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Abstract

The stringent response to nutrient deprivation is a stress response found
throughout the bacterial domain of life. Although first described in pro-
teobacteria for matching ribosome synthesis to the cell’s translation status
and for preventing formation of defective ribosomal particles, the response
is actually much broader, regulating many hundreds of genes—some pos-
itively, some negatively. Utilization of the signaling molecules ppGpp and
pppGpp for this purpose is ubiquitous in bacterial evolution, although the
mechanisms employed vary. In proteobacteria, the signaling molecules typ-
ically bind to two sites on RNA polymerase, one at the interface of the 3’
and w subunits and one at the interface of the p’ secondary channel and the
transcription factor DksA. The ' secondary channel is targeted by other
transcription regulators as well. Although studies on the transcriptional out-
puts of the stringent response date back at least 50 years, the mechanisms
responsible are only now coming into focus.
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1. HISTORICAL PERSPECTIVE

Early investigators of bacterial metabolism proposed that the major activities of the cell are bal-
anced and coregulated so that certain important cell constituents increase synchronously. In the
early 1950s, it was reported that a reduction in amino acid availability resulted in a severe decline in
“pentose nucleic acid” (rRNA and tRNA) synthesis (112), coupling what would later be recognized
as ribosome synthesis to protein synthesis. We now know that nutrient deprivation in bacterial
cells results in a stress response, called the stringent response, that involves hundreds of genes. The
term initially referred only to a response to amino acid limitation, but it is now recognized that the
stimuli that induce the stringent response are much broader and the mechanisms involved differ
in different branches of the bacterial domain. The term now generally refers to changes resulting
from increases in production of the signaling molecules guanosine-5’, 3'-tetraphosphate (ppGpp)
and/or guanosine-5’, 3’-pentaphosphate (pppGpp). Although the ratios of the two species vary
with growth conditions, in Escherichia coli the tetraphosphate is usually the more abundant species
(86), whereas in Bacillus subtilis the pentaphosphate is often more abundant (129). For brevity, we
use ppGpp to refer to both the tetraphosphate and the pentaphosphate.

ppGpp production has dramatic effects on rRNA and tRNA synthesis, but even early on it was
clear that the stringent response regulates expression of many other gene products as well, some
of which decrease and some of which increase (reviewed in 54, 99). There is also an extensive
literature on ppGpp binding to many other cellular targets besides RNA polymerase (RNAP)
(24, 31, 44, 64, 80, 137). Other recent reviews have focused on the signaling pathway, i.e., on
ppGpp synthesis itself and its regulation, on the distribution of ppGpp synthesizing enzymes in
evolution, on the role of ppGpp in specific bacterial subgroups, and on the role of ppGpp in
bacterial persistence (5, 38,43, 51, 55, 113).

The goal here is not to repeat these reviews. Rather, after some brief comments about induction
of ppGpp synthesis and its regulation, we focus on the interaction of ppGpp with RNAP in
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proteobacteria and on identification of the direct effects of this interaction on transcription. Even
on this limited aspect of the stringent response, the literature is voluminous—too large to cover
here in its entirety. Thus we try to provide an update on what is known about the mechanism by
which ppGpp directly regulates gene expression while touching only briefly on other important
aspects of ppGpp function.

2. ppGpp SYNTHESIS AND ITS REGULATION

relA encodes the major synthase responsible for synthesizing ppGpp in E. coli (16, 23). relA mutants,
cells in which the strict dependence of RNA synthesis on translation is relaxed, are unable to adjust
efficiently to changing nutritional conditions (37). Later it was demonstrated that SpoT is the
major ppGpp degradase, and it also has a weak synthase activity (133). Separate RelA and SpoT
proteins are generally found in beta- and gammaproteobacteria, whereas in most other bacteria
the synthase and degradase activities are combined in a single RSH (RelA SpoT Homolog) protein
(5, 55,58, 85).

Some phyla, e.g., Firmicutes, also contain SAS proteins (small alarmone synthases) that can
synthesize ppGpp. There are also examples of SAH proteins (small alarmone hydrolases). Both
the RSH and SAS enzymes are subject to allosteric regulation by ppGpp itself. The regulation of
RSH and SAS enzyme activity in different bacterial species has been the subject of several excellent
reviews (38, 55, 113). Here we wish to make only a few comments.

Recent structures of RelA bound to the ribosome (3, 20, 82) indicate that the C-terminal
autoregulatory domain of RelA interacts directly with the C terminus of uncharged tRNAs in
the ribosomal A-site, suggesting that this sequestration activates the ppGpp synthase activity.
Conversely, when the tRNA is charged with an amino acid at its C terminus, the covalently bound
amino acid prevents the interaction of RelA with the tRNA, turning off ppGpp synthesis. RelA
interacts with the Sarcin-Ricin loop of 23S rRNA, consistent with the model that RelA senses
uncharged tRNAs and is activated to produce ppGpp when bound to the ribosome (52, 130) and
not consistent with an alternative proposal that RelA is released from the ribosome in response to
the uncharged tRNA and then produces ppGpp (34).

The regulation of SpoT, the bifunctional ppGpp synthase/degradase responsible for the resid-
ual ppGpp levels in 7e/4 mutant cells, is much less clear. Additional work is needed to determine
the interactions and molecular mechanisms underlying the shift in the equilibrium between the
hydrolase and synthase activities. Some appealing proposals have been made in which SpoT inter-
actions with other cellular constituents are responsible for turning on/off SpoT hydrolase/synthase
activity, thereby adjusting ppGpp levels to stresses unrelated to translation.

For example, it has been proposed that Spo’T might couple ppGpp synthesis to cellular fatty acid
metabolism by interacting with acyl carrier protein, ACP, and triggering a conformational switch in
SpoT thatleads to ppGpp accumulation (10, 11). Likewise, it has been proposed that carbohydrate
starvation induces ppGpp synthesis through SpoT (24). However, ppGpp induction by alpha
methyl glucoside (which prevents glucose uptake) is dependent on reld (90), suggesting that
glucose starvation might in fact be sensed through uncharged tRNA occupancy of the ribosomal
A-site. Finally, SpoT interacts with the 50S ribosomal subunit-associated factor ObgE, suggesting
that SpoT might be ribosome associated after all (61, 132).

3. REGULATION OF RIBOSOME SYNTHESIS BY ppGpp AND NTP
CONCENTRATIONS IN E. COLI

The role of ppGpp in the regulation of ribosome synthesis was debated for many years. In ret-
rospect, the use of different kinds of assays by different investigators for measuring effects on
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rRNA transcription in vivo and the inability to observe large regulatory effects of ppGpp in
vitro resulted in differences in interpretation. We can divide the in vivo studies into two classes:
(#) measurements of gene expression within minutes of a nutritional shift and (/) steady-state assays
in which the induction of ppGpp in response to a given nutritional condition (or mutagenic event)
is separated from the measurement of its effect on transcription by multiple cell generations.
ppGpp is induced by a variety of stresses, both nutritional and environmental. The closer in
time the measurement of the response is to the generation of the signal, the less chance there is
for a secondary event (e.g., a mutation or a change in metabolism) to obscure a direct response of
the transcriptional machinery and to complicate examination of the effects of the initial stimulus.

Studies in which rRNA synthesis was measured soon after changes in nutritional status generally
led to similar conclusions: Increases or decreases in ppGpp concentration led to decreases or
increases, respectively, in rRINA promoter activity not only in the proteobacterium E. co/i (90), but
also in B. subtilis (68), species separated evolutionarily by more than a billion years. Conversely,
steady-state assays (typically measuring rRNA, tRNA, or rRNA promoter-/zcZ fusions in strains
containing or lacking ppGpp) have led to results that differ among investigators. For example, it
was reported that strains lacking ppGpp display almost wild type—growth rate—dependent control
of rRNA synthesis (7, 42), whereas another report using different growth conditions concluded
that regulation was defective (100). The variables responsible for the opposite conclusions in these
studies were not defined, but their identification might prove useful for determining secondary
metabolic routes that cells utilize to compensate for loss of the ppGpp signaling pathway. Because
we now know that the direct effects of ppGpp are even more extensive than originally predicted,
understanding the cause and effect relationships responsible for the differences in results will
require systematic analysis of the signaling pathways and the kinetics of the responses. These
secondary events are no less important to cell physiology than the direct mechanisms, but they
are likely to be complicated and difficult to unravel.

Itis worth noting that not all upshifts and downshifts in rRNA transcription result from changes
in ppGpp levels. For example, ppGpp levels are so low when cells are in prolonged stationary phase
thata small further decrease in ppGpp concentration from addition of new medium would probably
be insufficient to cause an increase in rRNA promoter activity. However, there is a large increase
in the concentrations of N'TPs during outgrowth. Promoters that form unstable complexes with
RNAP, such as ribosomal RNA and some ribosomal protein promoters (22, 89, 90), depend on
high concentrations of the initiating N'TP to drive transcription initiation forward by mass action.
Thus, there is a rapid increase in rRINA transcription during outgrowth from stationary phase
that is not dependent on a decrease in ppGpp synthesis but rather results from a large increase in
NTP concentration (22, 89, 90).

Likewise, ppGpp concentrations spike as cells approach and enter stationary phase, but within
a few hours, ppGpp concentrations return to levels similar to those found in exponentially growing
cultures. We suggest that the low concentrations of ppGpp present in prolonged stationary phase
are insufficient to inhibit rRINA promoters. Rather, rRNA transcription is inhibited by the low
concentrations of the initiating nucleotides present under these conditions, ATP and GTP for the
rrn P1 promoters and CTP for the 771 P2 promoters (89, 90). Once N'TP concentrations increase
during outgrowth and saturate rRINA promoter complexes, changes in the level of ppGpp, resulting
from the status of charged tRINA, rather than N'TP, concentrations, become the dominant means
of rRNA promoter regulation.

Finally, the activities of E. coli rRNA promoters are also dependent on the transcription factor
Fis, which binds to sites upstream of the P1 promoters in each of the seven rRNA operons,
stimulating transcription primarily by helping recruit RNAP to the promoter (57). The promoter
for the fis gene itself and thus Fis protein levels are regulated by the concentrations of NTPs
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and by ppGpp (84). Finally, fis expression is increased by a translational enhancer (91) whose
efficiency could in theory contribute to its regulation and ultimately to nutritional control of
rRNA expression.

4. DksA MODIFIES RNAP, GREATLY INCREASING THE RESPONSE OF
RNAP TO ppGpp

Evidence for ppGpp acting directly on RNAP to regulate transcription dates back more than
40 years (6, 7, 62, 66, 67, 79). However, attempts to identify the direct target(s) of ppGpp on
transcription and its mechanism of action were confounded by the small effects of ppGpp on
transcription in vitro. Identification of the 151-amino acid DksA as a transcription factor required
for responses to ppGpp was a major step forward for reproduction of the effects of the stringent
response in a purified system.

DksA was originally identified as a multicopy suppressor of a drnaK mutant, presumably because
it somehow alleviated a protein-folding defect (63), and it was later proposed to function at the
level of translation (21). However, a chaperone activity has never been found associated with DksA
(25, 26), and at its native concentration, DksA protein was found to bind instead to RNAP (96,
98). Inclusion of both DksA and ppGpp together decreased transcription from rRINA promoters
by as much as 20 fold in vitro relative to the level of transcription observed in the absence of
both ppGpp and DksA or to the ~3-fold decrease observed with ppGpp but not DksA (96).
Furthermore, inclusion of both DksA and ppGpp together in transcription reactions in vitro
resulted in stimulation of the subset of amino acid biosynthesis and transport promoters previously
identified as stimulated by ppGpp in vivo (97). Cells lacking the dksA gene are defective in responses
to ppGpp, and like strains unable to make ppGpp (Areld AspoT mutants), they are unable to grow
in a defined medium lacking amino acids (21, 88, 110). This defect in transcription from the
amino acid biosynthesis/transport promoters could account for the amino acid requirement of
ArelAAspoT and AdksA mutants, although the effect might be less direct.

Several parts of DksA are important for its function. DksA, like the transcription elongation
factors GreA and GreB, contains a globular domain and a long coiled-coil with aspartate residues
at the coiled-coil tip (32, 98) (Figure 1). Otherwise, DksA has little or no sequence homology to
the Gre factors: It has a zinc-binding fold in its globular domain not found in the Gre factors,
and it has a C-terminal helix (CTH) not present in the Gre factors (98). Finally, in contrast
to Gre factors, which function on transcription elongation (17, 36), DksA functions primarily on
initiation (96). However, DksA does share limited homology with TraR and its homologs, a widely
distributed family of transcription factors about half its length that can mimic effects of DksA and
ppGpp together (15, 48; see Section 10).

Extensive genetic and biochemical analyses demonstrated that DksA docks on the secondary
channel rim helices of the B’ subunit, and the coiled-coil tip of DksA approaches the RNAP active
site (40, 74, 76, 78, 96, 98, 110). The RNAP trigger loop is required for DksA function (78, 92,
110), as is a DksA CTH interaction with (3 SI1, a species-specific subdomain near the N terminus
of the 3 subunit (95; see Section 6, below).

From bioinformatic comparisons, DksA homologs appear to be present in most proteobacterial
species (39, 41, 95, 98, 106, 131), with a few notable exceptions (e.g., 30). DksA does not appear
to be present in Firmicutes or Thermophiles, but it should be emphasized that such analyses are
not definitive. For example, DksA was not identified as a homolog of the Gre factors until its
coiled-coil domain structure was solved and the structural similarity became apparent (98). Many
DksA homologs have been identified based on the presence of a zinc-binding motif. It is now
apparent that there are DksA homologs in other species [e.g., Pseudomonas aeruginosa (13, 39) and
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DksA TraR

CTH

Coiled-
coil

Figure 1

Structural models of transcription factors DksA (151 residues) and TraR (73 residues) adapted from
PDBITJL (98) and PDB5W1S (87), respectively. Each protein contains a zinc ion bound in the globular
domain and a C-terminal helix (CTH). The N terminus of each protein is indicated. Residues shown in red
interact with RNA polymerase (RINAP) near the active site and are required for function but not for binding
to RNAP (Asp74, Ala76 in the coiled-coil tip of DksA; Asp6, Ala8 at the N-terminal end of TraR) (48, 74).
Residues shown in blue in DksA (Leu95, Lys98, Arg129, Lys139) form part of ppGpp Binding Site 2 but are
not required for DksA binding to RNAP (106). Residues in blue in TraR (Ile20, Glu66) are required for
function but not for binding to RNAP (48).

Rhodobacter sphaeroides (77)] with similar globular domain folds that do not contain a zinc finger and
that directly regulate transcription in vitro. There are also proteins identified as DksA homologs
because they have zinc finger domains but do not function like DksA (68, 77, 131).

5. IDENTIFICATION OF THE ppGpp BINDING SITES ON RNAP

Many suppressors of Areld, ArelAAspoT, or AdksA phenotypes have been identified (e.g., 9, 88,
110, 122). The suppressor mutations mimic the effects of ppGpp and/or DksA, and all map in 7poB,
7poC, or 7poD (110). One study reported a ppGpp-resistant RNAP, but the mutation was never
mapped (118). Most of the suppressors map to parts of RINAP lining the main DNA channel and
resultin destabilization of RNAP interactions with rRINA promoters and/or elongation complexes
(6,9, 110).

Attempts to locate a binding site for ppGpp on RNAP using biochemical approaches go back
at least 30 years (28, 94, 116, 121). A ppGpp binding site was reported in a Thermus thermophilus
RNAP cocrystal (4). However, it was later found that 7. thermophilus RNAP was unaffected by
ppGpp invivo or invitro (65, 127). Substitutions for the residues in E. co/f RNAP that corresponded
to those interacting with ppGpp in the T. thermophilus RNAP cocrystal had no effects on responses
of E. coli RNAP to ppGpp in vitro (127).

Therefore, a detailed cross-linking study was undertaken to identify the ppGpp binding site
on E. coli RNAP (107). A cross-link to 3?P-6-thio-ppGpp mapped to a section of RNAP near the
junction of the " and w subunits, an extensive set of single substitutions was created in the vicinity
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of this cross-link, and RINAPs containing these substitutions were purified and analyzed for loss
of cross-linking to ppGpp and loss of the effect of ppGpp on transcription. This study revealed
a potential ppGpp binding pocket at the interface formed by two parts of the 3’ subunit and the
N-terminal region of w (107). ppGpp binding to this site was then defined with greater precision
by high-resolution X-ray structures in which ppGpp was diffused into crystals of E. coli RNAP
(86, 138).

Residues contributing to the ppGpp binding pocket (8’ R362, R417, K615, D622, and the
N-terminal residues of w) are generally much less conserved in bacterial species outside the
proteobacteria, consistent with the absence of effects of ppGpp on T. thermophilus and B. subtilis
RNAP in vitro (68, 107, 127). The results also explained the requirement for w for regulation of
E. coli RNAP by ppGpp in vitro (128).

However, some properties of the RNAPs containing substitutions in the ppGpp binding pocket
were puzzling. Even the combination of multiple ppGpp binding site substitutions had relatively
mild effects on the recovery of cells from downshifts to defined medium from rich medium or
to amino acid limitation (107), and previous studies on cells with deletions of the 7poZ gene
(coding for w) did not detect defects in the stringent response in vivo (45). Furthermore, although
RINNAPs without the ppGpp binding site were unaffected by ppGpp in vitro, ppGpp inhibited
rRNA transcription with wild-type RNAP only to about 25-30% of its activity in the absence of
ppGpp (7, 128), a much weaker effect than the inhibition of rRNA promoter activity observed in
vivo after amino acid limitation (90, 96).

Taken together, the inability to fully recapitulate the effect of ppGpp on rRNA transcription
in vitro that was observed in vivo, the failure of RNAP to show positive regulation by ppGpp in
vitro, and the weak phenotypes of strains lacking the ppGpp binding site suggested that another
cellular component might be needed for full responses of RNAP to ppGpp. DksA was an obvious
candidate for the missing component, since as noted above, DksA greatly increases the inhibitory
effect of ppGpp on rRNA promoters in vitro, and ppGpp and DksA together stimulate amino acid
biosynthesis promoters in vitro (96, 97). Furthermore, DksA rescued the ppGpp-unresponsiveness
of RNAP lacking w in vivo (128).

Effects of ppGpp on an rRNA promoter (77728 P1) in vitro were compared using either wild-type
RINAP or an RNAP lacking the ppGpp binding site (as a result of deletion of the w subunit), with
or without DksA (Figure 2). Although RNAP lacking w was not inhibited by ppGpp in the absence
of DksA (107), inclusion of both DksA and ppGpp together resulted in an approximately fivefold
decrease in transcription by RNAP lacking w relative to that observed with RNAP containing
neither DksA nor w. Taken together, these results suggested a model in which ppGpp inhibits
transcription by approximately three- to fourfold by binding to the site at the 3'~w interface (here-
after called Site 1) and another approximately fivefold by binding to a second site (hereafter called
Site 2) that requires DksA, accounting for the full inhibition of 772B P1 observed in vivo (106)
(Figure 2). *’P-6-thio-ppGpp did not cross-link to the RNAP lacking Site 1 in the absence of
DksA, but it cross-linked to DksA itself when RNAP was present in the reaction, supporting the
model that there might be a second binding site for ppGpp and that it might be at an interface
of DksA and RNAP. In contrast to the requirement of both sites for full inhibition of rRNA
transcription, activation of transcription required only the binding site associated with DksA
(Site 2).

To identify the residues responsible for forming ppGpp Binding Site 2, a higher-resolution
model of the DksA-RNAP interface was created based on genetic information (74, 78, 110), cross-
linking data (78, 95), and a structure of 7. thermophilus RNAP in complex with Gfh1, a Gre factor
homolog (117). Analyses of mutant RNAPs and mutant DksA proteins for effects of ppGpp on
transcription resulted in identification of a potential ppGpp binding pocket, and a direct binding

www.annualreviews.org o Transcriptional Responses to ppGpp/DksA

169



170
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ppGpp: + + + + ppGpp: + + + +
c 10 c
2 3 K]
.§- 0.8 §'
S I
2 ol 2
£ o4 e
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2 02 K
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No Site 1 Site 2 Sites No Site 1 Site 2 Sites
sites only only 1and2 sites only only 1and2
ppGpp binding sites ppGpp binding sites
in RNA polymerase in RNA polymerase
Figure 2

Transcription in vitro was performed with ppGpp and/or DksA and with Escherichia coli RNA polymerase
(RINAP) containing or lacking the w subunit, as indicated. The resulting RNAPs thereby contain the ppGpp
binding sites indicated below the bars. Reactions were performed on supercoiled plasmid DNA templates
containing (2) the 772B P1 promoter or (b) the /74P promoter. The ppGpp concentration was 200 pM, and
the DksA concentration was 2 pM. Transcription with RNAP lacking both ppGpp binding sites is set at 1.0
(data are from Reference 106).

assay (104) confirmed that RNAP variants or DksA variants with substitutions in the site failed to
bind ppGpp (106).

A surface representation showing the positions of the two ppGpp binding sites on E. co/if RNAP
is shown in Figure 3. The two sites are more than 60 A apart on the surface of RNAP, and each
is more than 30 A from the active site. Since a dissociable factor contributes to ppGpp binding
in each case (w for Site 1 and DksA for Site 2), the actual affinities of ppGpp for the two sites in
vivo depend on the concentrations of w and DksA. Studies to determine these concentrations are
under way. Neither site corresponds to a site proposed on the basis of the T. thermophilus RNAP
cocrystal (4) or to a different site on E. co/i RNAP proposed solely on the basis of cross-linking to
8-azido ppGpp (116).

6. MECHANISM OF ACTION OF ppGpp/DksA ON TRANSCRIPTION

6.1. Effects on Transcription Initiation

Studies dating at least as far back as the 1970s implicated ppGpp in direct and specific inhibition
of promoters for rRNAs in vitro (62, 79). Effects of ppGpp on templates that differed only in
the sequence of the promoter and not in the transcribed region, as well as the use of assays that
included only steps prior to N'TP incorporation, suggested that initiation was the targeted kinetic
step (6, 7). Because these experiments were performed in the absence of DksA, the observed
regulation was the result of ppGpp binding to Site 1. Negative and positive regulation by ppGpp
have now been explored in the presence of DksA (106). Sites 1 and 2 are both required for full
inhibition of negatively regulated promoters, whereas Site 2 is sufficient for positive regulation in
vitro of several amino acid biosynthesis promoters as well as for the promoter for IraP, a small
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DksA Active site
PPGPP  secondary
Site2 channel

Figure 3

Surface representation of Escherichia coli RNAP showing locations of ppGpp Binding Site 1 (w- ' interface)
and Binding Site 2 (DksA- 3’ interface). Adapted in Pymol from PDB4JKR and PDBIT]L. Site 1 position as
in PDB4JKR; Site 2 position modeled based on genetic/biochemical data as described in Reference 106.
RNAP subunits, RNAP (3 SI1, secondary channel, and active site are indicated. Abbreviations: NTD,
N-terminal domain; RNAP, RNA polymerase.

anti-adaptor protein that regulates the stability of the stationary phase sigma factor o5 (18, 106)
(Figure 2).

The mechanism by which ppGpp and DksA affect transcription is an active area of study. The
rates of formation and decay of RNAP-promoter complexes, as well as escape of RNAP from the
promoter, differ significantly between all promoters—not just the ones regulated by ppGpp/DksA
(108). We proposed that the specific kinetics of the transcription initiation reaction at different
promoters determines whether or not a promoter is regulated by ppGpp/DksA (6, 7, 54, 96, 97).
In this model, the assumption is that ppGpp and DksA bind to all promoter complexes in the same
manner, but the DNA sequences of the promoter determine whether the ppGpp/DksA responsive
step(s) play a role (are rate determining) for transcription output.

ppGpp by itself at Site 1 and DksA and ppGpp together at Site 2 affect step(s) after initial
binding of RNAP to the promoter (7, 96, 97). Studies on the kinetic properties of the negatively
regulated 7728 P1 promoter indicated that it associates rapidly with RNAP but forms an unstable
open complex that is in rapid equilibrium with earlier conformational intermediates (7, 48, 53, 54,
101, 110). DksA and/or ppGpp shifts the occupancy of 7728 P1 by RNAP to an intermediate in
which promoter DNA is not correctly positioned in the active site and cannot initiate transcription
(7, 110). ppGpp and DksA therefore function at step(s) after initial closed complex formation but
before formation of the first phosphodiester bond. In contrast, activated promoters have slow
rates of isomerization that are increased by DksA/ppGpp. However, their open complexes, once
formed, are relatively stable and insensitive to the inhibitory effects of DksA/ppGpp (7, 97, 110).

ppGpp Site 1, which affects inhibition but not activation, is located at the interface connecting
two rigid-body “modules” in RNAP, the core and shelf modules (117). Its location suggests that
ppGpp binding might block hinge-like motions between the modules (107, 138). Further studies
will be needed to understand why this reduces transcription initiation.
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Although DksA alone can inhibit transcription to some extent, ppGpp (when bound to Site 2)
greatly enhances DksA’s inhibitory effect. In theory, ppGpp could increase DksA occupancy of
the promoter complex by improving the DksA-RNAP interaction. Ky determinations for DksA
binding to RNAP indicate that the presence of ppGpp results in a small (2.5-fold) increase in
affinity (87). However, there is still a requirement for ppGpp for positive control even at very
high concentrations of DksA or with the tight-binding DksA variant N88I (14), suggesting that
an increase in DksA binding to RNAP is not sufficient to account for the effect of ppGpp at
Site 2.

Residues at the coiled-coil tip of DksA, D74, and A76 are critical for effects of DksA on
transcription initiation (74, 78, 96, 98). In addition, residues at the junction of the DksA globular
domain and CTH (195, K98, R129, and K139) are required for ppGpp binding and function
at Site 2 but not for DksA binding to RNAP (106) (Figure 1). Substitutions for residues N680
and K681 on the rim helices of B’ are also specifically defective for the response to ppGpp,
suggesting that these residues in 3’ along with 195, K98, R129, and K139 in DksA make up Site 2
(106). A recent cocrystal structure of RNAP, DksA, and ppGpp confirmed the location of Site 2
(87).

The DksA CTH cross-links to a sequence insertion in proteobacterial RNAPs near the N
terminus of the  subunit, § SI1, also known as Bi4 (71). p SII is critical for regulation of
transcription by DksA (95). We therefore speculate that ppGpp affects the position of the CTH
with respect to 3 SI1 and that this interaction plays an important role in the effect of ppGpp at
Site 2. Likewise, the RNAP trigger loop is necessary for the effect of DksA/ppGpp (110).

Positive regulation requires DksA and ppGpp binding to Site 2 in vitro (Figure 24), and
these factors together affect isomerization to the open complex (97). However, two additional
mechanisms could also contribute to positive regulation by ppGpp/DksA at specific promoters in
vivo. Because rRNA transcription accounts for as much as 70% of all transcription in vivo (19),
positive control could derive indirectly in vivo from the decrease in rRNA transcription caused
by ppGpp/DksA. Supporting this hypothesis, several reports have implicated the contribution of
increased availability of RINAP to positive control during starvation conditions (6, 46, 73, 83). It
was also proposed that positive regulation might sometimes derive from effects of ppGpp/DksA
on reducing the stability of promoter complexes, which might facilitate escape of RNAP from
promoters to which it bound very tightly (50).

6.2. Effects of ppGpp/DksA on Elongation

We emphasize that identification of the effects of Sites 1 and 2 on transcription initiation in vitro
did not rule out potential additional effects of ppGpp on transcription elongation. In fact, there
is an extensive literature on effects of ppGpp as an inhibitor of elongation in vitro and in vivo
(66, 67, 125, 126). Like the early studies on initiation, early studies on elongation in vitro did not
include DksA, suggesting that ppGpp binding to Site 1 might account for at least some effects
during elongation. More recently, effects of DksA on elongation have also been reported (40,
105), although it has also been argued that effects of DksA on elongation might be excluded by the
trigger loop insertion in 3’ (41). In any case, slowing of elongation might help couple transcription
and translation and/or improve transcriptional fidelity (134, 136, 138).

In summary, a network of interactions between DksA, ppGpp, and multiple parts of RNAP
mediate the effects of ppGpp and DksA on transcription. Although the interactions between
ppGpp and DksA with RNAP are becoming clearer, the mechanism of regulation is far from
understood. Presumably, a more detailed picture will become possible when the conformational
changes that RNAP undergoes during transcription are themselves better understood.
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7. ppGpp/DksA AND GLOBAL TRANSCRIPTION REGULATION

Global studies of the effects of ppGpp on transcription were originally performed using expression
microarrays after treating cells with serine hydroxamate, an inhibitor of aminoacylation of serine
tRINA (120), to induce the stringent response (33). Expression microarrays were also used to
compare wild-type, isoleucine-depleted wild-type, and ArelAAspoT cells (124). Each of these
studies identified 700-800 transcripts regulated positively or negatively by ppGpp. Another study
compared transcripts differentially expressed in wild-type and AdksA or ArelAAspoT strains (1).
Although the different reports identified some transcripts in common, there was considerable
variation. Furthermore, because amino acid limitation has profound ppGpp-independent effects
on cellular metabolism, and genetic changes can have indirect consequences, it was difficult to
distinguish effects in these studies caused by direct ppGpp binding to RNAP from those resulting
in metabolic changes that in turn caused changes in transcription.

In an attempt to clarify direct from indirect effects of ppGpp, a recent study was performed
using direct RNA sequencing (RNA-seq) on RNA produced after induction of ppGpp without
concurrent amino acid limitation (111). This study resulted in the identification of more than 700
transcripts that changed within 5 min of ppGpp induction, ~400 inhibited and ~300 stimulated.
The number swelled to more than 1,200 transcripts by 10 min after ppGpp induction. A large
majority of the transcripts that changed in the first 5 min were not identified in the earlier study
(33). In order to further separate direct from indirect effects of ppGpp, the promoters for more
than 100 of the targets identified in vivo were tested by in vitro transcription with the major
E. coli RNAP holoenzyme (Eo’%), ppGpp, and DksA. The large majority of promoters tested in
this way showed correlating effects in vitro: Transcripts that were inhibited by ppGpp induction
in vivo were inhibited in vitro, and transcripts that were stimulated by ppGpp induction in vivo
were stimulated in vitro (111).

RNA-seq was also performed on the strain containing the RNAP thatlacked the ppGpp binding
sites. None of the >700 transcripts regulated by ppGpp after five minutes of RelA induction
responded normally in the mutant strain. These results indicate that these transcriptional responses
to ppGpp in E. coli all result from ppGpp binding to RNAP and not from ppGpp binding to
transcription factors or other gene products that influence transcription (111).

In addition to their effects on promoters recognized by Eo’°, ppGpp and DksA directly or
indirectly regulate some promoters transcribed by other holoenzymes, e.g., Eo®, Ec®, and Ec"
(29,46,47,75,102). There are also promoters for small RNAs that are regulated by ppGpp/DksA
(46). Finally, there are reports that DksA and ppGpp can have separate or even opposing effects
(1, 2, 47, 83), although in most cases the mechanisms responsible have yet to be elucidated.

8. DNA SIGNATURES FOR REGULATION OF TRANSCRIPTION
INITIATION BY ppGpp/DksA

Identification of the DNA signatures for regulation of transcription initiation by ppGpp/DksA
has remained a challenge. Promoters regulated by transcription factors can usually be identified
by their proximity to a transcription factor—-DNA binding site sequence. In contrast, promoters
regulated by RNAP-binding transcription factors do not have an obvious DNA signature. The
promoter characteristics that make a particular promoter susceptible to regulation by ppGpp/DksA
are the kinetic properties of the promoter complex, and these are usually determined by interac-
tions between multiple parts of the promoter with RNAP (54).

Early studies on promoter requirements for stringent control identified a G4C-rich discrimina-
tor region as a key determinant (123). It was later shown that a guanine residue on the nontemplate
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strand just downstream from the —10 hexamer fits into a pocketin o region 1.2, and itis the absence
of this guanine residue in rRNA promoters that contributes to the short half-life needed for regu-
lation of the promoter complex by ppGpp/DksA (8, 35, 53, 135). In addition, mutations in this or
other positions in the discriminator that make it A+T rich also eliminate regulation by facilitating
opening of the transcription bubble. Thus, promoters with A+T-rich discriminator sequences or
a guanine that interacts with o region 1.2 are generally resistant to negative control by ppGpp.

Analysis of 7728 P1 promoter mutations has shown that sequences in other parts of the promoter
can also eliminate regulation by ppGpp. In general, mutations that increase the lifetime of the
promoter complex (e.g., creating a better extended —10 sequence, a better —35 hexamer sequence,
ora 17-bp —10/-35 spacer sequence) reduce regulation of 7728 P1 by ppGpp/DksA (8, 53).

The sequence requirements for positive regulation are even more complex. Positively regu-
lated promoters often contain an A+T-rich discriminator region sequence, but this sequence is
insufficient for positive regulation in other promoter contexts (50, 103, 111). Positively regulated
promoters make relatively long-lived complexes with RNAP (6), but what causes them to be acti-
vated by ppGpp/DksA, as opposed to simply not inhibited, remains to be determined. It is clear,
however, that positive regulation derives primarily from effects of ppGpp/DksA on steps after
closed complex formation (97). It is possible that ppGpp/DksA might stimulate different steps for
different positively regulated promoters. Although it was reported that ppGpp/DksA can stimulate
promoter escape (50), that study did not distinguish between effects on isomerization steps versus
promoter escape.

The genome-wide analysis of E. coli promoters responding to ppGpp provided a much larger
dataset of confirmed directly regulated promoter sequences than available previously (111). The
results of those studies are consistent with the idea that there is no single consensus promoter
sequence, either negative or positive, that correlates with regulation by ppGpp/DksA, although it
did hint at some specific sequence motifs not identified previously. In any case, these studies, as
well as previous genome-wide reports (1, 33, 124), demonstrated just how broad the direct effects
of ppGpp are. It appears that the numbers of transcripts that are regulated by direct binding
of ppGpp to RNAP in proteobacteria might approach the number affected by all DNA-binding
transcription factors combined.

9. OTHER PROTEINS THAT BIND ppGpp IN E. COLI AND OTHER
BACTERIAL SPECIES

Studies as far back as the early 1970s identified effects of ppGpp on cellular processes as diverse as
replication, translation, and central metabolism (reviewed in 24, 44, 60, 64, 80, 81). Briefly, among
the proteins proposed as direct targets of ppGpp binding are DNA primase (DnaG), translation
initiation factor 2 (IF2), elongation factor G (EF-G), ribosome release factor 3 (RE3), the GTPase
ObgE, and the ribosome assembly factor BipA. Other metabolic enzymes reported to bind ppGpp
include Gpt, Hpt, Apt, GuaB, PurA, and Ldcl. Interactions of ppGpp with many of these enzymes
were recently detected using direct binding assays (137).

Many of the identified targets of ppGpp are GTP-binding enzymes in which the GTP and
ppGpp binding sites overlap. Thus, the in vivo relevance of ppGpp binding to each of these
proteins will depend on measurements of their relative affinities for GTP and ppGpp as well as
their concentrations in cells.

In B. subtilis, the importance of ppGpp binding to enzymes responsible for nucleotide
metabolism is well established. B. subtilis RNAP lacks critical residues in f’ and w that form
Site 1 in proteobacterial RNAPs, and B. subtilis does not appear to contain either a DksA homolog
or the residues in the B’ rim helices that contribute to Site 2 (68, 106, 107). However, as with
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Figure 4

Three paradigms for regulation of transcription initiation by ppGpp: () In Escherichia coli, ppGpp (red star)
binds directly to two sites on RNA polymerase (RNAP, gray oval). DksA is represented by a blue triangle
(106). (b) In Bacillus subtilis, ppGpp binds to enzymes responsible for GTP biosynthesis (e.g., GMK, HPRT,
blue circles), indirectly inhibiting transcription from rRNA operons by reducing the concentration of the
initiating nucleotide GTP (68, 81). (c) In Francisella tularensis, ppGpp binds to the RNAP-associated
heterodimer MglA/SspA (dark blue circles), leading to its interaction with the transcriptional activator PigR
(blue oval) (27, 30). F. tularensis RNAP may also contain ppGpp Site 1.

E. coli, B. subtilis /RNA promoters form short-lived open complexes. Furthermore, rRNA pro-
moters start with GTP and require high concentrations of GTP for transcription initiation (68).
Thus, by binding to and inhibiting enzymes required for GTP synthesis, like GMK and HPRT
(69, 81), ppGpp regulates rRNA transcription indirectly (Figure 4). Whether there are additional
mechanisms for regulating rRNA transcription in B. subtilis awaits further investigation, but in
any case, ppGpp appears to play a critical role in regulating GTP levels in many Firmicutes species
(12, 43, 80).

Although both binding sites for ppGpp on E. coli RNAP appear to be conserved in the pro-
teobacteria, exceptions have been reported. In the gammaproteobacterium Francisella tularensis, the
causative agent of tularemia, a dksA-like gene has not been identified, suggesting that F. tularensis
RNAP lacks Site 2. Rather, ppGpp binds to a heterodimeric complex of two RNAP-associated
transcription factors, MglA and SspA, and facilitates their interaction with a third transcription fac-
tor, PigR, that is proposed to bind DNA and stimulate transcription from promoters for virulence
factors during infection (27, 30) (Figure 4).

It was reported that the rRNA synthesis rate in Synechococcus decreases in the dark, but this
decrease required factors other than ppGpp (59). However, ppGpp did regulate the expression of
a number of translation-related genes, including ribosomal hibernation-promoting factor (Hpf),
which causes ribosomes to dimerize in the dark, decreasing translation. Thus, ppGpp may reg-
ulate ribosome synthesis or ribosome activity in different ways in cyanobacteria compared to
Proteobacteria or Firmicutes.

Although genes for ppGpp synthases are not present in most eukaryotes, RelA homologs have
been found in Arabidopsis chloroplasts, and ppGpp regulates chloroplast function to influence
growth and development (114). A SpoT ortholog that plays a role in stress responses was also
reported in Drosophila (115). Furthermore, although yeast do not naturally make ppGpp, it was
reported that Saccharomyces cerevisine engineered to make ppGpp stopped growing (56), and in
another study, ppGpp production in S. cerevisiae resulted in enhanced tolerance to various stresses
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(93). Although studies of ppGpp in eukaryotes are in their infancy, these results suggest the
potential for significant gene regulation by ppGpp.

10. DksA HOMOLOGS THAT TARGET THE RIM HELICES OF RNAP
AND MIMIC THE EFFECTS OF DksA/ppGpp

The 73-amino acid E. co/i F element—encoded protein TraR is a distant homolog of DksA, although
itis only halfits size (15) (Figure 1). TraR acts as a global regulator, inhibiting some promoters and
activating others by binding to the secondary channel of RNAP using interactions similar, but not
identical, to those of DksA (48). TraR inhibits rRNA transcription as strongly as DksA and ppGpp
combined and much more strongly than DksA alone. Unlike DksA, it activates transcription even
in the absence of ppGpp (15, 48).

Although TraR lacks the residues in DksA thatinteract with ppGpp, it utilizes the same residues
in the B’ rim helices that contribute to Site 2 in the DksA-ppGpp-RNAP complex. By binding
directly to the region of the RNAP secondary channel that otherwise binds ppGpp, its N-terminal
region (residues D3, D6, A8), like the coiled-coil tip of DksA, appears to engage the active site
region of RNAP and affect transcription allosterically (48). Binding of TraR to the secondary
channel of RNAP and interaction of TraR with the residues in RNAP that form Site 2 were
confirmed by a recent TraR-RINAP X-ray structure (87).

The role of TraR in F element biology is unclear, but two nonexclusive models have been pro-
posed. In one model, the conjugation process disrupts the bacterial outer membrane, activating an
extracytoplasmic stress response in which TraR turns on o*-dependent promoters independent
of the standard DegS/RseA signal transduction cascade (49). In a second model, TraR inhibits
and activates promoters typically regulated by ppGpp/DksA during a stringent response but un-
der conditions in which ppGpp is not induced. In this way, TraR could help switch the cell’s
transcription machinery to conjugation functions by inhibiting rRNA transcription and activating
amino acid synthesis (15, 48).

TraR-like proteins appear to be ubiquitous in bacteria, even in phyla quite distant from Pro-
teobacteriaceae (Figure 5). Genes encoding TraR-like proteins are often associated with extrachro-
mosomal elements such as conjugal plasmids or bacteriophages. Although the functions of these
TraR-like proteins will require further investigation, their widespread distribution attests to their
importance as well as to the model that the rim helices are a major target of bacterial transcription
factors.

The TraR class of transcription factors should be distinguished from proteins with a short
coiled-coil domain that do not have a DksA-like activity, e.g., E. co/i Rnk (70), R. sphaeroides Rsp066
(77), and Sinorbizobium meliloti SMc00049 (131). These and proteins like 7. thermophilus Gfh1 (72)
could potentially compete with Gre factors or DksA for the secondary channel. However, heterol-
ogous overexpression of a factor can result in competition that is nonphysiologically significant
(109). Information about the residency time of the factor on RNAP at its native concentration
will be needed to evaluate models in which competition is invoked. For example, single-molecule
measurements showed recently that the residence time of GreB in the secondary channel of elon-
gation complexes is very short, suggesting that GreB does not compete with GreA or DksA and
explaining why DksA and GreB can both bind to the same site on RNAP without interfering with
each other’s activities during elongation (119).

11. OPEN QUESTIONS

This review has focused almost exclusively on transcriptional responses to production of ppGpp in
E. coli, specifically, how it binds to RNAP and how promoters are affected by its binding. ppGpp is
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Distribution of TraR homologs in bacteria and bacteriophages. TraR-like proteins were identified by NCBI Blast (https://www.ncbi.
nlm.nih.gov/blast), and a phylogenetic tree depicting their distribution was constructed using phyloT (http://phylot.biobyte.de/).
Only representative species are shown. Red font is used for phyla or families in which there are proteins approximately the same length

as TraR with key conserved residues. Blue font is used for phyla in which TraR-like proteins were not identified. A list of species with
TraR homologs is in Reference 48.

remarkably conserved, although the mechanisms by which it is utilized for the stringent response
are quite diverse. It is now clear that there are at least three general paradigms for regulation of
transcription by ppGpp (Figure 4): (2) the E. coli model, in which ppGpp binds to two sites on
RINAP and allosterically regulates transcription, (b) the B. subtilis model, in which ppGpp regulates
enzymes responsible for nucleotide synthesis, indirectly inhibiting transcription initiation, and
(¢) the F. tularensis model, in which ppGpp binds to transcription factors that themselves interact
with RNAP. With the vast diversity of the bacterial domain, it seems very unlikely that these are
the only scenarios. Furthermore, there appears to be a universe of small proteins like TraR that

can bind to the secondary channel rim helices in RNAP and regulate transcription by mimicking
the effects of ppGpp/DksA.
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With respect to E.coli RNAP, single-particle cryo-EM structures of ppGpp/DksA/RNAP and
the TraR/RNAP promoter complexes will become available shortly. It is likely that this structural
information will help elucidate the conformational changes in the transcription apparatus caused
by the regulatory factors. With that information in hand, we should be equipped to tackle the
next level of complexity: How are different promoter sequences able to respond in different ways
to ppGpp? In addition, are there times when only one ppGpp binding site or the other is filled,
and if so, are there consequences on global gene expression patterns? For even the most heavily
studied ppGpp model system, there are many unanswered questions.
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