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A standard stringent strain of Escherichia coli makes little or no ribosomal
ribonucleic acid (RNA) during starvation for an essential amino acid, whereas
the isogenic relaxed strain makes both ribosomal and messenger RNA. A third
class of strains was found which continues to make ribosomal RNA during star-
vation, but the RNA made is apparently unstable. There is little accumulation
of RNA in the third class of strains, and few complete newly formed chains of
3H-ribosomal RNA are observed in sedimentation analyses, even after long la-
beling times.

The net increase of ribonucleic acid (RNA)
in Escherichia coli strains starved for an essen-
tial amino acid is regulated differently in re-
laxed and stringent cells. Stringent strains do
not accumulate RNA (14, 16); relaxed strains
accumulate RNA at a nearly normal rate (2).
However, even in stringent strains some RNA
synthesis continues (5). Recent studies indi-
cate that in stringent strains the synthesis of
ribosomal RNA (rRNA) and transfer RNA
(tRNA) is sharply curtailed, whereas mes-
senger RNA (mRNA) synthesis continues at a
slightly reduced rate (9).

Variations from the two extremes-none at
all or normal accumulation of RNA-have
been reported. Fiil and Friesen (4) showed that
the rate of incorporation of "C-uracil into
RNA during amino acid starvation varies
widely between independently isolated "re-
laxed" mutants. Alfoldi et al. (1) noticed the
same type of variation in recombinants of rel+
and rel crosses.
Here we confirm the conclusion that the

standard relaxed strain continues to make ri-
bosomal and messenger RNA, whereas the
stringent cells synthesize mainly mRNA. Fur-
thermore, we find an intermediate type which
makes both rRNA and mRNA during starva-
tion, but the rRNA does not accumulate and
seems to be highly unstable.
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MATERIALS AND METHODS
Strains and cell growth. The stringent strain 58-

161 rel+ and its relative, the standard relaxed strain
58-161 rel (K-12 W6) (2) were kindly provided by A.
Ryan and E. Borek, Columbia University. They were
grown in minimal salts medium plus glucose and
fortified with the required amino acid methionine.

S31 is a streptomycin-resistant methionine auxo-
troph of the strain sud 24 (11). It was grown in the
nonfragile form on minimal salts medium plus glu-
cose in 20% sucrose. It also retains the capacity of
the parental strain to grow in fragile form in media
described previously (10, 11). S98 is a methionine
auxotroph of K-12 3000, a reisolated form of the pa-
rental strain of sud 24. AB301 is a methionine auxo-
troph derived from Hfr Hayes. All cultures were in-
cubated with mild shaking at 30 C on a New Bruns-
wick rotary shaker. Starvation for methionine was
achieved by growing cells on limiting methionine
(0.85 ug/ml) and permitting them to use up the
supply in the medium. Addition of methionine led to
immediate resumption of growth at a rate character-
istic of exponential growth. In some experiments
(see Table 1) starvation was induced for isoleucine
by the addition of 300 ug of valine per ml (13).

Sucrose gradient centrifugation of RNA. RNA
was extracted three times with phenol, precipitated
with ethanol, and dialyzed against 10 mM tris(hy-
droxymethyl)aminomethane-hydrochloride (pH 7.3),
50 mM NaCl, and 0.5% dodecyl sulfate for 2 hr at 22
C before being layered on 15 to 30% sucrose gra-
dients made up in the same buffer. The gradients
were centrifuged at 15 C for 14 or 20 hr at 25,000
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rev/min in an SB110 swinging-bucket rotor of a B60
International centrifuge. To avoid quenching by the
dodecyl sulfate, the precipitation and washes of gra-
dient fractions were carried out with a mixture of
60% ethanol in 5% trichloroacetic acid, followed by a
final wash with 0.1 N HCI.

Cell lysis and polysome sucrose gradient cen-
trifgation. Lysates were prepared from fragile cells
with buffers containing 0.5% sodium deoxycholate,
as previously described (11).

Zonal sedimentation in 15 to 30% sucrose gra-
dients, collection of gradient samples, and plating
and counting of radioactive RNA were as described
(10). To avoid quenching by 5% trichloroacetic acid
during scintillation counting, each filter bearing a
sample of precipitated RNA was given a final wash
with 2 ml of 0.1 N HCI and dried thoroughly. Sam-
ples that contained deoxycholate were given an addi-
tional wash with 70% ethanol.

Labeling of cellular RNA. Stable RNA was la-
beled as previously described with "4C-uracil (1.8 AM
and 0.05 MCi/ml final concentration) or 3H-uracil
(0.75 jAM and 7.5 sCi/ml final concentration) except
where otherwise indicated, from Schwarz-Mann (10).
The 3H-uracil without added carrier was at 16.8
Ci/mmole.
Other techniques. The RNA content of the cul-

tures was determined by the orcinol reaction with
adenosine monophosphate as a standard (3). Pub-
lished procedures were used to hybridize RNA to
deoxyribonucleic acid (DNA) immobilized on filters
(8).

RESULTS
Labeling of RNA during starvation. RNA

synthesis was measured by following the incor-
poration of 3H-uracil into trichloroacetic acid-
precipitable material. Figure 1 shows the in-
corporation of label into RNA from 60 to 165
min after the onset of starvation. In rel+ cells
the synthesis of 3H-RNA is strictly limited,
reaching a steady-state level at about 40 min.
When methionine was added back to the cul-
ture the 3H-uracil promptly began to be in-
corporated into RNA (data not shown).
Both S31 and the relaxed strain, 58-161,

continued to accumulate 3H-RNA for at least 2
hr after the addition of label. The rate of incor-
poration of label was fourfold greater in the re-
laxed strain than in S31.

Figure 2 shows the incorporation of 3H-uracil
over 30-min periods at different times after
starvation had begun. In both the stringent
strain and S31 the amount of 3H-RNA accu-
mulated in a 30-min interval sharply de-
creased with time after starvation. However,
the amount of label incorporated in the 30-min
interval was always much greater in S31 than
in the stringent strain. The relaxed strain
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FIG. 1. Cultures were grown on limiting methionine
(0.85 ug/ml). At a cell concentration of about 5 x 101
cells/ml, the methionine supply was exhausted and
starvation began. Forty-five minutes later (time
zero), 12.5 ACi of 3H-uracil per ml (1 Mg/mI) was
added to permit continuous labeling of RNA. At the
indicated times, 0.1-mI samples were precipitated
with cold trichloroacetic acid, filtered, and counted.
Symbols: 0, 58-161 rel+; A, 58-161 rel; 0, S31.
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FIG. 2. Samples (0.3 ml) of cultures grown on lim-
iting methionine were labeled for 30-min intervals at
different times after the onset of starvation. The
three cultures were all labeled with 0.125 IACi/ml,
but with different amounts of carrier uracil added in
each case to insure that the label was not limiting
during the 30-min interval. The rel+ strain was la-
beled with uracil at 0.066 ,g/ml; rel at 16.5 Mg/ml;
S31 at 1.66 ug/ml. The 3H counts per minute are
normalized to the level that would be observed if the
same specific activity of uracil was added to S31 and
rel as was added to rel+. Data are plotted on sepa-
rated scales so that the basic shape of the curves can
be easily compared as well as the differences in
levels of incorporation. Symbols: 0, rel+; A, rel; 0,
S31.
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showed a constant accumulation of RNA for
about 1 hr, and then a gradual decrease. Two
and one-half hours after starvation began, la-
beling had declined to about 24% of the level
at the start of starvation.
RNA accumulation by the orcinol method.

From the labeling data, S31 did not seem to
behave like either the relaxed or stringent
strains. To circumvent problems of permea-
bility and pool size inherent in labeling experi-
ments, we looked at RNA accumulation di-
rectly, using the orcinol method. S98, a methi-
onine auxotroph of the original parental strain
of S31, K-12 3000, was also studied, to elimi-
nate the possibility that the differences found
between S31 and the stringent (and relaxed)
strains were due to the mutation which allows
S31 to grow in the fragile form.

Figure 3 shows the RNA content in different
strains at increasing times after the onset of
starvation. The stringent strain shows no in-
crease in RNA from the onset of starvation,
whereas the relaxed strain continues to accu-
mulate RNA for at least 2.5 hr. The RNA con-
tent of both S31 and S98 increased slightly,
about 10%, leveling off by 45 to 60 min after
starvation. The RNA content of AB301 in-
creased to a level 70% above that at the time
of starvation, but the accumulation stopped at
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FIG. 3. Orcinol determinations of cell cultures at
different times after the onset of starvation. A 2-ml
amount of cell culture was precipitated with an
equal volume of ice-cold trichloroacetic acid and al-
lowed to sit on ice for at least 30 min, and the pre-
cipitate was spun down. The precipitate was dis-
solved in 1 ml of 0.1 N NaOH, and the RNA content
was determined by the orcinol method (3). RNA
content at time zero (the onset of starvation) is
plotted as 1.0, and the data are plotted as relative
increase of RNA content with time of starvation.
Symbols: 0, rel+; 0, K-12 3000 met-; 0, S31; *,
AB301; A, rel.

about 80 min.
DNA-RNA hybridization. DNA-RNA hy-

bridization experiments were carried out to
determine the type of RNA being made in
these strains during amino acid starvation.
Two procedures were used to estimate the
amount of 3H-rRNA present in a preparation
of RNA. (i) RNA samples were hybridized in
the presence and absence of a 20-fold excess of
cold rRNA. The per cent reduction of counts
hybridized in the presence of cold rRNA is re-
ferred to as the per cent of rRNA in the
sample. (ii) RNA samples were also hybridized
over a wide range of RNA-to-DNA ratios, from
1/10 to 1/1,000, to determine the rRNA con-
tent by titrating the sites of abundant RNA
species (7). At low RNA-to-DNA ratios
(1/1000) all DNA sites are in excess and the
efficiency of hybridization is high. When the
RNA-to-DNA ratio is raised, the DNA sites for
rRNA and tRNA become limiting and the per
cent of 3H-RNA hybridized falls. At an RNA-
to-DNA ratio of 1/10, only about 3% of the
rRNA will hybridize. Therefore, essentially all
of the counts hybridized at this ratio will be in
mRNA.
The value obtained for rRNA content by the

titration curve method is consistently higher
than that obtained by the competition method
for samples from several strains under either
starving or growing conditions. This discrep-
ancy is probably due to the titration of the
sites for tRNA over the range of ratios used.
Transfer RNA accounts for between 10 and
20% of the RNA of growing cells. Since quanti-
tative determinations of tRNA by hybridiza-
tion under the conditions used is impossible,
the result obtained by the competition method
is a lower limit of rRNA content, and the
value obtained by the titration curve is an
upper limit.

Figure 4 shows a series of titration curves of
RNA labeled for 3, 12.5, or 20 min during star-
vation. RNA from the stringent strain hybrid-
izes with the same efficiency at high and low
RNA-to-DNA ratios, when labeled either for
short (3 min) or long (12.5 or 20 min) times.
Therefore starving stringent cells made little
or not detectable rRNA. This result is con-
firmed by competition experiments (Table 1);
cold rRNA competes only 10 to 12% in all
cases, which is near the limit of detectability
of the assay. The result obtained with starved
relaxed cells was strikingly different; 45 to 60%
of the pulse label was in rRNA. With in-
creasing times of labeling, the amount slowly
increased, probably due to slow degradation of
the mRNA.
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S31, K-12 3000, and AB301 also make rRNA
during starvation. The rRNA content of 3H-
RNA from S31 is 30 to 40% after various times
of labeling. The per cent of label in rRNA after
a 3-min pulse is 30 to 40% in K-12 3000 and 35
to 55% in AB301.
Zonal sedimentation of extracted pulse-

labeled RNA. Since S31 does not seem to
accumulate RNA during starvation, as deter-
mined by the orcinol test, but does seem to
make rRNA, we wanted to see if 23S and 16S
RNA accumulated during starvation.

Figure 5 shows sample sucrose gradient anal-
yses of S31 and standard stringent and relaxed
strains, with 16 and 23S RNA markers de-
tected by their content of 04C-uracil (panel C)
or by their optical density at 260 nm (panels
A, B, D). In controls with growing cells (panel
A; also, cf. reference 15), 50% of the RNA
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FIG. 4. RNA from starved cultures (same RNA
as in Table 1) was hybridized to DNA on filters at
the RNA-to-DNA ratios indicated over a range of
10-1 to 10-3. The amount of DNA on filters was al-
ways kept at 100 to 200 ug even at low ratios, to pre-
vent a concentration effect which would decrease the
efficiency of hybridization (8). Symbols: 0, rel+; A,

rel; 0, AB301; 0, K-12 3000. The counts hybridized
at an RNA-to-DNA ratio of 1/1,000 was set at 100%o.
The efficiency of hybridization varied between 50
and 70%o with different filter preparations.

3'

made in a 1-min or 3-min pulse sediments at
16S or faster. As expected for the starved
stringent strain (panel B), only 15 to 18% of
the label in a 3-min pulse is in that region of
the gradient. Instead, the pattern of 3-min-
labeled RNA from the starved relaxed strain
(panel C) is similar to that for growing cells,
with 44% of the new RNA moving as fast or
faster than 16S RNA. A direct comparison of
S31 with the standard stringent and relaxed
strains is shown in panel C: like the stringent
strain, less than 18% of the RNA made in 3
min moves as fast as 16S. The similarity of the
profiles for starved S31 and the starved strin-
gent strain is further emphasized in a compar-
ison of panels B and D: in both, very slow or
no accumulation of 16 and 23S RNA was ob-
served.
Distribution of RNA during a continuous

label. It has previously been shown (by hybrid-
ization analysis) that almost all of the pulse-
labeled mRNA in starved cultures of S31 is in
polysomes, sedimenting heavier than 50S
(manuscript in preparation), and almost all
rRNA sediments in the region of the gradient
at 50S or less. Therefore the change in ratio of
the amount of 3H in the polysome region to
the amount of label in the < 70S region with
time during a continuous label should give an
indication of the relative stabilities of mes-
senger and ribosomal RNA in S31 during star-
vation.

Figure 6 shows the change in ratio of new
3H-RNA free of polysomes to old "C-RNA
free of polysomes and in the ratio of new 3H-
RNA in polysomes to old 14C-RNA in poly-
somes with time after addition of label. Over
the entire course of labeling, the distribution of
newly formed RNA remained unchanged, so
the ratio of 3H-RNA in polysomes to that free
of polysomes was constant, indicating similar
stabilities for mRNA and rRNA.

DISCUSSION
The standard relaxed strain makes rRNA

during starvation for an essential amino acid
and accumulates it as large-molecular-weight
species. The standard stringent strain makes
only mRNA during starvation. Here we de-
scribe a new type of relaxed strain which does
not accumulate RNA during amino acid star-
vation, but ribosomal RNA accounts for at
least 35 to 40% of the total RNA being made
(in a pulse label). The RNA is found as low-
molecular-weight species. The rRNA appears
to be about as unstable as the mRNA, because
(i) it accounts for the same percentage of label
as determined by hybridization after short and

N
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TABLE 1. Hybridization trials with RNA from starved celisa

Labeling
Strain Expt time after Min of RNA/DNA Input" No rRNAb rRNA8 Per centstarvation labeling rRNA

(min)

58-161 rel+ 1 50 3 10 3 742 590 514 12.5
12.5 10- 3 1,398 1,089 972 10
25 10-3 2,736 1,952 1,710 12.1

58-161 ret 1 50 3 10-3 5,864 3,715 2,359 36.5
2 12.5 10i- 2,592 2,488 1,349 45.8

25 10-3 1,288 1,372 745 45.7
S31 1 70 5 10-2 20,000 8,101 6,000 26

25 2 x 10-3 7,600 5,992 3,754 37
2 5 10-3 2,000 645 435 33

3 x 10-3 6,000 1,440 990 31
25 10-3 5,200 2,970 2,150 30

3 x 10-3 15,600 7,813 3,795 49
10-2 52,000 20,600 13,775 34

3 2.5 1.6 x 10-2 1,145 210 139 34
12.5 10-3 3,730 908 585 36

5 x 10-' 3,730 797 515 35
K-12 3000 1 90 3 10-3 3,891 1,772 1,346 24.2

10-3 3,891 1,879 1,367 27.5
AB301 1 90 3 10- 3 1,290 525 317 39.7

2 x 10-3 1,290 715 500 30.2

a Cultures (10 ml) of cells were labeled with 8H-uracil for the times indicated (starvation was achieved by
treatment with L-valine in the case of S31 and by growth on limiting methionine in all other cases). The
RNA was phenol-extracted from the washed pellet of cells and hybridized to 100 or 200 tsg of DNA on filters
at the RNA-to-DNA ratios indicated. In each case duplicate samples were hybridized in the presence of a 20-
fold excess of unlabeled ribosomal RNA (see legend to Fig. 4).

h Counts per minute.
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FIG. 6. New AH-RNA free of polyribosomes and in
polyribosomes of starving cells. A 60-ml amount of
S31 cells was grown in fragile form in minimal medium
and labeled uniformly during growth with 6 pCi of
14C-uracil; 1.4 ml of L-valine (20 mg/ml) was added,
and 60 min later 750 uCi of 'H-uracil was added'
without carrier uracil. At the intervals shown, 10-ml
portions of culture were poured over ice, harvested,
and lysed, and lysates were centrifuged through su-
crose gradients as in Fig. 1. The total 14C and 3H
counts/min were summed up for each gradient in two
fractions: polyribosomes, including monoribosomes
(0); material sedimenting more slowly (50S and less)
(O). For each fraction, the ratio of new to old RNA
('H/14C) is plotted as a function of time.

long labeling times, and (ii) the ratio of label
in polyribosomes and free of polyribosomes
remains constant with time during a contin-
uous label.
The primary phenotype of the relaxed muta-

tion seems to be the continued synthesis of
rRNA during starvation. Therefore it is likely
that this new class of strains contains the re-
laxed allele, because they do continue to make
rRNA. In other trials, the strain was uninduc-

ible for ,B-galactosidase when starved of me-
thionine, behavior characteristic of the
standard relaxed strain (4). Other genes be-
sides the rel locus may be responsible for the
degradation of the nascent rRNA. These
strains may have an altered nuclease system
which, although inactive in growing cells, de-
grades rRNA during starvation. This system
would remain undetected in stringent cells,
because no rRNA is synthesized in the first
place.

Although available results can thus be inter-
preted in a self-consistent way, the interme-
diate class of rel strains could instead indicate
that both ret and rel+ strains make ribosomal
RNA as well as mRNA, but that in stringent
strains, the ribosomal RNA is degraded as rap-
idly as it is formed, whereas in relaxed strains
the rRNA accumulates. In that case, strains
like K-12 3000 would be rel+, but with less ac-
tive nucleases, rather than rel strains with
more active nucleases. The altemative of pri-
mary control by selective arrest of synthesis
seems more likely, because it is hard to imag-
ine nuclease activity selective for otherwise
stable RNA and inactive against mRNA. Nev-
ertheless, only further information about the
rel gene product can permit an unequivocal
choice between these alternatives.
The relation of these observations to other

data on relaxed and stringent strains is com-
plex and as yet not clear. For example, during
amino acid starvation an unusual guanine te-
traphosphate, ppGpp, accumulates in a
standard stringent strain, but not in the iso-
genic relaxed strain. However, the reisolated
K-12 3000 strain examined here accumulates
ppGpp even though rRNA is being made (M.
Cashel, personal communication). As another
example, AB301, which is classified as a re-
laxed strain and shows no ppGpp formation,
nevertheless shows only limited RNA accumu-
lation and then exhibits synthesis and break-
down of RNA similar to that found in K-12
3000. Perhaps these observations can help to
explain some of the conflicting interpretations

FIG. 5. Zonal sedimentation of RNA labeled with 3H-uracil in growing and starving cells. RNA in growing
cells (A) or cells starved for an amino acid (B-D) was labeled, extracted, and fractionated on sucrose gra-
dients as described in Materials and Methods. The position of marker 16S and 23S RNA species was deter-
mined by the optical density at 260 nm of unlabeled carrier RNA (A, B, D) or by its content of 14C-RNA ex-
tracted from cells labeled during five generations of growth (panel C). Unlabeled carrier RNA was used at 3
mg/gradient, yielding an optical density at the 23S RNA peak of 1.2 in a 1-cm cell. Gradients in panels A
and B were centrifuged for 14 hr at 4 C; those in C and D were run for 20 hr to resolve the 16S region better.
(A) RNA from growing cells; *, 1-min label; 0, 3-min label. (B) Starving stringent cells labeled for 1 (-), 3
(0), or 20 (A) min. (C) Starving cells labeled for 3 min; 0, rel+; 0, ret; A, S31; 0, "4C-stable RNA. (D)
Starving cells of S31 were labeled for 1 (-), 3 (0), or 20 (A) min.
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of the effect of amino acid starvation on RNA
accumulation. Conflicts between hybridization
results which suggest that pulse-labeled stable
RNA is being made (5, 6) and pool studies that
showed a selective fall in stable RNA synthesis
(12) may be due to strain differences, with dif-
ferences in stability as well as synthesis of
RNA.
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