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A class of rifampin-resistant (rfm) mutations of Bacillus subtilis suppresses
the temperature-sensitive sporulation of a fusidic acid-resistant mutant, FUS426,
which has an altered elongation factor G. The rfm mutation suppressed only the
sporulation defect caused by the elongation factor G mutation, but could not
suppress other types of induced sporulation defects. Genetic and biochemical
analyses showed that the sporulation suppression by the rfm mutation was caused
by a single mutation in RNA polymerase. After the early sporulation Phase, the
apparent rate of RNA synthesis of FUS426, measured by [*H]uracil or [°H]uridine
incorporation into RNA, became lower than that of the wild-type strain, and this
decrease was reversed by the rfm mutation. However, when the total rate of RNA
synthesis of FUS426 was calculated by measuring the specific activity of
[PHJUTP and [*H]CTP, it was higher than that of the rfm mutant,
RIF122FUS426. The possible mechanism of the functional interaction between

elongation factor G and RNA polymerase during sporulation is discussed.

Sporulating cells and spores of Bacillus sub-
tilis are biochemically and morphologically dif-
ferent from vegetative cells. These differences
are controlled, at least in part, at the tran-
scriptional level, because sporulation-specific
mRNA'’s are detected in the sporulating cells (4,
30). In addition, structural and functional alter-
ations of the initiation factors (3) and ribosomes
(5-9, 18, 24, 33) have been observed, and the
importance of translational control during spor-
ulation has been suggested.

Recently, a functional relation between the
translational apparatus and the transcriptional
system has been reported. For example, Kaplan
et al. (13) showed that the ribosomes have an
important role in the stringent control of RNA
synthesis. Pongs and Ulbrich (22) reported that
Escherichia coli fMet-tRNAM®* and RNA po-
lymerase formed a 1:1 complex and that the
binding of the initiator tRNA stimulated the
transcription of Aplac DNA. Chakrabarti and
Gorini (2) found that a class of temperature-
insensitive rfm mutations became temperature
sensitive in the presence of a specific tempera-
ture-insensitive rpsL mutation, which suggested
an interaction between ribosomes and RNA po-
lymerase. Elongation factor G (EF-G) mutants
with an altered stable RNA synthesis character
were also isolated from B. subtilis (15) and E.
coli (34).

These facts suggest a possibility that the
translational apparatus may regulate the spor-
ulation at the transcriptional level by interacting
functionally with RNA polymerase. Kobayashi
et al. (16) isolated a fusidic acid-resistant, tem-
perature-sensitive sporulation mutant of B. sub-
tilis (FUS426), whose sporulation is blocked at
an early stage at the nonpermissive temperature,
and showed that the fusidic acid resistance and
the temperature-sensitive sporulation were
caused by a single mutation in EF-G. To exam-
ine the possibility that EF-G may regulate spor-
ulation at the transcriptional level, we have iso-
lated rifampin-resistant mutants from strain
FUS426 and found that the temperature-sensi-
tive sporulation character of strain FUS426 was
suppressed by a class of rfm mutations. Analysis
of these mutants suggests that the sporulation is
controlled through the functional interaction be-
tween EF-G and RNA polymerase.

(Preliminary results of this work were pre-
sented at the Seventh International Spore Con-
ference, Madison, Wis., October 1977 [17].)

MATERIALS AND METHODS

Bacterial strains. The characters of the strains
used in the present paper are described in Table 1.

Isolation of mutants. The rifampin-resistant mu-
tants were isolated spontaneously from FUS426. Cells
were transferred from a single colony to a test tube
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TABLE 1. List of B. subtilis strains®

Strain Genetic marker Sporulation phe- Source, derivation (reference)
notype

168 thy trp Wild type Institute of Applied Microbiology, Univer-
sity of Tokyo

FUS426 thy trp fus426 Temperature Spontaneous from 168 (16)

sensitive

FUS429 thy trp fus429 Conditional Spontaneous from 168 (16)

RIF110FUS426 thy trp fus426 rfm110 Wild type Spontaneous from FUS426

RIF117FUS426 thy trp fus426 rfm117 Wild type Spontaneous from FUS426

RIF122FUS426 thy trp fus426 rfm122 Wild type Spontaneous from FUS426

RIF122FUS429 thy trp fus429 rfm122 Wild type Transformation of rfm122 from RIF122 to
FUS429

Spo080 thy trp spo0 Asporogenous Spontaneous from 168 (21)

RIF117 thy trp rfm117 Wild type Transformation of rfmll7 from
RIF117FUS426 to 168

RIF122 thy trp rfm122 Wild type Transformation of rfml22 from
RIF122FUS426 to 168

RIF122Spo080 thy trp rfm122 spo0 Asporogenous Transduction of rfm122 from RIF122 to
Spo080

CEL® cusA ery leu Wild type Institute of Applied Microbiology, Univer-
sity of Tokyo

2 fus, Fusidic acid resistance (10 ug/ml); rfm, rifampin resistance (5 ug/ml); spo0, sporulation is blocked at

stage 0.

® Used as a recipient in the transformation experiments.

containing 5 ml of modified NB medium (16) and
grown at 37°C for 6 h. The culture was centrifuged,
and the cells (about 5 X 10° cells) were plated on a
Schaeffer sporulation plate (27) containing 5 ug of
rifampin per ml and incubated at 45°C for 4 days; then
the sporulation ability of the rfm mutants appearing
was determined by the color of the colonies (the
asporogenous colonies were translucent, whereas the
colonies of spore-forming strains were brown). As a
rule, only one brown colony was picked up from one
plate.

Growth and sporulation. Cells were grown in
Schaeffer sporulation medium supplemented with 10
ug of thymine per ml. To obtain synchronous sporu-
lation, cells were transferred two times to fresh me-
dium at an early stationary phase. Heat-resistant
spores were counted by plating the cells after heating
the cell suspensions for 10 min at 80°C.

Genetic analysis. Transforming DNA was pre-
pared by the phenol extraction method (26). Transfor-
mation was carried out by the method of Wilson and
Bott (35). B. subtilis Mdrburg strain CEL (cysA ery
leu) was used as a recipient. Cys* transformants were
selected on minimal medium plates supplemented
with leucine (50 pg/ml), and unselected markers and
sporulation ability were determined on Schaeffer spor-
ulation plates containing rifampin (5 ug/ml) and/or
fusidic acid (10 pg/ml). Fus’ transformants were se-
lected on Schaeffer sporulation plates containing fu-
sidic acid, and unselected markers were determined on
appropriate plates.

Preparation and analysis of RNA polymerase.
RNA polymerase was prepared by the rapid micro-
method of Gross et al. (10) with the following modifi-
cations. A 150-ml culture of late-log-phase cells was
cooled on ice and centrifuged, and the cells were
washed once with washing buffer (19) containing 0.05

M tris(hydroxymethyl)aminomethane (Tris)-hydro-
chloride (pH 7.5), 1 M KC], 0.01 M ethylenediamine-
tetraacetic acid, and 300 pg of phenylmethylsulfonyl-
fluoride per ml. Cells were treated as described by
Gross et al. (10), except that lysozyme treatment was
done at 37°C for 10 min and freeze-thawing was re-
peated three times to lyse cells completely. To prevent
proteolytic action during the isolation procedure, 300
ug of phenylmethylsulfonylfluoride per ml was added
to all solutions.

The reaction mixture for the assay of RNA polym-
erase activity contained, in 0.25 ml: 40 mM Tris-hy-
drochloride (pH 7.9); 2.5 mM MnCl,; 0.4 mM KH,PO,;
4 mM S-mercaptoethanol; 150 mM KCl; 125 ug of
bovine serum albumin; 0.2 mM ATP; 0.05 mM UTP;
0.6 uCi of ["HJUTP (25.2 Ci/mmol); 6 ug of polydeox-
yadenylic acid-polydeoxythymidylic acid; and 15 to 20
ug of the enzyme (step iv extracts [10]). Reaction
mixtures were incubated at 37°C for 10 min. The
reaction was stopped by the addition of 4 ml of cold
5% trichloroacetic acid. The precipitates were col-
lected on GF/C Whatman glass fiber filters, washed
with 5% trichloroacetic acid, and dried. The radioac-
tivity was counted in a liquid scintillation counter.
Step iv extracts were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis in Tris-gly-
cine buffer (29).

RNA pulse-labeling. Samples of cells (1 ml) were
exposed to [*H}uracil or [*H}uridine (1 xCi/ml) plus 2
pug of cold uracil or uridine for 2 min at 42°C. The
labeling was stopped by the addition of 2 ml of cold
10% trichloroacetic acid containing 200 ug of uracil or
uridine per ml. Zero time backgrounds were sub-
tracted.

Determination of the total rate of RNA synthe-
sis. Cells were precultured in the sporulation medium
to early stationary phase and harvested by centrifu-
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gation. The cells were suspended (final concentration,
10 Klett units) in 4 ml of the fresh sporulation medium
containing [**P]phosphate (30 uCi/ml; 17 pCi/umol)
and incubated at 42°C. At #,5 (1.5 h after the end of
exponential growth), 1-ml samples of cells were ex-
posed to [*H]uridine (50 uCi/ml; 47.74 Ci/mmol). At
0.5, 1, 1.5, and 2 min after the addition of [*H]uridine,
100-ul samples were taken and extracted with 50 ul of
4 M formic acid. Nucleotides in the supernatant were
separated by thin-layer chromatography (36). The
incorporation of [*H]uridine into RNA was deter-
mined by precipitating 100-ul samples with 10% tri-
chloroacetic acid at indicated times. The rate of RINA
synthesis (UMP incorporation into RNA) was calcu-
lated according to Segall et al. (28).

Preparation of unlabeled RNA. Unlabeled
rRNA was extracted by the phenol method from the
ribosomes of late-logarithmic-grcwth-phase cells that
had been treated for 30 min with rifampin (20 ug/ml)
before harvesting.

Total unlabeled RNA was prepared as follows. Nu-
cleic acids were prepared according to the method of
Summers (31), dialyzed against 0.01 M Tris-hydro-
chloride (pH 7.5) and 1 mM MgCl,, and then treated
with 20 pg of ribonuclease-free deoxyribonuclease per
ml at 37°C for 10 min. RNA was extracted with water-
saturated phenol three times, precipitated with
ethanol two times, and resuspended in 2x SSC (pH
7.4) (1x SSC = 0.15 M NaCl-0.015 M trisodium cit-
rate).

Hybridization-competition experiments. (i)
rRNA assay. Samples of cells (1 ml) were labeled for
2 min with [*H]uridine (100 xCi/ml; 47.74 Ci/mmol),
and ["HJRNA was prepared by the method of Sum-
mers (31). Then [PHJRNA (0.5 ug per assay) was
hybridized with denatured B. subtilis DNA (100 ug
per assay; trapped on nitrocellulose filters) in the
presence or absence of excess amounts (75 ug per
assay) of unlabeled rRNA for 20 h at 66°C in 0.75 ml
of 6X SSC containing 0.05% sodium dodecyl sulfate,
and the relative amount of rRNA in the total RNA
was estimated according to the method of Kimura
(14).

(ii) mRNA assay. Samples (3 ml) of FUS426 and
RIF122FUS426 cells were labeled for 2 min with 80
and 40 uCi of [*Hluridine (47.74 Ci/mmol) per ml,
respectively. ["THIJRNA was prepared by the method
of Summers (31), and mRNA was assayed according
to the following procedure. Nitrocellulose filters trap-
ping 10 ug of B. subtilis DNA prepared by the method
of Saito and Miura (26) were incubated at 66°C for 20
h in vials containing [PHJRNA (5 ug), 6x SSC, an
appropriate amount of unlabeled RNA, and 0.1% so-
dium dodecyl sulfate in a total volume of 1 ml. The
filters were washed with 2xX SSC and incubated at
37°C for 10 min in 2X SSC containing 20 ug of heat-
treated pancreatic ribonuclease A per ml. The filters
were again washed with 100 ml of 2x SSC and dried,
and the radioactivity was counted in a scintillation
counter.

RNA synthesis in toluenized cells. A 15-ml cul-
ture of #,5 cells was cooled on ice and centrifuged, and
the cells were washed once with washing buffer (19)
and once with 0.05 M Tris-hydrochloride (pH 7.5)
containing 300 ug of phenylmethylsulfonylfluoride per
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ml. Cells were suspended in 1 ml of 0.05 M Tris-
hydrochloride (pH 7.9) containing 1% toluene and 300
pg of phenylmethylsulfonylfluoride per ml, shaken
vigorously for 30 s, and incubated at 0°C for 20 min
before assaying. The assay of RNA synthesis was
performed as described by Rothstein et al. (25).

Chemicals and enzymes. [5,6-°H]uracil (40
Ci/mmol), [5,6-*H]uridine (47.74 Ci/mmol), and [5-
SHJUTP (25.2 Ci/mmol) were purchased from New
England Nuclear Corp. [**P]phosphate (200 mCi/
mmol) was purchased from the Radiochemical Centre,
Amersham, England. ATP, GTP, CTP, and UTP were
gifts from Yamasa Soy-sauce Co. Polydeoxyadenylic
acid-polydeoxythymidylic acid was obtained from
Boehringer/Mannheim GmbH. Deoxyribonuclease A
was from Sigma Chemical Co. Rifampin and fusidic
acid were gifts from Daiichi Seiyaku and Sankyo Co.,
respectively.

RESULTS

Isolation of rifampin-resistant mutants
from FUS426. The fusidic acid-resistant, tem-
perature-sensitive sporulation mutant (FUS426)
is unable to sporulate at 45°C and produces
translucent colonies on Schaeffer sporulation
plates. A wild-type strain (B. subtilis 168 thy
trp) sporulates at this temperature and produces
brown colonies. Therefore, the sporulation abil-
ity of the mutants was easily determined by the
color of the colonies. Mutants resistant to rifam-
pin (5 ug/ml) were isolated spontaneously from
FUS426 at a mutation frequency of 2.8 x 1075,
These mutants can be divided into two classes
according to their sporulation character. In class
I mutants the temperature-sensitive sporulation
character of FUS426 was suppressed. They pro-
duced brown colonies on the sporulation plates
at 45°C. In class II mutants the temperature-
sensitive sporulation character of FUS426 was
not suppressed, and therefore translucent colo-
nies were produced at 45°C. In the following
experiments, the sporulation suppression mech-
anism of the class I mutants was studied using
mostly one typical class I mutant RIF122-
FUS426.

Suppression of the temperature-sensi-
tive sporulation by an rfm mutation. The
effect of the class I mutation on the temperature-
sensitive sporulation of FUS426 was determined
at various temperatures. The strains RIF122 and
RIF117 were obtained by transforming rfm mu-
tations of RIF122FUS426 and RIF117FUS426
(class I mutants) to the wild-type strain, respec-
tively. RIF122 and RIF117, as well as the wild-
type strain, sporulated at higher temperatures
(Fig. 1). On the other hand, FUS426 clearly
showed temperature-sensitive sporulation. In
RIF122FUS426 and RIF117FUS426, tempera-
ture-sensitive sporulation was suppressed. At
30°C, however, the sporulation ability of
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F1G. 1. Sporulation of the fusidic acid- and/or
rifampin-resistant mutants and the wild-type strain
at various temperatures. Cells were grown in the
sporulation medium at temperatures ranging from 30
to 42°C. At ty4 the heat-resistant spores were counted.
The viable cell number of six strains at t, was nearly
the same at 42°C (3 X 10® to 5 X 10° cells per ml).
Symbols for strains: (A) FUS426; (W) RIF117-
FUS426; (A) RIF122FUS426; (O) RIF117; (@)
RIF122; (O) 168.

FUS426 was about one-tenth of that of the wild-
type strain. This may be due to the slow growth
rate of FUS426 (16, 17) caused by the fus mu-
tation. The rfm mutation cannot suppress this
defect of FUS426. These results indicate that
EF-G mutation in FUS426 causes two types of
alterations, one of which, temperature-sensitive
sporulation, is suppressible by the rfm mutation,
but the other, slow growth rate and reduced
sporulation at 30°C, is not.

Specificity of the effect of the rfim muta-
tion on sporulation. To know whether the
suppressive character of the rfm mutation is
effective only in the temperature-sensitive spor-
ulation of the FUS426 strain, the effect of rfm
mutation on other types of sporulation defects
was studied. One of the fusidic acid-resistant
mutants, FUS429, sporulates very poorly in the
presence of fusidic acid (16). The rfm122 muta-
tion introduced into FUS429 by transformation
increased the sporulation ability to a level 50-
fold higher than that of strain FUS429 (Table
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2). However, the rfm122 mutation could not
suppress other types of sporulation defects. For
example, a low concentration of erythromycin
(5) or a high concentration of glucose inhibits
sporulation without affecting vegetative growth.
These inhibitions could not be suppressed by
the rfm122 mutation (Table 2). The rfm122 mu-
tation could not restore the defective sporulation
of strain Spo080. Spo080 is an early blocked
asporogenous mutant isolated spontaneously
from B. subtilis 168 thy trp. Morphological and
physiological analyses showed that Spo080 be-
longs to the Spo0a class (21). The introduction
by transduction of rfm122 into the Spo080 strain
had no effect on the sporulation defect of Spo080
(Table 2). These results suggest that the rfm
mutation suppresses the sporulation defect by
interacting with the fus mutation, and they fur-
ther suggest a functional interaction between
rfm and fus mutations in sporulation.

Genetic studies. To determine the cause of
the rfm mutation, three-point transformation
crosses were carried out using the rfm mutants
of strain FUS426 as the donor and the CEL
(cysA ery leu) strain as the recipient. The rfm
markers of the three mutant strains tested
mapped at almost the same site as the rfm
marker (RNA polymerase mutation) reported
by Harford and Sueoka (12) (Table 3). The rfm
locus is the structural gene of the g-subunit of
RNA polymerase (11, 20). When the sporulation
frequency of the recombinants was determined
by the color of the colonies on Schaeffer sporu-
lation plates at 45°C and microscopic observa-
tion, the sporulation frequency of all of the re-
combinants (440/440) containing both rfm and
fus markers was much higher than that of the
recombinants containing rfm* fus markers
(97/97), but slightly lower than that of the re-
combinants containing rfm fus* markers (157/

TABLE 2. Specificity of the effect of the rfm122
mutation on sporulation®

Strain Additions Spores/ml
168 2.4 x 10°
FUS429 Fusidic acid, 20 ug/ml 1.7 X 10°
RIF122FUS429 Fusidic acid, 20 ug/ml 8.6 X 10°
168 Erythromycin, 0.03 2.8 x 10°

pg/ml .
RIF122 Erythromycin, 0.03 5.6 X 10°
pg/ml
168 Glucose, 0.5% 3.2 x 107
RIF122 Glucose, 0.5% 8.7 x 107
Spo080 <10?
RIF122Spo080 <10?

% Cells were grown at 37°C in the sporulation me-
dium in the presence or absence of chemicals. Heat-
resistant spores were counted at ¢4 by plating the cells
after heating the cell suspensions at 80°C for 10 min.
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TABLE 3. Analysis of three-point transformation crosses
Recombinant classes®
Donor strain Seliib::p}:he- Noi)?!fl'arle‘:gm~ Order and distance of markers®
cysA rfm fus
RIF110FUS426 CysA* 1 1 1 71 cysA rfm fus
1 1 0 60 «— 049 —>¢—— 0.27—
1 0 1 10 0.68
1 0 0 115
RIF117FUS426 CysA* 1 1 1 66 cysA rfm fus
1 1 0 33 «— 0.48 ——¢—— 0.20—
1 0 1 9 0.64
1 0 0 99
RIF122FUS426 CysA* 1 1 1 141 cysA rfm fus
1 1 0 63 «— 043 —¢— 0.23—
1 0 1 19 0.55
1 0 0 136
Fus’ 1 1 1 113 cysA rfm fus
0 1 1 49 «— 0.25 —¢—— 0.27—>
1 0 1 6 0.46
0 0 1 53

“ The symbols 1 and 0 refer to donor and recipient markers, respectively.
® Map distances are defined as 1 minus frequency of cotransfer of the markers.

157). These results suggest that the suppressive
character and the rifampin resistance are caused
by a single mutation in RNA polymerase or are
located very close to each other. Since the rfm
mutants are isolated spontaneously at a muta-
tion frequency of 2.8 X 1078, the probability of a
double mutation is very low.

Alteration of RNA polymerase in the
RIF122FUS426 strain. To confirm the results
obtained by the genetic analysis, we examined
the in vitro resistance of the mutant RNA po-
lymerase. The results (Fig. 2) showed that at 0.5
ug of rifampin per ml the activity of FUS426
RNA polymerase was completely inhibited,
whereas the RNA polymerase of RIF122FUS426
still retained 56% of the activity of the control.
Therefore, the mutant had an altered RNA po-
lymerase.

Linn et al. (20) showed that one rifampin-
resistant mutant had an RNA polymerase con-
taining a B-subunit (the second largest poly-
peptide of RNA polymerase) of altered electro-
phoretic mobility. On the other hand, Halling et
al. (11) found that the alteration of the largest
polypeptide, which they called B8, was responsi-
ble for rifampin resistance. We analyzed the
mutant RNA polymerase by electrophoresis, but
could not detect any differences between the
RNA polymerase of FUS426 and that of
RIF122FUS426 (data not shown).

RNA synthesis rate and sporulation. The
growth rates of FUS426 and RIF122FUS426 at
42°C were very similar (Fig. 3). However, the
apparent RNA synthesis rate ([*H]uracil incor-
poration into cold trichloroacetic acid-insoluble
fraction) of both strains was remarkably differ-

ent. After %s the RNA synthesis rate of
RIF122FUS426 increased and reached a maxi-
mum at about ¢, 5, whereas that of FUS426 con-
tinued to decrease. The RNA synthesis rates of
the wild-type, RIF122, and FUS426 strains (at
the permissive temperature) also increased after
tos (Fig. 3b; 17). Similar results were obtained in
experiments using [*Hluridine. These results
suggest that the higher rate of RNA synthesis of
RIF122FUS426 strain observed after %5 seems
to be related to sporulation.

[PHJUTP incorporation into RNA. There
are several factors that influence the efficiency
of [*H]uridine incorporation into RNA, such as
the difference in the precursor ([*Hluridine) up-
take into cells, intracellular precusor synthesis,
UTP and CTP pool sizes, and RNA polymerase
activity. Therefore, to determine the actual rate
of RNA synthesis, it is necessary to measure the
specific activity of P"HJUTP and [*H]CTP in the
cells and to calculate the rate of the incorpora-
tion of UMP into RNA (36) (Fig. 4). Contrary to
our expectation, the actual RNA synthesis rate
of RIF122FUS426 at 42°C was lower than that
of FUS426 at t,5 (Fig. 4d). The actual RNA
synthesis rate of FUS426 at 30°C was almost the
same level as that of RIF122FUS426 at 42°C
(data not shown). The high specific activity of
[PHJUTP in RIF122FUS426 cells (Fig. 4a) is not
due to a small intracellular UTP pool size, be-
cause the UTP pool size in RIF122FUS426 cells
is nearly the same as that in FUS426 (data not
shown). )

To verify the above results, RNA polymerases
were partially purified from FUS426 and
RIF122FUS426, and the activity was compared.
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FiG. 2. Effect of rifampin on RNA synthesis in
vitro. Preparation of extracts and assay of RNA
polymerase were as described in the text. RNA polym-
erase activities are shown as a percentage of the
control without drug for each enzyme preparation
employed. Symbols: (O) FUS426; (@) RIF122FUS426.

The activity of RNA polymerase from FUS426
was about twofold higher than that from
RIF122FUS426 (Fig. 5a). Similar results were
obtained for the RNA polymerases of the loga-
rithmic-growth-phase cells (data not shown) and
by the experiments using the permeabilized cells
(Fig. 5b). These results indicate clearly that the
RNA synthesizing activity of RIF122FUS426
was reduced by rfm mutation, and the apparent
increase in RNA synthesis observed at ¢, 5 (Fig.
3) was not due to an actual increase in the RNA
synthesis.

Analysis of RNA synthesized by the mu-
tants. It is of special interest to know what kind
of RNA is synthesized at ¢,5. To determine the
proportion of rRNA in the total RNA synthe-
sized during sporulation, the cells were pulse-
labeled for 2 min with [*H]uridine at ¢, 5 or ¢:o.
The labeled RNA was then extracted and hy-
bridized with denatured B. subtilis DNA in the
presence or absence of excess amounts (75 ug
per assay) of unlabeled rRNA, and the propor-
tion of rRNA in the total RNA was determined
by the method of Kimura (14). The relative
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amounts of rRNA synthesized in the wild-type,
RIF122, FUS426, and RIF122FUS426 strains
were almost the same (Table 4), indicating that
the proportion of rRNA and mRNA was not
altered significantly by the rfm mutation.

There is a possibility that FUS426 has a defect
in making a certain sporulation-specific mRNA
and that this defect is suppressed by the rfm
mutation. To test this possibility, DNA-RNA
hybridization-competition experiments were
carried out. Qualitative differences were not de-
tected (Fig. 6). Although we cannot rule out the
possible existence of a very small qualitative
difference between FUS426 and RIF122FUS426
messages, these results indicate that there is
almost no significant difference in the properties
of RNA synthesized in FUS426 and
RIF122FUS426 at t,s.

DISCUSSION

In the present paper, we have shown that the
temperature-sensitive sporulation of the fusidic
acid-resistant mutant of B. subtilis is suppressed
by a second mutation, rfm. It is evident from the
following facts that the rfm mutation is caused
by a single mutation in RNA polymerase: (i) by
the genetic analysis, these mutations map in the
rfm locus, which codes for the 8-subunit of RNA
polymerase (11, 12, 20); (ii) the RNA polymerase
of the mutant (RIF122FUS426) is resistant to
rifampin; (iii) the rifampin-resistant mutants are
isolated spontaneously, and the rifampin resist-
ance is not separated from the suppressive char-
acter by transformation.

The rfm122 mutation suppresses the temper-
ature-sensitive sporulation of FUS426 and con-
ditional sporulation of FUS429, but does not
suppress the asporogeny caused by erythromy-
cin, glucose, or the asporogenous mutation
(spo0) blocked at an early stage of sporulation.
Since the mutation to fusidic acid resistance
causes an alteration of EF-G (16), these results
indicate a close functional relationship between
EF-G and RNA polymerase during sporulation
(for more detailed discussion, see ref. 17).

Although we cannot detect any significant
difference in the RNA synthesized in FUS426
and RIF122FUS426, we cannot rule out the pos-
sibility that the sporulation suppression is a
secondary consequence of the rfm mutation that
primarily affects the transcription of the genes
essential for normal sporulation, which are de-
fectively transcribed at nonpermissive tempera-
ture in FUS426. Several investigators have re-
ported that EF-G plays an important role in
RNA synthesis (15, 34) and that the B-subunit
of RNA polymerase is involved in promoter
recognition (32). Therefore, as we have already
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F16. 3. Effect of the rfm mutation on RNA synthesis of the FUS426 strain during growth and sporulation.
Cells were grown in the sporulation medium at 42°C and labeled for 2 min with [*H]uracil at intervals.
Symbols: (a): O, FUS426; ®, RIF122FUS426. (b): O, 168; @, RIF122.

discussed in detail elsewhere (17), the direct or
indirect interaction of RNA polymerase and EF-
G at the transcriptional level would be possible
during sporulation. This interaction may deter-
mine the specificity of the promoter recognition
by RNA polymerase, causing the suppression of
the temperature-sensitive sporulation.

At the nonpermissive temperature, FUS426
cannot proceed to stage II of sporulation (16).
This means that asymmetric septation is in-
hibited in this mutant. The cell envelope of
FUS426 is thicker than that of the wild-type
strain at the nonpermissive temperature (16),
and RIF122FUS426 has a normal envelope (un-
published data). Furthermore, antibiotic resist-
ance is enhanced in FUS426 in vivo, whereas in
vitro protein-synthesizing activity of FUS426 is
as sensitive as the parental strain. When mem-
brane proteins are analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, sev-

eral membrane proteins are altered at the non-
permissive temperature in FUS426, and the de-
fects are recovered by rfm mutation (manuscript
in preparation). These results suggest that the
mutation is somehow related to the membrane
alteration.

There are several reports indicating that
membrane alterations may play an important
role during early sporulation stages. For exam-
ple, Bohin et al. (1) found that the sporulating
cells of B. subtilis are more sensitive to ethanol
than the vegetative cells and that sporulation is
blocked at stage 0-I in the presence of ethanol.
Therefore, it is possible that sporulation-specific
membrane changes are somehow disordered in
FUS426 and that this defect is suppressed by
rfm mutation. The presence of 8 and A’ subunits
of RNA polymerase in the membrane fraction
(23; unpublished data) would support this pos-
sibility. Furthermore, in a study of flagella for-
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Fic. 4. Rate of RNA synthesis in t, 5 cells of FUS426 and RIF122FUS426. The experimental procedures are
described in the text. (a) Specific activity of UTP. (b) Specific activity of CTP. (c) Incorporation of [*H]uridine
into RNA. (d) Incorporation of UMP into RNA calculated according to Segall et al. (28). Symbols: (O)
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harvested at t, 5. Preparation of RNA polymerase, toluenization, and assay for RNA synthesis are described
in the text. (a) RNA polymerase activity. (b)) RNA synthesis in toluenized cells. Symbols: (O——0O) FUS426
assayed at 42°C; (@——@) RIF122FUS426 assayed at 42°C; (O- - -O) FUS426 assayed at 32°C; (@- - -@)
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Fic. 6. Hybridization competition by RNA from t, 5 cells of FUS426 and RIF122FUS426. Cells were grown
at 42°C in the sporulation medium. RNA was extracted, and the hybridization competition was performed as
described in the text. (@) Competition by unlabeled RNA from t, 5 cells of FUS426. (b) Competition by unlabeled
RNA from t,5 cells of RIF122FUS426. Symbols: (O) [*HJRNA of FUS426; (®) ["H]RNA of RIF122FUS426.
100% values were 1,700 cpm for [*HJRNA of FUS426 and 11,000 cpm for [PHJRNA of RIF122FUS426.

mation, Yamamori et al. (37) suggested the pos-
sibility that rfm mutations affect membrane ar-
chitecture.

Whatever the mechanisms underlying the ob-
servations reported here, the present experi-
ments clearly indicate the functional interaction

between EF-G and RNA polymerase. Further
analysis of the mutant, especially with respect
to the coupling of RNA and protein syntheses
and the membrane alterations, may provide a
clue to the general mechanism that controls
sporulation.
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TABLE 4. Relative amount of rRNA in RNA
synthesized during sporulation

RNA hybridized
(cpm)®
Source of la- (I"':‘;j %
beled RNA P Com- rRNA
0.5 ug) Un-
peted by
competed ", pNAS
168 (t15) 3,823 1,455 1,008 31%5
RIF122 (t,5) 18696 5983 3944 344
FUS426 (t20) 5,127 1,758 1,210 31%5
RIF122FUS426 3,311 1,184 794 33+3
(t20)

° Counts per minute (cpm), mean of three experiments.
® The amount of rRNA was 75 ug per assay.
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