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1  | INTRODUC TION

Microorganisms have to continuously adapt to environmental 
changes and stress conditions. The stringent response is con-
served among bacteria and relies on the nucleotide-based second 

messengers ppGpp and pppGpp (collectively referred to as (p)
ppGpp). Both second messengers regulate a wide variety of cellular 
processes including amino acid/nucleotide/lipid metabolism, repli-
cation, transcription, translation, and the biogenesis of ribosomes 
(Hauryliuk et al., 2015; Steinchen & Bange, 2016). As such, (p)ppGpp 
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Abstract
The guanosine nucleotide-based second messengers ppGpp and pppGpp (collec-
tively: (p)ppGpp) enable adaptation of microorganisms to environmental changes and 
stress conditions. In contrast, the closely related adenosine nucleotides (p)ppApp are 
involved in type VI secretion system (T6SS)-mediated killing during bacterial competi-
tion. Long RelA-SpoT Homolog (RSH) enzymes regulate synthesis and degradation of 
(p)ppGpp (and potentially also (p)ppApp) through their synthetase and hydrolase do-
mains, respectively. Small alarmone hydrolases (SAH) that consist of only a hydrolase 
domain are found in a variety of bacterial species, including the opportunistic human 
pathogen Pseudomonas aeruginosa. Here, we present the structure and mechanism of 
P. aeruginosa SAH showing that the enzyme promiscuously hydrolyses (p)ppGpp and 
(p)ppApp in a strictly manganese-dependent manner. While being dispensable for P. 
aeruginosa growth or swimming, swarming, and twitching motilities, its enzymatic ac-
tivity is required for biofilm formation. Moreover, (p)ppApp-degradation by SAH pro-
vides protection against the T6SS (p)ppApp synthetase effector Tas1, suggesting that 
SAH enzymes can also serve as defense proteins during interbacterial competition.
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has a pleiotropic effect on bacterial physiology and consequently, 
also impacts motility, biofilm formation, virulence of pathogens, 
and bacterial dormancy (Dalebroux & Swanson,  2012; Hauryliuk 
et al., 2015; Liu et al., 2015; Potrykus & Cashel, 2008).

Central to the metabolism of (p)ppGpp are members of the RelA-
SpoT Homolog (RSH) protein family (Figure  1a). RSH enzymes are 
characterized by the presence of (p)ppGpp synthetase or hydrolase 
domains and can be categorized into “long” and “short” RSH proteins. 

The (p)ppGpp synthetase domain catalyzes the production of ppGpp 
and pppGpp through the transfer of pyrophosphate from ATP to the 
ribose 3′-OH of GDP or GTP, respectively (Sy & Lipmann,  1973). 
Pseudomonas aeruginosa possesses the “long” RSH proteins SpoT 
and RelA. Both are multidomain enzymes harboring (p)ppGpp syn-
thetase and hydrolase domains as well as additional domains located 
within their C-terminal portion that are critical for the regulation 
of the opposing enzymatic activities (Figure  1a). SpoT activity is 

F I G U R E  1   Crystal structure of PaSAH. (a) Domain architecture of RSH proteins in P. aeruginosa. (b) Hydrolase domain (HD) motifs 
16 present in P. aeruginosa (Pa) SAH, D. melanogaster (Dm) and H. sapiens (Hs) MESH1, the putative SAH enzyme Lmo0812 from L. 
monocytogenes, C. glutamicum (Cg) SAH, PaSpoT, and PaRelA and the bifunctional Rel enzymes from T. thermophilus (RelTth) and S. equisimilis 
(RelSeq). (c) The crystal structure of PaSAH is shown in cartoon representation and colored in rainbow from its N- to C-terminus. The purple 
sphere represents a manganese ion. (d-f) Superimposition of the crystal structures of PaSAH colored in rainbow with the grey-colored 
structures of (d) the metazoan DmMESH1 and HsMESH1 enzymes, (e) the hydrolase domain (amino acids 1–200, PDB: 6S2T) of RelTth bound 
to ppGpp, and (f) the hydrolase domain (amino acids 1–200 of monomer B, PDB: 1VJ7) of RelSeq bound to guanosine 5 -́diphosphate 2 :́3 -́
cyclic monophosphate (GPX). The purple spheres represent manganese ions. The sulfate ion (SO2−

4
), ppGpp and GPX are shown as sticks

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6S2T
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VJ7
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regulated by fatty acid starvation conditions and carbon downshifts, 
while RelA-dependent (p)ppGpp synthesis is triggered during amino 
acid starvation through binding to ribosomes blocked by uncharged 
tRNAs at the A-site (reviewed in: (Hauryliuk et al., 2015; Ronneau 
& Hallez,  2019)). Degradation of (p)ppGpp occurs through hydro-
lase domains catalyzing the removal of the 3′-diphosphate moiety 
of (p)ppGpp to generate GDP or GTP. The N-terminal portions of 
SpoT and Rel harbor active (p)ppGpp hydrolase domains; however, 
the equivalent domain in P. aeruginosa RelA is inactive due to the 
lack of amino acid residues essential for catalytic activity (Figure 1b). 
Stand-alone (p)ppGpp synthetase and hydrolase domain-containing 
proteins (SAS and SAH for small alarmone synthetase and small alar-
mone hydrolase, respectively) constitute the class of “short” RSH 
proteins. Bacterial SAS proteins synthesize ppGpp and pppGpp in-
dependently of the ribosome and have previously been character-
ized structurally and biochemically (Beljantseva et  al.,  2017; Gaca 
et al., 2015; Manav et al., 2018; Steinchen et al., 2015, 2018).

Structural knowledge about (p)ppGpp hydrolase domains in 
bacteria is limited to those contained in the Rel/RelA proteins 
from Thermus thermophilus (Tamman et  al.,  2020), Bacillus subtilis 
(Pausch et al., 2020), Mycobacterium tuberculosis (Singal et al., 2017), 
Escherichia coli (Arenz et  al.,  2016; Brown et  al.,  2016; Loveland 
et al., 2016) and Streptococcus equisimilis (Hogg et al., 2004). However, 
the crystal structures of two metazoan SAH proteins (MESH1) from 
Drosophila melanogaster and Homo sapiens showed that they are 
capable of hydrolyzing ppGpp in vitro in a strictly manganese-de-
pendent manner (Sun et al., 2010). Deletion of the MESH1-encoding 
gene in D. melanogaster resulted in retarded body growth and im-
paired starvation resistance implying critical regulatory functions 
during development (Sun et al., 2010). Besides possessing (p)ppGpp 
hydrolytic activity, H. sapiens MESH1 is an efficient NADPH phos-
phatase that facilitates ferroptosis (Ding et al., 2020).

No structural data about bacterial SAH proteins are available 
so far and their function is just starting to be addressed. A physi-
ological role has recently been put forward for a SAH protein from 
Cellulomonas marina (ATfaRel, (Jimmy et al., 2020)) as a type IV an-
titoxin (Harms et al., 2018). ATfaRel counteracts the toxic SAS (tox-
SAS) protein FaRel, a (p)ppGpp and ppApp synthetase encoded in 
the same operon as ATfaRel, through degradation of the otherwise 
noxiously accumulating (p)ppGpp and ppApp nucleotides. The anti-
toxin activity of ATfaRel, and similarly that of HsMESH1 and the SAH 
enzymes PVP-SE1 (Santos et al., 2011) and SSU5 (Kim et al., 2012) 
present in Salmonella phages, is not restricted to toxSAS proteins 
encoded in the same operon. Instead, they are capable of detoxify-
ing the activity of toxSAS proteins from other species upon co-ex-
pression in E. coli thus suggesting a broader role of SAH enzymes in 
toxin-antitoxin modules (Jimmy et al., 2020). Nullification of FaRel 
toxSAS activity by the long RSH SpoT from E. coli (Jimmy et al., 2020) 
contrasting to the inability of P. aeruginosa SpoT to abrogate tox-
icity of a closely related (p)ppApp synthetase toxin, Tas1 (Ahmad 
et al., 2019), hints to species-specific differences in hydrolase activ-
ity and/or different potency of (p)ppGpp and (p)ppApp nucleotides 
to inhibit microbial growth. Another RSH-related toxin-antitoxin 

module consisting of the (p)ppGpp synthetase gp29 and its antitoxin 
gp30 has been identified in the mycobacterial Cluster N bacterio-
phage Phrann. However, the mode of gp30 detoxification of gp29 
activity is unclear (Dedrick et al., 2017).

In the present study, we further investigate the functions of bac-
terial SAH proteins by characterizing a putative SAH enzyme from 
P. aeruginosa (PaSAH). Structural analysis of PaSAH unambiguously 
identifies the protein as having significant structural homology to 
the metazoan MESH1 enzymes and the hydrolase domain present 
in bacterial long RSH proteins. We show that the manganese-de-
pendent PaSAH enzyme efficiently degrades (p)ppGpp, but even 
better the related (p)ppApp nucleotides, an emerging class of bac-
terial second messengers (Bruhn-Olszewska et  al.,  2018; Sobala 
et  al.,  2019) and weaponry of type VI secretion systems (T6SSs, 
(Ahmad et al., 2019)). Our in vivo analysis shows that the deletion of 
the PaSAH-encoding gene does neither affect the growth kinetics 
of P. aeruginosa nor its swimming, swarming, and twitching motil-
ities but is detrimental for its capability to form biofilms. Most in-
terestingly, the (p)ppApp degrading activity of PaSAH alleviates the 
toxicity evoked by the (p)ppApp synthetase of the T6SS effector 
protein Tas1 employed by P. aeruginosa to kill bacterial competitors. 
Therefore, PaSAH not only serves as a critical element during the (p)
ppGpp-dependent regulation of biofilm formation, but also enables 
immunity against (p)ppApp-based killing mechanism during inter-
bacterial competition.

2  | RESULTS

2.1 | Crystal structure of PaSAH

To clarify structure, function, and mechanism of bacterial small alar-
mone hydrolases, we chose the predicted SAH present in the Gram-
negative pathogen P. aeruginosa, PA0431 (named: PaSAH from here 
on), which is classified as a PbcSpo2 subfamily RSH enzyme (Atkinson 
et al., 2011, Jimmy et al., 2020). Comparison of the amino acid se-
quences of hydrolase domain-containing proteins shows that PaSAH 
harbors five of the six catalytic motifs (HD motifs 1–6 (Steinchen & 
Bange,  2016)) required for manganese ion coordination, substrate 
binding, and hydrolysis (Figures 1b and S1). However, PaSAH lacks 
the otherwise highly conserved HD1 motif, which is critically in-
volved in coordination of the substrates’ guanine base in structures 
of Rel proteins from T. thermophilus (RelTth (Tamman et  al.,  2020)) 
and S. equisimilis (Relseq (Hogg et al., 2004)) and its essentiality for 
hydrolysis underscored by mutational analysis (Hogg et  al.,  2004; 
Sun et al., 2010; Tamman et al., 2020). This raises the question of 
whether or not PaSAH would be an active (p)ppGpp hydrolase.

To elucidate this, first, we determined the crystal structure of 
PaSAH to a resolution of 1.85 Å (Table 1). The structure was solved 
by molecular replacement employing the hydrolase domain of RelSeq 
(PDB: 1VJ7 (Hogg et al., 2004)), and refined to Rwork/Rfree values of 
19/22%. The structure shows a monomer of PaSAH consisting of a 
bundle of nine anti-parallel α-helices that form a deep cavity at one 

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VJ7
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side (Figure  1c). Although we did not deliberately add manganese 
to PaSAH prior to crystallization, refinement of the electron density 
present within the cavity indicates an approximately 50% occupation 
with a Mn2+ ion (Figure 1c). The structure of PaSAH shares signifi-
cant homology to the structures of the D. melanogaster (DmMESH1, 
PDB: 3NQW) and H. sapiens (HmMESH1, PDB: 3NR1) MESH1 en-
zymes (Figure 1d (Sun et al., 2010)). Search of the protein data bank 
for homologous structures further revealed the protein Lmo0812 
from Listeria monocytogenes (Figure S2, PDB-ID: 4YF1) as structur-
ally highly similar, and thus, as a putative SAH enzyme. The structure 
of PaSAH also superimposes well with the hydrolase domains from 
structures of RelTth (Figure 1e, PDB: 6S2T (Tamman et al., 2020)) and 
RelSeq (Figure 1f, PDB: 1VJ7 (Hogg et al., 2004)). One difference in 

topology between the structures of PaSAH and Rel relates to the 
presence of an additional N-terminal helix in the latter (Figure 1e,f), 
which leans against the two subsequent helices and protrudes the 
N-termini of RelTth and Relseq to the opposite direction as found in 
PaSAH. Taken together, our analysis structurally establishes PaSAH 
as protein of the RSH family harboring a (p)ppGpp hydrolase domain.

2.2 | PaSAH is a manganese-dependent (p)
ppGpp hydrolase

Our structure of PaSAH showed that a manganese ion is coordi-
nated within its central cavity by two histidines (H40, H70) and two 
aspartates (D71, D131) (Figure 2a), an arrangement that is also ob-
served in the crystal structures of the MESH1, Lmo0812, and Rel 
enzymes (Figure S3). We thus, second, probed the enzymatic activ-
ity of PaSAH biochemically using ppGpp as a substrate and MnCl2 
as cofactor. Hydrolysis of the 3 -́pyrophosphate moiety of the 
ppGpp substrate is evidenced by the appearance of a GDP product 
(Figure 2b). Variation of two metal-coordinating residues (H70, D71) 
into alanines completely abolished the ability of PaSAH to degrade 
ppGpp suggesting that the enzyme activity depends on the pres-
ence of a metal ion cofactor (Figure 2b). As magnesium and manga-
nese ion cofactors may in some proteins, for example, DNA and RNA 
polymerases, be interchangeable but result in different enzymatic 
properties (Esyunina et al., 2016; Vashishtha & Konigsberg, 2016), 
we assayed the hydrolysis of (p)ppGpp in presence of increasing 
concentrations of either manganese or magnesium (both provided 
as chloride salts) observing efficient degradation only in presence of 
manganese (Figure 2c). An enzyme kinetic analysis of (p)ppGpp hy-
drolysis in presence of 2.5 mM MnCl2 showed that PaSAH degraded 
ppGpp and pppGpp with similar Km and Vmax values (Figure  2d). 
These experiments evidence PaSAH as a manganese-dependent (p)
ppGpp hydrolase.

2.3 | PaSAH employs a catalytic mechanism similar 
to long RSH enzymes

Despite intensive trials, we could not obtain a crystal structure of 
PaSAH bound to (p)ppGpp. We, therefore, employed the struc-
tures of the hydrolase domains of RelTth bound to ppGpp (Figure 3a, 
PDB: 6S2T (Tamman et al., 2020)) and RelSeq (Figure 3b, PDB: 1VJ7 
(Hogg et  al.,  2004)), which has the unusual nucleoside guanosine 
5 -́diphosphate 2 :́3 -́cyclic monophosphate (GPX) residing within 
its active site, to approximate the substrate binding site in PaSAH 
(Figure 3c,d). Common between both Rel structures and PaSAH is 
the position of the ppGpp/GPX molecules relative to the manga-
nese ion cofactor and the glutamate and aspartate residues con-
stituting the HD4 motif (E80/D81 in RelTth, E81/D82 in RelSeq, and 
E71/D72 in PaSAH), which was proposed by Hilgenfeld and cow-
orkers to facilitate the nucleophilic attack on the 3 -́phosphate 
moieties (Hogg et al., 2004). Slightly different configurations of the 

TA B L E  1   Crystallographic data collection and refinement 
statistics

PaSAH

Data collection

Space group C2

Cell dimensions

a, b, c (Å) 85.33, 
85.38, 
122.17

α, β, γ (°) 90, 102.059, 
90

Wavelength (Å) 1.072

Resolution (Å) 45.78–1.85 
(1.92–1.85)

Rmerge 0.147 
(0.622)

I/σI 8.09 (1.92)

Completeness (%) 99.13 (99.08)

Redundancy 3.7 (3.8)

CC1/2 0.99 (0.69)

Refinement

Resolution (Å) 48.75–1.85

No. reflections 72,548 
(7,192)

Rwork/Rfree 0.19/0.22

No. atoms 6,532

Protein 5,632

Ligand/ion 4

Water 896

B-factors

Protein 25.69

Ligand/ion 28.81

Water 35.01

R.m.s. deviations

Bond lengths (Å) 0.004

Bond angles (°) 0.90

Note: Values in parentheses are for highest-resolution shell.

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3NQW
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3NR1
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6S2T
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VJ7
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6S2T
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VJ7
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α- and β-phosphates are observed for ppGpp (Figure 3a,c) and GPX 
(Figure 3b,d), the latter further lacking the ε-phosphate present in 
ppGpp. The phosphates’ negative charges of both molecules are in 
Rel and PaSAH counterbalanced by a set of nonconserved positively 
charged arginine and lysine residues (Figure 3a-d). Further shared is 
the position of a tyrosine residues in RelTth (Y49) and PaSAH (Y37) 
that coordinates the ribose moiety through an H-bond with the 
2 -́OH group of ppGpp (Figure 3a,c).

Comparison of residues that might contribute to coordination of 
the guanine moiety of ppGpp/GPX to PaSAH reveals strong dispar-
ities to RelTth and RelSeq. Primarily, PaSAH diverges in its HD1 mo-
tif-containing loop that harbors L30 and S31 (Figure 3c,d) but in Rel 
houses an arginine (R43 and R44 in RelTth and RelSeq, respectively), 
which together with another arginine/lysine residue sandwiches 
the guanine base (Figure 3a,b). This arginine is in Rel positioned by 
H-bonds with the side chains of T153/T151 and N150/N148 (RelTth/

RelSeq). The clamping of the guanine is further enforced by M157 
and L155 in RelTth and RelSeq, respectively, the position of which is 
roughly occupied by W143 in PaSAH (Figure 3c, d). The side chains 
of L30, S31, and W143 appear to be rather remote from the gua-
nine base in the models of PaSAH with bound ppGpp/GPX, how-
ever, conformational changes upon substrate binding are likely to 
take place as observed for RelTth (Figure S4). In Rel, specificity for 
the guanine base is established by H-bonding interactions between 
the N-1 of the base and the side chain of T153/T151 (RelTth/RelSeq), 
the C-2 amino group and the main chain carbonyl of N150/N148 and 
between the C-6 carbonyl group and the main chain amides of R44/
K45 and S45/S46 (Figure  3a,b). In PaSAH, the peptide backbone 
similarly contacts the C-2 amino and C-6 carbonyl groups of the 
guanine, however, interactions with N-1 are lacking because helix 
α7 of PaSAH is approximately one turn shorter than its counterpart 
α8 in Rel. Hereby, a stretch of prolines P138-140 (termed Triple P in 

F I G U R E  2   PaSAH is a manganese-dependent (p)ppGpp hydrolase. (a) Coordination of the manganese ion (purple sphere) within the 
active site of PaSAH is indicated by dashed lines; nearby numbers denote the distance in Å. (b) UV chromatogram of an enzymatic reaction 
containing ppGpp and native PaSAH (WT, red trace) or a variant deficient in manganese coordination (H70A/D71A, blue trace). A mixture 
of GDP and ppGpp (black trace) served as standard. (c) (p)ppGpp hydrolysis of 1 mM ppGpp (blue circles) and pppGpp (red squares) was 
assayed in presence of 0.5 µM PaSAH and increasing concentrations of MnCl2 (solid lines) or MgCl2 (dashed lines). The amount of hydrolysis 
is given in %. Error bars indicate the SD of n = 3 replicates. (d). Velocity (v)/substrate (S) characteristic of ppGpp (blue circles) and pppGpp 
(red squares) hydrolysis by PaSAH in presence of 2.5 mM MnCl2. Data were fitted according to the Michaelis–Menten equation. Vertical 
and horizontal dashed lines indicate the Michaelis–Menten constants (Km) and maximal velocities (Vmax), respectively. Km (in µM) and Vmax (in 
nmol/min nmol–1) were: ppGpp (Km: 378 ± 84 and Vmax: 275 ± 24) and pppGpp (Km: 604 ± 236 and Vmax: 336 ± 65)
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Figure 3c,d) is present instead of threonine, which increases the dis-
tance between N-1 and the peptide backbone. It appeared to us that 
those differences might potentially correlate with less specificity for 
guanosine as the nucleobase of the substrate.

To probe the participation of active site-lining residues, we mu-
tated them to either glycine or alanine and determined the ability 
of the variants to hydrolyze (p)ppGpp (Figure 3e). Variation of three 
lysine residues (K100, K107, K147) to alanine reduced (p)ppGpp hy-
drolysis approximately twofold. The different amplitude in reduction 

of ppGpp and pppGpp hydrolysis observed for the K100A variant 
hints at a participation of K100 in the coordination of the γ-phos-
phate during substrate binding and/or product release. Strongly im-
paired in catalytic activity were variants of N135, L30, and W143 
residues suggesting that they would be able and relevant to correctly 
position the nucleobase in PaSAH (Figure 3c,d). Surprisingly though, 
hydrolytic activity was still evident for the PaSAH L30G and N135A 
variants (Figure 3e) whereas exchange of the corresponding residues 
in RelTth (N150A and R43A (Tamman et al., 2020)) and RelSeq (R44Q 

F I G U R E  3   Model of substrate binding to PaSAH. (a,b) Crystal structures of (a) ppGpp-bound RelTth (PDB: 6S2T) and (b) GPX-bound 
Relseq (PDB: 1VJ7), which were used to derive the position of substrates in the active site of PaSAH. (c,d). Crystal structures of PaSAH with 
the location of (c) ppGpp or (d) GPX modeled based on the superimpositions with RelTth and Relseq. In panels (a-d), interactions within 4 Å 
distance are indicated by dashed lines. (e) Hydrolysis of 1 mM ppGpp (blue) and pppGpp (red) in presence of 0.5 µM native PaSAH (WT) or its 
variants. Hydrolysis by native PaSAH was set to 100%. Data represent mean ± SD of n = 3 replicates

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6S2T
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VJ7
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(Hogg et al., 2004)) disrupted their enzymatic activity entirely. The 
abolishment of (p)ppGpp hydrolysis by PaSAH upon variation of E74 
and D75 to alanine validates the essentiality of these residues for 
catalysis in agreement with earlier observations (Hogg et al., 2004; 
Sun et al., 2010; Tamman et al., 2020).

Taken together, these results suggest that the catalytic mecha-
nism of (p)ppGpp degradation by the bacterial PaSAH enzyme is very 
similar to the hydrolase domain found in the long RSH proteins RelTth 
and RelSeq albeit some differences mainly in the coordination of the 
nucleobase do exist.

2.4 | PaSAH does not affect planktonic growth 
but contributes to the ability of P. aeruginosa to 
form biofilms

Many bacterial species, including P. aeruginosa, often exist in one 
of two distinct growth states: a free-living, highly motile state or as 
part of a sessile, biofilm-forming community (Costerton et al., 1981). 
These two states have been linked to either acute inflammatory 

reaction or refractory chronic infections, respectively (Valentini 
et al., 2018). (p)ppGpp-dependent regulation of biofilm formation has 
been documented for Vibrio cholerae (He et al., 2012), Pseudomonas 
putida (Diaz-Salazar et al., 2017; Liu et al., 2017), and P. aeruginosa 
(de la Fuente-Nunez et  al.,  2014; Xu et  al.,  2016). The deletion of 
both (p)ppGpp synthetases, RelA and SpoT, reduced the ability of P. 
aeruginosa to form biofilms (de la Fuente-Nunez et al., 2014), exhibit 
swarming behavior, and express its host cell-targeting type III se-
cretion system (Xu et al., 2016). These findings prompted us to test 
whether PaSAH is involved in the regulation of biofilm formation or 
motility by P. aeruginosa.

First, we compared the growth kinetics of wild-type P. aeruginosa 
PAO1 with that of a strain lacking PaSAH (∆SAH). Neither in rich 
medium (nutrient broth) nor in chemically defined M9 supplemented 
with 20% (w/v) glucose did we observe differences in growth be-
tween the wild-type and ∆SAH strain (Figure  4a). Next, we ana-
lyzed the impact of PaSAH on swimming, swarming, and twitching 
motility (Figures 4b and S5a–c). Again, no differences between the 
wild-type PAO1 and the ∆SAH strain for any of these types of mo-
tility were observed. We then studied the impact of PaSAH on the 

F I G U R E  4   PaSAH does not affect planktonic growth but biofilm formation of P. aeruginosa. (a) Growth of P. aeruginosa PAO1 wild-type 
(WT, filled symbols) and a PaSAH-deficient strain (ΔSAH, empty symbols) in rich (nutrient broth, circles) and chemically defined medium 
(M9 supplemented with 20% glucose, triangles). (b) Swimming, swarming and twitching behavior of P. aeruginosa PAO1 wild-type and 
ΔSAH strains. Error bars indicate the SD of n = 3 biological replicates each consisting of n = 3 technical replicates. Data were normalized 
to the wild-type strains. (c) Biofilm formation of P. aeruginosa PAO1 wild-type and ΔSAH strains was monitored in glass tubes after 16 hr 
of stasis. Data represent mean ± SD of n = 3 independent samples. The insets depict representative images of the staining with crystal 
violet solution. (d) Biofilm formation of P. aeruginosa PAO1 strains was assayed in 24-well polystyrene microtiter plates after 16 hr of stasis. 
Complementation experiments were implemented using the mini-CTX system. Data represent mean ± SD of n = 3 independent samples
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biofilm-forming properties of P. aeruginosa. To do so, the wild-type 
and the ∆SAH strains of PAO1 were inoculated in nutrient broth and 
grown at 37°C for 16 hr of stasis, after which the formed biofilms 
were stained with crystal violet and the amount of dye bound by the 
biofilm matrix quantified photometrically. In the ∆SAH strain, the 
amount of biofilm was significantly reduced, implying a functional 
role of PaSAH in biofilm formation (Figure 4c).

We asked whether the lack of the enzymatic, that is, (p)ppGpp-hy-
drolyzing activity of PaSAH, was underlying this inhibition of biofilm 
formation. To address this question, we introduced a gene encoding 
either native PaSAH or a variant, in which the catalytically essential 
HD4 motif (Figure 1b) was mutated (PaSAHE74A/D75A), into the ge-
nome of the biofilm-defective PAO1 ∆SAH strain. When assaying 
the biofilm forming capability of those strains, the ∆SAH strain com-
plemented with native PaSAH displayed a full recovery in its biofilm 
forming capacity (Figure 4d). However, introduction of PaSAHE74A/

D75A into ∆SAH resulted in a strain still impaired in biofilm formation 
(Figure  4d). Western blots using extracts from the complemented 
strains demonstrate that both native PaSAH and PaSAHE74A/D75A 
were present at similar levels (Figure S5d). As a control for the impli-
cation of (p)ppGpp, and to reconcile observations from earlier stud-
ies (de la Fuente-Nunez et al., 2014; Xu et al., 2016), we constructed 
PAO1 strains lacking the synthetase RelA (∆relA) or both RelA and 
SpoT synthetases (∆relA ∆spoT) generating a ppGpp0 strain. Both of 
these PAO1 strains were similarly impaired in biofilm formation as 
the ∆SAH strain (Figure 4d).

These experiments suggest that the (p)ppGpp-degrading activity 
of PaSAH is involved in effective biofilm formation by P. aeruginosa 
PAO1.

2.5 | PaSAH confers resistance against killing by the 
Tas1 toxin

Our structural analysis of substrate binding to PaSAH revealed a less 
tight coordination of the guanine base of ppGpp than observed in the 
structures of the long RSH enzymes RelTth and Relseq, which might en-
able PaSAH to accept other substrates. Several recent studies indicate 
that some bacteria possess enzymes, for example, toxSAS, capable of 
(p)ppApp synthesis through pyrophosphorylation of ADP or ATP at the 
3ʹ-OH group (Ahmad et al., 2019; Bruhn-Olszewska et al., 2018; Sobala 
et al., 2019, Jimmy et al., 2020). These (p)ppApp nucleotides differ from 
(p)ppGpp only by the presence of an adenine nucleobase instead of 
guanine. The enzyme HsMESH1 was demonstrated to possess ppApp-
degrading activity (Jimmy et al., 2020, Potrykus et al., 2020). In a struc-
ture of HsMESH1 bound to NADPH (PDB: 5VXA (Ding et al., 2020)), the 
dinucleotides’ adenine moiety resided in the same position as the gua-
nine of (p)ppGpp in our model of substrate-bound PaSAH, suggesting 
that PaSAH might similarly exhibit substrate promiscuity (Figure S6a,b). 
Consequently, we tested the activity of PaSAH toward (p)ppApp and 
found that both ppApp and pppApp are degraded with approximately 
5- to 10-fold higher maximal velocity than their ppGpp and pppGpp 
counterparts (Figures 5a and S6c).

In the P. aeruginosa strain PA14, (p)ppApp synthesis activity has 
been demonstrated for the T6SS effector protein Tas1, which upon 
injection into target bacterial cells, rapidly synthesizes (p)ppApp, but 
not (p)ppGpp (Ahmad et al., 2019). The Tas1-catalyzed accumulation 
of (p)ppApp results in a concomitant depletion of ATP and dysregu-
lation of essential metabolic pathways, ultimately causing cell death. 
Self-protection of PA14 against the Tas1 toxin is achieved via its 
cognate immunity protein Tis1 that, upon binding Tas1, physically 
blocks its active site (Ahmad et al., 2019). Since PaSAH displays high 
hydrolytic activity for (p)ppApp, we hypothesized that it might pro-
vide enzymatic immunity against Tas1 through degradation of Tas1-
produced (p)ppApp.

To assess this, we measured the growth of E. coli cells express-
ing the Tas1 toxin in presence of Tis1, PaSAH or PaSAHE74A/D75A. 
Co-expression with PaSAH resulted in a marked increase of E. coli 
growth compared to Tas1 alone, though, this effect was intermedi-
ate to Tas1 and Tas1/Tis1-expressing cells (Figure 5b). By contrast, 
PaSAHE74A/D75A was unable to restore E. coli growth indicating that 
PaSAH is detoxifying Tas1 enzymatically by (p)ppApp degradation. 
We then quantified the impact of PaSAH on cell viability of E. coli 
expressing Tas1 in the presence of Tis1 or PaSAH by determining 
the number of colony-forming units before and 1 hr after Tas1 toxin 
induction. Similar to our growth rate experiments, PaSAH conferred 
moderate protection, reducing the Tas1-dependent loss in cell via-
bility by approximately 1,000-fold compared to cells expressing the 
toxin in isolation. This protective effect is ~10-fold lower than the 
Tis1-expressing cells, which did not show any reduction in viability 
compared to a control strain (Figure 5c).

Having established a protective effect of PaSAH against Tas1 
in a heterologous system, we probed whether it may also protect 
against Tas1 during interbacterial competition. The P. aeruginosa 
strains PA14 and PAO1 both harbor an SAH homolog (PA5338 
and PA0431, respectively), however, PA14 has a significant Tas1-
dependent growth advantage over PAO1 because the latter strain 
lacks the Tas1/Tis1 effector-immunity pair (Ahmad et al., 2019). Co-
cultivation of a T6SS-active strain of PA14 with a PaSAH-deficient 
strain of PAO1 (∆SAH) resulted in a 12-fold increase in competitive 
index relative to a competition involving the PAO1 parent strain, 
suggesting that the ∆SAH mutant strain is more susceptible to T6SS-
delivered Tas1 (Figure 5d). Plasmid-borne expression of PaSAH, but 
not PaSAHE74A/D75A, in the ∆SAH recipient strain abolished the Tas1-
dependent fitness advantage of PA14 over PAO1. Competition of a 
PA14 donor strain harboring a Tas1-inactivating mutation (E382A) 
with PAO1 recipients did not reveal any PaSAH-dependent fitness 
advantages demonstrating that PaSAH specifically provides protec-
tion against Tas1 and not other T6SS effectors (Figure 5d). We also 
noted that changing the ratio of PAO1 recipient to PA14 donor cells 
in favor of the donor, while overall resulting in less viability of PAO1, 
reduced the protective effect granted by PaSAH (Figure  S7). This 
likely occurs because an increasing number of PA14 cells coincides 
with more frequent Tas1-injection events upon which the number of 
PaSAH copies in PAO1 cells becomes insufficient to overcome the 
(p)ppApp-induced toxicity.

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5VXA
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In order to directly compare the protective effects of Tis1, the cog-
nate immunity protein to Tas1, and PaSAH, we conducted intraspe-
cific competition assays using P. aeruginosa PA14 donor and recipient 
strains. The recipient strain deleted for the Tas1/Tis1 effector-immu-
nity pair displayed a reduction in its competitive index after co-culti-
vation with the donor strain compared to a ∆tas1 ∆tis1 recipient with 
plasmid-borne Tis1 expression (Figure 5e) consistent with earlier ob-
servations (Ahmad et al., 2019). The viability of this Tis1-containing 
strain was very similar to a recipient only lacking PaSAH (∆SAH), likely 

because the Tis1 present in the ∆SAH strain can still compensate 
for the Tas1 delivered by the donor. However, deletion of PaSAH in 
the ∆tas1 ∆tis1 mutant background resulted in a 150-fold increase 
in the donor competitive index compared to the ∆tas1 ∆tis1 parent 
(Figure 5e) and resulted in a massive loss in cell viability of the recip-
ient strains (Figure 5f). Expression of individual Tis1 or PaSAH from 
plasmids improved the competitive fitness of the ∆SAH ∆tas1 ∆tis1 
recipient strain, but neither provided protection to the same extent as 
the expression of Tis1 in the recipient lacking tas1 and tis1.

F I G U R E  5   PaSAH degrades (p)ppApp and reduces the toxicity of the (p)ppApp synthetase Tas1. (a) Velocity (v)/substrate (S) 
characteristic of ppApp (blue circles) and pppApp (red squares) hydrolysis by PaSAH in presence of 2.5 mM MnCl2. Data were fitted 
according to the Michaelis–Menten equation. Vertical and horizontal dashed lines indicate the Michaelis–Menten constants (Km) and 
maximal velocities (Vmax), respectively. Km (in µM) and Vmax (in nmol/min nmol–1) were: ppApp (Km: 155 ± 58 and Vmax: 1,336 ± 132) and 
pppApp (Km: 429 ± 112 and Vmax: 2,507 ± 274). The velocities for hydrolysis of ppGpp (pale blue circles) and pppGpp (orange squares) are 
shown for direct comparison (see Figure 2d). (b) Growth of E. coli cells harboring plasmids that encode for the indicated inducible proteins 
in LB medium. The arrow indicates the addition of inducer after 2.5 hr. Data represent mean ± SD of n = 3 replicates. (c) Ratio of colony 
forming units (CFU)/ml postinduction and preinduction of the E. coli strains shown in panel (b) determined on LB agar without inducer. Data 
represent mean ± SD of n = 3 replicates. (d) Growth competition assay between P. aeruginosa PA14 donor and PAO1 recipient strains. PA14 
harboring an inactive Tas1 (E382A variant, denoted tas1*) was used as a control. The parental backgrounds are ∆retS and ∆rsmA ∆rsmF for 
PAO1 and PA14, respectively; both of these mutations stimulate H1-T6SS activity (Goodman et al., 2004; Marden et al., 2013). The PAO1 
parent had a significant T6SS-independent growth advantage over PA14, and therefore, all ratios for the competitive index were multiplied 
by 103 to better visualize the changes in PA14 CFU. Data represent mean ± SD of n = 3 replicates. (e) Growth competition assay between P. 
aeruginosa PA14 donor and recipient strains. The donor strain genotype is ∆rsmA ∆rsmF. All recipient strains, except the ∆SAH strain, were 
generated from a ∆tas1 ∆tis1 ∆rsmA ∆rsmF parental strain. The competitive index denotes the log10 of the donor/recipient CFU ratio after 
co-cultivation of both strains for 24 hr. Data represent mean ± SD of n = 3 replicates. (f) Viability of P. aeruginosa PA14 recipient strains after 
co-cultivation with a PA14 donor at the indicated times, determined on LB agar without inducer. The PA14 donor genotype is ∆rsmA ∆rsmF. 
The recipient strains (underlined in panel (e)) were generated from a ∆tas1 ∆tis1 ∆rsmA ∆rsmF parental strain. Data represent mean ± SD of 
n = 3 replicates
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Collectively, these results suggest that PaSAH reduces the tox-
icity of T6SS-delivered Tas1 in P. aeruginosa strains lacking Tis1 by 
enzymatically degrading (p)ppApp.

3  | DISCUSSION

3.1 | SAH proteins typify the minimal (p)ppGpp 
hydrolase domain

Small alarmone hydrolases (SAHs) belong to an enzyme class within 
the RelA-SpoT Homolog (RSH) protein family with limited struc-
tural characterization. As of now, the structures of two metazoan 
(Sun et  al.,  2010) and two bacterial SAHs are available (Midwest 
Center for Structural Genomics and this study). Comparison of the 
crystal structures of PaSAH with those of MESH1 (Sun et al., 2010) 
and the hydrolase domains of the Relseq (Hogg et  al.,  2004) and 
RelTth (Tamman et  al.,  2020) evidences PaSAH as a minimal (p)
ppGpp hydrolase domain that largely contains the motifs required 
for (p)ppGpp degradation (Atkinson et  al.,  2011; Steinchen & 
Bange, 2016).

We noted that SAH proteins lack an α-helix exclusively pres-
ent at the N-terminus of long RSH proteins’ hydrolase domains 
(Figures 1 and S1), which is rather remote from its catalytic cavity 
(Figure S8a). In the crystal structure of a truncated form of B. subtilis 
Rel, this helix is in close proximity to an interaction interface estab-
lished between the two molecules of the putative homodimer (PDB: 
6YXA (Pausch et al., 2020)). Hereby, the α-helical domain contained 
in the regulatory C-terminus of one monomer of Rel (Figure 1a) in-
serts into a cleft formed in between the hydrolase and synthetase 
domains of the second monomer (Figure S8b), a process thought to 
be of importance for intramolecular regulation of Rel's reciprocal (p)
ppGpp degrading and synthesizing activities (Pausch et al., 2020). 
One might speculate that the N-terminal α-helix could partake in 
this regulation, although no strong interactions are established with 
the α-helical domain of Rel in the reported structure and further 
conformational rearrangements might have to occur (Figure  S8c). 
The α-helix might also be relevant for the interactions of the other 
RSH, SpoT, with numerous proteins including the acyl carrier pro-
tein (Battesti & Bouveret, 2006, 2009), Rsd (Lee et al., 2018), com-
ponents of nitrogen-related phosphotransferase systems (Ronneau 
et  al.,  2016, 2019) and the ribosomal biogenesis GTPase CgtA/
ObgE (Jiang et  al.,  2007; Raskin et  al.,  2007; Wout et  al.,  2004). 
For most of these, the regulatory C-terminus of SpoT has been im-
plicated as the major interaction site. A mechanism similar to the 
intramolecular regulation of Rel involving relocation of C-terminal 
domains to the hydrolase/synthetase entity is conceivable (Ronneau 
et al., 2019), which should either induce a conformational change 
within the hydrolase domain or sterically block the catalytic cavity 
resulting in altered enzymatic activity. Further investigation will be 
needed to determine if the first α-helix is involved in this particular 
mode of regulation.

3.2 | Catalytic mechanism of the PaSAH enzyme

PaSAH, MESH1 as well as Relseq and RelTth harbor the amino acid 
residues critical for coordination of a divalent metal ion cofactor (i.e., 
HD motifs 2, 3, and the aspartate of HD5, Figure S1) in similar struc-
tural arrangements. Likewise, PaSAH exhibited a strong preference 
for Mn2+ as a cofactor for (p)ppGpp hydrolysis over Mg2+ in vitro, 
the same preference documented biochemically for C. glutamicum 
SAH (Ruwe et al., 2018), DmMESH1 and HsMESH1 (Sun et al., 2010) 
and the bifunctional Rel enzymes from S. equisimilis (Mechold 
et al., 2002), Mycobacterium tuberculosis (Avarbock et al., 2000), B. 
subtilis (Takada et al., 2020), T. thermophilus (Van Nerom et al., 2019), 
and Staphylococcus aureus (Yang et al., 2019). The concentration of 
Mn2+ in vivo is estimated to be in the low micromolar range (Foster 
et al., 2014) and thus, 1,000-fold less than the concentration neces-
sary to promote hydrolytic activity in our in vitro assays (1–10 mM). 
Similar high concentrations of Mn2+ were required for the in vitro 
activity of other (p)ppGpp hydrolases (see above) despite the dis-
sociation constant of RelTth/Mn2+ was quantified with 420 nM (Van 
Nerom et al., 2019). It seems possible that the activity of PaSAH and 
other (p)ppGpp hydrolases observed in vitro would drastically over-
estimate their in vivo efficiency. Conversely, the high requirement 
for Mn2+ in vitro might also be reasoned by, for example, the ability 
of divalent cations to interact with nucleotides. In this regard, we 
observed a marked drop in velocity of hydrolysis by PaSAH at high 
concentrations of substrates (p)ppGpp and (p)ppApp in our enzyme 
kinetic experiments (Figure S9). Ruwe et al. observed a similar be-
havior for the C. glutamicum SAH and Rel proteins in presence of (p)
ppGpp and attributed it to substrate inhibition by an unclear mecha-
nism (Ruwe et al., 2018). We noted, however, that the degree of this 
presumed substrate inhibition correlated with the concentration of 
manganese ions present in the enzymatic reactions (Figure S9). Also, 
substrate inhibition was not apparent for C. glutamicum SAH when 
magnesium ions were employed as a cofactor (Ruwe et al., 2018). As 
a similar phenomenon had been observed for Rel from M. tubercu-
losis (Avarbock et al., 2000), we suspect that the drop in hydrolysis 
by PaSAH is simply caused by complex formation of the (p)ppGpp/
(p)ppApp substrates with manganese ions (the dissociation constant 
of Mn/ATP may be used as proxy and is roughly 10 µM (O'Sullivan 
& Cohn,  1966)) thereby decreasing the effective concentration of 
both the cofactor and the substrates. It remains to be determined 
whether the metal-controlled environment of the bacterial cyto-
plasm would nevertheless ensure optimal metalation of (p)ppGpp/
(p)ppApp hydrolases in the living cell.

As the structure of PaSAH represents the apo-state of the en-
zyme, we approximated the position of the substrates in PaSAH 
by superimposition with the structures of ppGpp-bound RelTth 
(Tamman et  al.,  2020) and GPX-bound RelSeq (Hogg et  al.,  2004). 
Hence, rearrangements of amino acid side chains upon binding of 
substrate have to be considered. Despite this caveat, the mech-
anism of substrate binding and catalysis by PaSAH appears to be 
similar to that of the RelTth and RelSeq hydrolase domains although 

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6YXA
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some alterations are apparent. We infer from the model of sub-
strate-bound PaSAH and our mutational analysis of active site-lining 
residues (Figure 3) that the nucleobase of a (p)ppGpp or (p)ppApp 
substrate would be sandwiched by the side chains of L30 and W143, 
the latter probably capable of establishing π-π interactions with the 
nucleobase and the former roughly occupying the position of an ar-
ginine residue commonly found in the HD1 motif of (p)ppGpp hydro-
lases (Figure 1b). It is unlikely that the (p)ppApp degrading activity 
of PaSAH would solely be attributable to the divergence in HD1 
because HsMESH1, containing the canonical arginine, can hydro-
lyze ppApp (Jimmy et al., 2020, Potrykus et al., 2020). Surprisingly, 
mutational studies validated the HD1 arginine as indispensable for 
RelTth, RelSeq, and HsMESH1 hydrolase activity (Hogg et  al.,  2004; 
Sun et al., 2010; Tamman et al., 2020). Accommodation of the ribose 
moiety is practically identical between PaSAH and RelTth/RelSeq fa-
cilitated by conserved tyrosine and asparagine residues (Figure 3). 
This defines the direction of the phosphates present at the 5 -́end 
toward nonconserved positively charged residues while the 3 -́pyro-
phosphate moiety protrudes toward the manganese cofactor. In this 
position, priming of a water molecule for subsequent nucleophilic 
attack as postulated by Hilgenfeld and coworkers (Hogg et al., 2004) 
would be enabled by the aspartate/glutamate pair found in HD motif 
four strictly invariant in all hydrolase domains of the RSH family 
(Aravind & Koonin, 1998; Atkinson et al., 2011). To what extent, if 
at all, the discrepancy in HD1 of PaSAH and the shortened helix α7 
(Figure 3c,d) might give rise to differences in its substrate spectrum 
is unclear.

3.3 | Functional role of SAH enzymes within the (p)
ppGpp framework

We observed a reduction in the biofilm forming ability of P. aer-
uginosa upon deletion of PaSAH, which could only be restored by 
complementation with the native but not an enzymatically inactive 
variant (PaSAHE74A/D75A) of the protein. This suggests that the (p)
ppGpp hydrolytic activity of PaSAH, instead of interactions between 
PaSAH and other proteins or factors in the cell, is specifically respon-
sible for the observed defect in biofilm formation by P. aeruginosa 
upon deletion of PaSAH. Besides the presence of PaSAH, regulation 
of biofilm formation also relies on the long RSH enzymes RelA and 
SpoT (de la Fuente-Nunez et al., 2014; Xu et al., 2016). Conversely, 
deletion of the monofunctional (p)ppGpp synthetase RelA or of both 
RelA and SpoT synthetases, which generates a strain without any 
ppGpp (ppGpp0), had the same effect on biofilm formation of P. aer-
uginosa as a lack of PaSAH. One plausible explanation for this could 
be that PaSAH acts on biofilm formation outside of the (p)ppGpp 
metabolic network (RelA, SpoT), however, its enzymatic activity 
would still be required to fulfill this unknown function. In this re-
gard, it is conceivable that PaSAH could, in addition to (p)ppGpp and 
(p)ppApp, also hydrolyze-related compounds, for example, NADPH 
as shown for HsMESH1 (Ding et al., 2020). Nevertheless, our data 
could suggest that deviations of the intracellular (p)ppGpp to an 

elevated (ΔSAH) or reduced (ΔrelA or ΔrelA ΔspoT) niveau would 
be detrimental for biofilm formation. The importance of (p)ppGpp 
for bacterial physiology is best studied in B. subtilis ppGpp0 strains, 
which are auxotrophic for several amino acids due to the lack of 
regulation by the alarmones (Bittner et al., 2014; Kriel et al., 2012, 
2014). To what degree (p)ppGpp would exert its opposing activities 
either directly, through altered RNA polymerase (RNAP) activity (re-
viewed in: (Dalebroux & Swanson, 2012; Gourse et al., 2018)) or by 
recruiting further proteins/factors via other second messengers like 
c-di-GMP or c-di-AMP is unclear (Jenal et al., 2017; Liu et al., 2017; 
Molina-Henares et al., 2017; Rao et al., 2010). The complexity of (p)
ppGpp signaling could also explain why PaSAH-deficiency did nei-
ther influence the motility properties of P. aeruginosa nor alter its 
growth kinetics. Future studies on (p)ppGpp, taking into account the 
presence of PaSAH, might shed further light on SAH function.

3.4 | SAH enzymes as an enzymatic defense against 
(p)ppApp intoxication

A number of potential functional roles of (p)ppApp in bacteria have 
emerged. Older reports linked (p)ppApp to the initiation of sporula-
tion in B. subtilis (Rhaese & Groscurth, 1976; Rhaese et al., 1977). It 
was also shown that (p)ppApp can bind near the E. coli RNAP ac-
tive site and enhance transcription from the rrnB P1 promoter as 
opposed to (p)ppGpp, which allosterically inhibits RNAP activity 
(Bruhn-Olszewska et  al.,  2018). Furthermore, ppApp and ppGpp 
bind in highly similar fashion to PurF from E. coli and inhibit its activ-
ity with similar potency (Ahmad et al., 2019). Whether, if at all, (p)
ppApp might exert a cellular regulatory role similar to (p)ppGpp is 
currently unknown.

In the current view, the occurrence of (p)ppApp is linked to toxic 
effects on the microbial cell (Ahmad et al., 2019, Jimmy et al., 2020). 
The T6SS effector protein Tas1 is a (p)ppApp synthetase whose tox-
icity is either mediated by (p)ppApp and/or through ATP depletion 
in the intoxicated cell (Ahmad et  al.,  2019). Tis1, the cognate im-
munity protein for Tas1, provides complete protection against Tas1 
toxicity because it sterically blocks the toxin active site. Enzymatic 
abrogation of ppApp-mediated toxicity was demonstrated for the 
SAH enzymes present in the Salmonella phages PVP-SE1and SSU5, 
C. marina ATfaRel and HsMESH1 (Jimmy et al., 2020). The expres-
sion of PaSAH provides a similar form of protection against the Tas1 
toxin by acting as an enzymatic, nonsteric form of immunity. The 
lower levels of protection conferred by PaSAH relative to Tis1 are 
likely caused by the rate of (p)ppApp degradation by PaSAH being 
approximately 70-fold lower than the rate of (p)ppApp synthesis 
by Tas1 in vitro. This difference in rate is probably compounded by 
the fact that the synthesis of one molecule pppApp consumes two 
ATP molecules but its hydrolysis only replenishes one equivalent of 
ATP. Likely due to these differences in enzymatic efficiency, PaSAH 
can alleviate the bactericidal effect of Tas1 but not fully restore 
growth of P. aeruginosa. Likewise, the bifunctional (p)ppGpp hydro-
lase/synthetase SpoT present in P. aeruginosa exhibits only weak (p)
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ppApp-degrading activity in vitro and upon overexpression is un-
able to reduce the toxic effects of (p)ppApp-producing Tas1 in vivo 
(Ahmad et al., 2019). In contrast, SpoT from E. coli could sufficiently 
restore growth when co-expressed with the otherwise growth-in-
hibiting toxSAS FaRel (Jimmy et al., 2020). Potential causes for this 
discrepancy include divergent (p)ppApp hydrolytic activities of the 
E. coli and P. aeruginosa SpoT enzymes, a lower (p)ppApp synthetic 
activity of FaRel compared to Tas1 or a different toxicity elicited by 
the ppApp and pppApp molecules synthesized by FaRel and Tas1, 
respectively.

The dual role of PaSAH in defense against foreign T6SS effectors 
and biofilm formation of P. aeruginosa exemplified in our study fur-
ther expands the functional relevance of SAH enzymes for bacteria.

4  | MATERIAL S AND METHODS

4.1 | Cloning and mutagenesis

All primers used in this study are listed in Table 2. For production 
of PaSAH in E. coli, PaSAH (PA0431) was amplified from P. aerugi-
nosa PAO1 genomic DNA by polymerase chain reaction (PCR) using 
Phusion High-Fidelity DNA polymerase (NEB) according to the 
manufacturer's manual. The resulting PCR fragment was introduced 
into pET24d (Novagen) and encoded an N-terminal His6-tag in frame 
with the DNA sequence of PaSAH. Variants of PaSAH were gener-
ated by overlapping PCR (Table 2).

For deletion of PaSAH from the P. aeruginosa PAO1 genome, a 
500-bp fragment containing the upstream region and the first four 
codons of PaSAH and a 500-bp fragment containing the PaSAH stop 
codon were amplified by PCR using the primer pairs pPA0431.1/2 
and pPA0431.3/4, respectively. The products were fused by over-
lapping PCR and cloned into the suicide vector pME3087 (Voisard 
et  al.,  1994) yielding plasmid pME3087ΔPaSAH. This plasmid, car-
ried by E. coli DH5α, was then introduced into P. aeruginosa PAO1 by 
triparental mating, using the E. coli HB101 (pRK2013) helper strain 
(Sambrook et  al.,  1989) to generate a ΔSAH strain. Strains were 
selected as described (Ye et  al.,  1995) and successful deletion of 
PaSAH verified by PCR. For complementation of the PAO1 ΔSAH 
strain, PaSAH preceded by an optimized ribosome binding site (RBS) 
and encoding a product with an N-terminal His6-tag was amplified 
by PCR. Site-directed mutagenesis yielding inactive PaSAHE74A/D75A 
for complementation studies was introduced by PCR. Both variants 
were cloned into mini-CTX-plac (Hoang et al., 2000) and conjugated 
into the genome of P. aeruginosa PAO1 ΔSAH under control of the 
lac promoter at the CTX attP site by triparental mating.

In-frame deletions of relA (PA0934) and spoT (PA5338) and 
genetic modifications of P. aeruginosa PAO1 and PA14 for growth 
competition assays were completed similarly with some modifica-
tions. In-frame deletion constructs were cloned into pEXG2 suicide 
vectors using primers listed in Table 2 (primer names: PA0934_KO, 
PA5338_KO, PA0431_KO, and PA14_05600_KO). The vector was 
transferred into P. aeruginosa PAO1 and PA14 by conjugation using 

E. coli SM10. Selection for allelic exchange was carried out as previ-
ously described (Hmelo et al., 2015). For complementation of strains 
in competition assays, the constructs for PaSAH for both PAO1 and 
PA14 or PaSAHE74A/D75A for PAO1 were cloned into a pPSV39-CV 
vector (Castang et  al.,  2008) using primers PA0431_F_HcpRBS_
SacI_1/PA14_05600_F_HcpRBS_SacI_1 and PA0431_R_XbaI_4/
PA14_05600_R_XbaI_4 for PaSAH and additionally, PA0431_
E74A_D75A_overlap_2 and PA0431_E74A_D75A_overlap_3 for 
PaSAHE74A/D75A. Note that the reverse primer (PA0431_R_XbaI_4/ 
PA14_05600_R_XbaI_4) does not contain a stop codon to express 
the VSV-G tag present in pPSV39-CV. The pPSV39-CV comple-
mentation vectors containing PaSAH or PaSAHE74A/D75A were 
transformed into E. coli SM10 and subsequently introduced into P. 
aeruginosa PAO1 or PA14 ΔSAH strains via conjugative transfer.

4.2 | Protein production and purification

Native and varied PaSAH proteins were overproduced in E. coli BL21 
(DE3) (NEB) carrying the corresponding plasmids. Cells were grown 
in lysogeny broth (LB) medium supplemented with 50 µg/ml kana-
mycin and 12.5 g/L D(+)-lactose-monohydrate for 20 hr at 30°C and 
harvested by centrifugation (3,500g, 20  min, 4°C). The cells were 
resuspended in lysis buffer (20  mM of HEPES-Na pH 7.5, 20  mM 
KCl, 250 mM NaCl, and 40 mM imidazole) and lysed by French Press 
(SLM Aminco) at 1,000 psi pressure. After removal of cell debris by 
centrifugation (47,850g, 20 min, 4°C), the supernatant was loaded on 
a 1-ml HisTrap column (GE Healthcare) equilibrated with 10 column 
volumes (CV) lysis buffer. After washing with 10 CV of lysis buffer, 
PaSAH was eluted with 5 CV elution buffer (lysis buffer containing 
500 mM imidazole). The protein was concentrated (Amicon Ultracel-
10K (Millipore)) and applied to size-exclusion chromatography (SEC) 
on a HiLoad 26/600 Superdex 200 pg column (GE Healthcare) equili-
brated with SEC buffer (20 mM of HEPES-Na, pH 7.5, 20 mM KCl, 
and 200 mM NaCl). Fractions containing PaSAH were pooled, con-
centrated (Amicon Ultracel-10K (Millipore)), deep-frozen in liquid ni-
trogen and stored at −80°C. Protein concentration was determined 
by a spectrophotometer (NanoDrop Lite, Thermo Scientific).

4.3 | Crystallization and structure determination

For crystallization trials, PaSAH was purified in SEC buffer supple-
mented with 20 mM MgCl2. Crystallization was conducted at 20°C 
by sitting drop vapor diffusion method in SWISSCI MRC 2-well plates 
(Jena Bioscience) with a reservoir volume of 50 µl. 0.5 µl of PaSAH 
concentrated to 1 mM was mixed with 0.5 µl of a solution contain-
ing 2.0 M sodium formate and 0.1 M sodium acetate pH 4.6. After 
three days, 0.5  µl of a cryo-protecting solution containing mother 
liquor supplemented with 20% (v/v) glycerol was added to the drop, 
crystals harvested and flash-frozen in liquid nitrogen. Diffraction 
data were collected at the European Synchrotron Radiation Facility 
(ESRF) Grenoble, France, at beamline ID29 under laminar nitrogen 
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TA B L E  2   Oligonucleotides

Primer Sequence Purpose

PaSAH-6H-Nco-F TTAACCATGGGCCATCACCATCACCAT  
CACAGCGCTCCCACGATGTCC

N-terminal 
His6-PaSAH

In vitro assays

PaSAH-Xho-R TTAACTCGAGTCAGTAGTACTGGCGGTAG

PaSAH-H70A/D71A-F GATCGCGGTCCTGGCCGCCACCCTGGAAG N-terminal His6-
PaSAHH70A/

D71A
PaSAH-H70A/D71A-R CTTCCAGGGTGGCGGCCAGGACCGCGATC

PaSAH-E74A/D75A-F GCACGACACCCTGGCAGCCACGGCGAC N-terminal 
His6-PaSAHE74A/D75A

PaSAH-E74A/D75A-R GTCGCCGTGGCTGCCAGGGTGTCGTGC

PaSAH-L30G-F CAGACCGGCAGCGGCTCG N-terminal 
His6-PaSAHL30G

PaSAH-L30G-R CGAGCCGCTGCCGGTCTG

PaSAH-S31G-F CAGACCCTCGGCGGCTCG N-terminal 
His6-PaSAHS31G

PaSAH-S31G-R CGAGCCGCCGAGGGTCTG

PaSAH-K100A-F CCTGAGCGCGCGCGTGG N-terminal 
His6-PaSAHK100A

PaSAH-K100A-R CCACGCGCGCGCTCAGG

PaSAH-K107A-F GCCCCGCGCGTTCCCTCG N-terminal 
His6-PaSAHK107A

PaSAH-K107A-R CGAGGGAACGCGCGGGGC

PaSAH-N135A-F GCATCACCGCCCTGCAGCC N-terminal 
His6-PaSAHN135A

PaSAH-N135A-R GGCTGCAGGGCGGTGATGC

PaSAH-W143A-F CGCAGACCGCGAACCAGG N-terminal 
His6-PaSAHW143A

PaSAH-W143A-R CCTGGTTCGCGGTCTGCG

PaSAH-K147A-F CCAGGACGCGATCGCGAAC N-terminal 
His6-PaSAHK147A

PaSAH-K147A-R GTTCGCGATCGCGTCCTGG

pPA0431.1 GGAATTCGGTCTGCAACATCGGCC Deletion of PaSAH 
(PA0431) in P. 
aeruginosa PAO1

Behavioural assays

pPA0431.2 TCAGTAGTAGGGAGCGCTCATGCGAAC

pPA0431.3 ATGAGCGCTCCCTACTACTGAAGTACCCGG

pPA0431.4 CCCAAGCTTGGGTGGACCTCCGGATAG

PA0934_KO_1_HindIII TGTTAAGCTAAAGCTTCGGGCTGGGCAATTTCTC Deletion of relA 
(PA0934) in P. 
aeruginosa PAO1

PA0934_KO_2_overlap AACTCGAGCCGCAAGCATGCTGAAGT  
ACCATCTTGCCTACCCTTT

PA0934_KO_3_overlap TTCAGCATGCTTGCGGCTCGAGTTCT  
TGAGGCGAGGCGGAAA

PA0934_KO_4_XbaI TGTTAAGCTATCTAGAACAACTGCTGCGGCTCCT

PA5338_KO_1_HindIII TGTTAAGCTAAAGCTTCCTCAAGGCGATCTTCCG Deletion of spoT 
(PA5338) in P. 
aeruginosa PAO1

PA5338_KO_2_overlap AACTCGAGCCGCAAGCATGCTGAAATGCCCGGCAAGGGTTCA

PA5338_KO_3_overlap TTCAGCATGCTTGCGGCTCGAGTTCGCAGCTGACCCGCTTTT

PA5338_KO_4_XbaI TGTTAAGCTATCTAGACGGCGAGGAAAATCACGC

PaSAH-comp-BamHI-F GTACGGGATCCTAACAGGAGGAATTAACCATGGGCCATCACC  
ATCACCATCACAGCGCTCCCACGATGTCCACG

Complementation 
of PaSAH and 
PaSAHE74A/D75A in P. 
aeruginosa PAO1

PaSAH-comp-E74A/D75A-F GTCCTGCACGACACCCTGGCAGCCACGGCGACCTCACC

PaSAH-comp-E74A/D75A-R GGTGAGGTCGCCGTGGCTGCCAGGGTGTCGTGCAGGAC

PaSAH-comp-SacI-R CAGGGTGGCCGCCAGGACCGCGATCTGCAGGGTT

PA0431_KO_1_SacI TGTTAAGCTAGAGCTCGTGGTCTGCAACATCGGCCAC Deletion of PaSAH 
(PA0431) in P. 
aeruginosa PAO1

Viability and 
competition assaysPA0431_KO_2_overlap TTCAGCATGCTTGCGGCTCGAGTTCGTGGGAGCGCTCATGCGAA

PA0431_KO_3_overlap AACTCGAGCCGCAAGCATGCTGAACGCCAGTACTAC  
TGAAGTACCCG

PA0431_KO_4_XbaI TCAATCAGTATCTAGAGGGTGGACCTCCGGATAGGC

(Continues)
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flow at 100K (Oxford Cryostream 700 Series) with a Pilatus 6M de-
tector at 1.85 Å. Data were processed with XDS (Kabsch, 2010) and 
the structure determined with Phenix-implemented Phaser (Adams 
et al., 2010) using the hydrolase domain of RelSeq (PDB: 1VJ7 chain B, 
amino acids 1–200, (Hogg et al., 2004)) as a search model for molecu-
lar replacement. The structure was manually built in Coot (Emsley & 
Cowtan, 2004) and refined with Phenix refine (Adams et al., 2010). 
Figures were prepared with PyMOL (www.pymol.org).

4.4 | Preparation of (p)ppGpp and (p)ppApp

Alarmones ppGpp and pppGpp were produced essentially as described 
previously (Pausch et al., 2018; Steinchen et al., 2015). In brief, 5 µM B. 
subtilis RelQ produced and purified as described (Steinchen et al., 2015) 
were incubated in a buffer containing 10 mM HEPES-Na, pH 7.5, 10 mM 
KCl, 10 mM MgCl2, and 100 mM NaCl together with 10 mM ATP and 
10 mM of GDP or GTP at 37°C. After 3 hr an equal volume of chlo-
roform was added to stop the reaction followed by mixing and cen-
trifugation (17,300g, 5 min, 4°C). The aqueous phase was subjected to 
anion-exchange chromatography using a Resource Q 6-ml column (GE 
Healthcare) at a flow rate of 6 ml/min and the nucleotides eluted with a 
gradient of LiCl. (p)ppGpp-containing fractions were pooled and lithium 
chloride powder added to a final concentration of 1 M. After addition of 
four volumes ethanol, incubation at −20°C for 20 min and centrifuga-
tion (5,000g, 20 min, 4°C), the resulting pellet was washed with ethanol, 
dried, and stored at −20°C. Nucleotides ppApp and pppApp were pro-
duced by incubating 10 µM S. aureus RelP produced and purified as de-
scribed (Steinchen et al., 2018) in a buffer containing 10 mM HEPES-Na, 
pH 7.5, 10 mM KCl, 10 mM MgCl2, and 100 mM NaCl together with 
10 mM ATP and 10 mM ADP (for ppApp) or only 10 mM ATP (for pp-
pApp) at 37°C for 24 hr. The reactions were stopped with chloroform 
and the (p)ppApp purified as described above for (p)ppGpp.

4.5 | Determination of (p)ppGpp hydrolase activity

The enzymatic activity of PaSAH or its variants was assayed by in-
cubating 0.5  µM PaSAH together with 1 mM substrate (ppGpp or 
pppGpp) in SEC buffer supplemented with 1 mM DTT at 37°C. In 
experiments probing the effect of manganese and magnesium ions 
on PaSAH activity, MnCl2 or MgCl2 were added at a concentration 
of 0.01/0.025/0.1/0.25/1/2.5/10 mM to the buffer. In all other non-
kinetic experiments, MnCl2 was used in a concentration of 2.5 mM. 
After 10  min, the reactions were stopped by adding two volume 
parts chloroform, thoroughly mixed and heated at 95°C for 15  s 
each and immediately flash-frozen in liquid nitrogen. Immediately 
after thawing, the samples were centrifuged (17,300g, 30 min, 4°C) 
and the aqueous phase used for HPLC analysis on an Agilent 1,100 
Series system (Agilent Technologies) equipped with a C18 column 
(EC  250/4.6 Nucleodur HTec 3  µM; Macherey-Nagel). Analytes 
were isocratically eluted with a buffer containing 50 mM KH2PO4, 
50  mM K2HPO4, 10  mM tetrapentylammonium bromide and 15% 
(v/v) acetonitrile and detected at 260 nm wavelength in agreement 
with standards.

4.6 | Kinetic analysis of (p)ppGpp and (p)ppApp 
hydrolase activity

For kinetic analyses, 0.1  µM PaSAH was incubated in presence of 
0.1/0.25/0.5/0.75/1/2.5 mM substrate (ppGpp or pppGpp) in SEC 
buffer supplemented with 1  mM DTT and 1 or 2.5  mM MnCl2 at 
37°C. Samples were withdrawn after 2.5/5/7.5/10 min, quenched, 
and quantified by HPLC as described above. Data were analyzed with 
GraphPad Prism version 6.04 for Windows, (GraphPad Software, 
San Diego, California, USA). The velocity of (p)ppGpp hydrolysis was 
obtained by linear regression of the amount of the products GDP or 

Primer Sequence Purpose

PA0431_F_HcpRBS_SacI_1 TGTTAAGCTAGAGCTCACGGGAGGAAAGATGAGCGCTC  
CCACGATGTCC

Complementation 
of PaSAH and 
PaSAHE74A/D75A in E. 
coli and P. aeruginosa 
PAO1

PA0431_E74A_D75A_
overlap_2

GAGGTCGCCGTTGCGGCCAGGGTGTCGTGCAGGACCG

PA0431_E74A_D75A_
overlap_3

GCACGACACCCTGGCCGCAACGGCGACCTCACCCGAGG

PA0431_R_XbaI_4 TCAATCAGTATCTAGAGTAGTACTGGCGGTAGTGCTCG

PA14_05600_KO_1_SacI TCAATCAGTAGAGCTCAACATCGGCCACTTCGACAACGAG Deletion of PaSAH 
(PA14_05600) in P. 
aeruginosa PA14

PA14_05600_KO_2_overlap TTCAGCATGCTTGCGGCTCGAGTTGGGAGCGCTCATGCGAACG

PA14_05600_KO_3_overlap AACTCGAGCCGCAAGCATGCTGAATACTACTG  
AAGTACCCGGCGCTAGT

PA14_05600_KO_4_XbaI TCAATCAGTATCTAGATGGGGGTGGACTTCCGGATAG

PA14_05600_F_HcpRBS_
SacI_1

TCAATCAGTAGAGCTCACGGGAGGAAAGAT  
GAGCGCTCCCACGATGTCC

Complementation 
of PaSAH 
(PA14_05600) in P. 
aeruginosa PA14

PA14_05600_R_XbaI_4 TCAATCAGTATCTAGAGTAGTACTGGCGGTAGTGCTCG

TA B L E  2   (Continued)

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1VJ7
http://www.pymol.org
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC%A0250.html
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GTP after different incubation times and the enzyme kinetic param-
eters (Km and Vmax ± SD) obtained from the fit of the v/S characteris-
tic according to the equation v = Vmax S/(Km + S). Kinetic analyses of 
ppApp and pppApp hydrolysis by PaSAH was done as described for 
(p)ppGpp but owing to the higher velocity contained only 0.01 µM 
PaSAH. The velocites of (p)ppApp hydrolysis were obtained by lin-
ear regression of the amount of the products ADP or ATP after dif-
ferent incubation times and the enzyme kinetic parameters (Km and 
Vmax ± SD) obtained from the fit of the v/S characteristic according 
to the equation v = Vmax S/(Km + S).

4.7 | Analysis of P. aeruginosa swimming/swarming/
twitching behavior and biofilm formation

Growth kinetics of P. aeruginosa PAO1 were performed in Nutrient 
Yeast Broth (NYB) (Stanisich & Holloway,  1972) or in M9 medium 
(Sambrook et al., 1989) supplemented 20% (w/v) glucose in 100 ml 
Erlenmeyer flasks filled with 20  ml of medium, with shaking at 
180 rpm and at 37°C.

Swimming assays were carried out on agar plates containing 
10 g/L tryptone, 5 g/L NaCl, and 3 g/L agar. Standardized overnight 
culture (0.5 µl with an A600nm of 1.0) was injected into the surface of 
the agar and plates were incubated at 30°C overnight.

Swarm assays were performed in plates consisting of 0.5% (w/v) 
Difco bacto agar with 8 g/L Difco nutrient broth and 5 g/L glucose. 
Cells were inoculated onto swarm plates with standardized over-
night cultures (5 µl with an A600nm of 1.0) and incubated overnight 
at 37°C.

Twitch assays were carried out on 1% (w/v) LB agar plates and 
bacteria were inoculated by picking a colony using a sterile tip and 
stabbing to the bottom of the plates, which were incubated at 37°C 
overnight. The next day, the agar was peeled off the plate, and cells 
were stained with crystal violet for visualization. Pictures were 
taken from each motility plate and the ImageJ software (NIH) was 
used to determine the area of the plate surface covered by the bac-
teria. At least three independent experiments were performed for 
each experiment and every experiment consisted of three replicates.

Biofilm formation was performed in NYB using glass tubes or 
24-well polystyrene microtiter plates, as indicated in the figures. 
Biofilms assays were inoculated with standardized overnight cul-
tures (A600nm of 0.1), incubated at 37°C under static conditions for 
16 hr, and stained with 0.1% (w/v) crystal violet solution. The dye 
bound, which is proportional to the biofilm produced, was solubilized 
with 96% (v/v) ethanol and the absorption at 600  nm wavelength 
quantified with a Synergy H1 plate reader (Biotek). Data represent 
mean ± SD of n = 3 independent samples.

4.8 | Western blot analysis

SDS-PAGE and western blotting were performed as described previ-
ously (Hachani et al., 2014). Briefly, proteins were resolved 12% gels 

using the Mini-PROTEAN system (Bio-Rad) by electrophoresis and 
transferred to nitrocellulose membrane (GE Healthcare) by blotting. 
Membranes were blocked with 5% (w/v) milk powder (Sigma Aldrich) 
dissolved in TBST buffer (20 mM Tris-Cl, 150 mM NaCl, 0.1% (v/v) 
Tween-20, pH 8.0) prior to incubation with the primary monoclonal 
anti-His6 antibody (Sigma Aldrich) at a 1:100 dilution. Membranes 
were washed with TBST before incubation with HRP-conjugated 
secondary antibodies (Sigma Aldrich) at a dilution of 1:5,000. Blots 
were developed with the Luminata Forte Western HRP substrate 
(Millipore) according to the manufacturer's manual and detected 
with a LAS-3000 Luminescent Image Analyzer (Fujifilm Life Science).

4.9 | E. coli growth curves and Tas1 toxicity 
experiments

E. coli XL-1 blue was co-transformed with pSCrhaB2-CV or pSCrhaB2-
CV expressing P. aeruginosa Tas1 and the pPSV39-CV vector or 
pPSV39-CV expressing P. aeruginosa Tis1, PaSAH or PaSAHE74A/D75A 
(this study and (Ahmad et al., 2019)).

For growth curves, overnight cultures grown in LB medium (37°C, 
200 rpm) were diluted 1:100 in 200 µl of fresh LB medium containing 
selection in a 96-well plate (see above). The plate was placed into a 
Synergy 4 (BioTek) plate reader set at 37°C with medium shaking and 
the A600nm of the cultures were measured every 30 min for the du-
ration of the assay. Inducers were added after 2.5 hr once the strain 
containing empty vectors reached mid-log optical density (A600nm of 
0.2).

For CFU enumeration experiments, overnight cultures grown in 
LB medium (37°C, 200  rpm) were used to inoculate 50 ml LB and 
allowed to grow to an A600nm of 0.4. Samples were withdrawn from 
these cultures, diluted to 10–6 using 10-fold serial dilutions, and 
plated on noninducer containing agar to enumerate the CFUs before 
induction. Inducer was added to each culture followed by further 
incubation for 1 hr, after which samples for counting of postinduc-
tion CFUs were withdrawn, again diluted and plated on noninducer 
containing LB agar plates. CFUs were counted following 24 hr incu-
bation on LB agar plates at 37°C.

4.10 | P. aeruginosa growth competition assays

For inter-strain competitions, P. aeruginosa PA14 donor and PAO1 
recipient strains were grown in 2 ml LB medium overnight. One mil-
liliter of each stationary-phase culture was pelleted at 7,600g for 3 min 
and washed twice with 1  ml of fresh LB medium. The resuspended 
cells were diluted to an A600nm of 0.4 (approximately 3 × 105 colony-
forming units (CFUs)) and mixed at a 4:3 (v/v) (PAO1:PA14) ratio. For 
intraspecific competitions with P. aeruginosa PA14 donor and recipient 
strains, stationary-phase cultures were directly mixed in a 1:1 (v/v) ratio 
except for the viability assays shown in Figure 5f, where PA14 donor 
and recipient strains (approximately 3 × 105 CFU) were mixed in a 10:1 
(donor:recipient) ratio. PA14 donor strains contain a chromosomal lacZ 
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reporter and tetracycline-resistance cassette to permit blue-white 
screening on X-gal and selection on LB with tetracycline. Mixed cultures 
were diluted and plated on 40 µg/ml X-gal to enumerate exact starting 
ratio of donor and recipient. A 10 µl of each mixture were spotted on a 
0.45 µm nitrocellulose membrane overlaid on a 3% (w/v) LB agar plate 
and incubated face up at 37°C for 9 hr (inter-strain competition) or 8 hr 
and 24 hr (intraspecific competition). Competition spots were harvested 
by resuspending each in 200 µl of LB followed by serial dilution and 
plating on LB with 40 µg/ml X-gal or 75 µg/ml tetracycline. Final CFUs 
of donor and recipient strains were normalized to initial CFUs for both 
strains. Images of plates were taken 24 hr after plating.
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