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The aroA gene from Mycobacterium tuberculosis has been cloned by complementation of an aroA mutant of
Escherichia coli after lysogenization with a recombinant DNA library in the Agtll vector. Detailed character-
ization of the M. tuberculosis aroA gene by nucleotide sequencing and by immunochemical analysis of the
expressed product indicates that it encodes a 5-enolpyruvylshikimate-3-phosphate synthase that is structurally
related to analogous enzymes from other bacterial, fungal, and plant sources. The potential use of the cloned
gene in construction of genetically defined mutant strains of M. tuberculosis by gene replacement is proposed
as a novel approach to the rational attenuation of mycobacterial pathogens and the possible development of new

antimycobacterial vaccines.

Mycobacterium tuberculosis and Mycobacterium leprae,
the etiological agents of tuberculosis and leprosy, respec-
tively, continue to be responsible for widespread human
morbidity and mortality (19). In spite of the development of
effective chemotherapy regimens, it has proved difficult to
control these diseases in economically deprived areas of the
world; even in developed countries that are largely free of
traditional mycobacterial diseases, there is concern about
the increased frequency of mycobacterial infection in pa-
tients suffering from acquired immune deficiency syndrome
(3). In addition to chemotherapy, prophylactic vaccination
against mycobacterial infection has been widely employed
with an attenuated strain of mycobacteria closely related to
M. tuberculosis (Mycobacterium bovis, bacillus Calmette-
Guerin [BCG]) (11). Although BCG vaccination has pro-
vided protection against tuberculosis in certain areas, it has

little or no effect against the adult form of the disease in other”

endemic communities. The mechanisms whereby BCG in-
duces protective immunity in some trials and the reasons for
its failure in other trials remain open to speculation (11).

A major area of mycobacterial research over the last 5
years has been directed toward the identification and cloning
of individual antigens involved in interactions with the
immune system, with the goal of progressing toward devel-
opment of ‘‘subunit” vaccines that are effective against
mycobacterial disease (9, 10, 19, 36-38). The recent devel-
opment of techniques for the genetic manipulation of myco-
bacteria (15, 18, 31), on the other hand, permits an alterna-
tive approach to the design of potential antimycobacterial
vaccines by construction of mutant strains of M. tuberculo-
sis that are rationally attenuated for virulence. This ap-
proach has been applied in the case of Salmonella patho-
gens, which resemble mycobacteria in their ability to
replicate within cells of the host reticuloendothelial system
and in the requirement for live vaccines to elicit optimal
protective responses in animal models of disease (6). For
Salmonella typhimurium, it has been found that only some
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attenuated mutants are able to stimulate protective immune
responses (28) and that strains carrying defects in the shiki-
mate biosynthesis pathway (with growth requirements for
aromatic amino acids, para-aminobenzoate, and 2,3-dihy-
droxybenzoate) are particularly suitable as vaccine candi-
dates (14, 28). We propose to construct corresponding
mutant strains of M. tuberculosis that are defective in
aromatic amino acid biosynthesis to evaluate their virulence
and immunogenicity. Gene replacement techniques have
recently been successfully applied for construction of an
auxotrophic mutant strain of Mycobacterium smegmatis
(15), and this represents an attractive approach to the
generation of defined M. tuberculosis mutants. As an initial
step in the development of M. tuberculosis aro mutants by
gene replacement, we report here the cloning of the myco-
bacterial aroA gene, encoding a key enzyme from the
shikimate biosynthesis pathway.

MATERIALS AND METHODS

Bacterial strains. Table 1 outlines the properties of the
bacterial strains, bacteriophages, and plasmids used in the
study.

Lysogenization and complementation of Escherichia coli
aroA. A \gtll library prepared from random fragments of
chromosomal M. tuberculosis DNA was obtained from R. A.
Young (Whitehead Institute, Cambridge, Mass.) (37). An
overnight culture of E. coli AB2829 (0.1 ml) grown in lambda
medium (20) supplemented with 0.2% maltose and 10 mM
MgCl, was infected with an M. tuberculosis A\gtll library at
an input ratio of approximately 2 X 1073 phage per bacte-
rium. After adsorption for 30 min at 30°C, the culture was
diluted 100-fold with lambda medium, incubated at 30°C until
the optical density at 600 nm reached 0.2, centrifuged, and
suspended in 1 ml of lambda medium. This suspension (0.3
ml per plate) was spread on Middlebrook 7H9 agar plates
(Difco Laboratories) enriched with 2% maltose and 3 mM
isopropyl-B-D-thiogalactopyranoside (Sigma Chemical Co.).
Colonies that grew up after 3 to 6 days of incubation at 30°C
were used to inoculate 1 ml of Middlebrook 7H9 medium
containing maltose and isopropyl-B-D-thiogalactopyrano-
side. When the cultures appeared to have reached the
stationary phase, they were used at a dilution of 1:100 to
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TABLE 1. Characteristics of bacterial strains, bacteriophages, and plasmids

Strain Characteristics Source
Bacteria
E. coli AB2829 (aroA) K-12 derivative with single mutation in aroA 29
E. coli IM105 Transformation recipient for plasmids and M13 clones Pharmacia
E. coli Y1090 Propagation and indicator strain for Agtll 16

M. tuberculosis H37TRv
tuberculosis patient

Virulent strain of mycobacterium originally isolated from

B. Allen, Department of Bacteriology,
Royal Postgraduate Medical School,

London
Bacteriophages
M. tuberculosis A\gtll library Genomic DNA library 37
AgtllaroA8 Prophage complements E. coli aroA for growth on minimal This work
medium with supplement
AgtllaroAl7 Prophage complements E. coli aroA for growth on minimal This work
AgtllaroA20 medium
Plasmids
pBR322 Cloning vector 1
pGEX-2T Expression vector Pharmacia
pBParoA B. pertussis aroA gene subcloned into pUC18 25
pBRaroA8 EcoRl insert from AgtllaroA8 in pBR322, does not This work
complement E. coli aroA
pBRaroA17-9 EcoRlI insert from AgtllaroAl7 in pBR322, complements E. This work
coli aroA
pBRaroA17-18 Insert in reverse orientation to pBRaroA17-9, does not This work
complement E. coli aroA
pGEXaroA10 Apal restriction fragment from AgtllaroAl7 fused in frame to This work

glutathione S-transferase in pGEX-2T

inoculate 2 ml of Luria-Bertani (LB) medium (7). After
growth at 30°C to an optical density of 0.2 at 600 nm, cultures
were thermoinduced at 43°C for 15 min and further incubated
at 37°C for 2 to 3 h until cleared to obtain phage lysates.

Characterization of phage clones and insert DNA. Lysates
obtained after induction of complemented lysogens were
amplified in E. coli Y1090 and then purified by cesium
chloride density gradient centrifugation (7). DNA was liber-
ated from virions by the formamide method of Davis et al.
(7), and DNA inserts were excised by EcoRI digestion and
subcloned into multicopy plasmid vectors as indicated in
Table 1 by standard procedures (24). E. coli IM105 was
transformed with recombinant plasmid vectors by using the
simple transformation method of Hanahan (13), and plasmid
DNA was isolated from overnight cultures (24). Mycobacte-
rial insert DNA was characterized from phage and plasmid
preparations by restriction enzyme digestion and agarose gel
electrophoresis (24).

Southern blot analysis. DNA fragments for radiolabeling
were separated on 0.7% low-melting-point agarose gels
(BRL) in a Tris-acetate-EDTA buffer system (24) and iso-
lated from the gel by using Geneclean (BIO 101 Inc., La
Jolla, Calif.). Radiolabeling was carried out with a random-
primed labeling kit (Boehringer Mannheim GmbH) with 3
1Ci of [a-*?P][dATP (Amersham plc.), and nonincorporated
label was removed by passing through a Nick Column
(Pharmacia). Southern blotting and hybridization were car-
ried out as described by Maniatis et al. (24) with nylon
membranes (Hybond-N; Amersham). For hybridization of
the Bordetella pertussis probe to M. tuberculosis DNA,
washing was carried out under reduced stringency as fol-
lows: one wash with 2x SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.5% sodium dodecyl sulfate (SDS)
at room temperature for 5 min; two washes with 2x SSC-
0.1% SDS at room temperature for 15 min, and two washes
with 2x SSC—0.1% SDS at 42°C for 1 h each. Autoradio-

graphs were prepared by exposure with X-ray film (Kodak
X-Omat AR) at —70°C overnight. Chromosomal DNA from
M. tuberculosis was prepared as described by Thole et al.
(34).

Sequence analysis. Nucleotide sequence analysis was per-
formed by using the dideoxy-chain termination method with
bacteriophage T7 polymerase (33). M13 clones were con-
structed and isolated as described by Messing et al. (27).
Labeling reactions were carried out with a Pharmacia Deaza
T7 sequencing kit with 10 wCi of [a->*S]JdATP per reaction
and universal primer or specially synthesized oligonucieo-
tides (see Fig. 2). Oligonucleotide primers were made on an
SAMI1 oligonucleotide synthesizer (Biolabs). Ordering of the
fragments was accomplished by electrophoresis in 6% poly-
acrylamide gels (27) with an IBI model STS45 gel tank and
subsequent autoradiography on Kodak X-Omat AR film at
—70°C for 20 h.

Overexpression of the aroA gene product. The expression
vector pGEX-2T (Pharmacia), restricted with Smal and
incubated with 1 U of alkaline phosphatase (Boehringer
Mannheim) with subsequent inactivation according to the
recommendations of the manufacturer, was ligated with the
Apal fragment from AgtllaroAl7 (flushed with T4 DNA
polymerase from Bethesda Research Laboratories as recom-
mended by the manufacturer) and transformed into E. coli
JM105. Single colonies were grown up overnight at 37°C in
LB containing 50 g of ampicillin per ml, diluted 1:100 in 2
ml of LB-ampicillin, and grown to an optical density of
approximately 0.2 at 600 nm. Isopropyl-B-D-thiogalactopy-
ranoside was added to a final concentration of 0.1 mM; after
incubation for 2 to 3 h at 37°C, cultures were centrifuged and
suspended in 30 pl of distilled water. Samples were analyzed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) as
described below, and positive clones were identified by the
presence of an overproduced fusion protein.

The glutathione S-transferase fusion protein containing
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FIG. 1. Complementation of E. coli aroA. (A) Complementation by Agt1l prophage. An overnight culture of E. coli aroA was infected with
phage, and samples containing 5 X 102 PFU were spotted onto agar plates prepared with M9 medium alone (0) or M9 medium supplemented
with lambda medium (0.1 ml in 20 ml) (+). The extent of growth after 3 days of incubation at 30°C is shown for samples infected with
AgtllaroA8 (plate 1), AgtllaroAl7 (plate 2), and Agtll containing insert DNA from an unrelated M. tuberculosis gene (plate 3) and for
uninfected E. coli aroA (plate 4). Lysogenization with AgtllaroAl7 allowed growth on minimal agar plates, whereas AgtllaroA8
complemented growth only on supplemented plates. (B) Complementation by plasmids. E. coli aroA was transformed with pBR322 constructs
containing the M. tuberculosis aroA gene. Each culture was first grown overnight in LB medium (with or without 50 pg of ampicillin per ml
as appropriate), collected by centrifugation, and suspended in the original volume of PBS. Samples were then inoculated at a dilution of 1:250
in M9 medium, and growth at 37°C was monitored over a period of 2 days by counting of bacterial colonies after plating out on LB agar. All
of the cultures showed some growth over the first few hours, but only pBRaroA17-9 supported continued growth of the aroA mutant.

345 amino acids from the M. tuberculosis aroA gene product
was isolated from 500 ml of an induced culture of E. coli
JM105 transformed with pGEXaroA10 by taking advantage
of the insolubility of the overproduced protein. After bacte-
rial lysis by sonication, the pellet obtained by centrifugation
at 16,000 x g for 20 min was washed with phosphate-
buffered saline (pH 7.2) (PBS) and dissolved in S M guani-
dine hydrochloride by stirring for 1 h at room temperature.
The soluble fraction was dialyzed extensively against PBS,
and the precipitate was collected by centrifugation as before.
Analysis by SDS-PAGE showed that the fusion protein was
the major protein band present in the precipitate.

Preparation of antisera. Partially purified glutathione
S-transferase—AroA fusion protein (0.2 mg) was mixéd with
incomplete Freund adjuvant (Difco Laboratories) and in-
jected intramuscularly into two sites on the hind legs of a
New Zealand White rabbit. Boosting injections were given
stbcutaneously at multiple sites after 4 weeks, and a serum
sample was taken 2 weeks after the final injection. To
remove antibodies to glutathione S-transferase and contam-
inating E. coli proteins, the serum was absorbed by three
serial 1-h incubations with a crude extract of an E. coli strain
that overexpressed an unrelated glutathione S-transferase
fusion protein.

A rabbit antiserum raised against the purified E. coli aroA
gene product was kindly provided by J. R. Coggins, Depart-
ment of Biochemistry, University of Glasgow, Glasgow,
United Kingdom.

SDS-PAGE and Western immunoblotting. E. coli samples
for SDS-PAGE were prepared by mixing concentrated bac-

terial suspensions with an equal volume of sample buffer (22)
containing SDS and B-mercaptoethanol and incubating for 2
min on a boiling water bath. M. tuberculosis H37Rv was
grown with stirring at 37°C for 2 weeks in Middlebrook 7H9
medium containing ADC supplement (Difco Laboratories).
Bacteria were harvested by centrifugation, washed twice
with PBS, and suspended in distilled water at 1/50 of the
original culture volume. An .equal volume of glass beads
(0.1-mm diameter) was added, and the suspension was
subjected to vigorous vortex mixing for 10 min before boiling
with sample buffer as above. Samples containing 10 to 50 p.g
of protein were separated by electrophoresis in SDS gels
containing 12% (wt/vol) acrylamide (22) with a mini-gel
system supplied by Hoefer Scientific.

After electrophoresis, proteins were transferred to nitro-
cellulose membranes as described by Towbin et al. (35).
Blots were incubated by shaking at room temperature with
3% dried milk powder in PBS containing 0.2% (vol/vol)
Triton X-100 (PBST-milk), then with rabbit antiserum di-
luted 1:2,000 in PBST-milk, and, after a wash with PBST,
with affinity purified peroxidase-conjugated goat anti-rabbit
immunoglobulin G (Bio-Rad Laboratories) in PBST-milk.
After a wash with PBST, peroxidase activity was visualized
with 3,3’-diaminobenzidine and H,O, in 50 mM citrate buffer
(pH 5.5).

RESULTS

Complementation of the E. coli aroA mutant. After lysog-
enization of E. coli aroA with the M. tuberculosis \gtll



VoL. 172, 1990 M. TUBERCULOSIS aroA 6777
Agt11aroA17
K
-.-} 'ﬁ&ﬁ;ﬁ;""cz
A gtilaroA20 *
K X K A TNK X TA K
..I-i.a-.'-“:- --’i.g.ht.;r'-n--'acz
A gtitaroA8

—3» M 13 clones sequenced from
universal primer

-= - 3»Sequenced from oligo nucleotide
primers

= === Vector DNA

e M.tb. DNA
Restriction site

[Smai]610 bp Smal fragment used as probe
in Southern hybridization of chromo-
somal DNA (Figure 4)

g
g

A - Apal

K - Kpnl

N - Ncol

P-Psti

R - EcoRI

S -Smal

T-Sstl

U - Nrul

X - Xhol

Nrul and Smal sites not
drawn on restriction maps

FIG. 2. Restriction maps of Agtll clones encoding the M. tuberculosis aroA gene and the DNA sequencing strategy. The restriction maps
of three \gtl1 clones carrying M. tuberculosis DNA containing the coding sequence for the aroA gene (boxed) and its orientation with respect
to lacZ promoter are shown. An expanded map of the aroA coding region outlining the sequencing strategy is shown below the restriction
maps. Note that clone AgtllaroA20 () has lost both of its artificial EcoRI restriction sites.

library, slender colonies emerged on Middlebrook 7H9
plates incubated for 3 to 6 days, under conditions in which
the original mutant strain showed no growth. Phage clones
isolated from each of the [ysogens were tested for their
complementation efficiency by reinfection of the original
mutant strain, and two classes of clones were identified (Fig.
1A). One set of clones (e.g., AgtllaroA17 and AgtllaroA20)
showed strong complementation after lysogenization, result-
ing in growth on minimal agar plates prepared with Middle-
brook 7H9 or M9 medium. A second set of clones (e.g.,
AgtllaroA8) provided only weak complementation, and it
was necessary to supplement minimal agar plates with
lambda medium (0.1 to 0.3 ml per plate) to allow growth of
the lysogenized mutant.

The complementation efficiency of individual clones was
further analyzed by subcloning of recombinant inserts in the
multicopy plasmid pBR322. Recombinant plasmids were
then tested for their ability to complement growth of E. coli
aroA in M9 medium. Transformation with pBRaroA17-9
resulted in growth in M9 medium, but transformation with
pBRaroA17-18 (with the insert in the reverse orientation) or
pBRaroAS8 failed to complement for growth (Fig. 1B).

Characterization of aroA clones. Phage clones Agt1laroAS,
AgtllaroA17, and AgtllaroA20, isolated on the basis of their
ability to complement the E. coli aroA mutant, were char-
acterized with respect to their recombinant DNA inserts.
Digestion of phage DNA with EcoRI resulted in release of
a single recombinant fragment from AgtllaroA8 and
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FIG. 3. Identification of the aroA gene by Southern blot analysis.
DNA extracted from AgtllaroA8 (lanes 1, 5, and 6), AgtllaroAl7
(lane 2), AgtllaroA20 (lane 3), and an unrelated Agtll clone with
deleted EcoRI sites (lanes 4 and 7) was digested with Kpnl and
EcoRI, and restriction fragments were separated by agarose gel
electrophoresis and transferred to a Hybond-N membrane. Hybrid-
ization was carried out as described in the text with radiolabeled
probes prepared from the whole 3.2-kb EcoRI fragment derived
from the pBRaroA8 subclone (lanes 1 through 4) and the B. pertussis
aroA gene (lane 5). Two Kpnl fragments (1.33 and 1.58 kb) are
common to all three recombinant clones, with the smaller fragment
providing a strong signal on hybridization with the B. pertussis
probe. The specificity of the hybridization is confirmed by the lack
of binding to the 1.51-kb fragment derived from the A vector which
is seen with ethidium bromide staining (lane 7) but gives no
hybridization signal (lane 4).

AgtllaroAl7, whereas AgtllaroA20 was found to have lost
its artificial EcoRI sites. Mapping with further restriction
enzymes showed that all of the clones contained an overlap-
ping region of M. tuberculosis DNA (Fig. 2), with two
common Kpnl fragments that were readily identified after
hybridization of insert DNA from each of the clones with a
radiolabeled probe prepared from the 3.2-kb EcoRI fragment
of the pBRaroA8 subclone (Fig. 3, lanes 1 through 3). The
Kpnl fragments also hybridized to a probe prepared from a
1.4-kb PstI-Ncol fragment carrying the aroA gene of B.
pertussis (25); the smaller Kpnl fragment provided the
stronger signal (Fig. 3, lane 5). The 1.35-kb Kpnl fragment
was thus identified as the location of the major portion of the
M. tuberculosis aroA gene. Southern blot analysis with
genomic DNA from M. tuberculosis digested with a variety
of restriction enzymes showed that a 610-bp Smal fragment
probe from this region hybridized to single fragments result-
ing from EcoRI, Sphl, Ncol, or Notl digestion (Fig. 4),
suggesting that the mycobacterial chromosome contains
only a single copy of the aroA gene. The signal with the
HindIlI-restricted DNA is blurred, probably because the
aroA gene lies on a very large HindIII fragment, predomi-

J. BACTERIOL.

FIG. 4. Identification of the aroA gene on M. tuberculosis ge-
nomic DNA. Two independent preparations of genomic DNA from
M. tuberculosis (2 and 1.5 pg) were restricted and loaded on a 0.7%
agarose gel and electrophoresed overnight at 30 V. The gel was
blotted and hybridized with the 3?P-labeled, pBRaroA8-derived
610-bp Smal fragment from within the M. tuberculosis aroA gene.
The two DNA preparations are shown in adjacent lanes after
restriction with the following (lanes): 1, EcoRI; 2, Sphl; 3, Xhol; 4,
HindlIll; 5, Ncol; 6, Notl.

nantly sheared by DNA manipulation. The two hybridizing
Xhol fragments, one 2.2-kb fragment and a weaker 2.9-kb
fragment, are due to the single Xhol site present on the aroA
gene. The 610-bp Smal fragment probe overlaps with the
2.9-kb Xhol fragment present in the AgtllaroA20 clone (Fig.
2) for only 101 bp and accordingly gave a weaker signal than
that given by the 2.2-kb Xhol fragment, with which the probe
shares the remaining 509 bp.

To obtain more detailed characterization of the M. tuber-
culosis aroA gene, the nucleotide sequence of the appropri-
ate region of the DNA insert from AgtllaroA8 was deter-
mined (Fig. 5). Sequence analysis revealed an open reading
frame encoding a 450-amino-acid polypeptide that shares
extensive sequence identity with previously characterized
bacterial, fungal, and plant S-enolpyruvylshikimate-3-phos-
phate (EPSP) synthases (Fig. 6) (4, 8, 12). The M. tubercu-
losis sequence has 29% amino acid identity with E. coli
EPSP synthase (8) and 27 and 27.5% identity with the
corresponding enzymes from Aspergillus nidulans (4) and
petunia (12), respectively. In common with other M. tuber-
culosis and M. bovis genes (26, 30), the M. tuberculosis aroA
gene has a high G+C content (70%), and analysis of codon
usage indicated a correspondingly strong preference for G
and C in the third base position. A sequence matching an E.
coli ribosome-binding site is present 11 nucleotides upstream
from the proposed initiation codon, but no obvious promoter
consensus sequence was identified.

Once the location and orientation of the aroA gene were
determined, it was of interest to speculate on the differences
in complementation efficiencies of the clones as described
above. The pBR322 construct, which was functional in
complementation experiments (pBRaroA17-9 in Fig. 1B),
was found to have the aroA gene oriented correctly with
respect to the P1 promoter of the plasmid (2). Complemen-
tation was not achieved by using pBRaroA8, however, even
though in this construct the aroA gene was again oriented
with the P1 promoter. Sequence analysis of the two clones
showed that pBRaroA17 lacked 155 nucleotides upstream of
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GAATTCCGCGGGACACC 17

ACTGTCGCGATCGTGTCGGTGGGTGCCACGTTGTAGCTCGTCTTCCCGCCACCGCACCCGGTGGCCTCGTCTATGGCCGT 97

-==> AgtllaroAl?
GATTTTCTCGGCCAGCTGGGCCGGATCAGTGGTGACCGCAAACCGTCCGCACATGCTTCCTATGGTGCCTGGTACCCACG 177

(Met) LysThrTrpProAlaProThrAlaProThrProValArgAlaThrVal
ACACCCACCGACACGGCAGGATGAAGCGGTGAAGACATGGCCAGCCCCAACGGCGCCGACGCCGGTGCGCGCTACCGTGA 257

ThrValProGlySerLysSerGlnThrAsnArgAlaLeuValLeuAlaAlaleuAlaAlaAlaGlnGlyArgGlyAlaSer
CCGTTCCAGGCTCGAAGTCGCAGACCAACCGGGCGCTGGTGCTAGCGGCGCTGGCGGCCGCACAAGGCCGGGGCGCATCG 337

ThrileSerGlyAlaLeuArgSerArgAspThrGluLeuMetLeuAspAlaLleuGlnThrLeuGlyLeuArgValAspGly
ACCATCTCCGGCGCGCTGCGCAGCCGCGACACCGAACTGATGCTGGACGCGCTGCAGACCCTGGGCCTGCGCGTCGACGG 417

ValGlySerGluLeuThrValSerGlyArgIleGluProGlyProGlyAlaArgValAspCysGlyLeuAlaGlyThr
TGTGGGTTCGGAACTGACGGTCAGCGGCCGAATCGAACCGGGGCCCGGCGCTCGGGTGGACTGTGGCTTGGCGGGCACGG 497

ValLeuArgPheValProProLeuAlaAlaLeuGlySerValProValThrPheAspGlyAspGlnGlnAlaArgGlyArg
TGTTGCGGTTTGTTCCGCCGCTGGCGGCGCTGGGCTCCGTCCCGGTCACCTTCGACGGCGATCAGCAAGCCCGGGGACGG 577

ProlleAlaProlLeuleuAspAlaLeuArgGluLeuGlyValAlavalAspGlyThrGlyLeuProPheArgValArgGly
CCCATCGCACCGCTGCTGGATGCGCTGCGCGAGCTCGGCGTCGCCGTCGACGGCACCGGTCTACCGTTTCGGGTTCGCGG 657

AsnGlySerLeuAlaGlyGlyThrValAlalleAspAlaSerAlaSerSerGlnPheValSerGlyLeuLleuleuSer
CAACGGGTCGCTCGCCGGCGGCACCGTGGCCATCGACGCGTCGGCGTCCTCACAGTTCGTGTCCGGGCTGCTGCTGTCCG 737

AlaAlaSerPheThrAspGlyLeuThrValGlnHisThrGlySerSerLeuProSerAlaProHisIleAlaMetThrAla
CGGCATCGTTCACCGATGGCCTGACCGTCCAACACACCGGTTCGTCGCTGCCGTCTGCGCCGCACATCGCGATGACGGCG 817

AlaMetLeuArgGlnAlaGlyValAspIleAspAspSerThrProAsnArgTrpGlnValArgProGlyProvValAlaAla
GCGATGCTGCGGCAAGCCGGAGTCGACATCGACGACTCGACACCGAACCGTTGGCAGGTGCGCCCCGGTCCGGTGGCGGC 897

ArgArgTrpAsplleGluProAspLeuThrAsnAlaValAlaPheleuSerAlaAlavalValSerGlyGlyThrVal
GCGGCGCTGGGACATCGAACCGGACCTGACCAACGCGGTGGCTTTCCTGTCAGCGGCCGTGGTCAGCGGCGGCACCGTGC 977

ArgIlleThrGlyTrpProArgValServValGlnProAlaAspHisIleLeuAlalleLeuArgGlnLeuAsnAlaValvVal
GCATCACCGGCTGGCCTAGAGTCAGCGTGCAACCCGCCGACCACATCTTGGCAATTTTGCGGCAGCTCAATGCCGTTGTC 1057

IleHisAlaAspSerSerLeuGluValArgGlyProThrGlyTyrAspGlyPheAspValAspLeuArgAlavValGlyGlu
ATTCATGCTGATTCATCCCTCGAGGTGCGCGGTCCAACGGGATACGACGGGTTTGACGTCGACTTGCGCGCCGTCGGCGA 1137

LeuThrProSerValAlaAlaLeuAlaAlaLeuAlaSerProGlySerValSerArgleuSerGlyIleAlaHisLeu
GCTGACGCCATCGGTCGCGGCGCTGGCGGCGCTGGCATCCCCGGGATCGGTGTCCAGACTAAGCGGCATTGCCCATCTGE 1217

ArgGlyHisGluThrAspArgLeuAlaAlaleuSerThrGlulleAsnArgLeuGlyGlyThrCysArgGluThrProAsp
GGGGCCACGAAACCGACCGGCTCGCCGCGCTGAGCACCGAGATCAACCGGTTGGGGGGCACCTGCCGGGAAACACCCGAC 1297

GlyLeuValIleThrAlaThrProLeuArgProGlyIleTrpArgAlaTyrAlaAspHisArgMetAlaMetAlaGlyAla
GGTCTGGTGATCACCGCGACGCCGTTGCGGCCCGGCATCTGGCGGGCATACGCGGACCATCGAATGGCGATGGCCGGCGE 1377

IlelleGlyLeuArgValAlaGlyValGluValAspAspIleAlaAlaThrThrLysThrLeuProGluPheProArg
GATCATTGGGCTGCGGGTGGCCGGAGTCGAGGTCGACGACATCGCCGCCACCACCAAGACGCTGCCGGAGTTTCCGCGGE 1457

LeuTrpAlaGluMetValGlyProGlyGlnGlyTrpGlyTyrProGlnProArgSerGlyGlnArgAlaArgArgAlaThr
TGTGGGCCGAGATGGTCGGACCCGGCCAGGGGTGGGGGTACCCCCAGCCGCGCAGCGGCCAGCGGGCGAGGCGGGCAACC 1537

GlyGlnGlySerGlyGly**=
GGGCAGGGGTCCGGCGGTTGAGGCCCGGCGACTACGACGAGTCCGACGTCAAGGTGCGCTCCGGCAGGAGTTCGCGGCCG 1617

CGGACCAAGACCCGTCCCGAGCACGCCGACGCCGAGGCCGCCATGG 1663

FIG. 5. Nucleotide sequence and translation of the M. tuberculosis aroA gene. The nucleotide sequence of a portion of the DNA insert
from AgtllaroA8 was determined by the strategy outlined in the legend to Fig. 2. Translation of the open reading frame encoding the
450-amino-acid aroA gene product is shown with a potential ribosome-binding site underlined. Arrows indicate the position of a possible
stem-and-loop structure between nucleotide residues 65 and 82. The start site of the DNA insert from AgtllaroAl7 (residue 156) was
determined by nucleotide sequence analysis and is also shown.

the open reading frame that were present in pBRaroA8 (Fig. structure could result in transcriptional termination, and its
5). Within this region, residues 65 through 82 have the presence provides a possible explanation for the failure of
potential to form a loop structure with a stem containing an pBRaroA8 in complementation experiments. Interestingly,
exact match of 7 bp. Formation of such a stem-and-loop in the original phage clone (AgtllaroA8), the weak comple-
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M. tubsrculosis
E. coli
A nidulans

(MKTWPAPTAPTPVRATVIVPGSKSQTNRALVLAALAAAQGRGAS
MESLTLQPIARVDG--TINLPGSKTVSMRALLLAALAHK--GFTV-
APSIEVHPGVAHSSNVICAPPGSKSISWRALVLAALGS--GTCR-

Petunia KPSEIVLQPIKEISG--TVKLPGSKSLSWRILLLAALSE--GTTV-

(M.t)
(Ec)
(A.n)
(Pet)

M.t)
(Ec)
(A.n)
(Pet)

M.y
(Ec)
(A.n)
(Pet)

(M.1)
(Ec)
(A.n)
(Pet)

MY
(E.c)
(A.n)
(Pet)

(M.t)
(E.c)
(A.n)
(Pet)

M)
(E.c)
(A.n)
(Pet)

(M.t
(E.c)
(A.n)
(Pet)

(M.t)
(E.c)
(A.n)
(Pet)

TISGALRSRDTELMLDALQTLG-LRVDGVGSELTVSGRIEPG-~--~-~-~-~--~ PGA
-LTNLLDSDDVRHMLNALTALG-VSYTLSADRTRCEIIGNGG----PLHAEGA
-IKNLLHSDDTEVMLNALERLGAATFSWEEEGEVLVVNGKGG----- NLQASS
-VONLLSSDDIHYMLGALKTLG-LHVEEDSANQRAVVEGCGGLFPVGKESKEE

RVDC-GLAGTVLRPVPPLAAL----GSVPVIFDGDQQARGRPIAPLLDALREL
LELFLGNAGTAMRPL--AAALCL--GSNDIVLTGEPRMKERPIGHLVDALRLG
SPLYLGNAGTASRPLTTVATLANSSTVDSSVLTGNNRMKQRPIGDLVDALTAN
IQLFLGNAGTAMRPLTAAVTIVAG--GNSRYVLDGVPRMRERPISDLVDGLKQL

GVAVDGTGL----PFRVRGNGSLAGGTVAIDASASSQFVSGLLLSAASFTDGL
GAKITYLEQENYPPLRL--QGGFTGGNVDVDGSVSSQPLTALLMTAPLAPED-
VLPLNTSKGRASLPLKIAASGGFAGGNINLAAKVSSQYVSSLLMCAPYAKEPV
GAEVDCFLGTKCPPVRIVSKGGLPGGKVKLSGSISSQYLTALLMAAPLALGDV

TVQHRTGSSLPSAPRNIAMTAAMLRQAGVDIDDSTPNRWQVRPGP-~--VAARRWD
PVIRIKGDLVSKPYIDITLNLMKTFGVEIENQHYQ-QFVVKGGQSYQSPGTYL
PLRVLGGKPISQPYIDMTTAMMRSFGIDVOXKSTTEEHTYHIPQGRYVNPAEYV
EI-EIIDKLISVPYVEMTPTLKLMERFGISVEHSSSWDRFFVRGGQKYKSPGKAF

IEPDLEINAVAFLSAAVVEGGTIVRITGWPRVSVQPADRIL-AILRQLNAVVIEHA
VEGDASSASYPLAAAAIKGGTVKVTGIGRNSMQGDIRFA-DVLEKMGATICHG
IESDASCATYPLAVAAVTGTZCTVPNIGSASLQGDARFAVEVLRPMGCTVEQT
VEGDASSASYPLAGAAVTGGTITVEGCGTNSLQGDVKFA-EVLEKNGAEVTWT

DSSLEVRGP---TGYDGFDVDLRAVGELTPSVAAL----AALASPGSVSRLSG
DDYI--=-=-=--=~-~ SCTRGELNAIDMDMNHIPDAAMT--IATAALFAKGTTRLRN
ETS8TTVTIGPSDGILRATSKRGYGTNDRCVPRCFRTGSHRPMEKSQTTPPVSSG
ENSVTVKGPPRSSSGRKHLRAIDVNMNKMPDVAMT--LAVVALYADGPTAIRD

IAHLRGHEETDRLAALSTEINRLGGTCRETPDGLVITAZPLRP~~-~-~-~ GIWRAY
IYNWRVKEZDRLFAMAPTEBLRKVGAEVERBGHDYIRITPPEKLN----FAEIATY
IANQRVKECNRIKAMKDRLAKFGVICREHKDODGLEIDGIDRSNLRQPVGGVFCY
VASWRVKETERMIAICTELRKLGATVERBGPDYCIIZPPEKLN----VTDIDTY

ADHRMAMAGAIIGL-RVAGVEVDDIAATTKTLPE-FPPRLWAEMVGPGQGWGYP
NDHRMAMCFSLVAL-SDTPVTILDPKCPAKTFPDYPEQLARISQAA-------
DDHRVAFSFSVLSLVTPQPTLILEKECVGKPWPGWWDTLRQLFKVKLEGKELE
DDHRMAMAFSLAAC-ADVPVTINDPGCTRKTFPNYPDOVLQQYSKE-=-=-~----

QPRSGQRARRATGQGSGG

EEPVAASGPDRGNASIYI

J. BACTERIOL.

FIG. 6. Comparative sequence analysis of EPSP synthases. The amino acid sequence derived from analysis of the M. tuberculosis aroA
gene (M.1) is shown in single-letter code along with the sequences derived for related enzymes from E. coli (8) (E.c), Aspergillus nidulans (4)
(A.n), and petunia (12) (Pet). Residues that are identical to those of the M. tuberculosis sequence are shown in boldface type. Gaps that have
been introduced to maximize sequence alignment are indicated by dashes.

mentation seen in Fig. 1A was achieved with the aroA gene
present in the reverse orientation with respect to the lacZ
promoter (Fig. 2).

Immunochemical analysis of M. tuberculosis EPSP synthase.
A portion of the aroA open reading frame (corresponding to
amino acids 105 through 450) was overexpressed as a gluta-
thione S-transferase fusion protein, and the partially purified
product was used to elicit a hyperimmune rabbit antiserum.
Western blot analysis (Fig. 7, lane 1) showed that the
absorbed rabbit antiserum recognized predominantly a sin-
gle polypeptide with an apparent molecular mass of 53 kDa
in M. tuberculosis extracts, indicating that the aroA gene is,
in fact, expressed in M. tuberculosis. In common with the
corresponding E. coli protein (23), the molecular mass of the
EPSP synthase from M. tuberculosis found by SDS-PAGE
(53 kDa) is significantly higher than that determined by
analysis of the derived amino acid sequence from the cloned
gene (46 kDa). The rabbit antiserum showed a prominent
cross-reaction with a 50-kDa band in extracts of E. coli
JM105 grown in M9 medium supplemented with 1 pg of
thiamine per ml (Fig. 7, lane 3); the 50-kDa band comigrated
with the protein recognized by an antiserum raised to the
purified E. coli EPSP synthase (lane 3). Antiserum raised to
the E. coli protein recognized the overexpressed fusion
protein produced from the M. tuberculosis gene, although it
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FIG. 7. Expression and antigenic cross-reactivity of the M.
tuberculosis aroA gene product. An antiserum raised against the
purified E. coli aroA gene product that recognized a single 50-kDa
band in E. coli extracts (lane 3) cross-reacted in Western blot assays
with a purified fusion protein constructed from amino acids 105 to
450 of the M. tuberculosis aroA gene (lane 5) but gave no detectable
signal when tested with total cell extracts from M. tuberculosis (lane
4). Antiserum raised to the fusion protein reacted with a protein of
the same molecular mass in E. coli extracts (lane 2) and also
recognized a 53-kDa band in M. tuberculosis extracts (lane 1).
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did not give a detectable signal with M. tuberculosis extracts
in Western blot experiments (Fig. 7, lanes 4 and 5). The
anti-E. coli EPSP synthase antiserum did not bind to free
glutathione S-transferase or to unrelated fusion proteins.

DISCUSSION

Rapid progress has been achieved over the last few years
in the cloning of genes encoding protein antigens from
pathogenic mycobacteria in E. coli by using screening pro-
cedures based on detection by antibodies and oligonucleo-
tide probes (26, 30, 37, 38). Although several of the antigens
have subsequently been shown to fulfill important metabolic
functions (36), direct attempts to clone mycobacterial genes
coding for proteins with known enzyme activities have met
with only limited success (5, 15, 17). It has been concluded
that regulatory sequences controlling transcription and
translation of mycobacterial genes differ from those in E. coli
(21) and that the functional expression of mycobacterial
enzymes in E. coli is therefore dependent on the presence of
a strong exogenous promoter in plasmid vectors that allows
multiple copies of the gene to be present (17). In the case of
aroA, however, we have found that a single gene copy
present in the form of a lambda prophage was sufficient for
complementation, although correct orientation of the gene
with respect to an exogenous promoter is clearly advanta-
geous. We have used the same approach to clone the aroB
and aroD genes of M. tuberculosis and have found that the
Agtll library is more consistent in complementation experi-
ments than libraries constructed in multicopy pUC vectors,
which show frequent rearrangements of mycobacterial DNA
inserts. Agtll libraries containing DNA from pathogenic
mycobacteria are widely available (37, 38) and may prove
useful in further complementation experiments for cloning of
mycobacterial genes from key metabolic pathways.

EPSP synthase (the aroA gene product) is the site of
action of the herbicide glyphosate (32), and the enzyme has
been studied in detail in bacterial, fungal, and plant cells (4,
8, 12, 23). It has been pointed out that the plant enzyme is
more closely related to the E. coli enzyme (54% amino acid
identity) than to the Aspergillus enzyme (38% identity); this
phenomenon has been discussed with regard to the possible
evolution of plastids (where the plant enzyme is located)
from endosymbiotic procaryotes (12). The special relation-
ship between the E. coli and plant sequences is not shared,
however, by the M. tuberculosis enzyme, which appears to
be equidistant from the plant, fungal, and bacterial proteins
as judged by sequence conservation. If plastids evolved from
an intracellular procaryote, therefore, it must be concluded
that the original bacterium was more closely related to E.
coli than to M. tuberculosis.

In conjunction with the development of techniques for the
genetic manipulation of mycobacteria, cloning of genes for
key metabolic enzymes will allow initiation of a genetic
approach to the understanding of mycobacterial physiology.
In addition, enzymes, such as EPSP synthase, that are
essential for bacterial survival in vivo and that have no
counterpart in the mammalian host cell may represent suit-
able targets for the development of novel antimicrobial
agents. The availability of cloned genes and the access to
structural information through nucleotide sequence analysis
could play an important role in this regard. Of particular
interest in our own research is the potential use of cloned
genes in the generation of genetically defined mutant strains
of M. tuberculosis by gene replacement, and experiments to
construct mycobacterial strains carrying deletions in the
aroA gene are currently in progress.
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