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 21 
Diadenosine tetraphosphate (Ap4A) is a putative second messenger molecule that is conserved 22 
from bacteria to man. Nevertheless, its physiological role, and the underlying molecular 23 
mechanisms, are poorly characterized. We investigated the molecular mechanism by which 24 
Ap4A regulates inosine-5’-monophosphate dehydrogenase (IMPDH, a key branching point 25 
enzyme for the biosynthesis of adenosine or guanosine nucleotides) in Bacillus subtilis. We 26 
solved the crystal structure of BsIMPDH bound to Ap4A at a resolution of 2.45 Å to show that 27 
Ap4A binds to the interface between two IMPDH subunits, acting as the glue that switches 28 
active IMPDH tetramers into less active octamers. Guided by these insights, we engineered 29 
mutant strains of B. subtilis that bypass Ap4A-dependent IMPDH regulation without perturbing 30 
intracellular Ap4A pools themselves. We used metabolomics suggesting that these mutants 31 
have a dysregulated purine, and in particular GTP, metabolome and phenotypic analysis 32 
showing increased sensitivity of B. subtilis IMPDH mutant strains to heat compared with wild-33 
type. Our study identifies a central role for IMPDH in remodelling metabolism and heat 34 
resistance, and provides evidence that Ap4A can function as an alarmone.   35 
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MAIN 36 
INTRODUCTION 37 
Nucleotide-based second messengers, e.g., (p)ppGpp1,2, c-di-GMP,3,4 or c-di-AMP5, are 38 
essential for bacterial responses to changing environmental and stress conditions. Diadenosine 39 
polyphosphate molecules such as diadenosine 5',5'''-P1,P4-tetraphosphate (Ap4A) have been 40 
known since the 1960’s6 and are found in all domains of life7. Ongoing debate is whether they 41 
are damage metabolites8 or bona fide second messengers7. 42 

Ap4A is comprised of two adenosines bridged at their 5’ ends by four phosphates (Fig. 43 
1a). It is primarily produced by aminoacyl-tRNA synthetases, with lysyl-tRNA synthetase 44 
(LysRS) being a prominent example, under heat shock and oxidative stress conditions through 45 
the transfer of the aminoacylated AMP onto the 5’ γ-phosphate of ATP 6,9–11. The promiscuous 46 
utilization of other aminoacyl-AMP acceptors by LysRS, such as ADP, GDP or GTP leading 47 
to the synthesis of the even more enigmatic  Ap3A, Ap3G and Ap4G, respectively, broadens 48 
the spectrum of dinucleoside polyphosphate molecules10. 49 

Several studies have reported pleiotropic roles for Ap4A in bacteria. In Escherichia coli 50 
Ap4A has been implicated in cell division12, motility13 and responses to heat/oxidative stress14 51 
and aminoglycoside antibiotics15. Ap4A has been associated with sporulation in Myxococcus 52 
xanthus16, heat shock, ethanol stress, and cell oxidation in Salmonella typhimurium10, biofilm 53 
formation in Pseudomonas aeruginosa17, and survival of Helicobacter pylori in response to 54 
oxidative stress18.  55 

Our knowledge about Ap4A-binding partners in bacteria and a mere understanding of 56 
the mechanisms by which Ap4A regulates these is currently limited to E. coli8,14,19,20. Proposed 57 
targets include the chaperones DnaK, ClpB and GroEL14,21 and the de novo purine nucleotide 58 
biosynthesis enzyme inosine-5’-monophosphate dehydrogenase (IMPDH)8,19. These screens 59 
employed biotin and/or aziridine-modified Ap4A to enrich Ap4A-binding proteins, which 60 
potentially may have biased the target spectrum due to the size of the modifier groups. 61 
 62 
RESULTS 63 
Identification of Ap4A targets in Bacillus anthracis.  64 
To identify further Ap4A targets in unbiased manner, we used a radioactively-labelled but 65 
otherwise chemically unmodified Ap4A as bait in a differential radial capillary action of ligand 66 
assay (DRaCALA) assay22. Simultaneously, we aimed to expand knowledge on Ap4A 67 
regulation to the Firmicutes phylum. Having a library for all Bacillus anthracis proteins 68 
available, we screened for Ap4A-binding targets in this organism and then continued our 69 
mechanistic and physiological analyses in Bacillus subtilis. We employed two B. anthracis 70 
overexpression libraries, each including 5,341 open reading frames (ORFs) N-terminally fused 71 
to either hexa-histidine (His) or His-maltose binding protein (His-MBP)23. Both libraries were 72 
overexpressed in E. coli, and the binding of radio-labelled [32P]-Ap4A to the lysates assayed by 73 
DRaCALA22. This screen identified inosine-5’-monophosphate dehydrogenase (IMPDH, gene: 74 
guaB) as putative Ap4A-binding partner (Fig. 1b). 75 
IMPDH catalyzes the nicotinamide adenine dinucleotide (NAD+)-dependent conversion of 76 
inosine-5’-monophosphate (IMP) into xanthosine-5’-monophosphate (XMP)24. XMP 77 
represents the start for the generation of GMP, GDP, and GTP. Moreover, IMPDH represents 78 
the branching point in the biosynthesis of adenosine and guanosine nucleotides (Fig. 1c). 79 
To further probe the Ap4A-IMPDH interaction, we investigated IMPDH from B. subtilis (Bs), 80 
because this bacterium is broadly studied and a close relative of B. anthracis. Isothermal 81 
titration calorimetry (ITC) revealed a dissociation constant (Kd) of 7.4 ± 2.1 µM for the Ap4A-82 
BsIMPDH interaction (Fig. 1d, Extended Data Fig. 1e). This Kd is within the range of Ap4A 83 
concentration determined by LC-MS for exponentially growing B. subtilis (Fig. 1d). We also 84 
tested the binding of the adenosine nucleotides AMP, ADP, and ATP to BsIMPDH due to their 85 
structural similarity to Ap4A and because an ATP-dependent stimulation of IMPDH activity in 86 
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P. aeruginosa (Pa) was reported25. Binding of AMP and ATP to BsIMPDH proceeds with low 87 
affinity evidenced by Kd values of approximately 18 and 5 mM, respectively. No interaction 88 
was found for ADP (Fig. 1d, Extended Data Figs. 1a-c). Furthermore, we tested the specificity 89 
of BsIMPDH for the nucleobases linked by the phosphates in the dinucleotides and the length 90 
of this phosphate linker by probing the binding of ApnA and ApnG compounds. ApnA 91 
dinucleotides Ap3A, Ap5A, and Ap6A bound to BsIMPDH with Kd’s of 62.0 ± 10.9 µM, 30.4 92 
± 23.5 µM and 0.8 ± 0.2 µM, respectively (Fig. 1d, Extended Data Figs. 1d, f, g). No binding 93 
was found for the ApnG dinucleotides Ap3G, Ap4G, and Ap5G (Fig. 1d, Extended Data Figs. 94 
1h-j). Collectively, BsIMPDH had a strong preference (≥100-fold higher affinity) for ApnA 95 
dinucleotides with varying phosphor-linker lengths over the related adenosine 96 
mononucleotides. 97 
 98 
Ap4A is a non-competitive inhibitor of IMPDH. 99 
Next, we probed whether Ap4A and ApnA would affect IMPDH activity by an assay based on 100 
the reduction of the NAD+ cofactor to NADH detectable at a wavelength of 340 nm. At constant 101 
saturating NAD+ and variable IMP concentrations without Ap4A supplemented, BsIMPDH 102 
showed a Michaelis-Menten-like kinetic behavior, with maximal velocity (Vmax) and Michaelis-103 
Menten constant (Km) values of 6.3 µM min-1 and 63 µM, respectively (Fig. 1e, Extended Data 104 
Fig. 2a). With increasing Ap4A concentration, Vmax decreased while Km remained unaltered, 105 
suggesting an allosteric mode of inhibition. BsIMPDH inhibition by Ap4A proceeded with an 106 
inhibitory constant (Ki) of 15.8 µM roughly reflecting the Kd between Ap4A and BsIMPDH 107 
(Fig. 1e, Extended Data Fig. 2a). At constant saturating IMP and variable NAD+ 108 
concentrations BsIMPDH activity showed a similar decline of Vmax dependent on increasing 109 
Ap4A concentrations (Fig. 1e, Extended Data Fig. 2b). In contrast to Ap4A, which potently 110 
reduced BsIMPDH activity, adenosine mononucleotides only moderately inhibited BsIMPDH 111 
(Fig. 1f, Extended Data Fig. 2a). ApnG dinucleotides did not alleviate BsIMPDH activity and 112 
out of the ApnA dinucleotides tested by us, only Ap5A and Ap6A resulted in BsIMPDH 113 
inhibition (Figs. 1g, h, Extended Data Fig. 2a). Despite Ap5A and Ap6A being the most potent 114 
inhibitors of BsIMPDH, we focused our further studies on Ap4A because it was more abundant 115 
than other dinucleotides in B. subtilis in vivo (Fig. 1d). Likewise, Ap4A was approximately 3-116 
fold more abundant than Ap5A under various stress conditions and throughout growth in M. 117 
xanthus16. Collectively, our data show that Ap4A inhibits IMPDH in vitro at concentrations that 118 
roughly match those present in vivo.  119 
 120 
Ap4A binds to the CBS domains of IMPDH.  121 
Next, we determined the structure of Ap4A-bound BsIMPDH (Table 1). BsIMPDH consists of 122 
the catalytic triose isomerase (TIM)-barrel with two cystathionine-β-synthase (CBS) domains 123 
forming the disc-like Bateman module inserted into the TIM-barrel (Figs. 2a, b, c, Extended 124 
Data Fig. 3a). Four IMPDH molecules form a tetramer through their catalytic domains with 125 
each CBS domain pointing outward from the center of the tetramer (Fig. 2b). Electron density, 126 
which could be unambiguously attributed to Ap4A, was present in between the two CBS 127 
domains of each IMPDH monomer (Extended Data Fig. 3b). It binds into a cleft formed by 128 
the two CBS domains constituting the Bateman module (Fig. 2c, Extended Data Fig. 3c). 129 
Binding of Ap4A to BsIMPDH closely resembles that of Ap5G bound to A. gossypii IMPDH26 130 
as well as that of the adenosine nucleoside moieties of two ATP molecules bound to P. 131 
aeruginosa IMPDH25 (Extended Data Fig. 3d).  132 
The crystal structures of the IMPDH Apo states from B. anthracis, P. aeruginosa, and A. 133 
gossypii show a high degree of disorder in their CBS domains, which diminishes in the presence 134 
of a ligand (Extended Data Fig. 4). Thus, we probed the impact of Ap4A and ATP (as control) 135 
on the conformational flexibility of BsIMPDH by hydrogen/deuterium exchange-mass 136 
spectrometry (HDX-MS). Decrease in HDX with either ligand was exclusively present in the 137 
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CBS domains substantiating binding to this entity (Extended Data Fig. 5a). The progression 138 
of HDX in peptides from the CBS1 (residues 113-136) and CBS2 (residues 172-200) domains 139 
of the Bateman module evidenced bimodal distributions of deuterated peptide ions (Extended 140 
Data Figs. 5b-d), which are thought to arise from partial unfolding or conformational 141 
flexibility27,28. Bimodal behavior is less pronounced in the presence of Ap4A and ATP 142 
suggesting ligand-induced rigidification of the CBS domains. Thus, Ap4A and ATP restrict the 143 
conformational flexibility of the CBS domains of IMPDH. 144 
 145 
Ap4A induces formation of a less active IMPDH octamer.  146 
Bacterial IMPDH enzymes are grouped into classes I and II depending on their oligomeric states 147 
and catalytic properties29. Class I enzymes (e.g. PaIMPDH) are octameric irrespective of their 148 
bound ligand, exhibit comparably low but positive cooperative enzymatic activity, and 149 
increased catalytic efficiency accompanied by loss of cooperativity when ATP is present25. 150 
Class II enzymes (e.g., BsIMPDH) can be tetrameric (apo or IMP-bound) or octameric (NAD+ 151 
or ATP-bound). Both states show Michaelis-Menten-like kinetic properties29. Our biochemical 152 
experiments revealed that Ap4A and ATP, albeit binding with approximately 700-fold different 153 
affinity, share their interaction site in the CBS domains and similarly restrict its conformational 154 
flexibility. Thus, both ligands may affect the tetramer/octamer equilibrium of BsIMPDH. If 155 
true, this also raises the question as to why Ap4A strongly restricts the enzymatic activity of 156 
BsIMPDH while ATP does so only moderately, if at all (Fig. 1f). 157 
Analysis of the crystal structure of Ap4A-bound BsIMPDH suggests that two IMPDH tetramers 158 
engage into an octamer through their Ap4A-bound CBS domains (Fig. 2d). This BsIMPDH 159 
octamer is stabilized by the arginines 141 and 144 of the CBS domains of one tetramer, which 160 
interact with the phosphates of the Ap4A molecules of the other tetramer, and vice versa (Fig. 161 
2e). Thus, our structure suggests that Ap4A promotes the joining of two BsIMPDH tetramers 162 
via their CBS domains into an octamer. 163 
Next, we employed mass photometry, which enables direct mass determination of single 164 
molecules in solution by interferometric scattering microscopy30. In the absence of substrates, 165 
BsIMPDH predominantly appeared as tetramer, the portion of which is further enlarged in the 166 
presence of NAD+ and IMP (Figs. 2f, 2g). Ap4A promoted formation of BsIMPDH octamers 167 
in a dose-dependent manner with EC50 values of 90 µM and 6 µM in absence and presence of 168 
substrates, respectively (Fig. 2g, Extended Data Figs. 6a, 6b). The addition of ATP enforced 169 
octamer formation with comparable EC50 in the absence (i.e., 45 µM ATP) but with a roughly 170 
250-fold higher EC50 than that exhibited by Ap4A in the presence of substrates (Fig. 2g), in 171 
agreement with the higher inhibitory potence of Ap4A for BsIMPDH activity (Figs. 1f, h). We 172 
presume that the discrepancies in EC50 related to the presence of substrate are a consequence 173 
of their impact on the oligomerization state of the enzyme29. The observed fraction of 174 
BsIMPDH octamers induced by other ApnA and ApnG dinucleotides and adenosine 175 
mononucleotides (Fig. 2h, Extended Data Fig. 6f) correlated well with their impact on 176 
enzymatic activity (Figs. 1f-h).  177 
Guided by the structure (Fig. 2e), we conceived several variants that should not bind Ap4A 178 
anymore, i.e., K202A, R141A/R144A, and ∆CBS, in which the CBS domains from residues 179 
Val95 to Ile 208 were replaced by a Ser-Gly-Ser linker. The K202A variant was still able to 180 
octamerize in dependence on Ap4A albeit higher concentrations were required (Fig. 2i, 181 
Extended Data Fig. 6c), and showed a modest Ap4A-dependent reduction in activity 182 
(Extended Data Figs. 2c, 6g). The R141A/R144A and ∆CBS variants were insensitive to 183 
Ap4A-dependent regulation in enzymatic activity (Extended Data Figs. 2c, 6a) and tetramer-184 
to-octamer equilibrium (Fig. 2i, Extended Data Figs. 6d, 6e). The ∆CBS variants exhibited a 185 
higher Vmax of enzymatic activity than the wildtype (Extended Data Figs. 2c, 6g). Plotting the 186 
fraction of active sites residing in the octameric form versus the Vmax yielded a reasonable 187 
correlation, implying that the BsIMPDH tetramer would exhibit a roughly 10-fold higher 188 
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activity than the octamer (Extended Data Fig. 6h). Collectively, these data indicate that the 189 
promotion of BsIMPDH octamers, which are enzymatically less active than the tetrameric form, 190 
represents the underlying mechanistic principle of Ap4A-dependent inhibition of BsIMPDH 191 
activity. Of note, all assays were conducted at 25 °C for technical reasons instead of, e.g., 51 192 
°C (B. subtilis heat shock temperature, see below). Nevertheless, we expect that these in vitro 193 
characteristics of IMPDH would also apply to the enzyme in vivo. 194 
 195 
Octamerization by Ap4A alters catalytic elements in IMPDH.  196 
Next, we wanted to understand why the Ap4A-induced octamer was catalytically less active 197 
than the tetramer. In solution employing HDX-MS we could not detect Ap4A-dependent 198 
changes in IMPDH’s active site, marked by the catalytically essential cysteine residue 30824, 199 
likely because of the high HDX rate of this region (peptides 297-308 and 297-310, see 200 
SourceData) or due to the enzyme fraction being octameric even in the absence of Ap4A (Fig. 201 
2f). We thus made use of the exclusively tetrameric ΔCBS variant (Fig. 3a) and determined its 202 
crystal structure (Table 1). The structure of ΔCBS shows an identical tetrameric arrangement 203 
of the catalytic domains as the wildtype (Fig. 3a). In-depth comparison between the individual 204 
monomers of ΔCBS and Ap4A-bound BsIMPDH revealed that the catalytic flap (i.e., Glu376-205 
Glu398 and Phe413-Pro423) and the C-terminal residues (i.e., Gly467-Tyr485) were resolved 206 
in the ΔCBS structure, however not in that of the Ap4A-bound wildtype (Fig. 3b). Moreover, 207 
we spotted differences in the conformation of the active site loop containing the catalytic 208 
cysteine 308 (Fig. 3c). In the Ap4A-bound BsIMPDH structure, this Cys308-containg loop 209 
points away from the catalytic site but orients towards the active center in the ΔCBS suited to 210 
execute its catalytic duty (Fig. 3c). Similar changes were also observed in the crystal structures 211 
of P. aeruginosa and A. gossypii IMPDH ΔCBS variants in the presence of the substrate IMP 212 
(Extended data Fig. 7), and the additional function of these in establishing IMPDH tetramer-213 
to-tetramer interfaces (forming IMPDH octamers) implied that octamerization may influence 214 
IMPDH activity allosterically31,32. Collectively, our data suggest that the Ap4A-induced 215 
octamerization has direct consequences on the conformational geometry of the active site 216 
elements, and thus IMPDH activity. 217 
 218 
IMPDH and nucleotide metabolism in B. subtilis.  219 
To assesses whether our in vitro findings would have physiological relevance, we constructed 220 
a series of B. subtilis strains carrying mutations in the IMPDH-encoding gene guaB at its 221 
endogenous locus, using CRISPR-mediated gene editing. In the resulting mutant strains 222 
(K202A, the R141A/R144A double mutant, and ∆CBS) we examined the levels of adenosine 223 
and guanosine nucleotides as well as their precursors by liquid chromatography coupled to mass 224 
spectrometry (LC-MS). LC-MS profiling of B. subtilis grown at 30 °C revealed dysregulation 225 
of the purine nucleotide metabolism for all IMPDH mutant strains (Fig. 4). Specifically, the 226 
levels of IMP and its precursors PRPP, FGAR, and SAICAR were elevated, and similarly 227 
increased levels of XMP, GMP, GDP, and GTP, all of which derive from the IMPDH-228 
dependent conversion of IMP to XMP, were apparent. In contrast, LC-MS suggested fewer 229 
perturbations in pools of adenylosuccinate and adenosine nucleotides. Collectively, the IMPDH 230 
mutants showed ~3- to 7-fold higher GTP:ATP ratios than the wild type, being in good 231 
agreement with our in vitro results. Collectively, our data suggest that dysregulation of IMPDH 232 
results in increased flux from the common ATP/GTP intermediate IMP towards GTP. 233 
 234 
IMPDH activity and B. subtilis heat tolerance.  235 
Given the profound effects of our IMPDH mutations on B. subtilis nucleotide metabolism at 30 236 
°C (Fig. 4), we wondered whether these would translate to phenotypic differences at elevated 237 
temperatures that should promote Ap4A accumulation. Firstly, we grew wildtype B. subtilis 238 
and the mutant strains at 30 °C in liquid minimal medium (S7) whereupon the mutants displayed 239 
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a higher doubling time of approx. 46 min compared to 40 min for the wildtype during 240 
logarithmic growth, which probably results from their disarrayed metabolome (Fig. 5a). 241 
Secondly, to probe temperature resistance and tolerance (Figs. 5b, 5c) phenotypes of the 242 
IMPDH mutant strains, the cultures grown to mid-log phase in S7 medium at 30 °C were used 243 
as inoculum for phenotypic characterization at elevated temperatures. On agar-plates incubated 244 
with serial dilutions at various temperatures (i.e., 22, 37, 45, 51 °C), the site-directed mutants 245 
and the ∆CBS strain displayed strongly compromised growth at 51 °C whereas at all other 246 
temperatures below 51 °C the mutants grew similarly as the wildtype cells. The K202A mutant, 247 
in contrast to R141A/R144A and ∆CBS, still afforded very weak growth even at 51 °C. These 248 
data indicate that the protective effect conferred by intact CBS domains for temperature 249 
resistance of B. subtilis is only required at higher temperatures (Fig. 5b). We furthermore 250 
investigated heat shock tolerance of our strains in liquid culture by rapidly shifting cells from 251 
30 °C to 53 °C, a potentially lethal temperature inducing strong heat shock response33. 252 
Collectively, all investigated variants showed a mild trend towards lower survival rates than the 253 
wildtype strain although there was high variation in between the biological replicates (Fig. 5c). 254 
The K202A and R141A/R144A mutants were least affected and displayed a lower median of 255 
survival rate versus wildtype only after 60 min at 53 °C. This trend was more pronounced for 256 
the ∆CBS mutant strain. The gradation in the survival rates of the mutant strains coincides with 257 
the impact of Ap4A on oligomerization and activity of IMPDH variants in vitro (Fig. 2j, 258 
Extended Data Fig. 6g). We also quantified the intracellular Ap4A concentrations at 51 °C, 259 
showing a significant increase induced by heat shock (Extended data Fig. 8). These results 260 
suggest that regulation of IMPDH activity is critical to B. subtilis heat shock response. 261 
 262 
DISCUSSION 263 
Ap4A is conserved across the domains of life7. In eukaryotes, Ap4A is involved in activating 264 
the microphthalmia-associated transcription factor during allergic-response-IgE34,35 and 265 
inhibiting the cGAS-STING pathway36. Diverse dinucleotides can also serve as protective 266 
mRNA-caps during disulfide stress37. Even before the discovery of the molecular chaperones, 267 
Ap4A has been considered as heat stress signal11, and been proposed to interact with DnaK, 268 
ClpB, and GroEL in E. coli14,21. Due to the lack of further targets, Ap4A was also considered 269 
as a metabolic waste product38,8.  270 

Here, we show that Ap4A interacts with and inhibits BsIMPDH. IMPDH was previously 271 
identified as a target of Ap4A in E. coli8,19 and in murine brain lysates19, but this interaction 272 
was considered physiologically irrelevant, because Ap4A bound to E. coli IMPDH with only a 273 
five-fold higher affinity than ATP, the cellular concentration of which however is assumed to 274 
exceed that of Ap4A 5,000-fold8. Notably, IMPDHs from different organisms interact with 275 
different dinucleotides. Strength of these interactions and consequences on oligomerization 276 
state and activity vary considerably, e.g., PaIMPDH binds Ap4A or ATP8 and exhibits an 277 
octameric topology irrespective of the activity-stimulating ligand ATP25. The CBS of A. 278 
gossypii IMPDH possesses three nucleotide-binding sites, opposed to two in most other 279 
IMPDHs32,39. It binds ATP, GDP and Ap5G well, however Ap4A only with low affinity26. An 280 
open octamer of A. gossypii IMPDH with higher enzymatic activity is induced by ATP while 281 
GDP promotes a compacted octamer with diminished activity39,40. Our analysis of BsIMPDH 282 
shows that adenosine dinucleotides (ApnA), and to a lesser extent also ATP, but not mixed 283 
adenosine/guanosine dinucleotides (ApnG) enforce formation of catalytically inactive 284 
octamers. Differences in IMPDH regulation seem compounded by the structural plasticity of 285 
their CBS domains41. This plasticity enables specific binding of different ligands, e.g., 286 
mononucleotides, dinucleotides, S-adenosyl-methionine, or NAD, in different enzyme (sub-287 
)families42.  288 

IMPDH functions at a step where the synthetic routes for adenosine and guanosine 289 
nucleotides branch at the conversion of IMP to XMP, which subsequently serves as substrate 290 
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for guanosine nucleotides (Fig. 4). Disrupting CBS-dependent inhibition of IMPDH activity in 291 
B. subtilis led to elevated GMP, GDP and GTP. GTP concentration can have a significant role 292 
in B. subtilis stress resistance43, and GTP depletion downregulates transcription of ribosomal 293 
RNA44. Thus, regulation of IMPDH activity might indirectly affect translation via GTP 294 
biosynthesis. Heat can induce protein unfolding/aggregation requiring chaperones to facilitate 295 
protein refolding or removal. Therefore, slowing translation could prevent cells from 296 
overwhelming the molecular chaperones with both the heat-induced protein aggregation and 297 
the demand of nascent protein folding, thereby promoting cellular survival. On the other side, 298 
downregulation of the guanosine nucleotides’ de novo biosynthesis through CBS domain-299 
dependent repression of IMPDH might favor the conversion of IMP to ATP, required for ATP-300 
dependent chaperone and protein degradation systems. 301 

Our data suggest that IMPDH regulation affects nucleotide metabolite homeostasis. 302 
Given the shared binding sites of ATP and Ap4A at the IMPDH CBS domains, we cannot rule 303 
out the possibility that ATP, either by itself or through competition with Ap4A, also interacts 304 
with IMPDH and that our mutations impeded this potential ATP-dependent regulation. 305 
However, the Kd’s of Ap4A and ATP for BsIMPDH differ by 700-fold, and an intracellular 306 
Ap4A concentration of ~24 µM would be sufficient to restrict BsIMPDH activity in vivo in light 307 
of literature reports on cellular Ap4A levels and stress-dependent induction in some bacterial 308 
species: E. coli 0.2 µM (basal)8 or 2.4 µM (basal)45 to 270 µM (104 µg/ml cadmium sulfate 309 
after 160 min)46 and 750 µM (shift from 37-50 °C after 120 min)46, S. typhimurium <0.3 µM 310 
(basal) to 168 µM (180 µg/ml diamide after 50 min) and 365 µM (110 µg/ml cadmium chloride 311 
after 30 min)10, S. typhimurium 1 µM (basal) to 30 µM (shift from 28-50 °C after 50 min)11. 312 
Notably, overexpression of a (p)ppGpp synthetase in B. subtilis increased Ap4A 4-fold, hinting 313 
at crosstalk between Ap4A and (p)ppGpp47. 314 

Based on our data, we hypothesize that the reduced fitness of B. subtilis strains with de-315 
regulated IMPDH during heat shock (Figs. 5b,c), which is accompanied by an Ap4A increase, 316 
should be primarily linked to the dinucleotide and only to a lesser extent to ATP. While further 317 
research on the conserved nature of the Ap4A-dependent regulation of IMPDH is needed, we 318 
propose Ap4A as central and conserved regulator in nucleotide metabolism. 319 
 320 
ONLINE METHODS  321 
Cloning of native and varied BsIMPDH. The genes encoding full-length Bacillus subtilis (Bs) 322 
IMPDH (guaB) or BsIMPDH-∆CBS were amplified by polymerase chain reaction (PCR) using 323 
chromosomal DNA of the B. subtilis NCIB3610 ∆comI strain48 as template. Primers are listed 324 
in Supplementary Table 2. PCR products for mutated BsIMPDH were generated by 325 
overlapping PCR. PCR products were cloned into pET-24d(+) plasmid (Novagen) using 326 
standard cloning techniques. B. subtilis lysyl-tRNA synthetase (LysRS) was amplified by PCR 327 
from the same template and introduced into pET-24d(+) plasmid (Novagen) encoding for an N-328 
terminal hexahistidine-tagged protein. 329 
 330 
Synthesis of 32P-labelled Ap4A. Radiolabelled Ap4A was synthesized with LysRS from B. 331 
subtilis. The protein was overexpressed in E. coli BL21(DE3) cells in lysogeny broth (LB) 332 
medium supplemented with 50 µg/ml kanamycin and 0.5 mM IPTG (added at OD600 of 333 
approximately 0.5) at 20 °C for 16 hours. The pelleted cells (3,500 x g, 20 min, 4 °C) were 334 
resuspended in lysis buffer (20 mM HEPES-Na pH 8.0, 20 mM KCl, 20 mM MgCl2, 250 mM 335 
NaCl, 20 mM imidazole) supplemented with protease inhibitors and DNaseI, and lysed by 336 
French Press. The lysate was run through a 1 ml HisTrap FF column (Cytiva) and eluted with 337 
a gradient of imidazole up to 500 mM. Fractions containing LysRS were dialyzed into fresh 338 
lysis buffer supplemented with TEV protease (50 mM Tris-Cl pH 8.0, 1 mM DTT, 0.5 mM 339 
EDTA, 150 mM NaCl) and applied to a 1 ml HisTrap FF column (Cytiva) to obtain the cleaved 340 
protein, which was dialyzed against SEC buffer (20 mM HEPES-Na pH 8.0, 20 mM KCl, 20 341 
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mM MgCl2, 200 mM NaCl) overnight. LysRS was applied to a HiPrep 26/60 Sephacryl S-200 342 
HR column (Cytiva) in SEC buffer to remove TEV. The protein was concentrated and stored 343 
in SEC buffer supplemented with 10% (v/v) glycerol. 344 
To synthesize radiolabelled Ap4A, purified B. subtilis LysRS was incubated at final 345 
concentration of 10 µM in 20 mM HEPES-Na pH 8.0, 20 mM KCl, 20 mM MgCl2, 200 nM 346 
ZnCl2, 1.7 U/ml E. coli inorganic pyrophosphatase, 8 µCi 32P-γ-ATP and 2 mM non-347 
radiolabelled ATP. Lastly, 1 mM lysine was added to initiate the reaction. The reaction was 348 
incubated at 37 °C and after 5 h quenched by addition of formic acid (0.33 M final). These 349 
conditions typically resulted in >70% conversion to Ap4A being a mix of labeled and unlabeled 350 
Ap4A. Ap4A was purified using a method adapted from Johnstone & Farr14 with AEX buffer 351 
A (50 mM NH4HCO3 pH 8.6) and AEX buffer B (700 mM NH4HCO3 pH 8.6). A 1 ml HiTrap 352 
QFF anion exchange chromatography column (Cytiva) was equilibrated with 10 column 353 
volumes (CV) of AEX Buffer A and the Ap4A reaction, diluted 1:10 in AEX buffer A, loaded 354 
onto the column. The column was washed with 10 CV AEX buffer A followed by a ramp of 0-355 
20% B over 10 CV, 20-40% B over 15 CV, 40-55% B over 10 CV and 55-100% B over another 356 
10 CV, all at 1 ml/min flow rate. Elution fractions (1 ml) were analyzed by thin-layer 357 
chromatography as described19 on PEI cellulose plates (Millipore) with 3 M (NH4)2SO4 + 2% 358 
(w/v) EDTA as mobile phase. Plates were exposed to a phosphor screen and scanned on a 359 
Typhoon scanner. Pyrophosphate eluted upon wash with AEX buffer A, ATP eluted at the 20-360 
40% B step, and Ap4A eluted at the 40-55% B step. Fractions that contained at least 98% pure 361 
Ap4A were pooled and used for the DRaCALA screen. The final Ap4A probe solution had an 362 
estimated concentration of 0.66 mM. 363 
 364 
DRaCALA. The Bacillus anthracis Gateway Clone set overexpression libraries with 365 
carbenicillin and gentamicin resistance cassettes were constructed and lysates with 366 
overexpressed proteins were obtained as described previously23. Screening for binding targets 367 
of Ap4A was conducted by differential radial capillary action of ligand assay (DRaCALA)22. 368 
32P-labelled Ap4A was diluted to 15 µM total concentration in binding buffer (10 mM Tris-Cl 369 
pH 7.5, 100 mM NaCl, 5 mM MgCl2), added to lysates at an equal volume, incubated for 10 370 
min with shaking, and then spotted onto nitrocellulose paper. The spotted DRaCALA reactions 371 
were exposed to a phosphoscreen and imaged with Typhoon scanner. 372 
 373 
Expression and purification of BsIMPDH. BsIMPDH proteins were produced in E. coli 374 
BL21(DE3) in LB medium supplemented with 12.5 g/l D(+)-lactose-monohydrate, 50 µg/ml 375 
kanamycin for 14 h at 30 °C. Cells were harvested by centrifugation (3,500 x g, 20 min, 4 °C), 376 
suspended in buffer A (20 mM HEPES-Na pH 8.0, 250 mM NaCl, 20 mM KCl, 20 mM MgCl2, 377 
and 40 mM imidazole) and lysed through an LM10 microfluidizer (Microfluidics) at 12,000 378 
psi. Lysate was treated for 1 h at room temperature with TURBO DNase (Thermo Fisher 379 
Scientific) and then centrifuged (47,850 x g, 30 min, 4 °C). Supernatant was loaded onto a 380 
HisTrap HP 5 ml column (Cytiva) equilibrated with buffer A. After washing with 10 column 381 
volumes (CV) buffer A, BsIMPDH was eluted with 4 CV buffer B (20 mM HEPES-Na pH 8.0, 382 
250 mM NaCl, 20 mM KCl, 20 mM MgCl2, and 250 mM imidazole).  BsIMPDH was 383 
concentrated (Amicon Ultracel-30K (Millipore)) to 1 ml and applied to SEC (HiLoad 26/600 384 
Superdex 200 pg, Cytiva) equilibrated with 20 mM HEPES-Na pH 7.5, 200 mM NaCl, 20 mM 385 
KCl and 20 mM MgCl2. BsIMPDH-containing fractions were concentrated (Amicon Ultracel-386 
30K (Millipore)) and snap-frozen in liquid nitrogen. BsIMPDH concentration was quantified 387 
photometrically (NanoDrop Lite, Thermo Fisher Scientific) with extinction coefficients at 280 388 
nm of BsIMPDH variants and BsIMPDH-∆CBS of 21,890 and 18,910 M-1 * cm-1, respectively.  389 
 390 
Isothermal titration calorimetry (ITC). ITC experiments were performed at 25 °C with a 391 
MicroCal PEAQ-ITC instrument (Malvern Panalytical). The cell was filled with 25 µM of 392 
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purified BsIMPDH and titrated with different concentrations of nucleotides to reach ligand 393 
saturation. Nucleotides were purchased from Jena Bioscience (purity of ≥95%). BsIMPDH and 394 
ligands were diluted in the same buffer: 20 mM HEPES-Na pH 7.5, 200 mM NaCl, 20 mM 395 
KCl, and 20 mM MgCl2. The titrations were performed with a first injection of 0.3 µl or 0.4 µl, 396 
which aims to remove potential air bubbles in the syringe and is being discarded from later 397 
analysis, followed by 18 injections of 2 µl each for the Ap4A titration or 12 injections of 3 µl 398 
each for all the other tested nucleotides. Data were processed with the MicroCal PEAQ-ITC 399 
Analysis Software (Malvern Panalytical) and fitted with the ‘Single set of identical sites’ model. 400 
 401 
Assays for BsIMPDH activity. All measurements were conducted with 100 nM BsIMPDH in 402 
100 mM Tris-Cl pH 8.0, 100 mM KCl and 2 mM DTT at 25 °C. All except one assay were 403 
conducted with NAD+ (Sigma Aldrich, ≥95% by HPLC) concentration kept constant at 3 mM 404 
and IMP (Sigma Aldrich, ≥99% by HPLC) employed in variable concentrations (25, 50, 100, 405 
200, 400, 600, 800, 1,000 µM). In one assay (Fig. 1e), IMPDH activity was quantified at 406 
constant IMP concentration (3 mM), and NAD+ employed in variable concentrations (25, 50, 407 
100, 250, 500, 1,000, 2,500, 5,000 µM). Where denoted, nucleotides were supplemented with 408 
final concentrations of 1 µM, 3 µM 10 µM, 30 µM, and 100 µM (Ap4A), 10 µM (Ap3A, Ap5A, 409 
Ap6A, Ap3G, Ap4G, Ap5G), or 2 mM (AMP, ADP, ATP) as indicated in the figures. 410 
Enzymatic reactions were started by the addition of BsIMPDH, and the velocity of product 411 
formation was quantified by increase in absorbance at 340 nm originating from the NADH 412 
product in a microplate reader (EPOCH2, BioTek). Analysis of BsIMPDH enzyme kinetic 413 
parameters was performed with the software GraphPad Prism version 6.0.1. 414 
 415 
Hydrogen/deuterium exchange mass spectrometry (HDX-MS). Prior HDX-MS, BsIMPDH 416 
was mixed with Ap4A or ATP to reach final concentrations of 50 µM and 5 mM, respectively. 417 
HDX-MS experiments were conducted and analyzed as described previously aided by a two-418 
arm robotic autosampler (LEAP Technologies)49. In brief, 7.5 μl of BsIMPDH solution were 419 
mixed with 67.5 μl of D2O-containing SEC buffer (20 mM HEPES-Na pH 7.5, 20 mM MgCl2, 420 
20 mM KCl, 200 mM NaCl) to start the exchange reaction. After 10, 30, 95, 1,000 or 10,000 s 421 
of incubation at 25 °C, samples of 55 μl were taken from the reaction and mixed with an equal 422 
volume of quench buffer (400 mM KH2PO4/H3PO4, 2 M guanidine-HCl, pH 2.2) kept cold at 1 423 
°C. 95 µl of the resulting mixture were injected into an ACQUITY UPLC M-Class System with 424 
HDX Technology (Waters)50. Undeuterated samples were prepared similarly by 10-fold 425 
dilution in H2O-containing SEC buffer. BsIMPDH was digested online with immobilized 426 
porcine pepsin at 12 °C under a constant flow (100 μl/min) of water + 0.1% (v/v) formic acid 427 
and the resulting peptic peptides collected on a trap column (2 mm x 2 cm) kept at 0.5 °C that 428 
was filled with POROS 20 R2 material (Thermo Fisher Scientific). After 3 min, the trap column 429 
was placed in line with an ACQUITY UPLC BEH C18 1.7 μm 1.0 x 100 mm column (Waters), 430 
and the peptides eluted at 0.5 °C using a gradient of water + 0.1% (v/v) formic acid (A) and 431 
acetonitrile + 0.1% (v/v) formic acid (B) at 30 µl/min flow rate as follows: 0-7 min/95-65% A, 432 
7-8 min/65-15% A, 8-10 min/15% A. Peptides were ionized by electrospray ionization 433 
(capillary temperature 250 °C, spray voltage 3.0 kV) and mass spectra acquired from 50-2,000 434 
m/z on a G2-Si HDMS mass spectrometer with ion mobility separation (Waters) in enhanced 435 
high definition MS (HDMSE) or high definition MS (HDMS) mode for undeuterated and 436 
deuterated samples, respectively51,52. [Glu1]-Fibrinopeptide B standard (Waters) was employed 437 
for lock mass correction. During each run, the pepsin column was washed three times with 438 
80 µl of 4% (v/v) acetonitrile and 0.5 M guanidine hydrochloride and blanks were performed 439 
between each sample. Three technical replicates (independent HDX reactions) were measured 440 
per incubation time. 441 
Peptides were identified with ProteinLynx Global SERVER 3.0.1 (PLGS, Waters) from the 442 
non-deuterated samples acquired with HDMSE by employing low energy, elevated energy, and 443 
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intensity thresholds of 300, 100 and 1,000 counts, respectively. Ions were matched to peptides 444 
with a database containing the amino acid sequences of BsIMPDH, porcine pepsin and their 445 
reversed sequences with the following search parameters: peptide tolerance = automatic; 446 
fragment tolerance = automatic; min fragment ion matches per peptide = 1; min fragment ion 447 
matches per protein = 7; min peptide matches per protein = 3; maximum hits to return = 20; 448 
maximum protein mass = 250,000; primary digest reagent = non-specific; missed cleavages = 449 
0; false discovery rate = 100. Deuterium incorporation into peptides was quantified with 450 
DynamX 3.0 software (Waters). Only peptides that were identified in all undeuterated samples 451 
and with a minimum intensity of 25,000 counts, a maximum length of 25 amino acids, a 452 
minimum number of two products with at least 0.1 product per amino acid, a maximum mass 453 
error of 25 ppm and retention time tolerance of 0.5 minutes were considered for analysis. All 454 
spectra were manually inspected and, if necessary, peptides omitted (e.g., in case of low signal-455 
to-noise ratio or presence of overlapping peptides). Parameters of the HDXMS experiments are 456 
in Supplementary Table 1. Raw data are in Source Data (provided as Excel file). 457 
 458 
Protein crystallization, X-ray diffraction and structure determination. BsIMPDH was 459 
crystallized at 20 °C by sitting drop vapor diffusion. For Ap4A-bound BsIMPDH, 250 µM of 460 
BsIMPDH was incubated with 2 mM Ap4A for 10 min at 20 °C. For BsIMPDH-∆CBS, 250 461 
µM protein solution was employed. Crystallization screens was performed in SWISSCI MRC 462 
2-well plates (Jena Bioscience) with a reservoir volume of 30 µl by mixing 0.25 µl of protein 463 
with an equal volume of precipitant solution. Crystals were obtained after 2 days. Optimization-464 
screens were carried out as hanging drop with a reservoir of 1 ml by adding 1 µl precipitant 465 
solution to 1µl of protein solution. Ap4A-bound BsIMPDH crystallized in 50 mM sodium 466 
acetate (pH 4.5) and 20% (v/v) 1,2-propanediol; BsIMPDH-∆CBS in 0.1 M sodium citrate pH 467 
5.6, 0.2 M potassium/sodium tartrate and 2.0 M ammonium sulfate. Prior data collection, 468 
crystals were flash-frozen in liquid nitrogen after addition of 20% (v/v) glycerol. Data were 469 
collected under cryogenic conditions at ID23-1 of the European Synchrotron Radiation Facility 470 
(ESRF) and at P14.2 beamline of BESSY II53. Data were processed, reduced and merged with 471 
Mosflm54 and AIMLESS55. Structures of Ap4A-bound BsIMPDH and BsIMPDH-∆CBS were 472 
solved by molecular replacement with PHASER56 and the PaIMPDH (PDB-ID: 4DQW25) as 473 
search model. Structures were built in Coot57, and refined with REFMAC558 and PHENIX 474 
refinement59. Figures were generated with PYMOL60 and ChimeraX61. 475 
 476 
Mass Photometry. Oligomerization of BsIMPDH was determined by mass photometry30 using 477 
the One MP mass photometer (Refeyn). Buffer composition in all measurements was: 100 mM 478 
Tris-Cl pH 8.0, 100 mM KCl and 2 mM DTT. To calibrate the instrument, native protein 479 
standards (Biorad) were diluted 50-fold in sample buffer at room temperature. 2 µl of diluted 480 
calibration mixture was mixed with 18 µl of sample buffer in silicone wells on a cleaned 481 
microscope slide (170 ± 5 µm thickness, Marienfeld). We used the 66, 146, 480 and 1,048 kDa 482 
peaks of the standard proteins for a four-point calibration curve. For the measurements, 18 µl 483 
buffer was pre-loaded into a silicone well, then 2 µl of a 1,000 nM concentrated protein solution 484 
was mixed in prior to acquisition (100 nM BsIMPDH final). NAD+ and IMP were used at 3 485 
mM final concentrations . We collected 6,000 frames for each sample using default instrument 486 
parameters. Data were analyzed with the DiscoverMP software provided by Refeyn, using 487 
default parameters with reflection and movement corrections for event extraction and fitting. 488 
Frames affected by strong vibration or aggregates moving across the image were manually 489 
excluded. 490 
 491 
Bacterial growth conditions and strain construction. In vivo analyses were conducted using 492 
the non-domesticated B. subtilis NCBI3610 carrying the mutant comI Q12L48 (3610, wildytpe). 493 
B. subtilis cultures were grown in S7 medium47 at 30 °C. Mutant strains were constructed by 494 
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the CRISPR/Cas9 method62 (Supplementary Table 2). Briefly, 5’- and 3’-ends of each repair 495 
template were amplified by PCR with one site-directed mutagenesis primer and one primer 496 
containing a unique BsaI cleavage site for Golden Gate assembly. 5’- and 3’-ends were 497 
amplified by overlap-extension PCR generating a mutant repair template flanked by two BsaI 498 
cleavage sites. Protospacers were designed and assembled as described62, and each was 499 
designed with two unique BsaI cleavage sites for Golden Gate assembly. E. coli TOP10 500 
chemically-competent cells were transformed with the Golden Gate reactions, the plasmids 501 
isolated and subsequently used for transformation of E. coli MC1061. Isolated plasmids from 502 
the latter were used for B. subtilis 3610 transformation62. Site-specific DNA sequencing 503 
confirmed mutants (Supplementary Table 3). 504 
 505 
LCMS quantification of metabolites. B. subtilis strains were grown in S7 medium 506 
supplemented with 20 amino acids (20 µg/ml WY, 40 µg/ml C, 50 µg/ml 507 
ARNGQHILKMPSTVF, 500 µg/ml DE) at 30 °C until an OD600 of 0.6. For metabolite 508 
extraction, 5 ml culture were filtered through a PTFE membrane (Sartorius). The membrane 509 
was submerged in 3 ml extraction solvent mix (50:50 (v/v) chloroform/water) kept on ice and 510 
mixed vigorously for 15 seconds. Extracts were centrifuged at 5,000 x g for 10 minutes at 4 °C, 511 
the aqueous phase removed and further centrifuged at 20,000 x g for 10 minutes at 4 °C. 512 
Samples were stored at -80 °C. Samples were run on an LC-MS/MS system (Q-exactive hybrid 513 
quadrupole-orbitrap mass spectrometer) equipped with an ACQUITY UPLC BEH C18 column 514 
(1.7 µm, 2.1 x 100 mm, Waters) in full-scan selected ion monitoring (MS-SIM) mode. MS 515 
parameters were: 70,000 resolution; automatic gain control of 106; maximum injection time of 516 
40 ms; scan range of 90-1,000 m/z. Analytes were eluted with a gradient of 97:3 (v/v) 517 
water/methanol, 10 mM tributylamine pH 8 (solvent A) and acetonitrile (solvent B) at 0.2 518 
ml/min flow rate: 0-19 min/95-0% A, 19-24 min/0-95% A. Raw data were converted to 519 
mzXML format and quantification of metabolites was conducted using Metabolomics Analysis 520 
and Visualization Engine (MAVEN). 521 
Normalized ion intensities of Ap4A were converted to intracellular concentrations as 522 
described47 with CAp4A = (Vextract * ICAp4A / ELCMS) / (Vculture * OD * Fcell), where Vextract is the 523 
volume of the aqueous phase of the extract (1.5 ml); ICAp4A is the ion intensity of Ap4A in the 524 
sample; ELCMS is the determined LC-MS detection efficiency of Ap4A (4.24 x 107 counts per 525 
µM); Vculture is the volume of the harvested culture; OD is the OD600 of the harvested culture; 526 
and Fcell is the approximate fraction of cell volume in a normalized culture (0.00052 ml per 1 527 
ml culture per OD600). Fcell was approximated based on B. subtilis density of 2.2 x 108 CFU per 528 
ml per OD600 unit and an intracellular volume of 2.38 fl (cell length of 4 µm and radius of 0.435 529 
µm). Intracellular concentrations of Ap3A and Ap4G were determined by same procedure. 530 
Intracellular concentrations of AMP, ADP and ATP were determined similarly but employed 531 
the LC-MS detection efficiency of ATP (2 x 108 counts per µM). 532 
 533 
Heat shock experiments. B. subtilis strains were inoculated into S7 medium supplemented 534 
with 0.5% (w/v) casamino acids and grown at 30 °C until an OD600 of 0.3-0.4. These cultures 535 
were inoculated into fresh media in a 96-well plate and grown in a plate reader (BioTek) at 30 536 
°C with shaking for 16 hours. For measurement of heat resistance, aliquots were withdrawn 537 
from cultures of each strain, and serial dilutions thereof employed to spot agar-containing S7 538 
plates for incubation overnight at 22, 37, 45, or 51 °C. Plates were photographed to examine 539 
the growth at each temperature. For measurement of heat tolerance, 50 µl of the cultures were 540 
used to inoculate a tube containing 2 ml S7 medium supplemented with 0.5% (w/v) casamino 541 
acids pre-warmed to 53 °C. Samples for enumeration of colony-forming units were withdrawn 542 
before heat shock (0 min) or after 15, 30, or 60 min of incubation under vigorous agitation and 543 
incubated on LB agar plates at 30 °C until countable colonies were obtained. 544 
 545 
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Reporting summary. Further information on research design is available in the Nature 546 
Research Reporting Summary linked to this article. 547 
 548 
Data availability 549 
Structure factors and coordinates of X-ray crystallographic datasets have been deposited at the 550 
Protein Data Bank (www.rcsb.org) under the accession codes 7OJ1 and 7OJ2 for the Ap4A-551 
bound BsIMPDH and BsIMPDH-∆CBS, respectively. All other structural data employed in this 552 
manuscript (accession codes 3L2B, 3TSB, 4DQW, 4XTI, 4XWU, 5AHL, 5AHM, 5MCP, 553 
6GJV, 6RPU) are publicly available in the Protein Data Bank. Source data are provided with 554 
this paper for figures 1, 2, 4, and 5, and for Extended data figures 1, 2, 5, 6, and 8. 555 
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  Ap4A-bound 
BsIMPDH BsIMPDH-ΔCBS 

Data collection     
Space group I4 I422 
Cell dimensions       

    a, b, c (Å) 
133.75  
133.75 
149.68 

110.91 
110.91 
156.85 

    α, β, γ  (°) 90 90 
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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 48533 (4865) 48580 (4794) 
Rwork / Rfree 0.27/0.29 0.17/0.19 
No. atoms 6255 2868 
    Protein 6112 2868 
    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     
    Favored (%) 95.01 97.98 
    Allowed (%) 4.37 2.02 
    Outliers (%) 0.62 0.00 

 587 
Figure legends 588 
 589 
Fig. 1. Ap4A inhibits IMPDH in a non-competitive manner. a. Scheme of Ap4A formation 590 
by lysyl-tRNA synthetase (Lys-RS) from ATP and lysyl-AMP (Lys-AMP). b. DRaCALA assay 591 
with 32P-labelled Ap4A employing a B. anthracis library suggests IMPDH as a target of Ap4A. 592 
c. Scheme of the enzymatic reaction catalyzed by IMPDH, the NAD+-dependent conversion of 593 
IMP into XMP, which represent the starting points in the de novo biosynthesis of adenosine and 594 
guanosine nucleotides, respectively. d. Binding of adenosine nucleotides, and ApnA and ApnG 595 
dinucleotides (n = variable number of phosphates) to BsIMPDH determined by isothermal 596 
titration calorimetry (ITC) and their intracellular concentrations determined by LC-MS. 597 
Asterisks denote bad binding curve fitting. LC-MS data represent the mean ± SD of n=3 598 
biological replicates. The error of the Kd derived from ITC data represents unambiguity in the 599 
curve fitting. e-h. Enzyme-kinetic behavior of BsIMPDH for its conversion of the IMP substrate 600 
into XMP in dependence of e. Ap4A, f. adenosine nucleotides, g. ApnG dinucleotides, and h. 601 
ApnA dinucleotides. Individual data points of n=2 technical replicates are shown, and 602 
parameters of the fits are given in Extended Data Fig. 2. 603 
 604 
Fig. 2. Mechanism of the Ap4A-dependent inhibition of IMPDH. a. Domain organization 605 
of IMPDH enzymes. The CBS domains forming a Bateman module (orange) are inserted into 606 
the catalytic domain (CD, green). b. Top view on the IMPDH structure bound to Ap4A, which 607 
binds into the CBS domains of the IMPDH oligomer. c. Close-up showing that Ap4A binds in 608 
a horseshoe-like manner into a cavity formed by the two CBS domains (Bateman module) of 609 
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an IMPDH monomer. d. Side view on the Ap4A-dependent IMPDH octamer showing that two 610 
tetramers of IMPDH form an octamer via their CBS domains. e. Close-up view onto a CBS 611 
module established by two IMPDH monomers belonging to different tetrameric rings. The 612 
interaction of the Bateman modules is mainly enforced by interactions between R141 and R144 613 
residues of one monomer with the Ap4A bound in the Bateman module of the opposing 614 
monomer. f-i. Influence of substrates and ligands on the oligomeric state of BsIMPDH (tetramer 615 
or octamer) analyzed by mass photometry. f, i. Representative distributions of tetrameric and 616 
octameric BsIMPDH species for f. BsIMPDH-WT, or i. BsIMPDH CBS domain variants 617 
(K202A, R141A/R144A, ∆CBS), in dependence of substrates and/or ligands to the sample. 618 
Numbers in the diagrams reflect the molecular weight of the observed oligomeric species (mean 619 
± SD) and their percentage of all observed molecules in the sample. g, h, j. The fraction of 620 
BsIMPDH monomers in the octameric state in absence or presence of substrates displayed as a 621 
function of nucleotide or dinucleotide concentration. Individual data points of n=2 technical 622 
replicates are displayed, and their means used for curve-fitting. Where possible, EC50 values (in 623 
µM) were derived from the dose-response curves. 624 
 625 
Fig. 3. Crystal structure and conformational changes in BsIMPDH ΔCBS. a. Cartoon 626 
representation of the crystal structures of BsIMPDH-∆CBS (blue, left), full-length BsIMPDH 627 
(green and orange for the catalytic (CD) and CBS domains, respectively, middle), and the 628 
superimposition of both structures (right). BsIMPDH-∆CBS constitutes only one tetrameric 629 
ring through its catalytic domains opposed to CBS-dependent octamerization in full-length 630 
BsIMPDH. b. The catalytic flap (red) and C-termini (orange) could be located in BsIMPDH-631 
∆CBS (blue) but not full-length BsIMPDH bound to Ap4A (white) evidencing a different 632 
conformation. c. Close-up view onto the Cys308-containing catalytic loop and catalytic flap 633 
regions of BsIMPDH-∆CBS (blue) and full-length BsIMPDH in complex with Ap4A (red). The 634 
position of the IMP substrate was approximated based on an overlay with IMP-bound P. 635 
aeruginosa IMPDH-∆CBS (PDB-ID: 5AHM31). Cys308 is dislocated in the Ap4A bound state 636 
but oriented towards the IMP substrate-binding site of BsIMPDH-∆CBS, thus likely 637 
representing the active conformation of IMPDH. 638 
 639 
Fig. 4. Mutations interfering with allosteric regulation of IMPDH activity perturb 640 
nucleotide metabolism of B. subtilis. In vivo quantification of purine nucleotide metabolism 641 
intermediates in wildtype (WT) B. subtilis 3610 and IMPDH mutant strains. Data represent 642 
mean ± SD of n=3 biological replicates. The abbreviations are: PRPP, 643 
phosphoribosylpyrophosphate; FGAR, Phosphoribosyl-N-formylglycineamide; SAICAR, 644 
phosphoribosylaminoimidazolesuccinocarboxamide; IMP, inosine-5’-monophosphate; XMP, 645 
xanthosine-5’-monophosphate; GMP, GDP, GTP, guanosine-5’-mono-, di-, triphosphate; 646 
AMP, ADP, ATP, adenosine-5’-mono-, di-, triphosphate. The inset depicts a model of 647 
nucleotide metabolism and the regulation of B. subtilis IMPDH activity. Unpaired two-tailed t-648 
tests were used to compare levels of metabolites for mutant strains versus WT. Asterisks 649 
indicate p-values: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001; ns, not significant. Exact p-values are, 650 
PRPP: 0.0653 (WT vs. K202), 0.0740 (WT vs. R141A/R144A), 0.0079 (WT vs. ∆CBS); 651 
FGAR: 0.0744 (WT vs. K202), 0.0587 (WT vs. R141A/R144A), 0.0054 (WT vs. ∆CBS); 652 
SAICAR: 0.1206 (WT vs. K202), 0.0360 (WT vs. R141A/R144A), 0.0633 (WT vs. ∆CBS); 653 
IMP: 0.0743 (WT vs. K202), 0.0706 (WT vs. R141A/R144A), 0.0120 (WT vs. ∆CBS); XMP: 654 
0.0468 (WT vs. K202), 0.0748 (WT vs. R141A/R144A), 0.0723 (WT vs. ∆CBS); GMP: 0.0382 655 
(WT vs. K202), 0.2521 (WT vs. R141A/R144A), 0.1656 (WT vs. ∆CBS); GDP: 0.0435 (WT 656 
vs. K202), 0.0286 (WT vs. R141A/R144A), 0.0238 (WT vs. ∆CBS); GTP: 0.0003 (WT vs. 657 
K202), 0.1658 (WT vs. R141A/R144A), 0.0420 (WT vs. ∆CBS); Adenylosuccinate: 0.0849 658 
(WT vs. K202), 0.0061 (WT vs. R141A/R144A), 0.0449 (WT vs. ∆CBS); AMP: 0.3275 (WT 659 
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vs. K202), 0.0895 (WT vs. R141A/R144A), 0.1809 (WT vs. ∆CBS); ADP: 0.1715 (WT vs. 660 
K202), 0.1095 (WT vs. R141A/R144A), 0.0112 (WT vs. ∆CBS); ATP: 0.8957 (WT vs. K202), 661 
0.2897 (WT vs. R141A/R144A), 0.0332 (WT vs. ∆CBS); Ap4A: 0.1116 (WT vs. K202), 0.3522 662 
(WT vs. R141A/R144A), 0.3207 (WT vs. ∆CBS). 663 
 664 
Fig. 5. Allosteric regulation of IMPDH activity is critical for tolerance of B. subtilis to heat 665 
shock conditions. a. Doubling times of wildtype B. subtilis and IMPDH mutant strains in liquid 666 
S7 minimal medium at 30 °C during logarithmic growth phase. Data represent mean ± SD of 667 
n=4 biological replicates. Unpaired two-tailed t-tests were used to compare doubling times for 668 
mutant strains versus WT. Asterisks indicate p-values: ** p ≤ 0.01. Exact p-values are: 0.0073 669 
(WT vs. K202A), 0.0023 (WT vs. R141A/R144A), 0.0054 (WT vs. ∆CBS). b-c. Temperature-670 
dependent growth of B. subtilis WT and IMPDH mutant strains. b. Serial dilutions of cultures 671 
from panel a were spotted on agar-containing S7 medium plates and incubated over night at the 672 
indicated temperatures. One representative experiment is depicted. c. Cultures grown at 30 °C 673 
were diluted in pre-warmed liquid S7 medium to reach 53 °C after mixing. Colony-forming 674 
units were enumerated from aliquots withdrawn after indicated incubation times. In the box 675 
plots, center lines represent median values, boxes the 25th and 75th percentiles, and whiskers the 676 
min and max values. Individual data points from n=6 (n=5 for ∆CBS) biological replicates are 677 
displayed as individual points. 678 
 679 
Table 1. Data collection and refinement statistics of crystallographic datasets. Data were 680 
collected on ID23-1 (ESRF, Grenoble, France) and P14.2 (BESSY II, Berlin, Germany). Values 681 
in parentheses are for the highest-resolution shell. 682 
 683 
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