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ABSTRACT Diadenosine tetraphosphate (Ap,A) is a dinucleotide found in both pro-
karyotes and eukaryotes. In bacteria, its cellular levels increase following exposure to
various stress signals and stimuli, and its accumulation is generally correlated with
increased sensitivity to a stressor(s), decreased pathogenicity, and enhanced antibi-
otic susceptibility. Ap,A is produced as a by-product of tRNA aminoacylation, and
is cleaved to ADP molecules by hydrolases of the ApaH and Nudix families and/or
by specific phosphorylases. Here, considering evidence that the recombinant protein
YqgeK from Staphylococcus aureus copurified with ADP, and aided by thermal shift
and kinetic analyses, we identified the YgeK family of proteins (COG1713) as an un-
precedented class of symmetrically cleaving Ap,A hydrolases. We validated the func-
tional assignment by confirming the ability of YqeK to affect in vivo levels of Ap,A
in B. subtilis. YqeK shows a catalytic efficiency toward Ap,A similar to that of the
symmetrically cleaving Ap,A hydrolases of the known ApaH family, although it dis-
plays a distinct fold that is typical of proteins of the HD domain superfamily harbor-
ing a diiron cluster. Analysis of the available 3D structures of three members of the
YgeK family provided hints to the mode of substrate binding. Phylogenetic analysis
revealed the occurrence of YqgeK proteins in a consistent group of Gram-positive
bacteria that lack ApaH enzymes. Comparative genomics highlighted that ygeK and
apaH genes share a similar genomic context, where they are frequently found in
operons involved in integrated responses to stress signals.

IMPORTANCE Elevation of Ap,A level in bacteria is associated with increased sensi-
tivity to heat and oxidative stress, reduced antibiotic tolerance, and decreased
pathogenicity. ApaH is the major Ap,A hydrolase in gamma- and betaproteobacteria
and has been recently proposed as a novel target to weaken the bacterial resistance
to antibiotics. Here, we identified the orphan YgeK protein family (COG1713) as a highly
efficient Ap,A hydrolase family, with members distributed in a consistent group of bac-
terial species that lack the ApaH enzyme. Among them are the pathogens Staphylococ-
cus aureus, Streptococcus pneumoniae, and Mycoplasma pneumoniae. By identifying the
player contributing to Ap,A homeostasis in these bacteria, we disclose a novel target to
develop innovative antibacterial strategies.

KEYWORDS Ap,A hydrolase, adenosine tetraphosphate, dinucleoside
polyphosphates, Gram-positive bacteria, nucleotides

p,A is a ubiquitous metabolite whose physiological function is still a matter of
debate. Unknown is whether it represents simply a “damage metabolite” or is
instead an “alarmone” with stress-signaling functions, or even a modulator of the stress
response (1, 2). It is formed by a side reaction of aminoacyl-tRNA synthetase that, in the
absence of tRNA, catalyzes the transfer of the AMP moiety of the bound aminoacyl
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adenylate to an ATP molecule (3). In mammalian and bacterial cells, Ap,A is present at
a low micromolar concentration under normal conditions, but these levels rise signif-
icantly under various stress conditions, including heat, antibiotics, nutritional, and
oxidative stresses (4-6). Accumulation of Ap,A is pleiotropic, resulting in loss of motility
and defects in catabolite repression, increased sensitivity to heat, oxidative stress, and
aminoglycoside antibiotics, along with impairment of biofilm formation and inhibition
of sporulation under starvation conditions (4, 5, 7-9). The mechanism of action of Ap,A
is still under investigation. Recent evidence showing that elevation of Np,A levels is
associated with a novel Np, capping of E. coli transcripts, leading to longer lifetimes,
suggests that Ap,A might be involved in gene expression regulation (2). Ap,A homeo-
stasis is maintained by the activity of hydrolases and/or phosphorylases, depending on
the organism (10). Ap,A hydrolases belong to the ApaH (EC 3.6.1.41) and Nudix (EC
3.6.1.17) families. Hydrolases of the ApaH family catalyze the symmetrical cleavage of
Ap,A, yielding two ADP molecules (11). They are widely distributed among gamma-
and betaproteobacteria. Loss of ApaH function results in a marked increase in Ap,A
levels, with consequent enhanced sensitivity to stressful conditions and decreased
pathogenicity (8, 9, 12). Interestingly, the recent finding that apaH deletion in P.
aeruginosa caused a significant increase in the bacterium sensitivity to kanamycin
identified ApaH as a novel target for enhancing the killing potency of aminoglycosides
(4). Ap,A hydrolases of the Nudix family (EC 3.6.1.17) asymmetrically hydrolyze Ap,A to
ATP and AMP and are present both in eukaryotes and bacteria (13, 14). Notably, in
pathogenic bacteria, both ApaH and Nudix hydrolase activities are essential for the
intracellular invasion of the host (12). Finally, an Ap,A phosphorylase (EC 2.7.7.53) that
converts Ap,A into ADP and ATP in the presence of phosphate can be found in lower
eukaryotes (15) and some bacteria (16), including M. tuberculosis (17), where its absence
is shown to cause a constant stress response that impairs bacterial growth and
proliferation (18). In this work, based on biochemical studies and bioinformatic analy-
ses, we identified the Staphylococcus aureus YgeK protein as the member of a novel
bacterial family of symmetrically cleaving Ap,A hydrolases, distinct from the ApaH
family, and conserved in a consistent group of bacterial species lacking the ApaH
enzyme.

RESULTS

Biochemical characterization of S. aureus YqeK. YgeK from S. aureus (SaYqeK) was
expressed in E. coli and purified to homogeneity. A molecular weight of about 23 kDa
was estimated upon SDS-PAGE analysis (Fig. 1A). Gel filtration experiments showed a
native molecular weight of about 44 kDa, which is consistent with a dimeric structure
of the protein (Fig. 1B). During the purification of the protein, we noticed that the UV
spectrum of the fraction eluted from the Ni-nitrilotriacetic acid (Ni-NTA) column had a
shape and a A,4/A,g, ratio that indicated a mixture of protein and nucleotides (Fig. 1C)
(19). Conversely, the spectrum of the protein after gel filtration was typical of a pure
protein, with a A,gy/A,g0 ratio very close to 0.6 (20) (Fig. 1C). This suggested that an
unknown nucleotide(s), likely bound to YgeK during its expression in E. coli, could have
been released during the gel filtration chromatography. To identify such a ligand(s), we
denatured the protein obtained from the affinity chromatography either by acidic
treatment or by heating and performed a reversed-phase high-performance liquid
chromatography (RP-HPLC) analysis on the deproteinized samples. In both cases, one
single peak was observed, whose identity as genuine ADP was confirmed by coelution
with an ADP standard (Fig. 1D).

The finding that an ADP molecule copurified with YgeK, together with the obser-
vation that molecules of GDP and dGDP have been found in the active sites of the
protein’s available 3D structures (PDB codes: 2008 and 20Gl), prompted us to screen
as possible ligands a series of metabolites comprising ADP and GDP in their moieties.
To this end, we used a thermal shift assay as a preliminary screening test. Several
compounds were tested, and those affecting the thermal stability of the protein are
shown in Fig. 1E. Among them, ADP, ApsA, Ap,A, ApsA, Ap,U, and Ap,G were the most
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FIG. 1 Biochemical characterization of SaYqeK. (A) SDS-PAGE analysis of recombinant SaYqeK purification. M,
molecular weight standards; a, crude extract; b, Ni-NTA pool. (B) Gel filtration chromatography of Ni-NTA pool (solid
line) and standard proteins (dotted line). (C) UV spectral analysis of the Ni-NTA pool (solid line) and gel filtration
pool (dashed line). (D) HPLC analysis of the acid-soluble fraction of the Ni-NTA pool (red) and ADP standard (blue).

(E) SaYqeK ligand screening by thermal shift analysis. Ligands were tested at 5 uM concentration. For ease of
viewing, bars are colored with different shades of gray. (F) HPLC profile at 260 nm of the reaction mixture of SaYqeK

(50 pg/ml) at 0 and 20 min of incubation in the presence of 0.2 mM Ap,A. A standard ADP profile is also shown

(std).

effective. Also, GDP and Gp,G increased the melting temperature of the protein,
although to a lesser extent, whereas ATP, GTP, and the corresponding deoxyribonucle-
otides were the least effective. No effect was exerted by Ap,A, AMP or GMP, pyrimidine
nucleotides, NAD or nicotinate adenine dinucleotide (NaAD), ADP- or GDP-linked sugars
(like ADP-ribose, ADP-mannose, ADP-glucose, or GDP-glucose), cyclic AMP or GMP, or
cyclic di-GMP or cyclic di-AMP. Likewise, no thermal shift was observed in the presence
of phosphate, pyrophosphate, or phosphoribosyl pyrophosphate.

Prompted by these results, we investigated whether YgeK was able to use the
candidate ligands as substrates. As a first screening, we incubated the enzyme at
0.05 mg/ml with 0.2 mM ligand and analyzed the reaction mixture by RP-HPLC after a
10 min incubation at 37°C. While GDP, ADP, GTP, ATP, and the corresponding deoxy-
ribonucleotides were not consumed, ApsA, Ap,A, and Ap:A entirely disappeared, being
converted to ADP plus AMP, ADP, and ADP plus ATP, respectively. Likewise, efficient
hydrolysis of Ap,U, Ap,G, and Gp,G was observed, always releasing ADP or GDP as one
of the products. Hydrolysis of Ap,A is shown in Fig. 1F. By assaying YqgeK activity under
initial velocity conditions, we found that the activity with Ap;A was only 5% of that
measured with Ap,A. Therefore, Ap;A was not considered further. The results of
the kinetic analysis performed with the tested nucleotides are shown in Table 1. The

TABLE 1 SaYqeK kinetic constants for preferred substrates

Substrate K. (uM = SD) K., (s~' = SD) K.k, (s=7 pM=1)
Ap,A 32+03 107 + 2 34
ApsA 215 + 25 32+ 1 15
Gp,G 68.0 + 22 1,002 + 186 15
Ap,G 19.7 = 40 210 * 16 11
Ap,U 17.6 = 23 324 + 12 18
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enzyme exhibits a marked preference for Ap,A, which is mainly exerted at the substrate
affinity level. Indeed, the catalytic efficiency is at least twice that determined for the
other dinucleoside tetraphosphates tested, despite a lower k_, value. Analysis of
product inhibition revealed that the enzyme is not inhibited by the ADP product. Based
on all the above results, we proposed a functional assignment of SaYqeK as a sym-
metrically cleaving Ap,A hydrolase.

As outlined below, the available crystal structures of YgeK bacterial orthologs show
the presence of a diiron cluster in the putative active site, indicating that the enzymatic
activity might be iron dependent. Indeed, we found that an overnight preincubation of
YgeK with 50 MM EDTA at room temperature fully inactivated the enzyme, provided
that 50 mM EDTA was also present in the assay mixture, whereas a 25% inhibition was
measured without the preincubation step. These results confirm that YgeK is metal
dependent and suggest that the metal-binding site is poorly accessible to chelators. As
we found that the recombinant enzyme was active in the absence of added metal ions
in the reaction mixtures, we hypothesized that the metal was taken up from the host
during protein synthesis.

In vivo functional activity of ygeK gene. To validate our functional assignment, we
grew B. subtilis wild type and the strain lacking the ygeK gene (GenBank BSU25630,
Uniprot ID P54456) to compare the in vivo levels of the dinucleotides that are hydro-
lyzed in vitro by recombinant YgeK. No difference in the growth rate of wild-type and
mutant cells was observed. As shown in Fig. 2A, the HPLC analysis of the mutant
revealed several peaks that were not detectable in the wild type. Among them, we
identified Ap,G, Ap,U, ApsA, and Ap,A based on the finding that the corresponding
chromatographic peaks (i) coeluted with standard molecules (Fig. 2B), (ii) increased in
spiked samples (Fig. 2C), and (iii) disappeared after incubation with an excess of SaYqeK
(Fig. 2D). Notably, a concomitant increase of UDP, GDP, AMP, and ADP, i.e., the
expected products of YgeK-catalyzed reactions, was observed (Fig. 2D). These results
indicate that YgeK affects the intracellular levels of these dinucleotides.

Phylogenetic distribution of ygeK and apaH. As current literature suggests that
Ap,A hydrolase symmetrical cleavage activity belongs to the ApaH family, we next
explored the distribution of ygeK and apaH genes using comparative genomics. Using
SayqeK as the query, we performed a homology search analysis against a selection of
one hundred bacterial genomes that maximized the diversity within the eubacterial
kingdom. As a result, we observed an overall presence of YgeK in Gram-positive
bacteria. All analyzed Firmicutes, including the class of Mollicutes, invariably possess the
ygeK gene (Fig. 3A). Outside Firmicutes, yqeK is found in the Thermotoga and Thermus-
Deinococcus groups, a few species of Cyanobacteria and Spirochaetes, and in an isolated
case of Actinobacteria (Rubrobacter xylanophilus) (Fig. 3A). In contrast, apaH is consis-
tently distributed in Gram-negative bacteria of the classes Beta- and Gammaproteobac-
teria, and no instances of ygeK and apaH genomic cooccurrence have been detected
(Fig. 3A). This observation, along with our biochemical and in vivo functional charac-
terization, supports the notion that YgeK represents the symmetrically cleaving Ap,A
hydrolase in Firmicutes.

Genomic neighborhood of ygeK. Comparative genome analysis shows that in
Firmicutes yqeK is always adjacent to nadD, a key gene in the NAD biosynthetic
pathway, with the only exception being Carboxydothermus hydrogenoformans (Fig. 3B).
Such genetic proximity is also found outside the Firmicutes, although less frequently.
Nonetheless, ygeK, when present, invariably cooccurs with nadD in the genome. In
addition, the two genes are fused in Mycoplasma genitalium and Elusimicrobium
minutum, thus reinforcing their putative functional association (Fig. 3B). To further
investigate such functional association, we asked whether NaAD, the product of the
NadD-catalyzed reaction, and NAD, the ultimate product of the NadD-driven pathway,
might be substrates or inhibitors of the Ap,A hydrolase activity of YqeK. However, YgeK
proved to be insensitive to both dinucleotides. Likewise, NadD activity was not affected
by Ap,A. In addition, NadD activity did not change in the presence of YgeK, and YqgeK

May 2020 Volume 202 Issue 10 e00053-20

Journal of Bacteriology

jb.asm.org 4

Downloaded from https://journals.asm.org/journal/jb on 09 April 2024 by 193.206.120.194.


https://www.ncbi.nlm.nih.gov/protein/P54456
https://jb.asm.org

A Novel Family of Bacterial Ap,A Hydrolases

1x10°%+ !
5
<
E
[}
2 5x10
®©
K]
S
]
n
)
<
0 T T T T T 1
0 10 20 30 40 50 60
Time (min)
1x10°+ 1x105+
B ApA C paa
P
3 ApA Py
=)
E E ApU
8 [ Ap,G
£ 51041 2 5,104 Mg
£ £
o o
g 0
-]
< <
0 T T T 0 T T T
30 40 50 30 40 50
Time (min) Time (min)
6x10%- D
—_ ApsA
=)
T 4x104
Y
o
[=
[
-]
S
9 2x1044
Q2
<
. W .

60

Time (min)

FIG. 2 In vivo validation of YgeK function. HPLC absorbance profiles at 260 nm of ethanol-boiled extracts from wild
type B. subtilis (red) and the AygeK mutant (green) (A), mutant extract (green) and nucleotide standards (black) (B),
mutant extract (green) and nucleotide-spiked extract (blue) (C), or mutant extract incubated in the absence (solid
line) and in the presence (dotted line) of SaYqgeK enzyme (D).

activity was insensitive to the presence of NadD. These results appear to rule out direct
cross talk between the two enzymes.

Another strong association is with ygeL, encoding the ribosomal silencing factor RsfS
(formerly lojap), which is often next to ygeK and even fused to it in some cases (as in
Clostridium sp. strain SY8519 and Eubacterium nodatum [not shownl]). Other closely
neighboring genes, often belonging to the same operon as in Bacilli, include ygeG,
yqeH, aroE, ygel, and ygeM (Fig. 3B). The yqeG gene encodes a 5’-nucleotidase of broad
specificity with an as yet uncertain physiological role. In B. subtilis, YqeG is necessary for
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normal colony formation on solid medium and is induced by oxidative stress (21). The
ygeH gene encodes an essential GTPase of the Era/Obg family involved in ribosome 30S
assembly (22). In Clostridia, Thermus thermophilus, and Treponema pallidum, the obgE
gene replaces ygeH in the ygeK-containing operons. Notably, ObgE is another essential
GTPase that has been recently proposed as a (p)ppGpp binding target with a role in the
stringent response to amino acid starvation and in other downstream effects of
(p)ppGpp metabolism (23). The aroE gene, found in the majority of Bacilli, encodes
NAD(P)-dependent shikimate dehydrogenase, an indispensable enzyme committed to
the biosynthesis of aromatic amino acids (24). Yqel, present in nearly all Firmicutes, is a
putative rRNA-binding protein, required for the proper assembly of 50S and 30S
ribosome subunits (25). The last member of the ygeK-containing operon is ygeM (smtA
in E. coli), a gene typically found in Bacilli and shown to be a dispensable, putative
S-adenosylmethionine-dependent methyltransferase overexpressed under biofilm con-
ditions in S. aureus (26).

YqeK structural analysis. YgeK is a member of the largely uncharacterized HD
domain superfamily of enzymes (27). This superfamily comprises phosphohydrolases
with nucleotidase or phosphodiesterase activity and oxygenases that catalyze the
O,-dependent cleavage of C-C or C-P bonds (28). HD-domain proteins are metal
dependent, and enzymes with one, two, or three metal-binding sites have been
characterized. YgeK belongs to a subfamily identified as COG1713 (a predicted HD-
superfamily hydrolase involved in NAD metabolism) that features a diiron catalytic
cluster, as seen in the three crystal structures of YqeK orthologs from Streptococcus
agalactiae (PDB ID, 20Gl), Bacillus halodurans (PDB ID, 2008), and Clostridium acetobu-
tylicum (PDB ID, 3CCG), solved by the Joint Center for Structural Genomics. Of note, the
S. agalactiae and B. halodurans YqeK structures have dGDP and GDP molecules bound
to the dimetal centers, whereas a free phosphate is present in the C. acetobutylicum
protein. By using the structure of B. halodurans YqeK, which shares the highest
sequence identity (42%) with SaYqgek (Fig. 4A), we employed ICM Pocket Finder to
predict the shape of the putative active site. The prediction was for an extended,
V-shaped cleft (with an area of 633 A2 and a volume of 651 A3) half occupied by the
GDP molecule, with the dinuclear cluster located at its vertex (Fig. 4B). Molecular
docking of Ap,A revealed that one of the two ADP moieties of Ap,A ligand overlaps
with the natural nucleotide found in the ligand-bound structure (Fig. 4B). The adenine
ring of this ADP moiety might be stabilized by two H-bonds with the Tyr171 backbone
amide and further coordinated by van der Waals contacts with Leu81 and Leu164 (Fig.
4Q). Notably, this conformation also fits with the docking pose of the ADP stand-alone
ligand (not shown), suggesting that this moiety of Ap,A leaves the active site last.
Indeed, in our docking simulation, the other ADP moiety occupies the less-buried arm
of the V-shaped binding cleft, with the adenine slightly protruding outward and only
partially stabilized by Phe135 and Phe163 (Fig. 4C). In agreement with our gel filtration
experiment, all the available YgeK structures share a dimeric assembly with an average
interface area of ~650 A2. Analysis by the PISA server classifies the dimeric structures
in complex with the nucleotides as stable, in contrast with the unstable phosphate-
bound complex, suggesting that the dimer formation is favored by the ligand binding.

DISCUSSION

Despite great advances in the functional annotation of genes since the publication
of the first fully sequenced genome, a significant fraction of bacterial genes still lack
functional characterization (29). Among them is the gene ygeK, which is conserved in
most Gram-positive species. In this work, we identified it as an Np,N hydrolase gene,
highly specific for Ap,A. Among known Np,N hydrolases, YgeK mostly resembles the
ApaH enzyme, which is the major Ap,A hydrolase in proteobacteria. Both enzymes are
active toward several Np,N nucleotides but exhibit the highest specificity toward Ap,A,
which is symmetrically cleaved into ADP molecules. The efficiency of YgeK in hydro-
lyzing Ap,A is very similar to that exhibited by ApaH (30), and YqeK significantly affects
the in vivo intracellular level of the dinucleotide in B. subtilis, as reported for ApaH in
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FIG. 4 YqgeK structural analysis. (A) Structure-based sequence alignment of SaYqeK and structurally characterized YgeK proteins. a and 3,, helices (7 labels)
are shown as spirals on top of the alignment according to the structure of B. halodurans YgeK (PDB 2008). TT represents sharp turns. Identical amino acids are
indicated by a solid red background, while similar amino acids are boxed. UNIPROT IDs for the sequences used are as follows: Q9KD90, Bacillus halodurans;
Q97JL1, Clostridium acetobutylicum; Q8DY32, Streptococcus agalactiae; AOAOY9ZU75, Staphylococcus aureus. (B) Ap,A (red) docking pose in putative binding site
(colored in green) of B. halodurans YqeK. Ap,A is superposed with cocrystallized GDP ligand (yellow). (C) Close-up view of B. halodurans YqeK active site with
modeled Ap,A. Residues that are likely to interact with the dinucleoside tetraphosphate are displayed. Iron ions are shown as orange spheres, and the side
chains of the coordinating residues are shown in stick format and colored by atom type.

gammaproteobacteria (7, 12). Deletion of the ygeK gene in B. subtilis also increased the
content of Ap,G and Ap,U. The in vivo occurrence of these dinucleotides has been well
documented in E. coli as the result of the activity of aminoacyl-tRNA transferases (31).
To our knowledge, this is the first report showing their occurrence in B. subtilis. Despite
the described similarities, ApaH and YqeK belong to different families, i.e., the serine/
threonine phosphatase family (32) and the HD domain superfamily (27), respectively,
which is suggestive of a different catalytic mechanism. Our phylogenetic analysis
revealed that the two enzymes occur in a mutually exclusive manner, with YgeK
present in all bacterial species that lack ApaH. Furthermore, both genes play a role in
the stress response, as evidenced by gene deletion studies. In particular, E. coli apaH
mutants show impaired growth and change in morphology under starvation conditions
or heat stress (1), suggesting that the enzyme is essential for the cell to adapt to stress.
Similarly, the deletion of ygeK in B. subtilis impairs the bacterium’s capability to form
biofilm, which is a typical adaptation to environmental cues, as cells living in biofilms
are better adapted to survive periods of environmental stress (33). apaH and ygeK also
share similarities in genomic context. In E. coli, apaH is part of an operon comprising the
gene ksgA, encoding an rRNA modification enzyme involved in 16S rRNA maturation
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and ribosome biogenesis, and is essential for the fidelity of translation during antibiotic
stress (34, 35). Similarly, ygeK is often found associated with genes encoding proteins
involved in ribosome assembly/maturation (ygeH, ygeG, and ygel) and the control of
protein translation under nutrient shortage (ygel). Notably, in B. subtilis these genes
together with ygeK form a large operon, also comprising genes encoding metabolic
enzymes like shikimate dehydrogenase (aroE) and NadD (nadD) that catalyze key steps
in the biosynthesis of aromatic amino acids and the coenzyme NAD, respectively.
Expression of this operon is constitutive, but increases during germination and under
conditions of oxidative stress (36), indicating that it might represent a complex and
integrated response to stress signals. Consistent with this, and with the findings that
shortage of aromatic amino acids is a hallmark of starvation (37) and that coping with
stress-induced events requires the activity of several NAD-consuming enzymes (38), the
upregulation of aroE and nadD might ensure amino acid and NAD replenishment,
respectively. In general, the stress response requires cellular reprogramming at meta-
bolic, transcriptional, and translational levels. Thus, a ygeK-containing operon might
control the coordination of multiple responses at these various levels. Although other
biological substrates could exist for YgeK, our finding that the enzyme efficiently
hydrolyzes Ap,A both in vitro and in vivo indicates that maintenance of Ap,A levels
should be coordinated with NAD and amino acids synthesis, as well as with the control
of translation.

Evidence is accumulating that targeting of Ap,A hydrolase might present a prom-
ising approach to weakening the bacterial response to stress signals (including antibi-
otics) and to decreasing pathogenicity. In this view, the functional annotation of YqgeK
as a novel Ap,A hydrolase in a group of Gram-positive pathogenic bacteria discloses a
novel target for antibacterial strategies.

MATERIALS AND METHODS

Preparation of recombinant protein. Plasmid pOHypY.SA.4, carrying Staphylococcus aureus ygek
under the control of the T7 promoter and encoding a protein with an N-terminal His tag, was kindly
provided by Andrei L. Osterman (Sanford Burnham Prebys Medical Discovery Institute, San Diego, CA).
The construct was used to transform BL21(DE3) cells for protein expression. Cells were grown at 37°C in
Luria Bertani medium supplemented with 0.1 mg/ml ampicillin. After reaching an optical density at 600
nm (ODg,,) of 0.6, expression was induced with 1 mM isopropyl-B-p-thiogalactoside. After 4 h of
induction, cells were harvested by centrifugation at 5,000 X g for 10 min. A pellet from 250 ml of culture
was resuspended in 13 ml of lysis buffer (50 mM HEPES [pH 7.5], 0.3 M NaCl) containing 1 mM
phenylmethanesulfonyl fluoride and proteases inhibitors. The recombinant protein was purified to
homogeneity by nickel affinity chromatography. Briefly, the cell suspension was passed twice through a
French press (18,000 Ib/in?) and centrifuged at 20,000 X g for 25 min at 4°C. The supernatant was loaded
onto a 1 ml Ni-NTA resin (GE Healthcare) equilibrated with lysis buffer. After a washing with 30 mM
imidazole in lysis buffer, elution was performed with a linear gradient from 30 to 350 mM imidazole.
Fractions containing the recombinant protein were pooled and applied to a Superose 12 HR 10/30
column (GE Healthcare) eluted with lysis buffer. About 6 mg of pure protein was obtained from a starting
volume of 250 ml of culture.

Thermal shift assays. The assay was performed according to reference 39. The mixtures contained
1 uM SaYqekK, 5 uM ligand, 10X Sypro Orange (Invitrogen), 40 mM HEPES (pH 7.5), and 0.25 M NaCl in
a final volume of 25 ul. They were heated from 40 to 99°C with a heating rate of 0.5°C every 5 s in a
real-time PCR device (Rotor-Gene 3000, Corbett Life Science). The fluorescence intensity was measured
with excitation and emission wavelengths of 470 and 585 nm, respectively.

Enzyme activity assays. For YqeK activity, reaction mixtures contained 40 mM HEPES (pH 7.5), 0.25
M Nadl, and appropriate amounts of substrate and YgeK protein in 100 ul volume. For kinetic analyses,
1 to 2 ng protein was used, and the substrates ranged from 1 uM to 160 uM. Incubation was carried out
at 37°C for an appropriate incubation time ensuring both a linear change of product formation with time
and a substrate consumption of less than 5%. Reactions were stopped with 0.6 M HCIO,,, and after 10 min
on ice, the samples were centrifuged for 1 min at 12,000 X g. The supernatants were neutralized with 0.8
M K,CO; and injected into an HPLC system. Nucleotide separation was performed as described in
reference 40. Control mixtures in the absence of YqeK were always processed in parallel. K., and k_,,
values were calculated by fitting initial rates to a standard Michaelis-Menten model using the software
Prism 6 (GraphPad). The effect of NAD, NaAD, and ADP on the Ap,A hydrolase activity of YgeK was
assayed in the presence of 80 uM Ap,A and 0.25 mM effector.

Pure recombinant NadD from B. anthracis was prepared as described in (41). NadD reaction mixtures
contained 50 mM HEPES (pH 7.5), 10 mM MgCl,, 0.1 mM nicotinate mononucleotide (NaMN), 0.1 mM ATP,
and 0.05 mU of enzyme in a final volume of 50 ul, in the presence and absence of 80 uM Ap,A.
Incubation was carried out at 37°C for 20 min, and product formation was analyzed by HPLC as described
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above. The effect of the NadD protein on the Ap,A hydrolase activity and vice versa was tested by
assaying YqgeK or NadD in the presence of the other enzyme at molar ratios ranging from 1:1 to 1:10.
Deletion mutant analysis. Bacillus subtilis subsp. subtilis 168 (BGSCID: 1A1) and AygeK knockout
mutant (BGSCID: BKE25630) (42) were obtained from the Bacillus Genetic Stock Center (OH). Cells were
grown to mid-log phase in Luria-Bertani medium and harvested by centrifugation for 10 min at
5,000 X g. Pellets were washed twice with 0.9% NaCl and stored at -80°C. For the extraction of the
nucleotides, pellets deriving from 15 ml of culture were resuspended in 3 ml of boiling buffered ethanol
(75% ethanol in 10 mM HEPES, pH 7.1) and suspensions were incubated at 84°C for 3 min (43). After
cooling on ice for 3 min, samples were centrifuged for 5 min at 20,000 X g and supernatants were dried
in a Speed-vac concentrator before resuspension in 0.75ml double-distilled water. Samples were
acidified to pH 5.0 by addition of 1 ul of 0.4 M HCIO, and nucleotides were analyzed by HPLC as reported
previously (40). The column was maintained at 25°C in order to separate Ap,G from Ap,U. Spiked samples
were prepared by adding standard nucleotides in the samples before HPLC injection.

To evaluate the effect of YgeK activity on the nucleotide extract prepared from the mutant, 100 ul

of extract was incubated with 0.5 ug recombinant SaYqgeK in 50 mM HEPES, pH 7.5, and 0.3 M NaCl, in
a final volume of 100 ul. A control mixture in the absence of YgeK was processed in parallel. After a

15-min incubation at 37°C, samples were analyzed by HPLC as described above.

Comparative genome analysis and bioinformatics tools. Orthologs of YgeK and ApaH were
identified by PSI-BLAST (44) searches (E value cutoff, e=2°). We used a representative set of 100 bacterial
genomes as the organismal search set (Genomic Encyclopedia of Bacteria and Archaea project) (45).
Physical clustering and gene fusions were analyzed with the microbial genomic context viewer (46) and
STRING 11.0 (47). Structure-based multiple alignment was constructed using PROMALS3D (48) and
rendered with Espript 3.0 (49). Visualization, comparison of protein structures, and molecular docking
were performed with Molsoft ICM 3.8. We used Pocket Finder (50) in ICM for automatic detection of
ligand-binding sites in the high resolution (1.9 A) crystal structure of B. halodurans YqeK (PDB entry
2008). One of the identified pockets, encompassing the cocrystal ligand and the metal dinuclear center,
has been used for docking simulations. Ligands were fully flexible, and the receptor was set as rigid
during all docking studies.
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