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Summary. — The dnaA gene encoding the initiator protein of DNA replication was isolated from the obli­
gate intracellular bacterium, Rickettsia prowazekii. Comparison of the deduced amino acid sequence of R. 
prowazekii DnaA with other bacterial DnaA proteins revealed extensive similarity. However, the rickettsial 
sequence is unique in the number of basic lysine residues found within a highly conserved portion of the 
putative DNA binding region, suggesting that the rickettsial protein may recognize a DNA sequence that 
differs from the consensus DnaA box sequence identified in other bacteria. Consensus DnaA box sequences, 
found upstream of many bacterial dnaA genes, were not identified upstream of rickettsial dnaA gene. In 
addition, gene organization within this region differed from that of other bacteria. The putative start of tran­
scription of the rickettsial dnaA gene was localized to a site 522 nucleotides (nt) upstream of the DnaA start 
codon. 
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Introduction 

Rickettsia prowazekii, the etiologic agent of epidemic ty­
phus, is an obligate intracellular parasitic bacterium that grows 
only within the cytoplasm of a eukaryotic host cell. As  might 
b e  expected, this organism is well adapted to exploit this rich 
intracytoplasmic environment (Weiss 1982; Winkler, 1990). 
However, the rickettsiae exhibit a relatively slow generation 
time of 8 - 12 hrs. Such slow growth may have evolved to 
maximize the number o f  rickettsiae produced within a host 
cell (Winkler, 1995). Whatever the mechanisms may be  that 
control rickettsial growth, replication of the genome is an 
essential process that must b e  completed prior to cell divi­
sion. In  Escherichia coli, the timing of DNA replication and 
cell division is controlled at the initiation step of DNA repli­

*Corresponding author. 
Abbreviations: aa = amino acid; EDTA = ethylenediamine tetraa­
cetate; nt = nucleotide; ori = origin of replication; ORF = open 
reading frame; PCR = polymerase chain reaction; p.i. = post in­
oculation; SDS = sodium dodecyl sulfate 

cation. In order to  examine this critical process in the rickett­
siae, we have begun the isolation and characterization of genes 
coding for components involved in the initiation of chromo­
somal replication in R. prowazekii. 

In E. coli, the  dnaA gene codes for  the initiator protein 
DnaA, a protein indispensable for  normal chromosomal rep­
lication (Skarstad and Boye, 1994). DnaA binds to 9 bp  long 
recognition sites within oriC opening u p  the DNA for for­
mation of the replication complex. In addition, it also serves 
as a versatile transcriptional regulator that can function as 
a repressor, activator or transcriptional terminator (Messer 
and Weigel, 1997). DnaA is highly conserved among bac­
terial species and a similar organization of specific genes 
contiguous to  dnaA is observed in many species as well 
(Skarstad and Boye, 1994). Often the chromosomal origin 
o f  replication {ori) is found in this region (Ogasawara and 
Yoshikawa, 1992). However, variations of this common gene 
arrangement have been identified (Old  etal., 1993; Margo­
lin et al., 1995). This study addresses the unique character­
istics of this gene in the obligate intracytoplasmic bacteri­
u m  R. prowazekii. 
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Mater ia ls  a n d  M e t h o d s  

Bacterial strains and plasmids. E. coli strain XL 1-Blue [recA 
endAl gyrA96 thihsdR17supE44 relAl lac (F 'proAB lacIqZMl 5 
TnlO)] was used as the host strain in these studies. E. coli was 
maintained as frozen stock at -70"C in nutrient broth containing 
12.5% glycerol and grown in Luria-Bertani medium (Davis et al„ 
1980). When required, the antibiotics ampicillin and kanamycin 
were each added to a final concentration of 50 Hg/ml. The Ma­
drid E strain of R. prowazekii was propagated in six-day-old em-
bryonated, antibiotic-free hen eggs by inoculation with a seed pool 
(passage 218). Eight days post inoculation (p.i.), infected yolk 
sacs were harvested and rickettsial suspensions were prepared as 
previously described (Winkler, 1976). The rickettsiae were further 
purified by a variation (Piano and Winkler, 1989) of Renografin 
density gradient centrifugation (Dasch and Weiss, 1977; Hanson et 
al., 1981). Vectors used in this study included pBluescript SKII, 
Lambda Zap II (Stratagene) and PT7Blue (Novagen, Inc.). 

DNA isolation and sequencing. Standard procedures for DNA 
isolation and sequencing were used (Sambrook et al., 1989). Chro­
mosomal DNA was isolated from R. prowazekii and E. coli using 
the procedure of Marmur (1961). Small scale plasmid prepara­
tions were purified from E. coli using the Wizard Miniprep DNA 
Purification Kit from Promega or the Circleprep Purification Kit 
from BIO 101. The pZ523 spin columns purchased from 5 prime-
3 prime, Inc. or the cesium chloride density gradient centrifuga­
tion method (Sambrook et al., 1989) were used to purify larger 
amounts of plasmid DNA. Restriction enzymes were purchased 
from Life Technologies or New England Biolabs, Inc. DNA frag­
ments were purified from agarose gels using the Geneclean II Kit 
from BIOIOI. The Lambda Zapil R. prowazekii clone bank gen­
erated in this study was screened with DNA probes labeled with 
[a-12P]dATP (ICN) using the Random Primers DNA Labeling Sys­
tem (Life Technologies). Manual DNA sequencing was accom­
plished by the dideoxynucleotidc chain-termination method (Sanger 
etal., 1977) using the Sequenase Version 2.0 Kit supplied by Amer-
sham. Automated sequencing was performed using the Applied Bi-
osystem Taq Cycle Sequencing Kit (Applied Biosystem) as designed 
for use with the Perkin-Elmer 9600 Thermocycler. The sequencing 
reactions were analyzed on the University of South Alabama Col­
lege of Medicine Biopolymer Center's Applied Biosystem Model 
370A Automated DNA Sequenator. DNA sequencing was facilitat­
ed by the generation of nested deletions within the target sequence 
using the Erase-a-Base System (Promega). DNA and protein se­
quence analyses were performed using the GCG collection of pro­
grams (Devereux et at., 1984) maintained on the University of South 
Alabama SPARC System 10 Model 30 SUN Computer. 

Polymerase chain reaction (PCR) amplifications were conduct­
ed using the GeneAmp DNA Amplification Kit (Perkin-Elmer). 
Deoxyoligonucleotide primers were purchased from the University 
of South Alabama College of Medicine Biopolymer Center, Oligos 
Etc. or Integrated Biotechnologies. The PCR volume of 100 |il con­
tained 100 ng of template DNA with primers added to a final con­
centration of 1 (J.mol/1. The amplifications were carried out on an 
Ericomp Thermocycler or a Perkin-Elmer 9600 Thermocycler. 

RNA isolation and assays. Total RNA (rickettsial RNA and host 
cell RNA) was isolated from rickettsiae-infected L929 cells as pre­

viously described (Cai and Winkler, 1993) using the hot-phenol 
method (Emory and Belasco, 1990). For controls, RNA was also 
isolated from mock-infected L929 cells. For RNase protection as­
says, a specific antisense RNA probe, labeled with [a-32P]UTP 
(ICN), was generated by in vitro run-off transcription with T7 RNA 
polymerase using the Riboprobe System (Promega). An RNase 
protection assay was performed according to standard methods 
(Sambrook et al., 1989). Briefly, total RNA (100 (Xg) was hybrid­
ized with 10h cpm of labeled probe overnight at 30°C. Post hy­
bridization, 1000 U o f R n a s e T l  (Life Technologies) was added 
in 300 |il of a digestion buffer containing 10 mmol/1 Tris.HCl 
pH 7.4, 5 mmol/1 ethylenediamine tetraacetate (EDTA) and 
300 mmol/1 NaCl, and incubated for 1 hr at 30"C. The reaction 
was terminated by the addition of sodium dodecyl sulfate (SDS) 
to a final concentration of 0.5% and proteinase K to a final con­
centration of 4 mg/ml and incubation for 30 mins at 37"C. The 
reaction mixture was extracted with phenol and precipitated with 
ethanol and the protected fragments were separated on a 6% poly-
acrylamide-urea gel and analyzed by autoradiography. Primer ex­
tension assay was conducted using the Primer Extension System 
from Promega and standard methods as described previously (Cai 
et al.. 1995). The primer used for extension in this assay (DW96, 
5'-GAATGGTTATTAGAGTGC-3') was end-labeled using ,2P-ATP 
(>7,000 Ci/mmole; ICN) and T4 polynucleotide kinase. 

Results  

Isolation and characterization of the R. prowazekii dnaA 

gene 

A P C R  a p p r o a c h ,  s u c c e s s f u l l y  u s e d  t o  i s o l a t e  t h e  

R. prowazekii gyrA gene  (Wood and  Waite, 1994), was  used 

to  ident ify the  rickettsial  dnaA gene.  Two D n a A  regions o f  

conserved amino  acids (aa), ident i f ied by compar ing  char­

acterized D n a A  protein sequences f r o m  other  bacterial  spe­

cies, were selected and degenerate oligodeoxyribonucleotide 

pr imers  specif ic  f o r  these  regions we re  synthesized.  Pr imer  

DW30 (5 ' -CARGARG A R T T  Y T T Y  C AYAC-3') correspond­

ed to  aa 247-253  and  pr imer  D W 3 7  (5 ' -GTNGTRTGRTC 

N C K N C C N C C R A A - 3 ' )  co r re sponded  t o  a a  4 2 9 - 4 3 6  o f  

E. coli D n a A ,  respect ively.  W h e n  used  in  a P C R  w i t h  

R. prowazekii D N A  as  template,  a 573  b p  f r agmen t  was  

ampl i f ied  that when  sequenced exhibited a deduced  a a  se­

quence with 5 5 %  identity t o  a port ion o f  E. coli D n a A  (data 

not  shown). 
To accomplish the  isolation o f  the  entire rickettsial  dnaA 

gene ,  t he  a m p l i f i e d  f r agmen t  w a s  used  t o  sc reen  s ize-spe­

c i f i c  ( 5 - 8  k b )  R. prowazekii HináWl c l o n e  b a n k s .  
A clone (MOB833)  that hybridized strongly to the probe 
w a s  identif ied and the recombinant p lasmid isolated f r o m  
this clone w a s  designated p M W 8 3 3 .  The sequence o f  this 
rickettsial insert starting at the HináWl s i te  indicated in 
Fig. 1 and o f  an additional clone containing further  up­

s t ream sequence  ( see  be low)  is presented  in Fig. 1. Ana l ­
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ysis  of this sequence revealed a large open reading frame 
(ORF) of 1,392 nt that begins with a GTG and terminates 
with a T A A  and codes for  a protein exhibiting 4 4 %  iden­
tity to  E. coli DnaA. The G T G codon was designated as 
the start codon based on best f i t  alignment with other DnaA 

proteins, the conserved aa found between this codon and 
the next probable translational start at position 1481-1483 
and the fact  that the G T G codon is used as the  initiating 
codon  in  other  bacter ia l  dnaA genes  (Skovgaard and 
Hansen,  1987). Although not completely matching the 

CTACTTGTATTTCGTGTAAAGCTATTTTCTACTAACAACATAGAAAGTTCATCCATAGTAAATTTTATTTTAGGATATAATTTCAAAAAATATTTAGAAA 100 

AAAAATCTTTTGGTGGGAGTTTGTTTAATAAATTTGCTGCATGAGTAATAAGCAATTTCCCCTTACTATTTGTTATTAGTTTTGTTAATGTTTCCGCACG 2 0 0  

TCTAGATACGATATTTGCGTTCGGTGACGTATGATCATAAGGAATTGTATCATAGCTTGGAAAGTAATAAATATTGTCATTTGAAGAAAAAAATAACGCT 300 

TGCTTATATAATTGCAATGCCTCTTCTTCATTACTCACACTTAAAATGAAATCTTGATTAAGATTCTTAGTAAAATTATCAATTACATAGAAACATTTGG 400 

CAGTTGCCGGAAATTTTTGTTGGAT£ÄLTCTACAGGAGCTTATATTTTTGCTATTTTGCGTAATTTGTCAATTATTTCGGGATCTAGATAAGAAGGTGCA 5 0 0  

< Mfd 
G A A G G T T T A T T A T T A A T C C A A T T A T A A A G A T C A T T A T C A T T T T G A T C A A G T A T T A A A G T A T A A C T T T T A A G T T T C T T T T C A T C C A T T G A A G A T A A G T A C T 6 0 0  

T T T C G G C A A A G C G A C C A A G T A T A T A A T C C A T T T C T C T G C A A C C A C G C T T T T T A C T A C G A T A A A A A A G T T T C T T T T G T A A A G C G T T T T T A T T T A A T T T A T T 7 0 0  

rRTr/rRTÄACATCTTGCAAAATTTTTTTATAATAATATTATTAAAATj&.TAAGGTTCTATGAACATCATTTTCAATGATATAGAGCCTAGATACCGAAAT 8 0 0  

CATTTTAAAATACTTGAATAATTAAGCACTCTAATAACCATTCTACATTGGGAAAGTTCTATTAACTTTTATTATCAATAATAGAAAAAAACGTAAATAT 9 0 0  
M 

HindlII 
GTTGGTTCAAAATATCTGTTCTACAAAAGCTTATAATATGCTAATTTTAAATAATAATGCTTTTCTTGTAGATGTTAGAACACAAGAAGAATGGAAACAA 1 0 0 0  

L V Q N I C S T K A Y N M L I L N N N A F L V D V R T Q E E W K Q  

GTTGGGATACCTCATTTAGATAATAAGAATAAAGTAATTTTTCTAAGTTTGCAATTGAATAAAAACTTTGAAGATAATTTTTTATCTATTATTAACGAGA 1 1 0 0  

V G I P H L D N K N K V I F L S L Q L N K N F E D N F L S I I N E K  
AAATAGATACAGCCATATTTTTTCTGTGTCGTTCAGGATATAGGTCATTCATTGCAGCAAATTTTATAGCTAATATTGGTTATAAAAATTGTTATAATAT 1 2 0 0  

I D T A I F F L C R S G Y R S F I A A N F I A N I G Y K N C Y N I  
AAGTGACGGTTTTGAAGGTAATAATCAAGATAAAGGCTGGAAACAAAATAACTTACCGTGGCAGTTTTAAGTGAGCACTAATCAAATACCTTTAACAGAT 1 3 0 0  

S D G F E G N N Q D K G W K Q N N L P W Q F * M S T N Q I P L T D  
DnaA > 

CAGGGTGATAATTATGTAAATGTCTGGAGTTACGTTGCTCAAGATCTTTACAATCATTACGGTGAAACTCTATATAATAGTTGGTTTAGTAAGGTCAATT 1 4 0 0  

Q G D N Y V N V W S Y V A Q D L Y N H Y G E T L Y N S W F S K V N F  

TTATAGAGTCTTCATTAAATACCGTTATTCTGTGTGCACCTACTAATTTTATTAGAGATTGGATAAAATCCAAATATGCTATGGTCATATTGCAACTATT 1 5 0 0  

I E S S L N T V I L C A P T N F I R D W I K S K Y A M V I L Q L F  

CCAACATTATAATAATGCTATTAAGTCAATTGAAATAATTACTAAAGAGTTACCTGGAACAACACAAGCAGTGATAGAATCACCTACTAAGACTTTTGCC 1 6 0 0  

Q H Y N N A I K S I E I I T K E L P G T T Q A V I E S P T K T F A  

GATATCGGCAACAGTGCACTAAATTCAGAAAATATCGTTTCAACACTTGATGTACGTTTTACTTTCGATAATTTTGTGGTTGGAGTACCAAATGAACTAG 1 7 0 0  

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

CTTATGCAGCAGCAAGAGCTGTGGCAGAATCATCAGGGGCAGTGTTTGAATCTAATCCACTTTTTCTATATGGCGGAGTTGGACTCGGTAAAACTCATTT 1 8 0 0  

Y A A A R A V A E S  S G A V F E  S N  P L F L Y G G V G L G K T H L  
AATGCATGCAATTGGTTGGTACATCAAACAAAATAACCCAAGGCGCAAAGTAATATACATGTCAGCAGAAAAATTTATGTATCAGTTTGTTAAAGCTCTG 1900 

M H A I G W Y I K Q N N P R R K V I Y M S A E K F M Y Q F V K A L  

CGTAATAAAGAAGTAATTTTATTTAAAGAGAAATTCCGATCAGTTGACGTACTAATGATTGATGACATTCAATTTATCTGCGGTAAAGATAGTACACAGG 2 0 0 0  

R N K E V I L F K E K F R S V D V L M I D D I Q F I C G K D S T Q E  

AAGAATTTTTCCACACTTTTAATACATTGATTGATAATAACCGTCAAATGGTTATTTCTTGCGATAGGTCACCTTCAGATCTAGATAATATTGAAGATCG 2 1 0 0  

E F F H T F N T L I D N N R Q M V I S C D R S P S D L D N I E D R 

CATCAAATCTCGCCTTGGATGGGGCTTAGTTGCAGATGTGCATAGTACTACTTATGAATTACGCCTCGGCATTCTAGAATCTAAAATCGAGCAAATGAAT 2 2 0 0  

I K S R L G W G L V A D V H S T T Y E L R L G I L E S K I E Q M N  

GTTAAAATACCAAAAGATGTGATAAATTTTTTAGCATCTAAAATTGTTTCAAACGTTAGAGAACTTGAAGGAGCTTTAAATAAAGTGATTGCTCATTCTA 2 3 0 0  

V K I P K D V I N F L A S K I V S N V R E L E G A L N K V I A H S N  

ATTTTACTTTAAAAGCAATTACGCTTGAAAATACACAAAATATTTTGCGAGATTTATTGCGTTCTAATGAAAGGATAATTACTGTTGAAGATATTCAAAA 2 4 0 0  

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

AAAAGTAGCTAGTCGTTATAATATTAAATTATCTGATATGTATTCTTCACGCAGGTTGCGAGAAGTCGCAAGACCACGTCAAATCGCTATGTATCTTAGT 2 5 0 0  

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

AAAACATTAACGCCGAAAAGTCTTGCAGATATTGGTAAAAAATTCGGTAAAAAAGATCATACTACGGTTATGCATGCTATTAAGAAAGTAGAAGAATTAC 2 6 0 0  

K T L T P K S L A D I G K K F G K K D H T T V M H A I K K V E E L L  

TCGAAAATGATATAGAATTACGTGAGGAAATTAATTTGTTAATGAAAATATTGCAAAATTAAATACGCATAATATATTCATGTATAACACGATTTGATAG 2 7 0 0  

E M D I E L R E E I N L L M K I L Q N *  
C A A T T T C C A G T T T T A A A A A A C T A A A G T T A T T T A G T T T G A A A T T G T T T T G C T T G A T C A A G T A T T C A A A T A A C A T G A T A A T G T T G A A C G T G C A C T C T A G A T C 2 8 0 0  

T A T G A A A C T A G A A C C T C C A C A T A C A T G A T A T A G A T A A T A T A T A C A A A A C G A C C T A C A A A A T G A A G T T T T T A T T C T C T G C T C G A G C G C T A A T G A A T T A A T A 2 9 0 0  

T A T A A A A A G A A A T T A T  A A A T A A T G T A C A T T T T A T A G G A T C A C  2 9 4 2  

Fig. 1 
Nucleotide sequence o f  the R. prowazekii dnaA gene 

The prcdictcd amino acid scqucncc is given in single letter code. The start and orientation of  DnaA and Mfd are indicated. The sequence complemen­
tary to the Mfd start codon is underlined The putative promoter region scqucnccs arc indicated by double underlines while the transcriptional start site 
nucleotides are shadowed. The nucleotide scqucncc reported in this paper was submitted to the GcnBank database and assigned Acc. No. U55213. 



B. burgdorferi i n i e n * k k i l l r e l k i t h k d i e g h s k k p e i t k a * h i y a y * l r n f * e l * t v e * * k i i g * k t * s * * l y s i n * i . d r d r n n d k e i n n l i t e * m n k i k k n  4 8 6  
T. maritimi ..idelieivakvtgvpreeilsns*nvkalta*rig*yvaknylks**rt*aek*.n*s*pv*vdsvk*vkdsllkgnkqlkalidevigeisrralsg 4 4 0  
E. coli v t i d n * q k t v a e y * k i k v a d l l s k r * s r s v a r p * * m * * a * a k e l * n h * * p e * * d a * g * * * * * * * l h * c r * i . e q l r e e s h d i k e d f s n * i r t l s s  4 6 7  
S. typhimurium v t i d n * q k t v a e y * k i k i a d l l s k r * s r s v a r p * * m * * a * a k e l * n h * * p e * * d a * g * * * * * * * l h * c r * i . e q l r e e s h d i k e d f s n * i r t l s s  4 6 6  
S. marcescens v t i d n * q k t v a e y * k i k v a d l l s k r * s r s v a r p * * m * * a * a k e l * n h * * p e * * d a * g * * * * * * * l h * c r * i . e q l r e e s h d i k e d f s n * i r t l s s  4 6 4  
P. mirabilis v t i d n * q k t v a e y * k i k v a d l l s k r * s r s v a r p * * m * * a * a k e l * n h * * p e * * d a * g * * * * * * * l h * c r * i .  e q l r e e s h d i k e d f s n * i r t l s s  4 6 6  
V. harveyi v t i d n * q k t v a e y * k i k v a d l l s k r * s r s v a r p * * l * * a * a k e l * n h * * p e * * d a * g * * * * * * * l h * c r * i . e q l r e e s h d i k e d y s n * i r t l s s  4 6 8  
B. aphidicola v t i a n * q k t v a e y * k i k v a d l l s r r * s r s v a r p * * m * * a m a k e l * n h * * p e * * d a * s * * * * * * * l h * c r * i .  e q l r k e n h d i k e d f s n * i r t l s v  4 3 1  
P.putida v s v d n * q r t v a e y * k i k i s d l l s k r * s r s v a r p * * v * * a * s k e l * n h * * p e * * d m * g * * * * * * * l h * c r * i . n e l k e s d a d i r e d y k n * l r t l t t  5 0 6  
H. influenzae v t i e n * q k w a e y * r i k v s d l k s k s * a r s v t r p * * i * * a * a k e l * n r * * p e * * r a * . d * * * * * * l n * c r e v . p k f r e q d n s i q e d w a n * i r t l s a  4 5 4  
Synechocystis a a p e t * i t i v a q h * q l k v e e l l s n s * r r e v s l a * * v g * y * m r q h * d l * * p r * * e a * g * k * * * * * m y s c d * i . t q l q q k d w e t s q t l t s * s h r i n i a g q a p e s  4 4  6 
P. marinus v t p k q v l d k v a e v * k v t p d e m r s a s * r r p v s q a * * v g * y * m r q g * n l * * p r * * d t * g * k * * * * * m y * i e q v . e k k l s s d p q i a s q v q k i r d l l q i d s r r k r  4 6 1  
M. leprae i s a a t * m t a t a e y * d t t i e e l r g p g k t r a l a q s * * i * * y * c r e l * d l * * p k * * q a * . * * * * * * * m y * q r * i . l s e m a e r r e v f d h v k e * t t r i r q r s k r  5 2 1  
M. tuberculosis i s a a t * m a a t a e y * d t t v e e l r g p g k t r a l a q s * * i * * y * c r e l * d l * * p k * * q a * .  * * * * * * * m y * q r * i .  l s e m a e r r e v f d h v k e * t t r i r q r s k r  5 0 7  
M. smegmatis i s t a a * m a v t a e y * e t t v e e l r g p g k t r a l a q s * * i * * y m c r e l * d l * * p k * * q a * . * * * * * r r d v r e r r . . . . s a a r w p s a v r c s t t s g t h h a h p p a r q t l s s e t  . . . 4 9 5  
S. aureus i t i q d * q k i v g q y * n v r i e d f s a k k * t k s i a y p * * i * * y * s r e l * d f * * p k * * e e * g * * * * * * * i h * h e * i . s k d l k e d p i f k q e v e n * e k e i r n v  4 5 3  
B. subtillis i t i k e * q r w g q q * n i k l e d f k a k k * t k s v a f p * * i * * y * s r e m * d s * * p k * * e e * g * * * * * * * i h * h e * i .  s k l l a d d e q l q q h v k e i k e q l k  4 4  6 
M. luteus i t p e l * l h a t g e y * n l t l e e l t s k s * t r t l v t a * * i * * y * l r e l * e m * * p k * * q v l g * * * * * * * i h * d r * i . r e l m a e r r t i y n q v t e * t n e i k r k q r g a  5 1 5  
S. coelicolar i t s t a * m g a t a d y * g l t v e d l c g t s * g r a l v t a * * i * * y * c r e l * d l * * p k * * a l * g * * * * * * * m h * d r * i .  r n l m a e r r s i y n q v t e * t n r i k n g  6 5 6  
R. meliíoti v r i e d * q r w a k h * n v s r q e l v s n r * t r v i v k p * * i * * y * s k t l * p r * f p e * * r r * g * * * * * * * l h * v r * i . e e l i s a d t k l s h e i e l * k r l i n e  5 0 7  
C. crescentus i t i d d * q k a t a e h * g m k q a d l l s e r * n r a v a r p * * a * * w * a k q l * t r * * p d * * r r * g * * * * * * * l h * v r r i . e a l r a e d s a l s h d l e t * t r k l r g  4 9 0  
M. pneumoniae f d p y l l i e n v c r r * n v p v d s v l s e n * k a e l v r v * d v c n y i l r e k y k m q f q q * * k i * . k * n * s * * v a * v k r v . a k m i e k d d s l q d i i t s * v i  4 3 9  
M. genitalium f d p y l l i e n v c r r * n v p m d s v l s e n * k a e l v r v * d v c n y * l r q k y n m q f q q * * k i * .  k * s * s s * l m * v k r v .  a k m i e n d s s l r d v i t s * v i  4 3 7  
M. capricolum l n v k k * k e v v s e k * g i s v n a i d g k a * s k s i v t a * h i * * y * t k e i l n h t * a q * * e e * g * * * * * * * i n * e r * i . e m m l k k d k q l k k t v d i * k n k i l t k  4 5 0  
S. citri i t p k k * k q i v a d s * n i t i k a m m s k s * v s n v m q a * * l * * y f c r t l l d e p f t r * * t e * g * k * * * * * m n s v k * v . e a h i s t n k e f k h l v n a i r r k i e g r  4 5 0  

R. prowazekii i t v e d * g k k v a s r * n i k l s d m y s s r * l r e v a r p * * i * * v * s k t l * p k * * a d * * k k * a k k * * * * * m h * i k * v .  e e l l e n d i e l r e e i n l * m k i l a n  4 6 3  
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Fig. 2 
Comparison o f  D n a A  domain IV amino acid sequences (carboxy-terminal end) of 26 bacterial DnaA proteins 

The GCG program PILEUP (Devereux et al, 1984) was used to generate the alignment. Stars indicate aa that match the consensus sequence shown at the bottom. Gaps introduced to maximize alignment 
I are indicated b y  dots. Consensus bases arc shown in uppercase letters and represent a base that is found in at least 20 of  the 26 sequences. The DnaA domain region is as defined by Ogasawara et al. (1991). 
I Rickettsial lysine residues are double underlined. Numbers refer to the last aa of each protein. The sequence o f  M. smegmatis is shown only to aa 469. The following sequences [Acc. No.] were obtained 
j from the GenBank data base: B. burgdorferi [L14948], T. maritima[U24145], E. coli [JO 1602], S. typhtmunum [M17352], S. marcescens [Mm52], P m/rafrfo [M58352], V harveyi [L47617],B. aphidicola 

[M80817], P. putida [X14791], H. influenzae [L45631], Synechocystis [L36958], P. marinus [U44977], M. leprae [L39923], M. tuberculosis [X92504], M. smegmatis [U17833], S. aureus [D89066], 
' H subtilis [X02369], M. luteus [M34006], S. coelicolar [M82836], R. melitoti [L39265], C. crescentus [U01667], M. pneumoniae [U34816], M. genitalium [U39734], M. capricolum [D90426] S citri 

[Z 19108]. 
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E. coli-like ribosomal binding site, AGGAGGT, (Shine and 
Dalgarno, 1974), there is a purine-rich sequence, GT-
GGCAG, appropriately placed upstream of this start co-
don. Translation o f  the ORF would produce a protein of  
463  aa with M r  o f  52,972, a size comparable to E. coli 
DnaA (Skarstad and Boye, 1994). Codon usage in the 
R. prowazekii dnaA gene is similar to that of  other charac­
terized  R. prowazekii genes in its preference for  (A+T)-
rich codons (Winkler and Wood, 1988; Andersson and 
Sharp, 1996). Restriction mapping revealed that the rick­
ettsial insert o f  p M W 8 3 3  was only 2.0 kb  rather than the 
expected 5 — 8 k b  and that one of  the predicted terminal 
HinálW sites o f  the insert had been deleted. 

Homology of the R. prowazekii dnaA gene product to 
known DnaA proteins 

Comparison of  the rickettsial DnaA sequence to that of 
other characterized DnaA proteins revealed extensive ho­
mology. T h e  highest  level o f  overall identity was  with 
E. coli, o ther  enteric species and  Pseudomonas putida 
DnaA proteins which exhibited approximately 44.5% iden­
tity to  R. prowazekii DnaA. The lowest level o f  identity, 
approximately 28.5%, was seen with  Mycoplasma species. 
R. prowazekii DnaA adheres to the domain organization 
observed by Ogasawara  et al. (1991) with domains 1 and 
2 exhibiting the least similarity to other DnaA proteins 
while domains 3 and 4,  which contain the ATP and DNA 
binding motifs,  respectively, are highly conserved. How­
ever, it is unique among DnaA proteins in the number of 
basic lysine residues found surrounding a highly conserved 
stretch o f  amino acids, GRDHTTV, located in DNA-bind-
ing domain I V  (Fig. 2).  One  amino acid within this region 
of  E. coli DnaA, Thr  435,  has been shown to  b e  involved 
in sequence-specific DNA binding activity (Sutton and 
Kagun, 1997). 

Gene organization surrounding R. prowazekii dnaA 

In order to  determine if  the gene organization surround­
ing the  R. prowazekii dnaA gene was similar to  that ob­
served in other characterized bacteria, additional clones 
hybridizing to  the rickettsial dnaA P C R  amplified probe 
were identified in a Lambda ZapII clone bank. DNA se­
quence analysis o f  these clones resulted in additional up­
stream sequence (Fig. 1). Interestingly, no  clones contain­
ing downstream sequence were obtained. This was also 
t rue for  the  original dnaA clone, pMW833.  Restriction 
mapping revealed that the rickettsial insert of pMW833 
was only 2.0 k b  rather than the expected 5 - 8 k b  and that 
one  o f  the predicted terminal  HinálW sites of  the insert 
had been deleted. This suggests that there is a sequence 
downstream of  rickettsial dnaA gene that cannot be  cloned 

in this E. coli system. Using the sequence data presented 
in this paper and additional upstream sequence obtained 
form their R, prowazekii genome sequencing project, A n ­
dersson and Andersson (1997) recently identified the  mfd 
gene analog (Fig. 1). Our  data identify an  additional O R F  
of  123 aa jus t  upstream of  dnaA gene. However, this O R F  
shows n o  significant homology to  any known gene prod­
uct. This information demonstrates that the gene organi­
zation of  the  R. prowazekii dnaA region differs f rom that 
o f  other characterized dnaA genes. 

Localization of the rickettsial dnaA transcriptional start site 

The RNase protection assay was used to  localize the start 
of the rickettsial dnaA transcript (Fig. 3). The antisense probe 
used in this assay spanned nt  567-1010 (444 rickettsia-spe-
cific nt) in Fig. 1. A n  approximately 260 nt  long fragment 
o f  the probe was protected localizing the start o f  the tran­
script to a region 520 nt upstream of  the DnaA start codon. 
The primer extension analysis (Fig. 4 )  identified A at posi­
tions 748 and 749 as the first bases o f  the detected dnaA 
RNA. Appropriately positioned upstream of  these A are se­
quences (TATTAT and TTGCAA) homologous to  E. coli 
consensus promoter -10 (TATAAT) and -35 (TTGACA) re­
gions. 

1 2 3 4 
• - 600 

-400 
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200 

Fig. 3 
RNase protection assay identifying the rickettsial dnaA transcript 

Lane 1: undigested full-length probe; lane 2: total RNA from nckettsia-in-
fectcd L929 cells; lane 3: single-stranded RNA ladder with sizes indicated; 
lane 4: RNA from mock-infected L929 cclls. 
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Fig. 4 
Primer extension assay of the dnaA transcript 

Oligonucleotide DW96 was used as the extending primer. DNA sequenc­
ing reactions, for molecular size markers, arc shown on the left This 
sequence was generated using single-stranded M13mpl8 as template and 
the -40 universal primer. The two T migrating at the same positions as 
the primer extension products correspond to sizes of 95 and 96 nt. This 
would place the start of transcription for the rickettsial RNA at the two nt 
indicated in Fig. 1. 

Discussion 

While certainly not the slowest growing bacterium, the 
R. prowazekii generation time of 8 - 12 hrs is surprising 
considering the cytoplasmic environment in which this or­
ganism grows. Presumably this slow growth has evolved to 
maximize the number of rickettsiae produced from each host 
cell (Winkler, 1995). Whatever may b e  the reasons for  this 
extended generation time, the timing of DNA replication 
remains a critical process in rickettsial growth. The point 
of control for  this process in other prokaryotes is at the ini­
tiation of chromosomal replication which involves the initi­
ator protein DnaA and its interaction with the  ori. Thus, we 
focused our initial studies on  the isolation and characteriza­
tion of  the rickettsial dnaA gene analog. 

Isolat ion o f  the  R. prowazekii dnaA gene  revealed 
a gene organization unlike any previously described. Gene 
organization surrounding the  dnaA gene in other bacteria 
is highly conserved and usually includes ori C (Ogasa-
wara and Yoshikawa, 1992). However, ORFs linked to  the 
rickettsial dnaA gene do  not resemble any gene products 
associated with the  dnaA gene in other bacteria. Unfortu­
nately, comparisons could b e  made primarily only for  se­

quences upstream of rickettsial dnaA gene. We were una­
ble to  isolate clones containing the  region immediately 
downstream of the gene suggesting that this region is le­
thal when introduced into E. coli. Additional efforts are 
underway to  isolate downstream fragments and identify 

the genes present in this region. 
Isolation of the rickettsial dnaA gene also permitted the 

comparison of the deduced product to  that o f  character­
ized initiator proteins. DnaA is a highly conserved pro­
tein especially in the carboxy-terminal half  o f  the mole­
cule (Skarstad andBoye,  1994; Messer and Weigel, 1996). 
Sequences associated with ATP and D N A  binding are eas­
ily identified. However, the rickettsial D N A  binding se­
quence exhibited some unique characteristic that may af­
fect the binding of this protein to DNA. The  large number 
of positively charged lysine residues within one of the high­
ly conserved areas of this region is especially striking. This 
raises the possibility that rickettsial D n a A  may recognize 
a DNA sequence different f rom the consensus DnaA-box 
sequence identified for  other characterized DnaA proteins. 
Thus,  examining the  rickettsial genome f o r  consensus 
DnaA binding sites as a method for  identifying DnaA-reg-
ulated genes or the  ori may not b e  productive. Certainly, 
no  consensus DnaA boxes, which are commonly found 
upstream of many  dnaA genes, could b e  identified up­
stream of the rickettsial gene. In addition, w e  have been 
unsuccessful in isolating an autonomous replicating se­
quence of the rickettsial genome that can replicate in E. coli 

suggesting that the rickettsial ori C differs, possibly in its 
binding of  E. coli DnaA, f rom the  E. coli on C. The isola­
tion of the rickettsial dnaA gene now provides a means 
for  expressing and purifying sufficient quantities of this 
protein or  appropriate peptides for  use  in binding assays 
that would identify rickettsial target sequences. Such stud­
ies are essential for  the isolation and characterization of  
the  R. prowazekii origin of replication and subsequent un­
derstanding of the critical replication events occuring dur­
ing intracytoplasmic growth of this unique bacterium. 
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