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Type IV pili (T4P) are polar surface structures that play important roles in bacterial motility, biofilm formation, and pathogenicity.
The protein FimX and its orthologs are known to mediate T4P formation in the human pathogen Pseudomonas aeruginosa and some
other bacterial species. It was reported recently that FimXy , 305 from Xanthomonas axonopodis pv. citri interacts with PilZy , ;35
directly through the nonenzymatic EAL domain of FimXy 4 ,305- Here we present experimental data to reveal that the strong interac-
tion between FimXy , 305 and PilZy 4 ;35 is not conserved in P. aeruginosa and likely other Pseudomonas species. In vitro and in vivo
binding experiments showed that the interaction between FimX and PilZ in P. aeruginosa is below the measurable limit. Surface plas-
mon resonance assays further confirmed that the interaction between the P. aeruginosa proteins is at least more than 3 orders of mag-
nitude weaker than that between the X. axonopodis pv. citri pair. The N-terminal lobe region of FimXy ,,305 Was identified as the
binding surface for PilZy , 35 by amide hydrogen-deuterium exchange and site-directed mutagenesis studies. Lack of several key resi-
dues in the N-terminal lobe region of the EAL domain of FimX is likely to account for the greatly reduced binding affinity between
FimX and PilZ in P. aeruginosa. All together, the results suggest that the interaction between PilZ and FimX in Xanthomonas species is
not conserved in P. aeruginosa due to the evolutionary divergence among the FimX orthologs. The precise roles of FimX and PilZ in
bacterial motility and T4P biogenesis are likely to vary among bacterial species.

he dinucleotide cyclic di-GMP (c-di-GMP) is a major bacterial

messenger molecule that mediates bacterial motility, biofilm
formation, and virulence expression (10, 35). Cellular c-di-GMP
signaling networks are usually composed of proteins and ribo-
switches involved in c-di-GMP synthesis, degradation, and recog-
nition (37). EAL and GGDEF domain-containing proteins are the
most prominent c-di-GMP signaling proteins, with the canonical
GGDEF and EAL domains functioning as diguanylate cyclases
(DGCs) and c-di-GMP-specific phosphodiesterases (PDEs), re-
spectively (36, 38, 41). Recent studies have also uncovered a sig-
nificant number of nonenzymatic GGDEF and EAL domains (4, 7,
27, 30, 33, 34, 38, 40, 42). Although the functions of many of the
nonenzymatic domains remain unknown, some of them act as
ligand- or protein-binding domains. In addition to the large num-
ber of c-di-GMP signaling proteins in the cell, the presence of
nonenzymatic GGDEF and EAL domains further contributes to
the complexity of the hierarchical c-di-GMP signaling network.

One of the first proteins known to contain a nonenzymatic
EAL domain is FimX, a cytoplasmic protein from the opportunis-
tic pathogen Pseudomonas aeruginosa (referred to here as
FimXpp4050). FIMXp 4050 is @ multidomain protein required for
normal twitching motility and biofilm formation in P. aeruginosa
(15, 17) (12). FimXp 4950 contains four protein domains that in-
clude a CheY-like domain, a PAS domain, a GGDEF domain, and
a C-terminal EAL domain. Studies have shown that the EAL do-
main of FimXy, 4059 binds c-di-GMP with high affinity without
degrading the cyclic dinucleotide (15, 26, 34). It was shown that
the N-terminal region is necessary and sufficient for polar local-
ization (12, 15) and that the binding of c-di-GMP to the C-termi-
nal EAL domain induces a conformational change in the N-ter-
minal region (29). Farah and coworkers reported that the EAL
domain of the FimX ortholog XAC2398 (referred to here as
FimXyaca305) in Xanthomonas axonopodis pv. citri not only binds
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c-di-GMP but also interacts directly with the PilZ protein
XAC1133 (referred to here as PilZy 5 ¢ 133)- PilZyxoc1135 1s involved
in the biogenesis of the polar surface structure type IV pili (T4P),
which are essential for twitching motility and biofilm formation
(5,16, 23). Unlike the orthodox PilZ proteins that function as the
c-di-GMP binding receptor, PilZy , ;135 belongs to the type I1 PilZ
family and does not exhibit c-di-GMP binding capability (19, 20).
It was also suggested by Farah and coworkers that the noncanoni-
cal PilZy s 1133 interacts with FimXy , 395 through a hydrophobic
surface (9).

Intriguingly, knockout of the pilZ gene in different bacterial
species gives rise to different phenotypic changes. While the
knockout of the pilZ gene in P. aeruginosa suppresses twitching
motility by hindering the assembly of T4P on the cell surface (1),
the knockout of pilZ in Xanthomonas campestris pv. campestris
only slightly affects T4P-dependent motility (24), and deletion of
pilZ in the related Xanthomonas axonopodis pv. citri species en-
hances sliding motility on semisolid surfaces (9). It was also re-
ported that the knockout of pilZ in Neisseria meningitidis prevents
the formation of bacterial aggregates without affecting the biogen-
esis of T4P (2). These observations seem to indicate that the cel-
lular function of PilZ may have diverged in different bacterial
species. Considering the high sequence identity of the PilZ ho-
mologs, it is intriguing to speculate whether the divergence is due
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TABLE 1 Bacterial strains and plasmids used in this study

Divergence of FimX-PilZ Interaction

Relevant
Strain or plasmid phenotype®  Description (reference)
Strains
Escherichia coli
BL21(DE3) Cam" Cells enabling high-level expression of heterologous proteins in E. coli (Stratagene)
BacterioMatch II reporter strain Kan"® Host strain used for detection of protein-protein interactions in BacterioMatch II 2-hybrid
system (Stratagene; catalog no. 200195)
Pseudomonas aeruginosa PAO-1 Obtained from ATCC (39)
Plasmids
PETpazo60 Kan® pET-28-based plasmid used for Hisg-tagged PA2960 protein expression in E. coli
PETxac1133 Amp” PpET-30-based plasmid used for His,-tagged XAC1133 expression in E. coli
PET-EALp 54050 Kan" pET-28-based plasmid that encodes the EAL domain (aa 436-691)" of FimX (PA4959) as
described previously (29)
PET-EALy 2308 Kan"® pET-28-based plasmid used for Hisg-tagged EAL domain (aa 436—698) of XAC2398 expression
in E. coli
PET-EALy x 2305 (M487E) Kan® Plasmid used for expression of M487E mutant protein
PET-EALy 305 (A493E) Kan"® Plasmid used for expression of A493E mutant protein
PET-EALy s cp305 (M487E L459R) Kan" Plasmid used for expression of M487E L459R double mutant protein
PET-EALy 2305 (M487E L459R A493E)  Kan® Plasmid used for expression of M487E L459R A493E triple mutant protein
pBT Cm" Bait plasmid used for detection of protein-protein interaction in BacterioMatch II 2-hybrid
system (Agilent Technologies; catalog no. 240065)
PBTxacii33 Cm"* Plasmid constructed by cloning DNA fragment encoding XAC1133 (aa 1-117) into vector pBT
PBTpAz060 Cm" Plasmid constructed by cloning DNA fragment encoding PA2960 (aa 1-119) into vector pBT
pTRG Tetr" Prey plasmid used for detection of protein-protein interaction in BacterioMatch II 2-hybrid
system
PTRG-EALp A 4050 Tetr" Plasmid constructed by cloning DNA fragment encoding EAL domain (aa 436-691) of FimX
(PA4959) into vector pTRG
PTRG-EALy 308 Tetr" Plasmid constructed by cloning DNA fragment encoding EAL domain (aa 436-698) of XAC2398
into vector pTRG
pTRG-Gall1P Tetr" Positive interaction control plasmid in BacterioMatch II 2-hybrid system, encoding a domain of
mutant form of Galll protein
pBT-LGF2 Cm" Positive interaction control plasmid in BacterioMatch II 2-hybrid system, encoding dimerization

domain of Gal4 transcriptional activator protein

% Cm", chloramphenicol resistance; Amp*, ampicillin resistance; Tetr", tetracycline resistance; Kan", kanamycin resistance.

b aa, amino acids.

to the changes in the cellular context of the PilZ proteins (e.g.,
different protein partners). Following our previous studies on
FimX, 5 4050 and intrigued by the reported interaction between Pil-
Zxaci13s and FImXy 4 cp305 In Xanthomonas axonopodis pv. citri,
we asked whether the FimX-PilZ interaction is also conserved in P.
aeruginosa and other bacterial species. In this study, comparative in
vitro and in vivo studies were conducted to examine the interaction
between the FimX and PilZ homologs in P. aeruginosa and Xan-
thomonas axonopodis pv. citri. Our data suggest that the interaction
between FimX and PilZ in P. aeruginosa is so weak that it is no longer
detectable by in vitro and in vivo methods. Identification of a small
binding surface in the N-terminal lobe region of the EALy 305 do-
main led to a molecular understanding of the weakened interaction
between FimX and PilZ in P. aeruginosa. The results together reveal a
structural and functional divergence of the EALy;,,,x domain and un-
derscore the adaptability of c-di-GMP signaling proteins.

MATERIALS AND METHODS

Materials. The common chemicals and biological reagents used for pro-
tein cloning, expression, and purification were obtained from common
commercial sources as specified below.
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Preparation of cyclic di-GMP. c-di-GMP was synthesized enzymati-
cally using a thermophilic diguanylate cyclase (DGC) as described previ-
ously (28, 31).

Cloning, expression, and purification of recombinant proteins. The
characteristics of the strains and plasmids used in this study are shown in
Table 1. The genes encoding the full-length PilZ; 506, were amplified
from the genomic DNA of P. aeruginosa PAO-1 and cloned into the ex-
pression vector pET-28b(+) (Novagen) between the Ndel and NotI re-
striction sites, forming pET-PilZ;,,q60. Plasmids pET-FimXp, 4950 and
PET-EALp 44050, which express the full-length FimXy,, 4050 and EAL do-
main of FimX,,, 4954 (referred to as EALp 5 4950), have been described pre-
viously (29). The gene that encodes the EAL domain of FimXy 395 Was
cloned into pET-28a(+) between the Ndel and NotI sites to yield pET-
EALy o308 PilZyac1135 Was synthesized and optimized for expression in
Escherichia coli and cloned into pET-30a(+ ), forming pET-PilZy ;135
The plasmids harboring the genes in frame with the His, tag-encoding
sequence were transformed into E. coli strain BL21(DE3).

For protein expression, 2 ml of culture inoculated with frozen cell
stock was added to 1 liter of Luria-Bertani (LB) medium. Bacterial culture
was grown at 37°C to an optical density at 600 nm (ODy) of 0.8 before
the induction with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG)
at 16°C for 16 h. The harvested cell pellet was lysed with 40 ml lysis buffer
that contains 50 mM NaH,PO, (pH 7.0), 300 mM NaCl, 5 mM B-mer-
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captoethanol, and 20 mM imidazole. After centrifugation at 20,000 rpm
for 30 min, the supernatant was filtered and then incubated with 2 ml of
Ni®" -nitrilotriacetic acid (NTA) resin (Qiagen) for 30 min. After the resin
had been washed with 50 ml of wash buffer (lysis buffer supplemented
with 50 mM imidazole), protein was eluted with the elution buffer (lysis
buffer supplemented with 300 mM imidazole). Fractions with purity
higher than 95% were pooled after SDS-PAGE analysis. Size exclusion
chromatography was performed at 4°C using the AKTA fast protein liquid
chromatography (FPLC) system equipped with a Superdex 200 HR 16/60
column (GE Healthcare). Since c-di-GMP was found to be copurified
with FimX, the protein solution of full-length FimX proteins or stand-
alone EAL domains was treated with the c-di-GMP-specific phosphodi-
esterase RocR and Mg2+ to remove c-di-GMP (34). The c-di-GMP-free
protein was subsequently separated from RocR by size exclusion chroma-
tography. Purified proteins were flash frozen in liquid N, and stored at
—80°C after the concentration had been measured by the Bradford
method.

Site-directed mutagenesis and preparation of mutant proteins. Site-
directed mutagenesis for EALy,c»3095 Was performed using the pET-
28a(+)-based pET-EALy 305 Plasmid to produce the A493E, M487E,
M487E L459R, and M487E L459R A493E mutants via a single-step PCR
protocol using the QuikChange site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. The following primers were
used for the PCR: A493E, 5'-CGGTGAAATGATGAGTCCGAATGAATT
CATGGCAATTGCTGAAGAA-3" and 3'-TTCTTCAGCAATTGCCATG
AATTCATTCGGACTCATCATTTCACCG-5"; M487E, 5'-CTGGAACG
CAACGGTGAAGAGATGAGTCCGAATGCC-3" and 3'-GGCATTCGG
ACTCATCTCTTCACCGTTGCGTTCCAG-5"; and L459R, 5'-GTCGGT
GACGGTTTCCGGCTGCATTATCAGCCGG-3" and 3'-CCGGCTGAT
AATGCAGCCGGAAACCGTCACCGAC-5'. The mutant proteins were
expressed and purified following the same procedure.

Bacterial two-hybrid assay. The DNA fragment encoding PilZ; x5,
was amplified by PCR directly from genomic DNA and by using primers
designed based on the Pseudomonas aeruginosa PAO-1 genome sequence
(39). The following primers were used: forward, CCGGAATTCCATGAG
TTTGCCACCCAATC; and reverse, CGCGGATCCTTACATCGTGTGG
GTCGG. The amplified DNA fragment was cloned into vector pBT be-
tween the EcoRI and BamHI restriction sites to yield plasmid pBT-
PilZp p2960-

The gene encoding PilZy,c;i3; was amplified from plasmid
PETx 1133 by using the primers 5'-CCGGAATTCCATGAGTGCAATG
AAT-3" and 5'-CGCGGATCCTTACATCGTGTGGGTCG-3'. The am-
plified DNA fragment was cloned into the vector pBT between the EcoRI
and BamHI restriction sites to yield plasmid pBT-PilZy,55- The gene
encoding the EAL domain of FImXy 5,305 (residues 436 to 689) was am-
plified from plasmid pET28-EALy ,»305 by using the primers 5'-CGCG
GATCCCGTGCGGAAGAAGAACG-3" and 5'-CCGCTCGAGTCAGCC
AAATTCATAG-3'. The amplified DNA fragment was cloned into the
vector pTRG between the BamHI and Xhol restriction sites to yield plas-
mid pTRG-EALy,c,305. The gene encoding the EAL domain of
FimX, 54950 (residues 436 to 691) (referred to as EALp , 4054) Was amplified
from genomic DNA of Pseudomonas aeruginosa PAO-1 by using the prim-
ers 5'-CGCGGATCCGCCGCCGCCCAGCGCGGCGAC-3" and 5'-CCG
GAATTCTCATTCGTCTCCCGAGGAGAAG-3'. The amplified DNA
fragment was cloned into the vector pTRG between the BamHI and EcoRI
restriction sites to yield plasmid pTRG-EAL} 5 4950. Analysis of the inter-
action between PilZp,,9¢, and the EAL domain of FimXpa49s0
(EALp A 4950) Was performed following the manufacturer’s instructions. In
brief, the constructs pBT-PilZ; 5,96, and pTRG-EAL, , 4950 Were cotrans-
formed into the BacterioMatch II system reporter strain (Stratagene, cat-
alog no. 200195). At the same time, the positive-control plasmid combi-
nation, including pBT-LGF2/pTRG-GAL11P and pBT-PilZy,c;35/
PTRG-EALy 53050 and the negative-control plasmid combination
shown in the figure legend were also cotransformed into the bacteria the
same way. The positive-control plasmids of pTRG-Gal11P and pBT-LGF2
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used were from the BacterioMatch II two-hybrid system vector kit (Strat-
agene, catalog no. 240065). The positive interaction between PilZy, 1133
and EALy 5305 Was confirmed by stripping the cotransformants on the
M9 ™" His-deficient medium containing 5 mM 3-aminotriazole (3-AT),
and the mixture was incubated at 37°C overnight. Various growth tem-
peratures and time lengths were tested for the EAL 5 4950/PilZp A5060 Pair
to detect weak interaction.

Amide H/D exchange by mass spectrometry. The experimental setup
for hydrogen-deuterium (H/D) exchange was similar to the one described
previously (11, 21, 22, 32). Prior to H/D exchange, EALy,cs305 OF
EALpa4059 Was exchanged into 20 mM sodium phosphate buffer (pH 7.4)
that contains 100 mM sodium chloride and 2 mM dithiothreitol (DTT).
The peptides generated by pepsin digestion at pH 2.5 at 0°C were first
identified by a tandem mass spectrometry (MS/MS) experiment. The H/D
exchange reactions were initiated by adding 10 pl of newly thawed protein
solution to 90 wl of D,0. After incubation for various lengths of time, the
exchange reaction was rapidly quenched by lowering the pH to 2.4 and the
temperature to 0°C and followed by pepsin digestion. The generated pep-
tides were passed through a homemade capillary reverse-phase C, 4 high-
performance liquid chromatography (HPLC) column and eluted into the
LTQ-Orbitrap mass spectrometer (Thermo Scientific). The peptides were
eluted out at a flow rate of 20 pl/min using a stepped gradient (7.5, 10,
12.5, 15, 17.5, 20, 22.5, 25, 30, 40, and 80% acetonitrile in 0.1% formic
acid). The time from the initiation of digestion to the elution of the last
peptide was approximately 25 min. Xcalibur software (Thermo Scientific)
was used for spectrum analysis and data extraction. The H/D exchange
data were processed by using the program HX-Express (43). Measured
peptide masses were corrected for artifactual in-exchange and back ex-
change following the methods described by Hoofnagle et al. (11). The
time-dependent H/D exchange data were fit by nonlinear least-squares
fitting as described previously (21).

ITC. The equilibrium dissociation constant (K},) for the interaction
between FimX and PilZ was measured by using an ITC200 calorimeter
(MicroCal). Calorimetric titration of full-length FimX or EALy,, « with
PilZ protein was performed at 25°C in the assay buffer that contains 10
mM Tris-Cl (pH 8.0)-100 mM NaCl. A time spacing of 240 s was set
between injections. The concentration of the EAL protein in the cell is 40
M, and the final concentration of the PilZ protein reaches 80 or 100 M.
Isothermal titration calorimetry (ITC) data were analyzed by integrating
the heat effects after being normalized to the amount of injected protein.
Data fitting was based on a single-site binding model using the embedded
software package Microcal to obtain K.

SPR assay. Surface plasmon resonance (SPR) measurements were per-
formed on a Biacore 3000 instrument (Biacore, GE Healthcare). All ex-
periments were run with a constant flow rate of 30 wl/min of HBS-EP
buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 3.4 mM EDTA, 0.0005%
surfactant P20) at 25°C. Wild-type EAL domain protein and its single,
double, and triple mutants were amine coupled onto the surface of a CM5
chip (Biacore, GE Healthcare) through standard amine-coupling chem-
istry (14). Briefly, a buffer-equilibrated carboxymethyl dextran surface
was activated with 7-min injection of a 1:1 mixture of 0.05 M N-hydroxy-
succinimide (NHS) and 0.2 M N-ethyl-N’-[3-(diethylamino)propyl] car-
bodiimide (EDC). Ligands (the wild-type EAL domain protein and its
mutants) acidified in 10 mM sodium acetate buffer (pH 5.0) were passed
over the activated surface to achieve the desired response levels separately
on different flow cells. A 7-min injection of 1 M ethanolamine-HCI (pH
8.5) was used to deactivate the surface and remove any noncovalently
bound protein. Three-fold serially diluted PilZ (0.1 to 24 pM) were in-
jected in duplicates across the chip for 1 min, and dissociation was mon-
itored for 2.5 min. A short pulse (30 s) of 15 mM HCl was passed through
the flow system to completely remove any residual bound protein to pre-
pare for the next injection cycle. The raw sensorgrams obtained were
aligned, solvent corrected, and double referenced using Scrubber 2 soft-
ware (BioLogic Software, Campbell, Australia) (25). Processed data were
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FIG 1 Analysis of interaction between PilZ and the EAL domain of FimX homologs using the BacterioMatch II two-hybrid systems (Stratagene). E. coli XL1-Blue
MRF’ cells carrying various combinations of pBT (bait)/pTRG (prey) plasmids of bacterial two-hybrid systems were grown on M9 " His-deficient medium
(nonselective screening medium) (left panel) or M9™ His-deficient medium containing 5 mM 3-AT (selective screening medium) (right panel). The growth of
colonies on selective screening medium indicates a positive interaction between proteins expressed from bait and prey plasmids.

globally analyzed and fit to a simple 1:1 interaction model using numeric
integration to yield the individual affinities and kinetic parameters.

Homology modeling. The structural model for EALy 395 Was built
by using the threading protocol of the Rosetta macromolecular modeling
software suite (Rosetta 3.2) (6, 18). The crystal structure of EAL;,, x (Pro-
tein Data Bank [PDB] entry 3HV9 or 3HV8) was used as the template for
homology modeling. The 3-mer and 9-mer fragments and the predicted
secondary structure for the modeling were generated by the Robetta sever
(http://robetta.bakerlab.org/fragmentsubmit.jsp). Alignment of the tem-
plate and target sequences was performed using ClustalW. The options for
the threading protocol are as follows: -in:file:fullatom, -frag3, -frag9,
-loops: extended, -loops: build_initial, -loops: remodel quick_ccd, -loops:
refine refine_ccd, -random_grow_loops_by 4, -select_best_loop_from 1,
-out: nstruct 5000, -out: file: fullatom. The final structural model with
lowest energy was obtained by filtering the decoys by ranking and
clustering.

RESULTS

Farah and coworkers demonstrated the interaction between
PilZy sc1133 and FImXy 52305 Dy using a yeast two-hybrid screen-
ing method (9). A regulatory mechanism that involves the direct
interaction between FiImXy s c»305 and PilZy 41135 for T4P biosyn-
thesis was also suggested. Intrigued by the different phenotypic
changes exhibited by the ApilZ mutants for different bacterial spe-
cies, we set out to examine the interaction between FimX and PilZ
from P. aeruginosa by conducting the comparative in vivo and in
vitro binding assays described below.

Lack of detectable interaction between EALp,,sss and
PilZ; 4,060 revealed by bacterial two-hybrid assay. After the iden-
tification of PilZy 5,5 as the protein partner for FimXy s c,305 DY
the yeast two-hybrid method, it was further shown that
PilZy sc1133 binds to FImXy y 305 through the EAL domain (9).
We confirmed the interaction between the stand-alone
EALy 2305 domain and PilZy 1135 by using a bacterial two-hy-
brid system. As shown in Fig. 1, with the pilZ (XACI1133) gene
cloned into the bait plasmid and the gene encoding the EAL do-
main of FImXy s c,30 (residues 436 to 689) (EALyaca30s) cloned
into the prey plasmid, colonies were readily observed when the
cotransformed E. coli strain was growing on the selective medium.
In contrast, no colonies could be detected for the EAL domain of
FimXpas050 (EALpasose) and PilZp 5960 On the same agar plate.
Prolonged growth time and lower growth temperature did not
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produce colonies either, suggesting that the interaction is still too
weak to be detected. The comparative two-hybrid experiments
confirmed the strong interaction between EALy,cs305 and
PilZ sc1133 and suggested that the interaction between EALp, 4959
and PilZp 5060 is below the detection limit of the in vivo two-
hybrid assay method.

Confirmation of the weak interaction between EALyp 956
and PilZ;,,46, by ITC. To further validate the discrepancy in
binding between the two pairs of proteins as revealed by the two-
hybrid assays, the four proteins were overexpressed in E. coli and
purified as His,-tagged recombinant proteins for in vitro binding
affinity measurement by the ITC method. The raw data and iso-
therm curves obtained under similar experimental conditions are
shown in Fig. 2. Protein-protein interaction was readily observed
between EALyac305 and PilZy ;133 With a K, of 0.53 wM ob-
tained from the data fitting. The experiment confirmed the inter-
action between the two proteins, although the reliability of the K,
value is compromised because of the gradual precipitation of the
EALy 2308 Protein in the course of the titration that resulted in a
binding stoichiometry of ~0.6 (Fig. 2A). In sharp contrast, the
titration experiment showed that there is insignificant binding
between EALp, 4950 and PilZp 55960, With the final concentration of
the latter reaching 100 M at the end of the titration (Fig. 2B). We
also tested the full-length FimXp 4050 for the binding assay, and no
significant binding was observed either (data not shown). The
presence of ¢-di-GMP (5 or 10 uM) did not seem to enhance or
weaken the binding for either pair, indicating that the binding of
c-di-GMP does not interfere with PilZ binding. The results are
consistent with the observations from the two-hybrid assays and
confirm the significant difference in binding between the FimX
and PilZ proteins from X. axonopodis pv. citri and P. aeruginosa.

Characterization of the interaction between EALp, « and
PilZ by SPR. Surface plasma resonance (SPR) is considered to be
amore sensitive method for characterization of weak interactions.
We used the SPR technique in an effort to measure the binding
affinity for the FimX and PilZ pairs and to quantitate the reduc-
tion in binding affinity, despite the fact that the interaction for the
P. aeruginosa pair is too weak to be detected by the two-hybrid and
ITC methods. In addition to the potential stabilizing effect of the
surface-immobilizing method on the protein, SPR can also yield
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FIG 2 Measurement of binding affinity by ITC. (A) Isothermal plots for the
interaction between PilZy s 1,55 and EALy s c305- (B) Isothermal plots for the
interaction between PilZp 5060 and EALp,,050. (Inset) Fitting of the binding
isothermal data by the one-site binding model. Experiments were performed
in 10 mM Tris-Cl (pH 8.0)-100 mM NaCl by titrating pilZ into EAL protein
solutions. The concentration of the EAL protein in the cell is 40 WM, and the
final concentration of the PilZ protein reaches 80 to 100 wM.
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information about the kinetics of the association and dissociation
steps, allowing a better understanding of the nature of the protein-
protein interaction.

We immobilized the two stand-alone EAL domain proteins on
the sensor, and the PilZ proteins were passed through the cells. For
the X. axonopodis pv. citri pair, a K, 0f 0.11 wM was obtained from
a global fitting of the data (Fig. 3A and Table 2). The kinetic pa-
rameters that include the association rate constant (k,) and disso-
ciation rate constant (k,;) were also derived from the data (Table
2). The interaction between EALpy 4950 and PilZp 45960 Was exam-
ined under the same conditions. The observed box-shaped sen-
sorgram for the P. aeruginosa pair is typical for weak or transient
protein-protein interactions (Fig. 3B), as characterized by the
rapid association upon sample injection, the steady equilibrium
phase, and the rapid dissociation leading back to buffer baseline.
Hence, the square-pulse appearance of the sensorgram indicates
that the transient nature of the interaction between the two pro-
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teins is governed by the fast association and dissociation steps.
Due to the inherent time resolution of the instrument, reliable
kinetic rate constants (k, and k,;) could not be derived from the
data through a simple bimolecular interaction model fit. Given
the lower limits of the ITC and SPR methods, we estimate that the
K, value for the P. aeruginosa protein pair is above the wM-
to-mM range. Note that although both EAL domains bind c-di-
GMP with sub-pM affinity, our SPR measurements showed that
the binding of c-di-GMP to EALy 305 has a rather minor effect
on the binding of PilZy , ;135 (K, changes from 0.09 to 0.11 M)
(Table 2) and has no noticeable effect on the P. aeruginosa pair.
These observations confirm that the binding of ¢-di-GMP does
not significantly impede or enhance the binding of PilZ.

To investigate whether the weakening in binding between
EALp 4950 and PilZp 5460 s due to a divergence in FimX, PilZ, or
both proteins, we conducted the cross-binding experiments for
the heterologous FimX-PilZ pairs (i.e., EALy s 2305~ PlZp 2060 and
EALpps059-PilZyac1133). While no significant binding was ob-
served between EALp 4950 and PilZp 5460, we observed a strong
interaction between EALy 5305 and PilZp 5594, (Fig. 3C and Table
2). The cross-binding experiment clearly demonstrated the ability
of both PilZ proteins to interact with EALyc»305. This is consis-
tent with the higher extent of sequence identity/homology be-
tween the two PilZ proteins: while PilZy,c;133 and PilZp 060
share 65% sequence identity (82% homology) with the putative
binding residues identified by Farah et al. (9) as fully conserved,
the two EAL domains only share a low sequence identity of 33%
(56% homology), with rather different surface properties.

Identification of the binding surface of EALy ¢,305 by H/D
exchange. To understand the molecular basis for the striking con-
trast in binding between the two pairs of homologous proteins, it
is necessary to identify the surface regions and residues involved in
protein interaction. While the binding surface for PilZy ;35 has
been suggested to encompass a hydrophobic region in the vicinity
of Tyr** (9), the binding surface of EALy 305 has yet to be iden-
tified. We employed the highly sensitive amide hydrogen-deute-
rium (H/D) exchange-coupled mass spectrometry method to map
out the binding surface on EALy,,305- When a protein is incu-
bated in 90% D, O in its native state, the binding of the protein by
its ligand or protein partner will result in a suppression of the
deuteration level (or rate) for the regions involved in binding (3, 8,
11). Comparison of the deuteration levels for the protein-derived
peptides in the presence or absence of the protein partner will
disclose the regions involved in protein-protein interaction. In a
previous H/D exchange experiment, when H/D exchange was
conducted to probe the effect of c-di-GMP binding to FimXy, 4950,
reduction in deuteration levels of several peptides in the EAL do-
main and the N-terminal region was readily detected (29).

Amide H/D exchange was first performed for the EALy 55305~
PilZ sc1133 pair under the conditions that maintain the stability of
the protein in 90% D,0O. For EALy s 5305, 0nly 4 out of 14 peptides
showed significant changes in deuteration rates or levels when the
protein was incubated with PilZy 5 o133 in D,O (Fig. 4A). Based on
a structural model of EALy s 5305 built by homology modeling, as
described in Materials and Methods, the four peptides, which are
located on the upper “front face” of the EAL domain, consistently
exhibit either a suppressed deuteration level (peptide 2) or alower
exchange rate (peptides 1, 3, and 14). It is clear from the data that
peptides 1, 3, and 14 exhibit much slower exchange in the first 10
min in the presence of PilZy s ;133 (Fig. 4B). With the exception of
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peptide 14, peptides 1, 2, and 3 all contain residues from the N-
terminal lobe region. Hence, the lobe region that contains three
short helices (a0, a1, and «2) and two loops (a1-B1 and a2-32)
could constitute the main surface for the binding of PilZy s¢ ;135
We speculate that the change in solvent accessibility in peptide 14
could be caused by an allosteric conformational change induced
by PilZy s¢1133 binding. The H/D exchange experiment was also
conducted for the full-length FimXp 4050 as well as the stand-
alone EAL; 54950 domain in the absence and presence of PilZ; 5 ,960.
None of the peptides from FimXp 4950 0r EALp 44950 sShowed sig-
nificant changes in deuteration level or rate when incubated with
PilZp 05060 (data not shown), confirming the lack of or at most
weak interaction between the P. aeruginosa pair.

Identification of the binding residues in EALy 4,305 Based
on the H/D exchange results, the N-terminal lobe region of

EALyaca305 15 likely to be in direct contact with the PilZy,c;133
protein. Considering that the binding surface of PilZy,c1133 1S
largely nonpolar in nature, the side chains of several conserved
nonpolar residues in the lobe region of EALy ,»305 could be the
key residues interacting with PilZy , - ,33. By sequence alignment,
we identified several surface nonpolar residues that are conserved
in Xanthomonas species but are replaced by smaller or charged
residues in the FimX orthologs from several Pseudomonas species
(e.g. Trp445 to Val, Met*®” to Glu, Met*®® to Val, and Ala**® to Glu)
(Fig. 5A and B). To fully establish the roles of these nonpolar
residues in the interaction between EALyxca30s and PilZy 1133
site-directed mutagenesis was performed to change the residues in
EALysca305 to the corresponding residues in EALp 5 4950. Exclud-
ing the mutants that are poorly expressed or prone to protein
aggregation, we were able to prepare two single mutants (M487E

TABLE 2 Thermodynamic and kinetic parameters from SPR measurements

Protein pair c-di-GMP (5 uM) K, (pM) k, M~'s™h) ky(s7h)
EALxac2sos PilZxaciiss - 0.09 2.6 X 10° 2.4 X102
EALyxco308-PilZxacii3s + 0.11 2.4 X 10° 1.4 X 1072
EALpas050-PilZpazos0 - ND* ND ND
EALpas050-PilZpaz060 + ND ND ND
EALyc2308 PilZpa2060 - 0.06 2.4 X 10° 1.4 X102
EALpasoso-PilZxaciiss - ND ND ND

EALy 2308 (M487E)-PilZy 1135 - 0.31 8.5 X 10* 2.6 X102
EALyco30s (A493E)-PilZy 51135 - ND ND ND
EALypcosos (M487E LA59R)-PilZy s c1135 - 0.26 1.2 X 10° 3.1 X102
EALyAco305 (M487E L459R A493E)-PilZy o133 — ND ND ND

“ND, not determined due to weak binding and fast kinetics.
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and A493E), one double mutant (M487E L459R), and one triple
mutant (M487E L459R A493E) for binding analysis. No notice-
able structural perturbation can be detected for the mutants ac-
cording to size exclusion chromatography and circular dichroism
(CD) spectroscopy. The residue Leu*” located below the lobe was
mutated in the double and triple mutants to test whether the lower
front face of the EAL y-,395 domain is also involved in PilZ bind-
ing. SPR measurements were performed to examine the effect of
the residue replacement on PilZy 5 135 binding. The single muta-
tion M487E causes a 3-fold decrease in binding affinity, and the
mutation A493E in EALy 305 has the greatest effect on protein-
protein interaction by almost completely abolishing the binding,
as evidenced by the box-shaped sensorgram (Fig. 6A and B and
Table 2). The surface-exposed residue Ala**? is located in a small
helix on the top of the lobe region that probably makes direct
contact with PilZy y¢;,35. The replacement of Ala*** by Glu prob-
ably impedes the formation of the protein-protein complex by
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imposing unfavorable steric and electrostatic interactions. The
M487E L459R double mutant exhibits similar binding affinity to
the M487E single mutant, confirming that the Leu*’ residue from
the lower front face does not contribute to the binding (Fig. 6C).
Similar to the A493E single mutant, the A493E M487E L459R
triple mutant exhibits negligible binding affinity for PilZy yc;133
with very weak signals (Fig. 6D). Taken together, the results
showed that the replacement of the two nonpolar residues Met**”
and Ala*”® has a significant effect on the binding between
EALy 2308 and PilZy s 1133, providing strong support for the in-
volvement of the lobe region in the binding of PilZy s¢;33-

DISCUSSION

One of the hallmarks of the c-di-GMP signaling network is the
remarkable functional diversity of c-di-GMP signaling proteins.
In addition to the diverse families of c-di-GMP binding receptors,
it is now known that the GGDEF and EAL domains can function
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low us to identify the N-terminal lobe region of EALy, ,305 as the
main surface for PilZy , 35 binding. The results further indicate
that some FimX homologs have gained or lost the binding affinity
for PilZ, presumably as a result of the evolutionary divergence of
the T4P and the associated c-di-GMP regulatory systems to gain
survival advantages.

Binding analysis by the two-hybrid and in vitro methods (ITC and
SPR) demonstrated that the interaction between FimXj, 4050 and Pil-
Zparoso 18 much weaker than that between FimXy,c,305 and Pil-
Zyaci13s 10 fact, the binding affinity for the P. aeruginosa pair is so
low that the interaction is beyond the detection limits of the bacterial

as enzymatic, ligand-binding, or protein-binding domains. Al-
though EAL domains were initially identified as c-di-GMP-spe-
cific phosphodiesterases, a significant number of EAL domains are
now known as nonenzymatic domains (26, 27, 32, 34, 42). Among
the nonenzymatic EAL domains, some act as c-di-GMP binding
domains and some as protein-protein interaction domains. The
nonenzymatic EAL domain of FImXy 5,305 harbors binding sites
for both c-di-GMP and PilZy ;35 (9). While the binding mode
of c-di-GMP is known from the structural studies on FimXp 44959
(26), how the EALy 305 domain interacts with the protein part-
ner PilZy ,c ;133 remains unknown. The results presented here al-
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two-hybrid and ITC methods. SPR measurement revealed that the
weak protein-protein interaction is governed by the rapid association
and dissociation processes associated with the binding event. Mean-
while, EALy s 2305 binds PilZ, 55960 and PilZy 5 1133 with comparable
binding affinities (0.06 and 0.09 .M, respectively), strongly suggest-
ing that it is the changes in the EAL domain that result in the reduc-
tion in binding affinity. Amide H/D exchange suggested that Pil-
Zaci133 binds to EALy 45305 through the N-terminal lobe region.
The site-directed mutagenesis experiments confirmed the important
roles of the two residues (Ala**” and Met*®”) from the lobe region in
EALy o305 for PilZ binding, with a detrimental effect observed for
the A493E mutant. Hence, the key binding residues in EALy , 304
include some of the nonpolar surface residues from the short helices
(a0, a1, and a2) and the loop following the B2 strand in the lobe
region. The lack of detectable binding between FimXp 4050 and
PilZ, 44, is due to the changes in the lobe region, especially with the
replacement of Trp**, Ala*”, Met*®’, and Met**® by smaller or
charged residues.

The different phenotypic changes observed for the ApilZ mu-
tants of various bacterial species already implied that the PilZ pro-
teins play different roles in T4P biogenesis and bacterial motility
(1, 2,9, 24). The observations reported here have some further
implications regarding the functional roles of FimX and PilZ in
T4P biogenesis and regulation. The lack of detectable interaction
between FImXy 4959 and PilZp 5 596, suggests that the strong inter-
action between FimXy s 5395 and PilZy s ;135 is not conserved in
P. aeruginosa. Comparison of the sequences of FimX homologs
also suggests that the key residues for PilZ binding are poorly
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conserved among Pseudomonas species. Hence, although the
interaction between FimX and PilZ could be crucial for the
biogenesis and function of T4P in Xanthomonas axonopodis pv.
citri (9), the direct interaction between FimX and PilZ may not
be required for T4P biogenesis in Pseudomonas species. The
nonessential role of FimX (and the FimX-PilZ interaction) in
T4P biogenesis is also supported by the observation that the
requirement of FimX for type IV pilus formation in P. aerugi-
nosa is bypassed at high cyclic di-GMP concentrations (13). It
is also interesting to note that Neisseria meningitidis does not
contain a FimX homolog, further confirming that the interac-
tion between FimX and PilZ is not absolutely required for type
IV pilus biogenesis or function. Based on these considerations,
we propose that FimX does not physically interact with PilZ in
Pseudomonas and that the mechanisms by which FimX regu-
lates T4P are different among bacterial species. The variation in
binding between FimX and PilZ proteins may reflect the diver-
sity of the T4P systems among bacterial species, while the pre-
cise roles of FimX and c-di-GMP in the regulation of T4P re-
main to be fully disclosed.
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