
JouRNAsL OF BACTERIOLOGY, Jan. 1981, p. 68-73
0021-9193/81/010068-06$02.00/0

Vol. 145, No. 1

Stringent Response of Bacillus stearothermophilzs: Evidence
for the Existence of Two Distinct Guanosine 3',5'-

Polyphosphate Synthetases
SUSANNE FEHR AND DIETMAR RICHTER*

Institut fuir Physiologische Chemie, Abteilung Zeilbiochemie, Universitat Hamburg, 2000 Hamburg 20,
Federal Republic of Germany

Bacillus stearothermophilus reacted to pseudomonic acid-induced inhibition
of isoleucine-transfer ribonucleic acid (RNA) acylation and to energy downshift
caused by a-methylglucoside addition with accumulation of guanosine 3',5'-poly-
phosphates [(p)ppGpp] and restriction of RNA synthesis. In vitro studies indi-
cated that (p)ppGpp was synthesized by two different enzymes. One enzyme,
(p)ppGpp synthetase I, was present in the ribosomal fraction, required the
addition of a ribosome-messenger RNA-transfer RNA complex for activation, and
was inhibited by tetracycline and thiostrepton. It is suggested that (p)ppGpp
synthetase I is comparable to the relA gene product from Escherichia coli and is
responsible for (p)ppGpp accumulation during amino acid starvation. The other
enzyme, (p)ppGpp synthetase II, was found in the high-speed sQpernatant fraction
(S100). It functioned independently of ribosomes, transfer RNA, and messenger
RNA and was not inhibited by the above-mentioned antibiotics. (p)ppGpp
synthetase II is thought to be responsible for (p)ppGpp accumulation during
carbon source downshift. The two enzymes differ in their Km values for adenosine
triphosphate (ATP): 2mM ATP for synthetase I and 0.05mM ATP for synthetase
II. They also have different molecular weights: apparent Mr of 86,000 (±5,000) for
synthetase I and 74,000 (±5,000) for synthetase II.

Bacteria undergoing nutritional downshift
sharply restrict RNA synthesis. This stringent
control is apparently correlated with the accu-
mulation of two unusual nucleotides, guanosine
3',5'-bis(diphosphate) (ppGpp) and guanosine 3'-
diphsophate,5'-triphosphate (pppGpp). In relAU
strains of Escherichia coli, amino acid starva-
tion results in the accumulation of (p)ppGpp,
whereas in reA mutants the level of (p)ppGpp
remains low. Carbon source downshift, on the
other hand, still leads to the accumulation of
(p)ppGpp and restriction of RNA synthesis not
only in reMA, but also in relA mutant strains (1,
4). A number of studies have tried to explain
this phenomenon by the relative rates of
(p)ppGpp synthesis and degradation (4, 11). For
instance, it has been shown that carbon source
downshift causes the inhibition of (p)ppGpp
breakdown (2). Although ATP seems to stimu-
late ppGpp degradation in vitro, a direct effect
upon the (p)ppGpp-degrading enzyme could not
be detected (6, 7).

Recently, mutants of E. coli have been iso-
lated that neither accumulate (p)ppGpp nor re-
strict RNA synthesis upon amino acid or glucose
starvation (3). The mutant gene has been called
relS and is thought to code for another
(p)ppGpp-synthesizing enzyme. Attempts to de-

tect (p)ppGpp-synthesizing activity in cell-free
extracts of relA mutants have so far failed (4,
11), possibly due to the lability of the enzyme.
We therefore turned our attention to Bacillus
stearothermophilus, whose enzymes one might
expect to be more stable. Here we show that two
two distinct (p)ppGpp synthetases can be iso-
lated from B. stearothermophilus and that these
differ in biochemical properties.

(The data presented are part of a thesis by
S.F. submitted to the University of Hamburg in
partial fulfillment of the requirements for the
Ph.D. degree.)

MATERLALS AND METHODS

Culture conditions. B. stearothermophilus strain
799 (kindly provided by K. Isono, Berlin, Germany)
was grown at 64°C, with stirring at 180 rpm and
aeration (14 liters/min), in medium containing, per
liter: tryptone, 10 g; yeast extract, 5 g; NaCl, 5 g;
MnCl2, 10 ,ug; and glucose, 5 g. Cells were harvested at
an optical density at 650 nm (OD6a) of 1.2. For the in
vivo experiments, cells were grown in Tris-buffered
medium (14) with 0.2 mM phosphate at 60°C and
aerated by stirring. At 0.2 OD403 unit/ml, 32P, (The
Radiochemical Centre, Amersham, England) was
added to a concentration of 100 LCi/ml (specific activ-
ity in the medium, 250 Ci/mol).
One OD436 unit of cell culture is the cell density
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TWO DISTINCT (p)ppGpp SYNTHETASES

measured against Tris-buffered medium that gives an
absorbance of 1.0 at 436 nm, using a 1-cm-path length
cell, and corresponds to 7 x 10' cells per ml.

Extraction of nucleotides and chromatogra-
phy. Where indicated, 50-pl aliquots of the culture
were chilled on ice, 2 Ml' of 88% formic acid was added,
and after 15 min the cells were sedimented (12,000
rpm) in a microcentrifuge. Five to 10 pl of the super-
natant fraction were spotted on polyethyleneimine-
cellulose sheets (Macherey, Nagel & Co., Duren, West
Germany) together with unlabeled ppGpp and
pppGpp (Sanraku Ocean Co., Tokyo) as internal
standards and chromatographed two-dimensionally in
1 M LiCl-4 M formic acid (1st dimension) and 1.5 M
KH2PO4, pH 3.5 (2nd dimension). The unlabeled
markers were visualized under UV light, and the la-
beled (p)ppGpp was detected by autoradiography. The
spots were excised and counted in a liquid scintillation
counter. Absolute incorporation of 3p was calculated
from the counts per minute obtained with aliquots of
the reaction mixture spotted directly on polyethylene-
imine-cellulose sheets.
Incorporation of[3H]uracil into RNA. [3H]uracil

was added to a final concentration of 0.1 1tCi/ml (spe-
cific activity in the medium, 0.56 Ci/mol). One-milli-
liter aliquots of the culture were removed at the times
indicated, mixed with 1 ml of ice-cold 10% trichloro-
acetic acid, and passed through cellulose nitrate filters
(Sartorius, Gottingen, West Germany; pore size, 0.45
nm). The filters were washed twice with 5% trichloro-
acetic acid, each was dissolved in 1 ml of ethylenegly-
colmonomethylether, and the filters were counted.

Induction of the stringent response. The strin-
gent response was induced by addition of 5.2% (wt/
vol) a-methylglucoside (Sigma Chemical Co., St.
Louis, Mo.) (in 26-fold excess of the glucose concen-
tration) or 1 ,tg of pseudomonic acid per ml (a generous
gift of Beecham Pharmaceuticals, Betchworth, Eng-
land).

Isolation of (p)ppGpp synthetase I. Cells from
midlog phase were suspended in 2.5 volumes of buffer
(10 mM Tris-hydrochloride [pH 7.8], 10 mM magne-
sium acetate, 1 mM dithiothreitol, 2,ug of DNase per
ml) and disrupted in an Aminco pressure cell at 16,000
lb/in2. The cell extract was centrifuged in a Sorvall
SS34 rotor at 40,000 x g (18,000 rpm) for 30 min at
4°C to remove cell debris and in a Beckman 60 Ti
rotor at 100,000 x g (40,000 rpm) for 3.5 h at 20C to
pellet the ribosomes. The upper two-thirds of the
supernatant fractions were carefully collected (S100).
The ribosomal pellet was suspended in a small volume
of water and used as a source for (p)ppGpp synthetase
I. Ribosomes were extracted with buffer A [10 mM
Tris-acetate (pH 7.8), 14 mM magnesium acetate, 60
mM potassium acetate, 5% (wt/vol) glycerol, 2 mM
(ethylenedinitrilo)tetraacetic acid, 1 mM dithiothrei-
tol, 0.5 M NH4Cl] by stirring overnight at 4°C. The
suspension was centrifuged twice in a Beckman 60 Ti
rotor for 2 h at 100,00 x g (40,000 rpm) at 20C to
remove ribosomes. The supernatant fraction was pre-
cipitated by addition of 45 g of (NH4)2SO4 to 100 ml.
The precipitate was centrifuged and redissolved in
buffer A containing 1 M NH4Cl and was then dialyzed
against buffer A without NH4Cl. The resulting low-
salt precipitate was redissolved in buffer A with 1 M

NH4C1; it is referred to as (p)ppGpp synthetase 1 (12).
Isolation of (p)ppGpp synthetase II was carried out
according to published procedures (13).
Assays for (p)ppGpp synthesis in vitro. The

nonribosomal system (50 pl) contained 20 mM Tris-
hydrochloride (pH 7.8), 10 mM magnesium acetate, 40
mM NH4Cl, 2 mM dithiothreitol, 4 mM ATP, 0.4 mM
[a-32P]GTP (specific activity, 25 Ci/mol), and
(p)ppGpp synthetase as indicated.
The ribosomal system (50 ,l) consisted of 20 mM

Tris-hydrochloride (pH 7.8), 20 mM magnesium ace-
tate, 40 mM NH4Cl, 2 mM dithiothreitol, 50 lAg of
polyuridylate per ml, 20,g of tRNAPhe per ml, 160
pmol of 50S ribosomal subunits per ml, 180 pmol of
30S ribosomal subunits per ml, 4 mM ATP, 0.4 mM
[a-32P]GTP (specific activity, 25 Ci/mol), and
(p)ppGpp synthetase as indicated.
The methanol assay system (50 pd) contained 20%

methanol, 40mM Tris-hydrochloride (pH 7.8), 40mM
magnesium acetate, 4 mM dithiothreitol, 150 mM
NH4Cl, 4 mM ATP, 0.4 mM [a-3P]GTP (specific
activity, 25 Ci/mol), and (p)ppGpp synthetase as in-
dicated.

Assay mixtures were incubated at 37°C for different
times (between 10 and 60 min), the reaction was
stopped by adding 1 pl of 88% formic acid, and reaction
products were analyzed on polyethyleneimine-cellu-
lose sheets as indicated above. The methanol assay
mixtures were incubated at 20°C for 3 to 8 h.

RESULTS

Stringent response in B. stearothermoph-
ilus in vivo. Little is known of the stringent
response in B. stearothermophilus. Since, in
contrast to E. coli, neither relaxed nor stringent
strains of B. stearothermophilus have yet been
isolated, informnation on the molecular basis of
the stringent response can only be gained by
analogy to the E. coli system. To study whether
the stringent response in B. stearothermophilus
is similar to that in E. coli, cultures were sub-
jected to various starvation conditions known to
trigger stringency in that bacterial species.
During normal growth at 600C, RNA synthe-

sis and cell density increased exponentially,
whereas (p)ppGpp remained at a basal level of
0.18 nmol per OD4w unit (Fig. 1). In contrast,
the antibiotic pseudonomic acid, an inhibitor of
isoleucyl-tRNA synthetase (8), led to both the
abrupt accumulation of (p)ppGpp and, simulta-
neously, a cessation of RNA synthesis (Fig. 1).
The amount of the two nucleotides synthesized
was nearly the same: 3.4 and 3.6 umol ofpppGpp
per OD4m unit (data not shown). A similar strin-
gent response was observed with the antibiotic
granaticin, which inhibits leucyl-tRNA synthe-
tase (10). It therefore appears that the stringent
response ofB. stearothermophilus, which is trig-
gered by the lack of a charged tRNA, resembles
amino acid starvation conditions in wild-type
strains of E. coli.
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FIG. 1. Growth, RNA synthesis, and (p)ppGpp ac-
cumulation in a culture grown at 60'C before and
after addition of 1 ug ofpseudonomic acid per ml.
Synthesis of (p)ppGpp was calculated in nanomoles
per milliliter of cell culture and expressed per OD4w
unit as indicated in the text.

Figure 2 shows that in B. stearothermophilus
the blocking of glucose uptake by addition of a-
methylglucoside (5, 9) also elicited a stringent
response. Immediately after the energy down-
shift, ppGpp as the primary species was formed
to a concentration of 0.83 nmol per OD4w unit,
and RNA synthesis stopped (Fig. 2). After a few
minutes, the ppGpp level fell back to the basal
value of 0.18 nmol per OD4w unit, but RNA
synthesis remained blocked. This continued in-
hibition of RNA synthesis may have been due
to a lack of phosphorylated nucleosides resulting
from the energy downshift. When energy star-
vation was induced by addition of 2,4-dinitro-
phenol, again cessation of RNA production and
accumulation of ppGpp occurred (data not
shown). In principle, the stringent response of B.
stearothermophilus to energy downshift appears
to be comparable to that reported in E. coli
strains, although the latter accumulate ppGpp
much slower than B. stearothermophilus (4, 11).
(p)ppGpp synthesis of B. stearother-

mophilus in vitro. The in vivo data suggest
that synthesis of (p)ppGpp may be similar to
that in E. coli. Indeed, the (p)ppGpp-synthesiz-
ing enzyme from B. stearothernophilus, like

that from E. coli, was stimulated by addition of
a ribosome-mRNA-uncharged tRNA complex
(Table 1). This enzyme, which is associated with
the ribosomal fraction, is referred to as (p)ppGpp
synthetase I (12). In contrast to E. coli,
(p)ppGpp synthetic activity was also found in
the 100,000 x g supernatant fraction. This S100
enzyme, which functioned independently of ri-
bosomes, mRNA, and uncharged tRNA, is des-
ignated (p)ppGpp synthetase II (12). Both en-
zymes are ATP:GTP(GDP) pyrophosphotrans-
ferases (12); however, as indicated by the follow-
ing experiments, they differ in their biochemical
properties, strongly suggesting that in B. stear-
othermophilus (p)ppGpp is synthesized by two
discrete pathways.
The two enzymes can be distinguished by

their requirements for ribosomes, mRNA, and
tRNA (see Table 1). Apparently only synthetase
I is activated by the ribosome complex, thus
resembling the reA gene product from E. coli.
It differed from the E. coli enzyme only in
preferring homologous ribosomes to E. coli ri-
bosomes. Substitution of the ribosome complex
by methanol resulted in the activation only of
synthetase I, and not of synthetase II (Table 2).
Again, synthetase I behaves like its E. coli coun-
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FIG. 2. Growth, RNA synthesis, and (p)ppGpp ac-
cumulation before and after addition ofa-methylglu-
coside; the final concentration was 5.2% (wt/vol). For
calculation of nanomoles of (p)ppGpp, see legend to
Fig. 1. The incubation temperature was 60°C.
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TWO DISTINCT (p)ppGpp SYNTHETASES

TABLE 1. Influence of ribosomes, tRNA, and
mRNA on (p)ppGpp synthetases I and IHa

Presence of:

Ribosomes
Enzyme tRNA/ (p)ppGppB.ser-poly(U) (nmol/h)

E. coli ther-
mophilus

(p)ppGpp syn- + - - 0.28
thetase I (ri- + - + 0.44
bosome de- - - + 0.08
pendent) - - - 0.00

- + + 4.22
- + - 2.58

(p)ppGpp syn- + - + 4.60
thetase II (ri- + - - 4.20
bosome inde- - - + 4.00
pendent) - - - 4.20

- + + 4.20
- + - 4.40

aA 50-ug amount of (p)ppGpp synthetase I and
1 ,ug of (p)ppGpp synthetase II were used per assay
and incubated in the ribosomal system (see text).
Where indicated, ribosomes, tRNA, or polyuridyl-
ate [poly(U)] (or all three) was omitted.

TABLE 2. Effect ofmethanol on (p)ppGpp
synthetases I and Iia

Enzyme Methanol (p)ppGpp
Enzyme ~~~added (nmol/h)

(p)ppGpp synthetase I (ri- - 0.066
bosome dependent) + 0.320

(p)ppGpp synthetase II (ri- - 0.821
bosome independent) + 0.801
a A 50-jtg amount of (p)ppGpp synthetase I and 1

jug of (p)ppGpp synthetase II were incubated in the
methanol system (see text for details).

terpart. Experiments with the antibiotics thio-
strepton and tetracycline, known to interfere
with the in vitro (p)ppGpp-synthesizing reaction
in other bacterial species (12), blocked synthe-
tase I but not synthetase II (Fig. 3). When syn-
thetase I was assayed in the methanol system,
neither tetracycline nor thiostrepton was inhib-
itory (data not shown).
That synthetases I and I are two different

enzymes was also supported by glycerol density
centrifugation analysis (Fig. 4). The molecular
weight ofsynthetase I was estimated to be 86,000
(±5,000), and that ofsynthetase II was estimated
to be 74,000 (±5,000).
The data presented so far indicate that

(p)ppGpp synthetase I most likely is equivalent
to the relA gene product of E. coli. In both
species the codon-specific binding of uncharged
tRNA to the ribosome is the signal mechanism

for activation of the enzyme. Since uncharged
tRNA evidently has no effect on synthetase II
of B. stearotherrnophilus, it might be responsi-
ble for (p)ppGpp synthesis when there is a short-
age of energy-rich compounds. When the activ-
ity of (p)ppGpp synthetase II was studied as a
function ofATP concentration, optimal activity
was found at 1 mM ATP (Fig. 5). The enzyme
was almost inactive at concentrations of ATP
(about 4 mM) found in normally growing cells.
On the other hand, synthetase I showed a
broader activity optimum at concentrations be-
tween 2 and 3 mM ATP. The difference in the
Km values for ATP of both enzymes was also
striking: 0.05 mM ATP for synthetase II and 2
mM ATP for synthetase I. Since the ATP pool
does not drop more than 30% under glucose
downshift conditions (4), it remains to be seen
whether ATP serves as a modulator in regulat-
ing (p)ppGpp synthetase II.

DISCUSSION
Two discrete (p)ppGpp-synthesizing enzymes

have been isolated from B. stearothermophilus.
(p)ppGpp synthetase I is activated by the ribo-
some-mRNA-tRNA complex and is thought to
be responsible for (p)ppGpp formation in cells
in which acylation of tRNA for various reasons
no longer occurs. This enzyme may be equiva-

5 10 15 20 25 20500 IjUMI
FIG. 3. Effect of thiostrepton and tetracycline on

(p)ppGpp synthetases I and II. (p)ppGpp synthetase
I (40 pg/25-1d1 assay mixture) was incubated in the
ribosomal system, and (p)ppGpp synthetase H (I pg/
25-,lI assay mixture) was incubated in the nonribo-
somal system (see text). Thiostrepton and tetracycline
were added as indicated. Symbols: (circles) tetracy-
cline; (triangles) thiostrepton; (0, A) (p)ppGpp syn-
thetase I; ( , A) (p)ppGpp synthetaseH. One hundred
percent activity corresponds to 5.9 (synthetase I) and
10.2 (synthetase *I) nmol of (p)ppGpp synthesizedper
h. The 100% values were estimated by the initial
velocity when the kinetics remained linear. A stock
solution of 10 mM thiostrepton was prepared in di-
methyl sulfoxide and diluted with water; the control
(minus thiostrepton) wt*s assayed in the presence of
5% dimethyl sulfoxide.
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72 FEHR AND RICHTER

lent to the E. coli relA gene product. The other
enzyme, (p)ppGpp synthetase II, is independent
of the ribosomes and may adjust the level of
(p)ppGpp under energy starvation conditions. It
may be the counterpart to the E. coli relS gene
product (3). As well as being a substrate in the
(p)ppGpp-synthesizing reaction, ATP may have
another function; under normal growth condi-
tions, in which the ATP pool is relatively high,
it suppresses the activity of the enzyme, possibly
by binding to an allosteric site. Under energy
starvation conditions, in which the ATP pool

68000 86000 150000
0.6-4.0

p .3t-5

0.5 8

Iyteae IanIIh nyes 0 u aho

,o 0.4
25

0.3 2.~~~~~zo0.'

0.2 -

1.0

0.1
0.5

top 4 8 12 16 20 24 45 bottom
fraction no.

FIG. 4. Glycerol density gradient centrifugation of
synthetases I and II. The enzymes, 500 1dl each of
(p)ppGpp synthetase 1 (172 mg/mi) and synthetase II
(420 ptg/ml), were analyzed separately on linear glyc-
erol gradients (10 to 30%, wt/vol) in 6 M urea-1 M
NH4Cl-20 mM Tris-hydrochloride (pH 7.8)-2 mM
dithiothreitol. Before centrifugation, synthetases I
and II were dialyzed against 2 liters of gradient
buffer containing 5% (wt/vol) glycerol. The marker
proteins were bovine serum albumin (68,000), conal-
bumin (86,000), and gamma globulin (150,600). Cen-
trifugation was carried out for 57 h at 38,000 rpm
(200,000 x g) in a Beckman SW40 Ti rotor. The
activity of (p)ppGpp synthetase II (0) was assayed
directly in the nonribosomal system; (p)ppGpp syn-
thetase I (0) was assayed in the methanol system
after removing the urea by dialysis against 20 mM
Tris-hydrochloride (pH 7.8)-2mM dithiothreitol-1 M
NH4Cl. A similar molecular weight was obtained
when synthetase I was assayed in the ribosomal
system (data not shown).

100-cu

50.

CL5 0

2 4 6 8 10 mM ATP
FIG. 5. Influence of the ATP concentration on

(p)ppGpp synthetases I and II. (p)ppGpp synthetase
I (0; 40 pg per assay) was assayed in the ribosomal
system [100% = 3.12 nmol of (p)ppGpp per h];
(p)ppGpp synthetase II (a; 1 pgper assay) was incu-
bated in the nonribosomal system [100% = 11.16 nmol
of (p)ppGpp per h]. In these experiments the concen-
tration of GTP in the assay was 1 mM; see text for
other details. ATP was titrated with equimolar
amounts ofmagnesium acetate.

declines, the allosteric site is disengaged and the
catalytic center is derepressed. The findings that
the intracellular ATP pool does not drop more
than 30% under glucose depletion (4) and that
other nucleotides such as CTP, UTP (data not
shown), and ppApp (13) also inhibit synthetase
II activity, however, may indicate that the reg-
ulation of this enzyme is even more complex.
Two (p)ppGpp-synthesizing enzymes have

also been isolated from B. brevis (15). One en-
zyme was found in the ribosomal fraction, and
the other was found in the S100 fraction. Like
B. stearothermophilus (p)ppGpp synthetase I,
the ribosome-associated B. brevis counterpart
was activated by the ribosome complex and in-
hibited by thiostrepton and tetracycline. B.
brevis synthetase I, however, was not stimulated
by methanol. Interestingly, synthetase I from B.
stearothermophilus, B. brevis (15), and Ther-
mus thermophilus (I. Lienert, unpublished data)
preferred the homologous ribosomes to E.
coli ribosomes. Synthetase I and ribosomes from
B. stearothermophilus and T. thermophilus
were freely interchangeable, and E. coli synthe-
tase I functioned equally well with ribosomes
from either of the above-mentioned strains. The
two synthetases found in B. stearothermophilus
and B. brevis differ slightly in their molecular
weights. B. brevis synthetase 1 (15) has a molec-
ular weight of 76,000 (B. stearothermophilus,
86,000), and B. brevis synthetase II (15) has a
molecular weight of 55,000 (B. stearothermoph-
ilus, 74,000). Again, in both species synthetase
I is slightly larger than synthetase II. As noted
by Sy (15) and confirmed by us, the relative
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TWO DISTINCT (p)ppGpp SYNTHETASES

amount of synthetase II is constant during the
growth cycle, whereas that of synthetase I de-
creases at the end of logarithmic growth. It is
therefore unlikely that synthetase II represents
a cleavage product of synthetase I, since one

would then expect the amount of (p)ppGpp syn-
thetase II to increase in stationary cells.
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