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SUMMARY

Throughout the bacterial domain, the alarmone ppGpp dramatically reprograms transcription
following nutrient limitation. This “stringent response” is critical for survival and antibiotic-
tolerance and is a model for transcriptional regulation by small ligands. We report that ppGpp
binds to two distinct sites 60 angstroms apart on £. co/i RNA polymerase (RNAP), one
characterized previously (Site 1) and a second identified here at an interface of RNAP and the
transcription factor DksA (Site 2). The location and unusual tripartite nature of Site 2 account for
the DksA-ppGpp synergism and suggest mechanisms for ppGpp enhancement of DksA’s effects
on RNAP. Site 2 binding results in the majority of ppGpp’s effects on transcription initiation in
vitro and in vivo, and strains lacking Site 2 are severely impaired for growth following nutritional
shifts. Filling of the two sites at different ppGpp concentrations would expand the dynamic range
of cellular responses to changes in ppGpp levels.
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INTRODUCTION

The global regulators ppGpp and pppGpp (guanosine 5’-diphosphate 3’-diphosphate and
guanosine 5'-triphosphate 3’-diphosphate), here referred to collectively as ppGpp, are the
molecular effectors of the bacterial stringent response, an extensive reprogramming of
transcription and metabolism in response to nutrient deprivation (Potrykus and Cashel,
2008). The enzyme(s) that synthesize ppGpp, the RelA/RSH family, are almost universal in
bacteria and are also found in archaea and in plant chloroplasts (Atkinson et al., 2011).
ppGpp plays an essential role in pathogenesis and persistence (Dalebroux et al., 2010;
Hauryliuk et al. 2015) and regulates evolutionarily conserved as well as lineage-specific
pathways (Boutte and Crosson, 2013).

In E. coli, changes in ppGpp levels alter expression of ~700 genes including those encoding
ribosomal RNA and other parts of the translational machinery, flagella, fatty acids, amino
acids, and many other central cellular components (Durfee et al., 2008; Traxler et al., 2008;
Haugen et al., 2008; Ross et al., 2013; and references therein). Gene expression is regulated
by direct ppGpp binding to RNAP, decreasing or increasing transcription initiation
depending on the kinetic properties of the specific promoter (Haugen et al. 2008), and
effects of ppGpp on transcription elongation have been reported as well (Zhang et al., 2014;
Roghanian et al., 2015).

ppGpp usually works in conjunction with the small protein DksA, a transcription factor that
modifies RNAP by binding in the RNAP secondary channel (Paul et al., 2004; Perederina et
al., 2004; Lennon et al., 2012). DksA inhibits rRNA transcription initiation in vitro in the
absence of ppGpp, but DksA and ppGpp together have much larger effects than either alone,
and they are both required for direct positive control of promoters (Paul et al., 2005). In
bacteria distantly related to proteobacteria, including B. subtilis, ppGpp inhibits rRNA
promoter function indirectly by binding to enzymes required for synthesis of GTP, the
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initiating nucleotide for promoters negatively regulated by ppGpp in these species, rather
than by binding directly to RNAP (Krasny and Gourse, 2004; Liu et al., 2015).

Although it is often assumed that RNAP is the major target of ppGpp in £. coli, ppGpp also
binds directly to, and regulates, additional protein targets, complicating assignment of its
effects to specific mechanisms. Some of these targets are GTP binding-proteins, central
players in replication and translation, where ppGpp inhibits enzyme function by competing
with GTP (e.g., Liu et al., 2015; Hauryliuk et al., 2015). In other cases, competition with
GTP is not involved and ppGpp works allosterically (Kanjee et al., 2012).

Multiple genetic and biochemical attempts have been made to locate the binding site for
ppGpp on RNAP, but a specific site that fully accounts for its profound effects in vivo has
not been found previously (reviewed in Potrykus and Cashel, 2008; Ross et al., 2013;
Hauryliuk et al., 2015). A ppGpp binding site was reported in a 7. thermophilus RNAP co-
crystal (Artsimovitch et al., 2004), but its biological significance has been challenged
(Vrentas et al., 2008). A 32P-6-thio-ppGpp crosslink to the £. co/i RNAP B’ subunit
(Toulokhonov et al. (2001) was later mapped to the interface of f” and m (Ross et al., 2013),
and ppGpp binding to this site was observed in £. co/i RNAP co-crystals (Zuo et al., 2013;
Mechold et al., 2013). Substitutions in this site, here referred to as Site 1, eliminated
inhibition of transcription by ppGpp in vitro in the absence of DksA, but effects of
chromosomal mutations on growth were relatively mild, seemingly too small to account for
the severity of the stringent response (Ross et al., 2013).

We now identify an additional ppGpp binding site on £. col/iRNAP by analysis of ppGpp
function, crosslinking, and binding in the presence of the transcription factor DksA using
RNAP lacking Site 1. The newly-identified site (Site 2) is created by the interaction of DksA
with RNAP and is located at the interface of DksA and the 8’ subunit rim-helices, far from
the site identified in the absence of DksA (Site 1) or the site identified in the 7. thermophilus
cocrystal. Substitutions in Site 2 eliminate the DksA-ppGpp synergy, and ppGpp (with or
without DksA) has no effect on transcription initiation in vitro when RNAP lacks both sites.
Chromosomal mutations that eliminate Site 2 alone or both Sites 1 and 2, created by
CRISPR-Cas9 and recombineering approaches, have dramatic effects on growth and
transcription initiation in vivo, similar (but not identical) to deletions that eliminate synthesis
of ppGpp or DksA. The location of Site 2 on RNAP suggests a mechanism for ppGpp/DksA
action, an explanation for the ppGpp/DksA synergism, and a potential target for small
molecule inhibitors of RNAP. Furthermore, the strain lacking the ppGpp binding sites on
RNAP should facilitate investigation of other ppGpp targets, thus allowing examination of
the full-breadth of the stringent response.

RNAPs Lacking the Previously-ldentified ppGpp Binding Site Retain Sensitivity to ppGpp
When DksA is Present

The previously-identified binding site for ppGpp on £. co/i RNAP (Site 1) is required for
inhibition of rRNA transcription by ppGpp in vitro in the absence of the transcription factor
DksA (Ross et al., 2013). However, this site is at least 30A from the secondary channel
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where the transcription factor DksA binds to RNAP, providing no straightforward
explanation for the synergistic effects of DksA and ppGpp together.

We addressed directly whether this site was needed for the synergy with DksA by testing
whether substitutions in Site 1 reduced inhibition of rRNA transcription by ppGpp when
DksA was present (Figure 1). Consistent with our previous report (Ross et al., 2013),
transcription from the rrnB8 P1 promoter by wild-type (WT) RNAP was inhibited 3 to 4-fold
by ppGpp in vitro, whereas two mutant RNAPSs lacking Site 1 (Ao RNAP or M8 RNAP)
were not inhibited by ppGpp at all (Figures 1A, 1B, and S1A). Surprisingly, however, the
Site 1 mutants did not prevent inhibition of transcription by ppGpp when DksA was
included in the reaction (Figures 1B and 1C). Because these mutant RNAPs lack as many as
8 amino acids that contribute to binding Site 1 (Ross et al., 2013; Zuo et al., 2013), residual
ppGpp binding to the mutant site seemed unlikely, suggesting that another binding site (Site
2) might function when DKsA is present. This hypothesis would explain DksA’s previously-
reported ability to “rescue” inhibition by ppGpp when RNAP lacks the  subunit (Vrentas et
al., 2005), which we now know forms part of Site 1 (Ross et al., 2013).

At a DksA concentration that approximated its effective concentration in vivo (2 uM)
(Rutherford et al., 2007), transcription with the Site 1 mutant RNAPs was inhibited ~5-fold
by saturating concentrations of ppGpp, less than the 15 to 20-fold inhibition observed with
WT RNAP (Figures 1C and 1D). The ICgq values for RNAP containing only the putative
Site 2 (43 uM for mutant RNAP lacking Site 1 at 2 uM DksA) were ~2-fold higher than for
RNAP containing only Site 1 (21 uM for WT RNAP in the absence of DksA) (Figure 1E).
The combined effects of ppGpp binding to Site 1 (~3—4 fold) and Site 2 (~5-fold) account
for the ~15 to 20-fold inhibition observed with WT RNAP and DksA (Figure 1D), similar to
the inhibition of rrnP1 promoters observed during a stringent response in vivo (Paul et al.,
2004). The extent of inhibition of Site 1 mutant RNAP (Aw RNAP) by ppGpp/DksA
depended on the DksA concentration (Figures 1E and F), reflecting primarily the degree of
saturation of RNAP with DksA rather than a weaker intrinsic affinity of ppGpp for Site 2
than Site 1 (see Discussion).

Identification and Characterization of Site 2 by Crosslinking with 32P-6-thio-ppGpp

Crosslinking of 32P-6-thio-ppGpp to RNAP lacking Site 1 (Aw RNAP) in the presence of
DksA was used to search for the proposed Site 2. 32P-6-thio-ppGpp crosslinked to WT
RNAP but not to the Site 1 mutant (Ao RNAP; Figure 1G-11), as reported previously (Ross
etal., 2013). Inclusion of DksA in the complex did not restore crosslinking of 32P-6-thio-
ppGpp to the Site 1 mutant RNAP, but instead resulted in crosslinking to DksA itself
(weakly to WT DksA, strongly to the higher affinity DksA variant, N88I; Figure 1G, lanes
3-8) (Blankschien et al., 2009). The level of ppGpp crosslinking to DksA was similar in
complexes containing or lacking Site 1 (Figure 1H) and was not observed in the absence of
RNAP (Figure 1G). DksA crosslinking was higher not only to N88I-DksA but also to
another higher affinity variant, L15F-DksA (Figure 11) (Blankschien et al., 2009). DksA
crosslinks were specific: unlabeled competitor ppGpp eliminated crosslinking (Figures 1H
and 11), but GTP did not (Figure S1B). Taken together, the transcription inhibition and
crosslinking data suggest there are two binding sites for ppGpp on RNAP, the previously-
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identified DksA-independent site at the interface of the p” and ® subunits (Site 1) and a site
that requires both DksA and RNAP (Site 2).

RNAP Secondary Channel Rim Residues are Required for ppGpp Binding and its Effects
on Transcription in the Presence of DksA

To identify Site 2, we took a genetic approach, screening for substitutions in RNAP and
DksA that eliminated ppGpp function in the complex lacking Site 1. The requirement for
both DksA and RNAP for ppGpp crosslinking to DksA suggested that the second ppGpp
binding site might be at the DksA-RNAP interface. Although there are no crystal structures
of DksA-RNAP complexes, models based on genetic and biochemical studies suggest that
DksA interacts with the B’ rim-helices at the entrance to the RNAP secondary channel, with
its coiled-coil extending into the secondary channel and its coiled-coil tip in close proximity
to the RNAP active site (Rutherford et al., 2009; Lennon et al., 2012; Lee et al., 2012;
Furman et al., 2013; Parshin et al., 2015).

To define RNAP residues in Site 2, we initially screened RNAP variants that lacked Site 1
and contained single substitutions for one of seven arginine or lysine residues in 3’ near the
DksA-RNAP interface in models of the complex (Figure 2A and legend). These residues
were chosen because previously-characterized ppGpp binding sites contain basic side chains
(e.g., Kanjee et al., 2012; Zuo et al., 2013; Liu et al., 2015).

Of these residues, only rim-helix substitution f’K681A had the “separation of function”
properties predicted for a Site 2 mutant, i.e., loss of inhibition of /rnB P1 transcription by
ppGpp without loss of DksA binding to RNAP. A substitution for the adjacent §’ residue,
N680A, had similar properties. Singly or in combination, these substitutions reduced or
abolished DksA-dependent inhibition by ppGpp (Figures 2B-2D), but retained similar or
greater sensitivity to inhibition by DksA alone in the absence of ppGpp (Figures 2E and 2F).
Consistent with retention of DksA function, DksA binding to the double substitution mutant
RNAP (’K681A/N680A Aw) and the control Aw RNAP was observed in a direct DksA-
RNAP binding assay (Figure 2G). Therefore, the rim-helix substitutions did not reduce
ppGpp Site 2 function by disrupting DksA interactions with RNAP. Transcript levels from
the rrnB P1 and RNA | promoters (Figure 2B) and intrinsic lifetimes of RNAP-promoter
complexes (Figure S2) were similar for the mutant and WT RNAPs in the absence of ppGpp
or DksA, supporting the conclusion that the loss of inhibition by ppGpp did not derive from
altered kinetic properties of the mutant RNAPSs. In contrast, an adjacent B’ substitution,
E677G, eliminated both transcription inhibition and DksA binding, with or without ppGpp
(Figures 2D, 2F, and 2G), consistent with its original selection as a mutant resistant to
overexpression of N88I-DksA (Satory et al., 2013).

The properties of the rim-helix mutant RNAPs ’K681A Aw and ’K681A/N680A Aw in
vitro were consistent with disruption of a ppGpp binding site, but the 7778 P1 inhibition
defects could potentially have resulted from alteration of a ppGpp-induced conformational
change and not from direct loss of ppGpp binding. Therefore, we used the differential radial
capillary action of ligand assay (DRaCALA,; Roelofs et al., 2011) to test directly whether the
substitutions prevented ppGpp binding to the mutant RNAPs in vitro.
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First, as a positive control, we established that specific 32P-ppGpp binding to Site 1 in WT
RNAP was detected by the DRaCALA assay (Figure 3A, column 1, and Figure 3B).
Substitutions inactivating Site 1 (Aw or M8; defined in Figure 1A legend) eliminated ppGpp
binding to RNAP in the absence of DksA, and 32P-ppGpp did not bind to o alone (Figure
3B).

32p_ppGpp binding to Site 2 in the RNAP-DksA complex lacking Site 1 (Ao RNAP) was
observed, but no binding was seen with A®w RNAP containing the rim-helix substitutions ’
K681A or B’N680A/K681A (Figure 3A, column 2) or with DksA alone (Figure 3A, column
3, and Figure 3B). Binding was higher to RNAP containing both sites than to RNAPs with
only one site, and unlabeled competitor ppGpp eliminated binding whereas GTP only
competed weakly and ATP did not compete for binding to Sites 1 or 2 (Figure 3A and 3B).

RNAP substitutions f” K681A or K681A/N680A also disrupted crosslinking of 32P-6-thio-
ppGpp to DksA in DksA-RNAP complexes (Figure 3C), while other B’ substitutions tested
in the screen (f” K598A/K599A, R731A, R692A, and K695A,; Figure 2A) or an RNAP
deleted for the nearby lineage-specific insertion p” S13 (Figure S1C) retained both Site 2
function and crosslinking to DksA. We conclude that 3° K681 and N680 are in or near Site
2.

32p.g-thio-ppGpp Crosslink Mapping Localizes Site 2 to the p’ Rim-Helices

Although the $’N680A substitution prevented Site 2 function and reduced crosslinking to
N88I-DksA, unexpectedly it generated a strong crosslink signal to RNAP (B or B°; Figure
3D, lane 7). This shift in crosslink target from DksA to /B’ was observed only with this
combination of mutant proteins, i.e. only with both N88I-DksA and ’N680A Am RNAP and
not with the other mutant RNAPs (3’K681A An RNAP, 3’K681A/N680A Am RNAP) or
with WT DksA (Figure 3D). We suggest that 3’N680A does not entirely prevent binding of
ppGpp to Site 2, but it shifts the orientation of the bound ppGpp slightly, such that the
crosslinkable 6-thio moiety at the interface of the two proteins is positioned closer to 5° than
to DksA.

Mapping this shifted crosslink would provide physical evidence for localization of Site 2 to
the B’ rim-helices. Therefore, we repeated the crosslinking reaction with f’N680A RNAP
derivatives containing thrombin sites introduced at each end of the B’ secondary channel rim
(at p’648 and/or §’709). Digestion of the complexes with thrombin produced unique 3’ sub-
fragments for each RNAP, including a 61 residue 32P-6-thio-ppGpp-labeled fragment
consisting only of the rim-helices when the RNAP contained thrombin sites at both 648 and
709 (Figures 3E and S3; Ross et al., 2013; Figure 3 legend). These data provide direct
evidence that when 6-thio-ppGpp is bound at Site 2, the 6-thio moiety is sandwiched
between DksA and the B’ rim-helices.

Identification of DksA Residues Contributing to Site 2

Strains lacking DksA or lacking ppGpp fail to grow on minimal medium lacking amino
acids (Paul et al., 2004), suggesting that Site 2 might be required for growth under these
conditions. In an initial screen of 24 plasmid-encoded alanine substitutions in DksA, 8
variants complemented the AdksA strain poorly if at all (Table S3; Supplemental
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Experimental Procedures). Four DksA substitutions, L95A, K98A, R129A, and K139A,
reduced or abolished the inhibition of transcription by ppGpp from rmB P1 with RNAP
lacking Site 1 in vitro (Figures 4A and C), but these DksA variants were able to inhibit rrnB
P1 in the absence of ppGpp (Figures 4B and D). The 4 substitutions reduced or abolished
ppGpp binding to RNAP-DksA complexes in the DRaCALA assay (Figures 4E and F).

L95, K98, R129, and K139 form a cluster in DksA near the junction of the globular domain
with the C-terminal helix (Figures 4G and 4H). Substitutions in other nearby residues also
altered DksA/ppGpp function. R91A strongly decreased ppGpp function, and therefore
could also be part of Site 2, although its role in ppGpp-dependent inhibition could be
indirect since R91A also reduced the effect of DksA on transcription in the absence of
ppGpp (Figure S4).

Other nearby substitutions, L84A and E85A, caused much smaller defects (Figures 4F and
S4). In contrast, N88I resulted in a DksA that not only bound RNAP better (Blankschien et
al., 2009) but also formed an RNAP-DksA complex hypersensitive to ppGpp (Figures 4E,
4F, and S4), perhaps reflecting a local change in the conformation of the complex.

Taken together, our data suggest that RNAP rim-helix residues 3’K681 and 3’N680 and
DksA residues L95, K98, R129, K139 (and perhaps R91) comprise Site 2.

The Site 2 Substitutions in B’ and DksA Reduce Positive Control of Transcription by
ppGpp/DksA

ppGpp and DksA together activate a relatively large number of promoters different from
those inhibited by ppGpp and DksA (Paul et al., 2005), including #rABC, several other
promoters that are needed for amino acid biosynthesis, and /raP, a promoter responsible for
synthesizing the “anti-adapter” protein that is needed for stabilization of the stationary phase
sigma factor oS (Bougdour and Gottesman, 2007).

thrABC promoter activity increased ~5-fold (Figures 5A-C), and /raP promoter activity
increased 6 to 7-fold (Figures 5D and E) in the presence of ppGpp and WT DksA in vitro,
whereas the control promoter RNA | was not activated. There was no activation by ppGpp or
DksA alone (Paul et al., 2005; Figure 5D). The extent of activation of trABC or iraP was
similar with WT RNAP or RNAP containing only Site 2 (Aw RNAP) (Figures 5B and E),
and there was little or no activation without Site 2 (i.e., with f’K681A/N680A RNAP or
K98A DksA). We conclude that Site 2 is required for positive control of transcription by

pPGpp.

Model for ppGpp Site 2 Based on Genetic and Biochemical Data

Effects of specific substitutions in RNAP and DksA on ppGpp function, binding, and
crosslinking, together with localization of a ppGpp crosslink to the B’ rim-helices, suggested
that DksA binding to the secondary channel rim creates a pocket for ppGpp, Site 2. These
data, other genetic and biochemical data (Supplemental Information), and crystal structures
of £. coliRNAP holoenzyme (Zuo et al., 2013) and DksA (Perederina et al., 2004) were
used to construct a plausible model for Site 2. In this model, the DksA coiled-coil tip region
(DxxDxA motif) and the second helix of the coiled-coil domain are positioned similarly to

Mol Cell. Author manuscript; available in PMC 2017 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ross et al.

Page 8

the analogous regions of Gfhl in its cocrystal with 7. thermophilus RNAP (Sekine et al.,
2015). The position of DksA in this complex is similar to that in a recent DksA-RNAP
model based on an independent set of genetic and biochemical constraints (Parshin et al.,
2015).

Residues implicated by mutational analysis in Site 2 (L95, K98, R129, and K139 in DksA
and N680 and K681 in ) are in close proximity in our model of the DksA-RNAP complex,
forming a pocket between the RNAP secondary channel rim and the adjacent surface at the
junction of the DksA globular domain, C-terminal helix, and coiled-coil domain, with
dimensions sufficient to accommodate ppGpp (or pppGpp) (Figures 6A and 6B). Our data
do not allow orientation of ppGpp within the proposed pocket with certainty, but the model
suggests that ppGpp could fit in this location without steric clash. The model also is
consistent with the observed crosslink of the 6-thio moiety of 6-thio-ppGpp to DksA (with
WT RNAP) or to the B’ rim (with f’N680A RNAP) (Figures 3D, 3E, and 6B). Site 2 in this
model is ~60A from Site 1 (Figure 6A), ~30A from the site proposed in the 7. thermophilus
RNAP-ppGpp complex (Artsimovitch et al., 2004), and ~90A from another recently
proposed binding site (Syal and Chatterji, 2015).

Evolutionary Conservation of Site 2

Site 1 is highly conserved in proteobacteria but not in more distantly-related bacterial phyla
(Ross et al., 2013), although the enzymes required for synthesis of ppGpp are found
throughout the bacterial domain (Atkinson et al., 2011). In species evolutionarily distant
from E. coli (e.g., B. subtilis), ppGpp binds to other targets instead of RNAP and regulates
transcription by modulating GTP levels (Krasny and Gourse, 2004; Liu et al., 2015).

We examined the evolutionary conservation of Site 2 using the ConSurf Server. Site 2
residues and a short adjacent patch in B’ near the turn between the two rim-helices in £. coli
RNAP are highly conserved in representative proteobacterial B’ sequences (magenta in
Figures 6C and D; $’N680 100% and 3’K681 93% conserved; see also Figure S5 and Table
S4), consistent with a critical role for these residues in vivo. In contrast, other surface-
exposed residues in the rim-helices are much less conserved. DksA residues in Site 2 are
also highly conserved in the same set of proteobacteria (L95, 88% conserved; K98, 88%;
R129, 93%; K139, 53%K and 43%Q); Figures 6F and S5). In the non-proteobacterial species
analyzed, DksA homologs have not been verified experimentally, and the Site 2 residues in
{3 are much less conserved than in the proteobacteria (Figures 6E and S5; Supplemental
Experimental Procedures). Although there may be some non-proteobacterial species where
only one of the ppGpp binding sites on RNAP is present, in general it appears that ppGpp
binds to both Sites 1 and 2 on RNAP in most proteobacteria and it binds to non-RNAP
targets in more evolutionarily-distant species.

Both Sites are Required in vivo for Responses to Nutritional Shifts and Amino Acid

Starvation

To evaluate the physiological significance of ppGpp binding Sites 1 and 2 in vivo in £. colj,
we constructed a set of isogenic strains containing wild-type or mutant ppGpp binding sites:
1+2+ (WT); 1+2- (Site 1 only); 1-2+ (Site 2 only); and 1-2— (neither site present). §’
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and/or o variants that eliminated responses to ppGpp in vitro were introduced into the
bacterial chromosome by recombineering and CRISPR/Cas9 selection, followed by
transduction with phage P1 into £. coliMG1655 (Supplemental Experimental Procedures).
The entire genomes of the 4 strains were sequenced to confirm that no unintended mutations
had occurred during strain construction.

The 4 strains grew similarly in LB, with steady-state doubling times of ~22 min for strains
containing Site 2 (1+2+ and 1-2+) and ~27 min for strains lacking Site 2 (1+2- and 1-2-)
(Figures 7A and C). However, when shifted from LB into a defined minimal medium, the
three mutant strains displayed longer lag times than the WT strain before attaining
exponential growth (Figure 7B). The 1-2+ strain had the briefest lag, similar to that reported
previously (~6 h vs ~3 h for the WT strain; Ross et al., 2013) and formed relatively normal-
sized colonies on minimal agar plates. However, the 1+2- and 1-2- strains had much longer
lags (~15 h and 30 h, respectively) and formed tiny colonies on minimal agar. The growth of
the 1-2- strain at 30 h after the shift did not reflect the presence of suppressor mutations,
since cells from the population that started growing after 30 h retained a long-lag phenotype
when shifted from rich to minimal medium again. Consistent with this conclusion, all cells
in the 1-2- population formed tiny colonies on minimal agar after a long incubation period
(efficiency of plating of ~1 relative to the WT strain) (Figure 7C).

rRNA promoter activity in the mutant strains was measured by gPCR during a stringent
response by monitoring the synthesis of the unstable leader region generated by the rrmP1
promoters (Figure 7D). ppGpp levels in all four strains increased after induction of amino
acid starvation by serine hydroxamate (SHX) addition (Figure S6), and rRNA promoter
activity in the 1+2+ strain declined by ~16-fold, as expected. In contrast, rRNA promoter
activity in the 1-2- strain was not inhibited at all following SHX addition, a defect similar
to that observed in strains lacking DksA or ppGpp (AdksA or ArelA AspoT) (Figure 7D).
The 1+2- strain was almost as defective as the 1-2- strain, but partial function was
observed in the 1-2+ strain. Thus, Site 1 contributed somewhat to rRNA promoter
regulation under these conditions, but Site 2 accounted for the majority of the effect of
ppGpp. Similar results were obtained when ppGpp synthesis was induced using a plasmid-
encoded relA gene, indicating that the defects observed in the mutant strains were not an
indirect effect of starvation (data not shown).

Effects of the ppGpp site mutants on positive control by ppGpp in vivo were determined by
measuring /raP mRNA levels by gPCR following SHX addition (Figure 7E). iraPtranscript
levels increased dramatically after starvation of the strains containing Site 2 (1+2+ or 1-2+),
but a much smaller increase was observed in strains lacking Site 2 (1-2- or 1+2-). We
suspect that the residual increase in /raPtranscription in the Site 2 mutant strains could
derive from indirect effects of the reduction in ribosome synthesis on RNAP availability
after SHX treatment. Thus, positive control by ppGpp and DksA depends on Site 2 at the
high ppGpp concentrations produced by SHX treatment.
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DISCUSSION

Our data show that there are two distinct binding sites for ppGpp on E. coli RNAP and that
together they account for effects of ppGpp on transcription during the stringent response.
Site 1 is at the B’ - ® subunit interface and does not require the participation of DKsA,
whereas Site 2 is at the DksA - B’ interface. Thus, Site 2 accounts for the previously-reported
synergistic effects of DksA and ppGpp on transcription initiation (Paul et al., 2004, 2005),
and under the in vivo conditions measured in our experiments (induction of a stringent
response; Figure 7), Site 2 has much larger effects than Site 1.

Site 2 is an unusual ligand binding site in that it is formed at the interface of two proteins,
RNAP and an RNAP-bound transcription factor, DksA. Signaling through this site therefore
integrates input from both the concentration of ppGpp and the fractional occupancy of
RNAP with DksA. Intracellular ppGpp concentrations vary widely, from ~10 to 100 uM in
steady-state growth on different carbon sources (“basal” levels) to ~1 mM after starvation
for amino acids (Ryals et al., 1982). Under the conditions examined, the DksA concentration
in £. colivaries only ~2—fold (Rutherford et al., 2007) and is non-saturating, since DksA
overexpression leads to increased effects on transcription (Potrykus et al., 2006). However,
because other E. coli secondary channel-binding transcription factors, such as the elongation
factors GreA and GreB, bind to an overlapping site on RNAP, changes in their
concentrations could potentially affect DksA binding by competition. The Gre factors lack
the residues in DksA that interact with ppGpp, do not act synergistically with ppGpp, and
are normally expressed at levels that are too low to regulate rRNA transcription directly
(Rutherford et al., 2007; Lee et al., 2012). However, they compete with DksA when
overexpressed (Potrykus et al., 2006).

Because the phenotype of the strain lacking both sites (1-2-) was almost as severe as that of
strains lacking DksA or ppGpp (Figure 7), RNAP appears to be the major ppGpp target in £.
coli. Conservation of the ppGpp binding sites on RNAP suggests that this could be the case
throughout the proteobacteria. However, ppGpp has also been reported to play roles in DNA
replication, translation, central metabolism, and bacterial persistence by binding to and
regulating the activities of other enzymes besides RNAP (Potrykus and Cashel, 2008;
Kanjee et al., 2012; Liu et al., 2015; Hauryliuk et al., 2015). We expect that the strains
lacking the ppGpp binding sites in RNAP will be an essential tool for distinguishing effects
of ppGpp binding to non-RNAP targets from indirect effects resulting from direct binding to
RNAP. For example, it has been proposed that ppGpp-binding proteins different from RNAP
are responsible for bacterial persistence (Hauryliuk et al., 2015), predicting that persistence
might still occur in the strain lacking RNAP Sites 1 and 2.

Why two binding sites for ppGpp?

Our data suggest that Sites 1 and 2 might fill at different concentrations of ppGpp. At a non-
saturating DksA concentration in vitro (2 uM), a concentration that mimics its effects on
transcription in vivo (Paul et al., 2004), ICgq values for ppGpp at Site 2 were ~2-fold higher
than for Site 1 (Figure 1E). The degree of saturation of RNAP with DksA in vivo, the
precise differences in affinity of ppGpp for Sites 1 and 2, and the potential for cooperativity
in binding of ppGpp to the two sites remain to be determined. In any case, having two
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ppGpp sites with different affinities would expand the dynamic range for responses to
ppGpp under different growth conditions.

Our in vitro data predict that Site 1 would be responsible for effects on transcription
initiation in vivo when ppGpp concentrations are low, e.g. during growth in rich medium or
early in a starvation response. However, when ppGpp concentrations are high enough to fill
both sites, the larger effects of Site 2 on transcription observed in vitro predict that it would
be responsible for the majority of the effects in vivo. Consistent with this prediction, Site 2
mutants were more defective than Site 1 mutants in recovering from severe nutritional shifts
and in responding to amino acid starvation (Figure 7).

ppGpp binding to the two different sites could also affect RNAP-promoter interactions by
different mechanisms, perhaps by favoring distinct conformational states in RNAP.
Individual promoters could be differentially sensitive to effects of ppGpp binding at one site
or the other, depending on the intrinsic kinetic properties of the particular promoter.
Although most promoters that are regulated by ppGpp are also responsive to DksA, there
have been reports of promoters regulated by only one or the other (e.g. Aberg et al., 2009).
Our identification of two distinct ppGpp binding sites that fill under different nutritional or
environmental conditions could provide an explanation for these differential responses.

Mechanism of ppGpp Action

Site 1 is located ~60A from Site 2, at the primary interface connecting two rigid-body
domains in RNAP, the core and shelf modules, raising the possibility that ppGpp binding to
Site 1 might block hinge-like motions between the domains (Ross et al., 2013; Zuo et al.,
2013; Sekine et al., 2015). In contrast, since Site 2 is partly composed of DksA, ppGpp
might enhance the function proposed for DksA by itself. DksA is thought to act by an
allosteric mechanism in which the DksA coiled-coil tip region interacts with the RNAP
trigger loop and bridge helix to alter RNAP-promoter contacts, shifting the equilibrium
occupancy of intermediates on the pathway to the transcription-competent complex
(Rutherford et al., 2009; Lee et al., 2012; Lennon et al., 2012). For negatively-regulated
promoters, RNAP interactions with promoter DNA downstream of the —10 hexamer are
disfavored by DksA binding, enriching for an RPc-like closed complex (Rutherford et al.,
2009; Mekler et al., 2014). Consistent with the idea that ppGpp at Site 2 might work by
enhancing DksA function, DksA coiled-coil tip residues A76 and D74 are required for DksA
function alone and for effects of ppGpp bound to Site 2 (Figure S5; Lee et al., 2012).

In theory, ppGpp could simply increase the occupancy of the DksA-RNAP complex by
causing a conformational change in DksA that increases its binding to RNAP. However, the
requirement for both ppGpp and DksA for positive control of transcription and the
requirement for ppGpp for positive control even at high concentrations of the high affinity
DksA variant N88I (Blankschien et al., 2009) suggest that simply increasing DksA binding
to RNAP is insufficient to account for the full effect of ppGpp binding to Site 2.

The position of Site 2 at the junction of the three sub-domains of DksA (globular, coiled-
coil, and C-terminal helix) suggests how it could cause a conformational change in DksA
(Figure 4). The C-terminal helix is critical for DksA function (Furman et al., 2013; Parshin
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et al., 2015), and its position relative to the rest of the protein varies in the 10 monomers
captured in the £. coli DksA crystal (Perederina et al. 2004; Figure 4H). We speculate that
ppGpp binding could affect RNAP-promoter interactions by stabilizing a DksA
conformation that involves the C-terminal helix interaction with nearby regions of RNAP,
namely B SI1 and/or B’ SI3 (Parshin et al. 2015). Site 2-dependent ppGpp effects could
thereby be mediated through altered or stabilized DksA coiled-coil tip region interactions
with RNAP, but in addition through a second, uncharacterized mechanism involving DksA
C-terminal helix interactions with RNAP 3 SI1 and/or 8’ SI3.

We have shown here that ppGpp binds to two sites on RNAP and that substitutions in these
sites eliminate effects of ppGpp on transcription initiation in vitro and in vivo. Although the
details of Site 2 will require structural information, the enzymes and strains lacking one or
both sites provide tools for examining the allosteric transitions responsible for inhibition and
activation of promoters by ppGpp, for studying effects of ppGpp on nutritional regulation of
the transcription initiation and elongation machineries genome-wide, and for identifying
molecular targets of ppGpp other than RNAP. Finally, definition of the ppGpp binding sites
could facilitate design of antibiotics that could deprive pathogens of an essential survival
mechanism during infection.

EXPERIMENTAL PROCEDURES

Further experimental detail is supplied in Supplemental Information.

Plasmids, Strain Construction, and Protein Purification

Strains, plasmids, and oligonucleotides are listed in Tables S1 and S2. Site-directed
mutations were introduced into multisubunit RNAP overexpression plasmids encoding 8’
with a His-tag or DksA with a His-tag. £. coli strains with substitutions in ppGpp binding
Sites 1 and/or 2 were constructed by recombineering methods together with CRISPR-Cas9
counterselection (see below). Aw RNAPs (Site 1-) were purified from a BL21DE3 ArpoZ
strain (Ross et al., 2013). DksA was purified from BL21DE3 AdksA (Paul et al., 2004).

In Vitro Transcription

Multiple round transcription reactions contained 170 mM NacCl, 20 nM RNAP, with DksA
and/or ppGpp as indicated. Promoter-specific transcripts were produced from plasmid DNA
templates containing a cloned promoter followed the rnB T1 terminator (Ross et al, 2013).
These plasmids also encode the RNA | promoter.

Crosslinking

32p_6-thio-ppGpp was synthesized from 6-thio-GDP and y-32P-ATP and was used at ~5 pM.
Crosslinking was induced by UV treatment for 5 min (Ross et al., 2013).

ppGpp and DksA Binding Assays

32p_ppGpp binding to RNAP or to RNAP-DksA complexes was determined by the
Differential Radial Capillary Action of Ligand Assay (DRaCALA,; Roelofs et al.,
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2011). 32P-ppGpp was synthesized from GDP and y-32P-ATP, purified, incubated with the
indicated proteins. Reactions were spotted onto nitrocellulose filters and counts retained in
the central protein spot were quantified by phosphorimaging. DksA binding was determined
using the Fe2* cleavage assay (Lennon et al., 2009).

Effects of ppGpp Binding Site Mutants in vivo

Mutant and wild-type strains were shifted from rich medium (LB) to minimal medium
(MOPS-glucose), and cell growth was followed in a plate reader. Effects of amino acid
starvation on promoter activity were measured by extraction of RNA from cultures at the
indicated times after addition of serine hydroxamate (SHX) and qPCR of the rrm P1 leader
transcript or the /raP mRNA.

Modeling of ppGpp Binding Site 2

Models for DksA binding to RNAP and for Site 2 were created in Pymol using existing
structures of £. coli RNAP (Zuo et al., 2013; PDB 4JKR) and DksA (Perederina et al., 2004;
chain A from PDB 1TJL).

Conservation of ppGpp Site 2 Residues

A 125 amino acid segment of the 3” subunit sequence and DksA sequences from 57 species
representing all orders of proteobacteria and ” subunit sequences from 26 species
representing 6 non-proteobacterial phyla were analyzed for conservation of individual
residues using the ConSurf Server (consurf.tau.ac.il).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

ppGpp still regulates a DksA-RNAP complex lacking the known ppGpp
binding site

A ppGpp binding site forms at the DksA-RNAP interface, ~60A from the
first site

ppGpp binding to this 2nd site strongly affects transcription in vitro and in
Vivo

Cells lacking both sites have dramatic defects in recovery from nutritional
shifts
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Figure 1. DksA Restores a Response to ppGpp to RNAPs Lacking the Previously-ldentified

ppGpp Binding Site

(A) Inhibition of rrnB P1 transcription by ppGpp in vitro using WT RNAP or two different
RNAPs lacking Site 1, Ao RNAP and M8 RNAP (oA 2-5, B’R362A, R417A, K615A,
Y626A). Means and ranges shown here and in (C), (D), and (F) are from two independent
experiments. See Figure S1A and Supplemental Experimental Procedures.

(B) Representative gel showing in vitro transcripts from rrnB P1 and the vector-encoded
RNA | promoter in reactions with RNAP lacking Site 1 (Ao RNAP) and either 2 pM DksA
and 0-160 pM ppGpp or ppGpp without DKsA.
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(C) Inhibition of rrnB P1 transcription by ppGpp as in (A) but with 2 pM DksA. 2 uM DksA
alone, with no ppGpp, inhibited transcription similarly for each RNAP (transcript levels ~0.6
relative to no DksA).

(D) Relative rrB P1 transcript levels in vitro, normalized to levels without DksA or ppGpp
for each RNAP.

(E) 1Cs0s for ppGpp for inhibition of rrnB P1 with WT or RNAP lacking Site 1 (Aw RNAP)
and the indicated DksA concentrations. Values with 95% confidence intervals are shown.
For WT RNAP without DksA (Site 1 only), n=10; WT RNAP with 2 uM DksA (Sites 1 and
2), n=8; Aw RNAP with 0.5 uM DksA (Site 2 only), n=2; Ao RNAP with 2 uM DksA (Site 2
only), n=16; Ao RNAP with 6 uM DksA (Site 2 only), n=2.

(F) Inhibition of rrnB P1 transcription by ppGpp using RNAP lacking Site 1 (Am RNAP)
and 0, 0.5, 2, or 6 uM DksA. Inhibition by DksA alone, with no ppGpp, varied with the
DksA concentration; transcript levels relative to no DksA, were 1.07 £ 0.18 at 0.5 uM DksA,;
0.60 + 0.04 at 2 uM DksA; 0.29 £ 0.02 at 6 uM DksA. See Figure S1B for plot without
normalization.

(G) Crosslinking of 32P-6-thio-ppGpp to DksA in reactions with DksA (2.5, 5 or 10 uyM WT
or 1.7, 3.3 or 6.6 uM N88I) and 0.6 UM RNAP lacking ppGpp Site 1 (Aw RNAP, lanes 1-8),
or DksA alone (lanes 11-16). Reactions in lanes 1, 2, 9, 10, 17, and 18 used RNAP lacking
Site 1 (Aw or M8) or WT RNAP but no DksA. The crosslink with WT RNAP is to p’. Both
gels (4-12% SDS-PAGE) were from the same experiment.

(H) Crosslinking as in (G) with 2.5 pM N88I-DksA and 0.75 pM WT RNAP or RNAP
lacking Site 1 (Am) = 1 mM unlabeled ppGpp competitor.

(1) Crosslinking as in (G) with 0.75 uM WT RNAP and 6 uM WT, N88lI, or L15F-DksA, = 1
mM unlabeled ppGpp competitor. See also Figure S1B.
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Figure 2. Separation of Function Substitutions in RNAP
(A) E. coliRNAP (PDB 4JKR; Zuo et al., 2013) showing residues tested for DksA-

dependent inhibition by ppGpp (single B’ substitutions N680A, K681A, R692A, K695A,
R731A, R738A, or the double substitution K598A / K599A in blue spacefill or E677G in
magenta spacefill). B’ secondary channel rim-helices: yellow. Active site Mg?*: red sphere.
B’: pink. B: cyan. a;; NTD: green. a; NTD: grey. o: slate blue. o9: light grey. ppGpp bound
in PDB 4JKR (Site 1): red spacefill.
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(B) Representative gel showing in vitro transcripts from rrnB P1 and the RNA | control
promoter with 2 uM DksA and the indicated ppGpp concentrations, with RNAP lacking Site
1 (lanes 1-8) or lacking Site 1 and containing B’N680A / K681A (lanes 9-13). Intervening
lanes between lanes 8 and 9 were removed. See also Figure S2.

(C) Transcription from rrnB P1 with RNAPs lacking Site 1 (Aw), or with either f’K681A or
B’N680A and lacking Site 1. Reactions contained 2 uM WT DksA and indicated ppGpp
concentrations. Values for each RNAP with both DksA and ppGpp are normalized to the
values without ppGpp. Transcript levels with DksA alone and no ppGpp, were lower (~0.6)
than without DksA (Figures 2F and 4D). Means and ranges shown here and in (D-F) are
from two independent experiments.

(D) rrnB P1 transcription as in (C), but with Aw, Am f’N680A/K681A, or Aw B’ E677G
RNAP.

(E) rrnB P1 transcription with Aw, Aw B’N680A, or Am f’K681 RNAP at the indicated DksA
concentrations without ppGpp.

(F) rrnB P1 transcription without ppGpp as in (E), but with Ao Am B’NG680A/K6E81A, or Aw
[’ E677G RNAP.

(G) Representative 4-12% SDS-PAGE gels from the same experiment showing DksA
binding to Am RNAP (left gel), N680A / K681A A RNAP (middle gel), or E677G Aw
RNAP (right gel) using the Fe2* cleavage assay (Lennon et al., 2009). Full length 32P-DksA
(F-L) is cleaved by -OH when Fe2* is bound in the RNAP active site, producing the N-
terminally labeled product DksA 1-73. RNAP concentrations: 0 to 1.5 pM. See Figure S2B
for quantitation.
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Figure 3. Binding of 32P-ppGpp and Crosslinking of 32P-6-thio-ppGpp to Site 2

(A) Nitrocellulose filter assay (DRaCALA) for 32P-ppGpp binding. Column 1: no DksA and
the indicated RNAP (2 uM). WT RNAP without DksA (Site 1 only). Ao RNAP and M8
RNAP (described in Figure 1A legend) without DksA (no Site 1 or Site 2). Column 2: 20
UM WT DksA and 2 uM Aw RNAP (Site 2 only), or 7 K681A Aw or f’N680A/K681A Aw
RNAP (no Site 1 or Site 2). Column 3: 20 uM DksA and 2 pM WT RNAP (has Sites 1 and
2). Unlabeled ppGpp competitor: 1 mM. DksA alone: 20 pM. Duplicate filters shown for
each. All filters were from the same image in the same experiment.

(B) Effects of RNAP mutants or 1 mM unlabeled competitors on 32P-ppGpp binding to Sites
1 and/or 2, from DRaCALA experiments as in (A). Means and ranges from duplicate filters
in each of two independent experiments are shown. Values were normalized to WT RNAP
(12.9 + 1.3 % of counts bound) for samples without DksA or to Aw RNAP with DksA (12.7
+ 1.3 % of counts bound) for samples with DksA. No binding above background was
detected for @ alone, DksA alone, or with ppGpp competitor.

(C) Relative crosslinking of 32P-6-thio-ppGpp to N88I-DksA in complexes with RNAP
lacking Site 1 (Am RNAP), or with A RNAP and the indicated B’ substitutions, or with WT
RNAP. Error bars indicate ranges from replicate experiments relative to Aw RNAP.
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(D) Representative 4-12% SDS-PAGE gel showing crosslinking of 32P-6-thio-ppGpp to
N88I-DksA or to the §” subunit in reactions with various RNAPs (0.75 pM) and N88l or WT
DksA (2.5 pM). Crosslink with B’N680A Am RNAP is shifted from N88I-DksA to ’ (lane
7). See also Figure S3.

(E) 32P-6-thio-ppGpp crosslink with f’N680A Ao RNAP and N88I1-DksA maps to the p’
rim-helices. Representative 16% SDS-Tricine gel showing radiolabeled products of
thrombin digestion of crosslinked complexes. RNAPs in lanes 2—4 contained 3’N680A Aw
and engineered thrombin sites at B’ 648 and/or 709. Arrow indicates crosslink to the 61
residue rim-helix peptide (648—709) in lane 4 detected in 3 independent experiments. See
Figure S3 for identification of other labeled §’ thrombin fragments.
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Figure 4. DksA Residues in Site 2
(A) Inhibition of rrmB P1 transcription by ppGpp in vitro with RNAP lacking Site 1 (A®

RNAP) and 2 uM WT, K98A, or L95A-DksA. See also Figure S4. Means and ranges shown
here and in (B-D) are from two independent experiments.
(B) Inhibition of rrnB P1 transcription by WT, K98A, or L95A-DksA alone with Ao RNAP

(no ppGpp).
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(C) Inhibition of rrnB P1 transcription by ppGpp as in (A), but with 2 uM WT, R129A, or

K139A-DksA.
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(D) Inhibition of rrnB P1 transcription by DksA alone (no ppGpp) as in (B), but with WT,
R129A, or K139A-DksA.

(E) DRaCALA assay for binding of 32P-ppGpp to Site 2 in complexes with 2.6 UM Aw
RNAP lacking Site 1 and 20 pM WT or variant DksAs. Duplicate filters are shown in top 2
rows. Samples in bottom 2 rows contain DksA but no RNAP.

(F) Summary of 32P-ppGpp binding to Site 2 in complexes containing DksA variants and Ao
RNAP in DRaCALA assays. Values were normalized to WT DksA (24 £ 0.9% counts
bound). Means and ranges are from 2 independent experiments like that in (E).

(G) DksA structure (adapted from PDB 1TJL; Perederina et al., 2004) showing Site 2
residues (L95, K98, R129, K139) in blue, coiled-coil tip residues D74 and A76 in red, and
N88 in yellow. (See also Figure S4).

(H) Flexibility of the DksA C-terminal helix. Two different DksA molecules (A in green and
H in blue) from DksA crystal structure (PDB 1TJL) were aligned in Pymol to illustrate
variable position of C-terminal helix (C1 and C2). Residues implicated in Site 2 function are
in stick form.
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Figure 5. Substitutions in Site 2 Decrease or Abolish Activation by ppGpp/DksA
(A) Representative gel showing activation of tArABC transcription in vitro by WT DksA (2

uM) and ppGpp (0-200 uM) and RNAP lacking Site 1 (A®w RNAP) or lacking both Sites 1
and 2 (B’ N680A/K681A Aw RNAP). The RNA | transcript from the same plasmid was
unaffected and serves as a control. All lanes were from the same gel image. Intervening
lanes between the A RNAP and N680A / K681A Amw RNAP samples were removed.

(B) Activation of thrABCtranscription by WT DksA and ppGpp, as in (A), with the
indicated RNAPs: WT (both Sites 1 and 2, i.e., 1+2+); Aw (1-2+); B’K681A or f’N680A/
K681A + » (1+2-); B’K681A or B’N680A/K681A Aw (1-2-). Transcription is normalized
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to the level for each RNAP in the absence of DksA or ppGpp. Means and ranges here and in
(C) and (E) are from 2 independent experiments.

(C) Activation of thrABC transcription, as in (B), but with RNAP lacking Site 1 (Aw), and
either WT DksA or Site 2 mutant DksA K98A (2 uM). Transcription is normalized to the
level in the absence of ppGpp.

(D) Representative gel showing activation of /raP P1 transcription by RNAP lacking Site 1
(Ao RNAP) and either no DksA, WT DksA or Site 2 mutant DksA K98A (2 uM) and the
indicated ppGpp concentrations.

(E) Relative activation of /raPP1 transcription by WT DksA (2 uM) and ppGpp (200 uM)
with RNAPs containing both Sites 1 and 2 (WT), only Site 2 (Aw), only Site 1 (3’N680A/
K681A), or neither Site (3’N680A/K681A Aw). Values normalized to that without ppGpp or
DksA for each RNAP.
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Figure 6. Model for ppGpp Site 2 Based on Genetic and Biochemical Data
(A) Model showing proposed location of ppGpp Site 2, constructed in Pymol using

structures of £. coli RNAP with ppGpp bound at Site 1 (PDB 4JKR; Zuo et al., 2013) and
DksA (chain A from PDB 1TJL; Perederina et al., 2004). See text and Supplemental
Information for details about modeling positions of DksA and Site 2-bound ppGpp. ppGpp
(red spacefill); secondary channel rim (yellow), B’ (pink), B (cyan), o (slate blue), DksA
(green), a9 (gold), B’ bridge helix (BH; magenta), active site Mg2* (grey sphere).

(B) Proposed location of Site 2 (rotated right ~90° from view in A), showing residues
implicated in Site 2 binding and function from genetic and biochemical data in Figures 1-5.
A possible orientation of ppGpp is shown, indicating that the pocket is large enough to
accommodate it. ppGpp (red spacefill); guanine O6 in ppGpp (orange); B’ N680 (blue
spacefill); DksA-R91, K98, R129, and K139 (green spacefill).

(C) Conservation of §” secondary channel rim residues in proteobacteria from ConSurf
analysis of representative species (consurf.tau.ac.il), shown in ConSurf color scale on
surface representation of £. coliRNAP (PDB 4JKR). See Table S4 for species analyzed and
Figure S5. Position of DksA (green cartoon) is as in (A). p’ (dark grey); B (light grey); a
(white); o (light blue); o7 (pale yellow); active site (orange).

(D) Close-up of secondary channel rim from (C).
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(E) As in (D), but showing rim helix conservation in the non-proteobacterial phyla listed in
Table S4.

(F) Conservation of DksA residues in representative proteobacteria from ConSurf analysis.
See also Figure S5.
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Figure 7. Growth and Transcription Regulation of Strains Containing RNAP Substitutions in

ppGpp Binding Sites 1 and/or 2

(A) Growth of four isogenic E. colistrains in LB: 1+2+ (WT), 1-2+ (lacking Site 1), 1+2-
(lacking Site 2), or 1-2- (lacking both Sites). The Site 1 mutant is p” R362A / R417A /
K615A / @ A(2-5). The Site 2 mutant is p” K681A / N680A. Means and standard deviations

here and in (B-E) are from 3 independent experiments.

(B) Growth of AdksA, ArelAAspoT, or strains described in (A) after a shift from LB to
glucose minimal medium lacking amino acids (MM).
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(C) Cell doubling times in exponential growth and efficiency of plating on MM vs LB
(EOP).

(D) gPCR analysis of unstable rrnP1 leader transcripts from chromosomal rRNA operons
(rrn) at indicated times after induction of the stringent response with serine hydroxamate
(SHX) in the indicated strains. See also Figure S6.

(E) gPCR analysis of iraPtranscripts after SHX addition.
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