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ABSTRACT

The nucleotide messenger (p)ppGpp allows bacteria
to adapt to fluctuating environments by reprogram-
ming the transcriptome. Despite its well-recognized
role in gene regulation, (p)ppGpp is only known to di-
rectly affect transcription in Proteobacteria by bind-
ing to the RNA polymerase. Here, we reveal a dif-
ferent mechanism of gene regulation by (p)ppGpp
in Firmicutes: (p)ppGpp directly binds to the tran-
scription factor PurR to downregulate purine biosyn-
thesis gene expression upon amino acid starvation.
We first identified PurR as a receptor of (p)ppGpp in
Bacillus anthracis. A co-structure with Bacillus sub-
tilis PurR reveals that (p)ppGpp binds to a PurR
pocket reminiscent of the active site of phospho-
ribosyltransferase enzymes that has been repur-
posed to serve a purely regulatory role, where the
effectors (p)ppGpp and PRPP compete to allosteri-
cally control transcription. PRPP inhibits PurR DNA
binding to induce transcription of purine synthesis
genes, whereas (p)ppGpp antagonizes PRPP to en-
hance PurR DNA binding and repress transcription.
A (p)ppGpp-refractory purR mutant in B. subtilis fails
to downregulate purine synthesis genes upon amino
acid starvation. Our work establishes the precedent
of (p)ppGpp as an effector of a classical transcription
repressor and reveals the key function of (p)ppGpp
in regulating nucleotide synthesis through gene reg-
ulation, from soil bacteria to pathogens.

INTRODUCTION

Nucleotide second messengers allow organisms to rewire
transcription to reprogram physiology and lifestyle for sur-
vival in changing environments. In bacteria, nucleotide sec-
ond messengers, such as the cyclic nucleotides cAMP, c-
di-AMP and c-di-GMP, regulate transcription by binding
to transcription factors as effectors and allosterically af-
fecting the transcription factor’s binding to DNA regula-
tory elements (1-8). For example, cAMP, the key regulator
of catabolite repression, was one of the first identified al-
losteric effectors of transcription, establishing the paradigm
of gene regulation (9).

In contrast to cyclic nucleotides, another group of sig-
naling nucleotides is the linear ‘alarmone’ nucleotides, in-
cluding the ubiquitous nucleotide messengers ppGpp and
pprpGpp (collectively (p)ppGpp). (p)ppGpp is necessary for
bacteria to adapt to environmental changes from nutrient
availability to antibiotic assault (10-12). Since its discovery
a half century ago, (p)ppGpp was best known for its pro-
found role in gene regulation: downregulating the transcrip-
tion of rRNA and tRNA operons and modulating global
transcription in bacteria. (p)ppGpp binds RNA polymerase
as well as the interface between RNA polymerase and the
transcription factor DksA in Proteobacteria, and it binds
the virulence regulator complex MglA-SspA in Francisella
tularensis (13,14). However, unlike cyclic nucleotide second
messengers, (p)ppGpp has not been known to act as an al-
losteric effector of a canonical promoter-binding transcrip-
tion factor in bacteria.

In addition, (p)ppGpp has only been shown to regulate
transcription directly in Proteobacteria (13-15). In other
bacterial phyla, no transcription proteins have been shown
to be directly regulated by (p)ppGpp. In Firmicutes, includ-
ing the soil bacterium Bacillus subtilis and the pathogen
Bacillus anthracis, (p)ppGpp affects the transcription of
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hundreds of genes, but the only known mechanism is indi-
rect: via control of levels of GTP, which is the initiating nu-
cleotide for ribosomal RNA genes and is an effector for the
global regulator CodY (16-18). Therefore, the pervasive-
ness of (p)ppGpp’s role in direct gene expression remains
unclear.

Here, we report the first example of (p)ppGpp as an al-
losteric effector of a canonical transcription regulator, and
the first example of transcription under direct control of
(p)ppGpp in bacterial species beyond the Proteobacteria
phylum. We found that (p)ppGpp directly regulates tran-
scription in Bacillus by binding to the transcription regula-
tor PurR and serving as its effector. PurR controls expres-
sion of de novo and salvage purine nucleotide biosynthe-
sis genes in response to availability of external nucleobases
(19,20). Here, we show that PurR also responds to amino
acid starvation via (p)ppGpp induction, which strongly in-
creases PurR repression of purine nucleotide biosynthesis
genes. PurR proteins across Firmicutes comprise a DNA
binding domain and a regulatory domain resembling phos-
phoribosyltransferase (PRT) enzymes. PRT enzymes, in-
cluding HPRT and XPRT, are purine salvage enzymes
that use the substrate 5-phosphoribosyl-1-pyrophosphate
(PRPP) to produce purine nucleotides such as GMP, XMP
and IMP. However, the PRT domain on PurR lacks enzy-
matic activity and serves a purely regulatory role by bind-
ing PRPP to de-repress transcription (20,21). Our structural
and biochemical analyses reveal that (p)ppGpp also binds
to the PRT regulatory domain and competes with PRPP to
promote PurR binding to the promoter DNA, thus serving
as a PurR anti-inducer. Our study highlights the conserva-
tion of the role of signaling nucleotides as allosteric effec-
tors of gene regulation, not only by cyclic but also linear
nucleotides.

MATERIALS AND METHODS
Cloning and strain construction

Primers, plasmids, and strains used in this study are listed
in Supplementary Tables S3-S5. All primers were pur-
chased from Integrated DNA Technologies (Coralville, 1A,
USA). For selection in B. subtilis, media was supplemented
with antibiotics when required: MLS (erythromycin at 0.5
pwg/ml and lincomycin at 12.5 pg/ml) and spectinomycin
(80 wg/ml). For E. coli, carbenicillin was used at 100 pg/ml.

B. subtilis pur R was cloned into pLIC-trPC-HMA. PurR
variants were made by megaprimer site-directed mutagene-
sis of the plasmid (22). Inserts and mutants were confirmed
by PCR amplification and Sanger sequencing.

B. subtilis NCIB 3610 purR::ermHI was constructed by
amplifying the purR::ermHI genomic region from B. sub-
tilis 168 purR::ermHI (BKE00470, Bacillus Genetic Stock
Center). The PCR product was transformed into JDW2809,
and transformants were selected for MLS resistance. Posi-
tive transformants were confirmed by PCR.

To construct purR(D203A4) and purR( Y102 A) mutants
in B. subtilis, CRISPR-Cas9 plasmids were cloned with
Golden Gate assembly of pJW557 (amplified with primers
0JW2775/2821), the appropriate repair template (gene frag-
ment from GeneWiz, South Plainfield, NJ, USA), and the
appropriate guide RNA. Plasmids were transformed into

JDW159 (recA* E. coli) with selection on carbenicillin. Pu-
rified plasmid was transformed into JDW2809 and trans-
formants were selected for spectinomycin resistance. Trans-
formants were re-streaked twice on LB at 45°C to cure the
plasmid. Transformants were patched on spectinomycin,
and the purR region of spectinomycin-sensitive colonies
was sequenced to confirm the mutation. To construct the
purR(Y1024/F2054) and purR(Y102A/K207A) double
mutants, CRISPR-Cas9 plasmids were constructed with re-
pair templates for pur R( F205A ) and pur R( K207 A) with the
same guide RNA as purR(D203A4). These plasmids were
transformed into purR( Y102A4).

To construct P,,.z-sfGFP reporters, 500 bp DNA up-
stream of the start codon of purE in B. subtilis was amplified
with primers 0JW3438/3439 and cloned into pJW669 with
Golden Gate assembly according to New England Biolabs
(Ipswich, MA, USA) recommended protocol. The plasmid
was transformed into JDW 159 (recA™ E. coli) with selection
on carbenicillin. Insert was confirmed by sequencing. Pu-
rified plasmid was transformed into JDW2809, JDW3970,
JDW3975 and B. subtilis AyjbM AywaC. Transformants
were selected on spectinomycin and streaked twice on LB at
45°C to cure the plasmid. Spectinomycin-sensitive colonies
were confirmed by PCR. (p)ppGpp” with Pure-stGFP was
constructed by transforming a rel/4::mls PCR fragment am-
plified with primers 0JW902/903 into B. subtilis AyjbM
AywaC amyE::P,,, g-sfGFP (11). Transformants were se-
lected for MLS resistance and confirmed by PCR.

Growth conditions

B. subtilis and E. coli strains were grown at 37°C unless
otherwise noted. E. coli was grown in lysogeny broth (LB)
or Terrific broth media. Media used to grow B. subtilis in-
cluded LB and S7 defined minimal medium with 1% glu-
cose (23). S7 was supplemented with 20 amino acids (18)
or seven amino acids VILMTHE as needed. For experi-
ments, a single colony of each strain was resuspended in 1X
Spizizen salts (24) and spread on modified Spizizen minimal
agar plates (1X Spizizen salts, 1% glucose, 2 mM MgCl,, 0.7
mM CaCl,, 50 mM MnCl,, 5 mM FeCl;, 1 mM ZnCl,, 2
mM thiamine, 1.5% agar and 0.1% glutamate). The minimal
agar plates were supplemented with specific amino acids or
0.5% casamino acids where needed, especially in the case of
amino acid auxotrophic (p)ppGpp°. The plates were incu-
bated ~16 h at 25-30°C and diluted to an ODgyy ~ 0.005 in
indicated liquid media for liquid culture experiments.
Growth curves were performed with a Synergy 2 plate
reader (BioTek, Winooski, VT, USA) to measure ODgg
and GFP fluorescence (Exys5/Emsyg). To measure growth
rate, cells were washed from overnight plates, resuspended
in S7 medium with 20aa at ODgyy 0.005, grown to ODggg
~(0.2, and diluted to ODgyy 0.005 in a clear 96-well plate
(Corning, Corning, NY, USA) for measuring ODg in the
plate reader. Doubling times were calculated using a cus-
tom Python script that measured the fastest growth rate
in a one hour window. To measure GFP fluorescence from
the P,,z-sfGFP reporter, S7 medium with 20aa in a clear
bottom black 96-well plate (Corning) was inoculated with
part of a single colony of bacteria. Curves of ODgy and
fluorescence were translated to a starting ODgyy 0.075 for



comparison across strains. To perform nutrient downshifts,
cells were washed from overnight plates, resuspended in S7
medium with 20aa at ODgg 0.01, and grown to ODgyp ~0.2.
The medium was then filtered out with Costar Spin-X cen-
trifuge filters (Corning, 0.45 pm) by centrifuging at 5000
x g for one min. The cells were washed three times with S7
medium without any amino acids (except for glutamate),
resuspended in the same medium, and diluted in a 96-well
plate at ODggo 0.005 in both S7 medium with and without
20aa.

ORFeome DRaCALA screen

Bacillus anthracis Gateway® Clone Set containing plas-
mids bearing B. anthracis open reading frames was ac-
quired from BEI Resources and used for Gateway cloning
with the manufacturer’s protocol (Invitrogen, Waltham,
MA, USA) into overexpression vectors pVL791 (10xHis
tag, ampicillin-resistant) and pVL847 (10xHis-MBP tag,
gentamycin-resistant) and transformed into Escherichia coli
BL21 lacl? to produce two open reading frame proteome
over-expression libraries (ORFeome library).

Cell lysate with overexpressed protein and purified pro-
tein were used for DRaCALA as described (25). 10 wl cell
lysate or diluted, purified protein was mixed with 10 wl di-
luted [5'-a-3?P]-pppGpp (~0.2 nM) in a buffer containing
10 mM Tris pH 7.5, 100 mM NaCl and 5 mM MgCl,, in-
cubated at room temperature for 10 min. ~2 wl mixture
was blotted onto nitrocellulose membrane (Amersham; GE
Healthcare, Chicago, IL, USA) and allowed for diffusion
and drying. The nitrocellulose membrane loaded with mix-
ture was exposed on phosphor screen, which was scanned
by a Typhoon FLA9000 scanner (GE Healthcare). Fraction
of (p)ppGpp binding was analyzed as described (25).

Protein purification

PurR proteins were expressed in E. coli BL21 T7 Express
lacl!f(New England Biolabs) from the pLIC-trPC-HMA
plasmid with an N-terminal hexahistidine-maltose binding
protein (HisMBP) tag. Seed cultures at ODgyy ~0.5 were
diluted 1:50 into Terrific broth and grown to ODgyy ~1.5
at 37°C prior to induction with 1 mM IPTG for four hours.
Cultures were centrifuged at 10 000 x g for 30 min, the pellet
was washed with 25 ml 1 x phosphate-buffered saline (PBS),
and the pellet was stored at —80°C.

Pellets were resuspended in Lysis Buffer (25 mM Tris—
HCI pH 7.5, 300 mM NaCl, 10 mM imidazole; ~20 ml Ly-
sis Buffer per 1 1 cell pellet) with Pierce protease inhibitor
tablets (Thermo Fisher Scientific, Waltham, MA, USA)
and DNase I (MilliporeSigma, Burlington, MA, USA; 500
U/1 cell pellet). Cells were lysed via French press and cen-
trifuged at 30 000 x g for 30 min. The supernatant was
filtered through a 0.45 pm filter. HisMBP-tagged PurR
was loaded onto a HisTrap FF column (GE Healthcare)
equilibrated with Lysis Buffer on an AktaPure FPLC (GE
Healthcare). The column was washed with 15 column vol-
umes (CV) of Lysis Buffer with 5% Elution Buffer (25 mM
Tris-HCI pH 7.5, 300 mM NacCl, 500 mM imidazole). Pro-
tein was eluted in a gradient elution from 5 to 50% Elu-
tion Buffer. HisMBP-tagged PurR was dialyzed with to-
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bacco etch virus (TEV) protease overnight in 25 mM Tris—
HCI pH 8, 200 mM NacCl, 1 mM dithiothreitol (DTT), 0.5
mM ethylenediaminetetraacetic acid (EDTA) and 10 mM
(NH4),S04. Following cleavage of the HisMBP tag with
TEV protease, dialyzed protein was transferred into Lysis
Buffer with a HiPrep 26/10 desalting column (GE Health-
care) and passed over a HisTrap FF column. Flowthrough
was collected as untagged PurR. Untagged PurR was fur-
ther purified via HiPrep 26/60 Sephacryl S-200 gel filtration
(GE Healthcare) equilibrated in 20 mM HEPES pH 8§, 300
mM NaCland 50 mM (NHy4),SOy. The peak corresponding
to PurR was collected, concentrated, and concentration was
measured with the Bradford assay. Typical concentrations
were 10-20 mg/ml and yields were ~3-4 mg PurR/1 cul-
ture. Protein was flash-frozen in liquid nitrogen and stored
at —80°C.

For small scale purification of HisMBP-tagged PurR,
protein was expressed the same as above in a 5 ml volume.
The cell pellet was stored at —20°C until used. Cells were
resuspended in one ml lysis buffer (20 mM sodium phos-
phate pH 8, 500 mM NaCl, and 10 mM imidazole). Cells
were incubated with 1.6 mg lysozyme (MilliporeSigma) and
360 U Benzonase endonuclease (MilliporeSigma) for about
one hour on ice for lysis. Lysate was centrifuged at 20 000
x g for 15 min. Supernatant was incubated with His Mag
Sepharose beads (equilibrated with lysis buffer according to
manufacturer’s instructions; GE Healthcare) for 30 min at
4°C rotating end-over-end. Beads were washed three times
with 500 pl wash buffer (same as lysis buffer but with 40
mM imidazole). Protein was eluted three times with 250 pl
elution buffer (same as lysis buffer but with 500 mM imi-
dazole). Eluted protein was dialyzed into 20 mM HEPES
pH 8, 300 mM NaCl, 20 mM (NH4),SO4, concentration
was measured with 4,gy and extinction coefficient, and flash
frozen with liquid nitrogen for storage at -80°C.

DRaCALA

[5-a-*P] pppGpp and ppGpp were purified as previously
described (26,27). For PurR DRaCALA, protein in stor-
age buffer was diluted to the appropriate concentration in
20 mM HEPES pH 8, 100 mM NaCl. **P-labeled pppGpp
or ppGpp was added in a final dilution of ~1:50 from its
stock. The protein and ligand were incubated for 10 min
and spotted onto Protran BASS5 nitrocellulose (0.45 pm,
GE Healthcare) with a replicator tool (VP 408FP6S2; V&P
Scientific, Inc., San Diego, CA, USA). After the spots dried,
the nitrocellulose was exposed to a phosphor screen for at
least three hours and scanned with a Typhoon FLA9000
phosphorimager. Images were analyzed with Image] and
fraction bound 3?P-labeled (p)ppGpp was calculated as de-
scribed (25). For ppGpp-PRPP competition assays, non-
radiolabeled PRPP was first incubated with PurR (diluted
as described above) for about two minutes before radio-
labeled ppGpp was added. The reaction was then incu-
bated for 10 min before being processed as described above.
Data were analyzed with Prism v7 (GraphPad Software,
San Diego, CA, USA), and binding curves were obtained
by fitting the data to the equation: ¥ = (Bpax x X") /
(K4" + X™), where h represents the Hill cooperativity coef-
ficient. ppGpp-PRPP competition data were fit to a four-
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parameter logistic regression model in Prism. All DRa-
CALA reactions were performed in technical triplicate (sep-
arate reactions from the same protein preparation) and vari-
ance was determined as standard error of the mean.

X-ray crystallography

To obtain PurR-ppGpp crystals, the purified PurR protein
was concentrated to 20 mg/ml and ppGpp was added to
a final concentration of 1 mM. Crystal screens were per-
formed using the hanging drop vapor diffusion method.
The best crystals were obtained by mixing this complex
1:1 with a crystallization reservoir consisting of 0.1 M 2-
(N-morpholino)ethanesulfonic acid (MES) pH 6.5 and 18%
PEG 1500. The crystals grew at room temperature and took
from 5 days to 1 week to reach optimal size. The crystals
take the triclinic space group P1 and diffracted beyond 2.5 A
on synchrotron sources. The crystals were cryo-protected by
dipping the crystals in a 1 pl drop consisting of the crystal-
lization reagent supplemented with 15% glycerol for 2 s. The
crystal was then placed directly in the cryo-stream. X-ray
intensity data were collected at the Advanced Light Source
(ALS) beamline 8.3.1. The data were integrated in MOS-
FLM and scaled using SCALA (28). Phaser in CCP4 was
used to solve the structure by Molecular replacement using
a dimer of the 1P4A B. subtilis PurR structure with the lig-
and removed. Phaser readily located the three PurR dimers
in the crystallographic asymmetric unit. Phenix (29) was
then employed to perform refinement. After several rounds
of refinement and refitting and optimizing of the model,
density was evident for ppGpp molecules in four of the six
PurR subunits; there was only weak density for the ppGpp
molecules in the other two subunits. After fitting the ppGpp
molecules, refinement in Phenix commenced and in the final
stages of refinement ordered solvent molecules were added.
The final model has Ryork/ Riree Values of 19.4%/23.9% to
2.45 A resolution and validation in Molprobity placed the
structure in the top 98% of structures solved to similar res-
olutions.

Electrophoretic mobility shift assay (EMSA)

Gel shift assays were performed with untagged B. subtilis
PurR, ppGpp, PRPP, and a 221 bp FAM-labeled DNA
probe or a 202 bp unlabeled DNA probe. The 221 bp
probe was amplified from upstream of the pur operon with
0JW4028/4029, and the 202 bp probe was amplified with
0JW1285/1286. DNA concentration was measured with
Quant-IT (Thermo Fisher Scientific). Protein was diluted
from frozen stock to appropriate concentrations in 10 mM
HEPES pH 8.0, 100 mM KCI and 10% glycerol. For reac-
tions with the FAM-labeled probe, the reaction contained 5
nM FAM-labeled DNA probe, 100 nM salmon sperm non-
specific DNA (Invitrogen), 10 mM HEPES pH 7.5, 200 mM
KCl, 10% glycerol, 0.2 mM EDTA, 5 mM MgCl,, 1 mM
DTT and 0.5 mg/ml bovine serum albumin (BSA; protein
standard, Bio-Rad, Hercules, CA, USA). For reactions with
the unlabeled DNA probe, the conditions were the same ex-
cept 50 mM KCI, no nonspecific DNA and 1 nM DNA
probe. Twenty microliter reactions were prepared from a
5x buffer, 10x protein stock, 10x DNA probe stock and

10x ppGpp or PRPP stock. Reactions were mixed by pipet-
ting and incubated at room temperature (~23°C) for 30
min. A 6% TBE polyacrylamide gel (Novex, Thermo Fisher
Scientific) was pre-run at 10 V for 10 min at 4°C. Ten micro-
liters of the sample were loaded and the gel was run at 100
V for ~100 min at 4°C. For the unlabeled 202 bp probe,
gels were stained with 1X SYBR Gold (Thermo Fisher Sci-
entific) at room temperature for 30 min and imaged on a
Typhoon FLA9000. For the FAM-labeled probe, gels were
imaged on a Typhoon FLA9000 with FAM detection set-
tings.

LC-MS quantification of PRPP and other nucleotides

JDW2809 was grown in S7 defined media with 1% glucose
and 0.1% potassium glutamate to ODgyy ~0.3. 5 ml cul-
ture was sampled before and after 0.5 mg/ml arginine hy-
droxamate treatment at defined time points. Sampled cul-
tures were extracted and analyzed by LC-MS as described
in previous publication (30). Concentration of PRPP was
estimated as follows: PRPP concentration is 2.50 nmol/(mg
dry weight) during exponential growth in minimal media
(31). Given the dry weight/wet weight ratio of B. subtilis of
51.4% (32), the PRPP concentration is 2.50 x 51.4% = 1.29
nmol/(mg wet weight). Given the cell density is very close to
water (1 g/ml), the PRPP concentration is 1.29 mM. Finally,
we calculated PRPP concentration after arginine hydroxa-
mate treatment for 30 min to be ~0.7 mM by comparing the
relative normalized ion counts to the untreated samples.

Production of radiolabeled PurBox DNA probe

To construct the DNA probe for DNase I footprinting, the
fragment containing PurBoxes was amplified by PCR us-
ing oligos 0JW4280/0JW4281. This fragment was cloned
into pUCIS vector to construct pJW747 by restriction di-
gestion and ligation with HindIII, BamHI and T4 DNA
ligase (New England Biolabs). pJW747 was processed as
follows to produce radiolabeled PurBox DNA probe: 7.5
wg pJW747 was firstly digested by 20 U BamHI at 37°C
for 30 min. The product was phenol extracted and treated
by 10 U Quick CIP (New England Biolabs) at 37°C for 30
min. The product was heated at 80°C for 10 min to deacti-
vate Quick CIP and incubated with 10 U T4 polynucleotide
kinase (New England Biolabs) and 120 n.Ci [**P-a]-ATP
(PerkinElmer, Waltham, MA, USA) to label the DNA. The
product was heated at 65°C for 10 min to deactivate T4
polynucleotide kinase and treated by 20 U HindIII at 37°C
for 30 min. The product was purified by phenol extraction
and purified as described before (33).

DNase I footprinting assay

DNase I footprinting reaction was performed as described
before (33) with modifications. Footprinting was performed
in 10 mM HEPES pH 7.5, 50 mM KCI, 10% glycerol, 1 mM
EDTA, 5 mM MgCl,, S mM DTT, 2.5 mg/ml BSA and 5
ng/ul salmon sperm non-specific DNA. A 25 ul reaction
mix with radiolabeled PurBox DNA probe was mixed with
designated amounts of PurR, ppGpp and PRPP and incu-
bated at room temperature for 1 h. The mixture was then



treated with 3.2 wg/ml DNase I (Roche, Basel, Switzerland)
for 40 s, and the reaction was stopped by adding 300 mM
sodium acetate and 10 mM EDTA. The mix was purified by
phenol extraction and dissolved in 5 wl gel loading buffer
(8 M urea, 0.5x Tris-borate-EDTA buffer (TBE), 0.05%
(w/v) bromophenol blue). The A + G ladder for footprint-
ing was prepared as described before (33 ). DNA footprint
gel electrophoresis was performed as described before (33).
After electrophoresis, the dried gel was exposed to a phos-
phor screen for 48 h, and the screen was scanned on a Ty-
phoon FLA9000 phosphorimager. The figure was analyzed
by ImageJ for quantification of band intensities.

Western blot analysis

To test for a-PurR antibody activity, cultures were ob-
tained by inoculating LB with single colonies of wild-type
(JDW2809) and purR::ermHI B. subtilis (JDW3359). Ten
mL of culture were pelleted at 4500 x g for 20 min and
washed with one mL of 50 mM Tris pH 7.5 and 300 mM
NaCl. The pellet was resuspended in 100 wl of lysis buffer
(10 mM Tris pH 7.5, 10 mM EDTA, 0.1 mg/ml lysozyme,
0.5 mM PMSF). Cells were lysed by incubation at 37°C
for 30 min. An equal volume of 2x Laemmli buffer (Bio-
Rad) was added and cells were incubated at 95°C for 10
min. The solution was centrifuged at maximum speed and
the supernatant was transferred to a fresh tube. Ten mi-
croliters of the cell lysate were loaded onto a 12.5% poly-
acrylamide gel for western blot analysis. The protein was
transferred to BA85 Protran nitrocellulose (GE Healthcare)
with a semi-dry transfer apparatus (Bio-Rad) at 15 V for
30 min. The nitrocellulose was blocked with 1x PBST (1x
PBS, 2% milk, 0.1% Tween-20) for four hours. The mem-
brane was incubated overnight at 4°C with 10 ml PBST
and 20 pl a-PurR rabbit serum (polyclonal, 1:500 dilu-
tion, raised against untagged purified B. subtilis PurR by
Covance-Labcorp, Princeton, NJ, USA). The membrane
was washed with 1x PBS before incubating for one hour
with 10 ml 1x PBS and 0.5 pl secondary antibody (goat
a-rabbit Alexa Fluor 647, Invitrogen). The membrane was
washed three times with PBST and three times with PBS
prior to imaging on a Odyssey CLx (LI-COR, Lincoln, NE,
USA).

ChIP-seq

The PurR ChIP protocol was adapted from previously
published ChIP protocols (34,35). Cultures for ChIP-seq
were grown in minimal medium supplemented with the
amino acids VILMTHE. For ChIP-seq with nucleobases,
the medium was supplemented with 1x ACGU (Teknova,
Hollister, CA, USA). For sample collection, cells were
grown from a starting ODgyy ~0.01. Cells were grown to
an ODgpy ~0.5 at 37°C and 250 RPM. For RHX treatment,
an untreated sample was collected by adding ~50 ml cul-
ture into 1.4 ml 37% formaldehyde in a 50-ml conical. The
conical was shaken at 37°C for 7-8 min prior to placing on
ice. The remaining culture was treated with 0.5 mg/ml RHX
and another ~50 ml was crosslinked 10 min after RHX ad-
dition. Crosslinked samples were held on ice for at least
30 min, centrifuged at 5000 x g for 15 min, washed twice
with ice-cold 25 ml 1x PBS, and resuspended in 1 ml ice-
cold solution A (20% sucrose, 10 mM Tris pH 8, 10 mM
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EDTA, 50 mM NacCl). After resuspension in Solution A,
samples were split into two equal volume microcentrifuge
tubes and stored at —80°C. Crosslinked samples were col-
lected from three biological replicates, each grown from a
single colony, of wild-type and (p)ppGpp° B. subtilis. The
following ChIP-seq protocol was used on each biological
replicate separately.

For chromatin immunoprecipitation, one tube of each
sample was thawed and treated with 1 mg/ml lysozyme
(MilliporeSigma) at 37°C for 30 min. Lysed sample was di-
luted with 600 wl 2x IP buffer (100 mM Tris pH 7, 300
mM NaCl, 10 mM EDTA, 2% Triton X-100) and 0.5 mM
AEBSF and divided into two tubes ~550 w1 each. Samples
were sonicated with a Misonix S-4000 (Misonix, Inc., Farm-
ingdale, NY, USA) with the cup horn attachment at ampli-
tude 80 for 10 s ON, 15 s OFF, and a total ON time of §-10
min. Like samples were recombined and 100 pl of sonicated
sample was removed as the input sample. To each sonicated
sample, 10 wl of polyclonal a-B. subtilis PurR serum (serum
from terminal bleed of rabbit W1606 raised by Covance) was
added. Antibody and lysate were incubated end-over-end
overnight at 4°C. Antibody/protein mixture was added to
50 wl Dynabeads Protein A (Thermo Fisher Scientific) and
incubated end-over-end for 1 h at 4°C. Beads were washed
four times with lysis buffer 150 (50 mM HEPES-KOH pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS, 0.1% sodium deoxycholate) and two times with 10
mM Tris pH 7.5. See (34) for details on washes. Beads were
resuspended in a 100 wl blunt enzyme mix reaction (Quick
Blunting Kit, New England Biolabs) with half the enzyme
concentration of the manufacturer’s protocol. The blunt-
ing and 5 phosphorylation reaction occurred at 24°C for
30 min with gentle rotation. Beads were then washed twice
with lysis buffer 150 and twice with 10 mM Tris pH 8. A-
tails were added to the 3’ ends of the DNA by incubating
the beads with Klenow fragment (exo-) (New England Bi-
olabs) in a 100 wl reaction. Following 30 min incubation
at 37°C, beads were washed twice with lysis buffer 150 and
twice with 10 mM Tris pH 7.5. Annealed dual-index Illu-
mina adapters were ligated onto DNA by resuspending the
beads in a 100 pl reaction containing Quick Ligase (New
England Biolabs) and 0.1 wM annealed i5/i17 adapter. The
ligation reaction was incubated for 15 min at 24°C. The
beads were washed twice with lysis buffer 150, once with
lysis buffer 500 (same composition as lysis buffer 150 ex-
cept 500 mM NaCl), once with ChIP wash buffer (10 mM
Tris pH 8,250 mM LiCl, 1 mM EDTA, 0.5% sodium deoxy-
cholate, 0.5% Nonidet-P40 (substitute) (Dot Scientific, Bur-
ton, MI, USA)), and once with Tris-EDTA buffer. Beads
were resuspended in 48 wl elution buffer (50 mM Tris pH
8, 1 mM EDTA, 1% SDS) and 1.6 U Proteinase K (New
England Biolabs), incubated at 55°C for 1 h and then 65°C
overnight. Supernatant was transferred to a new tube and
an additional 19 pl elution buffer and 0.8 U Proteinase
K were added to the beads. Following incubation at 55°C
for 1 h, reverse-crosslinked samples were combined and the
DNA was purified using solid phase reverse immobilization
(SPRI) Sera-Mag SpeedBeads (1.6:1 ratio, GE Healthcare).
The final library was eluted with 22 pl ddH,O.

Input samples were processed by first adding 0.5 mg/ml
RNase A (Thermo Fisher Scientific) and incubating at 37°C
for at least 1 h. Then, 48 pl elution buffer and 1.6 U Pro-
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teinase K were added, incubated at 55°C for one hour, and
then at 65°C overnight to reverse crosslinks. The DNA was
isolated with a 1.8:1 SPRI cleanup and the concentration
was quantified with Quant-iT (Thermo Fisher Scientific).
Moving forward, 100 ng input DNA was processed with
reactions similar to the ChIP samples, except the reaction
volumes were 50 pl. Following blunting/5" phosphoryla-
tion and A-tailing, the DNA was purified with a 1.8:1 SPRI
cleanup. Following ligation, the DNA was purified with two
successive 1:1 or 1.2:1 SPRI cleanups to eliminate adapter
carryover. The final library was eluted with 22 pl ddH,O.

Quantitative PCR was used to determine the number of
cycles for library amplification. In a 20 wl reaction, 2 wl
of each sample DNA was combined with 0.2 wM each of
0JW3536 and 0JW3537, 1X EvaGreen dye (Biotium, Fre-
mont, CA, USA), and KAPA high-fidelity low-bias poly-
merase (Roche). Samples were denatured in a Bio-Rad CFX
qPCR thermocycler at 95°C for 2 min followed by 40 cycles
of 95°C for 10 s, 55°C for 10 s, and 72°C for 30 s. The cycle
quantification (Cq) value provided by the program was used
as the number of cycles for full library amplification. The
remaining 20 wl of library was amplified with KAPA poly-
merase and the primers and concentrations listed above.
The reactions were denatured at 98°C for 30 s, cycled the
Cq value through 98°C for 10's, 55°C for 15 s, and 72°C for
30 s before a final extension of 72°C for 5 min. Final ampli-
fied libraries were purified with a 1.6:1 SPRI cleanup and
eluted with ddH,O.

ChIP-seq data analysis

Libraries were sequenced on the Illumina NextSeq platform
at the University of Michigan Advanced Genomics Core.
The analysis pipeline and scripts are available at https:
/[github.com/bwanderson3/2021 _PurR _ChIP_analysis.git.
Briefly, quality control was determined with FastQC (https:
/Iwww.bioinformatics.babraham.ac.uk/projects/fastqc/).
Adapters were removed with CutAdapt with argu-
ments —quality-base = 33 -a AGATCGGAAGAGC -a
CGGAAGAGCACAC -a GGGGGGGGGGGGGGG
-n 3 -m 20 —match-read-wildcards -o. Using bowtie2 and
arguments -U -q —end-to-end —very-sensitive -p 6 —phred33,
wild-type B. subtilis reads were aligned to the B. subtilis
NCIB 3610 genome (CP020102) from NCBI Reference Se-
quence Database. B. subtilis (p)ppGpp" reads were aligned
to the NCIB 3610 genome with the pBS32 megaplasmid
(CP020102 concatenated with CP020103). Using a custom
python script, coverage at a 10 bp resolution was boot-
strapped and the median coverage of 100 bootstraps was
used for downstream analysis. Coverage was smoothed
with a custom python script. Enrichment was calculated
as the median counts per million in a ChIP sample divided
by the median counts per million in its corresponding
input sample for each 10 bp window. The input sequencing
dataset for the first replicate was low quality, so the input
datasets from the same strain background and treatment
conditions of the third replicate were used to calculate
enrichment for the first replicate. For plotting enrichment,
coverage was smoothed to 50 bp windows and enrichment
was calculated again as above.

To calculate the effect of (p)ppGpp on PurR oc-
cupancy genome-wide, bootstrapped coverage at a

10 bp resolution that was determined in the previous
paragraph was used. The effect of (p)ppGpp was deter-
mined by calculating: (enrichment_post_ RHX wildtype/
enrichment_pre_ RHX _wildtype)/(enrichment_post RHX_
ppGpp’ /enrichment_pre_ RHX_ppGpp®). This yielded 100
bootstraps for each biological replicate (replicate 1 for
wild type was paired with replicate 1 for (p)ppGpp? in the
calculation). The median bootstrap value was determined
from the 100 bootstraps for each biological replicate.
Means and standard deviations were calculated from the
medians of each biological replicate.

PurR phylogenetic analysis

GenBank files and genome sequences were downloaded
from NCBI Assembly for 106 complete reference bacte-
rial genomes. To build the phylogenetic tree, 16S rRNA
sequences were extracted from the GenBank files with a
custom python script, and three eukaryotic 18S rRNA
sequences were included as an outgroup. The rRNA se-
quences were aligned in MEGA X with ClustalW (36).
The best model for tree construction was chosen as Gen-
eral Time Reversible with gamma distributed categories and
invariant sites, which had the lowest AIC by MEGA X’s
model test software (37). The tree was constructed accord-
ing to this model in MEGA X with extensive grafting and
subtree pruning and 750 bootstrap replicates. The tree was
modified and annotated in R using the ggtree package (38).

Standalone BLAST+ from NCBI was used to determine
which reference genomes contained a B. subtilis or B. an-
thracis PurR homolog. A BLAST database was created
from the FASTA files of the same reference genome se-
quences used to generate the phylogenetic tree. The 73 N-
terminal residues of B. subtilis PurR were BLASTed against
this database with tblastn and a default E value of 10. This
domain is unique to PurR according to Pfam (PF09182).
The complete PurR sequence was not used due to homol-
ogy of the PRT domain with PRT enzymes.

Phylogenetic analysis of the PurR (p)ppGpp binding pocket

Conservation analysis of the protein and binding pocket
was conducted on 938 PurR homologs in the Pfam fam-
ily PF09182. Amino acid sequences were downloaded from
UniProt, and proteins were aligned with MUSCLE in
MEGA X. A frequency logo was created from aligned
(p)ppGpp binding residues using WebLogo (UC Berke-
ley; https://weblogo.berkeley.edu/logo.cgi). ConSurf analy-
sis was conducted using the ConSurf server (http://consurf.
tau.ac.il/) with conservation score determined by Bayesian
inference (39,40). Conservation scores were mapped onto
PDB ID 1057.

RESULTS

Screening a B. anthracis ORF library identifies the purine
transcription regulator PurR as a (p)ppGpp target

(p)ppGpp has been shown to bind to the RNA poly-
merase core enzyme in Proteobacteria (14,41,42). In con-
trast, in Firmicutes (p)ppGpp has not been shown to
regulate transcription directly (43), despite regulating
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many targets, including nucleotide synthesis enzymes, ribo-
some associated GTPases, and DNA replication enzymes
(11,26,27,30,44,45). To uncover potential (p)ppGpp reg-
ulated transcriptional targets, we conducted a proteome
based screen for proteins that directly bind (p)ppGpp in the
pathogenic Firmicute Bacillus anthracis (30). We screened
the 5341 open reading frame (ORF) library from B. an-
thracis, after placing each ORF into two expression con-
structs, one expressing the ORF with an N-terminal histi-
dine (His) tag and the other with an N-terminal histidine
maltose binding protein (HisMBP) tag. Each ORF in the
His-tagged and HisMBP-tagged library was overexpressed
and binding to 3*P-pppGpp was assayed using differential
radial capillary action of ligand assay (DRaCALA). The
fraction of **P-pppGpp bound to protein in each lysate was
normalized as a Z-score for each plate (the number of stan-
dard deviations from the mean fraction *P-pppGpp bound
for each plate) to reduce the influence of plate-to-plate vari-
ation. We used a strict Z-score cutoff of 2.5 to identify pro-
teins very likely to be (p)ppGpp targets (Figure 1A and B).
This yielded known and new (p)ppGpp targets, as listed in
Supplementary Table S1 and reported in (30).

Since (p)ppGpp binds many proteins in cell lysates, we
sought to reduce nonspecific background binding by per-
forming the same screen with a small amount (100 uM
GTP) of non-radiolabeled GTP as a competitor (Figure 1C
and D). Many (p)ppGpp binding proteins also bind GTP,
so the non-radiolabeled GTP competitor reduces the Z-
score of GTP binding proteins among others, leading to
many hits losing significance in the presence of GTP (these
are colored yellow in Figure 1A and B; Supplementary Ta-
ble S1). This approach enriches for hits that specifically
bind (p)ppGpp without competing with GTP. Strikingly,
the purine synthesis transcription regulator PurR (BA0044)
which had a Z-score slightly below the cutoff of 2.5 in the
previous screens (Figure 1A and B), emerged as one of
the strongest hits in the screens with GTP, only behind the
known targets HPRT, XPRT, and YjbM (SasB) (Figure 1C
and D, and Supplementary Table S1).

PurR is a transcription regulator in bacteria with the ma-
jor role of repressing the transcription of genes responsi-
ble for de novo synthesis of IMP, the common precursor to
the purine nucleotides ATP and GTP (Figure 1E) (20,46—
48). PurR is known to be regulated by the availability of
purine bases for salvage, thus is a critical regulator in en-
suring balanced and efficient synthesis of purine nucleotides
(20,49,50).

Homologs of the B. anthracis PurR are found almost ex-
clusively in the bacterial phylum Firmicutes (Figure 1F).
PurR proteins from other bacterial phyla, such as Pro-
teobacteria, are structurally unrelated (51-53). To perform
an in-depth study of the PurR-(p)ppGpp interaction, we
turned to PurR from B. subtilis, a close relative of B. an-
thracis, since its PurR has been extensively characterized
and the PurR homologs are similar (64% identical) (20). We
purified untagged B. subtilis PurR and tested for binding to
2P-ppGpp and ?P-pppGpp with DRaCALA (Figure 1G).
Both ppGpp and pppGpp interacted with B. subtilis PurR
similarly, with binding curves best fit with a K4 ~ 4.4 pM
and a Hill cooperativity coefficient of 1.5 (Figure 1G and
H). Given that the physiological concentration of (p)ppGpp
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in Bacillus can reach up to mM during amino acid starva-
tion (11), this interaction is likely to be relevant in vivo and
represents a potential new regulation of gene expression of
the PurR regulon by amino acid starvation.

Next, we tested whether (p)ppGpp interaction extends
to PurR homologs in other Firmicutes beyond B. anthracis
and B. subtilis, using purified PurR from the soil bacterium
Clostridium sporogenes, the opportunistic pathogen Entero-
coccus faecalis, and the oral pathogen Streptococcus mu-
tans. In all cases, we detected significant binding to 3*P-
ppGpp (Figure 1I). Altogether, our screen has identified
a transcription factor in Firmicutes that (p)ppGpp binds
tightly and specifically. (p)ppGpp binding to PurR sug-
gests that it can act as an effector for the transcription
factor.

(p)ppGpp binds to a conserved pocket on the effector binding
domain of PurR

We next solved a co-structure of ppGpp bound to B. subtilis
PurR to 2.45 A resolution (Figure 2A and Supplementary
Table S2). B. subtilis PurR comprises two domains, an N-
terminal winged helix-turn-helix domain for DNA binding
and a C-terminal effector binding domain. In contrast to
E. coli PurR whose effector binding domain binds purine
bases and is structurally similar to a ribose binding protein,
the Firmicute PurR effector binding domain is similar to
the phosphoribosyltransferase (PRT) class of enzymes (Fig-
ure 2A) (21,53). In the structure of the B. subtilis PurR-
ppGpp complex, ppGpp binds to the PRT domain in a
pocket defined by three loops found in all PRT proteins
(I1, III, IV; loop numbering from PRT enzymes) (Figure
2A and B) (54). The guanine ring of ppGpp is engaged in
w-stacking interactions, sandwiched between the aromatic
side chains of residues Phe205 and Tyr102 (Figure 2B). A
Y 102A variant interacts with *>?P-ppGpp more weakly than
wild type, supporting a role for Tyr102 in ppGpp binding
(Supplementary Figure S1A). The 5'-phosphates of ppGpp
nestle into a pocket formed by loop III and an a-helix,
where the backbone amides of loop III and the side chain
of Thr211 coordinate the 5'-phosphates (Figure 2B). The 3'-
phosphates extend upward and out of the binding pocket,
where they interact with backbone amides of loop II and
the side chains of Tyr102 and Lys207 (Figure 2B). The omit
electron density for the 3’-phosphates is weaker than that of
the 5'-phosphates (Supplementary Figure S1B) but can be
unambiguously assigned to ppGpp when contoured down
to lower sigma values. While (p)ppGpp is commonly co-
crystallized with divalent cations (e.g. Mg?* or Mn?*), we
did not find evidence for metals in our structure. Accord-
ingly, DRaCALA confirmed that Mg>* is not required for
nor interferes with the interaction between ?>P-ppGpp and
PurR (Supplementary Figure S1C).

The (p)ppGpp binding pocket among Firmicutes PurR
homologs is highly conserved. We aligned the (p)ppGpp
binding residues from 938 B. subtilis PurR homologs in the
Pfam database (Figure 2C). Of the 15 residues involved in
the interaction, 11 are nearly perfectly conserved, and vari-
ants in other sites are highly similar (Figure 2C). For ex-
ample, residue 102 is a tyrosine in most PurR homologs,
including B. subtilis PurR, while phenylalanine is at the
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PurR (green; PDB ID 1057) and ppGpp-bound PurR (salmon). Bridging loop that is unresolved in apo but not with ppGpp is indicated. (E, F) Poisson-
Boltzmann continuum electrostatics of the effector binding domain of apo (E) and ppGpp-bound (F) PurR. The scale of electrostatic potential is —5 (red)

to + 5 (blue).

homologous position in the others. Also, residue 207 is a
lysine in most homologs, including B. subtilis PurR, and
arginine is at the homologous position in the remainder.
Loop III residues Phe205 and Gly209/Gly210/Thr211 are
nearly universally conserved. ConSurf analysis across the
whole protein for the 938 PurR homologs shows that the
(p)ppGpp binding pocket is more highly conserved than the
remainder of the protein, even more than the DNA binding
domain (Supplementary Figure S1D).

Structural comparison between apo PurR and ppGpp-
bound PurR does not reveal drastic conformational or elec-
trostatic differences in the DNA binding domain (Supple-
mentary Figure S2A-C). ppGpp binding does affect the ef-
fector binding domain, which is important for oligomeric
interaction between PurR subunits. A loop that bridges
the monomer-monomer interface of a PurR dimer is unre-
solved in apo PurR but is resolved in ppGpp-bound PurR,
suggesting that ppGpp binding stabilizes the conformation
of this loop (Figure 2D). The effect of this change is that
ppGpp significantly alters the electrostatics of the effector
binding domain by creating a positively charged channel
different from the apo protein (Figure 2E and F). Since it
has been hypothesized that DNA wraps around PurR to
interact with the effector binding domain (55), it is possible

that the altered electrostatic surfaces affect the interactions
with the electronegative DNA backbone.

(»)ppGpp competes with PRPP for binding PurR’s effector
binding domain to alter PurR binding to promoter DNA

The effector binding domain of PurR is homologous to
PRT enzymes, which catalyze phosphoribosyl transfer re-
actions with PRPP as a substrate. The PRT domain of
PurR also binds PRPP but does not have enzymatic activity.
PRPP binding instead de-represses the PurR regulon (20).
The ppGpp binding site partially overlaps the PRPP bind-
ing site, as seen in an overlay of ppGpp and the PRPP ana-
log, cPRPP, bound to PurR (Figure 3A) (55). Particularly,
the 5-phosphates of ppGpp overlap with the 5'-phosphate
of PRPP in their interaction with loop III (Figure 3A). The
overlap in this binding site suggests that they would com-
pete for binding to PurR. Indeed, we found PRPP competes
with 32P-ppGpp for binding PurR (Figure 3B). The binding
pocket also contains interactions specific for each effector.
PurR Tyrl102 is flipped away from the pocket with PRPP
bound and covers the guanine ring with ppGpp bound (Fig-
ure 3A). Asp203 sits below the ribose of PRPP but does
not interact with ppGpp (Figure 3A). An alanine variant at


https://weblogo.berkeley.edu/logo.cgi

856 Nucleic Acids Research, 2022, Vol. 50, No. 2

B c no ppGpp 500 pM ppGpp
PREP 858098 3,928
(uM) OCOoOMr-rOANT™ OO®Mm~ © A
° TS EEEW
> {
o PurR-| | ’ ? { ERSRRARAT IRy
Q robe|: b E kd i |
= p bt bt bt R R
S YISV V'HMHUH I
E free L‘ “_UUUH ! ‘ v
1 probe| * ; :
01 1 10 100 1000
PRPP (uM)
A+G
D no PRPP 62.5 M PRPP E . ladder1 2 3 4 5 6 7 8 9 10
pPPGPP 08w poe ©VV g oo oA w-mummmm
(uM) 0oL dV8Bo25dTRS Ti‘;"rﬂ i e e i
P o i 11 1300 8 Gr, - :
F’urR-|: UH | u i PurBox 1 ?Ti
b ‘ : }
probe u M :Tc
Ic
free Huu “ g?;
probe ;i ! i By
{ o wiliies. X
&
. 25
F Intensity of PurBox 2 PurBox 2 :GA
urBox
*P=0.027 Co
A
> 04 t
2 1
o 0.3 n.s. g
k= 3
o 0.2 2 5
T g1 T - ST =
o 3
DCO PuR + - + + + + + + + +
-+ o+ o+ o+ o+ o+ o+ o+ o+
ppGpp - + - + DNase |
PRPP - - + + ppGpp - - - -+ o+ - -+ o+
PRPP - - - - -+ + o+ o+
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ppGpp concentration and with PRPP. The PurR concentration is 100 nM in (C) and (D). Similar EMSA results were observed with a non-labeled 202
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DNase I footprinting of PurR-PurBox interaction. 32P-labeled PurBox fragment was incubated with or without PurR (50 nM), ppGpp (1 mM), and PRPP
(16 wM), and then briefly digested by DNase I (3.2 pg/ml). The digestion product was analyzed by electrophoresis. The uncropped gel is in Supplementary
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this position reduces the ability of PRPP to compete with
ppGpp by 100-fold (Figure 3B), but 3*P-ppGpp binding is
unaffected (Supplementary Figure S1A).

We next examined the role of (p)ppGpp/PRPP on PurR
binding to a cognate binding sequence with electrophoretic
mobility shift assays (EMSAs). We used two DNA probes
amplified from the PurR-binding promoter of the pur
operon in B. subtilis, which encodes the genes necessary
for de novo IMP synthesis. One probe was a FAM-labeled
221 bp probe that we detected with FAM-specific fluores-
cence, and the other probe was an unlabeled 202 bp probe
that we detected with a nonspecific SYBR Gold dye. We
added PurR to the FAM-labeled probe at high salt concen-
trations in the presence of unlabeled nonspecific DNA com-
petitors to ensure the specificity of the interaction (Figure

3C), or we added PurR to the unlabeled probe in the absence
of nonspecific DNA at lower salt concentrations (Supple-
mentary Figure S3). In both cases, we observed a complete
probe shift and the formation of larger molecular weight
complexes, indicative of the PurR repressor-promoter com-
plex. The presence of increasing concentrations of PRPP re-
sults in loss of the larger molecular weight PurR-promoter
complex and an increase in unbound DNA (Figure 3C,
left). This agrees with previous observations that PRPP is
an inducer (anti-repressor) of PurR (20). However, in the
presence of ppGpp (500 wM), PRPP no longer effectively
prevents PurR-DNA interaction, and only a small por-
tion of unbound probe was observed even at the highest
PRPP concentration (Figure 3C, right). We also performed
EMSA by titrating an increasing amount of ppGpp (Fig-



Table 1. PurR binding sites in B. subtilis identified with ChIP-seq
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Wild type (PurR enrichment®)

(p)ppGpp” (PurR enrichment)

Gene/operon Function +ACGUP —RHX® +RHX —RHX +RHX PurBox
pdxS-pdxT pyridoxal 5-phosphate (PLP) synthetase 383 £0.72 1.63 £ 0.19 3.11 £ 0.52 1.36 £+ 0.16 1.32 £ 0.10 Y
purR-yabJ purine repressor PurR 11.30 £ 0.72 2.72 +£ 0.43 7.19 £ 0.85 231 +£ 043 1.79 £+ 0.31 Y
pbuG hypoxanthine/guanine permease 21.92 £+ 1.54 493 £+ 0.46 8.19 + 1.44 4.10 £+ 0.98 2.81 £ 0.37 Y
purEKBCSQLFMNHD de novo IMP synthesis 19.28 + 1.15 5.55 + 1.03 12.51 £ 1.95 3.65 + 0.59 2.35 £ 0.44 Y
steT serine/threonine exchanger transporter 42.10 + 7.78 10.19 £ 1.46 26.37 + 8.74 12.52 £ 5.95 5.28 + 0.21 Y
pyeA pyruvate carboxylase 20.49 + 3.56 4.60 £ 0.76 14.24 + 3.66 2.68 £ 1.10 1.99 £+ 0.32 Y
bdbB thiol-disulfide oxidoreductase 331 + 1.17 1.59 + 0.07 3.40 + 1.48 1.57 £ 0.48 2.03 £ 0.45 N
xpt-pbuX XPRT and xanthine permease 13.35 + 1.66 4.13 £ 0.53 9.97 £ 0.86 3.25 + 0.88 245 £ 042 Y
nusB-folD transcription antiterminator NusB and 25.81 + 4.31 5.73 £ 0.73 15.40 + 2.56 3.66 + 0.67 3.67 + 0.55 Y
methylene tetrahydrofolate
dehydrogenase (FolD)
pbuO hypoxanthine/guanine permease 34.14 £ 4.04 5.62 £ 0.60 14.18 £ 0.24 5.94 £ 2.06 2.74 £+ 0.46 Y
guaC GMP reductase 56.08 + 4.55 10.85 + 2.23 17.11 + 3.38 16.46 + 5.37 7.80 £ 1.40 Y
opuBA-BB-BC-BD | choline/arsenocholine ABC transporter 9.64 £+ 2.00 4.59 + 0.39 9.71 £ 0.25 2.89 £+ 0.68 591 £ 1.01
yral?
opuCA-CB-CC-CD / ABC transporter (glycine for 6.09 £ 1.85 3.38 £ 0.30 6.82 + 0.87 2.30 £+ 0.45 2.72 +£ 0.33 N
yvbF betaine/carnitine/choline/arsenocholine)
glyA serine hydroxymethyltransferase 25.55 £ 691 577 £ 0.84 9.12 £+ 1.46 6.10 £ 1.45 4.06 + 0.18 Y
purd adenylosuccinate synthetase 50.75 £ 11.74  20.13 + 4.09 3425 + 1.18 1534 + 4.20 7.90 + 1.80 Y

“Enrichment of reads in immunoprecipitated sample relative to input sample (see Materials and Methods). Data are the mean and standard deviation of biological triplicate of

the maximum points of each of the ChIP peaks.
YACGU refers to the nucleobases adenine, cytosine, guanine, and uracil.
°RHX is arginine hydroxamate, which mimics amino acid starvation.

dThe slash indicates a gene being transcribed in the opposite direction immediately upstream of the opu operons. It is not known which gene’s expression, if not both, PurR is

controlling.

Gene/operon names in bold indicate new PurR regulatory sites identified in this study

ure 3D, left). ppGpp on its own does not increase PurR-
promoter association. However, in the presence of PRPP
(62.5 uM), ppGpp effectively antagonizes PRPP, increas-
ing PurR-promoter association (Figure 3D, right). These re-
sults suggest that ppGpp maintains PurR-DNA interaction
and prevents PRPP from de-repressing PurR regulation.
To clearly address the effect of (p)ppGpp on PurR-DNA
binding, we performed a DNA footprinting assay using the
pur promoter DNA probe (Figures 3E, S4, S5, and S6 and
quantification in Figure 3F). This promoter DNA probe
included the two 14-bp inverted repeats, termed PurBoxes
(Figure 3E), that each bind a PurR dimer (56). The un-
bound probe is susceptible to DNase I digestion, including
the PurBox regions (Figure 3E, lane 2). Addition of PurR
(Figure 3E, lanes 3 and 4) led to significant protection of the
PurBoxes against DNase I cleavage, indicating PurR bind-
ing to DNA. Addition of PRPP, even at low concentration
(Figure 3E, lanes 7 and 8), led to an increase of PurBox in-
tensities, particularly in the PurBox 2 region. This indicates
deprotection of this region due to PRPP-mediated PurR de-
repression. Addition of ppGpp itself had little effect on Pur-
Box 2 intensity (Figure 3E, lanes 5 and 6), but addition of
ppGpp in the presence of PRPP alleviated PRPP’s effect on
increasing the PurBox 2 intensity (Figure 3E, lanes 9 and
10). These results indicate that ppGpp works as an anti-
inducer against PRPP to maintain PurR-PurBox binding.
Overall, we conclude that (p)ppGpp binds PurR at an ef-
fector binding pocket distal to the DNA binding domain
and competes with the inducer ligand PRPP to enhance
the PurR-DNA interaction. Because PRPP is a key inter-
mediate for nucleotide biosynthesis, it is always present in
vivo. Based on our LC-MS analysis and metabolite quan-

tification from the literature (31,32), we estimate PRPP to
be ~0.7 mM during amino acid starvation and ~1.29 mM
during nutrient replete growth (Supplementary Figure S7).
These concentrations of PRPP are more than sufficient to
saturate PurR in vitro (Figure 3C), suggesting that if PurR
is relying on PRPP alone for its regulation, then its regu-
lon should always be induced in vivo. This apparent con-
tradiction between high concentrations of PRPP and its
regulatory role has been characterized as an ‘enigma’ (47).
(p)ppGpp may help to resolve this enigma for PurR by an-
tagonizing PRPP, which enhances PurR DNA binding and
allows PurR to function as an effective repressor during
conditions that lead to (p)ppGpp induction, such as upon
amino acid starvation.

Defining the PurR binding sites in the B. subtilis genome

(p)ppGpp binding to PurR and enhancing PurR-DNA in-
teraction raised the possibility that in vivo (p)ppGpp ac-
cumulation during amino acid starvation directly regulates
the PurR regulon. Since the PurR regulon in B. subtilis had
not been systematically characterized, we turned to ChIP-
seq to fully document PurR binding sites. We raised poly-
clonal antibodies against untagged B. subtilis PurR (Sup-
plementary Figure S8) and collected ChIP samples from B.
subtilis cells grown under a variety of conditions: with or
without exogenous nucleobases and with or without amino
acid starvation (Table 1). We first assessed ChIP-seq data
with nucleobases to identify PurR binding sites genome-
wide (Figure 4A). ChIP-seq identified 15 PurR binding
sites (Figure 4A and 4B, Supplementary Figure S9, and
Table 1), 9 of which had been previously identified (19).
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Figure 4. (p)ppGpp enhances PurR-DNA interaction during stress response. (A) Genome-wide view of mean PurR ChIP reads per million reads from
B. subtilis grown with or without the nucleobases adenine, cytosine, guanine, and uracil. (B) Schematic of the GTP and ATP synthesis pathway in B.
subtilis. Red arrows indicate PurR-controlled steps, as deduced from the respective genes being downstream of a PurR binding site. 10-fTHF = 10-formyl
tetrahydrofolate; ser = serine; gly = glycine; thr = threonine; pyr = pyruvate; OAA = oxaloacetate; asp = aspartate; hpx = hypoxanthine; xan = xanthine;
gua = guanine. Placements of pycA4 and steT in this pathway are inferred based on enzyme function and have not been verified. (C) PurR represses the
12-gene pur operon in B. subtilis, and PRPP is an inducing ligand. (D) Sequence logos of PurBox1 (top) and PurBox2 (bottom) sequences from 12 of the
15 PurR ChIP peaks. Logos were created using WebLogo (https://weblogo.berkeley.edu/logo.cgi). See Supplementary Figure S10 for complete sequences.
(E) A plot showing the distance of PurBoxes from the ChIP enrichment peaks. The peak is represented by the dotted horizontal line at Y = 0. Peak
location was determined at 10 bp resolution from the PurR ChIP sample obtained from (p)ppGpp-induced WT B. subtilis. The distance was calculated
from the center of each PurBox (7th nt out of 15 nt PurBox) to the peak location. (F) Genome-wide view of mean PurR ChIP reads per million reads in
WT and (p)ppGpp® before and after arginine hydroxamate (RHX) treatment. Before RHX are the same data as without nucleobases in A. (G) PurR ChIP
enrichment at the pur operon in WT and (p)ppGpp?. The solid trace is the mean enrichment of biological triplicate, and SD is shown as the shaded region.
The inset shows the PurBox sites (shaded box), —10 and —35 promoter sequences (blue box), and the transcription start site (arrow) upstream of the pur
operon. The sequence for this site is shown in Supplementary Figure S12.


https://weblogo.berkeley.edu/logo.cgi

As expected, PurR enrichment was increased at all bind-
ing sites with nucleobases (Figure 4A). These PurR bind-
ing sites control expression of more than 30 genes, the ma-
jority of which are involved in purine nucleotide synthesis
(Figure 4A). For example, PurR binds upstream of the 12-
gene pur operon (pur EKBCSQLFMNHD), which encodes
all proteins necessary for de novo synthesis of the GTP/ATP
precursor IMP from PRPP (Figure 4A and C). PurR also
binds upstream of pbuG and pbuO (guanine/hypoxanthine
permeases) and xpt-pbuX (xanthine phosphoribosyltrans-
ferase and xanthine permease), which altogether encode
most proteins in the purine salvage pathway, and purAd
(the first dedicated step towards ATP synthesis) and guaC
(GMP reductase that converts GMP to IMP). PurR con-
trols expression of nusB-folD and gly A, which contribute to
10-formyltetrahydrofolate production necessary for de novo
IMP synthesis (Figure 4B). Lastly, PurR binds upstream of
its own promoter at the pur R-yabJ operon.

Our ChIP-seq peaks include six regions not previously
known to be PurR binding sites in B. subtilis. The promot-
ers at three of these sites, pdxS-pdxT, steT, and pycA, con-
tain the PurBoxes that were identified at the nine previously
known PurR binding sites (Supplementary Figure S10 and
Table 1) (19). A sequence logo shows that the PurBoxes
at all 12 sites are characterized by a central CGAA mo-
tif (or TTCG for the inverted repeat) surrounded by A-T
rich sequences, and the 14-bp PurBoxes are separated by a
16- or 17-bp spacer (Figure 4D and Supplementary Figure
S10). Two of these new PurR binding sites can be linked to
purine nucleotide metabolism. First, the gene steT encodes
a serine/threonine exchanger that we hypothesize may be
involved in 10-formyltetrahydrofolate regeneration (Figure
4B). This binding site is consistent with stzeT previously be-
ing predicted to be regulated by PurR in a global network
analysis (57). Second, the gene pycA4 encodes pyruvate car-
boxylase, which can be linked to aspartate synthesis, a nec-
essary metabolite for de novo IMP synthesis (Figure 4B).
Unexpected binding sites include upstream of the pdxS-
pdxT operon, which encodes the enzyme complex required
for de novo PLP (vitamin B6) synthesis (58). There are at
least 60 PLP-dependent proteins in B. subtilis, a majority of
them involved in amino acid biosynthesis (59). Seven tran-
scription factors bind PLP, including GabR which regulates
v-aminobutyrate utilization (60,61).

We also identified ChIP peaks at the opuB and opuC oper-
ons, which encode transporters involved in osmotic pro-
tection in B. subtilis (62,63). The final PurR binding site
with the weakest ChIP enrichment is intragenic upstream of
bdbB, encoding a thiol-disulfide reductase. However, canon-
ical PurBoxes were not found at the opuC, opuB, or bdbB
sites. Further investigation will be required to determine
whether these are bona fide PurR binding sites or false pos-
itive ChIP-seq results.

Interestingly, for all sites with PurBoxes, the peak of
PurR ChIP occupancy was offset from the PurBoxes (Fig-
ure 4E), suggesting that PurR protects DNA distal from the
PurBox binding sequence, possibly through extended PurR
oligomerization. Since PurR copy numbers range from 1000
to 3000 per cell in B. subtilis (64,65), there are ample PurR
copies to extend beyond the PurBoxes at each binding
site.
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(p)ppGpp induction following amino acid starvation enhances
promoter occupancy of PurR in B. subtilis

Next, we examined PurR ChIP signals 10 min after amino
acid starvation, which was mimicked using the drug argi-
nine hydroxamate (RHX). RHX induces (p)ppGpp to mil-
limolar levels in wild-type cells to turn on the stringent re-
sponse (11). After RHX treatment, PurR ChIP signal in-
creased at each PurR binding site in wild-type cells by an
average of 2.2-fold (Figure 4F, Supplementary Figure S11,
and Table 1). This included a 2.3-fold increase at the pur
operon (Figure 4G and Table 1; see Supplementary Figure
S12 for the pur operon promoter sequence with the PurR
binding sites). On the other hand, the PurR ChIP signal
remained unchanged or decreased slightly in a (p)ppGpp-
null ((p)ppGpp°) mutant (Figure 4G, Supplementary Fig-
ure S11, and Table 1), indicating that the increased enrich-
ment in wild-type cells is dependent on (p)ppGpp.

To test how (p)ppGpp affects PurR occupancy indepen-
dently of RHX treatment side-effects, we accounted for
PurR occupancy changes due to RHX itself. We first cal-
culated the effect of RHX treatment on PurR occupancy
for both wild type and (p)ppGpp° separately by dividing
the PurR enrichment after RHX by the enrichment be-
fore RHX treatment. Using these datasets with the effect
of RHX accounted for, we were then able to determine
the effect of (p)ppGpp induction on PurR enrichment by
taking the ratio of wild type over (p)ppGpp°. We found a
(p)ppGpp-dependent increase in PurR occupancy at all 12
sites with canonical PurBoxes (Supplementary Figure S13).
These PurR binding sites in Table 1 in total control expres-
sion of 28 genes, suggesting that these genes’ expression is
likely also controlled by (p)ppGpp.

(p)ppGpp binding to PurR down-regulates the expression of
purine biosynthesis genes during nutrient downshift

Next, we directly tested the hypothesis that (p)ppGpp
increases repression of the PurR-regulated genes during
nutrient adaptation in Bacillus cells. We analyzed our
microarray-based transcriptomic profiles of B. subtilis cells
under amino acid starvation (18). Strikingly, we observed
that almost all the PurR regulated genes, including the
pur operon, are downregulated up to 30-fold following
amino acid starvation (Figure SA and Supplementary Fig-
ure S14, Table 2). This downregulation is dependent on
(p)ppGpp because little to no downregulation is observed
in (p)ppGpp° cells. These data suggest that (p)ppGpp ac-
cumulation not only enhances PurR binding, but strongly
downregulates the expression of genes involved in purine
nucleotide synthesis through both de novo and salvage path-
ways.

To evaluate the role of (p)ppGpp on PurR regu-
lation specifically, we engineered two PurR variants,
PurRY102A/F205A and PurR Y102A/K207A Based on our struc-
tural data, these two variants have alterations in residues
that interact specifically with ppGpp but not PRPP. We ver-
ified that both variants no longer bind to (p)ppGpp (Figure
5B), yet still bind to DNA probes and their binding to DNA
is still inhibited by PRPP (Supplementary Figure S15). We
introduced the corresponding mutations into the B. subtilis
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Figure 5. (p)ppGpp regulation of PurR is important for nutrient stress adaptation. (A) Change in transcript level of PurR-regulated genes after RHX
treatment. In wild-type B. subtilis, genes are highly downregulated, with some genes in the pur operon being downregulated over 30-fold. In comparison,
there is only a minor effect of RHX on expression of PurR-regulated genes in (p)ppGpp". These data are from Kriel ez al. (2014). Mean of triplicate + SD
is shown. (B) DRaCALA binding curves showing 32P-ppGpp interaction with PurR Y102A/F205A and Y102A/K207A. Experiments were performed
in technical triplicate. Error bars representing SEM may be shorter than the height of the symbols. (C) Expression of a P,g-GFP reporter in wild-
type, (P)ppGpp?, purRY12A/F205A “and purRY102A/K207A B gybtilis. (D) Doubling times of B. subtilis wild type, ApurR, purRP?B3A | pyr RY102A/F205A
and purRY102A/K207A i minimal medium (Min) and Min supplemented with 20 amino acids (Min + 20aa). An unpaired parametric two-tailed t-test
with Welch’s correction was used to compare wild type and mutants’ doubling times (** P < 0.01; all other pairings are not significant, P > 0.05). (E)
Growth of wild type, pur RY1024/F205A and pyr RY1024/K207A i minimal medium following a nutrient downshift from Min + 20aa to Min media. All growth

experiments were performed in biological triplicate, and error bars are SEM of triplicate. For OD and fluorescence curves, error bars are represented by
dotted lines.

genome at the endogenous purR locus to create (p)ppGpp- the ability to bind PRPP) (66,67), a ApurR strain, and

refractory, separation of function mutants of purR. Next, the (p)ppGpp-refractory purR mutant strains. All strains
we engineered a GFP reporter controlled by the pur operon grew slowly in minimal medium (Figure 5D). However, in
promoter and evaluated its expression. Using this reporter, a richer medium supplemented with amino acids, all but

we found that wild-type cells, but not the (p)ppGpp° cells, the uninducible purRP?3A decreased their doubling times
downregulate the expression of the pur reporter during en-  (Figure 5D, WT versus purRP?*A P = 0.003). The dou-
try into stationary phase (Figure 5C and Supplementary bling times of the ApurR and (p)ppGpp-refractory purR
Figure S16A). The (p)ppGpp-refractory pur R mutants both mutants were not significantly different from that of wild

fail to downregulate the pur reporter, strongly supporting type. This is expected because cells have only basal levels

our hypothesis that (p)ppGpp interaction with PurR is nec- of (p)ppGpp in amino acid replete medium, thus the PurR

essary for repression of the PurR regulon during nutrient regulon is expected to be induced by PRPP. The uninducible

downshift. pur R mutant displays comparative loss of fitness, suggesting
Next, we examined the consequence of PurR-mediated that PurR regulon induction is important for growth under

transcriptional regulation of purine nucleotide synthesis on amino acid replete conditions.

cell growth and nutrient transitions. We compared a strain Finally, we tested the importance of this interaction for

with uninducible PurR repression (purRP?%3A, which lacks ~ cellular fitness on nutrient stress adaptation. We grew the



Table 2. Change in transcription from PurR-regulated genes after arginine
hydroxamate treatment

Wild type (log, fold (p)ppGpp° (log; fold

Gene change) change)

purE —4.15 £0.28 —0.1 £ 0.18
purk —4.48 £0.22 —0.04 £ 0.62
purB —6.01 £0.75 —0.75 £ 0.59
purC -3.78 £0.22 —0.79 £ 0.38
purS —5.86 + 0.09 —1.12 +£ 0.31
purQ —6.15 £ 023 —1.41 £ 0.63
purL —548 £04 —1.08 £ 0.42
purF —549 £0.21 —0.78 £ 0.96
purM —5.85 £0.17 —1.35 £ 047
purN —4.21 £043 —-1.240.71
purH —4.22 +£0.15 —0.99 £0.5
purD —2.38 £0.36 —0.58 £0.31
purd —4.53 £ 042 —0.36 £ 0.42
purR —-1.2£0.21 0.23 + 0.11
nusB —1.77 £ 0.07 0.07 £ 0.15
JolD —232 +£034 —0.81 £ 0.08
guaC —2.38 £0.11 0.33 £0.33
pbuG —4.11 £0.29 0.23 £0.17
pbuO —3.68 + 1.03 —02 £0.28
xpt - 1.5 £ 0.01 —0.69 £ 0.06
pbuX —4.8 + 0.67 —0.96 + 0.14
steT —4.12 £ 0.59 —0.73 £0.29
pycA 1.65 £ 0.47 —0.7 £ 0.08
pdxS —0.97 £ 035 —0.88 £ 0.08
pdxT —0.87 £0.19 —0.87 £ 0.17

Log, fold change in transcription from genes downstream of promoters
with PurR-binding PurBoxes in B. subtilis. Note that pdxS and pdxT are
downregulated in both wild type and (p)ppGpp”. This could be due to
media differences between this study and Kriel ez al. (2014) but requires
further investigation. Data are mean £ SD. These data are adapted from
Kriel et al. (2014).

(p)ppGpp-refractory purR mutant strains in a medium
replete with amino acids and downshifted them into a
medium lacking amino acids through a series of washes. We
then followed outgrowth of the strains in minimal media.
Both purRY02A/F205A and purRY'02A/K207A had a lag time
about one hour longer than wild type during outgrowth in
minimal media following downshift (Figure 5E). We also
performed a similar experiment where we downshifted the
same strains from rich medium to minimal medium but re-
suspended them in rich medium again after the downshift.
Even this transient (~15-30 min) downshift was sufficient
to increase the lag time of the (p)ppGpp-refractory purR
mutant strains by about 30 min relative to wild type (Sup-
plementary Figure S16B). A similar result was observed
with ApurR, which is not able to repress de novo purine
synthesis during a downshift (Supplementary Figure S16C).
Therefore, (p)ppGpp regulation of PurR promotes adapta-
tion to changes in amino acid availability for B. subtilis.

DISCUSSION

Transcription factors can relay environmental signals to
transcriptional regulation through allosteric regulation by
effector ligands. Here we discovered the first example of the
ubiquitous alarmone (p)ppGpp acting as an effector for a
transcription repressor. Our findings also demonstrate a di-
rect regulation of transcription by (p)ppGpp in Firmicutes.
(p)ppGpp binds the transcription repressor PurR, which
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controls purine nucleotide biosynthesis by binding to mul-
tiple promoter sites in B. subtilis. (p)ppGpp competes with
the PurR inducer PRPP for a binding pocket in the PurR ef-
fector binding domain, thus allosterically increasing PurR
binding to the promoter DNA. This allows (p)ppGpp to
serve as an anti-inducer to strongly repress both de novo
and salvage purine nucleotide synthesis. Our discovery thus
reveals a new regulatory pathway through which purine
biosynthesis gene expression is inhibited during amino acid
starvation to enhance bacterial adaptation to fluctuating
environmental conditions.

(p)ppGpp as a classical effector of a transcription regulator

Our study provides the first example of the well-
characterized alarmone (p)ppGpp acting as an effector of
a transcription repressor. Transcription factors often bind
effectors that relay external signals to internal responses,
allowing a cell to modulate its physiology to adapt to
environmental changes. Well-known examples include
Lacl binding allolactose to derepress the lac operon when
lactose is available (68), and TrpR binding tryptophan to
enhance repression of the #rp operon when tryptophan is
available (69,70). Many nucleotide second messengers also
bind transcription factors to relay signals. cCAMP binds
CRP as a co-activator to signal low carbon availability
(5). c-di-GMP binds FleQ in P aeruginosa to regulate
flagella expression and exopolysaccharide synthesis (71),
VpsT in Vibrio cholerae to regulate biofilm formation
(72), and BIdD in Streptomyces to regulate development
(7). c-di-AMP binds DarR in M. tuberculosis to influence
ion and membrane homeostasis (8). All these examples
include cyclic nucleotides. However, our findings broaden
regulation of transcription factors to include a linear nu-
cleotide, the ‘magic spot’ alarmone (p)ppGpp. It conforms
to the fundamental principle of the genetic switch in which
cellular signals allosterically regulate a transcription factor,
i.e. a small molecule effector binds to a regulatory domain
of the transcription factor to affect its binding to cognate
operator/promoter DNA. Our study provides the first
example of (p)ppGpp as such a classical effector.

Our discovery that (p)ppGpp binds PurR makes it the
first case of (p)ppGpp directly regulating transcription in
Firmicutes and only the third structurally-characterized ex-
ample of (p)ppGpp regulation of transcription machines.
In E. coli, (p)ppGpp binds the RNA polymerase at two
sites, the interface of w and B’ and the interface of B’
and the transcription factor DksA (14,41,42). By bind-
ing these sites, (p)ppGpp is proposed to influence RNA
polymerase interdomain interaction and stabilize DksA-
RNA polymerase interactions (14). In Francisella tularensis,
(p)ppGpp binds to the interface of the heterodimeric MglA-
SspA complex, which interacts with the RNA polymerase
to recruit the transcriptional activator PigR (13). In Firmi-
cutes, (p)ppGpp does not operate by either of these mech-
anisms. (p)ppGpp binds PurR to make the repressor inac-
cessible to the PRPP inducer, thus enhancing PurR binding
to PurBox 2 (Figure 3E). The PurBoxes at the pur operon
are just upstream of the -35 promoter element (Figure 4G
and Supplementary Figure S12) (56). We have shown by
ChIP-seq that PurR protects extensive promoter regions
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beyond PurBox 1 and PurBox 2, and the PurR ChIP sig-
nal overlaps with the —35 to —10 promoter elements (Fig-
ure 4G). Therefore, we propose that (p)ppGpp allows PurR
to remain bound to the promoter despite the cellular pres-
ence of PRPP, thus enhancing its transcription repression of
purine biosynthesis operons by blocking access of the RNA
polymerase (Figure 5A). In all, (p)ppGpp regulates each of
these transcription factors differently in different bacterial
species, revealing that there is significant diversity in the ef-
fects of (p)ppGpp on transcriptional regulation.

There is no structural information on how apo PurR in-
teracts with DNA, but substantial indirect evidence points
to DNA wrapping around a PurR dimer and PurR nucleat-
ing on the DNA. At the pur operon, for example, two Pur-
Boxes each bind a PurR dimer. However, six PurR dimers
can associate with this region of DNA (55,56). At over
1000 PurR copies per cell (64,65), PurR far outnumbers its
15 binding sites. It is possible that additional PurR copies
are nucleating on the DNA outside of the PurBoxes. Ac-
cordingly, the PurR DNase I footprint at the pur operon
has been shown to extend beyond the PurBoxes themselves,
with about 60 bp upstream and 20 bp downstream protected
by PurR (20,46). This is also confirmed in our ChIP-seq
data, where the PurBoxes are offset from the highest point
of ChIP enrichment at nearly all the PurR binding sites
(Figure 4E). Also, PurR binding to DNA induces positive
supercoiling, suggesting the PurR causes broader topologi-
cal changes to DNA (56).

Although our data support the function of (p)ppGpp as
a competitor for the PurR effector PRPP, thus serving as an
anti-inducer, or anti-anti-repressor in vivo, we cannot rule
out a direct effect of (p)ppGpp on PurR—DNA interaction.
Structural comparison suggests that (p)ppGpp binding to
PurR affects its homo-oligomerization via a bridging loop
(Figure 2D), which is critical for transcription factors’ func-
tion. Furthermore, PurR has positively charged surfaces at
both the DNA binding domain and in the PRT domain near
the effector binding pocket, supporting a proposal that the
DNA can wrap around PurR (21). (p)ppGpp binding the
PRT domain may enhance this wrapping of the DNA and
nucleation of PurR on the DNA fragment. Further struc-
tural work is needed to characterize the interaction of PurR
with DNA and the effects of (p)ppGpp and PRPP on this
interaction.

It is now apparent that multiple bacterial phyla have
evolved ways to use (p)ppGpp to directly regulate tran-
scription. (p)ppGpp regulons have been recently delineated
in Proteobacteria. (p)ppGpp’s interaction with RNA poly-
merase allows it to regulate over 700 genes in E. coli, and
its binding to MglA-SspA-PigR can upregulate at least 16
genes of the Francisella pathogenicity island (13,15,73,74).
In Firmicutes, (p)ppGpp was previously only associated
with indirect changes in gene expression, many of them
likely due to (p)ppGpp’s regulation of nucleotide enzymes
and depletion of GTP (18). These include downregulation
of ribosomal RNA which is controlled by concentration
of the initiating nucleotide GTP (17) and genes in the B.
subtilis CodY regulon which uses GTP as a co-repressor.
(p)ppGpp indirectly activates the CodY regulon by decreas-
ing GTP levels (75,76). Here, we have found that there is
a (p)ppGpp-dependent increase in PurR binding upstream

of 28 genes in B. subtilis after nutrient starvation (Supple-
mentary Figure S13 and Table 1). Our work shows that as
nutrient deprivation signals (p)ppGpp synthesis, (p)ppGpp
binds to PurR to outcompete the inducer PRPP and re-
presses the synthesis of purine nucleotides to conserve en-
ergy. Thus we now expand our understanding of (p)ppGpp
transcriptional regulon in Firmicutes beyond indirect regu-
lation.

A conserved (p)ppGpp-binding motif shared among enzymes
and a transcription factor

The nucleotide (p)ppGpp serves a highly pleiotropic role
in protecting bacteria by interacting with a multitude
of protein and riboswitch targets to remodel bacterial
metabolomes, transcriptomes, and proteomes and to tune
bacterial physiology for growth in varied environments
(44,77-79). (p)ppGpp regulates its targets with a few
relatively conserved direct binding motifs. In one case,
(p)ppGpp binds to many GTPases through their GTP-
binding motif (80-83). In another case, (p)ppGpp binds to
a conserved PRPP-binding motif in the PRT fold in two
enzymatic targets, the purine salvage enzymes HPRT and
XPRT (26,27). The (p)ppGpp binding site on PurR is the
third PRT site also found to bind (p)ppGpp (Figure 6A).
Here, the PRT enzyme is repurposed to become an effec-
tor binding regulatory domain of a transcription factor, the
substrate PRPP is repurposed to become an inducer, and
the enzyme inhibitor (p)ppGpp is repurposed to become an
anti-inducer (Figure 6A). This striking evolutionary strat-
egy highlights how nature utilizes limited motifs to evolve
diverse regulatory targets of (p)ppGpp, allowing it to serve
as a master regulator of nutrient stress.

Despite PurR, HPRT and XPRT sharing the same
(p)ppGpp binding motif, how ligand binding affects the
function of each protein has diversified through distinct al-
losteric and oligomeric properties surrounding this bind-
ing pocket. For HPRT, robust (p)ppGpp inhibition is de-
pendent on HPRT being a tetramer. Tetramerization al-
losterically opens the (p)ppGpp binding pocket by hold-
ing loop II at the dimer—dimer interface. Alteration of
the dimer—dimer interface then allows diversification of
(p)ppGpp regulation of HPRT across phylogenetically di-
verse organisms without changing the binding pocket (26).
In XPRT, two (p)ppGpp binding sites face one another
across an XPRT monomer-monomer interface in an XPRT
dimer. (p)ppGpp binding creates an electrostatic network
with the bridging loop of the other monomer, inducing
XPRT dimerization, this enables a cooperativity of regula-
tion with Hill coefficient of 2 (27). In this study, we have dis-
covered a third allosteric property associated with this same
motif. By binding its effector site on PurR, (p)ppGpp com-
petes with an inducer of a transcription factor to enhance
repression during stress.

Our work has also highlighted a broader (p)ppGpp bind-
ing motif shared among GTPases, PRTs, and other targets
such as guanylate kinase (80,82,84,85). GTPases and guany-
late kinase bind (p)ppGpp with a phosphate-binding loop
(P-loop) motif, which is used to interact with nucleotides
(86). While the PRT proteins lack the P-loop amino acid se-
quence, they are structurally reminiscent of the P-loop with
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Figure 6. Models of (p)ppGpp regulation of PurR and global (p)ppGpp
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points, including inhibition of GTP synthesis enzymes (IMPDH, GMK,
HPRT, XPRT) and binding the transcription factor PurR. Red arrows rep-
resent steps in the PurR regulon.

a loop leading into the positive dipole of an «-helix. The
5’-phosphates of (p)ppGpp and PRPP fit into the pocket
created by the loop and are coordinated by the loop’s back-
bone (Figures 2D and 3A). This structural motif associ-
ated with (p)ppGpp binding may become more prevalent
as more (p)ppGpp binding targets are characterized.

Implication of (p)ppGpp-PRPP competition on nutritional
regulation of PurR regulon

During the evolutionary co-opting of the PRT enzyme as
the PurR effector binding regulatory domain, not only has
(p)ppGpp binding been conserved, so has the (p)ppGpp-
PRPP competition (Figure 6A). PRPP is the common sub-
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strate for HPRT and XPRT, and (p)ppGpp inhibits HPRT
and XPRT by competing with PRPP (26,27). Here we have
shown that (p)ppGpp also competes with PRPP to bind
PurR. In all cases, PRPP is a signal to the cell for increased
nucleotide synthesis: it is directly converted to nucleotides
through purine salvage or it binds PurR to de-repress the de
novo IMP synthesis pathway (47). (p)ppGpp competes with
PRPP by binding the same binding site in each of these pro-
teins, shutting down nucleotide synthesis.

The competition between (p)ppGpp and PRPP for PurR
binding likely tunes transcription from the PurR regulon
during nutrient replete and nutrient starved growth. During
unstressed growth, PRPP concentrations range from hun-
dreds of micromolar to millimolar and (p)ppGpp is at con-
centrations <50 wM (Supplementary Figure S7) (11,47).
Since both PRPP and (p)ppGpp bind PurR with K4 ~ 5 puM
(Figure 1H) (47), in nutrient replete conditions PRPP levels
dictate PurR binding and induce PurR-regulated genes for
rapid synthesis of GTP and ATP. PRPP-mediated induc-
tion can be overridden by salvageable nucleobases, which
repress the de novo purine operon by consuming PRPP upon
conversion to nucleotides and by binding riboswitches that
control select nucleotide synthesis genes (67,87).

During amino acid starvation, (p)ppGpp levels are ele-
vated up to >1 mM, allowing (p)ppGpp to compete with
PRPP and repress purine nucleotide synthesis. This not only
conserves energy and resources used for transcription and
translation of the PurR regulon, but enables the coordi-
nated use of PRPP, which is a common precursor of nu-
cleotides (GTP, ATP, UTP) and several amino acids (47). In
E. coli, a mutant for which (p)ppGpp fails to inhibit purine
nucleotide synthesis results in PRPP depletion due to over-
production of purine nucleotides (88). (p)ppGpp inhibition
of purine synthesis redirects PRPP from purine nucleotide
synthesis to UTP and amino acid synthesis during starva-
tion (88,89). We propose that, in Firmicutes, the direct com-
petition between (p)ppGpp and PRPP for PurR, HPRT and
XPRT (see Figure 6B) would serve the same purpose, al-
lowing (p)ppGpp to coordinate the consumption of PRPP
between purine synthesis and amino acid synthesis during
starvation. Interestingly, the (p)ppGpp-PRPP competition
in B. subtilis would allow maintenance of PRPP levels: when
(p)ppGpp accumulates after amino acid starvation, it di-
rectly prevents PRPP depletion by inhibiting its consump-
tion in purine salvage and by preventing PRPP from acti-
vating de novo IMP synthesis.

(p)ppGpp controls de novo purine synthesis by targeting dif-
ferent protein factors between bacterial species

Our results reveal that (p)ppGpp regulates de novo purine
synthesis across bacteria. The 11 reactions that synthesize
IMP from PRPP are necessary for de novo synthesis of
ATP and GTP. Until recently, there was no evidence that
(p)ppGpp directly regulated this pathway in bacteria. In E.
coli, it was recently shown that (p)ppGpp inhibits the ac-
tivity of PurF, the first step in the pathway, and (p)ppGpp
binding the RNA polymerase decreases the transcription of
all the genes in the pathway (15,78). We have shown that
(p)ppGpp regulation of de novo purine synthesis extends to
Firmicutes, albeit by an entirely different mechanism. While
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Proteobacteria and Firmicutes have evolved different mech-
anisms for this regulation, they share the common theme
of decreasing de novo synthesis upon (p)ppGpp induction.
This theme is likely conserved across other bacteria as well.

With our data, we can begin building a model of
(p)ppGpp regulating purine nucleotide synthesis at multiple
checkpoints in Firmicutes. As we have shown, it regulates
de novo and salvage nucleotide synthesis genes via its inter-
action with PurR (Figure 6B). (p)ppGpp also inhibits the
activities of nucleobase salvage enzymes HPRT and XPRT
(11,26,27), and it potently inhibits guanylate kinase activ-
ity, which catalyzes GMP to GDP (Figure 6B) (85). Alto-
gether, purine nucleotide synthesis has evolved to be sensi-
tive to (p)ppGpp regulation at a majority of the synthesis
steps. Since purine nucleotides are often a signal to increase
growth, (p)ppGpp counteracts this during stressful condi-
tions to control growth and enable survival.
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