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Abstract

Photosynthetic cyanobacteria exhibit phototaxis, utilizing type IV pili (T4P) to navigate either toward or away from a light source. The
Tax1 system is a chemotaxis-like signal transduction pathway that controls the switch in cell polarity, which is crucial for positive
phototaxis in Synechocystis sp. PCC 6803. The system consists of the blue/green light sensor PixJ, which controls the histidine kinase
PixL and two CheY-like response regulators, PixG and PixH. However, the molecular mechanism by which Tax1 regulates T4P activity
and polarity is poorly understood. Here, we investigated the phosphotransfer between PixL and its cognate response regulators in vitro
and analyzed the localization and function of wild-type and phosphorylation-deficient PixG and PixH during phototaxis. We found that
both PixG and PixH are phosphorylated by PixL but have different roles in phototaxis regulation. Only phosphorylated PixG interacts
with the T4P motor protein PilB1 and localizes to the leading cell pole under directional light, thereby promoting positive phototaxis.
In contrast, PixH is a negative regulator of PixG phosphorylation and inhibits positive phototaxis. We also demonstrated that the C-
terminal receiver domain of PixL is essential for positive phototaxis, and modulates the kinase activity of PixL. Our findings reveal the
molecular basis of positive phototaxis regulation by the Tax1 system and provide insights into the division of labor between PatA-type
and CheY-like response regulators in cyanobacterial chemotaxis-like systems. Furthermore, these findings highlight similarities in

the regulation of movement direction during twitching motility in phototactic and chemotactic bacteria.
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Introduction

Many bacteria control their movements in response to environ-
mental stimuli. Photosynthetic cyanobacteria respond to light
by migrating toward their preferred light conditions or evading
potentially harmful illumination, a behavior termed positive or
negative phototaxis. In cyanobacteria, including the unicellular
model organism Synechocystis sp. PCC 6803 (hereafter Synechocys-
tis), phototaxis requires type IV pili (T4P) (Bhaya et al. 2000, Yoshi-
hara et al. 2001, Schuergers and Wilde 2015). T4P-dependent
motility over wet surfaces relies on the extension, tethering, and
retraction of pilus fibers, working like grappling hooks to pull the
bacterial cell forward (Merz et al. 2000). This so-called twitching
motility is powered by the secretion ATPases PilB and PilT, which
dynamically interact with the inner membrane platform protein
PilC to form motor complexes for the extension and retraction of
T4P filaments, respectively (Jakovljevic et al. 2008, Takhar et al.
2013, Bischof et al. 2016). Synechocystis is capable of directional
phototactic movement because single cells act as spherical mi-
crolenses, allowing them to detect the location of the light source
(Schuergers et al. 2016). Focused light on the rear side of the cell,
away from the light source, is suggested to lead to local excitation
of photoreceptors or other signaling pathways. This cue activates

a signal transduction cascade that is thought to stimulate the po-
lar localization of the extension ATPase PilB1, thereby promoting
asymmetric T4P activity (Schuergers et al. 2015, 2016, Nakane and
Nishizaka 2017, Nakane et al. 2022).

Cyanobacteria employ multiple receptors to perceive the spec-
tral composition of light (Wiltbank and Kehoe 2019). Signal in-
tegration from these inputs determines phototactic responses
(Bhaya 2004, Wilde and Mullineaux 2017, Harwood et al. 2021).
Several of these signaling systems are homologous to the chemo-
taxis signal transduction systems (Wuichet and Zhulin 2010, Han
et al. 2022) (Fig. S1). The canonical chemotaxis system of Es-
cherichia coli, which controls flagellar motility, utilizes a trans-
membrane receptor called methyl-accepting chemotaxis protein
(MCP), which is connected to the histidine kinase CheA through
the adaptor protein CheW. Excitation of this signaling complex
leads to autophosphorylation of a conserved histidine residue in
the histidine phosphotransfer (Hpt) domain of CheA. The phos-
phoryl group is then transferred to an aspartate residue in the
receiver domain (REC) of the response regulator CheY, which in-
teracts with the flagellar motor to induce changes in the direction
of flagellar rotation (Porter et al. 2011). Variations in this canonical
chemotaxis system are used by many bacteria to control cellular
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functions other than flagellar motility, such as twitching motility,
exopolysaccharide production, and cellular aggregation (Bhaya et
al. 2001, Whitchurch et al. 2004, He and Bauer 2014).

Wuichet and Zhulin (2010) classified cyanobacterial
chemotaxis-like systems under the T4P-based motility group,
which contains systems that typically have two CheY-like re-
sponse regulators. Cyanobacterial systems frequently utilize
photoreceptor modules, but lack proteins to modulate MCP
methylation and adaptation. The absence of these methyla-
tion/demethylation enzymes is hypothesized to be a result of the
directional light-sensing mechanism employed in cyanobacterial
phototaxis, which eliminates the need to adapt to fluctuating
signals over time (Wuichet and Zhulin 2010, Schuergers et al.
2016). In contrast to chemotaxis-like systems that control twitch-
ing motility in heterotrophic bacteria, the first CheY homolog
in operons that encode cyanobacterial systems is a PatA-type
response regulator comprising N-terminal PATAN and C-terminal
REC domains (Makarova et al. 2006, Han et al. 2022). In Synechocys-
tis, the response regulators PixE, LsiR, and Slr1594, which are not
part of a chemosensory system, share this domain architecture.
PixE forms a complex with the blue light sensor PixD, which
dissociates upon illumination with blue light. Unbound PIixE is
able to elicit negative phototaxis (Ren et al. 2013, Sugimoto et al.
2017). LsiR triggers negative phototaxis in response to UV light,
which induces IsiR expression (Song et al. 2011). It has been shown
that in Synechocystis, the PATAN domain of these regulators local-
izes to the inner membrane and interacts with the N-terminal
cytoplasmic domain of PilC and the pilus assembly ATPase PilB1.
Importantly, overexpression of the truncated PixE containing only
the PATAN domain is sufficient to switch phototactic orientation,
suggesting that the PATAN domain is the principal output domain
of at least those PatA-type regulators that control the direction
of movement (Jakob et al. 2020, Han et al. 2022). The second
CheY-like response regulator of cyanobacterial chemotaxis-like
systems consists of a single REC domain. In Synechocystis, they
localize mainly to the cytoplasm and do not interact with any
components of the pilus motor (Kera et al. 2020, Han et al. 2022).

Synechocystis exhibits positive phototaxis toward wavelengths
ranging from green to far-red, while negative phototaxis is elicited
by blue or UV light (Choi et al. 1999, Ng et al. 2003, Savakis et
al. 2012). Among the photoreceptors that control phototactic ori-
entation, the cyanobacteriochrome PixJ (encoded by sll0041 and
sll0042) is essential for positive phototaxis (Yoshihara et al. 2000,
Bhaya et al. 2001, Ng et al. 2003, 2004). This blue/green light sensor
is a part of the chemotaxis-like system Tax1 (Fig. 1A), which com-
prises the CheA-like histidine kinase PixL (S110043), two CheW-like
adaptor proteins (5110040 and Sl10044), CheY-like response regu-
lator PixH (S110039), and PatA-type regulator PixG (S110038). Dis-
ruption of genes in the taxl operon, except for the cheW genes,
resulted in mutants that showed negative phototaxis under light
conditions, which triggered positive phototaxis in wild-type cells
(Yoshihara et al. 2000, Bhaya et al. 2001, 2004). Moreover, mutating
the phospho-accepting aspartate of PixG reverses the phototactic
orientation (Han et al. 2022). Hence, it is likely that the Tax1 sys-
tem establishes positive phototaxis by transducing light signals
from the photoreceptor to its response regulators via a phospho-
rylation cascade. However, it is unclear whether PixG and PixH
are phosphorylated and how these two regulators with disparate
localization patterns cooperate to modulate phototaxis in Syne-
chocystis.

To shed light on the Synechocystis Tax1 signal transduction path-
way and understand the molecular mechanism by which this sys-
tem determines movement direction, we evaluated the phospho-

transfer between the purified histidine kinase PixL and the regu-
lators PixG and PixH in vitro and studied the motility phenotypes
of phospho-acceptor site mutants in vivo. Our findings verified
that both PixG and PixH are phosphorylated by PixL. Moreover, the
phosphorylation of PixG enhances the interaction of PixG with the
T4P motor at the light-facing site of the cell, whereas PixH acts as
a phosphate sink that modulates PixG phosphorylation.

Materials and methods
Protein purification

The plasmids used for overexpression of 6xHis-tagged proteins are
listed in Table S1. These plasmids were generated by amplifying
pIXLAREC (residues 1-1253), pixL_REC (residues 1274-1402), pixG, and
pixH via PCR with genomic DNA using primers (Table S2) to intro-
duce BamHI and Sallrestriction sites. The amplified products were
cut and ligated into BamHI and Sall restriction sites of the pQE-
80 L vector. The resulting plasmids were verified by sequencing.
PixG and PixH variants were constructed using pQE-pixG and pQE-
pixH via oligonucleotide-directed mutagenesis using the primers
listed in Table S2.

Escherichia coli BL21(DE3) transformed with expression plas-
mids were grown in 500 ml LB medium supplemented with
100 pg/ml ampicillin. Protein expression was induced by adding
100 pM isopropyl-B-D-thiogalactopyranoside (IPTG) when the cells
reached an ODggo of 0.6, and the cultures were incubated at 18°C
overnight. Cells were harvested by centrifugation at 4000 rpm,
resuspended in lysis buffer (150 mM NaCl, 50 mM Tris/HCl,
20 mM imidazole, and pH 8.0) containing 250 pg/ml lysozyme and
20 pg/ml DNase, incubated on ice for 30 min, and then disrupted
in a French press. The lysate was centrifuged at 16 500 g at 4°C for
30 min, and the supernatant was filtered through a 0.45-pm mem-
brane to remove any remaining particulate material. The cleared
lysate was loaded onto the column with 1 ml Ni-NTA resin at 4°C.
The column was washed twice with 5 ml lysis buffer and eluted
five times with 1 ml elution buffer (150 mM NaCl, 50 mM Tris-HCl,
500 mM imidazole, and pH 8.0). Eluted fractions were analyzed by
SDS-PAGE, and the fractions with the highest yield were concen-
trated and further purified with a Superdex 200 10/300 GL column
using reaction buffer (10 mM HEPES, 50 mM KCl, 0.1 mM EDTA,
1 mM DTT, 5 mM MgCl,, 10% glycerol (v/v), and pH 8.0). The puri-
fied proteins were stored at —80°C.

Autophosphorylation and phosphotransfer
assays

All phosphorylation experiments were performed in reaction
buffer (see above). For autophosphorylation assays, 0.3 nmol pu-
rified PixLAREC were incubated in 60 yl reaction buffer contain-
ing 0.5 mM ATP and 1 uCi [y-*?P]ATP at 30°C. At the appropriate
time, 7.8 pl aliquots were removed from the reaction and mixed
with 4.2 ul loading buffer (4xNuPAGE™ LDS sample buffer (Invit-
rogen) supplemented with 100 mM DTT). The samples were sepa-
rated on a 4%-12% Bis-Tris gel (NUPAGE™) using MES SDS running
buffer (50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA-Na,,
and pH 7.3), stained with Coomassie, and dried under vacuum. An
autoradiograph was obtained using a Phosphor Imager (Typhoon
FL 9500). For phosphotransfer assays between Pix.AREC and a sin-
gle regulator, PixLAREC was incubated with [y-3?P]ATP for 4 min as
described above. At the same time, a 7.8-ul aliquot was diluted
with 7.8 pl reaction buffer and quenched by adding 8.4 pl loading
buffer as the t0 reference, and 35 pl of the reaction mixture was
mixed with 35 pl reaction buffer containing an equimolar amount
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Figure 1. The REC domain of PixL is essential for positive phototaxis. (A) Schematic representation of gene organization of the Tax1 system in
Synechocystis. Homology to chemotaxis systems is shown at the top, with gene names indicated within the arrows and locus names at the bottom. (B)
Domain architecture of histidine kinase and its cognate response regulators according to the KEGG sequence similarity database. For PixL, the start
and end positions of the truncated proteins used in this study are provided. (C) Phototaxis experiments of wild-type Synechocystis, a ApixL mutant, and
strains expressing PixL, PIXLAREC or PixLP13%64 in the ApixL background. Protein expression was induced using copper-free medium. Cells were spotted
on 0.5% (w/v) BG-11 motility agar and exposed to directional white light (~50 umol photons m~? s~1) for ~4 days. The arrow indicates the direction of

illumination, and the dotted line indicates the initial positions of the cells.

of the purified regulator. The phosphotransfer reaction was incu-
bated at 30°C, terminated at the indicated time points, and pro-
cessed, as described above. For phosphotransfer assays with both
regulators, PixLAREC was initially phosphorylated for 4 min. Sub-
sequently, 20 pl of this reaction and a 20-pl aliquot containing
equimolar amounts of both regulators were mixed, resulting in a
2.5-uM concentration of each protein in the reactions, and pro-
cessed in the same way as the other assays.

Culture conditions and strains

Synechocystis sp. PCC 6803 substrain PCC-M (Trautmann et al. 2012)
and mutant strains (Table S1) were propagated on BG-11 agar
plates (0.75% (w/v) supplemented with 0.3% (w/v) sodium thio-
sulfate) at 30°C under continuous white light illumination (Philips
TLD Super 80/840) of 50 pmol photons m~2 s=*. For strains encod-
ing expression cassettes under the control of the pet] promoter,
CuSO, free BG-11 medium was used to induce protein expression,
whereas 2.5 pM CuSO4 was added to repress it. Mutant strains
were supplemented with appropriate antibiotics at concentra-
tions of chloramphenicol (7 pg/ml), streptomycin (10 pg/ml),
kanamycin (50 pg/ml), and gentamycin (10 pg/ml).

Mutagenesis and plasmid construction

The plasmids and primers used are listed in Table S1 and S2, re-
spectively. The ApixL strain was generated by transforming Syne-
chocystis cells with the plasmid pUC-ApixL, which was constructed
using PCR-based seamless assembly cloning (Beyer et al. 2015).
For complementation, ApixL was transformed with plasmids con-
structed as follows: genes pixL and pixL*FEC were amplified from
genomic DNA using primers to introduce EcoRI and BamHI re-
striction sites and subsequently cut and ligated into the appropri-
ate restriction site of the pUR-expression vector harboring an N-
terminal FLAG sequence (Wiegard et al. 2013). The pUR-pixLP13264-
flag variant was generated using the Q5 Site-Directed Mutagenesis
Kit (NEB). Response regulator variants harboring a mutant pixG or
pixH gene were generated using the Q5 Site-Directed Mutagenesis
Kit (NEB) and the primers listed in Table S2. The resulting plas-
mids were used to transform ApixGH or wild-type cells. To cre-
ate ApixD+pixG-eyfp and ApixD+pixGP3264-eyfp, WT+pixG-eyfp and
WT+pixGP3254-eyfp mutants were transformed with the genomic

DNA of the ApixD strain. Complete segregation of these mutants
was confirmed by colony PCR.

To create pGBK-pixGP*?64 for the Y2H assay, the pixG gene
was amplified from Synechocystis genomic DNA using the primers
listed in Table S2 and cloned into the pJET1.2 vector (CloneJET
PCR cloning kit, ThermoFisher). The resultant plasmid pJET1.2-
pixG was further used to create pJET1.2-pixGP3%%4 by site-directed
mutagenesis. The pJET1.2-pixGP3%%4 was digested with restriction
endonucleases BamHI and Spel and ligated into the correspond-
ing restriction sites of pGBKT7. All other plasmids used for Y2H
assays have been described previously (Jakob et al. 2020, Han et
al. 2022).

Phototaxis assays

Cells from freshly grown plates were resuspended and spotted
or directly restreaked onto 0.5% (w/v) BG-11 agar plates contain-
ing 0.3% (w/v) sodium thiosulfate, 0.2% glucose, and 10 mM TES
buffer (pH 8.0). CuSO4 was omitted from the medium to induce
the pet] promoter or was added at a concentration of 2.5 pM to in-
hibit expression. After 2-3 days of incubation under diffuse low-
intensity white light, the plates were transferred to nontrans-
parent boxes with a one-sided opening (15 or 50 umol photons
m~2 s~! at the front of the boxes) for 4-13 days. For a detailed
protocol, see Jakob et al. (2017).

Single-cell tracking

Single-cell motility assays were performed as previously de-
scribed (Jakob et al. 2017). Briefly, cells from the leading edge of
a colony on the phototaxis assay plate were resuspended in fresh
BG-11 medium. A 3-pl droplet of the suspension was spotted on
0.3% (w/v) BG-11 agarose plates and left to dry for 15 min. The pet]
promoter was induced by omission of copper from the medium.
The cells were carefully covered with a coverslip and a silicone
ring to prevent evaporation and stabilize the surface. After a 2-
h dark incubation and 3-min lateral illumination under white
light (fluence rate ~50 umol photons m~2 s~*, high luminous out-
put golden white LED lamp (Yoldal) or RGB-LED (625/525/470 nm)
(World Trading Net)), a 3-5 min time-lapse video was recorded
at room temperature with one frame every 3 s using an upright
Nikon Eclipse Ni-U microscope fitted with a 40x objective (numer-
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ical aperture 0.75). Cell tracking was performed using ImageJ and
the TrackMate plugin (Ershov et al. 2022). The tracks were further
analyzed using a custom R script. Only cells tracked for at least 10
consecutive frames were analyzed. Additionally, cells displaying
displacement of at least 0.5 pm and a speed of at least 0.02 pm s—*
were classified as motile tracks.

Y2H analysis

The Y2H analysis was performed as previously described (Jakob
et al. 2020). Briefly, yeast transformants containing bait-prey
pairs were selected on a complete supplement mixture dropout
medium lacking leucine and tryptophan at 30°C for 4 days. Sub-
sequently, the cells were screened for interactions by streaking on
dropout medium lacking leucine, tryptophan, and histidine sup-
plemented with 5 mM 3-amino-1,2,4-triazole (3-AT) at 30°C for 6-7
days.

Confocal laser scanning microscopy

Cells from fresh phototaxis plates were resuspended and spotted
onto 0.3% agarose BG-11 plates as described for single-cell motil-
ity assays. All plates and media were incubated at 30°C prior to
experiments. After the droplets had dried at 30°C, the cells were
excised with an agarose block from the plate and carefully flipped
into a 35-mm glass bottom p-Dish (ibidi GmbH) such that the cells
were positioned between glass and agarose. Confocal microscopy
imaging was performed at room temperature with a Nikon Al
confocal system on an inverted Nikon Eclipse Ti microscope us-
ing a 60x oil immersion (refractive index 1.515) objective with a
numerical aperture of 1.4. Cells were exposed to directional red
light emitted by an RGB-LED (peak 625 nm, World Trading Net) at
a fluence rate of ~75 pmol photons m~? s~!. The LED was fixed
to the microscope stage, and the emission angle was limited by
wrapping the LED bulb with a tape. After an incubation period of
~10 min, the cell position in the scanned area and phototactic
behavior were first assessed by imaging chlorophyll autofluores-
cence with the 640 nm laser line in a 3-min time-lapse series at
one frame every 3 s. To visualize eYFP signal localization and allow
resolution of differential signal distribution, a region of interest
was then selected and magnified by an additional zoom factor of
4.3 (scan area of 49.42 pm x 49.42 pm at 512 pixels x 512 pixels)
and scanned with the 514-nm laser recording 3-min time-lapse
series as before.

To determine fluorescence polarity and intensity at the cell pe-
riphery, time-lapse series were analyzed using a custom macro in
Image]J, which detects cells automatically and measures radial in-
tensity via the Radial Profile Extended plugin (Carl 2006). Here, the
intensity was integrated as a function of the radius in 10° sectors
around the detected cells in each slice of the time-lapse stack.
Cell tracking information was obtained as previously described
for single-cell motility assays using the TrackMate plugin (Ershov
et al. 2022). Radial intensity and tracking data were then further
analyzed and correlated at the single-cell level with a custom R
script using the circular package (Agostinelli and Lund 2022). Con-
ceptually, to identify the maximum fluorescence angle per cell,
we measured integrated intensities of 90° sectors, which were ro-
tated in 10° steps around the cell. Of the resulting 36 sectors, the
mean angle of the 90° sector with the highest total intensity was
defined as the maximum intensity angle. Radial fluorescence in-
tensity measurements were assigned to tracked cells using the
nearest neighbor search function from the RANN package (Arya
et al. 2019). Finally, the mean of the maximum intensity angle
over the first five time points was calculated to avoid introducing

additional noise due to photobleaching over the full 3-min video.
The entire length of the video was used to calculate the displace-
ment angle as the angle of displacement between the first and
last frames of the track. Scripts used for the acquisition of radial
intensity measurements in ImageJ, as well as data processing and
analysisin R (R Core Team 2023), are available in the GitHub repos-
itory https://github.com/jonas-hammerl/Tax1_Synechocystis.

Results

The REC domain of PixL is involved in phototaxis
regulation

The putative histidine kinase PixL of Synechocystis comprises two
N-terminal Hpt domains, a catalytic core, and a C-terminal REC
domain, which is absent in the histidine kinase of the E. coli
Che system (Fig. 1B). To elucidate the role of the REC domain
of PixL in phototaxis control, we complemented a ApixL mutant
in Synechocystis with plasmids for the expression of FLAG-tagged
PixL (ApixL+pixL) or truncated PixL without the REC domain
(ApIXL+pIXLAREC; PIXLAREC residues 1-1253). Consistent with previ-
ous studies (Yoshihara et al. 2000, Bhaya et al. 2001), ApixL exhib-
ited negative phototaxis under white-light illumination, which in-
duced positive phototaxis in the wild type (Fig. 1C). Subsequently,
we investigated the phototaxis of the complementation strains.
Expression of the FLAG-tagged PixL variants from the pet] pro-
moter, which is induced under copper limitation, was confirmed
by western blot analysis (Fig. S2). Under inducing conditions, only
wild-type PixL restored the positive phototaxis in the ApixL mu-
tant strain (Fig. 1C). To determine whether the phosphorylation
of the REC domain is essential for its function, we attempted
to complement the ApixL mutant with a plasmid expressing the
phosphorylation-deficient PixLP'3?%4 variant (ApixL+pixLP13264).
Although western blot analysis established that PixLP32°4 was ex-
pressed at levels comparable to those of full-length and truncated
proteins (Fig. S2), the mutant protein was unable to restore posi-
tive phototaxis (Fig. 1C), indicating that an intact phosphorylation
site in the REC domain was required for positive phototaxis. This
implies that an additional phosphorylation step in the PixL REC
domain modulates the PixL kinase activity.

PixL phosphorylates both PixG and PixH

Next, we wanted to confirm phosphotransfer between PixL and
its cognate CheY-like response regulators PixG and PixH in vitro.
Therefore, we purified the recombinant proteins bearing a 6xHis
affinity tag at the N-terminus, which were expressed in E. coli
BL21(DE3), and incubated them with [y-3?P]ATP. However, we did
not detect stable autophosphorylation of purified full-length PixL
or substantial phosphoryl transfer to its cognate response regula-
tors (Fig. S3). Considering that the PixL REC domain might partici-
pate in intermolecular phosphotransfer and earlier reports that
the REC domain of chemosensory histidine kinases from other
bacteria interferes with the autophosphorylation of their kinase
domain (Inclan et al. 2008, Silversmith et al. 2016), we analyzed
the truncated variant of the histidine kinase PixLAFEC. Recombi-
nant PixLAREC was shown to be capable of stable autophosphory-
lation in vitro upon incubation with [y-32PJATP (Fig. 2A). Further,
we studied whether Pix.AREC can phosphorylate the PixL receiver
domain. Therefore, a separate PixL_REC domain (residues 1274-
1402) was expressed in E. coli and incubated with phosphorylated
PixLAREC (Fig. S4). PixL_REC can be phosphorylated by PixLAREC,
However, this phosphorylation event is transient, and phosphory-
lated PixL_REC can only be detected for around 1 min. Together
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500 uM ATP at 30°C. Aliquots were quenched in loading buffer at the indicated time points. The samples were separated on a 4%-12% Bis-Tris
SDS-PAGE gel, stained with Coomassie, dried under vacuum, and visualized by autographic exposure. Lane M, molecular weight marker (kDa).
His-PixLAREC 138 kDa. (B, C) Autoradiographs of phosphotransfer assays with PixLAREC and PixG or PixH, and the respective phosphorylation-deficient
mutants. As described above, 0.3 nmol PIXLAREC was incubated with [y-*?PJATP for 4 min. At t0, the PixLAREC phosphorylation reaction was mixed 1:1
with equimolar amounts of wild-type or mutant PixG or PixH in reaction buffer. The phosphotransfer reactions were incubated at 30°C and aliquots
were sampled at 1, 2, 4, 6, 8, and 10 min. As a negative control, PIXLARC was omitted from the reactions. (D) Phosphotransfer assays containing 2.5 pM
of PIXLAREC and 5 pM PixH. PIXLAREC was incubated with [y-*?PJATP for 4 min prior to the addition of the PixG or PixH variants at t0. The
phosphotransfer reaction was incubated at 30°C and aliquots were sampled at 1 min, after which 100x excess of unlabeled ATP was added at 2 min
(arrowhead), and after 3, 7, and 10 min. The samples were processed as before. (E) Autoradiograph of tripartite phosphotransfer assays containing
2.5 puM of PixLAREC PixG, and PixH in the combinations listed. PIXLAREC was autophosphorylated for 4 min and aliquots of the transfer reaction were

sampled at 1, 3, 7, and 10 min and processed as before.

with the observation that full-length PixL is inactive, this sug-
gests that the REC domain is a negative regulator of PixL ki-
nase activity and facilitates the rapid dephosphorylation of the
protein.

To investigate phosphotransfer from histidine kinase PixL to
its cognate response regulators, purified recombinant PixG and
PixH were incubated with [y-3?P]ATP alone or in the presence of
PixLAREC Autoradiography revealed that both PixG and PixH were
phosphorylated in the presence of PixLAREC (Fig. 2B and C). Quan-
tification of the radioactive signals indicated that in contrast to
stable PixG phosphorylation, the phosphorylation level of PixH de-
creased over time (Fig. S5), suggesting that PixH had a higher rate
of dephosphorylation.

The potential phosphorylation sites of the PixG and PixH re-
celver domains are aspartate 326 and aspartate 52, respectively
(Han et al. 2022). To validate the specific phosphorylation sites,
we repeated the phosphotransfer assays with response regulator
variants in which the conserved aspartates were replaced by ala-
nine. Purified PixGP3?%* and PixHP>?* were not phosphorylated in
the presence of PixLARC and radioactively labeled ATP, indicat-
ing that D326 and D52 are the only sites that accept a phosphoryl
group from PixL (Fig. 2B and C). Equal loading and protein stability

were validated via Coomassie staining after SDS-PAGE separation
(Fig. S6A and B)

To understand the low level of PixH phosphorylation, we aimed
to differentiate between the slow phosphorylation of PixH by
PixL.AREC and the rapid (auto-)dephosphorylation of the response
regulator. To achieve this, we traced the radioactively labeled
phosphoryl groups in a phosphotransfer assay spiked with a 100
times excess of unlabeled ATP after 2 min (Fig. 2D). These results
clearly show that PixLARC gutophosphorylation remained stable
over the observed 10 min in the absence of PixH. However, when
PixH was present, the histidine kinase promptly transferred all
labeled phosphoryl groups to PixH, which was consequently de-
phosphorylated in less than 4 min. Previous studies have indi-
cated that additional CheY regulators in a chemosensory path-
way can facilitate the dephosphorylation of the main regulator
(Sourjik and Schmitt 1998) or indirectly counteract its phospho-
rylation (Kihn et al. 2023). Considering the marked dephosphory-
lation of PixH, we hypothesized that this regulator might modu-
late PixG phosphorylation. To test this, we performed a phospho-
transfer assay including the histidine kinase PixLAREC and both
regulators PixH and PixG. Compared to the phosphorylation as-
says with single response regulators (Fig. 2B and C), PixH displayed
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enhanced phosphorylation in the presence of PixG, which, in turn,
was phosphorylated to a much lower extent (Fig. 2E). In contrast,
the addition of the nonphosphorylatable cognate response regu-
lator to the assay had no detectable effect on the phosphorylation
of PixH or PixG (Fig. 2E). The presence of proteins was verified us-
ing Coomassie-stained gels (Fig. S6C and D).

Phosphorylation is essential for the function of
the response regulators PixG and PixH

To investigate the role of phosphorylation in the regulation
of phototaxis by PixG and PixH, we analyzed the phototactic
movement of Synechocystis strains expressing phosphorylation-
deficient PixHP*?4 or PixGP3?%4 variants from the native tax1 lo-
cus (Fig. 3A). As previously demonstrated, only the ApixGH+pixGH
strain, which expresses wild-type pixG and pixH in a ApixGH mu-
tant but not the strain expressing a pixGP*?°A variant, restored
positive phototaxis (Han et al. 2022). In addition, we show that the
ApixGH+pixGHP>?A mutant also displays negative phototaxis, as
opposed to the positive phototactic behavior of the ApixGH+pixGH
complementation strain (Fig. 3A), which is consistent with the pre-
viously shown negative phototaxis phenotype of the pixH mutant
(Yoshihara et al. 2000). Moreover, we assessed the phototactic re-
sponses of the different strains at the single-cell level. We used
lateral white LED irradiation to illuminate Synechocystis mutant
strains freshly spotted on 0.3% (w/v) BG-11 agarose plates and
recorded 5-min time-lapse videos using an upright Nikon Eclipse
Ni-U microscope fitted with a 40x objective lens. Tracks of indi-
vidual cells were measured, and the correlation between the di-
rection of movement and the position of the white light source
was calculated using a Rayleigh test (Fig. 3B). In accordance with
the findings from the macroscopic phototaxis assay, the wild-type
(r =0.588) and ApixGH+pixGH (r = 0.896) cells moved toward light,
whereas ApixGH (r = —0.361), ApixGH-+pixGP34H (r = —0.438),
and ApixGH+pixGHP*?A (r = —0.310) strains exhibited negative
phototaxis. These results indicate that phosphorylation of both
PixG and PixH is essential for positive phototaxis of Synechocystis.
The single-cell tracking data (Table S3) reveals no apparent differ-
ence in cell speed between the wild type and the mutants exhibit-
ing negative phototaxis that could account for the slower spread
observed in macroscopic colonies. Rather, this can be attributed
to a diminished orientation along the light vector as indicated by
smaller absolute r values. This observation aligns with the hy-
pothesis that the photoreceptor PixJ enhances the directionality
of movement by increasing the polarization of pilus activity (Chau
et al. 2015).

PixG was previously reported to interact directly with the ex-
tension motor PilB1 and the T4P platform protein PilC (Han
et al. 2022). A yeast two-hybrid approach was used to investi-
gate whether mutating the phosphor-accepting aspartate of PixG
modulates this interaction. Yeast cells were transformed with
prey vectors expressing PilB1 or the N-terminal cytoplasmic do-
main of PilC and bait vectors expressing either wild-type PixG or
phosphorylation-deficient PixGP3?%4. The selective growth of the
transformants corroborates that PixG can interact with PilB1 and
the N-terminus of PilC. However, these interactions significantly
diminished in the presence of PixGP32%* (Fig. 3C, Fig. S7). Heterol-
ogously expressed PixG is unlikely to be phosphorylated in yeast.
Drawing parallels from E. coli CheY, which shows a low level of ac-
tivity in its unphosphorylated state (Barak and Eisenbach 1992),
we argue that PixG exhibits low affinity for its binding partner,
PilB1 and that the D326A mutation decreases this basal affinity,
probably by hindering switching to a conformation that is inter-

mediate between inactive and active states (Dyer and Dahlquist
2006). Taken together, the phenotypic loss of function of PixGP3264
and its lack of interaction with T4P motor components suggest
that only phosphorylated PixG binds to the T4P motor to promote
positive phototaxis.

Phosphorylated PixG localizes to the leading cell
pole and promotes positive phototaxis

In a previous study, we observed that PixG was localized at the
cell membrane, whereas PixH was evenly distributed in the cy-
toplasm (Han et al. 2022). We speculated that phosphorylation-
deficient PixG and PixH might exhibit altered cellular localiza-
tion. Therefore, we created fluorescently tagged mutant variants
and observed their cellular localization. Previous studies on PixE
indicate that C-terminal tagging with GFP variants does not im-
pair the function of PatA-like regulators to switch the phototactic
orientation of Synechocystis (Jakob et al. 2020). To avoid any po-
lar effects on the expression of the tax1 operon and to clearly
show the fluorescence signal, an expression cassette consisting
of a copper-repressed pet] promoter controlling the expression of
either pixG or pixH variants fused to eYFP at the C-terminus was
inserted into a neutral locus on the chromosome of the wild-
type Synechocystis strain. Epifluorescence imaging revealed that
the phosphorylation-deficient proteins did not change their lo-
calization patterns considerably. PixGP32%4 localizes to the cyto-
plasmic membrane, and PixHP?A was still distributed in the cyto-
plasm with a small fraction near the membrane (Fig. S8).

The phenotypes of strains expressing fluorescently labeled
PixG or PixGP3?%4 were also assessed using phototaxis assays and
single-cell tracking (Fig. 4A and B). Both mutants showed the same
positive phototactic response as the wild type under lateral white-
light illumination regardless of the expression status. To evaluate
the effect of enhanced PixG levels during negative phototaxis, we
transformed a ApixD mutant with the pixG expression cassette. A
ApixD photoreceptor mutant shows constitutive negative photo-
taxis under white or red illumination, because PixE is no longer
bound to PixD (Masuda et al. 2004, Okajima et al. 2005). Overex-
pression of pixGP3?64 in ApixD background cells led to negative
phototaxis away from the white light source. In contrast, induc-
tion of the wild-type PixG fusion protein restored positive photo-
taxis in the ApixD background (Fig. 4C). This phototactic response
was confirmed at the single-cell level; ApixD+pixGP3?%4-eyfp (r =
—0.110) behaved similarly to ApixD cells (r = —0.087), whereas
the ApixD+pixG-eyfp strain (r = 0.317) exhibited positive photo-
taxis (Fig. 4D). These findings corroborate that only phosphory-
lated PixG can promote positive phototaxis, and suggest that ele-
vated levels of phosphorylated PixG can counteract the effect of
the phosphorylation-independent PatA-type regulator PixE (Han
et al. 2022).

Based on these results, we hypothesized that in order to trans-
duce light perception into polar T4P activity, phosphorylated
PixG might localize differentially around the cell body. There-
fore, we analyzed the distribution of membrane-bound PixG dur-
ing cell movement. WT+pixG-eyfp and WT+pixGP3?%4-eyfp cells re-
suspended from fresh, copper-free motility plates were spotted
onto 0.3% (w/v) BG-11 agarose and eYFP fluorescence was imaged
by confocal laser scanning microscopy either in the dark or un-
der lateral, phototaxis-inducing red-light illumination. Single-cell
tracking and radially resolved fluorescence intensity measure-
ments from the time-lapse series revealed that without an ex-
ternal directional light stimulus, the displacement direction was
unbiased. Both PixG-eYFP and PixGP3264-eYFP signals were evenly
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Figure 3. The phosphorylation of PixG and PixH is essential for positive phototaxis. (A) Phototaxis experiments of wild-type Synechocystis, a ApixGH
mutant, and strains with both wild-type pixG and pixH (ApixGH+pixGH) or phosphorylation-deficient variants (ApixGH+pixGP3?%4H and
ApixGH+pixGHP>?") reintroduced at the native locus. Cells were spotted onto 0.5% (w/v) BG-11 motility agar plates and placed under directional white
light (~50 pmol photons m~2 s71) for 5 days. The arrow indicates the direction of illumination, and the dotted line indicates the initial positions of the
cells. (B) Histogram of the angular distribution of single-cell displacement during phototactic movement. Wild-type and mutant Synechocystis cells
from motility plates were spotted onto 0.3% (w/v) BG-11 agarose and illuminated with a lateral white light LED (fluence rate of ~50 pmol photons

m~2 s1). Cells from 5-min time-lapse videos were tracked. n = number of cells; r = mean resultant length from a Rayleigh test. (C) Yeast two-hybrid
(Y2H) interaction assay of wild-type or phosphorylation-deficient PixG and PilB1, or the N-terminal cytoplasmic domain of PilC (PilCy). For auxotrophic
selection, cells harboring prey and bait vectors were grown on restrictive growth medium lacking tryptophan (—Trp) and leucine (—Leu) (Fig. S7). Plates
lacking histidine (—His) and supplemented with 5 mM 3-AT were used to test for specific interactions. Empty prey and bait vectors were included as

negative controls and PilB1 self-interaction was used as a positive control.

distributed along the cytoplasmic membrane. Under lateral red-
light illumination, both WT+pixG-eyfp and WT+pixGP*%4-eyfp
strains exhibited positive phototaxis toward the light, consistent
with previous results (Fig. 4A and B). While PixGP**4-eYTP re-
mained evenly distributed as without directional light (Watson’s
U? test, P > .10), PixG-eYFP showed significant polarization to-
wards the light-facing side of the cell compared to the dark con-
trol (Watson'’s U? test P < .001). The distribution of the directions
of maximum PixG-eYFP fluorescence was highly correlated with
the distribution of the displacement angles obtained from single-
cell tracking [coefficient of overlapping A, = 0.808 (where 1 means
both functions are identical; Ridout and Linkie 2009), P < .0001],
similar to the previously reported localization of PilB1-GFP toward
the leading edge of motile cells (Schuergers et al. 2015). In sum-
mary, these findings support the idea that phosphorylated PixG
activates PilB1 at the light-facing side of the cell to promote T4P
formation, thereby inducing positive phototaxis. However, it re-
mains unclear whether PixG actively recruits PilB1 to the T4P plat-
form protein PilC or if it binds to PilB1, which has already been
polarized through another mechanism.

Phosphorylatable PixH can counteract PixG
function and impede positive phototaxis

The phenotype of the strains expressing fluorescently labeled
PixH was examined at both the macroscopic and microscopic

scales (Fig. 5). Even though the overall phototactic response was
severely limited, the mutant strains showed the same movement
direction under lateral white light as the wild type when PixH
expression was repressed (Fig. SA). However, overexpression of
the wild-type PixH fusion protein, but not the phosphorylation-
deficient PixHP>?A variant, switched the phototactic orientation of
the cells and resulted in negative phototaxis at the macroscopic
scale (Fig. 5A). This switching was more readily observable at the
single-cell level, with WT+pixH-eyfp exhibiting a pronounced neg-
ative phototactic movement (r = —0.310), whereas WT-pixHP>?4-
eyfp showed clear positive phototaxis (r = 0.394) (Fig. 5B). Together
with the findings from the phosphotransfer assays (Fig. 2D and E),
these phototaxis experiments suggest that the enhanced expres-
sion of phosphorylatable PixH may switch phototactic orientation
by influencing PixG phosphorylation. These results further imply
that the PixG to PixH ratio in the cell is essential for phototaxis
regulation.

Discussion

In Synechocystis, the chemotaxis-like Tax1 system is crucial for
positive phototaxis (Yoshihara et al. 2000, Bhaya et al. 2001).
However, how the signals perceived by the system’s MCP-like
green/blue photoreceptor Pix] modulate polar pilus activity is not
understood. In this study, we demonstrated that the histidine ki-
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Figure 4. Phosphorylated PixG stimulates positive phototaxis and localizes to the leading pole of the cell (A) Phototaxis experiments of strains
expressing either PixG or PixGP*?4 ag eYFP fusion proteins in a wild-type background (WT+pixG-eyfp and WT+pixGP3?64-eyfp). Cells were spotted on
0.5% (w/v) BG-11 motility agar and placed under directional white light (~15 umol photons m~? s~1) for 7 days. Protein expression was induced in
copper-free medium or inhibited by adding 2.5 uM CuSQOs. The arrow indicates the direction of illumination, and the dotted line indicates the starting
positions of the cells. (B) Histogram of the angular distribution of single-cell displacement during phototactic movement of WT-+pixG-eyfp and
WT+pixGP32%4-eyfp. Cells from motility plates were spotted onto 0.3% (w/v) copper-depleted BG-11 agarose and illuminated with white light (fluence
rate of ~50 umol photons m~2 s~%). Cells from 5-min time-lapse videos were tracked. n = number of cells; r = mean resultant length from a Rayleigh
test. (C) Phototaxis of strains expressing PixG or PixGP*?%4 in a ApixD background (ApixD+pixG-eyfp and ApixD+pixGP3?54-eyfp). The cells were incubated
under directional white light (~50 pmol photons m~=2 s~1) for 10 days. (D) Histogram of the angular distribution of single-cell displacement during
phototactic movement. Wild-type and mutant Synechocystis cells were illuminated with a lateral RGB-LED at an intensity of ~50 pmol photons m=2 s~2.
Cells from 3-min time-lapse videos were tracked. (E) Representative confocal images of WT-+pixG-eyfp and WT-+pixGP3?64-eyfp cells on 0.3% agarose
BG-11. eYFP was excited at 514 nm with or without a preceding 10 min lateral red-light stimulus (75 umol photons m~? s~?). In addition, a smoothed
false-color image is displayed. Scale bar = 2 pm. (F) Histogram of the angular distribution of displacement and maximum fluorescence of strains
quantified from 3-min time-lapse series of experiments as shown in (E). The lateral light source was located at 0°. n = number of tracks analyzed.
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Figure 5. Overexpression of phosphorylatable PixH switches phototactic
orientation. (A) Synechocystis cells expressing PixH (WT-+pixH-eyfp) or
PixHP524 (WT+pixHP>?A-eyfp) were spotted on 0.5% (w/v) BG-11 motility
agar and placed under directional white light (~50 pmol photons m~2
s71) for 13 days. Protein expression was induced in copper-free medium
or inhibited by adding 2.5 uM CuSO,. The arrow indicates the direction
of illumination, and the dotted circles indicate the starting positions of
the cells. (B) Histogram of the angular distribution of single-cell
displacement during phototactic movement of WT+pixH-eyfp and
WT+pixHP*?A-eyfp. Cells from motility plates were spotted onto 0.3%
(w/v) copper-depleted BG-11 agarose, illuminated with white light
(fluence rate ~50 pmol photons m~? s~*), and 5-min time-lapse videos
were acquired. n = number of cells; r = mean resultant length from a
Rayleigh test.

nase PixL phosphorylates both its cognate response regulators,
PixH, and the PATAN-domain containing PixG, which have dis-
tinct roles in phototaxis regulation. Fundamentally, our experi-
ments demonstrated that only phosphorylated PixG localized to
the leading cell pole and promoted positive phototaxis, whereas
PixH antagonized PixG function and prevented positive photo-
taxis. In Synechocystis, the PATAN domain of the nonphosphory-
latable response regulator PixE alone is sufficient to bind to the
pilus motor and change the orientation of phototaxis (Han et al.
2022). Likewise, the truncated PATAN domain of Anabaena PatA
can complement a patA mutant (Young-Robbins et al. 2010). Con-
sequently, we propose that PixG is the main output of the Tax1
system that mediates downstream signaling, and that phospho-
rylation of the PixG REC domain induces a conformational change
that renders the PATAN domain accessible for protein interac-
tions. Confocal laser scanning microscopy revealed that PixG, but
not the phosphorylation-deficient PixGP3%64 was localized to the
leading edge of moving cells under directional light. Hence, it is
plausible that phosphorylated PixG stimulates positive phototaxis
by interacting with the motility apparatus in a manner that leads
to recruitment of PilB1 to the leading cell pole (Schuergers et al.
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2015). This pattern mirrors the distribution of response regula-
tors in chemotactic model organisms. For instance, in Pseudomonas
aeruginosa, PilG phosphorylation by the histidine kinase ChpA en-
hances PilG localization to the leading cell pole, stimulating polar-
ization of the extension motor PilB (Kihn et al. 2021, 2023). Simi-
larly, in M. xanthus, FrzZ is recruited to the leading cell pole upon
phosphorylation, and switches to the opposite pole during rever-
sals (Kaimer and Zusman 2013).

Interestingly, overexpression of the PixG-eYFP fusion protein
counteracted the induction of negative phototaxis by unbound
PixE in a ApixD background (Fig. 4C and D). Elevated levels of non-
phosphorylated PixG may compete with PixH for available phos-
phoryl groups or may prevent PixE from binding to pilus motor
proteins. However, it is tempting to speculate that PixG could act
as a positive regulator of PixL kinase activity, similar to the M. xan-
thus Frz system, in which the FrzZ response regulator positively
regulates FrzE kinase activity (Kaimer and Zusman 2016). Regard-
less of the exact mechanism, we conclude that the regulation of
PixG levels and the balance between different regulators are cru-
cial for determining phototactic orientation. In this context, the
distinct subcellular localization of the response regulators is note-
worthy. Specifically, the recruitment of PixG to the leading cell pole
should alter the local PixG-to-PixH ratio, potentially resulting in a
self-amplifying signal.

Our phosphorylation assays revealed that the presence of
phosphorylatable PixH reduced the amount of radiolabeled
PixLAREC and significantly diminished PixG phosphorylation
(Fig. 2). Although these experiments demonstrated that PixH di-
rectly removes phosphates from PixL, this explanation does not
account for the enhanced levels of phosphorylated PixH in the
presence of PixG. Consequently, we cannot exclude the possibility
of an (in-)direct phosphotransfer between the two response regu-
lators.

These in vitro experiments may not fully replicate the complex-
ity of the intracellular environment and do not directly confirm
the phosphotransfer from PixL to PixG and PixH in vivo. Nonethe-
less, our observations align with the hypothesis that PixH acts
as a phosphate sink in the Taxl system in vivo. Such a mech-
anism, which allows rapid signal termination without the need
for a phosphatase, has previously been described in chemotaxis
systems with two response regulators that control flagellar re-
sponses (Sourjik and Schmitt 1998, Dogra et al. 2012). In the con-
text of polarity control during twitching motility in P. aeruginosa,
PilH has been suggested to act as a phosphate sink (Silversmith
et al. 2016) although it was recently shown that it can modu-
late PilG phosphorylation independently of phosphotransfer to or
from PilH (Kihn et al. 2023). Hence, our findings could also suggest
that Synechocystis PixH functions either as a negative regulator, in-
hibiting PixL autophosphorylation, or as an enhancer of its de-
phosphorylation rate. Both models would allow PixH to terminate
Tax1 signaling and explain the negative phototaxis phenotype of
WT+pixH-eyfp (Fig. 5A). However, the requirement of phosphory-
latable PixH for positive phototaxis, as indicated by the negative
phototactic phenotype of ApixGH+pixGHP>?# (Fig. 3A and B), is not
directly apparent. We speculate that adequate dephosphorylation
of PixG is important for maintaining positive phototactic orienta-
tion.

The PixL REC domain is another intriguing player in the Tax1
signaling cascade. The REC domain of CheA homologs in other
bacteria is known for its role in modulating kinase activity and its
potential for phosphorylation via intramolecular phosphotrans-
fer (Jiménez-Pearson et al. 2005, Risser et al. 2014, Silversmith et
al. 2016, Kennedy et al. 2022). These studies have suggested that
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Figure 6. Regulation of positive phototaxis by the Tax1 system. Initially,
the vector of incoming light sets up a polarity axis within the
Synechocystis cells. The exact sensing mechanism is unknown, but it is
assumed that light is sensed indirectly, potentially through changes in
the proton motive force by the Tax3 system (Harwood et al. 2021). The
kinase activity of PixL is modulated by the quality of light perceived by
PixJ1. PixL undergoes autophosphorylation and transfers phosphoryl
groups to its cognate response regulators PixG and PixH, as well as to its
own REC domain, that facilitates rapid dephosphorylation.
Phosphorylated PixG activates the extension motor PilB1 at the
light-facing side of the cell, resulting in a switch from negative to
positive phototaxis. PixH counteracts the function of PixG by reducing
the phosphorylation of PixG. It probably serves directly as a phosphate
sink, but it may also adjust PixL kinase activity. Inactivation of any of
these Tax1 proteins solely inhibits positive phototaxis, underscoring that
while the Tax1 system governs the reversal of cell orientation, it does
not participate in the establishment of polarity itself.

the REC domain may act as a phosphate sink or may destabilize
the phosphoryl group on the Hpt domain. Notably, the role of the
REC domain as a phosphate sink has been proposed to be con-
served, because genomes containing a single CheA with a REC
domain generally lack chemosensory phosphatases (Berry et al.
2024). We found that only full-length PixL but not PixLP'*?4 or
PixLAREC facilitate positive phototaxis. Moreover, only the trun-
cated PixLAREC but not the full-length kinase exhibited detectable
autophosphorylation, which was rapidly diminished by the addi-
tion of its own REC domain in vitro. Based on these findings, we
hypothesize that the PixL REC domain functions as a phosphate
sink to eliminate phosphoryl groups from the Tax1 system for
which no dedicated phosphatase has been identified. However, it
may also shuttle phosphoryl groups to PixG or PixH or act through
unidentified protein interaction partners.

While we have not yet delved into the activation of PixL by PixJ1
or the potential roles and affinities of the two Hpt domains of PixL,
these areas present promising directions for future exploration.
Our current work, however, has successfully provided a more nu-
anced model of positive phototaxis regulation by the Tax1 system
in Synechocystis (Fig. 6), setting the stage for further investigations.

Synechocystis harbors two additional chemotaxis-like systems,
each with two response regulators (Yoshihara et al. 2000, Bhaya
et al. 2001, Han et al. 2022). For the Tax3 system, which is essen-
tial for pilus assembly, the PatA-type regulator PilG, but not the
second response regulator PilH, strongly interacts with the cog-
nate histidine kinase PilL and T4P motor components (Kera et al.
2020, Han et al. 2022). Furthermore, pilH mutants are hyperpili-

ated (Yoshihara et al. 2002). Albeit PilG is not strictly needed for
pilus assembly (Bhaya et al. 2001), it seems plausible that Tax3
operates under the same regulatory principles as Tax1, with PilG
targeting the pilus apparatus for assembly, and PilH antagonizing
its function. Another motile single-celled cyanobacterium, Syne-
chococcus elongatus UTEX 3055, has only one chemotaxis-like sys-
tem for phototaxis (Yang et al. 2018). Interestingly, the inactivation
of the Synechococcus Tax1 operon components led to random motil-
ity, and phototactic reversals were only observed in single GAF do-
main mutants of the multidomain photoreceptor Pix], suggesting
that the multiple GAF domains in this cyanobacteriochrome en-
able switching between positive and negative phototaxis. The role
of the phosphorylation of response regulators of the Tax1 systems
in Synechococcus has not yet been studied. However, in line with
our proposed model, it was shown that enhanced induction of
PixG expression supported positive phototaxis, whereas overex-
pression of PixH abolished phototactic motility (Yang et al. 2018).

Canonical chemotaxis systems in T4P-based motility typically
harbor two response regulators, each with a single receiver do-
main (Wuichet and Zhulin 2010). In P. aeruginosa, the Chp system
senses T4P attachment at one pole, leading to the phosphory-
lation of PilG by the histidine kinase ChpA. Phosphorylated PilG
reinforces cell polarization by recruiting PilB to the sensing pole
and locally activating T4P extension (Kihn et al. 2021, 2023). PilH
becomes activated upon phosphorylation and disrupts the local
positive feedback mechanism established by PilG, allowing cells
to reverse. Our findings support the idea of a common regula-
tory mechanism for these sensory pathways. The primary regu-
lator facilitates the polar activity of the pilus extension ATPase
PilB, whereas the second regulator has an antagonistic function
that is required to reverse cell polarity and switch movement ori-
entation. While this leads to intermittent reversals necessary for
chemotactic behavior in P. aeruginosa, it also leads to persistent
positive phototaxis in Synechocystis.
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