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BIOCHEMISTRY

The antiactivator FleN uses an allosteric mechanism
to regulate 6”*-dependent expression of flagellar genes

in Pseudomonas aeruginosa

Chanchalm*, Priyajit Banerjee"”, Shikha Raghav1, Hemant N. Goswami', Deepti Jain*

Diverse sigma factors associate with the RNA polymerase (RNAP) core enzyme to initiate transcription of specific
target genes in bacteria. 6>*-Mediated transcription uses AAA+ activators that utilize their ATPase activity for tran-
scription initiation. FleQ is a 6>*-dependent master transcriptional regulator of flagellar genes in Pseudomonas
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aeruginosa. The ATPase activity of FleQ is regulated via a P-loop ATPase, FleN, through protein-protein interaction.
We report a high-resolution crystal structure of the AAA+ domain of FleQ in complex with antiactivator FleN. The
data reveal that FleN allosterically prevents ATP binding to FleQ. Furthermore, FleN remodels the region of FleQ
essential for engagement with &>* for transcription initiation. Disruption of the conserved protein-protein interface,
by mutation, shows motility and transcription defects in vivo and multiflagellate phenotype. Our study provides
a detailed mechanism used by monoflagellate bacteria to fine-tune the expression of flagellar genes to form and

maintain a single flagellum.

INTRODUCTION

Transcription initiation is the pivotal regulatory checkpoint of gene
expression in bacteria. One of the modes of regulation is through
the widely distributed yet unique RNA polymerase (RNAP) subunit
o>* associated with the expression of genes required for a diverse
range of physiological processes. The 6°* RNAP recognizes —12
and —24 elements in the promoter and forms a closed complex, where
the DNA is still double stranded (1, 2). The adenosine triphosphatase
(ATPase) activity of an upstream bound activator is essential for
isomerization of the closed complex into transcriptionally compe-
tent open complex, where the two strands of the DNA separate to
form the transcription bubble. The activators or the enhancer-binding
proteins (EBPs) assemble into active hexamers that hydrolyze
adenosine 5'-triphosphate (ATP), contact the 5>* RNAP holoenzyme,
and drive conformational changes within the polymerase-promoter
complex that are crucial for transcription initiation (3, 4).

FleQ is one such AAA+ (ATPase associated with various cellular
activities) EBP that regulates the expression of about 50 genes re-
sponsible for flagellar biosynthesis, assembly, and regulation in
conjunction with 6 in Pseudomonas aeruginosa. Deletion of fleQ
results in down-regulation of expression of flagellar genes, leading to
nonmotile phenotype (5-8). The domain architecture of FleQ resem-
bles the other 6> transcription activators and includes N-terminal
regulatory domain (REC), central AAA+ ATPase domain, and
C-terminal DNA binding domain harboring the helix-turn-helix
motif. The central domain is the most conserved of all the three
domains and contains conserved motifs such as Walker A, involved
in ATP binding, and Walker B, involved in hydrolysis (2, 9-11). The
central domain is further composed of two subdomains, the o/
subdomain at the N terminus followed by the a-helical subdomain
toward the C terminus. The nucleotide binds at the cleft between
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the two subdomains (9). In addition, the central domain contains
two surface-exposed loops L1 and L2. The L1 loop includes the
highly conserved GAFTGA sequence motif. It has been demonstrated
for other bacterial EBPs (bEBPs) that the L1/L2 loops are vital for
direct engagement with 6>* as well as the promoter. This interaction
is critical for DNA strand separation, consequently leading to tran-
scription initiation (12-14).

Despite pronounced sequence similarities, FleQ has distinct fea-
tures that differentiate it from other 6>* activators. While other acti-
vators exist in inactive dimeric forms and, upon phosphorylation of
the REC domain, assemble into active hexamers capable of ATP
hydrolysis, by contrast, FleQ is not regulated through phosphoryl-
ation. It lacks the conserved aspartic acid residue that is known to
be phosphorylated in the REC domain of other EBPs (12, 15, 16).
On the contrary, the ATPase activity of FleQ is constitutively present
and is negatively regulated by direct interaction with another P-loop
ATPase, FleN. FleN is known to regulate the number of flagella and
is key for establishing monotrichous phenotype in P. aeruginosa.
Disruption of fleN leads to multiflagellate phenotype with motility
and chemotactic defects (17). It has been shown that ATP-mediated
dimerization in FleN is essential for its antagonist effect over FleQ.
It exerts this effect without affecting the DNA binding ability of FleQ
(18, 19). However, the lack of structural data on the protein-protein
complex impedes a detailed understanding of the mechanism of
transcription inhibition by antiactivators of 6>* regulators in general
and by FleN in particular.

To decipher the detailed structural mechanism of transcription
regulation, we determined the crystal structure of AAA+ domain of
FleQ bound to FleN at 1.98 A. The complex crystallized as a hetero-
tetramer. Comparison of the complex structure with the earlier deter-
mined structures of FleN and ATPase domain of FleQ reinforces that
the dimer of FleN is necessary for its antagonistic activity against
FleQ and it allosterically inhibits the ATPase activity of the latter.
There are drastic structural changes in FleQ upon binding of FleN
such that the ATP binding site is contorted. Furthermore, the struc-
ture reveals that the C terminus of FleN is essential for binding with the
activator and interacts specifically with the polymerase interacting
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loop of FleQ, conceivably blocking its association with 6* RNAP
and arresting transcription initiation. Perturbations in the conserved
interaction interface through site-directed mutagenesis and in vivo
complementation assays show transcription and motility defects
with multiflagellate phenotype. Overall, we demonstrate that the
antiactivator FleN uses a combination of allostery and structural
remodeling to fine-tune transcription activation by master regulator
FleQ for monotrichous phenotype in P. aeruginosa.

RESULTS

AAA+ ATPase domain of FleQ is necessary

for interaction with FleN

To dissect the structural and functional role of different domains of
FleQ, we engineered a series of constructs of FleQ containing either
the N-terminal domain (NTD) (FleQgrgc, residues 1 to 142) or the
central domain (FleQaaas, residues 142 to 395) or the C-terminal
domain (CTD) (FleQpgp, residues 411 to 490) or the Central domain
with NTD (FleQgrgecaaas+ residues 1 to 399) (Fig. 1A). FleQaaa+
shows a weak ATPase activity compared to wild-type (WT) protein.
As expected, FleQgrgc and FleQpgp do not exhibit any ATPase activity
(Fig. 1B). FleQrecaaa+ shows around 1.5-fold higher ATPase activity
compared to full-length protein.

Next, we characterized the binding affinity between FleQ and
FleN using biolayer interferometry (BLI) assay in the presence of a
nonhydrolyzable ATP analog, ATPYS (adenosine 5’-[y-thio] triphos-
phate). FleQ interacts with FleN with a Kp, (dissociation equilibrium
constant) of 0.34 uM, confirming a direct interaction between the
two proteins. We further mapped the FleN binding domain of FleQ
using the designed constructs through BLI. The assay revealed that
the binding affinity of FleQaaa+ and FleQgrgcaaa+ with FleN is similar
to FleQpr with a Kp of 0.26 and 0.82 uM, respectively (Fig. 1C). However,
FleQggc and FleQpgp did not interact with FleN (Fig. 1C and fig. S1).
The data confirm that FleN directly interacts with FleQ through
its central domain.

As FleN is a known inhibitor of the ATPase activity of FleQ (19),
we further examined the ability of FleN to inhibit the ATPase activity
of different domain constructs of FleQ. FleN reduces the ATPase
activity of FleQgr, FleQaaa+, and FleQrecaaa+ by 80%, and the
residual activity is similar to the ATPase activity of FleN (Fig. 1D).
The above findings confirm that the central domain of FleQ is
necessary and sufficient for interaction with FleN.

FleN-ATPyS-FleQaaa: structure reveals a heterotetramer
To gain detailed structural insights into the mechanism of tran-
scription inhibition by FleN, we determined the crystal structure of
FleQaaa+ in complex with full-length FleN (residues 1 to 280) in the
presence of ATPYS and Mg**.The complex crystallized in 10% PEG
8000 (polyethylene glycol, molecular weight 8000), 0.1 M Tris
(pH 6.5), and 0.2 M calcium acetate. Phases were obtained using
single-wavelength anomalous dispersion (SAD) with SeMet-labeled
FleN crystal. Data collection and refinement statistics are displayed
in Table 1. The FleN-ATPyS-FleQaaa- structure revealed a complex
in the asymmetric unit where a dimeric FleN is present in the com-
plex with two molecules of FleQuaa+ (Fig. 2, A and B). Each monomer
of FleN was also bound to one ATPYS and one Mg** ion.

FleN is a P-loop ATPase with a deviant Walker A motif that
has a signature lysine (K19). It exists as a dimer in the FleN-
ATPyS-FleQaaa+ complex structure (Fig. 2A). The two ATPyS
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molecules are present at the interface of the FleN dimer such that
each nucleotide is bound to one monomer and the binding is stabi-
lized by residues K19, E153, and T155 of the adjacent monomer
(fig. S2, A and B). The bound nucleotide interacts with the residues
of Walker A, switch I, and switch II motifs and is also stabilized by
Mg?*, which is coordinated through classical octahedral geometry
(fig. S2A). The ion also forms polar interactions with the B- and
v-phosphate. As previously described for the FleN-AMP-PNP
(adenylyl-imidodiphosphate) crystal structure, the dimeric contacts
of FleN and the contacts with nucleotide analogs are all maintained
in the current structure (fig. S2A) (19). The position and conforma-
tion of nucleotide concur well with the one observed in the FleN-
AMP-PNP complex structure, and root mean square deviation
(RMSD) of superimposition of FleN from FleN-ATPyS-FleQaaa+
onto FleN-AMP-PNP [Protein Data Bank (PDB): 5J1]] is 0.56 A for
2953 atoms (Fig. 2C).

We also aligned FleN from FleN-ATPyS-FleQaaa+ onto the pre-
viously determined monomer structure of FleN (Fig. 2D). The
superimposition yields RMSD of 1.3 (for 1312 atoms) and reveals
substantial changes similar to the monomer to dimer transition
observed earlier upon ATP binding (19). These nucleotide-driven
changes are essential for dimerization. The FleN monomer forms
severe clashes with the FleQaaa+ domain in the complex structure
and confirms the inability of the FleN monomer to interact with
FleQ (Fig. 2E). Thus, the structural data support our prior observa-
tion that ATP binding is essential for dimerization and subsequently
for interaction with FleQ.

We have shown earlier that the Walker A residue K19 and a con-
served E153 stabilize the dimer form of FleN by interacting with the
bound nucleotide in trans (fig. S2A). Substitution of these residues
with Ala affects ATP binding to FleN and consequently prevents
dimer formation (19). We performed a BLI experiment with K19A
and E153A substitution in FleN to assess their binding with FleQpy..
Upon K19A and E153A substitution, there was no detectable bind-
ing (fig. S3). On the other hand, the D48A substitution, although
defective in ATP hydrolysis, binds to the nucleotide and forms stable
dimers. D48A substitution exhibited similar binding affinity as WT
FleN with FleQgy, in the BLI experiment (fig. S3). Together, these
data further endorse that the dimeric FleN is necessary for binding
with FleQ.

The most notable structural change in FleN is in the con-
formation of the amphipathic helix (a12) at the C terminus in the
monomer structure from residues 257 to 273. This region is dis-
ordered in the FleN dimer and has been implicated in membrane
binding in homologous proteins (20). However, in the complex
structure, it adopts two short helical turns (012 and a13) that are
engaged in interaction with FleQ (Fig. 2E). This part of the struc-
ture attains different conformation in the monomer-, dimer-, and
FleQ-bound form.

FleN allosterically inhibits binding of ATP to FleQ

The AAA+ ATPase domain of FleQ is composed of two subdomains.
The N-terminal o/p subdomain is composed of five stranded parallel
B sheet and five a helices, whereas the C-terminal a-helical sub-
domain consists of four helices distinctive of AAA+ ATPases. Com-
pared to the earlier determined structure of FleQaaa+-ATPYS (PDB:
6J7E), the conformation of FleQ in the FleN-bound structure reveals
surprising features. Superimposition of the two structures yields an
RMSD of 1.4 A for 1769 atoms (Fig. 3A). There is about 2.5- and
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Fig. 1. Interaction of different domains of FleQ with FleN. (A) Schematic representation of series of constructs of FleQ used in the manuscript. The domains FleQgec,
FleQanaa+, and FleQpgp are shown in gray, green, and pale orange colors, respectively. (B) The ATPase activity of FleQg_and various domain constructs (1 uM) was measured
in the presence of 2 mM ATP. The specific activities of ATP hydrolysis (nmol Pi/min per uM protein) are plotted in percentage of FleQg_ on the y axis for each construct.
(€) BLI curves showing interaction of FleN with either FleQr. or FleQaaa+ or FleQgecaaas- The x and y axes represent time (in seconds) and nanometer shift on binding,
respectively. The first part of the curve (0 to 120 s) represents association, and the second part of the curve (from 120 to 240 s) represents dissociation. The curves in blue
and red colors indicate experimental and fitting data, respectively. The dissociation constant (Kp, M) of interaction between FleN and different constructs of FleQ is
shown in the table. Rate of association and dissociation is shown as Ko, (1/Ms) and Kgjs (1/5), respectively. No binding was recorded in case of FleQgec and FleQpgp con-
structs, as no significant shift in nanometers on the y axis was observed. (D) Inhibition of the ATPase activity of FleQg, FleQgecaaa+ and FleQaaa+ in the presence of FleN
WT is shown as a specific activity (nmol Pi/min per uM protein) on the y axis. For the experiments, 1 uM FleQ or its constructs, 5 uM FleN WT, and 2 mM ATP were used.

3.5-A rigid body movement of the a-helical and a/B subdomain,
respectively, toward the bound FleN to form a more compact struc-
ture compared to the ATPyS-bound form. As a result, the ATP
binding site of FleQ present at the interface of the two subdomains,

Besides the movement of the two subdomains, there are sub-
stantial conformational changes in the residues that are otherwise
involved in interaction with the nucleotide in the ATPyS-bound
structure of FleQaaa+ (9). K180 of the Walker A motif, which inter-

becomes too constricted to accommodate the nucleotide triphosphate
(Fig. 3, B to E, and fig. S4A). It was hence not surprising that there
was no electron density for the nucleotide in the active site.

Chanchal et al., Sci. Adv. 2021; 7 : eabj1792 20 October 2021

acts with the phosphates of the nucleotide, exhibits altered conforma-
tion in the FleN-bound structure. R334 and R363 of sensor II that
interact with the ATP analog and stabilize its binding to the protein
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in the ATPyS-bound structure have altered conformation in the
FleN-bound structure. Similarly, R144 that forms stacking interac-
tion with R334 in the nucleotide-bound structure occupies the
ATP binding site in the FleN-bound structure. The side chains of the
highly conserved residue that participate in catalysis, i.e., E246 and
D245 of Walker B and sensor I H287, also display altered conforma-
tions (Fig. 3B). All these specific interactions essential for ATP
binding and hydrolysis are disrupted in the FleN-bound structure.

FleN and FleQaan; interface is conserved

The complex structure shows that FleQ and FleN form extensive
interactions. The interaction interface between the two proteins
can be defined into two subcontact surfaces, one present on each
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subdomain. The o/p subdomain provides most of the interactions
between FleQaaa+ and FleN with a buried surface area (BSA) of about
1084 A2 (Fig. 4A). The orientation of the a-helical subdomain with
respect to FleN is slightly different in the two FleQ s+ monomers,
as shown in fig. S4B, with BSA of 318 and 406 A%, respectively. Con-
sequently, the a-helical subdomain shows asymmetric interactions
in the two monomers. Overall, there are fewer interactions with FleN
at this interface. K389:NZ and R371:NE of FleQ form hydrogen
bonds with D205 and main-chain oxygen of V206, respectively, of
both the FleN monomers. Similarly, R371:NH1 of FleQ forms a salt
bridge with D201:0D1 of FleN. E370:0E1 of FleQ monomer B inter-
acts with T174:0G1 and R175:NH1 of monomer B of FleN. These
interactions are, however, absent in monomer A (Fig. 4A).

The FleN-ATPyS-FleQaaa+ structure reveals that the interactions
of FleN with the o/p subdomain are either through the C-terminal
stretch (P254-V280) of the protein that forms a loop followed by
two small helical fragments or through a5 that is inserted in the
groove formed by the a3 and L1 loop of FleQ (Fig. 4, B and C). Most
of the interactions between FleN and FleQaaa. are identical in the
two halves. Residue R185:NH2 of the a/p subdomain interacts with
N258:ND2 of FleN. Similarly, the main chain of residues N202:N
and A205:0 of FleQaaa. interacts with G261:0 and R141:NH2
(present on 06) of FleN, respectively. In addition, R233:NH2 of FleQ
interacts with the main-chain oxygen of H262. The main chain atoms of
E195 and L236 of FleQ form interactions with side chains of
H273:NE2 and T276:0G1, respectively. $213:0G of monomer A
of FleQ forms a hydrogen bond with Q112:NE2 of monomer A of
FleN. This interaction is water-mediated in monomer B. Q112:NE2
also interacts with E214:0E2 of FleQ in o5. Besides these, there are
several water-mediated interactions between the two proteins (Fig. 4C).

Sequence comparison of FleN from different bacterial species
harboring a single polar flagellum shows that the C-terminal stretch
is conserved. G:261 of FleN present in the C-terminal loop is abso-
lutely conserved in all the proteins (Fig. 4C). This residue provides
flexibility to the loop that forms interaction with FleQ. Similarly,
the sequence comparison of FleQ reveals that the residues involved
in interaction with FleN are highly conserved (Fig. 4C).

The conformational changes linking FleN binding

to transcription inhibition

A structural link exists between the nucleotide binding status in the
active site of bEBPs to the conformation of the L1 and L2 loops that
allow the highly conserved signature sequence, GAFTGA, present
in the L1 loop to engage with ¢°*. This interaction between bEBP
and ¢>* is essential for transcription initiation. Structural and bio-
chemical data have established that different nucleotide states trigger
motions of the GAFTGA motif in the bEBPs (12, 21).

In the crystal structure of FleQ-ATPyS, the Walker B residue
E246, present in the DEXX motif, interacts with sensor I H287 and
a catalytic water molecule that makes a nucleophilic attack on the
v-phosphate of ATP for hydrolysis. This state is the catalytically
competent state of the protein (9). However, in the FleN-bound
form, due to the movement of the FleQ subdomains closer to each
other causing the release of ATP, the side chain of E246 flips
(90° rotation) and interacts with N202, also called the Asn switch
(Fig. 4D). This conformation is incompatible with catalysis.

It is apparent from the complex structure that the residues of
FleN from 254 to 280 form several interactions with the a/B subdomain
of FleQ (Fig. 4C). Residues 260RGHLE264 of FleN are held together
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Fig. 2. Structure of FleN-ATPyS-FleQaaa+ complex. (A) FleN-ATPyS-FleQapaa+ structure showing the FleN dimer in bright orange in complex with ATPYS in cyan, interacting
with FleQaaa+ domains colored green forming a heterotetrameric complex. (B) Half of the complex containing one monomer of FleN and one molecule of FleQaaa+- All
the secondary structure elements are labeled. ATPyS and Mg+2 are shown in cyan stick and red sphere, respectively. (C) Superimposition of dimeric FleN from AMP-PNP-bound
structure [slate, Protein Data Bank (PDB): 5J1J] and FleQ-bound structure (bright orange) from the FleN-ATPyS-FleQaaa+ complex depicts structural changes at the C-terminal
end. (D) Superimposition of the FleN dimer from the FleN-ATPyS-FleQaaa+ complex structure (bright orange) onto the Apo-FleN monomer (deep teal, PDB: 5JVF). The
conformational changes in the helices are depicted. (E) Superimposition of FleN-Apo monomer (light gray with 03, 04, o5 and a12 in deep teal, PDB: 5JVF) onto FleN bound to
ATPYS-FleQaaa+ (dark gray with a3, a4, a5, a12, and a13 in orange) showing steric clash between the monomeric FleN (deep teal) and FleQ (green) shown in surface rep-

resentation. Helices are depicted as cylinders.

by a water molecule in the form of a rigid loop. The residue G261
present in the loop forms steric clash with the conformation of N202
in the ATPyS-bound form (fig. S4C). We propose that G261 causes
flipping of N202 and favors the formation of N202-E246 interaction
and consequently a catalytically nonproductive complex. These resi-
dues of FleN are conserved in the bacteria that harbor single polar
flagella (Fig. 4C). In addition, the interaction also helps relocate a3
and simultaneously the GAFTGA L1 loop by about 3.6 A. FleQ:R233
present in 03 interacts with the backbone atoms of H262 and E264
of FleN. Furthermore, FleN:A279 interacts with FleQ:A231, stabilizing
the repositioned L1 loop (Fig. 4C). Compared to other EBPs, this
conformation of the L1 loop is not compatible for interaction with
the 6°* RNAP and hence transcriptionally inactive.

Thus, FleN exerts its effect by allosterically modulating the active
site, switching it from an active configuration to an inactive one,
simultaneously releasing the ATP. In addition, the interaction be-
tween the two proteins locks the L1 loop of FleQ in a conformation
that may not be conducive for interaction with ¢>*.

C terminus of FleN is essential for inhibition of

ATPase activity of FleQ

To corroborate that FleN drives the observed conformational changes
in FleQ and to validate the crystallographic protein-protein interface,
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we next designed a set of mutations in FleN. We truncated 25 amino
acids from the C terminus of FleN that were essential for triggering
the structural changes in FleQ (FleNrtpyss, residues 1 to 255). In addi-
tion, a single substitution of L263W was also designed to perturb the
formation of a stable complex. Previously, it was shown that di-
merization of FleN is essential for inhibition of the ATPase activity
of FleQ (19). To rule out any possibility of disruption of the overall
structure and defect in dimerization, cross-linking of the FleN variants
was performed using a DC4 cross-linker. As seen in Fig. 5A, the
interface mutants (FleNyp,s5 and FleN L263W) in the presence of a
cross-linker form additional bands near 60 and 56 kDa, respectively,
which correspond to the dimer of these proteins. Furthermore, we
also checked the ATPase activity of FleN mutants (L263W and
FleNtp;s5). Mutants showed equivalent ATPase activity as the WT
protein, which confirmed that the mutants were functional (Fig. 5B).

We then probed the ability of the mutant proteins to bind to full-
length FleQ using BLI. No binding was observed between FleQ and
FleNTp;s5 (Fig. 5C). Similarly, point mutation of L263W is also capa-
ble of disrupting this interaction, as the Kp, value was 100-fold higher
than in the WT FleN (Fig. 5C). These data confirm that the C terminus
of FleN is critical for the interaction between the two proteins.

We next measured the ATPase activity of FleQp, in the presence
of C-terminally truncated FleNp;s5 and L263W. FleN WT completely
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Fig. 3. Conformational changes in FleQ AAA+ domain. (A) Superimposition of FleQ from ATPyS-Mg*?-bound structure (raspberry, PDB: 6J7E) onto FleQ (green) from
the FleN-ATPyS-FleQaaa+ complex structure highlights the conformational changes on FleN binding. ATPyS and Mg*? are shown in cyan stick and red sphere, respectively.
The curved arrows show the movement of different helices and loop1. (B) Conformational changes of different residues in the ATP binding pocket of FleQaaa+ upon
interaction with FleN are depicted. Color coding is the same as in (A). (C) Surface representation of FleQaaa+ in Apo structure (pale yellow, PDB: 5EXP). (D) Surface repre-
sentation of FleQaaa+ in the ATPyS- and Mg*z-bound structure (raspberry, PDB: 6J7E). (E) Surface representation of FleQaaa+ in the FleN-ATPyS-FleQaaa+ structure

(green) depicting the conformation of ATP binding pocket (shown with black arrows).

abolishes the ATPase activity of FleQgr; however, FleN L263W and
FleNtpys55 showed reduced ability to inhibit the activity of FleQgy,
with 65.9 and 57.1% residual activity, respectively (Fig. 5D). Next,
we assayed the ATPase activity of FleQ in the presence of 100 uM of
only the C-terminal peptide of FleN comprising the last 25 amino
acids. In the presence of the peptide, FleQ exhibited around 66% of the
ATPase activity (Fig. 5E). These results demonstrated that the
observed defect in the interaction and inhibition by the interface
mutants could be solely attributed to the disruption of the interac-
tion interface in solution.

Destabilization of the interface between FleQ and

FleN results in motility defects in P. aeruginosa

FleQ activates the transcription of flagellar genes, which is, in turn,
essential for motility of the organism. The transcription activation
by FleQ is further regulated by FleN. To investigate the effect of FleN
C-terminal truncation on the motility of P. aeruginosa, the swimming
motility assay was performed on soft agar plates and the diameter of

Chanchal et al., Sci. Adv. 2021; 7 : eabj1792 20 October 2021

the spread of the bacteria was measured. While the WT PAO1
displayed reasonable motility with a diameter of 2.3 cm, the PAO1
AfleN strain showed impaired motility and remained at the point of
inoculation with a diameter of 0.37 cm only (Fig. 6, A and B). Com-
plementation of fleNWT integrated on the plasmid pHERD20T
restored motility with a diameter of 1.37 cm. However, complemen-
tation with fleN L263W and fleNp;s5 failed to reinstate the motility
and exhibited seven- and eightfold reduction in diameter, respectively.
This suggests that the interaction between FleQ and FleN is essen-
tial for the swimming motility of P. aeruginosa (Fig. 6, A and B).

Interaction between FleQ and FleN is essential

for monoflagellate phenotype

The antagonistic activity of FleN against FleQ is essential for the
monoflagellate phenotype of P. aeruginosa. A bacterial strain that
is knockout of fleN displays multiple polar flagella as it fails to regu-
late the transcription activity of FleQ. To investigate the effect of
C-terminal truncation and point mutation on the flagellar number,
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Fig. 4. Interaction interface between FleQaaa+ and FleN and conformations of Glu switch. (A) Surface representation of interaction interface between FleN (bright
orange) and FleQ (green) in the FleN-ATPyS-FleQaaa+ structure. FleN interacts with both a/p and a-helical subdomains of FleQaaa+. The zoomed-in view illustrates the
residues involved in the interaction at the interface. Waters are shown in aguamarine spheres. (B) Details of the interactions of the C terminus (L255 - V280) and a5
helix of FleN with 02 and o3 helices, B2 strand, and loop1 of FleQaaa+ are shown. The waters are depicted as spheres. (C) Sequence logos from alignment of FleQ and
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are compared with ATPyS-bound FleQaaas+ structure (FIeQAAM-ATPyS-Mg*Z; raspberry, PDB: 6J7E). Conformational changes of Glu switch (E246) and Asn switch (N202) are
shown. The curved arrows show movement of Glu switch, Asn switch, and loop1.
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Fig. 5. Interaction interface between FleN and FleQaaa+ in solution. (A) In-solution dimerization status of FleN WT and its variants was analyzed by chemical cross-linking
using DC4 (1 mM). SDS-PAGE gel picture shows cross-linked products, with lanes indicating the presence and absence of cross-linker as +DC4 and —DC4, respectively. The
bands corresponding to the monomeric and dimeric species are labeled in the gel picture. (B) The ATPase activity of FleN WT and its variants (5 uM) was measured in the
presence of 2 mM ATP. The initial velocities of ATP hydrolysis are plotted in percentage of FleN WT on the y axis (nmol Pi/min). SD of three independent experiments is
shown. (C) BLI curves showing interaction between FleQg_ and FleN or its variants (FleN L263W and FleNtp,s5) at different concentrations. The curves in blue and red colors
indicate experimental and fitting data, respectively. The dissociation constants (Kp, M), rate of association (Kon, 1/Ms), and dissociation (Kgis, 1/s) are shown in the table
along with SDs. (D) The ATPase activity of FleQg_ (1 uM) was measured at 2 mM ATP in the absence and presence of FleN WT and its variants (FleN L263W and FleNp;ss)
(5 uM). The initial velocities (nmol Pi/min) are plotted in percentage of FleQg,. Statistical significance (P value) of the defect in inhibition was calculated using unpaired
t test (**P<0.01). (E) The ATPase activity of FleQg_ (1 uM) was measured in the presence of FleN WT (5 uM) and C-terminal peptide of FleN (100 uM). The initial velocities

(nmol Pi/min) are plotted in percentage of initial velocity of FleQg.. SD (&) is calculated from three independent experiments. The statistical significance (P value) was
calculated by unpaired t test (**P < 0.01; ***P < 0.0001).

transmission electron microscopy was performed with the WT, Complementation of the knockout strain with fleN restored the
AfleN, and various complemented strains of P. aeruginosa. Un- ~WT phenotype. However, the knockout complemented with fleN
surprisingly, the PAO1 strain exhibits a single polar flagellum, L263W substitution and fleNps5 failed to restore monotrichous
whereas the AfleN strain was multiflagellate (Fig. 6, C and D).  phenotype and displays multiple polar flagella, confirming that the
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Fig. 6. Motility and flagellar phenotypes of WT and mutant P. aeruginosa. (A) The swimming motility of P. aeruginosa WT strain PAO1, knockout strain (AfleN), vector
control strain (VC), knockout strain complemented with WT fleN (AfleN + fleN WT), and its variants (AfleN + fleN L263W, AfleN + fleNtp,s5) is shown in soft agar plates. The
swimming zone was calculated by measuring the diameters of the colonies. (B) Bar diagram represents the swimming zone for different strains of P. aeruginosa. VC
(vector control) indicates knockout strain complemented with empty vector pHERD20T. The y axis shows the diameter of the swimming zone in centimeters. The statistical
significance (Pvalue) was calculated by unpaired ttest (**P < 0.01; ***P < 0.001). (C) Electron micrographs showing flagellar phenotypes of different strains of P. aeruginosa—
WT (PAOT1), knockout (AfleN), knockout strain complemented with VC (AfleN + VC) and WT fleN (AfleN + fleN WT), or its variants (AfleN + fleN L263W and AfleN + fleNpss).
(D) The number of bacteria showing different phenotypes is shown on the y axis in percentage. Gray, brown, and blue bars denote monoflagellate, multiflagellate, and
aflagellate phenotype, respectively. (E) Relative transcript levels of fleS in various strains of P. aeruginosa compared to the WT PAO1. Unpaired t test was performed to
calculate the Pvalue (**P<0.01; ***P<0.001). SD is calculated from three independent experiments in all cases.

FleN variants fail to interact with FleQ and are unable to regulateits ~ FleN and FleQ interface on the regulation of transcription by FleQ,

activity in vivo (Fig. 6, C and D).

Interaction between FleQ and FleN is essential

for transcription regulation

In P. aeruginosa, the expression of genes of the two-component system
fleSR, which are part of the flagellar cascade, is directly activated by
FleQ (7). We have further investigated the effect of disruption of the
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which activates the expression of fleSR genes directly. We performed
a real-time quantitative polymerase chain reaction (QRT-PCR) ex-
periment to assess the effect of C-terminal deletion of FleN on the
transcription regulation by FleQ. The fleN knockout (AfleN) strain
showed higher levels of expression of fleS gene as compared to the
PAOL strain (Fig. 6E). Complementation of AfleN with the WT copy
of fleN reduces the expression to a level comparable to the PAO1
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strain. However, complementation of the AfleN bacterial strain with
either fleN L263W or fleNrpzs5 could not reduce fleS expression. This
suggests that FleN regulates flagellar gene expression. Furthermore,
the interface mutants are unable to interact with FleQ and, therefore,
are unable to regulate the transcription in vivo (Fig. 6E).

DISCUSSION

Most bEBPs are regulated through their diverse regulatory domains
present at the N terminus that sense diverse environmental cues and
regulate the activity of the AAA+ ATPase domain. The canonical
bEBPs are regulated through either phosphorylation, ligand binding, or
protein-protein interaction. The bEBPs that are part of two-component
systems are regulated through phosphorylation of the conserved
aspartate present in the N-terminal REC domain through the cognate
histidine kinase (22-25). The EBPs regulated through ligand bind-
ing harbor effector binding domains such as GAF (cGMP-specific
phosphodiesterases, adenylyl cyclases and FhlA) and PAS (Per-Arnt-
Sim) at the N terminus (12, 25). Furthermore, the third group of
bEBPs is regulated through protein-protein interactions using anti-
activators. The ATPase activity of extensively studied bEBP, PspF,
that lacks the NTD is regulated through interaction with phage shock
protein A (PspA). The coiled-coil structure of the PspF interacting
domain of PspA indicates similarity with the mechanism followed by
unfoldase ClpB to regulate the ATPase activity (26). Similarly, NifA-
NifL forms part of a two-component system and the activity of NifA is
modulated through interaction of the central domain of NifA with the
C-terminal part of NifL (27-29). It also regulates the DNA binding
and interaction of NifA with RNAP and hence regulates the transcrip-
tion of genes in adverse environmental conditions. However, the lack
of structural data on the protein-protein complex impedes a detailed
understanding of the mechanism of transcription inhibition by the
antiactivators of 6* regulators. Our complex structure being the first 6>*
activator-antiactivator complex sheds light on the in-depth mechanism.

FleQ

RNAP

ATP hydrolysis by FleQ
P

—
No ATP hydrolysis by FleQ

We have established that FleN and FleQaaa . form a stable com-
plex and determined a high-resolution crystal structure of the com-
plex of two proteins in the presence of a nucleotide analog. In the
structure, the primary interaction determinants on FleQ were the
two interaction interfaces, one each present on the o-helical and o/
subdomain. FleN, on the other hand, interacts only in the dimeric
form. The interaction interfaces are conserved within the mono-
flagellated bacteria. Furthermore, the interaction of FleN with the
AAA+ domain of FleQ locks the L1 and L2 loops in a conformation
that is not conducive for interaction with RNAP. We also demon-
strate that perturbations in the protein-protein interface that
support the crystallographic heterotetramer show transcription
defects in vivo.

FleQ is a unique ¢°* activator, as it contains the regulatory
domain, but it is not required to be activated through phosphoryl-
ation. It forms constitutive hexamers and possibly other forms of
oligomers that exist in equilibrium. Unlike in the case of negative
regulators, the NTD of FleQ does not inhibit its ATPase activity;
instead, it enables the formation of the functional hexameric form
(15, 16). In addition, we have earlier demonstrated that FleQ sensor
I is a histidine residue that is unique in place of highly conserved
asparagine found in the majority of the other family members (9).
This ensures that, although constitutive, the ATPase activity is
depleted compared to the other AAA+ proteins that contain a con-
served Asn in sensor L.

The ATPase activity of FleQ is further regulated through protein-
protein interaction via FleN. FleN exists as a dimer and monomer
in the presence and absence of the ATP, respectively. The binding
of ATP triggers the dimeric assembly that is capable of inhibiting
FleQ. After hydrolysis, the dimer breaks into monomers that are
incompatible with the FleQ complex. Reversible dimerization allows
FleN to fine-tune transcriptional activation of flagellar genes so as
to prevent the formation of multiple flagella and enable the synthesis
and maintenance of a single flagellum (19).

Fig. 7. Model for ¢>*-mediated transcription regulation by the antiactivator FleN. The RNAP bound to DNA is depicted. The master regulator FleQ is in green.
Antiactivator is shown in orange. The binding of antiactivator triggers the release of ATP by FleQ and prevents its interaction with RNAP. The fine-tuning of transcription

allows formation of single flagella in bacteria (gray).
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This viewpoint also explains the need to keep the Glu switch in
the active conformation in FleQ, which is disabled on binding to
FleN. Furthermore, FleN hydrolyzes ATP and dissociates from FleQ,
which results in the formation of the active hexameric form and
places the Glu switch in the catalytic competent state. This is in con-
trast to other 6> activators as well as other AAA+ proteins that harbor
Asn in sensor I and have an intrinsically high ATPase activity. Thus,
the Glu switch is present in the inactive conformation even in the
presence of ATP. The ATPase activity of these enzymes is triggered
upon binding to the substrate. This is seen in case of NtrCl, PspF,
ZraR, p97, RFC, etc. (30).

P. aeruginosa is an opportunistic pathogen that causes biofilm-
mediated chronic infections in humans. FleQ regulates the expression
of pel, psl, cdrA, and PA2440 genes involved in biofilm formation
(8, 31, 32). FleQ represses the expression of exopolysaccharides by
binding the pel and psl promoters, and this repression is released in the
presence of bis-(3'-5")-cyclic diguanosine monophosphate (c-di-GMP)
(8). FleQ binds to sequences referred to as box1l and box2 of pel
promoters as a hexamer and inhibits transcription initiation. Studies
have shown a moderate effect of FleN regulation at these promoters
(8, 15). It has been observed that FleN is required for complete dere-
pression of pel, psl, and cdr operons in the presence of high levels of
c-di-GMP (8). However, unlike the flagellar genes, the expression of
the exopolysaccharide genes required for the formation of biofilms
is 67° dependent (7, 8, 33). We observed that the conformation of
the c-di-GMP-bound AAA+ FleQ domain bears notable similarity
with the FleN-bound AAA+ FleQ domain. C-di-GMP causes com-
paction of the active site of FleQ favoring N202-E246 interaction and
locking of L1 loops in inactive conformation (figs. S4C and S5A)
(15). This strongly suggests that the binding of FleN predisposes
FleQ for interaction with c-di-GMP, thereby releasing the repres-
sion (fig. S5B).

In light of current structural and previous biochemical data, we
propose that the antiactivator FleN exerts its inhibitory effect on
FleQ by a concerted mechanism involving (i) allosterically preventing
ATP binding to FleQ and (ii) locking the L1 loop into a conforma-
tion that is unable to form a stable interaction with ¢>* and (iii) by
triggering the release of Glu switch residue E153 in an inactive con-
formation preventing catalysis. This allows FleN to fine-tune the
transcription activation of flagellar genes by FleQ and ensures the
assembly and maintenance of single flagella in monoflagellate
bacteria (Fig. 7). Last, our structural data provide a robust platform
for the development of therapeutic strategies against an important
human pathogen, P. aeruginosa.

MATERIALS AND METHODS

Mutant construction and protein purification

Site-specific mutations in FleN were made using QuikChange IT XL
site-directed mutagenesis method described by Stratagene. pGEX-
6pl-fleN WT was used as template backbone to prepare the mutants.
Mutations were confirmed by sequencing. FleN WT, SeFleN, FleQg;,
and different constructs were purified as described previously (9, 18, 19).

Crystallization of complex of FleN-ATPyS-FleQaaa+

Screening of the complex crystals was done with commercially
available screen from Hampton Research. Hits were found at 4°C in
a well containing 10% PEG 8000, 0.1 M imidazole (pH 8),and 0.2 M
calcium acetate. Crystallization conditions were further optimized
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using hanging drop with equal volume of protein (0.8 pl) and reservoir
solution. FleN and FleQaaa; (0.2 mM/0.2 mM) were mixed in a
1:1 molar ratio. Both the proteins were preincubated with ATPyS in
a 1:4 molar ratio. Crystals were cryoprotected by soaking into reservoir
solution with 30% PEG 3350 and 5% glycerol and flash-frozen in
liquid nitrogen.

Data collection and structure determination

X-ray diffraction datasets were collected at ID30B beamline of the
European Synchrotron Radiation Facility (ESRF), France. Crystals
of FleN-ATPyS-FleQaaa+ and SeFleN-ATPyS-FleQaaa+ diffracted to
aresolution of 1.98 and 2.8 A, respectively. The data were processed
using DIALS package (34) in the CCP4i2 program suite. Scaling was
performed using AIMLESS in the CCP4 program suite (35). The struc-
ture was determined by SAD phasing using selenium. Twelve of
16 selenium sites were located using AutoSol (36, 37). Model building
was done using AutoBuild (37). High-resolution native datasets were
then used for phase extension. Subsequently, model building and
refinement were performed using COOT and PHENIX (38, 39).

Binding affinity measurements using BLI

Binding affinity between FleN and FleQg;, or its constructs was mea-
sured through BLI using an Octet RED96 instrument (ForteBio).
EZ-Link NHS-PEG4-Biotin (Thermo Fisher Scientific, catalog
number 21330) was used for biotinylation of FleQg or its constructs
(0.2 mM), which were preincubated with ATPyS (0.8 mM) on ice
for 30 min. For biotinylation and removal of excess biotin, a proce-
dure described by manufacturers was used. The biotinylated FleQg;,
protein was then immobilized onto the streptavidin-coated bio-
sensors in buffer containing 20 mM Hepes (pH 7), 250 mM NaCl,
1 mM dithiothreitol (DTT), 2 mM MgCl,, and 10 mM KCl. Binding
studies were performed by dipping sensors into the varying concen-
trations of FleN and its mutants, which were preincubated with
0.5 mM ATPYS on ice for 30 min. For binding studies, immobilization
buffer with ATPYS, bovine serum albumin, and 0.05% Tween 20 was
used to reduce the nonspecific binding. An equal number of empty
sensors were used to rule out nonspecific interactions. FleQgy, or its
construct immobilized sensors were dipped in a reference well with
binding buffer. Thus, double referencing eliminated the nonspecific
binding as well as baseline drift. Binding studies were performed at
25°C. The raw data were processed using ForteBio data analysis
software with a global fit. A 2:1 model was used for fitting the data.

ATPase assay

The ATPase activity of WT and mutant proteins was measured
using the EnzChek Phosphate Assay Kit (Invitrogen) as described
previously (9, 19). Briefly, the ATPase activity of FleN WT and mu-
tants (5 uM) was carried out in a reaction buffer containing 20 mM
Hepes (pH 7), 2 mM MgCl,, 10 mM KCl, 1 mM DTT, and 250 mM
NaCl. Absorbance at 360 nm was measured continuously at a 5-min
interval immediately after adding 2 mM ATP. For inhibition assay,
the ATPase activity of 1 uM FleQ alone as well as in the presence of
FleN WT and mutants (5 uM) was carried out. C-terminal peptide
was dissolved in the abovementioned ATPase reaction buffer. FleQ
(1 M) and peptide (100 uM) were used to perform the reaction.

In-solution chemical cross-linking assay
For detection of oligomeric state of proteins, in-solution chemical
cross-linking with DC4 was performed. To carry out the reaction,
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5 uM protein was preincubated with 100 uM ATPyS on ice for
30 min in a buffer containing 25 mM Hepes (pH 7), 300 mM NaCl,
and 5 mM MgCl,. DC4 (0.5 mM) was then added to the reaction
mixture and incubated at room temperature for 10 min. The reac-
tion was stopped by adding SDS gel loading dye and boiled at
95°C for 5 min. Reaction products were analyzed using 10% SDS-
polyacrylamide gel electrophoresis (PAGE). For visualization, silver
staining method was used.

P. aeruginosa mutant strain preparation

To perform in vivo assays, fleN was cloned in the shuttle vector
pHERD20T using Kpn I and Hind III restriction sites. Point muta-
tions in fleN (L263W and a stop codon at 256th position) were pre-
pared using QuikChange II XL site-directed mutagenesis method
described by Stratagene. Mutations were confirmed by sequencing.
pHERD20T-fleN WT, pHERD20T-vector, pHERD20T-fleN L263W,
and pHERD20T-fleNtp,55 were electroporated in the PAO1 AfleN
strain obtained from the Manoil laboratory, University of Washington.
For selection of complemented strains, bacteria were grown on
carbenicillin (300 pg/ml) plates.

Motility assay

A soft agar plate assay was performed to assess the flagellar-based
swimming motility of different strains of P. aeruginosa. From the
glycerol stocks, bacterial strains were streaked on LB-carbenicillin
plates and kept at 37°C for 16 hours (carbenicillin, 300 pug/ml). Single
colonies of different strains (WT and mutants) were picked with the
help of toothpick and poked into 0.3% agar plates. Plates were incu-
bated at 37°C for 12 hours without disturbing. The diameter of each
colony was measured.

Transmission electron microscopy

Bacteria were grown overnight and subcultured in a fresh LB media
at 37°C until ODgq (optical density at 600 nm) reached 0.4. One
milliliter of bacterial culture was centrifuged at 5000 rpm and washed
two times with fresh LB and finally resuspended in 500 pl of fresh
LB. Five microliters of culture was allowed to adhere to the glow-
discharged carbon-coated copper grids for 5 min and drained off.
The grids were washed two times with ultrapure water and stained
with 2% aqueous solution of phosphotungstic acid for negative stain-
ing. Samples were examined with a JEOL JEM-1400 series 120 keV
transmission electron microscope equipped with tungsten filament.

RNA isolation and qRT-PCR

WT P. aeruginosa (PAO1), AfleN, vector control, and strains com-
plemented with fleNWT, fleN L263W, and fleNtp,s55 were grown
overnight in LB medium. The overnight cultures were diluted
1:100 in LB medium to set up a secondary culture and grown to an
ODgqp of 0.4 to 0.6 for total RNA extraction. The cultures (3 ml)
were mixed with 6 ml of a bacterial RNA protect solution (Qiagen),
and the mixtures were centrifuged at 4000 rpm for 20 min to harvest
the cells. One milliliter of TRIzol (Invitrogen) was added to resuspend
the pellets, and the cells were lysed using sonication. The RNeasy
Mini Kit (Qiagen) was used for RNA extraction and purification.
The concentration (Axg) and quality (Aze0/A2s0 > 2, Azeo/Azzo0 > 2)
of RNA were estimated using NanoDrop (Thermo Fisher Scientific).
The SuperScript III Platinum Kit (Invitrogen) was used for one-step
qRT-PCR. The rpoD gene was used as the reference gene. The relative
levels of fleS gene expression of the cells were calculated by relative
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quantification using the reference gene. SDs were calculated from
independent replicates.

Statistical analysis

To examine the statistically significant difference between two groups,
unpaired ¢ test was used. £SD is represented for all the data. GraphPad
Prism ¢ test calculator was used to perform all statistical analyses.
*P < 0.05, **P < 0.01, and ***P < 0.001 as indicated.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj1792

View/request a protocol for this paper from Bio-protocol.
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