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Cyclic di-GMP produced by SadC regulates swimming motility
of Pseudomonas aeruginosa via PilZ and FIgZ

DONG Youming#, LIN Xinming#, FU Chunqing, WANG Qianqi, WU Lingjuan,
LU Bingqian, LIN Xi, BAO Qiyu, LI Kewei

Key Laboratory of Laboratory Medicine, Ministry of Education, School of Laboratory Medicine and Life Sciences,
Wenzhou Medical University, Wenzhou 325035, Zhejiang, China

Abstract: [Objective] To identify the PilZ domain-containing receptor(s) that sense the second
messenger cyclic di-GMP (c-di-GMP) produced by the diguanylate cyclase SadC in
Pseudomonas aeruginosa and investigate the functions and regulatory mechanisms of the
identified receptor(s). [Methods] We constructed the strains in which sadC gene was deleted or
overexpressed and tested their ability to swim by using a plate-based approach. We then added
sadC in multicopy in each deletion mutant of the eight PilZ domain-containing receptors and
screened for the mutants with alleviated swimming repression compared to the wild-type PA14
overexpressing SadC. For the mutations screened out, single gene knockout and overexpression
strategies were used to explore the function of the identified receptor(s). Furthermore,
site-directed mutagenesis and genetic complementation were employed to test whether the
identified receptor’s role in SadC-mediated swimming repression requires its c-di-GMP-binding
motif. [Results] The SadC-mediated repression of swimming motility was associated with
flagellar malfunction rather than flagellum formation. Two PilZ domain-containing receptors,
PilZ and FlgZ, were identified to be involved in SadC-mediated swimming repression. The
deletion of gene pilZ or flgZ increased the swimming motility, while overexpression of them
significantly impaired swimming. A R10A substitution in the conserved c-di-GMP-binding motif
of PilZ, or a R140A substitution in FlgZ, resulted in a variant that was no longer able to repress
swimming in ApilZ or AflgZ overexpressing SadC, indicating that the conserved residue required
for c-di-GMP binding is critical for PilZ or FlgZ to repress swimming in response to
SadC-derived c-di-GMP. [Conclusion] PilZ and FlgZ are the effector relay proteins that respond
to SadC c-di-GMP signaling to mediate swimming repression in P. aeruginosa.

Keywords: aeruginosa; SadC; cyclic di-GMP (c-di-GMP); PilZ
domain-containing proteins; PilZ; FlgZ; swimming motility
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Figure 1

The domain analysis of SadC and role of SadC in the regulation of swimming motility and flagella

formation. A: Schematic representation of the domain organization of full-length SadC (PA14 56280,
UniProtKB AOAOH2ZGI1) as predicted by SMART. Numbers indicate residues flanking the GGDEF domain of
SadC. B and C: Swimming motility assay and quantification of the swimming zones of wild-type strain PA14,
AsadC carrying a vector control or a sadC-containing multicopy plasmid. Error bars represent the standard
deviations. Significance was determined by Students’ ¢-test (**: P<0.01). D and E: TEM analysis of strain PA14
carrying the empty vector or overexpressing sadC as indicated. Bar: 2 pm.
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Figure 2 PilZ and FIgZ are involved in the SadC-mediated repression of swimming. A: Swimming phenotype
and quantification of the swimming zones of the indicated strains. B: Swimming motility of the indicated
strains (top) and quantification of the swimming zones (bottom). Error bars indicate standard deviations, and
data were analyzed by one-way analysis of variance followed by a Tukey’s multiple comparison. *: P<0.05; **:

P<0.01; n: No significant difference.
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WRIIKEhRE )T . 45 R, SUWFAETR PA14 AH
o, Apilz Wk shfE S B iR, il £k Pilz
PRI SIRE N & T B T & 3A). 5
Ah, MlgZ WITKSHRE I AR LB AR R B 3 R, T
ot FRIE Flgz WEMH T EAKRIK3hEE 1 (&
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Figure 3 Swimming behavior of wild-type PA14, ApilZ, AflgZ and PA14 overproducing PilZ or FlgZ as
indicated. A: Phenotype and quantification of swimming motility of PA14, ApilZ, and PA14 containing the PilZ
overexpressing vector. B: Swimming analysis of PA14, AfigZ and PA14 overexpressing either the native FlgZ
or the FlgZ (R140A) variant with the mutated c-di-GMP binding motif. Significance was determined by
Students’ ¢-test. *: P<0.05; **: P<0.01; n: Non-significant.
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i Fik Flgz Bp AR & Ml TR AR Tk 3h g
71, Wit 31K FlgZ (R140A) PR ITK Sl HE S7 0 A
$f 4= 1 PA14AH 4 (K13B), EKHH R140 13 s {E FlgZ
PO RE PAL14 (3K 8l b R HECEEVE .

i F PilZ FPARSF Y c-di-GMP 25507 B AN
AR, ISR I 8 AR PilZ 4544
IR S A P ALY PilZ 5 IR R T
JEH X, AHE KIGF I YogR F1EE &LIK A
VCA0042, KBl PilZ 55 10 SR G2 R (R)A
55 36 ArERAETH 2R (G) 5 HAt PilZ 45HaE H
) c-di-GMP Z5 SRS EEES, fnxst
RILBRTTHESE PilZ 5 c-di-GMP 454 1 5E 87

A5, T FlgZ BLBY i o-di-GMP 45 &3-S X 0] 5
Z RS B A —E P E 4),

SN PAlZ Xk s BE 7 A ) 7 T
TR c-di-GMP ZE& 0 s S, FA14 540
PilZ %5 10 (2R R FIEE 36 & G RAD
KT NAMRA), Frkill 7 Pilz BpA# | PilZ
(R10A)FI PilZ (G36A)Z AR AL e 1A% B A1k 5
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PA14:56180(50—110) --ARFE-LRLKVPGLGGRPQCIDFSADCRWTCEDVTPGHFDSGFHLLAPPAEFLELVEALRRYF - -
PA14 25420 (175-229)- -QLLV -LRMVL - - -LPQGFGLELRARVIHAQPHDDEFEIGTEFEALSD- - - - - AQRQLLARHILQ
FlgZ (194-249) --EIYEDFSAQL---PQGAISSAITELRHVRFDEKLDATFAGVRESEMSG- - - - - LAQRQV - - - - - -
PilZ (49-107) -DEVFMLLNLMEEP -EKIPVAGKVVWITPKGAQGNRAAGIGVQENDGDN - - - - - TARNKIETYLAG
VCAO0042 (183-240) --DLVALEIFS-DLRGTKTFPPLTGKICNLQRSLHHARYGLEFNEEGRN=----NAKNLLAQLKFN
YcgR (178-230) QWGVFH-FDAQL---1SISERKVIDGKNETITTPR----LSFRELNVSP----- TVERQLQRIITFS

4 ZFFILEXSARE PIZ S E B PRTFH c-di-GMP S &R

Figure 4 Multiple-sequence alignment of different PilZ domain-containing proteins for identifying conserved
residues in the c-di-GMP binding region. Eight P. aeruginosa PilZ domain-containing proteins, YcgR from E.
coli and VCA0042 from Vibrio cholerae were analyzed. The sequence alignment was generated by Clustal X
using the complete PilZ domain of each protein as defined by the Pfam database. The consensus sequence
(marked with gray background) was obtained at a threshold frequency of 60%, and the conserved residues of
FlgZ and PilZ mutagenized in this study are highlighted in bold.
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5 B4R PIZ. PilZ (R10A)F PilZ (G36A)%

[\ (O8]
S S

Swimming (mm)
S

PA14/pUCP

I FIAE KB K BN RE

Figure 5 Swimming motility of the indicated strains overexpressing WT PilZ, PilZ (R10A) or PilZ (G36A)
mutant variant. Swimming motility (A) and quantification of swimming zones (B) of wild-type PA14 carrying
either the pUCP20 vector alone or pUCP20 with WT PilZ, PilZ (R10A) or PilZ (G36A). Significance was
determined by one-way analysis of variance and a Tukey’s posttest. **: P<0.01; n: No significant difference.

L HEATIY, A GE R Gy A B4 DL [l %R i
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FOIGE G BR0 T 11 460 bp KR P ) i e 51 e £,
1A% 4 34K pUCT8T-mini-Tn7T-Gm F'Y, ZJ5

W H Ay B A BB ApilZ YL fadk Y attTn7
A JFTE SadC i Fak T = N AR Pilz K H:
RARBIZ IR SR 1. 2R KB, [%b
PilZ BFAEAIES PilZ (G36A)ZE75 {4 @ &4 T
ApilZ WK EhBESI (K] 6A | 6B), Ti[EI%h PilZ (R10A)
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& &
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6 SadC FRIEBRTLEMEEEINEIL PIlZ, FlgZ T4 B & H IR AR R R B e

Figure 6 Swimming motility of the indicated strains complemented with WT PilZ, FlgZ or their mutant
variants in a SadC overexpression background. A and B: Swimming behavior and quantification of swimming
zones of ApilZ/pUCP-sadC carrying the chromosomally encoded wild-type PilZ, PilZ (R10A) or PilZ (G36A)
at the atfTn7 site under the control of its own promoter. C: Swim analysis and quantification of swimming
zones of AflgZ/pUCP-sadC harboring the chromosomally encoded wild-type FlgZ or FlgZ (R140A) as under
panel (A). Significance was determined by Student’s ¢-test, **: P<0.01.
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