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The formation of the arginine deiminase pathway enzymes in Streptococcus
faecalis ATCC 11700 was investigated. The addition of arginine to growing cells
resulted in the coinduction of arginine deiminase (EC 3.5.3.6), ornithine carba-
moyltransferase (EC 2.1.3.3), and carbamate kinase (EC 2.7.2.3). Growth on
glucose-arginine or on glucose-fumarate-arginine produced a decrease in the
specific activity of the arginine fermentation system. Aeration had a weak
repressing effect on the arginine deiminase pathway enzymes in cells growing on
arginine as the only added substrate. By contrast, depending on the growth phase,
a marked repression of the pathway by oxygen was observed in cells growing on
glucose-arginine. We hypothesize that, in S. faecalis, the ATP pool is an
important signal in the regulation of the arginine deiminase pathway. Mutants
unable to utilize arginine as an energy source, isolated from the wild type,
exhibited four distinct phenotypes. In group I the three enzymes of the arginine
deiminase pathway were present and probably affected in the arginine uptake
system. Group II mutants had no detectable arginine deiminase, whereas group
III mutants had low levels of ornithine carbamoyltransferase. Group IV mutants
were defective for all three enzymes of the pathway.

Arginine is one of the substrates which, apart
from carbohydrates, Streptococcus faecalis can
use as an energy source for growth (2, 5). The
degradation of arginine to ornithine and ATP has
been demonstrated by Jones (10), and two en-
zymes of the pathway, ornithine carbamoyl-
transferase and carbamate kinase, have been
isolated and characterized by Marshall and Co-
hen (12-14). Induction of the enzymes of the
arginine deiminase pathway under oxygen limi-
tation has been described in Bacillus lichenifor-
mis (3), Pseudomonas aeruginosa (16), and Ha-
lobacteria (9). It has been suggested that, in P.
aeruginosa, conditions which lead to the forma-
tion of a decreased ATP pool result in the
induction of the pathway, whereas, in contrast,
high levels of the nucleotide triphosphate pool
prevent this induction. The exponential phase of
growth of S. faecalis is characterized by a
continuous decrease of the ATP pool, the rate of
decrease being a function of the energy source
present in the medium (8).

In this paper, we investigate the regulation of
the arginine deiminase pathway of S. faecalis by
studying enzyme synthesis under a variety of
growth conditions and the selection and the

biochemical characterization of arginine-nonuti-
lizing mutants (Aut- mutants).

MATERIALS AND METHODS
Media and growth conditions. S. faecalis was grown

either on a complex medium (medium A) or on an
exhausted complex medium (medium B). The complex
medium A buffered at pH 7.0 contained 10 g of yeast
extract, 5 g of tryptone, 5 g of NaCl, 1.4 g of KH2PO4,
14.3 g of Na2HPO4, 1.7 g of K2SO4, 0.5 mg ofMgSO4 '

4H20, and 5 mg of FeCl3 per liter. Glucose, arginine,
and fumarate were added at the desired concentra-
tions. For aerobic cultures, 20 mg of hematin per liter
was added to the medium. This basal medium support-
ed a limited growth of S. faecalis in the absence of any
added energy source. The amounts of reducing sugars,
arginine (2 mM), and serine (3 mM) present in the
medium account for this growth. At the beginning of
the stationary growth phase arginine (<200 ,uM) and
serine (<100 F.M) were exhausted, whereas the other
amino acids remained in excess. We have thus used a
growth medium (medium B) which did not support
growth of the organism unless an external energy
source was added.
Medium B, exhausted in energy sources, was ob-

tained by growing the cells aerobically to the station-
ary phase on medium A to deplete the energetic
substrates initially present. Cells were discarded by
centrifugation, and the medium was sterilized again by
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filtration. On medium B glucose was a growth sub-
strate only in aerobiosis, but not in anaerobiosis,
unless the medium was supplemented with bicarbon-
ate (20 mM) or arginine.

Cells were grown in a 2-liter Biolafitte microfermen-
tor, and temperature and oxygen tension were moni-
tored as described previously (16). Overnight cultures
grown aerobically on medium B plus glucose were
used as inoculum; the initial density in the fermentor
was 107 cells per ml. Aut- mutants were also grown
overnight without agitation in sealed tubes.

Isolation and characterization of Aut- mutants. The
Aut- mutants were isolated after treating the cells of
S. faecalis ATCC 11700 by X-ray irradiation. Muta-
genesis was carried out on cultures grown overnight in
medium B supplemented with arginine as the energy
source and suspended in mineral salt medium 154 (18).
Eight milliliters of this suspension containing 101 or-
ganisms per ml was irradiated in a petri dish with
stirring. The total time of irradiation was chosen so
that the number of survivors was 0.5%. The organisms
were exposed to radiation from a type OEG 60 X-ray
tube which was operated at 150 kV and 30 mA. The
dose rate was 2.02 kilorads per min. The irradiated
cells were then harvested by centrifugation and sus-
pended on medium B containing arginine. After three
or four generations, penicillin was added at a concen-
tration of 200 U/ml. After 12 h, the remaining cells
were washed and spread over petri plates containing
medium B plus pyruvate. After growth, 2,000 colonies
were obtained. Eighty of these strains were unable to
grow on medium B supplemented with arginine as the
energy source.

Preparation of cel extract. At time intervals, 50-ml
samples of the culture were removed from the fermen-
tor with a syringe and supplemented with chloram-
phenicol at 200 Izg/ml. A 5-ml portion of the sample
was first used to measure the optical density at 660 nm
with a Gilford spectrophotometer and, after filtration
through a membrane ifiter (0.45 ,um; Millipore Corp.,
Bedford, Mass.), for the determination of the concen-
trations of glucose, arginine, citrulline, and ornithine.
The remaining sample was centrifuged at 28,000 x g
for 15 min. The cell pellet was washed with 0.9% (wt/
vol) NaCl, suspended in 20 mM phosphate buffer (pH
7.5), and disrupted for 15 min in a Raytheon sonic
oscillator at 10 kHz.

Assay of enzyme acvities In cell extracts. Ornithine
carbamoyltransferase was assayed by colorimetric de-
termination of citulline formed from carbamoylphos-
phate and ornithine as previously described (19). The
arginine deiminase assay was essentially the same as
previously described (18), except that 100 mM sodium
citrate buffer (pH 6.0) was used. Carbamate kinase
was assayed in the direction of carbamoylphosphate
synthesis in a coupled assay containing ornithine and
Escherichia coli ornithine carbamoyltransferase as de-
scribed by Marshall and Cohen (13).

Protein concentration. Protein concentration was
estimated by the method of Lowry et al. (11). Specific
activities are expressed as the amount of enzyme
which catalyzes the formation of 1 ,umol ofproduct per
h per mg of protein.

Analytical method. The products of arginine catabo-
lism were estimated in the clarified fluid with the
amino acid analyzer as previously described (15).
Glucose was estimated enzymatically by using the

glucose oxidase-peroxidase test of Hoffmann-La
Roche, Inc., Nutley, N.J.

RESULTS
Physiolog of growth of S. faecalis. Bauchop

and Elsden have demonstrated that S. faecalis
NCTC 6783 cannot use arginine as an energy
source in the absence of glucose (2). In our
experiments, S. faecalis ATCC 11700 did not
require glucose since addition to the medium B
of arginine as the sole energy source allowed
growth of the organism. The increase in cell
mass obtained anaerobically was directly pro-
portional to the arginine concentration up to 50
mM. The corresponding ureido compounds
(10%) and ornithine (90%) were the products of
arginine utilization and appeared in the culture
fluid.

Regulation of ornithine carbamoyltrnsferase
synthesis during anaerobic growth. In our initial
experiments, cells harvested in the stationary
phase after anaerobic growth on medium A or B
supplemented with arginine had high levels of
ornithine carbamoyltransferase. When such
cells were diluted into fresh A medium, the
specific ornithine carbamoyltransferase activity
dropped during the early stage of growth and
increased again until the cells entered the sta-
tionary phase. Since induction can be best stud-
ied in cells with low initial specific activities,
conditions were chosen to obtain stationary
phase cells with relatively low activity. The
lowest level of the enzymes of the arginine
deiminase pathway was found in cells grown
aerobically on glucose. These cells were routine-
ly used as inoculum in derepression experi-
ments.
When glucose-grown cells were diluted into

medium B supplemented with 50 mM arginine, a
6-h lag was observed before growth resumed.
During this time the synthesis of the arginine
deiminase pathway occurred. When the en-
zymes reached a significant level, the culture
began to grow with a generation time of 52 min.
With the onset of exponential growth, the specif-
ic activities of the arginine deiminase pathway
enzymes increased at a rate "quasi-parallel" to
growth (data not shown). This increase of specif-
ic activities of all three enzymes of the pathway,
arginine deiminase, catabolic ornithine carba-
moyltransferase, and carbamate kinase, ap-
peared coordinated (Fig. 1). In the following
experiments, levels of catabolic ornithine carba-
moyltransferase and arginine deiminase were
determined under a variety of growth condi-
tions, but carbamate kinase was not studied in
such detail. An increase of arginine concentra-
tion up to 100 mM did not alter the differential
rate of ornithine carbamoyltransferase synthesis
(Table 1), but did enhance cellular growth and
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FIG. 1. Coordinate regulation of the enzymes of
the arginine deiminase pathway in S. faecalis grown
on medium A containing 50 mM arginine (see text).

TABLE 1. Ornithine carbamoyltransferase specific
activity

Ornithine
Medium Culture Energy sources transferase

sp acta

B Anaerobic Arginine (100 mM) 8,500
B Arginine (50 mM) 8,400
A Arginine (50 mM) 4,800
A Glucose (50 mM) + 4,800

arginine (50 mM)
B Glucose (50 mM) + 4,800

arginine (50 mM)
A Glucose (50 mM) + 3,400

fumarate (50 mM)
+ arginine (50 mM)

A Glucose (25 mM) 800
B Glucose (25 mM) 30

A Aerobic Arginine (50 mM) 4,200
A Glucose (50 mM) + 2,200

arginine (50 mM)
A Glucose (25 mM) 4

a As the specific activity of ornithine carbamoyl-
transferase increased continuously during the expo-
nential phase of growth, the values given in the table
are those for cells having reached the same cell density
(109 cells per ml).

2 3
Optical density ( 660 nm )

FIG. 2. Differential rate of ornithine carbamoyl-
transferase synthesis of S. faecalis grown in anaerobi-
osis in medium B (see text) supplemented with 100
mM arginine (@), 50 mM arginine plus glucose (0), or
50 mM arginine plus glucose and fumarate (U) or on
medium A supplemented with 25 mM glucose (0).

consequently the specific activity of ornithine
carbamoyltransferase entering the stationary
phase. Addition to the medium of the fermenta-
tion products, namely, ornithine, citrulline, or
NH4, each at 25 mM, was without effect on the
formation of ornithine carbamoyltransferase.
The differential rate of ornithine carbamoyl-
transferase synthesis decreased when the cells
were grown on medium B supplemented with
glucose and arginine (50 mM each ) (Fig. 2).
However, the pattern of enzyme formation de-
pended on the growth phase (Fig. 3). Ornithine
carbamoyltransferase activity reached a peak
value during the exponential growth phase and
decreased during the transitory growth phase
occurring between the exponential and the sta-
tionary phase. The decrease in enzyme specific
activity was not due to the removal of arginine
since the growing organism fermented glucose
and arginine simultaneously, and in the com-
mencement of linear growth, each substrate
concentration in the medium was decreased only
by about 35% (Fig. 3). Addition of fumarate to
glucose-arginine-grown cells also reduced the
differential rate of ornithine carbamoyltransfer-
ase synthesis (Table 1). When cells were grown
on medium B supplemented with glucose as the
only substrate, low levels of ornithine carba-
moyltransferase activity were observed. When
medium A was used, some discrepancy was
observed with the results obtained in medium B
(Table 1). For instance, the differential rate of
ornithine carbamoyltransferase synthesis on ar-
ginine was the same whether glucose was pres-
ent or not. This discrepancy observed between
medium A and B in ornithine carbamoyltransfer-
ase activity probably resulted from repression
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FIG. 3. Kinetics of ornithine carbamoyltransferase
formation during growth on medium B supplemented
with glucose and arginine. Symbols: optical density
(0); glucose utilization (A); arginine utilization (U);
ornithine excretion (0); ornithine carbamoyltransfer-
ase (OTCase) specific activity (0).

by carbohydrates present in medium A. On the
contrary, the residual activity ofornithine carba-
moyltransferase observed in medium A supple-
mented with glucose resulted from the presence
of 2 mM arginine in this medium.

Optical density (660nm )

FIG. 4. Differential rate of ornithine carbamoyl-
transferase synthesis of S. faecalis grown in aerobiosis
on mediumA supplemented with 100 mM arginine (0),
50 mM arginine plus glucose (0), or 25 mM glucose
(O). The dashed line represents the differential rate of
ornithine carbamoyltransferase synthesis on arginine-
and glucose-arginine-grown cells in anaerobiosis.

Synthesis of ornithine carbamoylransferase
during aerobic growth. Cells grown anaerobical-
ly or aerobically on the complex medium A and
induced by arginine had approximately the same
differential rate of ornithine carbamoyltransfer-
ase synthesis (Fig. 4). Supplementation with
glucose considerably reduced the differential
rate of ornithine carbamoyltransferase forma-
tion (Table 1). The inhibition of ornithine carba-
moyltransferase synthesis resulting from the ad-
dition of glucose to an arginine culture was more
effective than that produced under anaerobic
conditions. However we observed (Fig. 5) that
growth of S. faecalis in the medium containing
glucose and arginine was characterized by the
preferential utilization of glucose over arginine,
in contrast with what was observed under anaer-
obic growth conditions (Fig. 3). The specific
activity increased during the exponential
growth, but with the arrest of the exponential
growth, the specific activity declined although
90%o of the initial arginine and glucose concen-
trations were still present. When glucose was
exhausted from the medium, a rise in the specif-
ic activity was again observed, arginine being at
this stage the only energy substrate present in
the growth medium. When glucose was the only
substrate added to the growth medium, low
levels of ornithine carbamoyltransferase activity
were observed (Table 1).

Isolation of mutants unable to grow on argi-
nine. A total of 80 independent mutants of S.

2 l 6 8
TimeXhours)

FIG. 5. Kinetics of ornithine carbamoyltransferase
(OTCase) formation during growth in aerobiosis on
medium A (see text) supplemented with glucose and
arginine. Same symbols as in Fig. 3.
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TABLE 2. Enzymes of the arginine deiminase
pathway of S. faecalisa

Sp act

Stminb Carbamate Omithine Arginine
kcinase carbaoyl- deiminasetransferase

ATCC 11700 148 4,840 17

Group I SW8 14 256 1.3
SW13 30 750 3.2

Group II SW19 93 2,760 <0.2
SW46 70 2,115 <0.2

Group III SW1 40 13 3.5
SW74 23 24 0.8

Group IV SW2 <0.5 9 <0.2
SW25 <0.5 7 <0.2

a Cultures were grown anaerobically ovemight in
medium A containing 50 mM arginie.

b Results were selected for strains showing the
largest variations of specific activities in each group.

faecalis unable to use arginine as growth sub-
strate were isolated by X-ray irradiation and
penicillin counterselection (see above). They
have been assignated to four groups (Table 2).
Except for the mutants of group III, all of these
strains grown in medium A supplemented with
50 mM arginine were unable to use up arginine.
Group III strains utilized some arginine (10%o),
which was recovered as citrulline excreted in the
culture fluid. Group I mutants (SW13) had the
three enzymes of the arginine deiminase path-
way, but their levels were lower than those
observed in the wild-type strain. We suspect
that the altered regulation of the arginine deimin-
ase pathway enzymes in these mutants could
have been due to the impairment of arginine
uptake, because arginine was not used in these
cells.
Group II mutants (SW19) were found to be

defective in arginine deiminase, whereas group
III mutants (SWI) had low level of the catabolic
ornithine carbamoyltransferase activity. Group
IV mutants (SW25) had no detectable levels of
arginine deimninase and carbamate kinase and a
very low level of ornithine carbamoyltransferase
activity (Table 2).

DISCUSSION
In our experiments, arginine is an energy

source for growth of S. faecalis ATCC 11700.
The isolation of mutants altered in the arginine
deiminase pathway and unable to grow on argi-
nine as the only energy source strengthens the
conclusion that ATP produced during arginine
fermentation is used for the growth of the bacte-

rium. Among the four groups of mutants, those
of groups II and III are altered in either the
activity of arginine deiminase or ornithine carba-
moyltransferase. Mutants of group I, although
having the three enzymes of the pathway, are
unable to use up arginine. The obvious interpre-
tation of this behavior is a defect in the uptake
system of arginine. Mutants of group IV are
clearly defective for all three enzymes of the
pathway. The phenotype of these mutants sug-
gests that they may have multiple mutations.
Other possibilities are mutations in a regulatory
gene essential for the transcription of an operon
including the three genes of the pathway. A
further possibility would be a polar mutation in
the structural gene for one enzyme exerting
polar effect on the expression of the other genes.
Such polar effects have been recently described
for the arginine deiminase pathway of P. aeru-
ginosa (16a).
The formation of the arginine deiminase path-

way in S. faecalis seems to be under the control
of two processes: (i) induction by arginine, and
(ii) repression of the induced synthesis by glu-
cose, fumarate, and oxygen. The common prod-
uct of aerobic metabolism, of fumarate reduc-
tion, and of the glycolytic pathway is ATP (4, 6,
7, 18). We consequently hypothesize that in S.
faecalis, as in B. licheniformis (3) and P. aeru-
ginosa (17), the ATP pool is an important signal
controlling the regulation of the arginine deimin-
ase pathway. Furthermore Forrest (8) has
shown that during growth of S. faecalis, a fall in
the ATP pool is always observed during the
exponential growth phase, which in our experi-
ments is always characterized by a logarithmic
increase of the ornithine carbamoyltransferase
specific activity.
The measurement of the ATP pool and the

energy charge (1) in relation to the formation of
the arginine deiminase pathway in S. faecalis, P.
aeruginosa, and B. licheniformis is being
planned for the future.
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