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Positive allosteric feedback regulation of the stringent
response enzyme RelA by its product
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During the stringent response, Escherichia coli enzyme RelA
produces the ppGpp alarmone, which in turn regulates trans-
cription, translation and replication. We show that ppGpp
dramatically increases the turnover rate of its own ribosome-
dependent synthesis by RelA, resulting in direct positive
regulation of an enzyme by its product. Positive allosteric
regulation therefore constitutes a new mechanism of enzyme
activation. By integrating the output of individual RelA molecules
and ppGpp degradation pathways, this regulatory circuit
contributes to a fast and coordinated transition to stringency.
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INTRODUCTION

Cells adapt to environmental changes predominantly by changing
proteome composition through transcription and translation [1,2].
Post-translational control systems, such as allosteric regulation of
enzyme activity, are considerably faster than expression-level
control and therefore are often used to regulate transcriptional
networks [3]. In bacteria, the stringent response system is a
regulatory hub that integrates several sensory inputs, such as
amino acid, carbon source and iron limitation through modulation
of the intracellular concentration of the alarmone nucleotide
ppGpp [4]. Various enzymes are modulated by ppGpp, with RNA
polymerase being a key target [4]. In Escherichia coli, the stringent
response enzyme RelA senses amino-acid starvation by directly
monitoring the aminoacylation status of the ribosomal A-site
tRNA, which when in a deacylated state strongly induces

IBiomedical Technology, Institute of Technology, University of Tartu, Nooruse 1,
Tartu 51017, Estonia

*Department of Anatomy and Structural Biology, Albert Einstein College of Medicine,
1300 Morris Park Avenue, New York, USA

3Department of Cell and Molecular Biology, Uppsala University, Science for Life
Laboratory, BMC, Box 596, SE-751 24, Uppsala, Sweden

*Corresponding author. Tel: +372 737 48 45; Fax: + 372 737 49 00;

E-mail: vasili.hauryliuk@ut.ee

Received 26 March 2012; revised 23 June 2012; accepted 2 July 2012; published
online 20 July 2012

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

RelA-mediated production of ppGpp from GDP and ATP and
pppGpp from GTP and ATP [5]. Rapid conversion of pppGpp to
ppGpp by guanosine pentaphosphate phosphohydrolase (gpp)
results in the latter acting as the primary regulatory nucleotide
in E. coli [6].

Close examination of time courses of ppGpp production by
RelA in in vitro systems reveals deviations from linearity in early
time points, displaying a more or less pronounced lag effect [5,7].
This prompted us to suggest that its product, ppGpp, directly
modulates the activity of RelA.

RESULTS

We prove this hypothesis by in vitro stringent response experi-
ments: in the presence of 70S ribosomes, addition of ppCpp to
final concentration of 100 uM results in pronounced activation of
the enzymatic activity of RelA (Fig 1A). The same effect is
observed when ppGpp is added during the reaction time course
(Fig 1A, solid circles, ppGpp added at the 15-min time point),
demonstrating that activation is not reliant on RelA:70S pre-
incubation at 37 °C. In situ-formed ppGpp also activates RelA, as
is evident from the kink in the time course of ppGpp production
(Fig 1B, black solid circles). This auto-activating effect is more
pronounced at higher RelA concentrations, where ppGpp is
produced more rapidly (Fig 1B, solid circles versus hollow circles).
As in situ production masks the effects of added ppGpp, all the
following experiments were performed at a low RelA concentra-
tion (30 nM), which is in the range of in vivo estimates [8], and the
range of time points was chosen to avoid ppGpp buildup during
the course of the experiment. To determine the ppGpp
concentration necessary to activate RelA, we titrated the
reaction mixture with ppGpp, monitoring the effects on
ppGpp production (Fig 1C). A concentration of 50 uM is enough
to fully activate RelA, which is well within the range of cellular
ppGpp concentrations [9].

By using the classical model for studying RelA enzymology
in vitro, the poly(U)-programmed translational system [5,10,11],
we addressed the question of whether ppGpp-mediated activation
is complimentary or mutually exclusive with the effects of
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Fig 1| ppGpp activates the 70S-dependent synthetic activity of RelA.
(A) Time course of 70S-dependent ppGpp synthesis in the absence
of 100 uM ppGpp added (hollow black circles) and in the presence of
ppGpp added at 0 (hollow red circles) or at 15 min (solid circles, black
and red). Reaction mixture contains 30 nM RelA, 0.5 uM 70S ribosomes,
300 uM 3H-GDP and 0.5mM ATP. (B) Time course of 70S-dependent
ppGpp synthesis by RelA in the absence (black circles) and presence (red
circles) of 100 uM ppGpp using 30 nM (hollow circles) and 100 nM (solid
circles) RelA. (C) 70S-dependent RelA synthetic activity as a function of
ppGpp concentration. (D) Effects of 70S ribosomes (0.5 pM), poly(U)
(0.06 pg/ul) and deacylated tRNAP (1 uM) on ppGpp production in the
presence (solid red bars) and absence (hollow bars) of 100 uM ppGpp.

In C and D, error bars represent standard deviations of the turnover
estimates by linear regression. Each experiment was performed at least
three times. wt, wild-type.

previously known RelA activators, that is, A-site-bound deacylated
tRNAPhe and mRNA. We see a strong enhancement of RelA
activity by ppGpp when the reaction is performed in the presence
of poly(U)-programmed 70S ribosomes in complex with
deacylated tRNAP® (Fig 1D). While ppGpp does slightly elevate
ppGpp production by RelA alone, this effect is amplified by 70S
ribosomes and deacylated tRNAPPe, demonstrating that ppGpp is
required for the full activation of RelA even in the presence of
other activators.

As E. coli RelA is an exceedingly challenging protein for in vitro
work—it exhibits high propensity for aggregation, it loses activity
during storage and it nonspecifically absorbs to charged surfaces
such as glass [8] —we have taken extra precautions and performed
exhaustive control experiments. First, we show that activation is
specific for ppGpp and is not inhibited by excess amounts of CTP,
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UTP and GMP (Fig 2A). Second, reduction of the free magnesium
ion concentration through potential Mg?>* chelation by the
phosphate groups of ppGpp does not stimulate RelA activity.
The magnesium ion is known to be an important cofactor for RSH
proteins, having different effects on E. coli RelA [12] and
bifunctional RSH Rel from Mycobacterium tuberculosis [13]. In
agreement with Cochran and Byrne [12], less Mg?* decreases
RelA activity, and thus cannot be accountable for the strong
activating effect we observe (Fig 2B). Third, we confirm that our
RelA preparations have no detectable hydrolytic activity (Fig 2C),
consistent with an inactive hydrolytic domain described pre-
viously [14]. This rules out a mass action effect, in which extra
ppGpp saturates the hydrolytic activity and shifts the system
towards production of ppGpp. Fourth, as RelA is susceptible to
nonspecific aggregation [8] we tested the effects of addition of
bovine serum albumin solution on RelA-mediated ppGpp
production in our system (Fig 2D, top) and whether the
concentration of the soluble RelA is different in the presence
and absence of ppGpp (Fig 2D, bottom); we observed no
significant effects. Finally, we kept the preincubation time at
37°C (before initiating the reaction by addition of ATP) to a
constant 5min in all experiments, even though variation in this
time did not affect the results (Fig 2E), as opposed to the protein
Rel from Mycobacterium tuberculosis where it did affect
results [15]. RelA activity is lost after just a few thawing cycles
(Fig 2F), and the instability of RelA preparations is a well-known
phenomenon [8]. Therefore, all experiments are conducted with
fresh (up to 3 weeks at —80°C, aliquoted and never passed
through thaw/freeze cycles) preparations, and we regularly tested
activity and response to ppGpp of our RelA preparations. All
estimates of turnover rates in the same panels of all our figures are
directly comparable as they depict experiments that were always
performed in parallel.

After establishing the specificity of the ppGpp-mediated RelA
activation, we investigated the nature of this effect: does ppGpp
merely increase susceptibility of RelA to other activators, that
is, does it decrease its Michaelis constant K, to 70S ribosomes, or
does it regulate the intrinsic catalytic efficiency of RelA by
increasing its catalytic rate constant k.o? To address this question,
we measured RelA turnover rate as a function of 70S ribosomes
concentration, both in the presence and absence of externally
added 100 puM ppGpp (Fig 3A). The two titration curves never
converge at high 70S concentrations and maximum ppGpp
production rates plateau at much higher turnover values in the
presence of ppGpp (Fig 3A). At the same time, plateaus are
achieved at similar 70S ribosomes concentrations; that is, the
addition of ppGpp does not markedly affect RelA sensitivity to 70S
ribosomes, which is consistent with similar affinities of RelA to the
70S ribosomes in the presence and absence of ppGpp
(supplementary Fig S1 online). Taken together, these observations
show that RelA indeed becomes a much more efficient enzyme in
the presence of ppGpp.

We investigated which components of the ribosome are
essential in ppGpp-mediated activation of RelA. It is well
documented that RelA is dependent on the ribosomal protein
L11 [11,16]. Both naked 70S ribosomes lacking L11 (AL11 70S
ribosomes) and ribosomes lacking L11 programmed with
poly(U) mRNA and deacylated tRNAP® induce very weak and
tRNAPreinsensitive RelA activation as compared with RelA:ppGpp
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Fig 2| Activation of RelA enzymatic activity by ppGpp is specific. »

(A) Effects of CTP, UTP and GMP on RelA ppGpp synthetic activity

in the presence (solid red bars) and absence (hollow bars) of 100 uM
ppGpp. The reaction mixture contains 30 nM RelA, 0.5uM 70S, 100 M
ppGpp> 300 M 3H-GDP, 0.5mM ATP and 500 pM competing
nucleotides. (B) RelA ppGpp synthetic activity in the presence of ppGpp
as function of Mg?* concentration. ppGpp production was followed in
the presence of 1 uM 70S, 1 mM ATP, 300 uM GDP, 100 uM ppGpp and
100 nM RelA. (C) ppGpp degradation in the presence (solid circles)

and absence (hollow cycles) of RelA. The concentration of RelA (1 uM)
was 30 times higher than in the other experiments, and ppGpp
concentration was 400 uM. (D) Top: ppGpp synthesis in the presence
(red circles) and absence (black circles) of added ppGpp in the

presence (solid circles) and absence (hollow circles) of 0.5 mg/ml bovine
serum albumin (BSA). The reaction mixture contains 30 nM RelA, 0.5 uM
70S, 100 uM ppGpp, 300 uM 3H-GDP and 0.5 mM ATP. Bottom: anti-6His
western blot analysis of the RelA concentration in solution. Increasing
amounts of the 0.1-pM RelA solution (5, 10, 25, 50 and 100 pmol) was
spotted onto a nitrocellulose membrane in the presence and absence of
100 pM ppGpp. (E) Effects of RelA preincubation in the reaction mixture
(RelA, GDP, ppGpp, 70S) at 37 °C for 0 min (black trace), 3 min (blue
trace) or 7 min (red trace) before addition of ATP on the ppGpp
synthesis kinetics. The reaction mixture contains 30 nM RelA, 0.5 pM
70S, 100 uM ppGpp, 300 uM 3H-GDP and 0.5mM ATP. (F) Effect of
thawing/freezing cycles on RelA activity in the presence (solid red
circles) and absence (hollow black circles) of ppGpp. Experiments were
performed with 30 nM RelA, 100 uM ppGpp and 0.5uM 70S. In A and B,
error bars represent standard deviations of the turnover estimates by
linear regression. Each experiment was performed at least three times.

alone (Fig 3B, compare grey bars versus hollow bar). This
underscores the role of L11 as an essential element of the system,
which cannot be substituted by positive feedback activation of
ppGCpp alone in the absence of L11. It has been shown that the
N-terminal region of L11 alone activates RelA [17], suggesting that
the minimal system comprising of just L11 and RelA can
reproduce at least some of the characteristics of the RelA-
mediated stringent response. Indeed, the ppGpp activation effect
can be faithfully reconstructed in a simplified system consisting of
L11 and RelA (Fig 3C). Titration by L11 shows the difference in
plateau levels in RelA turnover in the presence or absence
of ppGpp, similarly to the 70S ribosome titrations (compare
Fig 3A,D). However, the concentrations of L11 and 70S ribosomes
necessary to achieve the maximum catalytic efficiency differ by
almost two orders of magnitude. Taken together with the weak
and almost tRNAP.insensitive activation effect of the AL11
ribosomes, this suggests that the body of the ribosome acts mainly
as a scaffold for positioning RelA for efficient activation by L11
and tRNA, as well as by ppGpp.

DISCUSSION

Enzyme regulation by its product is commonly mediated through
negative feedback auto-inhibition, with examples of enzyme
activation by its product being exceedingly rare [18,19]. There is,
however, a critical difference between RelA activation by ppGpp
and the two enzymes described in references [18,19]. Both of the
enzymes are activated by NAD* by means of oxidation, not
through allosteric regulation. RelA’s product, ppGpp, is highly
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unlikely to act by means of oxidation and is known to be an
allosteric regulator of enzymes other than RelA [20,21], suggesting
allosteric nature of the ppGpp-mediated activation of RelA.

A positive feedback loop acting on the enzymatic level is
inherently faster than positive feedback on the transcriptional
level, as de novo production of mRNA and proteins is not
required. This mechanism enables rapid amplification of a small
input response and fast synchronization between the entire
cellular population of RelA enzymes. This synchronizing mechan-
ism explains why in our recent single-molecule in vivo tracking
experiments we did not detect simultaneously both fast (that
is, enzymatically active, freely diffusing) and slow-moving
(that is, enzymatically inactive, ribosome-bound) RelA popula-
tions at the same time in the same cell [22]. If enough ppGpp is
produced to trigger the positive feedback response, the cell
commits to stringency, rapidly traversing intermediate ppGpp
levels, and thus ensuring a fast coordinated response on the
cellular level leading to the binary nature of starved/non-starved
states [23]. This positive feedback regulatory system, similar to
all bistable switches, requires a threshold filter so that small
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Fig 3| ppGpp-mediated activation of RelA is not masked by effects of 70S
ribosomes, deacylated tRNAPP® and poly(U) mRNA, and is strictly
L11-dependent. (A) RelA synthetic activity as a function of the 70S
ribosomes concentration in the presence (solid red cycles) and absence
(hollow black circles) of 100 uM ppGpp. (B) Effects of L11 on RelA
synthetic activity in the presence of ppGpp, 70S ribosomes and 70S
ribosomes programmed with poly(U) and tRNAPP¢, Experiments
performed in the presence of 0.5 uM wild-type (wt) 70S (red fill), 0.5 uM
AL11 ribosomes (grey fill), and in absence of 70S ribosomes (hollow
bars). (C) Time course of ppGpp synthesis in the absence (black stroke)
and in the presence of 100 pM ppGpp (red stroke), and in the absence
(hollow circles) and presence (solid circles) of 100 uM L11.

(D) RelA synthetic activity as a function of L11 concentration in the
presence (solid red cycles) and absence (hollow black circles) of 100 pM
ppGpp. In A,B and D, error bars represent standard deviations of the
turnover estimates by linear regression. Each experiment was performed
at least three times.

fluctuations in the signal do not induce an all-out response.
ppGpp degradation by the RelA homologue SpoT establishes
this filter, and not surprisingly, the deletion of the SpoT gene
is lethal [24].

Once stringency is established and ppGpp reaches the
concentration at which it efficiently binds to the RNA polymerase,
the cell’s transcription programme is switched onto the stringency
escape route. ppGpp is not a master regulator of RelA activity.
Instead, the nature of the ribosomal complex (that is, presence of
the A-site deacylated tRNA) is the ultimate regulator (Fig 1D).
Production of amino acids and the consequent increase in tRNA
charging levels results in resumption of translation, which inhibits
RelA-mediated ppGpp production [5], providing a slow negative
feedback loop [25]. This combination of a fast positive feedback
loop controlled by a slow negative loop provides a very sensitive
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toggle system: such coupled feedback circuits rapidly turn on
response to the stimulus, robustly maintain its status, and turn off
the reaction when the stimulus disappears [26].

It is highly likely that direct positive feedback loops similar to
that described here are involved in other fast cellular responses,
but are not yet discovered. Indeed, identification of such a system
requires rather counterintuitive experimentation: the product
concentration should be kept low to avoid masking the effects
of auto-activation (Fig 1B). Bacteria use numerous regulatory
enzymes generating low-molecular-weight secondary messengers,
which are controlling stress responses, virulence, biofilm forma-
tion and much more [27]. To our knowledge, RelA represents the
first example of such an enzyme regulated through direct positive
feedback control by its product. Thus, the present discovery adds
yet another mechanism to the systems biology toolbox of control
mechanisms with profound consequences for the stringent
response and growth control by the signal-molecule ppGpp in
growing bacterial cells.

METHODS

In vitro system for RelA-mediated ppGpp production. Wild-type
and AL11 E. coli 70S ribosomes (strain courtesy of
Dr Scott Blanchard [28]) were prepared according to Antoun
et al [29]. Absence of L11 in AL11 70S was validated by mass
spectrometry, and functionality was restored on addition of the
L11 protein (supplementary Fig S2 online), confirming specificity
of the AL11 effect. C-terminally 6His-tagged RelA was over-
expressed and purified according to Knutsson Jenvert and
Holmberg Schiavon [10], aliquoted, shock-frozen with liquid
nitrogen and stored at — 80 °C in buffer containing 20 mM HEPES-
KOH, pH 7.5, 600 mM KClI, 5 mM MgCl, and 2 mM dithiothreitol.
Deacylated tRNAP"® was purchased from Chemical Block. ppGpp
was prepared using the Relseq enzyme from Streptococcus
equisimilis as described in Mechold et al. [30]. The Poly(U)
model mRNA was purchased from Amersham Biosciences.

Thin layer chromatography (TLC) analysis of ppGpp synthesis.
TLC analysis of ppGpp synthesis by RelA was performed
according to Mechold et al [30] using 3H-labelled GDP
(GE Healthcare). Progress of the reaction was quantified as
3H-GDP to 3H-ppGpp conversion, [3H-ppGppl/([3H-ppGpp] +
[3H-GDPY), ranging from 0 (no 3H-ppGpp is produced) to 1.0 (all
the 3H-GDP is converted to 3H-ppGpp). Experiments were
performed in Polymix buffer [29,31] using low-bind eppendorf
tubes (Eppendorf). In the experiments using the poly(U) system, the
Mg?* concentration was increased to 15mM to promote complex
formation. If not stated otherwise, experiments were performed
with 30nM RelA, 0.5uM 70S, 0.3mM 3H-labelled GDP (GE
Healthcare), 0.5mM ATP, 100puM ppGpp, 100puM L11, 1pM
tRNAPhe and 0.06 pug/ul (~1pM) poly(U), and reaction mixture
was preincubated at 37 °C for 5 min before the reaction was started
by addition of ATP. All experiments were performed from three to
five times with at least two different RelA preparations.
Separation of 70S:RelA from unbound RelA by analytical gel-
filtration. The S-300 gel-filtration method [11] was adapted to
study the effects of ppGpp on RelA binding to 70S ribosomes.
Binding experiments were performed in a total volume of 100 pl,
containing 0.5 M ribosomes, 50 nM RelA, TmM ATP, 300 uM
GDP and 100 uM ppGpp in Polymix buffer [31]. The reaction
mixture was preincubated for 5min at 37 °C before loading on
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pre-equilibrated Illustra MicroSpin S-300 sephacryl columns (GE
Healthcare). The first 100 ul fraction containing ribosomes was
eluted by step-wise centrifugation, and 70S-associated RelA was
detected by western blot analysis using the Dot Blot Convertible
Filtration Manifold System (Life Technologies; for details see
supplementary Methods online).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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