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Summary. The Mycobacterium tuberculosis shikimate
pathway genes designated aroB and aroQ encoding 3-
dehydroquinate synthase and 3-dehydroquinase, respec-
tively were isolated by molecular cloning and their nucle-
otide sequences determined. The deduced dehydroquin-
ate synthase amino acid sequence from M. tuberculosis
showed high similarity to those of equivalent enzymes
from prokaryotes and filamentous fungi. Surprisingly,
the deduced M. tuberculosis 3-dehydroquinase amino
acid sequence showed no similarity to other character-
ised prokaryotic biosynthetic  3-dehydroquinases
(bDHQases). A high degree of similarity was observed,
however, to the fungal catabolic 3-dehydroquinases
(cDHQases) which are active in the quinic acid utilisa-
tion pathway and are isozymes of the fungal bDHQases.
This finding indicates a common ancestral origin for
genes encoding the catabolic dehydroquinases of fungi
and the biosynthetic dehydroquinases present in some
prokaryotes. Deletion of genes encoding shikimate path-
way enzymes represents a possible approach to genera-
tion of rationally attenuated strains of M. tuberculosis
for use as live vaccines.

Key words: aro mutants — Dehydroquinate synthase —
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Introduction

Although effective chemotherapeutic agents have been
developed, Mycobacterium tuberculosis (the etiologic
agent of tuberculosis) continues to contribute to human
morbidity and mortality in many parts of the world
(Styblo 1989). In addition to chemotherapy, prophylact-
ic vaccination against mycobacterial infection using
BCG (Mycobacterium bovis, Bacillus Calmette-Guerin)
has provided protection in some communities, but has
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failed in others (Fine 1988). In recent years considerable
effort has been directed towards the identification and
cloning of individual mycobacterial antigens involved
in interactions with the immune system, with a view
to developing ““subunit” vaccines against mycobacterial
disease (Engers et al. 1985, 1986; Young et al. 1985a,
b; Young 1988). Construction of mutant strains of my-
cobacteria that have been rationally attenuated for viru-
lence can be proposed as an alternative approach to
development of novel vaccines, and the recent develop-
ment of techniques for the genetic manipulation of my-
cobacteria (Snapper etal. 1988; Husson etal. 1990;
Martin et al. 1990) raises the possibility of using modern
genetic tools to accomplish such a goal. Mycobacterial
pathogens resemble certain Salmonella spp. in their abili-
ty 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
(Collins 1974). Salmonella mutants carrying defects in
genes encoding enzymes in the shikimate pathway are
highly attenuated in vivo and are of potential use as
live vaccines (Dougan et al. 1987; O’Callaghan et al.
1988). By analogy, construction of mycobacterial mu-
tants with similar genetic defects represents a possible
approach to development of live mycobacterial vaccines.

The shikimate pathway leading to biosynthesis of ar-
omatic compounds (Fig. 1) is present in bacteria, fungi
and plant cells, but is absent from mammalian cells.
In addition, some fungi have a related pathway, the
quinic acid utilisation pathway (Fig. 1), which catabol-
ises quinate to protocatechuate thus rendering quinic
acid available as a nutrient source. Interestingly, al-
though the interconversion of dehydroquinic acid and
dehydroshikimic acid is an essential step common to
both the biosynthetic and catabolic pathways, it is cata-
lysed by two quite distinct 3-dehydroquinase (DHQase)
enzymes. The form of the enzyme used in the biosynthet-
ic pathway (bDHQase) is one of five consecutive shiki-
mate pathway steps catalysed by the arom polypeptide
encoded by the complex AROM locus in Aspergillus ni-
dulans, and is related to the dehydroquinase encoded
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Fig. 1. Schematic comparison of the shikimate biosynthesis and
the quinate utilisation pathways. The biosynthetic shikimate path-
way is present in bacteria, fungi and plant cells, while the catabolic
quinate utilisation pathway has been characterised in filamentous
fungi. The 3-dehydroquinase (DHQase) reaction shown in the
shaded box is common to both pathways but is catalysed by two
different forms of the DHQase enzyme. Open boxes indicate the
enzymes encoded by the Mycobacterium tuberculosis genes de-
scribed here. Gene designations are according to the Escherichia
coli genes for the biosynthetic pathway (Pittard and Wallace 1966;
DeFeyter et al. 1986) and according to Aspergillus nidulans (Grant
et al. 1988) for the catabolic pathway

by the Escherichia coli aroD gene (Charles et al. 1986;
Hawkins 1987). The catabolic enzyme (cDHQase) on
the other hand is encoded by the single function Qu:E
gene, one of seven genes in the quinic acid utilisation
(Qutr) gene cluster (Kinghorn and Hawkins 1982; Grant
et al. 1988). Sequence analysis of cDHQase shows no
relationship with the E. coli enzyme, and it has been
proposed that the two dehydroquinase isozymes evolved
by convergent evolution (Charles et al. 1985; Da Silva
et al. 1986; Hawkins 1987; Hawkins and Roberts 1989;
Beri et al. 1990).

As an initial step in the development of M. tuberculo-

sis shikimate pathway mutants by rational gene deletion,
we report here the cloning and DNA sequence of the
M. tuberculosis genes encoding dehydroquinate synthase
and 3-dehydroquinase enzymes. Analysis of the deduced
protein sequences demonstrates that, whereas the myco-
bacterial dehydroquinate synthase is closely related to
the equivalent fungal and prokaryotic shikimate path-
way enzyme, the 3-dehydroquinase gene of M. tuberculo-
sis is related in sequence to the QufE gene of A. nidulans
encoding the enzyme used in the catabolic pathway, and
is unrelated to the previously described biosynthetic en-
zZymes.

Materials and methods

Bacterial strains and plasmids. The E. coli strain GLW38
(aroB™) was the kind gift of Dr. I. Hunter, Institute
of Genetics, Glasgow University. The properties of the
aroD mutant, E. coli strain AB2827, were described by
Pittard and Wallace (1966). The genotypes and origins
of other bacterial strains and cloning vectors, and of
the M. tuberculosis Agt11 genomic DNA library have
been described in detail previously (Garbe et al. 1990;
Hawkins and Smith 1990).

Media and reagents. Media for the growth of phage
lambda, M. tuberculosis and E. coli, and sources of mate-
rials were those described previously (Garbe et al. 1990).
Di-deoxy chain terminator sequencing using
[«*°S]dATP and buffer gradient gels was as previously
described, using bacteriophage T7 polymerase, universal
primer and specific oligonucleotides to overlap and com-
plete the sequence on both strands (Sanger et al. 1977;
Biggin et al. 1983; Charles et al. 1985; Tabor and Ri-
chardson 1987). Southern blot analysis was carried out
as described by Garbe et al. (1990). Mini-cell prepara-
tion and SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), lysogenisation and complementation of E. coli
aro mutant strains were as previously described (Dougan
and Sherratt 1977; Dougan et al. 1987). Preparation of
cell-free extracts and 3-dehydroquinase enzyme assays
were carried out as described by Hawkins et al. (1984)
and Hawkins and Smith (1991).

Results and discussion

Isolation of recombinant Agtil1 clones able to complement
an E. coli aroD mutant

As part of a programme to produce rationally attenuat-
ed strains of M. tuberculosis for use as candidate vac-
cines we wished to isolate the gene encoding the shiki-
mate pathway bDHQase enzyme. A gene library of
sheared M. tuberculosis DNA fragments in the cloning
vector Agtll (Young et al. 1985a) was used to produce
lysogens of E. coli strain AB2827 (aroD™; lacking
bDHQase) that, in contrast to the original mutant, could
grow on minimal medium without aromatic amino acid
supplementation. Seven independently isolated lysogens
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Fig. 2. Restriction map of insert DNA from recombinant 4 phage
able to complement an Escherichia coli aroD mutant. Insert DNA
from seven complementing phage clones was analysed by restric-
tion endonucleolytic digest. Three distinct patterns were observed
with overlapping framents as shown: Agt aro5 was unique; two
clones showed the Agt aroll pattern; four clones showed the Agt
arol2 pattern. Restriction enzyme abbreviations: K, Kpul; R,
EcoRI; S, Sphl; V, EcoRV. Broken line, vector DNA; note that
the right-hand end of the inserts in Agt aro11 and 12 is not precisely
defined since their artificial EcoRI restriction sites were lost.
Hatched bar, EcoRV restriction fragment used for probing Myco-
bacterium tuberculosis chromosomal DNA in Fig. 4

were identified by this procedure and, upon induction,
were found to contain recombinant A phage that had
three distinct restriction patterns but contained a single
overlapping region of insert DNA (Fig. 2). One recom-
binant A clone, designated Agt aro5, that contained a
3.4 kb EcoRI fragment of M. tuberculosis DNA was
chosen for further detailed study. When the insert from
Agt aro5 was subcloned into the EcoRI site of pBR322
efficient complementation of the aroD mutant was ob-
served only with the gene in one orientation. As was
found for the M. tuberculosis aroA gene (Garbe et al.
1990) therefore, optimal complementation of the aroD
mutant is dependent on expression of a mycobacterial
gene from exogenous promoter sequences provided by
the vector rather than on recognition of endogenous my-
cobacterial sequences.

DNA sequence analysis

The nucleotide sequence of the entire M. tuberculosis
DNA fragment in Agt aro5 was determined on both
strands using suitable restriction fragments subcloned
into M13 vectors as templates. A 1.8 kb subfragment
of this sequence, starting at the artificial EcoRI recogni-
tion site, is shown in Fig. 3. Computer-aided analysis
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of this sequence leads to the following conclusions. (i)
a DNA sequence extending from nucleotide 1185 to 1628
encodes the protein sequence for a dehydroquinase en-
zyme that is very similar to the cDHQase of filamentous
fungi (Da Silva et al. 1986). The deduced protein se-
quence shows no significant similarity with the fungal
or prokaryotic shikimate pathway bDHQase enzymes
(Hawkins 1987). (ii) A DNA sequence extending from
nucleotide 100 to 1188 encodes the protein sequence for
a dehydroquinate synthase enzyme that shows close sim-
ilarity to the equivalent enzyme in the shikimate path-
way of filamentous fungi and prokaryotes (Charles et al.
1986; Millar and Coggins 1986). Although the two func-
tions are present on a single polypeptide in fungi, close
linkage between genes encoding dehydroquinate syn-
thase and dehydroquinase enzymes (catalysing sequen-
tial steps in the shikimate pathway) has not been found
in other prokaryotes. Southern blot analysis of chromo-
somal DNA from M. tuberculosis using the labelled
EcoRV restriction fragment from Agt aro5 as probe
(Fig. 4) did not identify any restriction fragments over-
lapping with those identified using the aroA gene (Garbe
et al. 1990). It is possible that some of the genes encoding
the shikimate pathway of M. tuberculosis are present
as an “aro cluster” as has been described in Bacillus
subtilis (Hoch and Nester 1973), but these results suggest
that the aro4 gene is excluded from the aroB-aroQ clus-
ter. Recently a 3-dehydroquinase enzyme from Strepto-
myces coelicolor has been purified and on the basis of
limited N-terminal sequencing has been shown to be re-
lated to the cDHQase enzymes of filamentous fungi as
well (White et al. 1990).

Biological characterisation of the putative dehydroquinate
synthase and 3-dehydroquinase genes of M. tuberculosis

In order to determine whether the DNA sequence encod-
ing the putative dehydroquinate synthase enzyme was
biologically active, the 3.4 kb EcoRI fragment was sub-
cloned into the vector pUC9 to yield plasmid pMT1.
This plasmid was used to transform E. coli strain
GLW38 (aroB™; lacking dehydroquinate synthase),
transformants being selected by their resistance to ampi-
cillin on LB agar. Transformed strains were able to grow
on minimal medium without aromatic amino acid sup-
plements, demonstrating that the putative dehydroquin-
ate synthase gene did encode a biologically active en-
zyme that functioned in E. coli. Additional experiments,
in which subclones with part of the 5 coding region
of the dehydroquinate synthase gene deleted were used
to transform E. coli GLW38, failed to produce transfor-
mants capable of growth on minimal medium without
aromatic supplements (data not shown). On the basis
of these experiments we designate the M. tuberculosis
gene encoding dehydroquinate synthase as aroB.
Plasmid pMT1 encoding dehydroquinate synthase
and 3-dehydroquinase was transferred into the minicell
producing strain DS410. Plasmid harbouring minicells
were purified, labelled with [*>S]methionine, and ana-
lysed using SDS-PAGE and autoradiography. A photo-
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GAAT TCCTGCGAGTGBACACCAATGLCGCAACTLCEEGGEECEGTEGTCCGLCATATCCTGTCGLGGC TECAGGT TCCCAGLCCCCAGLGA
10 20 30 40 50 &0 70 80 70

M T D1 6 AP VYV TV G VAUVDUZPZPYPV VI G T 6 L L
BGEGGCCACATGACCBATATCGECECACCCETGACCETGCAGGTGECEGTCGATCCGCCATACCEEGTGETCATCGGTACCGECCTEGLTC
100 110 120 130 140 150 160 170 180

D E L EDLLADU RMHI KUYV AV VYV HBBPBGLATETAETET1RK
GACGAGC TBGAAGACCTGC TGGCCGACCGECACAAGETLBCCETEGTGCATCAGCCCGGACTAGCCGAGACCGCEEAABAGATCLEAAAG
190 200 210 220 230 240 250 2560 270

R L AG KBV DAHARTIETUPUDA AEA ASGIKDLPV VG F I W
CGCTTGBCCEGCAAGGECETCGACGEECACCGCATCBABATCCCCGACGECBAGBCCEECAAGBACCTGLCCGTCGTBGEGATTCATCTEE
280 290 300 310 320 330 340 350 360

€E VL 6 R 1 61 B RKNA ALV S LG 66 AATDV AG F AA
GABGTGTTGGECCECATLGGAATLGGLCGCARAAACGBCLLTGBTCAGCC TCGECEECGEE66CCGCCACCEACGTCGCCGEGT TCECGGCE
370 380 390 400 410 420 430 440 450

A T W L R G V S I VHL P T TLL G MV DAAUVGE 6 KT 6 I
GCCACCTBELTGCGEBBCGTCTCGATTETBCACC TECLCACCACACTGCTGGBCATGGTCBATECBEELGTCEECGECAAGACCEGGCATL
460 470 480 490 500 510 520 530 S40

N T P A B K NUL V EAF HRPLAUVLVDLATLGGT L PR
AACACCGACGCCGGCAAGAALCTBGTCGGGECETTTCATCAGELETTGGCBGTCCTE6TGEACCTGECEACGETGCAAACCT TGCCACGE
550 560 570 580 590 600 610 620 &30

D EM I L 6 M AEV V KAGTF I A DPWV I L DL I E ADZP G
GACGAAATGATL TECBGGECATGBLCGAAGTGETCAAGGLLGBCTTCATCGCCGACCLGETGATCCTGEATCTCATCGAAGCTGACCCGLAG
640 650 660 670 680 690 700 710 720

A AL DP A G DV L P E L I RRAI TV K AUEV V A ADE K
GCCGCACTCGACCCGELEGGCEGACBTGLTEGECCGAGCTGATCLGELGCGEBGATCACCETCAAGECCGAGGTEETCGCLGCCGACGARRAG
730 740 750 760 770 780 790 800 810

E S E L R E I L NY G HTL G6 HA 1 ERRTEW R YRWRHG A
GAATCCGAGEC TECGLGAARATCCTCAACTACGGCCACACATTAGGLCACGCGATCGAGCECCEEGAACECTACCGETGGCGCCACGGEGCE
B20 830 B840 a50 860 870 880 890 00

AV 8 V6 L VF AAEULARULAGRILDDATAR@RHRTI
GCCGTGTCGGTGEGEECTGETETTLBLGGCCEAGLTGECCAGGL T TGLCGGEGLGGCTCGACGACGLBACCGCGCAGCGCLACCGCACEATE
910 920 930 240 950 960 970 980 290

L S S L 6 L PV S Y DUPDA ALUPOGULULE I M AG D XK TR A
CTGTCCTCGTTEGGATTECCGGTCAGC TALGACCCGEGACGCECTGCCCCAGETGCTGGAAATCATGECLCGECEACAAGAAGACTCGEGLE
1000 1010 1020 1030 1040 1050 1060 1070 1080

G VL R F V V L DG L A KUPG6 R MUV GPDPG L L VT A Y A
GGTGTGTTGCGBTTCGTGETGCTCGACGGAT TEBLCAAGCCGEGLCEAATGETEGGACCGGACCECGETCTGCTEGGTAARCCBLLTACGLE
1090 1100 1110 1120 1130 1140 1150 1160 1170

G vV € A P x
M S E L I ¥ N Vv I NG P N L G RL G RRE®PAV Y G
GGAGTTTGCGLCCCATGAGCGARC TGATCGTGAACGTGATCAACGELCCCCAACCTGEGEECE6T TEEELCGBCELGAGCCCGELGTCTATE
1180 1190 1200 1210 1220 1230 1240 1250 1260

6 T T H D E L V A L I EREAAELDBGL KAV VRGES D S &
GCEGCACCACCCACGACGAGCTGGTCECTCTGATCGAGCGTGAGGCLECCGAGCTCGGACTCAAAGCCETTGTGCGEGCAAAGTGATAGCS
1270 1280 1290 1300 1310 1320 1330 1340 1350

A Q@ L L DW I HBGB A ADOAATEU®PV I L NAGBGGBGILTHTS VA
AAGCCCAGCTGCTGGACTGGATTCATCABGCCGCCGATECEGCCEAACCCETBATCCTEAACBCCGECGETCTGACGCACACGTEBGETGE
1360 1370 1380 1390 1400 1410 1420 1430 1440

L R DATCLCATETLGSAPIL I E VYV H1 SNV HARETETFRRMHS
CACTGCGCGATECCTBCGCGEAGCTEGAGCGCTCCGCTBATCGAGBTGCATATCTCCAACGTGCATGCBLGTGAGGAGTTCCGCCGECACT
1450 1460 1470 1480 1490 1500 1510 1520 1530

1 L 8§ P 1 A TG VvV 1 v 6 1L 6 1 @ 6 Y L L AL RY L AEHVEG
CCATCCTCAGCCCCATCGCGACCGGGGTGATCGTCSGBCTCGGCATCCABGBCTACCTECTEELCETBCEGGETACCTAGCTGAGCATETLG

1540 1550 1560 1570 1580 1590 1600 1610 1620

T ¥
GGACGTGAGGGTTAATCCTTCTTGEGLTCGTCGCCGGELTTGETLTGGTCLGECTCBGTGTCG6TGEGGATAACCTCGBTGEGTGTATEG
1630 1640 1650 1660 1670 1680 1690 1700 1710

CTTTCGGTEGTBLGGATCACCTCGGTGGGTECCTCACGTTCGACCGTEELGACEGCEGCEETTTGTGLCTCAGGLTGCELGACCTRLATE
1720 1730 1740 1750 1760 1770 1780 1790 1800

Fig. 3. Nucleotide sequence of
1.8 kb fragment from Agtl1l
aro5. The nucleotide se-
quences of the Mycobacterium
tuberculosis genes encoding
dehydroquinate synthase and
3-dehydroquinase are shown
with the appropriate open
reading frames translated into
the single letter amino acid
code. Nucleotides 100 to 1188
specify dehydroquinate syn-
thase, and nucleotides 1185 to
1628 specify 3-dehydroquinase
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Fig. 4. Identification of the aroB-aroQ gene cluster on Mycobacter-
ium tuberculosis genomic DNA. Two independent preparations of
genomic DNA from M. wberculosis (2 and 1.5 pg) were digested
with restriction enzymes and fragments separated by agarose gel
electrophoresis. The gel was blotted and then hybridised with the
32p.]abelled 2.34 kb EcoRV fragment from Agtil aro5. The two
DNA preparations are shown in adjacent lanes after digestion with
(1) EcoRI; (2) Sphl; (3) Xhol; (4) HindIII; (5) Neol; (6) Notl

graph of the autoradiograph is shown in Fig. 5. Inspec-
tion of Fig. 5 reveals the presence of a single major un-
ique protein of Mr 37 kDa in the experimental lane,
which is in close agreement with the calculated Mr of
38 kDa for dehydroquinate synthase deduced from the
DNA sequence. Four other unique proteins are also
present in very low yield in the experimental lane, the
fastest migrating of which is in the position expected
for 3-dehydroquinase. The poor incorporation of label
into the 3-dehydroquinase is consistent with the presence
of only a single methionine residue (the initiation codon)
in the derived amino acid sequence.

In order to assess the physical characteristics of the
M. tuberculosis 3-dehydroquinase enzyme, plasmids
pUCY and pMT1 were transferred into E. coli mutant
strain SK3430 (aroD™; lacking bDHQase). The two
plasmid harbouring strains were grown in appropriate
minimal medium to an ODss, of 0.8, harvested by cen-
trifugation, washed and the cells disrupted by sonica-
tion. Portions of the two cell free extracts were heated
to 71° C for 10 min, the heat denatured proteins re-
moved by centrifugation, and 3-dehydroquinase levels
were measured in the extracts from each strain before
and after the heat treatment. No linear dose-dependent
conversion of the 3-dehydroquinic acid substrate was
detected in either sample prior to the heat treatment.
After heat treatment, however, linear dose dependent
3-dehydroquinase activity was found in extracts from
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Fig. 5. Expression of polypeptides from pMT1 in minicells. An
autoradiograph showing [**S}methionine labelled minicell prepara-
tions separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Lane 1, pUC9 control; lane 2, pMT1. The positions of
molecular weight markers are indicated by bars with the molecular
weights shown in kDa. The extra band highlighted with an arrow
in the pMT1 lane is in the position expected for dehydroquinate
synthase

the pMT1 transformant (specific activity 0.013 units/
mg), while no substrate conversion was detected in ex-
tracts from the control pUCY transformant. The heat
treatment is presumed to inactivate a heat labile inhibi-
tor of 3-dehydroquinase activity.

The data from the enzyme assay demonstrate that
the M. tuberculosis 3-dehydroquinase enzyme is heat sta-
ble, a feature shared by the cDHQase of filamentous
fungi (Hawkins et al. 1982b). Taking into account the
strong similarity both in deduced amino acid sequence
and physical characteristics between the mycobacterial
dehydroquinase and fungal cDHQase, we designate the
gene encoding the 3-dehydroquinase enzyme as aroQ.
The designation Q (for quinate) is to denote that, in
contrast to the aroAd (enolpyruvyl shikimate-phosphate
synthase) and aroB (dehydroquinate synthase) genes of
M. tuberculosis, aro Q shows no detectable sequence sim-
ilarity to the equivalent gene in the shikimate pathway
of E. coli (aroD), but is instead clearly related to the
gene encoding ¢cDHQase in the quinic acid utilisation
pathway of filamentous fungi (QutE).

Evolutionary relationships among the 3-dehydroquinate
synthase and 3-dehydroquinase enzymes

Figure 6 A shows an optimal manual alignment of the
deduced amino acid sequence of dehydroquinate syn-



390

A

M.tuberculosis

E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis

E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis

=z

MlTp1GaAPR[VlTVOV.
HERI..VT.LG.
M[SNPTK. IS I|LG|.
HVQLAK.PILG
DELEDLLADREK
PASFLPLEXK[SGEQ
AKDLISDC|S[sTT
TIIKHCEPS|S|TyYvV
AEETI-RK[Rl- -1 A
YLD=--KV[RIGVLE
FEEMAFREK|RIAAETI
YQQLVLEFKASL
GRIDLPVVGFIWE
Y LAVLDTVFT
s RQTKADIED
s RETKAQLED

A T[D]v afG

v[e p[L T|e

il b|L T|G

1{G p|u 1]G

E.coli
A.nidulans

S.cerevisiae

M. tuberculos1s
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevigiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.coli
A.nidulans

S.cerevisiae

M.tuberculosis
E.celi
A.nidulans

S.cerevisiae

U X om o>
Mo X<
- 0 own o
T H <o

0O < 2 >
2 0 oo<
Ulad « <
L A

» >y >

Q
N
D
N

X ™ Z O
=

P
E
T
L

| M- 0o wz 30 = O 43 v

[ - I )

VVIGTGLL
IASGLFNE
FGLWRNYV
NIHDHLVE
LA--~-ET
LA----[plL
IGSIYT|P|S
K=----v|ply
I EIPDAEA
vV I L{P|D Q
Y N R|{P|P v
YVVEKP T
I A L[V
H 'I‘L
c vV
[« VM

A

A

a

A
IHQPLAVLVDLATLQ.TLPRDBMCGHAB
‘IQPASVVDLDCLKTLPPRELASGAE
1Wwigp[trk 1Y 1]|pL{E F|L|E|T L P|V|R E[F[I]n|c M A E
@WQPKFLVDIKWLETLAKREFBNGHAB
vlv[e]ac FfrjabppvIi Lo L i[ElabppProaalLlprac
VIKYGI|I|LDG AF[F|n w[L E[E[NJL b aLlLRLDG
VIKTAA|I|SSEEEFTaAL A ETI|LKAVR
VIEK|TAC|I[WNADE|F|TR NASLFLINVVYN

1[L N[

L L N|L{e n

L L Nw|cn

L LRjFlcn
v[e|L[v]F a
AlG M VM A

1le Mv|k E
1/6 M V(K E
IFSSLG Y D
LiL|k ® ale cp
cinla a v|e L K
Hulvaylerevsipo
-KTRAGVLRFUVV
kv[LlaAG E[M[RL I L P
pofulM P N|M[A L DK K
D IfL{L K K[M|S I D K K
LivTaAYAG[v]ca
VLEAT DCQSA"
PYETR NE
cycusgpv D E

m o ®
= » m o

z 2z o

- H m o
El - S ]

Mmoo o

PQ
AQ
R K
K E

w

o0 =z

wm O wn o
H < P o»
LoT T I |

- < Q
< < W oW
H Bt X

P H OE X
L]
momom Eﬂ
aooa
aa > >
< < < <
v > > ®

< < M o>
» 0 ©
B W H o
BoH N

n <
= x A 43

o N ]
= O "o
= AR @n X
= oz = p
(o TN o4
“n =
o T X

o0 <
mn <o
0O 0mwv
I B ]

M. tuberculosis - SELIV VIING PNL|G R|L GIRIRE P ViY G|G
A.nidulans ~-EKSI LIINGPNL|N LILG|T|IRE P IlY G|S
N.crassa ASP HI LIINGPNL|N LILG|TIREP IlY GiS
M.tuberculosis|T TIH D EL VAL I ER E|[A|AE|[LG(LKAV VR D s
A.nidulans TTLSDVEESSKGH|AlJAS|[LGASLQTF N H
N.crassa T T|L DIEQASQTHIA|S S|L G|L LT F N H
M.tuberculosis AQLLDUWIH|Q F e e el
A.nidulans GAIVER|IBHIA R—- == === === - = w---
N.crassa GAI E R|{I H|Q AGFVPSPPSPSPSSAAT
M.tuberculosis - - - - = - - - - DAAEPV|I|LINA GLITHTS A
A.nidulans @ - - - -~ - - - - - GNTDATI|I|I|N|P AYITHTS A
N.crassa TTEAGLGPGDI RKVSATII|IINP A THTS G
M.tuberculosis LIRDA|CAEL S A L I|E|VIH|I/S NV HAR E|E{F R|R
A.nidulans IIRDAILLGVETI F I|E|LIH|V|S N VHAR E|P!F R|H
N.crassa IRDAILLGTG I F VIE{VIH|V(S N VHAR EB|A|F R|H
M.tuberculosis 1 ufs]e 1{ajr 6 v[I]v][e L 6|1 ofG Y|L L[AlL R Y L &
A.nidulans YF D K S GI|I|IVIGLG|VY|GYKVIA[VEHUVA
N.crassa YL D K VAVIIICIGLG FIG Y|S A|JAILD FLG
M.tuberculosis EH VG T * - - - -~ - -

A.nidulans LNFKPLEKKAAL

N.crassa RHMEKF * - - - = = ~

Fig. 6 A and B. Amino acid sequence comparisons for dehydroquin-
ate synthase and 3-dehydroquinase enzymes. A The deduced amino
acid sequence of the Mycobacterium tuberculosis dehydroquinate
synthase shown in optimal manual alignment with dehydroquinate
synthase from Escherichia coli, Aspergillus nidulans and Saccharo-
myces cerevisiae. B The deduced amino acid sequence of the M.
tuberculosis 3-dehydroquinase shown in optimal manual alignment
with the catabolic 3-dehydroquinases (cDHQases) of A. nidulans
and N. crassa. In each case residues that are identical in at least
three sequences are boxed. There are numerous additional examples
of conservative substitutions

thase from M. tuberculosis with the shikimate pathway
dehydroquinate synthase enzymes of E. coli (aroB) (Mil-
lar and Coggins 1986), A. nidulans (Charles et al. 1985),
and Saccharomyces cerevisiae (Duncan et al. 1987).
Figure 6 B shows an optimal manual alignment of the
deduced amino acid sequence of 3-dehydroquinase from
M. tuberculosis with the quinic acid utilisation pathway
cDHQase enzymes of 4. nidulans (QutE) (Da Silva et al.
1986) and Neurospora crassa (QA-2) (Hawkins et al.
1982b). Inspection of Figs. 6 A and 6B reveals that M.
tuberculosis dehydroquinate synthase has approximately
33% identity with the equivalent E. coli, A. nidulans
and S. cerevisiae sequences, and the 3-dehydroquinase
approximately 28% identity with the fungal cDHQases.
In addition there are many examples of conservative sub-
stitutions and the overall level of similarity is equivalent
to that seen between the M. tuberculosis EPSP synthase
(the aroA gene product) and the equivalent enzymes in
E. coli and fungi (Garbe et al. 1990).

The fact that the mycobacterial 3-dehydroquinase is
related to the enzymes found in the catabolic pathway
in fungi, rather than to the conventional biosynthetic
enzymes represents an unexpected finding of this study.
All of the recombinant A phage capable of complement-
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ing growth of an E. coli aroD mutant strain carried the
same gene, and it therefore seems probable that M. ru-
berculosis has only a single dehydroquinase enzyme. In
preliminary experiments we have found that M. fubercu-
losis is unable to utilise quinic acid as a carbon source
and we propose that the dehydroquinase encoded by
the aroQ gene does in fact function in the biosynthetic
pathway of M. tuberculosis. The close linkage with the
aroB gene — which encodes the enzyme catalysing the
previous step in the shikimate pathway — lends further
support to the conclusion that the dehydroquinase per-
forms a biosynthetic rather than a catabolic role in M.
tuberculosis.

On the basis of comparative sequence analysis it has
been proposed that the cDHQase and bDHQase of fungi
arose by convergent evolution (Hawkins 1987) and the
finding of a ¢cDHQase active in the shikimate pathway
of M. tuberculosis provides a further clue to the evolu-
tionary origin of the two isozymes. It is intriguing to
note that there is a limited degree of sequence similarity
between the dehydroquinate synthase and 3-dehydro-
quinase enzymes of M. tuberculosis (see Fig. 7). It has
been suggested previously (Horowitz 1965) that biosyn-
thetic pathways in contemporary organisms have been
built progressively by “retro-evolution™ from the final
metabolite in the pathway, probably by gene duplication
and subsequent divergence. It is possible that the se-
quence relationship between the enzymes catalysing se-
quential steps in the mycobacterial shikimate pathway
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Fig. 7. Sequence similarities be-
tween dehydroquinate synthases
and cDHQases. An optimal align-
ment of the entire Mycobacterium
tuberculosis 3-dehydroquinase and
fungal cDHQases with parts of
the dehydroquinate synthase of

EENAETI
ESNASLEF

1 CAgEEAH@hE ISNVHAREEFRRHS ILSPIATGVIVGLGIF QGYLLALRYLAEHVEL prokaryotes and filamentous fun-

2 IPFIELHVSNVHAREPFRHHSYFS SGIIVELGNFYG VEHVALNFKPLE gi. Identical or closely related

3 GTGIPF VSNVHAREAFRHHSYLS VAV GP-FGYSAPLDFLGRHMKF amino acids are boxed. 1. M.

4 |LDPAGD 1 ATTVKAE DHKESELREILNYGHTL berculosis 3-dehydroquinase:

5 | RLDGPAMAYCT - — = — - —— e e CCEL RETGLRAL TF fubercuiosts 5-dehydroquinase;

6 ﬁRE PGE~————mmmmmmmm o= HRFggﬁxg SADHREGGLRNL SI g ]/ffl’e’gl””s nidulans B%%Qase;
__________________ , Neurospora crassa ¢ ase;

7 GAKNVRV TNQLTIVK SSDERESSLRNL St 4, M. tuberculosis dehydroquinate

synthase, residues 109-256;

1 5, Escherichia coli dehydroquinate

2 KK@AL synthase, residues 106-256; 6, A4.

3 nidulans dehydroquinate synthase,

4 GHAlTE residues 116-233 and 248-279;

5 GHAIE 7, Saccharomyces cerevisiae de-

6 GHAIE hydroquinate synthase, residues

7 G E 112-229 and 259-287

represents an example of such retro-evolution. The opti-
mal manual amino acid alignment shown in Fig. 7 indi-
cates that this limited sequence relationship can in fact
be seen to apply to the entire families of cDHQase and
dchydroquinate synthase enzymes. These findings sug-
gest that the fungal bDHQases and cDHQases both ar-
ose originally from enzymes that had evolved indepen-
dently as part of the shikimate biosynthesis pathways
in different prokaryotes. Sequence analysis further sug-
gests a possible difference in catalytic mechanism be-
tween the different classes of dehydroquinase. The de-
hydroquinase in E. coli is related to the bDHQase of
fungi (Hawkins 1987) with the catalytic reaction pro-
ceeding via a Schiff’s base intermediate (Duncan et al.
1986). Inspection of Fig. 6 B shows that, in spite of con-
siderable identity at the amino acid sequence level be-
tween the 3-dehydroquinases, there is no lysine residue
conserved amongst all three enzymes. It is unlikely there-
fore that the catalytic mechanism employed by the
cDHQases involves a Schiff’s base intermediate.

This study has resulted in isolation and characterisa-
tion of two additional genes from the shikimate biosyn-
thesis pathway of M. tuberculosis which can now be con-
sidered as attractive targets for construction of rationally
attenuated candidate vaccine strains. In addition, de-
tailed sequence analysis of the genes provides novel fun-
damental information with regard to evolution of bio-
synthetic pathways both in M. tuberculosis and in other
micro-organisms.
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