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ABSTRACT We previously isolated a mutant of Esche-
richia coli that is preferentially affected in the synthesis of
rRNA and has a mutation in the gene (accD) encoding a subunit
of acetyl-CoA carboxylase. Using this mutant and other mu-
tants of the pathway for fatty acid and phospholipid biosyn-
thesis as well as cerulenin, a specific inhibitor of fatty acid
synthesis, we show that (i) inhibition of fatty acid synthesis in
the presence of both a carbon source and all 20 amino acids
stimulates the accumulation of guanosine tetraphosphate
(ppGpp) and leads to preferential inhibition ofrRNA synthesis,
(ii) this ppGpp accumulation is spoT dependent, and (iii) the
generation of the metabolic signal that stimulates this spoT-
mediated response probably does not depend on either phos-
pholipid starvation or a significant reduction in the level of
ATP.

It is well known that amino acid starvation in Escherichia coli
leads to accumulation of guanosine tetraphosphate (ppGpp)
and cessation of rRNA synthesis. This phenomenon, which
depends on the presence of the relA gene product, is called
the stringent response. In addition to cessation of rRNA
synthesis, many other biochemical alterations take place in a
relA-dependent manner upon amino acid starvation-e.g.,
inhibition of protein synthesis and stimulation of the tran-
scription of some amino acid biosynthetic operons (reviewed
in ref. 1). These alterations are likely beneficial to starved
cells and appear to be mediated by the effector molecule,
ppGpp. Besides amino acid starvation, it is also known that
carbon starvation or nutritional deprivation leads to inhibi-
tion of stable RNA synthesis accompanied by accumulation
of ppGpp (reviewed in ref. 1), and the spoT gene is required
for this response (1, 2). It appears that E. coli cells have
evolved mechanisms whereby they monitor nutritional states
and exert appropriate adaptive response reactions, for which
ppGpp plays an important role.
We now report that E. coli cells respond to a deficiency in

fatty acid supply by forming ppGpp and inhibiting stable
RNA synthesis and that this response is, at least in part, spoT
dependent.

MATERIALS AND METHODS
Strains and Media. All strains used were derivatives of E.

coli K-12. Strain N03978 carries a temperature-sensitive (ts)
mutation in accD and was derived from N03979 (a relAl
derivative of strain GM1; see ref. 3). N03980 is a derivative of
N03940 (4), carries a TnWO insertion (zjfb-1::TnJO; ref. 5) and
was used in some experiments as a (accD+) wild type. MG1655
(wild type) and its derivative CF1693, which is ArelA251::kan,
AspoT207::cat (2), were obtained from Michael Cashel (Na-
tional Institutes of Health). A ArelA251::kan spoT+ strain
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(N03982) was constructed by introducing the relA allele from
the latter into MG1655 by P1 transduction. CY50 is afabA2(ts)
pyrD+ transductant derivative of KL185 (galK35, pyrD34,
trp45, his-68, rpsL118, malTi, xylA7, mtlA2, thi-1; ref. 6) and
was obtained from the E. coli Genetic Stock Center (Yale
University). N03983 is a spoT+ derivative of BB26-36 [a gift
from Robert Bell (Duke University); this strain carries a
mutation in plsB in addition to being deficient in aerobic
glycerol-3-phosphate dehydrogenase (glpD), alkaline phos-
phatase (phoA), and constitutive for the transport of glycerol
3-phosphate (gipT) and for glycerol kinase (glpK); see ref. 7].
Minimal medium was Mops (8) or AB (9), which, when
indicated, was supplemented with 0.4% glucose; 20 ug of
glycerol per ml; amino acids in quantities according to ref. 8;
and 10,g ofthiamine, 40 Mg ofuridine, and 40 ,g oflysine per
ml. All experiments were conducted at 37°C unless otherwise
stated.

Relative Differential Synthesis Rate of rRNA. Cultures at
0.2-0.4 OD6co were labeled for 1 min with [3H]uridine (100
,uC/ml; 1 uC = 37 kBq). Cells were lysed in boiling lysis
solution containing 2.5% SDS (10). Labeled RNA was iso-
lated and the amount ofradioactive rRNA was determined by
RNA-DNA hybridization with a ribosomal DNA (rDNA)
probe essentially as described (10). The rDNA probe con-
sisted of a 2-kb Sal I-Sma I fragment encompassing the distal
portion of the rrnA 16S gene, the spacer, and the proximal
half of the 23S rrnA gene cloned into the Sal I and Sma I sites
of M13mp9. M13mp9 without insert served as the control
probe. The fraction of total radioactive RNA that hybridized
to the rDNA probe was then determined for each sample, and
the values obtained were normalized to a control sample.
This normalization eliminates the necessity for various cor-
rections, such as the size of the rDNA probe, and allows
comparison of the differential synthesis rates of rRNA (the
ratio of the rRNA synthesis rate to the total RNA synthesis
rate or Rr/Rt) among various samples; hence, the normalized
values are called the "relative differential synthesis rate of
rRNA."
RNA and Protein Accumulation. Cells were continuously

labeled with 5 ,uC of [3H]uridine and 0.25 ,C of [14C]lysine
per ml with carrier uridine and lysine, each at 40 ug/ml. At
various times, 0.1-ml samples of cultures were precipitated
with CCl3COOH, and their radioactivities were determined.
Measurements of ppGpp. Cultures were continuously la-

beled for at least three generations prior to sampling with
50-100 ,uC of [32P]orthophosphate per ml in low-phosphate
(about 0.2-0.3 mM) medium. Samples (0.1 ml) were mixed
with 10 ul of 11 M formic acid on ice, and cell debris and
inorganic phosphate were removed as described (11). Equal
volumes of these formic acid extracts were chromatographed
in one or two dimensions on polyethyleneimine (PEI) cellu-
lose TLC plates (11, 12). For quantification ofppGpp, an area
equal in size to each ppGpp spot between ppGpp and GTP
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was cut out, and the radioactivity in this region was sub-
tracted as background from that in ppGpp spots.

Phospholipid Measurements. To measure accumulation,
cells were labeled with 32P as described for ppGpp measure-
ments. 32P-labeled phospholipids were extracted with meth-
anol/chloroform (13) and their amounts were determined.
For measurements of synthesis rates, 0.35 ml of culture cells
grown in low-phosphate medium was pulse-labeled with
[32P]orthophosphate at 100 ,uC/ml. Samples (0.1 ml) were
taken at 0, 2.5, and 5 min. The difference between the amount
of [32P]phospholipid at 2.5 min and that at 5 min was used to
estimate the synthesis rate.

RESULTS
A Temperature-Sensitive aceD Mutant Defective in rRNA

Synthesi. We previously isolated a ts mutant of E. coli that
shows a preferential decrease in transcription from rRNA
gene promoters at 34°C, a permissive temperature used for
mutant isolation (L. Vu, D. Hirota, J.K., and M.N., unpub-
lished data; see ref. 14). The mutation has been mapped to
accD at 50 min on the E. coli chromosome. The accD gene
encodes a subunit of acetyl-CoA carboxylase (15), which
catalyzes the first step in the fatty acid biosynthetic pathway
(16) (Fig. 1), and the mutation changes glycine to aspartate at
position 214 of the 304-amino acid protein (14).

Table 1 shows the effect of a shift up in temperature on the
differential rRNA synthesis rate (Rr/Rt, see Materials and
Methods) of the mutant compared with its wild-type parent.
At the permissive temperature (34°C), the mutant showed a
lower R,/Rt ratio compared with the wild type. Thirty min-

ATP + HCO3 ADP + Pi

Acetyl-CoA Malonyl-CoA
accA-D

ACP _ r ACP

Acetyl-ACP Malonyl-ACP

|abB i- Cerulenin
fabF

Ketoacyl-ACP

Table 1. Effect of an upward shift in temperature on the relative
differential synthesis rate of rRNA in an accD ts mutant

Rr/Rt rate ratio

Temperature N03979 (accD+) N03978 (accDts)

340C 1.0 0.66 ± 0.03
420C 1.0 0.34 ± 0.14

Strains were grown at 340C in AB/glucose medium containing 20
amino acids and thiamine, and the relative differential synthesis rates
ofrRNA were measured before and 30 min after the temperature shift
to 420C. The values for the mutant are normalized to those for the
wild type, and represent averages of three independent experiments.

utes after temperature shift to 42°C, this ratio decreased
further to only one-third of the wild type ratio, suggesting a
preferential inhibition ofrRNA synthesis compared with total
RNA synthesis in the mutant. The decrease in Rr/Rt was
found to correlate with an increase in the level of ppGpp in
the mutant relative to the wild type after the temperature shift
to 42°C (Fig. 2). Since the mutant background is relAl, the
accumulation of ppGpp as well as the preferential inhibition
of rRNA synthesis is relA independent.

Effects ofInhibition ofFatty Acid Synthesis by Cerulenin. To
explain the above properties of the accD mutant, we origi-
nally considered two possibilities: first, the acetyl-CoA car-
boxylase protein might function as a negative regulatory
factor of ppGpp synthesis; and second, failure of this enzyme
to synthesize fatty acids might indirectly stimulate ppGpp
synthesis by an unknown mechanism. To distinguish be-
tween these two possibilities, we examined the effect of
inhibiting fatty acid synthesis at other, more distal steps in the
pathway with respect to ppGpp accumulation and rRNA
synthesis inhibition. If inhibiting fatty acid synthesis at one or
more distal steps resulted in the same response, then fatty
acid starvation rather than inactivation of a regulatory factor
would explain the above observations. Cerulenin, a specific
inhibitor of fatty acid synthesis (ref. 17; see Fig. 1), was used
for this purpose. In E. coli, two enzymes, 3-ketoacyl-ACP
synthases I and II (encoded byfabB andfabF, respectively)
catalyze the elongation reaction, the former being more
sensitive to the inhibitor than the latter. At high concentra-
tions of cerulenin, both enzymes are inhibited, leading to
inhibition of both saturated and unsaturated fatty acid syn-
thesis.

Strain N03980 (relA+ accD+) was grown in minimal glu-
cose medium at 37°C and treated with cerulenin (100 pg/ml).

Vild type

,- -3-hydroxy-decanoyl-AcP- ,fabA
/

Palmitoyl-ACP Palmitoleyl-A

G3P -pIsB or fa
4 cis-Vaccenoyl-

1-Acyl-G3P

kcP

abF

-ACP

Phosphatidic Acid

Phospholipids

FiG. 1. Synthesis of fatty acids and phospholipids in E. coli.
accA-D, Genes encoding acetyl-CoA carboxylase subunits; fabB
and fabF, genes encoding 3-ketoacyl-[acyl carrier-protein (ACP)]
synthases I and II, respectively;fabA, gene encoding 3-hydroxyde-
canoyl-ACP dehydrase; plsB, gene encoding sn-glycerol-3-
phosphate acyltransferase; G3P, glycerol 3-phosphate. Broken ar-

rows indicate multiple steps.
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FIG. 2. Increased accumulation of ppGpp in an accD ts mutant
after the shift up in temperature. Cultures of accD ts mutant
(NO3978) and its parent (NO3979) were grown at 30°C in AB/glucose
medium containing thiamine. At a cell density of 0.15 OD600, part of
the cultures was shifted to 42°C (time 0) and the other part was
maintained at 30°C (lanes 30 and 42). Samples were taken at the
indicated times in minutes (lanes 0, 20, 30, and 60). Equal culture
volumes were analyzed for ppGpp by PEI-cellulose TLC, and an
autoradiogram is shown. Since the accD mutant grew more slowly
after the temperature shift, differences between the mutant and the
parent in the accumulation of ppGpp per unit cell mass must have
been greater than those seen in the autoradiogram. Quantification
showed that ppGpp (corrected for cell mass) in the mutant was 4-fold
higher than that in the wild type at 42°C.
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Accumulation of both stable RNA (Fig. 3A) and protein (Fig.
3B) was inhibited, the former being more severely affected
than the latter. Fig. 3C shows that cerulenin treatment caused
an increase in the level ofppGpp. This is reminiscent of what
is seen during a stringent response caused by amino acid
starvation or nutritional deprivation.

In the same experiment, we also measured the cellular
concentrations of ATP and ADP (AMP was not detectable)
by two-dimensional TLC. A slight decrease (about 25%) in
ATP was noted at 15 min after cerulenin treatment, but this
difference from the (untreated) control was not seen at 60
min. Calculation of the energy charge {[ATP] + 1/2 [ADP]/
([ATP] +[ADP] + [AMP])} also failed to show any significant
difference between the control and the cerulenin-treated
cultures analyzed at these time points (data not shown; see
also lanes 5 and 6 compared with 3 and 4 in Fig. 6 below).
These results show that inhibition offatty acid synthesis can

account for the phenotype observed in the accD ts mutant
upon a shift up in temperature. In addition, the results appear
to exclude the possibility that fatty acid deficiency causes
inhibition of stableRNA synthesis and ppGpp accumulation as
a result of its (possible) effects on adenylate energy charge.

Inhibition of Unsaturated Fatty Acid Synthesis. Strain CY50
carries afabA ts mutation (ref. 6; see Fig. 1). When temper-
ature is shifted to 42°C, unsaturated fatty acid synthesis
stops, while saturated fatty acid synthesis continues in this
mutant (6). After the temperature shift, cell mass increases
about 4-fold before growth ceases (data not shown). We
asked whether the regulatory response-ppGpp accumula-
tion and inhibition of rRNA synthesis-observed with ceru-
lenin requires inhibition of synthesis of both saturated and
unsaturated fatty acids or, alternatively, whether deficiency
ofeither one leads to the regulatory response. Both thefabAts
and fabA+ strains were grown at 30°C. After temperature
shift to 42°C, the level of ppGpp increased in the fabAts
mutant cells but not in the controlfabA+ cells. Addition ofan
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FIG. 3. Effects of cerulenin on the accumulation of RNA (A),
protein (B), and ppGpp (C). Strain N03980 was grown in Mops/
glucose medium and treated with cerulenin (100 pg/ml forA and B,
200 ug/ml for C) (time 0). In C, an autoradiogram of a PEI-cellulose
TLC plate is shown; lanes 6-9 are samples taken at 6, 15, 30, and 60
min after cerulenin addition, respectively, and lanes 2-5 are corre-
sponding samples from the control culture. Lane 1 in C is a sample
taken 9 min before cerulenin addition.

unsaturated fatty acid (palmitoleic acid) to the medium fully
prevented this ppGpp accumulation (Fig. 4). Therefore,
starvation for unsaturated fatty acids seems to be sufficient
to cause ppGpp accumulation.
A different type of experiment was carried out to test

whether starvation for saturated fatty acids caused ppGpp
accumulation. Cells were treated with cerulenin in the pres-
ence of palmitoleic acid, cis-vaccenic acid, or both unsatur-
ated fatty acids, thus presumably resulting in a deficiency of
only saturated fatty acids. The addition of unsaturated fatty
acids only weakly reduced the ppGpp accumulation due to
cerulenin (data not shown), suggesting the possibility that
starvation for saturated fatty acids can stimulate ppGpp ac-
cumulation. However, since we have not succeeded in revers-
ing the cerulenin effect by adding saturated fatty acids (to-
gether with unsaturated fatty acids), the role of saturated fatty
acids remains to be established by more rigorous experiments.
spoT Dependency of ppGpp Synthesis and Stable RNA

Repression Caused by Fatty Acid Starvation. Cashel and his
coworkers recently constructed a strain in which both the
relA and spoT genes are deleted and demonstrated the
absence ofppGpp in this strain even during carbon starvation
(2). We used their system to examine the role ofthe spoTgene
in ppGpp accumulation and stable RNA repression caused by
fatty acid starvation. Three isogenic strains, relA+ spoT+,
ArelA spoT+, and ArelA AspoT, were grown in Mops/glucose
medium containing 20 amino acids and were treated with
cerulenin, after which the ppGpp concentration and differ-
ential synthesis rate of rRNA were determined. Cerulenin
induced ppGpp accumulation in the two spoT+ strains but not
in the ArelA AspoT mutant (Fig. 5). Similarly, preferential
inhibition of rRNA synthesis was observed only in the
wild-type and ArelA spoT+ strains and not in the ArelA AspoT
mutant (Table 2). We conclude that fatty acid deficiency
caused ppGpp accumulation and preferential inhibition of
stable RNA synthesis in relA- strains by a spoT-dependent
mechanism. [It should be noted that fatty acid starvation
might also cause ppGpp accumulation via a relA-dependent
mechanism, perhaps indirectly by somehow causing defi-
ciency of some amino acids. Accumulation ofppGpp induced
by cerulenin was greater in the wild-type (MG1655) strain
than the ArelA spoT+ strain unless all 20 amino acids were
supplied in minimal glucose medium. To eliminate compli-

fabA+ fabAj
30oC 0 0
42 oC

1000- -16:1 0 A
O ~~~+16:1 Li V

0
C)

CL. 500/

0
60 80 100 120 140

Time (min) after temperature upshift

FIG. 4. ppGpp accumulation in afabA ts mutant. Strains KL185
(fabA+) and CY50 (fabA-) were grown at 30°C in Mops/glucose
medium containing 20 amino acids, uridine, and thiamine, and part
of the cultures was subjected to a temperature shift to 42°C with or
without addition of 1.8 mM palmitoleic acid (16:1). Symbols are
explained in the Inset. In other experiments, the accumulation of
ppGpp (as well as inhibition of growth) was found to take place
slowly in thefabAts mutant after the temperature shift. Therefore, no
ppGpp measurements were done before the 60-min time point in the
experiment shown.

Proc. Natl. Acad. Sci. USA 90 (1993)

Ui(



Proc. Natl. Acad. Sci. USA 90 (1993) 11007

11

0

E
0.
C)
0~
0L
0L

D 20 40 60
Time (min) after addition of cerulenin

FIG. 5. Cerulenin-stimulated ppGpp accumulation is spoT de-
pendent. Strains MG1655 ("WT") and its isogenic derivatives
N03982 (AreIA) and CF1693 (ArelA, Aspol) were grown in Mops/
glucose containing 20 amino acids, and part of the cultures were
treated with cerulenin (200 ug/ml). Small amounts of ppGpp calcu-
lated to be present in CF1693 are probably due to experimental
errors, since visual inspection of the original autoradiogram failed to
show any definite ppGpp spot, as reported in ref. 2.

cation due to the relA-mediated mechanism, the experiments
presented in this paper were carried out either with relA-
strains or in the presence of all 20 amino acids except for the
experiment shown in Fig. 3.]

Effects of Inhibition of Phospholipid Synthesis. Since fatty
acids are the precursors of phospholipids, ppGpp accumu-
lation and inhibition ofrRNA synthesis caused by fatty acid
starvation might be a result of inhibition of phospholipid
synthesis. To examine this possibility, we measured ppGpp
levels after direct inhibition of phospholipid synthesis. We
used strain N03983, carrying a mutation in plsB, which
causes a decrease in the affinity of sn-glycerol-3-phosphate
acyltransferase (see Fig. 1) for glycerol 3-phosphate (7). As
a consequence, it depends on exogenous glycerol to maintain
sufficiently high intracellular pools of glycerol 3-phosphate
for adequate phospholipid synthesis. When deprived of glyc-
erol 3-phosphate (by filtration and resuspension in glycerol-
free medium), phospholipid accumulation immediately stops,
and its synthesis rate is also inhibited by at least 90% (7).
However, fatty acid synthesis continues for some time (16).

Fig. 6 shows the effect of glycerol removal on growth,
phospholipid synthesis, and ppGpp accumulation in the plsB
mutant, N03983. While cell mass increased by about 25%

0.5
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Table 2. Effects of cerulenin on relative [3H]uridine
incorporation into total RNA and relative differential rRNA
synthesis rates in relA and spoT deletion mutants

Relative
Cerulenin [3H]Urd Relative

Strains treatment incorp. Rr/Rt
MG1655 - 1.00 1.00

+ 0.14 0.60
ArelA251 - 1.00 1.00

+ 0.29 0.61
ArelA251 AspoT207 - 1.00 1.00

+ 0.88 1.16
Three isogenic strains, MG1655 (relA+, spoT+), N03980 (AreIA)

and CF1693 (ArelA AspoT), were grown in Mops/glucose medium
containing 20 amino acids and treated with cerulenin (75 ,ug/ml).
Cells were pulse-labeled with [3H]uridine at 48 min after cerulenin
addition. The amounts of [3H]uridine incorporated (incorp.) into total
RNA per unit amount of cell mass were determined and then
normalized to the values obtained for the controls without cerulenin
("incorporation"). Similarly, the normalized values are shown for
the relative differential rRNA synthesis rate (Rr/Rt).

(Fig. 6A), phospholipid accumulation ceased immediately
(Fig. 6B). The rate of phospholipid synthesis as measured by
[32P]phosphate pulse-labeling was reduced to 33% at 9 min
and further reduced to 15% at 52 min after glycerol removal
(Table 3). However, glycerol removal did not cause any
increase in the level of ppGpp over the basal level (i.e., of
cells growing in the presence ofglycerol) for at least 1 hr after
glycerol removal (Fig. 6C, lanes 7-10 compared with lanes
1-4). To confirm that such phospholipid-starved mutant cells
can still accumulate ppGpp when appropriately stimulated,
we also inhibited fatty acid synthesis 30 min after glycerol
removal by addition of cerulenin. Such treatment increased
the level of ppGpp (Fig. 6C, lanes 11 and 12), indicating that
phospholipid starvation per se does not interfere with spoT-
mediated ppGpp accumulation.

In the above experiments with the plsB mutant N03983,
cells growing in the presence of glycerol were also treated
with cerulenin. As expected, cerulenin treatment caused
accumulation ofppGpp (Fig. 6C, lanes 5 and 6), and the rate
of phospholipid synthesis was reduced to 12% of the control,
comparable to the value (15%) obtained after glycerol re-
moval, a treatment that failed to stimulate accumulation of
ppGpp (Table 3). These results show that the cause ofppGpp
accumulation (and inhibition of stable RNA synthesis) is
deficiency in fatty acid synthesis rather than deficiency in

-- 10 3glycero,
1X r ceruienin ! ceruienir

I I ________ r -- rinl

15 30 45 60 48 63 1 5 30 45 60 48 633 il:

6~~~~~~~~~~~~~6A
° MMO. *~** * *ATP

CL ~ AL
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1 20

ppoGp

e *4 ** origin

1 2 3 4 5 6 8 9 10 11 12

FIG. 6. Effects of glycerol starvation of a plsB strain on growth (A), phospholipid accumulation (B), and ppGpp accumulation (C). Strain
N03983 was grown in Mops/glucose medium containing 20 amino acids, glycerol, and [32P]orthophosphate. At time 0, glycerol was removed
by filtration, and cells were resuspended in the same medium including [32P]orthophosphate but with (+) or without (-) glycerol. Cerulenin (200
pg/ml) was added to part of the cultures 33 min after glycerol removal, and samples were taken at various times as indicated. Insets in A and
B explain symbols. An autoradiogram of a PEI-cellulose TLC plate is shown in C.
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Table 3. Effects of glycerol starvation of a plsB strain on the
rate of phospholipid synthesis

Glycerol
present (+) or Phospholipid synthesis rate

time after Cerulenin cpm x 10-3/min Relative to
removal in min treatment per cells at OD600 control

+ - 104 1.0
9 - 34 0.33
+ - 155 1.0
52 - 23 0.15
+ + 19 0.12
45 + 6.0 0.04

Strain N03983 was grown as in Fig. 6 but in the absence of
[32P]phosphate; glycerol starvation and cerulenin treatment were
also carried out in the same way. At the times indicated, samples
were taken and phospholipid synthesis rates were determined. For
cerulenin-treated (200 tg/ml, added at 30 min) samples taken at 45
min, the control sample (with glycerol, without cerulenin) at 52 min
was used for normalization.

phospholipid synthesis. Using a strain carrying the same plsB
mutation, Bell previously reported that inhibition of phos-
pholipid synthesis by glycerol deprivation did not lead to
simultaneous inhibition of stable RNA synthesis (7), consis-
tent with the conclusion obtained in the present study.

DISCUSSION
We have found that a deficiency in fatty acid supply in E. coli
leads to accumulation ofppGpp and preferential inhibition of
stable RNA synthesis and that these responses to fatty acid
deficiency are not due to deficient phospholipid synthesis or
insufficient energy supply and are, at least in part, spoT
dependent. Although growth-rate-dependent regulation of
stable RNA synthesis can take place in the absence ofppGpp
(18), extensive examples of an inverse correlation between
the levels of ppGpp and synthesis rates of stable RNA exist
(see ref. 1), as is also the case under conditions of fatty acid
starvation described in this paper. Therefore, we restrict our
discussion to the accumulation of ppGpp induced by fatty
acid starvation and assume that the inhibition of stable RNA
synthesis is a result of ppGpp accumulation.
The mechanism of ppGpp synthesis stimulated by fatty

acid starvation is unknown. The spoT gene was originally
identified as the gene encoding an enzyme that degrades
ppGpp, ppGpp 3'-pyrophosphohydrolase (reviewed in ref.
1). However, from the analysis of ArelA AspoT double-
deletion mutants, Cashel and his coworkers (2) showed that
the spoT gene is essential for the relA-independent synthesis
ofppGpp and suggested that the SpoT protein participates in
ppGpp synthesis, perhaps as a bifunctional enzyme capable
of catalyzing both ppGpp synthesis and degradation. Thus,
one possible scenario to explain the spoT-dependent accu-
mulation of ppGpp is that fatty acids (or their derivatives,
such as fatty acyl-CoA or fatty acyl-ACP; cf. ref. 19) inhibit
the postulated spoTfunction responsible for ppGpp synthesis
perhaps by either binding directly to SpoT protein or binding
to another positive factor required for the SpoT-catalyzed
reaction. Alternatively, it is also possible that fatty acids (or
their derivatives) stimulate the SpoT function responsible for
ppGpp degradation. Further studies are required to examine
the validity of these and other possibilities.

It is well known that carbon (energy source) deprivation
leads to relA-independent spoT-dependent accumulation of
ppGpp (2). It is not known how cells sense the shortage of
carbon (and energy) source and stimulate ppGpp accumula-
tion. Accumulation of ppGpp during fatty acid starvation

takes place in the presence of excess carbon (and energy)
source and without a significant decrease in ATP or energy
charge, as described in Results. Yet, both ppGpp accumu-
lation induced by carbon starvation and that induced by fatty
acid starvation are spoT dependent. One can consider two
possibilities. First, the two phenomena, ppGpp synthesis by
carbon starvation and that by fatty acid starvation, may use
independent signal transduction mechanisms, although both
utilize SpoT protein. Alternatively, carbon starvation might
lead to fatty acid starvation, which would be a more direct
cause of ppGpp production. According to the second possi-
bility, fatty acid synthesis plays an important function as an
indicator of carbon (and energy) sufficiency. In this connec-
tion it is interesting to note that certain fatty acids inhibit
sporulation of Bacillus subtilis (20) and that this might be
related to the recent observation of fatty acid inhibition of the
KinA protein kinase, which is involved in the initiation of
sporulation in B. subtilis (21). For this example, as well as for
the regulatory phenomenon in E. coli described in this paper,
depletion of fatty acids correlates with a regulatory response
to nutrient deprivation. Thus, the possible (negative) role of
fatty acids (or their derivatives) in ppGpp production stim-
ulated by carbon starvation deserves serious future study.
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