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During nutrient deprivation, the bacterial cell undergoes a stress response known as the 
stringent response. This response is characterized by induction of the nucleotide derivative 
guanosine tetraphosphate (ppGpp) that dramatically modulates the cell’s transcriptome. 
In Escherichia coli, ppGpp regulates transcription of as many as 750 genes within 5 min 
of induction by binding directly to RNA polymerase (RNAP) at two sites ~60 Å apart. One 
proposal for the presence of two sites is that they have different affinities for ppGpp, 
expanding the dynamic range over which ppGpp acts. We show here, primarily using the 
Differential Radial Capillary Action of Ligand Assay (DRaCALA), that ppGpp has a similar 
affinity for each site, contradicting the proposal. Because the ppGpp binding sites are 
formed by interactions of the β’ subunit of RNAP with two small protein factors, the ω 
subunit of RNAP which contributes to Site 1 and the transcription factor DksA which 
contributes to Site 2, variation in the concentrations of ω or DksA potentially could 
differentially regulate ppGpp occupancy of the two sites. It was shown previously that 
DksA varies little at different growth rates or growth phases, but little is known about 
variation of the ω concentration. Therefore, we raised an anti-ω antibody and performed 
Western blots at different times in growth and during a stringent response. We show here 
that ω, like DksA, changes little with growth conditions. Together, our data suggest that 
the two ppGpp binding sites fill in parallel, and occupancy with changing nutritional 
conditions is determined by variation in the ppGpp concentration, not by variation in ω 
or DksA.

Keywords: bacterial transcription, RNA polymerase, ppGpp, DksA, omega subunit, stringent response

INTRODUCTION

When nutritional resources change, cells adjust their transcriptional output to match the new 
environment. In almost all bacterial species, this is accomplished in part by synthesis of the 
secondary messengers guanosine tetraphosphate (ppGpp; guanosine 5'-diphosphate 3'-diphosphate) 
and guanosine pentaphosphate (pppGpp; guanosine 5'-triphosphate 3'-diphosphate), respectively, 
collectively referred to here as ppGpp (reviewed in Hauryliuk et  al., 2015; Liu et  al., 2015; 
Irving and Corrigan, 2018). In proteobacteria like Escherichia coli, the basal level of ppGpp 
(from ~1 to 10 μM) only moderately affects gene expression, but induction of RelA in response 
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to the accumulation of deacylated tRNA(s) increases the ppGpp 
concentration 100–1,000-fold, dramatically changing gene 
expression (Ryals et  al., 1982; Varik et  al., 2017).

In this so-called stringent response, transcription of hundreds 
of genes, many of which are related to translation, is inhibited 
within 5 min of ppGpp induction, and transcription of hundreds 
of other genes, many of which are related to pathways involved 
in amino acid biosynthesis, is stimulated (Durfee et  al., 2008; 
Traxler et  al., 2008; Sanchez-Vazquez et  al., 2019). This 
reprogramming of the transcriptome is accomplished in E. coli 
by direct binding of ppGpp to RNA polymerase (RNAP; 
Sanchez-Vazquez et  al., 2019). ppGpp also binds directly to 
many proteins other than RNAP, altering their activities and 
contributing further to the remodeling of cellular metabolism 
(Zhang et  al., 2018; Wang et  al., 2019).

Two proteins that are not essential for the catalytic activity 
of E. coli RNAP are nevertheless required for the effects of 
ppGpp on transcription initiation, the 10.2 kDa RNAP subunit 
ω and the 17.5  kDa transcription factor DksA (Paul et  al., 
2004, 2005; Vrentas et  al., 2005). Genetic and biochemical 
evidence indicated that ppGpp binds to two sites on RNAP 
~60  Å apart (Ross et  al., 2013, 2016), with Site 1 at the 
interface of the ω and β’ subunits of RNAP and Site 2 at the 
interface of DksA and the secondary channel rim of the β’ 
subunit (Figure  1). Crystal structures of the RNAP-ppGpp 
complex are consistent with the models based on the genetic 
and biochemical studies, and indicate that at Site 1 the ppGpp 
phosphates are coordinated by residues 2–5 and other residues 
in ω, as well as by residues R417, K615  in β’. The guanine 
base is coordinated by several residues in β’, including I619, 
D622, and R362 (Mechold et  al., 2013; Zuo et  al., 2013). A 
strain lacking rpoZ, the gene encoding the RNAP ω subunit, 
(i.e., lacking Site 1) displays a modest lag in recovering from 
a downshift from a rich to a minimal medium (Gentry et al., 1991; 

Ross et  al., 2013, 2016), while strains lacking dksA have more 
pronounced defects in recovery from a downshift and in 
transcriptional regulation by ppGpp (Paul et  al., 2004; 
Ross et  al., 2016; Sanchez-Vazquez et  al., 2019).

The two ppGpp binding sites in RNAP are generally conserved 
among proteobacteria based on conservation of the residues 
that contribute to binding (Ross et  al., 2013, 2016). However, 
where it has been investigated, the effects of ppGpp on 
transcription in some evolutionarily distant bacterial phyla do 
not involve direct binding of ppGpp to RNAP. For example, 
in Bacillus subtilis, ppGpp inhibits transcription by binding to 
protein targets involved in nucleotide metabolism, leading to 
reduced levels of GTP, the initiating nucleotide for many 
promoters (Krasny and Gourse, 2004; Liu et  al., 2015).

The identification of a second ppGpp-binding pocket (Site 2) 
in E. coli RNAP provided an explanation for why disruption 
of Site 1 had only a modest effect on the stringent response. 
Analysis of the effects of specific mutations in dksA or rpoC 
(the gene encoding β’) on transcription in vitro, crosslinking 
of 6-thio-ppGpp and binding of ppGpp to the RNAP-DksA 
complex suggested that Site 2 is at the interface of DksA and 
the β’ subunit rim helices at the entrance to the RNAP secondary 
channel (Ross et  al., 2016). These results and a subsequent 
crystal structure of an RNAP-DksA-ppGpp complex indicated 
that residues defined by the mutational studies, including K98, 
R91, and K139  in DksA, coordinate the phosphates of ppGpp 
(Molodtsov et al., 2018), and the guanosine base is coordinated 
by two additional residues implicated by the mutational studies, 
β’ N680 and DksA L95 (Ross et  al., 2016; Molodtsov et  al., 
2018). A recent cryo-EM structure, in which flexible regions 
of RNAP were not constrained by crystal packing forces, showed 
that DksA R129 is also in direct contact with ppGpp (Chen,  
unpublished), consistent with biochemical analysis of effects 
of DksA substitution variants on ppGpp binding and function 
at Site 2 (Ross et  al., 2016).

Guanosine tetraphosphate binding to Site 1 alone (in the 
absence of DksA) has a modest inhibitory effect on transcription 
from the rrnB P1 promoter at saturating ω concentrations 
(~3-fold), and does not activate transcription from amino acid 
biosynthesis promoters. ppGpp binding to Site 2 alone (i.e., 
with a near saturating concentration of DksA but in the absence 
of the ω subunit) has a larger inhibitory effect on rrnB P1 
(~6-fold) and is sufficient for full activation of amino acid 
biosynthesis promoters (Vrentas et al., 2005; Ross et al., 2016). 
When both ppGpp binding sites are present, inhibition of 
rrnB P1 is greater than with either site alone (15–20-fold). 
These results are consistent with the growth properties of 
strains lacking ppGpp (Xiao et  al., 1991), ω (Gentry and 
Burgess, 1989; Gentry et  al., 1991), or DksA (Paul et  al., 
2004, 2005), or containing only Site 1 (Ross et  al., 2013), 
only Site 2 (Ross et  al., 2016), or both (Ross et  al., 2016; 
Sanchez-Vazquez et  al., 2019).

The evolutionary rationale for having two sites is unclear. 
One model is that the two sites have different affinities for 
ppGpp, expanding the dynamic range over which ppGpp acts. 
To test that model, here, we use the Differential Radial Capillary 
Action of Ligand Assay (DRaCALA; Roelofs et  al., 2011), as 

FIGURE 1 | Cartoon representation of Escherichia coli RNA polymerase 
(RNAP) showing the locations of guanosine tetraphosphate (ppGpp) binding 
Sites 1 and 2. The αI and αII subunits (a homodimer, encoded by the rpoA 
gene) are shown in light green. The β subunit (encoded by the rpoB gene) is 
in blue. The β’ subunit (encoded by the rpoC gene) is in pink. The ω subunit 
(encoded by the rpoZ gene) is in blue. The σ70 subunit (encoded by the rpoD 
gene) is in tan. ppGpp (red stars) binds at the interface of the ω and β’ 
subunits (Site 1) and at the interface of the transcription factor DksA (dark 
green) and the β’ subunit (Site 2).
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modified to measure ppGpp binding to RNAP (Ross et al., 2016), 
to determine the binding affinities of ppGpp for each of the 
two sites on E. coli RNAP independently as well as together.

We find that both binding sites have similar intrinsic affinities 
for ppGpp. In addition, we  find that the concentrations of ω 
at different times in cell growth vary only slightly. In conjunction 
with previous measurements of the concentrations of DksA 
in vivo (Rutherford et  al., 2007), our results indicate that the 
two binding sites fill with ppGpp in parallel and not sequentially 
as ppGpp concentrations increase. Furthermore, the binding 
affinities of RNAP for ppGpp that we  determined in vitro are 
consistent with the reported effects of ppGpp on transcription 
even in non-stressed conditions in vivo.

MATERIALS AND METHODS

Strains and Plasmids
Strains and plasmids are listed in Supplementary Table S1 in 
Supplemental data. To construct the pET23a-His10-SUMO-rpoZ 
plasmid used to purify ω for antibody development, a gene block 
(Integrated DNA Technologies) of rpoZ was inserted into pET23a-
His10-SUMO (Invitrogen; RLG14235) at the BamH1 and HindIII 
sites using HiFi DNA Assembly (NEB) to create RLG15371.

Purification of Proteins
Purification of RNAP [wild-type (WT) or mutant; 
Supplementary Figure S1], the ω subunit of RNAP 
(Supplementary Figure S2), DksA (WT and variants), GreB, 
and TraR were as described in Expanded Materials and Methods.

Measuring Binding Affinities by DRaCALA
Binding of [32P]-ppGpp to RNAP, RNAP/DksA, RNAP/TraR, 
or RNAP/GreB complexes was measured by the DRaCALA, 
adapted from Roelofs et  al. (2011). See Expanded Materials 
and Methods for details.

Mathematical Modeling of ppGpp Binding
The most widely used mathematical model for multisite ligand 
binding to a protein was first proposed by Hill (1910). By 
plotting fractional binding of the enzyme as a function of 
ligand concentration, one can calculate the dissociation constant 
and the “Hill coefficient,” which indicates whether the binding 
of multiple ligands is positively or negatively cooperative (see 
Expanded Materials and Methods for details).

Statistical Analysis
All Kd,app values for each set of binding experiments were 
subjected to a rank sum test (Sigma Plot) to determine if the 
Kd,app values in each set were statistically different from other 
values. Statistically different values were then given a p-value.

Western Blots
Polyclonal antibodies were raised by Covance, Inc., following 
injection of rabbits with purified ω. Quantitative western blots 

were performed on cells grown in LB as described in Expanded 
Materials and Methods.

RESULTS

ppGpp Binds With a Similar Affinity to 
Sites 1 and 2 on RNAP
Our previous studies evaluated the relative roles of Sites 1 
and 2 on the transcriptional effects of ppGpp, an indirect 
indicator of ppGpp binding to RNAP (Ross et  al., 2013, 2016). 
These experiments showed that Site 2 had a much larger effect 
on both inhibition and activation than Site 1, even though 
the concentration of ppGpp needed for half-maximal effects 
on transcription appeared similar, ~12–21  μM for Site 1 at 
saturating ω and ~19  μM for Site 2 at nearly saturating DksA 
(Ross et  al., 2013, 2016). To measure ppGpp binding more 
directly, we  used DRaCALA (Roelofs et  al., 2011; Ross et  al., 
2016) to determine the affinities of ppGpp for each of the 
two sites on RNAP independently (Figure 2) as well as together 
(Figure 3). The specificity of this assay for ppGpp was established 
previously using unlabeled nucleotides as competitors 
(Supplementary Figure S3A; Ross et  al., 2016). Unlabeled 
ppGpp competed for binding of 32P-ppGpp to each of the two 
sites, while GDP partially competed, and ATP did not compete 
at all. As this is a non-equilibrium binding assay, the Kd values 
are reported here as apparent Kd (Kd,app) values. A table 
summarizing all the apparent Kd values reported here is provided 
as Supplementary Table S2.

For measuring binding of ppGpp to Site 1, wild-type RNAP 
was purified by concurrent overproduction of the four subunits 
of core RNAP, α, β, and β’ encoded by one plasmid and 
overproduction of ω encoded by a second plasmid (see Expanded 
Materials and Methods). DksA was not included in the binding 
reactions with wild-type RNAP and ppGpp, eliminating binding 
to Site 2 (Ross et  al., 2016). Increasing amounts of RNAP 
were combined with a fixed low concentration of [32P]-ppGpp 
(~5  nM). The observed fraction of [32P]-ppGpp bound at each 
RNAP concentration from each of seven independent experiments 
was fit  to a one site saturation binding curve (see Expanded 
Materials and Methods for description of curve fitting). The 
Kd,app’s for each independent binding curve were then averaged, 
resulting in a Kd,app of 6.1  ±  1.3  μM for ppGpp binding to 
Site 1 (Figures  2A,B).

We ensured that the ω subunit was saturating in the RNAP 
preparations by adding increasing amounts of purified ω to 
the binding reaction and measuring the fraction of [32P]-
ppGpp bound (Supplementary Figure S3B). The additional 
ω did not increase binding of ppGpp, indicating that ω was 
already saturating in our RNAP preparation derived from 
cells overexpressing ω. In contrast, we showed previously that 
effects of ppGpp on transcription increased slightly when 
RNAP was purified without concurrent overproduction of ω 
(Vrentas et  al., 2005).

The Site 2 ppGpp binding pocket consists of residues from 
both DksA and β’ (Ross et  al., 2016; Molodtsov et  al., 2018). 
For measuring binding of [32P]-ppGpp to Site 2, independent 
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of ppGpp binding to Site 1, we  used logic similar to that 
described above, but with purified DksA added to the reactions 
and using an RNAP lacking ω (RNAPΔω) obtained by purification 

of RNAP from a strain deleted for rpoZ (ΔrpoZ). We  showed 
previously that [32P]-ppGpp does not bind to DksA in the 
absence of RNAP (Ross et  al., 2016), and as described above 
for Site 1, unlabeled ppGpp competed with [32P]-ppGpp for 
binding to Site 2 (Supplementary Figure S3A). The data from 
each of seven separate experiments measuring ppGpp binding 
to Site 2 were fit to one-site saturation binding curves, and 
the Kd,app values from each experiment were averaged 
(Figures  2C,D). The Kd,app for Site 2 was 7.9  ±  1.3  μM, similar 
to the ppGpp binding affinity for Site 1.

ppGpp Binds With Very Low Affinity to 
RNAP Lacking Sites 1 and 2
For comparison with the affinities measured above, we measured 
binding of [32P]-ppGpp to RNAPs that we had shown previously 
by in vitro transcription did not respond to ppGpp.  

A

B

C

D

FIGURE 2 | Sites 1 and 2 have similar binding affinities for ppGpp. 
(A) Differential Radial Capillary Action of Ligand Assay (DRaCALA) analysis of 
[32P]-ppGpp binding to Site 1. Increasing amounts of wild-type (WT) RNAP 
(without DksA) were equilibrated with a constant amount of [32P]-ppGpp in 
DRaCALA buffer and spotted on nitrocellulose filters. Triplicate filters from one 
representative experiment are shown. (B) The plot shown is a one-site 
saturation binding curve using averaged [32P]-ppGpp binding data from seven 
experiments conducted with five separate preparations of wild-type RNAP. 
Kd,app and Bmax values were determined by fitting each individual experiment to 
a one-site saturation ligand binding curve. Kd,app and Bmax values and error 
shown in the inset were averaged from the values for the seven experiments. 
See Expanded Materials and Methods for further details. (C) Representative 
DRaCALA analysis of [32P]-ppGpp binding to Site 2. Same as in (A) except 
RNAP lacked the ω subunit (RNAPΔω), and DksA was included. (D) Same as 
(B) except the reaction contained RNAPΔω and DksA.

A

B

FIGURE 3 | Guanosine tetraphosphate binds with a higher affinity when 
RNAP contains both ppGpp binding sites. (A) [32P]-ppGpp binding to wild-
type RNAP in the presence of DksA as measured by DRaCALA. Triplicate 
filters from one representative experiment are shown. Wild-type RNAP and 
DksA concentrations are indicated above each column of three filters. Control 
reactions are in the first three columns. Asterisk above the third column 
indicates the presence of unlabeled competitor ppGpp (1 mM) in the reaction. 
(B) The plot shown is a one-site saturation binding curve for the average 
[32P]-ppGpp binding data with the error bars representing one SD from the 
mean from seven independent experiments conducted with five individually 
purified preparations of WT RNAP, as described in the legend for Figure 2. 
The Kd,app, Bmax, and error shown in the inset were determined by averaging 
Kd,app values from each of the individual experiments, as in Figure 2.
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The Kd,app for an RNAP purified from a strain without ω 
(ΔrpoZ) to which no DksA was added (and thus lacked Sites 
1 and 2) was >100 μM (Supplementary Figure S4A). Similarly, 
RNAP purified from a strain without ω (ΔrpoZ) overexpressing 
ωΔ2–5 (RNAPΔω  +  ωΔ2–5) also had a Kd,app >100  μM 
(Supplementary Figure S4B). We define the very weak binding 
of ppGpp to these two RNAPs as non-specific or background 
binding, more than an order of magnitude weaker than the 
affinity of RNAP containing Site 1 or Site 2 for ppGpp.

We also tested ppGpp binding to another RNAP variant 
that previous work had shown responded very poorly to ppGpp 
in vitro using in vitro transcription as an assay (Ross et  al., 
2013). “RNAP M7” contains a four residue deletion at the 
N-terminus of ω, ω (Δ2–5), plus three other substitutions in 
β’ residues close to or within the Site 1 binding pocket. 
Surprisingly, this RNAP bound ppGpp with a Kd,app of 
16.2  +  4.2  μM, only ~2-fold worse than the RNAPs with 
wild-type Site 1 or 2 (Supplementary Figure S4C). RNAPs 
containing a subset of the β’ substitutions present in M7 (e.g., 
β’K615A/R417A) were very defective in responding to ppGpp 
when assayed by in vitro transcription and by crosslinking 
with the zero-length crosslinker 6-thio ppGpp (Ross et  al., 
2013), yet displayed significant levels of binding in preliminary 
DRaCALA assays (Ross and Gourse, unpublished data). 
We  suggest that crosslinking and function require very precise 
positioning of ppGpp in the binding pocket, but DRaCALA 
assays sometimes can detect binding modes that are 
non-functional. ppGpp binding to the M7 RNAP may represent 
such a non-functional binding mode.

ppGpp Binds With Higher Affinity When 
RNAP Contains Both ppGpp Binding Sites
Even though Sites 1 and 2 are located ~60  Å apart on RNAP 
(Ross et  al., 2016; Molodtsov et  al., 2018) and have similar 
affinities for ppGpp, it was conceivable that having both sites 
would alter the overall ppGpp binding affinity. Therefore, 
we  compared [32P]-ppGpp binding to RNAPs containing only 
Site 1 or Site 2 (Figure  2) with [32P]-ppGpp binding to an 
RNAP saturated with both ω and DksA (i.e., containing both 
sites; Figure  3A). For the RNAP with both ppGpp binding 
sites, we  calculated the Kd,app from a plot in which the X-axis 
indicates the concentration of binding sites (twice the RNAP 
concentration). The data were fit for each of seven separate 
experiments, and the Kd,app values were averaged (Figure  3B). 
For the RNAP with both binding sites, the Kd,app was 
3.3  ±  1.2  μM, a significant difference from the RNAPs with 
only one binding site (6.1 or 7.9  μM; p  =  0.006 for both sites 
compared to Site 1 or p  =  0.01 for both sites compared to 
Site 2). If the nominal concentration of RNAP were used on 
the X-axis as in Figure  2, rather than with the concentration 
of ppGpp binding sites, the Kd,app would be  even tighter, 
1.7  ±  1.2  μM. Thus, when plotted either way, there was a 
significant difference in the Kd,app of the enzyme for ppGpp 
with both sites vs. only one site.

The RNAP concentration in the DRaCALA reactions was 
100–1,000-fold higher than the ppGpp concentration. Therefore, 
ppGpp could not fill both binding sites on an RNAP molecule 

at the same time. The measured binding affinity of the enzyme 
containing both sites must therefore represent an average of 
the affinities of ppGpp bound to one site or the other in the 
population of RNAPs. Nevertheless, we checked for cooperativity 
by comparing the fits using the equations for one-site and 
two-site saturation binding curves and the Hill equation. Both 
resulted in the same Kd,app. The Hill coefficient was ~1, and 
the curve was not sigmoidal when the data were plotted on 
a linear scale (Supplementary Figure S5), consistent with a 
lack of cooperativity.

DksA Binding to RNAP Enhances Binding 
of ppGpp to Site 1
Although there was no evidence for cooperativity, there was 
an increase in the affinity of ppGpp for wild-type RNAP 
containing DksA (both sites) compared to the affinity for RNAP 
with only one site (3.3  ±  1.2  μM for the RNAP containing 
both sites, compared to 6.1  ±  1.3  μM or 7.9  ±  1.3  μM for 
the RNAPs with either Site 1 or Site 2, respectively; Figures  2, 
3). Since the DksA concentration was saturating in the DRaCALA 
reactions measuring binding of ppGpp to RNAP with both 
sites present, DksA was a candidate to explain the increase in 
affinity. That is, we  hypothesized that DksA binding in the 
RNAP secondary channel might allosterically alter the binding 
environment of Site 1. To address this hypothesis, we  utilized 
“separation of function” DksA variants, i.e., variants defective 
for ppGpp binding but competent for RNAP binding. DksA 
residues K98 and R129 both contact ppGpp directly (Ross et al., 
2016; Molodtsov et al., 2018). DksA variants containing alanine 
substitutions at either of these positions are still able to bind 
to RNAP and reduce the lifetime of RNAP-promoter complexes 
(Ross et  al., 2016), but they do not support ppGpp binding 
to Site 2, and they eliminate the effects of ppGpp on transcription 
by RNAPΔω (Ross et  al., 2016). No binding was detected in 
DRaCALA experiments with RNAPΔω and either DksA-R129A 
or DksA-K98A, consistent with predictions for a complex lacking 
both binding sites for ppGpp (Supplementary Figures S6A,B).

Guanosine tetraphosphate bound to wild-type RNAP in the 
absence of DksA (i.e., to Site 1) with a Kd,app of 6.1  ±  1.3  μM 
(Figure  2). ppGpp bound to Site 1  in wild-type RNAP in the 
presence of DksA-R129A, with a Kd,app of ~1.8  ±  0.5  μM 
(Figure 4A), ~3-fold more tightly than to Site 1 without DksA 
(a statistically significant difference with a value of p  =  0.001). 
In the presence of DksA-K98A, ppGpp bound to Site 1 with 
a Kd,app of ~1.3 ± 0.1 μM (Figure 4B), although the significance 
of this measurement is less certain because of the smaller 
number of replicates performed. Nevertheless, together these 
results indicate that ppGpp binds more tightly to Site 1 when 
DksA is bound to RNAP.

We also tested whether other secondary channel binding 
proteins increased the affinity of Site 1 for ppGpp. TraR is a 
distant homolog of DksA that is encoded by the F element 
(Blankschien et  al., 2009). Although TraR is only half the size 
of DksA, it has an effect on transcription by itself that is as 
strong as the effect of DksA and ppGpp together (Gopalkrishnan 
et  al., 2017). However, TraR lacks the residues in DksA that 
interact with ppGpp, and therefore ppGpp does not bind to 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Myers et al. ppGpp Binding to RNA Polymerase

Frontiers in Microbiology | www.frontiersin.org 6 November 2020 | Volume 11 | Article 587098

RNAPΔω or increase the effect of TraR on transcription 
(Gopalkrishnan et  al., 2017). The Kd,app for ppGpp binding to 
Site 1  in the wild-type RNAP-TraR complex was at least 
4.2  ±  0.6  μM (Figure  4C; the curve did not plateau, so the 
affinity of ppGpp for Site 1 must be considered a lower estimate) 
vs. 6.1  ±  1.3  μM in the absence of TraR (Figure  2B). These 
Kd,app values for binding of ppGpp to Site 1 were not statistically 
different from each other. The TraR result is discussed further 
in the next section.

GreB is another secondary channel binding factor that does 
not function in conjunction with ppGpp (Rutherford et  al., 
2007; Lee et  al., 2012). The Kd,app of ppGpp for the wild-type 
RNAP-GreB complex (i.e., containing Site 1) was ~6.4 ± 0.9 μM 
(Figure  4D), very similar to that in the absence of GreB 
(Figure  2), and ppGpp did not bind to the RNAPΔω-GreB 
complex (Supplementary Figure S6C). In summary, the mutant 
DksA proteins increased the affinity of ppGpp for Site 1, and 
these effects were specific, since other secondary channel binding 
factors did not increase the affinity of ppGpp for Site 1.

Structural Basis for Effects of DksA on 
ppGpp Binding to Site 1
The crystal structures of the RNAP-DksA-ppGpp complex 
and the RNAP-TraR complex (Molodtsov et al., 2018) provide 

a potential explanation for the observed effect of DksA, 
and not TraR, on ppGpp binding to Site 1. In the structures, 
DksA residues near its coiled coil tip (D64 and N68) are 
located 6–10  Å from β’ residues K598/K599. β’ K598 and 
K599 are at the N-terminus of a α-helix that extends to 
ppGpp binding Site 1 (Figure  5A). β’ residue K615, near 
the C-terminal end of this α-helix, interacts not only with 
ppGpp but also with residues in ω that bind to ppGpp. 
The proximity of DksA to β’-K598/K599 leads us to speculate 
that a DksA interaction with these residues in β’ might 
allosterically affect residues in  Site 1, explaining the effect 
of DksA on ppGpp binding to Site 1 (Figure  4). Consistent 
with a direct interaction between DksA and K598/K599, 
an RNAP variant that contains alanine substitutions for 
K598 and K599 was partially resistant to DksA’s ability to 
shorten the lifetime of RNAP-promoter complexes 
(Vrentas, 2008).

In contrast, in the structure of the RNAP-TraR complex 
(Figure  5B; Molodtsov et  al., 2018; Chen et al., 2019), there 
is a much greater separation (16–20 Å) between the N-terminus 
of TraR (corresponding to the coiled-coil tip region of DksA) 
and β’-K598/K599. We  suggest that the increased separation 
between TraR and K598/K599 might explain the absence of 
a significant effect of TraR on ppGpp binding to Site 1 
(Figure  4C). Thus, the structural information supports the 

A B

C D

FIGURE 4 | DksA enhances ppGpp binding to Site 1. DRaCALA measurements were performed with wild-type RNAP and the indicated secondary channel 
binding factors. (A) Wild-type RNAP with DksA-R129A. One-site saturation binding curves with data averaged from four independent experiments. Kd,app and Bmax 
values, and error shown are averages from the values determined for each independent experiment. (B) Wild-type RNAP with DksA-K98A. Data from two 
independent experiments, as described in (A). (C) Wild-type RNAP with TraR. Data from three independent experiments, as described in (A). (D) Wild-type RNAP 
with GreB. Data from three independent experiments, as described in (A).
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biochemical data suggesting there is an allosteric effect of 
DksA on binding of ppGpp to Site 1.

ω Levels Are Relatively Constant
DksA concentrations are constant throughout log phase and 
decrease only slightly in stationary phase (Rutherford et  al., 
2007). Therefore, changes in Site 2 binding of ppGpp are more 
likely a function of changes in ppGpp than DksA concentration, 
at least during exponential growth. In contrast, there is little 
information about the concentration of ω at different stages 
in growth or under different nutritional conditions. We reported 
previously that the magnitude of the effect of ppGpp on 
transcription in vitro increased slightly when RNAP was purified 
from cells in which ω was overproduced, suggesting that a 
small fraction of RNAP lacks ω in cells not overproducing ω 
(Vrentas et  al., 2005).

To determine directly whether ω protein levels vary in 
vivo, we  raised an antibody against ω and examined  
ω protein levels using Western blots. The antibody reacted 
with a band of the expected size in a strain with  
wild-type rpoZ but not one lacking rpoZ 
(Supplementary Figure S2B, compare lanes 1 and 6). 
Fortuitously, the anti-ω antibody also reacted with σ70. This 

cross-reactivity was verified using antibody to σ70 and ω, 
and Western blots with purified ω and σ70 
(Supplementary Figures S2C,D).

As with DksA, the ω concentration remained relatively 
constant in cells growing exponentially in rich medium (LB), 
but it declined ~2-fold when cells transitioned to stationary 
phase (~OD600  =  1; Figures  6A,B). In contrast, the σ70 
concentration was relatively constant. It is possible that the 
small decrease in ω levels during stationary phase could 
decrease the saturation of RNAP with ω and create a 
subpopulation of RNAP molecules defective in ppGpp binding 
to Site 1, but the changes in ω concentration are small and 
unlikely to be  a major determinant of regulation by ppGpp 
during non-starvation conditions.

We also examined ω levels when ppGpp was induced to 
high concentration. After starvation of cells for serine aminoacyl 
tRNA by addition of serine hydroxamate (SHX; Figure  6C), 
ω concentrations were stable for at least 60  min, neither 
increasing nor decreasing well beyond the time needed for a 
typical stringent response (Figure  6D). We  conclude that Site 
1 occupancy by ppGpp is determined by changes in ppGpp 
concentration, not by changes in ω concentration, in both 
starved and unstarved cultures.

A B

FIGURE 5 | The β’ K598-K615 α-helix connects DksA and Site 1. The top image in each panel shows the crystal structure of RNAP with either (A) DksA or 
(B) TraR bound in the secondary channel. An expanded view of the boxed region in each panel is shown below the structures of RNAP. (A) X-ray crystal structures 
of wild-type RNAP holoenzyme with DksA and ppGpp soaked into the crystal (PDB 5VSW; Molodtsov et al., 2018). Coloring: α, green; β, cyan; β’, light pink; ω, gray; 
σ, tan; and ppGpp, red spheres. The β’ K598-K615 α-helix is yellow with K598, K599, and K615 shown as spheres. DksA is green with D64 and N68 shown as 
spheres. ω residues A2-T5 are shown as gray spheres. (B) RNAP holoenzyme with TraR (PDB 5W1S; Molodtsov et al., 2018). The β’ K598-K615 α-helix is yellow, 
and TraR is dark purple with residues E4, D6, and E7 near the TraR N-terminus shown as spheres.
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DISCUSSION

Although the regulatory role of ppGpp during the stringent 
response has been recognized for more than half a century 
(Cashel and Gallant, 1969), the mechanistic explanations for 
the effects of ppGpp on transcription are only now becoming 
clear. The recent discovery that there are two binding sites 
for ppGpp on RNAP has shed new light on the mechanisms 
of transcription regulation by ppGpp (Ross et al., 2016; Molodtsov 
et  al., 2018). Here, we  show that the two binding sites on 
RNAP have very similar intrinsic affinities for ppGpp, 
contradicting a model in which different affinities of the two 
sites for ppGpp increase the dynamic range of its effects on 
transcription during the stringent response. Instead, our data 
are more consistent with a model in which both binding sites 
reversibly bind ppGpp, are saturated to approximately the same 
extent when ppGpp concentrations are low, and become fully 
occupied at approximately the same time when ppGpp is 
induced to high levels.

We did not test binding of pppGpp (the pentaphosphate) 
to the two sites in RNAP. Available data indicate that, in E. 
coli, pppGpp is less abundant than ppGpp in vivo and that 
its effects on transcription in vivo and in vitro, particularly at 
Site 2, are less potent than those of ppGpp (Potrykus and 
Cashel, 2008; Mechold et  al., 2013). Structures of the RNAP/
DksA/ppGpp complex indicate that ppGpp at each site is 
partially solvent exposed (Zuo et  al., 2013; Molodtsov et  al., 
2018), suggesting that each site could accommodate the additional 
phosphate group in pppGpp. However, it is not known whether 
the additional phosphate group could alter binding affinity.

Guanosine tetraphosphate binding to the two sites on RNAP 
can affect at least two different steps in transcription, impacting 
the kinetics of initiation by multiple mechanisms and resulting 
in different effects on transcriptional output from different 
promoters (Ross et  al., 2016; Sanchez-Vazquez et  al., 2019). 
For example, ppGpp binding to Site 2 can activate transcription 
from certain promoters whereas binding of ppGpp to Site 1 
cannot (Ross et  al., 2016; Gourse et  al., 2018). In addition, it 
was also shown long ago that ppGpp affects transcription 
elongation in vitro (Kingston et  al., 1981). Since those studies 
were performed without DksA, the effects on elongation were 
likely a result of binding to Site 1. Further studies will be needed 
to understand the mechanism(s) responsible for the effects of 
ppGpp on elongation, and which other factors play roles in 
these effects (see for example, Singh et  al., 2016).

Given the concentration of ppGpp reported for non-starvation 
conditions in rich medium (~1–10  μM; Ryals et  al., 1982), a 
concentration of RNAP in vivo of ~10 μM (Bremer and Dennis, 
2008; Li et  al., 2014), and the apparent binding affinities for 

FIGURE 6 | to cell lysates, lane labeled M indicates molecular weight 
marker, and lanes at right labeled 0–60 indicate minutes after SHX addition. 
(D) Average levels of ω in cells treated with SHX (black bars), compared to 
untreated cells (gray bars). ω bands in each Western blot were quantified 
using the ω standard curve derived from the same blot. The bars represent 
the average ω (in ng) for three separate experiments; error bars represent one 
SD from the mean.

A

B

C

D

FIGURE 6 | ω levels are relatively constant. (A) Representative Western blots 
using an anti-ω antibody. Purified ω was added to cell lysates from ΔrpoZ cells 
(RLG14044) to create a standard curve for estimation of the amount of ω 
(lanes 1–4). Wild-type cells were grown in LB, and lysates were collected at 
different OD600 for analysis of ω concentrations using an anti-ω antibody (lanes 
5–13). Lane labeled M indicates molecular weight marker. The anti-ω antibody 
cross-reacted with σ70 (see Supplementary Figure S2). (B) The amounts of 
ω and σ70 at different times in growth were determined from experiments like 
that in (A) and are shown relative to the amounts present at an OD600 of 0.1 
(first time point, ~1.5 h). Bars indicate the averages of three independent 
experiments, with error bars representing one SD from the mean. ω bars, red; 
σ70 bars, gray. ω decreased a maximum of ~2-fold, whereas σ70 (gray bars) 
remained relatively constant. (C) Representative Western blots with anti-ω 
antibody and cell lysates following treatment with serine hydroxamate (SHX) 
which starves cells for serine. Lanes labeled 0–3 indicate amounts of ω added 

(Continued)
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ppGpp reported here, in a significant fraction of RNAP molecules 
it is likely that one or the other site would not be  saturated 
with ppGpp. In the lower range of ppGpp concentrations (i.e., 
non-starvation conditions), when one site or the other is bound 
by ppGpp, this could result in some stochastic variation in 
regulation of transcription by ppGpp in subpopulations of 
RNAP molecules, creating some “bet-hedging” (Rocha et  al., 
2002). Stochasticity would be  less impactful under starvation 
conditions when high ppGpp concentrations are present, and 
both ppGpp binding sites on all RNAP molecules would 
be  saturated.

Depending on which step during transcription is affected, 
ppGpp function requires the presence of ω or DksA. However, 
since the concentrations of ω and DksA change little during 
exponential growth in E. coli, and no more than 2-fold in 
stationary phase, differences in the occupancies of the two 
ppGpp binding sites over time (and thus the impact of ppGpp 
on transcription) must result primarily from changes in ppGpp, 
not ω or DksA concentrations.

Interestingly, our data indicate that DksA increases the 
affinity of the wild-type RNAP for ppGpp (Kd,app = 3.3 ± 1.2 μM 
average affinity for the two binding sites on wild-type RNAP 
versus 6.1  ±  1.3  μM or 7.9  ±  1.3  μM, respectively, for RNAPs 
containing only Site 1 or 2). In addition, the affinity of ppGpp 
for the RNAPs in complex with the “separation of function” 
DksA variants is 1.3  ±  0.1–1.8  ±  0.5  μM. These results suggest 
that the increased affinity of Site 1 for ppGpp in the presence 
of DksA accounts for the reduced average affinity of wild-type 
RNAP for ppGpp relative to the affinity for either Site 1 or 
Site 2 alone. Thus, DksA allosterically enhances binding of 
ppGpp to Site 1, even though DksA and Site 1 are separated 
by ~30  Å at their position of closest approach (Figure  5). 
Although a limited number of secondary channel binding 
proteins was tested, we  suggest this enhancement of ppGpp 
affinity for Site 1 is unique to DksA (Figure 4). The physiological 
consequence, if any, of the enhancement in affinity of Site 1 
for ppGpp by DksA remains to be  determined.

Finally, the concentrations of ppGpp observed during the 
stringent response appear to be  much higher than needed for 
full occupancy of the two sites on RNAP. Although the high 
concentrations undoubtedly evolved in part to increase the 
kinetics of ppGpp occupancy of RNAP, some 70 proteins in 
E. coli bind ppGpp, only a subset of which bind ppGpp with 

an affinity as high as RNAP (Pao and Dyess, 1981; Hou et  al., 
1999; Kanjee et  al., 2011a,b; Zhang et  al., 2018; Anderson 
et  al., 2019; Wang et  al., 2019). We  suggest that the high 
levels of ppGpp produced during severe starvations could 
be needed for ppGpp to bind to the proteins with lower affinity 
ppGpp binding sites.
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