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SUMMARY

Cyclic di-guanosine monophosphate (c-di-GMP) is a bacterial second messenger that governs the
lifestyle switch between planktonic and biofilm states. While substantial investigation has focused
on the proteins that produce and degrade c-di-GMP, less attention has been paid to the potential
for metabolic control of c-di-GMP signaling. Here, we show that micromolar levels of specific
environmental purines unexpectedly decrease c-di-GMP and biofilm formation in Pseudomonas
aeruginosa. Using a fluorescent genetic reporter, we show that adenosine and inosine decrease
c-di-GMP even when competing purines are present. We confirm genetically that purine salvage
is required for c-di-GMP decrease. Furthermore, we find that (p)ppGpp prevents xanthosine and
guanosine from producing an opposing c-di-GMP increase, reinforcing a salvage hierarchy that
favors c-di-GMP decrease even at the expense of growth. We propose that purines can act as a cue
for bacteria to shift their lifestyle away from the recalcitrant biofilm state via upstream metabolic
control of c-di-GMP signaling.

In brief

Kennelly et al. demonstrate that adenosine and inosine decrease c-di-GMP and biofilm formation
of Pseudomonas aeruginosa. Without (p)ppGpp, xanthosine and guanosine increase c-di-GMP, but
adenosine and inosine block this increase. This work reveals that environmental purines can act as
a cue to shift bacteria away from the recalcitrant biofilm state.
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INTRODUCTION

Bacteria predominately exist in densely packed surface-attached communities known as
biofilms.! Undesired bacterial biofilms present a challenging problem to human health, as
biofilms readily form on liquid-exposed surfaces, can alter or degrade properties of these
surfaces, can seed the propagation of pathogens, and resist treatment with antimicrobials
and other perturbations.2=* Furthermore, pathogenic biofilms are associated with nearly

all human chronic wounds.> Pseudomonas aeruginosa is a gram-negative opportunistic
pathogen used as a model biofilm organism due to its propensity for biofilm formation and
clinical relevance as one of the leading causes of nosocomial infection.® In 2 aeruginosa and
many other bacteria, the second messenger cyclic di-guanosine monophosphate (c-di-GMP)
drives biofilm formation by increasing production of exopolysaccharides and adhesins while
downregulating flagellar-based motility, among other factors.” Thus, understanding the cues
that influence biofilm formation and dissolution via c-di-GMP could lead to improved
control over undesired bacterial biofilms.

c-di-GMP levels can be affected by the activity of diguanylate cyclases, which produce
c-di-GMP from guanosine triphosphate (GTP), and phosphodiesterases, which ultimately
degrade c-di-GMP to guanosine monophosphate (GMP).8-12 The £ aeruginosa genome
contains more than 40 genes encoding enzymes with domains associated with c-di-GMP
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synthesis or degradation.”13 Several environmental cues that influence biofilm formation by
acting on these enzymes have been identified. For example, membrane stress was shown

to increase c-di-GMP levels by activating the diguanylate cyclase WspR, while nitric oxide
can decrease c-di-GMP levels by activating the phosphodiesterases DipA and RbdA.14.15 A
less appreciated hypothesis is that the levels of c-di-GMP are affected by changes in the
concentration of the substrate GTP.16 GTP can be produced via de novo purine biosynthesis,
and mutants lacking this pathway form aberrant biofilms.17-19 Additionally, azathioprine,
which inhibits de novo purine biosynthesis, decreases c-di-GMP and biofilm formation in £.
coliby disrupting the intracellular nucleotide pool.2? Thus, while many studies on c-di-GMP
have focused on diguanylate cyclases and phosphodiesterases, less attention has been placed
on the control of ¢c-di-GMP signaling by precursor metabolism.

P, aeruginosa can salvage purines from the environment to conserve nutrients that would
otherwise be spent on de novo purine biosynthesis.1”21.22 Here, we hypothesized that
environmental purines may act as a cue to influence c-di-GMP and biofilm levels by
directly interfacing with intracellular nucleotide pools. In this context, while it is commonly
assumed that intracellular nucleotide pools remain in excess and are therefore irrelevant

for nucleotide-derived second messenger signaling, we expected that the c-di-GMP
precursors xanthosine and guanosine may increase c-di-GMP levels. However, we found
that, counterintuitively, these c-di-GMP precursors had no effect, while the non-precursors
adenosine and inosine decreased c-di-GMP and biofilm formation. This unexpected
observation reveals that purines can act as a cue for bacteria to shift their lifestyle away from
the recalcitrant biofilm state via upstream metabolic control of c-di-GMP signaling. Thus,
when purine cues are present in the environment, 2. aeruginosa appears to downregulate the
persistent biofilm state thought to help tolerate nutrient limitation.

Adenosine and inosine decrease c-di-GMP and biofilm formation

Given that GTP is the substrate for c-di-GMP synthesis, we reasoned that exogenous purines
may alter not only nucleotide levels as observed in early biochemical studies?3-27 but

also c-di-GMP levels and therefore biofilm formation (Figure 1A). Based on known A2
aeruginosa purine metabolism (Figure 1B), we expected that direct precursor purines, such
as guanosine, would increase abundance of c-di-GMP due to their ability to form GTP. To
identify whether c-di-GMP levels change in response to exogenous purines in £, aeruginosa,
we leveraged the well-established plasmid-based fluorescent reporter pCdrA::GFP(ASV).28
pCdrA::GFP(ASV) outputs more fluorescence when c-di-GMP levels are high and has a
relatively fast turnover rate due to the ASV tag (Figure 1C). This experimental system
allows us to test the hypothesis that environmental purines act as a cue for bacteria to
regulate the biofilm state via c-di-GMP.

To test this hypothesis, we added the nucleosides adenosine, inosine, xanthosine, and
guanosine at a concentration of 100 uM and tracked c-di-GMP signal. Unexpectedly, we
found that adenosine and inosine decreased c-di-GMP, while xanthosine and guanosine
had no effect (Figure 1D). Specifically, we observed that adenosine decreased c-di-GMP
signal by 16.3% (7= 9) and that inosine decreased c-di-GMP signal by 15.6% (/7= 9). We
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confirmed that this response is observed with their nucleobase equivalents, where adenine
decreased c-di-GMP signal by 33.7% (7= 9) and hypoxanthine decreased c-di-GMP signal
by 28.6% (n=7) (Figure S1E). Since c-di-GMP is a second messenger that controls biofilm
formation, we also quantified biofilm production using a safranin staining assay. Consistent
with their effects on c-di-GMP, adenosine and inosine decreased biofilm formation, while
xanthosine and guanosine had no effect (Figure 1E). Specifically, we found that adenosine
reduced biofilm formation by 27.7% (n7= 12) and that inosine reduced biofilm formation by
29.7% (n=12). Adenosine and inosine also reduced biofilm formation relative to vehicle
when added to established biofilms (Figure S1F). When we exposed other P aeruginosa
strains to these compounds, adenosine and inosine additionally reduced biofilm formation
of strain PAK?29 but not strain PA1430 (Figures S1H and S11). Thus, our data suggest that
c-di-GMP decrease, and the resulting biofilm formation decrease, is dependent on purine
identity in a specific and unexpected manner rather than being a simple function of overall
purine availability.

Because multiple purines may be present in the environment simultaneously, we also tested
whether xanthosine and guanosine could block the effects of adenosine and inosine. We
found that these pairwise mixed purines decreased c-di-GMP and biofilm formation to levels
similar to those caused by adenosine or inosine alone (Figures 1D and 1E). We also tested
the effect of an equimolar mixture of adenosine, inosine, xanthosine, and guanosine on
c-di-GMP and found that this complete purine mixture also decreased c-di-GMP (Figure
S1C). Thus, xanthosine and guanosine do not block the effects of adenosine and inosine.
These results lead to the counterintuitive conclusion that purine precursors not only fail to
increase c-di-GMP themselves but are also unable to compete with the inhibitory effects of
more distant purines.

The purine salvage pathway is required for the effects of adenosine and inosine

We next sought to identify the mechanism of how environmental purines lead to c-di-GMP
decrease. First, we considered the possibility that a purine degradation product, such as
uric acid, is the molecular intermediate in c-di-GMP signaling. Given that all purines share
the same degradation pathway, the likelihood that a degradation product mediates their
repressive effect seemed low. To rule out this possibility, we created a degradation-deficient
mutant lacking xanthine dehydrogenase, AxahA, which cannot catalyze the degradation

of hypoxanthine to xanthine and xanthine to uric acid (Figure S2E). As expected, purine
degradation is not required for adenosine and inosine to decrease c-di-GMP and biofilm
formation (Figures S2G and S2H). Thus, our results suggest that an aspect of purine
metabolism other than degradation is responsible for c-di-GMP decrease.

We next suspected the purine salvage pathway to be responsible for c-di-GMP signaling.
Accordingly, we created a salvage-deficient mutant, AapiAhgpthxpt, which cannot

catalyze the conversion of adenine to adenosine monophosphate (AMP) via adenine
phosphoribosyltransferase (APT), hypoxanthine to inosine monophosphate (IMP) and
guanine to GMP via hypoxanthine-guanine phosphoribosyltransferase (HGPT), or xanthine
to xanthosine monophosphate (XMP) via xanthine phosphoribosyltransferase (XPT),
respectively (Figure 2A). We deleted all three putative purine phosphoribosyltransferase
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genes to avoid cross-reactivity because the specificities of these enzymes are not well
characterized in £ aeruginosa. We found that adenosine and inosine failed to decrease
c-di-GMP and biofilm formation in the salvage-deficient mutant AapiNhgpthxpt (Figures
2B and 2C). To confirm that the lack of effect is due to the intended genetic changes, we
complemented Agpt genomically at the affB locus, a neutral chromosomal site, using the
putative native Agpt promoter (Figure 2D). In this complemented Agpt strain, adenosine and
inosine once again decreased c-di-GMP and biofilm formation (Figures 2E and 2F). These
results indicate that the purine salvage pathway is required for purine-mediated c-di-GMP
signaling.

(P)ppGpp reinforces a nucleotide salvage hierarchy by preventing xanthosine- and
guanosine-dependent effects

We wondered why xanthosine and guanosine fail to affect c-di-GMP levels despite their
ability to feed into the GTP pool. The second messenger (p)ppGpp is well known for its role
in the stringent response to amino acid starvation. However, recent work has also revealed its
involvement as a negative regulator for GTP biosynthesis in some bacteria (Figure 3A).31-38
Because GTP is the substrate for not only c-di-GMP synthesis but also (p)ppGpp synthesis,
an increase in the GTP pool and the resulting increase in (p)ppGpp may subsequently inhibit
further increases in GTP. We therefore hypothesized that (p)ppGpp may prevent xanthosine
and guanosine from increasing c-di-GMP.

To test this hypothesis, we created a strain deficient in (p) ppGpp synthesis, ArelAAspoT.
We exposed this strain to different nucleosides and monitored c-di-GMP signal with
pCdrA::GFP(ASV). Similar to MPAOL1, adenosine and inosine decreased c-di-GMP signal
by 40.7% (n=9) and 38.8% (n7=9), respectively, in ArelAAspoT (Figure 3B). Thus,
(p)ppGpp does not appear to be involved in regulating the effects of adenosine and
inosine on c-di-GMP levels. However, we found that xanthosine and guanosine produced
large increases of 63.1% (n7=9) and 140.3% (n7=9), respectively, in c-di-GMP signal

in the (p)ppGpp-null ArelAAspoT (Figure 3B). These results suggest that (p)ppGpp—

or a (p)ppGpp-dependent pathway—prevents xanthosine and guanosine from increasing
c-di-GMP, reinforcing an apparent hierarchy of nucleotide salvage that favors c-di-GMP
decrease.

The nucleotide salvage hierarchy is maintained even in the absence of (p)ppGpp

We next investigated whether adenosine and inosine could block the large effects of
xanthosine and guanosine on c-di-GMP in the absence of (p)ppGpp. To test this, we

added equimolar pairwise mixtures of adenosine, inosine, xanthosine, and guanosine to
ArelAAspoT. Strikingly, each of these mixed purines decreased c-di-GMP to levels similar
to adenosine and inosine alone (Figure 3B). Thus, even in the absence of (p)ppGpp,

P, aeruginosa does not appear to integrate an average of available purines into its c-di-

GMP response. Indeed, the presence of xanthosine and guanosine seems to be entirely
ignored. Therefore, adenosine and inosine completely abolish the increase in c-di-GMP from
xanthosine and guanosine due to the nucleotide salvage hierarchy.
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To probe our understanding of the nucleotide salvage hierarchy, we reasoned that adenosine
and inosine may be rewired to increase c-di-GMP if we prevented adenine and hypoxanthine
from being converted to AMP and IMP, respectively. In a strain lacking gpfand Agpt,

only the xanthine-to-XMP purine phosphoribosyltransferase reaction should be possible.
Since other nucleobases can interconvert to xanthine, it is plausible that all nucleosides

may increase c-di-GMP in the (p)ppGpp-null background (Figure 3C). As expected, we
found that adenosine, inosine, xanthosine, and guanosine all now produced large increases
in c-di-GMP in ArelAAspoThaptAhgpt (Figure 3D). As before, these effects were dependent
on purine salvage (Figures 3E and 3F). These targeted changes to purine metabolism that
rewire the nucleotide salvage hierarchy demonstrate that adenosine and inosine mediate their
effects on c-di-GMP levels via purine metabolism.

We also complemented Agpt into the attB locus of ArelAAspo TAapiNhgpthxptto see if this
would rescue the ability of adenosine and inosine to decrease c-di-GMP and the ability

of guanosine to increase c-di-GMP (Figure S3J). Interestingly, while complementation

of hgpt at the attB neutral chromosomal site rescued the ability of adenosine and

inosine to decrease c-di-GMP, xanthosine and guanosine failed to affect c-di-GMP in the
ArelANspo T apt\hgpthxpt attB..hgpt background (Figure S3L). It is not immediately clear
why guanosine does not increase c-di-GMP in the ArelAAspo TAaptNhgptAxpt attB.. hgpt
background, but one possibility is that guanosine does not stimulate adequate expression of
HGPT in this complement strain.

The nucleotide salvage hierarchy is maintained even at the expense of growth

We wondered whether adenosine and inosine could block the salvage of xanthosine and
guanosine even when vital to bacterial growth. To test this, we generated a strain lacking
inosine monophosphate dehydrogenase, AguaB, which cannot convert IMP to XMP in

de novo purine biosynthesis and therefore requires supplementation with purines to grow
(Figures 4A, S4B-S4D, and S4F). We found that adenosine and inosine both inhibited
growth of AguaB when included in liquid media containing guanosine (Figure 4B). These
growth inhibitory effects appear to be dose dependent (Figure S4H). We also confirmed
that these various nucleoside supplementations have no effect on the growth of wild-type
MPAOQL1 (Figures 4B and S4H). We spotted cultures onto solid agar supplemented with
guanosine or equimolar mixtures of guanosine and adenosine or inosine and found similar
effects (Figures 4C and 4D). We observed the same effect with xanthosine supplementation,
albeit to a lesser extent (Figures S4G-S4l and S4J). These results demonstrate that
adenosine and inosine inhibit salvage of xanthosine and guanosine even when critical for
growth, suggesting that the hierarchy of nucleotide salvage favoring c-di-GMP decrease may
be hardwired in purine salvage and metabolism.

DISCUSSION

Interest in bacterial second messengers has expanded in recent years,3%-48 with c-di-GMP
particularly noted for its ubiquity among bacteria and its central role in promoting
the biofilm lifestyle.#9 However, despite great progress on elucidating the genetic
mechanisms of c-di-GMP homeostasis, comparatively few environmental cues that impact
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c-di-GMP levels have been identified. Our study reveals that micromolar levels of

specific environmental purines can decrease c-di-GMP levels and biofilm formation in 2
aeruginosa in a salvage-dependent manner. Salvage-dependent phenotypes have similarly
been described for eukaryotes exposed to adenine or hypoxanthine, demonstrating that

the effect of adenylate purines on de novo purine biosynthesis exists in a wide set of
organisms.>%:51 The requirement for an intact salvage pathway rules out direct action by
purines themselves and suggests that the effect could be due to an increase in a salvage
product that serves to disrupt c-di-GMP metabolism. In this context, while adenosine has
been observed to affect biofilm formation of wild-type bacteria in a few cases,?223 including
once in P, aeruginosa> the studies have failed to make a mechanistic connection to purine
metabolism and c-di-GMP signaling. Furthermore, the purine concentrations used in our
study are 100-fold lower than those previously used for P aeruginosa, which greatly expands
the potential biomedical relevance of this phenomenon. We observed adenosine and inosine
decrease biofilm formation of to not only MPAQOL1 but also P, aeruginosa strain PAK. While
we did not observe adenosine or inosine to significantly decrease biofilm formation of PA14,
PA14 is the P, aeruginosa strain with which an effect of adenosine on biofilm formation

was previously observed. Collectively, our data and literature suggest that this biofilm
response to purines is conserved across P, aeruginosa isolates, although the concentration or
exposure time required for this effect may differ depending on which strain is used. Thus,
our work reveals that adenosine and inosine can act as cues to decrease c-di-GMP and
biofilm formation in A2 aeruginosa through their effects on purine metabolism, significantly
advancing our understanding of c-di-GMP metabolism for this model of biofilm formation
and clinically relevant pathogens.

Our study reveals that the second messenger (p)ppGpp reinforces a hierarchy of nucleotide
salvage favoring c-di-GMP decrease. Specifically, we showed that (p)ppGpp prevents
xanthosine and guanosine from increasing c-di-GMP, that (p)ppGpp is not required for

the inhibitory effect of adenosine and inosine, and that adenosine and inosine can both
abolish the increase in c-di-GMP caused by xanthosine and guanosine. Together, these data
suggest that adenosine and inosine repress a reaction late in de novo guanylate nucleotide
biosynthesis necessary for guanylate nucleotide salvage, as hypothesized previously.3!
Indeed, inhibition of AguaB growth by adenosine and inosine further demonstrates their
capability to inhibit guanylate nucleotide salvage. Such growth inhibition was first described
nearly 75 years ago and has been reported in a fungus and other bacteria, suggesting that this
phenomenon may be widespread.>>-57 In addition, enzymes in de novo guanylate nucleotide
biosynthesis and salvage can be directly inhibited by (p)ppGpp to varying degrees.31-37

In P, aeruginosa, both HGPT and guanosine monophosphate kinase (GMK) are thought to
be resistant to (p)ppGpp,3° which leaves the mechanism(s) by which (p)ppGpp prevents
salvage of xanthosine and guanosine unclear. Further study will be required to elucidate how
(p)ppGpp maintains GTP homeostasis in P aeruginosa, especially in conditions in which
xanthosine or guanosine are present in the environment.

It is commonly assumed that intracellular nucleotide pools remain in excess and are
therefore irrelevant for nucleotide-derived second messenger signaling. Our work revises
this assumption by showing that environmental purines can influence c-di-GMP levels, both
negatively and positively, by disrupting c-di-GMP precursor metabolism. This paradigm of
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upstream metabolic control of c-di-GMP signaling may lead to a mechanistic explanation
for the ubiquitous observation of mutual antagonism between cyclic AMP and c-di-GMP
across bacterial species. In the context of infection, while the concentration of purines in
extracellular fluids is generally low, the intracellular concentration of purines in human
cells is more than sufficient to trigger the effects we observe.58 Therefore, such c-di-GMP
signaling may be triggered by nearby damaged or diseased tissues,>®-62 bacterial invasion
of host cells,63:64 or other host events in which environmental purines become elevated.5°
Release of adenosine and adenosine triphosphate (ATP) as used in receptor-mediated
purinergic signaling also represents a potential source of purines, although the concentration
of these compounds may be too low to influence c-di-GMP levels.®® Thus, in contrast to the
common assumption in the field, alterations in intracellular nucleotide pools may influence
multiple phenotypes associated with these nucleotide-derived second messengers including
virulence, biofilm formation, and antimicrobial resistance.8”

Limitations of the study

This study explored the effect of environmental purines on intracellular c-di-GMP and
biofilm formation in £ aeruginosa MPAQO1. Although this response may be conserved
across organisms, we did not determine the extent to which this purine response exists

in a comprehensive set of bacterial strains or species. Additionally, while our reporter
experiments provide some temporal insight regarding the c-di-GMP response to purines,

the temporal dynamic of c-di-GMP itself is largely lost due to delays inherent to biological
processes when using a transcriptional fluorescent reporter, such as transcription, translation,
fluorophore maturation, and protein turnover, particularly when c-di-GMP levels decrease.
Our work demonstrated that the c-di-GMP and biofilm response to adenosine and inosine
requires purine salvage enzymes. However, the precise target that is affected by purines
remains to be determined. If the target is an enzyme in de novo purine biosynthesis as we
hypothesize, then generating a mutant that is insensitive to these purines due to a mutation
in the target enzyme may be challenging because these enzymes are strictly required for
survival and may not tolerate significant alteration. Finally, while we verified that the purine
response occurs even when xanthosine or guanosine is provided with adenosine and inosine
in M9 media, we do not know whether this response occurs in more complex environments,
such as those found in human infection.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Arthur Prindle
(arthur.prindle@northwestern.edu).

Materials availability—Bacterial strains and plasmids generated in this study are
available upon request.

Data and code availability

. All data reported in the paper are available from the lead contact upon request.
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. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and growth conditions—Z~ aeruginosa MPAO1 was obtained from
the University of Washington.58 Bacteria were frozen in 50% glycerol-50% Luria-Bertani
(LB) media (Fisher Bioreagents) and stored at —80°C, except guanine auxotroph strains
which were frozen in 50% glycerol-50% 500 uM guanosine (TCI) M9 media. M9 media
contained 47.7 mM Nay,HPQ4 (Sigma-Aldrich), 21.7 mM KH,PO4 (Sigma-Aldrich), 18.7
mM NH4CI (Fisher Chemical), 8.6 mM NaCl (Sigma-Aldrich), 0.5% acid casein peptone
(Fisher Bioreagents), 0.2% glucose (Sigma-Aldrich), and 1 mM MgSO, (Sigma-Aldrich).
Solid media was prepared by adding 1.5 g/L agar (Fisher Bioreagents)) to the liquid media
before autoclaving. Escherichia coli and Pseudomonas aeruginosa were routinely grown

on LB agar at 37°C overnight and single colonies were used to inoculate LB media for
growth at 37°C overnight with shaking at 250 rpm unless otherwise stated. AguaB was
grown on M9 agar equivalents to LB agar used by non-auxotroph MPAOL strains. For use in
experiments, P aeruginosawas grown in M9 media. When appropriate, 50 pg/mL (£. coli)
or 250 pg/mL (P aeruginosa) carbenicillin (Sigma-Aldrich), 15 pg/mL (£. coli) or 50 pg/mL
(P, aeruginosa) gentamicin (TCI), and/or 5 pg/mL (R aeruginosa) irgasan (Sigma-Aldrich)
was added to media for selection. 7.5% sucrose (Sigma-Aldrich) was added to no-salt LB
agar — 10 g/L tryptone (Fisher Bioreagents) and 5 g/L yeast extract (Fisher Bioreagents)

— for sucrose counterselection. Single colonies of £ aeruginosa were inoculated into M9
media for growth at 37°C overnight for c-di-GMP reporter and biofilm staining experiments.

METHOD DETAILS

Generation of knockout strains—Allelic exchange was used to generate clean-deletion
knockouts of P aeruginosa MPAQOL. Briefly, regions upstream and downstream of genes
of interest were amplified from the MPAO1 genome by PCR including Gibson overhangs
using Phusion Green Hot Start 11 High-Fidelity PCR Master Mix (New England BioLabs).
pEXG2 vector was digested with HinDI11-HF (New England BioLabs).5% Upstream and
downstream regions were combined in three-part Gibson assembly with cut pEXG2 using
Gibson Assembly Master Mix (New England BioLabs). NEB 5-alpha Competent £. coli
(New England BioLabs) was chemically transformed with constructs and insert presence
was detected by PCR and verified by Sanger sequencing. £, coli S17-17° was chemically
transformed with verified constructs. Constructs were then mated into £ aeruginosa by
conjugation. Sucrose counterselection was used to resolve merodiploids. Knockouts were
verified by amplifying regions of interest by PCR and sequencing with Sanger sequencing
and/or Nanopore sequencing. For generation of AguaB strain, 150 pM guanosine was
included in plates used for merodiploid selection and 3000 uM guanosine was included

in sucrose plates used for merodiploid resolution.

Generation of complement strain—/gptwas complemented genomically at the aftB
locus using the pminiCTX system.”! Briefly, PA4645 (hgpt was amplified from the
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MPAOL1 genome by PCR including Gibson overhangs and combined in two-part Gibson
assembly with HindllI-digested pminiCTX-1. A 168 basepair region upstream of PA4645
was included in this amplification based on Sapphire promoter prediction software.”2

NEB 5-alpha Competent £. coliwas chemically transformed with pminiCTX-1-HGPT
construct and insert presence was detected by PCR and verified by Sanger sequencing.
S17-1 was chemically transformed with verified construct, which was then mated into
Aapthhgpthxpt and ArelAAspo TAaptAhgpth xpt by conjugation. Conjugants were selected
for with gentamicin and irgasan. pFLP273 was then mated into these strains by Sm107° and
conjugants were selected for with carbenicillin and irgasan. Expression of flp recombinase
to remove undesired integrated pminiCTX remnants was ensured by inoculating colonies
into LB media containing carbenicillin and irgasan and growing overnight at 37°C before
using sucrose counterselection to remove pFLP2. Complements were verified by amplifying
attB site by PCR and sequencing with Sanger sequencing and/or Nanopore sequencing.

Quantification of c-di-GMP signal—40 pL of 500 pM stock compounds of adenosine
(TCI), inosine (TCI), xanthosine (TCI), guanosine (TCI), adenine (Alfa Aesar), and
hypoxanthine (Thermo Scientific) dissolved in water or water (vehicle) were added to 160
UL ODggp ~1 MPAOL or relevant genetic knockout strain containing pCdrA::GFP(ASV)
grown on M9. pCdrA-gfp(ASV)C was a gift from Tim Tolker-Nielsen (Addgene plasmid

# 111615; http://n2t.net/addgene:111615; RRID:Addgene_111615). Final concentration for
all compounds was 100 uM. Black 96 well plates with clear bottoms (Nunc, Thermo
Scientific) were covered with gas-permeable Breathe-Easy film (USA Scientific) and shaken
at 37°C in Tecan Infinite MPlex plate reader with an absorbance measurement at 600 nm
and bottom fluorescence measurement taken every 15 min for at least 16 h. Excitation
wavelength was 485 + 9 nm while emission wavelength was 515 + 20 nm. Gain was set

to 180. MPAOL1 or relevant genetic knockout strain not containing pCdrA::GFP(ASV) was
grown in parallel and mean fluorescence of this strain was subtracted from GFP signal to
account for autofluorescence. Mean ODgqq values from media-only wells were subtracted as
background. GFP signal was divided by ODggp measurements to normalize for growth. GFP/
ODgqg signal for all compounds was then normalized relative to that of vehicle. Therefore,
compounds that affect GFP/ODgqq signal the same as vehicle should match the vehicle line
at 100% normalized c-di-GMP signal. For violin plots, the data for each replicate consists
of the mean GFP/ODgqq signal for the period from half an hour before to half an hour

after the stated time point. Plots were generated with GraphPad Prism. Repeated measures
one-way ANOVA with Dunnett’s multiple comparison test comparing to vehicle was used to
determine statistical significance.

Quantification of biofilm formation—This safranin biofilm assay was based on work
by Ommen et al.”# 2 pL overnight culture of MPAO1 or relevant genetic knockout strain
grown in M9 was inoculated into 198 pL. M9 supplemented with 100 uM compounds or
vehicle and grown statically in clear 96-well plates (Nunc, Thermo Scientific) at 37°C. 50
mM arginine (Dot Scientific) was included in media for the experiment comparing biofilm
formation of MPAO1, AxdhA, Aapithhgpihxpt, and AapiNhgptAxpt attB::hgpt. After 8 h, an
ODggg measurement was taken in Synergy Neo? plate reader (BioTek). Liquid was removed
and wells were allowed to air dry for at least 30 min. Wells were stained with 200 uL
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of 0.42% safranin (Alfa Aesar) for 10 min and then washed thrice with water to remove
unbound dye and unattached biomass. Wells were then allowed to air dry for 30 min. Bound
safranin was solubilized with 200 pL of 30% acetic acid (Fisher Scientific) and ODsg3q was
measured in Synergy Nec? plate reader after an additional 30 min. Mean ODggp and ODs3q
values from media-only wells were subtracted as background. ODs3 was divided by ODggq
to normalize for growth. Plots were generated with GraphPad Prism. Repeated measures
one-way ANOVA with Dunnett’s multiple comparison test comparing to vehicle was used to
determine statistical significance.

Quantification of growth in liquid media—~, aeruginosa was grown overnight in M9
supplemented with 500 uM guanosine. MPAQO1 and AguaB were pelleted via centrifugation
and resuspended twice in M9 to remove guanosine. 2 pL of these washed cultures was then
inoculated into 198 pL of M9 supplemented with indicated compounds in clear 96-well
plates, wells were covered with Breathe-Easy film, and plates were shaken at 37°C in
Synergy Neo? plate reader with an absorbance measurement at 600 nm taken every 15 min
for at least 18 h. Initial ODggq value for each well was subtracted from all time points of that
well as background. Plots were generated with GraphPad Prism.

Imaging and quantification of growth on solid agar—£~ aeruginosa was grown
overnight in M9 supplemented with 500 uM guanosine. MPAOL1 and AguaB were pelleted
via centrifugation and resuspended twice in M9 to remove guanosine. 2 pL of these washed
cultures was then spotted onto M9 agar pads supplemented with indicated compounds

in clear Costar 24-well plates (Corning) and wells were covered with Breathe-Easy film.
Bacteria were grown statically at 37°C. After 24 h, plates were imaged using an Epson
Perfection V550 Photo scanner. Area of bacterial growth for each agar pad was individually
calculated with ImageJ.”® Plots were generated with GraphPad Prism. Repeated measures
one-way ANOVA with Dunnett’s multiple comparison test comparing to vehicle was used to
determine statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses were performed using GraphPad Prism v10..2..2. Data are represented with

violin plots for c-di-GMP signal and biofilm formation experiments. For growth curve
experiments, absorbance data are represented with mean * standard error (SE) for each time
point. For quantification of growth on solid agar, colony area size data are represented with
mean + standard error (SE). For statistical analysis throughout this work, repeated measures
one-way ANOVA with Dunnett’s multiple comparison test was used to determine statistical
significance. *p< 0.05; **p< 0.01; ***p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Adenosine and inosine decrease c-di-GMP and biofilm formation
When (p)ppGpp is not present, xanthosine and guanosine increase c-di-GMP
Adenosine and inosine block the effects of xanthosine and guanosine

Hierarchy in purine salvage thus favors c-di-GMP decrease
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Figure 1. Adenosine and inosine decrease c-di-GMP and biofilm formation
(A) The second messenger c-di-GMP is produced via GTP and positively influences

biofilm state. Known environmental cues can affect c-di-GMP levels by altering the activity
of diguanylate cyclases (DGCs) involved in c-di-GMP production. A largely unexplored
hypothesis is that environmental purines may affect c-di-GMP levels via direct metabolic
influence on c-di-GMP precursors.

(B) Expanded purine metabolic pathway in P aeruginosa for both de novo biosynthesis and
salvage.

(C) Fluorescent reporter pCdrA::GFP(ASV) functions via c-di-GMP binding that converts
FleQ from repressing transcription to activating transcription.

(D) Violin plots of c-di-GMP signal from pCdrA::GFP(ASV) normalized to ODggg growth
for MPAOL1 exposed to vehicle or 100 uM indicated compounds after 8 h of exposure at
37°C with shaking. 3 wells per condition per experiment from 3 independent experiments
were included (n=9), barring outliers removed due to aberrant growth: /7= 8 (vehicle,
xanthosine). All compounds were tested simultaneously.

(E) Violin plots of biofilm formation from safranin-stained biomass at ODs3¢ normalized
to ODggg growth for MPAOL1 exposed to vehicle or 100 uM indicated compounds after 8
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h of exposure. 6 wells per condition per experiment from 2 independent experiments were
included (7= 12). All compounds were tested simultaneously.

*p<0.05, **p<0.01, and ***p < 0.001.

See also Figure S1.
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Figure 2. Adenosine- and inosine-dependent effects require purine salvage
(A) Intracellular nucleotide pools are insulated from environmental purines in triple-salvage

knockout Aapihhgpth xpt background.

(B) Violin plot of c-di-GMP signal from pCdrA::GFP(ASV) normalized to ODgpq growth
for Aapthhgpthxpt exposed to vehicle or 100 uM indicated compounds after 8 h of exposure
at 37°C with shaking. 3 wells per condition per experiment from 3 independent experiments
were included (7= 9), barring outliers removed due to aberrant growth: 7= 8 (adenosine,
inosine, guanosine); n=7 (xanthosine).

(C) Violin plot of biofilm formation from safranin-stained biomass at ODsg3y hormalized to
ODgqg growth for AgptAhgptAxpt exposed to vehicle or 100 uM indicated compounds after
8 h of exposure. 3 wells per condition per experiment from 3 independent experiments were
included (n=9).

(D) Intracellular nucleotide pools are no longer insulated from environmental purines in
Aapth\hgpihxpt attB.:hgpt background due to expression of Agpt from native promoter at the
attB neutral site.

(E) Violin plot of c-di-GMP signal from pCdrA::GFP(ASV) normalized to ODggg growth
for Aapthhgpthxpt attB::hgpt exposed to vehicle or 100 uM indicated compounds after 8 h
of exposure at 37°C with shaking. 3 wells per condition per experiment from 3 independent
experiments were included (7= 9), barring outliers removed due to aberrant growth: n=7
(adenosine).

(F) Violin plot of biofilm formation from safranin-stained biomass at ODs3 normalized

to ODggg growth for AgpiAhgpih\xpt attB.:hgpt exposed to vehicle or 100 umM indicated
compounds after 8 h of exposure. 3 wells per condition per experiment from 3 independent
experiments were included (7= 9).
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Strains and compounds in (B) and (E) were tested simultaneously. Strains and compounds in
(C) and (F) were tested simultaneously. *p < 0.05, **p< 0.01, and ***p < 0.001.
See also Figure S2.
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Figure 3. (p)ppGpp prevents xanthosine- and guanosine-dependent effects
(A) (p)ppGpp inhibits GTP biosynthesis and salvage in other bacteria.

(B) Violin plots of c-di-GMP signal from pCdrA::GFP(ASV) normalized to ODggg growth
for ArelAAspoT exposed to vehicle or 100 uM indicated compounds after 12 h of exposure
at 37°C with shaking. 3 wells per condition per experiment from 3 independent experiments
were included (7= 9), barring outliers removed due to aberrant growth: 7= 8 (vehicle,
xanthosine+adenosine, xanthosine+inosine); 7 =7 (guanosine+adenosine). All compounds
were tested simultaneously in the same experiments.

(C) (p)ppGpp-mediated GTP homeostasis is absent in (p)ppGpp-null ArelAAspo TR aptAhgpt
background.

(D) Violin plot of c-di-GMP signal from pCdrA::GFP(ASV) normalized to ODgpg growth
for ArelAAspo T aptAhgpt exposed to vehicle or 100 uM indicated compounds after 16 h of
exposure at 37°C with shaking. 3 wells per condition per experiment from 3 independent
experiments were included (7= 9), barring outliers removed due to aberrant growth: n=7
(xanthosine).

(E) (p)ppGpp-mediated GTP homeostasis is absent and intracellular nucleotide pools

are insulated from environmental purines in (p)ppGpp-null ArelAAspo Thapt\hgpthxpt
background.

(F) Violin plot of c-di-GMP signal from pCdrA::GFP(ASV) normalized to ODggq growth for
ArelANspo Thapt\hgpth xpt exposed to vehicle or 100 M indicated compounds after 16 h
of exposure at 37°C with shaking. 3 wells per condition per experiment from 3 independent
experiments were included (n=9).

Strains and compounds in (D) and (F) were tested simultaneously. *p < 0.05, **p < 0.01,
and ***p < 0.001.
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See also Figure S3.
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Figure 4. Guanine auxotroph reveals that adenosine and inosine block guanosine-dependent
effects even at the expense of growth

(A) De novo purine biosynthesis cannot convert IMP to XMP in AguaB background

and consequently cannot synthesize GTP or grow unless supplemented with purines,
preferentially guanosine.

(B) Growth of MPAQO1 and AguaB in M9 supplemented with vehicle or 500 uM of indicated
compounds at 37°C with shaking. 3 wells per condition per experiment from 3 independent
experiments (n7=9) were included, barring an outlier removed due to aberrant growth: 7=8
(AguaB guanosine, inosine). Liquid growth curves for both strains and all compounds were
tested simultaneously. Data represent mean + SE.

(C) Image of MPAOL1 and AguaB growth on M9 agar pads supplemented with vehicle or 300
UM indicated compounds at 37°C after 24 h. 2 wells per condition per experiment from 4
independent experiments were included (7= 8). Agar-based growth for both strains and all
compounds were tested simultaneously. Scale bar: 15 mm.

(D) Bar plot of MPAO1 and AguaB colony size from (C) quantified using ImageJ. Data
represent mean + SE.

***p<0.001.

See also Figure S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

NEB 5-alpha Competent E. coli New England Biolabs N/A

S17-1 Apir Simon et al. (1983)7° N/A

SM10 Apir Simon etal. (1983)70 N/A

MPAO1 Jacobs et al. (2003)%8 N/A

MPAO1 AxdhA This study N/A

MPAO1 AaptAhgptAxpt This study N/A

MPAO1 AaptAhgptAxpt attB..hgpt This study N/A

MPAO1 ArelAdspoT This study N/A

MPAOL1 ArelAAspoTAaptAhgpt This study N/A

MPAO1 ArelAAspoTAaptAhgptAxpt This study N/A

MPAO1 ArelAAspoTAaptAhgptAxpt attB::hgpt This study N/A

MPAO1 AguaB This study N/A

PAK Takeya and Amako (1966)2°  N/A

PA14 Schroth et al. (2018)3° N/A
Chemicals, peptides, and recombinant proteins

Acetic Acid Fisher Scientific A38-212
Acid Casein Peptone Fisher Bioreagents BP1424-100
Adenine Alfa Aesar A14906
Adenosine TCI A0152

Agar Fisher Bioreagents BP1423-500
Ammonium Chloride Fisher Chemical A661-500
Arginine Dot Scientific DSA50400-100
Breathe-Easy Film USA Scientific 9123-6100
Carbenicillin Sigma-Aldrich C9231-1G
Costar 24-well Clear TC-treated Multiple Well Plates Corning 3526
Dextrose (Glucose) Sigma-Aldrich D9434-500G
Gentamicin TCI G0383
Gibson Assembly Master Mix New England BioLabs M5510AA
Glycerol Sigma-Aldrich G5516-1L
Guanosine TCI G0171
HinDIII-HF New England BioLabs R3104S
Hypoxanthine Thermo Scientific 122010050
Inosine TCI 10037
Irgasan Sigma-Aldrich 72779-5G-F
Luria-Bertani Powder Fisher Bioreagents BP1427-2
Magnesium Sulfate Heptahydrate Sigma-Aldrich BP213-1
Nunc MicroWell 96-Well Microplates Thermo Scientific 167008
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REAGENT or RESOURCE SOURCE IDENTIFIER
Nunc MicroWell 96-Well Optical-Bottom Plates with Black Polymer Base ~ Thermo Scientific 165305
Phusion Green Hot Start 11 High-Fidelity PCR Master Mix New England BioLabs F566L
Potassium Phosphate Monobasic Sigma-Aldrich 795488-500G
Safranin O Alfa Aesar B21674.18
Sodium Chloride Sigma-Aldrich S9888-10KG
Sodium Phosphate Dibasic Sigma-Aldrich S7907-500G
Sucrose Sigma-Aldrich S0389-1KG
Tryptone Fisher Bioreagents BP1421-2
Xanthosine TCI X0008
Yeast Extract Fisher Bioreagents BP1422-500
Oligonucleotides
See Table S1
Recombinant DNA
pCdrA::GFP(ASV) Rybtke et al. (2012)28 N/A
pEXG2 Rietsch et al. (2005)%° N/A
PEXG2-xdhA This study N/A
PEXG2-APT This study N/A
pPEXG2-HGPT This study N/A
PEXG2-XPT This study N/A
pPEXG2-guaB This study N/A
PEXG2-relA This study N/A
pPEXG2-spoT This study N/A
pminiCTX-1 (GmR derivative) Hoang et al. (2000)7% N/A
pminiCTX-1-HGPT This study N/A
pFLP2 Hoang et al. (1998)73 N/A

Software and algorithms

GraphPad Prism v10.2.2

ImageJ

GraphPad
Available from NIH

www.graphpad.com

https://imagej.net

Cell Rep. Author manuscript; available in PMC 2024 June 25.

Page 26


https://www.graphpad.com/
https://imagej.net/

	SUMMARY
	In brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	Adenosine and inosine decrease c-di-GMP and biofilm formation
	The purine salvage pathway is required for the effects of adenosine and inosine
	p ppGpp reinforces a nucleotide salvage hierarchy by preventing xanthosine- and guanosine-dependent effects
	The nucleotide salvage hierarchy is maintained even in the absence of p ppGpp
	The nucleotide salvage hierarchy is maintained even at the expense of growth

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
	Bacterial strains and growth conditions

	METHOD DETAILS
	Generation of knockout strains
	Generation of complement strain
	Quantification of c-di-GMP signal
	Quantification of biofilm formation
	Quantification of growth in liquid media
	Imaging and quantification of growth on solid agar

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	KEY RESOURCES TABLE

