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SadB, a mediator of AmrZ proteolysis and
biofilm development in Pseudomonas
aeruginosa

Check for updates

Yossi Ben-David1, Michael Sporny1, Yigal Brochin1, Bar Piscon1, Shira Roth2, Itzhak Zander1,
Michal Nisani1, Sivan Shoshani1, Orly Yaron3, Sarit Karako-Lampert3, Ilana Lebenthal-Loinger1,
Amos Danielli2, Yarden Opatowsky1 & Ehud Banin1

The ability of bacteria to commit to surface colonization and biofilm formation is a highly regulated
process. In this study, we characterized the activity and structure of SadB, initially identified as a key
regulator in the transition from reversible to irreversible surface attachment. Our results show that
SadB acts as an adaptor protein that tightly regulates the master regulator AmrZ at the post-
translational level. SadB directly binds to the C-terminal domain of AmrZ, leading to its rapid
degradation, primarily by the Lon protease. Structural analysis suggests that SadB does not directly
interact with small molecules upon signal transduction, differing from previous findings in
Pseudomonas fluorescens. Instead, the SadB structure supports its role in mediating protein-protein
interactions, establishing it as a major checkpoint for biofilm commitment.

The Gram-negative bacterium Pseudomonas aeruginosa is an opportu-
nistic pathogen that can cause severe, life-threatening infections in
immuno-compromised individuals and is a leading pathogen associated
with hospital-acquired infections1–3. It is not only a successful colonizer
that can induce acute infections, but also a persistent survivor, and thus
responsible for numerous chronic infections1,4,5. The persistence of P.
aeruginosa during such infections has been linked, in part, to its ability to
form biofilms6. Biofilm formation involves a specialized mode of growth
in which bacterial cells adhere to each other and/or to a surface, at which
time they secrete extracellular polymers7–10. A biofilm develops in a
continuous process in which bacterial cells initially convert from a
reversible to an irreversible mode of surface attachment, followed by
proliferation and aggregation to form microcolonies. As the process
continues, microcolonies become mature biofilms11. Biofilm formation,
an extremely convoluted process, is highly dependent on surface-
associated motile behavior12,13. Despite considerable advancements rea-
lized in biofilm research, those signals and processes that regulate biofilm
formation are still not entirely understood.

Cyclic diguanylate (c-di-GMP) has been identified as major
intracellular signal that coordinates the transition from a motile to
sessile lifestyle in a wide range of species, including P. aeruginosa14.
Specifically, elevated levels of cellular c-di-GMP have been associated
with increased biofilm formation, enhanced exopolysaccharide (EPS)

synthesis and production of attachment factors. Conversely, low levels
of c-di-GMP promote a planktonic lifestyle, enhanced motility and
virulence15.

Nonetheless, c-di-GMP is not the only factor known to influence this
transition, as it has been shown that biofilm formation involves numerous
regulators11. In recent years, efforts have focused on the initial steps in
biofilm formation,most notably the commitment of the bacteria to proceed
with biofilm formation rather than transition back to the planktonic
form16–18.

One such regulator is SadB, first identified in a surface attachment
defective (sad) mutant screen, where it was found to control the tran-
sition from reversible to irreversible attachment19. A mutation in sadB
results in enhanced swarming motility and reduced biofilm formation20.
SadB is thought to work upstream of components in the CheIV che-
motaxis cluster (i.e., PilJ and ChpB), affecting flagellar reversal rates and
matrix polysaccharide production20, and downstream of the diguanylate
cyclase (DGC) SadC21 and the phosphodiesterase (PDE) BifA22.
Although the activity of SadB has yet to be determined, it was hypo-
thesized that SadB could act upstream of c-di-GMP synthesis or that
SadB somehow transmits the c-di-GMP signal to downstream targets18,
most of which remain unknown.

In this study, we characterized SadB activity and uncovered its role in
biofilm formation. By combining proteomic and transcriptomic analyses of
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a sadBmutant, versus the wild-type (WT) strain, we were able to decipher
that SadB post-translationally regulates AmrZ, a master regulator control-
ling biofilm formation, motility, and polysaccharide production23. We fur-
ther demonstrated that SadB tightly regulates AmrZ levels by acting as an
adaptor protein via direct binding to theAmrZC-terminal domain, causing
AmrZ to undergo rapid degradation, mainly mediated by the Lon protease.
Our structural analysis of SadB, however, argues that it is highlyunlikely that
SadB binds c-di-GMP or other ligands for signal transduction and activa-
tion. Together, these findings establish SadB as a central post-translational
regulator and a crucial factor in determining commitment to a biofilm
lifestyle.

Results
SadB regulates levels of the transcription factor AmrZ and the
phosphodiesterase ProE
SadB shows sequence homology to the YbaK family of tRNA editing
proteins (Supplementary Fig. 1A). This may suggest post transcription
regulation capabilities, as after transcription, tRNAs undergo various
processing events, including numerous modifications that make them
fully functional. Some of these modifications not only influence tRNA
structure but can also change its functional role and decoding
properties24. Indeed, suppression of rare tRNAs has been shown to
impair biofilm formation in Escherichia coli25. As such, we considered
whether SadB controls biofilm formation and swarming motility via
tRNA editing. Accordingly, we performed proteomics and tran-
scriptomics analyses of a ΔsadBmutant, as compared to theWT strain,
searching for genes with uncorrelated transcription and translation.
We found that in most genes identified, when mRNA levels are ele-
vated, protein levels are correspondingly high, and vice versa (Fig. 1A).
Two proteins, namely, AmrZ and PA5295 (ProE), which were over-
expressed in the ΔsadB mutant, presented mRNA levels that were
either unchanged (ProE) or down-regulated (AmrZ) (Fig. 1A). These
results were corroborated by western blotting and real-time PCR
(Fig. 1B, C).

AmrZ is a global transcriptional regulator that controls biofilm for-
mation and motility 26. It can act both as an activator and a repressor27,
regulating genes involved in polysaccharide production, type IV pili, and
flagellar function28. AmrZ plays a crucial role in the transition between
planktonic and biofilm lifestyles by modulating the expression of biofilm-
associated genes and repressing flagellar motility28–30. Interestingly, pheno-
types associated with high levels of AmrZ are similar to those observed with
a sadB deletion strain. ElevatedAmrZ levels suppress Psl production and c-
di-GMP synthesis, leading bacteria to exhibits a faster and expanded
swarming area (i.e., hyper swarming), and form thin biofilms that lack

prominent microcolonies, similar to the biofilm formed by ΔsadB28,30,31.
ProE, on the other hand, is a phosphodiesterase which appears to play a
crucial role in EPS production32.

Deletion ofamrZ suppresseshyper-swarming in aΔsadBmutant
and, when combined with proE deletion, restores biofilm
formation
To assess the impact of AmrZ and ProE on the ΔsadB phenotypes, single
(i.e., ΔamrZ and ΔproE), double (i.e., ΔsadBΔamrZ and ΔsadBΔproE), and
triple (i.e., ΔsadBΔamrZΔproE) mutants were constructed. When exam-
ining the swarming phenotypes our data suggest that the deletion of amrZ
was sufficient to completely eliminate hyper swarming activity (Fig. 2A).

As for the biofilm phenotype, deleting amrZ and proE restored biofilm
formation in theΔsadBmutant background (Fig. 2B,C). Furthermore, c-di-
GMP levelsweremeasured across allmutant strains. TheΔsadBmutant had
very low c-di-GMP levels, consistent with its observed phenotypes. In
contrast, the c-di-GMP levels in the ΔsadBΔamrZ mutant were similar to
those of the wild-type strain (Fig. 2D).

The swarming and biofilm phenotype in the ΔamrZ mutant closely
resembles the ones observed in strains with overexpressed SadB (Supple-
mentary Fig. 1B–D). This provides additional evidence that the swarming
and biofilm defects in the ΔsadBmutant are directly linked to its regulation
of AmrZ.

SadB directly binds AmrZ
The sequence similarity between SadB and members of the tRNA editing
protein family led us to evaluate whether SadB controls biofilm formation
and swarming motility via tRNA editing. To do so, we substituted all rare
codons (~20%) in the mRNA sequence of amrZ with common ones
(Supplementary Fig. 2A), without altering the translated protein sequence.
No effectwas detected, with SadB-mediated regulation ofAmrZ levels being
maintained, despite the absence of rare codons in the amrZ mRNA
sequence (Supplementary Fig. 2B), suggesting that rare codon tRNAs are
not targeted by SadB. This led us to hypothesize that SadB directly regulates
AmrZ at the protein level. To confirm this idea, we conducted a co-
immunoprecipitation (co-IP) assay, which confirmed direct interaction
between SadB and AmrZ (Fig. 3). To further corroborate this finding, we
employed a magnetic modulation biosensing (MMB) system which we
recently developed33. In this assay, amagnetic beadbinds tooneprotein, and
a fluorescent molecule binds to another. When the proteins interact, the
bead is moved by a magnetic field through a laser, creating a detectable
oscillating signal. The MMB system results supported the co-IP data,
demonstrating that SadB indeed directly binds to AmrZ (Supplementary
Fig. 3A).

Fig. 1 | AmrZ and ProE levels are post-
translationally regulated by SadB. A Scatter plot of
a Spearman correlation of proteomics and tran-
scriptomics results of a sadBmutant (ΔsadB) strain,
as compared to the WT strain, presented as log of
fold-change. Spearman’s rho was 0.603 and the p
value was <0.00001. BWestern blot exhibiting
FLAG-conjugated AmrZ and ProE expression levels
in a sadB over-expressing strain (pOE sadB) and in a
sadB mutant strain carrying an empty vector
(ΔsadB/pUCP18), as compared to the WT strain
carrying an empty vector (PAO1/pUCP18). The
image is representative of three independent repeats.
CReal-time PCR analysismeasuring amrZ and proE
mRNA levels in a sadB over-expressing strain (pOE
sadB) and a sadBmutant strain transformed with an
empty vector (ΔsadB/pUCP18), as compared to the
WT strain also transformed with an empty vector
(PAO1/pUCP18).
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The presence of SadB leads to rapid AmrZ degradation
Our results indicate that SadB-mediated regulation of AmrZ occurs at
the protein level, with the presence of SadB resulting in decreased
AmrZ levels. Moreover, we have shown that SadB and AmrZ directly
interact. Thus, our next step was to examine whether SadB is respon-
sible for AmrZ degradation. We, therefore, developed a degradation
assay in which AmrZ levels are measured at different time points fol-
lowing sadB induction. For this, two plasmids were constructed, the
first mediating the continuous over-expression of AmrZ and the sec-
ond expressing SadB under the control of an arabinose-inducible
promoter. The latter plasmid also contained a defective ribosome-

binding site (pRBSmod), ensuring that in the absence of arabinose, no
trace amounts of SadB would be produced. This modification was
necessary because with a partially leaky promoter, even in the absence
of arabinose, minimal amounts of SadB would be expressed, resulting
in a significant reduction in AmrZ levels (Supplementary Fig. 3B).
Using this assay, we were able to demonstrate that once SadB was
expressed, AmrZ underwent degradation. Approximately 90 min after
induction of SadB expression, even at concentrations not detectable by
western blot, the majority of AmrZ was already degraded (Supple-
mentary Fig. 3C). These findings suggest that even extremely low levels
of SadB can regulate AmrZ levels.

Fig. 2 | AmrZ and ProE mutants abolish ΔsadB-related phenotypes. A Swarming
assay.B Static biofilm assay.CFlow cell assay and imaris biovolumequantification of
the flow cell results. D Cellular c-di-GMP measurements for the WT, sadB mutant
(ΔsadB), amrZ mutant (ΔamrZ), proE mutant (ΔproE), sadB amrZ double mutant
(ΔsadB ΔamrZ), sadB proE double mutant (ΔsadB ΔproE) and the sadB amrZ proE
triple mutant (ΔsadB ΔamrZ ΔproE) strains. The static biofilm assay reflects the
average of three independent repeats, with each experiment involving six replicates.

Error bars represent standard deviation. For the swarming assay, a representative
plate of each strain from three replicates in three independent experiments is shown.
For the flow cell assay, one representative image of each strain of three independent
experiments is shown. In cellular c-di-GMP measurements, each bar represents the
average of three independent experiments. * Indicates a statistically significant result
where P < 0.05, ** indicates a statistically significant result where P < 0.01 and ***
indicates a statistically significant result where P < 0.001.
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SadB mediates AmrZ degradation via proteolysis, mainly by the
quality control protease Lon
Since there is no evidence supporting SadB as possessing enzymatic activity,
we hypothesized that SadB interacts with other proteins to mediate AmrZ
degradation. To test our hypothesis, we performed a cell lysate pull-down
assay followed by mass spectrometry (Supplementary Table 1) on a strain
over-expressing His-tagged SadB and found that three of the top six hits
were proteases (namely, AsrA, PepA, and Lon). We next created deletion
mutant strains lacking each of the three candidate proteases and assessed
AmrZdegradation in eachmutant.Our results clearly show that the absence
of any of these proteases impactedAmrZ degradation brought about by the
presence of SadB, with the most prominent effect being observed in cells
lacking the Lon protease (Fig. 4).

A highly conserved amino acid region adjacent to the C-terminal
end of AmrZ is essential for the degradation process
To delineate the domain within AmrZ required for SadB-mediated activity,
we compared the amino acid sequences of AmrZ across Pseudomonas
species. Certain regions, particularly the DNA-binding domain, are highly
conserved, while the remaining sequence is variable (Fig. 5A). Interestingly,
an exception was found in that sequence, ten amino acids near the C-
terminus, which is conserved. We proposed that this sequence serves a
regulatory function and influences the ability of SadB to mediate AmrZ
degradation. To test this, we constructed two modified AmrZ constructs,
one not encoding the last ten amino acids and the second not encoding the
final twenty residues which contains most of the conserved sequence, with
the deletions beingmade immediately upstream of the stop codon (Fig. 5B).
A degradation assay confirmed the crucial role of the ten conserved amino
acids inAmrZdegradation, as removing this sequence completely abolished
SadB-mediated regulation of the process (Fig. 5C). Furthermore, when we

replaced just three amino acids (i.e., Q91A, A94Q and L95Q) within this
conserved sequence (Fig. 5D), we obtained similar results, namely, that
AmrZ was not degraded upon activation of SadB (Fig. 5E).

The conserved C-terminal sequence plays a key role in SadB
binding and regulatory function
Having identified this C-terminal regulatory sequence, we examined what
role it serves inmediatingAmrZdegradation. Specifically,we testedwhether
SadB could bind themodifiedAmrZ protein inwhich the three amino acids
were replaced (Fig. 5D). An immunoprecipitation assay clearly showed that
SadB could not bind this AmrZ variant (Fig. 6A) and, therefore, could not
trigger the process leading to its degradation. Lastly, substituting the
genomic amrZ with the variant in which these three specific amino acids
were replaced resulted in a significant reduction in biofilm formation, which
correlates with elevated AmrZ levels (Fig. 6B).

Analysis of the SadB structure
To further characterize SadB, we determined its crystal structure. The
structure (Fig. 7A–C) includes two distinctive domains (designated hen-
ceforth as the N- and C-domains), namely, a 150 residue-long N-terminal
Ybak/ProRS-like domain (also resembling the SacY-like RNA-binding
domain), and a 310 residue-longC-terminalHDODdomain. The proximal
N- and C-domains are organized so as to create a large cleft between them.
The N-domain displays a curved structure with a split seven-stranded
(designatedβA–G)beta sheet surroundedby seven short helices (designated
αA–F) (Supplementary Fig. 4). The beta sheet is split in its center, with the
neighboring βB and βE being set apart. This is a hallmark of Ybak/ProRS-
like domains, as first described for the crystal structure of the YbaK protein
fromHaemophilus influenzae (HI1434)34. The C-domain is all-helical with
17 short and long α-helices (designated α1–17) and is arranged as a com-
pact, globular domain around the long core α9 helix.

On that side facing the N-domain, an 8 × 6 Å-wide and 15 Å-deep
pocket linedby theα8,α9,α11,α12,α13, andα14helices exists. Suchpockets
(termed henceforth the “HDOD pocket”) are characteristic of HDOD
domains, which, in some cases, form the site for the binding of ions and
possibly for small molecules. This is the case for PDB entry 3HC1 “crystal
structure of HDOD domain protein with unknown function
(NP_953345.1) fromGeobacter sulfurreducens” (Fig. 7BandSupplementary
Fig. 4), where two iron ions are bound at the deepest end of the pocket. In
this structure, the ions are directly coordinated byfive histidine residues and
one aspartate (found in the α8,α9,α11, and α13helices). In the case of SadB,
however, only one histidine faces the HDOD pocket (i.e., the α9 helix of
H326), which makes it unlikely that SadB relies on similar anion interac-
tions. Moreover, the SadB pocket is mostly occluded by two loops, the loop
that connects theN-andC-domains (comprising residues154–159) and the
α14-α15 loop (comprising residues 424–427).

SadB adaptor activity that regulates biofilm formation does not
require ligand binding to the HDOD pocket
Despite the fundamental structural differences of theHDODpocket between
SadB and the YbaK protein from H. influenzae presented in Fig. 7B and
Supplementary Fig. 4, we cannot completely rule out the possibility of ligand
binding to the SadB HDOD pocket. We, therefore, introduced a series of
mutations at various SadB sites, particularly in theHDODpocket, that could
compromise putative ligand binding (Fig. 7A and Supplementary Fig. 4).
Since point mutations may only have a minor effect on SadB behavior, we
used a hyper-biofilm-forming strain (Δorn)35 as genetic background for our
biofilm assay, thereby increasing sensitivity of our measurements. We found
that none of the introduced mutations had a significant effect on SadB
involvement in biofilm formation (Fig. 7D), with the exclusion of drastic
truncation of either the N- or C-domain (Fig. 7E). Finally, a Biacore assay,
using purified SadBwith different concentrations of c-di-GMP corroborated
the lackof binding (SupplementaryFig. 5). This strongly suggests that biofilm
modulation by SadB does not require ligand binding to the HDOD pocket,
despite both the N- of C-domains being necessary.

Fig. 3 | SadB interacts with AmrZ at the protein level. Co-Immunoprecipitation
with anti-FLAG resin testing for interactions between co-expressed polyhistidine-
conjugated SadB and FLAG-conjugated AmrZ using the sadB:HIS and amrZ:FLAG.
Cell lysates from SadB- (sadB:HIS) and AmrZ-expressing cells (amrZ:FLAG) served
as negative controls. The blot shown is representative of three independent repeats.

Fig. 4 | SadB promotes AmrZ degradation through proteolysis, primarily by the
quality control protease Lon.A degradation assay of FLAG-conjugated AmrZ over
time after SadB appearance (ΔsadB/ pRBSmod sadB:HIS and pOE amrZ:FLAG) in
mutant strains deleted of different protease (ΔsadBΔasrA, ΔsadBΔpepA, Δsad-
BΔlon). Each blot is a representative of 3 independent repeats.
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Fig. 5 | The degradation process depends on a conserved amino acid residue
located near the C-terminal end of AmrZ. A ConSurf results of AmrZ, presenting
conservation/variability of amino acids between numerous Pseudomonas species.
The blue square highlights the conserved region within the variable sequence. B A
diagram presenting different amrZ constructs, namely, complete amrZ and amrZ
lacking the sequence encoding theC-terminal ten amino acids (amrZ(-10C):FLAG) or
the last twenty residues (amrZ(-20C):FLAG). C A degradation assay of the different
AmrZ:FLAG constructs (pOE amrZ:FLAG, pamrZ(-10C):FLAG, pamrZ(-20C):FLAG)

over time following SadB appearance (ΔsadB/pRBSmod sadB:HIS). Each blot is a
representative of three independent repeats. D A diagram presenting the three
C-terminal domain point mutations (PM) introduced into amrZ (pamrZ(PM):-
FLAG), encoding Q91A, A94Q or L95Q. E A degradation assay of the different
AmrZ:FLAG constructs (pOEamrZ:FLAG, pamrZ(PM):FLAG) following SadB
appearance (ΔsadB/pRBSmod sadB:HIS). Each blot is a representative of three
independent repeats.
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Discussion
SadB was discovered in the early 2000s and was presumed to play a role
in the Gac/Rsm signaling pathway, mediating the transition from
reversible to irreversible surface attachment18,36,37. Recent studies showed
that a strain carrying a sadB mutation shows dramatically reduced bio-
film formation, even when present in hyper-biofilm-forming mutants19.
Furthermore, the sadB mutant exhibits a unique hyper-swarming
motility phenotype20. Since both SadB-related phenotypes correspond
with low c-di-GMP levels, SadB was assumed to be a c-di-GMP-
dependent protein. It was also shown that a sadB mutant produced
noticeably less extracellular matrix material than the WT20. SadB
expression levels seem to correlate with P. aeruginosa commitment to
irreversible attachment and are controlled by the RpoN and by the fla-
gellar biosynthesis regulator, FleR20,29. Nonetheless, despite the obvious
centrality of SadB, its function in P. aeruginosa and how it mediates the
various phenotypes related to its presence remained unknown. The
current study demonstrated that all ΔsadB-related phenotypes are
directly linked to the effect of SadB on AmrZ, a major transcription factor
affecting biofilm formation, swarming motility and polysaccharide
production28,30,31,38.

We have shown here that SadB directly binds AmrZ and that even
undetectable amounts of SadB are sufficient to dramatically reduce AmrZ
levels. The binding of SadB to AmrZ occurs through three amino acids
within the C-terminus conserved region and triggers AmrZ degradation via
non-specific proteolysis, mainly by the housekeeping protease Lon. It was
previously shown that AmrZ down-regulated PSL production31.Mutants in
which PSL formation is reduced form a very thin, non-mushroom-like
biofilm, similar to that formed by the sadBmutant. It appears that the low c-
di-GMP levels in the sadBmutant can also be directly linked to the effect of
SadB on AmrZ. Diguanylate cyclase (DGCs) such as GcbA and SiaD which
are responsible for c-di-GMP synthesis are down-regulated byAmrZ28,29. In
addition, it was previously shown that the Lon proteases can detect and

degrade misfolded proteins by recognizing exposed hydrophobic residues
which are generally buried within the hydrophobic core upon proper
folding39. Alternatively, the Lon proteases can be directed with the help of
adaptor proteins40. In Bacillus subtilis, the Lon protease affects biofilm for-
mation and motility by specifically degrading SwrA, a flagellar biosynthesis
regulator. This specific degradation is possible only with the help of SmiA,
an adaptor protein. Furthermore, this specific proteolysis seems to be sur-
face-dependent, in that when the bacteria sense a solid surface, such pro-
teolysis stops, and SwrA levels rises40. The role of SadB in mediating the
transition to irreversible attachment leads us to hypothesize that SadB
functions in a similar manner to the B. subtilis adaptor to promote AmrZ
degradation via Lon and other proteases.

Recent studies inPseudomonas fluorescens revealed that SadB can bind
c-di-GMP41. To assess whether SadB requires ligand binding for its activity,
we first solved its crystal structure, which revealed two domains (i.e., the N-
and C-domains) and a HDOD pocket that likely provides a metal-binding
site. However, the HDOD pocket is mostly occluded by two loops. Fur-
thermore, only one histidine faces the HDODpocket instead of five, as seen
in HDOD pockets in other proteins. Taking these two structural char-
acteristics into consideration, it is highly unlikely that the HDOD pocket of
SadB is capable of ligand binding. Nevertheless, by introducing a series of
mutations (mainly in the HDOD pocket) that would compromise any
ligand binding to SadB and finding that none of them had any effect on
biofilm formation, we concluded that ligand binding to SadB is not neces-
sary for its role in biofilm modulation.

In conclusion, we have shown that SadB’s presumed role in
mediating the transition from reversible to irreversible surface
attachment is directly linked to AmrZ. When AmrZ is present in the
cell, bacteria are more suited for a planktonic mode of growth, as
expression of both PSL and the major DGCs is repressed. We hypo-
thesized that upon surface contact, SadB (which is barely detectable in
planktonic stage cultures) will start to accumulate, and in turn directly

Fig. 6 | The conserved C-terminal sequence is
crucial for SadB binding and regulation. A Co-
Immunoprecipitation with anti-FLAG resin testing
for interaction between co-expressed Poly histidine-
conjugated SadB and different constructs of FLAG-
conjugated AmrZ (sadB:HIS and amrZ:FLAG;
amrZ(-20C):FLAG; amrZ(PM):FLAG). Cell lysates
from SadB (sadB:HIS) and AmrZ-expressing cells
(amrZ:FLAG, amrZ(-20C):FLAG and
amrZ(PM):FLAG) served as negative controls. The
blot is representative of three independent repeats.
B static biofilm assay comparing the WT strain
(WT), a sadB mutant (ΔsadB) and a 3 amino acid
point-mutated AmrZ variant that is resistant to
SadB binding and subsequent degradation
(amrZ(PM)). An average of 3 independent experi-
ments is presented; each experiment contains six
replicates. Error bars represent the standard devia-
tion. ** indicates a statistically significant result
where P < 0.01 and *** indicates a statistically sig-
nificant result where P < 0.001.
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binds AmrZ at a specific stretch adjacent to the C-terminus. SadB acts
as an adaptor protein, directing AmrZ to proteolysis, mainly by the
housekeeping protease Lon. When AmrZ levels start to decrease, PSL
biosynthesis begins31, with PSL being a crucial polysaccharide in the
early stages of biofilm formation42. In addition, levels of DGCs, such as
AdcA (GcbA) and SiaD, which are repressed by AmrZ, begin to rise28,29.

At this point, the accumulation of PSL and c-di-GMP causes P. aeru-
ginosa to transition from a planktonic/reversibly attached state to a
biofilm-committed state (Fig. 8). This is a rapid process, allowing P.
aeruginosa to quickly adapt to its surroundings. Further study is
required to clarify the mechanisms by which surface sensing reg-
ulates SadB.

Fig. 7 | Biofilm modulation by SadB does not
require ligand binding to the HDOD pocket,
although both the N– and C-domains are neces-
sary. A Domain organization of SadB, with the
N-domain colored red and yellow, and the
C-domain cyan. Note the groove between the two
domains. Sites modified by site-directed mutagen-
esis performed in this study are highlighted by green
spheres. B Super-imposition of the SadB C-domain
(cyan) and the HDOD domain from G. sulfurredu-
cens (PDB entry 3HC1) with two iron ions bound in
the HDOD pocket (red spheres). While iron coor-
dination in the G. sulfurreducens structure is medi-
ated by five histidine residues and one aspartate
residue, the corresponding sites in SadB lack three
histidine residues. C “Open book” representation of
the separated N- and C-domains, revealing the
inter-domain interacting surfaces. D&E. Static bio-
film assay, with the genetic background of all the
tested strains being ΔsadBΔorn. All SadB mod-
ifications are indicated in Supplementary Fig. 4.
D Examining the effects of 13 different point
mutations on SadB behavior. E Testing the behavior
of the SadB N- and C-domains on their own. The
average of three independent repeats is shown, with
each repeat comprising six replicates. Error bars
represent standard deviation.
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Methods
Bacterial strains, plasmids and growth conditions
Strains and plasmids used in this study are listed in Supplementary Table 2.
P. aeruginosa strains were inoculated into Luria-Bertani medium (LB,
Difco) and incubated at 37 °C with agitation, unless otherwise indicated.
Agar (1.5%; BA, Difco) was added to prepare solid media. Antibiotics were
added to the growth media if necessary for selection. For P. aeruginosa,
300 μg/ml carbenicillin (Carb) and100 μg/ml gentamicin (Gm)were added,
whereas for Escherichia coli, 100 μg/ml ampicillin (Amp), 20 μg/ml genta-
micin (Gm) and 34 µg/mL chloramphenicol (Cm) were added. Vogel
Bonner minimal mMedium (VBMM), Pseudomonas isolation agar (PIA;
Difco) and no-salt Luria-Bertani (NSLB) containing 10% sucrose were used
for creating P. aeruginosa deletion strains.

Plasmid construction and cloning
For P. aeruginosa gene product over-expression, primers (Supplementary
Table 3) were designed to complement the beginning and end of each gene,
with the addition of enzyme restriction sites. For insert amplification,
Phusion High-Fidelity DNA Polymerase (Thermo) was used. Amplified
products were purified using NucleoSpin Gel and PCR Clean-up
(MACHEREY-NAGEL). FastDigest restriction enzymes (Thermo Scien-
tific) were used for digestion of amplified DNA and plasmids. Ligation was
carried out using BIOGASE – fast ligation kit (Bio-Lab). All processes were
conducted according to the manufacturers’ instructions. Ligated plasmids
were then introduced into anE. coliDH5α (NEB5α) (Invitrogen) competent
strain by heat shock for cloning, followed by plating on selective medium.
Successful plasmid transformations were verified using a DNA Polymerase
ReddyMix PCR Kit and universal primers. For plasmid extraction, a
QIAprep Spin Miniprep Kit (Qiagen) was used. Following sequence ver-
ification, plasmids were inserted into relevant P. aeruginosa strains by
electroporation.

Deletion mutation
Gene deletion was performed by homologous recombination. Plasmids
were constructed by gateway cloning or Gibson assembly. First, two seg-
ments 500 bp in length upstream and downstream of the gene to be deleted
were amplified using PCR. After the fragments were cleaned, the two sec-
tions were fused by SOEing (splicing by overlap extension) PCR. The new
fragment was cloned to the pDONRPEX18Gm plasmid using homologous
recombination and BP clonase (Invitrogen) enzyme. The plasmid was
introduced into the E. coli DH5α competent strain by heat shock

transformation, followed by plating on selective medium. After sequence
verification, the plasmid was inserted into the E. coli S17 strain (donor) by
electroporation.

For conjugation, the S17 donor strain and the PAO1 acceptor strains
were grownseparately inLBmediumovernight at 37 °C.The acceptor strain
was then diluted (1:2) into 6ml LBmediumand grown for an additional 3 h
at 42 °Cwithout agitation. The donor strainswere diluted 1:20 into 6ml and
grown for an additional 3 h at 37 °C with agitation. Following incubation,
500 µl of the acceptor strain and 3ml of the donor strain were transferred
onto Durapore membrane filters (0.45 μmHV, Millipore). The membrane
containing the strains was transferred onto LB agar plate (with no selection)
and incubated overnight at 30 °C. Strains were then scraped off the mem-
brane, suspended in phosphate-buffered saline (PBSX1, Sigma) and plated
on VBMM plates containing 100 µg/ml Gm and incubated at 37 °C for
24–48 h for selection. The strains were streaked on NSLB plates containing
10% sucrose and incubated at 30 °C for 24 h. Colonies were then plated on
LB, PIA and LB containing 100 μg/ml Gm. Finally, PCR was carried out to
verify mutant colonies that did not grow on LB plates containing Gm.

Codon optimization
The identification of rare codons and codon optimization sequence were
scored through the ATGme database43.

Static biofilm assay
Strains were inoculated from a−80 °C stock onto LB agar plates and grown
overnight. The next day, the bacteriawere scraped from the plate into 500 µl
PBSX1. The bacteria were then diluted to OD595nm = 0.05 in 1ml
BM2+CA define growth media and distributed into a 96-well microtiter
plate and incubated overnight at 37 °C. The following day, planktonic
bacteria were washed out and the wells were filled with 150 µl crystal violet
(Sigma) and stained for 15min at room temperature. Crystal violet that did
not attach to the biofilm was rinsed out, while the attached dye was solu-
bilized by adding 200 µl of absolute ethanol and incubating at room tem-
perature for 15min. Solubilized dye (100 µl) was transferred from eachwell
to a new 96-well plate. The OD595nm of each well was measured using a
Synergy 4 Multi-Detection Microplate Reader (BioTek).

Swarming assay
Strains were inoculated from a −80 °C stock into 2ml LB and grown
overnight. The next day, the bacteria were diluted 1:10 in M9 + casamino
acids (CA). Following an incubation of ~3 h, 2.5 µl of bacteria was plated in
the middle of an M9 agar (0.5%) plate. The plates were then incubated for
24 h. Pictures were taken using the Molecular Imager Gel Doc XR System
(Bio-Rad).

Flow cell assay
Strains were inoculated from a −80 °C stock into 2ml Tryptic soy broth
(TSB) and grown overnight. The next day, the bacteria were diluted to
OD595nm 0.05 in 1% TSB and loaded onto µ-Slide I0.4 Luer uncoated slides
(ibidi). The 1µ-Slide was connected to a flow cell containing fresh 1% TSB.
Freshmediawas pumped into the 1µ-Slide at a rate of 10ml/h and thewaste
was flushed out. Bacteria were grown in the 1µ-Slide for 24–48 h at 37 °C.
Following incubation, pictures were taken using SP8 confocal HyD
microscope (Leica).

RNA extraction
Strains were inoculated from a −80 °C stock into 2ml LB and grown
overnight. The bacteria were then diluted 1:100 into 15ml M9+CA and
incubated for ~3 h (OD595nm 0.5). Following incubation, a 2ml aliquot was
taken and mixed with 4ml RNAprotect Bacteria Reagent (Qiagen) and
allowed to rest for 20min. The bacteriawere then centrifugedat 3220 × g for
20min and rinsed in Tris-EDTA buffer solution (PH 8, Sigma/Fluka) to
remove residual RNAprotect. Lysozyme (90 μg/ml; Roche), 10 μl proteinase
K (Qiagen) and 1ml warm tri-reagent (65 °C, Sigma) were added to the
pelleted cells. After incubating for 5min at 65 °C, 200 μl of chloroform (BIO

Fig. 8 | Scheme summarizing SadB effect onP. aeruginosa.A Inactive/absent SadB
allows AmrZ to accumulate in the cell leading to repression of biofilm formation.
B Higher levels of SadB mark AmrZ for degradation inducing c-di-GMP accumu-
lation, PSL production and subsequent biofilm formation.
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LAB) were added. The solution was then centrifuged for 15min at
20,817 × g and the upper liquid phase was transferred into 80% ethanol.
RNAwas extracted from this fraction using a RNeasyMini Kit according to
the manufacturer’s instructions (Qiagen).

Real-time PCR analysis
GoScriptTM Reverse Transcription System (Promega) was used with 1 μg
RNA according to the manufacturer’s instructions to create cDNA. Fast
SYBRGreenMasterMix (LifeTechnologies)was used for the real-timePCR
analysis, using primers synthesized by IDT, according to themanufacturer’s
instructions. Real-time PCRwas conducted using the CFX-96 TouchT Real-
Time PCR Detection System (Bio-Rad). Results were normalized using
PA3297 as housekeeping gene.

Protein extraction
Strains were inoculated from a −80 °C stock into 2ml LB and grown
overnight. The bacteria were diluted 1:100 in 15mlM9+CAwith 33.3 µM
L-(+)-arabinose (when protein over-expressionwas required) (Alfa Aesar).
Following an incubation of ~3 h (OD595nm 0.5), 1.5*109 bacteria was taken
from each strain, centrifuged at 14,000 × g for 2min, and the supernatant
was removed. The cell pellet was re-suspended in lysis buffer (100mM
NaCl, 5% glycerol, 50mM Tris-HCl, pH 7.5) containing Benzonase
Endonuclease (Millipore), cOmplete protease inhibitor cocktail (Roche),
and lysozyme (Sigma-Aldrich). Aliquots were then incubated for 10min at
30 °C with agitation followed by Sonication (90 s, ON 5 s, OFF 5 s, 37%
amplitude). The sonicated samples were centrifuged at 20,817 × g for
10min, and the upper liquid phase containing the proteins was collected.

Western blot analysis
Total protein concentration was metered using NanoDrop Micro-
volume Spectrophotometers and normalized to 2.5 mg/ml. Protein
samples were diluted 3:1 with sample bufferX3 (150 mM Tris-HCl, pH
6.8, 3% β-mercaptoethanol, 6% sodium dodecyl Sulfate, 0.3% nromo-
phenol blue, 30% glycerol), and incubated at 95 °C for 10 min. The
proteins were then separated on a 4–20% Tris-glycine gel and trans-
ferred onto a nitrocellulose membrane. After blocking with 1% alkali-
soluble casein in TBS (pH 7.5) for His-tagged proteins or 5% skim milk
in TBS (pH 8) for FLAG-tagged proteins overnight at 4 °C, the mem-
brane was incubated for 1 h with anti-His antibodies (1:1000, Merck) or
anti-FLAG antibodies (1:2500, Sigma-Aldrich). Following three washes
with TBST, the membrane was incubated with horseradish peroxidase-
conjugated goat anti-mouse antibodies (1:2500, Santa Cruz Bio-
technology) for an hour. After an additional three TBST washes, the
membrane was developed with an ECL kit.

Proteomics analysis
Following protein extraction, protein levels were measured and analyzed
by mass spectrometry at Weizmann Institute of Science (Rehovot, Israel).
The samples were digested with trypsin using the S-trap method. The
resulting peptides were analyzed using nanoflow liquid chromatography
(nanoAcquity) followed by high resolution, high mass accuracy mass
spectrometry (Fusion Lumos). Each sample was analyzed on the instru-
ment in the discovery mode separately in a random order. Raw data were
processed with MaxQuant v1.6.6.0 software. The data was searched with
the Andromeda search engine against the P. aeruginosa database (http://
www.pseudomonas.com 44). Quantification was based on the LFQmethod,
based on unique peptides.

Transcriptomics analysis
Following RNA extraction, RNA quality was evaluated via a Tape station
RNA assay (Agilent Technologies). Libraries were constructed with
aScriptSeq Complete Kit –Bacteria (Epicentre) using the manufacturer’s
instructions. Finally, quality was evaluated by a Tape station HS DNA
assay (Agilent Technologies). Equimolar pooling of libraries was per-
formed based on Qubit values and sequenced at theWeizmann Institute of

Science. A strand-specific, single end RNA-seq protocol was used, yielding
about 15–22 million reads per sample. Reads were aligned to the P. aer-
uginosa PA01 RefSeq genome (NC_002516) using bowtie2 aligner soft-
ware (v2.3.2)45,46. HTSeq (v 0.6.1) was used to determine raw read counts
for 5584 annotated coding sequences, and 63 tRNA and 37 ncRNA
sequences. The annotation file for P. aeruginosa PAO1, in GTF format, was
downloaded from http://www.pseudomonas.com 44. Differentially expres-
sed genes were determined with the R Bioconductor package DESeq247. P
values were corrected with the Benjamini-Hochberg FDR procedure.
Spearman’s rank correlation coefficient was used to compare RNA-seq
results with mass spectrometry results.

Cellular nucleotide measurements
Strains were inoculated from a −80 °C stock onto LB plates and grown
overnight. The bacteria were then scraped and suspended in 500 µl
M9+CA. The bacteria were then diluted 1:100 in 25ml M9+CA. Fol-
lowing incubation of approximately 3 h (OD595nm 0.5), 5ml of culture were
transferred into a 15ml tube and centrifuged for 10min at 3,220 g. Cultures
(1ml) were harvested to determine protein content by Bradford assay and
200 μl aliqouts were harvested for viability counting. Cell pellets were re-
suspended in 300 μL of extraction solvent (40%methanol, 40% acetonitrile,
20% DDW) with cXMP at a final concentration of 266.7 ng/ml (Sigma-
Aldrich), incubated for 15min at 4 °C, followed by 10min of incubation at
95 °C and centrifugation at 20,817 × g for 5min at 4 °C. The supernatant
was transferred to a new tube. The extraction of the resulting pellets,
including resuspension and incubation at 4 °C, was repeated twice more
with 200 μL of extraction solvent (without cXMP). Each time, the super-
natant was transferred to the same tube, for a total yield of 700 μl of final
extract. The supernatant was evaporated until dry at 40 °C under a gentle
stream of nitrogen gas. c-di-GMP levels were measured via Reversed-Phase
LC-MS/MS at the Medizinische Hochschule Hannover Medical School
(Hannover, Germany). Measurements were normalized according to pro-
tein levels.

Identification of protein–protein interactions
Anti-His tag antibodies (10 μg; Novagen) were used to coat 0.5mg of
Dynabeads M-280 tosyl-activated magnetic beads (Thermo-Fisher)
according to the manufacturer’s protocol. Conjugated beads were mixed
with cell lysate from the protein extraction and incubated overnight at 4 °C
with rotation. Following two washes with lysis buffer, biotinylated anti-
FLAG antibodies (1:500; GenScript) were added to the complex of mag-
netic beads and proteins and incubated for 30min at room temperature.
After an additional wash with lysis buffer, the complex was incubated with
streptavidin-RPE (1:500) (Jackson Immuno Research Laboratories) for
20min. Subsequently, the buffer was replaced, and the complexed beads
were subjected to analysis using the MMB system, as described
previously 33. Three measurements of each sample were performed. Three
independent experiments were averaged. All measurements were nor-
malized to the signal of the conjugated magnetic beads alone. Normalized
fluorescence signal values are presented as the mean ± SEM. A one-way
ANOVA statistical analysis was performed, followed by Dunnett’s multiple
comparison tests.

Co-Immunoprecipitation with anti-FLAG resin
Cell lysate (200 μl) was added to anti-FLAG M2 affinity gel (Sigma-
Aldrich) and lysis buffer was added to a final volume of 1 ml, followed by
incubation for 2 h at 4 °C wtih rotation. The cell lysate and resin mix
were centrifuged at 5000 × g for 30 s, and the supernatant was removed.
The mix was then washed five times with 500 μl of lysis buffer (100 mM
NaCl, 5% glycerol, 50 mMTris-HCl, pH 7.5). 3X FLAG peptide (Sigma-
Aldrich) solution (100 μl; 150 ng/μl final concentration in lysis buffer)
was added to the mix and incubated with gentle shaking for 30 min at
4 °C. The mix was then centrifuged at 5000 × g for 30 s, and the
supernatant was collected. Finally, protein presence was tested via
western blot.
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Degradation assay
Strains were inoculated from a −80 °C stock into 2ml LB and grown
overnight. The bacteria were then diluted 1:100 in 15ml M9+CA. Fol-
lowing incubation of approximately 3 h (OD595nm 0.5), 33.3 µM L-
(+)-arabinose was added and 5*108 cells were taken and centrifuged at
16,873 × g for 3min. The supernatant was discarded and the pellet was
suspended in SBX1 (time = 0). This step was repeated at different time
points to follow thedegradationprocess. Finally, protein levelswere assessed
by western blot.

Cell lysate pull-down assay
Following protein extraction, the samplewas diluted 1:1 in pull-downbuffer
(6.5mMNaPO4, pH 7.4, 140mMNaCl, 0.02%Tween-20). The sample was
added to 50 µL ofDynabeads (Sigma) and incubatedwith gentle shaking for
2 h at 4 °C. The tube was then placed on a magnet for 2min and the
supernatant was discarded. The Dynabeads were then washed 5 times with
500 μl binding/wash (100mMNaPO4, pH 8, 600mMNaCl, 0.02%Tween-
20). Lastly, theboundproteinswere elutedusingHis elutionbuffer (300mM
imidazole; 50mMNaPO4, pH 8, 300mMNaCl, 0.01% Tween-20). Protein
presence was then measured and analyzed by mass spectrometry at the
Weizmann Institute of Science.

SadB purification
For preparative purification, SadB was expressed in the T7 Express
E. coli strain (NEB), also containing the RIL Codon Plus plasmid48.
Transformed E. coli cells were grown for 3–4 h at 37 °C in 2xYT media.
After the culture reached OD600nm 0.4, the temperature was reduced to
16 °C. When the culture growth reached OD600nm 0.6, protein expres-
sion was induced with 200 µM IPTG over a 16 h period. Cells were
harvested and frozen prior to lysis and centrifugation. SadBwas purified
as described49. Briefly, cells were suspended at a 1:10 (w:v) ratio with
lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10% glycerol,
5 mM β-mercaptoethanol (βME), 0.1% Triton X-100) and lysed using a
microfluidizer (Microfluidics). The cell debris were removed by 20 min
centrifugation (10,000 × g) at 4 °C, and the supernatant was then loaded
onto a pre-equilibrated Ni-chelated column (HisTrap, GE Healthcare)
with binding buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5% gly-
cerol, 5 mM βME). The column was washed and eluted using an elution
buffer gradient (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5% glycerol,
500 mM imidazole, 5 mM βME). An in vitro Lysine methylation
protocol50 was applied. SadB-containing fractions were diluted at 1:50
(v:v) in buffer containing 50 mM HEPES, pH 7.5, 5 mM βME and
loaded on an pre- equilibrated anion exchange monoQ column (GE
Healthcare). The protein was eluted with a gradient of 25 mM HEPES,
pH 7.5, 5 mMBME and 1 MNaCl. SadB-containing fractions were then
diluted to 1 mg/ml with monoQ loading buffer for lysine methylation.
First, 40 µl of 1 M dimethylamine-borane complex (ABC; Sigma-
Aldrich) and 20 µl of 1 M formaldehyde (Sigma-Aldrich) were added
per ml of protein solution (both reagents were diluted with DDW) and
incubated for 2 h on ice. This step was repeated twice, followed by the
addition of 10 µl ABC per ml of solution, and incubation overnight at
4 °C. The following day, the reaction was stopped by adding glycine
(final concentration of 13.3 mM) and DTT (final concentration of
5 mM) to reverse any modification of cysteine or methionine residues.
The entire solution was then centrifuged (15,000 × g for 15 min), con-
centrated, and loaded onto a size-exclusion chromatography column
(HiLoad 26/60 Superdex 200, GE Healthcare) pre-equilibrated with
buffer containing 25 mMTris-HCl, pH 7.5, 150 mMNaCl, 1 mMDTT.
SadB-containing fractions were pooled, concentrated to 16 mg/ml, split
into aliquots, flash-frozen in liquid N2 and stored at −80 °C.

SadB crystallography
Methylated SadB was screened for crystal growth conditions with the
Crystal screen, PegRX, PEG/Ion, and SaltRX commercial crystallization
screens (Hampton Research) at 277 K and 293 K in 96-well hanging-drop

clear polystyrene microplates (TTP LabTech) using the mosquito robot for
crystallography (TTP LabTech), as described49. A 1:1 sample:reservoir ratio
was used with a drop size of 0.2 µl. Optimal crystal growth conditions
consisted of a reservoir content of 1Mammoniumcitrate tribasic, pH7, and
0.1M Bis-Tris propane, pH 7.25. Crystals were gradually introduced into a
cryo-protectant solution consisting of 1.1M ammonium citrate tribasic, pH
7, 0.1M Bis-Tris propane, pH 7 and 8% glycerol that was added to the
mother-liquor, and flash-frozen in liquid N2. Diffraction data were mea-
sured at 100 K on the ID30-B beamline51 at the ESRF and were processed
and scaled using the XDSAPP software package52.

Crystals belonging to the P212121 space group, with unit cell dimen-
sions of a = 111.939, b = 161.892, c = 235.173, α = γ = β = 90, have four
molecules in the asymmetric unit, and a solvent content of 51%.The crystals
diffracted to amaximal resolution of 2.9 Å. The crystal structure was solved
by molecular replacement using Phaser-MR53 with the putative signal
transduction protein (Maqu_0641) from Marinobacter aquaeolei VT8
(PDB 3MEM) that shares 46% sequence identity with P. aeruginosa SadB as
the search model. Molecular replacement was followed by electron density
modification procedures and cycles of model refinement and re-building
using COOT54, PHENIX refine55, and the ReDo server56. The quality of the
resulting electron density ensured correct assignment of all amino acid side
chains (Supplementary Table 4).

Data availability
The raw data can be accessed on Figshare. https://figshare.com/s/
16241374193d8aabc627?file=49191181. Accession numbers Coordinates
and structure factors have been deposited in the Protein Data Bank with
accession number 9QZK.
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