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Among mutants which require isoleucine, but not valine, for growth, we have
found two distinguishable classes. One is defective in the biosynthetic enzyme

threonine deaminase (L-threonine hydro-lyase, deaminating, EC 4.2.1.16) and the
other has an altered isoleucyl transfer ribonucleic acid (tRNA) synthetase [L-iSo-
leucine: soluble RNA ligase (adenosine monophosphate), EC 6.1.1.5]. The muta-
tion which affects ileS, the structural gene for isoleucyl-tRNA synthetase, is located
between thr and pyrA at 0 min on the map of the Escherichia coli chromosome.
This mutationally altered isoleucyl-tRNA synthetase has an apparent Km for
isoleucine (1 mM) 300-fold higher than that of the enzyme from wild type; on the
other hand, the apparent Vmax is altered only slightly. When the mutationally
altered ileS allele was introduced into a strain which overproduces isoleucine, the re-

sulting strain could grow without addition of isoleucine. We conclude that the nor-

mal intracellular isoleucine level is not high enough to allow efficient charging to
tRNAI"e by the mutant enzyme because of the Km defect. A consequence of the
alteration in isoleucyl-tRNA synthetase was a fourfold derepression of the en-

zymes responsible for isoleucine biosynthesis. Thus, a functional isoleucyl-tRNA
synthetase is needed for isoleucine to act as a regulator of its own biosynthesis.

Isoleucyl-transfer ribonucleic acid (tRNA) syn-
thetase (IRS) has provided a useful model for the
study of the structure (1-3, 21) and function (2,
3, 31, 48, 49; see also 26) of an aminoacyl-tRNA
synthetase. All of this work was carried out with
purified enzyme isolated from wild-type strains of
Escherichia coli. In this investigation, we set out
to isolate mutants of E. coli with a defective IRS
so as to (i) provide proteins with defined modifi-
cations which could be used to expand the scope
of our structure-function studies and (ii) explore
the consequences of such mutations on the regu-
latory mechanism for isoleucine biosynthesis.
When we began, it was known (9, 47) that

mutations affecting the function of valyl-tRNA
synthetase [L-valine: soluble RNA ligase
(adenosine monophosphate, AMP), EC 6.1.1.9]
cause derepression of the enzymes synthesizing
isoleucine and valine; since then, Blatt and Um-
barger (Bacteriol. Proc., p. 136, 1970) have iso-
lated Salmonella typhimurium strains which ap-
pear to have an altered IRS. Such strains are

partially derepressed for the isoleucine biosyn-
thetic enzymes. In addition, a mutant of E. coli
K-12 has been described (40) which has an al-
tered IRS, although it appears that in this strain
the phenotype is due to two different mutations
(Coker and Umbarger, Bacteriol. Proc., p. 135,
1970).
To select for mutants with a defective IRS, we

adopted the same strategy Folk and Berg (10)
used for isolating glycyl-tRNA synthetase
[glycine: soluble RNA ligase (AMP), EC 6.1.1 .e]
mutants; that is, we screened isoleucine auxo-
trophs for those with defective IRS. The premise
is that mutants in which the Km of IRS for iso-
leucine has been increased to the point where
charging of tRNAJle becomes limiting at the
normal endogenous levels of isoleucine will grow
only in medium supplemented with isoleucine.
Because most of the enzymes required for iso-
leucine biosynthesis are also required for the syn-
thesis of valine (see 45), only mutations affecting
threonine deaminase or IRS should cause a re-
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quirement solely for isoleucine. This expectation
was realized, and in this paper we describe the
properties of such mutants.

MATERIALS AND METHODS

Bacterial strains. Table I lists the strains used and
Fig. I indicates the map order of the relevant markers.
PB154 is a derivative of E. coli K-12 W3110 de-

scribed by Hill et al. (18). AT739 and AT2459 were

kindly provided by A. L. Taylor. AB1206 (F'14 donor)
was described by Ramakrishnan and Adelberg (33).
JF281 is a derivative of PB154 obtained from John
Foulds. KLF4 (F'4 donor) is a recA merodiploid ob-
tained from John Foulds and described by Low (27).

MI 153 was prepared in the following way: a sponta-
neous thy mutant of MI was isolated after growth in
minimal medium containing 20 Mg of trimethoprim per
ml and 200 Mg of thymidine per ml, followed by growth
in minimal medium containing 20 Mg of trimethoprim
per ml and 20 Mg of thymidine per ml (38).
(Trimethoprim was a gift from G. Hitchings, Burroughs
Wellcome & Co., White Plains, N.Y.) A recA56 muta-
tion was introduced in this strain by mating with
JC5088 (kindly supplied by John Clark). More than
40% of the isolated thy+ recombinants contained the
recA56 mutation, as indicated by their increased sensi-
tivity to ultraviolet (UV) light. One recA56 derivative
of Ml was purified and mated with KLF4; selection
was made for Ile+, thus obtaining a stable merodiploid
with both an ileS- and an ileS+ allele. Presence of the
episome in this strain is shown by its ability to donate it
to a leu- strain by mating.
M 1154 and M 1158 were obtained by transducing

AT739 to Thr with P1 grown on MIl. Among the
thr+ transductants (which we purified on plates con-

taining isoleucine), one was lle+ (Ml 158) and had nor-

mal IRS; the other was Ile (M1154) and had 3% IRS
activity in the in vitro assay as compared with Ml 158.
M1159 is a ilv auxotroph prepared by nitrosoguan-

idine mutagenesis and penicillin selection from AT739.

The mutation is probably not in ilvA or ilvB, because
threonine deaminase and acetolactate synthetase activi-
ties of this strain appear to be normal; ilvE is not likely
because a mutation in this gene causes a requirement
for isoleucine, valine, and leucine, whereas Ml 159 is an

isoleucine and valine auxotroph. M1160 and M1161
were obtained by transducing thr+ into MI 159 with P1
grown on MIl. Among the purified thr+ transductants,
some were pyrA + and others were pyrA -; among
those that were pyrA -, there were some isolates which
grew slowly on nutrient broth plates-a behavior char-
acteristic of Ml 1. Two thr+ pyrA - isolates were

chosen: one (Ml 160) grew at the normal rate (similar to
M1159) on a nutrient broth plate and had normal IRS
activity; the other (MI 161) grew more slowly than
M1160 on the nutrient broth plate (but normally on

minimal plates supplemented with isoleucine) and had
reduced IRS activity in the in vitro assay (3%) as com-

pared with Ml 160.
AW206 is a valine-resistant mutant isolated by Alina

Wiater from AT739. The isolation procedure was that
reported by Glover (15), and after purification the mu-

tants were checked for the level of valine resistance on

plates as described by Glover. Since AW206 grows on a

medium supplemented with 5 mg of valine/ml, the va-

line-resistant mutation is probably not linked to thr or

leu (15); it will be shown below that it is closely linked
to ilv.

Reagents and media. 14C-L-isoleucine was purchased
from New England Nuclear Corp.; D, L-isoleucine (50%
L-isoleucine plus 50% D-alloisoleucine), from General
Biochemicals, Chagrin Falls, Ohio; L-isoleucine, from
Nutritional Biochemicals Corp. or Sigma Chemical
Co.; E. coli B tRNA, from Schwarz BioResearch Inc.;
and acetoin (3-hydroxy-2-butanone), from Aldrich
Chemical Co., Inc.

The minimal medium was that described by Vogel
and Bonner (46). Usual supplements, when required,
were 0.4% glucose, 25 ug of L-tryptophan per ml, 100
ug of L-arginine per ml, 50 ug of other L-amino acids

TABLE 1. Bacterial strainsa

Strain no. ileS ilv Other markers

PB154 + + argH, trpA36, F-
Mul ileSI + argH, trpA36, F-
AT739 + + thr-1O,pyrA53, thi-1, (A)-, Hfr-H
Ml 154 ileSI + pyrA53, thi-1, (X)-, Hfr-H; Thr+ transductant of AT739
M1158 + + pyrA53, thi-1, (X)-, Hfr-H; Thr+ transductant of AT739
M1159 + - thr-1O, pyrA53, thi-1, (X)-, Hfr-H; from At739 by nitrosoguanidine
M1160 + - pyrA53, thi-1, (A)-, Hfr-H; Thr+ transductant of Ml159
MI 161 ileSi _ pyrA53, thi-l, (A)-, Hfr-H; Thr+ transductant of Ml 159
AW206 + + thr-10, pyrA53, thi-1, (A)-, Hfr-H, valine-resistant (ilvO ?); spontaneous

from AT739
AT2459 + + serB22, thi-1, (A)-, F+
AB1206 + + his, pro, thi, strr, F'14
JF281 + - argH, trpA36, his, F
KLF4 + + thr, leu, thi, recA 13, pro, arg, his, strr, F'4, thr+ leu+ pro+
Hfr-H + + metB, trpA36, str,, tsx"
Hfr-C + + metB, trpA36, RCr'e
Ml 153 ileSi + argH, trpA36, recA56, F'4 ileS+
JC5088 + - thr, thi, str, recAS6, Hfr (KL16 origin)
a The symbols for genetic markers are those used by Taylor and Trotter (42); ileS is the gene coding for iso-

leucyl-tRNA synthetase.
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per ml, 50 gg of nucleosides per ml, and 10 tig of thia-
mine per ml.

L-broth was described by Lennox (25).
Isolation of mutants. Isoleucine-requiring mutants

(ile-) were isolated by UV mutagenesis and penicillin
selection (16). The isolation was carried out at 30 C so

as not to lose temperature-sensitive mutants. PB 154
was grown in minimal medium supplemented with 0.2%
glucose, 100 Mtg of arginine per ml, and 10 Mg of trypto-
phan per ml; this suspension (3 x 108 cells/ml) was ir-
radiated with UV light to yield 8 x 104 survivors per

ml. It was then diluted 25-fold in minimal medium sup-

plemented with 0.2% glucose, 100 Mg of arginine per ml,
10 Mg of tryptophan per ml, 5 mg of D,L-isoleucine per

ml, 100 Mg of valine per ml, and 100 Mg of proline per

ml; this suspension was incubated in a rotary shaker at
30 C until full growth. The cells were then washed and
resuspended at a concentration of 108 cells/ml in min-
imal medium supplemented with 0.2% glucose, 100 Mg

of arginine per ml, and 10 Mg of tryptophan per ml, and
were incubated at 37 C. When a doubling (A,.) was

obtained, 2,000 units of penicillin per ml was added,
and, after 200 min of incubation at 37 C, the cells were

washed and spread on plates containing tryptone sup-

plemented with yeast extract and 5 mg of D,L-isoleu-
cine per ml. The plates were incubated at 30 C, and the
colonies that appeared were picked with toothpicks and
stabbed into appropriately supplemented minimal
plates to detect isoleucine-requiring (ile-), isoleucine-
and valine-requiring (ilv-), and proline-requiring (pro-)
mutants. Among 180 colonies, 5% were Ile-, none

was llv-, and 25% were Pro-. Since in a preliminary
experiment we learned that some of the Ile- strains
had low IRS activity, this class was concentrated upon
and a large number of Ile- colonies were purified twice
by single-colony isolation.
Transduction. Transductions were performed with

Plkc prepared by the confluent lysis technique, by use

of a modification of the procedure of Lennox (25) as

described by Hill et al. (18).
Preparation of cell extracts. Bacteria grown under

the desired conditions were harvested by centrifugation
at 4 C, washed once with 0.15 M NaCI, and then frozen
as a pellet at - 20 C.
To I g of frozen cell pellet, 5 ml of the appropriate

extraction solution was added, together with acid-
washed glass beads; the suspension was mixed on a

Vortex mixer. The suspension was treated for 2 min
with a Mullard or MSE sonic oscillator, or for 15 sec

with a Branson Sonifier, and then was centrifuged for
20 min at 15,000 rev/min in a Sorvall SS-34 rotor. The
extracts contained between 15 and 20 mg of protein per
ml. Proteins were determined by the method of Lowry
et al. (28) or by the method of Groves (17), with crystal-
line bovine plasma albumin as a standard. These two
methods gave equal values.

Different extraction solutions were used; they are

described below under Enzyme assays.
Enzyme assays. All reaction mixtures were incubated

with different amounts of extract to establish that the
amount of product found was proportional to the
amount of extract added.

IRS activity was assayed by measuring the rate of
formation of '4C-ile-tRNA according to the procedure
of Calendar and Berg (5). The extraction solution was
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FIG. 1. Order of markers relevant to this work (42).

100 mm potassium phosphate (pH 7.0), containing 10
mM mercaptoethanol. The reaction mixture (0.5 ml)
contained 100 mm sodium cacodylate (pH 7.0), 1 mm
adenosine triphosphate (ATP), 10 mM MgCl2, 10 mM
KCI, 4 mm reduced glutathione, 200 Mg of bovine
plasma albumin per ml, 0.2 mM '4C-L-isoleucine (10,000
counts per min per nmole), and 25 to 30 absorbance
units of tRNA (at 260 nm). The IRS activity is ex-

pressed as nanomoles of ile-tRNA formed per 10 min
per milligram of protein at 37 C.

Threonine deaminase was assayed by measuring the
rate of a-ketobutyrate formation according to the "di-
rect procedure" of Friedemann and Haugen (14) as

described by E. A. Adelberg (personal communication).
The extraction solution was 50 mm potassium phos-
phate (pH 7.4) containing 0.1 mM L-isoleucine, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), and 0.5 mm
dithiothreitol (4). Threonine deaminase activity in this
extraction solution is higher than 85% of the initial
value after 5 hr at 0 C; usually the activity was meas-

ured within 0.5 hr after sonic treatment. The reaction
mixture (I ml) contained 0.1 mm pyridoxal-5-phos-
phate, 20 mM NH4C1, 100 mM tris(hydroxymethyl)amin-
omethane (Tris), pH 8.0, 0.5 mM dithiothreitol, and 20
mM L-threonine (omitted in the control tubes). This
mixture was incubated with appropriate amounts of
extract for 10 min at 37 C, and the reaction was termi-
nated by the addition of I ml of dinitrophenylhydrazine
(0.1% in 2 N HCI). After 15 min at room temperature,
4 ml of 1.25 N NaOH was added, and the AS20 was

measured after 10 more min at room temperature. So-
dium pyruvate was used as a standard. The activity is
expressed as nanomoles of keto acid formed per minute
per milligram of protein.

Acetolactate synthetase (condensing enzyme) activity
was assayed by determining the rate of acetolactate
formation according to Stormer and Umbarger (39).
The extraction solution was 100 mm potassium phos-
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phate, pH 8.0. The activity is expressed as nanomoles
of acetoin formed per minute per milligram of protein.

Transaminase B (L-isoleucine: 2-oxoglutarate amino-
transferase, EC 2.6.1.e) activity was assayed by deter-
mining the rate of a-ketoisovalerate formed (Adelberg,
personal communication). The extraction solution was
50 mm Tris, pH 7.8; the reaction mixture (I ml) con-
tained 0.1 mM pyridoxal-5-phosphate, 200 mm Tris, pH
7.8, 25 mM neutralized a-ketoglutaric acid, and 50 mM
L-valine (omitted in the control tubes). This mixture
was incubated with appropriate amounts of extract for
15 min at 37 C, and the reaction was terminated by
adding 2.5 ml of dinitrophenylhydrazine (0.3% in 2 N
HCI) and 2 ml of toluene. The tubes were then mixed
for a few min on a Vortex mixer and centrifuged; I ml
of the toluene layer was added to 5 ml of 10% Na2CO3.
The toluene was extracted by mixing on a vortex and,
after centrifugation, 3 ml of the Na2CO3 layer was
mixed with 3 ml of 1.5 N NaOH. After 10 min at room
temperature, the A520 was measured. Sodium pyruvate
was used as a standard. The activity is expressed as
nanomoles of keto acid formed per minute per milli-
gram of protein. Although we obtained a straight line
by plotting the concentration of added sodium pyruvate
versus A520, this is not the case when the amount of
extract is plotted versus the amount of product formed;
however, the points fall on a straight line if the square
of extract concentration is used, as shown in Fig. 2.
When points were averaged by means of this plot, the
values we obtained for specific activity were not very
different from those found in the literature (see, for ex-
ample, 8 or 34), and were reproducible for a given
strain. Since different strains can be compared in this
way (see Table 4), we did not investigate this point
further.

RESULTS
Genetic characterization of lie- mutants. Thirty

lle- colonies (which will be called MI I to M130)
were purified, and some of their characteristics
were analyzed. All grew on minimal medium
supplemented with isoleucine, and all grew at 37
and 42 C; no growth was observed in the absence

2.0

1.0

u

4-

E°

1 2 3 4 5

(mg prot)
FIG. 2. Transaminase B activity as a function of

protein concentration; on the abscissa is plotted the
square of the amount ofprotein used in each assay tube
(see Materials and Methods).

of isoleucine. The isoleucine requirement of the
30 strains considered might be due to a mutation
in different genes. To find out how many genes
had been affected to account for the Ile- pheno-
type, transduction from one Ile- into another and
selection for Ile+ recombinants were carried out:
if donor and recipient strains are mutant in the
same gene, the frequency of Ile+ transductants
should be extremely low; if, however, donor and
recipient strains are altered in different genes,
there should be a normal frequency of transduc-
tants (200 to 500 under the conditions used).
When a P1 kc phage lysate prepared on MI 1 was
used to transduce all other strains, Ile+ transduc-
tants were obtained only with M12 and M15; this
indicates that MIl, M13, M14, and M16 to M130
are mutated in one gene, and M12 and M1S are
mutated in another gene(s). Another P1 lysate
was prepared on M12 and used to transduce the
other strains. Ile+ transductants were obtained
with all strains except M1S. We conclude that
there are two genetically different isoleucine-re-
quiring strains in our collection; M12 and M15
form one class and all of the others are in an-
other.
Among the cluster of ilv genes at 74 min on the

map of E. coli (42), only a mutation in ilvA, the
gene for threonine deaminase, can cause a re-
quirement for isoleucine alone; mutations in
other genes of the ilv cluster cause a mutational
requirement for isoleucine and valine and in one
case (ilvE) for isoleucine, valine, and leucine. To
determine whether our lle- isolates were mutant
in ilvA, MlI and M12 were mated with the F'14
donor AB1206, and Arg+ recombinants were se-
lected as an indication of episome transfer. Since
AB1206 transfers the chromosome at a barely
detectable rate (less than 0.001% for any marker;
32), if the mutation responsible for the le- phen-
otype maps in the region covered by the episome
most of the Arg+ should become lle+; if the mu-
tation causing Ile- maps outside the episome re-
gion, the Arg+ recombinants should remain le-.
After mating, among 48 Arg+ colonies which
were checked for their isoleucine requirement,
94% were also lle+ when M12 was the recipient
whereas none was lle+ when Ml I was the recip-
ient. We conclude, therefore, that the M12 muta-
tion maps in the region covered by F'14, whereas
the Ml I mutation lies outside this segment.
To determine whether the M12 mutation was

within the ilv cluster, we transduced an ilv strain
(JF281) with lysates of Mll and M12, and llv+
transductants were selected on plates containing
isoleucine but no valine. All (47 of 47) of the va-
line-independent transductants were also isoleu-
cine-independent; that is, they were llv+ and lle+
when the P I was prepared on M II; however, with
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M12 as donor none of the valine-independent
transducants (O of 48) was also isoleucine-in-
dependent. From these data, together with in
vitro assays of threonine deaminase (see below),
we conclude that M12 is a mutant in the ilvA
gene.
From the frequency of Ile+ and llv+ recombi-

nants obtained during uninterrupted matings of
Hfr-H and Hfr-C with both Mll and M12, we
could tentatively assign the Mll mutation to the
region between 88 and 15 min (passing through
zero), or around 50 min (see Fig. 1). Since mat-
ings of Ml 1 with strain KLF4, which contains an
episome that covers the region between 88 and 8
min, yields Ile+ merodiploids, we conclude that
the MI 1 mutation is within this segment.

In Table 2 are shown the results of a transduc-
tion analysis in which the contransduction fre-
quency of the lle- character with known markers
in this segment of the chromosome was meas-
ured. The data indicate that the mutation causing
the le- phenotype (ileS) is closely linked to pyrA
and is between pyrA and thr at about 0 min on
the map of E. coli (42).
Enzyme defect in the lie- isolates. Extracts

prepared from M12 and M15 contained less than
2% of the threonine deaminase activity of the
parental cells, PB154. Two Ile+ transductants
each of M12 and M15 (obtained as described
above) contained normal levels of threonine
deaminase activity. Thus, one class of lle- mu-
tants has an altered ilvA gene and a defective
threonine deaminase; its requirement for isoleu-
cine but not for valine is what is expected from
the biosynthetic pathway for these branched-
chain amino acids (34).

Extracts prepared from Ml 1 and M13 con-
tained 3 and 6%, respectively, of the IRS activity
of the parental cells, PB154; other isolates of this
genetic class had levels of IRS activity ranging
between 1.5 and 10% of wild-type activity. As-
says with a mixture of extracts from MI1 and
PB154 gave additive values, indicating that the
low activity was not due to an inhibitor in MllI
extracts. Moreover, M1153, a stable merodiploid
of MI1, which carries an episome with the wild-
type allele of ileS, has normal activity, also
demonstrating the lack 'of any inhibitor or cel-
lular inactivator of IRS. Three different Ile+
transductants of MIl and three of M13 had
normal IRS activities. In several instances when
lle- transductants were recovered from Ile+ re-
cipients (see, for example, the preparation of
M1154), these had the low level of IRS activity.
It is apparent, therefore, that in the second class
of le- mutants the isoleucine requirement for
growth results from a mutation which affects the
enzyme activity of IRS. Since isoleucine is the

substrate and not the product of IRS action, we
assume that the defective IRS has an altered af-
finity for the amino acid substrate.

This point was studied by measuring the IRS
activity as a function of isoleucine concentration
to determine whether the mutation affected the
Km or Vmax (Fig. 3). The apparent Vmax of the
wild type and MIl was found to be 8.1 and 1.8
units/mg of protein, respectively, and the ap-
parent Km was found to be 0.003 and 1I mM,
respectively. Thus, the main alteration in the
mutant enzyme probably affects the affinity for
isoleucine, which is decreased -300-fold, whereas
the turnover number at infinite isoleucine concen-
tration is reduced 4-fold. We cannot exclude,
however, the possibility that this small difference
is due to a difference in the extractability or sta-
bility of the mutant enzyme. Extracts of the
strain M13 had only a slightly reduced apparent
Vmax, 4.34 units/mg, but the Km was also strik-
ingly increased to about 1 mM.

Characterization of the isoleucine requirement
of Mll. In minimal medium supplemented with
50 ,ug of isoleucine/ml, the two classes of mu-
tants, as exemplified by Ml and M12, have es-
sentially the same growth rate as the wild-type

TABLE 2. Frequency ofcotransduction of the isoleucine
requirement ofMI] with other markersa

Frequency of the
Recipient strain Marker selected unselected lle-

phenotype (%)

AT2459 serB+ 17 (16/95)
AT739 thr+ 44 (41/93)
AT739 pyrA+ 68 (56/82)
AT739 thr+ + pyrA+ 90 (67/74)

a Phage P1 grown on MI 1 was used. The cotransduc-
tion frequency of ileS with ara is about 2% (S. Lerner,
personal communication).

I"N

20 so 100 140 180

(mM)'

(isebauclne)

FIG. 3. Plot of I /(counts per minute) as a function
of I/S for PB154 (0) and MI] (0) extracts. Km and
Vma. are given in the text.
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strain PB154. Figure 4 compares the rate and
extent of growth when MI and M12 were cul-
tured in a minimal medium containing 4 ,ug of
isoleucine per ml. M12 grew at the wild-type
growth rate and then growth ceased rather ab-
ruptly when the isoleucine in the medium was

exhausted; Mll reproducibly grew somewhat
slower at this isoleucine concentration, but
growth did not stop sharply and continued slowly
(generation time greater than 600 min). The in-
crease in turbidity probably represents an in-
crease in cell number because, when 107 cells
were seeded onto minimal agar plates lacking iso-
leucine, a background growth was readily detect-
able.

Since Mll contains all of the enzymes needed
to synthesize isoleucine (because it carries a wild-
type ilvA gene), its inability to grow in the ab-
sence of added isoleucine suggests that it is the
intracellular level of isoleucine which is limiting
growth. Inasmuch as the biosynthesis of isoleu-
cine is regulated via negative feedback control (6,
12) by the isoleucine concentration itself, the in-
tracellular level of isoleucine cannot rise appreci-
ably. Thus, if MI requires higher concentrations
of isoleucine for growth than does the wild type,
the only way this requirement can be satisfied is
by adding isoleucine to the medium.

Supporting this view is the effect of valine on

the growth rate of Mll (Fig. 5 C). In K-12 strains
of E. coli, growth is inhibited by valine, and iso-
leucine reverses this inhibition (41). Figure 5A
shows that the addition of increasing quantities of
valine to the wild type, growing in the presence of
isoleucine, caused a measurable decrease of the
growth rate, and that about the same degree of
inhibition was obtained with M12, the biosyn-

.8

.6

.4

O.2

.08

.06-

min

FIG. 4. Growth curve of MIH (0) and MI2 (0) in
minimal medium supplemented with arginine, trypto-
phan, and 4 Mg of L-isoleucine per ml.
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FIG. 5. Growth curve of PB154 (A), MI1 (B), and
M12 (C) in minimal medium supplemented with argi-
nine, tryptophan, and 10 ,g of L-isoleucine per ml. (0)
No other addition; (0) 0.75 mg of L-valine per ml
(final concentration); (-) 1.5 mg of L-valine per ml; (A)
3 mg Of L-valine per ml.

thetic mutant (see Fig. 5). However, MI I was

considerably more sensitive to the addition of va-

line; Fig. 5B shows that the lowest valine concen-

tration tested increased the generation time
nearly threefold with Ml I but had no detectable
effect on the wild type or the M12 mutant. This
effect of valine probably results from the inhibi-

A

I
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tion of isoleucine entry into the cells (since valine
and isoleucine show common transport systems;
44), or from inhibition of isoleucine synthesis by
the biosynthetic pathway (since valine inhibits the
first common step of isoleucine and valine bio-
synthesis; 24), or from a combination of these
effects. Regardless of the mechanism by which
the intracellular pool of isoleucine is reduced, it is
clear that the growth of Ml is considerably
more sensitive to this reduction than is the wild
type or M12.

If the growth of MlI is, in fact, limited by the
low level of intracellular isoleucine, the require-
ment for added isoleucine should disappear if the
endogenously produced isoleucine can be in-
creased. Accordingly, we examined the growth
requirement of strains which contain the ileS
mutation of Mll but which overproduce isoleu-
cine as a consequence of derepression of
threonine deaminase. Strain AW206 is dere-
pressed for the formation of threonine deaminase
(specific activity of 210 units/mg compared with
a wild-type activity of 30 units/mg) because of a
mutation linked to the ilv sequence (see below); it
is resistant to the growth inhibition of even 5 mg
of valine/ml, presumably as a consequence of the
overproduction of isoleucine. The ileS mutation
of Ml can be introduced into AW206 by se-

lecting for Thr+ transductants by use of P1
grown on MI 1. Thr+ transductants were selected
on minimal plates containing the appropriate
supplements plus isoleucine, and 23 clones were
purified by single-colony isolations (Table 3).

Based on the linkage of ileS to thr (see Fig. I
and Table 2), a high proportion of the Thr+
transductants should also have received the ileS
marker from the donor and thereby become Ile-.
Moreover, about 90% of the transductants which
have received both thr+ and pyrA + should be ileS
mutants and be phenotypically 1le-. Although
this was not strictly so, we noted two classes of
Thr+ recombinants: one grows rapidly on min-
imal medium and is resistant to valine (4 mg/ml);
the other grows slowly in the absence of isoleu-
cine (no colonies are visible after 20 hr at 37 C,
but by 48 hr colonies can easily be seen) and fails
to grow in the presence of valine (Table 3). Thus,
when the thr marker is transduced from Ml 1, 11

of 23 Thr+ recombinants become valine-sensitive
and grow slowly in the absence of isoleucine.
Among those transductants which received both
thr+ and pyrA +, the frequency of this phenotype
was even higher (7 of 10). The correlation of the
new phenotype with the expected frequency of
transduction of ileS is unmistakable.

Extracts of three of the valine-sensitive trans-
ductants (isolates 1, 14, and 18) were tested for
their IRS activity and were found to have the
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TABLE 3. Phenotypic expression of the ileS mutation in
strains overproducing isoleucinea

Rapid
Trans- PyrA growth Growth on
ductant phenotype on minimal valinee

medium"

1 - _ _

2 - + +
3 - + +
4 - + +
5 + _ _
6 - + +
7 - + +

8 + _ _
9 + + +
10 + +
11 + -4
12 - + +
13 + -4
14 - _ _
15 + _ _
16 - -
17 + + +
18 - -
19 - + +
20 - + +
21 + _ _
22 + - -
23 + +

a AW206 (thr, valine-resistant, pyrA) was trans-
duced to Thr+ with P1 grown on MI 1, and trans-
ductants were selected on plates containing isoleucine
and other necessary growth factors; 23 transductants
were purified twice by single-colony isolation and then
their growth was tested by streaking on appropriate
plates.

Some of the strains showed normal-size colonies
(+) after 20 hr of incubation at 37 C on minimal plates
supplemented with necessary growth factors but no iso-
leucine; others (-) were almost invisible at that time,
but 1 day later colonies were of normal size.

cMinimal plates containing arginine, uridine, and
thiamine were supplemented with 4 mg of L-valine/
ml (the parental strain grows on these plates when sup-
plemented with threonine).

reduced activity characteristic of the MIl mu-
tant. Similar assays of extracts from three valine-
resistant strains (isolates 2, 3, and 4) showed
normal wild-type activity. Isolate 18 grew nor-
mally in medium containing isoleucine
(generation time, 65 min) but, in contrast to Ml 1,
it grew slowly in the absence of isoleucine
(generation time, 158 min). Although isolate 18 is
phenotypically valine-sensitive, it still contains
the original mutation conferring valine resistance;
when P1 phage, grown on isolate 18, transduces
an lv- strain (JF281) to llv+, all of 80 llv+
transductants are also valine-resistant [the muta-
tion conferring valine-resistance to AW206 is
presumably an operator-constitutive mutation,
ilvO (35)].
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We conclude from this experiment that the
slow growth rate in the absence of isoleucine, the
valine sensitivity, and the altered IRS activity in
the extracts are all due to the introduction of the
ileS mutation into AW206. Thus, if the intracel-
lular pool of isoleucine is elevated, the effect of
the ileS mutation is partially overcome. However,
since the cell is now very dependent on the bio-
synthetic supply of isoleucine, it is valine-sensitive
even though it carries a mutation which confers
valine-resistance to an ileS+ strain.

Effect of the ileS mutation on isoleucine biosyn-
thetic enzymes. Extracts of MI 1, grown in isoleu-
cine-supplemented minimal medium have three-
to fourfold higher activity of threnonine deami-
nase activity than does the wild type. Does the
ileS mutation alter the normal regulation of the
ilvA gene? To answer this, we compared two iso-
genic strains which differed only by the region
including the ileS gene (see Table 1 and methods
for preparation of strains M1154 and 158);
Ml 154 requires isoleucine for growth and has the
low IRS activity characteristic of Ml I, whereas
M1158 is prototrophic and has normal IRS
activity.
Table 4 records the activities of three enzymes

involved in isoleucine biosynthesis in extracts of
M1154 and M1158. M1154 had about a fourfold
higher activity for threonine deaminase and tran-
saminase B than did the isogenic ileS+ strain,
Ml 158, but the acetolactate synthetase activity
was, if anything, somewhat reduced. Although
the two remaining biosynthetic enzymes, dihy-
droxyacid dehydrase (2, 3-dihydroxyacid hydro-
lyase, EC 4.2.1.9) and acetohydroxy acid iso-
mero reductase activities were not assayed, the
pattern of derepression was similar to that found
after starvation of isoleucine auxotrophs (8), and
in mutants which have an altered IRS leading to
resistance to the isoleucine analogue thiaisoleu-
cine (40). The increased synthesis of threonine
deaminase and transaminase B in the ileS mutant
growing in low isoleucine concentrations was re-

pressed by excess isoleucine. Although we cannot
rule out the possibility that our ileS mutants have
a second, closely linked mutation which causes

partial derepression of the operon containing ilvA

or ilvE, we are inclined to attribute the derepres-
sion to the defect in IRS itself. Glover (15) has,
in fact, described a mutation which confers valine
resistance and which maps between thr and leu,
but it is not known whether this affects IRS and
whether the valine resistance results from the
consequent derepression of isoleucine biosyn-
thesis. This question is presently under study.
Although the ileS mutation causes a fourfold

derepression of threonine deaminase and transa-
minase B (and presumably the other enzyme of
that operon as well), this group of enzymes can

be derepressed to a considerably greater extent.
Dwyer and Umbarger (8) showed that, when an

organism which requires isoleucine and valine for
growth was grown on limiting isoleucine in a

chemostat, the level of threonine deaminase rose

about eightfold over that of the wild type growing
in minimal medium. In the case of the putative
ilvO operator mutation, which leads to valine-re-
sistance (AW206), there is approximately a 7-fold
derepression, but when it is combined with the
MIl ileS mutation the net derepression of
threonine deaminase is about 35-fold (1,080
units/mg). Conceivably, maximal derepression of
threonine deaminase in the ileS mutant is pre-
vented by the presence of isoleucine added to the
medium to support growth. Accordingly, we

compared the change in threonine deaminase
level in ileS and ilv mutants when each runs out
of isoleucine.
When M1160 (ileS+ ilv) was grown in a min-

imal medium containing all of its required sup-
plements, but limiting isoleucine (6 ug/ml), there
was an increase in the specific activity of
threonine deaminase immediately before the
slow-down in growth (Fig. 6A). It is not clear
why the increase is only twofold, but quite pos-

sibly it is caused by a limitation in the ability to
synthesize proteins [the sevenfold derepression
found by Dwyer and Umbarger (8) was achieved
by isoleucine limitation in a chemostat]. When
M1154 (ileS ilv+) was subjected to a similar iso-
leucine depletion, there was only a slight further
derepression above the already elevated value
(Fig. 6B), but in this case isoleucine continued to
be synthesized. We therefore tested an ileS mu-

TABLE 4. Activity ofsome isoleucine biosynthetic enzymes in extracts from MJI58 (ileS+) and MI154 (ileS)a

Isolcucine concn Threonine AcetolactateStrain during growth deaminase Transaminase B synthetase(jig/ml)

Ml158(ileS+) ............ ......... 10 32(1) 13(1) 53 (1)
Ml158(ileS+) ............ ......... 2,500 54(1.7) 16(1.2) 120 (2.2)
M1154 (ileS) ............. ......... 10 131 (4.1) 46 (3.5) 25.5 (0.48)
M1154(ileS) ............. ......... 2,500 56(1.7) 19(1.5) 43 (0.81)

a The units of activity are those mentioned in Materials and Methods, and the numbers in parentheses represent
the fold increase over that of the ileS+ strain grown in the presence of 10 Ag of isoleucine per ml.
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tant which is also unable to synthesize isoleucine
(M1161, ileS ilv). When this strain was grown in
the presence of an optimal concentration of iso-
leucine and valine (50 and 100 ,g/ml, respec-
tively), the specific activity of threonine deami-
nase was equal to that of M1154 (140 units/mg),
but when the isoleucine concentration was de-
creased to 6 /Ag/ml the growth rate decreased and
the threonine deaminase level rose further to 320
units/mg. Thus, the derepression caused by the
ileS mutation can be accentuated by starvation
for isoleucine.

DISCUSSION
Isoleucine requirement and the mutation in iso-

leucyl-tRNA synthetase. In this paper, we have
reported the isolation of an isoleucine auxotroph
which differs genetically and phenotypically from
mutants altered in the ilvA gene. Enzymatic as-
says on extracts of this new mutant, as well as on
extracts of Ile+ transductants, showed that the
mutation affects the enzymatic activity of IRS.
As a result of the alteration, the enzyme has a
decreased affinity for isoleucine. We believe that
as a consequence of the mutation the synthesis of
isoleucyl-tRNA is limited at the normal intracel-
lular isoleucine concentration and the cell cannot
grow. Growth can occur, however, if the pool of
isoleucine is increased by adding this amino acid
to the medium.
The finding of the IRS mutants shows that

there is in E. coli either a single IRS which esteri-
fies the three different tRNAIle chains (50), as
suggested by the data of Baldwin and Berg (2), or
that the enzyme which has been mutationally al-
tered carries out some other indispensable func-
tion.
The genetic location of the IRS gene confirms

the pattern which is emerging in E. coli, that
aminoacyl-tRNA synthetases are neither located
close to the genes coding for the specific amino
acid biosynthetic enzymes nor are they all clus-
tered in one region of the chromosome (30).
Roth and Ames (36) reported the isolation of

some analogue-resistant mutants of S. typhimu-
rium which were altered in histidyl-tRNA synthe-
tase. This enzyme had a decreased affinity for the
substrate histidine and, as a consequence, the
mutant bacteria needed histidine to grow at a
normal rate in minimal medium. Nass and Neid-
hardt (Bacteriol. Proc., p. 87, 1966) made similar
observations with a histidine-requiring mutant of
E. coli. Several other cases have been described
in which a requirement for an amino acid for
normal growth results from mutational alteration
of an aminoacyl-tRNA synthetase: glycine (10,
11), tryptophan (7, 19, 22, 23), arginine (20), ty-
rosine (37), and methionine (S. Lerner and P.
Berg, unpublished data). All of these mutants are
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FIG. 6. Increase in threonine deaminase activity
accompanying isoleucine starvation. Cells were grown
in minimal medium supplemented with arginine, uri-
dine, thiamine, 100 /lg of valine per ml, and 6 Aig of iso-
leucine per ml. Samples were centrifuged at different
times, and the threonine deaminase activity was meas-
ured in extracts of the cells. (A) MI160 (ileS+, ilv); (B)
MI154 (ileS, ilv+). (O Threonine deaminase specific
activity; (@) cell turbidity.

phenotypically auxotrophic for an amino acid,
even though the biosynthesis of that amino acid is
normal. In each case, an alteration in the Km of
the specific aminoacyl-tRNA synthetase has been
demonstrated.

Regulatory role of IRS. One of the conse-
quences of the alteration in IRS is a fourfold
derepression of the isoleucine biosynthetic en-
zymes. This derepressed phenotype cotransduces
with the mutant ileS gene. Similar mutants have
been isolated from S. typhimurium by Blatt and
Umbarger (Bacteriol. Proc., p. 136, 1970) and
from E. coli K- 12 by Szentirmai, Szentirmai, and
Umbarger (40), and these mutants also show de-
repression of biosynthetic enzymes. In the latter
case, however, evidence has been presented by
Coker and Umbarger (Bacterial. Proc., p. 135,
1970) that the phenotype of these mutants is due
to two different mutations. It appears, therefore,
that isoleucine itself cannot serve as the repres-
sor, but that repression requires some interaction
between isoleucine and IRS. This could be (i) the
product of the IRS reaction, isoleucyl-tRNA, (ii)
some product derived from isoleucyl-tRNA, (iii)
a complex of IRS and isoleucine, or (iv) some

combination of these. In any case, IRS appears
to be needed for the formation of the active re-

pressor in the same way that valyl-tRNA synthe-
tase (9, 47), histidyl-tRNA synthetase [L-histi-
dine: soluble RNA ligase (AMP), EC 6. 1. 1.; 36;
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Nass and Neidhardt, Bacteriol. Proc., p. 87,
1966], tryptophanyl-tRNA synthetase [L-trypto-
phan: soluble RNA ligase (AMP), EC 6. 1. 1.2;
22], and leucyl-tRNA synthetase [L-leucine: sol-
uble RNA ligase (AMP), EC 6.1.1.4; Calvo,
quoted in 43] are needed to regulate their respec-
tive biosynthetic pathways. The elevated levels of
threonine deaminase in the IRS mutant can be
repressed by an excess of isoleucine, in the same
way as was found with the histidyl-tRNA synthe-
tase mutant (36).
The IRS mutants could be isolated because

they fail to grow in the absence of isoleucine. If
the particular mutations had caused extensive
derepression of isoleucine biosynthesis, we would
never have recovered them since such mutants
would have been killed during the penicillin selec-
tion. This can be predicted from the fact that ileS
mutants, which also overproduce isoleucine as a
result of a second mutation in the ilv operator,
grow in the absence of isoleucine. Very likely,
then, our isolation procedure selected ileS mu-
tants that could not be extensively derepressed;
therefore, it is possible that mutations at another
site(s) in the same gene would result in greater
derepression.

It has been reported that, for complete repres-
sion of the isoleucine-valine biosynthetic en-
zymes, isoleucine, valine, and leucine (12), as well
as pantothenic acid (Freundlich and Umbarger,
Bacteriol. Proc., p. 126, 1963), are needed. Since
it seems that isoleucine, valine, and leucine need
to interact with their specific aminoacyl-tRNA
synthetases in order to function in repression, it
would be interesting to know whether an analo-
gous interaction is required for pantothenic acid.
Although there is in this case no tRNA involve-
ment, the reaction catalyzed by pantothenic acid
synthetase [L-pantoate: ,3-alanine ligase (AMP),
EC 6.3. 2. 1] is quite similar to the activation of
amino acids, and it would be interesting to know
whether in pantothenic acid-requiring mutants
derepression is caused by the lack of pantothenic
acid per se. Indeed, a mutant in pantothenic acid
synthetase has been described by Maas and Davis
(29), but, as far as we know, the level of the iso-
leucine biosynthetic enzymes has not been deter-
mined in extracts of this mutant.
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