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icd Mutants of Escherichia coli K-12, selected for their resistance to nalidixic
acid, are deficient in isocitrate dehydrogenase.

Among mutants of Escherichia coli selected for
resistance to low levels of nalidixic acid (Nal), a

reversible inhibitor of deoxyribonucleic acid
(DNA) synthesis (6), many have simultaneously
acquired a new growth factor requirement (9).
These auxotrophs fall into two groups. Mutants
of the first group specifically require adenine as

the result of loss of adenylosuccinate lyase ac-

tivity (due to mutation of the purB gene; 9).
Mutants of the other group of Nal-resistant
(Nalr) auxotrophs require Casamino Acids for
growth. In this communication we present evi-
dence identifying the enzymatic lesion in the most
frequent class of amino acid-requiring mutants.
AB259 (HfrH, thi) and KL98 (Hfr, X-lyso-

genic), derivatives of E. coli K-12, were obtained
from A. Taylor and B. Low. From these strains
Nalr mutants were selected for growth on tryp-
tone-agar containing 10 ,ug of Nal per ml. Gener-
ally, from 10 to 80% of the Nalr auxotrophs ob-
tained responded well to both L-glutamate and to
L-proline in auxanograms (with glucose as energy
source), and somewhat more poorly to 2-oxoglu-
tarate and to L-glutamine. (Other Casamino
Acid-requiring Nalr auxotrophs which do not
respond to glutamate were also obtained, but we

have not identified the enzymatic lesion in any of
these mutants. Reduced sulfur-containing com-

pounds such as methionine can substitute for the
Casamino Acid requirement of some of the mu-
tants.) Most mutant cultures contained a high
frequency of revertants. Simultaneously with
reversion to prototrophy, the cells reacquired sen-
sitivity to Nal. Thus both drug resistance and the
requirement for Casamino Acids appear to result
from the same mutation.
Although the response to glutamate (and to

proline) was obvious in an auxanogram, the mu-

tant cells grew slowly when streaked to minimal
glucose plus glutamate, poorly (not at all in some
cases) on succinate plus glutamate, and no

growth was observed on acetate plus glutamate,
or on medium not supplemented with glutamate.

The poor growth may be, in part, the result of
poor glutamate uptake and metabolism in E. coli
K-12 as suggested from studies on the use of glu-
tamate as sole carbon source (8). Growth was
somewhat better on glucose or succinate supple-
mented with proline rather than glutamate, but in
no case did a mutant grow with acetate as energy

source. The wild type grew faster than the Nalr
auxotrophs in nutrient broth (24-min doubling
time for KL98 versus 60 min for KL98 icd-5).

These results suggested that the mutant cells
were deficient in synthesis of glutamate, probably
because of deficiency in 2-oxoglutarate, an inter-
mediate in the tricarboxylic acid cycle and the
immediate precursor of glutamate (Fig. 1).
To test this possibility, the ability of mutant

and wild-type cells to respire a variety of tricar-
boxylic acid cycle-related compounds was exam-
ined using nutrient broth-grown cells and
standard respirometric procedures (16). Although
mutant and wild type respired 2-oxoglutarate
equally well, glucose, pyruvate, succinate, and
malate were respired less well in the mutant than
in the parent strain. The mutant failed to respire
acetate (even after incubation in minimal medium
containing 0.4% acetate plus 40 ,ug of L-gluta-
mate per ml for 3.5 hr) and only a small amount
of oxaloacetate (OAA) was respired. These re-

sults showed that the cause of respiratory defi-
ciency in the mutant lies somewhere before 2-
oxoglutarate (which was respired well), but after
OAA and acetate. Thus the mutants could be de-
ficient in citrate synthase, aconitase, or isocitrate
dehydrogenase, each of which is required to res-
pire acetate and OAA and to synthesize 2-oxo-
glutarate. [The small amount of OAA which was
respired could result from a contaminant in the
OAA (e.g., pyruvate resulting from spontaneous
decarboxylation), or from conversion of OAA to
pyruvate via either malic enzyme, or phospho-
enolpyruvate carboxykinase and pyruvate ki-
nase.]
The activity of the three enzymes was meas-
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FIG. 1. Metabolic pathways showing mutant blocks affecting tricarboxylic acid cycle and tricarboxylic acid
cycle-related enzymes. Enzymes or enzyme complexes blocked in mutants are: pps (phosphopyruvate synthase, 15),
aceE and aceF (pyruvate dehydrogenase, 15), pta (phosphate acetyltransferase, 12), gitA (citrate synthase, 15), aceA
(isocitrate lyase, 15), aceB (malate synthase A, 15), icd (isocitrate dehydrogenase [NADP]), sucA and sucB
(oxoglutarate dehydrogenase, 15), mdh (malate dehydrogenase, 2), ppc (phosphopyruvate carboxylase, 15), pck
(phosphoenolpyruvate carboxykinase, 13). Mutants deficient in succinate dehydrogenase (2) and glutamate dehy-
drogenase (17) were reported but no mutant designation was assigned.

ured. The mutants tested had somewhat higher
levels of citrate synthase and aconitase than the
wild type, but completely lacked isocitrate dehy-
drogenase (Table 1). Mixing experiments showed
that the absence of enzyme activity in the mutant
did not result from an inhibitor capable of inhib-
iting enzyme from wild-type cells. Similar results
were obtained with each of five other phenotypi-
cally similar Nalr mutants isolated from two dif-
ferent derivatives of E. coli K-12. We designate
these mutants icd mutants, icd standing for isocit-
rate dehydrogenase.
The mutants showed normal glutamate dehy-

drogenase activity (Table l). Citrate lyase, which
converts citrate to OAA and acetate, was present
at the same uninduced level in both mutant and
wild type. This enzyme is known to be induced in
E. coli by citrate but only during anaerobic
growth (7).

During growth on acetate or fatty acids (which

form acetyl coenzyme A), isocitrate can be me-
tabolized by an alternative pathway making use
of the two inducible enzymes of the glyoxylate
cycle, isocitrate lyase, and malate synthase A.
This pathway allows the cell to meet the require-
ment for OAA resulting from growth and from
loss of tricarboxylic acid cycle intermediates in
biosynthesis. Isocitrate lyase was assayed, and
the enzyme level was shown to be much lower in
the mutant than in the wild type when grown on
nutrient broth (Table 1). However, the enzyme
was induced in the mutant when the cells were

incubated in minimal acetate plus glutamate
medium (Table 1). Presumably, in the mutant
both the repression of isocitrate lyase synthesis
and the inability to respire acetate via the glyoxy-
late cycle are the result of high levels of phospho-
enolpyruvate (PEP) when grown on nutrient
broth. PEP has been shown to act as repressor
and also to inhibit isocitrate lyase activity (10).
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TABLE 1. Enzymatic activities in wild-type and mutant
strainsa

Strain
Enzyme KL98 AB259 AB259KL8 lcd-5S 85 icd-3

Aconitase (EC 4.2.1.3) ..... 290 414
Citrate synthase (EC 4.1.3.7) 103 311 87 105
Isocitrate dehydrogenase (EC

1.1.1.42) ............... 552 <4 304 < 5
Citrate lyase (EC 4.1.3.6) ... 1.1 1.6 1.3 0.98
Isocitrate lyase (EC 4.1.3.1). 61 4.8
Isocitrate lyase (acetate)" . . . 69 37
Glutamate dehydrogenase
(EC 14.1.4)c ........... 135 132

a Nanomoles of substrate transformed per minute per milli-
gram of protein. Overnight cultures in nutrient broth were
washed in I mm ethylenediaminetetraacetic acid (pH 7.4), re-
suspended to 1.5 x 109 cells per ml in the assay buffer, and son-
ically treated with 75% intensity (four 15-sec pulses) at 4 C, by
using a Biosonic 11 ultrasonic probe with needle tip. After cen-
trifuging 30 min at 5,000 x g, the supernatant solution was used
for enzyme assay. Protein was determined by the Folin phenol
procedure (11). Activity of all enzymes was measured spectro-
photometrically at room temperature (about 25 C) by using
freshly prepared extracts. Citrate synthase was assayed ac-
cording to the DTNB method of Srere (14) by using 0.1 M
tris(hydroxymethyl)aminomethane buffer, pH 7.5. Aconitase
was measured by following the enzyme-dependent disappear-
ance of cis-aconitate at 240 nm (5). Enzyme was measured in a
3-ml cuvette without activation and without NaCI. Other en-
zymes were assayed as described elsewhere: glutamate dehydro-
genase (17), citrate lyase (3), isocitrate lyase (4), isocitrate de-
hydrogenase (1).

h Nutrient broth-grown cells were washed and shaken in min-
imal medium containing 0.4% acetate plus 40 ,ug L-glutamate
per ml for 3.5 hr before harvesting.

c Nutrient broth-grown cells were washed and shaken in min-
imal medium containing 0.2% D-glucose for 3.5 hr before the
cells were harvested, and extracts were prepared as described.

The cause of drug resistance is obscure and
may be an indirect effect of accumulation of in-
termediates before the block. There is no obvious
structural similarity of Nal and any of the imme-
diate precursors of 2-oxoglutarate.
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