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ppGpp: Stringent Response and Survival
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Adaptation to any undesirable change in the environment dictates the survivability of many mi-
croorganisms, with such changes generating a quick and suitable response, which guides the phys-
iology of bacteria. During nutritional deprivation, bacteria show a stringent response, as charac-
terized by the accumulation of (p)ppGpp, resulting in the repression of stable RNA species, such
as rRNA and tRNA, with a concomitant change in colony morphology. However, genes involved
in amino acid biosynthesis become over-expressed to help bacteria survive under such conditions.
The survivability of pathogenic bacteria inside a host cell also depends upon the stringent re-
sponse demonstrated. Therefore, an understanding of the physiology of stringent conditions he-
comes very interesting in regulation of the growth and persistence of such invading pathogens.
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Organisms have the ability to adapt to their environ-
ment, and those that do not show such skills face the
risk of being eliminated. The hallmark for bacterial
survival under a changing environment is its adapt-
ability under different stressful situations.

The response originating due to an undesirable
change in the environment, “stress”, is a result of sev-
eral biological reactions, most of which occur at the
genetic level. A bacterium, be it pathogenic or non-
pathogenic, can face several stress conditions over it
entire life, such as lack of food and oxygen or the
presence of excess salts or inhibitory agents, such as
drugs, all of which can affect normal bacterial
growth. However, a special class of adaptive response
exhibited by bacteria under nutritional stress is called
“Stringent response”, which has remained the subject
of active interest over many years due to its role in
growth and the control of gene expression in organ-
isms (Cashel et al., 1996).

However, additional complexities arise in the case
of pathogenic microorganisms; which unlike non-
pathogenic organisms, as they even have to fight with
the host defense system for survival. Therefore,
pathogenic bacteria devise strategies to evade the host
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immune system. Mycobacterium is one such organism
that has the ability to quite effectively survive inside
the host, with stringent response appearing to play an
important role (Primm et al., 2000; Dahl et al., 2003).
Tuberculosis, the disease caused by M. fuberculosis, is
a result of the survivability of the bacteria inside the
human body, even under stress conditions (Parrish et
al., 1998; Manabe and Bishai, 2000). However, not all
members of this genus are pathogenic. Mycobacterium
smegmatis i1s a non-pathogenic organism, which can
be grown under laboratory conditions and is closely
related to M. tuberculosis in its basic biology (Ojha er
al., 2000; Reyrat and Kahn, 2001). Therefore, this or-
ganism provides a good model to study the stringent
response shown by M. tuberculosis inside the host
system (Gupta et al., 2002; Mayuri et al., 2002).

Stringent Response

One of the factors that provide the bacterium with an
ability to survive under hostile conditions is the syn-
thesis of an unusual guanosine nucleotide, termed
GDP 3’-diphosphate or GTP 3’-diphosphate, which
are collectively called (p)ppGpp (Cashel, 1975;
Chatterji and Ojha, 2001). In 1969, Cashel and
Gallant first discovered that bacteria accumulate these
molecules during nutrient starvation. The protein re-
sponsible for the synthesis of (p)ppGpp is RelA/SpoT
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Fig. 1. Representation of the mechanisms of synthesis and hydrol-
ysis of (p)ppGpp by Rel or RelA/SpoT. The former reaction oc-
curs in the presence of Mg”™*; whereas, the latier occurs in the
presence of Mn®*. Phosphates have been depicted as small circles.
A stands for Adenosine ribonucleoside and G represents Guanosine

ribonucleoside.
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Fig. 2. Representation of the mechanism of action of Rel or RelA
and SpoT. An actively translating ribosome stalls upon entry of an
uncharged tRNA (shown in red), which signals the Rel or RelA to
bind to ribosome, causing the synthesis of (p)ppGpp. RelA or Rel
can then transfer from this ribosome to another stalled ribosome.
Conversely, SpoT causes the degradation of (p)ppGpp when it is
not required.

Stalled ribosome

or Rel, which carries out the transfer of a py-
rophosphate moiety from ATP to the 3° hydroxyl po-
sition of the ribose of GDP/GTP in a reaction occur-
ring in the presence of Mg2+ (Fig. 1) (Cashel, 1974;
Cashel, 1975; Avarbock et al., 2000).

Extensive research is being carried out to study the
mechanism of the synthesis and hydrolysis of ppGpp.
Two proteins, RelA and SpoT, are expressed by Gram
negative bacteria, which together help to maintain the
level of ppGpp in the cell (Chatterji and Ojha, 2001).
The synthesis activity of RelA occurs in the presence
of Mg2+; whereas, the SpoT protein mainly carries out
its pyrophosphatehydrolase activity in the presence of
manganese (Xiao et al., 1991), but also has mild syn-
thesis activity (Johnson et al, 1979; Xiao et al,
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1991). However, so far RelA has shown no hydrolysis
activity, which is probably due to the absence of the
hydrolysis or HD domain present in metal-dependent
hydrolase enzymes (Aravind and Koonin, 1998).
Earlier studies have suggested that RelA protein from
Gram negative organisms, like E. coli and
Streptomyces coelicolor, is dependent on ribosomes
and uncharged tRNA for its activity (Haseltine and
Block, 1973; Martinez-Costa et al., 1998). It has been
proposed that during amino acid starvation, an in-
crease in the ratio of deacylated to acylated tRNA
occurs. The translating machinery can then obtain a
deacylated tRNA at it’s A-site, thus aborting the
translation. RelA is able to recognize such a stalled
ribosome and binds to it, resulting in the synthesis of
ppGpp (Fig. 2) (Wendrich et al., 2002).

Physically and functionally, RelA protein from E.
coli can be divided into N-terminal and C-terminal
domains, abbreviated as NTD and CTD. The CTD of
RelA has been shown to be involved in oligomeriza-
tion, which in turn regulates the activity of RelA.
Moreover, the over-expression of CTD in RelA" cells
poses a negative effect on the accumulation of (p)ppGpp
during amino acid starvation (Gropp et al., 2001).

Rel from Gram positive organisms, like M. tuber-
culosis and Streptococcus equisimilis, do not require a
ribosome and uncharged tRNA for their activity.
However, in the presence of such factors, the syn-
thesis activity increases several fold (Mechold et al.,
1996; Avarbock et al., 1999; Avarbock et al., 2000;
Mechold et al., 2002; Avarbock et al., 2005). Similar
results have been obtained in the case of M. smegma-
tis (unpublished data).

By protease digestion of the native Rel protein
from S. equisimilis, the whole protein has been shown
to be composed of two domains interconnected by a
flexible protease sensitive hinge (Mechold et al,
2002). It was proposed that the N-terminal domain
contains both synthesis and hydrolysis activities, with
the C-terminal domain playing a regulatory role by
interacting with the N-terminal domain, so that only
one activity remains, with the other being switched
off. Also, the deletion of the C-terminal domain in-
creases the synthesis activity of the Rel protein sev-
eral fold, which at the same time makes it non-re-
sponsive to a ribosome, mRNA and tRNA (Mechold
et al., 2002). Similarly, in M. smegmatis, deletion of
the C-terminal domain resulted in higher synthesis ac-
tivity, which was unaffected by uncharged tRNA
(unpublished data).

A similar observation has been made with the Rel
protein from M. tuberculosis. The synthesis activity of
Rel protein has been shown to be greatly increased in
the presence of a complex containing mRNA-ribo-
some-tRNA, collectively termed RAC complex. More-
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Fig. 3B. A, pairwise alignment of the RelA and SpoT of E. coli. B, pairwise alignment of SpoT of E. coli and Rel of M. smegmatis. The
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over, the hydrolysis activity decreases significantly in
the presence of RAC (Avarbock et al., 2000). In a re-
cent study by the same group, Relmn was shown to
form a trimer in vitro. Deleting the C-terminal domain
results in a monomer and trimer mixture, where the
trimer dissociates to the monomer upon substrate ad-
dition (Avarbock e al., 2005). It was therefore, pro-
posed that the conversion of the trimer to the mono-
mer, and vice-versa, regulates the protein activity in
vivo (Avarbock et al., 2005).

Together with these observations, it is quite evident
that in Gram negative bacteria, RelA protein catalyzes
the synthesis of (p)ppGpp in the presence of un-
charged tRNA upon binding to a ribosome. This hy-
drolysis predominantly occurs due to SpoT protein,
with the two acting together to maintain a constant
cellular (p)ppGpp level. In Gram positive organisms,
since the basal level activity occurs even in the ab-
sence of RAC, it is difficult to understand exactly
how the activity of Rel is regulated.

Evolution of Rel

It has been suggested that the reld and spoT genes of
Gram negative bacteria evolved from the duplicated
rel-like gene of Gram positive bacteria (Mittenhuber,
2001). By pairwise alignment, the RelA and SpoT of
E. coli only have 29% identity (Fig. 3A); whereas, E.
coli SpoT and M. smegmatis Rel have 35% identity
(Fig. 3B). Therefore, it appears that the Rel protein of
M. smegmatis is similar to the SpoT protein of E. coli, as
both possess synthesis and hydrolysis activities. RelA
protein does not possess a distinct HD domain; and there-
fore, does not carry out hydrolysis due to the substitutions
in that region (Mittenhuber, 2001). It has also been
shown, using a BLAST search of the B. subtilis Rel se-
quence against obligate parasites, such as, Treponema
pallidum, Rickettsia prowazekii and Archaea (Cellini
et al., 2004), that rel-like genes are absent in these
genomes. Therefore, it appears that during the process
known as reductive evolution, rel-like genes are de-
leted while adapting to their intracellular life
(Mittenhuber, 2001).

In the case of the eubacteria, Helicobactor pylori,
by monitoring the accumulation of 16S rRNA, even
upon amino acid starvation, it showed a relaxed phe-
notype and minimal synthesis of (p)ppGpp (Scoarughi
et al., 1999). Therefore, this presents the first ob-
served case of a wild type eubacteria with a relaxed
phenotype. H. pylori also showed no reld like gene in
a homology search of the genome using the E. coli
relA gene sequence as a reference. However, some
similarity was shown with the spoT gene, which ex-
plains the appearance of (p)ppGpp. Since the amount
of (p)ppGpp produced upon amino acid starvation
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was minimal, the authors argued that other possible
mechanisms may govern the growth rate control and
mediate the stringent response in the absence of
(P)ppGpp (Scoarughi e al., 1999).

The finding that plants possess reld/spoT like genes
suggests the presence of bacterial like transcription appa-
ratus within plant cells. The presence of bacterial-type
RNA Polymerase subunits in the chloroplasts also gives
strength to the idea of (p)ppGpp synthesis in plants (van
der Biezen et al., 2000; Takahashi et al., 2004).

ppGpp: A reflex response of bacteria

ppGpp is known to have a wide array of effects on
the physiology of bacteria. Extensive research on the
study of the functional significance of (p)ppGpp has
been performed (Svitil et al, 1993; Garza et al.,
2000; Sun et al., 2001). Repression of the tran-
scription of stable RNA species, like tRNA and
rRNA, and the upregulation of transcription of genes
coding the enzymes involved in amino acid biosyn-
thesis are some of the effects posed as a reflex during
stringent conditions (Chatterji and Ojha, 2001). ppGpp
plays a significant role in the survival of bacteria in
different environmental conditions. However, in this
review, our attention was focused on certain properties in
bacteria that are affected by ppGpp, and which have not
previously been comprehensively documented. These
functions include the long term persistence, virulence,
symbiosis and production of antibiotics, etc. (Fig. 4),
each of which will be discussed here.

@)ppGpp affects the long-term persistence of M. tu-
berculosis

Although Rel is absent in certain obligatory parasites,
its presence is essential in bacteria, such as M
tuberculosis. It has been shown that the Rel protein is
required for the long term survival of M. tuberculosis
inside the host. Deletion of the re/ gene was found to
severely affected the persistence of the bacterium in a
liquid culture (Primm et al, 2000) as well as in a
mouse model (Dahl er al., 2003).

Long-term persistence

Sporulation Symbiosis

(p)ppGpp

Virulence Quorum sensing

Biofilm formation Production of antibiotics

Fig. 4. Diagram depicting the various physiological aspects in bac-
teria affected by (p)ppGpp.
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Colony morphology is affected by the over production
of (p)ppGpp

A remarkable difference in the growth of the M
smegmatis rel knockout strain compared with the wild
type has previously been observed. Moreover, the de-
letion of rel was also shown to affect the long term
persistence of M. smegmatis i a liquid culture
(Mathew et al., 2004; Dahl et al., 2005). It was also
found that the over expression of rel in M. smegmatis
resulted in spherical shaped colonies with a smooth
surface (Ojha et al., 2000). Furthermore, the appear-
ance of a new polar GPL was shown in a carbon
starved culture of M. smegmatis, a condition in which
the synthesis of (p)ppGpp has also been noted (Ojha
et al., 2000; Mukherjee er al., 2005).

{®)ppGpp is involved in quorum sensing in Pseudomonas
aeruginosa

In Pseudomonas aeruginosa, a human pathogen, quo-
rum sensing (a cell density dependent factor) has been
shown to be activated by the expression of the reld
gene, with the ectopic expression making it cell den-
sity independent (van Delden ef al., 2001; Erickson er
al., 2004). The quorum sensing in this bacteria is
mediated by the activation of two transcription regu-
lators, LasR and RhIR, and two other molecules,
3-0x0-Cj2-homoserine lactone and C4 homoserine lac-
tone, which function as autoinducers for these tran-
scription regulators. Moreover, these molecules also
act as intercellular signals. Therefore, these experi-
ments, suggested that a stringent response is a media-
tor of quorum sensing in £ aeruginosa (van Delden
et al., 2001; Erickson et al, 2004).

Recently, it has been shown that changes in cell en-
velope properties also trigger a stringent response. In
an interesting study on P. aeruginosa, deletion of the
IptA gene that codes for an enzyme in the phospholi-
pid biosynthesis pathway, resulted in an increased lev-
el of (p)ppGpp in the cell (Baysse ef al., 2005).

Symbiosis in Rhizobia is mediated by (p)ppGpp
Rhizobia are known to form colonies or nodules in
legumes during periods of nitrogen limitation. Very
recently, ppGpp has been shown to be required for
nodulation and deletion of the rsh gene (reld/spoT
homologue) in R. etli, rendering bacteria incapable of
forming colonies (Calderon-Flores et al., 2005; Moris
et al., 2005). The rsh gene was shown to produce
(p)ppGpp in Areld and,K AspoT mutants of E. coli.
Moreover, nitrogen fixation was strongly reduced in
plants nodulated by re/ mutants of R. et/i (Calderon-
Flores et al., 2005).

In a different study on Sinorhizobium meliloti,
Gram negative plant symbiont bacteria, with a muta-
tion in the re/ gene, were found to be incapable of
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displaying a stringent response, and also showed over-
production of the succinoglycan required for host in-
fection (Wells and Long, 2002). However, mutation in
the rpoB and rpoC genes restored the deletion effect
of reld. S. meliloti has also been shown to have only
one reld/spoT homologue (Wells and Long, 2002).
Using a database analysis, this was found to be true
for several other alpha-proteobacteria, such as 4. tu-
mefaciens, M. loti and C. crescentus; thus, questioning
the existing notion that two genes regulate the strin-
gent response in Gram negative bacteria (Wells and
Long, 2002).

Sporulation in Myxococcus sp. is initiated by (p)ppGpp

Myxococcus xanthus, a social bacterium, shows high
levels of (p)ppGpp on carbon or amino acid
starvation. Earlier reports have suggested that an in-
creased level of (p)ppGpp is responsible for initiating
development of the fruiting body (Harris et al., 1998).
Increasing the cellular level of (p)ppGpp by the ec-
topic expression of reld of E. coli resulted in the ex-
pression of specific genes responsible for the de-
velopment. These results suggest the involvement of
(p)ppGpp in the development of M. xanthus (Harris et
al., 1998; Crawford and Shimkets, 2000).

Virulence in bacteria is influenced by (p)ppGpp
(p)ppGpp has been shown to have direct implications
in the virulence, pathogenesis and survival of micro-
organisms inside the host. Pathogens, such as Vibrio
cholerae and Salmonella, and opportunistic pathogens,
like Pseudomonas and Legionella, were also reported
to have their virulence controlled by ppGpp (Hammer
and Swanson, 1999; Haralalka et al., 2003; Pizarro-
Cerda and Tedin, 2004). Campylobactor jejuni, a well
known human pathogen, shows upregulation of spoT
gene during infection of human epithelium, which is
also coexpressed with the virulence factor(s). A strin-
gent response in this bacteria is required for its sur-
vival in the stationary phase and under low COy/high
O, conditions; moreover, it also provides resistance to
rifampicin (Gaynor et al., 2005).

Down regulation of virulence factors in the absence
of the reld4 gene was observed in the case of Vibrio
cholerae. An increased level of (p)ppGpp was ob-
served under conditions where the virulence genes
were induced (toxin-coregulated pilus and cholera tox-
in); whereas, mutants lacking reld failed to produce
these virulence factors (Haralalka et al., 2003).

The virulence of a pathogen is also governed by its
ability to adhere to the host surface, which in turn
produces a biofilm, with ppGpp reported to play a
crucial role in this biofilm formation. Listeria mono-
cytogenes, a known human pathogen, which produces
listeriosis defectiveness in reld, lost its ability to ad-
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here to the model surface and produce listeriosis in
murine models (Taylor er al., 2002).

In Salmonella typhimurium, a strain with mutations
in the reld and spoT genes, the lack of pGpp syn-
thesis make it highly attenuated in vivo. Two tran-
scription activators, hil4 and invF, are required for
the pathogenicity in Salmonella. The expressions of
these factors were greatly reduced in a reld and spoT
deleted strain (Song et al., 2004). Moreover, only the
spoT mediated synthesis of ppGpp was sufficient for
the expression of virulent genes (Pizarro-Cerda and
Tedin, 2004). Therefore, this clearly shows the re-
quirement of ppGpp for the virulence in Salmonella.
Conversely, rel4 alone was found to be responsible
for (p)ppGpp synthesis in Neisseria gonorrhoeae dur-
ing nutritional stress (Fisher et al., 2005). An adjust-
ment of the ppGpp levels was also observed in the
case of P aeruginosa during infection in Drosophila
(Erickson et al., 2004).

(p)ppGpp affects the production of antibiotics

To survive in an adverse environment, and obtain an
edge in the competition with other organisms, some
bacteria  synthesize antibiotics and secondary
metabolites. It has been observed that the level of
ppGpp in the cells affects the production of anti-
biotics and that the re/l4 gene plays a role in the pro-
duction of the antibiotics undecylprodigiosin and acti-
norhodin in Streptomyces coelicolor. Disruption of
reld in S. coelicolor abolishes the production of these
antibiotics under conditions of nitrogen limitation,
which is otherwise, unaffected (Chakraburtty and
Bibb, 1997). Conversely, deletion of the rel4 gene in
Streptomyces antibioticus showed unconditional abro-
gation of the production of actinomycin (Hoyt and
Jones, 1999). Similarly, the production of bacilysin by
Bacillus subtilis is regulated by both ppGpp and GTP
(Inaoka et al., 2003). relA has also been shown to regulate
the production of cephamycin C in Streptomyces clav-
uligerus (Jin et al., 2004).

@®)prpGpp in Plants
Similarly to bacteria, plants also encounter stresses

due to environmental fluctuations, including salt, UV
radiation, acid and alkali, pathogen infection and
drought etc. Extensive studies have been performed to
gain an understanding of the complex signal trans-
duction network in order to combat these stresses.

The functional homologue of reld/spoT or RSH has
been reported in Arabidopsis thaliana which could
complement the loss of reld in E. coli. The inter-
action of A#-RSH with the plant defense system in-
dicates the role of (p)ppGpp in cell signaling (van der
Biezen et al, 2000), but the role of (p)ppGpp has
largely been overlooked in the plants.
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Recently, Ochi and coworkers showed the presence
of this alarmone molecule in chloroplasts; and inter-
estingly, the levels of (p)ppGpp were observed to be
elevated during stresses, such as heat shock, acidity,
heavy metals and UV irradiation, as well as due to an
abrupt change in light intensities. Treatment with
plant hormones known to play a critical role in signal
transduction also increased the amount of ppGpp, sug-
gesting its involvement in systemic plant signaling to-
wards the stress response (Takahashi et al., 2004).

Effect of ppGpp on RNA Polymerase:
Mediation of Stringent Response

In order to mediate its effect on the transcription ap-
paratus in a bacterial cell, ppGpp binds to the f and
B’ subunits of RNA polymerase. Earlier reports, using
aminonapthalenesulfonate (AmNS)-ppGpp as a fluo-
rescent substrate, have shown that the (3 subunit en-
coded by the rpoB gene is the binding site for ppGpp
(Reddy et al.,, 1995). Subsequently, with the use of
chemical cross-linking of azido-ppGpp to the C-termi-
nal of the f subunit, it was clearly indicated that the
meka-ppGpp binds to the B subunit of RNA polymer-
ase (Chatterji et al., 1998). However, using a smaller
ppGpp analog, 6-thio-ppGpp, it was found that the p’
subunit encoded by rpoC gene is the target for ppGpp
binding (Toulokhonov et al., 2001). These conflicting
results can be explained by the fact that the two ana-
logs have different properties, and the N-terminus of
B> and C-terminus of [ are spatially close, as ob-
served in the crystal structure of RNA polymerase
from T aquaticus (Zhang et al., 1999).

Recently, the crystal structure of RNA polymerase
from Thermus thermophilus complexed with ppGpp
appeared, which clearly showed the binding of ppGpp
to the f§ and P’ subunits (Artsimovitch er al., 2004).
It also described the possible mechanism by which
ppGpp exerts a negative effect on the transcription
from certain promoters suggesting the presence of a
Cytosine base in the non-template strand of DNA re-
sults in the ppGpp mediated transcription inhibition
by base-pairing with the G of ppGpp; thereby, low-
ering the life time of the open complex. It further ex-
plained the differences in the level of inhibition from
the two rRNA promoters, rrnB and rruD. Although,
this alone explained the effect of ppGpp on tran-
scription, the possibility of the involvement of ac-
cessory factors able to enhance its effect cannot be
ruled out.

One such factor that enhances the effect of ppGpp
is DksA, a protein coded by the dks4 gene of E. coli.
In a recent study, a modeled structure of the DksA-
ppGpp-RNA polymerase complex showed that the
DksA protein mediates the effect of ppGpp in the
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transcription inhibition (Perederina et al., 2004). In vi-
tro experiments with purified DksA suggested that it
greatly amplifies the ppGpp mediated inhibition of
rRNA promoters (Paul et al., 2004; Paul et al., 2005).
A recent study on RNA polymerase showed that the
® subunit, coded by the rpoZ gene, of RNA polymer-
ase is required for ppGpp to mediate its effect. This
has been reported earlier (Igarashi ef al., 1989), but
raised controversy in the literature, because rpoZ-de-
leted E. coli responded to stringency (Gentry and
Burgess, 1989). It was subsequently shown that the ©
subunit of RNA polymerase was not necessary for the
in vivo stringent response (Gentry ef al., 1991). It has
now been reported that RNA polymerase lacking the
® subunit showed a ppGpp mediated stringent re-
sponse in the presence of DksA protein (Vrentas et
al., 2005).

The competition for sigma factors is another mech-
anism able to regulate gene expression, with ppGpp
having been shown to play a significant role (Jishage
et al., 2002). ppGpp has been shown as being re-
quired for both the production of ¢° as well as for the
induction of the o> dependent promoters. Furthermore,
mutations in the RNA polymerase B subunit relieved
the o dependent promoters of their requirement for
ppGpp in order to be expressed (Kvint et al., 2000).

New Insights from the Crystal Structure of Rel

Nearly three decades after its discovery, the first crys-
tal structure of Rel from Streptococcus equisimilis
was published, although this was not a full-length
protein, but the catalytic centers responsible for both
synthesis and hydrolysis activities were clearly shown
(Hogg et al., 2004). The N-terminal half of the Relseq
protein contains two distinct domains, each harboring
an active site for catalysis. A central 3-helix bundle
interconnects the two domains and the crystal struc-
ture, resolved at a resolution of 2.1 A, showed two
distinct conformations that corresponded to the two
activities of Rel. For the synthesis activity to occur,
the conformation was termed Hydrolase OFF/Synthetase
ON, and for the hydrolysis activity to occur, the con-
formation was said to be Hydrolase ON/Synthetase
OFF. The two active sites were found to be 30 A
apart and to contain bound nucleotides. An unusual
guanosine nucleotide, GDP-2’:3" cyclic mono-
phosphate, was found in one of these active sites.
Relseq was found to be structurally homologous to
Human phosphodiesterase and Human DNA polymer-
ase Beta.

Detailed study on the Relse, structure showed an
“Intra-molecular cross-talk” caused one of the activ-
ities to be predominant, thus, avoiding a futile cycle
of ppGpp synthesis and hydrolysis. The presence of a
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substrate in one of the active sites results in dis-
ruption of the other, therefore, avoiding the simulta-
neous catalysis from both the sites (Hogg er al,
2004). Thus, this model suggested regulation of the
two antagonistic activities, resulting in the synthesis
and hydrolysis of (p)ppGpp.

Characterization of Rel Promoter Element

The promoter for the re/ gene from M. tuberculosis has
recently been characterized, with several interesting
properties observed (Jain ef al., 2005). Mycobacteria are
known to have only an extended —10 region instead
of a clear cut 35 box (Bashyam ef al., 1996). Here, the
promoter was found to be specific for Mycobacteria and
was not expressed in E. coli. Moreover, using site di-
rected mutagenesis, the —10 promoter region was identi-
fied as TATCCT, which matches with TAyGAT (where y
= pyrimidine), the 10 promoter consensus sequence in
M. tuberculosis (Mulder et al., 1997). The distance be-
tween the +1 transcription start and the ~10 promoter re-
gion was also observed to be only 2 nucleotides in length,
which is a very unique case for prokaryotes, with such a
short distance has never been reported before.

Concluding Remarks

So far, the rel gene in Gram positive organisms is
clearly known to be responsible for the synthesis and
hydrolysis of (p)ppGpp. However, the two activities
are performed by two different proteins in Gram negative
bacteria. A small signaling molecule controls several
events in the life of a bacterium. Depending upon the en-
vironment in which the bacteria live, (p)ppGpp plays dif-
ferent roles, including sporulation, biofilm formation,
symbiosis and virulence etc. However, all the evidence
points to one notion, this being that an organism must sur-
vive under unfavourable conditions. Under conditions of
nutrient deprivation, Rel (or RelA) synthesizes an alar-
mone molecule, (p)ppGpp, which modifies the physiol-
ogy of the bacterium to such an extent to allow survival
under these circumstances.

One interesting point to be noted is that most of
the genes are repressed, resulting in a limited pool of
protein molecules. Thus, some mechanism(s) must ex-
ist to increase the stability of these proteins so they
will remain functional for a much longer time in the
same environment. Further studies in this area will
need to be performed to help explore the complex
network behind the survival of bacteria under hostile
conditions.
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