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Abstract—The enzymology of anthranilate synthase (EC 5.4.99.6) in microorganisms and plants is reviewed.
Aminoacid sequences of the enzyme subunits in different species are compared. and the mechanism of reaction is

discussed.

INTRODUCTION

Tryptophan is utilized in microorganisms and in plants
as a substrate for protein biosynthesis; however, in some
plants it also has an important role as a precursor of
secondary metabolites such as the endogenous auxin
indoleacetic acid and other molecules which help to
protect the plant against pathogens and herbivores. Syn-
thesis of tryptophan from chorismate involves five reac-
tions and the organization of genes encoding for the
necessary enzymes varies considerably among prokaryotes.
While Escherichia coli contains five genes in a single
operon [ 1], Bacillus subtilis has six in a single operon [2]
and Acinobacter calcoaceticus contains seven genes in
three unlinked clusters [3, 4]. Unlinked clusters of vari-
ous trp genes have been found in Pseudomonas
aeruginosa [5, 6] and P. putida and Rhizobium melitoti
[71.

Anthranilate synthase (EC 4.1.3.27) catalyses the first
committed step in the sequence of reactions which lead to
the biosynthesis of tryptophan from chorismate. In al-
most all microbial species, anthranilate synthase (AS) is
an oligomer of nonidentical subunits designated AS «-
subuntt (ASI or component 1) and AS f-subunit (ASII or
component IT). In some organisms the subunits are asso-
ciated to give an 2f dimer and in others an a,f3, tetramer
[8].

The AS a-subunit is encoded by the genes trpE in
prokaryote (bacteria and blue—green algae) and, TRP2
and ASA1/ASA2 in eukaryote (fungi and plants, respec-
tively), but since the f-subunit of the AS enzyme complex
sometimes contains other enzymes of tryptophan bio-
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synthesis, other genes, besides trpG (prokaryote) and
TRP3 and ASB (eukaryote), can encode the multifunc-
tional subuntt [9].

In plants although the enzyme has two subunits, the
enzyme complex does not contain other functionalities.
The genes for these subunits have been isolated from
Arabidopsis thaliana [10, 11]. AS isoenzymes have
been detected in cell cultures of tobacco and potato,
whereas in microorganisms only the cyanobacterium
Pseudomonas aeruginosa has these isoenzymes.

In all organisms the AS x-subunit catalyses an NH;-
dependent synthesis of anthranilate (Fig. 1, route a) and
AS f-subunit binds glutamine (Fig. 1, route b) facilitating
the transfer of the amide function of glutamine to AS
a-subunit. The utilization of glutamine by anthranilate
synthase therefore requires both subunits AS a-subunit
and AS f-subunit, whereas the use of ammonia requires
only the AS z-subunit [12].

OCCURRENCE OF ANTHRANILATE SYNTHASE

Microorganisms

AS enzymes have been purified and characterized from
a number of microorganisms and in many cases an en-
zyme complex catalyses other reactions of tryptophan
biosynthesis (Table 1, Table 2). The anthranilate synthase
B-subunit can be associated with anthranilate phos-
phoribosyltransferase (PRT) in bacteria, or with indole-
3-glycerol phosphate synthase (InGPS) in yeast and may
be found with phosphoribosylanthranilate isomerase:in-
dole-3-glycerol phosphate synthase (PRAI:InGPS) in
other fungi. For example, in Neurospora crassa, AS is
fused to InGPS and PRAL, where the AS subunits associ-
ate to form an «,f, tetramer with a relative molecular
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Table 1. Occurrence of monofunctional anthranilate synthase in microorganisms

Organism M, Structure Separation/purity Refs
Aeromonas formicans 220000 Sephadex G-200 18
Proteus morganii 140000 %0, Sephadex G-200 18
Proteus vulgaris 140000 2,0, Sephadex G-200 18
Erwinia carotavora 140 000 %0, Sephadex G-200 18
Enterobacter liguefaciens 140000 %38 Sephadex G-200 18
Bacillus subtilis 840000 2 (NH,4),S0,/Sephadex G-100 19
23
Bacillus licheniformis a: > 100000 {NH4),50,/Sephadex G-100 23
£:24000
Bacillus coagulans x: 80 000 (NH,),S0,/Sephadex G-100 23
£:18000
Bacillus pumilis 86 000 aff (NH,),S0,/Sephadex G-100 23
112
Bacillus mascerans 2:62000 (NH,),S0,/Sephadex G-100 23
£:24000
Bacillus alvei 90000 afp {NH,4),50,/Sephadex G-100 23
112
113
Chromobacterium violaceum 86000 Crude 20
Staphylococeus aureus 65000 Crude 21
Serratia marcescens 141000 %0, Purified to homogeneity: protamine sulphate/(NH,),SO,/DEAE- 24
cellulose/ECTEOLA-cellulose/hydroxylapatite 114
115
Pseudomonas putida 75000 aff Purified to homogeneity* 8
28
P. aeruginosa 79 000 afs (NH,),S0,/Sephadex G-100 25
P. actifovorans 155000 %08, Biogel P-150/DEAE cellulose 26
P. multivorans 150000 %0, (NH,),SO,/Sephadex G-100 25
P. testosteroni 155000 Bioge!l P-150/DEAE cellulose 26
Acinetobacter calcoaceticus 86 000 23 (NH,),SO,/Sephadex G-100 22
4
Clostridium butyricum 84000 2.5, (NH,),S0,/Sephadex G-100 27
116
Bacillus caldotenax 2:54 000 Partially purifiedt 100
Serratia marinorubra 140000 afs Sephadex G-200 18
Euglena gracilis 80000 Protamine sulphate/(NH,),SO,/DEAE-cellulose/Sephadex G-200 29

*ASI: (NH,),SO,/Sephadex G-100/DEAE-cellulose/preparative electrophoresis. ASIL: (NH,),SO,/Sephadex G-100/DEAE-cellu-

losc/calcium phosphate chromatography.

tStreptomycin sulphate/(NH,),SO,/DE-5PW chromatography.

mass (M,) of 310000 [13]. The trifunctional B-subunit of
the AS complex of N. crassa has been purified from
a mutant which produces no detectable x-subunit and
a M, of 200000 was determined using gel filtration [14].
The activity of the glutamine-dependent anthranilate
synthase was measured adding a partially purified prep-
aration of free x-subunit.

Another apparent three enzyme complex containing
AS, PRAI and InGPS was partially purified from
a Claviceps sp., strain SD 58, and showed a M, of 400 000
estimated using gel filtration. The PRAI and InGP activ-
ities were also detected in a multifunctional protein
which did not contain AS activity and had an apparent
M, of 165000 [15]. However, anthranilate synthase from
Saccharomyces cerevisiae is a bifunctional enzyme with
InGPS activity and shows an 28 structure with a M, of

130000. Further purification indicated that InGPS activ-
ity resides with the AS f-subunit [16].

In species of the genera Escherichia, Salmonella, Kleb-
siella, Citrobacter and Enterobacter, it has also been
found that AS and PRT activittes reside in a single, large
complex protein [12]. An example is the Escherichia coli
enzyme which has a small subunit with M, of 20000 (AS
f-subunit) and another with M, of 45000 (AS a-subunit),
and these subunits, assoctate to form an «,f, tetramer
with M, of 260000 [17].

In some species of genera Pseudomonas, Erwinia, Bacil-
lus, Proteus and Serratia, and in Aeromonas formicans,
Enterobacter liquefaciens, Chromobacterium violaceum,
Staphylococcus aureus, Acinobacter calcoaceticus, and
Clostridium butyricum, AS is not associated with other
enzymes of tryptophan biosynthesis [18-23]. The AS
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Tabie 2. Occurrence of multifunctional anthranilate synthase in microorganisms

Organism M, Structure Separation/purity Refs
Salmonella typhimurium 280000 o3 f, (NH,),SO,/Matrix gel Orange A 117
118

119

120

Enterobacter aerogenes 170000 o, Partial purificationt 121
Citrobacter freundii 250000 o, f, Sephadex G-200 18
Citrobacter ballerupensis 250000 o3 f, Sephadex G-200 18
Enterobacter cloacae 250000 228 Sephadex G-200 18
Erwinia dissolvens 250000 o35, Sephadex G-200 18
Saccharomyces cerevisiae 130000 %20, Purified to homogeneity} 16
Escherichia coli 260000 2,8, *(NH,),S0,/DEAE-cellulose 17
Neurospora crassa %:76 000 Purified to homogeneity§|| 122
f:84000 123

13

Claviceps spec. SD58 400 000 aff Purified to homogeneity® 15

*Purified to homogeneity.

tProtamine sulphate/(NH,),SO,/Sephadex G-200/DEAE-cellulose.

{Protamine sulphate/(NH,),SO,/ethylamino-Sepharose/hydroxyapatite/DEAE-Sepharose.
$(NH,),SO,/Sephadex G-25/DEAE-cellulose/Sephadex G-75/DEAE-cellulose/Sephadex G-200.
[(NH,4),SO,/Anthranilic acid—agarose chromatography/DEAE-cellulose/gel filtration/preparative elec-

trophoresis.

€Protamine sulphate/(NH,),SO,/DEAE cellulose/hydroxyapatite/Sephadex G-200/DEAE-cellulose.

Table 3. Occurrence of anthranilate synthase in plants

Organism M, Structure Separation/purity Refs
Catharanthus roseus™* 143000 o, f3, Purified to homogeneity? 48
Pisum sativumt 95300 Partially purified§ 32
Zea mayst 95 500 Partially purified§ 32
Nicotiana tabacumt 200000 (NH,),SO,/Sephacryl S-200 34
Ruta graveolens* 220000 Partially purified| 47

*Cell cultures.
tPlant.

tPolyethylethyleneglycol/Q-Sepharose/Orange A/Mono-Q/Superose 6.
§Protamine sulphate/(NH,),SO,/DEAE-cellulose/Sephadex G-150.

I(NH,);SO,4/DEAE-Sephacel/Sephadex G-200.

subunits are associated in a tetramer in Serratia marces-
cens (AS o-subunit M, 600000 and AS f-subunit M, is
21000, AS M, 141000 [24]), Pseudomonas multivorans
and P. testosteroni (AS tetramer M, ~ 150000 [25, 26])
and Clostridium butyricum (M, 89 000) [27]).

Both AS subunits isolated from Pseudomonas putida
have been obtained in pure form: AS a-subunit has a M,
of 63400 and AS f-subunit of 18 000 [28]. Later the M,
of AS f-subunit was redetermined using sodium dodecyl
sulphate—gel electrophoesis giving a M, of 21 800 and the
amino acid sequence determination gave a value of
21684 [8]. Less purified preparations of AS from P.
aeruginosa and P. acifovorans have also been studied, and
the AS enzymes found to have relative molecular weights
of 79000 and 155000 [25, 26], and these values suggest
aff and a,f3, structures, respectively. Acinetobacter cal-
coaceticus also has an AS with xff structure and M, of

86000 [4]. The eukaryote Euglena gracilis has the AS
o and f-subunits fused (M, = 80000 [29]).

Plants

AS has been investigated mainly in crude extracts, and
in some cases it has only been partially purified (Table 3).
The enzyme has been detected in leaves of wheat
(Triticum aestivum) [30], corn (Zea mays) [31, 32], pea
(Pisum sativum) [32], potato (Solanum tuberosum) [33],
tobacco (Nicotiana tabacum) [34] and Datura innoxia
[35], and from the seeds of walnut (Juglans regia) [36].
AS has been studied in cell cultures of carrot (Daucus
carota) [37-40], tobacco [37-39, 41, 42], rice (Oryza
sativa), tomato (Lycopersicon esculentum), soybean
(Glycine max) [38], Dioscorea deltoidea [43], Cinchona
succirubra [44], and Ruta graveolens [45, 46].
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The molecular weights of the AS enzyme from crude
extracts from corn and pea separated on Sephadex G-100
were 95 500 and 95 300, respectively [32]. In tobacco, the
form of AS which is resistant to tryptophan inhibition
(trp-resistant), had a M, of 200000, and the M, of the
tryptophan-sensitive (trp-sensitive) AS was 150000 [34].
Subsequently the M, of the enzyme from corn was re-
determined and a value of 150000 was reported [34]
which is in contrast with that previously found. All the
molecular weights were determined using gel filtration
chromatography. The M, of AS isolated from cell cul-
tures of Ruta graveolens was found to be 220000 [47].

Anthranilate synthase from cell suspension cultures of
Cacharanthus roseus has been purified to a single protein,
which had optimum activity at between pH 7.5 and 8.3.
This AS enzyme was found to be a tetramer consisting of
two large and two small subunits with molecular weights
of 67000 £+ 500 and 25 500 + 500, respectively. The M,
of the AS tetramer determined by gel filtration was
143000 + 500 [48].

ISOENZYMES

Microorganisms

Two anthranilate synthase enzymes have been found
in Pseudomonas deruginosa and both have conventional
o and f subunits [49], each enzyme having a different
role in biosynthesis. One participates in tryptophan bio-
synthesis and is strongly inhibited by tryptophan and the
genes for this enzyme have been designated as trpE (for
a subunit) and trpG (for B subunit), being similar to the
genes isolated from P. puptida. The second AS, which was
not inhibtted by tryptophan, is encoded by the genes
designated phnAd (x submit) and phnB (i subunit). This
latter enzyme participates in the synthesis of the
blue-green phenazine pigment, pyocyanin, which may be
classified as a secondary metabolite [6]. A hypothetical
scheme for pyocyanin biosynthesis is shown in
Fig. 2[50].

It has been reported that AS from an alkaloid-produ-
cing strain of Claviceps paspali was not inhibited by
tryptophan, but later the AS enzyme from Claviceps
species strain SD58 was reported to be tryptophan inhib-
ited [51]. It is not clear from this work whether the cells
from which the enzyme was isolated produce alkaloid.
Subsequent research with the same strain, SD58, in-
dicated an alkaloid-producing Claviceps which yielded
only AS which was inhibited by tryptophan and there
was no evidence to support the presence of a second
isoenzyme which was not tryptophan inhibited [15].

Tryptophan feedback-resistant mutants of AS have
been obtained in microorganisms, for example in E. coli
K-12, E. coli W and S. typhimurium. In E. coli K-12
mutants, it was established that the presence of the trp-
resistant AS was the result of a single mutation [135, 52].

Plants

AS isoenzymes appear to occur more commonly in
plants and these isoenzymes are mostly tryptophan in-

hibited. However, in Solanum tuberosum cell suspension
cultures [33] which were resistant to growth inhibition
by D,L-5-methyltryptophan, two AS isoforms were separ-
able by preparative polyacrylamide gel electrophoresis:
one form was feedback-sensitive and the other feedback-
resistant to tryptophan. The AS isoforms from the nor-
mal cell lines were also examined and the trp-sensitive
form was found to predominate. In Nicotiana tabacum L.
cells, two forms of AS (trp-sensitive and trp-resistant)
were detected and separated by gel filtration. When pro-
toplasts were fractionated by differential centrifugation,
the trp-sensitive form was found in the particulate frac-
tion and the trp-resistant in the cytosol. When cells were
selected for resistance to growth inhibition by D,L-5-
methyltryptophan (SMT) they were found to contain
predominantly the trp-resistant form, which was only
present in small amounts in the wild-type cells. Plants
regenerated from both normal and 5MT resistant cells
lack detectable quantities of trp-resistant AS. Overex-
pression of the trp-resistant AS reappeared when callus
was initiated from leaves of these plants [53, 34].

Altered AS enzymes less sensitive to tryptophan feed-
back-inhibition have been reported in Datura inoxia,
Dioscorea deltoidea, Daucus carota and other species, but
only one AS isoenzyme was detected [31, 35, 38, 40, 43,
54, 551

The presence of two AS enzymes in Pseudomonas
aeruginosa and in cell cultures of potato and tobacco,
may support the hypothesis that two complete pathways
exist for the biosynthesis of aromatic amino acids for
primary and secondary metabolism [56].

GENE ENZYME RELATIONSHIP AND FUNCTIONALITY

Microorganisms

The gene—enzyme relationships in microorganisms up
to date have been extensively studied in comparison with
plants, in particular the genes and enzymes of tryptophan
pathway. Genes for the seven enzymatic functions of the
pathway in prokaryotes are represented by the letters
A-G, for example trpE, and in eukaryotic organisms by
numbers and capital letters, for example TRP2 (Fig. 3,
Table 4) [9].

In bacteria the AS a-subunit is encoded by the single
gene trpE, however the situation for the AS S-subunit is
more complex. In some bacteria the AS f-subunit is
encoded by a single gene, trpG, as is found in Serratia
marcescens [57], and in Thermus thermophilus [58]. In
other microorganisms such as E. coli, Salmonella ty-
phimurium and Shigella dysenteriae, trpG is fused to the
trpG gene, which codes for anthranilate phosphoribosyl
transferase, the second enzyme in the tryptophan path-
way [59, 1]. However Rhizobium melitoti presents
a special case in that a single gene encodes both the AS
a-subunit and the AS B-subunit activities [60]. The prod-
uct of this unusual trpE(G) gene, for anthranilate syn-
thase, is feedback inhibited by tryptophan, as in the case
for all known microbial anthranilate synthases with the
exception of P. aeruginosa [61].
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Fig. 3. Biosynthesis of tryptophan.

Table 4. Examples of gene-enzyme relationships and functional organization in plants and microorganisms with respect to
anthranilate synthase

Organism

Gene encoding AS synthase (subunit encoded)

Functionality of the enzyme complex

Eukaryote:
Neurospora crassa TR P2 (z-subunit)
TRP1 (B-subunit)
TRP?2 (x-subunit)
TRP3 (B-subunit)

trpE (G)(« and f subunits)

Saccharomyces cerevisiae

Euglena gracilis
Plants:

Arabidopsis thaliana ASA1/AS A2 (a-subunit)

Trifunctional with PRT and
InGP synthase
Bifunctional with InGP

Monofunctional

Monofunctional?

ASB1/ASB2/ASB3 (f-subunit)

Prokaryote:
Escherichia coli trpE (a-subunit)

trpG—trpD (f-subunit)

trpE (a-subunit)

trpG (f-subunit)

trpE (G) (x and § subunits)

Serratia marcescens

Rhizobium melitoti

Bifunctional with anthranilate
phosphoribosyl transferase
Monofunctional

Monofunctional

Pseudomonas putida and P. aeruginosa possess two
genes trpE and trpG that encode the AS z-subunit and
the small AS f-subunit of anthranilate synthase [49]. In
experiments where mutants of these organisms were cre-
ated [62, 49] the DNA sequence analysis as well as
growth and enzymes assays of the strains developed
showed that trpG is the first gene in a three-gene operon
that also contains trpD (phosphoribosylanthranilate
transferase) and trpC (indole-3-glycerol phosphate syn-
thase) while the gene trpE is solitary.

Pseudomonas aeruginosa also possesses a further gene
pair encoding for AS: phnA and phnB [63]. These genes

PHYTO 39/2-B

after being cloned, sequenced and inactivated in vitro by
insertion of an antibiotic resistance gene, were rein-
troduced by homologous recombination into P.
aeruginosa, thereby replacing the wild-type gene. The
gene pair encoded by phnA and phnB participates in the
synthesis of the phenazine, pyocyanin. Surprisingly, this
latter gene pair is more closely related to E. coli trpE and
trpG than Pseudomonas trpE and trpG, whereas
Pseudomonas trpE and trpG are more closely related to E.
coli pabA and pabB, which encode p-hydroxybenzoate
synthase. Genes homologous to phnA and phnB were not
found in P. putida PPG1 (a non-phenazine producer).
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The AS enzymes in fungi are also composed of two
subunits x and f encoded by the TRP2 and TRP3 or
TRP1, respectively. The glutamine amidotransferase do-
main (f-subunit) is located on different multifunctional
polypeptides so that the AS complex contains either AS,
N-phosphoribosyl anthranilate isomerase and indole-3-
glycerol phosphate synthase (TRP1 gene), or AS and
InGP synthase (TRP3 gene) [64]. Biochemical studies
have established that the first pattern of genetic control,
where AS, PRA isomerase and InGP synthase domains
reside in the same polypeptide, is present in Neurospora
crassa [ 14, 65], Aspergillus nidulans [66, 67], Coprinus
radiatus [68] and Schizosaccharomyces pombe [69, 70].
In general, the trifunctional gene encoding these activities
has been widely observed in members of the classes
Myxomycetes, Chytridiomycetes, Ascomycetes and some
Basidiomycetes on the basis of classical purification tech-
niques for protein and genetic studies.

Complexes of enzymes with AS and InGP synthase
activities are found exclusively among genera of the order
Endomycetales, e.g. Dipodascus uninucleatus, Endomyces
bisporus and Saccharomyces cerevisiae [71-73]. In the
alga Euglena gracilis, AS is encoded by only one gene
trpE(G) because this enzyme has both subunits (AS a-
subunit and AS f-subunit) fused [74].

Plants

Little work has been done with plants, generally be-
cause purification and characterization of AS is rather
difficult due to its relative instability. Only the enzyme
from Catharanthus roseus has been purified to a single
ptotein but the genes for this enzyme in C. roseus have yet
to be isolated [48]. This enzyme did not contain anth-
ranilate-5-phosphoribosylpyrophosphate phosphoribo-
syltransferase activity.

Arabidopsis thaliana has two genes, ASA1 and ASA2,
encoding the x-subunit of AS and the amino acid se-
quences of these genes are similar to their microbial
counterparts [10]. ASA1 is induced by wounding and

R. M. ROMERO et al.

bacterial pathogen infiltration, suggesting an additional
role for ASA1 in the production of tryptophan pathway
metabolites as part of Arabidopsis defense response. This
plant seems to have three very similar ASB genes which
encode the fi-subunit of AS and the most characterized of
these genes, ASBI, encodes a f-subunit that can interact
with either ASA1 or ASA2in E. coli to provide functional
glutamine-dependent AS activity. It is not known which
ASB gene(s), if any is induced by pathogens [11].

Amino acid sequences

There have been 35 amino actd sequences published
for the o and p subunits of AS enzyme and in most cases
these have been reviewed and compared with those of
p-aminobenzoate synthase (PABA) [75]. This latter en-
zyme, as well as isochorismate synthase, seems to have
a reaction mechanism similar to AS [76]. PABA also has
two dissimilar subunits although they are very similar in
sequence, to their AS counterparts [77, 78]. An interest-
ing fact is that species in three genera, Acinetobacter,
Bacillus and Pseudomonas, have a single $-subunit that
supplies the glutamine aminotransferase activity for both
AS and PABA [3, 79, 80]. As these enzymes participate in
both the conversion of chorismate to anthranilate and to
p-aminobenzoate, they are called amphibolics. It is be-
lieved that species from the genus Azospirillum also carry
an amphibolic protein [78].

To express quantitatively the degree of similarity of the
amino acid sequences of AS and PABA, the method of
Doolittle [82] was used. The normalized alignment score
(NAS) is almost 10 times the per cent of identical residues
less the gap penalty (gap penalty is 2.5 times the weight of
a residue identity). For sequences 200 residues long, sim-
ilarity values greater than 160 indicate that common
ancestry is probable, and values above 280 are believed
to make it certain.

Values for the z-subunits of a wide range of microor-
ganisms are given in Table 5, and because all these
components have approximately 500 amino acid resi-

Table 5. Similarity (NAS) scores for AS z-subunits [75, 124]

Organism Ec. V.p. Pa. Bl R.m. S.a. Pa. Bs. S.c.
and gene trpE trpE phnA trpE trpE trpE trpE trpE trpE
L. bif. trpE 187 248 117 233 180
E. coli trpE 580 456 426 238 269 252 240 224
V. par. trpE 431 415 208 275 252 230 215
P. aer. phnA 392 208 247 260 225 204
B. lac. trpE 198 222 216 205 208
R. mel. trpE 208 193 201 217
S. aur. rrpE 213 261 248
P. aer. trpE 319 272
B. sub. trpE 255

Abbreviations: V. par and V.p., Vibrio parahaemolyticus, P. aer and P.a., Pseudomonas aeruginosa; B. lac and B.l.,
Brevibacterium lactofermentum; R. mel and R.m., Rhizobium meliloti; S. aur and S.a., Spirochaeta aurantia; B. sub. and
B.s., Bacillus subtilis; S.c.. Saccharomyces cerevisiae; E.c. and E. coli, Escherichia coli; L. bif., Leptospira bifiexa.
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dues, the values cited are within the range indicative of
homology. There is remarkable similarity between the
trpE amino acid sequences of P. savastanoi, P. aeruginosa
and P. putida [83]. These sequences are on average 86%
similar (values for P. savastanoi and P. putida were not
included in Table 3).

The amino acid sequence of the AS 2-subunit of Bacil-
lus caldotenax has also been determined as have those of
B. subtilis [2], Clostridium thermocellum [84], Thermus
thermophilus [58]. E. coli [59] and Brevis lactofermentum
[85]. The conserved amino acids of the AS x-subunit of
these species amount to 61 residues, most of them being
found in the C-terminal half [86].

The trpE from Haloferax volcanii shows 29-30%
amino acid sequence homology with E. celi and yeast
enzymes, respectively, 34% homology with Methanobac-
terium thermoautotrophicum, and comparable values with
the homologous pabB and phnA genes of E. coli and P.
aeruginosa [87, 88].

Escherichia coli and Shigella dysenteriae show the
highest similarity comparing their ¢#pG sequences, where
there were no gaps and only three nonidentical amino
acids in the 195-residue polypeptide [59]. The fungi As-
pergillus nidulans [89, 907, Aspergillus niger [89], Penicil-
lium chrysogenum [91], Phycomyces blakesleeanus [92]
and N. crassa have highly similar sequences (the NAS
values are between 624 and 721 [75]).

Comparisons between other species are presented in
Table 6 [75]. The P. putida AS B-subunit has a similar
sequence to the NH,-terminal end of E. coli and S.
typhimurium AS f-subunit and the monofunctional AS
p-subunit of Serratia marcescens. These results suggest
that the glutamine amidotransferase region of the bifunc-
tional AS of E. coli and S. ryphimurium with the smaller
subunit of S. marcescens and P. putida share the same
evolutionary origin {8, 83]. This suggestion gives support
to the idea that the bifunctional AS S-subunit polypept-
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ides of E. coli and S. typhimurium arose by fusion of two
separate genes.

The trpG from H. volcanii has 30-37% homology with
the gene isolated from E. coli and yeast, respectively, and
has 38% homology with M. thermoautotrophicum trpG
[87].

The amino acid sequences for AS a-subunit predicted
from DNA sequences of A. thaliana ASA1 and ASA2
were aligned with AS « subunits from S. cerevisiae, E. coli
and B. subtilus, along with the PABA synthase a-subunit
from E. coli and are 30-36% identical to these microbial
subunits and 67% identical to each other [10]. The ASB1
is 34-45% identical to the AS f-subunit of S. cerevisiae
and E. coli AS and PABA synthase f-subunits [11].

THE REACTION MECHANISM

The availability of AS from organisms harbouring
plasmids which contain the genes for the production of
one or both AS subunits [12], has led to a series of
mechanistic studies. The larger z-subunit of AS is in-
volved with the binding of chorismate and the regio-
specific amination/pyruvate elimination sequence [93].
This x-subunit can synthesize anthranilate directly from
chorismate and a high concentration of ammonia.
The low molecular weight f-subunit possesses the
glutaminase activity that hydrolyses the co-substrate
glutamine, via a y-glutamyl-S-cysteinyl enzyme inter-
mediate to release NH; for the amination sequence [76].

The glutamine binding site has been identified by using
reactive analogues of glutamine as affinity labels which
block the active site. An example is the inactivation of the
multifunctional anthranilate synthase from Neurospora
crassa that loses its glutamine-dependent anthranilate
synthase activity on exposure to azaserine (O-dia-
zoacetyl-L-serine) and DON (6-diazo-5-0x0-L-nor-
leucine). The inactivation depends on the presence of the

Table 6. Similarity (NAS) score for anthranilate synthase $-subunits [75]

Organism St S.m. V.p. P.a. Bl B.s. Pp. Pa A.c. Rm. S.c. N.c.
and gene trpG trpG phnB  1rpG trpG trpG trpG trpG trpG trpG trpG trpG
E. coli trp(G) 965 839 622 475 290 399 383 396 317 260 332 332
S. tym. trp(G) 834 627 470 290 384 363 381 302 265 330 322
S. mar. trpG 391 396 in 401 380 401 327 267 320 302
V. par trpG 415 347 369 367 379 362 347 342 296
P. aer. phnB 325 363 388 395 331 303 318 328
B. lac. trpG 225 270 316 278 206 265 281
B. sub. trpG 633 585 563 284 477 485
P. put. trpG 843 655 281 467 561
P. aer. trpG 649 297 472 500
A. cal. trpG 267 434 487
R. mel. trp(G) 305 25t
S. cer. trp(G) 654

Abbreviations: S.tym. and Salmonella typhimurium; S. mar. and S.m., Serratia marcescens; V. par and V.p., Vibrio parahaemolyticus;
P.aer and P.a., Pseudomonas aeruginosa; B. lac and B.l, Brevibacterium lactofermentum: B. sub. and B.s.. Bacillus subtilis; P. put. and
P.p.. Pseudomonas putida, A. cal. and A.c., Acinetobacter calcoaceticus; R. mel. and R.m., Rhizobium meliloti; S. cer. and S.c.,

Saccharomyces cerevisiae; N.c. Neurospora crassa.
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substrate chorismate, which is an essential cofactor for
the inactivation reaction, is enhanced by the cofactor
Mg?*, and is antagonized by glutamine. The ammo-
nia-dependent anthranilate synthase activity is lost but at a
slower rate, indicating that the maximum expression of
the ammonia-dependent domain also depends on the
interaction with an active glutamine amidotransferase
site [94].

The most likely intermediate in the conversion of chor-
ismate to anthranilate is an ‘amino’ analogue of iso-
chorismate: trans-6-amino-5-[(1-carboxyvinyl)-oxy]-1,3-
cyclohexadiene-1-carboxylate (Fig. 4). For the formation
of this intermediate, it has been proposed that there is
a formal syn-1,5 displacement of hydroxide by ammonia
[95]. In these magnesium dependent enzymes, the most
obvious role that Mg?* may play is to chelate to the
4-hydroxyl group of chorismate, making it a better leav-
ing group. The same mechanism is proposed for
isochorismate synthase [96], but in this case the magne-
sium ion is bound to the enzyme with at least one
ammonia molecule in its coordination sphere. The sub-
sequent aromatization, when pure enzyme was used, con-
sisted in a cis elimination/aromatization route (Fig. 4)
[97]. However other researchers found that during
aromatization of chorismate, the third methyl hydrogen
in pyruvate comes from a re-face addition of a proton
from the solvent [98].

The synthetic trans-aminoenolpyruvate is a chemically
and kinematically competent intermediate in the bio-
synthesis of anthranilate but to date has not been detec-
ted as an accumulating intermediate during enzymatic
processing. Both stepwise and concerted mechanisms are
possible.

Active sites
Several experiments have been done to identify the

active site on the anthranilate subunits. Different chem-
ical methods were used to probe residues essential for AS

a-subunit

Oy

Qinnne
=

a-subunit activity in Serratia marcescens [99]. For
example, phenylglyoxal and 1,2-cyclohexanedione modi-
fied between two and five arginine residues and inac-
tivated the subunit, but in the presence of chorismate, the
rate of inactivation was reduced. Analysis of the data
indicated that one arginine residue is essential for activ-
ity. The histidine residues were modified also with
ethoxyformic anhydride and by photooxidation, and the
enzyme was also inactivated, but the substrate prevented
the inactivation. The enzyme lost activity when one cys-
teine residue was alkylated and a tryptic peptide contain-
ing the essential cysteine residue has been isolated.

Bacillus caldotenax was similar to S. marcescens, in
that it showed that one arginine residue is crucial for AS
a-subunit activity. The identity of this residue was estab-
lished using site-directed mutagenesis and a comparative
survey of amino acid sequences disclosed that six ar-
ginine residues were conserved in seven AS x-subunits
from B. caldotenax, Bacillus subtilis, Clostridium ther-
mocellum, Thermus thermophilus, E. coli, Brevis lactofer-
mentum and Saccharomyces cerevisiae [100]. There was
no conserved cysteine, but two histidines are conserved
among AS of these microorganisms which suggest further
studies to examine the effect of substitution of these
histidine residues.

In the case of the AS f-subunit, the active site has been
studied in S. marcescens [57, 101] and Pseudomonas
putida [8]. The active site region for S. marcescens is
virtually identical to that of P. putida. An essential cys-
teine residue of the active site was alkylated selectively in
both microorganisms: in P. putida this active site residue
is 79, and in S. marcescens it is residue 83. This essential
residue is conserved in the AS f-subunits of E. coli, S.
typhimurium, S. dysenteriae, P. aeruginosa, Acinobacter
calcoaceticus. N. crassa and S. cerevisiae [71].

Later it was found that modification of a lysyl residue
associated with the active site with pyridoxal 5'-phos-
phate and NaCN in S. marcescens, reduces the reactivity
of the essential cysteinyl residue, resulting in the loss of

:BEnz

NH;*

Fig. 4. Cis elimination/aromatization route for the formation of anthranilate from chorismate.
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the amidotransferase activity. The rate of lysyl modifica-
tion is enhanced by chorismate, providing evidence for
the interaction of the cysteinyl and lysyl residues, and it
has been suggested that the lysy! residue functions as
a general acid-base to promote ionization of the cys-
teinyl residue [102]. The lysyl residue is conserved in all
the organisms noted above [71].

The active site for tryptophan feedback inhibition has
been studied in Brevibacterium lactofementum, where a 5-
fluorotryptophan-resistant mutant was isolated and the
mutation site was determined [85]. The mutant has an
altered AS which was fully active even in the presence of
10 mM tryptophan, while the activity of the wild type AS
under the same conditions was less than 1% in the
absence of tryptophan. One adenine to cytosine single-
base-pair substitution at codon Ser-38 (the Ser codon,
AGC, was changed to an Arg codon. CGC) was the cause
for the desensitization to feedback inhibition in the mu-
tant. It was found also that the particular amino acid
sequence from Leu-35 to Ser-38 (Leu-Leu-Glu-Ser), in
B. lactofermentum a-subunit was conserved in the corres-
ponding regions of E. coli [1], Salmonella typhimurium
[103], Haloferax volcanii [87] and B. subtilis [2], sugges-
ting that this particular amino acid region and Ser-38 are
essential for the allosteric regulation of AS. Substitution
of guanine to adenine in the attenuator region of the
gene, appeared to enhance expression of enzymes in the
tryptophan biosynthesis.

Another interesting study was done on a hybrid com-
plex containing one catalytically active, feedback-insensi-
tive to tryptophan and one catalytically inactive, feed-
back-sensitive mutant a-subunit from Salmonella ty-
phimurium. The binding of a single inhibitor molecule to
one of the two a-subunits, was sufficient for the propaga-
tion of a conformational change, which affected the ac-
tive site of the companion x-subunit with the consequent
reduction of AS activity [104].

UTILITY OF BIFUNCTIONAL ENZYMES FOR THE
CLASSIFICATION OF BACTERIA

Since bifunctional proteins are the result of relatively
infrequent genetic events that are faithfully conserved,
they are reliable markers to define phylogenetic clusters
[105]. The bifunctional enzyme anthranilate synthase—
anthranilate phosphoribosyl transferase is present in the
lineage shared by the genera Escherichia, Salmonella,
Citrobacter, Klebsiella and Enterobacter, but is absent in
other enteric bacteria from the genera Erwinia, Serratia,
Proteus, Morganella and Hafnia [18. 106, 107]. The pres-
ence or absence of this enzyme has been used to separate
two enteric clusters and it has been used to postulate that
aerogenic and anaerogenic strains of Enterobacter ag-
glomerans belong to different groups [108]. The strains
assigned to E. agglomerans have been isolated mainly
from plants, soil, foodstuffs, and human and animal sour-
ces [109], but it was proposed that the strains isolated
from clinical sources be designated E. agglomerans, be-
cause of the conformity with the genus Enterobacter, and

those isolated from plant lesions and surfaces be placed
in the genus Erwinia [110]. It is difficult to distinguish
strains from different sources due to the diversity in this
group of organisms, that is why it has been suggested that
the strains can be grouped with the genus Erwinia or
Enterbacter depending upon whether bifunctional
AS:PRT is absent or present [108]. For example, En-
terobacter agglomerans ATCC 29915 (aerogenic) pos-
sesses the bifunctional enzyme, whereas E. agglomerans
ATCC 27155 (anaerogenic) and Erwinia herbicola 332437
lack AS:PRT. It was shown that the last two types of
strains belong to the same genomic species [111] and
together with the fact of the absence of the bifunctional
enzyme, the exclusion of the E. agglomerans from the
genus Enterobacter has been suggested [108].

SUMMARY

A number of interesting areas require further resolu-
tion. Plants in particular have not been investigated as
extensively as microorganisms for anthranilate synthase.
Nonetheless, important similarities have been found be-
tween AS in microorganisms and in plants and this holds
true for all the enzymes of the chorismate pathways to
aromatic amino acids suggesting that these pathways
evolved once, thereby connecting yeasts with other fungi,
prokaryotes and with plants.

Plants, unlike microorganisms, appear to contain
isoenzymes and these are known to be spatially organ-
ized and may as a result have more specialized roles (56).
For example, genes 4541 and ASA2 encoding the AS
2 subunit in Arabidopsis both have putative chloroplast
transit peptides at their amino acid terminal end and
conserved amino acids involved in feedback inhibition by
tryptophan. The cDNAs of the genes for the ASA1 and
ASA2 x subunits of Arabidopsis complement those for AS
in yeast and E. coli confirming that both genes in Ara-
bidopsis encode for functional AS protein. Distribution of
the mRNAs for ASA1 and ASA2 in various parts of
Arabidopsis are overlapping but not identical and ASA1
mRNA is a lot more abundant in whole plants whereas
ASA2 is only expressed at a constitutive basal level.
ASA1 is induced by wounding and bacterial infiltration
suggesting a novel role in defense systems. In plants
therefore it would appear that there is differential expres-
ston of duplicated genes, and hence regulation of key
steps in aromatic acid biosynthesis appears to involve
differential expression of duplicated genes (10, 11).

Another area which is still evolving is the investigation
of the regulation of genes. The control of the genes of
aromatic amino acid {tryptophan) biosynthesis has been
investigated in yeast as a model system [73]. Studies of
this pathway have led to some understanding of
gene-enzyme relationships, promoters, protein-DNA in-
teractions and translational control, enzyme structure
and catalysis, protein—protein interaction and control of
flow through the pathway. It has already been shown
that whilst there are striking differences among various
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species in the genetic organization of such activities that
catalyse the reactions and their regulation, there are also
many similarities.

In yeast, aromatic biosynthesis is controlled by regula-
tion of enzyme synthesis by (i) the regulation of gene
expression and (ii) by regulation of the enzyme activities
that control the carbon flow. In the case of tryptophan
this product controls the flow through the system by
a feedback mechanism which moderates AS activity. In
general, yeast organization and regulation of genes differs
somewhat from prokaryotes but they have many features
in common with eukaryotes. For example, the regulatory
proteins GCN4 and PHO?2 share similarities to other
eukaryotic transcriptional factors and it seems likely that
many components of the transcriptional machinery are
interchangeable but many basal transcriptional factors
remain to be identified and many aspects of the regula-
tors of the regulators are completely unknown. There is,
therefore, more information required on the transcrip-
tional regulatory network if this is to be fully understood
in both microorganisms and plants.
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