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In Acinetobacter calcoaceticus the seven genes coding for the enzymes respon-

sible for tryptophan synthesis map at three chromosomal locations. Two three-
gene clusters, one (trpGDC) specifying the small subunit of anthranilate syn-

thase, phosphoribosyl transferase, and indoleglycerol phosphate synthase and
the other (trpFBA) specifying phosphoribosyl anthranilate isomerase and both
tryptophan synthase subunits, are not linked to each other or to the trpE gene

specifying the large anthranilate synthase subunit. When regulation of trp gene
expression is studied in the wild type, only the level of the trpF gene product
decreases upon addition of tryptophan to the medium. Tryptophan starvation of
tryptophan auxotrophs, however, results in increased levels of all the trypto-
phan enzymes; this and additional evidence suggests that the expression of all
the trp genes is subject to repression. The trpGDC genes are coordinately
controlled, and the trpE gene is regulated in parallel with them. The trpFBA
genes are controlled neither coordinately nor in parallel with the other trp
genes, but respond proportionally when compared with each other. So far, two
types of constitutive mutar4s have been found. The first class of mutants
apparently occurs in the structural gene for a repressor protein; this repressor
locus is unlinked to any of the biosynthetic trp genes and affects only the
expression of trpE and the trpGDC cluster. The second class contains mutants
closely linked to the trpGDC region; they overproduce only the gene products of
this cluster.

The gene-enzyme relationships in the trypto-
phan pathway ofAcinetobacter calcoaceticus, a

gram-negative, oxidase-negative soil bacterium
(4), are shown in Fig. 1. The genes for the
seven polypeptides catalyzing these reactions
are found at three locations, unlinked by trans-
formation (37). Anthranilate synthase (EC
4.1.3.27; AS) is a multimer made up of two dis-
similar subunits specified by the trpE gene
and the trpG gene. Phosphoribosyltransferase
(EC 2.4.2.18; PRT) is the gene product of the
trpD locus; this enzyme does not aggregate with
AS. Phosphoribosyl anthranilate isomerase
(PRAI) and indoleglycerol phosphate synthase
(EC 4.1.1.48; InGPS) are two separate polypep-
tides, their respective genes, trpF and trpC,
being part of different gene clusters. Two
classes of mutants deficient in tryptophan syn-
thase (EC 4.2.1.20; TS) have been isolated, sug-
gesting that, as in other bacteria, this enzyme
is composed of a and (8 polypeptide chains.
Recently, the trp gene disposition in the closely
related oxidase-positive organism, Moraxella
osloehsis, has been reported to resemble that in

' Present address: Department of Biophysical Chem-
istry, Biozentrum der Universitat, 4056, Basel, Switzer-
land.

A. calcoaceticus (P. Buckingham and E. Juni,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1975,
Kll, p. 148), but this particular chromosomal
distribution of the trp genes has not been ob-
served in any other major bacterial group (5).
A. calcoaceticus trpG mutants require both

tryptophan and p-aminobenzoic acid for
growth. Apparently, the G subunit of AS has a
dual function, its activity being required for
both tryptophan and folate synthesis. A similar
situation occurs in Bacillus subtilis (21). A.
calcoaceticus AS (38), like that of all other or-
ganisms studied, catalyzes both an amidotrans-
ferase reaction converting glutamine and chor-
ismic acid to anthranilic acid and an amino-
transferase reaction producing anthranilic acid
from chorismic acid and ammonia. The EG
complex and the E subunit are both subject to
feedback inhibition by L-tryptophan (38, 44).

In view of the unusual diversity of regulatory
mechanisms for the three trp gene clusters in
Pseudomonas (4, 6, 29, 34), it was of interest to
know how Acinetobacter regulates its trp
genes. Published results ofTwarog and Liggins
(44) suggested that AS is the only enzyme of.
this pathway that is regulated in A. calcoaceti-
cus. Subsequent demonstration that AS con-
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FIG. 1. Gene-enzyme relationships in the tryptophan pathway of A. calcoaceticus. Enzymes: (1) AS; (2)
PRT; (3) PRAI; (4) InGPS; (5) TS-A; (6) TS-B. The genes of the trp(GDC) cluster and the trp(FBA) cluster
are represented in the most probable order. Abbreviations used: Gln, glutamine; Glu, glutamate; Pyr,
pyruvate; PRPP, 1-phosphoribosyl-5-pyrophosphate; PP, inorganic pyrophosphate; PRA, N'-5-phosphoribo-
sylanthranilate; CdRP, 1-(o-carboxyphenylamino)-1-deoxyribulose-5-phosphate; InGP, indole-3-glycerol
phosphate; G3P, glyceraldehyde-3-phosphate; Ser, L-serine.

sists of two polypeptides controlled by unlinked
genes (37, 38) made it of interest to know
whether both subunits are regulated in unison
or whether trpG, in view of its dual usage, is
normally either produced in excess or regulated
multivalently by tryptophan and folate. There-
fore, the regulation of the trp enzymes was
reinvestigated. In contrast to the findings of
Twarog and Liggins (44), we find that all the
trp genes respond to nutritional perturbations.
The regulatory pattern observed for this orga-
nism differs from that of other bacteria.

MATERIALS ANI) METHODS
Bacterial strains. All strains used in this study

are derivatives of A. calcoaceticus BD413 (20), a
microencapsulated prototroph. The sources or deri-
vations of these strains are listed in Table 1. Stock
cultures were kept frozen in 30% glycerol at -20 C.

Isolation of mutants. Auxotrophic mutations
were induced with N-methyl-N'-nitro-N-nitroso-
guanidine (NTG) as described previously (37). trpO2
mutants were obtained after localized mutagenesis
essentially as described by others (12, 33). Strainglt-
43 (the glt-43 marker is closely linked to the
trpGDC cluster) was grown at 30 C with shaking in
10 ml of L-broth (23) to the early exponential growth
phase. Cells were suspended in 3 ml of 0.1 M sodium
citrate buffer, pH 5.0, containing NTG at a concen-
tration of 1 mg/ml. Exposure to the mutagen was for
90 s. The cells were washed three times with cold
citrate buffer before growth was continued for 4 h in
prewarmed L-broth. The culture was washed and
incubated overnight in minimal medium E (45) con-

taining 0.4% L-malate. Appropriate dilutions were
spread on plates containing 5-methylindole (130 Ag/
ml; 5MI) and anthranilate (10 Ag/ml). Colonies re-
sistant to 5MI were further characterized. trpR mu-
tants were isolated as spontaneous mutants able to
grow in the presence of 5-fluorotryptophan (100 or
200 ,ug/ml; 5FT) and shikimate (10 ,g/ml).
DNA purification. Deoxyribonucleic acid (DNA)

was prepared according to Sawula and Crawford
(37). When a more highly purified preparation was
desired, the following procedure (modified from ref-
erence 28) was used. A 200-ml overnight culture
grown in minimal medium with the necessary
growth supplements was centrifuged, and the cells
were suspended in 7.5 ml of saline-ethylenediamine-
tetraacetic acid (28). Sodium dodecyl sulfate was
added in 0.08 ml to a final concentration of 0.25%,
and the cells were lysed by incubation for 30 min at
37 C. The lysate was mixed with 5 ml of 5 M sodium
perchlorate and immediately shaken for 30 min with
18 ml of a mixture of chloroform-isoamyl alcohol
(24:1). The emulsion was centrifuged to separate the
layers. The aqueous layer was transferred to a
beaker in which the nucleic acids were precipitated
with 2 volumes of 95% ethanol and then dissolved in
2 ml of 0.15 M NaCl and 0.015 M sodium citrate
(SSC), pH 7.0. After digestion with ribonuclease (50
tg/ml) for 30 min at 37 C, 2 ml of phenol, saturated

with 0.01 M tris(hydroxymethyl)aminomethane-hy-
drochloride buffer, pH 7.5, was added and the mix-
ture was shaken. The emulsion was centrifuged,
and the aqueous layer was saved and dialyzed over-
night against SSC before the ethanol precipitation
was repeated. The DNA was dissolved in 2 ml ofSSC
and heated for 10 min at 55 C. The sterility of the
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TABLE 1. Derivation and properties ofA. calcoaceticus strains used

Genotypea
BD413
glt43
trpE27
trpG35
trpD42
trpC32
trpC41
trpF20
trpBl8
trpA23
trpE27trpB62his47
trpE27trpA23
trpBl8aro-1
trpE27L-2
trpG35L4
trpA23L-5
trpE27L-2aro-21
trpO2-18
trpR39
trpO2-18trpRl8
trpRl8

Phenotypeb
Prototroph, wild type
Glutamine requiring
(ASN-, ASG-)
ASG-
PRT-
InGPS-
InGPS bradytroph
PRAI-
TS-AB-
TS-A-
(ASN-, ASG-), TS-AB-, His-
(ASN-, ASG-), TS-A-
TS-AB-, Aro-
(ASN, ASG) bradytroph
ASG bradytroph
TS-A bradytroph
(ASN, ASG) bradytroph, Aro-
5MIr
5FTr
5FTr
5FTr

Derivation or reference

Juni and Janik (20)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
Sawula and Crawford (37)
trpE27, NTG mutagenized
trpA23 DNA x trpE27trpB62his47
trpB18, NTG mutagenized
trpE27, NTG mutagenized
trpG35, NTG mutagenized
trpA23, NTG mutagenized
trpE27L-2, NTG mutagenized
glt-43, NTG mutagenized
Spontaneous, BD413 on 5FT
Spontaneous, trpO,-18 on 5FT
trpO2-18trpRl8 DNA x BD413 on 5FT

a Nonstandard genotype symbols: trpE27L-2, trpG35L-4, and trpA23L-5, bradytrophic (leaky) derivatives
of trpE27, trpG35, and trpA23; trpO.-18, operator-constitutive mutation for the trpGDC cluster.
bNonstandard phenotype symbols: ASN-, lacking the AS aminotransferase activity; ASG , lacking the

AS amidotransferase activity; TS-AB-, lacking both TS half-reactions; TS-A-, lacking the first TS half-
reaction; 5MIr, 5-methylindole resistant; 5F'P, 5-fluorotryptophan resistant.

DNA solution was tested by spreading 0.1 ml on an
L-agar plate and incubating for 48 h.

Transformation. Cells were brought to compe-
tence and transformations were performed by the
"plate method" as previously described (37). For
linkage determinations, 0.1 ml of a suspension of
competent cells in minimal medium was incubated
with 0.1 ml of an appropriate dilution of purified
DNA for 1 h at 30 C. To prevent further transforma-
tion, deoxyribonuclease I was added (final concen-
tration, 200 ,ug/ml), and incubation was continued
for another 30 min before spreading 0.05-ml aliquots
on agar plates. trpR- colonies were identified by
growth on minimal plates containing 5FT (200 ,tg/
ml) and shikimate (10 ,ug/ml) and by indole-3-glyc-
erol accumulation. trpO2- colonies were identified
by growth on minimal plates containing 5MI (130
jtg/ml) and anthranilate (10 ,ug/ml).
Crude extracts. Unless otherwise mentioned, all

strains were grown in minimal medium E (44) with
0.4% L-malate and supplements as required. In some
instances, a medium containing one-half the con-
centration of the salts of S-2 medium (30) with 0.2%
L-malate and 0.2% L-malic acid was used. Cells were
grown at 30 C with shaking, harvested by centrifu-
gation, washed with 0.1 M potassium phosphate
buffer, pH 7.0, and resuspended in the same buffer
containing 2 mM MgCl2, 0.1 mM B3-mercaptoetha-
nol, and pyridoxal-5'-phosphate (8 zg/ml). Cells
were disrupted by sonication, and cell debris was
removed by centrifugation at 39,000 x g for 30 min.
Equal parts of the supernatant were dialyzed over-
night against the buffer used for sonication, with or
without the addition of 30% (vol/vol) glycerol. Glyc-

erol is important for stabilization of AS (38) and
PRT, whereas pyridoxal-5'-phosphate helps to
maintain TS-B activity.
Enzyme assays. Both the amidotransferase

(ASG) and aminotransferase (ASN) activities of AS
were determined as described (38), with the spectro-
fluorimeter adjusted so that 5 nmol of anthranilate
gave a full-scale deflection. To estimate the amount
ofG subunit, ASG activity was determined after 150
s at room temperature in the presence of a threefold
excess of added E subunits. PRT was assayed by a
published method (17), but the reaction was carried
out in a volume of 1 ml. PRAI was determined as
described (6). InGPS was assayed by the method of
Smith and Yanofsky (41), modified by using 40 mM
potassium phosphate, pH 8.0, as buffer. The TS
reactions were assayed according to Smith and Yan-
ofsky (41), the first half-reaction (TS-A) with the
addition to the reaction mixture of 2 M salt-free
NH2OH (8) and the second half-reaction (TS-B) by
substituting 0.1 M potassium phosphate, pH 8.0, for
the NaCl-supplemented tris(hydroxymethyl)ami-
nomethane buffer used for Escherichia coli. One
unit of activity in these assays is the disappearance
of 1 nmol of substrate or the appearance of 1 nmol of
product/min at 37 C. Specific activity is defined as
units per milligram of protein, assayed by the
method of Lowry et al. (25).

Preparation of free G and E subunits by column
chromatography. Operations were performed at 0 to
4 C. A crude extract of mutant trpR39 containing
30%o (vol/vol) glycerol was concentrated by the addi-
tion of 4.72 g of ammonium sulfate per 10 ml of
extract. The precipitate was suspended in 0.1 M
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potassium phosphate buffer (pH 7.5) containing 10%
(vol/vol) glycerol, 2 mM MgCl2, 0.1 mM ethylenedia-
minetetraacetic acid, and 10mM ,8-mercaptoethanol
and then dialyzed overnight against the same
buffer. The preparation was equilibrated for 4 h in
this buffer containing 0.5 M KCl (elution buffer)
before it was applied to a Sephadex G-100 column.
Fractions containing only G subunits were pooled
and concentrated by the addition of 4.72 g of ammo-
nium sulfate per 10 ml of extract and then dialyzed
against 0.1 M potassium phosphate buffer (pH 7.0)
containing 2 mM MgCl2, 0.1 mM ethylenediamine-
tetraacetic acid, 10mM ,8-mercaptoethanol, and 30%
(vol/vol) glycerol. For complete separation of E sub-
units from traces ofG subunits, the gel filtration on
Sephadex G-100 was repeated. Fractions containing
only E subunit were pooled and concentrated as
described for free G subunit.

Derepression experiments. Five liters of strain
trpA23L-5 in minimal-L-malate medium supple-
mented with 20 Ag of L-tryptophan per ml was har-
vested in the mid-exponential growth phase, washed
with cold minimal medium, and resuspended in 10
liters of prewarmed minimal medium containing
0.4% L-malate but lacking tryptophan. After 30 min,
successive flasks containing 1 liter of culture were
removed at intervals for 5 h, 100 mg ofchloramphen-
icol was added, and the culture was chilled in an ice-
water bath for 5 min before the cells were centri-
fuged and washed in 0.1 M potassium phosphate, pH
7.0. Crude extracts were then prepared as usual.

Chemicals. 3-f3-Indoleacrylic acid, 2MI, 3MI,
5MI, 7MI, 5-fluoroindole, DL-4-fluorotryptophan,
5FT, and DL-5-methyltryptophan (5MT) were pur-
chased from Sigma Chemical Co. DL-5-Hydroxytryp-
tophan was obtained from Nutritional Biochemicals
Corp. K & K Laboratories was the source of 3-
methylanthranilic acid (3MA) and 5-methylan-
thranilic acid (5MA). Chorismic acid (10), 1-(o-car-
boxyphenylamino)1 - deoxyribulose - 5 - phosphate-

(CdRP; 41), and InGP (46) were prepared as de-
scribed.

RESULTS
Enzyme levels in wild type and in trp auxo-

trophs. Wild-type A. calcoaceticus BD413 and
seven tryptophan auxotrophs were examined
for their regulatory response to exogenously
supplied L-tryptophan. Table 2 presents the re-
sults of enzymatic analyses of dialyzed extracts
of these strains after growth in limiting and
excess tryptophan. For simplicit, all activities
are normalized to that of wild-te cells grown
on excess tryptophan, shown in thb first line. In
the wild type, only PRAI activity varies signifi-
cantly in response to exogenous tryptophan.
The mutants each lack one enzymatic activity,
except for trpBl8, which lacks both theA and B
activities of TS. In preliminary experiments,
when these mutants were directly starved for
tryptophan, i.e., when cultures were given 2 ug
of L-tryptophan per ml and harvested 2 h after
growth ceased, only small increases in PRT,
InGPS, and PRAI were found, and ASG, ASN,
TS-B and TS-A levels remain unchanged (data
not shown). The somewhat better derepression
results recorded in Table 2 were obtained after
the auxotrophs had been subjected to several
sequential episodes of tryptophan limitation.
This was achieved by cultivating in limiting
tryptophan (initial concentration, 1.5 ,ug/ml)
until the growth rate declined in comparison
v, ith a control culture containing excess trypto-
phan. Growth was then periodically reinitiated
during the next several hours by adding small
amounts (up to a total of 0.5 ug/ml) of L-trypto-

TABLE 2. Tryptophan enzyme levels in various A. calcoaceticus strains

Strain L-Tryptophan (g/ Sp act (nmol/min per mg)ml) ASN ASG PRT InGPS PRAI TS-B TS-A
BD413 50 2.1 2.6 0.9 5.0 3.7 2.6 2.3
BD413 50 1.1' 1.0 1.0 1.0 1.0 1.0 1.0

0 1.1 1.0 0.8 0.9 1.8 1.0 1.0
trpE27 50 0.0 0.6b 1.0 1.3 1.0 0.7 1.7

2 0.0 1.2b 3.5 3.3 2.2 1.1 2.5
trpG35 50 0.4 0.0 1.3 1.4 1.1 0.8 1.8

2 0.5 0.0 4.2 2.7 2.4 1.2 2.2
trpD42 50 0.5 0.7 0.0 1.4 1.1 0.7 1.7

2 0.7 1.3 0.0 2.8 2.9 1.1 2.0
trpC32 50 0.4 0.7 1.0 0.0 1.4 0.8 1.3

2 0.6 1.1 3.5 0.0 4.0 1.4 2.8
trpF20 50 0.5 0.8 0.9 1.3 0.0 0.6 0.9

2 1.0 1.6 4.2 3.2 0.0 1.3 1.4
trpBl8 50 0.6 0.8 0.8 1.3 0.9 0.0 0.0

2 1.0 1.5 3.7 4.2 4.3 0.0 0.0
trpA23 50 0.6 0.9 0.8 1.6 0.8 0.8 0.0

2 1.0 1.2 3.9 6.0 3.7 1.4 0.0
a Specific activity normalized to BD413 grown in the presence of 50 ,ug of L-tryptophan per ml.
b Specific ASG activity, assayed in the presence ofadded active E subunit (see Materials and Methods).
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phan at frequent intervals. Under these cir-
cumstances all enzyme levels increased in re-
sponse to tryptophan deprivation, but to differ-
ing degrees. The increases found ranged from
less than two- to fourfold more than the levels
found in control cultures with 50 jig of Ltrypto-
phan per ml. We conclude that regulation oftrp
gene expression in this organism is rather slug-
gish, that several consecutive periods of starva-
tion are better than a single one in revealing it,
and that wild-type cells maintain an internal
tryptophan concentration sufficient to keep all
the enzymes except PRAI at their lowest levels.
Enzyme levels in bradytrophic mutants. We

next examined several leaky mutants grown
under conditions of tryptophan semistarvation,
where cells were harvested several hours after
the exogenously supplied tryptophan (2 ,ug/ml)
had disappeared from the medium and the
growth rate had slowed. Strains trpE27L-2,
trpG35L-4, and trpA23L-5 are bradytrophic re-
vertants of trpE27, trpG35, and trpA23, re-
spectively, whereas trpC41 was leaky as origi-
nally isolated. The reversion event leading to
strains trpE37L-2, trpG35L-4, and trpA231-5
occurred in the same region as the original
mutation, as determined by co-transformation.
In Table 3 the influence of tryptophan excess

and deprivation on these bradytrophic mutants
is presented. The increase over the basal level
for ASN, ASG, PRT, and InGPS ranges from
6.5- to 16-fold and for PRAI up to 6-fold,
whereas TS-A and TS-B activities are aug-
mented only 2- to 3-fold. Thus, derepression
occurs to some extent for all seven polypeptides.
The response of the trpE gene and the trpGDC
cluster seems significantly greater than that of
the trpFAB cluster; note that in strain
trpG35L-4, in contrast to mutant trpG35, the
ASN activity catalyzed by the trpE gene prod-
uct responds to tryptophan scarcity.

In the trpFAB cluster, it is clear that the
synthesis of the trpF gene product can be dere-

pressed to a greater extent than the synthesis of
the two TS subunits. It seems unlikely that a
metabolic intermediate of the tryptophan path-
way between anthranilate and indole induces
the formation of any of the enzymes, for mu-
tants lacking many different enzymatic activi-
ties respond similarly to tryptophan limitation.

Derepression kinetics of trpA23L-50.
trpA23L-5 was grown in excess tryptophan and
then resuspended in medium lacking it. Sam-
ples were removed at intervals for 5.5 h. The
specific activity of each enzyme was plotted
against that of the G subunit ofAS according to
the method of Ames and Garry (1) (Fig. 2).
From the straight lines obtained, G subunit,
PRT, and InGPS formation appear to be co-
ordinately controlled. The ratio of ASN to G
activity also remains constant, but the fact that
G activity is invariably higher than ASG ac-
tivity shows that excess G subunits occur in the
cell. Since the E and G subunits are not found
in equimolar amounts, they appear to be con-
trolled in parallel. PRAI and TS-B are con-
trolled neither coordinately nor in parallel with
the G subunit. When PRAI activity is plotted
against TS-B activity, a straight line is ob-
tained that fails to pass through the origin
(suggesting a higher constitutive basal level of
TS-B). When we take into consideration that
the total increase found for TS-B activity is less
than twofold and that there is some error in
each enzyme assay, however, it seems unwise
to form conclusions about PRAI and TS regula-
tion without the benefit of regulatory mutants
specific for the trpFBA cluster.

Selective conditions involving tryptophan
analogues. To search for regulatory mutations,
various analogues of tryptophan and its path-
way intermediates were examined for growth-
inhibitory effects upon wild-type A. calcoaceti-
cus (Table 4). Except for DL-5-hydroxytrypto-
phan, 2MI, and 3-(8-indoleacrylic acid, all in-
dole and tryptophan analogues tried are potent

TABLE 3. Tryptophan enzyme levels of bradytrophic A. calcoaceticus strains

Strain L-Tryptophan Sp act(Ag/ml) ASN ASG PRT InGPS PRAI TS-B TS-A
trpE27L-2 50 <0.01 <0.01 1.0 0.8 0.8 0.7 ND

2 <0.03 <0.06 7.0 6.4 2.3 1.1 ND
trpG35L-4 50 0.4 <0.01 1.1 1.2 0.6 0.6 0.6

2 2.9 <0.01 10.8 7.8 2.5 1.0 0.9
trpC41 50 0.7 1.1 1.0 <0.01 2.0 0.7 0.5

2 4.1 6.5 14.8 <0.01 4.9 1.5 0.9
trpA23L-5 50 0.6 0.8 1.2 1.1 1.0 1.4 <0.02

2 3.9 6.7 16.4 9.0 5.8 3.0 <0.05

a Specific activity normalized to BD413 grown in the presence of 50 ,ug of L-tryptophan per ml (values are
given in Table 2). ND, Not determined.
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inhibitors. When wild-type cells are spread on
minimal agar and crystals of 7MI, 5MI, or 5-
fluoroindole are placed in the center of the
plates, the colonies at the periphery of the zone
of inhibition turn blue. This blue pigment,
which is also observed when growth occurs in
the presence of excess indole, is insoluble in
water and is likely to be indigo, known to be
formed from indole by certain pseudomonads
(11). At extremely high concentrations of indole
(300 ,ug/ml), growth of the wild type is in-
hibited. This indole toxicity affects trpB mu-
tants also; no growth occurs on plates contain-
ing 300 ,ug of indole and 10 ,Ag of tryptophan per
ml. Therefore, high concentrations of indole
analogues might cause growth inhibition in
several ways.
At concentrations of 300 ug/ml, 5MA and

3MA exert only moderate growth inhibition,
but in the presence of these compounds a pur-
ple, diffusable pigment is excreted. At 42 C,
less pigment is fonned and growth inhibition is
more marked. In the presence of citrate, an-
thranilate can be used as a second carbon

TABLE 4. Growth response ofA. calcoaceticus to
various analogues

Minimal
Growth in- concflC in-Analogue hibition" hibiting

growth
(hg/ml)

3-Methylanthranilic acid + (P) >300
5-Methylanthranilic acid + (P) >300
2-Methylindole 0 ND
3-Methylindole + >200
5-Methylindole + (B) 100
7-Methylindole + (B) ND
5-Fluoroindole + (B) 100
3-,8-Indoleacrylic acid (±+ ) ND
DL-5-Methyltryptophan + 50
DL-4-Fluorotryptophan + 50
DL-5-Fluorotryptophan + 50
DL-5-Hydroxytryptophan 0 ND

a An inoculum of 0.1 ml ofan overnight culture of
BD413 grown on minimal medium was spread on
minimal agar, and the plate was allowed to dry
before crystals of analogues were placed in the cen-
ter. Absence of growth in zones around the crystals
after 48 h indicated growth inhibition (+). Abbrevi-
ations: (P), a purple pigment is excreted by cells
growing at the periphery of the inhibition zone; (B),
cells growing at the periphery of the inhibition zone
turn blue.

b A similar inoculum of BD413 was spread on
minimal plates containing analogues at various con-
centrations (50, 100, 150, 200, and 300 ,ug/ml for all
analogues with the exception of 3-methylindole,
which was supplied at 200 zg/ml as its lowest con-
centration). Concentrations listed inhibited growth
for at least 48 h. ND, Not determined.

source. This implies a degradative pathway for
anthranilate and its analogues, which could at
least partially account for the relatively weak
inhibitory effect.
Growth properties of trpR mutants. trpR-

mutants of A. calcoaceticus were isolated by
selecting for resistant variants on plates con-
taining both 5FT and shikimic acid. Shikimic
acid and, to a somewhat lesser extent, anthra-
nilic acid were found to stimulate the growth of
trpR- strains on media containing either 5FT
or 5MI (Table 5). (On 5MI-supplemented plates
blue colonies are formed.) Growth inhibition by
5M! at concentrations of 130 ,ug/ml is probably
due to its conversion to 5MT. In the presence of
4-fluorotryptophan, all trpR- strains failed to
grow, suggesting different modes of action for
tryptophan analogues substituted in the 4- and
5-positions. trpR - strains are more sensitive
than wild type to inhibition by 5MA and ex-
crete less of the purple pigment. When grown
on minimal medium, trpR- mutants accumu-
late indole-3-glycerol in the medium. For fur-
ther characterization ofthe trpR - mutant class,
experiments were done with a representative
strain, trpR39.
Tryptophan synthetic enzymes in trpR39.

Mutant trpR39 shows derepressed levels of
ASN, ASG, PRT, and InGPS, whether grown
in the absence or presence of exogenous trypto-
phan (Table 6). These increased specific activi-
ties are comparable to those found in leaky
mutants grown under tryptophan limitation. In
contrast, the production of PRAI and TS is not
influenced by this mutation. As in the wild
type, PRAI formation can be repressed by exog-
enous tryptophan. This indicates that trypto-
phan uptake is not greatly diminished by the
trpR39 mutation.

Genetic studies with trpR39. The trpR39
mutation affects the expression of the trpE, -G,
-D, and -C genes. These genes map at two
chromosomal locations. Reversion and transfor-
mation experiments were performed to be cer-
tain that strain trpR39 is the result of a single
mutational event. Wild type can be trans-
formed with trpR39 DNA to 5FT resistance at
frequencies within the range found for single-
marker transfer. The 5FT-resistant progeny ac-
cumulate indole-3-glycerol when grown on min-
imal medium and acquire, along with resist-
ance to 5MI and 5MT, an increased sensitivity
to 5MA. Table 7 presents results observed with
one of our transformants. Transformant
trpR39Tl is constitutively derepressed for the
trpE, -G, -D, and -C gene products. Thus, by
transfer of a single marker, a genotype with
altered expression of both the trpE and the
trpGDC clusters was obtained.
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TABLE 5. Growth of analogue-resistant regulatory mutants ofA. calcoaceticus

Growtha on minimal medium supplemented with (,uglml):b

5FT+ 5FT+ Accumu-Strain _ 5MT 5 FT SA AA 4Ff 5MI 5MI+SA 5MI+AA lationr
(100) (200) (200 + (200 + (100) (130) (130 + 10) (130 + 10) 5MA (300) t

1 10) 10)
BD413 ++++ 0 0 0 0 0 0 0 0 +++(P) 0
trpR39 ++++ + + +++ ++ tr" tr ++(B) ++(B) +(P) InG
trpR18 ++++ ++ + +++ +++ 0Y' 0 +++(B) ++(B) +(P) InG
trpO2-18 ++++ 0 0 0 0 0 + (W) + + (W) + + + (W) + (P) 0
trpO2-18trpRl8 ++++ ++ + +++ +++ 0" +(W) +++(W) +++(W) +(P) GIn

a Graded + to + + + + by colony size after 48 h at 30 C; tr, trace; (B), colonies turn blue; (W), colonies stay
white; (P), purple pigment excreted by colonies.

b Abbreviations for medium additions: 5MT, DL-5-methyltryptophan; 5FT, DL-5-fluorotryptophan; 4FT, DL-
4-fluorotryptophan; 5MI, 5-methylindole; 5MA, 5-mnethylanthranilic acid; SA, shikimic acid; AA, anthra-
nilic acid.

('Accumulation tests for anthranilic acid, 1-(o-carboxyphenylamino)-1-deoxyribulose, indole-3-glycerol
(InG), and indole were performed as previously described (37). Cultures were grown in minimal medium for
18 h at 30 C.

" Growth was not enhanced by the addition of shikimate (10 ,ug/ml) or anthranilate (10 ,ug/ml) to the
medium.

TABLE 6. Enzymatic survey of analogue-resistant mutants ofA. calcoaceticus

L-Trypto- Sp act (nmol/min per mg)
Strain phan (,ug/

ml) ASN ASG G activitya PRT InGPS PRAI TS-B TS-A
BD413 50 1.5 2.1 2.6 0.9 4.6 3.9 2.5 3.3
BD413 50 1.0b 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0 1.0 0.9 1.1 1.2 1.1 2.1 0.9 1.0
trpR39 50 4.7 7.5 ND 11.8 6.1 1.9 0.8 0.7

0 5.3 6.8 ND 10.3 5.7 3.1 0.9 0.8
trPO2-18 50 0.6 1.2 3.1 3.0 3.0 1.0 0.7 1.0

0 0.8 1.0 3.0 3.0 2.9 2.2 0.4 0.8
trpRl8 50 3.6 5.5 5.7 12.9 7.0 1.3 1.0 0.7

0 4.4 6.1 6.3 13.5 7.2 1.8 1.0 0.8
trpR18trpO2-18 50 3.5 6.2 13.9 17.3 12.9 1.3 1.2 0.9

0 3.4 6.8 14.6 19.8 13.0 2.1 1.4 1.1

a G activity is the ASG activity assayed in the presence of the threefold excess of free E subunit. ND, Not
determined.

b Specific activity normalized to BD413 grown in the presence of 50 ,ug of L-tryptophan per ml.

Growth of mutant trpR39 is inhibited by
5MA for at least 72 h at 42 C (Table 7). There-
fore, the few colonies appearing after 24 h on
5MA plates were presumed to be revertants of
trpR39 to wild type. Ten such colonies were
further characterized. None of them grew on
5FT or excreted indole-3-glycerol. Enzyme lev-
els found with the revertants trpR39R-3 and
trpR39R-4 are presented in Table 7. Both
strains show levels of ASN, ASG, PRT, and
InGPS comparable to those found in wild type
but different from trpR39. Therefore, it ap-
pears that trpR39 reverts in a single step and is
not a deletion. The reversion frequency is en-
hanced by NTG but not by ICR-191. This im-
plies that trpR39 is a point mutation. Using
DNA from trpR39, no co-transformation was
obtained with any of five tryptophan auxo-

trophic markers, trpE27, trpG35, trpD42,
trpB18, and trpA23 (100 colonies were tested in
each case). Since the trpR39 marker is not
linked to the trpE, -G, -D, -B, or -A genes,
there is no linkage to any of the three trp gene
clusters.

Isolation of trpO, mutants. The results pre-
sented so far suggest the hypothesis that the
trpGDC cluster constitutes a single regulatory
unit, i.e., an operon. Further support for this
hypothesis could be obtained from mutations in
an operator region, which we will designate
trpO,; these mutations should be linked to the
trpGDC cluster and overproduce only the gene
products of this cluster. NTG is known to in-
duce closely spaced mutations (12, 33). We at-
tempted to mutagenize this operator region by
selecting NTG-induced revertants ofglt-43, for
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TABLE 7. Properties of derivatives of strain trpR39

Growth on Enzyme levele'
InG excre-Strain (30C)(425M5MAb 5FT( tion ASN ASG PRT InGPS PRAI TS-B TS-A

(30 C) (42 C) (30 C)

BD413 + + + + + + 0 0 0.7 0.9 1.1 1.5 2.2 1.0 0.6
trpR39 + 0 + + + + 6.3" 7.0 11.3 8.5 2.1 1.1 0.7
trpR39R-3 + + + + + + 0 0 0.6' 0.3 1.2 1.3 2.1 0.9 0.6
trpR39R-4 + + + + ++ 0 0 0.5 1.0 1.3 1.5 2.1 1.0 0.6
trpR39T-1 + 0 + + + + 3.9 5.4 10.18 5.6 1.8 ND ND
trpR39T-1 4.15 4.6 8.6 6.2 1.2 ND ND

a Growth at 30 C on plates of minimal medium containing 300 ,ug of 5MA per ml. Amount of growth
estimated by comparison with BD413 growing on minimal medium without analogue (± + ++).

b Growth at 42 C on plates of minimal medium containing 300 jig of 5MA per ml. Amount of growth
estimated by comparison with BD413 growing on minimal medium without analogue (+ + + +).

' Growth at 30 C on plates of minimal medium containing 200 jg of 5FT per ml and 10 ,ug of shikimate
per ml. Amount of growth estimated by comparison with BD413 growing on minimal medium without
analogue.

d Specific activities normalized to BD413 grown in the presence of 50 ,g of L-tryptophan per ml. ND, Not
determined.

" Strain was grown in minimal medium.
f Strain was grown in minimal medium supplemented with 50 ,mg of L-tryptophan per ml.

this marker is closely linked to the trpGDC
cluster (36). We selected these regulatory mu-

tants on a medium containing 5MI (130 A.g/ml)
and anthranilate (10 ,ug/ml). (trpO.,- mutants
would be expected to produce increased
amounts of InGP if anthranilate were supplied;
higher internal concentrations of InGP could
compete with 5MI for TS-mediated conversion
to tryptophan or 5MT, respectively.) This pro-
cedure yielded many 5MI-resistant mutants
able to accumulate indole-3-glycerol when
anthranilate was added to minimal medium.
Most of the further characterization was per-

formed with one of these, trpO,-18.
Characterization of trpO,-18. A strain con-

taining this mutation grows poorly on 5MI-
supplemented medium, but growth can be stim-
ulated by the addition of shikimate, or even

better by anthranilate (Table 5). In contrast to
trpR - mutants, colonies grown on 5MI remain
white during long periods of incubation, and
trpO.,-18 does not confer cross-resistance to any
other tryptophan analogues. When grown in
minimal medium, no pathway intermediates
accumulate. As with trpR- mutants, trpO.,-18
manifests increased sensitivity to 5MA. The
trpO.,-18 marker can be transformed as a single
marker and is linked to the trpGDC cluster.
trpO.,-18 was co-transformed at frequencies of
70 and 67% with trpG35 and trpD42 (100 colo-
nies tested in each case). The enzyme levels
evoked by trpO.,-18 are presented in Table 6.
The first line of this table gives the specific
activities of wild type grown in excess trypto-
phan. As with mutant trpA23L-5, the levels of

ASG activity are enhanced when assayed in the
presence of added E subunit. This indicates
that free G subunit occurs in wild-type cells. An
increase of available G subunit does not cause
further stimulation of the ASG activity, sug-
gesting that in wild type all of the E subunit is
saturated with G subunit. In trpO.,-18, the en-
zymes specified by the trpGDC cluster are con-
stitutive and are overproduced about threefold
when compared with wild type. The expiession
of the remaining trp genes is not affected.
Synergism between trpO2-18 and trpR18.

Both trpR and trpO., mutations render the
trpGDC gene cluster constitutive and dere-
pressed. Double mutants of the trpOg-trpR-
type were isolated by selecting for 5FT-resist-
ant derivatives of trpO.-18; DNA from the dou-
ble mutants was used to transform the 5FT
resistance character back into the wild-type
background. trpO.,-18trpR18 is one such double
mutant, and trpR18 was obtained from it by
transformation. trpR18 is very similar to
trpR39 in its growth properties (Table 6) and
enzyme levels. Reversion and transformation
studies indicate that trpRl8 is a point muta-
tion. The double mutant trpO.,-18trpR18 ex-
cretes indole-3-glycerol when grown on mini-
mal medium, is cross-resistant to indole and
tryptophan analogues substituted in the 5-posi-
tion, and is very sensitive to 5MA. Growth on
5MI-containing plates does not yield blue colo-
nies, so in this property the double mutant is
like strain trpO2-18 rather than trpR18 (Table
5). The enzymes specified by the trpGDC clus-
ter are overproduced 1.5- to 2-fold when com-
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pared with trpR18. The ratio of the ASG activ-
ity assayed with or without excess E subunit
clearly demonstrates this additional derepres-
sion of the trpG product. Therefore, the trpO.,-
18 and the trpR18 mutations are synergistic
and not epistatic; that is, the trpR18 mutation
does not entirely suppress the action of the
trpO,-18 mutation.
Lack of induction by pathway intermedi-

ates. The enzymes of the tryptophan pathway
in A. calcoaceticus are not all regulated in uni-
son. Non-coordinate regulation has also been
observed in the tryptophan pathway of Pseu-
domonas putida andPseudomonas aeruginosa;
in both pseudomonads TS is induced by the
pathway intermediate InGP (4, 6). To decide
whether the expression of any of the Acineto-
bacter trp genes is regulated similarly, a double
mutant, trpE27trpA23, was constructed. Since
this strain lacks ASG, ASN, and TS-A activi-
ties, no pathway intermediates between an-

thranilate and InGP are synthesized unless
anthranilate is supplied. When small amounts
of anthranilate (3 to 5 ,ug/ml) are repeatedly
added to the medium, formation within the cell
of PRA, CdRP, and InGP occurs in sequence,
as determined by indole-3-glycerol excretion.
(In contrast, no indole-3-glycerol accumulation
was detected when anthranilate was added to
the medium at an initial concentration of 30
,tg/ml, despite the fact that complete disap-
pearance of anthranilate was observed. It
seems likely that anthranilate concentrations
of this magnitude induce the anthranilate deg-
radative pathway, although degradative en-

zyme assays were not done to confirm this).
Strain trpE27trpA23 is very sensitive to alka-
line pH and lyses in Vogel and Bonner medium.
Therefore, trpE27trpA23 cultures were grown

in S-2 medium containing either excess or

growth-limiting amounts of tryptophan, with
or without added anthranilate. The results of
several experiments with mutant trpE27trpA23
are presented in Table 8. The specific activities

are normalized to those of an extract obtained
after growth in S-2 medium with 50 ,ug of tryp-
tophan per ml (first line). The specific activities
found for PRT, InGPS, PRAI, and TS are very
similar to those found in extracts of wild type
grown in Vogel and Bonner medium containing
50 ,ug of tryptophan per ml. Tryptophan starva-
tion causes derepression of all tryptophan en-

zyme activities, whether anthranilate is added
or not. In the presence of 50 ,ug of L-tryptophan
per ml, repression of all the tryptophan en-

zymes occurs even when anthranilate is sup-
plied. If one of the intermediates from anthra-
nilate to InGP functioned as an inducer, there
should be at least partial relief of the trypto-
phan repressive effect. Growth of. mutant
trpA23 in medium with limiting (3 ,ug/ml) or

excess (50 jig/ml) indole results in tryptophan
enzyme profiles (not presented) similar to those
obtained when the same strain is subjected to
tryptophan scarcity or excess (Table 2). Since
excess indole fails to stimulate tryptophan
enzyme synthesis, this intermediate also ap-
pears not to function as an inducer.
The influence of exogenous tryptophan on

enzyme levels in the tryptophan synthetic path-
way was also studied in mutants blocked in the
common aromatic pathway and therefore una-

ble to synthesize chorismate. This experiment
was an attempt to determine whether choris-
mate plays a role in the regulation of trp en-
zyme synthesis. The results are given in Table
9. With an Aro- block introduced in mutant
trpBl8, derepression of the E, G, D, and C gene

products occurred under conditions of trypto-
phan starvation. PRAI, however, was not stim-
ulated to its normal extent. The results ob-
tained with mutant trpE27L-2aro-21 confirm
that all the trp enzymes respond only to trypto-
phan excess or scarcity. Since none of the path-
way intermediates from chorismate to indole
was found to exert an inducing effect upon the
formation of any of the tryptophan enzymes, it
appears that trp gene expression in A. calcoace-

TABLE 8. Enzyme levels of strain trpE27trpA23 under various growth conditions

Supplement (,ug/ml) Sp act (nmol/min per mg)
InG accumula-

Trypto- Anthra- tion (nmol/ml) ASN ASG PRT InGPS PRAI TS-B TS-A
phan nilate

50 0 <0.01 <0.01 0.9 4.9 3.6 1.8 <0.01
50 0 0 - l.Ob 1.0 1.0 1.0 -

50 18 21.9 - - 1.0 0.9 1.2 1.0 -

2 0 0 - - 2.2 2.2 2.9 2.0 -

2 18 78.9 - - 4.0 3.8 3.8 2.5 -

a _, No detectable activity.
b Specific activity normalized to that in trpE27trpA23 extracts grown in the presence of 50 l&g of L-

tryptophan per ml.
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TABLE 9. Enzyme levels of trp-aro- strains

Tryptophan sup- Sp act'
Strain plement" (pgl

ml) ASN ASG PRT InGPS PRAI TS-B TS-A
trpBl8aro-1 50 0.5 0.8 0.8 1.0 0.8 <0.01 <0.01

3 2.5 3.6 5.2 3.9 1.1 <0.01 <0.01
trpE27L-2aro-21 50 <0.1 ND 1.1 1.2 1.3 1.0 1.4

3 0.1 ND 9.7 4.5 2.1 1.9 2.0

Other growth supplements: 25 ,g of L-phenylalanine, 25 gg of L-tyrosine, 0.5 ,tg of vitamin K, 0.5 ,tg of
2,3-dihydroxybenzoate, 0.5 ,ug ofp-hydroxybenzoate, and 2 ,ug ofp-aminobenzoic acid per ml.

h Specific activity normalized to that of a BD413 extract grown in the presence of 50 A.g of L-tryptophan per
ml. ND, Not determined.

ticus is regulated solely by tryptophan repres-
sion.

DISCUSSION
In contrast to the results of Twarog and Lig-

gins (44), we found that synthesis of all the
Acinetobacter tryptophan pathway enzymes re-
sponds to the cell's tryptophan level. Some pre-
cautions for enzyme stabilization, increased
sensitivity of assay methods, and attention to
techniques of tryptophan deprivation may all
have contributed to the difference in our re-
sults. For some gene products it seemed essen-
tial that auxotrophs be allowed to grow a bit
under conditions of tryptophan scarcity to ob-
serve derepression. We circumvented this prob-
lem either by utilizing tryptophan bradytrophs
growing in the absence of tryptophan or by
feeding auxotrophs small increments of trypto-
phan over an extended period of semistarva-
tion. Probably growth in a chemostat would be
equivalent to or better than the latter strate-
gem.
Although trpE and the trpGDC cluster map

at separate chromosomal locations, a common
regulatory mechanism seems to be imposed on
their expression. This mechanism differs from
that governing the formation of the trpFBA
gene products. Mutations in a regulatory gene
designated trpR, affecting both trpE and
trpGDC gene expression, can be selected by
their resistance to 5FT. As the AS in these
trpR- strains is still feedback inhibitable by
tryptophan (unpublished data) and PRAI and
TS levels are normal, these mutants do not
excrete large amounts of tryptophan. The regu-
latory effect exerted at the trpE and trpGDC
operators by the unlinked trpR gene is probably
due to a cytoplasmic factor. In analogy to the
situation in E. coli and Salmonella typhimu-
rium (27, 32, 39, 43), we suspect that the trpR
gene codes for a repressor protein acting at two
operator sites. These four genes, trpE, -G, -D,
and -C, would then constitute a regulon, as
found in arginine biosynthesis in E. coli (26).

The synthesis of the trpG, -D, and -C gene
products appears to be coordinate (Fig. 2), even
though the level of the trpD product sometimes
exceeds the other two under conditions of tryp-
tophan limitation (Tables 3, 6, 7, and 9). These
differences are reproducible, and discrepancies
of this magnitude involving coordinate en-
zymes during starvation and semistarvation
have also been recorded forE. coli (5, 17), Pseu-
domonas (4, 35), and Bacillus (16). Further
evidence that these three genes form a single
unit of expression comes from the fact that
trpO.> mutations, linked to the trpGDC cluster,
result in constitutivity for the three polypep-
tides specified by this cluster. Although the
nature of the trpO., mutations was not com-
pletely analyzed, it is likely that they occur in a
control region analogous to that of the trp op-
eron inE. coli (3, 15). Thus, promoter, operator,
or attenuator alterations might account for the
increased levels of proteins specified by the
trpGDC cluster. Compared with the enzyme
levels found in trpR - mutants, the trpGDC
gene products seem only partially derepressed
by trpO.,- mutations. Perhaps these mutants
produce sufficient tryptophan to maintain the
trpGDC operon at a slightly repressed level
even when no exogenous tryptophan is added.
Further derepression would then be expected
when a trpR - mutation is introduced into a
trpO., strain. Results obtained with the double
mutant trpO.2-18trpRl8 show that, in combina-
tion, these two mutations are synergistic and
not epistatic. This favors to some extent the
possibility that the trpO.,-18 mutation affects
the function of the promotor or a hypothetical
attenuator of the trpGDC operon. However, no
firm conclusion on the nature of the trpO.2-18
mutation can be reached.
The regulation of the trpF, -B, and -A genes

obviously differs from that of the other trp
genes. When wild type is shifted from minimal
medium without tryptophan to tryptophan ex-
cess, only the trpF gene responds by a de-
creased level of expression. Apparently trpF is
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FIG. 2. Derepression kinetics of strain trpA23L-5. At different times during derepression by tryptophan
deprivation, cells were harvested and assayed for the activities of the tryptophan pathway. G activity is ASG
activity assayed in the presence of an excess ofE subunit. Other abbreviations are those used in Fig. 1 or
explained in Materials and Methods.

the only trp gene that is not kept at its maxi-
mally repressed level during growth of the wild
type in our minimal medium. When a trypto-
phan auxotroph is starved for tryptophan, the
trpF gene product increases up to sixfold,
whereas the expression of the trpA and trpB
genes is augmented only about threefold. This
may imply a regulatory difference between the
control of the trpF and the trpA and -B genes,
although the trpD gene product often seems to
show greater regulatory responsiveness than
the other members of its regulon. There is some
evidence suggesting a regulatory element in
common for the trpFBA genes, since a straight
line (which fails to pass through the origin) is
obtained when TS and PRAI activities from a
derepression experiment are plotted according
to Ames and Garry (1). We must also consider
other possibilities in this case, however, such as
the occurrence of an internal promotor (2, 18,
31) or bidirectional transcription involving op-
erators with different repressor binding capaci-
ties (9, 19, 22). Among other 4FT-resistant mu-
tants, one was isolated that failed to repress
PRAI formation in the presence of exogenous
tryptophan; the remaining, unaffected enzymes
of the pathway behaved as in wild type (data
not shown). This mutation could not be co-
transformed with any of the trp structural
genes; since it appeared unlikely that failure to
repress PRAI could cause resistance to 4FT, we

suspected that this strain contained multiple
mutations and did not analyze it further.
The formation of the trpFBA gene products

does appear to be regulated by repression. In
Pseudomonas, in contast, trpF gene expression
is constitutive, whereas TS production is in-
duced by the pathway intermediate InGP (4, 6,
34). The differences seen between pseudomo-
nads and A. calcoaceticus may reflect, in part,
the different chromosomal organization of the
trp genes, since in P. putida and P. aeruginosa
the trpF gene and the trpAB pair are found at
different chromosomal sites (4, 13). However, in
spite of a different chromosomal organization, a
similar regulatory mechanism for the trpEGDC
group of genes appears to prevail in both Pseu-
domonas and Acinetobacter. Moreover, for all
bacteria known to regulate their trpEGCD
genes, the available data suggest a mechanism
like that for the trp operon of E. coli (5). For
instance, in B. subtilis the trpG gene is not
linked to the tryptophan operon (containing all
the remaining trp genes), but all the trypto-
phan genes respond to tryptophan repression
and are controlled by the mtr locus (16, 21). It is
noteworthy that in B. subtilis, as in A. calco-
aceticus, mutations in the trpG gene confer a

requirement for both tryptophan and p-amino-
benzoic acid (21). In B. subtilis the trpG gene is
not part of the trp operon, whereas in A. cal-
coaceticus the trpE gene is not linked to the
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trpGDC cluster. In both B. subtilis and A. cal-
coaceticus the AS subunits are not invariably
produced in equivalent amounts. In A. calco-
aceticus an excess of G subunit is synthesized,
as might be expected because some G subunit
is required for p-aminobenzoic acid synthesis.
In B. subtilis the range of regulation of the G
subunit seems less than that of the remaining
trp genes. It appears, therefore, that both B.
subtilis and A. calcoaceticus make use of the
separate locations of the trpG and trpE genes to
modulate synthesis of the two AS subunits.
Although in each case the expression of the AS
genes is controlled by a trpR gene (called mtr in
B. subtilis), either the promoters, operators, or
attenuaters must differ from each other, thus
directing the ratio of formation of the subunits.
It is clear that "split operons" can offer an evo-
lutionary advantage when one subunit of an
enzyme complex has a dual role and the genes
specifying the different subunits map at sepa-
rate chromosomal locations.

In A. calcoaceticus and P. putida, the trpC
and trpF genes map at separate sites and are
apparently regulated by different mechanisms.
This is in sharp contrast to E. coli, where the
PRAI and InGPS reactions are catalyzed by a
bifunctional polypeptide specified by a single
cistron, trpC (7, 40). An intermediate situation
is known to occur in the B. subtilis trp operon
where two adjacent genes, trpC and trpF, spec-
ify these two separate enzymes. All the availa-
ble evidence from amino acid sequences indi-
cates that the structural genes for each of the
enzymes of the tryptophan pathway in the bac-
teria discussed are closely related (5, 24, 36). In
contrast, it is quite clear that in every major
bacterial group studied so far the chromosomal
location of these genes, as well as the regula-
tory elements associated with them, differ
widely.
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