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Cyclic di-GMP (c-di-GMP) is the specific nucleotide regulator of b-1,4-glucan (cellulose) synthase in Ace-
tobacter xylinum. The enzymes controlling turnover of c-di-GMP are diguanylate cyclase (DGC), which catalyzes
its formation, and phosphodiesterase A (PDEA), which catalyzes its degradation. Following biochemical puri-
fication of DGC and PDEA, genes encoding isoforms of these enzymes have been isolated and found to be
located on three distinct yet highly homologous operons for cyclic diguanylate, cdg1, cdg2, and cdg3. Within
each cdg operon, a pdeA gene lies upstream of a dgc gene. cdg1 contains two additional flanking genes, cdg1a
and cdg1d. cdg1a encodes a putative transcriptional activator, similar to AadR of Rhodopseudomonas palustris
and FixK proteins of rhizobia. The deduced DGC and PDEA proteins have an identical motif structure of two
lengthy domains in their C-terminal regions. These domains are also present in numerous bacterial proteins
of undefined function. The N termini of the DGC and PDEA deduced proteins contain putative oxygen-sensing
domains, based on similarity to domains on bacterial NifL and FixL proteins, respectively. Genetic disruption
analyses demonstrated a physiological hierarchy among the cdg operons, such that cdg1 contributes 80% of
cellular DGC and PDEA activities and cdg2 and cdg3 contribute 15 and 5%, respectively. Disruption of dgc
genes markedly reduced in vivo cellulose production, demonstrating that c-di-GMP controls this process.

Cyclic di-GMP (c-di-GMP) acts as a reversible and highly
specific positive effector of cellulose (1,4-b-D-glucan) synthase
in the cellulose-producing bacterium Acetobacter xylinum (34,
35; for a review, see reference 36). This unique nucleotide
stimulates the enzyme reaction rate up to 200-fold (activation
constant [Kact] 5 0.35 mM), such that the in vitro rate of
cellulose synthesis may reach 50% of that in the intact cell (2,
32). c-di-GMP activation of purified cellulose synthase is ki-
netically independent of the concentration of the substrate
UDP-glucose (UDP-glc), and its effect is exerted by binding
directly to the enzyme at a regulatory site distinct from the
catalytic site (35).

The intracellular concentration of c-di-GMP is maintained
by the opposing action of the enzymes diguanylate cyclase
(DGC), which catalyzes its formation from two molecules of
GTP, and Ca21-sensitive phosphodiesterase A (PDEA), which
in conjunction with phosphodiesterase B (PDEB) catalyzes its
degradation to 59-GMP (34). The pathway to c-di-GMP syn-
thesis occurs via the linear dinucleotide pppGpG in two dis-
tinct PPi-releasing steps; the degradative pathway is initiated
by PDEA, which cleaves a single phosphodiester bond in the

cyclic structure, yielding the inactive linear dimer pGpG, which
is converted to 59-GMP by PDEB.

Within the cell, c-di-GMP is tightly associated with the c-di-
GMP binding protein (CDGBP), a membrane protein which
exhibits saturable and reversible c-di-GMP binding with high
affinity (46). The equilibrium of the reaction is markedly and
specifically shifted towards the binding direction by K1, such
that the intracellular concentration of free c-di-GMP is only
10% of the overall intracellular c-di-GMP concentration (5 to
10 mM), consistent with the high K1 level in the cell. CDGBP
is apparently structurally associated with the cellulose syn-
thase, since both activities reside within highly purified cellu-
lose synthase preparations and comigrate in gel filtration of
solubilized membrane preparations. This structural association
and implied physical proximity within the membrane may en-
able CDGBP to functionally regulate synthase activity in vivo
by modulating the intracellular level of free c-di-GMP.

Four proteins essential for bacterial cellulose synthesis are
encoded by the bcs operon in A. xylinum (47). The first gene in
the operon, bcsA, encodes the subunit of the cellulose synthase
which binds the substrate UDP-glc and presumably catalyzes
the polymerization of 1,4-b-D-glucan from glucose units (23).
The second gene, bcsB, encodes the subunit which binds the
activator c-di-GMP (25). Examination of a series of synthetic
cyclic dimer and trimer analogs of c-di-GMP for the ability to
interact with cellulose synthase and PDEA revealed that al-
though the two enzymes have a similar high degree of speci-
ficity for the c-di-GMP structure, their cyclic dinucleotide sites
are not identical (35).

c-di-GMP may also be produced and active in other cellu-
lose-producing systems. In Agrobacterium tumefaciens, the cel-
lular occurrence of c-di-GMP and DGC and PDEA activities
have been demonstrated, and addition of exogenous c-di-GMP
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to cell extracts enhances cellulose synthesis (4, 42). Cotton
fiber extracts contain peptides which specifically bind c-di-
GMP with high affinity in photolabeling studies (5). Labeling is
most pronounced in fibers harvested at the developmental
phase of maximal cellulose production, suggesting a physiolog-
ical role for c-di-GMP in this process. Additional evidence that
the plant kingdom utilizes c-di-GMP-dependent pathways for
cellulose synthesis has been provided by the discovery of a
unique saponin in both Pisum sativum and A. xylinum which
acts as a specific inhibitor of the DGC reaction (29, 30). The
intracellular abundance of this compound in numerous plant
systems may be a significant factor which has thus far pre-
vented in vitro detection of DGC activity in plants.

In another significant finding, plant homologs of A. xylinum
bcsA genes (39, 47) and of A. tumefaciens celA genes (24) en-
coding catalytic subunits of cellulose synthase have been iso-
lated from cotton and rice cDNA libraries (31). These plant
celA genes encode proteins containing three regions of con-
served sequence with respect to the bacterial gene products,
within which are found highly conserved subdomains proposed
to be critical for catalysis and/or UDP-glc binding.

Here we report the isolation of the cdg1, cdg2, and cdg3
operons, which encode homologous isoforms of DGC and
PDEA. Each of these operons is organized with a pdeA gene
upstream of a dgc gene, yet genetic disruption analyses indicate
that they contribute differentially to cellular PDEA and DGC
enzymatic activities. cdg1 is responsible for 80% of each activ-
ity and contains two flanking genes of as-yet-unknown func-
tion, cdg1a and cdg1d. The cdg1a gene product is similar in
sequence to known prokaryotic transcriptional activators, sug-
gesting that it has a regulatory role. The proteins encoded by
the dgc and pdeA genes display a high degree of identity within
each isoenzyme set, and significant structural conservation is
also apparent between the two isoenzyme sets. In their N ter-
mini, all six isoenzymes contain domains similar to those
found in various oxygen-sensing proteins, suggesting an oxy-
gen-mediated mechanism of signal transduction for c-di-GMP
metabolismand,ultimately, celluloseproduction.Furtherdown-
stream, the DGC and PDEA sequences share a lengthy con-
sensus motif, consisting of two adjacent domains termed GGD
EF (16) and EAL.

The organization of the cdg operons is distinguished by the
juxtaposition of genes encoding enzymes of opposing action on
the same genetic unit and by its multiplicity. The coordinate
expression of pdeA and dgc provides a requisite balance of
PDEA and DGC for achieving the optimal concentration of
c-di-GMP, which is essential for a rate of cellulose synthesis in
tune with environmental conditions. The presence of homologs
in noncellulose-producing bacteria raises the possibility that
c-di-GMP may be involved in additional cellular functions.

MATERIALS AND METHODS

Bacterial and phage strains and plasmids. The Escherichia coli strains used in
this work were MM294 (thi-1 hsdR17 endA1 supE44), DG101 (thi-1 hsdR17
endA1 supE44 lacIq lacZDM15), DG98 [thi-1 hsdR17 endA1 supE44 lacIq

lacZM15 proC::Tn10 (F9 lacIq lacZM15 proC1)], and K802 (recA lacY1 supE44
galK galT22 rtbD1 metB1 hsdR2). The A. xylinum strains used were the following:
1306-3, an isolate from strain B42 (North Regional Research Laboratories,
Peoria, Ill.); 1306-11 and 1306-21, glucose dehydrogenase mutants of strain
1306-3 (47); and 1499, a strain from M. Benziman’s collection. In addition, the
recombinant strains listed in Table 1 were derived in the course of this work as
described below. Bacteriophages M13mp18 and M13mp19 and plasmids pUC18,
pUC19 (49), pBR322 (9), and pACYC184 (10) were used for DNA manipula-
tions. Derivation of the bacteriophage pKT230cos5, shuttle vectors pUC18-824
and pUC19-824, and R-20 medium have been described previously (47).

Preparation of polyclonal antibodies and inhibition assays. GTP-agarose
binding peptides were isolated from A. xylinum 1499, as described previously (32,
33), and were designated p77, p64, p61, and p59 according to their mobilities on
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel.

In A. xylinum 1306-11, which was used for most of this investigation, p59 and p61
could not be distinguished from each other. The individual peptides were excised
from gels and used to generate polyclonal antisera in rabbits. Immunoglobulin G
fractions were purified from each antiserum by standard procedures. For inhi-
bition assays, crude preparations containing 0.1 mg of DGC or PDEA were
incubated at 4°C for 1 h in the presence of 20 ml of immunoglobulin G (12 to 25
mg/ml) in a final volume of 80 ml in buffer containing 50 mM Tris (pH 7.5), 10
mM MgCl2, and 1 mM EDTA (TME). Protein A-Sepharose (3 mg) was added,
and incubation was continued for 2 h. Following centrifugation, supernatants
were assayed for DGC or PDEA activity.

Purification of PDEA. Washed membranes (25) from A. xylinum 1306-21 were
homogenized in TME, and the supernatant was incubated with 1% Brij 58 at 4°C
for 1 h. Brij 58 was shown to selectively inactivate DGC and thus prevent its
binding to GTP-agarose (45). Following loading onto a GTP-agarose column,
washing was performed sequentially with 25 volumes of TME containing 1 mM
DTT (TME-DTT), 15 volumes of TME-DTT containing 1 mM ATP, and 10
volumes of TME-DTT. PDEA was eluted with 10 volumes of buffer containing
50 mM Tris (pH 7.5), 10 mM EDTA, 0.2 M KCl, and 1 mM DTT. Fractions (0.9
ml) were collected in vials containing 40 ml of 1 M MgCl2 and 100 ml of glycerol.
The PDEA obtained exhibited a specific activity of 2,300 nmol of c-di-GMP
degraded/min/mg of protein, which represents a 600-fold purification with re-
spect to the crude extract. SDS-PAGE revealed a highly purified single band with
an apparent molecular mass of 77 kDa.

Purification of DGC. DGC was precipitated with 30% saturated ammonium
sulfate from the membrane-free fraction of A. xylinum 1306-21 extracts (32, 33)
and was further purified by affinity chromatography on a GTP-agarose column.
After loading, the column was washed first with 40 column volumes of TME-
DTT, then with 20 volumes of 5 mM ATP in TME-DTT, and finally with 20
volumes of 50 mM Tris (pH 7.5) containing 1 mM DTT. DGC was eluted with
10 volumes of 50 mM Tris (pH 7.5) containing 10 mM EDTA, 0.2M KCl, and
1 mM DTT. Fractions were collected as described for PDEA purification. The
bulk of the DGC activity was eluted from fraction volumes between 2 and 7 ml.
The enzyme exhibited a specific activity of 650 nmol of c-di-GMP formed/min/mg
of protein, which represents an overall purification of 500-fold with respect to the
crude extract. SDS-PAGE revealed one major band with an apparent molecular
mass of 60 kDa.

Amino acid sequence determination of PDEA and DGC. Affinity-purified
PDEA p77 was applied to a preparative SDS-PAGE gel, and the protein from
the excised band was transferred to a polyvinylidene fluoride membrane. N-ter-
minal amino acid sequencing was performed by automated Edman degradation
(Applied Biosystems model 470A sequenator).

Since attempts to obtain N-terminal amino acid sequence information for the
DGC p59 peptide were unsuccessful, the protein excised from SDS-PAGE gels
was partially digested by oxidation with performic acid and dialyzed against 0.1%
trifluoroacetic acid–25% CH3CN–H2O. The preparation was dried, resuspended
in buffer (200 ml) containing 3 M guanidine chloride, 25 mM Tris (pH 9.1), and
Achromobacter lysyl endopeptidase (0.005 mg/ml), and incubated at 40°C for 4 h.
Digestion products were separated by high-performance liquid chromatography
(HPLC) on a C4 reverse-phase column D-1 (Merck). Elution was performed with
solvents A (0.1% trifluoroacetic acid in H2O) and B (0.085% trifluoroacetic
acid–85% CH3CN–H2O) by using a gradient of 0 to 70% solvent B. Peptides from
five different column fractions were sequenced by Edman degradation. PCR
primers were designed on the basis of the amino acid sequence of fraction 5.

Chromosomal DNA isolation, library construction, and dot blot analysis.
A. xylinum cells were grown in R-20 medium (11) in the presence of 0.1%
(vol/vol) cellulose as described previously (25), resuspended in 50 mM Tris (pH

TABLE 1. PDEA and DGC activities and in vivo cellulose
production in A. xylinum recombinant strainsa

Strain Site of
mutation

PDEA
activity

(%)

DGC
activity

(%)

Cellulose
production

(%)

1306-21 (WT) None 100 100 100
Dis1 pdeA1 20 20 85
Dis4 dgc1 98 21 80
ABT8 Upstream of cdg1a 23 22 78
ABT9 pdeA2 85 85 98
TRT150 dgc2 98 86 95
ABT2 Partial deletion

(pdeA21dgc2)
89 91 99

ABT21 dgc1 dgc2 105 4 36
ABT11 pdeA1 pdeA2 5 5 68
ABT1 pdeA1 pdeA2 dgc2 5 4 70

a Recombinant strains of A. xylinum disrupted in cdg1 and/or cdg2 were de-
rived, and whole cells were assayed for cellulose production, as described in
Material and Methods. Soluble and membrane fractions were prepared from
logarithmic-phase cultures and assayed for PDEA and DGC activities.
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8.0)–25% sucrose–lysozyme (1 mg/ml), and incubated at 30°C for 10 min. The
preparation was supplemented with 75 mM EDTA, proteinase K (0.3 mg/ml),
RNase A (60 mg/ml), and RNase T1 (7.5 U/ml) and incubated at 37°C for 30 min.
SDS was added to 1%, and incubation was continued for 30 min. DNA was
extracted repeatedly with phenol-chloroform-isoamyl alcohol (25:24:1), precipi-
tated with ethanol, and resuspended to 1.9 mg/ml in 10 mM Tris (pH 8.0)–1 mM
EDTA. Chromosomal DNA libraries were prepared in the vector pKT230cos5 as
described previously (47) and in the vector pUC18-824 by using strain 1306-3
chromosomal DNA partially digested with EcoRI (3 to 6 kb).

Dot blot analysis of strain 1306-3 chromosomal DNA digested with PstI was
performed by using 32P-end-labeled oligonucleotide pools as probes. Molecular
biology procedures were performed in accordance with standard protocols (37).

Primer design and PCR amplification for cloning the gene encoding DGC. On
the basis of the amino acid sequence information obtained from an internal pep-
tide of DGC p59, four forward primer pools corresponding to amino acid resi-
dues 5 to 9 (Ala-Glu-Thr-Asp-Thr) were synthesized: Cel-1 [59-GCNGA(G/A)
ACTGA(C/T)AC-39], Cel-2 [59-GCNGA(G/A)ACCGA(C/T)AC-39], Cel-3 [59-
GCNGA(G/A)ACAGA(C/T)AC-39], and Cel-4 [59-GCNGA(G/A)ACGGA
(C/T)AC-39]. Eight reverse primer pools corresponding to amino acid residues
17 to 22 (Gly-Gly-Phe-Asn-Thr-Ala) were synthesized: Cel-5 [59-GC(G/T)CA
(A/G)TT(G/A)AA(G/T)CC(G/T)CC-39], Cel-6 [59-GC(G/T)CA(A/G)TT(G/A)
AA(G/T)CC(C/A)CC-39], Cel-7 [59-GC(C/A)CA(A/G)TT(G/A)AA(G/T)CC
(G/T)CC-39], Cel-8 [59-GC(C/A)CA(A/G)TT(G/A)AA(G/T)CC(G/T)CC-39],
Cel-9 [59-GC(G/T)CA(A/G)TT(G/A)AA(G/T)CC(C/A)CC-39], Cel-10 [59-GC
(C/A)CA(A/G)TT(G/A)AA(G/T)CC(C/A)CC-39], Cel-11 [59-GC(C/A)CA
(A/G)TT(G/A)AA(G/T)CC(G/T)CC-39], and Cel-12 [59-GC(C/A)CA(A/G)TT
(G/A)AA(G/T)CC(C/A)CC-39].

The forward and reverse oligonucleotide pools were used in combinations for
32 PCR amplifications. Reaction mixtures (50 ml) contained 10 mM Tris (pH
8.3), 50 mM KCl, 3 mM MgCl2, 100 mg of gelatin per ml, 20 mM deoxynucle-
otide triphosphates, a 500 mM concentration of each 59 and 39 primer pool, 2 U
of Taq polymerase (Perkin-Elmer Cetus), and 50 ng A. xylinum 1306-3 chromo-
somal DNA. Thirty cycles of amplification (93°C for 1 min, 35°C for 1 min, and
68°C for 30 s) were performed. Under these conditions, primer pool combina-
tions Cel-2 and Cel-5 and Cel-2 and Cel-8 produced a product of the expected
length (53 bp). When the annealing temperature was raised from 35 to 42°C, only
the combination of Cel-2 and Cel-8 produced the 53-bp product. To prepare a
32P-labeled probe, 1 ng of the 53-bp DNA product was amplified under the same
conditions by using [32P]dCTP (10 ml of an 800-Ci/mmol concentration; New
England Nuclear Corp.).

Design of oligonucleotide probes for cloning the gene encoding PDEA. On the
basis of the N-terminal acid sequence determined for affinity-purified PDEA
p77, the following oligonucleotide pools were designed based on the first five
residues (Pro-Asp-Ile-Thr-Ala): Cel-117 [59-CC(G/C)GATAT(A/T/C)ACNGC-
39], Cel-118 [59-CC(A/T)GATAT(A/T/C)ACNGC-39], Cel-119 [59-CC(G/C)GA
CAT(A/T/C)ACNGC-39], Cel-120 [59-CC(A/T)GACAT(A/T/C)ACNGC-39],
Cel-121 [59-CC(G/C)GACATCAC(G/C)GC-39], and Cel-122 [59-CC(A/T)GAT
AT(A/T)AC(A/T)GC-39].

RNA isolation, primer extension analysis, and nucleotide sequence determi-
nation. To map the transcription initiation site of the operon cdg2, cellular RNA
was isolated from A. xylinum 1306-3 and primer extension (49) was carried out
with oligonucleotide primer Cel-213 (59-TAGCAGAAAGCAGGACATCGGC
GC-39). Nucleotide sequences of selected chromosomal library clones or sub-
clones were determined on both strands by using specifically synthesized primers
and the dideoxy chain termination method (39). DNA and amino acid sequences
were analyzed with the Genetics Computer Group Wisconsin Package (version 9.0).
Multiple sequence alignments were generated with the Genetics Computer Group
program PileUp and edited with GeneDoc (28a).

Gene disruptions and generation of recombinant strains. The b-lactamase
gene, encoding ampicillin resistance (Ampr), and the streptomycin fusion gene,
encoding streptomycin resistance (Strr), were shown to be functional in A. xyli-
num. The Ampr gene was isolated from pBR322 as an EcoRI-AlwNI fragment.
The Strr gene was isolated from pKT230cos5 as a 1.5-kb BamHI-PvuII fragment,
cloned into the BamHI-EcoRV sites of pACYC184, and reisolated as a 1.68-kb
BamHI-EcoRI fragment for further manipulations. Mutated genes were con-
structed in the vector pACYC184, which does not replicate in A. xylinum.
Linearized vector constructs were used for transformation of A. xylinum by
electroporation (47), and transformants were selected on plates containing the
appropriate antibiotic(s).

For insertional inactivation of pdeA1, a 4.2-kb EcoRI fragment from cosmid
3F3 (Fig. 1) was subcloned into pACYC184. The Ampr or Strr gene was inserted
between the EcoRV sites, and the resultant plasmids were used to transform
A. xylinum 1306-21, yielding strains Dis1 and ABT3, respectively.

For insertional inactivation of dgc1, a 3.5-kb StuI fragment from cosmid 3F3
(Fig. 1) was subcloned into the EcoRV site of pACYC184. Following insertion of
the Ampr gene at the NruI site and transformation of A. xylinum 1306-21, strain
Dis4 was obtained.

To disrupt the 59 upstream region of the cdg1 operon, a 5.4-HindIII fragment
from cosmid 3F3 (Fig. 1) was subcloned into pACYC184. The 0.4-kb SmaI
fragment upstream of cdg1a was removed, and the Ampr gene was inserted. The
resultant plasmid was used to transform A. xylinum 1306-21, yielding strain
ABT8.

For dgc2 insertional mutants, a 2.9-kb HindIII-BamHI fragment from cosmid
5C10 (Fig. 1) was subcloned into pACYC184. The Ampr gene was inserted into
the EcoRV site, and the resultant plasmid was linearized and transformed into
A. xylinum 1306-21, yielding strain TRT150. The strain TRT151 was mutated at
the same site of dgc2 by insertion of the Strr gene.

For pdeA2 mutants, the 5.6-kb SmaI-HindIII fragment from cosmid 5C10
carrying the coding regions of pdeA2 and dgc2 (Fig. 1) was manipulated. A
deletion mutant was obtained by subcloning into pUC18 and excision of the
1.8-kb PstI fragment. The shortened 3.8-kb fragment was subcloned into
pACYC184, and the Ampr gene was inserted at the PstI site. Transformation of
A. xylinum 1306-21 with this construct yielded strain ABT2. For a pdeA2 inser-
tional mutant, the 5.6-kb SmaI-HindIII fragment was subcloned into pACYC184,
followed by insertion at the BglII site of the Strr gene, yielding strain ABT9.

FIG. 1. Genetic organization of the cdg1, cdg2, and cdg3 operons and their flanking regions in A. xylinum, located on cosmid clones 3F3, 5C10, and 15A8,
respectively. The pdeA and dgc genes are indicated by solid and open boxes, respectively. Arrows indicate the transcriptional directions of the genes.
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To generate a double mutant disrupted in pdeA1 and pdeA2, strain ABT9 was
transformed with the plasmid used to obtain strain Dis1, yielding the Strr Ampr

strain ABT11. Similarly, to generate a double mutant disrupted in dgc1 and dgc2,
strain TRT151 was transformed with the plasmid used to obtain Dis4, yielding
the Strr Ampr strain ABT21. To obtain a strain effectively disrupted in pdeA1,
dgc1, pdeA2, and dgc2, the plasmid used to obtain ABT3 was used to transform
ABT2, yielding the Strr Ampr strain ABT1.

Southern analyses were carried out for each mutant strain to verify that the
desired chromosomal recombination event had occurred (data not shown).

Enzymatic assays. Soluble and membrane fractions were prepared from
washed membranes and assayed for activities of PDEA, DGC, and cellulose
synthase as described previously (25). The latter assay was conducted in the
presence of excess exogenous c-di-GMP.

In vivo cellulose production. Cells grown in R-20 medium were analyzed for
cellulose formation as described previously (47).

Nucleotide sequence accession numbers. The DNA sequences of the cdg1,
cdg2, and cdg3 operons have been submitted to the GenBank database under
accession no. AF052517, AF052518, and AF052519, respectively.

RESULTS

Purification and amino acid sequence determination of DGC
and PDEA. GTP-agarose affinity chromatography has been
effectively utilized to purify both DGC and PDEA in active
forms from A. xylinum. The affinity of DGC for GTP appears
to be via its substrate binding site, while that of PDEA is via an
inhibitory site distinct from its substrate or product binding
sites (36). A membrane-free preparation derived from extracts
of A. xylinum 1499 was applied to a GTP-agarose column (32,
33). Elution with 5 mM GTP yielded a fraction containing four
polypeptides, which were designated p77, p64, p61, and p59.
Inhibition studies employing antisera raised against each poly-
peptide indicated that p59 and p61 are associated with DGC
activity while p77 is associated with PDEA activity.

Since anti-p59 antiserum most effectively inhibited DGC
activity, p59 was selected as the most likely DGC candidate.
Attempts to directly determine its N-terminal amino acid se-
quence were unsuccessful, however, and so the protein was par-
tially digested into peptides which were separated by HPLC.
The amino acid sequence of one peptide was determined to be
Leu-Ser-Glu-Leu-Ala-Glu-Thr-Asp-Thr-Leu-Thr-Ala-Leu-
Leu-Asn-Arg-Gly-Gly-Phe-Asn-Thr-Ala-Leu-Ser-Ala-Ala-
Leu-Gly-Xaa-Xaa-Xaa-Lys.

N-terminal amino acid sequencing of PDEA p77 yielded the
sequence -Pro-Asp-Ile-Thr-Ala-Leu-Thr-Thr-Glu-Ile-Leu-
Leu-Pro-Ala-Leu-Glu-Arg-Ala-COOH.

A PCR oligonucleotide product was used to isolate a DGC
gene, dgc. The amino acid sequence of the DGC p59 internal
peptide was used to design a series of degenerate oligonucle-
otide primers for isolating the coding region of the DGC gene
via PCR. A single PCR product of the expected length (53 bp)
was generated from primer pool combination Cel-2 and Cel-8
by using A. xylinum 1306-11 chromosomal DNA as the tem-
plate. The nucleotide sequence of the product was determined
to be GCCGAGACCGATACCCTGACCGGCCTGCTCAA
CCGCGGAGGCTTCAACACGGC. Conceptual translation
of the PCR product sequence yields an amino acid sequence
identical to that determined for the p59 internal peptide (res-
idues 5 to 21), except for substitution of glycine for alanine
at the 12th residue, possibly reflecting sequence diversity in
strains 1499 and 1306-11.

The 53-bp PCR product, representing a portion of the DGC
gene coding region, was used to screen an A. xylinum 1306-11
chromosomal DNA library prepared in pKT230cos5. Twenty
positive clones were obtained, which upon restriction mapping
grouped into three distinct classes, represented by cosmids
5C10, 3F3, and 15A8 (Fig. 1). Of these clones, only 5C10 DNA
was capable of generating the 53-bp PCR product when used

as a template in combination with primers Cel-2 and Cel-8, and
it was thus selected for nucleotide sequence analysis.

dgc and pdeA reside on the cdg operon. Nucleotide sequence
analysis of cosmid 5C10 indicated two open reading frames
(ORFs) over 4,798 bp separated by a stretch of 108 bp (Fig. 1).
A possible ribosome binding site precedes each of these ORFs
at 21 and 28 bp upstream from the initiating ATG codons.
The downstream ORF, encoding a peptide of 574 amino acids
with a calculated molecular mass of 64.6 kDa, was identified as
the coding region of a dgc gene, based on the fact that its
deduced sequence contains a stretch matching the amino acid
sequence determined for the DGC p59 internal peptide.

The upstream ORF encodes a peptide of 752 amino acids
with a calculated molecular mass of 83.8 kDa. Although the N
terminus of the deduced protein does not match the N-termi-
nal sequence determined for purified PDEA p77, this ORF
was designated as a gene for PDEA, since genetic disruption
experiments described below demonstrated that this coding
region is associated with PDEA activity. The discrepancy be-
tween the deduced N terminus and the N-terminal sequence
determined for purified PDEA p77 was later accounted for
upon discovery of three distinct pdeA genes. Their deduced
amino acid sequences are about 65% identical, but that en-
coded by the pdeA gene described here contains an N-terminal
tail of 23 amino acids that is not present in the other two
PDEA sequences.

The genes encoding PDEA and DGC which were discovered
on cosmid clone 5C10 were later designated pdeA2 and dgc2,
respectively, on the basis of their relative contribution of en-
zymatic activities within the cell, as described below (Table 1).
The genes pdeA2 and dgc2 are likely organized as an operon,
since primer extension experiments indicated a transcriptional
start site upstream of pdeA2 (Fig. 2) but none was identified

FIG. 2. Primer extension analysis of operon cdg2. Total RNA extracted from
A. xylinum 1306-3 was hybridized with 32P-end-labeled primer Cel-213. cDNA
was synthesized with avian myeloblastosis virus reverse transcriptase and the four
deoxyribonucleotide triphosphates. The length of the extension product (1) was
measured against the terminal products produced in DNA sequencing reactions
by using the same primer. G, A, T, and C indicate the individual sequencing
reactions.
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upstream of dgc2 (data not shown). Also, insertional mutation
of pdeA2 in strain ABT9 decreased both PDEA and DGC
enzymatic activities (Table 1), suggesting a polar effect on the
translation of the downstream dgc2 gene. On the basis of these
observations, we conclude that pdeA2 and dgc2 are cotrans-
cribed as a polycistronic mRNA and designate this genetic unit
as the operon for cyclic diguanylate (cdg2).

Recombinant strains disrupted in dgc2 and pdeA2 exhibit
some reduction in DGC and PDEA activities. Recombinant
A. xylinum strains TRT150, ABT9, and ABT2 were examined
for DGC and PDEA enzymatic activities (Table 1). Surprising-
ly, the reduction in DGC and PDEA activities as a result of
disruption in dgc2, pdeA2, or both was no greater than 15%
with respect to that of the wild-type (WT) strain. However,
reduction in PDEA2 activity as a result of pdeA2 inactivation
was accompanied by a decrease in DGC activity, indicating
physical linkage of pdeA2 and dgc2. Thus, we concluded that
dgc2 and pdeA2 are not the sole genes responsible for the DGC
and PDEA activities in A. xylinum and that there must be
additional dgc and pdeA genes which either compensated for
the deficiencies in the mutant strains or are responsible for the
bulk of the activities.

An additional cdg operon contains four ORFs. Utilizing the
N-terminal amino acid sequence determined for PDEA p77,
degenerate oligonucleotide probes were synthesized and used
for dot blot hybridization of A. xylinum 1306-3 chromosomal
DNA. Oligonucleotide pool Cel-121 yielded the strongest sig-
nal and was thus used to screen a 1306-3 chromosomal library
constructed in the shuttle vector pUC18-824. Six identical clones
were identified, and the nucleotide sequence of an 0.8-kb PstI
fragment from one clone, PDEA-7A, was determined. That se-
quence was subsequently found to be carried on cosmid clone
3F3; thus, the complete nucleotide sequence of the 3F3 insert
was determined.

Analysis of a 5,910-bp region from cosmid 3F3 revealed the
presence of four ORFs, encoding proteins with calculated mo-
lecular masses of 23, 84.5, 64.6, and 15.2 kDa (Fig. 1). Small
intergenic regions of 23, 30, and 6 bp separate the ORFs, sug-
gesting that they are arranged as a single transcriptional unit,
and an inverted repeat sequence (CCTGCATGAGCCT. . .A
GGCTCATGCAGG) that could serve as a bacterial transcrip-
tional terminator is present at the 39 end of the fourth ORF.
Putative ribosome binding sites immediately precede the initi-
ating ATG codons of the second, third, and fourth ORFs. The
second ORF encodes a protein of 757 amino acid residues
which exhibits 58% overall identity with the product of pdeA2,
and its N-terminal region matches the sequence determined
for purified PDEA p77. Therefore, we conclude that this ORF
carries an additional pdeA gene.

The third ORF encodes a protein of 575 amino acid residues
which exhibits 54% overall identity with the product of dgc2.
The N-terminal region of this protein (Ser-Leu-Lys-His-
Asp-Asp-Arg-Leu-Arg-Ala-Leu-Thr-His-Gln-Asp-Ser-Asp)
matches the N-terminal amino acid sequence determined for
DGC purified from the mutant TRT150, which is disrupted in
dgc2. Thus, this ORF appears to encompass an additional dgc
gene, specifically the isoenzyme remaining intact in TRT150
which appears to be responsible for the bulk of the cellular
DGC activity.

Based on the similarity of the second and third ORFs to
pdeA2 and dgc2, respectively, we conclude that the genetic unit
on which they reside represents an additional and distinct
operon for cyclic diguanylate, designated cdg1 in accordance
with its relative contribution of enzymatic activities as pre-
sented below. The four potential genes are designated sequen-
tially as cdg1a, pdeA1, dgc1, and cdg1d.

CDG1A is similar to prokaryotic transcriptional regulators.
cdg1a encodes a protein similar in size (211 amino acid resi-
dues) and structure to members of the Crp-Fnr family of tran-
scriptional regulators which are involved in oxygen control of
various processes. Thus, CDG1A is 38% identical to AadR of
Rhodopseudomonas palustris, which functions in anaerobic
growth (13), 37% identical to FixK proteins of Bradyrhizobium
japonicum (7) and Azorhizobium caulinodans (20), which are
activators in the nitrogen fixation cascade, and 31% identical to
FnrN2 of Rhizobium leguminosarum (17), which can activate
genes involved in anaerobic respiration (40). The most striking
similarity is within a helix-turn-helix motif found in the C-ter-
minal region (positions 156 to 170), a structural feature shown
to be involved in DNA binding in Fnr (41). Also partially
conserved in CDG1A is a series of glycine residues in the N-
terminal region, which in Crp has been shown to form a b-roll
structure thought to be important for nucleotide binding (44).

Similarity of CDG1D to other proteins. The protein encod-
ed by cdg1d is similar in length (160 amino acid residues) and
sequence (44 and 40% identity, respectively) to hypothetical
proteins of Bacillus subtilis (GenBank accession no. Y14082)
and E. coli (GenBank accession no. U14003).

Genetic disruptions reveal a hierarchy of enzymatic activi-
ties between operons cdg1 and cdg2. A series of recombinant
A. xylinum strains differentially disrupted in cdg1 and cdg2 were
assayed for DGC and PDEA enzymatic activities (Table 1).
Dis1, lacking a functional pdeA1, displayed only 20% of WT
PDEA activity, whereas ABT9, disrupted in pdeA2, displayed
85% of WT activity. Likewise, a mutation in dgc1 (Dis4) re-
duced DGC activity to 21% of that of WT, while a mutation in
dgc2 (TRT150) caused only a 14% reduction in activity. These
results clearly indicate that the operon cdg1 is the source of
approximately 80% of both DGC and PDEA activities. This
was further supported by the results provided by strains ABT8
and ABT2. The former, insertionally inactivated upstream of
cdg1, displayed residual activities for both enzymes of 25%,
whereas the latter, a deletion mutant lacking major portions of
both pdeA2 and dgc2, displayed 90% of WT activities.

The polar effect of disruption in each pdeA gene on down-
stream dgc expression was shown by the reduction in DGC
activity in the single pdeA mutants, Dis1 and ABT9, and in the
double pdeA mutant, ABT11. Conversely, in the single dgc mu-
tants, Dis4 and TRT150, and in the double dgc mutant, ABT21,
reduction in DGC activity was not accompanied by a depres-
sion of PDEA activity.

Identification of operon cdg3. The observation that recom-
binant strains doubly disrupted in either pdeA (ABT11), dgc
(ABT21), or both (ABT1) displayed residual enzymatic activ-
ities of about 5% (Table 1) suggested that there might be other
functional pdeA and dgc genes in A. xylinum. Since we had dem-
onstrated that two of the three cosmid clones isolated on the
basis of hybridization with the DGC-derived PCR probe car-
ried cdg operons, we suspected that the remaining cosmid
(15A8) carried another cdg operon, which was indeed shown
by nucleotide sequence analysis.

Nucleotide sequence analysis of a 4,675-bp region of cosmid
15A8 indicated two ORFs, encoding proteins of calculated
molecular masses of 82.5 and 55.1 kDa (Fig. 1). The deduced
amino acid sequence of the upstream ORF (740 residues) dis-
plays 71 and 63% identity with the deduced PDEA1 and
PDEA2 sequences, respectively, while that of the downstream
ORF (493 residues) displays 49% identity with both the de-
duced DGC1 and DGC2 sequences. The intragenic region is
50 bp in length, and each ORF is preceded by the sequence
CGAGGTAAC 3 bp upstream of each initiating ATG codon.
This sequence is highly homologous to the postulated ribo-
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somal binding sites of cdg1 and cdg2. Based on this informa-
tion, we designated this operon cdg3 and the two potential genes
pdeA3 and dgc3.

Intracellular c-di-GMP concentration governs in vivo cellu-
lose synthesis. In vitro cellulose synthase activity did not sig-
nificantly differ from that of WT in any of the A. xylinum re-
combinant strains (data not shown). Likewise, in vivo cellulose
production was not appreciably decreased in the single cdg1 or
cdg2 mutants (Table 1). Although cdg1 clearly provides the
bulk of the DGC activity, the level of cellulose production
achieved in the absence of a functional dgc1 gene was about
80% of the WT level in each of the cdg1 mutants. More sig-
nificant reduction of cellulose production in vivo occurred in
the double mutants, with the greatest decrease displayed by
ABT21 (36% of the cellulose production by WT). In this case,
c-di-GMP formation was severely compromised, while enzy-
matic breakdown of the nucleotide activator was unhampered,
apparently resulting in a decrease of cellular c-di-GMP to a
level insufficient for optimal synthase activation and, in turn,
cellulose synthesis. In the pdeA double mutant, ABT11, cellu-
lose production was inhibited to a lesser extent, perhaps since
the decrease in c-di-GMP production which occurred as a
result of the polar effect noted above was also accompanied by
a 95% reduction in PDEA activity.

These results suggest that c-di-GMP production supplied by
DGC isoenzymes distinct from DGC1 is sufficient for near-
optimal activation of the cellulose synthase and, thus, cellulose

biogenesis. The observation that the double mutants, with 5%
of DGC activity, still maintain respectable levels (36 to 70%) of
cellulose production is consistent with the low Kact value (0.35
mM) calculated for c-di-GMP with respect to the cellulose
synthase (36) and the modulation of the intracellular level of
free c-di-GMP by the cellulose synthase-associated c-di-GMP
binding protein (46).

The DGC and PDEA proteins share a conserved domain
structure occurring in various bacterial proteins. Comparative
alignment of the DGC and PDEA protein sequences reveals
that all six isoenzymes share significant structural conservation
over a stretch of 390 amino acid residues, encompassing one-
half to two-thirds the length of each protein (Fig. 3). Common
to all the proteins is a consensus sequence of 62 invariant
amino acid residues which may be arranged in eight regions.
Regions I through IV were previously recognized as a domain
structure by alignment of PleD, a motility-associated response
regulator of Caulobacter crescentus, with various bacterial pro-
teins of unknown function, and was designated GGDEF ac-
cording to the conserved sequence within region III (16).

Putative Q-linkers are found in the vicinity of regions V and
VI (Fig. 3). These flexible segments tether functionally distinct
domains in bacterial regulatory proteins and contain relative-
ly high concentrations of glutamine, arginine, glutamic acid,
serine, and proline residues in regions of “coil” secondary
structure (48). All the isoenzymes meet these criteria accord-
ing to their primary structure and predictions for secondary

FIG. 3. Multiple alignment of the deduced amino acid sequences of the pdeA and dgc genes of A. xylinum showing the conserved GGDEF (regions I to IV) and
EAL (regions V to VIII) domains. Residues identical in all six sequences are shaded in black and indicated in the consensus line; residues identical in five of six
sequences are shaded in gray. In the region shown, the DGC and PDEA isoenzyme sets have 23 to 29% identity, compared to 77 to 89% identity among the PDEA
sequences and 47% identity among the DGC sequences. Putative Q-linker regions are delimited by asterisks.
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structure (22), except for PDEA3, which lacks the coil char-
acteristic. The putative Q-linkers appear to separate the up-
stream GGDEF domain (regions I through IV) from a down-
stream domain (regions VI through VIII), which we designate
EAL (see Fig. 6) according to a conserved sequence within
region VI.

Database searches (3) conducted with the GGDEF and EAL
domain sequences revealed that a large number of bacterial
proteins of unconfirmed function significantly resemble the
PDEA (up to 55% identical) and DGC (up to 33% identical)
proteins. The most similar sequences are presented in the
alignment shown in Fig. 4. Notably, most of the domain con-

sensus residues derived in Fig. 3 are identical or conservatively
replaced among all these proteins, and the greatest degree of
conservation is seen in the final 90 residues of the alignment,
where the similarity extends significantly beyond the consensus
residues.

The N-terminal regions of the DGC and PDEA proteins are
similar to oxygen-sensing domains on bacterial proteins. Da-
tabase searches (3) revealed that the N-terminal regions of the
DGC deduced amino acid sequences (corresponding to resi-
dues 29 to 130 on DGC1) (Fig. 5a) display 58% identity with
the sequence of a putative sensory transduction histidine ki-
nase from Synechocytis sp. strain PCC6803 and 33 to 30%

FIG. 4. Alignment of bacterial predicted protein sequences showing conservation of GGDEF and EAL domains. Residues with identity or conservative substitution
in 100 and $80% of the sequences are shaded in black and gray, respectively. Identities displayed between each sequence and the A. xylinum (Ax) PDEA1 and DGC1
sequences, respectively, are shown in parentheses below. The amino acid sequences shown are from E. coli (Ec) YCIR, GenBank accession no. D90766 (50 and 28%);
Bacillus subtilis (Bs) ykoW, GenBank Z99110 (50 and 26%); Synechocystis strain PCC6803 (Sy) slr0359, GenBank D63999 (49 and 30%); Rhizobium sp. strain NGR234
(Rh) Y4LL, GenBank AE000083 (48 and 32%); Mycobacterium tuberculosis (Mt) Y07I, GenBank Z75555 (31 and 32%).

FIG. 5. Multiple alignment of the N-terminal regions of the DGC1 and PDEA1 sequences showing conservation with domains on other proteins. Residues with
identity or conservative substitution in 100 and $75% of the sequences are shaded in black and gray, respectively. (a) The amino acid sequences shown are from
A. xylinum (Ax) DGC1, Synechocystis strain PCC6803 (Sy) slr1759 (sensory transduction histidine kinase, GenBank accession no. D90903), Klebsiella pneumoniae (Kp)
NifL (GenBank X13303), E. coli (Ec) Aer (GenBank U28379), and Arabidopsis thaliana (At) NPH1 (GenBank AF030864). (b) Amino acid sequences shown are
A. xylinum (Ax) PDEA1, E. coli (Ec) FixL (GenBank D90790), Rhizobium meliloti (Rm) FixL (GenBank Z70305), and Bradyrhizobium japonicum (Bj) FixL (GenBank
P23222). An asterisk indicates a His residue conserved among FixL and PDEA proteins.
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identity with the sequences of NifL proteins from nitrogen-
fixing diazotroph bacteria, as exemplified by that of Klebsiella
pneumoniae (14). NifL acts as an oxygen-responsive negative
regulator of the transcriptional activator NifA (26). The same
DGC sequence also displays 34 and 25% identity, respectively,
with the Aer sequence of E. coli, implicated in aerotactic re-
sponses (8), and the NPH1 sequence of Arabidopsis thaliana,
implicated in phototropism (19). This region (Fig. 5a) has been
proposed to contain a motif for a sensory domain shared
among diverse prokaryotic and eukaryotic proteins which are
regulated by environmental signals of light, oxygen, or voltage
and have thus been termed LOV domains (19).

An N-terminal region of the PDEA protein sequence (cor-
responding to residues 13 to 111 of the PDEA1 sequence)
displays 44 to 34% identity with mid-regions of the rhizobial
FixL protein sequences and 47% identity with the sequence of
a putative FixL protein from E. coli (Fig. 5b). FixL acts as an
oxygen-responsive positive activator in the nitrogen fixation
cascade (6, 12). That region of FixL from Rhizobium meliloti
(12) shown in Fig. 5b is essential for oxygen-binding hemopro-
tein activities (27), and His-194 is implicated in the heme
binding function (28). This conserved residue among FixL pro-
teins corresponds to an invariant His residue among the PDEA
proteins (His-67 on PDEA1), which could thus play an analo-
gous regulatory role in c-di-GMP turnover.

Predicted transmembrane regions and GTP binding sites of
the DGC and PDEA proteins. The DGC and PDEA protein
sequences were analyzed for putative models of transmem-
brane topology (18). According to these predictions, DGC1
has two possible transmembrane helices and DGC2 has one
(Fig. 6). PDEA1 has three such possible regions, while PDEA2
and PDEA3 each have two. Analyses for Prosite motifs indi-
cate potential GTP binding sites (44) on DGC1 (Ala-257 to
Thr-264), DGC2 (Ala-298 to Gln-306 and Ala-470 to Gly-483),
DGC3 (Ala-297 to Gln-304), and PDEA2 (Ala-61 to Ser-68),
as shown in Fig. 6.

DISCUSSION

We previously established that the enzymes DGC and
PDEA catalyze the synthesis and degradation, respectively, of
c-di-GMP in A. xylinum and thus most probably play key reg-
ulatory roles for cellulose biosynthesis (34). We now report
characterization of the dgc and pdeA genes controlling cellular
turnover of c-di-GMP and their organization on three unlinked
operons, cdg1, cdg2, and cdg3. Each of the three DGC and
three PDEA protein sequences encoded by these genes have a

homologous domain structure. Genetic disruption experiments
provide conclusive evidence that the intracellular concentra-
tion of c-di-GMP, representing the net result of its synthesis
and degradation, governs cellulose biogenesis in vivo.

The discovery of the three cdg operons reveals an unusual
genetic organization in bacteria. Juxtaposition of genes encod-
ing enzymes of opposing action on the same genetic unit is
rare. To our knowledge, the only other case is that of the E. coli
polyphosphate operon which contains the gene ppk, encoding
polyphosphate kinase, upstream of the gene ppx, encoding
exopolyphosphatase (1). The multiplicity of the cdg operons is
also noteworthy, since bacterial isoenzymes are uncommon. In
E. coli, three different phospho-2-keto-3-deoxyheptonate aldo-
lase isoenzymes catalyze the first step in the biosynthesis of
aromatic amino acids (15), and each is subject to feedback
inhibition. Anabaena has five different genes encoding adenyl-
ate cyclases which have similar C-terminal catalytic domains
and differ in their N-terminal regulatory domains (21).

The cdg operons display a functional hierarchy, as indicated
by analyses of recombinant strains disrupted at various regions
in the cdg operons. Thus, cdg1 is the source of 80% of PDEA
and DGC enzymatic activities, while cdg2 and cdg3 contribute
15 and 5%, respectively. If the operons contributed equally to
enzymatic activities, the drastic differences in loss of function
observed between the strains disrupted in cdg1 and those dis-
rupted in cdg2 (Table 1) could not be expected. An alternate
explanation is that mutation in operon cdg1 could exert a
vectorial effect on the activities controlled by the other operon,
if they were physically or functionally linked. This possibility
may be dismissed, however, since disruption in dgc1 resulted in
reduction of only DGC and not PDEA activity in Dis4. Vec-
torial effects are seen only within each operon, consistent with
the physical linkage of one pdeA gene with one dgc gene.

Comparative examination of the predicted DGC and the
PDEA protein sequences reveals a high degree of identity
within each isoenzyme set, as well as significant structural con-
servation between the two sets (Fig. 6). All six isoenzymes
contain GGDEF and EAL motif patterns in their C-terminal
regions and putative sensory domains in their N-terminal re-
gions. Putative GTP binding sites, likely corresponding to cat-
alytic sites, are found on the DGC isoenzyme sequences within
the GGDEF domain. Although it is difficult to postulate the
molecular basis of the functional hierarchy displayed by the
isoenzymes, differences in the microenvironments of the GTP
sites could account for variation in catalytic rates and thus
specific activities of the DGC isoenzymes. That the DGC iso-

FIG. 6. Proposed domain structure of the PDEA and DGC isoenzymes of A. xylinum. The GGDEF and EAL domains form a motif conserved among all six
isoenzymes. N-terminal regions putatively function in oxygen sensing (OS). Predicted sites of GTP binding may indicate catalytic sites of DGC proteins. TM, putative
transmembrane helices; aa, amino acids.
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enzymes do indeed vary with respect to specific activity has
been shown by purification and characterization of DGC ac-
tivities from strains Dis4, TRT150, and ABT21 (11), although
relative expression patterns of the corresponding genes have
yet to be examined.

Considering that A. xylinum is an obligate aerobe, c-di-GMP
may act as a metabolic-state signal of oxygen tension, in addi-
tion to functioning as an activator of cellulose synthesis. Since
cellulose production enables formation of a buoyant pellicle (36)
through which contact with the atmosphere may be achieved, a
regulatory system based on response to oxygen tension may be
operative. The presence of putative sensory domains on the
DGC and PDEA proteins, most similar to oxygen-sensing do-
mains of the NifL and FixL proteins, respectively, could pro-
vide the capability for an oxygen-induced response. In their
respective cascades, NifL is a negative repressor activated by
aerobic conditions (26), whereas FixL is a positive activator
induced by anaerobic conditions (27). By analogy, DGC and
PDEA may each be activated by opposite extremes of oxygen
tension, consistent with their other mutually exclusive modes
of regulation, which are discussed below. Thus, under stressed
physiological conditions requiring enhanced cellulose produc-
tion, induction of dgc1 would enable the most efficient produc-
tion of c-di-GMP for rapid cellulose synthase activation. At the
same time, the product of cdg1a may act as a transcriptional
activator specific for the c-di-GMP binding protein (46), which
would also be required at a higher concentration to ensure
targeting of c-di-GMP for cellulose synthase activation. We have
indeed shown that plasmid-mediated overexpression of CDG1A
in A. xylinum results in increased production of c-di-GMP
binding protein (45). The similarity of CDG1A to the oxygen-
sensitive transcriptional regulators AadR (13) and FixK (7)
suggests that its expression may also be influenced by oxygen
tension. On the other hand, under conditions that are un-
stressed with respect to oxygen supply, the cdg2 and cdg3 op-
erons might operate constitutively to ensure a lower level of
cellulose synthesis.

The genetic disruption experiments presented here indicate
that c-di-GMP synthesis is probably essential for cellulose syn-
thesis, although conclusive proof awaits disruption of the third
DGC allele. The proposed essential role of c-di-GMP for cel-
lulose synthesis is consistent with our findings at the physio-
logical level, which show that excessive in vivo depletion of
cellular c-di-GMP following replacement of cellular K1 with
Na1 results in almost complete inhibition of cellulose synthesis
(46). Such cation replacement enhances release of c-di-GMP
from its bound form in association with the c-di-GMP binding
protein, leaving it vulnerable to degradation by PDEA. Al-
though c-di-GMP synthesis is essential for cellulose synthase
activation, its degradation is probably not essential for the
process, as suggested by the observation that c-di-GMP can
activate cellulose synthase in the complete absence of PDEA
(25). Thus, DGC and PDEA enzymatic activities within the cell
could be coordinated such that when one is operative, the oth-
er is negatively affected, a mechanism distinct from the classi-
cal G-protein model whereby a GTP-to-GDP exchange reac-
tion is required for target activation. A number of factors that
may facilitate this regulation exist: (i) GTP, the substrate of the
DGC reaction, acts as an inhibitor of PDEA activity at a site
distinct from its catalytic site (36); (ii) Ca21 inhibits PDEA but
not DGC activity (36); and (iii) a glycosidic triterpenoid sapo-
nin (GTS) isolated from A. xylinum acts as a noncompetitive
inhibitor of the DGC reaction, possibly by preventing release
of the c-di-GMP product, and does not affect the PDEA reac-
tion (30). A terminal glucosyl residue essential for GTS activity
could be a locus of regulation, since the intracellular level of

glucosidase activity may influence the level of biologically ac-
tive GTS.

The identification of the GGDEF and EAL domains shared
by all the DGC and PDEA isoenzymes suggests that either or
both domains are involved with conserved regulatory mecha-
nisms, or with guanyl-nucleotide binding, a function common
to both enzymatic activities. Since these domains are also found in
numerous bacterial proteins of undefined function, they could
coordinate distinct regulatory activities required among di-
verse proteins. Alternatively, if these regions are specifically
associated with c-di-GMP metabolism, the possibility arises
that c-di-GMP has wider significance as a regulatory molecule
for processes other than cellulose synthesis.
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