the genes.
Restriction enzyme sites: C, Clal; E, EcoRl; Ev, EcoRV; S, Sall; X,
Xhol; t, Taql.

pOSC277 (Fig. 3). The dnaA(Ts) strains (e.g., FH1220
[dnaA46] and CM2517 [dnaA46 recAl]l) were transformed
with plasmid pOSC277 at permissive temperature (30°C),
and all transformants were found to form colonies also at
42°C. This complementation of dnaA(Ts) strains indicated
that pOSC277 probably carried the intact dnaA gene.

The Salmonella dnaA gene complements E. coli dnaA(Ts)
strains (21). Therefore, we used a library of clones contain-
ing partially Tagl-restricted S. typhimurium DNA inserted in
pBR322 to transform a dnaA46 strain (FH1220). One clone
(pOSC292) was obtained at 42°C (approximately 10,000
transformants were obtained at 37°C), and restriction analy-
sis demonstrated that it contained the 1,300-bp EcoRI-
EcoRV and 1,000-bp EcoRI fragments in accordance with
the restriction map of the S. typhimurium dnaA region (Fig.
2). This clone exhibited slow growth, which could be as-
cribed to the presence of the rpmH gene (data not shown). E.
coli clones containing the rpmH and dnaA genes also exhibit
slow growth (unpublished observation). The structure of
plasmid pOSC292 is shown in Fig. 3.

Plasmids pOSC277 and pOSC292 were examined in
maxicell experiments (30). In agreement with the comple-
mentation data, we found that the dnaA genes from S§.
typhimurium and S. marcescens were expressed efficiently
in E. coli (data not shown).

Comparison of the dnaA gene sequences. The DNA se-
quences of the dnaA genes (and part of the dnaN genes) from
the three enteric bacteria are shown in Fig. 4. The diver-
gence of the dnaA genes was 12.2% between E. coli and S.
typhimurium, 16.0% between E. coli and S. marcescens, and
17.1% between S. typhimurium aad S. marcescens (dele-
tions and insertions are not counted in this calculation). This
comparison demonstrated that the dnaA genes from the
three enteric bacteria were very homologous. Most of the
nucleotide differences were situated in the third base posi-
tion of the codon. Therefore, the relationships among the
three bacteria become more striking when the amino acid
sequences of the proteins are compared. The 63 N-terminal
amino acids and the 333 C-terminal amino acids were iden-
tical (except for a shift from proline to alanine in S. marces-
cens at amino acid residue 194). Figure 5 shows the remain-
ing 71 amino acids aligned for the three species. There were
15 amino acids which were different in E. coli and S.
typhimurium, and the S. typhimurium protein was one amino
acid shorter. The S. marcescens DnaA protein exhibited 22
amino acid differences in this region and had an insert of four
and deletions of seven amino acids as compared with the E.
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-331. -101
Eco TTAGATCGATTAAGCCAATTTTTGTCTATGG
Sma GGATCCGGTGGATAACAGGGTATAACCGGTT

~300 .dnaAlp . DnaA-box -201
Ecé TCATTAAATTTTCCAATATGCGGCGTAAATCGTGCCCGCCTCGCGGCAGGATCGTTTACACTTAGCGAGTTCTGGAAAGTCCTGTGGATAAATCGGGAAA
Sty CTieeesTooeeTeouionsesCOCGosoGaooAuAGLAG.TCoClonosossoAenseeensaT.CTT. PBeen et A

Sma GACAATGTAAAAAACGCGGCGCAGCGGCCGG.AT.TGCG.GGT.ATTC..CG.TGGCGGTGAA.AGATCGC.GCCGGC.CGG..........AT..AT o

-200 . dnaA2p -150 -101
Eco ATCTGTGAGAAACAGAAGATCTCTTGCGCAGTTTAGGCTATGA CGCGGTCCCGATCGTTTTGCAGGATCTTGATCGGGCATATAACCGCAGACAGCGG

StY teiecececucieneconzaseceteeTeiuitiiiiiitisoncecieneeeToieoeeasCAALCeseCatGroArareapAueaarasaronones

AACACGAAATTTTTCAGACTGCGTGAAGTCGCGATCGTT TGAAAGATCCGTG

SMa  iiitiiiGuuBByGozesennt s TG ALLGC  h i sias e TCAL e lee s CGASC. TCATG.COez e - T-AGGGA. - - - - TGA.AG. . .0
G G CACA

-100 -50 S0

Eco TTCGTGCGTCACCCTCAAGCAGGGTCTTTTCGACGTACGTCAACAATCATGAATGTTTCAGCCTTAGTCATTATCGACTTTTGTTCGAGTGGAGTCCGCC

Sma .}.aCATCC.C.A]:%..A...CCGA.GCCG.GTA.GT.....A........G.H.GC.C.TT.CTT.TC.1..T4‘|é£....................
G ATAAAAAAGT T

1 . . .
M S L S L W QQ C L A RLQDETLUPATETF S MW I RP L Q A E L
50 100
Eco GTGTCACTTTCGCTTTGGCAGCAGTGTCTTGCCCGATTGCAGGATGAGTTACCAGCCACAGAATTCAGTATGTGGATACGCCCATTGCAGGCGGAACTGA

Sty Ceeedncsesrsececessesses et esetstosastssrsescsstcsesctcatoassesscsssessssccccscesonsBGostososcsncorene

SMA  cceeeocsevssssssoscssccscsssscsssscscsccsccsssssssssscscsccsosalossscscsosoloeccsccccseeloecencsssccccnncccnanssns

. 50 .
$ DN T L AL Y AP NU RTF VL DWVRD K YLNNINGLTLTSFC
101 150 200
Eco GCGATAACACGCTGGCCCTGTACGCGCCAAACCGTTTTGTCCTCGATTGGGTACGGGACAAGTACCTTAATAATATCAATGGACTGCTAACCAGTTTCTG
Sty ceiecccccccccceeTTooeeToeoeeeeooooossoceeBeooossconoosAcAceTorereeseeCoeCorivnnnnnsaeT A ClALCALLL.,
SMa  eTeeCeveieCoveeeBornnnconnseToreroeeoeeeGioBGaooenoeeTeeCooTeoeeeeTeAeeCuooCrvnreoreTeneeeGATGALcuss

: . . . ‘ 100
G ADAPOQLRTFEVSGTTIKTPVTQT®PQAAVTSNVAATPARQ
201 250 300

Eco CGGAGCGGATGCCCCACAGCTGCGTTTTGAAGTCGGCACCAAACCGGTGACGCAAACGCCACAAGCGGCAGTGACGAGCAACGTCGCGGCCCCTGCACAG
Sty ceeCoeverevocecccesAceccocrcocneeesGeiAccAieGeaCoeTovronnneesTeAieAieCaT s sCATI Il oo eTeTCoeGeeeeeGen

Sma ...CA...;...G..TTT.............-....T.G...G...A.C....,E[.CGTGACC..C.GC..C.GC...GC.CCT.....T..G..GIll
TGATCAGCCA

101 . . .
V A Q T Q P Q R A AP S T R S G W DNV P AP AZEUPTY R S N VN
301 . ‘350 400
Eco GTGGCGCAAACGCAGCCGCAACGTGCTGCGCCTTCTACGCGCTCAGGTTGGGATAACGTCCCGGCCCCGGCAGAACCGACCTATCGTTCTAACGTAAACG
Sty ACAA.AACG..cooeeioeeGeoCuTA i eeeGeGGCooTeeGeuCrnvnionronoAheeAhieGeoAieGeeBGeeaeessesCeoCoeCiuosdsCunT,

Sma  111eeesGCae el IIIEIITEII1aeCoeAueeeeGllleeeCaGACrrreeCoruaCBGaasseGuAAC.CoeGoTCT TeueveCuoCarrasCuarsC
‘ . 150 :

VKHTFODNTEFVETGTEKS SN GLATRAAA ARG QYA ADNTPGGATYNP

401 450 500

Eco TCAAACACACGTTTGATAACTTCGTTGAAGGTAAATCTAACCAACTGGCGCGCGCGGCGGCTCGCCAGGTGGCGGATAACCCTGGCGGTGCCYATAACCC

Sma C.........C..C..C........C..G..t..G..C.....G........................-....-..C..T..G.....C.....C,....

. . . 200
L F LY GG T G L G K T H L L HAV G NG I M ARKUPNAIKV VY
501 550 . 600

Eco GTTGTTCCTTTATGGCGGCACGGGTCTGGGTAAAACTCACCTGCTGCATGCGGTGGGTAACGGCATTATGGCGCGCAAGCCGAATGCCAAAGTGGTTTAT
Sty seeAieeteCotiineaesaeConcnvanncoscssssnscscosssoCencococsocscososnsosescossTecAieCieCacGrasaaCaoGeonns

SMa  ToeeeeeoeeBeuvrnoeerseeCaConnnncnnnassncccssceeseCoceeeCoiCoanrnveesConecrnenceseeGeCenCoraninnneesCesC

201 . . .
M H 5§ E R F V Q DM YV K A L QNNA 1 E EF KR Y Y R S V D A L L
601 650 700
Eco ATGCACTCCGAGCGCTTTGTTCAGGACATGGTTAAAGCCCTGCAAAACAACGCGATCGAAGAGTTTAAACGCTACTACCGTTCCGTAGATGCACTGCTGA
Sty ..............-.....G...........A..............T.....C..s.........¢.............C.....T..C...T......

Sma ..a.....G..A.....C..G...........C.....GT....G.....T..C..............G..............G..C..C..GT....;;

. 250 .
I D DI Q F F A NKE R S Q E E F F HTF NALULESGNI QUQI1I I L T

701 DnaA-box . 800
Eco TCGACGATATTCAGTTTTTTGCTAATAAAGAACGA TCAGGAAGAGTTTTTCCAEACC?fCAACGCCCTGCTGGAAGGTAATCAACAQAT CATTCTCAC

StY cocsvecsscessAisCieCaeCinunnnnnecsceeConennvccensocnseeTiveeeTeeeeiTeeeonneooeeCoveaeBoogsseeseTeGeo

Sma ;;..T..C.-C..A..C.....C..C..G..G..T..G........A..C.....Ts....T.........T.......C.....G........C..G..
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. . . 300

S D R Y P K E I NG V E DR L K S R F G W G L T V A I E P P E L
801 . 850 900
Eco CTCGGATCGCTATCCGAAAGAGATCAACGGCGTTGAGGATCGTTTGAAATCCCGCTTCGGTTGGGGACTGACTGTGGCGATCGAACCGCCAGAGCTGGAA

Sty Ge v essosennneeeeeesnsssssnssnsnnsssosonseeeCeCasBGuaoroovaaTunnnneeaGuoooooArovansooeececseseeecAunnnns

SMa  ToeeseeseoeeCoeTuieeeiseeseeeeeBGuaGeoAseeeeeCoveeGarneonneeeeCooeeeGeoeoeGoreonsoosesGoooeeGavenonnns

301 . . .
T R V A 1 L M K K A D E N D I R L P G E V A F F I A K R L R S NV
901 950 . 1000
Eco ACCCGTGTGGCGATCCTGATGAAAAAGGCCGACGAAAACGACATTCGTTTGCCGGGCGAAGTGGCGTTCTTTATCGCCAAGCGTCTACGATCTAACGTAC
Sty S s - A i D 0 Y N

SMa  veeeeCovvrnecocococsosocacsnosnssssnscsosssaneseCliteicecencccccsossossosesConcnnsneessCecGaeTooConvGe

. 350 .
R E L E G A L N R V I A N A NTF T G R A I T I D F V R E A L R D L L
1001 . 1050 . 1100

Eco GTGAGCTGGAAGGGGCGCTGAACCGCGTCATTGCCAATGCCAACTTTACCGGACGGGCGATCACCATCGACTTCGTGCGTGAGGCGCTGCGCGACTTGCT
Sty Y Y DS DY ST - PN SIS R SUP S T P T T

SMa  seveeesCevovecoccocoacososeesGeeCoveeeCorvovoencoceoeesCoceceConenconnoceToneeneesCicAiinsnecessaTCoes

. . . 400
A L Q E K L v T I DN I Q K T V A E Y Y K I K V A DL L S K R R §
1101 . 1150 1200

Eco GGCATTGCAGGAAAAACTGGTCACCATCGACAATATTCAGAAGACGGTGGCGGAGTACTACAAGATCAAAGTCGCGGATCTCCTTTCCAAGCGTCGATCC
SEY e eGeveeeennronnanenoeeeeceeeeeseeeesosssssssssssesCosasaToooesAsoeoooAeTouussseeGoooooTouunooossesl

SMa  «eeGCeiveveeeeeeGeorenconnncososaceseCocAicicecnnsncnsoseeTiroeeneeTineneeneesealTiGeeGerrnnnasGoaT. oG

401 . . .
R S V AR P R Q M A M A L A K E L T NH S L P E I G D A F G G R D
1201 1250 1300
Eco CGCTCGGTGGCGCGTCCGCGCCAGATGGCGATGGCGCTGGCGAAAGAGCTGACTAACCACAGTCTGCCGGAGATTGGCGATGCGTTTGGTGGCCGTGACC
StY cecececeeAccAiciccersscsrscscosscoTocsecersssecAccoscceseCecCoinorceneeTiveeeesAceConovenrcnneseeCacGooCoan
Sma s A.CoeTieCeeChovvnnencnnnnnsosnsosossscnsesGeeAciCuicConovneeeCireneseeAciConencnrcnssnsosesseasCannns

. 450 . 467
H T T VvV L H A C R K I E Q L R E E S H D I K E D F S N L I R T L s S
1301 . 1350 . 1400

Eco ACACGACGGTGCTTCATGCCTGCCGTAAGATCGAGCAGTTGCGTGAAGAGAGCCACGATATCAAAGAAGATTTTTCAAATTTAATCAGAACATTGTCATC
STY eeeeTeeCooAernernoeoeeTuueeeAeeTeeeeeACeeueoenneeAeenneenneoneonsonneonsesassGoneoneonoasssensesnaGas

Sma TeeCovveeeTeG-eCivnnneeeBuoosoeoencnocscococesGeeAiTeeeeeCoreooocnssoeeesCoclCuonucnnnnnnnnnnnssAccTeo

1 . . .
M K F T Vv E R E H L L K P L Q Q VS G P L G G R P T L P I L G
1401 . 1450 . 1500
Eco GTAAACCTATGAAATTTACCGTAGAACGTGAGCATTTATTAAAACCGCTACAACAGGTGAGCGGTCCGTTAGGTGGTCGTCCTACGCTACCGATTCTCGG
Sty ceGeToeeeoocceossscoesTanseeseeAicereencccosseceesTeeGooeeeCotennneeeCeGeeCeelCuvevenneeeeGeoennnennns
Sma A..GCGoreessnsonesTeoeToereeeseeeeeCiGCrtvnenseeeBGenasesessnseaseal.GCC.G..C..C..C..G,.CT.Gr0sooC.uGoe

. 50 .
N L L L Q V A DGT L S L T G T D L EMEMV A RV A L V Q P H E

1501 1550 1600

Eco TAATCTGCTGTTACAGGTTGCTGACGGTACGTTGTCGCTGACCGGTACTGATCTCGAGATGGAAATGGTGGCACGTGTTGCGCTGGTTCAGCCACACGAG
Sty ceeCeeeeeCCiCineeeAicGoreeeAGeeCeTieTeveeeeeeeCoeCoooeeTocAieeeeGoeeeeCoeGeaCoeAve oo TTCh e eGoaTews

Sma C.eC.iveveeCeGeveeeGAG. AL .CT.CC.eCTeveenceeeCeoCaoeseGeurvneeeGoeneeeeeGeaCoeCubCoaToCovveeGanenns

FIG. 4. Comparison of the nucleotide sequences of the dnaA genes and flanking sequences of E. coli (Eco), S. typhimurium (Sty), and S.
marcescens (Sma). The S. typhimurium and S. marcescens sequences are aligned with the E. coli sequence, which is numbered relative to
the first base in the dnaA start codon. -, Conserved base; | , deleted base; inserted bases are indicated below the respective sequences. The
dnaA promoters, ribosome-binding sites (S.D. [Shine-Dalgarno sequence; 30a]), and DnaA boxes are shown above the E. coli sequence. The
amino acid sequences of the E. coli DnaA protein and of the first part of the DnaN protein are also indicated above the sequences. GATC
sequences (Dam methylation sites) are underlined.

coli DnaA protein. This variable region of the DnaA protein We suggest that the identity of the N-terminal and C-
from the three enteric bacteria coincides precisely with the terminal domains of the DnaA protein indicates a constraint
region in the B. subtilis ‘‘dnaA’’ gene product which has no on the evolution of the gene, which may be due to many
homology to the E. coli DnaA protein (28). inherent functions of the DnaA protein, e.g., binding to the
DnaA boxes, possible formation of oligomers, interaction

with RNA polymerase, or interaction with other proteins.
S. typhimurium and S. marcescens showed the same

63 100 135 pattern at the dnaA-dnaN transition as that seen in E. coli
Sty LNTFCGADAPQLRFEVGTKPYTQ  TLKTPVH NVVAPAQTT . VPAPAEPTYRSNVNVE (29), i.e., the dnaA stop codon followed by four nucleotides
Eco LTSFCLADAPGLRFEVGTKIVIQ "waswzams:au:s,;;azmz:;;:;:;;;c:,c; and then the dnaN start codon (Fig. 4). We were able to
Sma LNOFCGTDAPLLRFEVGSKP I TQVISQIVIAGVESAPAAPA ART  ANPS APSWONAAAQPELSVASMYAPK compare the 64 N-terminal amino acids of the three dnaN

FIG. 5. Comparison of the amino acid sequences in the variable gene products, and we f:ounq that this reph(%atlon factor was
regions of E. coli (Eco), S. typhimurium (Sty), and S. marcescens  also conserved; S. typhimurium showed a divergence of two
(Sma). |, Identical amino acid residues; :, conservative changes of ~ amino acids, and S. marcescens showed a divergence of
amino acid residues. seven amino acids when compared with E. coli.
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DnaA-box dnaA2p

Eco -224 AAGTCCTGTGGATAAATCGG GAAAATCTGT GAGAAACAG AAGATCTCTTGOGCAGT TTAGGCTATGATCCGOGGTCCOGATOGTTTTGCAGGATCTTGATCGG GCAT  —117
Eco/Sma TR T IR I Wit Mrar 110 10T 1 Tt 1

Sma -331 GGATCOGGTGGATAACAGGG TATAACCGGTTGACAATGTA AAAAACGCG GOGCAGOGGCOGGGATCTGOGOGGTCATTC GG OGCTGGOGGTGAAAA GATCGCCGCCG  -225
Sma/Sma 1 IR R TR PT O L 1 TR

Sma -224 GOGOGGTGTGGATAAAATGGATCTAATCTGT GAGGAAGGGGAGGATCTCTTGCTCGGA TTGCGCTATGATCOGTCATCC GATCGCGATCCTCATGCCGGATCGT GAGG  -117
Eco/Sma I NEEEEEEIEEE EE E E TE 1Tt

Eco -224 AAGTCCTGTGGATAAATOGG GAAAATCTGT GAGAAACAG AAGATCTCTTGCGCAGT —TTAGGCTATGATCCGCGGTCCOGATCGTTTTGCAGGATCTTGATCGG GCAT — -117

F1G. 6. Comparison of nucleotide sequences in the promoter regions of E. coli (Eco) and S. marcescens (Sma). |, Identical bases.
Coordinates are the same as those described in the legend to Fig. 4.

A comparison of gene products in the three bacteria used
in this study has been carried out in a number of other
studies. The TrpG protein (194 amino acids) has 8 amino acid
changes from E. coli to S. typhimurium and 35 amino acid
changes from E. coli to S. marcescens (26). The TrpA
protein (268 amino acids) has 40 changes from E. coli to S.
typhimurium (27). The TrpB protein (397 amino acids) has 14
changes from E. coli to S. typhimurium (8). The Lpp protein
(78 amino acids) has 6 changes from E. coli to S. marcescens
(25). In all these cases, the amino acid differences are more
evenly distributed in the proteins than was observed for the
DnaA protein. Also, a comparison at the nucleotide level
indicates that fewer constraints on these genes have been
present during evolution.

The catabolite activator protein amino acid sequences
from E. coli and S. typhimurium have also been compared.
Only one amino acid divergence was found (7). The catabo-
lite activator protein is also a protein with several functions,
i.e., subunit-subunit interaction, binding of cyclic AMP, and
binding to the specific DNA sequences. We believe that the
very high conservation of the catabolite activator protein
and of the two domains of the DnaA protein demonstrates
that the more different molecular interactions are carried out
by a protein, the higher the evolutionary contraint will be.

Comparison of the dnaA promoter regions. A comparison
of the regions upstream of the three dnaA genes is shown in
Fig. 4. It can be seen that the dnaA-proximal promoter,
dnaA2p, was almost identical in the three species. Also, the
DnaA box TTATCCACA was conserved. Sites for Dam
methylation (GATC sequences) are underlined in Fig. 4. All
three species exhibited a high number of Dam methylation
sites in the dnaA promoter region, as well as in a region of
the structural gene. This latter region in the E. coli dnaA
gene contained a DnaA box-like sequence which had degen-
erated in the two other organisms. Methylation of a GATC
sequence in the dnaA2p promoter region, which was con-
served in the three species, is essential for initiation of
transcription from this promoter in E. coli (5, 18a). Thus, the
main regulatory region of the dnaA gene in E. coli (2, 4) was
highly conserved.

The region upstream of the DnaA box in S. typhimurium
also showed homology with the dnaAlp promoter region of
E. coli. The —10 sequences (TACACT) were identical,
whereas the —35 regions differed. For S. marcescens, no
homology with the corresponding region in E. coli could be
observed. A closer look (Fig. 6) revealed that the sequence
upstream of the DnaA box in S. marcescens showed signif-
icant homology with the dnaA2p region. We conclude from
this comparison that the dnaA2p promoter area has been
duplicated in S. marcescens. However, several changes
have occurred in the duplicated area, making it difficult to
recognize a —10 sequence, and a mutation in the DnaA box
has also occurred. The nucleotide sequencing has not been
extended beyond the BamHI site in S. marcescens. There-
fore, we cannot exclude the possibility that a promoter

analogous to dnaAlp is present upstream of the BamHI
site.

The region between the dnaA2p promoter and the dnaA
gene is conserved in S. typhimurium, except for a large
insertion of 53 bp in a region with otherwise good homology.
S. marcescens showed less homology in this region. How-
ever, the 22 bp upstream of the start of the structural gene,
which contain the ribosome binding site, were identical,
indicating that dnaA gene expression at the translational
level (translation initiation frequency) might be very similar
in the three organisms.

We thus conclude that the regulation of expression of the
dnaA gene in the three bacterial species probably is identi-
cal.
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