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SUMMARY

A wild-type strain of Escherichia coli (W) did not utilize glutamate or oxoglu-
tarate as sole source of carbon for growth, but mutants able to grow on each of these
compounds were isolated. The abilities to utilize glutamate and oxoglutarate did
not necessarily accompany each other. The evidence presented supports the view
that both kinds of mutant involve changes in a permeation mechanism. The muta-
tion to growth on glutamate was always accompanied by appearance of sensitivity
to inhibition by 2-methyl-prL-glutamic acid and by partial or even complete loss of
glutamic acid decarboxylase. It is proposed that the permeation mechanism for
glutamate also allows entry of 2-methylglutamate, a compound which prevents
glutamine formation. The loss of glutamate decarboxylase remains unexplained.

INTRODUCTION

In the course of studies on the mechanism of utilization of ammonia by cultures of
Escherichia coli it was noted that various strains differed in their ability to utilize
L-glutamate and 2-oxoglutarate. Some of the strains used, including strain W, were
unable to grow on minimal media in which either of these compounds served as the
carbon source (Halpern & Umbarger, 1960). Later, mutants capable of utilizing
glutamate or oxoglutarate were selected. The acquisition of the ability to grow on
one of the two compounds appeared to be independent of the ability to grow on the
other. It was of interest that all the wild-type E. coli strains which were unable to
grow on glutamate possessed a highly active r-glutamic acid decarboxylase, while
those that could utilize glutamate for growth showed no such activity. Similarly,
mutants selected for ability to grow on glutamate lost most or all of their decarboxy-
lase activity. Whereas no direct causal relationship between growth on glutamate
and the absence of glutamic acid decarboxylase could be demonstrated, evidence has
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been obtained which implicates specific permeation systems as prerequisites for the
utilization of glutamate and oxoglutarate. These experiments are described in this
paper. A preliminary report has been given elsewhere (Halpern & Umbarger, 1959).

METHODS

Micro-organisms. The organisms used in this work were: Escherichia coli strains
W, K-12, B and H; Aderobacter aerogenes strain 1033; a strain of Pseudomonas
aeruginosa from the stock culture collection of the Department of Bacteriology and
Immunology, Harvard Medical School.

Media. The minimal medium of Davis & Mingioli (1950), with the omission of
citrate, was used throughout. The various compounds used as carbon sources were
prepared in separate solutions and added aseptically to the basal medium after
autoclaving.

Selection of mutants. E. coli strain W was inoculated (about 5 x 107 organisms/ml.)
into 100 ml. amounts of minimal medium with 0-59%, (w/v) L-glutamic or 2-oxo-
glutaric acid as the carbon source. The cultures were incubated at 87° with shaking.
Usually there was no detectable growth even after prolonged incubation (72 hr.).
However, rapid increase in optical density ensued on the 5th day of incubation, the
final concentrations of organisms equalling those obtained with succinate as carbon
source. Such cultures were plated on eosin + methylene blue agar and single colonies
were picked and tested for their ability to grow on the respective carbon source.
Three glutamate-utilizing mutants were obtained on separate occasions by this
method, and were designated W/Gl;, W/Gl;, and W/Gl;. One mutant utilizing oxo-
glutarate was also obtained and was designated W/KG. From strain W/Gl; a
secondary mutant was later selected for ability to utilize oxoglutarate in addition to
glutamate; this mutant was designated E. colt W/G1,/KG. Similarly, two glutamate-
utilizing mutants of E. coli H were obtained using this method, designated H/Gl,
and H/Gl,.

Growth experiments. For the determination of growth rates inocula from log-phase
cultures were transferred to 20 ml. of appropriate medium in 250 ml. Erlenmeyer
flasks with cuvette side arms. Such cultures were incubated at 87° in a New
Brunswick gyratory water-bath shaker. The changes in optical density were fol-
lowed in a Klett—-Summerson photoelectric colorimeter with a No. 42 filter.

Oxygen uptake measurements. Conventional manometric techniques were em-
ployed for the determination of oxygen uptake by cell suspensions.

Reduction of triphenyltetrazolium chloride. The capacity of bacterial suspensions,
and bacteria disintegrated by sonic oscillation (15 ml. of a cell suspension of
OD x 10=60 at 550 my in M/15 phosphate buffer, pH 7-5 was treated for 8 min. in a
Raytheon 10 KC magnetostrictive sonic oscillator), to reduce triphenyltetrazolium
chloridein the presence of glutamate was determined under both aerobic and anaerobic
conditions. For the anaerobic experiments Thunberg tubes were used. The reaction
was stopped by the addition of 0-1 ml. 4 N-HCI. The formazan formed was extracted
with 2 ml. isobutanol and the colour intensity measured at 485 mu in a Coleman
Junior spectrophotometer.

Preparation of cell-free extracts. Cell-free extracts used in the determinations of
the enzymic activities studied were prepared by disintegration of bacterial suspen-
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sions (ODx10 = 60 at 550 my) in a Raytheon 10 KC magnetostrictive sonic
oscillator in the cold for 8 min. The cell debris was removed by centrifugation in the
cold (4-6°) for 15 min. at 28,000 g. The protein content of the supernatant liquid
was determined by Mehl’s biuret method (Mehl, 1945).

Assay of glutamic acid dehydrogenase. Glutamic acid dehydrogenase activity of
cell-free extracts was determined by reduction of triphosphopyridine nucleotide
(TPN) in the presence of L-glutamate, and its rate was followed at 340 myu in a
Beckman model DU spectrophotometer. The reaction mixture contained: bacterial
protein, 0-3 mg., different concentrations of L-glutamate (pH 8-7), TPN, 0-3 gmole,
phosphate buffer (pH 8-7) 120 zmole, in a total volume of 8 ml. Increase in absorp-
tion at 840 myu was followed for 5 min. at room temperature. Enzyme activity was
caleulated from the reaction rate for 1 min. between the initial 30 and 90 sec. after
addition of glutamate.

Assay of glutamine synthetase. Glutamine synthetase activity of cell-free extracts
was determined in a system similar to that described by Fry (1955). The amounts of
glutamine formed and glutamic acid utilized were estimated after paper chromato-
graphy, according to Giri, Radhakrishan & Vaidyanathan (1952).

Assay of glutamic acid decarboxylase. Glutamic acid decarboxylase activity of
extracts of cells grown in the presence of glutamate was determined manometrically
or by paper chromatography as previously described (Halpern & Grossowicz, 1956).

Determination of **C-L-glutamate uptake by logarithmic phase cultures of Escherichia
coli strains W and W|GlL. E. coli W and W/Gl, were grown overnight (inoculum
about 107 organisms/ml.) in 20 ml. minimal medium containing a limiting amount of
glucose (0-05 %, w/v). Logarithmic growth was immediately resumed upon addition
of 0-839, (w/v) glucose. When the cultures reached a turbidity of 0-86 (at 550 mu),
1-5ml. samples were withdrawn and incubated with various concentrations of
14C-uniformly labelled r-glutamate (The Radiochemical Centre, Amersham, Bucks),
in the presence and in the absence of 2-methyl-prL-glutamic acid, 2-79 x 10, for
4 min. at 87° in a total volume of 2 ml. The reaction mixture was filtered in the cold
through a bacterial membrane filter, 25 mm. in diameter (Membranfilter, G6ttingen,
Gruppe:38) and rinsed with about 80 ml. ice-cold water. The filters were air-dried
and their radioactivity measured in a Geiger-Muller counter (Tracerlab, Inc.).

RESULTS
Growth studies

Following the observation that growth of Escherichia coli strain W on glutamate
or on 2-oxoglutarate was possible only following selection of variants from a large
population, experiments were performed to compare the growth rates of the variants
with that of the wild strain on each of several carbon sources. Table 1 gives the
results of such experiments. It was noted that with the acquisition of the ability to
utilize glutamate or 2-oxoglutarate, there was little or no change in the growth rate
on glucose or on another tricarboxylic acid cycle intermediate, succinate. In addi-
tion, it was apparent that the ability to grow on either glutamate or 2-oxoglutarate
had no effect on the ability to grow on the other. Furthermore, for those strains
which were able to grow on them, succinate, glutamate or 2-oxoglutarate were
utilized for growth about equally effectively. Although the wild-type parent utilized

glutamate as the source of nitrogen, it did so only poorly (column 6, Table 1).
I12-2
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However, the strain which utilized glutamate as a source of carbon (strain W/Gl,)
also used it better as a source of nitrogen, although it was able to utilize ammonia
more effectively as a nitrogen source (column 2, Table 1).

Table 1. Growth of Escherichia coli strain W and its mutants on
different compounds serving as a sole source of carbon
The experiment was performed in minimal medium, to which 0-5 9, (w/v) of the respective

carbon source was added. The inocula were prepared from overnight cultures on succinate.
The initial concentrations were about 2 x 10® organisms/ml. For other conditions, see

Methods.
Carbon source
r A =™
Glucose
+
glutamate
2-0x0- ((NH,),S0,
Glucose Succinate 1r-glutamate glutarate omitted)
Generation time (hr.)*
Strain P A N
E. coi W 1-00 1-50 > 6 > 16 3-00
E. coli W/KG 1-00 1-50 > 7 1-30 —
E. coli W/Gl, 1-25 1-65 1-55 > 16 170
E. coli W/GL,/KG — — 1-55 1-40 —

* Time required for doubling of the optical density of the culture in the logarithmic phase of
growth.

Table 2. Rates of oxygen uptake by suspensions of Escherichia coli W
and its mutants on various substrates

The bacteria were grown overnight on succinate as the carbon source, washed and re-
suspended in 0-05 M phosphate buffer (pH 8-7). Each Warburg vessel contained about
15 mg. equiv. dry weight organism, MgCl,, 10 umole, and phosphate buffer (pH 8-7)
50 pmole in the main compartment; 10 umole of substrate in the side arm, and KOH
40 9% (w/v) 0-2 ml.,, in the centre well; total volume 1-5 ml.; incubation at 30°.

Substrate

s A hY

Succinate L-Glutamate 2-Oxoglutarate
Organisms Qo,* Qo,* Qo,*
E. coli W 540 49 (93)t 90
E. coli W/KG 540 8 264
E. coli W/Gl, 522 402 (18)1 100
E. coli W/GL/KG 468 336 234

* The values obtained for endogenous respiration were subtracted from those obtained in the
presence of substrate.

+ Numbers in parentheses represent the amount of glutamic acid recovered at the end of the
experiment, as % of initial value.

Rates of oxygen uptake

Experiments were performed to determine the oxygen uptake of washed suspen-
sions of the different strains. There was a very good correlation between respiratory
activity towards the different carbon sources and the ability of a given strain to
utilize these substances for growth (Table 2). When glutamate was the substrate,
over 80 %, of it disappeared in the presence of strain W/G],, whereas in the presence
of the wild-type organism practically all of the added glutamate remained at the
end of the experiment.
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Glutamic acid dehydrogenase activity

Since glutamic acid dehydrogenase might be involved in the early steps of
glutamic and 2-oxoglutaric acid metabolism, the activity of this enzyme was investi-
gated in extracts of Escherichia coli W and of the glutamate and oxoglutarate
utilizing mutants. No significant differences between the activities of the various
strains were detected.

Reduction of triphenyltetrazolium chloride

Different results were obtained when suspensions of Escherichia coli strains W
and W/Gl, were tested for their ability to catalyse the transfer of electrons from
glutamate to triphenyltetrazolium chloride. It can be seen that with intact
organisms (Fig. 1) the apparent affinity of the wild strain for glutamate was much
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Fig. 1. Reduction of triphenyltetrazolium chloride by whole cell suspensions and by
sonically disintegrated cells of E. coli W and W/GI, with glutamate as the electron donor.
Overnight cultures of E. coli W and W/G]; on minimal medium, containing 19, (w/v)
Na-succinate and 0-5 9, (w/v) L-glutamic acid, were washed and resuspended in m/15
phosphate buffer, pH 7-5. Both suspensions were adjusted to the same optical density
(OD x 10 = 60 at 550 mu). Part of each suspension (15 ml.) was disrupted in a Raytheon
10 KC magnetostrictive sonic oscillator for 8 min., and the remaining part was diluted
with an equal volume of M/15 phosphate buffer, pH 7-5. The reaction mixtures contained:
whole cell suspension (0-945 mg. dry weight of bacteria) or sonically disintegrated cells
(4-413 mg. dry weight of bacteria), L-glutamic acid as indicated, triphenyltetrazolium
chloride, 0-06%, (w/v), phosphate buffer pH '7-5, 467 gmoles, in a total volume of 1-6 ml.;
incubated aerobically at 87° for 10 min. The reaction was stopped by addition of 0-1 ml.
4 N-HCl; the formazan formed was extracted with isobutyl alcohol, 2 ml., and read at
485 my., —-— QO ——, W whole cells; — O —, W broken cells; —x—, Gl, whole cells;
— A—, G}, broken cells.
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lower than that of the Gl, mutant. In contrast, when sonically disrupted suspen-
sions were used, the differences in the reaction rates of the two strains at either low
or higher concentrations of glutamate were slight and perhaps not significant.

Effect of 2-methyl-pL-glutamic acid

Further evidence on the nature of the mutation to glutamate utilization was
obtained by using a glutamate analogue, 2-methyl-pL-glutamate. This compound has
been shown (Ayengar & Roberts, 1952) to inhibit the growth of certain lactic acid
bacteria, presumably by inhibiting the conversion of glutamate to glutamine. As
shown in Table 8, when 2-methylglutamate was added to a glucose minimal medium,
those Escherichia coli strains able to use glutamate as sole carbon source (W/Gl,,
W/Gl,, B, H/G,) were inhibited by the analogue. Strains unable to grow on gluta-
mate (W, K-12, H) were resistant.

The correlation suggested by the results shown in Table 8 was further supported
by isolating from the glutamate-utilizing mutant strain W/Gl, a variant, strain

Table 8. Inhibition of growth of different Escherichia coli strains by
2-methyl-pL-glutamic acid

For conditions of growth see Methods.

In the presence of 2-methyl-pr-glutamic acid
A

0r~15 % (w/v) 0-50 %, (w/\;)

No additions S It S
(control) Klett Inhibition Klett Inhibition

Strain Klett reading reading (%) reading (%)
E. coi W 375 313 16:5 290 227
E, coli W|GI, 443 Not tested 26 94-1
E. coli W|Gl, 242 31 87-2 5 97-9
E, coli K-12 280 345 0 Not tested
E.coli B 325 23 92-9 10 96-9
E. coli H 415 275 337 202 51-3
E. coli H/Gl, 510 12 976 15 971

Table 4. Uptake of ¥C-L-glutamate by Escherichia coli strains W and W|Gl,
in the presence and in the absence of 2-methyl-pL-glutamic acid

The reaction mixture contained: logarithmic phase organisms equiv. 0-567 mg. dry wt.
bacteria, in minimal medium containing 0-3 9%, (w/v) glucose, 14C-L-glutamate (uniformly
labelled, 107 c.p.m./umole) and 2-methyl-pL-glutamic acid as indicated, in a total
volume of 2 ml.; incubation in a water-bath with shaking (about 200 oscillations/min.)
at 87° for 4 min. For other conditions see Methods.

Uptake of “C-L-glutamate (c.p.m.)

E.coi W E. eoli W[GI,
r A N p A .
2-Methyl-pL-glutamate 2-Methyl-pL-glutamate
added added
uC.L-glutamate . A \ % - A \ %
added (M) None 279 x 10~ Inhibition None 279x10-m Inhibition
9-8 x 10— 287 230 19-9 455 225 50-1
2-8 x 108 631 523 17-1 1024 491 52-0

8-4x 108 1070 992 73 1708 1251 26-5
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W/GL /MG, selected for ability to grow in glucose minimal medium +2-methyl-
glutamate. This variant was found to have lost its ability to grow on glutamate.
Similarly, another derivative, strain W/G],-8, was selected by means of the penicillin
selection method (Davis, 1948) for restoration of the original inability to grow on
glutamate; this strain was found to have lost its sensitivity to 2-methylglutamate.
In contrast, when the glutamine-synthesizing systems were tested in extracts it was
observed that the activity in extracts of both Escherichia coli strains W and W/G],
was inhibited by the analogue (78-88 %, inhibition by 0-011 M-2-methylglutamate).

Further evidence which stresses the relationship between the ability of the
organism to utilize L-glutamate and the inhibitory effect of 2-methyl-brL-glutamate
on its growth was obtained by uptake experiments described in Table 4. As shown in
Table 4, uptake of 14C-labelled r-glutamic acid by Escherichia coli W/G), was con-
siderably higher than that by the W strain and was inhibited to the extent of 50 %,
in the presence of the 2-methyl analogue. On the other hand, addition of 2-methyl-
DL-glutamic acid caused an inhibition of r-glutamate uptake by strain W of less
than 20 9,. The residual (uninhibited) uptake was virtually the same in both strains.

Table 5. Comparison of L-glutamic acid decarboxylase activities of
various mutants of Escherichia coli

The reaction mixtures in Warburg flasks contained: bacterial extract equiv. 075 mg.
protein, L-glutamic acid, 15 umole; acetate buffer (pH 4-5) 90 pmole; pyridoxal phos-
phate, 150 pg; in a total volume of 1-5 ml. Incubation was at 30°. The extract in each
case was prepared from organisms harvested in the logarithmic phase from a medium
containing initially 1-0 9%, (w/v) glucose and 0-5 %, (w/v) L-glutamate.

Glutamate Glutamate
as sole as sole
carbon carbon
Strain source Q(,2 Strain source Qo,
E. coi W — 592 E. coli H/Gl, + 0
E. coli W|G, + 20 E. colt K-12 - 200
E. coli W/GI, + 224 E. coli B + (i}
E. colit W|Gl, + 20 A. aerogenes 1033 + 0
E. coli H - 1467 Ps. aeruginosa + 1]
E. coli H|G, + 452

Glutamate decarboxylase activity in glutamate-utilizing strains

The only enzymic difference noted between extracts of organisms unable to grow
on glutamate and extracts of those able to utilize glutamate was in the decarboxyla-
tion of glutamate. Thus Escherichia coli strains W, K-12 and H exhibited strong
glutamic acid decarboxylase activity, whereas variants of these strains which can
grow on glutamate, showed either a partial or a complete loss of the decarboxylase.
It was also found that the three wild-type organisms which were observed to
utilize glutamate as a carbon source, E. coli strain B, Aerobacter aerogenes strain
1033 and the strain of Pseudomonas aeruginosa, exhibited no glutamic acid de-
carboxylase activity (Table 5). At present, the mechanism underlying this apparent
correlation is not clear. The relationship, however, does not appear to be a direct
one. For example, selection for loss of the ability to utilize glutamate or for resist-
ance to 2-methylglutamate (such as strains W/Gl,-8 and W/Gl, /MG described above)
did not select organisms which had gained the ability to decarboxylate glutamate.
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DISCUSSION

The difference between Escherichia coli W and its mutants, with respect to their
ability to utilize glutamate and oxoglutarate for growth, might have been due either
to changes in the respective metabolic pathways or to changes in the ability of the
organisms to take up the substrates. Although glutamate oxidation by strains
selected for growth on glutamate was much higher than that in strains unable to
grow on glutamate, the glutamic dehydrogenase activities of the extracts prepared
from the two kinds of strains were not significantly different. This difference must be
accounted for, therefore, by a difference in the ease of entry of glutamate into the
cells of the two strains. This hypothesis is directly supported by the observations on
the difference in tetrazolium reduction as between whole organisms and extracts.
Thus, at low concentrations of glutamate there was a distinct difference in the rates
of tetrazolium reduction by intact organisms of the two strains. This difference
could be essentially abolished by disrupting the organisms or by using higher con-
centrations of glutamate. The change in the glutamate-utilizing mutant could
probably best be explained by an increased capacity to transport glutamate into
the cell.

A difference between the penetration of glutamate into organisms of strain W and
into organisms of strain W/Gl, could also explain the difference in the sensitivity of
the two kinds of organism to 2-methylglutamate, a compound which inhibits
glutamine formation by extracts of both strains. It would appear that the same
mechanism which is responsible for the transport of glutamate into the cell also
facilitates the penetration of the analogue.

Although it is not clear how the loss of decarboxylase activity is related to the
utilization of glutamate, the two phenomena nevertheless seem to be connected. In
every mutant examined the appearance of the ability to grow on glutamate was
accompanied by a total or at least partial loss of glutamic decarboxylase activity.
Even the relatively high decarboxylase activity of strain H/Gl, (Qco, = 452) com-
prises only 80 9%, of the activity of the parent H strain. The same argument holds
also for the decarboxylase of strain W/Gl,, which, although being as active as that
of Escherichia coli K-12 unable to grow on glutamate, is nevertheless only one-third
as active as that of its parent W strain.

Finally, it may be pointed out that the data in Table 1 provide evidence that the
mutation to growth on 2-oxoglutarate was also due to a change in a penetration
mechanism. The present evidence for a similar system in Escherichia coli is less
conclusive than in the case of glutamate. However, if it may be assumed that
glutamate utilization proceeds via 2-oxoglutarate, it is clear that an organism which
metabolizes glutamate at a rate sufficient for growth must also metabolize endo-
genous oxoglutarate at a rate sufficient for growth. Since such strains do not grow
on exogenous oxoglutarate, their failure to do so must be attributed to the inability
of this compound to enter the cell. It is of interest that Kogut & Podoski (1953)
presented evidence for the existence of an oxoglutarate permeation system in a
Pseudomonas strain.
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