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The aroA locus of Bordetella pertussis, encoding 5-enolpyruvylshikimate 3-phosphate synthase, has been
cloned into Escherichia coli by using a cosmid vector. The gene is expressed in E. coli and complemented an
E. coli aroA mutant. The nucleotide sequence of the B. pertussis aroA gene was determined and coritains an
open reading frame encoding 442 amino acids, with a calculated molecular weight for 5-enolpyruvylshikimate
3-phosphate synthase of 46,688. The amino acid sequence derived from the nucleotide sequence shows
homology with the published amino acid sequences of aroA gene products of other microorganisms.

Bordetella pertussis, the agent of whooping cough in
humans, is a fastidious organism, and its growth is extremely
sensitive to inhibitory substances present in normal labora-
tory media (20). Nevertheless, B. pertussis can be grown on
relatively simple defined media, a factor which would assist
the genetic characterization of the metabolic activities of the
organism. By using chemical mutagenesis and DNA transfer
techniques, Kloos et al. (15) isolated and characterized a
number of auxotrophic mutants of B. pertussis. Moré re-
cently it has been shown that B. pertussis DNA cloned in
Escherichia coli can complement some E. coli auxotrophic
mutations (3). In the intensive search for a new acellular
pertussis vaccine, much recent work on B. pertussis genes
has concentrated on virulence determinants. Many of the
virulence factors of B. pertussis are subject to regulation by
the so-called vir locus, which appears to be a positive
regulator controlling gene expression (27). Little work has
been carried out on B. pertussis genes not under vir regula-
tion, -and the study of such genes may yield important
information about the genetic organization of B. pertussis. A
useful gene to study in this context is aroA.

The aroA gene of E. coli encodes the enzyme S-enolpy-
ruvylshikimate 3-phosphate synthase (EPSP synthase),
which acts in the biosynthetic pathway leading to choris-
mate. This pathway is the only route in bacterial, fungal, and
plant species for the biosynthesis of aromatic compounds
including p-aminobenzoic acid, 2,3-dihydroxybenzoate, and
aromatic amino acids. The aroA loci of E. coli (10), Salmo-
nella typhimurium (25), Aspergillus nidulans (5), and Sac-
charomyces cerevisiae (9) have been sequenced and are
highly conserved. In this manuscript we report the cloning
and nucleotide sequence analysis of the aroA locus from B.
pertussis and show that it, too, is homologous with the other
aroA genes sequenced to date.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophages. B. per-
tussis CN2992 was provided by P. Novotny (19). E. coli
AB2829, which harbors a stable aroA mutation (12), was
obtained from the E. coli Genetic Stock Center, Yale Uni-
versity School of Medicine, New Haven, Conn. Cosmid
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pHC79 (11) and plasmids pACYC184 (4) and pUC18 (Phar-
macia, Milton Keynes, England) were used as cloning vec-
tors. For sequencing, DNA fragments were cloned into
M13mp18 or M13mp19 (Pharmacia). pHC79 carries ampicil-
lin resistance (Ap") and tetracycline resistance (Tc"). Tcf can
be insertionally inactivated by cloning into the BamHI site.
pACYC184 carries Tc" and chloramphenicol resistance
(Cm"). Cm" can be insertionally inactivated by cloning into
the EcoRI site. pUC18 is Ap". ‘

Media and reagents. B. pertussis was grown in Stainer-
Scholte liquid medium at 37°C (24). E. coli strains were
grown in Luria broth (LB) (18) or on LB - 1.6% (wt/vol)
agar, the constituents for which were obtained from Difco
Laboratories, Detioit, Mich. Minimal medium (MM) was as
described previously (7). MM was solidified with 2% (wt/vol)
Noble agar (Difco). Aromatic amino acids, p-aminobenzoic
acid, and dihydroxybenzoate supplement (aro mix) were as
described previously (7) and were obtained from Sigma
Chemical Co., Poole, England. Antibiotics were included at
appropriate concentrations.

Restriction endonucleases and T4 DNA ligase were ob-
tainéd from Boehringer, Lewes, England, or GIBCO BRL,
Paisley, Scotland, and were used as specified by the manu-
facturer. DNA polymerase I large fragment (Klenow en-
zyme) was FPLC pure from Pharmacia.

B. pertussis high-molecular-weight-DNA production. Chro-
mosomal DNA from B. pertussis was isolated by using a
modification of the method of Hull et al. (13). A 200-ml
culture of B. pertussis CN2992 was split into 25-ml aliquots
and centrifuged at 10,000 rpm for 5 min in an SS-34 rotor
(Ivan Sorvall, Inc., Norwalk, Conn.). The cell pellets were
washed twice with 25% sucrose in 1 mM EDTA-10 mM Tris
(pH 7.5). The washed pellets were each suspended in 2 ml of
25% sucrose in 1 mM EDTA-50 mM Tris (pH 8.0) at 4°C, 50
wl of 40-mg/ml lysozyme in 0.25 M Tris (pH 8.0) was added,
and the preparation was left on ice for 5 min. Then 50 ul of
1-mg/ml proteinase K (Boehringer) was added and mixed
well, and 0.4 ml of 0.5M EDTA (pH 8.0) was mixed in,
followed by 250 ul of 10% (wt/vol) sodium N-lauroyl sarco-
sinate. This mixture was left on ice until lysis was complete
(approximately 2 h) and then was kept at 50°C overnight.
The lysed cells were extracted three times with equal vol-
umes of 1:1 (vol/vol) phenol-chloroform and then once with
chloroform alone. Ther 1/10 volume of 3 M sodium acetate
was added to the aqueous layer followed by 2 volumes of
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FIG 1. Strategies used to clone and sequence the B. pertussis aroA gene. Abbreviations: E, EcoRlI site; C, Clal site; H, HindlII site; P,
Ps1l site. Dark blocks are known vector sequences. The vector/target join in pBPTaroAS is unclear from restriction digests and has not been
determined by DNA sequencing. Thus, no dark block is shown for pBPTaroAS. ‘‘Start’’ refers to the ATG at position 1 of Fig. 2, and *‘Stop™

likewise refers to the TGA at position 1327.

ethanol. The precipitated DNA was wound off, dissolved in
1 mM EDTA-10 mM Tris hydrochloride (pH 8.0), and
dialyzed against the same buffer.

Cloning of B. pertussis CN 2992 DNA in cosmid pHC79.
Cosmid vector pHC79 (11) was digested to completion with
BamHI. High-molec_ular-weight B. pertussis DNA was par-
tially digested with Sau3Al to give DNA in the size range 40
to 50 kilobases (kb) Vector and target DNA samples were
combined at appropriate concentrations and hgated with T4
DNA llgase Ligation mixtures were packaged in vitro by
using an in vitro packaging system from Gigapack (Strata-
gene, Northumbria Blologlcals Ltd., Cramlington, England).
E. coli strains, grown in LB-0. 4% maltose, were infected
with the packaged DNA and plated out on LB agar-50 ng of
ampicillin per ml. Ap” colonies were replica plated onto LB
agar containing ampicillin (50 pg/ml) or tetracycline (20
pg/ml). Ap" Tc® colonies were picked into microdilution
plates containing (per well) LB-50% glycerol-50 pg of
ampicillin per ml, grown at 37°C, and then stored frozen at
—70°C. Large-scale plasmld isolation was carried out by the
method described by Maniatis et al. (18), and rapid plasmid
screening was done by the method of Birnboim and Doly (2).

Gel purification of restriction fragments. Restriction frag-
ments were purified. from low-melting-temperature agarose
by hot phenol extraction as described previously (18).

DNA sequencing. DNA was sequenced by the dideoxynu-
cleotide chain termination method with [*>S]JdATP (Amer-
sham International, Little Chalfont, England) and wedge
gels (1, 22). For sequencing through severe compressions
which arose in both directions at some points on the DNA,
20 to 40% (vol/vol) deionized formamide was added to the
gel.

RESULTS AND DISCUSSION

Cloning of the B. pertussis aroA gene in E. coli. The initial
cosmid bank ligations were packaged in vitro, and the
resultant phage were used to infect E. coli AB2829 and E.
coli HB101. When the packaged bank was used to infect E.

coli HB101, approximately 10° Ap® colonies were obtained,
of which 600 were replica plated onto tetracycline. Of these,
the Tc® colonies made up 56%. This was not done for E. coli
AB2829. Infected E. coli AB2829 cells were plated directly
onto MM containing 50 pg of ampicillin per ml and incubated
at 37°C for 3 days. Uninfected bacteria were also plated on
MM and MM plus ampicillin as negative controls or on MM
with aro mix as positive controls. No colonies were seen on
the negative control plate, whereas bacteria grew well on the
positive control plates. On the selection plate five colonies
grew and were picked and streaked out onto MM plus
ampicillin. Colony no. § grew well on solid and in liquid MM
plus. ampicillin. Recombinant cosmid DNA was isolated
from this clone and was named pBPTaroAS. This plasmid
was only 15.5 kb in size and may have resulted from
spontaneous deletion of a larger cosmid. This putative larger
cosmid may have had more than one copy of the pHC79
vector, since pBPT aroAS has the EcoRI, HindllI, and Clal
cluster of sites, present in pHC79, represented twice. Since
it is unclear what is vector and what is target sequence in
pBPTaroAS5, no vector sequence has been marked in Fig. 1.
To subclone the aroA gene, we digested pBPTaroAS with
EcoRl, yielding two fragments of 12 and 3.5 kb. pACYC184
was digested with EcoRI and ligated with the fragments from
pBPTaroAS. The ligation mix was transformed into E. coli
AB2829, and transformants were selected on MM-tetracy-
cline. A Tc" Cm® colony was selected. The isolate har-
bored a recombinant 7.5-kb plasmid which was named
pBPTaroAS51. A 2.2-kb PstI fragment was further subcloned
into pUC18 from pBPTaroAS51 by complementation of E.
coli AB2829, the resulting plasmid being named
pBPTaroAS52 (Fig. 1). A gel-purified PstI fragment from
pBPTaroAS52 was also cloned into M13 for sequencing. The
identity of this fragment with B. pertussis DNA was con-
firmed by hybridization (data not shown).

DNA sequencing. The DNA sequencing strategy is shown
in Fig. 1. In addition to the PstI fragment, Sphl, BamHI-Pst1
and Sau3Al fragments were cloned into M13mp18 and/or
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FIG. 2. Nucleotide and derived amino acid sequence of the aroA gene of B. pertussis.

M13mp19 and sequenced. Gaps in the sequence were filled
in with synthetic oligonucleotides to prime sequencing reac-
tions from CsCl-purified single-stranded recombinant M13
DNA (26). The nucleotide sequence is shown in Fig. 2. On
translation in all six frames, one open reading frame was
encountered, which showed similarity with the published
sequence of the E. coli aroA gene. The B. pertussis aroA
gene sequence consists of 1,329 nucleotides, including the
TGA stop codon, encoding 442 amino acids. The deduced
molecular weight of the B. pertussis enzyme is 46,688.

The nucleotides from the PstI site to the ATG start codon
were sequenced and number 59 base pairs. The nucleotides
5" to the ATG start codon have the sequence 5'-
AATTGGCGCAAGGATTCCAA-3'. The underlined bases,
extending from positions —10 to —7, are in good agreement
with the consensus Shine-Dalgarno sequence (23). No pro-
moterlike sequences have been identified 5’ to the coding
region, although consensus promoters have not yet been
compiled for B. pertussis housekeeping genes. We are cur-
rently investigating whether B. pertussis aroA is part of an
operon with serC, as has been described for E. coli (8) and
Salmonella strains (12). No sequence similar to the rho-
independent terminator seen between serC and aroA in E.
coli (8) was observed in this sequence.

Codon usage in B. pertussis aroA. The codon usage in B.

pertussis aroA is shown in Table 1. There is a clear bias in
codon usage, with strong preference for G or C in the third
position. For Leu, Ser, Cys, and Arg, no codons with A or
T in the third position are used. For the other amino acids,
codons with A or T in the third position occur rarely.

In broad agreement with published estimates for the G+C
content of B. pertussis DNA (14), the aroA gene coding
sequence contains 71.3% G+C, with 13.3% A, 33.6% C,
37.7% G, and 15.3% T. This is higher than the content given
for pertussis toxin, 62.2% (17), and that derived from the
sequence of a B. pertussis serotype 2 fimbria, 61.55% G+C
(16), and may reflect different evolutionary origins between
normal housekeeping genes and virulence factors in B.
pertussis.

Comparison of B. pertussis aroA DNA and protein sequences
with other aroA sequences. It has been observed that the
EPSP synthase amino acid sequences show marked similar-
ity between genera (5, 6). There is considerable similarity
between the B. pertussis EPSP synthase amino acid se-
quence and that in E. coli (approximately 57%) (Fig. 3).
Considerable homology is also evident with the EPSP syn-
thase amino acid sequences in the other microorganisms
shown in Fig. 3. The B. pertussis sequence is most similar to
the other two bacterial sequences shown, but there are
positions where the B. pertussis sequence diverges from the
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bacterial sequences and is homologous with the fungal
sequences.

Strikingly, there are some blocks of homology that are
identical over a number of amino acids in all five sequences
shown in Fig. 3, and there are also large areas where
conservative amino acid substitutions have occurred. These
observations suggest that there may have been evolutionary
conservation of areas of the molecule essential to its func-
tion.

Conclusions. This report shows that the aroA gene of B.
pertussis is highly homologous to those of other microorga-
nisms and that its product can complement aroA mutations
in E. coli. DNA sequencing demonstrates that the gene has
a high G+C content, higher than that of two virulence
factors recently sequenced, and a consensus Shine-Dalgarno
sequence. No information is available on the promoter for
this gene, and we are investigating whether this is due to its
being in an operon with serC, as has been shown for other
bacteria (8, 12).
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