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Abstract

MotY homologs are present in a variety of monotrichous bacterial strains and are thought to form an additional
structural T ring in flagellar motors. While MotY potentially plays an important role in motor torque generation,

its impact on motor output dynamics remains poorly understood. In this study, we investigate the role of MotY

in P aeruginosa, elucidating its interactions with the two sets of stator units (MotAB and MotCD) using Forster
resonance energy transfer (FRET) assays. Employing a newly developed bead assay, we characterize the dynamic
behavior of flagellar motors in motY mutants, identifying MotY as the key functional protein to affect the clockwise
bias of naturally unbiased motors in P aeruginosa. Our findings reveal that MotY enhances stator assembly
efficiency without affecting the overall assembly of the flagellar structure. Additionally, we demonstrate that MotY
is essential for maintaining motor torque and regulating switching rates. Our study highlights the physiological
significance of MotY in fine-tuning flagellar motor function in complex environments.
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Introduction

Flagella widely exist in bacterial systems as locomotor
organs. A flagellum consists of a basal body, a helical fila-
ment, and a flexible hook [1]. The core component, the
flagellar rotary motor in the basal body, is embedded in
the cell membrane and comprises two main parts: the
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rotor and the stator. The rotor controls motor directional
switching under the mediation of the chemotaxis signal
transduction network [2], while the stator forms mul-
tiple ion conduction channels, converting the energy of
ion flux into mechanical power for torque generation [3].
Different types of stator component proteins conduct dif-
ferent driver ions. Common types include proton-type
stator proteins MotAB/MotCD and sodium-type stator
proteins PomAB/MotPS [4-7]. Stator-associated proteins
MotX and MotY have been discovered in Vibrio para-
haemolyticus, Pseudomonas aeruginosa, Shewanella onei-
densis, and other bacterial strains [4, 8, 9]. While these
proteins are not thought to be involved in the assembly of
ion transport channels, their specific functions remain to
be fully elucidated.

The crystal structure of MotY shows two distinct
domains: a N-terminal domain (MotYy), and a C-termi-
nal domain (MotY.). MotY interacts with MotX and is
essential for cell motility, while MotY contains a pep-
tidoglycan binding motif [10]. With the development of
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cryo-electron microscopy and other technologies, it was
found that MotY can generate a ring-like structure, the
T ring, while MotX is located at the edge of the T ring
[11]. In Vibrio species, the T ring is thought to promote
the recruitment of stator units and enhance torque gen-
eration. MotX binds to the periplasmic region of PomB,
while MotY interacts with the basal body [10]. Structural
analysis previously revealed that the density correspond-
ing to the T ring exhibits 13-fold symmetry, which aligns
with the number of stator units, suggesting that it plays
a potential role in motor power output [12, 13]. Knock-
out of motY leads to a complete loss of motility in some
bacterial species. However, in P. aeruginosa, this muta-
tion does not result in complete paralysis of the motor.
Instead, it significantly alters the motility phenotype,
such as impairing swimming motility [4]. In general, cur-
rent research on MotY mainly focuses on structural biol-
ogy and motor phenotype descriptions. However, the
impact of MotY on output dynamics at the single motor
level has not yet been accurately measured.

The opportunistic pathogen P aeruginosa possesses
two sets of stator units, MotAB and MotCD, both of
which use proton motive force to power flagellar rota-
tion and cooperate to enable cell movement in a variety
of external environments [14]. P aeruginosa uses a four-
tiered transcriptional regulatory network to achieve pre-
cise control of flagellar biosynthesis [15]. The multiple
ring structures contained in the basal body play crucial
roles in structural stability and operational functional-
ity [16]. Unlike Vibrio species that can only form a small
T-ring in the absence of MotX [10], P aeruginosa does
not have a gene encoding MotX in its genome, and its
complete T-ring assembly relies solely on MotY [17]. This
characteristic creates favorable conditions for studying
the impact of the non-conserved flagellar motor-related
protein MotY on motor output. It allows retention of
MotY'’s structural characteristics while avoiding the influ-
ence of its partner protein MotX.

Previously, the lack of stable motor output monitoring
methods in strains that can endogenously produce MotY
protein hindered detailed studies of MotY’s dynamic
characteristics. We recently developed a microbead label-
ing assay for P aeruginosa flagellar filament stubs [18],
which enables direct, long-term observation of motor
output kinetics, addressing this experimental challenge.

In this study, we used the Forster resonance energy
transfer (FRET) assay to elucidate the interaction between
MotY and the stator units, which provides a struc-
tural basis for its influence on motor output. We further
employed the bead assay to explore the function of MotY
and found that the AmotY mutant differed from the wild-
type strain in multiple characteristics, including torque
generation and switching rate. Notably, the AmotY strain
no longer maintains the unbiased motor characteristics
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of P aeruginosa, thus revealing a key functional protein
that affects the switching preference of this type of motor.
Additionally, we used flagellar filament labeling technol-
ogy to determine the proportion of individuals with fla-
gellar filaments in the AmotY strain and found that it did
not differ from the wild-type. Gene editing techniques
helped us discover that the unipolar assembly efficiency of
stator proteins was reduced in the above mutants. There-
fore, while MotY protein and its corresponding structure
are important for the assembly of the stators, they do not
affect the overall assembly efficiency of the flagellum.

Results

MotY interacts with both stator proteins MotB and MotD
In Vibrio species, the T ring is thought to achieve stator
recruitment through the interaction between MotX and
PomB. In contrast, the T ring of P aeruginosa is com-
posed solely of the MotY protein, and P. aeruginosa has
two sets of stator units. To investigate the potential inter-
actions between MotY and the stator units, we employed
FRET, an assay using the energy transfer between two
light-sensitive molecules where intermolecular distance
is a key factor.

In a FRET assay, the interaction of a pair of donor and
acceptor fluorescence proteins was examined. If an interac-
tion exists, bleaching of the acceptor eliminates the energy
transfer, causing an increase in donor fluorescence emis-
sion. We constructed an eCFP-MotY fusion as the donor,
and eYFP-MotB and eYFP-MotD fusions as acceptors.
FRET assays were performed for the eCFP-MotY/eYFP-
MotB pair in the AfliCAmotABAmotY strain, and for the
eCFP-MotY/eYFP-MotD pair in the AfliCAmotCDAmotY
strain. In both measurements, we found that CFP emission
increased upon bleaching of YFP (Fig. 1), indicating energy
transfer and protein interaction.

The FRET efficiency (E) was 1.72+0.96% for the eCFP-
MotY/eYFP-MotB pair (N=16), and 1.54+0.55% for the
eCFP-MotY/eYFP-MotD pair (N=12). Given that E>1%
is typically regarded as the threshold for strong FRET
[19], our results suggest that MotY interacts strongly
with both MotB and MotD. As a control, ecfp-motY-
pPME6032 was transformed into AfliCAmotABAmotY
and AfliCAmotCDAmotY strains, and no enhance-
ment in the CFP channel was observed after bleach-
ing (Fig. S1). To confirm whether the FRET occurred at
the motor, we constructed strain AfliCAmotABAmotY
MliG and conducted FRET assays by acceptor bleach-
ing with eCFP-MotY/eYFP-MotB pairs (Fig. S2). FliG
is the main component protein of the flagellar motor C
ring [1], and the AfliG strain disrupted the assembly of
the flagellar motor. We observed a notably reduced FRET
signal (efficiency=1.38+0.33%, N=10) compared to the
MliCAmotABAmotY strain. This suggests that while
some interactions occur outside the fully assembled
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Fig. 1 FRET assays by acceptor bleaching with eCFP-MotY/eYFP-MotB and eCFP-MotY/eYFP-MotD pairs. (A) Representative FRET assay result for the
eCFP-MotY/eYFP-MotB pair expressed in the AfiCAmotABAmotY strain. Positive FRET is observed as an increase in CFP emission after YFP bleaching for
3 min. FRET efficiency £=1.72+0.96% (N=16) indicates a strong interaction between MotY and MotB. (B) Representative FRET assay result for the eCFP-
MotY/eYFP-MotD pair in the AfliCAmotCDAmotY strain. £=1.54+0.55% (N=12) suggests a strong interaction between MotY and MotD

motor, a significant portion of the FRET signal is specific
to motor-associated interactions.

We also test whether MotY, MotB, and MotD maintain
their native function after fusion with fluorescent pro-
teins. We conducted additional swimming plate assays
on related strains (shown in Fig. S3). The introduction
of exogenous eCFP-MotY and eYFP-MotD restored the
motility of AmotY and AmotD strains, respectively, dem-
onstrating that these fusion proteins retained their native
functions. The strain expressing eYFP-MotB showed a
reduced motility phenotype compared to the AmotB
strain. This suggests the existence of stator competition
for occupancy. Specifically, eYFP-MotB likely occupied
the original site of MotD due to its high expression level.
As MotB does not support swimming in agar as well as
MotD, this resulted in reduced motility. This observa-
tion is consistent with Baker et al. [20], who found that
overexpression of MotAB protein in the wild-type strain
caused a loss of swarming motility, further supporting
the concept of dual stator competition for occupancy. In
summary, the three fluorescent fusion proteins can reach
the corresponding positions and function in the motor.
Furthermore, we performed fluorescence imaging of the
intracellular localizations of eCFP-MotY, eYFP-MotB,
and eYFP-MotD (shown in Fig. S4). eYFP-MotB or eYFP-
MotD bright spots were observed in some cells, although
eCFP-MotY showed a more diffuse pattern.

Absence of MotY results in lower motor speed and higher
motor switching rate

Structural analysis suggests that the T ring formed by
MotY enhances motor torque generation, but direct
evidence has been lacking. To address this, we attached
micron-sized beads to the flagellar filament stubs of the

motY knockout strain and used a high-speed camera to
accurately record their trajectory, depicting single-motor
level dynamic output.

We explored the effect of motY loss on the speed out-
put of the motor. We measured the average rotation
speeds for the AmotY strain at 35.13+10.56 Hz (counter-
clockwise, CCW) and 31.97+10.32 Hz (clockwise, CW),
nearly 30% lower than the wild-type (Fig. 2A), which
rotated at 51.75+9.06 Hz (CCW) and 48.51+8.95 Hz
(CCW) according to our previous study [18]. Motor
torque decreased proportionally.

The switching rate of the wild-type strain was
0.42+0.13 s™!, while for the AmotY mutant, it was
0.67+0.43 s~ (Fig. 2B), approximately 60% higher and
with a significantly more dispersed data distribution.
One-way analysis of variance (ANOVA) and paired-
sample ¢-tests showed significant statistical differences
in both motor speed and switching rate between the two
strains (P-value<10™%). Typical time traces of the wild-
type and AmotY strains are shown in Fig. 2C.

Additionally, we used the swimming plate assay to
observe the macroscopic expansion behavior of the wild-
type and several mutants (Fig. 2D, Fig. S5). This revealed
that deletion of motY affects the environmental explora-
tion ability of the bacterial population, and the combined
knockout of motY and individual stator units further
inhibits expansion. In particular, the AmotABAmotY
strain exhibits a phenotype similar to that of the
AmotBAmotCD strain, suggesting a near-loss of motility.

Here, we clarified the role of MotY in the output of the
flagellar motor of P aeruginosa through the bead assay.
As a non-conserved protein, MotY does not exist in
strains with biased motors such as Escherichia coli, and
there is no similar T-ring structure in the corresponding
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Fig. 2 MotY knockout affects multi-level motility-related phenotypes of P. aeruginosa. (A) Motor CCW and CW speeds for wild-type and AmotY strains.
The speed of the AmotY strain (N=142) is 30% lower than that of the wild-type strain. (B) Motor switching rate for wild-type and AmotY strains. The
switching rate of the AmotY strain is 60% higher than that of the wild-type strain. ***" significant difference (P-value<0.0001). (C) Typical time trac-
es of motor rotation speed for the wild-type (top) and AmotY mutant (bottom). (D) Swimming-plate assays for the wild-type/AmotY/AmotBAmotCD,
AmotAB/AmotABAmotY/AmotBAmMotCD and AmotCD/AmotCDAmotY/AmotBAmotCD strains. Wild-type cells show a larger expansion radius than AmotY
mutants on swimming plates, suggesting that MotY deletion impairs the motility and environmental exploration ability of P aeruginosa. Expansion of
AmotABAmotY and AmotCDAmotY was severely inhibited. All plates were photographed 16 h after inoculation
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strains. Therefore, we aimed to further explore the effect
of MotY on the switching preference of unbiased motor
and extend the understanding of the physiological signifi-
cance of the T ring.

T ring is the structural basis for ensuring the unbiased
motor characteristics
For biased flagellar motors, CW bias is controlled by the
core chemotaxis protein CheY-P. The number of CheY-P
molecules binding to corresponding sites on the motor
C ring directly affects the CW bias, thus elegantly con-
necting the motility and chemotaxis systems [21-23]. P
aeruginosa features an unbiased motor (with a CW bias
of 0.5), and it is speculated that intracellular CheY-P con-
centration influences the switching rate of the motor
without affecting its CW bias [24]. This unbiased nature
is surprising, especially considering that factors such as
specific intracellular protein concentrations vary among
individual cells. This suggests that there may be struc-
tural elements that ensure the unbiased nature of the P
aeruginosa motor, which we sought to identify.
Previously, we found that the knockout of certain
stator-related genes (AmotAB and AmotCD) primarily
affects motor output in terms of torque generation and
switching rate, while maintaining CW bias highly con-
sistent with the wild-type strain [18]. Similar conclu-
sions were later drawn for the knockout of the motor
modulator fliL [25]. Notably, the stator units (MotAB and
MotCD) dynamically associate with or dissociate from
the rotor, while FIliL is a connecting protein interacting
with the stator and rotor. Neither generates permanent
motor structures.
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The T ring formed by MotY is a non-conserved ring
structure in flagellar motors. We further explored
whether MotY affects motor CW bias. Figure 3 shows the
CW bias distribution of several strains, with the AmotY
mutant exhibiting an average value of 0.31%0.17, signifi-
cantly different from other strains. Additionally, exclu-
sively CCW-rotating individuals appeared in the AmotY
strain. Loss of MotY disrupts the unbiased nature of the
P aeruginosa flagellar motor and amplifies phenotypic
differences between individuals within a population.
Transformation of the AmotY mutant strain with a MotY
expression plasmid restored the motor’s unbiasedness
(Fig. 3), further supporting this conclusion.

Stator assembly efficiency, but not overall flagellar
assembly efficiency, is affected by MotY deletion

At the single motor level, the T ring increases torque gen-
eration and ensures CW bias characteristics. The known
conserved motor ring structures are usually indispens-
able links in the flagellar assembly process. For exam-
ple, flagella (including the motors) in MS ring or C ring
mutants are unable to assemble completely [26—28]. We
sought to investigate whether the absence of the T ring
would affect the assembly of flagella to clarify its struc-
tural significance.

Previously, by introducing amino acid mutations into
the flagellar filament protein FliC, in vivo visualization
of flagellar filaments was achieved [29]. As the extension
of flagellar filaments is the last step in flagellar assembly,
flagellar assembly efficiency can be measured by quan-
titatively analyzing the growth of flagellar filaments.
We performed flagellar fluorescence imaging for the
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Fig. 3 CW bias distribution of several P geruginosa strains. P aeruginosa has an unbiased motor. The loss of stable structural proteins (FliL) or dynamic
assembly proteins (MotAB or MotCD) does not alter this unbiased nature, while the loss of MotY disrupts this fundamental property. ***" significant dif-
ference (P-value<0.0001),'ns!: no significant difference (P-value>0.05). AmotY® indicates the AmotY strain transformed with a plasmid expressing MotY
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wild-type and AmotY strains (Fig. 4A). Statistical analysis
showed that 84.40% (N=1494) of AmotY cells had clear
flagellar filaments (Fig. S6A), similar to the wild-type
strain (82.15%, N=2095), suggesting that the loss of the
T ring does not affect overall flagellar assembly efficiency.

We then explored whether the loss of MotY would
affect the assembly of the stator units. Gene editing
technology was used to fuse EGFP to the N-terminus of
MotD. There is a strong asymmetry in the expression lev-
els of MotAB and MotCD stator proteins, with MotAB
expressing several times more than MotCD [30]. In light
of this, we fused mEGFP, which disperses well and is less
prone to aggregation, with MotB. The construction of
these fluorescent fusion proteins enabled more accurate
information gathering. As the dynamic assembly of sta-
tor units occurs near the cell membrane, we used TIRF
microscopy to avoid background fluorescence inter-
ference (Fig. 4B). Statistical analysis of over 3,000 cells
showed that the probability of unipolar fluorescent bright
spots of the stator units (MotB and MotD) decreased by
about 30% after motY knockout (Fig. S6B), indicating that
motY deletion affects stator assembly efficiency.
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Summary and discussion

The stator system is an indispensable component in fla-
gellar motors. Ion transport channels, assembled with
stator proteins, provide the energy source necessary for
the smooth operation of the motor. The flagellar sta-
tor unit is a 5:2 complex composed of five molecules of
MotA or MotC and two molecules of MotB or MotD, and
is relatively conserved across motile bacteria, indepen-
dent of the type of driving ion [31]. MotY, a stator protein
analog discovered over 20 years ago, has been localized
at the micrometer level using fluorescence imaging.
Recent advancements in cryo-electron microscopy have
increased the resolution of its structure to the nano-
meter level. However, research on MotY’s actual physi-
ological function has been lacking, with motility studies
primarily limited to phenotypic observations. This study
aims to address this gap by employing multiple technical
approaches.

In P. aeruginosa, MotY can independently generate the
complete motor T-ring without relying on MotX. The
recent development of flagellar microbead labeling tech-
nology for P. aeruginosa flagellar motor by our team has
enabled the monitoring of single motor dynamics over
extended periods. These characteristics make P aerugi-
nosa an ideal model for studying the physiological effects

gfp-motD

gfp-motB

Fig. 4 Effect of motY deletion on flagellar and stator unit assembly efficiencies in P aeruginosa. (A) The motY mutant exhibited flagellar assembly ef-
ficiency similar to that of the wild-type strain. Endogenous flagellar filament protein FliC for the wild-type (top) and AmotY (bottom) strains was labeled
with maleimide-AlexaFluor568 and visualized by phase contrast and fluorescence microscopy. Scale bar: 10 um. (B) MotY deletion affects the dynamic
assembly efficiency of the stator units. Cellular localization of EGFP-fused MotB and MotD in the wild-type and AmotY strains was observed using a TIRF

microscope. Scale bar: 5 pm
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of MotY. We first demonstrated the interaction between
MotY and the two stator proteins (MotB and MotD)
using FRET experiments. Subsequently, we employed the
bead assay to systematically study the effect of MotY on P
aeruginosa motors. The loss of MotY results in decreased
motor speed, with quantitative analysis revealing a 40%
reduction in torque generation compared to the wild-
type strain, along with an increased switching rate. These
changes are reflected not only in mean values but also
in wider value distributions for the AmotY mutant, sug-
gesting that the loss of the T-ring has an impact on stator
binding, thereby increasing inter-individual differences.
Furthermore, through swimming plate and single-cell
tracking assays, we found that motAB and motY double
knockout strains almost completely lost their motility.
The motCD and motY double knockout strains exhibited
phenotypes similar to the AmotCD strain in characteris-
tics such as switching rate. This suggests that the MotAB
stator is relatively independent, while the possibility of
a closer interconnected structural relationship between
MotCD and MotY warrants further discussion.

The unbiased nature of the P aeruginosa flagellar
motor is intriguing. Early single-cell chemotaxis experi-
ments suggested that intracellular CheY-P concentra-
tion affects motor switching rate without altering CW
bias. Unlike biased motors, additional structural features
may be responsible for this unbiased nature. MotY, the
sole component of the T ring, became the focus of our
investigation. Through measurement and analysis of 142
AmotY cells, we found that the average CW bias dropped
to around 0.3, a decrease of nearly 40%. Notably, we iden-
tified exclusively CCW-rotating motors in the AmotY
strain. Motor rotation direction changes are typically
associated with C ring conformational changes. Based on
these observations, we hypothesize that the T ring, com-
posed of MotY, serves a dual function: it interacts with
the stator unit to enhance motor torque output and with
the C ring to maintain switching stability. This provides a
preliminary experimental basis for exploring the molecu-
lar mechanism underlying the unbiased operation of the
P aeruginosa flagellar motor. Further exploration into
the dynamic effects of other flagellar proteins will help to
fully elucidate this phenomenon.

Our studies have elucidated that MotY plays a crucial
role in torque generation, similar to a stator unit, with
the MotY-assembled T ring acting as a supporting ele-
ment. Flagellar assembly follows a precise internal logic,
involving dozens of proteins in an orderly manner. While
the binding and unbinding of stator units occur dynami-
cally without affecting flagellar assembly efficiency,
the absence of conserved ring structures (MS ring or C
ring) halts flagellar assembly at an early stage. The exten-
sion of flagellar filaments into extracellular space marks
the final step of flagella assembly. Thus, the proportion
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of individuals with flagellar filaments serves as an indi-
cator of flagellar assembly efficiency. Statistical analy-
sis revealed that the AmotY mutant exhibited flagellar
assembly efficiency comparable to that of the wild-type.
Given that the loss of MotY does not affect overall flagel-
lar assembly efficiency, we investigated its impact on the
dynamic assembly of the two sets of stator units. Using
gene editing technology, we constructed strains express-
ing meGFP-MotB and eGFP-MotD. Our observations
showed a decreased probability of MotB and MotD local-
ization at the cell pole, suggesting that T ring assembly is
a prerequisite for stator complex formation.

Materials and methods

Strains and cell culture

All strains and plasmids used in this study are listed in
Table 1. The AfliCAmotY strain was constructed to
clarify the effect of MotY on the dynamic output of the
flagellar motor. The mutant fliC allele, liCT3%C, intro-
duces free thiol groups into the flagellin protein to facili-
tate subsequent diversified modification. The plasmid
AUCT¥C_pIN105 was transformed into the AfliC strain
by electroporation for the bead assay and flagellar fila-
ment labeling. The motY gene was further knocked out
in the existing AfliCAmotAB and AfliCAmotCD strains
[18]. The plasmids eyfp-motB/motD-p]N105 and ecfp-
motY-pME6032 were electroporated into the above
strains in pairs for the FRET experiments. The vector
motY-pME6032 was constructed for protein function
restoration experiments. Fluorescent proteins fused
to the N-terminus of stator proteins (MotB and MotD)
were used to visualize their distribution. The Esch-
erichia coli TOP10 strain was used for standard genetic
manipulations.

A single-colony isolate was grown overnight in 3 ml
LB broth (1% Bacto Tryptone, 0.5% Yeast Extract and 1%
NaCl) on a rotary shaker (250 rpm) at 37 °C, and then
diluted 1:100 into 10 ml of fresh LB broth to grow to the
exponential phase. Appropriate antibiotics were added
if necessary to prevent plasmid loss: for E. coli, 15 ug/
ml Gentamicin and 12.5 yg/ml Tetracycline; for P. aeru-
ginosa, 30 pug/ml Gentamicin and 50 pug/ml Tetracycline.
To induce protein expression, 0.3 mM Isopropyl 3-D-1-
thiogalactopyranoside (IPTG) was added to strains with
pPME6032-derivative vectors, and 0.05% arabinose was
added to strains with pJN105-derivative vectors. The
cell culture was harvested by centrifugation (4000 X g for
2 min), washed twice in motility buffer (MB) consisting
of 0.15 M NaCl, 50 mM potassium phosphate, 10 mM
DL-lactic acid, 5 mM MgCl,-7H,O and 15 pM EDTA
(pH=7.0) [18, 24], and then resuspended in the same
buffer.
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Table 1 Strains and plasmids used in this study
Strain, Plasmid Genotype, phenotype, and Description Source
Strains
P. aeruginosa
PAO1 wild-type strain Fan Jin Group
AfliC nonpolar fliC deletion in PAO1 Fan Jin Group
AMTC AmotY nonpolar motY deletion in Af7iC This study
AliC Amot4 B nonpolar mot4 B deletion in AfTiC Ref 18
AMTiC AmotCD nonpolar morCD deletion in Af7iC Ref 18
AIiC Amotd B AmotY nonpolar motY deletion in Af7iC Amot4 B This study
AMTiC AmotCD AmotY nonpolar motY deletion in Af7iC AmotCD This study
AliC Amotd B AmotY AfliG  nonpolar fliG deletion in AfliC Amotd BAmotY This study
AmotB nonpolar morB deletion in PAO1 This study
AmotD nonpolar motD deletion in PAO1 This study
AmotB AmotCD nonpolar morCD deletion in AmotB This study
megfp-motB megfp fusions at the N-terminus of morB in PAO1 This study
egfp-motD egfp fusions at the N-terminus of motD in PAO1 This study
AmotY megfp-motB nonpolar motY deletion in megfp-motB This study
AmotY egfp-motD nonpolar motY deletion in egfp-motD This study
E. coli
F-merd A(mrr-hsRMS-merBC)D80lacZ AM15 AlacX 74 recAl .
Topl0 il R Inwvitrogen
araD139 A(araleu) 7697 galU galK rpsL(Nal’) endAl nupG
Plasmids
pex18gm oriT "sacB™; gene replacement vector with MCS from pUC18; Gm" Fan Jin Group
motY -pex18gm In-frame deletion of motY cloned into pex18gm; Gm" This study
megfp-motB -pex18gm megfp fusions motB cloned into pex18gm; Gm" This study
egfp-motD -pex18gm egfp fusions motD cloned into pex18gm; Gm" This study
SliG-pex18gm In-frame deletion of /G cloned into pex18gm; Gm' This study
motB -pex18gm In-frame deletion of motB cloned into pex18gm; Gm' This study
motD -pex18gm In-frame deletion of motD cloned into pex18gm; Gm" This study
eyfp-motB -pIN105 eyfp-motB overexpression vector in pJN105, Py,p promoter; Gm' Ref 25
eyfp-motD -pIN105 eyfp-motD overexpression vector in pJN105, Py, promoter; Gm' Ref25
ecfp-motY -pMEG6032 ecfp-motY overexpression vector in pME6032, P; . promoter; Tec" This study
fliC 39 4C-pJN 105 fliC fosc overexpression vector in pJN105, Py, promoter; Gm" Ref 18
motY -pMEG6032 motY overexpression vector in pMEG032, P, . promoter; Tec" This study

Construction of gene deletion mutants in P. aeruginosa

A two-step allelic recombination method was used to
construct knockout strains [32]. We used polymerase
chain reaction (PCR) to generate ~1000-bp DNA frag-
ments with upstream and downstream sequences flanking
the gene targeted for deletion (residues 100 to 687 were
deleted in the motY mutant). The linearized pex18gm vec-
tor was fused with the above two PCR fragments using
Gibson assembly [33], and the resulting plasmid was elec-
troporated into P. aeruginosa. For double screening, gen-
tamicin plates (LB plates with 30 pg/ml gentamicin) and
sucrose plates (NaCl-free LB plates with 15% sucrose)
were used. Positive selection was finally confirmed by PCR
and sequencing. In this study, three strains, AfliCAmotY,
AliCAmotABAmotY, and AfliCAmotCDAmotY, were con-
structed based on the existing strains of our group.

Generation of chromosomal fusions of fluorescent protein-
encoding gene to motB/motD

We fused the gene encoding green fluorescent protein
to the motB/motD gene at their native chromosomal
loci to ensure expression similar to that in their wild-
type counterparts. The construction of megfp-motB/
egfp-motD is modeled on the method used for gfp-motB
in E. coli. The putative membrane-targeting sequence of
motB and motD was identified by sequence comparison
with motB in E. coli (shown in Fig. S7A). A construct
was generated that included 1000 bp upstream of motB/
motD, incorporating the first 26 codons of motB (encom-
passing the putative membrane-targeting sequence), fol-
lowed by megfp and then the complete sequence of motB.
Similarly, the construct included the first 19 codons of
motD, followed by egfp and then the complete sequence
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of motD. This construct was assembled using Gibson
assembly and inserted into chromosome by homologous
recombination. The chromosome sequence after recom-
binant is shown in Fig. S7B.

FRET assay

CFP and YFP, a well-known FRET-generating protein
pair, were used in this study to explore the interaction
between MotY and MotB/MotD. The fluorescent fusion
protein eCFP-MotY was expressed by the vector ecfp-
motY-pME6032 under control of an IPTG-inducible
promoter. The fusion proteins eYFP-MotB and eYFP-
MotD were expressed from eyfp-motB-pJN105 and
eyfp-motD-p]N105, respectively, under control of an
L-arabinose-inducible promoter. The setup used here is
similar to that described previously and is briefly summa-
rized below [25, 34]. The cells were mounted on a poly-
L-lysine coated coverslip, which was assembled to the
sample chamber and placed on a Nikon Ti-E microscope
with a 40x objective. The excitation light passed through
a bandpass filter (438/24), and the emission light was
divided into two channels (cyan and yellow) by a dichroic
mirror. The light beams passed through the correspond-
ing bandpass filters (483/32 for cyan and 542/32 for yel-
low) and were collected by independent photon-counting
photomultipliers. The signal acquisition frequency was
set at 1 Hz, the eYFP protein bleaching time was 180 s,
and the signal intensity of the CFP channel before and
after bleaching was extracted. The FRET efficiency was
determined as F = (Fy — Fy)/Fi, where I} was the CFP
emission after bleaching and Fj was the CFP emission
before bleaching.

Swimming-plate assay

The ability of natural exploration was qualitatively exam-
ined using soft-agar swimming plates. Polystyrene Petri
plates (150 mm in diameter) were filled with 30 ml of
swim agar (0.3% Bacto agar, 1% Bacto tryptone, 0.5%
yeast extract, and 1% NaCl, supplemented with 0.05%
arabinose and antibiotics as needed). The plates were
inoculated with 4 pl of fresh cultures of the correspond-
ing strains. The swimming plates were incubated at 37 °C
for 16 h, and then the radii of the swimming zones were
measured.

Single-cell tracking assay

The bacterial solution was injected into a chamber con-
structed by attaching a clean coverslip to a glass slide
with two pieces of double-sticky tape. The chamber
was sealed with grease, and each sealed chamber was
used for at most 20 min to ensure a relatively constant
external environment for the cells. Cell motile behavior
was observed using a Nikon Ti-E phase-contrast micro-
scope with a 20X objective and recorded with an sCMOS
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camera (Thorlabs, DCC3240) at 50 fps. At least six vid-
eos, each lasting several minutes, were collected for each
strain.

To quantify the active proportion of swimming indi-
viduals, we calculated the instantaneous velocity of the
bacteria to determine whether the bacteria in the area
were active or not. For every 10 s, the adjacent 10 frames
of images were analyzed to calculate the cell trajecto-
ries. Bacteria with a mean velocity above 10 pm/s and a
mean squared displacement (MSD) slope above 1.2 from
a log-log fit were classified as motile individuals. We then
averaged the number of motile bacteria and total bacte-
ria in each video. The data from all videos were averaged
to determine the proportion of swimming individuals for
each strain.

Bead assay

The bead assay used here was derived from our previ-
ous study [18]. The protocol followed is briefly described
below. The filaments of bacteria were sheared by passing
1 ml of the washed-cell suspension 200 times between two
syringes with 23-gauge needles, connected by 7-cm-long
polyethylene tubing (inside diameter of 0.58 mm). The
sheared 1 ml suspension was centrifuged at 4000 X g for
2 min, and the supernatant was discarded. 500 ul of MB
was then added to resuspend the bacteria. We biotinylated
the filaments by adding 5 pl of maleimide-PEG,-biotin
solution (Thermo Scientific, 10 mg/ml in DMSO) to the
condensed cells and incubating for 20 min at room tem-
perature with gyrorotation of 200 rpm, and then washing
twice (4000 xg, 2 min) and resuspending in 500 pl MB.

To measure the dynamic properties of the motor for
AmotY strain, each single motor was observed for 3 min.
We constructed a sample chamber by attaching a poly-
L-lysine coated coverslip to a glass slide with two pieces
of double-sticky tape. 50 pl of treated cells was injected
into the chamber and incubated for 5 min, and the
unstuck cells were rinsed with 200 ul MB. A solution of
1-um-diameter streptavidin-modified beads (Invitrogen-
Molecular Probes) was washed in phosphate-buffered
saline (PBS), resuspended in MB, and then added into
the chamber to spontaneously attach to the biotinylated
flagellar filaments. The chamber was sealed with grease
and each sealed chamber was used for at most 20 min
to ensure a relatively constant external environment for
the cells. In this study, the bead-assay data for the wild-
type came from our previous study [18]. We followed the
same experimental conditions and data analysis methods
in all experiments, which provided the basis for the con-
sistency of the experimental results.

Flagellar staining and fluorescence imaging
Flagellar filaments were labeled by following the
protocol described previously [35]. Cells (1 ml of
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exponential-phase culture) were harvested by centrifu-
gation at 1000 X g for 10 min and washed twice in 1 ml
MB. The final pellet was adjusted to a volume of ~500 pl.
Alexa Fluor 568 maleimide (Invitrogen-Molecular
Probes) was used to label filaments (23°C, 30 min, conc.
20 pg/ml), and unused dye was washed away with MB.
Cells containing fluorescent proteins were centrifuged
and resuspended in MB, which were then placed at 37 °C
for 30 min to allow protein maturation.

For fluorescence imaging, 50 pl of pre-treated bacte-
rial solution was introduced into the chamber, which
contained a coverslip coated with poly-L-lysine to fix the
cells. After incubation for 3 min, 200 ml MB was used to
wash away the excess cells. The boundary of the chamber
was then sealed with Apiezon vacuum grease. A Nikon
Ti-E microscope equipped with a 100X oil-immersion
objective and a sSCMOS camera (Prime95B, Photomet-
rics) was used to observe the samples. To determine the
proportion of individuals with flagella, bright field and
fluorescence images were collected separately, using a
100 ms exposure time. The fluorescent images of meGFP
-MotB and eGFP-MotD were taken with a 200 ms expo-
sure, and the experiment was performed on a Nikon Ti-E
TIRF microscope equipped with an EMCCD camera
(Andor iXon 897) and a 100x1.49-NA oil-immersion
TIRF objective.

Data analysis

Data analysis was performed using custom scripts in
MATLAB. We converted the x and y positions of the
bead into polar coordinates to calculate the angular
velocity (CW positive and CCW negative) as described
previously [36]. The two most probable velocities were
considered to be the steady-state CCW and CW rota-
tion velocities. Three velocity intervals were divided
between the two steady-state velocities, and transitions
between the top and bottom intervals were considered to
be the switching events of the motor. Torque was calcu-
lated as the product of the rotational friction drag coef-
ficient and the angular velocity, following the formula
87 ry° + 67 v 1,2, where 7 was the viscosity of the
medium, 7s was the radius of the bead, and 7 was the
rotational eccentricity [37].
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