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ABSTRACT

Enzymes controlling intracellular second messen-
gers in bacteria, such as c-di-GMP, often affect
some but not other targets. How such specificity
is achieved is understood only partially. Here, we
present a novel mechanism that enables specific
c-di-GMP-dependent inhibition of the antifungal an-
tibiotic production. Expression of the biosynthesis
operon for Heat-Stable Antifungal Factor, HSAF, in
Lysobacter enzymogenes occurs when the transcrip-
tion activator Clp binds to two upstream sites. At high
c-di-GMP levels, Clp binding to the lower-affinity site
is compromised, which is sufficient to decrease gene
expression. We identified a weak c-di-GMP phospho-
diesterase, LchP, that plays a disproportionately high
role in HSAF synthesis due to its ability to bind Clp.
Further, Clp binding stimulates phosphodiesterase
activity of LchP. An observation of a signaling com-
plex formed by a c-di-GMP phosphodiesterase and
a c-di-GMP-binding transcription factor lends sup-
port to the emerging paradigm that such signaling
complexes are common in bacteria, and that bacte-
ria and eukaryotes employ similar solutions to the
specificity problem in second messenger-based sig-
naling systems.

INTRODUCTION

Cyclic dimeric GMP, ¢c-di-GMP (1), is a ubiquitous dinu-
cleotide second messenger in diverse bacteria. It controls
multiple physiological processes via intracellular protein ef-
fectors (or receptors) and riboswitches. Among the best-
characterized processes are changes in bacterial planktonic
and biofilm lifestyles, pathogenicity, cell cycle and differ-

entiation (2,3). C-di-GMP is synthesized via the condensa-
tion of two GTP molecules by diguanylate cyclases, DGCs,
which possess the characteristic GGDEF catalytic domain
(4,5). C-di-GMP is hydrolyzed primarily by specific phos-
phodiesterases, PDEs, that contain either EAL (6-8) or
HD-GYP (9) catalytic domains. Bacterial genomes often
encode numerous DGC and PDE proteins. If these enzymes
were to regulate c-di-GMP-dependent targets indiscrimi-
nately, it could result in an unmanageable cacophony of re-
sponses. The question of how activation of certain enzymes
involved in c-di-GMP synthesis and hydrolysis results in
specific outcomes has emerged early on (10), and several an-
swers to this question have emerged over the years (2,3). In
this study, we describe a novel mechanism ensuring signal-
ing specificity that involves an interaction between a PDE
and a c-di-GMP-binding transcription factor in Lysobacter
enzymogenes.

Lysobacter enzymogenes is a nonpathogenic, plant-
associated gammaproteobacterium known for synthesis of
the antifungal antibiotic Heat-Stable Antifungal Factor,
HSAF (11-14), which makes it an attractive biological con-
trol agent for fungal diseases of agriculturally important
plants (11,12,15). Therefore, identifying genes and growth
conditions that regulate HSAF production has been of sig-
nificant interest (16,17). Our earlier work revealed that el-
evated intracellular c-di-GMP levels are detrimental for
HSAF production due to lower HSAF biosynthesis gene
expression (18). It is noteworthy that biosynthesis of an-
tibiotics and other secondary metabolites is emerging as a
common target of c-di-GMP-dependent regulation in bac-
teria (19). The first example of the regulation of antibi-
otic production by c-di-GMP was described in Serratia, in
which PigX, a GGDEF-EAL domain protein might func-
tion as a PDE to repress prodigiosin (Pig) production by
controlling transcription of the Pig biosynthetic operon
(20). Additional examples of such regulation include acti-
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nomycetes, Streptomyces coelicor and S. venezuelae, where
c-di-GMP inhibits synthesis of several antibiotics, i.e. acti-
norhodin, undecylprodigiosin, and methylenomycin. Inhi-
bition of expression of antibiotic biosynthesis genes in these
species is mediated by the c-di-GMP-binding repressor
BIdD (21). In yet another actinomycete, Saccharopolyspora
erythraea, a BldD homolog regulates the synthesis of the an-
tibiotic erythromycin (22). In the gammaproteobacterium,
Pseudomonas aeruginosa, high intracellular c-di-GMP lev-
els promote synthesis of the antibiotic phenazine pyocyanin
(23), while in the alphaproteobacterium Ruegeria mobilis, c-
di-GMP inhibits production of the antibiotic tropodithietic
acid (24).

Our earlier studies into the mechanisms of c-di-GMP-
dependent regulation of HSAF gene expression in L. enzy-
mogenes revealed two major components, the HD-GYP do-
main PDE, RpfG, and the c-di-GMP-binding transcription
factor, Clp (25,26). From the studies of Clp proteins in bac-
teria of genus Xanthomonas, which is related to Lysobacter,
we know that the DNA-binding affinity of Clp is inhibited
by c-di-GMP (27-29). In this work, we characterized the
role of L. enzymogenes Clp in regulating HSAF biosynthe-
sis gene expression in a ¢c-di-GMP dependent manner.

To identify additional c-di-GMP components affecting
HSAF synthesis, we screened all putative PDEs in L. en-
zymogenes and uncovered yet another PDE, hereby desig-
nated LchP (Lysobacter c-di-GMP and HSAF-associated
Phosphodiesterase) that plays a disproportionately high
role in regulating HSAF production despite its low PDE ac-
tivity. The impact of LchP is magnified due to its ability to
form a complex with Clp, which enhances the PDE activity
of LchP. We expect that the phenomenon where c-di-GMP
effector proteins form complexes with specific PDEs is not
limited to the L. enzymogenes LchP-Clp system. Instead, it
likely represents a common mechanism that helps establish-
ing signaling specificity in bacteria possessing multicompo-
nent second messenger networks.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

Strains and plasmids used in this study are listed in Supple-
mentary Table S1. Escherichia coli was grown in Lysogenic
broth (LB) at 37°C with appropriate antibiotics. Unless
stated otherwise, L. enzymogenes was grown in LB medium
at 28°C with appropriate antibiotics—kanamycin (Km), 25
wg/ml, for mutant construction and gentamicin (Gm), 150
pg/ml, for plasmid maintenance.

Bioinformatics analysis

The EAL and HD-GYP domain-containing proteins in L.
enzymogenes strain OH11 were identified with the help of
Pfam 30.0 database (30). Briefly, the HMM model domains
of the EAL (PF00563) and HD-GYP (PF01966) domains
were downloaded and used to screen (via BLASTP) of the
complete genome of L. enzymogenes OH11 (13) using the
HMMER software (31).
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Genetic methods

The in-frame deletions in L. enzymogenes OH11 were gen-
erated via double-crossover homologous recombination as
described previously (32) using primers listed in Supple-
mentary Table S2. In brief, the flanking regions of each
gene were PCR-amplified and cloned into the suicide vec-
tor pEX18Gm (Supplementary Table S1). The deletion con-
structs were transformed into the wild-type strain by elec-
troporation. The single-crossover recombinants were se-
lected on LB plates supplemented with Km and Gm. The
recombinants were cultured in LB without antibiotics for 6
h and subsequently plated on LB agar containing 10% (w/v)
sucrose and Km. The sucrose-resistant, Km-resistant but
Gm-sensitive colonies representing double crossovers were
picked up. In-frame gene, deletions were verified by PCR
using appropriate primers (Supplementary Table S2).

Gene complementation constructs were generated as de-
scribed earlier (33). In brief, DNA fragments containing
the full-length genes along with their promoters were PCR-
amplified and cloned into the broad-host vector pBBR1-
MCSS (Supplementary Table S1). The plasmids were trans-
formed into the wild-type strain by electroporation, and the
transformants were selected on the LB plates containing
Gm.

The DNA containing PA and PB sites, as well as their
derivatives (PAgy, and PBy,) were synthesized by GE-
NEWIZ (Suzhou, China). The PAy, and PBg, were used
to replace the native PA and PB sequences in the L. enzy-
mogenes chromosome via double-crossover homologous re-
combination, as described above.

Quantitative RT-PCR, qRT-PCR

Cells were grown in 1/10 Tryptic Soy Broth (TSB) and col-
lected at ODggo, 1.5. RNA was extracted using a Bacte-
rial RNA Kit (OMEGA, China) according to the man-
ufacturer’s protocol. RNA concentrations were measured
by a Nanodrop Spectrophotometer ND-1000 UV (Thermo
Fisher, USA). 500 ng RNA from each sample was used to
generate total cDNA by using the PrimeScript RT reagent
Kit with gDNA Eraser (Takara, Japan). Primers were listed
in the revised Supplementary Table S2. qRT-PCR was car-
ried out using an Applied Biosystems 7500 system. The /16S
rRNA gene was used as an internal control, as described
earlier (25,33). Each PCR tube (20 wl) contained 10 .l 2x
SYBR Premix Ex-taq (Takara, Japan), 2 x 0.4 wl primer,
0.4 pl Rox dye II (Takara, Japan), 2 wl cDNA and 6.8 pl
water. The cycling protocol was: 95°C for 30 s, 40 cycles of
95°C for 5 s, 60°C for 34 s, before fluorescence detection.
A melting curve was determined using 1 cycle of 95°C for
15 s, 60°C for 60 s and 95°C for 30 s. Data were analyzed
by Applied Biosystems 7500 software v2.0.6. Amplification
specificity was assessed by melting curve analysis. Relative
fold change of the expression of individual genes was calcu-
lated using the 2~22C method (34).

E. coli reporter assays for evaluating DGC and PDE activi-
ties

The E. coli motility-based assays of DGC or PDE activ-
ities have been described earlier (35,36). Briefly, the con-
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structs expressing various fragments of LchP were cloned
into the vector pPBAD/Myc-His B (Supplementary Table
S1) and transformed into E. coli MG1655 and MG1655
vhjH mutant. The transformed E. coli strains were grown
in LB overnight, and 2 pl of cultures was spotted onto soft
(0.25%) agar plates containing 1% tryptone, 0.5% NaCl and
0.1% arabinose. Diameters of the swimming zones were as-
sessed after a 6-h incubation at 37°C. Three biological repli-
cates were run, where each strain was plated in five repli-
cates.

Protein overexpression and purification

The DNA corresponding to the cytoplasmic fragment of
LchP, LchP-PGE, was amplified by PCR using primers
listed in Supplementary Table S2 and cloned into vector
PMAL-p2x to generate the MBP-LchP-PGE protein fu-
sion. The resulting plasmid was transformed into E. coli
BL21(DE3) (Supplementary Table S1) for protein expres-
sion and purification. 2 mL of the overnight culture was
transferred into 200 ml fresh LB at 37°C and grown with
shaking (200 rpm) until ODgg, 0.6. Subsequently, iso-
propyl B-D-1-thiogalactopyranoside (IPTG, Sigma, USA),
was added to achieve the final concentration of 0.5 mM.
The culture was incubated for additional 4 h at 28°C. Cells
were collected by centrifugation (13 000 rpm) at 4°C, re-
suspended in 25 ml phosphate buffer saline (PBS) lysis
buffer containing 10 mM protease inhibitor (PMSF, Sigma,
USA), followed by a 20 min sonication using Sonifier 250
(Branson Digital Sonifier, Branson). The crude cell extracts
were separated at 13 000 rpm at 4°C for 30 min. The super-
natant was passed through 1 ml amylose resin (New Eng-
land Biolabs) that retained the MBP-LchP-PGE protein.
The column was washed with 200 ml of PBS buffer, and
subsequently 30 ml 10 mM maltose elution buffer for pro-
tein elution. Protein purity was assessed by SDS-PAGE and
protein concentration was determined using BCA assay kit
(Sangon Biotech).

The DNA corresponding to RpfG was amplified by PCR
using primers listed in Supplementary Table S2 and cloned
into vector pET30a to generate the RpfG-His protein fu-
sion. The resulting plasmid was transformed into E. coli
BL21(DE3) (Supplementary Table S1) for protein expres-
sion and purification. The method used for purification of
RpfG-His protein is the same with that of MBP-LchP-PGE
protein, except using the Ni-NTA beads (Yeasen company,
China) and 250 mM imidazole solution as elution buffer
instead of amylose resin and 10 mM maltose elution buffer
respectively.

DGC and PDE activity assays in vitro

The PDE activity assay was performed essentially as de-
scribed earlier (6). Briefly, 2 wM LchP-PGE-MBP or its
derivatives were tested in buffer containing 60 mM Tris—
HCI (pH 7.6), 50 mM NacCl, 10 mM MnCl, and 10 mM
MgCl,. The reaction was started by the addition of 100
wM ¢c-di-GMP. The DGC activity assay was performed es-
sentially as described earlier (5). Briefly, 2 uM LchP-PGE-
MBP or its derivatives were tested in buffer containing 75
mM Tris—-HCI (pH 8.0), 250 mM NacCl, 25 mM KCI, 10

mM MgCl,. The reaction was started by the addition of 100
pM GTP. All reaction mixtures were incubated at 37°C for
8 or 10 h, followed by boiling for 10 min to stop the reac-
tion. The samples were filtered through a 0.2-uwM pore size
cellulose-acetate filter, and 20 pl of each sample was loaded
onto a reverse-phase C18 column, separated by HPLC. The
separation protocol involved two mobile phases, 100 mM
KH,PO4 plus 4 mM tetrabutylammonium sulfate (A) and
75% A + 25% methanol (B), as described earlier (5).

HSAF extraction and quantification

HSAF was extracted from 25 ml L. enzymogenes cultures
grown in 1/10 TSB for 24 h at 28°C with shaking (at 200
rpm). HSAF was detected via HPLC and quantified per
unit of ODg as described earlier (12,25,37). Three biolog-
ical replicates were used, and each was done in three tech-
nical replicates.

B2H assay

BacterioMatch II Two-Hybrid system (Agilent Technolo-
gies, USA) was used to determine potential interactions be-
tween two proteins. The coding regions of target proteins
were cloned into pBT and pTGR plasmids and transformed
into E. coli XL1-Blue MRF’ Kan. If the bait and target pro-
teins interact, the transcription of the /is3 reporter gene is
activated resulting in the production of imidazoleglycerol-
phosphate dehydratase, which enables colony growth in
the presence of the competitive enzyme inhibitor, 3-amino-
1,2,4-triazole (3-AT). A second reporter gene aadA encod-
ing a protein that confers streptomycin (Str) resistance was
used to validate positive protein-protein interactions, ac-
cording to the protocol of the kit manufacturer. Plasmids
pBT-GacS and pTRG-GacS were constructed in this work
(Supplementary Table S1) to serve as an additional positive
control because the cytoplasmic domain of GacS from P,
aeruginosa is known to form homodimers (38). The trans-
formants containing empty pTRG and pBT vectors were
used as a negative control. All co-transformants were spot-
ted onto the selective medium and grown at 28°C for 3-4
days.

Electrophoretic mobility shift assay (EMSA)

The GST-tagged Clp protein was purified according to the
recently described protocol (39). EMSA was performed as
follows. Biotin labeled probes PA (50 bp) and PB (50 bp),
as well as their scrambled consensus sequence variants,
PAm and PBg,,, were synthesized by GENEWIZ (Suzhou,
China). Probe and protein extract were incubated in the test
system for 20 min at room temperature according to the
specifications of LightShift® Chemiluminescent EMSA
Kit (ThermoFisher, Waltham, USA). The binding mixture
was loaded onto the polyacrylamide gel, electrophoresed,
transferred to a nylon membrane and crosslinked, as de-
scribed in the manufacturer protocol. The biotinylated
DNA fragments were detected by chemiluminescence using
VersaDoc imaging system (Bio-Rad, Philadelphia, USA).



Isothermal titration calorimetry, ITC

Isothermal titration calorimetry experiments were carried
out using a ITCyyy microcalorimeter (MicroCal). A solution
of 25 mM Clp-GST dissolved in low salt buffer (20 mM Tris
pH 8.0, 80 mM NaCl) was titrated with 20 injections of 2
ml each at 3 min intervals from a 0.5 mM stock solution
of ¢-di-GMP in the same buffer. Heat of binding (A H), the
stoichiometry of binding (), and the dissociation constant
(K4) were calculated from plots of the heat released per mol
of ligand injected versus the molar ratio of ligand to recep-
tor using the software provided by the vendor.

Microscale thermophoresis assay, MST

Binding of the Clp-GST fusion protein to the HSAF operon
promoter (39) was determined by MST using Monolith
NT.115 (NanoTemper Technologies, Germany), according
to the recently described protocol (16). Briefly, the 50-bp
DNA fragments were labeled with 5-carboxy-fluorescein
(FAM). A constant concentration (10 pM) of the labeled
promoter in the MST buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 10 mM MgCl,, 0.05% Tween 20) was titrated against
increasing concentrations of Clp-GST dissolved in ddH,O.
The Clp-GST and LchP-PGE-MBP binding was assessed in
a similar manner. Briefly, the Clp-GST protein was labeled
with the fluorescent dye NT-647-NHS (NanoTemper Tech-
nologies GmbH, Germany) via amine conjugation. A con-
stant concentration (40 wM) of the labeled promoter in the
MST buffer was titrated against LchP-PGE-GST (concen-
tration range, 1.2 nM—40 uM). MST premium-coated cap-
illaries (Monolith NT.115 MO-K005, Germany) were used
to load the samples into the MST instrument at 25°C using
40% MST power, and 20% LED power. Laser on and off
times were set at 30 and 5 s, respectively. Binding of Clp-
GST to RpfG-His was also detected by this system with
similar test conditions. All experiments were performed in
triplicate. Data were analyzed using Nanotemper Analysis
software v.1.2.101 (NanoTemper Technologies, Germany).

Pull-down assay

The purified proteins were used to perform the pull-down
assay in a reaction system comprising 800 wl PBS buffer,
5 wM (final concentration) of Clp-GST and LchP-PGE-
MBP protein or RpfG-His protein, and 50 .1 GST resin. All
samples were incubated at 4°C overnight. The resin was col-
lected by centrifugation and washed 10 times with PBS con-
taining 1% Triton X-100 to remove non-specifically bound
proteins. The GST-beads captured proteins were eluted by
boiling in 6x SDS loading dye for 10 min. These samples
were subjected to SDS-PAGE and Western blotting. Pro-
tein detection involved GST- (ab19256), MBP- (ab49923)
and His- (ab18184) specific antibodies from Abcam, UK.

c-di-GMP extraction and quantification

Cultures were grown in 1/10 TSB at 28°C until ODygyy,
1.5. Cells from 2 ml culture were harvested for protein
quantification by the BCA assay (TransGen, China). Cells
from 8 mL of culture were used for c-di-GMP extrac-
tion using 0.6 M HCIO,4 and 2.5 M K,COs, as described
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Figure 1. Proteins containing EAL or HD-GYP domains encoded in the
L. enzymogenes OH11 genome. The GGDEF domains implicated in c-di-
GMP synthesis are shown in pink. The EAL and HD-GYP domains impli-
cated in c-di-GMP hydrolysis are shown in yellow and purple, respectively.
The residues in the conserved ‘GGDEF’ and ‘EAL’ motifs that deviate
from the consensuses and therefore likely indicate enzymatically inactive
domains, are shown in red. Le4727 is RfpG (26), Le2762 is LchP. Protein
domain architectures are from Pfam database (30).
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Figure 2. Quantification of HSAF levels produced by the EAL and HD-
GYP gene deletion mutants. HSAF was detected by HPLC and quantified
as peak area per unit of ODggo(16). A## indicates deletions in the genes
shown in Figure 1.The amounts of HSAF produced by the IchP (A2762)
and rpfG (A4727) mutants are lowest among other mutants. Average data
from three experiments are presented, =SD. **P < 0.01, relative to the
wild-type strain, OH11.

previously (40,41). The samples were analyzed by liquid
chromatography-mass spectrometry (LC-MS) on Agilent
6460 Triple Quad LC/MS, as described previously (40-42).

RESULTS

Identification of c-di-GMP PDEs involved in regulating
HSAF production in L. enzymogenes

The genome of L. enzymogenes strain OH11 encodes eight
proteins containing GGDEF, EAL or HD-GYP domains
(Figure 1). One of these proteins RpfG, is the HD-GYP
domain PDE whose inactivation blocks HSAF production
(26). To identify additional PDEs involved in HSAF regu-
lation, we made deletions in seven EAL domain encoding
genes (Supplementary Table S3) and measured HSAF lev-
els in each of the constructed mutants.

In accord with our earlier findings (26), HSAF produc-
tion in the rpfG mutant was completely suppressed (Figure
2). The mutant in /e2762 (hereby designated /chP) had the
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second lowest HSAF levels after the rpfG mutant (Figure
2). Importantly, the /chP mutation did not impair bacte-
rial growth or other readily observable phenotypes (Supple-
mentary Figure S1), thus implying that LchP plays a spe-
cific role in regulating HSAF production. To verify that the
defect in HSAF production in the /chP mutant was due
to the lack of LchP, we complemented the mutation with
a plasmid-encoded /chP gene, and found that the plasmid-
encoded /chP partially restored HSAF synthesis in the IchP
mutant (Figure 3A).

RpfG affects HSAF production at the level of gene ex-
pression (26), therefore we expected LchP to also affect gene
expression. To test this prediction, we measured, via quan-
titative RT-PCR (qRT-PCR), mRNA levels of lafB, the first
gene in the HSAF biosynthesis operon (17). We found the
level of the lafB transcript in the /chP mutant to be de-
creased by >2-fold, compared to the wild type (Figure 3B).
Plasmid-encoded IchP in partially restored /afB gene ex-
pression in the /chP mutant (Figure 3B). This result con-
firms that LchP acts at the level of HSAF biosynthesis gene
expression but does not preclude additional roles of LchP
in regulating HSAF production.

The PDE activity of LchP is important for regulating HSAF
biosynthesis gene expression

Based on the fact that both RpfG and LchP upregulated
HSAF biosynthesis gene expression, we expected LchP to
function as a PDE. Here, we tested this prediction. LchP
is a multidomain protein containing a periplasmic sensory
domain Reg_prop linked to the Y-Y-Y domain, a transmem-
brane region followed by two cytoplasmic PAS domains and
the GGDEF-EAL domain tandem (Figure 1). Sequence
analysis revealed that both the GGDEF and EAL domains
contain all residues essential for DGC and PDE activities
(2), thus suggesting that LchP may be a bifunctional DGC-
PDE enzyme.

We addressed the question of LchP enzymatic activity
using several approaches. First, we compared intracellular
c-di-GMP concentrations in the /chP mutant and the wild
type and in the HSAF-production medium (1/10 TSB). We
found the concentration in the mutant to be significantly
higher (Figure 3C). While this finding was in agreement
with the predicted PDE function of LchP, the increase in
c-di-GMP concentration was very modest, which was some-
what unexpected given strong inhibition of HSAF produc-
tion in the /chP mutant (Figure 2).

To further investigate enzymatic activity of LchP, we em-
ployed E. coli-based motility screens where swim zones in
the semi-solid agar serve as proxies of intracellular c-di-
GMP concentrations (35). In the highly motile, low c-di-
GMP strain, MG1655, heterologous DGCs decrease the
swim zone sizes (5). Conversely, in the high c-di-GMP
strain, MG1655 AyhjH, that lacks the most potent E. coli
¢c-di-GMP PDE, YhjH/PdeH (43,44), heterologous PDEs
increase swim zone sizes (5). According to these screens,
LchP functions as a DGC, but not PDE (Figure 3D, E
and Supplementary Table S4). Finding DGC activity was
not surprising given that the GGDEF domain in LchP is
intact, however, the lack of PDE activity contradicted the
L. enzymogenes phenotype. We hypothesized that improper

LchP protein folding or the absence of appropriate stimuli
in E. coli may have accounted for the observed inconsis-
tency. This prompted us to investigate enzymatic activity of
the truncated, cytoplasmic fragment of LchP that contains
only the PAS+GGDEF+EAL domains (designated LchP-
PGE). LchP-PGE exhibited no DGC activity in MG1655
and weak PDE activity in MG1655 AyhjH (Figure 3D and
E).

Finally, we carried out biochemical assays using LchP-
PGE purified as a fusion to the maltose binding protein
(designated LchP-PGE-MBP) (Supplementary Figure S2).
LchP-PGE-MBP hydrolyzed c-di-GMP to 5-pGpG (Fig-
ure 3I), consistent with its PDE activity. When GTP was
added as substrate, LchP-PGE-MBP produced c-di-GMP,
indicative of its DGC activity, as well as the product of
¢c-di-GMP hydrolysis, 5-pGpG (Figure 3J). Therefore, ac-
cording to biochemical assays, LchP is a bifunctional DGC-
PDE enzyme.

To better understand the roles of the GGDEF and EAL
domains in LchP function, we generated a series of point
mutations in the conserved ‘GGDEF’ and ‘EAL’ motifs of
the GGDEF and EAL domains that are essential for their
respective enzymatic activities (2). We found that mutations
of the conserved ‘EAL’ motif (EAL—AAA) completely
abolished PDE activity of LchP-PGE, whereas mutations
of the conserved ‘GGDEF’ motif (GGDEF—GGAAF)
partially decreased PDE activity (Figure 3E; Supplemen-
tary Figure S3). The PAS-GGDEF or PAS-EAL constructs
lacked DGC and EAL activities, respectively (Figure 3D
and E). The expression levels of the generated mutants were
comparable to those of the wild-type proteins, as assessed
by Western blotting (Supplemental Figure S4). These data
suggest that the GGDEF domain possesses some DGC ac-
tivity and is required for full PDE activity of LchP.

Next, we decided to correlate observations in E. coli with
those in L. enzymogenes. We found that the cytoplasmic
fragment of LchP, LchP-PGE, is more efficient in comple-
menting HSAF production of the /ci P mutation, compared
to the full-length LchP (Figure 3A). This is consistent with
higher PDE activity of LchP-PGE, compared to LchP, and
is consistent with the motility data in E. coli. The ‘EAL’ mo-
tif mutant of LchP-PGE lacking PDE activity failed to com-
plement the /ch P mutation. We conclude that it is the PDE
activity of LchP that is important for regulating HSAF
biosynthesis in L. enzymogenes. The EAL—AAA muta-
tions in the chromosomal /chP gene impaired HSAF syn-
thesis, and so did the GGDEF— GGAAF mutations (Fig-
ure 3A), which emphasizes the importance of the GGDEF
domain for PDE activity of LchP.

To solidify the conclusion that lower c-di-GMP levels in-
crease HSAF production, we expressed in L. enzymogenes
a potent heterologous PDE, YhjH/PdeH from E. coli (36).
In parallel, we expressed a potent DGC, Slr1143 from Syne-
chocystis sp. (5). Consistent with our expectations, HSAF
production was increased upon expression of a heterolo-
gous PDE but not a DGC (Figure 3A). Further, expression
of a heterologous DGC in the wild-type strain, OH11, low-
ered lafB transcript levels, compared to the vector control
(Figure 3B, OH11(SIr) versus OH11(pBBR)).
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Lysobacter Clp is a c-di-GMP-binding factor controlling
HSAF biosynthesis gene expression

Here, we turn our attention to the mechanism of ¢c-di-GMP-
dependent inhibition of HSAF biosynthesis gene expres-
sion. Earlier, we showed that Clp is the major regulator
of HSAF biosynthesis gene expression (26,37). Lysobacter
Clp is approximately 96% similar to the c-di-GMP-binding
transcription activator, Clp from Xanthomonas campestris,
and the residues involved in c-di-GMP binding are con-
served between these proteins (Supplementary Figure S9).
We therefore anticipated that L. enzymogenes Clp mediates
c-di-GMP effects on HSAF biosynthesis. To test this hy-
pothesis, we purified the L. enzymogenes Clp as GST-fusion
via affinity chromatography and examined its ability to bind
c-di-GMP by means of Isothermal Titration Calorimetry
(ITC). We found that Clp-GST bound c-di-GMP with Kj,
1.5 uM (Figure 4A), which is similar to Ky reported for the
X. campestris Clp (28).

Next, we tested whether L. enzymogenes Clp binds to the
upstream region of the HSAF biosynthesis operon. Based
on the DNA consensus sequence, 5'-ATGC-N6-GCAT-3/,
deciphered for X. campestris Clp (45), we identified two po-
tential binding sites of L. enzymogenes Clp: 5'-ATCC-NS8-
GGAT-3 and 5-ATCG-N8-CGAT-3' (Supplementary Fig-
ure S6A). To test for Clp binding, we performed an elec-
trophoretic mobility shift assay (EMSA), in which Clp-GST
was mixed with a 50-bp DNA probe PA or PB containing ei-
ther the two binding site. The EMSA assay revealed that Clp
binds to both sites (Supplementary Figure S6B and C). For-
mation of the Clp-PA and Clp-PB protein—-DNA complexes
can be competitively inhibited by excess of the unlabeled
probes (Supplementary Figure S6B and C), suggesting that
Clp-DNA interactions are specific. Further, when scram-
bled DNA sequences, 5'-CGTT-N8-TTGC-3" (PAyy) and
5-GGTG-N8-CTGG-3 (PByy), were used in the EMSA,
Clp showed no binding (Supplementary Figure S6B and C).
We conclude that Clp specifically binds to at least two sites
in the upstream region of the HSAF biosynthesis operon
promoter.

Next, we tested the effect of c-di-GMP on Clp-DNA
binding. We found that addition of ¢-di-GMP at 16 puM
caused a readily observable reduction in Clp-PA complex
formation, whereas addition of c-di-GMP at lower concen-
trations caused little or no effect (Figure 4B). Unexpect-
edly, under the same test conditions, c-di-GMP did not mea-
surably decrease Clp-PB complex formation (Figure 4C).
These results suggest that Clp binding to the PA, but not
PB site is more sensitive to inhibition by c-di-GMP. To ver-
ify this conclusion, we used another technique, Microscale
Thermophoresis (MST) (46), to assess Clp binding to the
PA and PB sites in the presence or absence of c-di-GMP.
First, we measured affinity of Clp to each site. We found
that Clp binds PA and PB in vitro with K4 0.29 uM and
0.08 wM, respectively (Figure 4D and E). Addition of 16
M c-di-GMP resulted in a ~4-fold decrease in Clp binding
to PA, but no significant change was observed to its binding
to PB (Figure 4F and G), in agreement with the EMSA data
(Figure 4B and C). Therefore, it appears that c-di-GMP in-
hibits, primarily or exclusively, Clp binding to PA, the lower
affinity site.

Finally, we tested relative contributions of the PA and PB
sites in HSAF production by mutating each of these sites in
the L. enzymogenes chromosome. The replacement of the
native PA site to a scrambled site, PAgy,, in the chromosome
resulted in a significant decrease in HSAF biosynthesis gene
expression and HSAF production (Figure 4H and I). Sim-
ilar results were observed when the native PB was replaced
with PBgy, (Figure 4H and I). Replacements of both chro-
mosomal sites in combination also significantly decreased
lafB expression and HSAF production (Figure 4H and I).
Taken together, these data establish that both sites are re-
quired for Clp-mediated activation of HSAF gene expres-
sion and that c-di-GMP-mediated inhibition of Clp binding
to the lower-affinity, PA, site may be sufficient to decrease
HSAF biosynthesis gene expression.

LchP interacts with Clp

In this part of the study, we investigated the relationship be-
tween LchP and Clp. The observation that the IcihP deletion
resulted in a modest increase in intracellular c-di-GMP lev-
els (Figure 3C) poorly correlated with the high impact of
LchP on lafB gene expression and HSAF production (Fig-
ure 3A and B). One possibility that could explain the ‘over-
sized’ effect of LchP on Clp was that these proteins inter-
acted directly.

First, we explored this hypothesis at the genetic level. We
generated a clp IchP double mutant (Aclp AlchP). As ex-
pected, it was impaired in HSAF production (Figure 5A),
similar to the Aclp mutant reported in our earlier study
(37). Introduction of the plasmid-borne clp gene, but not the
Ich P gene, partially restored HSAF production (Figure 5A)
likely due to higher than physiological levels of the plasmid-
encoded clp (Supplementary Figure S7A), sufficient to par-
tially overcome c-di-GMP-dependent inhibition of DNA
binding. These data suggest that Clp acts downstream of
LchP in the regulatory cascade or, alternatively, that LchP
affects Clp protein abundance. We tested the latter possibil-
ity by measuring Clp protein levels in the wild type and /chP
mutant. We observed slightly lower Clp levels in the mutant
(Supplementary Figure S7B), which could not account for
the strong effect of LchP on Clp-dependent HSAF biosyn-
thesis gene expression.

Next, we asked whether Clp can bind LchP directly. To
detect protein-protein interaction, we used a bacterial two-
hybrid (B2H) system. As shown in Figure 5B, Clp interacts
with LchP-PGE almost as strongly as the positive control
provided with the B2H system. In a second assay, we tested
the ability of LchP-PGE-MBP to pull down Clp-GST, and
observed a positive signal (Figure 5C). The LchP-Clp in-
teraction was further confirmed by the MST experiment, in
which LchP-PGE was found to bind to Clp-GST with high
affinity (Ky4, 1.42 nM) (Figure 5D). Results of these three as-
says strongly support the notion that the cytoplasmic frag-
ment of LchP physically interacts with Clp. Addition of 16
M ¢-di-GMP resulted in a ~5-fold lower affinity (Kg4, 7.18
nM) of LchP-PGE to Clp-GST (Figure 5E), suggesting that
¢-di-GMP inhibits LchP-Clp interactions.

We further investigated which domains of LchP-PGE are
involved in Clp binding. Using the B2H system, we found
that both the GGDEF and EAL domains likely contribute
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to these interactions, whereas the PAS domain is not in-
volved (Figure 5B). The mutations in the conserved EAL
and GGDEF motifs, either individually or in combination,
had no influence on LchP-PGE-Clp interactions (Supple-
mentary Figure S8).

Finally, to explore how specific the LchP-Clp interaction
is, we tested another PDE involved in control of HSAF
production, RpfG. No RpfG-Clp binding was detected in
the pull-down and MST assays (Supplementary Figure S9),
suggesting that the LchP—Clp interaction is specific.

Interactions with Clp enhance PDE activity of LchP

We wondered whether LchP-Clp interactions affect PDE
activity of LchP. To test this possibility, we used a biochem-
ical assay where c-di-GMP hydrolysis by LchP-PGE-MBP
was assayed in the presence or absence of Clp. The results of
the assay showed that PDE activity of LchP-PGE-MBP was
higher in the presence, versus absence, of Clp-GST (Figure
6A). As expected, Clp had no effect on c-di-GMP hydrolysis
by the inactive LchP-PGE-MBP that contains the mutant
AAA motif in place of EAL (Supplementary Figure S10).

To verify the stimulatory effect of Clp on LchP PDE ac-
tivity by an alternative approach, we used a genetic assay in
E. coliMG1655 AyhjH. As shown in Figure 6B and Supple-
mentary Figure S11, swim zones of MG1655 AyhjH were
largest when both LchP-PGE (expressed from pET30a) and
Clp (expressed from pBAD) were expressed (Supplemen-
tary Figure S12), i.e. in the presence of the c/p expression
inducer, arabinose. In the absence of arabinose (no clp ex-
pression), the swim zones were smaller. Similar to the bio-
chemical PDE assay, the inactivation of the conserved EAL
motif, impaired PDE activity of LchP (Figure 6B and Sup-
plementary Figure S11). Therefore, results of both assays
suggest that Clp binding enhances PDE activity of LchP-
PGE.

DISCUSSION

In this study, we investigated c-di-GMP-dependent regula-
tion of the antibiotic HSAF biosynthesis in L. enzymogenes,
an environmental bacterium with significant potential as a
biological control agent for fungal diseases of agricultur-
ally important plants. We characterized new components
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involved in this regulation, the c-di-GMP-dependent tran-
scription factor, Clp, and the weak c-di-GMP PDE, LchP,
that plays a disproportionately large role in HSAF biosyn-
thesis. Clp acts as a major activator that binds to two sites
upstream of /afB, the first gene in the HSAF biosynthe-
sis operon. It is peculiar that c-di-GMP inhibition of Clp
binding to DNA is profound at the lower affinity site but
undetectable in our assays at the higher affinity site. Be-
cause chromosomal site mutations have shown that both
Clp binding sites are important for HSAF operon expres-
sion, lower binding to a single site must be sufficient to de-
crease gene expression.

We identified a c¢c-di-GMP PDE, LchP, as the second
PDE, in addition to the previously characterized RpfG, that
plays a major role in c-di-GMP-dependent HSAF biosyn-
thesis (26,37). We were surprised that the /chP gene dele-
tion resulted in only modest increase in intracellular c-di-
GMP concentrations. Our analysis revealed that LchP has
low PDE activity, which is at odds with its large effect on
HSAF production. These observations prompted our test-

Nucleic Acids Research, 2018, Vol. 46, No. 18 9285

ing for possible LchP—Clp interactions. Not only did we de-
tect such interactions, we found that Clp binding enhances
PDE activity of LchP. Thus, the LchP—Clp interactions not
only improve the specificity of LchP signaling, but also in-
crease LchP potency (Figure 7).

Itis noteworthy that while LchP interacts with Clp specif-
ically, RpfG does not. Therefore, at least two kinds of PDEs
responsible for c-di-GMP-dependent suppression of HSAF
biosynthesis co-exist in L. enzymogenes — RpfG, which can
be considered as generic PDE, and LchP, a Clp-specific
PDE. We know that PDE activity of RpfG depends on
bacterial cell density and is mediated through the quorum
sensing molecule, Diffusible Signal Factor (DSF) (47). At
this point, we do not know what signals control PDE activ-
ity of LchP. We can only speculate that these signals affect
LchP activity via the periplasmic sensory domain Reg_prop
linked to the Y-Y-Y domain, predicted to be involved in
sensing of unsaturated disaccharides (48), and possibly also
via the cytoplasmic PAS domains, whose ligands are cur-
rently unknown (Figure 7).

A complex between a c-di-GMP binding ribosomal mod-
ifying enzyme, RimK, and a PDE, RimA, has been ob-
served in Pseudomonas fluorescens (49). However, to our
knowledge, this is the first report of a complex between a
PDE and a c¢-di-GMP-binding transcription factor. These
examples support the notion that DGCs and PDEs form
complexes with their target c-di-GMP-binding proteins,
which dates back to the work of Dr. Moshe Benziman,
who discovered c-di-GMP in Acetobacter xylinum (1), now
known as Komagataeibacter xylinus. This notion is derived
from the observation that the DGCs and PDEs that con-
trol activity of the cellulose synthase BcsAB, the first de-
scribed c-di-GMP-dependent effector protein, were copu-
rified (36,50). Similar complex arrangement has been de-
scribed in E. coli for the DGC DgcO (DosC), its partner
PDE PdeO (DosP) (44) and their specific target, the RNA
degrading enzyme PNPase (51,52); however, PNPase does
not bind ¢-di-GMP (53). The PDE PdeR (YciR) and the
DGC DgeM (YdaM) from E. coli form a complex with the
transcription factor MIrA, which prevents MIrA from func-
tioning as a transcription activator. MIrA does not bind c-
di-GMP but it dissociates from the complex at high c-di-
GMP concentrations, which are sensed by the ‘trigger’ PDE
PdeR (54,55). Yet another E. coli DGC DgceN (YfiN) lo-
calizes to the cell division Z-ring, where it binds to FtsZ
and ZipA proteins and inhibits cell division (56). Further,
in P. aeruginosa, the DGC GcbC interact with the c-di-
GMP-binding effector LapD that belongs to the class of de-
generate EAL domain proteins capable of ¢-di-GMP bind-
ing (57). The number of examples of complexes formed by
the enzymes involved in c-di-GMP synthesis and/or hy-
drolysis and downstream c-di-GMP-binding effectors con-
tinues to grow, and so does the diversity of architectures
of such complexes. This leads us to conclude that associa-
tion of DGCs and PDEs with their downstream effectors
is a common mechanism enabling specificity of signaling
through the ubiquitous second messenger, c-di-GMP. Con-
sistent with this assessment is the large number of examples
in the literature where deletion of individual DGC genes
results in very specific phenotypes that do not affect other
known c-di-GMP-dependent processes. A striking example
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of DGC specificity has been observed in Bdellovibrio bacte-
riovorus, where knockout mutants in each of its three DGCs
had very distinct, non-overlapping phenotypes (58).

In the cAMP- and cGMP-signaling complexes of eukary-
otes, the cAMP/cGMP-binding effector proteins are com-
monly associated with nucleotide cyclases and/or phospho-
diesterases (59). Bacteria seem to follow suit, or more likely,
they were first to invent signaling complexes to ensure speci-
ficity in second messenger-mediated signaling. Bacteriolo-
gists, on the other hand, are just beginning to appreciate
these mechanisms, following suit of the researchers study-
ing signal transduction in eukaryotes.
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