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A significant part of bacterial two-component system
response regulators contains effector domains predicted to be
involved in metabolism of bis-(3�-5�)-cyclic dimeric guanosine
monophosphate (c-di-GMP), a second messenger that plays a
key role inmany physiological processes. The intracellular level
of c-di-GMP is controlled by diguanylate cyclase and phos-
phodiesterases activities associated with GGDEF and EAL
domains, respectively. The Legionella pneumophila Lens
genome displays 22 GGDEF/EAL domain-encoding genes. One
of them, lpl0329, encodes a protein containing a two-compo-
nent system receiver domain and both GGDEF and EAL
domains. Here, we demonstrated that the GGDEF and EAL
domains of Lpl0329 are both functional and lead to simultane-
ous synthesis and hydrolysis of c-di-GMP. Moreover, these two
opposite activities are finely regulated by Lpl0329 phosphoryla-
tion due to the atypical histidine kinase Lpl0330. Indeed,
Lpl0330 was found to autophosphorylate on a histidine residue
in an atypical H box, which is conserved in various bacteria spe-
cies and thus defines a new histidine kinase subfamily. Lpl0330
also catalyzes the phosphotranfer to Lpl0329, which results in a
diguanylate cyclase activity decrease whereas phosphodiester-
ase activity remains efficient. Altogether, these data present (i) a
new histidine kinase subfamily based on the conservation of an
original H box that we named HGN H box, and (ii) the first
example of a bifunctional enzyme that modulates synthesis and
turnover of c-di-GMP in response to phosphorylation of its
receiver domain.

Two-component regulatory systems (TCSs)3 were the first
major mode of signal transduction identified in bacteria. These

systems couple a broad range of external or internal signals to
regulation of diverse fundamental processes, such as metabo-
lism, motility, and virulence (1–3). Typical TCSs are composed
of a sensor histidine kinase (HK) and a response regulator pro-
tein (RR) usually encoded by a pair of adjacent genes. Both the
HK and the RR are multidomain proteins. The N termini of
HKs are diverse andusually contain sensory or “input ” domains
that respond to environmental stimuli to activate the transmit-
ter domain. The transmitter domain consists of two distinct
subdomains: anATP-bindingHATPase domain involved in the
autophosphorylation of the HK at the conserved histidine res-
idue in a His-containing phosphoacceptor (dimerization) His
kinase A (HisKA) domain (4). The phosphoryl group is then
transferred from this histidine residue to an aspartate residue in
the receiver domain of the RR partner. This phosphorylation
activates C-terminal effector or “output ” domain of RR, which
executes an appropriate cellular response. The majority of RR
effectors are nucleic acid binding domains acting as transcrip-
tional regulators. The remaining RRs contain domains that can
be categorized in enzymatic, stand alone, or protein/ligand
binding domains (3). A significant part of the RRs containing
enzymatic domains (6% of all RRs) are found in proteins
involved in the biosynthesis of cyclic dimericGMP (c-di-GMP),
highlighting the relationship between TCSs and the c-di-GMP
cellular level.
c-di-GMP is an ubiquitous second messenger that has

emerged as a key player in bacterial signaling. Actually, it was
found to regulate main functions such as biofilm formation,
virulence, motility, differentiation, and cell-cell signaling (5)
and was recently shown to control an original “flagellar brake”
mechanism (6–8). Proteins involved in themetabolism of c-di-
GMP exhibit GGDEF and/or EAL domains responsible for the
synthesis and hydrolysis of this secondary metabolite, via their
diguanylate cyclase (DGC) and phosphodiesterase (PDE) activ-
ities, respectively.
The majority of sequenced bacterial genomes encode more

than one gene encoding GGDEF/EAL proteins, and they are
particularly expanded in gamma proteobacteria with a median
of 22 genes/genome (9). This had led to the question on how the
activities of these different GGDEF or EAL proteins are regu-
lated. A first level of regulation resides in transcriptional regu-
lation. Most of the 28 GGDEF/EAL domain-encoding genes in
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Escherichia coli are expressed during entry into stationary
phase, with 15 being under sigma S control (10). In Legionella
pneumophila, 18 of the 24 GGDEF/EAL domain-encoding
genes are up-regulated in transmission phase, the extracellular
stationary phase (11). Given that many proteins are expressed
under the same condition, their spatial control and post-trans-
lational regulationmust be also critical as suggested by the vari-
ety of sensory domains associated with these proteins, consis-
tent withmultiple signal input in an extra-host environment (9,
12). However, the question remains what determines the over-
all activity of hybrid proteins that contain both GGDEF and
EAL domains and thus present a “biochemical conundrum”
(13). In many cases, only one of the GGDEF or EAL domain
seems to be catalytically active (5). Nevertheless, three proteins
showing both activities have been identified, so far raising ques-
tion on how the two activities are reciprocally regulated:
MSDGC-1 in Mycobacterium smegmatis (14), BphG1 in Rho-
dobacter sphaeroides (15), and ScrC inVibrio parahemeolyticus
(14–16). It was proposed that these proteins could switch
between states that are able to synthesize and hydrolyze c-di-
GMP (13). Thus, the interaction between ScrC and two acces-
sory proteins, ScrA and ScrB, influences the balance between
DGC and PDE activities of ScrC in V. parahemeolyticus (16).
Furthermore, theDGC (but not PDE) activity of BphG1 is light-
dependent in R. sphaeroides (15).

In L. pneumophila Lens genome, two adjacent genes lpl0329
and lpl0330 encode a putative RR with both GGDEF and EAL
domains, and a putative HK, respectively. Here, we demon-
strated that Lpl0330 and Lpl0329 form a functional TCS. Actu-
ally, the HK Lpl0330 autophosphorylates although it contains
none of the four HisKA domains listed in the Pfam data base
(17). The phosphoacceptor histidine residue in Lpl0330 was
identified and was found to be conserved in numerous HKs of
various bacterial species, leading us to propose a new HisKA
domain. Our results also showed that phosphotransfer from
Lpl0330 to Lpl0329 occurs. Moreover, Lpl0329 has been
characterized as a RR with two opposite activities: GGDEF
and EAL domains of Lpl0329 are both functional in vitro and
lead to simultaneous synthesis and hydrolysis of c-di-GMP.

Finally, we observed for the first time that DGC activity
depends on the phosphorylation state of a DGC/PDE
enzyme, suggesting a “molecular switch” that favors one of
the two-enzymatic activities and affects the production rate
of c-di-GMP.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—E. coli DH5� was
used for DNA cloning. E. coli strain BL21 (DE3), used for
recombinant protein overproductions, carries plasmid pREP4-
groESLwhich harbors groES groEL genes encoding two chaper-
one proteins. E. coli strains were grown at 37 °C in Luria Broth
(LB) supplemented with antibiotics for selection, when neces-
sary (ampicillin 100 �g/ml, kanamycin 25 �g/ml). L. pneumo-
phila strain Lens was used for preparing genomic DNA. It was
grown at 30 °C on buffered charcoal yeast extract.
Overproduction of Lpl0329 and Lpl0330—Plasmid pQE30

(Qiagen) was used for production of L. pneumophila Lpl0329
and Lpl0330 proteins with His6 tag fusion. The lpl0329 and
lpl0330 coding regions (corresponding to the 1–740 and 5–471
amino acids) were PCR-amplified using L. pneumophila Lens
chromosomal DNA as template and the primers 329 and 329R
(for lpl0329) and 330 and 330R (for lpl0330), with sequence
modifications introduced to create BamHI/SalI restriction sites
(Table 1). The amplified DNA fragments were digested by
BamHI and SalI and then inserted into pQE30 digested by the
same enzymes. The resulting constructs pQE30-His6-Lpl0329
and pQE30-His6-Lpl0330 were transformed into E. coli BL21
(pREP4-groESL). The resulting strains were grown in LB
medium with ampicillin and kanamycin at 37 °C, and expres-
sion was induced at 20 °C by adding 1 mM isopropyl-�-D-thio-
galactopyranoside at A600 0.6–0.8.
Purification of Recombinant Proteins—The BL21 (pREP4-

groESL) cells harboring His6-Lpl0329 and His6-Lpl0330 were
harvested by centrifugation (6000 � g, 10 min, 4 °C), washed in
buffer A (50mMTris, pH 7.5, 150mMNaCl, 10mM imidazole, 1
mM �-mercaptoethanol, 1 mM EDTA) and disrupted in a
French press cell. The suspension was cleared by centrifugation.
Supernatantwas incubated 1 h at 4 °CwithNi-nitrilotriacetic acid

TABLE 1
DNA sequences of oligonucleotides used in this study
Italic letters indicate the sites where point mutations have been introduced. Underlined letters indicate the recognition sites for restriction enzymes.

Oligonucleotides Primer sequence (5� to 3�)

Plasmid constructs
329 TTGAGTACGAGGATCCATGAGTACTGAATC
329R TGCAATCCGTCGACTAGCTCTTGTAGATG
330 TTGACAGGATCCCATCGGTTGTTGCAGCGACAG
330R AAGATTGTCGACTACTCATTTCTACCTCGTACTC

Substitution in Lpl0329
D87N CCATACCCACTCGCCTTTGTTAACATAAGAATGCCC

GGGCATTCTTATGTTAACAAAGGCGAGTGGGTATGG
E396K F397L CCAGACTTGGTGGGGATAAGCTTGTAATGCTTTTTCAATCG

CGATTGAAAAAGCATTACAAGCTTATCCCCACCAAGTCTGG
W526S CCATGGAAGCATTAATCCGATCGAATCACCCGCAAAAAGG

CCTTTTTGCGGGTGATTCGATCGGATTAATGCTTCCATGG

Substitution in Lpl0330
H186N GGAAAATTATTGAAGAGCAAGTTAACGAACTGAATAATAAACTGGTTTCAACAG

CTGTTGAAACCAGTTTATTATTCAGTTCGTTAACTTGCTCTTCAATAATTTTCC
H234N GCCATTATTCTGAAAAAGAATATATCCAACATTAATTATAAAAAACTGTCCGC

GCGGACAGTTTTTTATAATTAATGTTGGATATATTCTTTTTCAGAATAATGGC
H210N GAAGTAGCCACCTCGATACTTAATAATGTGGGCAATATATTAAACAG

CTGTTTAATATATTGCCCACATTATTAAGTATCGAGGTGGCTACTTC

Phosphorylation-dependent Switch between DGC/PDE Activities

SEPTEMBER 9, 2011 • VOLUME 286 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 31137



affinity resin (Qiagen) and loaded onto a polypropylene column
(Qiagen). Resinwaswashedwith bufferA containing 20mM imid-
azole, andHis6-taggedproteinswere elutedwithbufferAcontain-
ing 150 mM imidazole. The lysates, column washes, and elutions
were analyzed by SDS-PAGE and Coomassie Brilliant Blue stain-
ing to access protein purity. Fractions containing pure proteins
were pooled and dialyzed against reaction buffer. The concentra-
tions of the dialyzed protein fractions were determined using
Nanodrop 2000 (Thermo).
Amino Acid Substitutions in Lpl0329 and in Lpl0330—Sub-

stitutions in lpl0329 and lpl0330 were performed with a
QuikChangeTM II Site-directed Mutagenesis kit (Stratagene)
using the primers listed in Table 1 and pQE30-His6-Lpl0329 or
pQE30-His6-Lpl0330 as template. Final constructswere used to
transform E. coli BL21 (pREP4-groESL).
In Vitro Autophosphorylation Assays—Purified His6-

Lpl0330, His6-Lpl0330H186N, or His6-Lpl0330H210N (5 �M)
was incubated with 0.2 mM ATP and 100 nM [�-32P]ATP (3000
Ci/mmol) (PerkinElmer Life Sciences) at 30 °C, in a final vol-
ume of 25�l in phosphorylation buffer (50mMTris, pH 7.5, 150
mM NaCl) supplemented separately with MgCl2, MnCl2, and
CaCl2, at a final concentration of 20 mM. Aliquots were
removed at different time intervals, and the reactions were
stopped by the addition of 2 � SDS-PAGE loading buffer and
analyzed by 12% SDS-PAGE. The gels were subjected to auto-
radiography and analyzed by phosphorimaging.
In Vitro Phosphotransfer Assay—Phosphotransfer reactions

from Lpl0330 to Lpl0329 were performed as described by
Fritsch et al. (18). In brief, His6-Lpl0330 (2.8�M)was incubated
for 15 min at 30 °C in reaction buffer (50 mM Tris, pH 7.5, 150
mM NaCl, 20 mM MgCl2) containing 100 nM [�-32P]ATP (3000
Ci/mmol) (PerkinElmer Life Sciences), and the phospho-
transfer reaction was initiated by the addition of the RR pro-
teins, His6-Lpl0329 or His6-Lpl0329 D87N (3 �M). Reactions
were stopped with 2 � SDS-PAGE loading buffer supple-
mented with 50 mM Na2EDTA, and analyzed by 12% SDS-
PAGE. The gels were subjected to autoradiography and ana-
lyzed by phosphorimaging.
DGC and PDE Assays and TLC Analysis—DGC and PDE

assays were adapted from procedures described by others (19,
20). Purified His6-Lpl0329, His6-Lpl0329W526S, or His6-
Lpl0329E396K, F397L (5 �M) was incubated in reaction buffer
(described previously) with 50 �M GTP and 15 �Ci of
[�-32P]GTP (PerkinElmer Life Sciences) in a final volume of 50
�l. Aliquots were withdrawn at regular time intervals, and the
reaction was stopped by the addition of 0.3 volume of 0.5 M

EDTA, pH 8. Lpl0329 phosphorylation by acetylphosphate
(AcP) was achieved as described previously (21–23) by incubat-
ing the proteins in the reaction buffer supplemented with 25
mM AcP (Sigma-Aldrich) at 30 °C for 2 h prior to enzymatic
assay. Reaction products (1.5 �l) were separated on PEI-cellu-
lose plates (Macherey Nagel) in 1:1.5 (v/v) 4 M (NH4)2SO4, pH
3.6, and 1.5 M KH2PO4, pH 3.6. Plates were exposed to a phos-
phorimager screen. The intensity of the various radioactive
species was calculated by quantifying the intensities of the rel-
evant spots using Optiquant software. A two-tailed Student’s t
test was used to analyze the data. p values of � 0.05 were con-
sidered significant.

RESULTS

Domain Architecture of Lpl0330 and Lpl0329—Develop-
ment of genomics led to massive identification of TCSs in
microbial genomes and family assignments of HKs and RRs
based on their domain architecture (24, 25). The HK transmit-
ter domain consists typically of two distinct domains: a well
conserved C-terminal catalytic and ATP binding domain, also
known as HATPase_c in the NCBI Conserved Domain Data
base (CDD) or Pfam data base (17, 26) and a less-conserved
dimerization and histidine phosphotransfer (DHp) domain,
referred as the HisKA domain in CDD and Pfam data base; the
Pfam data base identifies four distinct HisKA domains, namely
HisKA (PF00512), HisKA_2 (PF07568), HisKA_3 (PFO7730),
and HWE_HK (PF07536). Lpl0330 contains a conserved HAT-
Pase_c ATP binding catalytic domain (CDD expect value �
7.89 e�12) but lacks a conserved HisKA phosphorylation/
dimerization domain (Fig. 1). So, Lpl0330 is a histidine kinase
homolog without a conserved phosphoacceptor His residue.
However, local sequence alignment with the main HisKA
domain (cd0082 or PF00512) led us to identify His-186 as a
putative phosphorylation site (Fig. 1). The N-terminal Per-
Arnt-Sim (PAS) domain of Lpl0330 (CDD expect value � 2.09
e�04) contains a putative heme pocket. Besides, Lpl0330
homologs in Philadelphia and Corby L. pneumophila genomes

FIGURE 1. Schematic diagram of conserved domains detected by NCBI
CDD (26) in Lpl0330 and Lpl0329. The amino acid positions where the pre-
dicted domains start and end are shown. PAS domain of Lpl0330 contains a
putative heme pocket. HATPase_c, ATP binding and hydrolysis catalytic
domain; GGDEF, putative diguanylate cyclase domain; EAL, putative phos-
phodiesterase domain. Relevant segments of sequence alignment between
Lpl0329 or Lpl0330 sequences (top) and consensus domains from CDD (bot-
tom) are shown, with position-specific scoring matrix identifier (26) listed
between parentheses. Phosphorylation sites of the consensus HisKA domain
(cd00082) and REC domain (cd00156) are underlined. Conserved amino acids
residues in consensus sequences are in black. Amino acid residues exchanged
are indicated with one star (*) with exact positions listed between parenthe-
ses. Double points indicate amino acid residues that are identical in 100% of
consensus sequences.
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were annotated as FixL, in reference to the well studied Rhizo-
bium meliloti oxygen-sensing histidine kinase (27).

On the other hand, the prototypical RR contains a N-termi-
nal receiver (REC) domain linked to a variableC-terminal effec-
tor domain. Lpl0329 is a RR homolog consisting of a REC
domain (CDD expect value � 7.90 e�08) followed by a PAS
domain (CDD expect value � 6.27 e�03), a GGDEF domain
(CDD expect value � 2.51 e�55), and an EAL domain (CDD
expect value � 4.64 e�72) (Fig. 1).
Lpl0330 Autophosphorylates in Vitro—To determine

whether Lpl0330 autophosphorylates in vitro, His6-tagged
Lpl0330 was overproduced and purified to near homogeneity
by nickel affinity chromatography. Phosphorylation of purified
His6-Lpl0330 was assessed in the presence of [�-32P]ATP by
using a standard kinase assay. His6-Lpl0330 was radioactively
labeled when incubated in the presence of divalent cations
MgCl2, MnCl2, or to a lesser extent, CaCl2 (Fig. 2A). These
results indicate that Lpl0330 possesses a autokinase activity and
requires Mg2� or Mn2� as cofactor for autophosphorylation.
Lpl0330 Is a Member of a New HK Subfamily—The HK

Lpl0330 autophosphorylates despite the lack of a conserved
HisKA domain. Indeed, it does not contain any of the four
HisKA domains listed in the Pfam data base, namely HisKA
(PF00512), HisKA_2 (PF07568), HisKA_3 (PF07730), and
HWE_HK (PF07536) (17). However, sequence alignments
with residues near the phosphorylation site of themajor con-
sensus HisKA domain (PF00512) identified His-186 as a
potential phosphorylation site (Fig. 1). Another histidine
residue, namely His-234, is followed by a conserved basic
residue in the third position, which argues for a putative
phosphoacceptor site in histidine kinases (28) (Fig. 1). His-
186 and His-234 were substituted to Asn residue by site-
directed mutagenesis, and the resulting proteins, His6-
Lpl0330H186N and His6-Lpl0330H234N, were purified and
then assayed for autophosphorylation. Autoradiography
showed that His6-Lpl0330H186N and His6-Lpl0330H234N
were radioactively labeled as the wild-type protein and
slightly less than the wild type, respectively, thus demon-
strating that neither His-186 nor His-234 is the phophoac-
ceptor on Lpl0330 (supplemental Fig. S1).
To investigate the phosphorylation site of Lpl0330 further,

related proteins were searched by using the inter PAS-

HATPase_c domains sequence of Lpl0330 as a query in BLAST
(29). Interestingly, 64 other histidine kinases from a variety of
bacteria species were identified (Fig. 3A). Alignments high-
lighted a major conserved region including a His residue (His-
210 for Lpl0330) followed by a N-V/I-G-Nmotif (Fig. 3A). The
formatted logo shows several well conserved residues upstream
from the His residue drawing a G-X-X-E-X-A-X-X-X-L motif,
but also some conserved residues further downstream that
could be taken into consideration to define a new HisKA
domain (Fig. 3B). Site-directed mutagenesis was performed to
replace His-210 with Asn-210. In vitro phosphorylation assays
of the purified Lpl0330H210N demonstrated that this substitu-
tion results in the absence of autophosphorylation (Fig. 2C). So,
the His-210 residue of the HK Lpl0330 is most likely the phos-
phoacceptor site, and the conserved motif identified by
sequence alignment of 65 atypical HK defines a newH box that
we named HGN on the basis of the presence of these three
conserved residues in all sequences. It is noteworthy that the
HGN H box has low similarity with H boxes from all other
known HK types (30) (Fig. 3C). Moreover, all of the proteins
containing the HGNH box were characterized by an HATPase
catalytic domain lacking identified HisKA domain. Thus, the
HGNH box belongs to a new HisKA domain which character-
izes a new subfamily of histidine kinases.
Asp-87 of Lpl0329 Is Unstably Phosphorylated by Lpl0330—

Lpl0329 was predicted to be the response regulator of the
Lpl0329-Lpl0330 TCS. More precisely, the conserved Asp-87 in
the Lpl0329RECdomainwas identified as the putative phosphor-
ylation target of Lpl0330 (Fig. 1). To confirm this prediction, we
overproduced and purified the recombinant proteins His6-
Lpl0329 andHis6-Lpl0329D87N, with Asp-87 replaced by Asn by
site-directedmutagenesis. Invitrophosphorylationassayswith the
purified recombinant proteins were performed. As described
above, incubation of His6-Lpl0330 in the presence of [�-32P]ATP
resulted in the autophosphorylation of the HK (Fig. 4A), whereas
His6-Lpl0329 and His6-Lpl0329D87N were not autophosphory-
lated in these conditions (data not shown). When His6-Lpl0330
andHis6-Lpl0329werecombined, completedephosphorylationof
His6-Lpl0330-P was observed, probably due to the phosphoryl
group transfer to it of substrate His6-Lpl0329. However, the
phosphorylated form of His6-Lpl0329 did not accumulate to
significant levels. It is noteworthy that His6-Lpl0330 phospho-
rylation is still detected in the presence of His6-Lpl0329D87N
(Fig. 4A). These results support that Lpl0330 is able to transfer
its phosphate on the Asp-87 residue of Lpl0329 and that the
half-life of the Lpl0329 phosphorylated form (P�Lpl0329)
could be too short to allow its detection, as previously reported
for other TCSs (18, 31, 32). Finally, phosphorylated His6-
Lpl0329 could only be detected within the first 120 s of incuba-
tion at room temperature upon its addition to His6-Lpl0330,
which was pretreated with [�-32P]ATP for 15 min (Fig. 4B), as
described previously (18). Moreover, the phosphorylation site
of Lpl0329 is the predicted Asp-87, as His6-Lpl0329D87N was
no more radioactively labeled (Fig. 4B). Together, our results
clearly indicate that phosphotransfer actually occurs between
Lpl0330 and the Asp-87 residue of Lpl0329.
Lpl0329 Is a DGC/PDE Bifunctional Enzyme—Lpl0329 har-

bors both GGDEF and EAL domains described to trigger the

FIGURE 2. A, autophosphorylation of His6-Lpl0330. 5 �M purified His6-Lpl0330
was incubated at 30 °C with [�-32P]ATP for 60 min in the presence of Mg2�

and 60 min in the presence or not (�) of Ca2� or Mn2�. All samples were
subjected to 12% SDS-PAGE and exposed to a phosphorimager screen. B, His-
210 is required for Lpl0330 phosphorylation. 5 �M purified His6-Lpl0330 and
His6-Lpl0330H210N were incubated at 30 °C with [�-32P]ATP for 1, 4, or 60 min
in the presence of Mg2�. All samples were subjected to 12% SDS-PAGE,
stained with Coomassie Blue (bottom panel), and exposed to a phosphor-
imager screen (top panel).
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biosynthesis and the degradation of c-di-GMP, respectively. To
checkwhether these domains are functional, Lpl0329was assayed
for its ability to synthesize and/ordegrade c-di-GMP in vitro. Puri-

fied His6-Lpl0329 was incubated in the presence of [�-32P]GTP,
and reaction products were analyzed by TLC and phosphorimag-
ing. All RF values for nucleotide species detected in these assays

FIGURE 3. A, amino acid sequence alignment of portion of the inter-PAS-HATPase_c region of Lpl0330 defines a new HK subfamily. The 65 predicted histidine
kinases identified by BLAST with the inter-PAS-HATPase sequence of Lpl0330 as the query were aligned by ClustalW (44). Only the sequences encompassing
the putative H boxes are shown. The closed arrowhead identifies the histidine predicted to form the phosphohistidine intermediate. Gray boxes denote
conserved amino acids. Identical residues in the 65 sequences are underlined in the consensus sequence. The residue numbers are for Lpl0330
(Q5WZQ1_LEGPL). Sequences accession number are listed (Uniprot knowledgebase, UniprotKB). To simplify the alignment, proteins with the same local
sequence are pooled on the same line. Sequences are from L. pneumophila (LEGP), Legionella longbeachae (LEGL), Legionella drancourtii (9GAMM), Pseudomonas
fluorescens (PSEPF), Pseudomonas putida (PSEP), Variovorax paradoxus (VARPS), Polaromonas sp. (POLSJ), Polaromonas naphthalenivorans (POLNA), Polynucleo-
bacter necessarius (POLNS), Stigmatella aurantiaca (STIAU), Cystobacter fuscus (9DELT), Haliangium ochraceum (HALO1), Desulfatibacillum alkenivorans (DESAA),
Desulfobacterium autotrophicum (DESAH), Pelobacter carbinolicus (PELCD), Sulfurimonas denitrificans (SULDN), Magnetococcus sp. (MAGSM), Opitutus terrae
(OPITP), Verrucomicrobiae bacterium, Chthoniobacter flavus (9BACT), Rhodopirellula baltica (RHOBA), Planctomyces brasiliensis, Blastopirellula marina (9PLAN).
B, sequence logo of the H box region of the HGN HK subfamily. Sequence logo was generated using the WebLogo tool (45) from the multiple alignment above.
Residue numbering starts from Thr-195 of the Lpl0330 sequence. C, amino acid sequence alignment of HGN H box with representative member of each of the
11 HK subfamilies described by Wolanin et al. (30). The proteins used to make this alignment and the residue positions are indicated in parentheses. His
conserved proposed as phosphoacceptor site are shown boxed. Gray boxes denote conserved amino acids with the HGN H box.
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(Fig. 5A) agreedwith those identifiedpreviously byWan et al. (20).
Clearly, His6-Lpl0329 exhibits a DGC activity that synthesized
c-di-GMP fromGTP (Fig. 5A). However, c-di-GMPdid not accu-
mulate because it was rapidly converted into pGpG, demonstrat-
ing that Lpl0329 also possesses a PDE activity (Fig. 5A).
To confirm that these activities involve GGDEF and EAL

domains, amino acid substitutions in highly conserved residues
were introduced into Lpl0329 by site-directed mutagenesis.
The resulting purified proteins were tested for DGC and PDE
activities. As expected, E396K and F397L substitutions in
GGDEF domain andW526S substitution in EAL domain abol-
ished DGC and PDE activities, respectively (Fig. 5A).
Lpl0329 Phosphorylation Reduces Its DGC Activity—All of

the results described above indicate that Lpl0330 (HK) and
Lpl0329 (RR) constitute a functional TCS and that Lpl0329 is a
bifunctional DGC/PDE enzyme. To investigate the role of

phosphorylation on Lpl0329 activities, DGC and PDE assays
were performed in vitro with both Lpl0329 and Lpl0330, in the
absence or the presence of the phosphate donor ATP (neces-
sary for phosphotransfer). The presence of ATP, and so the
phosphorylation of Lpl0329, seemed to inhibit DGC activity
slightly (data not shown). However, as described above, we
could not check the phosphorylation state of Lpl0329 because
of the very short P�Lpl0329 half-life. To circumvent the prob-
lemandgiventhatmanyresponseregulatorscanautophosphor-
ylate by using low molecular weight phosphate donors such as
AcP (21–23, 33), the DGC and PDE activities of Lpl0329 were
measured in the presence of this compound. The addition of
AcP resulted in a decrease of the GTP consumption, thus sug-
gesting that Lpl0329 phosphorylation negatively controlled
DGC activity (Fig. 5B2). By contrast, PDE activity remained
efficient and prevented c-di-GMP accumulation, especially
during the early time of reaction (Fig. 5B2). To assess whether
this decrease of DGC activity is due to a nonspecific inhibitory
effect of AcP, the experiment was repeated with Lpl0329D87N
mutant that cannotbephosphorylated (Fig. 5C). In thepresenceof
AcP, a nonsignificant (p values � 0.12) inhibitor effect on DGC
activity of Lpl0329D87N was observed, but this effect was clearly
lower compared with the significant effect (p value � 0.0032)
observed on the DGC activity of the wild-type protein (Fig. 5C).
Thus, Lpl0329 phosphorylation could lead to a molecular switch
that favors one of the two enzymatic activities, thus resulting in a
fine control of the c-di-GMP concentration.

DISCUSSION

In this study, we highlighted an original mechanism of c-di-
GMP biosynthesis regulation by a two-component system-type

FIGURE 3—continued.

FIGURE 4. Phosphotransfer of Lpl0330 to Lpl0329. A, purified His6-Lpl0330 (2
�M) and His6-Lpl0329 (2 �M) or His6-Lpl0329D87N (2 �M) were mixed and incu-
bated for 30 min at 30 °C. [�-32P]ATP was added in the mixture. The reactions
were stopped after 5 min by the addition of sample buffer, and reaction mixtures
were subjected to 12% SDS-PAGE and exposed to a phosphorimager screen.
B, purified His6-Lpl0330 (2.8 �M) was incubated for 15 min at 30 °C in the presence
of [�-32P]ATP and then His6-Lpl0329 (3 �M) or His6-Lpl0329D87N (3 �M) was
added at room temperature. The reactions were stopped at the indicated time
points by the addition of sample buffer, and reaction mixtures were subjected to
12% SDS-PAGE and exposed to a phosphorimager screen.

Phosphorylation-dependent Switch between DGC/PDE Activities

SEPTEMBER 9, 2011 • VOLUME 286 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 31141



phosphorylation. Indeed, we have shown that Lpl0329 is a
bifunctional enzyme harboring both DGC and PDE activities,
which are balanced by aspartate phosphorylation by the atypi-
cal HK Lpl0330.
Lpl0330 was found to autophosphorylate on a histidine resi-

due in an atypical H box, namely the HGN H box. HisKA
domains, which contain theH boxwith the phosphoryl-accept-
ing His residue, are usually used to predict HK activities. It

should be noted that the four HisKA domains currently
described do not cover the full diversity of HKs, as some exper-
imentally characterized sensory HKs contain domains that are
not recognized by these profiles (4). The atypical HGN H box
identified here defines a new histidine kinase subfamily and
could be used to annotate new members of this family. Mem-
bers of this family are retrieved in three phyla of bacteria,
namely Verrucomicrobia, Planctomycetes, and Proteobacteria.

FIGURE 5. A, L. pneumophila Lpl0329 has both DGC and PDE activities which depend on GGDEF and EAL domains, respectively. Purified His6-Lpl0329 (wild type
or mutant as indicated) was incubated with [�-32P]-GTP, as described under “Experimental Procedures.” Samples were withdrawn at different time points,
analyzed on PEI-cellulose TLC, and plates were exposed to a phosphorimager screen. Amino acid mutations W526S in the EAL domain and E396K F397L in the
GGDEF domain of His6-Lpl0329 are indicated. GTP without protein was run as control (�). B, DGC activity after phosphorylation of Lpl0329 by AcP. Purified
His6-Lpl0329 was incubated for 2 h at 30 °C in the absence (B1) or presence (B2) of AcP. The reactions were performed with addition of [�-32P]GTP. Samples were
withdrawn at different time points, analyzed on PEI-cellulose TLC, and plates were exposed to a phosphorimager screen allowing quantification of each
radioactive product. The total label of each time reaction was considered 100%. *, p � 0.05 for comparison of GTP rate with or without AcP; **, p � 0.05 for
comparison of c-di-GMP and GTP rates with or without AcP. C, specificity of the DGC inhibition by AcP. Purified His6-Lpl0329 and His6-Lpl0329D87N were
incubated for 2 h at 30 °C in the absence or presence of AcP. The reactions were performed with the addition of [�-32P]GTP. Samples were withdrawn at
different time points, analyzed on PEI-cellulose TLC, and plates were exposed to a phosphorimager screen allowing quantification of each radioactive product.
GTP consumption by DGC activities is expressed as a percentage of remaining [�-32P]GTP. *, p � 0.05; NS, nonsignificant (p � 0.05), for comparison of GTP
consumption with or without AcP.
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Especially, 18 of the 24 species that contain theHGNHbox can
be found in all classes of Proteobacteria phylum (except alpha
and zeta Proteobacteria).Most of proteins in this HK subfamily
are associated with various sensor modules, such as PAS, PAC
(PAS-associated C-terminal domain), GAF (cyclic cGMP-spe-
cific and-regulated cyclic nucleotide phosphodiesterases,
Anabaena adenylyl cyclase, and E. coli transcription factor
FhlA), HAMP (HK, adenylyl cyclase, methyl-binding protein-
phosphatase domain). Interestingly, seven proteins also con-
tain Ser/Thr kinase catalytic domains (STYKc or S_TKc),
which suggests that these proteins participate in hybrid-type
signal phosphorelay (Fig. 6). The linkage of the HGN H box
with a large variety of modules involved in signal sensing indi-
cates that this HK family would participate in signal transduc-
tion pathways to respond to various external or internal signals.
Moreover, in silico analysis of genome loci that contain the
HK-encoding genes showed that the response regulators genet-
ically linked to this HK subfamily are both transcriptional reg-
ulators and enzymatic proteins (data not shown). So, this HK
subfamily would be involved in various signal transduction
pathways to control different physiological functions.
The hypothesis according which the c-di-GMP biosynthesis

could be regulated by two component systems has been
recently introduced because 8.1% of all GGDEF/EAL proteins
harbor a REC domain and thus could be identified as RR of a
TCS (9). Moreover, two REC-GGDEF proteins, PleD and
WspR, have been shown to be part of a two-component signal
transduction pathway, and their functions have been demon-
strated to depend directly on their phosphorylation and oligo-
merization states (34–37). In addition, one REC-EAL protein,

VieA, has also been identified (38). However, to our knowledge,
Lpl0329 is only the fourth demonstrated bifunctional DGC/
PDE enzyme and the first example of phosphorylation-medi-
ated molecular switch between these two opposite activities. It
is noteworthy that 399 proteins harbor a REC domain in addi-
tion to the both GGDEF and EAL domains (P2CS data base)
(25). According to our results, it is reasonable to anticipate that
phosphorylation could participate to control activities of some
of these proteins.
The HK Lpl0330 contains both heme binding PAS domain

and HK domain, thus suggesting an oxygen-regulated signal-
transducing system as for FixL/FixJ TCS, which is a paradigm
for O2 signal transduction (27). It has been shown that excess
levels of O2 inhibit FixL autokinase activity but have no effect
on phosphoryl transfer from Phospho-FixL to FixJ (39). Con-
trary to FixL, in our normoxic conditions, Lpl0330 autophos-
phorylation seems effective and requires the presence of the
PAS domain. However, we failed to detect a large amount of
phosphorylated formof Lpl0329 in the presence of Lpl0330 and
ATP. In many TCS, dephosphorylation of the P�RR via the
phosphatase activity of the HK limits the level of the activated
RR and resets the system (31, 32). We propose that phosphoryl
transfer from P�Lpl0330 to Lpl0329 Asp-87 effectively occurs
and that phosphatase activity of Lpl0330 rapidly hydrolyzes
P�Lpl0329. In this case, it would be interesting to explore
whether hypoxic conditions increase P�Lpl0329 level by
enhancing or inhibiting Lpl0330 kinase or phosphatase activi-
ties, respectively.
Our data demonstrate that Lpl0329 phosphorylation leads to

inhibition of the DGC activity (Fig. 7). So, Lpl0330/Lpl0329
proteins constitute an example of a TCS module integrated
with a c-di-GMP control module. Regulation of Lpl0329 DGC/
PDE activities is consistent with the necessity of a fine tuning of
c-di-GMP synthesis and degradation, to ensure signal pathways
efficiency, especially because DGC activity operates in vivo
close to saturation (5) (the cellular concentration of the DGC
substrate GTP is in the millimolar range) (40). Similar to HKs,

FIGURE 6. Structural diversity within the HGN HK subfamily. Graphic illus-
trations of domain arrangement of representative members of the HGN H
box-containing HK are shown. PAS, PAC, GAF, or HAMP domain-containing
structures still exist with or without transmembrane domains (half of the 65
HGN H box-containing proteins show no transmembrane domain). To sim-
plify, only one version is shown. PAS, Per-Arnt-Sim domain; GAF, cyclic cGMP-
specific and-regulated cyclic nucleotide phosphodiesterases, Anabaena
adenylyl cyclase, and E. coli transcription factor FhlA; HAMP, HK, adenylyl
cyclase, methyl binding protein-phosphatase domain; STYKc, S_TKc, Ser/Thr
kinase catalytic domains; TM, transmembrane domains.

FIGURE 7. Model for TCS Lpl0330/Lpl0329 control of c-di-GMP synthesis.
Lpl0329 is a bifunctional DGC/PDE enzyme. Phosphorylation of Lpl0329 by
HK Lpl0330 leads to a decrease of DGC activity and thus modulates the local
concentration of c-di-GMP.
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which exhibit both phosphoryl transferase and phosphatase
activities to control the rate of P�RR, bifunctional DGC/PDE
enzymes such as Lpl0329 allow control of the signal rate,
namely the c-di-GMP concentration, to modulate the associ-
ated signal transduction pathway.
In many RR transcription factors, phosphorylation mediates

dimerization of the REC domains, which in turn facilitates
DNA binding and transcription activation. A similar mecha-
nism occurs in the two well studied RRs containing GGDEF
domains (41). Phosphorylation promotes PleD dimerization
(34, 36) and a dimer-tetramer transition inWspR (37). It should
be noted that most GGDEF domains require dimerization to
bring together two bound GTP molecules for the synthesis of
c-di-GMP (36, 42) whereas dimerization of EAL domains does
not seem to be systematically required for PDE activity (43). To
investigate the impact of phosphorylation on the oligomeriza-
tion state of Lpl0329, cross-linking and gel filtration assays with
Lpl0329 in the presence or not of AcP which mimics the phos-
phorylated state were carried out (data not shown). A signifi-
cant part of Lpl0329 homodimerizes in vitro even in the
absence of phosphorylation as was described for the NtrC RR
subfamily (41), and therefore it is unlikely that the oligomeriza-
tion of Lpl0329 is strictly dependent on its phosphorylation.
However, the phosphorylated state of the protein could cause
structural rearrangement of the oligomers allowing a change in
the enzymatic activity. A simple hypothesis would be that
the phosphorylation of Lpl0329 leads to a conformational
change that affects the proximity between the GTP binding
sites of the two subunits of the dimers, without affecting PDE
activity of the protein. The x-ray crystal structure of Lpl0329
in the presence of BeF3� to mimic the phosphorylated state,
together or not with substrate analogs such as GTP�S, as has
been done in the case of PleD (36), will undoubtedly be neces-
sary to define the subtle domain arrangements in the structure
and to validate our current hypothesis.
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