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ABSTRACT

Both ppGpp and pppGpp are thought to function
collectively as second messengers for many
complex cellular responses to nutritional stress
throughout biology. There are few indications
that their regulatory effects might be different;
however, this question has been largely unex-
plored for lack of an ability to experimentally ma-
nipulate the relative abundance of ppGpp and
pppGpp- Here, we achieve preferential accumula-
tion of either ppGpp or pppGpp with Escherichia
coli strains through induction of different
Streptococcal (p)ppGpp synthetase fragments. In
addition, expression of E. coli GppA, a pppGpp
5’-gamma phosphate hydrolase that converts
pppGpp to ppGpp, is manipulated to fine tune dif-
ferential accumulation of ppGpp and pppGpp.
In vivo and in vitro experiments show that
pppGpp is less potent than ppGpp with respect
to regulation of growth rate, RNA/DNA ratios,
ribosomal RNA P1 promoter transcription inhib-
ition, threonine operon promoter activation and
RpoS induction. To provide further insights into
regulation by (p)ppGpp, we have also determined
crystal structures of E. coli RNA polymerase-¢'°
holoenzyme with ppGpp and pppGpp. We find
that both nucleotides bind to a site at the inter-
face between ' and o subunits.

INTRODUCTION

During stress, bacteria accumulate two unusual nucleo-
tides: ppGpp and pppGpp, collectively abbreviated
as (p)ppGpp (1). They are synthesized from adenosine
triphosphate (ATP) and either guanosine diphosphate
(GDP) to make ppGpp or guanosine triphosphate
(GTP) to make pppGpp. Their synthesis in Escherichia
coli 1s facilitated by two proteins, RelA and SpoT. RelA
is activated during amino acid starvation, whereas SpoT
synthesizes (p)ppGpp during starvation for sources of
carbon, nitrogen, phosphorus, iron or lipids as well as
when stressed by heat or oxidation (2). SpoT is also re-
sponsible for degradation of ppGpp and pppGpp to GDP
and GTP, respectively. There is yet a third enzyme import-
ant in this metabolic cycle—the GppA phosphatase, which
converts pppGpp into ppGpp.

Certain mutations or starvation conditions drastically
affect the ratios of accumulated ppGpp and pppGpp.
For example, when amino acid is starved, some strains
accumulate only ppGpp, whereas wild-type strains accu-
mulate both ppGpp and pppGpp (3). This mutant pheno-
type was originally called ‘spotless’ and mapped on the
E. coli chromosome by Laffler and Gallant (4) to a locus
thereafter called ‘spoT. Starvation of wild-type spoT +
strains for a carbon source results in accumulation
of only ppGpp, a spoTI phenocopy (5,6). Early studies
repeatedly confirmed that the rate of stable RNA synthe-
sis was inversely correlated with levels of (p)ppGpp
whether studying wild-type or spo7 mutants and
whether starvation was for amino acids or for glucose

*To whom correspondence should be addressed. Tel: +1 301 496 0619; Fax: +1 301 496 0243; Email: cashelm@mail.nih.gov
Correspondence may also be addressed to Katsuhiko S. Murakami. Tel: +1 814 865 2758; Fax: +1 814 863 7204; Email: kuml4@psu.edu

Present addresses:

Undine Mechold, Unité de Biochimie des Interactions Macromoléculaires, Département de Biologie Structurale et Chimie, CNRS UMR 3528,

Institut Pasteur, 75724 Paris Cedex 15, France.

Katarzyna Potrykus, Department of Molecular Biology, University of Gdansk, 80-308 Gdansk, Poland.
Helen Murphy, Office of Applied Research and Safety Assessment, FDA, Laurel, MD 20708, USA.

Published by Oxford University Press 2013. This work is written by US Government employees and is in the public domain in the US.



6176 Nucleic Acids Research, 2013, Vol. 41, No. 12

(5,7). Experimental conditions were not found that gave
exclusive accumulation of pppGpp as was the case for
ppGpp. Nevertheless, the prevailing view emerged that
ppGpp and pppGpp were equally potent nucleotide regu-
lators (2.7).

Despite these correlations, a several decade-long con-
troversy followed as to whether the (p)ppGpp nucleotides
together were the only factors responsible for RNA
control during both the stringent response and growth
rate control in E. coli [see (2,8-10)]. This controversy
may now be close to resolution (2,11,12). However, it
remains unclear whether ppGpp and pppGpp show
equal or preferential regulatory potency for stringent or
growth rate control, for positive and negative regulation
at the level of expression of other genes, or for putative
metabolic regulation that operates through direct enzyme
binding (13).

There are only a few reports that attempted to measure
differential regulatory effects of ppGpp and pppGpp
in vitro. This is in part due to the current lack of commer-
cially available pppGpp. Assays of Bacillus subtilis DNA
primase suggest that pppGpp is a more potent inhibitor of
this enzyme than ppGpp (14). Regulation of DNA
primase may be different in E. coli, where there are
two studies available. Indeed, at equimolar ratios of
analog:GTP, both found ppGpp to be a more potent
inhibitor of primase activity than pppGpp (15,16).

Here, an approach is made to estimate the relative regu-
latory activities of ppGpp versus pppGpp in E. coli in vitro
and in vivo by devising a method to manipulate expression
of two ectopic (p)ppGpp synthetases, as well as GppA, to
obtain preferential accumulation of one or the other regu-
lator. We also report in parallel a biochemical approach
that uses the same enzymes to synthesize pure biochemical
amounts of these nucleotides; this simplifies their
availability as compared with earlier methods (17).
Comparing regulatory potency of ppGpp and pppGpp
can be argued to have immediate interest because it can
provide clues to details of regulatory mechanisms that are
still elusive. In the long term, these studies appear to
provide a ‘proof of principle’ of the value of similar
approaches to uncover differential regulatory effects of
nucleotide regulators in the (p)ppGpp family of structur-
ally related effectors.

Because ratios of ppGpp and pppGpp change with star-
vation conditions (see earlier in the text), it is necessary to
make this assessment with unstarved growing bacterial
cells and to induce ppGpp or pppGpp with minimal
stress. Any stress that does accompany induction must
be equivalent for each nucleotide induced. The regulatory
parameters influenced by (p)ppGpp we have chosen to
study in vivo and in vitro are inhibition of growth rate,
effects on RNA/DNA ratio variation with growth rate,
inhibition of ribosomal RNA transcription initiation,
stimulation of threonine operon promoter transcription
initiation and stabilizing effects on RpoS protein
turnover. The results are taken to support a somewhat
surprising conclusion that ppGpp is a more potent regu-
lator than pppGpp for all five regulatory phenomena
examined. This approach provides tools to ask whether
other regulatory features of ppGpp and pppGpp will

behave similarly and a way in the future to assess
specific regulatory capabilities of other members of the
(p)ppGpp-like family of related nucleotides. These
efforts are helped by the discovery presented here of a
(p)ppGpp binding site on the interface of the p’ and ®
subunits of E. coli RNA polymerase ¢’ holoenzyme.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Strains (Table 1) used for preferential induction of ppGpp
or pppGpp are derivatives of E. coli strain MG1655
deleted for relA, and subsequent chromosomal rearrange-
ments were made by Plvir transduction. Rec4 mutant de-
rivatives were constructed as hosts to enhance the genetic
stability of plasmids expressing growth-toxic products.
Liquid cultures were grown at 32°C in MOPS 0.4%
glycerol media enriched with 20 amino acids (40 pg/ml)
and nucleosides (Ar, Gr, Ur, Cr, Tdr; 20 pg/ml), which
contained 2mM phosphate [see (19)]. In less-extensive
studies, equivalent growth effects could also be obtained
when the nucleoside mixture was absent. Arabinose sensi-
tivity of various strains was checked on agar plates con-
taining M9 minimal medium, 0.4% glycerol and 0.4%
Casaminoacids with or without 0.1% arabinose. In
liquid cultures, arabinose was added at indicated concen-
trations to induce ppGpp or pppGpp. When overnight
cultures were used, 0.04% glucose was included in
addition to glycerol to catabolite repress low levels of
enzyme induction before arabinose addition to minimize
accumulation of fast growing suppressor mutants.
Antibiotics: ampicillin 100 pg/ml; erythromycin 200 ug/
ml, kanamycin 30 pg/ml and tetracycline 20 pg/ml.

Manipulation of GppA abundance

The expression of the GppA protein has been altered by
either deletion or by modest overexpression in growing
cells. The AgppA::kan allele in CF3376 has been described
(18). Plasmid pUM?76, used for low level constitutive ex-
pression of GppA, was constructed as follows. An EcoRI-
Sphl gppA fragment from pHMS504 was ligated into a low
copy, ColEl-compatible vector pVA8912. The promoter
responsible for low level transcription in pVA8912 has
not been identified. Purification of the GppA protein
lacking an affinity tag was achieved after induction in a
BL21(ADE3) transformant with pHM504. This plasmid is
a T7 promoter expression vector derivative of pSP72
(Promega) with an optimized ribosomal binding site
(23). The primers for inserting the gppA orf were (5GC
ATGCCATGGGTTCCACCTCGTCGCTGTATGCAG
C-3) and (§GCGAAGCTTTGCTAACTAGTCATTAA
TGCACTTCCAGCGGCCAGTGGAC-3).

Manipulation of preferential ppGpp and pppGpp
accumulation

Accumulation in vivo of mostly ppGpp was mediated with
the RelSeq79-385 N-terminal fragment expressed from
pUMY9 under control of the pg,p, whereas pppGpp was
the predominant nucleotide when RelSeql-385 was



Table 1. Strains and plasmids
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Genotype/plasmid/construct Reference
E. coli
CF1648 MG1655 wild-type Stock collection
CF1652 wt Arel Stock collection
CF3967 wt Arel AgppA (18)
CF5766 BL21(ADE3)/pHM504 (pT7 GppA) Ap this work
CF7955 BL21(ADE3)/pHM1381 (pUM99) (pT7 RelSeq1-385H) Ap (19)
CF9993 Wild-type but Arel rpoS::lac protein fusion (20)
CF10112 Wild-type but AreldgppA rpoS::lac protein fusion (20)
CF16755 CF1652/pBADI18 Ap (19)
CF16756 CF3967/pBADI8 Ap This work
CF16757 CF1652/pUM9 Ap (19)
CF16758 CF1652/pUM76 Ery This work
CF16760 CF3967/pUM66 Ap This work
CF16761 CF1652/pUMY96 Ap This work
CF16762 CF1652/pUM9 pUM76 Ap Ery This work
CF16835 CF1652/pUM96 pUM76 Ap Ery This work
CF16836 CF3967/pUM95 Ap This work
CF16837 CF1652/pBADI18 pUM76 Ap Ery This work
CF16838 CF9993/pUM9 pUM76 Ap Ery This work
CF16839 CF10112/pUM66 Ap This work
Plasmid sources

CF6945 CF1648/pVA8912 (pSC101 pUM76 vector) (21)
CF16781% pUM76 (pGppA) this work
CF16770* pBAD-18 (vector parent of RelSeq proteins) (22)
CF16771* pUM9 (pRelSeq79-385H) H™S™ (19)
CF16772* pUMG66 (pRelSeql-385H) H*S™ (19)
CF16773% pUM95 (pUMG66 ::H77A,D78A,Y308S) H™S™ this work
CF16774* pUM96 (pUM9::H332R) H™S™ this work

6177

#In CF2200 recA56 host.

Table 2. Effects of inducing mutant (p)ppGpp synthetases on growth rates

Accumulation WT/mutant constructs

Doubling time

specificity
—ara + ara (A p)

1 ppGpp (WT) RelSeq79-385 (pUMY) 79 min 188 min (2.4x)
1GppA (pUM76)

-ppGpp (mutant) RelSeq79-385(H322R) (pUM96) 75 min 86min (1.2x)
1GppA (pUMT76)

1 pppGpp (WT) RelSeq1-385 (pUM66) 67 min 105min (2x)
1GppA AgppA

-ppGpp (mutant) RelSeq1-385(H77A D78A Y308S) 65 min 75min (1.2x)

1GppA AgppA (pUMIS)

expressed from pUMO66 (19). The pUM95 plasmid, whose
catalytically active isogenic parent is pUMG66, has
three mutations constructed as follows: the Sacl/Xhol
containing fragment from pUM?29 (RelSeql1-385 Y308S
synthetase mutant) was combined with the similarly
digested pUM4 (RelSeq1-385 H77A, D78A hydrolase
mutant). The pUM95 product is an arabinose-inducible
catalytically inactive triple mutant control plasmid. The
pUMOI6 plasmid is a H322R synthetase mutant whose
parent is already hydrolase deficient, pUM9 RelSeq79-
385 (see Tables 1 and 2).

(p)ppGpp measurements

Cellular (p)ppGpp accumulation was measured in MOPS
media with 0.2 mM phosphate (19) but adapted for growth
and processing in microtiter plates. Overnight flask cultures

were diluted 1:100 into 150 pl of fresh media containing
incremental amounts of arabinose (between 0 and
0.13%), and growth was monitored. At ODggo of ~0.05,
carrier-free **P was added (final specific activity 150 pCi/
ml), and samples were grown to ODggy ~0.3; samples
(50 pul) were mixed with an equal volume of 13 M formic
acid. After three freeze-thaw cycles, samples in microtiter
plates were centrifuged at 4°C to pellet the cell debris,
and aliquots of the supernatants were applied to
polyethyleneimine (PEI) cellulose thin layer chromatog-
raphy plates, resolved with 1.5M KH,PO,4 (pH 3.4) and
quantitated by densitometry as described (19). Estimates
of ppGpp and pppGpp abundance relative to the total
(pppGpp + ppGpp + GTP) were calculated by first
dividing the counts in GTP, ppGpp and pppGpp by 3,
4 and 5, respectively, to obtain the molar equivalents.
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Estimation of RNA and DNA

Cultures were grown with or without 0.04% arabinose in
enriched MOPS media but labeled at a lower specific
activity (~10uCi/ml). Triplicate 150l aliquots were
distributed into microtiter dish wells for further incubation.
Ata ODgyo~0.3, two samples of 60 pul were taken from each
well and processed differently. One sample (DNA + RNA)
was TCA precipitated (by adding an equal volume of
13.4% TCA), placed on ice for 90 min, then filtered (glass
GF/F Whatman filters), washed once (5% TCA + 0.5 mM
phosphate), washed three times (5% TCA), washed with
95% ethanol and dried, and radioactivity in RNA and
DNA was estimated from Cerenkov counts. The second
sample (DNA) was treated with 60pul of 0.66 N NaOH
and incubated for 2h at room temperature to hydrolyze
RNA, then TCA precipitated by adding 120 ul of 16%
TCA. Further processing was as for the first sample.

RNA was calculated by subtracting counts in the
second sample from the first. RNA/DNA ratios were
obtained by dividing the RNA counts by the DNA
counts in the second sample.

Purification of overexpressed RelSeq1-385

RelSeq1-385 with a C-terminal His-tag was overexpressed
from pHMI1381 (pUM99) present in strain CF7955 as
described previously (19,24). CF7955 was grown at 32°C
in 11 of Luria Bertani Broth (LB) Isopropyl to an ODg
of ~0.5 and then induced with 0.5mM isopropyl-
thiogalactopyranoside (IPTG) for 3h. The pelleted cells
were resuspended in binding buffer [SOmM Tris—Cl (pH
8.0), 0.5M NaCl, 5SmM imidazole], pelleted again and
frozen. Four grams of frozen cells were then resuspended
in 35ml of binding buffer containing 0.1 mM 4-(2-
aminoethyl)-benzenesulfonyl  fluoride  hydrochloride,
10mM ethylenediaminetetraacetic acid (EDTA) and
100 pg/ml lysozyme, incubated at 30°C for 30 min and
placed on ice. Lysis was completed by sonication using
three cycles of 2.5min each, with 10s pulses and
intervening cooling on ice. Cell debris was removed by
low speed centrifugation (12000 rpm x 30 min, Sorvall
SS34 rotor), and the RelSeq1-385 protein was precipitated
from the supernatant with 35% ammonium sulfate. The
precipitate was resuspended in 5ml of binding buffer and
dialyzed against two changes of 500 ml of the same buffer
in the cold. The dialyzed protein was again spun at low
speeds, then bound to Ni-NTA agarose (Qiagen), washed
with binding buffer containing 60 mM imidazole and
eluted with the same buffer but containing 1 M imidazole.
The ecluted protein was dialyzed against three changes
of 50mM bis-Tris propane (pH 9.0), 300 mM NaCl and
50% glycerol. The yield was ~30-40mg of purified
RelSeq1-385 with a specific pppGpp synthetase activity
of 1.4 umoles/min/mg.

Purification of GppA

Strain CF5766 carrying pHM 504 encoding GppA lacking
an affinity tag was grown in 21 of LB and induced
with 0.5mM IPTG as described for RelSeql1-385. After
pelleting, cells were resuspended in 100ml of cold lysis

buffer [SOmM Tris (pH 8.0), 2mM EDTA], again
pelleted and frozen. The pellet was resuspended in
150 ml of lysis buffer containing 0.1 mg/ml lysozyme and
was then sonicated using three cycles of 2.5 min each, with
10 s pulses and intervening cooling on ice. Cell debris was
pelleted (12 000g for 15 min), and the supernatant was sub-
jected to ammonium sulfate fractionation. The first pre-
cipitation was with 35% (w/v) (NH4),SO4, and the
ensuing pellet was discarded. Additional (NH4),SO,4 was
added to 45%, and the pellet was resuspended in
phosphocellulose-binding buffer [SOmM Tris (pH 7.0),
10mM KCI, 0.1 mM dithiothreitol (DTT), 5% glycerol],
10 ml of total volume. After dialysis against three changes
of the binding buffer, the entire sample was loaded on a
15ml of phosphocellulose column (Whatman P11, pre-
washed according to the manufacturer) and washed with
100 ml of binding buffer. GppA was eluted with a 200 ml
of linear gradient from 10 to 500mM KCI in the same
buffer. After assaying for pppGpp-ase activity (by moni-
toring conversion of pppGpp to ppGpp), fractions with
GppA were pooled (32ml), and protein was precipitated
by adding an equal volume of saturated (NH4),SO4. The
pellet was resuspended in a minimal volume of storage
buffer [10mM Tris (pH 8.0), 100mM NaCl, 0.1 mM
EDTA, 50% glycerol] and dialyzed against three
changes of the same buffer, yielding ~10mg of purified
GppA as a 1 mg/ml solution with a pppGpp-ase specific
activity of 24.5 pmoles/min/mg protein.

Synthesis of pppGpp and ppGpp in vitro

For pppGpp preparation, a 3-ml reaction mixture con-
taining 25 mM bis-Tris propane (pH 9.0), 100 mM NaCl,
15mM MgCl,, §mM ATP and 6 mM GTP was initiated
by adding 300 pg of purified RelSeq1-385 and incubated
for 1 h at 37°C. When ppGpp was the desired end product,
the same pppGpp synthesis reaction was used, and GppA
was used for its conversion to ppGpp. Because GppA is
sensitive to NaCl, this salt was omitted in the first reaction
step; in addition, 0.5mM dithiothreitol was included.
After 1h, when the GTP was completely consumed
(Supplementary Figure S1A), 35 ug/ml GppA was added
plus (NH4)>SO4 to a final concentration of 75mM.
This mixture was incubated for an additional 15min
(Supplementary Figure S1B).

Alternatively, it is possible to synthesize ppGpp without
using GppA protein but by simply substituting GDP for
GTP in the synthesis reaction with purified RelSeq1-385
(Supplementary Figure S4). We favor first synthesizing
pppGpp and then converting it to ppGpp with purified
GppA because this route seems to result in preparations
of ppGpp that are devoid of pppGpp that arises from the
presence of contaminating GTP in commercial prepar-
ations of GDP.

Reactions yielding pppGpp or ppGpp were stopped by
phenol extraction, and the nucleotide products were
precipitated by adjusting the LiCl concentration to 1 M,
followed by the addition of four volumes of ethanol. The
suspension was mixed, incubated on ice for more than
15min and pelleted at 6000g for 10min. The pellets
were washed twice with absolute ethanol to remove
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residual LiCl, dried and stored at —20°C before further
purification.

The progress of the reaction was monitored by periodic
removal of 5pul of aliquots, which were added to an equal
volume of 6 M Na formate (pH 3.7). These were analyzed
on PEI cellulose thin layer chromatography plates and run
10cm above the origin in 1.5M KH>PO, (pH 3.4).
Resolved nucleotides were visualized by ultraviolet (UV)
absorption and/or autoradiography (Supplementary
Figure S1). Enzyme specific activity estimates were made
with labeled substrates ([0->*P]-GTP or [y->’P]-ATP) and
autoradiographic quantitation.

Purification of pppGpp or ppGpp

Precipitates of the lithium salt from preparative reaction
mixtures were resuspended in the binding buffer [0.1 mM
LiCl, 0.5mM EDTA, 25mM Tris—Cl (pH 7.5)], then
loaded onto either a 5-ml Econo-Pac High Q cartridge
(Bio-Rad) or a 1.5x30cm column containing 50 ml
QAE Sephadex A-25, prewashed and equilibrated in the
binding buffer. Nucleotides were resolved with a linear
gradient from 0.15M to 0.5M LiCl in the binding
buffer, and elution was monitored as UV absorbance at
253nm (BioRad Biologic LP) and verified by TLC
mobilities relative to GTP. An elution profile of a
pppGpp synthesis reaction is shown (Supplementary
Figure S2). If necessary, pooled fractions of ppGpp or
pppGpp were batch concentrated by diluting them 1:10
in the binding buffer without salt and reabsorbed to a
QAE-sephadex column (1 x4cm), then batch eluted
with 1M LiCl and again EtOH precipitated. An
example of a chromatogram of purified pppGpp is
shown in Supplementary Figure S3. Pure nucleotides
were pooled, and concentrations were determined by UV
[13.7 Ass3 /ml/umole at pH 7 (25)]. This allows precise
amounts to be ethanol precipitated as lithium salts,
washed twice with ethanol and air dried. Such prepar-
ations have been stable for years when stored at —20°C.

In vitro transcription

The rrnB PI promoter activity was measured as described
(26). Briefly, 20ul of reactions with 30nM RNA
polymerase (Epicentre Technologies) and 10nM linear
DNA template (—180 to +109bp of the rnB Pl
promoter region) were performed at 30°C in the following
buffer: 50mM Tris-acetate (pH 8.0), 10mM MgAc,
10mM B-mercapthoethanol, 10pg/ml bovine serum
albumin, 90 mM potassium glutamate. RNA polymerase
was pre-incubated with the indicated concentrations of
ppGpp, pppGpp or GDP for 7min at room temperature.
This was followed by the addition of salt, DNA template,
NTPs (100uM ATP, CTP, GTP and 10uM UTP) and
2 uCi/reaction [0->*P UTP, Perkin Elmer] with amounts
of DksA indicated. Reactions were carried out for 8§ min
and terminated by addition of an equal volume of the stop
solution (95% formamide, 20mM EDTA, 0.05%
bromphenol blue and 0.05% xylene cyanol). Samples
were analyzed on 7M wurea, 6% polyacrylamide
sequencing gels and quantified by phosphorimaging on a
GE Healthcare imaging system.
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In vitro transcription of the pthr promoter was done in a
similar manner, except it was carried out at 37°C in a
buffer containing 50mM Tris—Cl (pH 8.0), 10mM
MgCl,, 10mM B-mercapthoethanol, 10 pg/ml bovine
serum albumin, 60 mM KCI. The linear DNA template
spanned —142 to + 192 bp of the thrA promoter region.

B-galactosidase assays

Strain CF9993 with a rpoS-lacZ fusion [Alac, A
relA255::cat, trp::put:kanR-rpoS-lac (20)] was trans-
formed with pUM?9 (pp4p-RelSeq79-385) and pUMT76 to
yield an arabinose inducible ppGpp overproducing strain,
CF16838. CF 10112 (CF9993 deleted for gppA) was trans-
formed with pUMG66 (pg4p-RelSeq1-385) and used as ara-
binose inducible pppGpp producer, CF16839. Cells were
grown in MOPS medium containing 0.8 mM phosphate
and 0.4% glycerol. Aliquotes were taken during growth
between ODgoo~ 0.1 and 1.1, and processed according to
Miller (1972) (27).

X-ray crystal structure determinations of the E. coli RNA
polymerase ¢’° holoenzyme and (p)ppGpp complexes

The method for preparation of E. coli RNA polymerase
6’ holoenzyme was described (28). RNA polymerase
crystals were obtained by using hanging drop vapor dif-
fusion by mixing equal volume of protein solution
(~20mg/ml) and crystallization solution [0.1 M Hepes—
HCl (pH 7.0), 0.2M CaAcetate, ~15 % PEG400,
10mM Tri(2-carboxyethyl)phosphine] and incubating at
22°C over the same crystallization solution. For preparing
the RNA polymerase-(p)ppGpp complex crystals, crystals
were soaked in crystallization solution containing 30%
PEG400 and 1 mM of either ppGpp or pppGpp overnight
at 22°C and then flash frozen by liquid nitrogen.

The crystallographic data sets were collected at the
Macromolecular Diffraction at Cornell High Energy
Synchrotron Source (MacCHESS) Al beamline (Cornell
University, Ithaca, NY), and the data were processed
by HKL2000 (29). The E. coli RNA polymerase structure
(28) was used as an initial model for the rigid body
and positional refinement with non-crystallographic
symmetry and secondary structure restraints by using
the programs Phenix (30). The resulting map allowed
(p)ppGpp that were not present in the search model
to be built by Coot (31). Final coordinate and structure
factor were submitted to the PDB with ID listed in
Supplementary Table S1.

RESULTS

Accumulation of (p)ppGpp involves balancing activities
of synthetases, hydrolases and their substrate specificities

Cellular accumulation of (p)ppGpp is determined by a
complex balance of total synthetase and hydrolase
activities with additional contributions from substrate
specificities of both enzymes.

Here, we took advantage of different RelSeq protein
fragments from Streptococcus equisimilis to manipulate
ppGpp and pppGpp synthesis, as well as hydrolysis.
This strategy requires that the E. coli RelA synthetase is
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deleted in all strains used. The N-terminal half (amino
acids 1-385) of the full-length RelSeq protein from
S. equisimilis encodes both catalytic domains, active
(p)ppGpp hydrolase and active (p)ppGpp synthetase.
The RelSeql1-385 synthetase has an in vitro preference
for GTP over GDP as pyrophosphate acceptor in vitro
and allows for preferential pppGpp accumulation in vivo
(19). In contrast, induction of the RelSeq79-385
synthetase that lacks hydrolase leads to accumulation of
ppGpp accompanied by little pppGpp (19).

In these experiments, therefore, two sources of
(p)ppGpp hydrolases are present: the RelSeql-385
fragment and the host E. coli SpoT protein. The in vitro
specific activity of the SpoT hydrolase is unknown. The
RelSeq1-385 hydrolase has a low specific activity: 0.7um/
min/mg (19). The SpoT and RelSeq hydrolases each
do not preferentially hydrolyze either ppGpp or
pppGpp when both nucleotides are present in equimolar
mixtures (21).

Changes in ppGpp or pppGpp levels by arabinose induced
expression of RelSeq protein variants

Arabinose induction of RelSeq79-385 leads to preferential
accumulation of ppGpp with a trace of pppGpp (Figure 1,
lane 1). The residual pppGpp can be further reduced by
the presence of the plasmid pUM?76, which constitutively
overexpresses GppA at low levels. This increases ppGpp
from 9 to 13% of the total guanine nucleotide pool and
decreases pppGpp from 1 to 0.2% (Figure 1, lane 2).

When RelSeq1-385 is induced by arabinose, the
pppGpp/ppGpp ratio is shifted to favor of pppGpp
(Figure 1, lane 3). When gppA is also deleted, conversion
of pppGpp to ppGpp is limited, which results in an
increase of pppGpp from 16 to 27%, and a decrease of
ppGpp from 10 to 5% (Figure 1, lane 4).
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Figure 1. Arabinose induction of cellular ppGpE or pppGpp.
An autogradiogram is shown of cell extracts of *?P-labeled GTP,
ppGpp and pppGpp resolved by TLC after 0.05% arabinose
induction (see ‘Materials and Methods’ section). Lane abbreviations:
Lane 1. ppapgd4p = (ppGpp synthetase): pp4pRelSeq79-385 (pUMDY);
Lane 2. GppAt = (ppGpp synthetase + overexpressed  gppA):
Psapgdp + PgppA (pUMT6); Lane 3. pp4pg5p = (pppGpp synthetase):
psapRelSeql-385 (pUMG66); Lane 4. ppapgSp AgppA = (pppGpp
synthetase + AgppA).

The effects of incremental addition of arabinose

When arabinose is added in concentrations ranging
between 0 and 0.133% to cultures that preferentially
accumulate ppGpp while GppA is constitutively
overproduced, a systematic increase in this nucleotide is
observed (Figure 2, panel A and C). Measurements of the
relative ppGpp content as a fraction of total guanine nu-
cleotide pool increased from background levels of near
zero to 20% (Figure 2, panel C). At the same time, the
minority nucleotide, pppGpp, rises to <1%. As controls,
the presence of constitutive GppA overproduction or
gppA deletion alone had no effect on uninduced cells
(Figure 2, panels A and B, lanes 1 and 2).

Parallel measurements of the effects of arabinose
addition on pppGpp accumulation were performed when
gppA is deleted and RelSeq1-385 is similarly induced;
these revealed an accelerated accumulation of pppGpp
that reached a higher level than ppGpp, 40% of the
total. Here, the minority nucleotide (ppGpp) accumulates
to <3% (Figure 2, panels B and C).

Comparing the potency of ppGpp and pppGpp for
growth inhibition

To document the extent of growth inhibition, we have
monitored the doubling times of cells that accumulate pre-
dominately ppGpp or pppGpp as a function of arabinose
concentration (0-0.065%). This reveals that ppGpp is
more growth inhibitory than pppGpp (Figure 3A). For
example, when ppGpp accumulates, the doubling time in-
creases from 80min to ~160min at 0.02% arabinose,
whereas at the same arabinose concentration, pppGpp in-
creases doubling times from ~70 to 110 min.

It is evident from both Figures 1 and 2 that under these
conditions, accumulation of pppGpp greatly exceeds
that of ppGpp. By expressing the growth rates shown in
Figure 3A as doublings per hour (u), we calculated the
fold inhibition of growth after normalizing the growth
rates of each strain during induction to growth rates
observed without arabinose induction. A plot of growth
inhibition as a function of the fractional content of ppGpp
or pppGpp in the total guanine nucleotide pool is shown
in Figure 3B. The slope of each line can be taken as a
measure of the specific activity of each nucleotide to
inhibit growth. This measure is relative because we do
not know the absolute nucleotide concentrations. For
ppGpp, the slope is 2.0/0.2 or 10, whereas the slope for
pppGpp is 0.4/0.4 or 1.0. Therefore, ppGpp is ~10-fold
more potent an inhibitor of growth than pppGpp. In
Figure 3B, the slope for pppGpp has been corrected for
the contribution to inhibition owing to the residual ppGpp
present, using the relation for nearly 100% ppGpp as the
correction coefficient. It is notable that here GTP levels
remain higher than ppGpp or pppGpp under even
maximal induction conditions.

Growth inhibitory effects of the (p)ppGpp producing
proteins are largely due to their catalytic activities

It has been argued previously from correlations (10) and
from studies where (p)ppGpp had been completely
eliminated (12) that (p)ppGpp is necessary and sufficient
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Figure 2. ppGpp versus pppGpp: effects of incremental arabinose concentrations. (A) An autoradiogram showing ppGpp accumulation in cells with:
lane 1. an uninduced pg4p vector; lane 2. an uninduced pp4pgdp + PgppA; lanes 3-10. pp pgdp + PgppA-induced experimental samples containing
increasing arabinose concentrations 0.008, 0.012, 0.01, 0.025, 0.033, 0.05, 0.065 and 0.133%. (B) An autoradiogram showing pppGpp accumulation
in cells with: lane 1. an uninduced pg4p vector AgppA control; lane 2. an uninduced pp,4pgSp AgppA control; lanes 3-10. induced experimental
samples with arabinose concentrations as in Panel A. (C) The relation between inducing arabinose concentrations and the fractional content of
ppGpp and pppGpp-(percentage total of ppGpp/GTP + ppGpp + pppGpp). Data from Panel (A) were used to calculate preferential accumulation
of ppGpp (open triangles) and of minority pppGpp (filled circles). Analogous values are taken from data in panel (B) for preferential accumulation
of pppGpp (filled circles) and minority ppGpp (filled triangles). The ordinate numerical values for the fractional content of ppGpp or pppGpp are

given in percentage.

for growth rate control. Here, growth perturbations are
linked to protein overexpression. This raises the possibility
that growth inhibition is due to differential toxic effects of
the two RelSeq protein fragments, rather than due to their
catalytic activities. Therefore, catalytically defective
controls were tested using missense mutants of the two
proteins. Plasmid pUM96 expressed RelSeq79-385
H322R, which is a mutant protein defective in ppGpp syn-
thesis. Induction of this altered protein with 0.1% arabin-
ose increased the doubling time of its host from 75 to
86 min, whereas induction of the wild-type gene increased
doubling time from 79 to 188 min (Table 2).

The corresponding catalytically defective RelSeq1-385
mutant in pUM95 with inactivated synthetase (Y308S)
and hydrolase (H77A, D78A) also failed to slow growth
significantly when induced (doubling time of 65min
without arabinose, 75min with 0.1% arabinose).
In contrast, the induction of the wild-type increased the
doubling time from 67 to 105min (Table 2). These data
are taken to mean that the growth inhibition observed
with induced wild-type proteins can be largly attributed to
their catalytic products and not to differential protein
toxicity.

As judged from Coomassie stained protein gels, mutant
and wild-type proteins show similar extents of expres-
sion when induced with arabinose (data not shown).
Collectively, these experiments support the notion that
the observed growth inhibition is not due to induction
artifacts.

Differential inhibitory effects of ppGpp and pppGpp on
RINA synthesis

RNA/DNA ratios have been reported to vary inversely
with levels of (p)ppGpp (1,10,32). Table 3 compares
RNA/DNA ratios of the strains accumulating preferen-
tially ppGpp or pppGpp; these ratios are determined
with cells uniformly labeled with **P-orthophosphate.
A differential effect was seen for ppGpp and pppGpp
dependent on induction with 0.04% arabinose. The accu-
mulation of ppGpp under these labeling conditions slowed
the growth rate from 70 to 154 min (2.2-fold), which was
accompanied by RNA/DNA ratios dropping from 5.5 to
2.3 (2.4-fold). The induction of pppGpp was again less
effective in slowing growth: from 59 to 91 min (1.5-fold).
Induction of pppGpp also resulted in a more modest drop
in RNA/DNA ratios than ppGpp, from 5.5 to 3.6
(1.5-fold). The growth rates shown in Table 2 are
somewhat faster in this medium than shown in
Figure 3A, but the differential inhibition of growth is
similar: 2.4-fold for ppGpp and 1.6-fold for pppGpp.
The correlation of growth rate and RNA/DNA ratios is
internally consistent in each case.

Differential inhibition of rrnB P1 activity in vitro

Growth rate control is defined by effects on RNA/DNA
ratios, which are thought to be determined largely by
(p)ppGpp effects on transcription initiation of ribosomal
promoters (1). We are now able to ask with purified
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Figure 3. ppGpp versus pppGpp: effects of induction on growth rates and specific activities for growth inhibition. (A) The relation between
the observed growth rate (doubling times expressed in minutes) of cells subjected to increasing concentrations of arabinose is shown
when ppGpp (filled circles) preferentially accumulates as in Figure 2A as well as when pppGpp (filled triangles) preferentially accumulates as in
Figure 2B. (B) The inhibitory activities of increasing the fractional content of ppGpp or pppGpp. The fractional growth rates are calculated from the
growth rates expressed as p (doublings/hr from Figure 3A), which are normalized to p values for uninduced cultures and expressed as fold-inhibition
on the ordinate. These values are plotted against the ppGpp or pppGpp fractional content (from Figure 2C). The slopes of these relations are taken
as a measure of the relative specific activity for growth inhibition for ppGpp or pppGpp. Filled circles = pppGpp. These values are corrected for
contribution to growth inhibition of the 5% content of ppGpp present in each sample seen in Panel (B) of Figure 2. Filled triangles = ppGpp [not

corrected for ~0.5% content of pppGpp in Panel (A) of Figure 2].

Table 3. Effects of preferential accumulation of ppGpp or pppGpp
on RNA/DNA ratios

Accumulation  Constructs Arabinose  Doubling RNA/

specificity addition time DNA

- ppGpp vector (ppapl8) + 78 min 53
1GppA (pUMT76)

- ppGpp RelSeq79-385 (pUM9) — 70 min 5.5
1GppA (pUMT76)

1 ppGpp RelSeq79-385 (pUM9) . 154 min 2.3
1GppA (pUMT76)

- pppGpp vector (ppapl8) ; 64 min 5.1
1GppA AgppA

- pppGpp RelSeq1-385 (pUM66)  — 59 min 5.5
1GppA AgppA

1 pppGpp RelSeq1-385 (pUM66) 91 min 3.6

{GppA AgppA

ppGpp and pppGpp (see ‘Materials and Methods’
section), if the two nucleotides differentially regulate
these promoters in vitro.

The rrnB P1 promoter is a well-studied promoter whose
negative regulation by ppGpp requires the additional
presence of DksA (33). Here, transcription was performed
with increasing amounts of ppGpp or pppGpp, in the pres-
ence (60 and 300nM) or absence of DksA (Figure 4A).
GDP was used as control, as it is done routinely, as it can
be imagined that the 5" pyrophosphate residues of ppGpp
might impair transcriptional elongation. A control for
pppGpp might be GTP, but as the reaction mixture
already contains this nucleotide, a standard reaction with
no additional nucleotides was used as control. No differ-
ences were noted between reactions carried out with or
without GDP, and thus only control with GDP is shown.

In the absence of DksA, ppGpp was a slightly better
inhibitor than pppGpp at low (p)ppGpp concentrations

(Figure 4A). However, this marginal difference in inhib-
ition is dramatically enhanced in the presence of DksA
(Figures 4A and B), and the degree of inhibition seems
to depend on the level of DksA present, with greater tran-
scriptional inhibition at 300 nM than 60 nM DksA. This is
reinforced by results obtained when high levels of ppGpp
or pppGpp were held constant (250 uM) and DksA
was titrated (Figure 4B). Low DksA levels enhance the
inhibitory effects of ppGpp more than pppGpp, but this
differential inhibition was slightly diminished at high
DksA levels (Figure 4B). Still, in all instances, ppGpp
is a more potent inhibitor than pppGpp. These data are
interpreted to qualitatively correlate with the differential
inhibitory effects of the two nucleotides on RNA/DNA
ratios (Table 3) and growth rate (Figures 3 and 4).

Differential activation of the thr operon promoter
by (p)ppGpp

A similar set of experiments as those just mentioned was
performed for the threonine operon promoter (pz/r) that is
positively regulated by ppGpp (34). Again, DksA is
thought to participate in this regulatory mechanism (33).
In this case, ppGpp was again a far better activator of
transcription initiation than pppGpp in the presence of
DksA, than in its absence. There was a consistent
increase in transcriptional activation with increasing
DksA level (Figure SA and B); at all concentrations,
ppGpp was ~2-fold more efficient than pppGpp judging
from the slopes of Figure 5B. In contrast to inhibition of
rrnB P1 by (p)ppGpp, the relative difference of activation
of pthr activity by the two nucleotides remained roughly
constant with increasing nucleotide concentration
(Figure 5A).

These results can be viewed in two ways: either DksA is
a better enhancer for ppGpp regulation than for pppGpp
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Figure 4. ppGpp versus pppGpp: inhibition of rrnB Pl promoter
in vitro. Multi-round in vitro transcription was carried out with (A)
increasing (0-500 uM) GDP, ppGpp or pppGpp, and constant DksA
concentrations indicated (0, 60 and 300 nM); and (B) increasing DksA
(0-600nM) and constant (250 uM) GDP, ppGpp or pppGpp. Open
squares = GDP, filled triangles = ppGpp, filled circles = pppGpp.

or ppGpp is a better enhancer of DksA action than
pppGpp.

Stimulation of RpoS-lacZ protein fusion activity in vivo:
ppGpp versus pppGpp

The abundance of RpoS, the stationary phase-specific
sigma factor o>, is increased whenever ppGpp accumu-
lates (23), except when DksA is deleted (20). The o°
protein is regulated by many factors, some of which
function at the level of susceptibility to ClpX-mediated
proteolysis, which involves adaptor and anti-adaptor
proteins, which can require ppGpp (35,36). One measure
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Figure 5. ppGpp versus pppGpp: activation of pzhr promoter in vitro.
Multi-round in vitro transcription was carried out with (A) increasing
(0-500 uM) GDP, ppGpp or pppGpp, and constant DksA concentra-
tions indicated (0, 60 and 300nM); and (B) increasing DksA
(0-600nM) and constant (250 uM) GDP, ppGpp or pppGpp. Open
squares = GDP, filled triangles = ppGpp, filled circles = pppGpp.

of RpoS regulation is the activity of an RpoS-/acZ fusion,
which in our laboratory has proven sensitive to ppGpp
and DksA, although the detailed explanations for this
behavior are arguable (20). Here, we compare the abilities
of ppGpp and pppGpp to stimulate [-galactosidase
activity of this fusion.

Accumulation of ppGpp or pppGpp to varying extents
was induced in media containing 0, 0.005, 0.01 or 0.04%
arabinose, which resulted in doubling times that ranged
from 63 to 190min for the ppGpp accumulating strain
and ranged from 65 to 139 min for the pppGpp strain.
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Figure 6. ppGpp versus pppGpp: Stimulation of RpoS-lac protein
fusion B-galactosidase activity. Cells containing a single chromosomal
copy of a ppGpp-activated RpoS-lac protein fusion were transformed
with plasmids to preferentially induce ppGpp (strain CF16838) or
pppGpp (CF16839) as in Figure 1. Each culture at indicated cell
densities was assayed for [-galactosidase activity as described in
‘Materials and Methods” section. (A) After adding arabinose (0,
0.005, 0.01 or 0.04%) to preferentially induce ppGpp, cultures were
grown with doubling times of 63, 97, 157 and 190 min, respectively.
(B) Analogous but preferential induction of pppGpp using the same
arabinose concentrations, which resulted in doubling times of 65, 84, 99
and 139 min, respectively.

In Figure 6, panel A corresponds to the ppGpp producer
and panel B to the pppGpp producer strain. The plots of
B-galactosidase activity versus cell density for uninduced
and induced cultures reveal that for all concentrations of
added arabinose, ppGpp is more effective than pppGpp as
a positive regulator of fusion activity than pppGpp.

Finding the ppGpp and pppGpp binding sites of E. coli
RNA polymerase

In vitro transcription experiments established that the
pppGpp is less potent than ppGpp for rRNA transcrip-
tion inhibition (Figure 4) and for threonine operon
promoter activation (Figure 5). One possible explanation
is that these compounds interact differentially with RNA
polymerase. To directly identify the ppGpp- and pppGpp-
binding sites on RNA polymerase, crystals of E. coli RNA
polymerase 6’° holoenzyme complexed with either ppGpp
or pppGpp were prepared by soaking 1 mM ppGpp or
pppGpp into the preformed RNA polymerase crystals
(28). X-ray crystal structures of these complexes were
determined at 3.9 and 4.2 A resolutions, respectively
(Supplementary Table S1).

From the RNA polymerase and ppGpp complexes,
clear unbiased Fo—Fc electron density for ppGpp was
found at the interface between B’ and o subunits, which
is ~30A away from the active site (Figure 7A and B).
Clear Fo—Fc¢ map from the RNA polymerase and
pppGpp complex was also observed at the same site as
from the RNA polymerase and ppGpp complex
(Figure 7B), indicating that both ppGpp and pppGpp as-
sociate with the RNA polymerase at the same location.
We did not observe any Fo—Fc maps for (p)ppGpp
around the RNA polymerase active site indicating that
(p)ppGpp does not bind the active site under our

experimental condition. Our data suggest that no large
conformational changes in RNA polymerase structure
are induced by binding of (p)ppGpp. However, we
cannot rule out that this may be due to the fact that the
RNA polymerase-(p)ppGpp complex crystals were
prepared by soaking (p)ppGpp into preformed RNA
polymerase crystals.

The Fo—Fc maps showed three separated regions that
correspond to 5'-di or triphosphates, guanosine (guanine
plus ribose rings) and 3’-diphosphates (Figure 7B). Shapes
and volumes of the Fo—Fc maps of ppGpp and pppGpp
were identical except for the map around the p’ R417. We
therefore positioned the 5-phosphates of (p)ppGpp
models at the Fo—Fc¢ map around the ' R417 and guano-
sine and 3'-diphosphates on the other two regions
(Figure 7). The basic residues of both B’ subunit (R362,
R417 and K615) and ® subunit (R3 and R52) around the
(p)ppGpp binding pocket may participate in the binding
of phosphate groups of (p)ppGpp, but their detailed inter-
actions could not be established with current resolutions
of structures.

The N-terminus of the ® subunit accommodates the
guanine base of (p)ppGpp. The electron density map of
the @ subunit N-terminus Met residue was not observed in
the structures of RNA polymerase-(p)ppGpp complexes
and RNA polymerase itself (28). The second residue of
the ® subunit is Ala, which is known to be one of the
preferred residues neighboring N-terminal Met for a
protein to become a target for methionine aminopeptidase
(37). Therefore, the ® subunit N-terminus Met is likely to
be removed post-translationally by a methionine
aminopeptidase, which was confirmed by Mass spec
analysis (data not shown).

DISCUSSION

If there were no permeability barriers, the most direct way
to estimate the potency of ppGpp and pppGpp in prin-
ciple would be to add each nucleotide to growing cells and
measure their regulatory effects. However, E. coli is im-
permeable to (p)ppGpp (H.A. Raue and M. Cashel un-
published). Instead, gratuitous induction of ppGpp or
pppGpp is needed to differentially elevate intracellular
concentrations. Ideally the induction system should not
have physiological consequences itself other than the pref-
erential accumulation of either pppGpp or ppGpp.

To achieve this, we have eliminated relA, the major
wild-type source of E. coli (p)ppGpp synthetase and
used a heterologous Relseq source of (p)ppGpp synthetase
that does not interact with E. coli ribosomes (21,38). We
then manipulated ppGpp and pppGpp abundance using
Relseq mutant synthetase variants that, when induced
preferentially accumulate one or the other nucleotide
(19). We have estimated activity differences under induc-
tion conditions that minimize the chance of unintention-
ally inducing sources of stress other than those that
accompany the presence of (p)ppGpp itself.
Manipulation of GppA abundance provided fine tuning
of ppGpp or pppGpp accumulation. To verify conclusions
from in vivo experiments with purified components
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Figure 7. RNA polymerase — (p)ppGpp complex structures. (A) Overall structure of the E. coli RNA polymerase-ppGpp complex. RNA polymerase
is depicted as a molecular surface model (oy: yellow, oyy: green, p: cyan, pP’: pink, o: gray, o' orange). The ppGpp is depicted as a sphere model and
its binding site is indicated. (B) Electron density maps showing ppGpp (green) and pppGpp (red) found in the complexes with RNA polymerase.
Basic residues of ' and o subunits are indicated and regions of density maps corresponding to the 5" and 3’ phosphates and the guanosine base are
indicated. (C) Binding sites of the ppGpp and (D) pppGpp. Amino acid residues of f’ (pink stick) and ® subunits (gray stick) involved in (p)ppGpp
binding are depicted on the cartoon models of B’ (pink) and ® subunits (gray). (p)ppGpp are shown as stick models.

in vitro, we optimized methods for preparative synthesis of
ppGpp and pppGpp using purified RelSeql-385 and
GppA proteins. We are aware that the arabinose induc-
tion of gene expression that we use here is autocatalytic
(39-41). This means that progressive concentrations of
arabinose fully induce a progressively larger portion of
cells in a population, rather than an incremental induction
of all cells; this is because arabinose induces its own
uptake. However, when arabinose concentrations are
varied, this approach does provide a test of reproducibility
and the equivalence of replicate induction effects at
increasing cell densities.

We did encounter problems in these experiments with the
spontaneous appearance of fast growing variants. These
probably arose either from insertion of the plasmid into
the chromosome thereby lowering the copy number and/
or from inactivation of (p)ppGpp synthetase on the
plasmid. These explanations are inferred by finding that
the use of rec4 mutant host strains confers enhanced sta-
bility. Although the rec4 hosts are stable sources for plas-
mids, these strains also grow slowly, which complicates
estimates of (p)ppGpp effects on growth. Glucose was
added to overnight grown cultures to catabolite repress
residual inducing activity in the absence of arabinose to
largely abolish selection for suppressor mutations.
However, glucose must be completely exhausted before
arabinose addition so as not to interfere with induction.

The substrate specificities of enzymes that remove the
3’-pyrophosphoryl group of ppGpp or pppGpp to yield
GDP or GTP, respectively, could contribute to preferen-
tial accumulation of synthetic products. All of the strains
used in this study retain an E. coli wild-type chromosomal
spoT gene as one source of endogenous hydrolase activity.
The induced RelSeq1-385, but not the 79-385, fragment
encodes another (p)ppGpp hydrolase. Neither of these
purified proteins shows a substrate preference for ppGpp
or pppGpp (31). As equimolar mixtures of ppGpp and
pppGpp do mutually compete as substrates, the predom-
inant of the two substrates should reduce the rate of hy-
drolysis of the minority nucleotide. It is consistent that a
large excess of pppGpp over ppGpp is seen to be
accompanied by persistent levels of ppGpp with relatively
minor effects of deleting gppA in addition (Figure 1, lanes
3 and 4; Figure 2, panel B). In contrast, preferential in-
duction of ppGpp as the major substrate is not
accompanied by analogous high levels of pppGpp
(Figure 1, lanes 1 and 2; Figure 2A). We suggest that
this disparity might be due to overexpression of plasmid
borne gppA, which is specific for pppGpp conversion to
ppGpp and thereby counteracts the otherwise stabilizing
effects of excess pppGpp competing with ppGpp for
hydrolysis. Somerville and Ahmed (42) noticed that in
the absence of gppA, the elevation of pppGpp to levels



6186 Nucleic Acids Research, 2013, Vol. 41, No. 12

less than observed here (nearly equal to ppGpp) gave
measurable stabilizing effects on ppGpp decay.

This raises the question of the functional roles of GppA in
E. coli. It could now be argued that one role could be to fine
tune the more potent regulatory activity of ppGpp. GppA is
not found in all bacteria, and that even encountered
homologs may have different catalytic properties (43).

The ppx gene product, polyphosphate phosphatase, has
also been noted to degrade pppGpp to ppGpp by removal
of the 5'-y-phosphate residue, like GppA (44). Conversely,
guanosine pentaphosphate phosphohydrolase (GppA) of
E.coli is a long-chain exopolyphosphatase (44). Unlike
gppA, however, the presence or absence of the chromo-
somal ppx does not alter ppGpp/pppGpp ratios when
(p)ppGpp is elevated during a stringent response
provoked by amino acid starvation (Cashel, M, unpub-
lished). The presence of wild-type chromosomal ppx in
our strains therefore probably does not influence these
experiments.

The early work on (p)ppGpp regulation revealed its ac-
cumulation during severe starvation protocols that them-
selves limited cell growth; it then was a surprise to find that
gratuitous IPTG-mediated induction of E. coli relA expres-
sion, which led to (p)ppGpp accumulation even in the
absence of starvation also severely limited growth, and
thereby facilitated adaptive stress responses (45). Here,
we encounter another surprise, which is that pppGpp
may not be the regulatory equivalent, or the ‘regulatory
sister” of ppGpp, which seemed to be the prevailing view
(see ‘Introduction’ section). We found instead that cells
with nearly as much pppGpp as GTP have a doubling
time of about two hrs (Figures 2B and 3, Table 2 and
form small colonies on plates incubated overnight at
37°C. These are high levels of pppGpp, similar to ppGpp
accumulation in wild-type cells during a full blown strin-
gent response to amino acid starvation (2). Moreover, sus-
tained balanced growth occurs, despite high pppGpp,
apparently without deleterious effects on cells (data not
shown). In contrast, colonies do not form after 2 days
when ppGpp is induced in rec4 hosts under these condi-
tions leading to maximum levels of only about one-fifth of
GTP (as in Figures 2A and 3 and Tables 2 and 3).
Quantitative estimates of relative potency for growth rate
inhibition reveal that ppGpp is ~10 times more potent an
inhibitor than pppGpp.

The greater effects of ppGpp versus pppGpp on growth
rate regulation in our experiments are not an isolated
finding. Instead, we find that ppGpp appears to also
function in E. coli as a more effective regulator than
pppGpp in all four of the remaining regulatory phenom-
ena tested besides inhibition of growth rate. These include
the following: (i) RNA/DNA ratios, thought by most to
define the growth rate control phenomenon (Table 3,
Figure 3B); (ii) inhibition of rnB P1 transcription initi-
ation in vitro (Figure 4); (iii) activation of initiation of pthr
promoter transcription (Figure 5); and (iv) activation of
RpoS protein stabilization as judged by RpoS-LacZ-
protein fusions (Figure 6). The differential regulatory
effects found are quantatitively different in the various
assays, and there are quantitative disparities between regu-
latory effects that might be expected to be related (such as

effects on growth rate and on rrnBP1 transcription initi-
ation). Nevertheless, it is evident that ppGpp is a more
potent regulator than pppGpp when tested in vitro and
in vivo.

With respect to transcription, (p)ppGpp regulation at the
level of gene expression in E. coli is now known to entail
major contributions from the DksA protein, and our assays
accordingly compare the in vitro potency of ppGpp versus
pppGpp on RNA polymerase transcription including
DksA as a variable. We find it interesting that differences
in levels of inhibition (rrnBP1 activity) diminish with
increasing both ppGpp and pppGpp concentrations when
DksA is present at high levels (Figure 4), whereas differ-
ences in activation of the threonine operon promoter
appear to persist systematically (Figure 5). This behavior
could be explained by early saturation of inhibition of
rrmBP1, i.e. a point is reached when the inhibition cannot
be made more severe. In contrast, activation of pthr activity
does not appear to be saturated in our system even at the
highest DksA concentrations studied.

The ppGpp-binding site in the Thermus RNA polymer-
ase crystal structure found previously was near the cata-
lytic site [ref. (46)] but subsequent mutant studies failed to
verify its relevance to E. coli transcription regulation by
ppGpp and DksA (47,48). Here, a binding site for
pppGpp and ppGpp was found at the interface between
B’ and ® subunits (Figure 7, Supplementary Movie 1) by
soaking each into existing crystals of E. coli holoenzyme.
The conformations of the N-termini of the ® subunits of
E. coli and Thermus thermophilus are different (28). This
probably accounts for the absence of a ppGpp-binding
site at the interface between [’ and ® subunits in
Thermus RNA polymerase structure. In E. coli, o is also
known to facilitate the assembly and maturation of the f/
subunit of RNA polymerase (49). i

The (p)ppGpp binding site shown in the figure is ~30 A
away from the catalytic pocket for RNA polymerization.
Is it possible that binding to this site can nevertheless
influence the RNA polymerase catalysis? Such a scenario
seems probable because the (p)ppGpp binding site is
located on the surface of a double-psi B-barrel (DPBB)
domain of the B’ subunit (see Supplementary Movie 1),
which forms the active site of RNA polymerase
coordinating the catalytic Mg®>* by the—DFDGD—
motif, found in all cellular RNA polymerases (50).
Binding of (p)ppGpp on the surface of the DPBB
domain might induce a signal, which is transmitted to
the other side of the DPBB domain to regulate transcrip-
tion. This possibility is further enhanced by the notion
that during Mycobacterium tuberculosis pathogenesis, ri-
fampicin exposures result in the appearance of more
virulent strains comprised of antibiotic resistant mutants
that grow slowly. Increased virulence is due to compensa-
tory (suppressor) mutations, for which the DPBB domain
was found to be a hot spot (51). Although the source of
the signal in this example is different, it can be imagined
that both (p)ppGpp and the compensatory mutations use
a similar allosteric signal to modify the transcription
activity of RNA polymerase.

The study presented here raises two fundamental ques-
tions. The first is whether the (p)ppGpp-binding site found
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here is functional for (p)ppGpp-mediated regulation of
transcription. The second question is whether the
binding of ppGpp and pppGpp can explain how it is
that pppGpp is a less potent regulator than ppGpp,
despite the similarities of their binding. A limited literature
and a large number of experimental approaches are avail-
able that bear on these questions.

There are three reports supporting the notion that the
(p)ppGpp-binding site found in this study is functional for
(p)ppGpp-mediated  transcription regulation. These
studies showed that the presence of ® is required for
ppGpp-dependent transcription inhibition in vitro (52,53)
and ppGpp-dependent transcription activation in vivo
(54). However, there is also a report that the complete
absence of ® did not alter (p)ppGpp regulation of RNA
accumulation during the stringent response in vivo (55).
We therefore plan future studies to evaluate the physio-
logical role of the (p)ppGpp-binding site found here from
RNA polymerase crystal structures.

The structures of ppGpp and pppGpp contacting RNA
polymerase residues are similar, but not identical due to
the presence of an extra 5’ phosphate group in pppGpp
(Figure 7). A goal of this study is to provide the means to
explore the relation between regulator structure and
function. Future mutant studies are planned to address
the key question of whether the (p)ppGpp binding site
identified here is functional. Comparison of the E. coli
RNA polymerase crystal structures of the (p)ppGpp-free
and the ppGpp and pppGpp bound complexes formed by
soaking into pre-existing protein crystals may not be suffi-
cient to provoke structural changes of RNA polymerase, as
mentioned earlier in the text. It is also possible that static
X-ray crystal structures may be insufficient to understand
the mechanism of action of (p)ppGpp. Additional experi-
mental approaches such as Raman crystallography and
molecular dynamic simulation might also be necessary to
investigate active site dynamics on binding of (p)ppGpp.
Raman crystallographic approaches have been used to
characterize subtle chemical changes of macromolecule
occurring in single crystals on binding of ligands (56) and
to monitor the transcription initiation process of a single-
unit RNA polymerase (57). The molecular dynamic simu-
lations can also explain how a point mutation remote from
the active site is able to influence the transcription fidelity
of viral RNA-dependent RNA polymerase (58).

Another class of explanations for differences in regula-
tory potency is that perhaps affinities of ppGpp and
pppGpp for RNA polymerase are different or that
ppGpp and pppGpp interact differently with RNA poly-
merase in the presence of low physiological concentrations
of DksA than in its absence or presence in high concen-
trations. Future studies of (p)ppGpp affinities for RNA
polymerase are planned. Still more possibilities are raised
by the fact that there is evidence of binding of ppGpp to
multiple RNA polymerase sites but yet without functional
verification (46,48,59,60). In addition, suppressor alleles
that reverse ppGpp° phenotypes are found at multiple lo-
cations in RNA polymerase subunits encoded by rpoB,
rpoC and rpoD for reasons not yet clear (2). These place-
ments could hint that multiple binding sites or multiple
RNA polymerase conformations might mimic (p)ppGpp
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binding, again suggestive of multiple mechanisms of
action. The relatively simple means to prepare pure
(p)ppGpp reported here should facilitate in vitro experi-
ments to explore differential effects of ppGpp and
pppGpp on RNA polymerase binding and on individual
steps in regulatory behavior.

A basic question for future work is whether the regula-
tory effects of ppGpp and pppGpp on gene expression are
qualitative or quantitative. Clues to regulatory differences
between ppGpp and pppGpp could in principle, come
from transcriptional profiling during strongly preferential
accumulation of ppGpp or pppGpp, or even effects of the
absence of ®. These might well reveal effects on gene ex-
pression that are different in different organisms, particu-
larly E. coli and B. subtilis. Such studies could better define
the spectrum of regulatory events governed by each nu-
cleotide. So far, our data suggest that pppGpp may simply
be a less effective regulator with the same range of targets
as ppGpp.

Whatever the general comparisons of regulatory
potency for ppGpp versus pppGpp turn out to be in E.
coli, this relationship is unlikely to hold for all bacteria,
given the abundant bacterial diversity with respect to
enzymes in (p)ppGpp metabolism (61), regulation (62)
and the different essential roles played by ppGpp for a
variety of bacterial pathogens (63).

More generally, it now appears feasible to employ
analogous approaches as a tool, possibly combined with
protein engineering to alter synthetase or hydrolase sub-
strate specificities, to explore the regulatory effects on fun-
damental processes in a single model host. There are
already several additional putative members of the
ppGpp family of nucleotides as candidates for study.
These include isomers of GTP (ppGp and pGpp),
NUDIX degradation products of ppGpp, (pGp) and nu-
cleotide chimeras (A5 -pppS’-Gpp) (64-68).
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