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Rifampin-resistant mutants were isolated from Lactobacillus casei S1 and
examined for possible simultaneous alteration in nutritional properties. Among
the 36 mutants obtained either spontaneously or after mutagenesis with
2-aminopurine, 22 were found to be altered with respect to the specific growth
requirements. The majority (20 of 22) of the latter mutants were shown to require
L-glutamine in addition to the nutrients required by the parental strain for
maximal growth, whereas the remaining mutants had apparently lost the
requirement for L-aspartate. Further studies with one of the glutamine-requiring
mutants revealed that the rifampin resistance of this strain is due to the
resistance of ribonucleic acid polymerase itself and that a single mutation is
responsible for both rifampin resistance and the glutamine requirement. These
results strongly indicate that a structural alteration of the ribonucleic acid
polymerase caused by the rifampin resistance mutation somehow affected
glutamine metabolism, possibly through change in selective transcription of the

genes involved.

A class of antibiotics that specifically inhibits
the deoxyribonucleic acid (DNA)-dependent ri-
bonucleic acid (RNA) polymerase has recently
been employed as a means of studying various
aspects of transcription in bacteria. Genetic and
biochemical analyses of bacterial mutants that
are resistant to rifamycins, streptovaricins, and
streptolydigin have provided important infor-
mation on the structure, function, and forma-
tion of RNA polymerase, which plays a central
role in transcription of the bacterial and the
viral genome (for reviews see references 1 and
11).

In the course of investigations on nutritional
requirements in Lactobacillus caset (6), it be-
came apparent that a specific requirement for
most amino acids or vitamins could be lost by
single-step mutations. Furthermore, the paren-
tal strain acquired the capacity to produce a
specific enzyme, tryptophan synthetase, as a
result of a single mutation. These results
strongly indicate that only minor defects in the
structure of DNA, such as single base substitu-
tions rather than deletions, are responsible for
the inability of the parental wild-type L. casei
to synthesize each of the nutrients required. To
understand further the mechanisms underlying
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growth requirements of these highly hetero-
trophic bacteria, we examined a possible change
in nutritional properties as a result of structural
alteration of the RNA polymerase by rifampin
resistance mutations. It was also hoped that
analysis of such mutants, if they exist, would
contribute to our general understanding of the
role of RNA polymerase in transcriptional con-
trol in bacteria.

As will be shown in the present paper, about
half of the mutants that produce rifampin-
resistant RNA polymerase are indeed altered
with respect to their growth factor require-
ments. At least in one case studied in detail,
evidence suggests that a single mutation is
responsible for both structural alteration of
RNA polymerase and a newly acquired growth
requirement for L-glutamine.

MATERIALS AND METHODS

Bacterial strains. The L. casei wild type used in
this study was strain S1 of the Yakult Institute for
Microbiological Research (6). This strain requires 12
amino acids (arginine, aspartic acid, glutamic acid,
isoleucine, leucine, lysine, methionine, serine, threo-
nine, tryptophan, tyrosine, and valine) and four
vitamins (riboflavin, pyridoxal, pantothenic acid, and
nicotinic acid) for maximal growth. In addition,
several nutrients including cystine, phenylalanine,
folic acid, adenine, uracil, and xanthine were found to
stimulate growth of this organism significantly.
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Media. Natural medium consisted of 10 g of
polypeptone (Wako Drug Co.), 10 g of yeast extract
(Difco Laboratories, Inc.), 10 g of sodium acetate, and
20 g of p-glucose per liter. Basal medium was a
synthetic glucose-salts medium supplemented with
all of the nutrients required by L. casei S1 (6). The pH
of all media was adjusted to 7.2. Solid media con-
tained 1.5% agar (Hakko Agar Co.).

Isolation of the mutants. Cells of wild-type S1
were inoculated at 10*ml into a number of tubes
containing natural medium with or without 2-
aminopurine (50 ug/ml). After incubation for 24 h at
37 C, cells of each tube were plated on natural agar
medium containing 10 ug of rifampin per ml. Colonies
that appeared after 3 days were picked (one from each
plate to insure the independence of mutations) and
purified by repeated single-colony isolations on the
same medium.

Growth experiments. In most experiments; test
tubes (18 by 1.8 cm) with or without a side arm were
filled with 10 ml of medium and inoculated with
about 10° cells per ml. Cultures were incubated by
standing at 37 C without aeration, and optical density
was determined by using a Klett-Summerson colorim-
eter with a no. 54 filter at appropriate time intervals
or at the end of the experiment. Nutritional require-
ments, sugar fermentation properties, and drug sensi-
tivity were also examined by streak tests on appropri-
ate agar media.

Preparation of cell extracts. Cultures were grown
in natural medium at 37 C for 24 h, and cells were
harvested, washed, and suspended in buffer A [tris-
(hydroxymethyl)aminomethane (Tris)-hydrochloride
(pH 7.8) at 4 C, 10 mM; S-mercaptoethanol, 10 mM;
glycerol, 10%; MgCl,, 10 mM; ethylenediaminetet-
raacetate, 0.1 mM]. After treatment in a Kaijo ultra-
sonic oscillator (29 kc) for 5 min, disrupted cells were
centrifuged at 10,000 x g for 20 min, and the resulting
supernatant fluid was used as a crude RNA polymer-
ase preparation.

Extracts used for the assay of glutamine synthetase
activity were also prepared by the same procedure,
except that the buffer contained 20 mM Tris-hydro-
chloride (pH 7.8), 10 mM B-mercaptoethanol, and 6
mM magnesium acetate, and sonic treatment was
conducted in a Raytheon sonic oscillator for 30 min at
10 ke/s.

Assay for RNA polymerase. RNA polymerase
activity was assayed by the method employed for the
homologous enzyme of Escherichia coli (4). The
reaction mixture (0.25 ml) contained the following
(micromoles): Tris-hydrochloride (pH 7.8 at 4 C), 30;
MgCl,, 1.25; MnSO,, 0.5; B-mercaptoethanol, 1.25;
phosphoenolpyruvate, 0.5; pyruvate kinase, 5 ug;
adenosine 5'-triphosphate (ATP), uridine 5'-triphos-
phate, guanosine 5'-triphosphate, and cytidine 5'-tri-
phosphate, 0.04 each; [*H]ATP, 0.2 uCi; calf thymus
DNA, 10 ug; and enzyme solution, 0.15 ml. After
incubation for 20 min at 37 C, the reaction was
stopped by addition of 5% trichloroacetic acid at 4 C.
The acid-insoluble precipitates formed were washed
twice with 2% trichloroacetic acid and were dissolved
in 0.5 ml of 5% NH,OH. The radioactivity was
determined in a Beckman scintillation counter.

Assay for glutamine synthetase. Glutamine syn-
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thetase activity was determined by the method of
Ravel et al. (8). The reaction mixture (1 ml) contained
the following (micromoles): L-glutamate, 40; Tris,
100; MnCl,, 12; disodium ATP, 8; hydroxylamine
hydrochloride, 400; and enzyme, 0.3 ml. The final pH
was brought to 5.5. After incubation at 37 C for 20
min, the reaction was stopped by the addition of 3 ml
of ferric chloride reagent. The precipitates were re-
moved by centrifugation, and the optical density of
the supernatants at 540 nm was determined in a Zeiss
spectrophotometer. The amount of vy-glutamylhy-
droxamic acid formed was then calculated from a
standard curve obtained with an authentic sample.

Protein determination. Protein was determined
by the method of Lowry et al. (5).

RESULTS

Isolation of rifampin-resistant mutants.
The effect of rifampin on wild-type L. casei S1
was first examined in liquid natural medium
containing various concentrations of the drug.
Rifampin at concentrations of 0.2 ug/ml or
higher completely inhibits growth under these
conditions (Fig. 1). Such a high sensitivity to
the antibiotic has previously been found with
other gram-positive bacteria (10, 15). Rifampin-

Relative optical density (%)

o.l ¥ )
Rifampin (pg/ml)

Fic. 1. Effect of rifampin on the growth of wild-
type L. casei and several rifampin-resistant mutants.
An overnight culture in natural medium was diluted
100-fold by the same medium but containing rifampin
at the concentrations indicated, and each was incu-
bated at 37 C without aeration. Optical density was
determined after 24 h, and the values are presented
as a percentage of the control without rifampin. Sym-
bols: O, wild type (rif*); ®, rif-1; A, rif-2; A, rif-3;
0, rif-4; W, rif-5.
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resistant mutants were then selected by plating
cells of the parental strain on natural agar
medium containing 10 ug of the drug per ml.
Altogether 36 independent mutants were iso-
lated either spontaneously or after mutagenesis
with 2-aminopurine. The response of some of
these mutants to rifampin in liquid medium is
also shown in Fig. 1. It is apparent that all of the
mutants tested can grow in the presence of as
high as 100 ug of the antibiotic per ml. As is
shown below, these mutants produce RNA po-
lymerase with increased resistance to rifampin,
indicating that the drug resistance observed is
indeed due to a structural alteration of the RNA
polymerase. The frequency of rifampin-resist-
ant mutants obtained spontaneously under
these conditions was estimated to be about 5 x
10~ for several independent cultures.

Nutritional properties of the mutants. We
examined the rifampin-resistant mutants ob-
tained for their ability to grow on basal medium
to discover possible simultaneous alteration in
nutritional properties. Unexpectedly, more
than half of the mutants tested (20 of 36) failed
to grow on this medium, suggesting that they
had acquired an additional requirement for
some compound(s) that is present in the natural
medium but not in the basal medium employed
(type II mutants, Table 1).

The same mutants were also tested for their
capacity to grow on a set of basal media each
lacking one of the nutrients required by the
parental organism. As expected, most of the

TaBLE 1. Nutritional properties of rifempin-resistant
mutants of L. casei SI°

X No. of mutants
Growth on: obtained
Basal
Type medium| 2-Amino-
Natural | Basal .| Spon- .
medium| medium lacking taneous| ,Purine
aspar- induced
tate
Parent +? + -
Mutant I + + - 10 4
Mutant IT + - - 17 3
Mutant + + + 2 0

2 Each mutant, as well as the parental strain, was
grown in natural medium overnight at 37 C. Cells
were harvested, washed twice in saline, and streaked
on natural or basal agar medium as indicated. Al-
though a set of basal media, each lacking one of the
amino acids or vitamins required by the parental
strain, was tested, only the results obtained with
medium lacking aspartate are shown.

® 4+, Normal growth; —, little or no growth.

J. BACTERIOL.

mutants failed to grow on any of these incom-
plete basal media. However, two of them exhib-
ited almost normal growth on the medium
lacking aspartic acid (type III mutants, Table
1). These aspartate-independent mutants were
found to retain the characteristic requirements
for all other nutrients tested.

Glutamine requirement of the type II mu-
tants. A series of experiments was carried out to
identify the compound required by the type II
mutants. Among the various nutrients tested,
including amino acids, vitamins, purines, and
pyrimidines, L-glutamine was found to be most
effective in supporting growth of these mutants.
This was true with any of the 20 independent
mutants examined. The typical results ob-
tained for some representative mutants are
shown in Table 2. In addition to glutamine,
L-proline was partially effective, and glycine
seemed to stimulate growth of some mutants
only slightly. L-Asparagine, L-alanine, and L-
histidine were virtually without effect. The
quantitative growth response of some of the
mutants to L-glutamine is illustrated in Fig. 2A.
L-Glutamine at concentrations of 10 ug/ml or
higher was required to support maximal growth
of these mutants as judged by optical density
measurements; the growth rate was much re-
duced in the absence of glutamine, although
appreciable growth was obtained after pro-
longed incubation (Fig. 2B). It appears likely,

TABLE 2. Growth requirement of the type II rifampin-
resistant mutants®

Optical density (% of control)

Addition.to -

busalmedium W rifrr rifz rifse ritas rifse
None 100 8 6 18 10 8
L-Alanine 89 10 13 6 8 0
L-Asparagine 66 8 5 0 4 0
L-Glutamine 92 70 68 90 90 96
Glycine 90 7 6 28 14 30
L-Histidine 103 7 10 12 10 14
L-Proline 98 28 31 50 46 52

2 Basal media supplemented with each amino acid
as indicated were inoculated with washed-cell sus-
pensions (about 10 cells per ml). Alanine, glycine,
histidine, and proline were added at 100 xg/ml,
whereas asparagine and glutamine were used at 400
ug/ml. The glutamine used in this and all subsequent
experiments was sterilized before being dissolved in
sterile water. Cultures were incubated at 37 C, and
optical density was read after 24 h. The values are
presented as those relative to the value for the wild
type grown in basal medium (indicated by underline).

® Spontaneous mutants.

¢ 2-Aminopurine-induced mutants.
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Fic. 2. Effect of L-glutamine on the growth of
type II rifampin-resistant mutants. A late log-phase
culture was harvested, and cells were washed twice
in saline and used to inoculate (at about 10® cells per
ml) into basal medium containing varying concentra-
tions of L-glutamine. Cultures were incubated at 37 C,
and the optical density was read at intervals of 24
h. (A) Growth in the presence of varying concen-
trations of L-glutamine: O, wild type (rif*); A, mutant
rif-2; O, mutant rif-7. Optical densities at 48 h of in-
cubation are presented. (B) Time course of growth
in the presence (open symbols) or absence (closed
symbols) of L-glutamine at 100 ug/ml. Circles rep-
resent the wild type (rif*), whereas triangles repre-
sent mutant rif-2.

ALTERED NUTRITIONAL REQUIREMENTS

419

therefore, that the metabolism or transport of
L-glutamine is somehow affected in these mu-
tants.

Sugar fermentation properties of the type
IT mutants. Possible alteration in sugar fer-
mentation properties was then investigated
with the type II mutants, since it had been
shown in E. coli that glutamine synthesis and
fermentation of certain sugars are controlled by
a common mechanism involving cyclic adeno-
sine 3',5’-monophosphate (7, 9). Among the 20
mutants examined, 9 appeared to be defective
in utilizing maltose or mannose or both as the
sole carbon source (Table 3). The frequent
occurrence of simultaneous changes in rifampin
resistance and metabolic properties such as
glutamine requirement and sugar fermentation
capacity suggests the interesting possibility
that structural alteration of RNA polymerase is
primarily responsible for the observed pleio-
tropic effects of these mutations.

Glutamine-independent revertants. To sub-
stantiate further the relationship between ri-
fampin resistance and alteration of nutritional
and fermentation properties of the mutants,
glutamine-independent revertants were isolated
from the type II mutants and examined for
possible simultaneous changes in rifampin re-
sistance. In the first experiment, 20 revertants
obtained spontaneously from each mutant were
tested, but none of them was sensitive to
rifampin as determined by streak tests on
natural agar medium containing 100 ug of the
drug per ml. When tested in liquid medium,
however, the growth of some revertants was
partially inhibited by rifampin at 100 ug/ml
(data not shown). In the second experiment, 120
spontaneous revertants were isolated independ-

TaBLe 3. Sugar fermentation properties of the type Il
rifampin-resistant mutants®

Growth on: No. of mutants
2-Ami-
Type Glu- Galac- Mal- Man- Spon- nopu-
tane- rine
cose tose tose nose .
ous in-
duced
Parent +° + + +
Mutant I[TA  + + + + 11 0
MutantIB  + + - + 4 3
Mutant IIC + + - - 2 0

@ Overnight cultures grown in natural medium were
harvested, and the cells were washed twice in saline
and streaked on basal medium containing 1% sugar,
as indicated, as the sole carbon source. Results were
read after 3 days of incubation at 37 C.

% 4+, Normal growth; —, little or no growth.
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ently from one of the type IIB mutants that
cannot use maltose as a carbon source (rif-2).
The average frequency of glutamine-independ-
ent revertants in a culture of this mutant was
about 5 x 10-%. Among the revertants thus
obtained, about one-third were slightly sensi-
tive to rifampin by tests in liquid medium, and
at least two (no. 82 and 83) were clearly
sensitive even by streak tests. The lack of a
requirement for L-glutamine (or L-proline) with
the latter revertants is shown in Fig. 3, although
both growth rates and final yields appeared to
be somewhat reduced as compared with that of
the wild-type strain. Also, the revertants exhib-
ited definite sensitivity to rifampin, although
the sensitivity was less striking than that of the
wild-type (Fig. 4). On the other hand, they
seemed to remain incapable of utilizing mal-
tose, like the parental mutant (data not shown).
The latter result is probably related to the only
partial recovery of rifampin sensitivity observed
with these revertants. All of these results may
be taken to indicate that a single mutation is

T
@

1|IIW|1

Optical density ( Klett units )

1
2 3

30 1
Time (days)

Fi6. 3. Growth of glutamine-independent revert-
ants of a type IIB mutant (rif-2). Conditions and
procedures are as described in the legend of Fig. 2.
Cultvres were grown in basal medium with or without
100 ug of L-glutamine or L-proline per ml at 37 C,

and the optical density was determined at the times .

indicated. (A) Wild type, (B) mutant rif-2, (C) revert-
ant no. 82, (D) revertant no. 83. Symbols: @, basal
medium without supplement; O, with L-glutamine;
A, with L-proline.
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responsible for both rifampin resistance and the
glutamine requirement, at least in the case of
mutant rif-2.

Altered RNA polymerase in mutant rif-2
and its revertants. To determine whether the
changes in sensitivity of the rif-2 mutant and its
revertants to rifampin as studied in vivo reflect
altered properties of RNA polymerase or altered
permeability to the drug, the direct effect of
rifampin on the polymerase was examined in
vitro. Crude extracts were prepared and enzyme
activity was determined by measuring incorpo-
ration of [*H]ATP into an acid-insoluble frac-
tion. The reaction continued linearly for about
20 min under the conditions employed. It was
found that RNA synthesis catalyzed by the
mutant enzyme is resistant to inhibition by
rifampin at 100 ug/ml, in contrast to the reac-
tion catalyzed by the wild-type enzyme, which
was inhibited significantly even at 1 ug/ml (Fig.
5). This is in good agreement with the results
obtained in vivo (Fig. 1). The result also implies
that most of the [PH]JATP incorporated in the
present system is actually due to the DNA-
dependent RNA polymerase. Figure 5 also
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Time (days)

Fic. 4. Rifampin sensitivity of glutamine-inde-
pendent revertants of type IIB mutant rif-2. Over-
night cultures grown in natural medium were diluted
100-fold in the same medium with (O) or without (®)
rifampin (100 ug/ml). Cultures were incubated at 37 C,
and the optical density was read at the times indi-
cated. (A) Wild type, (B) mutant rif-2, (C) revertant
no. 82, (D) revertant no. 83.
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Fic. 5. Effect of rifampin on RNA synthesis in
vitro. Crude extracts were prepared and used for in
vitro RNA synthesis as described in the text. Rifam-
pin was added to the enzyme before the latter was
mixed with other reagents of the reaction mixture.
RNA polymerase activities are shown as a percentage
of the control without drug for each enzyme prepara-
tion employed. Symbols: O, wild type; ®, mutant
rif-2; A, revertant no. 82; O, revertant no. 83.

shows that the enzymes from the two revertants
are almost as sensitive to the drug as is the
wild-type enzyme. These results clearly demon-
strate that both the rifampin resistance of
mutant rif-2 and the rifampin sensitivity of the
revertants reflect an alteration of RNA polym-
erase rather than changes in permeability to the
drug. Taken together with other evidence, it
seems apparent that the growth requirement for
L-glutamine exhibited by this mutant is cor-
related with, and perhaps caused by, the pro-
duction of altered RNA polymerase as a result
of the rif-2 mutation.

Glutamine synthetase activity in the rif-2
mutant. As an approach to the basis for the
L-glutamine requirement in the rif-2 mutant,
glutamine synthetase activity in the crude ex-
tract was determined, since this enzyme is
presumably responsible for glutamine synthesis
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in L. casei as in E. coli. By using the assay
system for L. arabinosus enzyme, about equal
activities were found in extracts from both the
mutant and the wild-type strains; about 1.5
umol of the product (y-glutamylhydroxamic
acid) was formed per mg of protein under the
conditions described in Materials and Methods.
In addition, treatment of the extract with snake
venom phosphodiesterase failed to activate the
enzyme significantly, indicating that no appre-
ciable amounts of adenylylated forms of gluta-
mine synthetase are present in L. casei as in
most other gram-positive bacteria tested (14).
The glutamine-independent revertants tested
(no. 82 and 83) also exhibited quantitatively
similar activities. Thus, it seems unlikely, al-
though it is not impossible, that the L-glut-
amine requirement of this mutant is due to
reduced synthesis or activity of glutamine syn-
thetase per se.

DISCUSSION

The data presented in this paper strongly
indicate that a single mutation is responsi-
ble for both rifampin resistance and the growth
requirement for L-glutamine in the case of
mutant rif-2. Since rifampin resistance of the
mutant was found to be due to an alteration of
RNA polymerase itself, it may be concluded
that the structural alteration of the RNA po-
lymerase somehow affected glutamine metabo-
lism in this mutant. This probably applies to
other glutamine-requiring, rifampin-resistant
(type II) mutants as well, although further
analysis of revertants obtained from mutants
other than rif-2 may be required to establish
this point.

As to the mechanism for the glutamine re-
quirement in the type II mutants, several possi-
bilities are suggested. The requirement might
be brought about by reduced synthesis of gluta-
mine, increased breakdown of glutamine, re-
duced permeability to glutamate, excessive
leakage of glutamine out of the cell, or by
increased need of glutamine for protein synthe-
sis or for one or more biosynthetic reactions as
the amino nitrogen donor. Available evidence
does not permit us to distinguish among these
various possibilities at the present time. Al-
though the normal level of glutamine synthe-
tase activity seems to be found in the mutant
strain tested (rif-2), this by no means excludes
the possibility that glutamine synthesis is the
reaction primarily affected by the polymerase
mutation. Obviously, further experiments are
needed to elucidate the mechanism underlying



422 MORISHITA AND YURA

the specific requirement for glutamine in these
mutants.

In the absence of experimental evidence,
little can be said about a possible link between
mutational alteration of the RNA polymerase
and defects in glutamine metabolism in the
type II mutants. It is quite possible that a
structural alteration of the polymerase directly
or indirectly affects selective transcription of
the genes related to glutamine metabolism. In
this connection, some of the rifampin-resistant
mutants obtained in other bacteria have been
shown to be defective in growth at high temper-
ature (16), sporulation (13), capacity to support
growth of bacteriophage (12), or in the ability to
be lysogenized with a temperate phage (2, 3).
However, direct evidence that a mutation af-
fects selective transcription of specific operons
is lacking in any of these or other mutants that
produce altered RNA polymerase.

Many rifampin-resistant mutants obtained
from E. coli, for example, are slow growers as
compared with the wild type, particularly in
minimal medium containing only the nutrients
required by the parental organism. Their
growth is often stimulated greatly by the addi-
tion of Casamino Acids or yeast extract to the
medium. However, to our knowledge, there has
been no report of rifampin-resistant or other
RNA polymerase mutants that require a spe-
cific nutrient for growth. Furthermore, it seems
rather surprising that more than half of the
spontaneous as well as mutagen-induced rifam-
pin-resistant mutants obtained from the pres-
ent strain of L. casei belong to this class. We
cannot offer an adequate explanation for this
finding, but it is not inconceivable that a part of
the structure of the RNA polymerase directly
involved in rifampin binding is critical in regu-
lating transcription of the genes related to
glutamine metabolism in these bacteria. At any
event, further work on these and other muta-
tions affecting both the RNA polymerase struc-
ture and nutritional requirements may provide
useful information on the nature of transcrip-
tional control of specific metabolic pathways in
this heterotrophic bacteria. It would also be
interesting to determine whether similar E. coli
mutants might be found with which genetic and
enzymatic analyses can be performed in much
greater detail than is possible at present with L.
casei.

J. BACTERIOL.
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