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Abstract 

 

In the incessant effort of living and propagating, bacterial cells cope with 

environmental stress via the release of second messengers and/or 

alarmones that allow them to adapt swiftly. Such molecules are nucleotide-

based and can be promptly generated when stress stimuli occur. According 

to the cellular concentration of stress mediators, specific molecular targets 

would be activated to modulate vital processes for bacterial survival and 

proliferation. As soon as the stress is over, cells would repristinate the ini-

tial concentration of the stress-coping mediators with deputed enzymes. 

Overall, the aforementioned mechanisms fall in the definition of Bacterial 

Stress Response (BSF). 

The aim of the present doctoral thesis is to illustrate and discuss three pub-

lished scientific articles that contributed to the understanding of the BSF in 

bacterial cells and the role of the stress mediators 5',5'''-diadenosine tetra-

phosphate (Ap4A) and ppGpp and pppGpp (collectively (p)ppGpp). 

 

The Publication #1 described how Ap4A could restrict the activity of the 

essential enzyme inosine monophosphate dehydrogenase (IMPDH) in Ba-

cillus subtilis in order to reprogram the levels of purine nucleotides during 

heat shock. The present publication proposed IMPDH as the first physio-

logically confirmed target of Ap4A in prokaryotes and characterized the 

molecular mechanisms of how Ap4A inhibits IMPDH. The biological rel-

evance of the interaction Ap4A-IMPDH was further analyzed and proven 

with in vivo experiments.  
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The Publication #2 aimed to expand the knowledge of the membrane pro-

teins insertion and translocation dynamics during Stringent Response (SR) 

in Bacillus subtilis and Escherichia coli. In many organisms, the Signal 

Recognition Particle (SRP) complex, composed of the 4.5s RNA and the 

GTPase Ffh, facilitates protein insertion and translocation through mem-

branes co- or post-translationally. Since the SR induces the conversion of 

GDP and GTP to the alarmones ppGpp and pppGpp respectively, such mol-

ecules could inhibit Ffh and its receptor Ftsy. Ffh and Ftsy are known to 

form a heterodimer supported by a symmetrical GTP coordination in their 

active sites. The Publication #2 offered a variety of in vitro data that 

demonstrated how ppGpp and pppGpp could both substitute GTP in the 

nucleotide binding sites of Ffh and Ftsy and impede their functional heter-

odimer complex. This study shows how wide is the spectrum of (p)ppGpp’s 

targets in the ‘protein production chain’. 

 

The enzymes responsible for the formation of (p)ppGpp are known to be 

RelA/SpoT like Homology proteins (RSH) in both bacteria and plants. The 

typical RSH protein possesses a synthetase domain and/or a hydrolase do-

main, plus other domains crucial for tRNA and ribosome association. In 

multiple genomes also shorter RSH proteins were found, called small 

alarmone synthetases (SAS) consisting just of a small synthetase domain. 

Such proteins contribute in the (p)ppGpp production during SR. In the Pub-

lication #3, enzymatic and crystallographic studies of bacterial SAS pro-

teins – RelP and RelQ – are presented showing how (p)ppGpp formation 

can be orchestrated in the Gram-positives Bacillus subtilis and Staphylo-

coccus aureus.  
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Zusammenfassung 

 

Zwecks der ständigen Bemühung zum Existieren und der Vermehrung 

gehen Bakterienzellen mit Stress in der Umgebung um, indem sie sich 

mithilfe von Second Messengern und/oder Alarmones anpassen. Solche 

Moleküle sind Nuklotide basiert und können beim Auftreten von Stress-

Stimuli schnell generiert werden. 

Der Zellkonzentrationen von Stressmediatoren entsprechend können bes-

timmte molekulare Ziele beeinflusst werden, um bedeutende physiolo-

gische Prozesse, die zum Überleben und zur Vermehrung beitragen, fein zu 

modulieren. 

Sobald die Stressquelle zu Ende ist, können die Zellen mithilfe von über-

tragenenen Enzymen ihre physiologischen Niveaus der Mediatoren 

wiederbeleben. Im Großen und Ganzen fallen Mechanismen, wie oben 

erwähnt, in die Definition Bacterial Stress Response (BSF). 

Ziel der vorliegenden Dissertation ist es, drei publizierte Artikel aufzu-

zeigen und darüber zu diskutieren. Die drei erwähnten Veröffentlichungen 

sollen zum Verständnis der BSF in bakteriellen Zellen und der Rolle des 

Stressmediators 5',5'''-diadenosine tetraphosphate (Ap4A), ppGpp sowie 

pppGpp (kollektiv (p)ppGpp) beitragen. 

Die erste Publikation vorschlägt, wie Ap4A die Aktivität des essenziellen 

Enzyms inosine monophosphate dehydrogenase (IMPDH) in Bacillus sub-

tilis einschränken kann, um die Niveaus von purine nucleotides während 

Hitzeschocks umzuprogrammieren. Die vorliegende Veröffentlichung 

zeigt IMPDH als das erste physiologisch bestätigte Ziel von Ap4A in Pro-

karyota und beschreibt die molekularen Mechanismen, wie Ap4A IMPDH 

hindert. Zudem wurde die biologische Relevanz der Interaktion zwischen 
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Ap4A und IMPDH analysiert und anhand der in vivo Experimente über-

prüft. 

Die zweite Publikation zielt darauf, die Erkenntnisse des Einfügens der 

Membranproteine sowie der Translokationsdynamik während der Strin-

gent Response (SR) in Bacillus subtilis und Escherichia coli zu erweitern. 

In vielen Organismen fördert der Signal Recognition Particle (SRP) Kom-

plex, der aus der 4.5s RNA und den GTPase Ffh besteht, co- oder post-

translational den Einschub von Proteinen und die Ortsveränderung durch 

Membrane. Dadurch, dass die SR die Umwandlung von GDP und GTP in 

die Alarmone ppGpp and pppGpp dementsprechend veranlasst, konnten 

solche Moleküle Ffh und dessen Empfänger Ftsy hindern. Ffh sowie Ftsy 

sind dafür bekannt, dass sie mithilfe der aktiven Seite einer symmetrischen 

GTP-Koordination einen Heterodimer formen. Die zweite Veröffen-

tlichung bietet vielfältige in vitro Daten, die zeigen, wie sowohl ppGpp als 

auch pppGpp GTP bei der Nukleotidbindestelle von Ffh sowie Ftsy erset-

zen konnten und dabei ihren funktionalen Hetrodimerkomplex erschweren. 

Dieser Artikel zeigt, wie weit das Spektrum von Zielen der (p)ppGpp in 

der “Produktionskette von Proteinen”. 

Die Enzyme, die das Formen von (p)ppGpp verantworten, sind als 

RelA/SpoT wie homologe Proteine (RSH) in sowohl Bakterien als auch 

Pflanzen bekannt. Das typische RSH-Protein besitzt eine Synthetase 

Domäne und/oder eine Hydrolase Domäne und zusätzlich dazu andere 

Domänen, die für tRNA sowie eine ribosome Assoziation wichtig sind. In 

zahlreichen Genomen wurden ebenso kurze RSH-Proteine, sogenannte 

Alarmone Synthetasen (SAS), gefunden. Diese bestehen lediglich aus einer 

kleinen Synthetase Domäne. Sochle Proteine tragen zur Produktion von 

(p)ppGpp während SR bei. In der dritten Publikation werden enzymatische 

und kristallographische Charakterisierungen eines bakteriellen SAS-Pro-

teins, RelP zwecks Aufklärung aufgeziegt, wie unterschiedlich die 
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(p)ppGpp Bildung in die Gram-positive Bacillus subtilis und Staphilococ-

cus aureus.  
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Nudt2 Nudix hydrolase 2 

ppGpp Guanosine tetraphosphate 
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PQCS Protein quality control system 

RNA Ribonucleic acid 
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SAS Small alarmone synthetases  

SR Stringent response 
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Introduction 

 

The Heat Shock Response 

 

Typically, when a cell is exposed to a higher temperature, its proteome is 

under risk of unfolding. In such situation, hydrophobic regions of proteins 

become exposed to the surrounding solvent and, thus, prone to aggregation. 

Moreover, the nascent chains emerging from ribosomes might not reach the 

ideal functional folding. Other cellular components could also be highly 

compromised like membranes, but a non-functional pool of proteins is le-

thal for any cell because they are the only tools to rescue physiological con-

ditions during stress situations. 

 

In order to fight temperature fluctuations, eukaryotes and prokaryotes 

evolved over billions of years common mechanisms that are nowadays de-

scribed as heat shock response (HSR)1,2. The HSR signaling components 

were first observed and described in Drosophila melanogaster3. Similar 

processes were later characterized also in prokaryotes. There, a set of genes 

is up regulated during heat stress (or shock, HS) and they code for chaper-

ones and proteases (heat shock proteins, HSP) that contribute in a global 

reaction to proteotoxic stress4 or to oxidation stress5.  
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Bacillus subtilis’ protein actors in HSR 

 

Bacillus subtilis (B. subtilis) is a soil-ubiquitous gram-positive bacterium, 

and like many other prokaryotes, sustains HS thanks to chaperones and pro-

teases that all together contribute to a general ‘protein quality control sys-

tem’ (PQCS). In many bacteria, the sigma factor σ32 (rpoH) is the trigger 

for the transcription of the PQCS6, but in B. subtilis diverse factors orches-

trate the transcriptions of the HS genes. The vegetative σA and the transcrip-

tional repressors HrcA and CtsR maneuver the transcription of many Hsp 

in B. subtilis7 while other Hsp are controlled by the factors σB and SPX8,9.  

 

GroEL is a chaperonin part of the PQCS and it is the bacterial homolog of 

the eukaryotic Hsp6010. GroEL is essential in B. subtilis to restrain and re-

fold small, unfolded proteins inside its barrel-like structure through ATP-

hydrolysis cycles. The chaperone DnaK and its stimulator DnaJ can also 

recognize unfolded substrates. Similarly to GroEL, DnaK usetilizes ATP11 

to properly bind its substrates (unfolded proteins) and the nucleotide-ex-

change factor GrpE facilitates the DnaK folding processes removing the 

bound ADP and competing for its substrate binding site12.  

 

The repressor HrcA regulates two of the HS operons hrcA-dnaK-dnaJ-

grpE-yqeT-yqeU-yqeV and groES-groEL13. Since HrcA tends to aggregate, 

during HS, it loses functionality and the transcription of the Hsps can occur. 

Upon reduction of the overall pool of misfiled cellular proteins, GroEL can 

bind and refold HrcA, which in turn inhibits the transcription of some 

Hsps13. 
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AAA+ ATPase/protease complexes are as well part of the PQCS in B. sub-

tilis and they are crucial to target and process protein aggregates during 

HS14. Despite the absence of the protease ClpB15 in Bacillus subtilis ge-

nome, the ClpC gene can complement its function, together with the adap-

tor protein MecA16. While many other genes are found to be upregulated 

during HS and governed by the σB17, their functions remain largely elusive.  

 

Ap4A as signal molecule during stress 

 

The HS does not only perturb the protein pool, in fact DNA repairing pro-

teins also are produced together with HSP18 in times of stress. Moreover, 

σB regulates multiple genes that help bacterial cells to mitigate oxygen-re-

acting compound19 and ribosomal protectors are also expressed upon 

HS20,21.  

 

Even though all the aforementioned key players in the HS are proteins, the 

study of the bacterial stress response has brought to attention nucleotide 

species accumulating during HS and other situations. In fact, over the last 

50 years, different studies have reported the increase in concentration of 

some nucleotides and dinucleotides, especially the diadenosine tetraphos-

phate (Ap4A)22-24 upon different stimuli. The Ap4A molecule consists in a 

couple of adenosine moieties bridged by four phosphates at their 5’ termi-

nus (fig. 1).  
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Fig. 1: The diadenosine tetraphosphate molecule (Ap4A). Two adenosines 

are bridged by four phosphates between their ribose moieties. Aminoacyl 

tRNA synthetases are the main producers of dinucleotides as Ap4A. 

 

Ap4A is produced by the aminoacyl tRNA synthetases (aaRSs) theoreti-

cally in every single form of life. aaRSs are known to load their cognate 

tRNAs with the deputed amino acids in a two-step reaction that involves 

the formation of the intermediate aminoacyl-AMP that can subsequentially 

react with the specific tRNA. In absence of the cognate tRNA, the amino-

acyl-AMP could react with the g-phosphate of an extra ATP molecule, form-

ing then Ap4A25. Dinucleotides in general (NpxN) are primarily synthetized 

by aaRSs in prokaryotes and eukaryotes, but different enzymes  can gener-

ate Ap4A and other NpxN upon stimuli or spontaneously (reviewed in26).  

 

Different enzymes have evolved to hydrolase Ap4A. The Nudix- (nucleo-

side diphosphate linked moiety X) -hydrolases are a superfamily responsi-

ble for the scission of diverse nucleotides in order to repress cellular signal-

ing or to prevent the accumulation of certain nucleotides27. In human, for 

instance the the nudix hydrolase, Nudt2, cleaves Ap4A asymmetrically28. 

Some other hydrolases share sequence homology with the histidine triad 

(HIT) protein family. One example was characterized in Schizosaccharo-

myces pombe29. In Escherichia coli the enzyme ApaH can cleave Ap4A, 

NPO O
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and it is also found to be an RNA decapping enzyme after disulfide stress30. 

Instead in Bacillus subtilis, PrpE was identified as a specific Ap4A hydro-

lase that can cleave it both symmetrically and asymmetrically31. 

 

The discovery of Ap4A dates back almost 60 years ago, when Paul Za-

mecnik and co-workers32, studying conformation changes of the lysyl tRNA 

synthetase, observed an unexpected formation of a high phosphorylated 

compound, that was indeed Ap4A.  

 

To this day, Ap4A remains an obscure molecule. Even though the Ap4A has 

diverse sources of origin and dedicated enzymes to dispose it, no clear tar-

get has been characterized thus far in bacteria. Over the last decades, liter-

ature has been enriched with possible pleiotropic roles of Ap4A in the bac-

terial kingdom. In Escherichia coli, Ap4A seems to affect the timing of cell 

division, motility, catabolite repression, the response to heat/oxidative 

stress and aminoglycoside antibiotics22,24,33. Moreover, Ap4A and/or Ap5A 

were correlated with the sporulation of Myxococcus xanthus34. Heat shock, 

ethanol stress and cell oxidation trigger the production of dinucleotides in 

the pathogen Salmonella typhimurium22. Other studies reported how Ap4A 

cold impact the biofilm formation of Pseudomonas aeruginosa35 and in the  

survival of Helicobacter pylori to oxidative stress36. 

 

Interestingly enough, opposite fronts emerged in the latest literature regard-

ing possible roles of Ap4A. Since no clear bacterial targets have been iden-

tified and characterized until recently, some authors considered Ap4A as 

damage metabolite and a side reaction product37. Others, instead, support 

the idea that Ap4A is a bona fide a stress signal molecule26 due to the dis-

crete numbers of correlations observed in the bacterial kingdom. Despite 
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not direct correlations have been observed between the accumulation of di-

nucleotides and the HSP, some chaperones have been proposed to be targets 

of Ap4A38 and many other new targets were recently proposed in human 

and in Escherichia coli39. 

 

One of the aims of this thesis is to demonstrate how Ap4A target and inhibit 

the inosine monophosphate dehydrogenase enzyme in Bacillus subtilis. 

Based on this work and in the data presented in the Publication #1, I propose 

Ap4A to be part of the heat shock response. 

 

(p)ppGpp in the Stress Response 

 

Nucleotide molecules like ppGpp/pppGpp40, cyclic-di-GMP41 and cyclic-

di-AMP42 recur in biology and act as key players mediating stress signaling. 

In nature, uni- and multicellular organisms are continuously exposed to di-

verse stimuli from their environment that sometimes impose an evolution-

ary pressure onto the organisms. In fact, predation, starvation, pH or tem-

perature variations are typical factors that affect cellular metabolisms. A 

living cell must adapt or has already built-in system designed to cope with 

various stresses, in this sense the aforementioned nucleotides (p)ppGpp, 

cyclic-di-GMP and cyclic-di-AMP, have been widely characterized over 

the last five decades and all the three species possess defined enzymatic 

sources, acclaimed molecular targets (protein or nucleic acids) and dedi-

cated enzyme to dispose of them. In particular, (p)ppGpp is produced in 

bacterial cells43 or in plant chloroplasts44 by RelA/SpoT homology (RSH)-

type proteins, moreover some procaryotes also encode small alarmone syn-

thetases (SAS)45-47 genes. SAS enzymes are shorter versions of the RSH 
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(long multi-domains proteins) and possess only a synthetase domain (as 

RSH) that exploit ATP to transfer a pyrophosphate group onto the 3’OH of 

the GDP or GTP ribose moiety, yielding, respectively ppGpp and pppGpp48 

(Fig. 2). 

 

 

 

Fig. 2: (p)ppGpp is produced mainly by RelA/SpoT homology proteins 

when stalled ribosome lack of loaded tRNAs. One ATP molecule donates a 

pyrophosphate group to the 3’ of a GDP or GTP molecule. 

 

 

Especially during amino acid starvation RSH enzymes sense stalled ribo-

somes with uncharged tRNA bound to the A-site49-52, and such dramatic 

scenario triggers (p)ppGpp production as nicely described in Pausch et al. 

(2020)52 and in Hogg et al. (2004)48. Increasing (p)ppGpp concentrations 

have been observed not only in amino acid starvation53,54 but in multiple 

bacterial stresses like: fatty acid starvation55, cell wall stresses56, and carbon 

depletion57. 
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Since the discovery of (p)ppGpp54 multiple of its targets had been identi-

fied58 and characterized59,60, spanning from diverse GTPases in ribosome 

biogenesis and translation, DNA replication factors and high (p)ppGpp con-

centrations had been observed during different biological phenomena: bio-

film formation61, bacterial motility62, virulence63,64 and general GTP deple-

tion in cell65. 

 

Stringent response and membrane protein biogenesis 

 

Insertion of membrane proteins is a highly conserved process. It is sup-

ported by the signal recognition particle (SRP) together with its membrane 

receptor FtsY, and it can happen co- or post-translationally66. Hydrophobic 

nascent chains can be targeted by SRP during translation and handed over 

to the translocation site via SRP-FtsY interaction. In bacterial cells SRP 

consists of the GTPase Ffh and the 4.5S RNA67. Like Ffh, FtsY a is a 

GTPase and together with Ffh forms a heterodimer at the membrane level. 

Dimer formation and hydrolysis of GTP are the driving force to ensure 

proper delivery of the nascent chain to SecYEG translocon. 

 

During the stringent response, the GDP and GTP pools are in large part 

converted to (p)ppGpp (reviewed in 68) and as direct consequence, many 

GTPases, especially involved in translation processes, are inhibited by it. 

Ffh and FtsY already appeared in a wide screen of (p)ppGpp targets69, but 

detailed molecular mechanism on the possible interaction were still miss-

ing. In the Publication #2 included in the present dissertation, Czech L., 

Mais C.N. and coworkers explored how (p)ppGpp binds both Ffh and FtsY 

in compatible scenarios with the stringent response. In particular, (p)ppGpp 
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prevents the heterodimer formation since it binds both FtsY and Ffh at their 

interaction surface. Moreover, inhibition in the translocation was observed 

in presence of (p)ppGpp. Detailed structural insights were also explored by 

crystallography and cryogenic electron-microscopy. 

 

Regulation of (p)ppGpp pools 

 

RelA/StopT enzymes are not the unique (p)ppGpp sources. In fact, small 

alarmones synthetases (SAS)  are also present in many bacterial genomes45 

SAS are divided into two subclasses: RelQ (also: SAS1) and RelP (also: 

SAS2). An exception is a third class of SAS, called RelV, present in Vibrio 

cholerae70. Both classes of SAS share a similar amino acid sequence, but 

their transcription is differently regulated, and it may depend on diverse 

stress stimuli. Additionally, both SAS lack sensory domains for stress. De-

letion mutants of both SAS hardly show any phenotype71-73.  

 

Precedent studies already described Bacillus subtilis and Enterococcus fae-

calis RelQ as homotetramer74,75. Each monomer of RelQ binds one ATP 

molecule in its active site and subsequently GDP or GTP. More is known 

about the allosteric regulation of RelQ, in fact, aside its active site, it pos-

sesses an additional domain where pppGpp can bind and stimulates allo-

sterically the enzymatic activity74. In the same allosteric site, a sequence 

specific RNA can compete with pppGpp to instead inhibit the transfer of a 

pyrophosphate from ATP to GDP or GTP76. 

 

Despite (p)ppGpp is the main secondary messenger in amino acid starva-

tion for gram-positive, and gram-negative bacteria, as well as plant 
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chloroplast43, the control mechanisms for its production are different and 

poorly understood among kingdoms and species. Clearer biochemical char-

acterizations are still necessary for the different alarmone producers. In this 

sense, the Publication #3, present in this thesis, expands the knowledge on 

the fundamental molecular mechanisms of (p)ppGpp production in Bacillus 

subtilis and Staphylococcus aureus. 
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Nucleotide-based second messengers, for example, (p)
ppGpp1,2, c-di-GMP3,4 or c-di-AMP5, are essential for bacte-
rial responses to changing environmental and stress condi-

tions. Diadenosine polyphosphate molecules such as diadenosine 
5′,5′′′-P1,P4-tetraphosphate (Ap4A) have been known since the 
1960s6 and are found in all domains of life7. There is ongoing debate 
on whether they are damage metabolites8 or bona fide second 
messengers7.

Ap4A is composed of two adenosines bridged at their 5′ 
ends by four phosphates (Fig. 1a). It is primarily produced by 
aminoacyl-transfer RNA (tRNA) synthetases, with lysyl-tRNA syn-
thetase (LysRS) being a prominent example, under heat shock and 
oxidative stress conditions through the transfer of the aminoacyl-
ated AMP onto the 5′ γ-phosphate of ATP6,9–11. The promiscuous 
utilization of other aminoacyl-AMP acceptors by LysRS, such as 
ADP, GDP or GTP leading to the synthesis of the even more enig-
matic Ap3A, Ap3G and Ap4G, respectively, broadens the spectrum 
of dinucleoside polyphosphate molecules10.

Several studies have reported pleiotropic roles for Ap4A in bac-
teria. In Escherichia coli Ap4A has been implicated in cell division12, 
motility13 and responses to heat/oxidative stress14 and aminogly-
coside antibiotics15. Ap4A has been associated with sporulation in 
Myxococcus xanthus16; heat shock, ethanol stress and cell oxidation 
in Salmonella typhimurium10; biofilm formation in Pseudomonas 
aeruginosa (Pa)17; and survival of Helicobacter pylori in response to 
oxidative stress18.

Our knowledge about Ap4A-binding partners in bacteria 
and a mere understanding of the mechanisms by which Ap4A 
regulates the above-mentioned processes is currently limited to  
E. coli8,14,19,20. Proposed targets include the chaperones DnaK, ClpB 
and GroEL14,21 and the de novo purine nucleotide biosynthesis 

enzyme inosine-5′-monophosphate dehydrogenase (IMPDH)8,19. 
These screens employed biotin and/or aziridine-modified Ap4A to 
enrich Ap4A-binding proteins, which may have potentially biased 
the target spectrum due to the size of the modifier groups.

Results
Identification of Ap4A targets in Bacillus anthracis. To identify 
further Ap4A targets in an unbiased manner, we used a radioac-
tively labelled but otherwise chemically unmodified Ap4A as bait in 
a differential radial capillary action of ligand assay (DRaCALA)22. 
Simultaneously, we aimed to expand knowledge on Ap4A regula-
tion to the Firmicutes phylum. Having a library for all B. anthra-
cis proteins available, we screened for Ap4A-binding targets in 
this organism and then continued our mechanistic and physi-
ological analyses in Bacillus subtilis. We employed two B. anthra-
cis overexpression libraries, each including 5,341 open reading 
frames (ORFs) N-terminally fused to either hexahistidine (His) or 
His-maltose binding protein (His-MBP)23. Both libraries were over-
expressed in E. coli, and the binding of radiolabelled 32P-Ap4A to 
the lysates assayed by DRaCALA22. This screen identified inosine-
5′-monophosphate dehydrogenase (IMPDH, gene: guaB) as puta-
tive Ap4A-binding partner (Fig. 1b).

IMPDH catalyses the nicotinamide adenine dinucleotide 
(NAD+)-dependent conversion of inosine-5′-monophosphate 
(IMP) into xanthosine-5′-monophosphate (XMP)24. XMP repre-
sents the start for the generation of GMP, GDP and GTP. Moreover, 
IMPDH represents the branching point in the biosynthesis of ade-
nosine and guanosine nucleotides (Fig. 1c).

To further probe the Ap4A-IMPDH interaction, we investigated 
IMPDH from B. subtilis (Bs) because this bacterium is broadly 
studied and is a close relative of B. anthracis. Isothermal titration  
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calorimetry (ITC) revealed a dissociation constant (Kd) of 
7.4 ± 2.1 µM for the Ap4A-BsIMPDH interaction (Fig. 1d and 
Extended Data Fig. 1e). This Kd is within the range of Ap4A con-
centration determined by liquid chromatography coupled to mass  
spectrometry (LC–MS) for exponentially growing B. subtilis (Fig. 1d).  
We also tested the binding of the adenosine nucleotides AMP,  
ADP and ATP to BsIMPDH due to their structural similarity to 
Ap4A and because an ATP-dependent stimulation of IMPDH 
activity in P. aeruginosa was reported25. Binding of AMP and ATP 
to BsIMPDH proceeds with low affinity evidenced by Kd values of 

approximately 18 and 5 mM, respectively. No interaction was found 
for ADP (Fig. 1d and Extended Data Fig. 1a–c). Furthermore, we 
tested the specificity of BsIMPDH for the nucleobases linked by the 
phosphates in the dinucleotides and the length of this phosphate 
linker by probing the binding of ApnA and ApnG compounds. 
ApnA dinucleotides Ap3A, Ap5A and Ap6A bound to BsIMPDH 
with Kds of 62.0 ± 10.9 µM, 30.4 ± 23.5 µM and 0.8 ± 0.2 µM, respec-
tively (Fig. 1d and Extended Data Fig. 1d,f,g). No binding was found 
for the ApnG dinucleotides Ap3G, Ap4G and Ap5G (Fig. 1d and 
Extended Data Fig. 1h–j). Collectively, BsIMPDH had a strong 
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Fig. 1 | Ap4A inhibits IMPDH in a non-competitive manner. a, Scheme of Ap4A formation by lysyl-tRNA synthetase (LysRS) from ATP and lysyl-AMP 
(Lys-AMP). b, DRaCALA assay with 32P-labelled Ap4A employing a B. anthracis library suggests IMPDH as a target of Ap4A. c, Scheme of the enzymatic 
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preference (≥100-fold higher affinity) for ApnA dinucleotides 
with varying phosphor-linker lengths over the related adenosine 
mononucleotides.

Ap4A is a non-competitive inhibitor of IMPDH. Next, we 
probed whether Ap4A and ApnA would affect IMPDH activ-
ity by an assay based on the reduction of the NAD+ cofactor to 
NADH detectable at a wavelength of 340 nm. At constant saturat-
ing NAD+ and variable IMP concentrations without Ap4A sup-
plemented, BsIMPDH showed a Michaelis-Menten-like kinetic 
behaviour, with maximal velocity (Vmax) and Michaelis-Menten 
constant (Km) values of 6.3 µM min−1 and 63 µM, respectively  
(Fig. 1e and Extended Data Fig. 2a). With increasing Ap4A con-
centration, Vmax decreased while Km remained unaltered, sug-
gesting an allosteric mode of inhibition. BsIMPDH inhibition 
by Ap4A proceeded with an inhibitory constant (Ki) of 15.8 µM, 
roughly reflecting the Kd between Ap4A and BsIMPDH (Fig. 1e 
and Extended Data Fig. 2a). At constant saturating IMP and vari-
able NAD+ concentrations, BsIMPDH activity showed a similar 
decline of Vmax dependent on increasing Ap4A concentrations  
(Fig. 1e and Extended Data Fig. 2b). In contrast to Ap4A, which 
potently reduced BsIMPDH activity, adenosine mononucleotides 
only moderately inhibited BsIMPDH (Fig. 1f and Extended Data 
Fig. 2a). ApnG dinucleotides did not alleviate BsIMPDH activity 
and out of the ApnA dinucleotides tested by us, only Ap5A and 
Ap6A resulted in BsIMPDH inhibition (Fig. 1g,h and Extended 
Data Fig. 2a). Despite Ap5A and Ap6A being the most potent 
inhibitors of BsIMPDH, we focused our further studies on Ap4A 
because it was more abundant than other dinucleotides in B. subtilis  
in vivo (Fig. 1d). Likewise, Ap4A was approximately 3-fold more 
abundant than Ap5A under various stress conditions and through-
out growth in M. xanthus16. Collectively, our data show that Ap4A 
inhibits IMPDH in vitro at concentrations that roughly match 
those present in vivo.

Ap4A binds to the CBS domains of IMPDH. Next, we determined 
the structure of Ap4A-bound BsIMPDH (Table 1). BsIMPDH 
consists of the catalytic triose isomerase (TIM)-barrel with two 
cystathionine-β-synthase (CBS) domains forming the disc-like 
Bateman module inserted into the TIM-barrel (Fig. 2a–c and 
Extended Data Fig. 3a). Four IMPDH molecules form a tetramer 
through their catalytic domains, with each CBS domain pointing 
outward from the centre of the tetramer (Fig. 2b). Electron den-
sity, which could be unambiguously attributed to Ap4A, was pres-
ent in between the two CBS domains of each IMPDH monomer 
(Extended Data Fig. 3b). It binds into a cleft formed by the two CBS 
domains constituting the Bateman module (Fig. 2c and Extended 
Data Fig. 3c). Binding of Ap4A to BsIMPDH closely resembles that 
of Ap5G to Ashbya gossypii IMPDH26 as well as that of the adenos-
ine nucleoside moieties of two ATP molecules to P. aeruginosa 
IMPDH25 (Extended Data Fig. 3d).

The crystal structures of the IMPDH Apo states from B. anthra-
cis, P. aeruginosa and A. gossypii show a high degree of disorder in 
their CBS domains, which diminishes in the presence of a ligand 
(Extended Data Fig. 4). Thus, we probed the impact of Ap4A and 
ATP (as control) on the conformational flexibility of BsIMPDH by 
hydrogen/deuterium exchange-mass spectrometry (HDX–MS). 
Decrease in HDX with either ligand was exclusively present in 
the CBS domains, substantiating binding to this entity (Extended 
Data Fig. 5a). The progression of HDX in peptides from the CBS1 
(residues 113–136) and CBS2 (residues 172–200) domains of the 
Bateman module evidenced bimodal distributions of deuterated 
peptide ions (Extended Data Fig. 5b–d), which are thought to arise 
from partial unfolding or conformational flexibility27,28. Bimodal 
behaviour is less pronounced in the presence of Ap4A and ATP, 
suggesting ligand-induced rigidification of the CBS domains. Thus, 

Ap4A and ATP restrict the conformational flexibility of the CBS 
domains of IMPDH.

Ap4A induces formation of a less active IMPDH octamer. Bacterial 
IMPDH enzymes are grouped into classes I and II depending on 
their oligomeric states and catalytic properties29. Class I enzymes 
(for example, PaIMPDH) are octameric irrespective of their bound 
ligand, exhibit comparably low but positive cooperative enzymatic 
activity, and increase catalytic efficiency accompanied by loss of 
cooperativity when ATP is present25. Class II enzymes (for example, 
BsIMPDH) can be tetrameric (apo or IMP-bound) or octameric 

Table 1 | Data collection and refinement statistics of 
crystallographic datasets

Ap4A-bound 
BsIMPDH

BsIMPDH-ΔCBS

Data collection
 Space group I4 I422
 Cell dimensions
 a, b, c (Å) 133.75 110.91

133.75 110.91
149.68 156.85

 α, β, γ (°) 90 90
90 90
90 90

 Wavelength (Å) 0.978561 0.918400
 Resolution (Å) 66.88–2.442 

(2.53–2.442)
45.28–1.76 (1.823–1.76)

 Rmerge 0.067 (0.2841) 0.03072 (0.2892)
 I/σI 6.55 (2.58) 13.79 (2.43)
 Completeness (%) 99.58 (99.82) 99.95 (100.00)
 Redundancy 1.9 (1.9) 2.0 (2.0)
 CC1/2 0.992 (0.641) 0.999 (0.708)
Refinement
 Resolution (Å) 66.88–2.442 45.28–1.76
 No. reflections 48,533 (4,865) 48,580 (4,794)
 Rwork / Rfree 0.27/0.29 0.17/0.19
 No. atoms 6,255 2,868
 Protein 6,112 2,868
 Ligand/ion 108 17
 Water 35 200
B-factors 71.44 29.89
 Protein 70.65 29.45
 Ligand/ion 120.22 36.30
 Water 58.99 35.20
R.m.s. deviations
 Bond lengths (Å) 0.006 0.016
 Bond angles (°) 1.02 1.78
Ramachandran
 Favoured (%) 95.01 97.98
 Allowed (%) 4.37 2.02

 Outliers (%) 0.62 0.00

Data were collected on ID23–1 (ESRF, Grenoble, France) and P14.2 (BESSY II, Berlin, Germany). 
Values in parentheses are for the highest-resolution shell.

NATURE MICROBIOLOGY | VOL 7 | SEPTEMBER 2022 | 1442–1452 | www.nature.com/naturemicrobiology1444

http://www.nature.com/naturemicrobiology


ARTICLESNATURE MICROBIOLOGY

a

CBS1

CBS2

CBS3

CBS4

CD1

CD2

CD3

CD4

C

Ap4A1

Ap4A2

Ap4A3

Ap4A4

b

CDs

CDs‘

C
B

S
C

B
S

‘

(IMPDH)4

(IMPDH)4‘

d

C
B

S
 m

od
ul

e

c

CBS1                    CBS2

Bateman module
(2× CBS)C

N

Ap4A

A

A

p4

Mg2+

Ap4A

Ap4A‘

NC

N‘

C‘

Bateman
Bateman‘

e
K202

K202‘

R144

R141R144‘

R141‘

CBS module
(4× CBS)

hf
Tetramer Octamer

WT

Ap4A
10 µM

ATP
2 mM

w/o

Ap4A
10 µM

ATP
2 mM

w/o

W
ith

 s
ub

st
ra

te
s

W
ith

ou
t s

ub
st

ra
te

s

0 600200 400 800

Molecular weight (kDa)

215 ± 16
(66%)

426 ± 23
(28%)

224 ± 17
(64%)

448 ± 24
(31%)

207 ± 17
(49%)

428 ± 25
(45%)

214 ± 19
(79%)

435 ± 27
(17%)

208 ± 21
(51%) 435 ± 28

(41%)

209 ± 21
(48%) 417 ± 29

(41%)

Ap4GAp3G Ap5G

0 1 100
(Nucleotide) (µM)

10
0

0.2

0.6

0.8

F
ra

ct
io

n 
of

m
on

om
er

s 
in

 o
ct

am
er

0.4

1.0

Ap4AAp3A Ap5A Ap6A

0 1 100
(Nucleotide) (µM)

10
0

0.2

0.6

0.8

F
ra

ct
io

n 
of

m
on

om
er

s 
in

 o
ct

am
er

0.4

1.0

i
Tetramer Octamer

R
14

1A
/R

14
4A

ΔC
B

S

With substrates

Ap4A
10 µM

ATP
2 mM

w/o

Ap4A
10 µM

ATP
2 mM

w/o

K
20

2A

Ap4A
10 µM

ATP
2 mM

w/o

0 600200 400 800

Molecular weight (kDa)

223 ± 28
(84%)

456 ± 48
(10%)

209 ± 26
(85%)

417 ± 38
(7%)

223 ± 24
(82%)

425 ± 44
(11%)

207 ± 22
(84%)

415 ± 24
(7%)

216 ± 35
(85%)

390 ± 84
(12%)

201 ± 23
(84%)

409 ± 34
(9%)

174 ± 24
(88%)

173 ± 35
(92%)

184 ± 33
(87%)

0 1 100 1,000

(Nucleotide) (µM)

10
0

0.2

0.6

0.8

F
ra

ct
io

n 
of

m
on

om
er

s 
in

 o
ct

am
er

0.4

1.0

0 1 1,000

(Nucleotide) (µM)

10
0

0.2

0.6

0.8
F

ra
ct

io
n 

of
m

on
om

er
s 

in
 o

ct
am

er

0.4

1.0

0 1 100 1,000

(Nucleotide) (µM)

10
0

0.2

0.6

0.8

F
ra

ct
io

n 
of

m
on

om
er

s 
in

 o
ct

am
er

0.4

1.0

Ap4A ATP
With substrates Without substrates

Ap4A ATP

0 1 100 1,000

(Nucleotide) (µM)

10
0

0.2

0.6

0.8

F
ra

ct
io

n 
of

m
on

om
er

s 
in

 o
ct

am
er

0.4

1.0

Ap4A AMP ADP ATP

0 1 100 1,000

(Nucleotide) (µM)

10
0

0.2

0.6

0.8

F
ra

ct
io

n 
of

m
on

om
er

s 
in

 o
ct

am
er

0.4

1.0

BsIMPDH WT
with substrates

BsIMPDH WT
with substrates

BsIMPDH WT
with substrates

Ap4A ATP

WT K202A

Ap4A ATP

With substrates

Ap4A ATP

WT R141A/R144A

Ap4A ATP

With substrates

Ap4A ATP

WT ΔCBS

Ap4A ATP

With substrates

g

90 451,6006 1,6006

655 1.5 0.5

160

1,300

EC50 (µM)

j

EC50 (µM)

EC50 (µM)

EC50 (µM)

n.d. n.d.

n.d. n.d.

n.d.

n.d. n.d.

n.d. n.d.1,6006EC50 (µM)

1,6006EC50 (µM)

1,6006EC50 (µM)

CBS1CD-I CD-II1 465CBS2

Bateman module

250

250

Fig. 2 | Mechanism of the Ap4A-dependent inhibition of IMPDH. a, Domain organization of IMPDH enzymes. The CBS domains forming a Bateman 
module (orange) are inserted into the catalytic domain (CD, green). b, Top view on the IMPDH structure bound to Ap4A, which binds into the CBS domains 
of the IMPDH oligomer. c, Close-up view showing that Ap4A binds in a horseshoe-like manner into a cavity formed by the two CBS domains (Bateman 
module) of an IMPDH monomer. d, Side view on the Ap4A-dependent IMPDH octamer showing that two tetramers of IMPDH form an octamer via their 
CBS domains. e, Close-up view into a CBS module established by two IMPDH monomers belonging to different tetrameric rings. The interaction of the 
Bateman modules is mainly enforced by interactions between R141 and R144 residues of one monomer with the Ap4A bound in the Bateman module of the 
opposing monomer. f–i, Influence of substrates and ligands on the oligomeric state of BsIMPDH (tetramer or octamer) analysed by mass photometry.  
f,i, Representative distributions of tetrameric and octameric BsIMPDH species for BsIMPDH-WT (f), or BsIMPDH CBS domain variants (K202A, R141A/R144A, 
ΔCBS) (i), dependent on substrates and/or ligands to the sample. Numbers in the diagrams reflect the molecular weight of the observed oligomeric species 
(mean!±!s.d.) and their percentage of all observed molecules in the sample. g,h,j, The fraction of BsIMPDH monomers in the octameric state in the absence 
or presence of indicated substrates displayed as a function of nucleotide or dinucleotide concentration. Individual data points of n!=!2 technical replicates are 
displayed, and their means used for curve fitting. Where possible, EC50 values (in µM) were derived from the dose-response curves. n.d., not determined.

NATURE MICROBIOLOGY | VOL 7 | SEPTEMBER 2022 | 1442–1452 | www.nature.com/naturemicrobiology 1445

http://www.nature.com/naturemicrobiology


ARTICLES NATURE MICROBIOLOGY

(NAD+ or ATP-bound). Both states show Michaelis-Menten-like 
kinetic properties29. Our biochemical experiments revealed that 
Ap4A and ATP, albeit binding with approximately 700-fold different 
affinity, share their interaction site in the CBS domains and simi-
larly restrict its conformational flexibility. Thus, both ligands may 
affect the tetramer/octamer equilibrium of BsIMPDH. If true, this 
also raises the question of why Ap4A strongly restricts the enzy-
matic activity of BsIMPDH while ATP does so only moderately, if 
at all (Fig. 1f).

Analysis of the crystal structure of Ap4A-bound BsIMPDH sug-
gests that two IMPDH tetramers engage into an octamer through 
their Ap4A-bound CBS domains (Fig. 2d). This BsIMPDH octamer 
is stabilized by the arginines 141 and 144 of the CBS domains of 
one tetramer, these arginines interacting with the phosphates of 
the Ap4A molecules of the other tetramer, and vice versa (Fig. 2e). 
Thus, our structure suggests that Ap4A promotes the joining of two 
BsIMPDH tetramers via their CBS domains into an octamer.

Next, we employed mass photometry, which enables direct mass 
determination of single molecules in solution by interferometric 
scattering microscopy30. In the absence of substrates, BsIMPDH 
predominantly appeared as a tetramer, the portion of which is fur-
ther enlarged in the presence of NAD+ and IMP (Fig. 2f,g). Ap4A 
promoted formation of BsIMPDH octamers in a dose-dependent 
manner, with EC50 values of 90 µM and 6 µM in the absence and 
presence of substrates, respectively (Fig. 2g and Extended Data  
Fig. 6a,b). The addition of ATP enforced octamer formation, with 
comparable EC50 in the absence (that is, 45 µM ATP) but with a 
roughly 250-fold higher EC50 than that exhibited by Ap4A in the 
presence of substrates (Fig. 2g), in agreement with the higher inhibi-
tory potency of Ap4A for BsIMPDH activity (Fig. 1f,h). We presume 
that the discrepancies in EC50 related to the presence of substrate 
are a consequence of their impact on the oligomerization state of  
the enzyme29. The observed fraction of BsIMPDH octamers induced 
by other ApnA and ApnG dinucleotides and adenosine mononucle-
otides (Fig. 2h and Extended Data Fig. 6f) correlated well with their 
impact on enzymatic activity (Fig. 1f–h).

Guided by the structure (Fig. 2e), we conceived several vari-
ants that should not bind Ap4A anymore, that is, K202A, R141A/
R144A and ΔCBS, in which the CBS domains from residues Val95 
to Ile208 were replaced by a Ser-Gly-Ser linker. The K202A variant 
was still able to octamerize, dependent on Ap4A, albeit higher con-
centrations were required (Fig. 2i and Extended Data Fig. 6c), and 
showed a modest Ap4A-dependent reduction in activity (Extended 
Data Figs. 2c and 6g). The R141A/R144A and ΔCBS variants were 
insensitive to Ap4A-dependent regulation in enzymatic activity 
(Extended Data Figs. 2c and 6a) and tetramer-to-octamer equi-
librium (Fig. 2i and Extended Data Fig. 6d,e). The ΔCBS variants 
exhibited a higher Vmax of enzymatic activity than the wild type 
(Extended Data Figs. 2c and 6g). Plotting the fraction of active sites 
residing in the octameric form versus the Vmax yielded a reasonable 
correlation, implying that the BsIMPDH tetramer would exhibit a 
roughly 10-fold higher activity than the octamer (Extended Data 
Fig. 6h). Collectively, these data indicate that the promotion of 
BsIMPDH octamers, which are enzymatically less active than the 
tetrameric form, represents the underlying mechanistic principle 
of Ap4A-dependent inhibition of BsIMPDH activity. Of note, all 
assays were conducted at 25 °C for technical reasons instead of, 
for example, 51 °C (B. subtilis heat shock temperature, see below). 
Nevertheless, we expect that these in vitro characteristics of IMPDH 
would also apply to the enzyme in vivo.

Octamerization by Ap4A alters catalytic elements in IMPDH. 
Next, we wanted to understand why the Ap4A-induced octamer 
was catalytically less active than the tetramer. In solution employ-
ing HDX–MS, we could not detect Ap4A-dependent changes in 
IMPDH’s active site, marked by the catalytically essential cysteine  

residue 30824, probably because of the high HDX rate of this region 
(peptides 297–308 and 297–310, see Source Data) or due to the 
enzyme fraction being octameric even in the absence of Ap4A  
(Fig. 2f). We thus made use of the exclusively tetrameric ΔCBS 
variant (Fig. 3a) and determined its crystal structure (Table 1). The 
structure of ΔCBS shows an identical tetrameric arrangement of 
the catalytic domains as the wild type (Fig. 3a). In-depth compari-
son between the individual monomers of ΔCBS and Ap4A-bound 
BsIMPDH revealed that the catalytic flap (that is, Glu376-Glu398 
and Phe413-Pro423) and the C-terminal residues (that is, 
Gly467-Tyr485) were resolved in the ΔCBS structure, but not in 
that of the Ap4A-bound wild type (Fig. 3b). Moreover, we spotted 
differences in the conformation of the active site loop containing 
the catalytic cysteine 308 (Fig. 3c). In the Ap4A-bound BsIMPDH 
structure, this Cys308-containg loop points away from the catalytic 
site but orients towards the active centre in the ΔCBS suited to exe-
cute its catalytic duty (Fig. 3c). Similar changes were also observed 
in the crystal structures of P. aeruginosa and A. gossypii IMPDH 
ΔCBS variants in the presence of the substrate IMP (Extended data 
Fig. 7), and the additional function of the C-terminal residue and 
catalytic flaps in establishing IMPDH tetramer-to-tetramer inter-
faces (forming IMPDH octamers) implied that octamerization may 
influence IMPDH activity allosterically31,32. Collectively, our data 
suggest that the Ap4A-induced octamerization has direct conse-
quences on the conformational geometry of the active site elements, 
and thus IMPDH activity.

IMPDH and nucleotide metabolism in B. subtilis. To assesses 
whether our in vitro findings would have physiological relevance, 
we constructed a series of B. subtilis strains carrying mutations in 
the IMPDH-encoding gene guaB at its endogenous locus, using 
CRISPR-mediated gene editing. In the resulting mutant strains 
(K202A, the R141A/R144A double mutant and ΔCBS), we exam-
ined the levels of adenosine and guanosine nucleotides as well as 
their precursors by LC–MS. LC–MS profiling of B. subtilis grown at 
30 °C revealed dysregulation of the purine nucleotide metabolism 
for all IMPDH mutant strains (Fig. 4). Specifically, the levels of IMP 
and its precursors PRPP, FGAR and SAICAR were elevated, and 
similarly increased levels of XMP, GMP, GDP and GTP, all of which 
derive from the IMPDH-dependent conversion of IMP to XMP, 
were apparent. In contrast, LC–MS suggested fewer perturbations in 
pools of adenylosuccinate and adenosine nucleotides. Collectively, 
the IMPDH mutants showed ~3- to 7-fold higher GTP:ATP ratios 
than the wild type, in good agreement with our in vitro results. 
Collectively, our data suggest that dysregulation of IMPDH results 
in increased flux from the common ATP/GTP intermediate IMP 
towards GTP.

IMPDH activity and B. subtilis heat tolerance. Given the profound 
effects of our IMPDH mutations on B. subtilis nucleotide metabo-
lism at 30 °C (Fig. 4), we wondered whether these would translate 
to phenotypic differences at elevated temperatures that should pro-
mote Ap4A accumulation. First, we grew wildtype B. subtilis and the 
mutant strains at 30 °C in liquid minimal medium (S7) whereupon 
the mutants displayed a higher doubling time of ~46 min compared 
with 40 min for the wild type during logarithmic growth, which 
probably resulted from their disarrayed metabolome (Fig. 5a). 
Second, to probe temperature resistance and tolerance (Fig. 5b,c) 
phenotypes of the IMPDH mutant strains, the cultures grown to 
mid-log phase in S7 medium at 30 °C were used as inoculum for 
phenotypic characterization at elevated temperatures. On agar 
plates incubated with serial dilutions at various temperatures (that 
is, 22, 37, 45 and 51 °C), the site-directed mutants and the ΔCBS 
strain displayed strongly compromised growth at 51 °C, whereas at 
all other temperatures below 51 °C, the mutants grew similarly as 
the wildtype cells. The K202A mutant, in contrast to R141A/R144A 
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and ΔCBS, still afforded very weak growth even at 51 °C. These data 
indicate that the protective effect conferred by intact CBS domains 
for temperature resistance of B. subtilis is only required at higher 
temperatures (Fig. 5b). We further investigated heat shock toler-
ance of our strains in liquid culture by rapidly shifting cells from 
30 °C to 53 °C, a potentially lethal temperature inducing strong heat 
shock response33. Collectively, all investigated variants showed a 
mild trend towards lower survival rates than the wildtype strain, 
although there was high variation between the biological repli-
cates (Fig. 5c). The K202A and R141A/R144A mutants were least 
affected and displayed a lower median of survival rate versus wild 
type only after 60 min at 53 °C. This trend was more pronounced for 
the ΔCBS mutant strain. The gradation in the survival rates of the 
mutant strains coincides with the impact of Ap4A on oligomeriza-
tion and activity of IMPDH variants in vitro (Fig. 2j and Extended 
Data Fig. 6g). We also quantified the intracellular Ap4A concentra-
tions at 51 °C, which showed a significant increase induced by heat 
shock (Extended data Fig. 8). These results suggest that regulation 
of IMPDH activity is critical to B. subtilis heat shock response.

Discussion
Ap4A is conserved across the domains of life7. In eukaryotes, Ap4A 
is involved in activating the microphthalmia-associated transcrip-
tion factor during allergic-response-IgE34,35 and inhibiting the 
cGAS-STING pathway36. Diverse dinucleotides can also serve as 
protective messenger RNA (mRNA) caps during disulfide stress37. 

Even before the discovery of the molecular chaperones, Ap4A has 
been considered as a heat stress signal11 and has been proposed to 
interact with DnaK, ClpB and GroEL in E. coli14,21. Due to the lack 
of further targets, Ap4A was also considered as a metabolic waste 
product8,38.

Here we show that Ap4A interacts with and inhibits BsIMPDH. 
IMPDH was previously identified as a target of Ap4A in E. coli8,19 
and in murine brain lysates19, but this interaction was considered 
physiologically irrelevant because Ap4A bound to E. coli IMPDH 
with only a 5-fold higher affinity than ATP, the cellular concentra-
tion of the latter being assumed to exceed that of Ap4A 5,000-fold8. 
Notably, IMPDHs from different organisms interact with different 
dinucleotides. The strength of these interactions and consequences 
on oligomerization state and activity vary considerably; for example, 
PaIMPDH binds Ap4A or ATP8 and exhibits an octameric topology 
irrespective of the activity-stimulating ligand ATP25. The CBS of  
A. gossypii IMPDH possesses three nucleotide-binding sites, in con-
trast to two in most other IMPDHs32,39. It binds ATP, GDP and Ap5G 
well, but Ap4A only with low affinity26. An open octamer of A. gossypii  
IMPDH with higher enzymatic activity is induced by ATP, while 
GDP promotes a compacted octamer with diminished activity39,40. 
Our analysis of BsIMPDH shows that adenosine dinucleotides 
(ApnA), and to a lesser extent also ATP, but not mixed adenosine/
guanosine dinucleotides (ApnG) enforce formation of catalytically 
inactive octamers. Differences in IMPDH regulation seem com-
pounded by the structural plasticity of their CBS domains41. This 
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plasticity enables specific binding of different ligands, for example, 
mononucleotides, dinucleotides, S-adenosyl-methionine, or NAD, 
in different enzyme (sub)families42.

IMPDH functions at a step where the synthetic routes for 
adenosine and guanosine nucleotides branch at the conversion of 
IMP to XMP, which subsequently serves as substrate for guanosine  
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(WT vs R141A/R144A), 0.0332 (WT vs ΔCBS); Ap4A: 0.1116 (WT vs K202), 0.3522 (WT vs R141A/R144A), 0.3207 (WT vs ΔCBS).
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nucleotides (Fig. 4). Disrupting CBS-dependent inhibition of 
IMPDH activity in B. subtilis led to elevated GMP, GDP and GTP. 
GTP concentration can have a significant role in B. subtilis stress 
resistance43, and GTP depletion downregulates transcription of 
ribosomal RNA44. Thus, regulation of IMPDH activity might indi-
rectly affect translation via GTP biosynthesis. Heat can induce 
protein unfolding/aggregation, requiring chaperones to facili-
tate protein refolding or removal. Therefore, slowing translation 
could prevent cells from overwhelming the molecular chaperones 
with both the heat-induced protein aggregation and the demand 
of nascent protein folding, thereby promoting cellular survival. 
On the other hand, downregulation of the guanosine nucleotides’ 
de novo biosynthesis through CBS domain-dependent repression 
of IMPDH might favour the conversion of IMP to ATP, required for 
ATP-dependent chaperone and protein degradation systems.

Our data suggest that IMPDH regulation affects nucleotide 
metabolite homoeostasis. Given the shared binding sites of ATP 
and Ap4A at the IMPDH CBS domains, we cannot rule out the pos-
sibility that ATP, either by itself or through competition with Ap4A, 
also interacts with IMPDH and that our mutations impeded this  

potential ATP-dependent regulation. However, the Kds of Ap4A and 
ATP for BsIMPDH differ by 700-fold, and an intracellular Ap4A 
concentration of ~24 µM would be sufficient to restrict BsIMPDH 
activity in vivo in light of literature reports on cellular Ap4A lev-
els and stress-dependent induction in some bacterial species:  
E. coli 0.2 µM (basal)8 or 2.4 µM (basal)45 to 270 µM (104 µg ml−1 cad-
mium sulfate after 160 min)46 and 750 µM (shift from 37–50 °C after 
120 min)46; S. typhimurium <0.3 µM (basal) to 168 µM (180 µg ml−1 
diamide after 50 min) and 365 µM (110 µg ml−1 cadmium chloride 
after 30 min)10; S. typhimurium 1 µM (basal) to 30 µM (shift from 
28–50 °C after 50 min)11. Notably, overexpression of a (p)ppGpp 
synthetase in B. subtilis increased Ap4A 4-fold, hinting at crosstalk 
between Ap4A and (p)ppGpp47.

On the basis of our data, we hypothesize that the reduced fitness 
of B. subtilis strains with de-regulated IMPDH during heat shock 
(Fig. 5b,c), which is accompanied by an Ap4A increase, should 
be primarily linked to the dinucleotide and only to a lesser extent 
to ATP. While further research on the conserved nature of the 
Ap4A-dependent regulation of IMPDH is needed, we propose Ap4A 
as a central and conserved regulator in nucleotide metabolism.

Methods
Cloning of native and varied BsIMPDH. !e genes encoding full-length 
BsIMPDH (guaB) or BsIMPDH-ΔCBS were ampli"ed by polymerase chain 
reaction (PCR) using chromosomal DNA of the B. subtilis NCIB3610 ∆comI 
strain48 as template. Primers are listed in Supplementary Table 2. PCR products 
for mutated BsIMPDH were generated by overlapping PCR. PCR products were 
cloned into pET-24d(+) plasmid (Novagen) using standard cloning techniques. 
B. subtilis lysyl-tRNA synthetase (LysRS) was ampli"ed by PCR from the same 
template and introduced into pET-24d(+) plasmid (Novagen) encoding for an 
N-terminal hexahistidine-tagged protein.

Synthesis of 32P-labelled Ap4A. Radiolabelled Ap4A was synthesized with 
LysRS from B. subtilis. The protein was overexpressed in E. coli BL21(DE3) cells 
in lysogeny broth (LB) medium supplemented with 50 µg ml−1 kanamycin and 
0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) (added at an optical density 
at a wavelength of 600 nm (OD600) of approximately 0.5) at 20 °C for 16 h. The 
pelleted cells (3,500 × g, 20 min, 4 °C) were resuspended in lysis buffer (20 mM 
HEPES-Na pH 8.0, 20 mM KCl, 20 mM MgCl2, 250 mM NaCl, 20 mM imidazole) 
supplemented with protease inhibitors and DNaseI, and lysed by French Press. 
The lysate was run through a 1 ml HisTrap FF column (Cytiva) and eluted with 
a gradient of imidazole up to 500 mM. Fractions containing LysRS were dialysed 
into fresh lysis buffer supplemented with TEV protease (50 mM Tris-Cl pH 8.0, 
1 mM dithiothreitol (DTT), 0.5 mM EDTA, 150 mM NaCl) and applied to a 1 ml 
HisTrap FF column (Cytiva) to obtain the cleaved protein, which was dialysed 
against SEC buffer (20 mM HEPES-Na pH 8.0, 20 mM KCl, 20 mM MgCl2, 200 mM 
NaCl) overnight. LysRS was applied to a HiPrep 26/60 Sephacryl S-200 HR column 
(Cytiva) in SEC buffer to remove TEV. The protein was concentrated and stored in 
SEC buffer supplemented with 10% (v/v) glycerol.

To synthesize radiolabelled Ap4A, purified B. subtilis LysRS was incubated 
at a final concentration of 10 μM in 20 mM HEPES-Na pH 8.0, 20 mM KCl, 
20 mM MgCl2, 200 nM ZnCl2, 1.7 U ml−1 E. coli inorganic pyrophosphatase, 8 µCi 
32P-γ-ATP and 2 mM non-radiolabelled ATP. Lastly, 1 mM lysine was added to 
initiate the reaction. The reaction was incubated at 37 °C and after 5 h quenched 
by the addition of formic acid (0.33 M final). These conditions typically resulted 
in >70% conversion to Ap4A being a mix of labelled and unlabelled Ap4A. Ap4A 
was purified using a method adapted from Johnstone and Farr14 with AEX buffer A 
(50 mM NH4HCO3 pH 8.6) and AEX buffer B (700 mM NH4HCO3 pH 8.6). A 1 ml 
HiTrap QFF anion exchange chromatography column (Cytiva) was equilibrated 
with 10 column volumes (CV) of AEX buffer A and the Ap4A reaction, diluted 
1:10 in AEX buffer A, loaded onto the column. The column was washed with  
10 CV AEX buffer A, followed by a ramp of 0–20% B over 10 CV, 20–40% B over 
15 CV, 40–55% B over 10 CV and 55–100% B over another 10 CV, all at 1 ml min−1 
flow rate. Elution fractions (1 ml) were analysed by thin-layer chromatography 
as described19 on PEI cellulose plates (Millipore) with 3 M (NH4)2SO4 + 2% (w/v) 
EDTA as mobile phase. Plates were exposed to a phosphor screen and scanned 
on a Typhoon scanner. Pyrophosphate eluted upon wash with AEX buffer A, ATP 
eluted at the 20–40% B step and Ap4A eluted at the 40–55% B step. Fractions that 
contained at least 98% pure Ap4A were pooled and used for the DRaCALA screen. 
The final Ap4A probe solution had an estimated concentration of 0.66 mM.

DRaCALA. The Bacillus anthracis Gateway Clone set overexpression libraries 
with carbenicillin and gentamicin resistance cassettes were constructed and lysates 
with overexpressed proteins were obtained as described previously23. Screening 
for binding targets of Ap4A was conducted by differential radial capillary action 
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of ligand assay (DRaCALA)22. 32P-labelled Ap4A was diluted to 15 µM total 
concentration in binding buffer (10 mM Tris-Cl pH 7.5, 100 mM NaCl, 5 mM 
MgCl2), added to lysates at an equal volume, incubated for 10 min with shaking, 
and then spotted onto nitrocellulose paper. The spotted DRaCALA reactions were 
exposed to a phosphoscreen and imaged with Typhoon scanner.

Expression and purification of BsIMPDH. BsIMPDH proteins were 
produced in E. coli BL21(DE3) in LB medium supplemented with 12.5 g l−1 
D(+)-lactose-monohydrate, 50 µg ml−1 kanamycin for 14 h at 30 °C. Cells were 
collected by centrifugation (3,500 × g, 20 min, 4 °C), suspended in buffer A 
(20 mM HEPES-Na pH 8.0, 250 mM NaCl, 20 mM KCl, 20 mM MgCl2 and 
40 mM imidazole) and lysed through an LM10 microfluidizer (Microfluidics) at 
12,000 psi. Lysate was treated for 1 h at room temperature with TURBO DNase 
(Thermo Fisher) and then centrifuged (47,850 × g, 30 min, 4 °C). Supernatant 
was loaded onto a HisTrap HP 5 ml column (Cytiva) equilibrated with buffer A. 
After washing with 10 CV buffer A, BsIMPDH was eluted with 4 CV buffer B 
(20 mM HEPES-Na pH 8.0, 250 mM NaCl, 20 mM KCl, 20 mM MgCl2 and 250 mM 
imidazole). BsIMPDH was concentrated (Amicon Ultracel-30K (Millipore)) to 
1 ml and applied to SEC (HiLoad 26/600 Superdex 200 pg, Cytiva) equilibrated 
with 20 mM HEPES-Na pH 7.5, 200 mM NaCl, 20 mM KCl and 20 mM MgCl2. 
BsIMPDH-containing fractions were concentrated (Amicon Ultracel-30K 
(Millipore)) and snap-frozen in liquid nitrogen. BsIMPDH concentration was 
quantified photometrically (NanoDrop Lite, Thermo Fisher), with extinction 
coefficients at 280 nm of 21,890 and 18,910 M−1 cm−1 for BsIMPDH variants and 
BsIMPDH-ΔCBS, respectively.

ITC. ITC experiments were performed at 25 °C with a MicroCal PEAQ-ITC 
instrument (Malvern Panalytical). The cell was filled with 25 µM of purified 
BsIMPDH and titrated with different concentrations of nucleotides to reach ligand 
saturation. Nucleotides were purchased from Jena Bioscience (purity of ≥95%). 
BsIMPDH and ligands were diluted in the same buffer: 20 mM HEPES-Na pH 
7.5, 200 mM NaCl, 20 mM KCl and 20 mM MgCl2. The titrations were performed 
with a first injection of 0.3 µl or 0.4 µl, which aimed to remove potential air bubbles 
in the syringe and was discarded from later analysis, followed by 18 injections of 
2 µl each for the Ap4A titration or 12 injections of 3 µl each for all the other tested 
nucleotides. Data were processed with the MicroCal PEAQ-ITC Analysis software 
(Malvern Panalytical) and fitted with the ‘single set of identical sites’ model.

Assays for BsIMPDH activity. All measurements were conducted with 100 nM 
BsIMPDH in 100 mM Tris-Cl pH 8.0, 100 mM KCl and 2 mM DTT at 25 °C.  
All except one assay were conducted with NAD+ (Sigma Aldrich, ≥95% by  
HPLC) concentration kept constant at 3 mM and IMP (Sigma Aldrich, ≥99%  
by HPLC) employed in variable concentrations (25, 50, 100, 200, 400, 600, 800  
and 1,000 µM). In one assay (Fig. 1e), IMPDH activity was quantified at constant 
IMP concentration (3 mM), and NAD+ employed in variable concentrations  
(25, 50, 100, 250, 500, 1,000, 2,500 and 5,000 µM). Where denoted, nucleotides 
were supplemented with final concentrations of 1 µM, 3 µM, 10 µM, 30 µM and 
100 µM (Ap4A), 10 µM (Ap3A, Ap5A, Ap6A, Ap3G, Ap4G and Ap5G), or 2 mM 
(AMP, ADP and ATP) as indicated in the figures.

Enzymatic reactions were started by the addition of BsIMPDH, and the 
velocity of product formation was quantified by the increase in absorbance at 
340 nm originating from the NADH product in a microplate reader (EPOCH2, 
BioTek). Analysis of BsIMPDH enzyme kinetic parameters was performed with the 
GraphPad Prism version 6.0.1 software.

HDX–MS. Before HDX–MS, BsIMPDH was mixed with Ap4A or ATP to reach 
final concentrations of 50 µM and 5 mM, respectively. HDX–MS experiments 
were conducted and analysed as described previously, aided by a two-arm robotic 
autosampler (LEAP Technologies)49. In brief, 7.5 μl of BsIMPDH solution were 
mixed with 67.5 μl of D2O-containing SEC buffer (20 mM HEPES-Na pH 7.5, 
20 mM MgCl2, 20 mM KCl, 200 mM NaCl) to start the exchange reaction. After 
10, 30, 95, 1,000 or 10,000 s of incubation at 25 °C, samples of 55 μl were taken 
from the reaction and mixed with an equal volume of quench buffer (400 mM 
KH2PO4/H3PO4, 2 M guanidine-HCl pH 2.2) kept cold at 1 °C. The resulting 
mixture (95 µl) was injected into an ACQUITY UPLC M-Class System with 
HDX Technology (Waters)50. Undeuterated samples were prepared similarly by 
10-fold dilution in H2O-containing SEC buffer. BsIMPDH was digested online 
with immobilized porcine pepsin at 12 °C under a constant flow (100 μl min−1) 
of water + 0.1% (v/v) formic acid and the resulting peptic peptides collected 
on a trap column (2 mm × 2 cm, kept at 0.5 °C) that was filled with POROS 20 
R2 material (Thermo Fisher). After 3 min, the trap column was placed in line 
with an ACQUITY UPLC BEH C18 1.7 μm 1.0 × 100 mm column (Waters), 
and the peptides eluted at 0.5 °C using a gradient of water + 0.1% (v/v) formic 
acid (A) and acetonitrile + 0.1% (v/v) formic acid (B) at 30 µl min−1 flow rate 
as follows: 0–7 min/95–65% A, 7–8 min/65–15% A, 8–10 min/15% A. Peptides 
were ionized by electrospray ionization (capillary temperature 250 °C, spray 
voltage 3.0 kV) and mass spectra acquired from 50–2,000 m/z on a G2-Si 
HDMS mass spectrometer with ion mobility separation (Waters) in enhanced 
high-definition MS (HDMSE) or high-definition MS (HDMS) mode for 

undeuterated and deuterated samples, respectively51,52. For lock mass correction, 
(Glu1)-Fibrinopeptide B standard (Waters) was employed. During each run, the 
pepsin column was washed three times with 80 µl 4% (v/v) acetonitrile and 0.5 M 
guanidine hydrochloride, and blanks were performed between each sample. 
Three technical replicates (independent HDX reactions) were measured per 
incubation time.

Peptides were identified with ProteinLynx Global SERVER 3.0.1 (PLGS, 
Waters) from the non-deuterated samples acquired with HDMSE by employing 
low energy, elevated energy and intensity thresholds of 300, 100 and 1,000 counts, 
respectively. Ions were matched to peptides with a database containing the amino 
acid sequences of BsIMPDH, porcine pepsin and their reversed sequences, with the 
following search parameters: peptide tolerance, automatic; fragment tolerance,= 
automatic; minimum fragment ion matches per peptide, 1; minimum fragment ion 
matches per protein, 7; minimum peptide matches per protein, 3; maximum hits to 
return, 20; maximum protein mass, 250,000; primary digest reagent, non-specific; 
missed cleavages, 0; and false discovery rate, 100. Deuterium incorporation into 
peptides was quantified with DynamX 3.0 software (Waters). Only peptides 
that were identified in all undeuterated samples and with a minimum intensity 
of 25,000 counts, a maximum length of 25 amino acids, a minimum number of 
two products with at least 0.1 product per amino acid, a maximum mass error 
of 25 ppm and retention time tolerance of 0.5 min were considered for analysis. 
All spectra were manually inspected and, if necessary, peptides omitted (for 
example, in case of low signal-to-noise ratio or presence of overlapping peptides). 
Parameters of the HDX–MS experiments are in Supplementary Table 1. Raw data 
are in Source Data (provided as Excel file).

Protein crystallization, X-ray diffraction and structure determination. 
BsIMPDH was crystallized at 20 °C by sitting drop vapour diffusion. For 
Ap4A-bound BsIMPDH, 250 µM of BsIMPDH was incubated with 2 mM 
Ap4A for 10 min at 20 °C. For BsIMPDH-ΔCBS, 250 µM protein solution was 
employed. Crystallization screens were performed in SWISSCI MRC 2-well plates 
(Jena Bioscience) with a reservoir volume of 30 µl by mixing 0.25 µl of protein 
with an equal volume of precipitant solution. Crystals were obtained after 2 d. 
Optimization screens were carried out as hanging drop with a reservoir of 1 ml by 
adding 1 µl precipitant solution to 1 µl of protein solution. Ap4A-bound BsIMPDH 
crystallized in 50 mM sodium acetate (pH 4.5) and 20% (v/v) 1,2-propanediol; 
BsIMPDH-ΔCBS in 0.1 M sodium citrate pH 5.6, 0.2 M potassium/sodium tartrate 
and 2.0 M ammonium sulfate. Before data collection, crystals were flash-frozen 
in liquid nitrogen after addition of 20% (v/v) glycerol. Data were collected under 
cryogenic conditions at ID23–1 of the European Synchrotron Radiation Facility 
(ESRF) and at P14.2 beamline of BESSY II53. Data were processed, reduced and 
merged with Mosflm54 and AIMLESS55. Structures of Ap4A-bound BsIMPDH and 
BsIMPDH-ΔCBS were solved by molecular replacement with PHASER56 and the 
PaIMPDH (PDB-ID: 4DQW25) as search model. Structures were built in Coot57, 
and refined with REFMAC558 and PHENIX refinement59. Figures were generated 
with PYMOL60 and ChimeraX61.

Mass photometry. Oligomerization of BsIMPDH was determined by mass 
photometry30 using the One MP mass photometer (Refeyn). Buffer composition 
in all measurements was: 100 mM Tris-Cl pH 8.0, 100 mM KCl and 2 mM DTT. 
To calibrate the instrument, native protein standards (Biorad) were diluted 50-fold 
in sample buffer at room temperature. Diluted calibration mixture (2 µl) was 
mixed with 18 µl of sample buffer in silicone wells on a cleaned microscope slide 
(170 ± 5 µm thickness, Marienfeld). We used the 66, 146, 480 and 1,048 kDa peaks 
of the standard proteins for a four-point calibration curve. For the measurements, 
18 µl buffer was pre-loaded into a silicone well, then 2 µl of a 1,000 nM 
concentrated protein solution was mixed in before acquisition (100 nM BsIMPDH 
final). NAD+ and IMP were used at 3 mM final concentrations. We collected 6,000 
frames for each sample using default instrument parameters. Data were analysed 
with the DiscoverMP software provided by Refeyn, using default parameters with 
reflection and movement corrections for event extraction and fitting. Frames 
affected by strong vibration or aggregates moving across the image were  
manually excluded.

Bacterial growth conditions and strain construction. In vivo analyses were 
conducted using the non-domesticated B. subtilis NCBI3610 carrying the mutant 
comI Q12L48 (3610, wild type). B. subtilis cultures were grown in S7 medium47 
at 30 °C. Mutant strains were constructed by the CRISPR/Cas9 method62 
(Supplementary Table 2). Briefly, 5′- and 3′-ends of each repair template were 
amplified by PCR with one site-directed mutagenesis primer and one primer 
containing a unique BsaI cleavage site for Golden Gate assembly. The 5′- and 
3′-ends were amplified by overlap-extension PCR, generating a mutant repair 
template flanked by two BsaI cleavage sites. Protospacers were designed and 
assembled as described62, and each was designed with two unique BsaI cleavage 
sites for Golden Gate assembly. E. coli TOP10 chemically competent cells 
were transformed with the Golden Gate reactions, the plasmids isolated and 
subsequently used for transformation of E. coli MC1061. Isolated plasmids from 
the latter were used for B. subtilis 3610 transformation62. Site-specific DNA 
sequencing confirmed mutants (Supplementary Table 3).
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LC–MS quantification of metabolites. B. subtilis strains were grown in S7 
medium supplemented with 20 amino acids (20 μg ml−1 WY, 40 μg ml−1 C, 
50 μg ml−1 ARNGQHILKMPSTVF, 500 μg ml−1 DE) at 30 °C until an OD600 of 
0.6. For metabolite extraction, 5 ml of culture were filtered through a PTFE 
membrane (Sartorius). The membrane was submerged in 3 ml extraction solvent 
mix (50:50 (v/v) chloroform:water) kept on ice and mixed vigorously for 15 s. 
Extracts were centrifuged at 5,000 × g for 10 min at 4 °C, the aqueous phase 
removed and further centrifuged at 20,000 × g for 10 min at 4 °C. Samples were 
stored at −80 °C. Samples were run on an LC–MS/MS system (Q-exactive hybrid 
quadrupole-orbitrap mass spectrometer) equipped with an ACQUITY UPLC 
BEH C18 column (1.7 µm, 2.1 × 100 mm, Waters) in full-scan selected  
ion monitoring (MS-SIM) mode. MS parameters were: 70,000 resolution; 
automatic gain control of 106; maximum injection time of 40 ms; and scan 
range of 90–1,000 m/z. Analytes were eluted with a gradient of 97:3 (v/v) 
water:methanol, 10 mM tributylamine pH 8 (solvent A) and acetonitrile  
(solvent B) at 0.2 ml min−1 flow rate: 0–19 min/95–0% A, 19–24 min/0–95%  
A. Raw data were converted to mzXML format and quantification of metabolites 
was conducted using Metabolomics Analysis and Visualization  
Engine (MAVEN).

Normalized ion intensities of Ap4A were converted to intracellular 
concentrations as described47 with CAp4A = (Vextract × ICAp4A/ELCMS)/
(Vculture × OD × Fcell), where Vextract is the volume of the aqueous phase of the extract 
(1.5 ml); ICAp4A is the ion intensity of Ap4A in the sample; ELCMS is the determined 
LC–MS detection efficiency of Ap4A (4.24 × 107 counts per μM); Vculture is the 
volume of the collected culture; OD is the OD600 of the collected culture; and Fcell 
is the approximate fraction of cell volume in a normalized culture (0.00052 ml per 
1 ml culture per OD600). Fcell was approximated on the basis of B. subtilis density 
of 2.2 × 108 c.f.u. per ml per OD600 unit and an intracellular volume of 2.38 fl (cell 
length of 4 µm and radius of 0.435 µm). Intracellular concentrations of Ap3A and 
Ap4G were determined using the same procedure. Intracellular concentrations 
of AMP, ADP and ATP were determined similarly but employed the LC–MS 
detection efficiency of ATP (2 × 108 counts per μM).

Heat shock experiments. B. subtilis strains were inoculated into S7 media 
supplemented with 0.5% (w/v) casamino acids and grown at 30 °C until an OD600 
of 0.3–0.4. These cultures were inoculated into fresh media in a 96-well plate and 
grown in a plate reader (BioTek) at 30 °C with shaking for 16 h. For measurement 
of heat resistance, aliquots were withdrawn from cultures of each strain, and 
serial dilutions thereof employed to spot agar-containing S7 plates for incubation 
overnight at 22, 37, 45 or 51 °C. Plates were photographed to examine the growth 
at each temperature. For measurement of heat tolerance, 50 μl of the cultures were 
used to inoculate a tube containing 2 ml S7 medium supplemented with 0.5% (w/v) 
casamino acids pre-warmed to 53 °C. Samples for enumeration of colony-forming 
units were withdrawn before heat shock (0 min) or after 15, 30 or 60 min of 
incubation under vigorous agitation and incubated on LB agar plates at 30 °C until 
countable colonies were obtained.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Structure factors and coordinates of X-ray crystallographic datasets have been 
deposited at the Protein Data Bank (www.rcsb.org) under the accession codes 7OJ1 
and 7OJ2 for the Ap4A-bound BsIMPDH and BsIMPDH-ΔCBS, respectively. All 
other structural data employed in this manuscript (accession codes 3L2B, 3TSB, 
4DQW, 4XTI, 4XWU, 5AHL, 5AHM, 5MCP, 6GJV, 6RPU) are publicly available 
in the Protein Data Bank. Source data for Figs. 1, 2, 4 and 5, and for Extended data 
Figs. 1, 2, 5, 6 and 8 are provided with this paper.
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Extended Data Fig. 1 | Binding of nucleotides and dinucleotides to BsIMPDH determined by isothermal titration calorimetry (ITC). a-j. A 25!µM 
concentrated solution of purified BsIMPDH was titrated with a. AMP, b. ADP, c. ATP, d. Ap3A, e. Ap4A, f. Ap5A, g. Ap6A, h. Ap3G, i. Ap4G, or j. Ap5G. 
The differential power (DP, upper plot) for each injection of ligand was recorded and used to determine the dissociation constant Kd from a fitting of the 
calculated binding enthalpies (ΔH, lower plot).
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Extended Data Fig. 2 | Enzyme kinetic parameters obtained for BsIMPDH. a-c. The maximal velocity (Vmax) and Michaelis-Menten constant (Km) of 
BsIMPDH activity were determined in the presence of various ligands. For Ap4A, the inhibitory constant (Ki) was fitted from the change in Vmax in the 
presence of different Ap4A concentrations. The mean!±!SD of enzymological parameters was obtained with Graph Pad Prism from n!=!2 replicates. For 
assay results displayed in a (related to Fig. 1e–h) and c (related to Extended Data Fig. 6a), the concentration of NAD+ was kept constant at 5!mM and 
the concentration of IMP variable between 25 and 1,000!µM. For the assay results displayed in b (related to Fig. 1e), the concentration of IMP was kept 
constant at 3!mM and the concentration of NAD+ variable between 25 and 5,000!µM. n.d., not determined.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Coordination of Ap4A by the BsIMPDH CBS domains. a. The CBS domains of the B. subtilis IMPDH (red, this study) were aligned 
with the CBS domains of P. aeruginosa IMPDH (left; pink, PDB-ID: 4DQW25), A. gossypii IMPDH (middle; light blue, PDB-ID: 6RPU26), and C. perfringens 
pyrophosphatase (right; salmon, PDB-ID: 3L2B63, revealing on overall similar topology. b. The unbiased Fobs-Fcalc difference electron density map (top) is 
coloured in green and red for positive and negative electron density, respectively, and contoured at 3.0 σ. The Ap4A ligand was not present during the 
refinement. The 2Fobs-Fcalc electron density map after final refinement (bottom), including the Ap4A ligand, is coloured in blue and contoured at 1.5 σ. 
c. Coordination of Ap4A in chains A and B of the crystal structure of Ap4A-bound BsIMPDH. Atoms are displayed as spheres and coloured as follows: 
carbon, black; oxygen, red; nitrogen, blue; phosphor, purple. Purple and orange solid lines illustrate ligand or non-ligand covalent bonds, and green dashed 
lines represent hydrogen bonds. Red semicircles denote hydrophobic interactions. The image was generated with LigPlot+64. d. Coordination of ligands by 
the CBS domains of B. subtilis IMPDH with Ap4A (left), P. aeruginosa IMPDH with 2 ATP (middle, PDB-ID: 4DQW25), and A. gossypii IMPDH with Ap5G 
(right, PDB-ID: 6RPU26). Ligands and amino acid residues lining the ligand-binding sites are shown as sticks and coloured by element (carbon, green/
yellow/cyan; oxygen, red; nitrogen, blue; phosphor, orange). Green and purple spheres represent magnesium and manganese ions, respectively. Dashed 
lines denote hydrogen bonding interactions between the main chain carbonyl/amide groups and the adenine and guanine nucleobases. A. gossypii IMPDH 
does not require a divalent metal ion to coordinate the GDP ligand, whereas metal ion coordination in the prokaryotic B. subtilis and P. aeruginosa IMPDHs 
is achieved by E184 and E180 residues, respectively40.
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Extended Data Fig. 4 | See next page for caption.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ARTICLES NATURE MICROBIOLOGYARTICLES NATURE MICROBIOLOGY

Extended Data Fig. 4 | Conformational flexibility of CBS domains in crystal structures of selected IMPDH proteins. a-f. The crystal structures of IMPDH 
proteins from a. B. anthracis in apo-state (PDB-ID: 3TSB65), b. B. subtilis bound to Ap4A (this study), c. P. aeruginosa in apo-state (PDB-ID: 6GJV66),  
d. P. aeruginosa bound to ATP (PDB-ID: 4DQW25), e. A. gossypii bound to Ap5G and GDP (PDB-ID: 6RPU26), and f. A. gossypii bound to ATP (PDB-ID: 5MCP39) 
are shown as ribbon and colored to their B factors from 20 (blue) to 150 Å2 (red). For octameric biological assemblies, the bottom tetrameric ring is shown in 
grey surface. CBS domains are indicated by black dashed rectangles, and teal spheres denote the nucleotide ligands coordinates within the CBS domains.
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Extended Data Fig. 5 | Influence of Ap4A and ATP on conformational flexibility of BsIMPDH CBS domains by hydrogen/deuterium exchange mass 
spectrometry. a. Difference in hydrogen/deuterium exchange (HDX) of representative peptides in the presence of Ap4A (top) or ATP (bottom), expressed 
as the difference in HDX of ligand-bound BsIMPDH versus its apo-state. b. Location of selected peptides exhibiting bimodality in HDX (EX1 kinetics) 
displayed on the adjacent CBS domains of two monomers of Ap4A-bound BsIMPDH. c-d. Mass spectra of two selected BsIMPDH peptides exhibiting EX1 
kinetics for hydrogen/deuterium exchange, that is, c. the peptides containing residues 113–136, and d. residues 172–200 of BsIMPDH. The occurrence of a 
fast-exchanging population in the apo-state (red) is indicative for unfolding of secondary structures, which is restricted in samples of Ap4A-bound (blue) 
and ATP-bound (green) BsIMPDH.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Enzymatic activity and oligomeric state of BsIMPDH-WT and CBS domain variants. a. Representative distributions of tetrameric 
and octameric BsIMPDH species for BsIMPDH-WT in the absence of IMP and NAD+ substrates and in dependence of Ap4A or ATP concentration.  
b-e. Representative distributions of tetrameric and octameric BsIMPDH species of b. BsIMPDH-WT, c. BsIMPDH-K202A, d. BsIMPDH-R141A/R144A,  
and e. BsIMPDH-ΔCBS, all in the presence of IMP and NAD+ substrates and in dependence of Ap4A or ATP concentration. f. Representative distributions 
of tetrameric and octameric BsIMPDH species for BsIMPDH-WT in the presence of IMP and NAD+ substrates and in dependence of the indicated 
adenosine nucleotides or ApnA and ApnG dinucleotides added. In a-f, the numbers in the diagrams reflect the molecular weight of the observed 
oligomeric species (mean and SD), the number of observed molecules for either species and their percentage of all observed molecules in the sample. 
g. Effect of 10!µM Ap4A or 2!mM ATP on the enzyme-kinetic behavior of BsIMPDH-WT and CBS domain variants K202A, R141A/R144A and ΔCBS for 
conversion of the IMP substrate into XMP. Individual data points of n!=!2 replicates are shown, and parameters of the fits are given in Extended Data Fig. 2c.  
h. Correlation between observed fraction of IMPDH monomers in oligomeric state and the apparent Vmax of IMPDH activity. Linear regression was 
performed either with values for BsIMPDH WT only (red trace) or all depicted values including WT and variants (blue trace). Red and blue numbers 
denote values for the fraction and Vmax at the intersects with the x-axis and y-axis, respectively.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Different conformations of catalytic flap and C-termini regions in crystal structures of IMPDH enzymes. a-f. Cartoon 
representations of the crystal structures of a. Ap4A-bound full-length B. subtilis (Bs) IMPDH, b. B. subtilis (Bs) IMPDH-ΔCBS, c. P. aeruginosa (Pa) IMPDH-
ΔCBS (PDB-ID: 5AHL31), d. P. aeruginosa (Pa) IMPDH-ΔCBS with substrate IMP in the active site (PDB-ID: 5AHM31), e. A. gossypii (Ag) IMPDH-ΔCBS 
(PDB-ID: 4XWU32), and f. A. gossypii (Ag) IMPDH-ΔCBS with substrate IMP in the active site (PDB-ID: 4XTI32). The catalytic cysteine (green), catalytic 
flap (red) and C-termini (orange) where colored and denoted where possible.
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Extended Data Fig. 8 | Quantification of rising intracellular Ap4A concentrations in B. subtilis after non-lethal heat shock. In vivo quantification of 
Ap4A in wildtype (WT) B. subtilis 3610 and IMPDH mutant strains. Data represent mean!±!SD of n!=!3 biological replicates. Unpaired two-tailed t-tests 
were used to compare Ap4A levels for WT and IMPDH mutant strains of heat-shocked conditions (15!min, 30!min) versus the untreated control (0!min). 
Asterisks indicate p-values: * p!≤!0.05; ns, not significant. Exact p-values are, WT: 0.1382 (15 vs. 0!min), 0.0943 (30 vs. 15!min), 0.0235 (30 vs. 0!min); 
K202A: 0.0191 (15 vs. 0!min), 0.5491 (30 vs. 15!min), 0.0223 (30 vs. 0!min); R141A/R144A: 0.4789 (15 vs. 0!min), 0.8778 (30 vs. 15!min), 0.3756 (30 vs. 
0!min); ΔCBS: 0.0753 (15 vs. 0!min), 0.1146 (30 vs. 15!min), 0.0390 (30 vs. 0!min).
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ARTICLE

Inhibition of SRP-dependent protein secretion
by the bacterial alarmone (p)ppGpp
Laura Czech 1,8✉, Christopher-Nils Mais 1,8, Hanna Kratzat 2, Pinku Sarmah3,4, Pietro Giammarinaro1,
Sven-Andreas Freibert 5,6, Hanna Folke Esser2, Joanna Musial2, Otto Berninghausen 2, Wieland Steinchen1,
Roland Beckmann 2, Hans-Georg Koch 3 & Gert Bange 1,7✉

The stringent response enables bacteria to respond to nutrient limitation and other stress

conditions through production of the nucleotide-based second messengers ppGpp and

pppGpp, collectively known as (p)ppGpp. Here, we report that (p)ppGpp inhibits the signal

recognition particle (SRP)-dependent protein targeting pathway, which is essential for

membrane protein biogenesis and protein secretion. More specifically, (p)ppGpp binds to the

SRP GTPases Ffh and FtsY, and inhibits the formation of the SRP receptor-targeting complex,

which is central for the coordinated binding of the translating ribosome to the SecYEG

translocon. Cryo-EM analysis of SRP bound to translating ribosomes suggests that (p)ppGpp

may induce a distinct conformational stabilization of the NG domain of Ffh and FtsY in Bacillus

subtilis but not in E. coli.
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Central to the bacterial response to starvation and stress are
the guanosine-based second messengers ppGpp and
pppGpp (also: (p)ppGpp or “alarmones”)1,2. Biosynthesis

and degradation of (p)ppGpp relies on RelA/SpoT homology
(RSH)-type proteins3,4. Most prominent and conserved are the
RelA/Rel proteins, which sense amino acid starvation during the
stringent response by detecting ribosomes blocked by cognate,
uncharged tRNAs at their A-site5–9. The (p)ppGpp synthetase
activity of these enzymes is stimulated upon binding to stalled
ribosomes by a molecular mechanism conserved in Gram-
negative and -positive bacteria9–12. Besides the Rel/RelA
enzymes, many bacterial species contain further RSH-enzymes
commonly referred to as small alarmone synthetases and
hydrolases (summarized in ref. 4).

As the most prominent consequence of elevated alarmone levels,
protein biosynthesis is downregulated through direct inhibition
of translational GTPases (recently summarized in refs. 2,13). Yet,
alarmones effect a wide range of physiological and metabolic pro-
cesses by their specific interactions with numerous proteins and also
RNA targets (recently summarized in refs. 14,15). A recent affinity-
based screening approach for (p)ppGpp targets in Escherichia coli
supported this idea by identifying over 50 potential targets16.
Notably, the bacterial signal recognition particle (SRP) GTPases Ffh
and FtsY were also identified in this screen, suggesting that
(p)ppGpp may potentially also regulate the essential SRP-
dependent pathway of membrane protein insertion. This appears
plausible, since in bacteria the biogenesis of a large portion of
transmembrane and some secreted proteins relies on the SRP
machinery (reviewed in refs. 17–20). However, this idea has never
been challenged and thus a mechanistic understanding of how
(p)ppGpp could modulate the SRP pathway is not available to date.

SRP is a conserved ribonucleoprotein particle consisting of the
GTPase Ffh and the SRP-RNA20–22 and its mode of operation is
well understood23–26. Briefly, SRP recognizes hydrophobic signal
sequences in the context of translating ribosomes, and SRP bound
to ribosome-nascent chain complexes (RNCs) in turn interacts in a
GTP-dependent manner with its receptor FtsY, also a GTPase,
which localizes at the cytoplasmic membrane periphery of bacteria
via a membrane-targeting sequence27,28. Consequently, the RNC is
transferred onto the SecYEG translocon followed by dissociation of
the SRP-FtsY complex after hydrolysis of GTP enabling the
initiation of a new round of SRP-mediated protein targeting. Ffh
and FtsY are multi-domain proteins, which share the highly
homologous NG domain (reviewed in ref. 20). The NG domain
consists of a bundle of four α-helices followed by a GTPase (G)
domain common to small G proteins, such as Ras29,30. When
bound to GTP, the NG domains of Ffh and FtsY form the het-
erodimeric targeting complex, which regulates the transfer of a
RNC to a vacant and membrane-embedded translocon through a
series of conformational rearrangements (summarized in ref. 21).
Within the targeting complex, both GTPases share a composite
active site in which two GTPs reciprocally align, such that the 3′-
OH group of the ribose of one GTP interacts with the γ-phosphate
of the other, and vice versa31–33. This unique nucleotide arrange-
ment is essential for productive formation of the SRP-FtsY
complex31, and the reciprocal stimulation of both GTPase activ-
ities in the context of the SRP-RNA34, which finally enables pro-
ductive transfer of the RNC onto the translocon. However, a widely
unaddressed question is whether the SRP-mediated protein-tar-
geting pathway is subject to regulation in response to stress con-
ditions, e.g., amino acid starvation.

Here, we show that the alarmones (p)ppGpp specifically bind to
the GTPase domains of SRP and its receptor FtsY resulting in an
inhibition of targeting complex formation. This in turn restricts the
SRP-dependent pathway of membrane protein insertion and
secretion during stressful times.

Results
In vitro inhibition of SRP-dependent post-translational
membrane protein targeting and insertion by (p)ppGpp. To
investigate whether and how the alarmones (p)ppGpp would
interfere with the SRP-dependent targeting process, we ana-
lyzed the influence of ppGpp and pppGpp on the SRP-
dependent insertion of membrane proteins. As a first model, we
chose the single-spanning membrane protein YohP from E. coli,
which was recently shown to be strictly dependent on SRP/FtsY
for membrane insertion18,35. A major advantage of using YohP
is that SRP acts post-translationally during YohP insertion and
thus the (p)ppGpp effect on SRP/FtsY-dependent insertion can
be analyzed without impairing the GTP-dependent steps of
translation, which are also known targets of (p)ppGpp (recently
summarized in refs. 2,14,15).

YohP was in vitro synthesized and 35S-labeled using an E. coli
coupled transcription/translation system36. Translation was subse-
quently terminated by the addition of chloramphenicol and
ribosomes were removed by ultracentrifugation. In vitro synthe-
sized YohP was then incubated with E. coli inverted inner
membrane vesicles (INV) and membrane insertion was determined
by proteinase K (prot. K) resistance. In the presence of INV, almost
70% of the in vitro synthesized YohP were prot. K resistant,
indicating that insertion into the E. coli membrane had occurred
(Fig. 1a, b). In contrast, basically all YohP was degraded in the
absence of INV. When YohP was incubated with INV in the
presence of increasing ppGpp or pppGpp levels, a concentration-
dependent decrease of YohP insertion was observed for both
ppGpp and pppGpp (Fig. 1a, b), with a complete block of insertion
at 0.6 mM (p)ppGpp. These data demonstrate that both ppGpp
and pppGpp inhibit membrane insertion of the SRP-dependent
membrane protein YohP.

The assays described above do not require the addition of
purified SRP/FtsY, because sufficient amounts of both proteins are
bound to INV36. This, however, makes it difficult to assign the
observed inhibition of YohP insertion by (p)ppGpp to impaired
SRP/FtsY activity. Therefore, we assayed the effect of (p)ppGpp on
YohP insertion in a highly purified assay system, which consisted
of reconstituted SecYEG-proteoliposomes, and purified SRP and
FtsY. When in vitro synthesized YohP was incubated with
liposomes or SecYEG-proteoliposomes without adding SRP/FtsY,
no significant prot. K resistance was observed (Fig. 1c, d). However,
in the presence of SRP/FtsY and SecYEG-proteoliposomes about
70% of the in vitro synthesized YohP was resistant against prot. K
treatment, indicative for membrane insertion (Fig. 1c, d). No prot.
K protection of YohP was observed when SRP/FtsY were added to
liposomes or in the presence of just SRP/FtsY (Supplementary
Fig. 1). Adding ppGpp or pppGpp together with SRP/FtsY reduced
YohP insertion into SecYEG proteoliposomes drastically, further
validating that ppGpp and pppGpp inhibit SRP and FtsY and thus
block YohP insertion. The (p)ppGpp concentrations required for
inhibiting YohP insertion into SecYEG-proteoliposomes were
much lower than the concentrations required for inhibition in
the INV system (Fig. 1c, d). This likely reflects the fact that in
addition to SRP and FtsY, additional GTP-binding proteins are
present in INV, which may also bind (p)ppGpp. Taken together,
these experiments clearly show that (p)ppGpp efficiently inhibits
the SRP-dependent membrane insertion of membrane proteins via
the SecYEG translocon.

In vitro inhibition of SRP-dependent co-translational mem-
brane protein targeting and insertion by (p)ppGpp. Since SRP-
dependent targeting of YohP occurs post-translationally and thus
deviates from the canonical co-translational SRP-dependent tar-
geting, we also tested the influence of (p)ppGpp on co-translational
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membrane targeting of LepB- and FtsQ-RNCs, which are classical
SRP substrates18,37,38. LepB- and FtsQ-RNCs were in vitro syn-
thesized and incubated with INV or SecYEG-proteoliposomes in
the presence or absence of SRP/FtsY and (p)ppGpp. Efficient
membrane targeting of these RNCs was then analyzed by floatation
analyses, which separates membrane-bound RNCs from non-
bound RNCs39. In the presence of INV, both RNCs were almost
exclusively found in the membrane fraction (MF) but remained in
the soluble fraction in the absence of INV or in the presence of
liposomes (Fig. 2a, b). When membrane binding of LepB- and
FtsQ-RNCs to SecYEG-proteoliposomes was analyzed, both RNCs
were found in the membrane fraction when purified SRP and FtsY
were present but were recovered from the soluble fraction in their
absence (Fig. 2a, b). This demonstrates that the assay reliably
reports co-translational targeting of RNCs to the SecYEG-
translocon by SRP and its receptor FtsY. Importantly, the addi-
tion of either ppGpp or pppGpp completely blocked membrane
targeting of LepB- and FtsQ-RNCs (Fig. 2a, b). Quantification of
several (n ≥ 3) independent experiments confirmed the inhibitory
effect of (p)ppGpp on SRP-dependent targeting of RNCs to the
SecYEG-translocon (Fig. 2c). In summary, these data demonstrate
that (p)ppGpp inhibit also co-translational membrane targeting by
the SRP pathway.

(p)ppGpp reduces GTPase activities of SRP and its receptor.
SRP/FtsY complex formation followed by the subsequent GTPase
activities of Ffh and FtsY is required for the successful delivery of
target proteins to the SecYEG translocon18,35. Therefore, we
tested whether GTP hydrolysis would be impaired in the presence
of (p)ppGpp. Hence, full-length (Ec)Ffh and the NG domain of

(Ec)FtsY (Fig. 3a) were tested for their GTP hydrolysis activity in
the presence of 4.5S RNA (i.e., the SRP-RNA), the well char-
acterized ΔEspP signal peptide and the signal peptide mimicking
detergent C12E8 (nonionic detergent octaethyleneglycol dodecy-
lether), which all have been shown to stimulate the GTPase
activity of the targeting complex (Fig. 3b)40. The assays were
conducted using 1 mM GTP and increasing amounts of ppGpp
(Fig. 3c) and pppGpp (Fig. 3d) ranging from 0 to 10 mM. While
the GTPase activities of full-length (Ec)Ffh and (Ec)FtsY-NG
alone were very low, GTP hydrolysis was stimulated when both
proteins were present (Fig. 3c, d)41. The GTPase activities were
further stimulated in the presence of 4.5S RNA41,42, and through
the addition of the ΔEspP signal peptide or the signal peptide
mimic C12E8 (Fig. 3c, d)40. In each of the tested conditions,
addition of (p)ppGpp resulted in a reduction of GTP hydrolysis
when the alarmones were supplemented at concentrations equi-
molar to the GTP substrate (1 mM) or higher consistent with a
competitive mode of inhibition, whereby ppGpp appeared to be a
slightly more potent inhibitor than pppGpp (Fig. 3c, d). Taken
together, our data show that the alarmones (p)ppGpp inhibit the
GTPase activity observed when SRP and its receptor are present,
irrespective of the presence or absence of the SRP-RNA, the signal
peptide or its mimicry. It is well established that (p)ppGpp levels
rise approximately three times above the GTP levels under
stringent conditions in the model organisms E. coli43–45 and B.
subtilis46–48, further supporting the physiological relevance of the
(p)ppGpp action on the SRP machinery.

Binding of (p)ppGpp to the NG domains of Ffh and its receptor
FtsY. Our data suggested that (p)ppGpp directly interferes with the
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Fig. 1 Post-translational targeting of SRP substrate YohP is inhibited by (p)ppGpp. a YohP was in vitro synthesized using a purified coupled
transcription/translation system (CTF system) and translation was terminated by the addition of chloramphenicol (35mgmL−1). Samples were then
centrifuged for removing ribosomes and aggregates and the supernatant was incubated with INV (inner membrane vesicles) or INV-buffer for 10 min in the
presence of 10 µM GTP. Where indicated, ppGpp or pppGpp were added together with INV. Subsequently, one half of the sample was directly TCA
precipitated, while the other half was first treated with proteinase K (prot K) before TCA precipitation. Samples were then separated by SDS-PAGE and
analyzed by autoradiography. b Quantification of three independent experiments as described in a and the mean values (±SD) are shown. c As in a, but
insertion was analyzed in the presence of liposomes of reconstituted SecYEG-proteoliposomes. Liposomes were generated from E. coli phospholipids and
contained 70% PE, 25% PG and 5% CL, and proteoliposomes contained 100 ng µL−1 SecYEG complex. When indicated, insertion was performed in the
presence of absence of purified SRP/FtsY (20 ng µL−1, each) and at the indicated (p)ppGpp concentrations. Uncropped images are shown in the
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GTPases of SRP and its receptor FtsY (Fig. 3a–d). To understand
the action of (p)ppGpp on Ffh and FtsY GTPases further
mechanistically, we next employed the GTPase-containing NG
domains of E. coli (Ec) Ffh and FtsY (Ffh-NG and FtsY-NG,
respectively; Fig. 3a) and probed their binding affinity for ppGpp
and pppGpp by isothermal titration calorimetry (ITC). Determi-
nation of the dissociation constants (KD) of (Ec)Ffh-NG revealed
an affinity of 7.9 ± 1.9 µM for ppGpp-binding while its counterpart
GDP exhibited an affinity of 2.2 ± 0.6 µM (Fig. 3e; Supplementary
Figs. 3 and 4). For the NG domain of the SRP-receptor (Ec)FtsY a
KD of 21.7 ± 5.4 µM for ppGpp and 9.8 ± 1.1 µM for GDP were
obtained (Fig. 3e and Supplementary Figs. 3 and 4). These KD
values show that ppGpp exhibits similar binding affinities as its
GDP counterpart for the SRP-GTPases Ffh and FtsY.

Next, we wanted to probe the affinities of the Ffh and FtsY-
NG-domains for GTP and its counterpart pppGpp. Determina-
tion of KD by ITC of (Ec)Ffh-NG revealed an affinity of
13.9 ± 7.1 µM for pppGpp-binding while its counterpart GTP
exhibited an affinity of 0.7 ± 0.5 µM (Fig. 3e; Supplementary
Figs. 3 and 4). For the (Ec)FtsY-NG, we were unable to determine
a reliable KD-value by ITC, because of protein aggregation in the
presence of either of the two nucleotides during the ITC runs. It
might be that the exposure of FtsY-NG to either GTP or pppGpp
leads to an expelling of the amphipathic membrane-targeting
sequence (MTS)27,28, thus causing the observed aggregation
under the relatively high protein concentrations (i.e., 50 µM) used
for the ITC experiments. Thus, we decided to recapitulate the
KD’s of (Ec)Ffh-NG and (Ec)FtsY-NG for ppGpp and pppGpp by
microscale thermophoresis (MST), which requires much less
protein concentration. Our MST experiments show that the
alarmones pppGpp and ppGpp bind with similar KD’s as their
GTP and GDP counterparts, respectively, to either (Ec)Ffh-NG
and (Ec)FtsY-NG (Fig. 3e and Supplementary Fig. 4). We would
like to note that the KD-values for GTP and pppGpp measured by
MST are somewhat higher than those obtainable by ITC (Fig. 3e)
and other methods (e.g., refs. 41,49). The reason for this
observation is likely due to required labeling of the analyzed
proteins with the fluorescent dye at lysine residues, which might
weaken the binding of nucleotides. Despite of this, (Ec)Ffh-NG

and (Ec)FtsY-NG show similar KD-values for GTP and pppGpp
when measured by MST (Fig. 3e; Supplementary Figs. 3 and 4).
This strongly suggests that pppGpp exhibits similar binding
affinities as its GTP counterpart for the SRP-GTPases Ffh and
FtsY. Overall, these observations indicate that the alarmones can
act as competitive inhibitors of GDP/GTP by occupying the same
binding sites in FtsY and Ffh. Our data might also suggest that
SRP-GTPases slightly favor the binding of ppGpp over pppGpp.

Disruption of Ffh-FtsY complex formation in the presence of
(p)ppGpp. If (p)ppGpp can indeed act as a competitive inhibitor
of the GTPases SRP/FtsY, we asked whether they would directly
interfere with the strictly GTP-dependent formation of the SRP/
FtsY-targeting complex (Fig. 3f). Thus, we incubated equal
amounts of (Ec)Ffh-NG and (Ec)FtsY-NG in the presence of the
non-hydrolysable GTP analog guanosine-5′-[(β,γ)-imido]tripho-
sphate (GMPPNP), which enabled trapping of the E. coli Ffh/FtsY
heterodimer stabilized by two GTP-mimicking GMPPNP mole-
cules, followed by quantitative analysis of the complex formation
by SEC (Fig. 3f, g). We next analyzed to which extent the pre-
sence of either ppGpp or pppGpp affects GMPPNP-dependent
Ffh/FtsY complex formation (Fig. 3g–i). Thus, we added
increasing amounts of each of the two alarmones and analyzed
the complex formation in the presence of either 0.25, 0.5 or 1 mM
GMPPNP. These experiments show that complex formation was
half-inhibited at equal (p)ppGpp/GMPPNP ratios and roughly
abolished when the (p)ppGpp concentrations exceeded those of
GMPPNP by two-fold (Fig. 3h, i for ppGpp and pppGpp,
respectively). These data further consolidate the idea that
(p)ppGpp acts as competitive inhibitor of GTP, because forma-
tion of the Ffh/FtsY-targeting complex requires two GTP (or
GMPPNP) molecules.

Crystallographic analysis of alarmone binding. To gain a
molecular understanding of the (p)ppGpp inhibition of the GTP-
dependent SRP/FtsY-targeting complex formation, we decided to
structurally analyze the (p)ppGpp-bound states of Ffh and FtsY.
We determined the crystal structures of the pppGpp-bound NG
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domains of (Ec)Ffh and (Ec)FtsY at resolutions of 2.5 and 2.4 Å,
respectively (Fig. 4a–d; Supplementary Fig. 5 and Supplementary
Table 1), as well as the crystal structures of (Bs)Ffh and (Ec)Ffh in
complex with ppGpp and Mg2+ at resolutions of 2.5 and 2.8 Å,
respectively (Supplementary Table 1; Supplementary Figs. 5 and
6). Each of the alarmones could be unambiguously identified by
and placed into the available densities (Supplementary Fig. 5).
The ppGpp or pppGpp molecules are bound to the G domains of
Ffh and FtsY and occupy the canonical guanosine nucleotide-
binding site (Fig. 4a–d and Supplementary Fig. 6). In detail, the
guanine moiety of (p)ppGpp is recognized by the well-described
aspartate of the G4 element responsible for the discrimination of
guanosine nucleotides by P-loop type GTPases (Fig. 4b, d and
Supplementary Fig. 6b, d). The α-, β-, and γ-phosphates of
(p)ppGpp are coordinated by the G1-element (P-loop), and by
residues originating from the switch I and II regions including
the G2 and G3 elements, respectively. The δ- and ε-phosphate,
which are covalently bound to the 3′-OH group of the ribose
moiety and discriminate (p)ppGpp from its GDP/GTP coun-
terparts, point away from the active sites of both GTPases
(Fig. 4b, d). Both phosphates are not coordinated or form any
obvious contacts to the GTPases of Ffh and FtsY (Fig. 4b, d).
The missing coordination leads to a high flexibility of the δ-
and ε-phosphate, as observed in the crystals of (Ec)Ffh with

pppGpp (Supplementary Fig. 5e, f). We conclude that ppGpp
and pppGpp interact with the SRP-GTPases Ffh and FtsY in the
same way as its counterparts GDP and GTP, respectively, also
providing the structural explanation for their comparable KD
values (see above; Fig. 3e).

Previous structural analysis showed that the essential targeting
complex forms through a strictly GTP-dependent, pseudo-
symmetric heterodimer of the NG domains of Ffh and FtsY
(Fig. 4e)31,32,50,51. In this complex, the G domains of Ffh and FtsY
form a shared catalytic center into which each GTPase provides
one GTP molecule (Fig. 4f). These two GTP molecules
reciprocally interact with each other in a way that the 3′-OH
group of the ribose moiety of one GTP interacts with the γ-
phosphate moiety of the other, and vice versa (Fig. 4f). The tight
and reciprocal arrangement of both GTPs via their 3′-OH groups
is essential for complex association, reciprocal GTPase activation
and catalysis31. Our structural analysis of (p)ppGpp-bound Ffh or
FtsY now shows that this reciprocal nucleotide arrangement is no
longer possible, when the δ-, ε-pyrophosphate moieties at the 3′-
OH group of the alarmones prevent the formation of the crucial
hydrogen bond, and by introducing electrostatic repulsion by the
negatively charged phosphates (Fig. 4g). This structural view
explains our biochemical observation that (p)ppGpp efficiently
hinders formation of the Ffh/FtsY complex, and all subsequently
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Fig. 3 (p)ppGpp reduces GTPase activity and complex formation of SRP and FtsY. a Domain architecture of the bacterial SRP-GTPases Ffh (blue) and
FtsY (cyan), both sharing the conserved GTPase-containing NG domain. The G-elements G1–G5 as well as the A and M domains specific to FtsY and Ffh,
respectively, are shown. b Scheme of the experimental setup for analyzing the impact of increasing concentrations of (p)ppGpp on the GTPase activities of
SRP and FtsY. Orange sphere depicts the signal peptide (SP), and gray strands the SRP RNA. c and d GTPase activity of full-length Ffh and FtsY-NG was
assayed in the presence of increasing amounts of the competitors ppGpp (c) and pppGpp (d). Where indicated, 5 µM (Ec)FtsY-NG, 6 µM of 4.5S RNA,
5 µM Esp-signal peptide and 100 µM C12E8 (signal peptide mimic) were added to the reaction including 5 µM full-length (Ec)Ffh and 1 mM GTP. The data
represent mean values (±SD) of n= 3 replicates. e The table lists the KD values obtained for the binding of GDP, GTP, ppGpp and pppGpp to (Ec)Ffh, (Ec)
FtsY- and (Bs)Ffh-NG domains determined either by isothermal titration calorimetry (ITC) or microscale thermophoresis (MST). f Scheme of the
experimental setup for analyzing the impact of increasing concentrations of (p)ppGpp on the GTP-dependent formation of the Ffh/FtsY-NG domain
complex. g Analytical size-exclusion chromatography (SEC) monitoring the complex formation and dissociation of Ffh-NG and FtsY-NG (100 µM each)
incubated with 1 mM GMPPNP and in the absence or presence of increasing ppGpp concentrations (0, 0.5, 1, and 1.5 mM). h and i Percentage of formed
Ffh-NG/FtsY-NG complexes (50 µM each) in the presence of different GMPPNP concentrations (250, 500, and 1,000 µM) analyzed in the presence of
increasing ppGpp (h) and pppGpp (i) concentrations, respectively.
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associated steps such as the reciprocal stimulation of Ffh and FtsY
GTPase activity during interaction with the SecYEG complex.

pppGpp affects the conformational flexibility of SRP-bound to
RNCs in the Gram-positive model organism B. subtilis. So far,
we could show that (p)ppGpp hinders SRP-mediated protein
targeting at the level of the GTP-dependent SRP-FtsY-targeting
complex formation. However, this does not exclude that pppGpp
may already affect the RNC-bound SRP through its binding to the
Ffh-NG domain. The (Bs)Ffh-NG domain also bound ppGpp and
pppGpp with similar affinities as their GDP and GTP counter-
parts, respectively (Fig. 3e; Supplementary Figs. 3 and 4). Next, we
analyzed SRP bound to (Bs)MifM-stalled RNCs, and (Ec)TnaC-
stalled RNCs bearing the FtsQ transmembrane segment (TM) in
the NC in the presence of either pppGpp or GMPPNP by cryo-
EM. Using a B. subtilis cell-free system we translated the MifM-
stalling mRNA, which contains the MifM leader peptide with
shortened C-terminus, a defined ribosome stalling site, the MifM
N-terminal TM and a cleavable His-tag52. Stalled RNCs were
isolated via affinity purification and sucrose density gradient
centrifugation. Subsequently, the RNCs were reconstituted with
recombinant (Bs)SRP (Ffh and 6S RNA), in the presence of either
pppGpp or GMPPNP. Cryo-EM analysis revealed stalled 70S

ribosomes with a P-site tRNA and a nascent chain in the peptide
exit tunnel as observed before52. The GMPPNP and pppGpp
datasets contained stably bound SRP in 24% and 38% of the
particles, respectively (Supplementary Fig. 7 and Supplementary
Table 2), which overall resembled the previously observed RNC-
SRP complex53. However, in the previously observed (Bs)RNC-
SRP reconstruction in the absence of nucleotides53, but also in the
new RNC-SRP-GMPPNP reconstructions (this study, Supple-
mentary Fig. 7), the Ffh-NG domain of SRP was largely deloca-
lized. In contrast, the pppGpp dataset revealed the Ffh-NG
domain in a stable conformation for the majority (57%) of the
SRP-containing particles (Supplementary Fig. 7). This final class
was then refined to an average resolution of 3.3 Å with local
resolution ranging from below 3.0 Å in the ribosomal core to 8-
10 Å for SRP and the periphery of the ribosome (Fig. 5a, b and
Supplementary Fig. 8a, b). Structural analysis of the SRP M
domain showed an open conformation (Fig. 5c) with a rod-like
density representing the signal sequence bound in a position very
similar to previously observed structures53–57. The M domain
contacted the 23S rRNA H24 via helix3 (Arg-399) and helix4
(Asn-414, Gln-411) and is additionally positioned by multiple
interactions with the 6S RNA, which in turn interacts with H100
of the 23S rRNA (Fig. 5c).
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Fig. 4 (p)ppGpp binds in the nucleotide-binding pocket of the Ffh and FtsY-NG domains. a Overall topology of (Ec)FtsY-NG in complex with pppGpp.
b Zoom into the active site of (Ec)FtsY-NG bound to pppGpp highlighting the residues involved in ligand binding. c Overall topology of (Ec)Ffh-NG in
complex with pppGpp. d Detailed view of the active site and the residues involved in binding of pppGpp. e Overall topology of the Ffh/FtsY-NG domain
heterodimer from Thermus aquaticus (Ta) bound to two GCP (GppCp, a non-hydrolysable GTP-analog) molecules mimicking the binding of GTP in the
twinned nucleotide-binding site (PDB-ID: 1OKK)32. f Zoom into the nucleotide-binding pocket shared between the NG domains of Ffh and FtsY. The 3’-OH
of one GCP molecule interacts with the γ-phosphate of the opposing GCP molecule and vice versa. g Overlay of the Ffh/FtsY heterodimer with the
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In the GMPPNP dataset, a final SRP-containing class was refined
to an average resolution of 3.0 Å (Supplementary Fig. 8c, d). Here,
no distinct conformational sub-states could be resolved for the Ffh-
NG domain and all attempts to sub-classify the data with a mask
around the S domain did not reveal any distinct NG domain density
(Supplementary Fig. 7). These observations were similar as before for
the (Bs)RNC-SRP apo complex in the absence of any nucleotides53.
In both structures, the apo and the GMPPNP-bound one, flexibility
of the NG domain coincided with a higher degree of flexibility also
of the Ffh-M domain, which in contrast to the pppGpp structure
lacked clear density for the signal sequence (SS), the flexible finger
loop and the GM linker connecting M and NG domains. Taken
together, the presence of pppGpp results in a stabilization of the NG
domain conformation of Ffh on the B. subtilis RNC after signal
sequence recognition, which might already provide a steric problem
for the initial phase of heterodimer formation (Fig. 5d).

pppGpp seems not to affect the conformational flexibility of
SRP-bound to RNCs in the Gram-negative model organism E.
coli. In contrast to the Gram-positive bacterium B. subtilis, the

Gram-negative model bacterium E. coli contains an SRP with an
approximately 200 bases shorter SRP-RNA, while the Ffh protein
is highly conserved between both model organisms. Thus, we also
investigated whether pppGpp would induce a similar stabilization
of the Ffh-NG domain with E. coli RNCs as we observed for the B.
subtilis system (see previous chapter). E. coli RNCs were prepared
by in vivo translation using a construct containing a N-terminal
cleavable His-tag, the FtsQ-TM and the TnaC-stalling
sequence58,59. As for the B. subtilis samples, the RNCs were
isolated via affinity purification, sucrose density gradient cen-
trifugation, and reconstituted with recombinant (Ec)SRP (Ffh and
4.5S RNA) in the presence of either pppGpp or GMPPNP. Cryo-
EM analysis revealed stalled 70S ribosomes with a P-site tRNA
and a nascent chain in the peptide exit tunnel. Both datasets were
classified for the presence of SRP and NG domain. However, no
difference in the conformation of the NG domain between the
pppGpp and GMPPNP treated samples could be observed
(Supplementary Fig. 9). As a second approach to facilitate
an unbiased comparison, the GMPPNP and pppGpp datasets
were combined and sorted for the presence of SRP together
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(Supplementary Fig. 10). After this joined classification, SRP-
containing particles (Supplementary Fig. 10 and Supplementary
Table 3) were segregated again into the GMPPNP and pppGpp
datasets, and refined to an average resolution of 3.2 and 3.1 Å,
respectively. Local resolution for SRP ranges between 5 and 12 Å
with the lowest resolution in the NG domain region indicating
flexibility (Supplementary Fig. 11). Also, by using this strategy
and in contrast to the B. subtilis system, no significant difference
in the overall SRP binding as well as in the somewhat flexible NG
domain position could be observed. Overall, both structures and
the position of the NG domain were in agreement with previously
observed E. coli SRP-bound ribosome cryo-EM structures54.
Thus, it appears that pppGpp does not affect the conformation of
the SRP bound to RNCs in E. coli.

In B. subtilis, the presence of pppGpp results in stabilization of
the Ffh-NG domain conformation on the RNC after signal
sequence recognition, which might already provide a steric
problem for the initial phase of heterodimer formation (Fig. 5d).
In contrast to (Bs)SRP, the NG domains of Ffh or SRP54 in RNC-
bound E. coli or mammalian SRP, respectively, display a less
flexible binding to the ribosome independent of nucleotides.
While the (Bs)SRP N domain contacted the ribosomal protein
uL29 through NG loops 1 and 2 similar to E. coli and mammalian
SRP54–57, the position of the G domain has changed by ~13 Å as a
result of a rotation of the entire NG domain by about 15 degrees
(Fig. 5e). Yet, comparison of the position of (Bs)SRP with these
structures showed a different binding mode, in case of the
pppGpp-bound state (Bs)SRP rotated away from the 6S RNA
tetra-loop and the Ffh-M domain (Fig. 5e).

Discussion
Adaptation to stress conditions requires adjustable regulatory
networks and signaling mechanisms that enable bacterial cells to
survive threatening nutrient limitations and other environmental
extremes. In this study, we shed light on an additional regulatory
role of the stress signaling alarmones (p)ppGpp. We link the
bacterial stress and starvation triggered (p)ppGpp response to the
negative regulation of the SRP machinery required for the
insertion into and the secretion of proteins across the cytoplasmic
membrane. Our study unravels the molecular mechanism by
which the alarmones (p)ppGpp can restrict the insertion of
membrane proteins through the SRP-mediated co- and post-
translational-targeting pathways (Fig. 6).

Mechanism of (p)ppGpp-dependent inhibition of the SRP-
system. The alarmones ppGpp and pppGpp bind to the GTPases of
Ffh and FtsY with binding affinities in the low μM range, closely
reflecting the affinities of their counterparts GDP and GTP,
respectively (Fig. 3e; Supplementary Figs. 3 and 4). Consequently,
both alarmones can act as competitive inhibitors of GDP and
especially GTP, which is critically required to enable interaction of
SRP with its receptor. Both interact via their NG domains, which
form a composite active site in which two GTP molecules reci-
procally align, such that the 3′-OH group of one GTP interacts with
the γ-phosphate of the other, and vice versa31–33. However, when
either Ffh or FtsY or both are bound to (p)ppGpp, this reciprocal
arrangement of the two GTPs within the Ffh-FtsY heterodimer is
no longer possible. The δ-, ε-pyrophosphate moieties at the 3′-OH
groups of ppGpp and pppGpp prevent the formation of this crucial
nucleotide arrangement31, and additionally introduce an electro-
static repulsion through the negatively charged phosphates (Fig. 4g).
Consequently, SRP-receptor formation and the subsequent stimu-
lation of both GTPases are impaired, as shown in this study.

We also investigated whether the pppGpp would already impact
SRP at a RNC presenting a signal sequence, prior to the interaction

of SRP with the receptor. We analyzed the SRP particles of B.
subtilis and E. coli, both of which strongly differ in the length of the
SRP RNA, in the context of their cognate RNCs. To our surprise,
we found that in B. subtilis—but not in E. coli—SRP is stabilized by
pppGpp on the RNC in an unusual and rather rigid conformation
with the NG domain more distant from the SRP RNA compared to
other RNC-SRP complexes. This restricted mobility suggests that in
B. subtilis pppGpp may already inhibit the earliest step in the
targeting process that immediately follows recognition of the signal
sequence. During this step, facilitated by the conserved tetra-loop of
the SRP RNA, FtsY would usually engage in the first SRP-NG
domain interaction to initiate productive heterodimer formation.
The restricted mobility of the pppGpp-bound NG domain of SRP
could possibly prevent this productive early interaction with FtsY,
thereby potentially adding a second layer of inhibition of the
secretory pathway. However, these observations require further
investigation. Moreover, we did not observe a similar pppGpp-
dependent stabilization of the RNC-bound SRP in the E. colimodel
system. While we cannot explain the structural differences between
B. subtilis and E. coli due to limited local resolution of our
reconstructions, this potential extra layer of inhibition might not
exist in E. coli. Why that is so requires further clarification.

Physiological considerations. Intracellular (p)ppGpp con-
centrations can raise from low basal levels (appr. 10–40 μM)
during logarithmic growth43,44 up to 800 μM when cells enter
stationary phase60. Moreover, in circumstances of acute amino
acid starvation intracellular alarmone levels peak at appr.
1 mM43,47,61,62. Hence, different targets (with varying affinities)
are regulated over a gradient of (p)ppGpp concentrations during
the growth of a bacterial population, while very high concentra-
tions of (p)ppGpp (appr. 1 mM) result in growth arrest63–65. A
detailed view on (p)ppGpp targets shows that the binding affi-
nities vary between low μM range, e.g., for RNA polymerase, and
many ribosome biogenesis factors (Era, ObgE, or RbgA) up to a
few hundred μM in the case of the DNA primase DnaG or
proteins involved in carbon metabolism (overview in ref. 15).
Such a gradual system allows the cells to fine tune metabolic
processes and balance fluxes in response to changes in nutrient
availability and other stressful conditions. Importantly for targets
that are bound competitively by (p)ppGpp and GTP, the intra-
cellular concentration of GTP impairs the fraction of (p)ppGpp-
bound proteins. While the intracellular GTP concentration in E.
coli during normal, unstressed growth conditions varies between
1-5 mM, it is highly reduced during stringent conditions caused
by the inhibition of GTP anabolism through increasing (p)ppGpp
concentrations43–45. This negative correlation has also been
described in B. subtilis46–48. Consequently, inhibition of GTPases
is also dependent on the GTP to (p)ppGpp ratio. This relation is
e.g., reflected in the inhibition of the GTPase RbgA involved in
ribosome biogenesis, where an inhibitor constant Ki of 300 μM
(ppGpp) and 500 μM (pppGpp) has been determined66. The
major (p)ppGpp synthetases Rel (in B. subtilis) and RelA (in E.
coli) require the binding of deacetylated amino acids and
N-terminal association to the ribosome to enable full activation of
(p)ppGpp production9,12,67. Hence, (p)ppGpp regulation may not
only be dependent on global pools, but also on local pools present
in proximity of the ribosome-Rel complex. This local production
of (p)ppGpp will inevitably influence the GTPases of the SRP/
FtsY-targeting machinery. During harsh environmental condi-
tions bacterial cells may use the shutdown of essential pathways
such as transcription (RNA pol)68, ribosome biogenesis (Era, ObgE,
or RbgA)66,69–71, translation60,72 and also SRP-dependent mem-
brane targeting through the stringent response alarmones as a
pausing mechanism. It allows microorganisms to slow down their
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cellular processes and metabolisms, rather entering a persistence-
like state to preserve the ability to recover when conditions are
favorable again. Hence, inhibition of the SRP pathway might be an
additional layer of cellular control and adaptive pausing to survive
during stressful times.

Methods
In vitro synthesis of 4.5S and 6S RNA. For in vitro synthesis of 4.5S RNA, pT7/
T3α19, carrying the 4.5S RNA coding sequence73 was linearized using BamHI. In
vitro transcription was performed using the AmpliScribe T7-Flash Transcription
kit (Epicentre Biotechnologies, Madison, USA). The 4.5S RNA was purified using
the RNA purification Kit (Qiagen, Hilden Germany) and stored at −80 °C. For
in vitro synthesis of 6S RNA, the plasmid pUC19 coding for (Bs) 6S RNA53 was
linearized using restriction enzyme HindIII HF (NEB). Two micrograms of DNA
and in house-prepared T7 polymerase were incubated in 5 mM DTT, 8 mM ATP,
CTP, GTP, UTP, 10x T7 buffer (400 mM Tris pH 7.9, 25 mM spermidine 260 mM
MgCl2, 0.1% (v/v) Triton X-100) at 37 °C for 3 h. After in vitro transcription, the
RNA was precipitated using phenol/chloroform, resuspended in water, and stored
at −80 °C.

Plasmid construction and protein purification. Protein purification of full-length
constructs originating from E. coli followed previously described protocols for
SecYEG74, full-length (Ec)Ffh74 and (Ec)FtsY75. In brief, for (Ec)Ffh and (Ec)FtsY
purification, expression was induced by adding 1 mM IPTG and cells were broken
using a French Pressure cell (Thermo Fisher Scientific, Schwerte, Germany).
Proteins were purified via their His-tags using an Äkta chromatography system
using a HisTrap FF nickel column (GE Healthcare, Waukesha, WI, USA). SecYEG
was purified after arabinose induction (0.5%) from E. coli cells carrying pBAD-
SecYEHisG. Membranes were isolated, solubilized with 1% dodecyl maltoside and
purified via Talon resin (Takara, St. Germaine-en-Laye, France). For over-
expression and purification of the (Ec)Ffh- and (Ec)FtsY-NG domains, the coding
gene fragments from E. coli were amplified by polymerase chain reaction (PCR)
and cloned into pET24d (Novagen) via the NcoI/XhoI (FtsY) or NcoI/HindIII
(Ffh) restriction sites (primers are listed in Supplementary Table 4). This resulted
in the plasmids pNM103 and pNM101, respectively. Both proteins contained a
C-terminal hexa-histidine (His6) tag. The gene fragment encoding the Ffh-NG
domain from B. subtilis was amplified by polymerase chain reaction (PCR) and
cloned into a pET24d (Novagen) vector modified for modular cloning via BsaI
restriction sites (primers are listed in Supplementary Table 4). This resulted in the
plasmids pLC163. (Bs)Ffh-NG also contained a N-terminal hexa-histidine (His6)
tag. Proteins derived from E. coli were produced in E. coli BL21 (DE3) (Novagen).

Four liters of LB medium containing (50 µg mL−1 kanamycin) and 1% (w/v) lac-
tose for autoinduction of the Plac promoter driving the T7 polymerase required for
recombinant gene expression were incubated in an aerial shaker for 18 h at 30 °C
overnight. Proteins derived from B. subtilis were produced in E. coli Rosetta pLysS
(Novagen). 4 liters of LB medium containing (50 µg mL−1 kanamycin) were
inoculated with an overnight culture to an OD578 of 0.08 and incubated at 37 °C in
an aerial shaker (180 rpm). When cultures reached OD578 of 0.5 overproduction of
the recombinant proteins was induced by the addition of 1 mM IPTG and the
cultures were further incubated for 3 h. After harvesting, cells were lysed by a
Microfluidizer (M110-L, Microfluidics). The lysis buffer contained 20 mM HEPES-
Na (pH 8.0), 250 mM NaCl, 20 mM KCl, and 50 mM imidazole. Cell debris was
then removed by high-speed centrifugation for 20 min at 48,000 × g. All proteins
were initially purified by Ni-ion affinity chromatography, eluting in lysis buffer
containing 250 mM imidazole. 30 mM (final concentration) ethylenediaminete-
traacetic acid (EDTA) was subsequently added and incubated for 10 min at room
temperature. Anion-exchange chromatography (MonoQ 5/50 GL, GE Healthcare)
was conducted utilizing a linear gradient of buffer A (20 mM HEPES-Na (pH 7.5),
20 mM EDTA, 100 mM NaCl and buffer B (buffer A containing 1M NaCl) over 20
column volumes (CV). The eluted proteins were concentrated (10 kDa MWCO)
and further polished by size-exclusion chromatography on a S200 XK26 column or
a S200 XK16 column (GE Healthcare) with SEC buffer consisting of 20 mM
HEPES-Na (pH 7.5), 200 mM NaCl, 20 mM KCl, and 20 mM MgCl2. Purified
proteins were analyzed for the presence of remaining bound nucleotides using a
standard nucleotide HPLC method as described below.

The plasmid pET46 coding for full-length (Bs)Ffh with N-terminal 6xHis-tag
and HRV 3C cleavage site was transformed in E. coli strain BL21(DE3). Cells were
grown in LB medium to mid-log phase (OD600= 0.6) at 37 °C and induced with
1 mM IPTG at 16 °C for 20 h. Cells were harvested by centrifugation at 5471 × g
and 4 °C for 8 min, washed with buffer A (25 mM HEPES/KOH pH 7.5, 500 mM
KCl, 10 mM imidazole, 1 mM DTT, 0.1 mM EDTA, 0.1 mM PMSF, 1:1000
protease inhibitor (pill mL−1), 10% (v/v) glycerol) and frozen in liquid nitrogen.
Frozen cells were ground using a Spex SamplePrep Freezer Mill and the powder
stored at −80 °C until further use. After 15 g of cell powder was thawed in 100 mL
buffer A, cell debris was removed by centrifugation at 30,597 × g for 20 min. The
cleared lysate was then incubated with 6 mL of prewashed TALON metal affinity
resin for 2 h. Afterwards the beads were washed with 15 (CVs buffer A, 7 CVs
buffer B (25 mM HEPES/KOH pH 7.5, 1,000 mM KCl, 10 mM imidazole, 1 mM
DTT, 0.1 mM PMSF, 1:1000 protease inhibitor (pill mL−1), 10% (v/v) glycerol) and
3 CVs buffer A without protease inhibitor. The beads were then incubated with
0.22 mgmL–1 3 C protease in buffer C (25 mM HEPES/KOH pH 7.5, 500 mM KCl,
1 mM DTT, 10% (v/v) glycerol) overnight on a wheel. The elution was diluted 1:10
in buffer D (25 mM HEPES/KOH pH 7.5, 100 mM KCl, 1 mM DTT, 10% (v/v)
glycerol) and loaded with 1 mLmin–1 flow rate on a HiTrap SP HP cation-

Fig. 6 Schematic summary of the bimodal interference of the alarmones (p)ppGpp with the post- and co-translational SRP-dependent membrane-
targeting pathway. In unstressed cells, SRP (Ffh in blue and SRP RNA in gray) usually recognizes a signal peptide (SP, orange) at the ribosomal exit tunnel
(co-translational) but can recognize some proteins also after they have been released from the ribosome (post-translational). Binding of a GTP (green) to
both SRP and the SRP receptor FtsY (light blue) then allows the formation of the SRP-FtsY-targeting complex, which leads to stimulation of GTP hydrolysis
and transfer of the RNC to the SecYEG translocon (light green). In contrast, under stringent stress conditions, (p)ppGpp (red) binds to SRP and prevents
formation of the SRP-FtsY-targeting complex through steric hindrance both during post- and co-translation membrane targeting.
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exchange chromatography column. The column was washed with 5 CVs buffer D
and elute over a 4 CVs gradient from 0-100% buffer E (buffer D with 1000 mM
KCl). 1 mL fractions were collected and analyzed by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Ffh-containing fractions
were pooled and concentrated to 1 mL using an Amicon 30k MWCO and subjected
to size-exclusion chromatography using a Superdex 200. Again, Ffh-containing
fractions were pooled, concentrated, and used for reconstitution of SRP.

In vitro protein synthesis, protein purification, and generation of proteoli-
posomes. For protein transport assay, YohP cloned in pET19b was synthesized
in vitro using a purified transcription/translation system composed of cytosolic
translation factors (CTF) and high salt-washed ribosomes35,36. The 35S-Methio-
nine/35S-Cysteine labeling mix was obtained from Perkin Elmer (Wiesbaden,
Germany). INVs of E. coli cells were prepared by sucrose gradient centrifugation of
cell extracts as described76 and resuspended in INV buffer (50 mM triethanolamine
acetate, pH 7.5, 200 mM sucrose, 1 mM DTT). After in vitro synthesis, samples
were incubated for 10 min at 37 °C with 35 µg mL−1 chloramphenicol for inhi-
biting translation and then centrifuged for 30 min at 186,000 × g in a Beckmann
TLA55 rotor for removing ribosomes. The supernatant containing YohP was then
incubated with INV, liposomes or SecYEG-proteoliposomes for 10 min at 37 °C in
the presence of 10 µM GTP. When indicated, (p)ppGpp dissolved in 50 mM
triethanolamine acetate, pH 7.5 was added during the incubation step. After
incubation, one half of the reaction was directly precipitated with 10% (w/v) tri-
chloroacetic acid (TCA), while the other half was first treated with 0.5 mg mL−1

proteinase K for 15 min at 25 °C and only then precipitated with TCA. Proteinase
K was inactivated in 10% (w/v) TCA by incubation for 10 min at 56 °C. Next, the
samples were denatured at 56 °C for 10 min in 35 μL of TCA loading dye (prepared
by mixing one part of solution III (1 M dithiothreitol) with 4 parts of solution II
(6.33% (w/v) SDS, 0.083 M Tris, 30% (v/v) glycerol and 0.053% (w/v) bromophenol
blue) and 5 parts of solution I (0.2 M Tris, 0.02 M EDTA pH 8)) and analyzed after
separation on a modified SDS-PAGE35 by phosphor imaging. For quantification of
YohP insertion, autoradiography samples were analyzed by using the ImageQuant
(GE Healthcare) software. All experiments were performed three times as inde-
pendent biological replicates and representative images are shown. Mean values
and SEM values were determined by using either Excel (Microsoft Corp.) or
GraphPad Prism (GraphPad Prism Corp. San Diego). (Ec)Ffh (full-length) was
concentrated on a 10 kDa centrifugal filter (Amicon Ultra, Witten, Germany) and
re-buffered in HT buffer containing 50% (v/v) glycerol (50 mM HEPES, pH 7.6,
100 mM KOAc, pH 7.5, 10 mM Mg(OAc)2, 1 mM DTT) using a PD-10 column
(GE Healthcare, Munich Germany). The protein was stored at −20 °C. (Ec)FtsY
(full-length) was re-buffered in HT buffer using a PD-10 Column (GE Healthcare,
Munich, Germany) and stored at −80 °C. SRP was reconstituted by incubating
1.5 µM (Ec)Ffh with 0.1 mgmL−1 4.5S RNA (see above) for 15 min at 25 °C in HT
buffer. E. coli phospholipids were purchased from Avanti polar lipids, Inc (Ala-
baster, USA) and liposomes were generated as described77, representing a phos-
pholipid composition of 70% phosphatidylethanolamine (PE), 25%
phosphatidylglycerol (PG) and 5% cardiolipin (CL). SecYEG-proteoliposomes were
created as described74,78. In brief, 200 µg of liposomes and 14-16 µg of purified (Ec)
SecYEG were prepared in 150 µL buffer (50 mM triethanolamine acetate (TeaOAc),
pH 7.5, 1 mM DTT, and 1.5% octyl-glycoside. The samples were dialyzed with PL-
buffer (50 mM TeaOAc, pH 7.5, 1 mM DTT), pelleted and resuspended in PL-
buffer to a final protein concentration of 100 ng µL−1 and stored at −80 °C. Before
each use, proteoliposomes were briefly sonicated. In in vitro protein transport
assays, 1 µL liposomes or proteoliposomes were used per in vitro reaction.

Floatation analyses of FtsQ and LepB ribosome-associated nascent chains
(RNCs). For in vitro synthesizing FtsQ- and LepB-RNCs, the T7-dependent
expression vectors pKSM-FtsQ and pKSM-LepB were used37,79. In brief, the first
102 amino acids of LepB, and the first 120 amino acids of FtsQ were fused to the
SecM stalling sequence and cloned into the pET19b vector. In vitro synthesis was
performed in a coupled transcription/translation system as described for YohP.
After in vitro synthesis, the RNCs were incubated with INVs (1 µL), liposomes
(2 µL), or SecYEG-proteoliposomes (2 µL; 100 ng SecYEG µL−1) in floatation
buffer (50 mM triethanolamine acetate, pH 8.0; 10 µM GTP, 10 mM magnesium
acetate, 70 mM potassium acetate; 250 mM sucrose and 1 mM DTT) for 15 min at
25 °C. When indicated, SRP/FtsY (20 ng µL−1 each) and ppGpp or pppGpp (50 µM
final concentration) was present during incubation. Membrane binding of RNCs
was assayed by floatation analyses39. The reaction mixture was adjusted to 1.6 M
sucrose (final volume 100 µL) and overlaid with 200 µL of 1.25 M sucrose and
100 µL 0.25M sucrose, each prepared in floatation buffer. Following centrifugation
in a TLA 100.2 rotor (Beckmann-Coulter) at 43,4902 × g for 90 min, the upper
200 µL of the gradient, containing the membrane fraction (MF) were withdrawn
and precipitated with 10% (w/v) TCA (final concentration). The pelleted (non-
bound soluble fraction, SF) RNCs were resuspended in the remaining 200 µL of the
gradient and TCA precipitated. Samples were subsequently analyzed by 15% SDS-
PAGE and autoradiography. RNC binding to membranes was quantified by using
the ImageQuant (GE Healthcare, München, Germany) software. The experiments
were performed at least three times as independent experiments and representative
images are shown. Mean values and SEM values were determined by using either
Excel (Microsoft Corp.) or GraphPad Prism (GraphPad Prism Corp. San Diego).

Analytical size-exclusion chromatography (SEC). For the analytical SEC, pur-
ified NG domains of (Ec)FtsY and (Ec)Ffh were diluted in a buffer containing
20 mM HEPES (pH 7.5), 200 mM NaCl, 20 mM MgCl2 and 20 mM KCl to a final
concentration of 100 µM (Fig. 3g) and 50 µM (Fig. 3h, i) each. Indicated amounts
of nucleotides were added simultaneously, and the solution was incubated for
30 min at room temperature. 100 µL were then injected at 4 °C on to a pre-
equilibrated S200 300/10 GL analytical size-exclusion column (GE Healthcare,
München, Germany) on an Äkta system (UNICORN 7.6; Cytiva). Data has been
plotted using GraphPad Prism (GraphPad Prism Corp. San Diego).

Isothermal titration calorimetry (ITC). Ligands and proteins (purified NG
domains of (Ec)Ffh, (Ec)FtsY and (Bs)Ffh) were diluted with a buffer containing
20 mM HEPES-Na (pH 7.5), 200 mM NaCl, 20 mM MgCl2 and 20 mM KCl. The
NG domains of (Ec)Ffh, (Ec)FtsY and (Bs)Ffh were titrated in the sample-cell at a
nominal concentration of 25 µM each. The nucleotides GDP, GTP, ppGpp and
pppGpp (Jena Bioscience, Germany) were placed in the syringe and their con-
centrations were predetermined by absorbance at 252 nm to saturate the protein
samples during the titrations. All the measurements were performed at 25 °C with
the instrument MicroCal PEAQ-ITC (©Malvern Panalytical) with a method con-
sisting of 13 injections (first 0.4 µL, and the rest 3 µL each) and 150 s of spacing.
The raw data (see source) were processed with the MicroCal PEAQ-ITC Analysis
Software (©Malvern Panalytical) using the “one set of sites” models.

Microscale thermophoresis. Ligand binding assays with purified NG domains of
(Ec)Ffh, (Ec)FtsY and (Bs)Ffh proteins were carried out by microscale thermophoresis
(MST)80. All experiments were performed on a Monolith NT.115 (NanoTemper
Technologies GmbH, Munich, Germany; software: NanoTemper Control Version
2.0.2.29) at 21 °C (red LED power was set to 50–100% and infrared laser power to
75%). After labeling of primary amines within (Ec)Ffh, (Ec)FtsY, and (Bs)Ffh (50 µM
each) with the dye NT 647 (according to the manufacturers protocol), the proteins
were re-buffered in SEC buffer containing 20mM HEPES-Na, 20mM KCl, 20 mM
MgCl2, 200mM NaCl (final pH 7.5), 10 mgml−1 BSA and 0.007% Tween. Two-
hundred nanomolar of (Ec)Ffh, (Ec)FtsY, and (Bs)Ffh were titrated with GDP, GTP,
ppGpp, and pppGpp starting from a concentration ranging between 0.75 and 3mM,
respectively. At least six independent MST experiments per ligand and protein were
recorded at 680 nm and analyzed using NanoTemper Analysis version 1.5.37 and
1.2.009, and Origin8G software suits.

Determination of GTPase activity. GTPase activity of full-length (Ec)Ffh and the
NG domain of (Ec)FtsY was assayed in a buffer containing 25 mM HEPES-K pH
7.5, 10 mM Mg(OAc)2, 300 mMK(OAc), 1 mM DTT, and 2.5% (v/v) glycerol. The
samples contained 5 µM (Ec)Ffh, 5 µM (Ec)FtsY-NG, 6 µM 4.5S RNA, 5 µM ΔEspP
(EspP signal peptide sequence: MKK HKR ILA LCF LGL LQS SYS WAK KKK,
custom synthesized from Genosphere Biotechnologies (France)40, and 100 µM
C12E8 (octaethylenglykol-monododecylether, Sigma Aldrich)40 as indicated in
figures. Alarmones ppGpp (Jena Bioscience, ≥95% purity) or pppGpp (Jena
Bioscience, ≥85% purity) were supplemented in concentrations of 10, 25, 100, 250,
1000, 2500, or 10,000 µM as indicated in the figures. The enzymatic reactions were
initiated by the addition of 1 mM GTP (Jena Bioscience, ≥99% purity) and allowed
to proceed for 60 min at 37 °C, after which 40 µL double-distilled water were added
immediately followed by 150 µL of chloroform. The reaction tubes were then
vigorously agitated for 5 s, heated up at 95 °C for 15 s and snap-frozen in liquid
nitrogen. The tubes were thawn and, after centrifugation (17,300 × g, 10 min, 4 °C),
an aliquot of the aqueous phase was withdrawn for analysis. The nucleotide content
was determined by high-performance liquid chromatography (HPLC) on an Agi-
lent 1260 Infinity system (software: ChemStation Rev. B04.03-SP1) equipped with a
Metrosep A Supp 5–150/4.0 column (Metrohm). Ten microliters of sample were
injected and nucleotides eluted isocratically at 0.6 mLmin−1 flow rate of 100 mM
(NH4)2CO3 pH 9.25 and detected at 260 nm wavelength. Commercial GDP and
GTP solutions served as standards for the identification of the nucleotides based on
their retention time. Data has been plotted using Microsoft Excel (version 14.6.8)
and GraphPad Prism (GraphPad Prism Corp. San Diego).

Crystallization and structure determination. Crystallization was performed by
the sitting-drop method at 20 °C in 250-nL drops consisting of equal parts of
protein and precipitation solutions. Protein solutions of 2.5–3 mM were incubated
with 10 mM (final concentration) pppGpp or ppGpp, respectively, for 10 min at
room temperature. Crystallization conditions were: (Ec)Ffh-NG with ppGpp and
Mg2+ (0.2 M ammonium acetate, 20% (w/v) PEG 3350); (Ec)Ffh-NG with pppGpp
(0.2 M sodium chloride, 0.1 M CHES pH 9.5, 50% (v/v) PEG 400); (Ec)FtsY-NG
with pppGpp (8.5% (v/v) isopropanol, 0.085 M HEPES pH 7.5, 17% (w/v) PEG
4000, 15% (v/v) glycerol); (Bs)Ffh-NG with ppGpp and Mg2+ (0.1 M CHES pH 9.5,
30% (v/v) PEG 400). Prior to data collection, crystals were flash-frozen in liquid
nitrogen using a cryo-solution that consisted of mother-liquor supplemented with
20% (v/v) glycerol. Data were collected under cryogenic conditions at the European
Synchrotron Radiation Facility (Grenoble, France81) and at Deutsches Elektronen-
Synchrotron (Hamburg, Germany). MxCube2 and MxCube3 were used for data
collection (https://github.com/mxcube). Data were processed with XDS (version
January 31, 2020) and scaled with XSCALE82. All structures were determined by
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molecular replacement with PHASER83, manually built in COOT84 (Coot Version
0.9.4.1), and refined with PHENIX85 (Phenix Version 1.17.1-3660 and 1.19). The
search model for the Ffh structures was the Thermus aquaticus Ffh (PDB-ID:
3NG186 https://www.rcsb.org/structure/3NG1). A structure of E. coli FtsY was
already known and has been used as a model for molecular replacement (PDB-ID:
2YHS27 https://www.rcsb.org/structure/2YHS). Figures were prepared with Pymol
(www.pymol.org)87,88.

Reconstitution of (Ec)SRP and (Bs)SRP. For SRP reconstitution, the 6S SRP RNA
was heated to 65 °C and then cooled down to 4 °C to allow proper folding. The 6S
RNA and a tenfold molar excess of purified full-length (Bs)Ffh were then incubated
together and loaded on a Superdex 200 using buffer F (25mM HEPES/KOH pH 7.5,
300mM KOAc, 10mM Mg(OAc)2, 1 mM DTT, 2% glycerol). One milliliter fractions
were collected and analyzed by SDS-PAGE and agarose gel. SRP-containing fractions
were combined, concentrated and stored at −80 °C until further use.

B. subtilis in vitro translation and reconstitution of SRP-bound RNCs. The
MifM-encoding mRNA, which contains the MifM leader peptide with shortened C-
terminus, a defined stalling site, the MifM N-terminal transmembrane segment (TM), a
V5-tag and a cleavable His-tag, was prepared as described before by PCR amplification,
DNA purification, in vitro transcription and phenol/chloroform precipitation52. The
translation extract was prepared from the B. subtilis strain 168 ∆hpf ∆ssrA ∆yjbM
∆ywaC89. Cells were grown in LB medium supplemented with 1% (w/v) glucose,
harvested at an OD600 between 0.6 and 0.8 and pelleted by centrifugation at 5471 × g
and room temperature for 5min. Afterwards, cells were resuspended in PBS (137mM
NaCl, 2.7mM KCl, 10mM Na2HPO4, 2mM KH4PO4, pH 7.4), pelleted again by
centrifugation at 5471 × g and 4 °C for 15min and resuspended in lysis buffer (10mM
HEPES pH 8.2, 60 mM K-glutamate, 14mM Mg(OAc)2). Cell lysis was performed
using a microfluidizer (Microfluidics M-110L) and cell debris was removed by cen-
trifugation at 30,597 × g and 4 °C for 20min. The extract was aliquoted and frozen in
liquid nitrogen. Activity of the extract as well as Mg buffer concentration was deter-
mined using the Luciferase Assay System (Promega).

The in vitro translation reaction was performed in 4 × 500 μL reaction volume.
In all, 640 μL cell extract were mixed with energy buffer (final concentration in
2 mL: 2% (w/v) PEG 8000, 50 mM HEPES/KOH pH 8.2, 10 mM NH4OAc,
130 mM KOAc, 30 mM Na-pyruvate, 4 mM Na-oxalate, 50 µg mL–1 tRNA (from E.
coli; Sigma 10109541 001), 0.2 mgmL–1 folinic acid, 0.1 µg mL–1 creatine kinase,
20 mM creatine phosphate, 4 mM ATP, 3 mM GTP, 0.1 mM amino acid mix,
1 mM DTT, 0.08 U SUPERase•In™ RNase Inhibitor (Invitrogen), 15 mM
Mg(OAc)2). After heating the mixture to 32 °C for 2 min, 50 μg of mRNA were
added to each aliquot and the in vitro translation was incubated at 32 °C for 40 min
while shaking at 900 rpm. For affinity purification of ribosome-nascent chain
complexes, the in vitro translation was incubated with 400 μL of prewashed
TALON metal affinity resin for 45 min on a wheel. The flow-through was collected,
beads were washed with 5 CVs buffer A (30 mM HEPES pH 7.5/KOH, 250 mM
KOAc, 25 mMMg(OAc)2, 20 mM imidazole, 0.1% DDM) and eluted by incubation
for 2 h with 1 CV buffer B (30 mM HEPES pH 7.5/KOH, 250 mM KOAc, 25 mM
Mg(OAc)2, 0.1% (w/v) DDM), 1.1 mg mL–1 3 C protease). The sample was loaded
on a 10–40% sucrose gradient (30 mM HEPES pH 7.5/KOH, 250 mM KOAc,
25 mM Mg(OAc)2, 0.1% (w/v) DDM, 10–40% (w/v) sucrose) and spun in a SW 40
Ti rotor (Beckman Coulter) at 54,322 × g for 16 h at 4 °C. The gradient was
fractionated at a BioComp Gradient Station ip using a Triax Flow Cell for UV
measurement. The 70S peak fractions were combined and RNCs were pelleted by
centrifugation in a TLA110 rotor (Beckman Coulter) at 434,513 × g for 2 h at 4 °C.
The pellet was resuspended in buffer C (25 mM HEPES pH 7.5/KOH, 150 mM
KOAc, 10 mM Mg(OAc)2, 2 mM DTT), frozen in liquid nitrogen and stored at
−80 °C. For reconstitution, RNCs and SRP were thawed on ice. SRP was incubated
with either GMPPNP or pppGpp for 10 min at room temperature and with tenfold
molar excess mixed with MifM-stalled RNCs. The final complex was incubated for
10 min at room temperature and subsequently analyzed by cryo-EM.

E. coli translation in vivo and reconstitution of SRP-bound RNCs. The TnaC-
stalled RNCs were prepared as previously described using the E. coli KC6 ∆ssrA
∆smpB strain58,59,90. Cells were grown at 37 °C to an OD600 of 0.5 and expression of
the of the RNC construct was induced with 0.2% arabinose. After 1 h, cells were
harvested and resuspended in buffer A (50mMHEPES pH 7.5/KOH, 250mMKOAc,
25mM Mg(OAc)2, 1 mM tryptophan, 0.1% (w/v) DDM, 250 μgml−1 chlor-
amphenicol and 0.1% EDTA-free complete proteinase inhibitors). Cells were lysed
using a microfluidizer (Microfluidics M-110L) and centrifuged (5471 × g, 4 °C,
20min). The cleared lysate was loaded on a sucrose cushion (buffer A+ 750mM
sucrose) and spun in a Type 45 Ti Rotor (Beckman Coulter) for 20 h at 72,465 g and
4 °C. The pellet was resuspended in buffer B (50mM HEPES pH 7.5/KOH, 250mM
KOAc, 25mM Mg(OAc)2, 250mM sucrose, 1mM tryptophan, 0.1% (w/v) DDM,
250 μgml−1 chloramphenicol and 0.1% EDTA-free complete proteinase inhibitors)
and RNCs were isolated by incubation for 1 h with prewashed TALON metal affinity
resin. The nascent chain consists of an N-terminal His-tag, an HRV 3C protease
cleavage site and the transmembrane segment of FtsQ (residues 4–51) followed by the
stalling sequence of the tryptophanase leader peptide (TnaC). The amino acid
sequence of the nascent chain is MGHHHHHHHH DYDIPTTLEV LFQGPGTAAL

NTRNSEEEVS SRRNNGTRLA GILFLLTVCT TVLVSGWVVL GWMEDYPYDV
PDYAGPNILH ISVTSKWFNI DNKIVDHRP*. The beads were washed with buffer
C (50mM HEPES pH 7.5/KOH, 500mM KOAc, 25mM Mg(OAc)2, 250mM
sucrose, 1mM tryptophan, 0.1% (w/v) DDM, 250 μgml−1 chloramphenicol and 0.1%
EDTA-free complete proteinase inhibitors) and buffer D (50mM HEPES pH 7.5/
KOH, 250mM KOAc, 25mM Mg(OAc)2, 0.1% (w/v) DDM, 250 μgml−1 chlor-
amphenicol). Elution was performed with buffer D+ 150mM imidazole. The eluate
was loaded on a sucrose gradient (buffer D+ 10–40% (w/v) sucrose) and spun in a
SW 40 Ti rotor (Beckman Coulter) at 54,322 × g for 16 h at 4 °C. The 70S peak was
harvested and pelleted again in a TLA110 rotor (Beckman Coulter) at 434,513 × g for
2 h at 4 °C and resuspended in buffer D+ 1mM tryptophane. Purified RNCs were
reconstituted with SRP, which was pre-incubated with either GMPPNP or pppGpp
for 10min at room temperature. A 10-fold molar excess of SRP was mixed with
TnaC-stalled RNCs, incubated again for 10min at room temperature and subse-
quently analyzed by cryo-EM.

Cryo-EM sample preparation, data collection, and processing. A volume of
3.5 μL of the reconstituted SRP-RNC complex was applied to 2 nm pre-coated
Quantifoil R3/3 holey carbon support grids and vitrified in liquid ethane using a
Vitrobot mark IV (FEI Company, Netherlands) (wait time 45 s, blotting time 2 s). For
the B. subtilis samples, 9976 and 9508 movies were collected on a Titan Krios at
300 kV for the pppGpp sample and the GMPPNP sample, respectively. The collection
was recorded on a K2 Summit direct electron detector with an electron dose of
approx. 1.06 e−/Å2 per frame for 10 frames (defocus range of 0.5 to 5 µm). The
magnified pixel size was 1.059 Å/pixel. All frames were gain corrected and subse-
quently aligned and summed using MotionCor291 and CTF parameters were deter-
mined using CTFFIND92 (version 4.1.13). After visual inspection of the micrographs,
particles were picked using Gautomatch93 (version v0.56; http://www.mrc-
lmb.cam.ac.uk/kzhang/). The particles were extracted and processed following the
standard workflow in RELION 3.194. For both datasets, the 2D classification was used
to remove non-ribosomal particles and in the following 3D classification programmed
70S were selected. These were further sub-classified using spherical masks around the
SRP Alu domain and the SRP S domain (Supplementary Fig. 7). SRP-bound RNCs
were then refined and CTF-corrected. The particles were imported to Cryosparc
v3.2.095 and refined to a final resolution of 3.33 Å (pppGpp sample) and 2.96 Å
(GMPPNP sample) (Supplementary Fig. 8).

For the E. coli samples, 14,285 and 15,042 movies were collected on a Titan Krios
at 300 kV for the pppGpp sample and the GMPPNP sample, respectively. The
collection was recorded on a Falcon II direct electron detector. The electron dose
was approx. 2.5 e−/Å2 per frame for 16 frames (defocus range of 0.5 to 5 µm) and
the magnified pixel size was 1.09 Å/pixel. All frames were corrected and aligned as
described above. After visual inspection of the micrographs, crYOLO96 (version
1.7.6) was used for particle picking. For both datasets, the particles were extracted
and processed following the standard workflow in RELION 3.194. The 2D
classification was used to remove non-ribosomal particles and in the following 3D
classification programmed 70S were selected. First, a focused classification with a
mask around SRP was used to enrich SRP-bound RNCs. Second, a focused
classification with a mask around the NG domain of Ffh was used to classify for
different conformations. No differences between the final classes of the two datasets
could be observed (Supplementary Fig. 9). Therefore, in an alternative classification
attempt, particles of both datasets were combined and sub-classified using spherical
masks around SRP (Supplementary Fig. 10). The class containing the best density
for the NG domain was selected and particles were separated according to the
nucleotide dataset. SRP-bound RNCs were then refined and CTF-corrected to a final
resolution of 3.1 Å (pppGpp sample) and 3.2 Å (GMPPNP sample) again without
revealing differences for the NG domain conformation (Supplementary Fig. 11).

Model building and refinement of cryo-EM data. Chimera version 1.13.197 and
ChimeraX version 1.198 were used for rigid body fits and figures. The structures of
B. subtilis ErmDL-stalled ribosome complex (rRNA and r-proteins; PDB 6HA1
https://www.rcsb.org/structure/6HA1)99, the B. subtilis MifM-stalled ribosome
complex (mRNA, tRNA, nascent chain; PDB 3J9W https://www.rcsb.org/structure/
3J9W)52 and of the B. subtilis signal recognition particle (SRP RNA, Ffh-M
domain, signal sequence; PDB 4UE4 https://www.rcsb.org/structure/4UE4;53) were
fitted into the cryo-EM map, side chains of proteins and rRNA were adjusted using
Coot (version 0.8.9.2)84 and all models were real space refined using Phenix
(version 1.19)85. The structure of the B. subtilis Ffh-NG domain bound to pppGpp
(this study) was fitted into the cryo-EM-map and combined with the refined
structure (Supplementary Table 2). The structure of the E. coli RNC in complex
with SRP (PDB 5GAF https://www.rcsb.org/structure/5GAF54) was fitted into the
obtained cryo-EM maps for interpretation and visualization. No further modeling
of the E. coli RNCs with SRP was performed.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Coordinates and structure factors of the crystal structures and coordinates of the cryo-
EM structure have been deposited at the Protein Data Bank with the accession codes:
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7O9F, 7O9G, 7O9H, 7O9I, 7O5B. Cryo-EM maps have been deposited at the EMDB with
the accession codes: 12734, 12735, 13839, 13840. All other data generated in this study
are provided in the Supplementary Information and Source Data file, or are available
from the corresponding authors upon request. Already published datasets used in this
study are: 1OKK, 3NG1, 2YHS, 6HA1, 3J9W, 4UE4, 5GAF. Source data are provided
with this paper.
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Structural and mechanistic 
divergence of the small (p)ppGpp 
synthetases RelP and RelQ
Wieland Steinchen1, Marian S. Vogt1, Florian Altegoer1, Pietro I. Giammarinaro1,  
Petra Horvatek2, Christiane Wolz2 & Gert Bange1

The nutritional alarmones ppGpp and pppGpp (collectively: (p)ppGpp) are nucleotide-based second 
messengers enabling bacteria to respond to environmental and stress conditions. Several bacterial 
species contain two highly homologous (p)ppGpp synthetases named RelP (SAS2, YwaC) and RelQ 
(SAS1, YjbM). It is established that RelQ forms homotetramers that are subject to positive allosteric 
regulation by pppGpp, but structural and mechanistic insights into RelP lack behind. Here we present a 
structural and mechanistic characterization of RelP. In stark contrast to RelQ, RelP is not allosterically 
regulated by pppGpp and displays a different enzyme kinetic behavior. This discrepancy is evoked by 
different conformational properties of the guanosine-substrate binding site (G-Loop) of both proteins. 
Our study shows how minor structural divergences between close homologues result in new functional 
features during the course of molecular evolution.

Microorganisms are able to cope with a broad variety of environmental challenges such as nutrient limitation, 
antibiotics or changes in abiotic factors like varying pH values or temperatures. To do so, they adapt their metab-
olism at many di!erent dogmatic processes, e.g. replication, transcription, translation and ribosomal biogene-
sis1–3. "e ‘stringent response’ (SR) is highly conserved among bacteria4–6 and plant chloroplasts7–9 and although 
historically only referring to the adaptation to nutrient depletion10,11 it has since also been demonstrated to a!ect 
virulence2,12,13, bio#lm formation14, development of cellular heterogeneity15,16. Moreover, in some microorgan-
isms the SR has been suggested to a!ect persister cell formation17–19. Central to the stringent response are the 
two unusual nucleotides ppGpp and pppGpp (collectively (p)ppGpp or alarmones). Proteins of the RelA/SpoT 
homology (RSH) superfamily20 catalyze the pyrophosphate transfer from ATP onto the 3′-OH group of GDP or 
GTP, yielding ppGpp or pppGpp, respectively.

RSH-type synthetases fall into the two classes of ‘long’ and ‘short’ RSH (Fig. 1a1,20). Long RSH-type syn-
thetases are typically composed of multiple domains and harbor a (p)ppGpp hydrolase followed by a (p)ppGpp 
synthetase domain in their N-terminal part (NTD). "eir C-terminal portion (CTD) is highly variable and 
comprises domains involved in the binding of ribosomes and regulation of the opposing activities found within 
the NTD21–24. In contrast, short RSH-type alarmone synthetases only contain a synthetase domain and lack the 
hydrolase domain as well as regulatory domains found within the CTD of long RSH proteins (Fig. 1a). Members 
of this ‘small alarmone synthetase’ (SAS) family fall into the RelQ (also: SAS1) and RelP (also: SAS2) subclasses 
and are found in a wide range of bacteria including Bacillus subtilis, Staphylococcus aureus, Enterococcus faecalis 
and Listeria monocytogenes20,25–30. Furthermore, there is evidence for a third class of SAS proteins named RelV 
in Vibrio cholerae31. Noteworthy, SAS proteins typically occur in pairs (RelP and RelQ) in the same organism. 
Nevertheless, despite being highly similar on the amino acid sequence level (Fig. 1a), RelP/RelQ proteins seem 
to exhibit di!erent functional roles as evidenced from disparate transcriptional pro#les and their dependence on 
di!erent stress signals25,27,32.

So far, only RelQ from B. subtilis and Enterococcus faecalis have been functionally characterized29,30,33. BsRelQ 
shares the conserved synthetase fold with the long RSH Rel, but in contrast to the monomeric Rel, BsRelQ 
forms highly symmetric homotetramers. Clari#cation of the catalytic mechanism of BsRelQ showed that the 

1Philipps-University Marburg, LOEWE Center for Synthetic Microbiology & Department of Chemistry, Hans-
Meerwein-Straße, 35043 Marburg, Germany. 2University of Tübingen, Interfaculty Institute of Microbiology and 
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enzyme binds ATP and GDP/GTP in a sequential order with ATP being the #rst substrate and arranges them in 
a near-attack conformation within the active site to catalyze immediate pyrophosphate transfer. A remarkable 
feature of the BsRelQ homotetramer is the presence of a pronounced cle% in its center providing the binding site 
for two allosteric pppGpp molecules that, when present, elevate the (p)ppGpp synthetase activity of BsRelQ33. Up 
to date, no structural characterization of RelP proteins is available. Also, it is unknown whether the (p)ppGpp 
synthesizing activity of RelP is subject to regulation. "erefore, we set out to provide a structural and biochemical 
comparison of RelP/RelQ proteins that might explain their divergent functional roles in bacteria.

Results
RelP and RelQ share an equal architecture. To better understand RelP at the molecular level, we deter-
mined the crystal structures of RelP homologues from S. aureus (Sa) and B. subtilis (Bs) at 2.25 and 3.3 Å resolu-
tion, respectively (Table S1). Both, SaRelP and BsRelP form highly symmetrical and oval-shaped homotetramers 
with a prominent cle% in their centers highly reminiscent of BsRelQ (Figs 1b and S1a). Helix α1 at the N-terminus 
of each monomer stabilizes the medial sides of the homotetramer interface via hydrogen bonds and salt bridges 
(buried surface area of ~1200 Å2). Helices α5 and α6 at the C-terminus of each monomer establish the lateral 
sides of the homotetramer interface mainly due to polar contacts (buried surface area of ~1200 Å2). "e (p)
ppGpp synthetase monomers of SaRelP and BsRelP are highly identical and consist of a mixed β-sheet build by 
#ve β-strands (β1–β5) that is surrounded by alpha helices (α1–α6, Figs 1c and S1b).

Structural comparison of RelP and RelQ reveals the architecture of the homotetramer as well as each of the 
monomers is highly similar (r.m.s.d. of 1.292 over 138 Cα atoms for the RelP and RelQ monomers). However, 

Figure 1. Structural analysis of RelP. (a) Domain architecture of the (p)ppGpp synthetases BsRel, BsRelQ and 
SaRelP drawn to scale. "e inset depicts amino acid similarities between RelP and RelQ proteins from Bacillus 
subtilis (Bs) and Staphylococcus aureus (Sa). (b) Cartoon representation of the crystal structures of the SaRelP 
(this study) and BsRelQ (PDB: 5DEC33) homotetramers. Each monomer (α-δ) is rainbow-colored from its N- 
to its C-terminus. (c) "e (p)ppGpp synthetase monomers of SaRelP (le!; this study), BsRelQ (middle; PDB: 
5DEC33) and their superimposition (right) coloured in rainbow from N- to C-terminus.
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RelP and RelQ di!er in the orientation of helix α2, which appears to be shi%ed approximately 3 Å towards the 
active site center in RelQ when compared to RelP (Fig. 1c; right panel). Another interesting observation is that the 
loop connecting β3 and β4, which is disordered in the structure of BsRelQ, could be resolved in both structures of 
RelP (Fig. 1c). Taken together, RelP and RelQ share highly conserved ternary and quaternary structures, but also 
reveal subtle di!erences that might be of functional relevance (see below).

RelP and RelQ differ in their (p)ppGpp synthetase activity. The most distinguished features of 
BsRelQ lie in the apparent positive cooperativity of (p)ppGpp synthesis and its susceptibility to allosteric stimu-
lation of by pppGpp but not ppGpp33. To test whether both features would also be present in RelP, we performed 
an in-depth kinetic analysis. We used the same bu!er composition for characterization of SaRelP as previously for 
BsRelQ to ensure maximal comparability. SaRelP was incubated together with 5 mM ATP and varying concentra-
tions of GDP or GTP (Of note: BsRelP exhibited no (p)ppGpp synthetase activity under our assay conditions for 
unclear reasons). SaRelP synthesized ppGpp more e&ciently than pppGpp as evidenced from an approximately 
4-fold higher Vmax value (Fig. 2a and b). A similar preference for the product ppGpp was previously observed for 
BsRelQ33 and RelQ from other organisms25,30. However, the Km values for (p)ppGpp synthesis drastically di!er 
between both enzymes in that they are signi#cantly lower for SaRelP (i.e. 0.3 ± 0.2 for GDP and 0.1 ± 0.1 for GTP) 
than for BsRelQ (i.e. 1.7 ± 0.1 for GDP and 1.2 ± 0.1 for GTP; Fig. 2b). It also seemed to us that SaRelP monomers 
displays less cooperativity within the tetramer than BsRelQ indicated by Hill coe&cients closer to 1 (Fig. 2b).

Amino acid sequence analysis of RelP shows that the amino acid residues required for allosteric binding of 
pppGpp to RelQ are replaced in RelP proteins (Fig. 2c). Indeed, this di!erent set of amino acids found in SaRelP 
seems incapable to coordinate pppGpp in similar fashion as BsRelQ (Fig. S2) strongly suggesting to us that SaRelP 
cannot be allosterically stimulated by the alarmone. In agreement with our structural analysis, no change in the 
enzymatic activity of SaRelP was observed in the absence and the presence of ppGpp or pppGpp (Fig. 2d). Taken 
together, RelQ and RelP do not di!er much in their Vmax values of (p)ppGpp synthesis, while signi#cantly di!er-
ing in the in Km values. Moreover, RelP is not subject to allosteric stimulation by pppGpp.

ATP-binding to RelP and RelQ is identical. To gain further insights into the disparate enzymatic activ-
ities of RelQ and RelP, we attempted to solve the structure of SaRelP in presence of the non-hydrolysable ATP 
analogue AMPCPP (α,β-methyleneadenosine 5′-triphosphate) and GDP or GTP. However, we could only obtain 
crystals and solve the structure of SaRelP in presence of AMPCPP (Fig. S3a and Table S1). Coordination of 

Figure 2. Enzymatic properties of RelP. (a) Velocity/substrate (v/S) characteristic of SaRelP (solid lines) and 
BsRelQ (dashed lines) for ppGpp (black) and pppGpp (grey). Velocity is given in nmol per minute per nmol 
SaRelP/BsRelQ. "e data for BsRelQ have been re-plotted from33 to enable direct comparison of both enzymatic 
activities. Data of one representative experiment are shown. (b) Kinetic parameters of (p)ppGpp synthesis 
by SaRelP and BsRelQ. (c) Amino acid sequence alignment of residues conferring pppGpp binding to the 
allosteric cle% of RelQ and their equivalent positions in RelP proteins from Bacillus subtilis (Bs), Staphylococcus 
aureus (Sa) and Listeria monocytogenes (Lm). Amino acid numberings relate to SaRelP (above) and BsRelQ 
(below). (d) Synthesis of ppGpp (black) and pppGpp (grey) by SaRelP is una!ected by the presence of ppGpp or 
pppGpp. Error bars indicate the SD of three independent replicates.
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AMPCPP within all the four active sites of SaRelP is guided by π-stacking interactions of the adenine base with 
the arginine residues 78 and 112 of SaRelP (Fig. S3b). "e ribose moiety of the adenosine is coordinated by 
hydrogen bonding via His190. Interactions with the phosphate moieties of AMPCPP are mainly established 
by lysine and arginine residues residing in β1 and α2 (i.e. Lys80, Lys88 and Arg91) and Ser84 contacting the 
5′ α-phosphate. AMPCPP adopts a kinked conformation that is enforced by a magnesium ion coordinated by 
Asp107 and Glu174 (Fig. S3b). An identical conformation of AMPCPP is observed in the active site of BsRelP 
(Fig. S3c). As all ATP-coordinating and catalytic amino acid residues are strictly conserved among RelP/RelQ 
proteins (Fig. S3d), we suspect a common ATP-binding mode and mode of catalysis.

G-Loop rigidity governs the activity of RelP and RelQ. If binding of ATP to RelP and RelQ is iden-
tical (see above), then the di!erent enzymatic properties of both enzymes should originate from di!erences in 
binding of GDP/GTP and/or a di!erent susceptibility to allosteric stimulation by pppGpp. As mentioned above, 
our structural analysis of RelP and RelQ indicated a di!erent conformational 'exibility of the loop connecting 
strands β3 and β4 (Fig. 1c). "is loop contains a conserved tyrosine residue (i.e. Tyr151 in SaRelP and Tyr116 in 
BsRelQ, Fig. 3a) critical to guanosine nucleotide binding in all (p)ppGpp synthetases. "erefore, we decided to 
term the loop connecting β3 and β4 ‘G-Loop’. To our surprise, the di!erent con#gurations of the G-Loop seem 
to be a common theme among RelP/RelQ proteins. In the apo- and ATP-bound states of BsRelQ, the G-Loop is 
disordered, and could therefore not be modeled in these structures (Fig. 3b). In stark contrast, the G-Loop of 
SaRelP was well-ordered and could be unambiguously modeled in its apo- and ATP-bound structures (Fig. 3c). 
We speculated that the di!erence in enzymatic activity between RelQ and RelP is founded in the di!erent confor-
mational properties of the G-Loop.

Inspection of the amino acids of the G-Loop reveals the presence of proline in RelP proteins with no corre-
spondent in RelQ (Fig. 3a). We hypothesized that the absence of this proline in RelQ renders the G-Loop less 
rigid, while its presence in RelP results in a well-ordered G-Loop that might easily facilitate GDP/GTP coor-
dination (Fig. 3d). We challenged this notion by introducing proline into the disordered G-Loop of RelQ (i.e. 
BsRelQ-H111P). BsRelQ-H111P produces (p)ppGpp as e&cient as SaRelP and the Vmax (i.e. 243 ± 9 and 194 ± 8 
nmol min−1 nmol−1 for ppGpp and pppGpp, respectively), Km (i.e. 0.4 ± 0.2 for GDP and 1.9 ± 0.2 for GTP) 
and Hill-coe&cient (i.e. 1.6 ± 0.2 for GDP and 1.0 ± 0.1 for GTP) of BsRelQ-H111P more resemble SaRelP than 
BsRelQ (Fig. 3e and compare to Fig. 2a and b). Moreover and unlike BsRelQ, BsRelQ-H111P is not amenable to 
allosteric stimulation by pppGpp (Fig. 3f). "ese results demonstrate a strong dependence of RelP/RelQ activity 
on the rigidity of the G-Loop.

Allosteric stimulation of RelQ by pppGpp acts via the G-Loop. Our results indicated that RelP 
proteins synthesize (p)ppGpp more e&ciently than RelQ, because RelP can more readily bind the GDP/GTP 
substrate through increased rigidity of the G-Loop. Moreover, pppGpp stimulates the activity of RelQ, while 
it does not for RelP (Figs 2d and 3f). "erefore, we hypothesized that binding of pppGpp to the central cle% of 
RelQ might be translated into an increased (p)ppGpp synthesis via the G-Loop. Superimposition of the crystal 
structures of apo-BsRelQ and pppGpp-bound BsRelQ (PDB: 5DEC and 5DED33, respectively) allowed tracing a 
structurally possible path, which would connect the presence of pppGpp within the allosteric cle% of RelQ with 
the G-loop (Fig. 4). In short, two opposing subunits of the BsRelQ tetramer are involved in coordination of one 
allosteric pppGpp in the central cle%1,33. Coordination of pppGpp leads to a displacement of Phe42, "r44 and 
Asn148 by ~1–2 Å towards the cle% (Figs 4b; S2). Helix α4 comprising Asn148 follows this movement and rotates 
by approximately 15° in a counterclockwise manner. "is movement is relayed onto helix α5 through the hydro-
phobic core between both helices constituted by Phe149 (α4), Leu183 and Met187 (both α5, Fig. 4c). Rotation 
of α5 turns Glu178 towards the G-Loop and enables formation of a salt bridge between Glu178 and Arg117 
(Fig. 4c). Further contacts between α5 and the G-Loop are established between His111/Glu178 and Glu113/
Gln174 (Fig. 4d).

To probe the participation of these amino acids, we replaced them by alanine and measured the (p)ppGpp 
synthesis of the resulting BsRelQ variants in pppGpp-dependent manner (Figs 4e and S4). Variation of His111 
and Glu113 does not affect stimulation of BsRelQ. However, upon replacement of Gln174 and Glu178 the 
pppGpp-stimulatory e!ect is decreased and completely abolished when Arg117 is replaced (Figs 4e and S4).

Finally, we tested how the allosteric pppGpp a!ects the enzyme kinetic behaviour of BsRelQ by determining 
the (p)ppGpp synthesis BsRelQ in presence of di!erent concentrations of pppGpp (i.e. 0, 2.5, 10, 25, 100, 250 µM). 
While addition of increasing amounts of pppGpp to BsRelQ does only slightly elevate Vmax of (p)ppGpp synthesis, 
the Km values for the substrates GDP and GTP decrease dramatically (Figs 4f and S5). Also, BsRelQ displays a 
less cooperative behaviour indicated by a loss of the sigmoidal shape of the v/S characteristic when pppGpp is 
present. It therefor appears to us that the apparent cooperativity of BsRelQ rather originates from pppGpp pro-
duced during the enzymatic reaction rather than from a positive cooperativity between the four active sites of 
BsRelQ (compare to Fig. 2a and ref.29). Noteworthy, at the highest concentration of pppGpp tested (i.e. 250 µM), 
the enzyme kinetic behavior of BsRelQ is highly similar to BsRelQ-H111P and SaRelP.

"ese results show that allosteric binding of pppGpp causes structural rearrangements of BsRelQ that are 
translated into an increased (p)ppGpp synthetase activity via an induced structural rigidity of the G-Loop.

Discussion
Two small alarmone synthetases (i.e. RelP/SAS2 and RelQ/SAS1) are typically found together in members of 
the Firmicutes phylum e.g. B. subtilis, S. aureus or L. monocytogenes20. RelP and RelQ share similarities of ~50 
percent on the amino acid sequence level. Our structural analysis shows that RelP and RelQ possess a highly sim-
ilar (p)ppGpp synthetase domain and both establish highly similar homotetrameric complexes (Fig. 1b and c). 
Nevertheless, both enzymes decisively di!er in their ability to produce (p)ppGpp in that RelP is much more active 
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than RelQ (Fig. 2a). Why is that the case? Our analysis demonstrates that binding of ATP proceeds in identical 
fashion in RelP/RelQ proteins, because both proteins harbor an identical architecture of their ATP-coordination 
site (Fig. S3). However, RelP and RelQ inherently di!er in their ability to coordinate the GDP and GTP substrates. 
"is is caused by a di!erent structural 'exibility of their G-Loops. While the G-loop of RelQ is highly disordered, 
the equivalent region of RelP is highly ordered and can therefore readily coordinate GDP/GTP (Fig. 3). However, 
the activity of RelQ can be enhanced by coordination of pppGpp within the central cle%33. "is pppGpp results 
in a rearrangement of helices α4 and α5 at the lateral sides of the RelQ homotetramer and, by establishing a 
salt bridge between Glu178 (α5) and Arg117 (G-Loop) (Fig. 4), results in a more ordered (and active) confor-
mation of the G-Loop. "e (p)ppGpp synthetase activity of the so-stimulated RelQ resembles RelP. Notably, 
the Km values obtained for SaRelP (Fig. 2a and b) and allosterically stimulated BsRelQ (Figs S4 and S5) accord 
with the intracellular concentrations of GDP and GTP, estimated as 200–500 µM and 1–5 mM, respectively34,35. 
Under these conditions, both enzymes are highly sensitive to small changes in GDP/GTP levels. Non-stimulated 
BsRelQ, in contrast, appears rather insensitive to changes in GDP/GTP levels because of its high Km values for 
both substrates (Fig. 2a and b). In summary, RelP always appears as a highly active alarmone synthetase, while 

Figure 3. G-loop rigidity dictates the activity of RelP and RelQ. (a) Amino acid sequence alignment of the 
G-Loops found in RelP and RelQ proteins from Bacillus subtilis (Bs), Staphylococcus aureus (Sa) and Listeria 
monocytogenes (Lm). Amino acid numberings relate to SaRelP (above) and BsRelQ (below). (b) Crystal 
structures of the apo- and AMPCPP-bound state of BsRelQ (PDB: 5DEC and 5F2V33, respectively) show a 
disordered G-Loop (dashed line). (c) Crystal structures of the apo- and AMPCPP-bound state of SaRelP (this 
study) show a clearly ordered G-Loop. (d) "e presence of Pro146 in SaRelP confers a high rigidity of the 
G-Loop. (e) "e v/S characteristic of ppGpp (black) and pppGpp (grey) synthesis of the BsRelQ-H111P variant. 
Velocity is given in nmol per minute per nmol BsRelQ-H111P. Dashed lines indicate the Km and Vmax values. 
Data of one representative experiment are shown. (f) ppGpp synthesis of BsRelQ and its variants in absence (−) 
and presence (+) of pppGpp. Error bars indicate the SD of three independent replicates.
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Figure 4. Allosteric binding of pppGpp to RelQ stabilizes the G-Loop. (a) Superimposition of one half of the 
tetramers of BsRelQ (white, PDB: 5DEC33) and BsRelQ-pppGpp (green, PDB: 5DED33). (b) Coordination 
of pppGpp in the central cle% of BsRelQ by amino acids residing in α1, β1 and α4 results in conformational 
changes (indicated by red arrows). (c) Interaction of Asn148 with pppGpp causes a rotation of α4 that is 
transmitted onto α5 through the hydrophobic core established by Phe149, Leu183 and Met187 from two 
subunits of BsRelQ. Concerted rotation of helices α4 and α5 enables formation of a salt bridge between Glu178 
and Arg117. (d) Interactions between amino acid side chains from α5 and the G-Loop of BsRelQ are only 
established in presence of pppGpp and result in ordering of the G-Loop. (e) ppGpp synthesis by BsRelQ and 
BsRelQ variants in absence (−) and presence (+) of pppGpp. Error bars indicate the SD of three independent 
replicates. (f) "e v/S characteristic of ppGpp synthesis by BsRelQ in presence of di!erent amounts of pppGpp. 
"e velocity is given in nmol per minute per nmol BsRelQ. "e Km values of BsRelQ in absence and presence of 
250 µM pppGpp are indicated by dashed lines. Data of one representative experiment are shown.
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RelQ can switch between a passive state with low and an active (i.e. pppGpp-stimulated) state with high (p)ppGpp 
synthetase activity.

Having elucidated the di!erent properties of RelP and RelQ, we wondered how this divergence might be rel-
evant for the bacterial cell. In our current understanding, RelQ can appear in two passive states. In the apo-state, 
RelQ’s central cle% is unoccupied while in the RNA-bound state a so far uncharacterized RNA29,36 might reside 
in the central cle% (Fig. 5). We suspect that RelQ is predominantly found in either of those passive states in 
nutrient-rich conditions, because the (p)ppGpp hydrolytic activity of Rel should keep (p)ppGpp levels below 
the limit of RelQ stimulation. When the microorganism is suddenly confronted with nutrient limitation, Rel will 
recognize and bind to stalled ribosomes. When doing so, Rel could provide the pppGpp needed to bring RelQ 
into its active (i.e. pppGpp-bound) state by the intricate mechanism involving helical rearrangements and loop 
stabilization (Fig. 5). RelQ would then simply serves as an ampli#er of the stress signal given by Rel. Additionally, 
the RNA bound to RelQ would be outcompeted by pppGpp and might result in the transcription of stress genes. 
Unfortunately, it is unclear so far, which genes might be di!erentially regulated, as the ‘real’ RNA bound by RelQ 
in vivo still remains to be identi#ed29,36. Seemingly, RelQ’s activity is intensively coupled to Rel (Fig. 5). Although 
experimental data for this functional link of Rel and RelQ are missing so far, the outlined scenario would provide 
an elegant way for an instant rise of (p)ppGpp levels dominated by the activity Rel and aided by RelQ.

RelP, in contrast to RelQ, is always a highly active enzyme that possesses all features enabling e&cient (p)
ppGpp synthesis, mainly an ordered G-Loop (Fig. 5). RelP should therefore not rely on the signal provided by 
Rel but might rather work independently. "e presence of a central cle% within the tetramer of RelP nevertheless 
allows hypothesizing that an unknown factor might regulate the activity of RelP (Fig. 5). Noteworthy, the di!erent 
activities of RelP and RelQ seem to be perfectly matched with their disparate transcriptional pro#les. "e switch-
able RelQ, predominantly transcribed during logarithmic growth27, can counteract a sudden nutrient limitation 

Figure 5. Mechanistic framework of Rel, RelP and RelQ. "ree states of RelQ di!ering in (p)ppGpp synthetase 
activity are known: apo-RelQ and the RNA-bound RelQ are catalytically passive states, while RelQ bound to the 
alarmone pppGpp is an active (p)ppGpp synthetase. In both passive states, RelQ readily binds ATP (orange). 
However, GTP (blue) is only poorly coordinated, because of the disordered nature of the G-Loop. Binding of 
pppGpp (violet) into the allosteric cle% of RelQ results in a concerted rearrangement of α4 and α5 (yellow) 
that rigidi#es the G-Loop, enables tight coordination of GTP and renders RelQ highly active. Such pppGpp 
molecules might originate from Rel’s (p)ppGpp synthetase activity, which is enhanced under conditions of 
amino acid starvation. In such a case, pppGpp might bind into to the unoccupied central cle% of apo-RelQ 
or could competitively replace an RNA molecule from the cle% as shown previously29. "e G-Loop of RelP is 
always ordered enforcing the active state of RelP. Whether an RNA or any other unknown e!ector molecule can 
bind into the central cle% of RelP is not known.
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with the help of the Rel protein. "e presence of RelP during logarithmic growth, however, might be detrimental 
for the microorganism. Consequently, RelP transcripts appear only during early stationary phase and in response 
to treatment with antibiotics, ethanol, high salt and acidic or alkalic pH stress conditions25,37,38. Also, RelP has 
been implicated in mediating inactivation of ribosomes by forming translation-inactive ribosome dimers thereby 
providing an elegant and fast shutdown mechanism for the bacterial metabolism32,39. In conclusion, our study 
strengthens the understanding of disparate roles of RelP/RelQ proteins and sets the stage for future investigations 
on this class of (p)ppGpp synthetases.

Materials and Methods
Cloning and mutagenesis. Genes encoding for RelP (ywaC and SA2297, respectively) were ampli#ed 
from B. subtilis PY79 and S. aureus strain Newman genomic DNA by polymerase chain reaction using Phusion 
High-Fidelity DNA polymerase (NEB) according to the manufacturer’s manual. "e forward primer for SA2297 
encoded a hexahistidine-tag in frame with the DNA sequence of relP. "e forward primer for ywaC encoded a 
strep-tag in frame with the DNA sequence. "e resulting PCR fragments were cloned into the pET24d(+) vector 
(Novagen) at the NcoI/XhoI restriction sites. Mutations within RelP were generated by overlapping PCR.

Protein Production and Purification. Escherichia coli BL21 (DE3) (NEB) carrying the plasmids for 
His-tagged proteins were grown in lysogeny broth (LB)-medium supplemented with 50 µg/ml kanamycin and 
12.5 g/l D(+)-lactose-monohydrate for 20 h at 30 °C. Cells were harvested by centrifugation (3500 × g, 20 min, 
4 °C), resuspended in lysis bu!er (20 mM of HEPES-Na pH 8.0, 250 mM NaCl, 40 mM imidazole, 20 mM MgCl2, 
20 mM KCl) and lysed by two passages through the M-110L Micro'uidizer (Micro'uidics). A%er centrifugation 
(47850 × g, 20 min, 4 °C), the clear supernatant was loaded on a 1-ml HisTrap column (GE Healthcare) equili-
brated with 10 column volumes (CV) lysis bu!er. A%er washing with 10 CV of lysis bu!er, the protein was eluted 
with 5 CV elution bu!er (lysis bu!er containing 500 mM imidazole). "e protein was concentrated (Amicon 
Ultracel-10K (Millipore)) and applied to size-exclusion chromatography (SEC) on a HiLoad 26/600 Superdex 
200 pg column (GE Healthcare) equilibrated in SEC bu!er (20 mM of HEPES-Na, pH 7.5, 200 mM NaCl 20 mM 
MgCl2, 20 mM KCl). Protein containing fractions were pooled, concentrated (Amicon Ultracel-10K (Millipore)), 
deep-frozen in liquid nitrogen and stored at −80 °C. Protein concentration was determined by a spectrophotom-
eter (NanoDrop Lite, "ermo Scienti#c).

BsRelP was puri#ed by a similar procedure using a 1-ml StrepTrap column (GE Healthcare). Lysis bu!er with-
out imidazole was employed for cell lysis, column equilibration and washing and elution from the column was 
conducted with 5 CV of SEC bu!er containing 2.5 mM desthiobiotin.

Preparation of ppGpp and pppGpp. (p)ppGpp was produced essentially as described previously33. In 
brief, 5 µM SAS1 were incubated in SEC bu!er together with 10 mM ATP and 10 mM GDP for 30 min at 37 °C to 
produce ppGpp or together with 10 mM ATP and 10 mM GTP for 2 h at 37 °C to produce pppGpp. A%erwards, 
the reaction was mixed with the same volume of chloroform and centrifuged (17300 × g, 5 min, 4 °C). "e aque-
ous phase was removed and the organic phase mixed with one volume of double-destilled water and centrifuged 
(17300 × g, 5 min, 4 °C). "e combined aqueous phases were subjected to anion-exchange chromatography using 
a ResourceQ. 6-ml column (GE Healthcare) at a 'ow rate of 6 ml/min and the nucleotides eluted with a gradient 
of NaCl. Fractions containing ppGpp or pppGpp were pooled followed by addition of lithium chloride with a 
concentration of 1 M and four volumes of ethanol. "e suspension was then incubated at −20 °C for 20 min and 
centrifuged (5000 × g, 20 min, 4 °C). "e resulting pellets were washed with absolute ethanol, dried and stored 
at −20 °C. Quality of the so-prepared alarmones was controlled by HPLC and yielded ppGpp and pppGpp in 
purities of 98% and 95%, respectively.

Kinetic analysis of RelP/RelQ. The enzyme kinetic behavior of RelP and RelQ (compare to Figs 2a, 
3e, 4f and S5), were monitored by HPLC. Reactions were prepared in SEC bu!er supplemented with 100 mM 
HEPES-Na pH 7.5 by incubating 0.2 µM protein together with 5 mM ATP and varying concentrations of GDP 
or GTP (i.e. 0.05, 0.1, 0.2, 0.3, 0.5, 1, 3 and 5 mM; 2 and 4 mM were included where necessary). For the analysis 
of pppGpp a!ecting the kinetic behavior of BsRelQ, pppGpp was also added to the reaction in concentrations 
of 0/2.5/10/25/100/250 µM. Samples were taken a%er di!erent time points (i.e. 2, 4, 6, 8 and 10 minutes) and 
stopped as follows: two volume parts of chloroform were added to the sample, thoroughly mixed for 15 seconds, 
kept at 95 °C for 15 seconds and 'ash-frozen in liquid nitrogen. While thawing, the samples were centrifuged 
(17300 × g, 30 min, 4 °C) and the aqueous phase used for analysis. HPLC measurements were conducted on an 
Agilent 1100 Series system (Agilent technologies) equipped with a C18 column (EC 250/4.6 Nucleodur HTec 
3 µM; Macherey-Nagel). Nucleotides were eluted isocratically with a bu!er containing 50 mM KH2PO4, 50 mM 
K2HPO4, 10 mM TPAB (tetrapentylammonium bromide) and 20% (v/v) acetonitrile and detected at 260 nm 
wavelength in agreement with standards. Analysis of enzymatic measurements was performed with GraphPad 
Prism version 6.04 for Windows, (GraphPad So%ware, San Diego, California, USA). "e velocity of (p)ppGpp 
synthesis was obtained by linear regression of the amount of AMP quanti#ed a%er di!erent incubation times. 
Kinetic parameters (Km, Vmax and the Hill coe&cient (h) ± standard deviation) were obtained from the #t of the 
v/S characteristic according to the equation v = Vmax Sh/(Km

h + Sh).

Stimulation of RelP/RelQ by (p)ppGpp. In experiments probing the stimulatory e!ect of (p)ppGpp 
(compare to Figs 2d, 3f, 4e and S4), 0.2 µM RelP/RelQ were incubated together with 5 mM ATP and 0.25 mM 
GDP/GTP in presence or absence of 200 µM (p)ppGpp for 10 minutes at 37 °C. "e reactions were stopped and 
analyzed as described above.
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Crystallization and structure determination. Crystallization was carried out at room temperature by 
sitting drop vapor di!usion in SWISSCI MRC 2-well plates (Jena Bioscience) with a reservoir volume of 50 µl 
and the drop containing 0.5 µl of protein and crystallization solution each. Crystals of BsRelP were obtained from 
a 10 mg/ml solution a%er 1 week from 0.1 M CHES pH 9.5 and 30% (w/v) PEG 3000. Crystals of SaRelP were 
obtained from a 15 mg/ml solution a%er 1 week in 0.1 M CHES pH 9.5 and 40% (v/v) PEG600. For crystallization 
of SaRelP-AMPCPP, a 15 mg/ml concentrated protein solution was incubated together with 5 mM AMPCPP for 
30 minutes on ice. Crystals of SaRelP-AMPCPP were obtained a%er 2 days from 0.1 M Tris pH 8.5, 0.2 M lithium 
sulfate and 30% (w/v) PEG4000.

To harvest crystals, 0.5 µl of a cryo-protecting solution containing mother liquor supplemented with 20% (v/v) 
glycerol was added to the drop, crystals looped and 'ash-frozen in liquid nitrogen. Di!raction data were collected 
at the European Synchrotron Radiation Facility (ESRF) Grenoble, France, at beamlines ID23-1 and ID29 under 
laminar nitrogen 'ow at 100 K (Oxford Cryostream 700 Series) with a DECTRIS PILATUS 6M detector. Data 
were processed with XDS40 and CCP4-implemented SCALA41. Crystal structures were determined by molecular 
replacement (MR) employing BsRelQ (PDB: 5DEC33) as search model using the CCP4-implemented PHASER41. 
Structures were manually built in COOT42 and re#ned with PHENIX43. Figures were prepared with PYMOL 
(www.pymol.org).

Accession Codes
Atomic coordinates and structure factors were deposited in the Protein Data Bank (PDB) under 6FGJ 
(apo-SaRelP), 6FGK (apo-BsRelP) and 6FGX (AMPCPP-bound SaRelP).
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Discussion 

 

Ap4A is a central component in thermoresistance of Bacillus subtilis  

 

Nucleotide-based second messenger molecules play important roles in the 

responses to changing intra- and extracellular conditions, often also re-

ferred to as “stress”. Already in the 1960s, a study reported the presence of 

the universally conserved dinucleotide diadenosine 5',5''-P1,P4-tetraphos-

phate (Ap4A)1. Ap4A is primarily produced by aminoacyl-tRNA synthe-

tases (aaRS) with lysyl-tRNA synthetase being the most prominent mem-

ber2,3, by a side reaction when ATP reacts with the activated complex ami-

noacyl adenylate-aaRSs1. Moreover, Ap4A is degraded by the ApaH phos-

phohydrolase in Escherichia coli4 and by PrpE in Bacillus subtilis5. 

In human, Ap4A is also generated by the aaRS enzymes, and its physiolog-

ical and pathological implications have been better explored. In particular 

Ap4A is involved in activating the microphthalmia-associated transcription 

factor during allergic-response-IgE6,7 and inhibiting the cGAS-STING 

pathway8. Additionally, Ap4A has been shown to bind the P2Y2 receptors 

in the ocular tissue and has been suggested as a potential treatment in eye 

diseases9,10. The human genome possesses also Nudix hydrolases to even-

tually break down Ap4A to ATP and AMP11.  In the bacterial kingdom, over 

the past decades a variety of studies suggest important and pleiotropic roles 

of Ap4A: in the model organism E. coli, Ap4A affects the timing of cell 

division, motility, catabolite repression, the response to heat-/oxidative 

stress and aminoglycoside antibiotics4,12-15. Similar findings eventually re-

ported roles of Ap4A in the sporulation of Myxococcus xanthus3, heat-shock 

and ethanol stress and cell oxidation in the pathogen Salmonella 
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typhimurium12,16, the biofilm of Pseudomonas aeruginosa17, and the sur-

vival of Helicobacter pylori to oxidative stress18. Given the pleiotropic ef-

fects associated with the Ap4A nucleotide, it is not surprising that it acts 

centrally within the bacterial metabolism. However, no detailed mechanis-

tic or structural information were available for bacterial effectors of Ap4A. 

On the same line, the Publication #1 here included demonstrated the impact 

and consequences of the interaction between Ap4A and the inosine mono-

phosphate dehydrogenase in Bacillus subtilis. We show that Ap4A inhibits 

the catalytic activity of the Inosine-5′-monophosphate dehydrogenase 

(IMPDH), which catalyzes the oxidative conversion of inosine-monophos-

phate (IMP) to xanthosine-monophosphate (XMP). Our structural and bio-

chemical analysis shows that Ap4A executes its inhibitory action via the 

regulatory cystathionine β-synthetase (CBS) domain of IMPDH. Our kinet-

ical analysis demonstrates that Ap4A regulates IMPDH allosterically in a 

non-competitive manner and promotes octamer formation from tetramers 

of IMPDH. Comparing the crystal structures of BsIMPDH in complex with 

Ap4A and the apo BsIMPDH-DCBS domains, it is blatant the disorder ac-

tive site of the enzyme when it is bound to Ap4A. In fact, Ap4A induces 

allosterically a dislocation of the catalytic loop containing the essential res-

idue Cys308, moreover the catalytic flap that coordinates the NAD+ cofac-

tor is fully disordered. As ultimate consequence, Ap4A induces octamer for-

mation gluing monomers of IMPDH between their CBS domains. 

Disrupting the Ap4A-coordination mutating the arginines 141/144 to ala-

nines, or lysine 202 to alanine would lead to a loss of thermoresistance as 

proved by our in vivo studies. A full deletion of the CBS domain has the 

same outcome. The mutants R141A/R144A, K202A and DCBS also 

showed an altered ratio of the guanosine/adenosine pool: without Ap4A 
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regulation the general guanosine de novo synthesis increases independently 

from the heat shock.  

Our data reveals the necessity of Bacillus subtilis to downregulate its gua-

nosine pathway, when facing an increase of temperature. This scenario is 

compatible with the possible activation of the heat shock response. At 

suboptimal temperatures, cells need to cope with aggregation and unfolding 

of the proteome, where a large amount of ATP is requested by the heat shock 

chaperones and proteases. Decreasing the levels GTP would support de 

novo biosynthesis of ATP in case of lack.  Lower levels of GTP would also 

decelerate protein production since many GTPases support translation.  

 

Regulation of eukaryotic and prokaryotic IMPDH enzymes 

 

The human genome contains two genes that encode for two IMPDH en-

zymes (IMPDH1 and IMPDH2). Both enzymes, as the eukaryotic and bac-

terial IMPDHs, contain a catalytic domain for the conversion of IMP to 

XMP and a regulatory domain (CBS domains) that can bind two or more 

nucleotides. Authors already reported how the Human IMPDH1 can bind 

Ap4A 5 times stronger than ATP, but the interaction does not lead to a sig-

nificant inhibition of the enzymatic activity19. Instead, human IMPDHs are 

regulated by GTP/GDP and ATP/ADP binding in the CBS domains20,21. 

Moreover, human IMPDHs are cable of filament-formation in response to 

a high demand of guanosines. In this form they do not respond to allosteric 

regulation nucleotide-mediated in their regulatory domains20,21. Also, the 

IMPDH enzyme of the fungus Ashbya gossypii is regulated by guanosine 

nucleotides in vitro, but in cell experiments are still lacking22. Diversely, 

prokaryotic IMPDHs have been divided in two different classes according 
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to their oligomerization states and kinetics23. Class I is mainly present in 

proteobacteria, characterized by stable octamers and sigmoidal kinetics. In-

stead, the class II IMPDHs are in equilibrium between tetramers and oc-

tamers. The substrates NAD+ and IMP, binding to the active site, shift the 

oligomers to the tetrameric form. The class II does not have cooperativity 

among monomers and is described by Henri-Michaelis-Menten kinetic. The 

Pseudomonas aeruginosa IMPDH belongs to the first class. It generally has 

a weak enzymatic activity and requires ATP to stimulate the active site. 

Also, in this case two molecules of ATP bind the CBS domains and induces 

an open conformation of the octamer24. As discussed in the Publication #1, 

Ap4A binds the Bacillus subtilis IMPDH in the same site and conformation 

of ATP molecules in the Pseudomonas aeruginosa IMPDH.  

 

IMPDH and (p)ppGpp 

 

In the second messengers’ world, crosstalks between nucleotides are 

known. Recently Fung D.K. et al.25 reported that Ap4A accumulates in 

strains of Bacillus subtilis overexpressing small alarmone synthetases. 

However, a direct relation between (p)ppGpp and Ap4A was not possible. 

Other authors in Fernández‐Justel et al. proposed IMPDH as a crosstalk 

point between (p)ppGpp and ATP in Bacillus subtills and in Streptomyces 

coelicolor26. In their study, (p)ppGpp could only inhibit the firmicute IMP-

DHs in presence of ATP. Similarly, in their study, the proteobacterial IMP-

DHs of Escherichia coli and Pseudomonas aeruginosa were inhibited by 

GTP/GDP when ATP was present in the reaction mixture. Sadly, they do 

not include any in vivo data that could confirm their in vitro findings and 

no affinities were determined between (p)ppGpp and IMPDH or GTP/GDP 
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and IMPDH. Altogether, the authors suggested (p)ppGpp as modulator the 

guanosine pathway in a housekeeping fashion, but no correlations with heat 

shock or stringent response were offered, probably due to the lack of in vivo 

data. Controversially, precedent studies do not report inhibition of 

BsIMPDH activity by (p)ppGpp27,28, while it was instead shown that it can 

inhibit the inosine guanosine-kinase of E. coli27.  

In our study, Publication #1, we could instead monitor the Ap4A concen-

trations increasing from exponential phase and no thermal shock (24 µM) 

to heat shock (51 °C tested) for 30 minutes (ca. 50 µM). Correlating the 

basal Ap4A concentration with the KD (7.4 ± 2.1 µM) and Ki (15.8 µM) 

values obtained in vitro for the IMPDH-Ap4A interaction. We instead be-

lieve that Ap4A has a strong role in the downregulation of the de novo gua-

nosine-biosynthesis pathway (Fig. 3). 

It would be more fascinating to explore, instead, the role of (p)ppGpp in the 

other side of the purine biosynthesis, where the adenylosuccinate synthase 

(PurA in B. subtilis) converts IMP to adenylosuccinate. In fact, authors al-

ready demonstrated how PurA is inhibited by (p)ppGpp29. In this scenario 

a guanosine based alarmone ((p)ppGpp) would inhibit the adenosine path-

way, while Ap4A would control the guanosine de novo biosynthesis (Fig. 

3). 
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Fig. 3: De novo biosynthesis of purines derives from the metabolism of 

sugars. The inosine metabolite (IMP) sits at the branching point between 

guanosine and adenosine nucleotides. The IMPDH enzyme converts IMP 

to xanthosine monophosphate (XMP). During heat shock in Bacillus sub-

tilis, the dinucleotide Ap4A inhibits IMPDH by promoting its oligomeriza-

tion from tetramer to octamer. This in turn leads to a decrease in the pool 

of guanosine nucleotides (red label). 
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Priorities in Stringent Response 

 

Adaptation to Stringent Response (SR) evolved divergently among differ-

ent bacterial species. In fact, (p)ppGpp is a strict inhibitor of the proteobac-

terial RNA polymerase but does not interfere with the firmicute counterpart. 

In this case, the anabolic pathway of GTP is targeted at the level of the 

guanylate kinase GMK30.  

Nevertheless, (p)ppGpp alarmones remain the master regulators whenever 

bacteria must deal with face carbon, amino acid, or lipid starvation. Scien-

tific literature documented a wide spectrum of targets of (p)ppGpp that have 

been characterized among gram-positives and gram-negatives until current 

date (reviewed in 31).  

Most commonly, (p)ppGpp targets are enzymes involved in essential cellu-

lar processes and most of them are GTPases. The (p)ppGpp inhibition-

mechanism of GTPase enzymes is based on a direct competition for the 

active site. (p)ppGpp, according to its affinity for the target, can displace 

the GTP substrate.  

The SRP protein Ffh and its receptor FtsY are GTPases as well and consti-

tute part of a conserved mechanism for membrane protein insertion and se-

cretion. In our study (Publication #2), we described how (p)ppGpp can in-

hibit both Ffh and Ftsy and prevent the heterodimerization between them. 

Our inhibition model demonstrates that (p)ppGpp directly competes with 

the substrate GTP in the active site of Ffh and Ftsy. Here, the phosphates δ- 

and ε on the 3’O of the (p)ppGpp ribose would impede the dimer formation 

of the GTPases by means of repulsion and steric hindrance when the NG 

domains of the SRP and its receptor are in a face-to-face position. In such 
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manner, (p)ppGpp prevents co-translational and post-translational insertion 

of membrane proteins.   

In our study, both Ffh and Ftsy showed higher affinities to GDP rather than 

to (p)ppGpp and to GTP, measured with ITC and MST. Such measurements 

would collocate the SRP inhibition in a scenario of rather high starvation 

when the GTP and GDP pools are mostly converted by Rel/RelA to ppGpp 

and pppGpp. However, the obtained KD values do not exclude a possible 

local inhibition of the SRP system when it is ribosome-associated. There, 

the Rel/RelA enzymes would be the source of (p)ppGpp in stalled ribo-

somes. 

First, our study (Publication #2) suggests that proteobacteria and firmicutes 

could display the same inhibition mechanisms of the SPR-dependent mem-

brane protein insertion. Secondly, our CryoEM studies suggest that pppGpp 

interferes with the flexibility of the Bacillus subtilis Ffh NG-domain, how-

ever, we could not observe the same dynamic in the Escherichia coli coun-

terpart. This evidence might implicate that proteobacteria do not need the 

same additional modes of regulation.  

It seems not the case for Bacillus subtilis, where (p)ppGpp can reduce the 

conformational freedom of the SRP complex when it recognizes the signal 

sequence of the nascent chain and then it would also inhibit the Ffh hydrol-

ysis activity and Ffh-FtsY dimerization. 
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Diversification in (p)ppGpp production 

 

The source of ppGpp and pppGpp drastically changes in firmicutes and in 

proteobacteria. A long bifunctional Rel enzyme produces (p)ppGpp when 

bound to stalled ribosomes in firmicutes, and subsequentially hydrolyses 

the alarmone to repristinate the pools of GDP and GTP. Instead, proteobac-

teria encode in their genome two long RSH enzymes: RelA and SpoT. RelA 

is deputed to synthesis of (p)ppGpp while SpoT displays a weak synthesis 

activity and a more pronounced hydrolysis function. 

The firmicute Bacillus subtilis can also rely on two additional small 

alarmone synthetases (RelP/SAS2 and RelQ/SAS1). In our study, Publica-

tion #3, we expanded the knowledge on how the SAS enzymes contribute 

in the response to nutritional and environmental stresses together with the 

Rel enzyme. We provided insights into the mechanisms of action of the en-

zymes RelP and RelQ on a biochemical level.  

Despite RelQ and RelP sharing 50% homology in their sequences and ex-

isting in solution as homotetramers, we showed how they diverge in the 

(p)ppGpp production. In an identical fashion ATP binds the active site of 

both synthetases, but while the RelP enzyme possesses an organized G-loop 

to coordinate the substrates GTP or GDP, the RelQ requires the allosteric 

stimulation by pppGpp to reach the same Km value as RelP. In particular, a 

molecule of pppGpp can bind the central cleft originated symmetrically by 

the subunits in the homotetramer to promote the recruitment of the catalytic 

G-loop onto the active site. In a natural consecution of events, the Rel en-

zyme would be the main producer of (p)ppGpp and then RelQ would am-

plify the alarmone production after allosteric stimulation offered by the 

(p)ppGpp pool already accumulated by the Rel enzyme. In such a way RelQ 
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co-works with RelP to finely control the alarmone levels in the exponential 

phase, also indicated by its transcription levels32. Other studies also sug-

gested that an uncharacterized RNA motif can bind the Enterococcus fae-

calis RelQ in its cleft in order to inhibit (p)ppGpp production33.  

Diversely, RelP transcription is promoted by stresses originated by changes 

in pH, ethanol, high salts or antibiotic treatments and generally it is tran-

scribed in early exponential phase34-36. Moreover, RelP does not need any 

stimulation in vitro activity, but this notion does not exclude that unknown 

factors might regulate its function in vivo.  

Fine tuning of second messengers’ concentrations is crucial to promptly re-

act to cellular stresses and in this current picture, RelQ appears to be deeper 

characterized than RelP.  Despite the fact that we do not know which RNA 

sequence can inhibit RelQ, we could assign it a role in the stress response, 

since its activity is linked to the amount of pppGpp present in the cell.  

So far, we do not have evidence of possible regulator of RelP, and its func-

tion might logically sound redundant. Nevertheless, more recent studies 

suggested that RelP and RelQ are linked to the biofilm formation during 

cell wall stress37. RelP was also linked to translation arrest promoting ribo-

some-dimerization38. In this sense, RelP could diversify the general stress 

response not only producing alarmone but also shutting down the entire 

translational assembly. Anyway, more efforts are still required to explain 

how proteobacteria and firmicutes took such different paths in the stress 

response orchestration. 
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