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Summary

In bacteria, translation-transcription coupling inhibits RNA polymerase (RNAP) stalling. We

present evidence suggesting that, upon amino acid starvation, inactive ribosomes promote rather

than inhibit RNAP stalling. We developed an algorithm to evaluate genome-wide polymerase

progression independently of local noise, and used it to reveal that the transcription factor DksA

inhibits promoter-proximal pausing and increases RNAP elongation when uncoupled from

translation by depletion of charged tRNAs. DksA has minimal effect on RNAP elongation in vitro

and on untranslated RNAs in vivo. In these cases, transcripts can form RNA structures that prevent

backtracking. Thus, the effect of DksA on transcript elongation may occur primarily upon

ribosome slowing/stalling or at promoter-proximal locations that limit the potential for RNA

structure. We propose that inactive ribosomes prevent formation of backtrack-blocking mRNA

structures and that, in this circumstance, DksA acts as a transcription elongation factor in vivo.
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Introduction

Transcription, translation, and replication occur concurrently on shared DNA/RNA

substrates in actively growing bacterial cells. Environmental changes profoundly affect these

central dogma processes, making their coordination essential to prevent potential conflicts

and to ensure cellular adaptation.

The transcription elongation complex (EC; composed of RNA Polymerase β′βα2ω core

subunits, DNA template, and nascent RNA) is the nexus of these processes. To allow

coordination, the EC pauses frequently at specific sequences (Ring et al., 1996; Nickels et

al., 2004; Chan and Landick, 1989; Kireeva and Kashlev, 2009), upon encountering protein

roadblocks (He and Zalkin, 1992), and at DNA lesions (Tornaletti and Hanawalt, 1999). The

paused ECs have a strong tendency to reverse translocate RNA and DNA (called

backtracking). Extensive backtracking produces arrested ECs that require internal cleavage

of the nascent RNA to continue transcription (Nudler et al., 1997; Komissarova and

Kashlev, 1997; Shaevitz et al., 2003), and may form barriers to DNA replication that

decrease cell viability. The transcription cleavage factors GreA/B, which reactivate arrested

ECs (Toulme et al., 2000; Marr and Roberts, 2000), and Rho, which terminates both

intragenic and stable RNA transcription (Peters et al., 2009; Peters et al., 2012), help relieve

replication-transcription conflicts in vivo (Trautinger et al., 2005; Tehranchi et al., 2010;

Washburn and Gottesman, 2011; Dutta et al., 2011) and in vitro (Pomerantz and O'Donnell,

2010).

In addition to GreA/B and Rho, the transcription factor DksA has been implicated in

preventing transcription-replication conflicts. DksA protects cells against UV damage

(Trautinger et al., 2005), and prevents replication arrest in amino acid starved cells via

effects on transcription elongation (Tehranchi et al., 2010). However, DksA is principally

known for regulating transcription initiation synergistically with ppGpp through contacts in

the RNA polymerase (RNAP) secondary channel (Paul et al., 2004; Lennon et al., 2012) and

has only limited effects on transcription elongation in vitro (Furman et al., 2013). DksA

binds only weakly to ECs in vitro, and for the minority of ECs affected by DksA in vitro the

effects detected can be either inhibitory or stimulatory (Furman et al., 2012; Perederina et

al., 2004). This discrepancy between minimal DksA effects on ECs in vitro and DksA

suppression of replication-transcription conflicts in vivo is paradoxical. What conditions in

vivo account for the strong effects of DksA on ECs? One obvious difference is the presence

of nascent RNA-bound ribosomes and coupled transcription-translation in vivo.

Coupling of transcription and translation is maintained both by EC pausing to await for a

ribosome to catch up with RNAP (Landick et al., 1985; Proshkin et al., 2010) and by the

transcription factor NusG, which binds RNAP through its N-terminal domain and ribosomes

through its C-terminal domain (Burmann et al., 2010). After uncoupling of translation and

transcription, arrested ECs formed by RNAP backtracking are proposed to block DNA

replication and cause double-stranded breaks (Dutta et al., 2011). Amino acid starvation,

which stalls translation, induced a massive and disruptive arrest of DNA replication in the

absence of DksA (Tehranchi et al., 2010). Translation stalling-triggered formation of

arrested ECs was proposed to block replication fork progression in this circumstance. Thus,
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amino acid starvation may indirectly affect genome integrity via a chain reaction involving

the three major information-transfer processes in the cell, by first impacting translation, then

transcription, and finally replication (Fig 1A).

To test this idea and to resolve the discrepancy between effects of DksA on transcription

elongation in vitro and in vivo, we determined the genome-wide distribution pattern of DksA

through its association with RNAP. We also developed a sensitive and broadly applicable

algorithm to quantify RNAP progression through transcription units in vivo. Using this

algorithm, we determined the effect of DksA on in vivo transcript elongation by comparing

wild-type and ΔdksA cells in normal growth conditions and upon amino acid starvation,

which uncouples transcription and translation. DksA induced a general but modest

amelioration of promoter-proximal stalling in the absence of starvation. A greater effect of

DksA on RNAP progression in protein-coding genes was observed after transcription-

translation uncoupling, and together with the association of DksA with ECs in vivo, establish

that DksA is a bona fide elongation factor (in addition to its role in initiation) and suggest a

mechanistic basis for the greater effects of DksA on transcript elongation in vivo than in

vitro. In this model, the mRNA-bound ribosome becomes a strong backtrack-promoting

factor upon transcription-translation uncoupling because it inhibits mRNA folding, and

DksA guards against EC arrest by inhibiting backtracking.

Results

Genome-wide trafficking of DksA during transcription elongation

To obtain the trafficking pattern of the transcription factor DksA with RNAP throughout the

genome, we applied ChIP-chip to exponentially growing E. coli K-12 wild-type (MG1655)

cells using polyclonal antibodies against DksA. Although DksA does not directly associate

with DNA (Perederina et al., 2004), it can be cross-linked to DNA via its association with

RNAP. The specificity of DksA ChIP signals was confirmed by probing ΔdksA cells with an

anti-DksA antibody. Comparison of DksA ChIP signals in ΔdksA and wild-type cells

revealed obvious enrichments, unambiguously attributable to DksA interaction with RNAP,

at a wide range of genes. The DksA associated-genes include those known to be regulated

by DksA at the level of transcription initiation, such as ribosomal RNA operons (Paul et al.,

2004) and flagella biosynthesis genes (Aberg et al., 2009) (Fig 1B).

Interestingly, we found that DksA was not only enriched at promoter regions but also across

entire transcription units. We examined whether DksA is generally enriched beyond

promoters by probing the same cross-linked samples with antibodies against the RNAP β
subunit and the housekeeping σ factor σ70, and compared their enrichment patterns with that

of DksA. If DksA associates with RNAP only during transcription initiation, the DksA ChIP

signal should follow the pattern of the σ70 factor, which predominantly localizes to promoter

regions (Fig 1C). If DksA indeed also binds to RNAP during elongation, the DksA ChIP

signal should mimic that of RNAP (Fig 1D). Examination of the profiles at highly

transcribed operons, e.g. gltBDF and atpIBEFHAGDC, revealed that DksA was enriched

both at promoters and in downstream regions, similar to RNAP (Fig 1E). As expected for a

regulator that decreases the stability of initiation complexes (Paul et al., 2004; Rutherford et
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al., 2009), the DksA signal was relatively less enriched at promoter regions compared to

intragenic regions.

We quantified the correlation between RNAP, σ70, and DksA ChIP signals at all probes

(N=378,238) across the genome. As expected, two biological replicates of RNAP ChIP

signals were highly correlated (R=0.95), whereas RNAP signals were only modestly

correlated with σ70 signals (R= 0.57) (Fig 1F). DksA signals were highly correlated with

RNAP signals (R=0.79) but poorly correlated with σ70 signals (R=0.39) (Fig 1F), indicating

that the co-localization of DksA and RNAP is a genome-wide feature.

To confirm the intragenic enrichment of DksA, we calculated its traveling ratio (the ratio of

the ChIP signal in the mid-region to that in the beginning of a gene), modified from (Reppas

et al., 2006; Mooney et al., 2009), to quantify its progression into genes (Fig 1G). Traveling

ratios of σ70 were significantly lower than that of RNAP, reflecting the predominant

association of σ70 with promoters. Similar to RNAP, DksA had higher traveling ratios,

confirming that DksA associates with RNAP during transcription elongation in vivo.

DksA modestly lessens promoter-proximal RNAP stalling/termination in unstarved cells

Next, we directly characterized the effect of DksA on transcription elongation in vivo by

comparing the ChIP signals of RNAP in the presence and absence of DksA. We observed

modestly increased promoter-proximal enrichment of RNAP ChIP signals at many genes in

ΔdksA cells compared to wild-type cells (e.g., Fig 2A), indicating transcription stalling

during early elongation or premature termination (Reppas et al., 2006; Mooney et al., 2009)

(Fig S1A). To quantify the extent of genome-wide promoter-proximal stalling (or

termination), we selected 432 high quality transcription units (TUs) with significant RNAP

ChIP signals (Fig S1B, Table S1) and calculated their RNAP traveling ratios (TR) (Fig

S1C). We found that TRs of the majority of genes are lower in ΔdksA cells, confirming a

genome-wide trend of stronger promoter-proximal stalling (Fig S1D).

TR samples small regions of RNAP signals and has relatively poor sensitivity for detecting

RNAP progression changes across the entire gene. Therefore, we developed a new

measurement, Relative Polymerase Progression (RPP), to quantify in vivo RNAP

processivity robustly. RPP is the median of the RNAP distribution divided by the length of

the gene (Fig. 2B) and was calculated by taking advantage of the fact that RNAP ChIP

signals reflect the probability densities of RNAP among a population of cells, thereby

maximizing the sampling of RNAP distributions (Experimental Procedures, Fig 2B, S1C).

Thus an RPP of 0.5 indicates transcription elongation throughout the gene with no loss of

RNAP via premature stalling or termination, whereas stalling or termination of RNAP

would result in smaller RPP values.

We verified that RPP values of the 432 TUs were highly reproducible between biological

replicates (R=0.98) (Fig 2C). In contrast, the RPP values between wild-type and ΔdksA cells

were different. Most TUs (356/432; ~82%) had lower RPP values in ΔdksA cells than in

wild-type cells (Fig 2D; mean of the differences=0.017, p<2.2e-16, paired t-test), and the

distributions of RPP values were also significantly different (Fig 2E; D=0.183, p=1.1e-06,
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K-S (Kolmogorov-Smirnov) test), indicating modestly increased RNAP stalling or

termination in the absence of DksA.

Amino acid starvation strongly promotes RNAP stalling within genes

In unstarved cells, coupling of transcription to translation minimizes pausing and premature

stalling/termination of transcription (Landick et al., 1985; Proshkin et al., 2010), and thus

could reduce effects of DksA on transcript elongation. Therefore, we characterized the effect

of amino acid starvation, which stalls translation, on the genome-wide RNAP distribution.

Cells were grown to mid-exponential phase and treated with the nonfunctional serine analog

serine hydroxamate (SHX), a standard treatment of amino acid starvation (Durfee et al.,

2008; Tehranchi et al., 2010), to deplete charged tRNASer, and RNAP ChIP signals were

compared with untreated samples (Fig 3A). RNAP signals exhibited enrichment patterns

largely in agreement with known effects of DksA on transcription, e.g., decreasing

transcription of rRNA operons upon starvation in wild-type cells but not ΔdksA cells (Lemke

et al., 2011) (data not shown). Interestingly, we observed strong enrichment of RNAP at the

SOS regulon (e.g., umuD in Fig 3B) in starved ΔdksA cells, but not in wild-type cells,

agreeing with our prior observation that the SOS response was strongly induced by SHX

treatment of ΔdksA cells (Tehranchi et al., 2010).

Although the genome-wide effects of SHX treatment on general transcription have been

shown previously (Durfee et al., 2008; Tehranchi et al., 2010), its effects on transcription

elongation have not been examined. We observed strongly elevated transcription stalling or

termination upon SHX-treatment in both wild-type and ΔdksA cells (Fig 3C-H). Upon

starvation of wild-type cells (e.g., Fig 3C-D), 331 out of 432 (~77%) selected TUs exhibited

lower RPP values (Fig 3E; mean of the differences=0.035, p<2.2e-16), reflected in RPP

distributions (Fig 3L; D=0.296, p<2.2e-16). The reduction of RPP upon starvation was

stronger in ΔdksA cells (e.g., Fig 3F-G), where 376 out of 432 (~87%) TUs had lower RPP

values upon starvation (Fig 3H; mean of the difference=0.062, p<2.2e-16), and the

distribution of RPP values was strongly altered (Fig 3L; D=0.444, p<2.2e-16). Intriguingly,

the difference is much subdued when Traveling Ratio, instead of RPP, was used as a proxy

of RNAP processivity (Fig S1F-I), confirming that RPP is a more robust measurement for

transcription stalling, and that SHX-induced transcription stalling takes place beyond

promoter-proximal region.

DksA strongly prevents genome-wide transcription stalling when translation is inhibited

Direct comparison of starved ΔdksA and starved wild-type cells confirmed that DksA greatly

aided RNAP progression upon starvation (e.g., Fig 3I-J). Most TUs (374/432; ~87%)

exhibited lower RPP values in starved ΔdksA cells (Fig 3K; mean of the difference=0.044,

p<2.2e-16). The distribution of RPP values was also significantly changed (Fig 3L;

D=0.299, p<2.2e-16). In addition to increased transcription stalling/termination in starved

ΔdksA cells, we also observed enriched intragenic RNAP peaks at distal sites from

promoters (indicated by arrows in Fig 3F-G, 3I-J). This may reflect appearance of sites of

slow transcript elongation, arrays of arrested ECs in the middle of TUs, or both (Fig S1A).

Zhang et al. Page 5

Mol Cell. Author manuscript; available in PMC 2015 March 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Although decrease in RPP values indicates altered transcription elongation in ΔdksA cells, it

is conceivable that the change of RNAP occupancy at some promoters in ΔdksA cells (Paul

et al., 2004; Paul et al., 2005; Lemke et al., 2009; Lemke et al., 2011) can indirectly affect

transcription elongation and RPP values. To rule out the possibility that DksA affects RPP

values only indirectly via altering transcription initiation, we examined a subset of TUs for

which DksA does not affect initiation, i.e., for which σ 70 ChIP signals were similar

between starved ΔdksA and wild-type cells (e.g., acnB gene, Fig S2A). A majority of TUs

(278/432) passed this additional criterion (Table S2). Consistent with results obtained for all

432 TUs, we found lower RPP values in ΔdksA cells compared to wild-type cells for these

278 TUs, and further reduction of RPP values upon amino acid starvation (Fig S2B-D). This

result strongly supports the hypothesis that DksA reduces transcription stalling

independently of its effect on initiation.

DksA and amino acid starvation affected transcription elongation of a broad and overlapping

spectrum of genes (Fig 3M). Nearly all selected TUs (420/432) exhibited elevated

transcription stalling either in the absence of dksA or upon SHX treatment, of which 64%

(267/420) TUs were affected by both DksA and SHX.

DksA protects viability synergistically with transcription-translation coupling

We found the effect of DksA on transcription stalling is restricted to protein-coding genes.

The RPP values of untranslated genes (rRNA, tRNA and noncoding RNA) were not

generally affected by loss of DksA, by amino acid starvation, or by both ΔdksA and

starvation combined (Fig 4A-D). Thus, both promotion of RNAP stalling by amino-acid

starvation and its suppression by DksA appear to require the presence of ribosomes on the

nascent mRNA. Based on these observations, we propose that during translational stress

induced by charged tRNA depletion, stalled ribosomes may enhance RNAP stalling,

whereas DksA appears to guard against RNAP stalling in protein-coding genes on a

genomic scale.

As independent tests of the hypothesis that DksA targets ribosome-stalling-induced effects

on transcription, we used chemogenetic and other genetic approaches to test the relationship

of DksA action to translation and to several other pathways known or hypothesized to affect

ECs at non-coding genes. First, we examined the transcription termination factor Rho, which

plays crucial functions in dissociating ECs of antisense RNA and stable RNA (Peters et al.,

2012; Peters et al., 2009) and also promotes genome integrity (Washburn and Gottesman,

2011). We found that genes where ECs were arrested in ΔdksA cells were not enriched with

established Rho-dependent terminators (Fig 4E), suggesting that the lowered RPP values in

ΔdksA cells were not due to Rho-dependent early termination. Furthermore, loss of DksA

did not render cells more sensitive or resistant to a Rho-inhibitor bicyclomycin (BCM)

(Zwiefka et al., 1993) (Fig 4F, S3). Thus DksA and Rho do not exhibit strong genetic

interactions.

Second, inversion of rRNA operons (inv rrn) was found to block replication in the absence

of several auxiliary helicases (encoded by rep, uvrD and dinG) or the R-loop-removing

RNase HI (encoded by rnhA) (Boubakri et al., 2010). R-loops (RNA-DNA hybrids) that

occur during transcription of rRNA are proposed to block replication and to induce DNA
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breaks (Gomez-Gonzalez et al., 2009). The absence of RNase H1 (ΔrnhA) caused a strong

synthetic growth defect with inversion of rrnBE operons (Fig 4G), confirming a previous

observation that R-loop formation and head-on transcription of rrn operons to replication

result in synergistic effects on viability (Boubakri et al., 2010). However, the absence of

dksA did not result in significant synergistic growth defects with the inversion of rrnBE

operons, with rnhA, rep or uvrD mutants during exponential-phase cell growth in rich

medium (Fig 4G, Table S3), confirming that DksA does not promote viability by regulating

transcription elongation or termination of rRNA.

We found that the strongest genetic interaction occurred between dksA and the major

mechanism for minimizing RNAP backtracking in protein-coding genes: transcription-

translation coupling (Proshkin et al., 2010; Burmann et al., 2010). Deletion of dksA

decreased the plating efficiency of an rpsL mutant strain (rpsL[SmP]) (Fig 5A) in which the

translation rate is decreased (Siller et al., 2010; Ruusala and Kurland, 1984). The loss of

viability was rescued by addition of streptomycin (Fig 5A), which restores the translation

rate of the rpsL mutant to wild-type level and thus prevents RNAP backtracking by

ribosome-assisted forward translocation of ECs (Dutta et al., 2011). Although rpsL[SmP]

also affects translation fidelity, its effect on viability in the absence of dksA was unrelated to

translation fidelity, as viability was not affected by rpsL141 and rpsD12 mutations (Fig 5B)

with hyperaccurate or lower translation fidelity (ribosome ambiguity) phenotypes,

respectively (Zaher and Green, 2010). These results support an indispensable function for

DksA in facilitating transcription elongation during conditions that uncouple ribosome

translocation from transcription, such as amino acid starvation.

Discussion

In this study, we provide genome-scale evidence that DksA guards transcription elongation

against the deleterious effects of charged tRNA depletion or other events that affect

translation. DksA exhibits a similar genomic localization pattern as RNAP, suggesting it

associates at least transiently with RNAP during elongation. DksA inhibits genome-wide

RNAP stalling, whereas ribosome stalling exacerbates RNAP stalling. As a consequence,

ΔdksA cells are hypersensitive to inhibition of ribosome translocation. Based on these

results, we propose a model in which DksA prevents the formation of arrested ECs on

mRNA (Fig 6). In unstarved cells, promoter-proximal regions are most prone to RNAP

stalling and DksA reduces this stalling (Fig 6C-D). Amino acid starvation impairs

translation elongation, which will uncouple translation and transcription, promote

backtracking of RNA and DNA through RNAP, and thus increase RNAP stalling at mRNA

(Fig 6E-G). We propose that stalling of ribosomes on nascent RNAs not only eliminates the

backtrack-inhibiting effect of active ribosomes (Proshkin et al., 2010), but also converts

ribosomes into backtrack-promoting entities that inhibit RNA structure formation in the

segments of nascent RNA involved in backtracking. In this way, translational changes due to

amino acid starvation can be transmitted to influence transcription elongation globally.

DksA appears to prevent backtracking because deletion of dksA exacerbates EC arrests. Our

results thus indicate that DksA facilitates transcription elongation and becomes especially

important when inhibition of translation increases the risk of EC arrest.
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RPP reveals promoter-distal RNAP arrest upon ribosome stalling

Our genomic results establish that DksA interacts with ECs throughout most if not all TUs

during active elongation and generally suppresses transcription stalling. To quantify

genome-wide RNAP progression, we developed a robust algorithm (RPP). RPP integrates

RNAP ChIP signals across an entire gene to calculate its average position within a

population of cells (Fig S1C), and has two advantages over Traveling Ratio (TR), which

only takes ChIP signals at the beginning and mid-gene into calculation: (1) RPP is more

resistant to local noise of ChIP signals; (2) RPP can reveal the effect on polymerase

elongation across the entire gene, whereas TR mostly reflects polymerase progression before

mid-gene.

In unstarved cells, DksA promotes RNAP progression mainly at promoter-proximal regions,

and the effect of DksA is equally evident with both RPP and TR (Fig 2, S1). Interestingly,

RPP showed a great advantage over TR in revealing the effect of amino acid starvation on

transcription elongation (Fig S1E-I), suggesting that RNAP is arrested beyond promoter-

proximal regions and DksA strongly prevents RNAP arrest throughout the gene upon

ribosome uncoupling. Strong RNAP arrest happens only in protein-coding regions (Fig 4),

suggesting that inactive ribosomes, rather than preventing RNAP arrest in vivo, actually

facilitate RNAP arrest. The functional synergy between DksA and the trailing ribosome in

promoting viability (Fig 5) confirms that DksA prevents the deleterious effects of stalled

ribosomes on RNAP in vivo.

Inactive ribosome promotes EC arrests

The significant effect of DksA on transcript elongation when translation is uncoupled is

puzzling given the minimal and variable effects observed in vitro. At first glance, in vitro

transcription in the absence of ribosomes would appear to have a similar potential for

RNA/DNA backtracking as the in vivo situation when translation halts and ECs extrude

nascent RNA not immediately fed into ribosomes. In fact, these situations differ

significantly because the entire nascent RNA is free to fold in vitro (Fig 6A), whereas a

short segment of RNA opens between the ribosome and RNAP when translation is

uncoupled with transcription in vivo (Fig 6F-G). Nascent RNA folding is known to block

backtracking (Zamft et al., 2012; Tadigotla et al., 2006), which may partially explain lack of

significant backtracking in transcription assays in vitro and in stable RNA transcripts in vivo

(Fig 6A). The lack of significant upstream RNA on promoter-proximal ECs is thought to be

one component in promoter-proximal pausing/stalling of ECs (Klopper et al., 2010; Ujvari

et al., 2002), which is partially prevented by DksA in unstarved cells (Fig 6C-D). Consistent

with this idea, DksA inhibits transcription arrest associated with backtracking at promoter-

proximal sites in vitro (Perederina et al, 2004), even though it has variable or no effects on

in vitro arrest/pausing where RNA folding effects come into play (Perederina et al, 2004;

Furman et al., 2012). We propose that uncoupling of translation from transcription during

starvation generates a much greater potential for RNA/DNA backtracking and thus a greater

potential for DksA action than evident in in vitro assays lacking ribosomes. The RNA

segment that opens between the uncoupled ribosome and EC in vivo has a much lower

potential to form stable RNA structures which inhibit backtracking than the unconstrained

RNA transcripts that form in vitro. It will be of significant interest to study the mechanistic
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basis for EC control by DksA using in vitro coupled transcription/translation systems

(Castro-Roa and Zenkin, 2012).

Interactions of DksA with other general mechanisms of transcription regulation

DksA is structurally similar to other transcription elongation factors that act through the

secondary channel of RNAP: GreA, GreB, Rnk and Gfh1 (Perederina et al., 2004). Gre

factors stimulate the transcript cleavage activity of RNAP to reactivate backtracked/arrested

RNAP (Furman et al., 2012). Gre factors can bind to RNAP more strongly in the absence of

DksA (Aberg et al., 2008). DksA and Gre can have opposite roles both in gene regulation

(Vinella et al, 2012) and in conferring resistance to preformed DNA lesions (data not

shown). DksA should stimulate backtracking by inhibiting Gre factor binding if DksA were

inert in its own effect on elongation complexes. However, we see the opposite from our

RNAP ChIP analysis, that loss of DksA promotes RNAP stalling, similar to what was

observed for loss of Gre factors in E. coli (RL, data not shown) and B. subtilis (Kusuya et al,

2011). This is in agreement with our prior observation that DksA and Gre factors

synergistically prevent replication-transcription conflict (Tehranchi et al, 2010). We propose

that DksA may displace Gre factors and lessen the cleavage of backtracked RNA, while at

the same time itself prevents backtracking. Thus the two systems may be complementary or

competitive, depending on the steps in transcription (initiation or elongation) and on

physiological circumstances.

Although our results support a role of DksA in preventing RNAP backtracking in vivo rather

than reactivating backtracked ECs, the molecular mechanism remains unclear. One likely

possibility is that DksA, by occupying the secondary channel of RNAP, sterically prevents

entry of the 3’ end of the transcript into the secondary channel during backtracking

(Perederina et al, 2004). DksA could also inhibit backtracking by its interaction with the

trigger loop, bridge helix, or both; DksA appears to interact with both parts of RNAP during

transcription initiation (Rutherford et al., 2009; Lennon et al., 2012).

Amino acid starvation induces (p)ppGpp. (p)ppGpp not only extensively regulates

transcription initiation at promoters but is also proposed to modulate transcription elongation

rate directly (Kingston et al., 1981; Vogel et al., 1992; Vogel and Jensen, 1994). (p)ppGpp

induction is likely to account for the decreased RNAP progression in wild-type cells upon

SHX treatment, while dksA deletion further decreases RNAP progression (Fig 3I-K). Thus,

during transcript elongation, (p)ppGpp and DksA appear to have opposing effects, in

contrast to their mostly concordant effects on transcription initiation. However, (p)ppGpp

effects on ECs may be complex - (p)ppGpp slows RNAP elongation to maintain

transcription-translation coupling (Vogel et al., 1992) and also destabilizes stalled RNA

polymerase arrays (Trautinger et al., 2005). We have previously shown that DksA protects

replication during amino acid starvation even without (p)ppGpp-induction (Tehranchi et al.,

2010), supporting a model that the function of DksA on elongation does not require

(p)ppGpp accumulation.

Rho is a key factor for removing ECs from intragenic and stable RNA regions. However,

DksA-dependent protection takes place mostly on different genes than Rho-dependent

termination (Fig 4E). Further, there are no significant synergistic or epistatic interactions

Zhang et al. Page 9

Mol Cell. Author manuscript; available in PMC 2015 March 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



between DksA and Rho in promoting viability (Fig 4F, S3). In vitro, DksA does not affect

Rho-dependent termination (Furman et al., 2012). Finally, Rho-dependent termination is

also proposed to prevent generations of excessive R-loops from transcription (Leela et al.,

2013) and we did not observe significant genetic interactions between dksA and rnhA (Fig

4G). The lack of strong interaction between DksA and Rho is expected, as the major

function of Rho is to target untranslated RNAs (Fig 6B) and its accessibility requires ~80

nucleotides of C-rich unstructured nascent RNA segments (rut) (Peters et al., 2012). On the

other hand, DksA mostly affects ECs in promoter-proximal regions (Fig 6C-D) or during

translated mRNA synthesis (Fig 6E-G) where Rho has limited accessibility (Figure 6G).

Implications for replication-transcription conflicts

The combined effect of DksA and the trailing ribosome on transcription elongation likely

underlies their synergistic impact on viability. Loss of viability in the absence of DksA upon

ribosome stalling could be due to altered gene expression caused by changes in transcription

initiation/elongation, due to elevated replication-transcription conflicts, or both. The

intrinsic interference between replication and transcription exists genome-wide and is highly

susceptible to nutritional stresses in the absence of DksA (Tehranchi et al., 2010). Our

results support a model in which DksA directly aids transcription elongation to coordinate

the replication and transcription machineries to prevent generation of DNA lesions by

replication blockage. It remains unclear whether replication forks are blocked physically by

ECs or by altered topological states of the chromosome (Rovinskiy et al., 2012), and

whether replication fork blockage takes place specifically in protein-coding regions or at

other locations such as the rrn operons. The directionality of transcription and replication

may also have different consequences. In E. coli, head-on transcription increases DNA

replication stalling (Boubakri et al., 2010), and co-directional collisions result in double-

strand breaks on a plasmid reporter (Dutta et al., 2011).

Amino-acid depletion is just one of many physiological or environmental changes that can

alter translation, and that may in turn be transmitted to influence transcription genome-wide

via the mechanism of ribosome-stalling-induced backtracking. Thus, we suggest that DksA

may have a role in guarding transcription in other cellular states, which also merit

investigation.

Experimental Procedures

Strains and growth conditions

All E. coli strains used are derivatives of MG1655 or MDS42 (listed in Table S4). Deletion

mutants were constructed by P1 phage transduction from the Keio collection (Baba et al.,

2006). Unless indicated, cells were grown at 37°C with vigorous shaking at 250 rpm.

ChIP-chip

ChIP-chip assays were performed as previously described (Mooney et al., 2009; also see

supplemental information for detailed experimental procedures). Wild type and ΔdksA cells

were grown in MOPS medium with 0.2% glucose, leucine, isoleucine, valine, glycine,

phenylalanine, threonine (40 μg/ml) based on the polyauxotrophy of ΔdksA cells (Brown et
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al., 2002) and uracil (50 μg/ml) to mid-log phase at 37°C with vigorous shaking. Cultures

were split into two flasks and one was treated with SHX (0.5 mg/ml) for 20 min.

Formaldehyde was added to 1% and incubated at 37 °C for 5 min before quenching with ice-

cold glycine (100 mM). Cells were harvested, washed with ice-cold PBS and then lysed.

DNA was sheared by sonication followed by treatment with RNase A. RNAP crosslinked to

DNA was immunoprecipitated using antibodies against RNAP β subunit (NT63 monoclonal

antibodies, Neoclone W0002), σ70 subunit (monoclonal antibodies, Neoclone W0004), or

DksA (rabbit polyclonal antisera, a kind gift from Diana Downs). Enriched ChIP DNA and

input DNA were amplified by ligation-mediated PCR (LM-PCR), labeled and hybridized to

a Nimblegen tiling array. ChIP signals (log2(IP/input)) were associated with genome

coordinates and smoothed by calculating the rolling average within a 300bp window to

eliminate the bias due to different hybridization efficiency of probes.

Correlation of DksA with RNAP and σ70 ChIP signals

To confirm the specificity of DksA ChIP signals, we probed ΔdksA cells with the anti-DksA

antibody and subtracted the DksA ChIP signals of ΔdksA cells (background) from that of

wild-type cells. The subtracted DksA ChIP signals from all probes across the genome were

compared to that of RNAP or σ 70 by calculating the Pearson correlation coefficient using R

programming language (R Core Team, 2012, http://www.R-project.org). Resulting

coefficient values were averaged from 2-3 independent biological replicates.

Calculation of traveling ratio

The traveling ratio was defined as the ratio of ChIP signal in the mid-region of an ORF to

that in the beginning (100bp window size), modified from (Mooney et al., 2009). To avoid

the interference from non-specific signals, we confined this analysis to a set of genes

(N=155) with a σ70 peak at the promoter, and with higher DksA ChIP signals in wild-type

cells than in ΔdksA cells.

Calculation of RPP

An RPP (Relative Polymerase Progression) value was defined to quantify the extent of

RNAP progression into each individual transcription unit (TU). Each RNAP ChIP signal

was associated with a genome position corresponding to the midpoint of the probe (Pi). The

expected position of RNAP for each TU, averaged among a population of cells ( ),

was calculated as the weighted average of Pi within a pre-defined region (Lo).

The weights used in computing this average were RNAP ChIP signals, based on the

hypothesis that ChIP signals are proportional to the probability of RNAP at each probe

location. The following equation was applied:

The average progression of RNAP (L) in each TU was calculated using equation (2), where

PATG indicates the genomic coordinate of the first nucleotide of the start codon:
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Lo was defined as the entire first open reading frame for TUs where RNAP ChIP signal

showed only one peak in the promoter-proximal region. For the rest of TUs where additional

RNAP peaks exist in the first open reading frame, Lo was defined from the first nucleotide

of the start codon to the nucleotide with the lowest ChIP signal between the promoter-

proximal peak and the second peak downstream of the promoter.

Finally, RPP was calculated by:

To select high-quality transcription units (TUs) for RPP analysis, the ChIP signals of RNAP

across the genome were compared between different samples. 432 TUs (Table S1) were

selected based on the criteria that (1) Only protein-coding genes are included; (2) TUs had

significant RNAP ChIP signals compared to the cryptic bglB gene (student’s t-test, p<0.05)

(Defez and De Felice, 1981; Mooney et al., 2009), implicating active transcription; (3)

RNAP ChIP signals within the TU are not interfered by convergent transcription or

dominant ChIP signals from adjacent TUs on the chromosome; (4) TUs are longer than 400

bp, allowing differentiation of transcription elongation from initiation.

To further narrow down the RPP analysis from the 432 TUs to a subset of TUs with no

effect of DksA on transcription initiation, RNAP and σ 70 ChIP signals were normalized by

using the normalize.quantiles function in the R package affy. 278 TUs (Table S2) were

selected based on the additional criterion that the range of σ 70 ChIP signal peaks (obtained

from two independent replicates) for starved wild-type and starved ΔdksA samples overlap.

RPP values of 432 (or 278) selected TUs from two samples were compared by scatter plots

(by plot function in R) and estimated probability density curves (by density function in R). A

paired student’s t-test (by t.test function in R) was used to calculate statistical significance of

the difference between RPP values from different samples. The Kolmogorov–Smirnov (K-S)

test was used to compare RPP distributions from different samples, with D value

representing the maximum difference between the empirical distribution functions of two

samples (by ks.test function in R).

Analysis of genetic interaction

Growth curves of wild-type and mutant cells were obtained in 100 μl LB in 96-well plates at

37°C, using a BioTek Synergy 2 Microplate Reader to record optical density at 600 nm until

cells reached stationary phase. The doubling time (T) was calculated from the mid-

exponential growth phase and the fitness (W) of a strain with gene x deleted was defined as

the ratio of doubling time of the wild type (Twt) to that of the deletion strain (Tx), i.e.

Wx=Twt/Tx (St Onge et al., 2007). Genetic interaction between genes x and y was

determined based on whether the fitness of double mutant (Wxy, i.e. Twt/Txy) is significantly
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different (student t-test) from the fitness predicated for non-interaction gene pairs (Wx *

Wy).

If Wxy = Wx * Wy, the genetic effects of x and y are independent.

If Wxy < Wx * Wy, the genetic effects of x and y are synergistic.

Supplementary Material

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

• Stalled ribosomes promote genome-wide transcription stalling

• DksA prevents transcription arrest upon ribosome stalling

• RPP is a sensitive and robust measurement for polymerase elongation in vivo

• DksA modulates both transcription initiation and elongation in bacteria
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Figure 1. Genome-wide co-localization of DksA with RNAP but not with σ70

(A) Schematics showing a chain reaction involving translation, transcription and replication.

Upon amino acid starvation, which inhibits translation, DksA guards the elongation complex

(EC) from blocking DNA replication and consequent DNA damage. The processes enclosed

by dashed lines are the focus of this work. (B) ChIP-chip profiles of RNAP β subunit (blue)

and DksA (red) from wild-type cells are shown above a plot of genes across the E. coli

genome (green). Two expanded regions are shown for RNAP (blue) and DksA (red) signals

in wild-type cells and DksA ChIP signals in ΔdksA cells (grey). For this and all subsequent

figures, ChIP signals were normalized as log2(IP/input). (C, D, E) Schematic of how ChIP

signals reflect the traffic patterns of DksA (red), σ70 (green) and RNAP (blue) if DksA acts

during initiation alone (C) or also during elongation (D), and experimental results (E). (F)

Pearson correlation coefficient (R) of ChIP signals across the genome between pairs of

indicated proteins. Error bars: standard error of the mean (n=3). For all R values, p<2.2e-16.

For this and (G), DksA ChIP signals were DksA signals in wild-type cells subtracting

signals in ΔdksA cells. (G) Distributions of traveling ratios (TR) of DksA (red), σ70 (green)

and RNAP (blue) among the 155 TUs with significant σ70 and DksA enrichments. Inset: TR

was defined as the ratio of the mid-gene signal (b) to the promoter-proximal signal (a),

averaged over 100bp windows.

Zhang et al. Page 18

Mol Cell. Author manuscript; available in PMC 2015 March 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. DksA aids genome-wide transcription elongation in vivo
(A) An example of intragenic RNAP ChIP signals in wild-type (grey) and ΔdksA (green)

cells. (B) A schematic of calculating Relative Polymerase Progression (RPP). Dashed lines:

the average positions of RNAP across a population of cells, calculated from RNAP ChIP

signals over the Lo region. L: the average RNAP progression. RPP equals L/Lo. A lower

RPP value (red) indicates more RNAP stalling/termination compared to uninterrupted

transcription elongation (grey). (C) Scatter plot comparing the RPP values of 432 selected

TUs in ΔdksA cells from two independent replicates. Pearson correlation coefficient R=0.98.

(D) Scatter plot comparing RPP values of 432 selected TUs in wild-type and ΔdksA cells.

RPP values are averaged from two independent replicates. (E) Histograms of RPP values in

wild-type and ΔdksA cells (N=432). See also Fig S1 and Table S1.
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Figure 3. Effect of amino acid starvation on transcription elongation
(A) RNAP ChIP signals were compared between samples in the presence or absence of

DksA, with or without SHX to deplete charged tRNAser. (B) RNAP ChIP signals on a

representative SOS operon (umuDC) in untreated (grey) and starved (blue) wild-type cells,

untreated (green) and starved (red) ΔdksA cells. (C-K) RNAP ChIP signals were compared

between indicated samples. Examples were shown for acnB (C, F, I) and lptD (D, G, J)

genes. Red arrows: intragenic RNAP peaks in starved ΔdksA cells. Scatter plots comparing

RPPs of 432 TUs between indicated samples were shown in (E, H, K). RPP values were

averaged from two independent replicates. (L) Distributions of RPP values in untreated

(grey) and starved (blue) wild-type cells, and untreated (green) and starved (red) ΔdksA

cells. (M) Venn diagram showing the effective spectrum of ΔdksA and starvation on

transcription elongation. White: 432 total TUs; grey: 356 TUs with lower RPPs in ΔdksA

than in wild-type cells; orange: 331 TUs with lower RPPs in starved than untreated wild-

type cells. See also Fig S2 and Table S2.
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Figure 4. DksA does not affect transcription elongation of untranslated genes
(A-D) Scatter plots comparing RPPs of 55 TUs that encode for non-coding RNAs (including

rRNAs (N=7), tRNA (t=14) and other non-coding RNAs (N=34)) between indicated

samples. RPP values were averaged from two independent replicates. p-value = 0.498 (A),

0.101 (B), 0.312 (C) and 0.818 (D), paired student’s t-test. (E) TUs in which DksA affects

transcription elongation were not enriched with Rho-dependent terminators. (F) Sensitivity

of ΔdksA cells and nusG mutants to Rho inhibitor bicyclomycin (BCM). MDS42-based cells

were grown in LB liquid medium to mid-exponential phase; 5 μl of serially diluted culture

was spotted on LB agar with 25 μg/ml BCM and incubated at 37°C for 2 days. See also Fig

S3. (G) Doubling times of indicated strains grown in LB broth at 37°C for genetic

interaction analysis. Error bars: standard error of the mean (n=3-4). See also Table S3.
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Figure 5. DksA prevents loss of viability due to slow ribosome translocation
(A) Plating efficiencies of rpsL[SmP] and rpsL[SmP] ΔdksA cells grown in the presence or

absence of 50 μg/ml streptomycin. Error bar: standard deviation (n=4). (B) Plating

efficiencies of ΔdksA cells carrying three different ribosomal mutations that alter translation

accuracy. The rpsD12 mutant has increased translation errors and the rpsL[SmP] and

rpsL141 mutations result in improved translational fidelity. Error bar: standard deviation

(n=3).
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Figure 6. Model of opposing effects of DksA and stalled ribosome on transcription elongation
(A, B) In the absence of translation in vivo or in vitro, RNA secondary structure prevents

backtracking sterically (A). In vivo, Rho can be recruited to stalled ECs through the naked

RNA and dislodge ECs (B). (C, D) During early transcription elongation at promoter-

proximal regions, before significant upstream RNA structure forms to prevent backtracking,

DksA modestly facilitates RNAP progression. (E) During in vivo mRNA transcription, the

trailing ribosome prevents RNA/DNA backtracking on the ECs, by sequestering the mRNA,

possibly aided by association of the ribosome and RNAP via NusG (inset; Burmann et al.,

2010). (F-G) Upon amino acid starvation, translation is inhibited, allowing transcription

stalling because uncoupling of transcription and translation frees unstructured segments of

RNA that can backtrack through RNAP (the arrow indicates movement of RNAP relative to

DNA; in vivo DNA must backtrack through a stationary RNAP that is constrained against

rotation by the tethered ribosome). In this situation, DksA becomes crucial to maintain

transcription elongation (F). In the absence of DksA, RNAP backtracks as it is no longer

protected by the trailing ribosome or by RNA secondary structure, and unable to be released

by Rho-dependent termination (G).
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