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ABSTRACT

Gene expression regulation by the stringent re-
sponse effector, ppGpp, is facilitated by DksA pro-
tein; however DksA and ppGpp can play independent
roles in transcription. In Escherichia coli, the pArgX
promoter which initiates the transcription of four
tRNA genes was shown to be inhibited by ppGpp. Our
studies on the role of DksA in pArgX regulation re-
vealed that it can stimulate transcription by increas-
ing the binding of RNA polymerase to the promoter
and the productive transcription complex formation.
However, when DksA is present together with ppGpp
a severe down-regulation of promoter activity is ob-
served. Our results indicate that DksA facilitates the
effects of ppGpp to drive formation of inactive dead-
end complexes formed by RNA polymerase at the
ArgX promoter. In vivo, ppGpp-mediated regulation
of pArgX transcription is dependent on DksA activity.
The potential mechanisms of opposing pArgX regu-
lation by ppGpp and DksA are discussed. pArgX is
the first reported example of the promoter stimulated
by DksA and inhibited by ppGpp in vitro when an
overall inhibition occurs in the presence of both reg-
ulators. A dual role is thus proposed for DksA in the
regulation of the pArgX promoter activity.

INTRODUCTION

The stringent response is a global regulatory systems in bac-
teria (1 and refs. therein). Over the years, the study of this
control network has yielded numerous data revealing its im-
pact on many bacterial cellular processes. The effectors of
the stringent response are the unusual nucleotide, guanosine
tetra/pentaphosphate, together referred to as (p)ppGpp,
which accumulates rapidly to levels approaching that of
ATP upon the onset of various stress conditions, includ-
ing nutrient deprivation and other environmental stresses.

In Escherichia coli two genes are responsible for the syn-
thesis of (p)ppGpp: reld and spoT (1,2). (p)ppGpp was re-
ported to associate with RNA polymerase (RNAP), affect-
ing its activity during transcription (2) and in consequence
altering the transcription profile of the entire cell (3,4). In
spite of years of intense research, recent reports prove that
detailed operation of the stringent response and its mecha-
nisms still remain to be explored (2). The understanding of
(p)ppGpp function in the cell was expanded by the discov-
ery of the role of DksA protein in the stringent response.
DksA, originally identified as a suppressor of dnaKJ defi-
ciency (5) is a 17-kDa RNAP-associated protein (6). Dis-
covery of the role of DksA was a breakthrough in the under-
standing of the mechanism of the stringent response and nu-
merous examples described the synergistic role of DksA in
ppGpp-mediated transcription regulation (7-10). Contrary
to ppGpp, DksA is present at a constant level in the cell
during all growth phases (7,11), thus its role has been sug-
gested to sensitize the transcription capacity of RNAP to
various ppGpp levels (7,8) by stabilizing the RNAP-ppGpp
interaction (6). DksA binds RNAP through the secondary
channel imposing structural changes of the enzyme that in-
fluence transcription initiation (6,12—14). The main step af-
fected by these alterations is a formation and stability of
the promoter-RNAP open complexes and specific effects
on a given promoter activity depends on the intrinsic fea-
tures of transcription initiation intermediates at that pro-
moter (10). For rRNA promoters with particularly unsta-
ble open complexes, further destabilization leads to the re-
lease of the RNAP from the promoter and inhibition of pro-
moter activity. However, in the case of amino acid biosyn-
thetic promoters stimulated by the stringent response, the
destabilization of the stable open complexes facilitate the
isomerization step at the formation of open complex and
subsequently, effective RNA synthesis.

In a view of the fact that DksA enhances negative and
positive effects of ppGpp on promoters’ activities, it was
proposed that DksA plays a role as a cofactor of the strin-
gent response (6-8,15). Nevertheless, recent reports indi-
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cated that DksA and ppGpp can have independent or op-
posing effects (16-20) or their effects may very specifically
depend on the individual promoters, holoenzymes involved
or stress conditions (21). One of the examples is the bac-
teriophage lambda pR promoter, which was shown to be
inhibited by ppGpp and stimulated by DksA (18,22).

The role of ppGpp is to adjust the translational capacity
of the cell to reduced levels under unfavorable conditions
(e.g. starvation) in order to preserve cellular resources. This
is manifested in the inhibition of production of the protein-
synthesis system that is translation components: rRNA, r-
protein and tRNA (1,2). The promoter initiating the ex-
pression of one of the seven TRNA operons in E. coli, rrnB
P1, has been extensively studied and is currently one of
the best characterized bacterial promoters (23-25). Pro-
moters initiating the synthesis of tRNA (another class of
stringently controlled RNA) are far less studied in com-
parison to rrnB Pl; however the mechanism underlying
their inhibition during the stringent response was proposed
to be similar (26,27). pArgX promoter initiates the tran-
scription of the argX operon containing 4 tRNA genes:
argX, hisR, leuT, proM. The activity of this promoter was
shown to be inhibited in vivo by the stringent response (28).
The upstream sequences were demonstrated to play impor-
tant roles in pArgX transcription (29). pArgX served as a
model for studying the ppGpp interaction with RNAP (30).
Further studies revealed that ppGpp leads to the forma-
tion of the transcriptionally inactive, dead-end complexes
at pArgX leading to promoter inhibition (31). Thus, in this
work we aimed to elucidate the role of DksA in pArgX
transcription. Surprisingly, we found that pArgX transcrip-
tion regulation shares many of the features with lambda pR
rather than with rruB P1 in terms of ppGpp and DksA re-
sponsiveness. On the other hand, pArgX is unique in the
sense that presently it is the only known promoter to be dif-
ferentially regulated by DksA depending on the presence or
absence of ppGpp.

It should be noted that there is some confusion in the
databases caused by the presence of argT gene coding for
the lysine/arginine/ornithine transporter subunit. Thus, as
suggested in the EcoCyc database, the tRNA operon pro-
moter should be named pArgX (according to the first gene
of the operon). The previous published data kept to the old
nomenclature, using pArgT (31), however, to avoid further
confusion, in this work we refer to this promoter as pArgX,
indicating that it is a promoter initiating the transcription
from arg X gene, not argT. We keep this nomenclature even
when referring to the work of others, where pArgT name
was still in use.

MATERIALS AND METHODS
Bacterial strains and plasmids

The derivatives of Escherichia coli MG1655AlacZ strain
(30): ppGpp-null (relA spoT) (from M. Cashel), dksA
(RK201) (5) and reld spoT dksA (18) were employed in
this work. Bacterial cultures were grown in Luria broth
(LB) (32) supplemented when needed with ampicillin (100
wg/ml), kanamycin (50 wg/ml). For the supercoiled in vitro
transcription template, pTE103 plasmid (33) was used as
a vector and the construction was done as follows: the
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pArgX promoter sequence (400 bp, from —265 to +135) rel-
ative to the transcription start site was amplified by poly-
merase chain reaction (PCR) employing primers argXl
(5 GTTCCGCTCAATCCTGTTCCCGGGGGCCAATT
ACG) and argX2 (5 GCCACCACTACAAAGCTTGTTA
CGC) which introduced Smal and HindIII restriction sites
at the end of the products. This DNA fragment was then in-
serted to the corresponding restriction sites of pTE103. The
pTE103 contains T7 terminator region and the transcrip-
tion from pArgX from the pTE103-derived construct leads
to the 419 nt transcript. All cloning was done according to
standard techniques. The fidelity of PCR-derived DNA and
constructs was subsequently verified by DNA sequencing.

Nucleotides and proteins

Nucleotides were purchased from Roche Applied Science,
deoxyribonucleotides from Fermentas Bioscience and (a-
32P)CTP and (y-*P)ATP from Hartmann Analytic. Na-
tive RNA polymerase from E. coli was purified as described
(34) with modifications as in (35). The purification of N-
terminal His-tagged DksA was performed according to

(17).

RNA extraction, reverse transcription and qPCR analysis

E. coli strains were cultivated at 30°C. Samples were taken
at two time points at ODgy = 0.2 and 1.0. Total RNA
was extracted using High Pure RNA Isolation Kit (Roche),
according to the manufacturer’s protocol (which includes
DNase I treatment of the samples). The total RNA con-
centration and purity of samples was assessed using Nan-
odrop spectrophotometer. Next, reverse transcription was
performed using RevertAid H minus Reverse Transcriptase
(Thermo Scientific) and specific primers indicated in Table
1, according to manufacturer’s protocol. Next, quantifica-
tion of transcripts in samples was performed by real time
RT-qPCR analysis using SYBR Green based method as de-
scribed previously (36) and it was carry out in LightCy-
cler®) 480 instrument (Roche). Briefly, the qPCR reaction
(10 pl) contained: 1x SYBR Green I Master Mix (Applied
Biosystems), oligonucleotides (final concentration 20 pmol,
see Table 1) and 2 pl of cDNA template obtained in a pre-
vious step. The qPCR assay was performed with the follow-
ing amplification program: activation of the enzyme at 95°C
for 10 min, followed by 45 cycles of 95°C for 10 s, 60°C for
10 s and 72°C for 10 s. Melting curve analysis of the PCR
products was performed to ensure specificity of the prod-
ucts. Normalization was done by the amount of total RNA
in each RT reaction (100 ng), as well as by the level of ex-
pression of a reference gene rrsB. Relative mRNA level in
each sample was normalized to wild-type strain sample at
ODgpp = 0.2.

In vitro transcription reaction

Supercoiled templates for in vitro reactions were obtained
by purification of pTE103-derived plasmid (pArg-pTE)
from the wild type E. coli strain using ultracentrifuga-
tion through CsCl-ethidium bromide density gradients (32).
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Table 1. Oligonucleotides used for gRT-PCR

Gene name Product size (bp) Forward Reverse
argX 112 TAAGCGCCCGTAGCTCAG ACTACCACCGCAGCTCAAG
rrsB 130 TGTCGTCAGCTCGTGTTGTG  ATCCCCACCTTCCTCCAGTT

Prior to use, DNA templates were further purified using P-
30 desalting columns (BioRad) equilibrated with RNase-
free water.

In vitro transcription reactions were performed essen-
tially as described previously (18). The conditions of
the transcription reaction were established previously for
lambda pR promoter as optimal for assessing the subtle
changes in transcription efficiency in the presence of regu-
lators. pArgX as the promoter exhibits similar features and
strength, was studied in the same conditions and concen-
trations of compounds. Single-round reactions were per-
formed in a total volume of 17 pl, in transcription buffer
containing 50 mM Tris-HCI pH §, 10 mM MgCl2, 150 mM
KCl, 10 mM B-mercaptoethanol, 10 pg/ml bovine serum
albumin, with the final concentration of nucleotides: CTP
and GTP of 150 uM, ATP I mM, UTPup to 15 uM and («a-
32P)UTP up to 10 wCi with heparin (100 pg/ml) for single-
round transcription. Template DNA (5 nM) with RNAP
(15 nM), KCI (150 mM) and the indicated amounts of the
ppGpp and/or DksA protein were incubated for 10 min
at 37°C. The reactions were started by the addition of nu-
cleotides (see above) with heparin (100 wg/ml), the samples
were incubated at 37°C for 10 min. Reactions were termi-
nated by the addition of 3 ul of the stop buffer (150 mM
ethylenediaminetetraacetic acid (EDTA), 1.05 M NacCl, 7
M urea, 10% glycerol, 0.0375% xylene cyanol, 0.0375%
bromophenol blue). The samples were separated by elec-
trophoresis in 8% polyacrylamide gel containing 7M urea in
TBE buffer at 30 mA. The gel was dried and 419 nucleotides
long pArgX-initiated transcript was visualized and quan-
tified using the PhosphorIlmager system (BioRad) and the
ImageQuant program.

For the analysis of the productive complex formation
(Figure 5), the transcription reactions were performed in
transcription buffer (see above) supplemented with DNA
template (5 nM) with KCI (150 mM) and ppGpp (200 pM)
and/or DksA (400 nM) at 20°C for 10 min. The reactions
were started by addition of RNAP (15 nM) and mix of nu-
cleotides (see above) with heparin (100 pg/ml). At indicated
time-points, samples (17 pl) were withdrawn and after ad-
dition of the stop buffer (3 pl) analyzed as described above.

Open complex stability assay

The experiments for assessment of open complex stability
were performed as described in (18). Brieflyy, RNAP (15
nM), DNA template (5 nM), KCI (150 mM), ppGpp (200
wM) and DksA (400 nM) were incubated for 10 min at 37°C
in transcription buffer (as described above). After heparin
(100 wg/ml) addition, 15 pl aliquots were removed to a
tube containing 2 .l of nucleotides (see above), at indicated
times. Reactions were performed for 10 min at 37°C. The
reaction was stopped by addition of 3 pl of the stop buffer
and analyzed as above.

Electromobility shift assays (EMSA)

The 5-*?P-labeled oligonucleotide argTIFP (5CAAT
CCTGTTCCCGGGGGCCAATTACG) and non-labeled
argT2FP (5 GCCACCACTACAAAGCTTGTTACGCO)
were employed for obtaining of DNA fragment of 420 bp
length. Assays were carried out as in (18). Briefly, 15 ng
of DNA was incubated in B-buffer (25 mM HEPES, pH
7.5,0.1 mM EDTA, 5 mM DTT and 10% glycerol) supple-
mented with 0.1 mg/ml poly(dIdC), 80 mM KCI, 200 p.M
ppGpp and/or 400 nM DksA with indicated RNAP con-
centrations (Figure 3) for 20 min in 37°C. The samples were
separated on 3.5% Tris—glycine (pH 8.5) polyacrylamide gel
at 120 V in 4°C. The DNA bands were visualized and quan-
tified using PhosphorImager system (BioRad).

DNase I footprinting assay

P32-end-labeled DNA fragments containing pArgX region
were obtained by PCR using 5'-labeled (P*?) primers: 5'-
CCGACAGGATTCGAACCTGAGAC and non-labeled
5-CTCAGGAGAGCAGCGCTCTATCCAG followed by
subsequent purification of the 135 nt DNA fragment. La-
beled DNA template was incubated at 37°C for 10 min in
transcription buffer supplemented with 25 mM KCI, 150
nM RNAP and/or 400 nM DksA and 600 puM ppGpp,
then NTPs (final concentration of each NTP of 1 mM) was
added and reaction was carried out at 37°C for 5 min. The
final reaction volume was 20 pl. Reaction mixtures were
treated with DNase I (Promega Corp.) at 4°C for 15 min,
terminated by addition of EDTA (25 mM final), dried and
resuspended in 6 wl of loading buffer (95% formamide, 10
mM NaOH, 0.05% bromophenol blue and 0.05% xylene
cyanol). The samples were resolved in 7 M urea, 10% poly-
acrylamide sequencing gels, run in parallel with sequencing
reactions obtained by using unlabeled DNA fragment as a
template with P32-end labeled primer.

RESULTS

pArgX-initiated transcription is activated by DksA protein
and inhibited in the presence of DksA and ppGpp

The transcription from pArgX promoter was reported to
be decreased by ppGpp, as well as by an RNA polymerase
mutant mimicking the presence of ppGpp (31). These stud-
ies, however, did not assess the potential role of DksA on
pArgX transcription.

In the recent years, numerous studies have shown DksA,
as well as ppGpp, effects on transcription during the strin-
gent response and in further studies, that these regulators
can perform independent roles. Among others, the discov-
ery of independent and antagonistic roles of DksA and
ppGpp in pR-initiated transcription brought new insight
into the understanding of the functions of DksA beyond
an auxiliary factor for the stringent response (18). Thus,
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Figure 1. The effects of ppGpp and DksA on the in vitro transcription initiated from pArgX promoter. (A) Transcription was assessed in the presence of
increasing concentrations of ppGpp (squares), DksA (triangles), DksA with addition of 200 wM ppGpp (closed circles) or ppGpp with addition of 400 nM
DksA (open circles). RNAP was incubated with the template DNA with regulators, where applicable. When two regulators were present, the one present in
the constant concentration was added first, then immediately, the indicated amounts of another regulator were added. Then, a single round transcription
reaction (10 min at 37°C) was initiated by addition of nucleotides mix with heparin. Transcription in the absence of ppGpp and DksA was set as 1. Data
are from three independent experiments with SD below 10%. Autoradiogram shows an example experiment performed as described above. (B) The pArgX
promoter region indicating the position of UAS, —35 and —10 sequences as well as a transcription start site (29 and our observations).

we asked the question about the possible effect of DksA
in pArgX-initiated transcription. We observed that in the
in vitro transcription experiment the presence of increas-
ing amounts of DksA activated pArgX transcription with
a maximal effect of about 2.5-fold stimulation at 600 nM
protein, while ppGpp alone resulted in about 30% inhibi-
tion of pArgX activity (Figure 1). This observation was
in accordance with the results obtained previously for the
pR promoter (18). In our experimental set-up, KCl was
present at the concentration of 150 mM throughout the re-
action. These in vitro transcription conditions correspond
to the experiments performed for pR (18). Fifty percent
inhibition of pR transcription was observed only when
ppGpp was incubated with RNAP in low salt conditions
and at room temperature prior to addition of 150 mM KCl
and other components and temperature increase to 37°C
(18,22). We tested the ppGpp effect on pArgX transcrip-
tion in this experimental set-up and found that promoter
activity was inhibited by 50%, similarly to pR (data not
shown). This observation suggested that pArgX behaves
similarly to the lambda pR, in terms of ppGpp and DksA
responsiveness. However, the presence of both regulators
had a different effect: contrary to pR transcription, DksA
and ppGpp present together inhibited dramatically pArgX-
initiated transcription (Figure 1). Similar inhibition was ob-
served when DksA was titrated in the presence of 200 pM

ppGpp or when increasing ppGpp concentration was added
to the reactions containing 400 nM DksA. It should be
noted though that in the presence of DksA the start-point
of the transcription level is 2-fold higher than transcription
with no addition due to stimulatory effect of DksA. The ad-
dition of ppGpp even in the lowest concentration (200 wM)
transcription was decreased below that observed in the ab-
sence of any regulators. Further increase in the DksA con-
centration up to 1 wM resulted in yet stronger inhibition
of promoter activity. The same effect was observed for the
increasing concentrations of ppGpp in the presence of 400
nM DksA. In both experiments severe inhibition (down to
10% of promoter activity with no addition) was observed at
the highest amounts of regulators: 1 mM ppGpp (with 400
nM DksA) and 1 wM DksA (with 200 uM ppGpp) (Figure
1). These results indicate that DksA is capable of activating
pArgX-initiated transcription when present alone, while it
acts synergistically with ppGpp resulting in significant tran-
scription inhibition.

The complex regulation of pArgX in vivo (29) may sug-
gest that the regions located upstream of the transcription
start site play important role in the regulation of promoter
activity, due to, for example, binding of transcription fac-
tors, which can affect ppGpp/DksA mediated regulation.
Thus, we performed experiments with the construct con-
taining —40 to +5 ArgX promoter region cloned into the
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Figure 2. Relative pArgX transcription in vivo assessed by qRT-PCR. The
qRT-PCR reaction was performed using the RNA isolated from the sam-
ples from bacterial cultures (wild type, open squares, ppGpp®, closed
squares, dksA, triangles, dksA ppGpp, circles as indicated). The results
are from 3-6 independent experiments with SD indicated.

same pTE103 vector. The transcription with this minimal
promoter region was under very similar regulation of DksA
and ppGpp, with mildly increased ppGpp inhibitory effect
(data not shown). This indicates that the pArgX promoter
regulation by ppGpp and DksA is not dependent on the se-
quences upstream of the promoter region.

DksA is required for ppGpp-mediated pArgX inhibition in
vivo

The intriguing results of the in vitro transcription in the
presence of ppGpp and DksA led us to investigate pArgX
promoter activity in vivo in the genetic context of bacteria
lacking either or both these regulators. To address this ques-
tion, we analyzed level of pArgX-initiation in vivo, employ-
ing qRT-PCR in the early exponential and the switch to sta-
tionary growth phase. As expected, in the wild-type strain
transcription decreased upon the entrance into stationary
phase reflecting the increased ppGpp level at this stage of
bacterial growth, when in the absence of ppGpp level of
transcription was mildly elevated, suggesting that DksA can
induce the pArgX transcription. The lack of DksA resulted
in slight decrease of pArgX transcription while in the ab-
sence of both regulators pArgX activity was not affected by
the growth phase (Figure 2). These data indicate that in vivo
DksA is necessary for ppGpp-mediated down-regulation of
pArgX promoter activity.

DksA facilitates RNAP binding to DNA

It was demonstrated previously that DksA can directly fa-
cilitate RNAP binding to a promoter (17,18,37). Based on
our previous finding that the mechanism of the DksA-
mediated transcription activation of pR promoter was
based on this effect, we analyzed the RNAP binding
to pArgX promoter region by electromobility shift as-
say (EMSA). DksA stimulated RNAP association with
DNA containing pArgX promoter region as assessed by the
amount of the bound (shifted) DNA (Figure 3). ppGpp did
not cause any significant decrease in the RNAP binding,
however, interestingly, in the presence of ppGpp and DksA
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Figure 3. RNAP binding to the DNA fragment containing pArgX pro-
moter. (A) Electromobility shift assay (EMSA) of 3?P-labeled DNA frag-
ment and indicated amounts of RNAP. (B) The quantifications of the per-
centage of RNAP-DNA complexes (shifted DNA) formed with no ad-
dition (DksA storage buffer, open squares), ppGpp at 200 uM (closed
squares), DksA at 400 nM (triangles) or DksA at 400 nM with addition
of 200 uM ppGpp (circles). The data are from 4 independent experiments
with SD below 10%. The example experiment autoradiogram is shown.

the amount of bound DNA was increased comparing to the
EMSA with no addition. It may suggest that the process
of the RNAP binding to pArgX promoter could be stim-
ulated by DksA irrespective of ppGpp, yet the productive
transcription is inhibited by ppGpp (as shown in Figure 1).

DksA and ppGpp do not significantly destabilize open com-
plex at pArgX promoter

Promoters initiating transcription of stable RNA typically
form open complexes of relatively short half-life (38). One
of the proposed mechanisms of ppGpp/DksA concerted ac-
tion at stable RNA promoters during the stringent response
is destabilization of open complexes hindering the isomer-
ization into productive transcription complexes and lead-
ing to the release of RNAP (6,7). In order to dissect the
molecular mechanism of the ppGpp and DksA effect on the
pArgX promoter, we first assessed the effect of these regula-
tors on the stability of competitor-resistant open complexes
in the in vitro transcription reaction conditions as employed
for Figure 1. RNAP-promoter complexes were formed on
DNA templates in the presence of RNAP pre-treated with
DksA and/or ppGpp where indicated. This was followed by
the addition of heparin (to prevent re-association of RNAP
with DNA), and determination of the relative fraction of
active complexes remaining at subsequent times by quan-
tifying the levels of argX- specific transcript. In the com-
petitor control heparin was added prior to the addition of
RNAP and as a result no transcripts were observed (data
not shown). The decay rate of the open complexes formed
at pArgX was relatively slow —after 3 h of heparin challenge
the level of active complexes decreased only slightly (Fig-
ure 4). It is consistent with previous data (29), which sug-
gested that after binding of RNAP to the promoter region,
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after heparin addition was set as 1. The autoradiogram presents an exam-
ple of the time course experiment performed for pArgX as above.

the distal UAS is looping around polymerase and stabilize
the open complex. The presence of DksA and/or ppGpp
resulted in a moderate decrease of the open complex sta-
bility (25% after 3 h); however, we did not observe sig-
nificant differences between the effects of these regulators.
The complexes formed on linear DNA template were char-
acterized by overall shorter half-lives (3-4 times faster de-
cay), however, the ppGpp/DksA effects were quantitatively
similar to those observed for supercoiled DNA (data not
shown). In the same experimental conditions, complexes
formed at rrnB P1 decayed within minutes in the presence of
ppGpp and DksA (data not shown and our previous obser-
vations during studying of the pR promoter, 18). Our results
confirms that for any given promoter, ppGpp and DksA
can destabilize open complexes. However, for the promoters
forming stable open complexes, such as pArgX, this effect is
unlikely to have a major role in the transcription regulation,
what was also suggested for lambda pR promoter (18).

DksA and ppGpp affect productive complex formation in
pArgX transcription initiation

In light of the results obtained from in vitro and in vivo
studies, we performed further studies aimed at defining the
DksA /ppGpp effect on pArgX transcription initiation. The
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indicated times and reaction terminated by addition of the stop buffer. (A)
Quantification of obtained transcripts. Data were normalized to the level
of transcription at 30 min assessed to be 1 for each experimental set-up.
The results are from three independent experiments. SD was below 10%.
(B) Example of the autoradiogram obtained in the experimental condi-
tions as above.

regulation of transcription from the stable promoters, such
as tRNA promoters may involve various steps serving as
rate-limiting ones. Thus, we assessed formation of the pro-
ductive open complexes in the presence of ppGpp/DksA
in the single-round transcription. In this assay the reaction
was started by simultaneous addition of RNAP and NTPs
to promoter DNA in the presence of DksA and ppGpp. We
observed that the presence of DksA not only stimulated the
transcription similarly as observed in original in vitro reac-
tion (Figures 1 and 5), but also decreased the time neces-
sary for the appearance of the first full-length transcripts
(Figure 5A). ppGpp alone decreased the amount of tran-
scripts as compared to the reaction with no addition, while
the presence of both regulators resulted in significant inhi-
bition of pArgX transcription (Figure 5B). The delay in the
appearance of the first pArgX-specific transcript increased
to 15 min in the presence of ppGpp alone and to 20 min
when DksA and ppGpp were present together (Figure 5A).
It should be noted that in this type of experiment the delay
in the formation of full-length transcripts includes the time
necessary for RNAP binding to the promoter, formation of
closed and subsequently open complexes and finally, RNA
polymerization competent complex formation followed by
the promoter clearance. The regulators affecting promoter
clearance usually lead to the release of the short abortive
RNA fragments which influence the overall promoter pro-
ductivity. Thus, we tested this possibility for pArgX in the
in vitro transcription reaction when the level of full-length
and abortive transcripts was evaluated in the 20% polyacry-
lamide gel electrophoresis. We observed that the presence
of ppGpp/DksA did not alter the amount of short tran-
scripts produced (data not shown). Therefore, the delay in
full-length transcript appearance noted in the presence of
DksA/ppGpp, is not likely due to the impaired promoter
clearance.
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The decreased efficiency of productive complex forma-
tion and full length transcript synthesis could be a result of
the formation of inactive dead-end complexes which leads
to a significant decrease of transcription (31). Thus, we per-
formed DNase I footprinting experiments where the bind-
ing of RNAP to the pArgX promoter region was studied
under RNA polymerization conditions, in the presence of
initiating nucleotides (Figure 6). We observed very effective
protection of promoter region by RNAP, with or without
the first nucleotide, C. In the same conditions, the addition
of DksA caused very similar effects, even with the addition
of ppGpp. Whereas, in the presence of ppGpp alone, the
footprint was substantially weaker. These data confirmed
the results from EMSA experiments (Figure 3), where DksA
enhance the RNAP binding to the pArgX promoter re-
gion. The discrepancies in the strength of RNAP binding
to pArgX in the presence of DksA between footprint and
EMSA could be a result of different reaction conditions.
In the presence of two initiating nucleotides (CG) the foot-
print was more prominent and was affected to some extent
by ppGpp alone, however, the significant effect of the pro-
tection by RNAP was observed when both regulators were
present. The presence of two initiating nucleotides plausibly
leads to the stabilization of the RNA interaction, resulting
in the formation of more stable complex. The addition of
three nucleotides (CGA) to the reaction resulted in the shift
in the protected region, as RNAP forms a transcription-
competent complex. At this stage, the effect of DksA and
ppGpp was most pronounced in reducing the protection by
RNAP. These data suggest that ppGpp in the presence of
DksA strongly affects the formation of binary open pro-
moter complexes at pArgX promoter and the footprint re-
sembles this observed for the closed promoter complex.

DISCUSSION

The discovery of the role of DksA in the stringent response
seemed to resolve the discrepancies in vivo and in vitro re-
sults obtained previously for model promoters. DksA was
originally found to facilitate ppGpp action at specific pro-
moters, at some promoters this results in inhibition of, at
others stimulation of transcription. In addition, DksA has
been reported to play an independent or even antagonistic
role to ppGpp (16-18). The exact interplay between the var-
ious modes of transcription control by these regulators still
need to be elucidated. A number of model promoters have
been employed to dissect these mechanisms, mainly stable
RNA (rRNA and tRNA) promoters, known to be inhib-
ited during the stringent response, which allows the cell to
adjust cellular metabolism to match environmental condi-
tions (1,2). The pArgX promoter was already reported to
be down-regulated during the stringent response (29) and
was employed as a model for studying the effects of ppGpp
and RNAP mutants (30,31). In the present work we in-
vestigated the role of DksA in pArgX transcription reg-
ulation. In the light of the previous data, pArgX was ex-
pected to behave similarly to other stable RNA promoters
in response to DksA and ppGpp. Surprisingly, our results
show that DksA can directly activate pArgX promoter in in
vitro transcription. However, in the presence of ppGpp the
promoter was significantly down-regulated by DksA. Also,

the in vivo control of pArgX transcription by ppGpp re-
quires DksA. This observation led us to examine various
steps of transcription initiation to dissect the mechanism
of this complex regulation. DksA enhanced the binding of
RNAP to the pArgX promoter region (Figure 3), similarly
to pR (18) and pfimB (17). The RNA polymerase associ-
ation was not significantly affected by ppGpp, in the con-
trary to the remarkable decrease in the promoter activity
when relatively low levels of ppGpp were present in addi-
tion to DksA (Figure 1). This may indicate that although
facilitating RNAP promoter binding is a common feature
of DksA in the case of pR and pArgX promoters, the over-
all role of ppGpp and DksA does overlap only partially. In-
terestingly, the analysis of open complex stability at pArgX
revealed very little effect of DksA and/or ppGpp (Figure
4). However, the open complexes at pArgX are extremely
stable, thus this step of transcription initiation is unlikely to
play a regulatory role, contrary to rRNA promoters (char-
acterized by very unstable complexes). The effect of DksA
extends beyond RNAP association with DNA, since DksA
stimulates productive complex formation for pArgX. Inter-
estingly, this effect of DksA can be abolished by ppGpp. The
negative transcription regulators acting at the level of pro-
moter escape can exert their function either by the elevated
level in the abortive transcription or by formation of stalled
dead-end complexes, incapable of promoting transcription
(39). For pArgX, the increased abortive transcription as re-
sponsible for ppGpp/DksA-mediated inhibition of pArgX
was excluded, thus the proposed mechanism would be a for-
mation of dead-end, transcriptionally inactive complexes of
RNAP at promoter region in the presence of ppGpp, as al-
ready been observed (31) and facilitated by DksA. This hy-
pothesis is supported by the significant delay in the forma-
tion of full length transcripts and lower transcription level
observed when both regulators were present (Figure 5) as
well as by defect in the promoter footprinting in the pres-
ence of ppGpp and DksA (Figure 6). The significantly af-
fected RNAP protection pattern was observed in the RNA
polymerization conditions, that is when two or three first
nucleotides of the transcript were present. The atypical foot-
print observed in these conditions resembles the pattern oc-
curring for the closed complexes. This is in agreement with
the previously reported observation about the ppGpp effect
on pArgX transcription (31). Also, as was reported by Hsu
et al. (29), RNA polymerase at the pArgX promoter did not
recycle normally under high NTP concentration.

Studies on the pArgX promoter transcription driven by
mutant RNAP, which could mimic the effect of ppGpp, led
to the model where the inhibition of the promoter func-
tion by ppGpp was due to accumulation of unproductive
dead-end RNAP-DNA complexes (31). DksA-promoted
allosteric modification in RNAP was proposed to affect the
transition between transcription initiation intermediates at
rrnB P1 promoter (13). For pArgX, DksA considerably fa-
cilitate the binding of RNAP to the promoter region, how-
ever, when ppGpp is present, the net effect is inhibitory (Fig-
ures 2 and 5), plausibly by the isomerization of the com-
plexes into unproductive closed ones. The mechanism un-
derlying DksA-mediated stimulation of pArgX transcrip-
tion could involve different steps in transcription initiation
than inhibition exerted by ppGpp together with DksA. The
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Figure 6. Footprinting analysis of RNAP protection at pArgX promoter in the presence of ppGpp and/or DksA. Reactions contained double stranded
template with the 5'-end (P3?)-labeled, 150 nM RNAP, 600 mM ppGpp, 400 nM DksA, ATP, CTP and GTP at | mM where indicated. The bar represents
the region of pArgX promoter protected by RNAP, the positions of —10 and —35 region, as well as +1 is indicated. The arrows indicated length of RNA

synthesized at various experimental conditions.

apparent facilitation of the ppGpp effect by DksA could be
a result of a higher number of RNAP molecules bound to
the DNA due to DksA effect on this step. However, DksA
could increase sensitization of RNAP to ppGpp to enhance
its effect on formation of unproductive complexes (7,8).
pArgX shares some features with pR, rather than with
the rrnB P1 promoter, in terms of the stability of the open
complexes and DksA activation by enhancing the RNAP
binding to DNA. However, there are important differences
originating from different context of these promoters and
their physiological roles. Namely, pArgX is down-regulated
by the concerted action of ppGpp and DksA, while DksA
can activate pR in the presence of ppGpp. DksA deficiency
in vivo leads to moderate decrease in the pArgX transcrip-
tion, and notably to impairment of ppGpp-mediated down-
regulation of the promoter activity while the net transcrip-
tion was not affected, while the lack of both ppGpp and
DksA resulted in low level of transcription from pR. Our
results indicate that promoters with similar kinetics prop-
erties, like lambda pR and E. coli pArgX could be differ-
entially affected by stringent response factors ppGpp and
DksA. In light of the different physiological requirements
of pR and pArgX control, the differential effects of ppGpp
and DksA on the promoter activity might be of advan-
tage. The role of pR is to start the efficient transcription
of lambda genes leading to lytic development, thus dur-
ing host stress, signaled by accumulation of ppGpp, the vi-
ral prophage may implement an exit strategy cumulating in
lytic development. pArgX promoter initiates transcription
of four genes encoding for tRNAs (29), thus the appropriate
host response to elevated ppGpp level associated with nu-

trient starvation is inhibition of pArgX activity (reported
already in 28).

It should be noted that in vivo there are more players in
the regulation of RNAP activity. For example, the transcrip-
tion factors, GreA and GreB, which share structure similar-
ities with DksA, can associate with the RNA polymerase
secondary channel (40). Their effect as well as their cellular
concentration is a subject of the complex regulation and the
net effect of the transcription at a given promoter could be a
result of the balance or cooperation of various factors (20),
including DNA supercoiling, Fis and H-NS (41,42). The
in vitro results lead to the conclusion that DksA stimulates
pArgX transcription in the absence of ppGpp. The physio-
logical role of this stimulation could be hypothesized as a
part of the complex interplay between factors associating
with RNAP that could compete for the same binding site.
Moreover, during rapid growth, ppGpp level is very low, es-
timated to be in the range of few wM, (43,44), the transcrip-
tion from pArgX could be stimulated by DksA, promoting
the synthesis of tRNAs needed during intense cell growth.
In concert with this observation, in the absence of ppGpp,
DksA slightly increases promoter activity (Figure 2), by in-
creasing the binding of RNAP to the promoter region, as
shown in EMSA experiments (Figure 3). When bacteria en-
ter stationary phase, or when nutrient deficiency conditions
occur, ppGpp level increases dramatically affecting pArgX-
initiated transcription. Nevertheless, the ppGpp-mediated
in vivo effect requires DksA (Figure 2). The observed effect
of down-regulation of pArgX activity upon amino acid star-
vation (28) corresponds to the situation in vitro when both
factors are present. DksA level in the cell is constant (7,11)
while ppGpp concentration varies with growth phases and
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conditions. Thus, DksA /ppGpp concerted action inhibits
pArgX promoter in unfavorable growth conditions, how-
ever, in rapidly growing cells, when ppGpp level is extremely
low and high pArgX activity is required, the promoter takes
advantage of DksA-mediated stimulation.

Thus, our studies on pArgX transcription regulation
show new aspects of opposite roles of ppGpp and DksA
which includes DksA-mediated transcription activation in
the absence of ppGpp and facilitating ppGpp-mediated in-
hibition at high ppGpp levels. Such an intriguing dual func-
tion of DksA can shed new light on the function of this pro-
tein in bacteria and give us new insight into the dissection
of the molecular mechanisms of the function of DksA and
ppGpp. To the best of our knowledge, pArgX transcription
regulation is the first example for condition-dependent op-
posing function of DksA. Whether this could be a general
mechanism for DksA effects on other promoters (e.g. tRNA
promoters), remains yet to be elucidated.
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