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ABSTRACT

The nucleotide-based second messenger bis-(3'-5")-cyclic dimeric GMP (c-di-GMP) is involved in regulating a plethora of pro-
cesses in bacteria that are typically associated with lifestyle changes. Myxococcus xanthus undergoes major lifestyle changes in
response to nutrient availability, with the formation of spreading colonies in the presence of nutrients and spore-filled fruiting
bodies in the absence of nutrients. Here, we investigated the function of c-di-GMP in M. xanthus and show that this bacterium
synthesizes c-di-GMP during growth. Manipulation of the c-di-GMP level by expression of either an active, heterologous digua-
nylate cyclase or an active, heterologous phosphodiesterase correlated with defects in type IV pilus (T4P)-dependent motility,
whereas gliding motility was unaffected. An increased level of c-di-GMP correlated with reduced transcription of the pilA gene
(which encodes the major pilin of T4P), reduced the assembly of T4P, and altered cell agglutination, whereas a decreased c-di-
GMP level correlated with altered cell agglutination. The systematic inactivation of the 24 genes in M. xanthus encoding proteins
containing GGDEF, EAL, or HD-GYP domains, which are associated with c-di-GMP synthesis, degradation, or binding, identi-
fied three genes encoding proteins important for T4P-dependent motility, whereas all mutants had normal gliding motility. Pu-
rified DmxA had diguanylate cyclase activity, whereas the hybrid histidine protein kinases TmoK and SgmT, each of which con-
tains a GGDEF domain, did not have diguanylate cyclase activity. These results demonstrate that c-di-GMP is important for T4P-

dependent motility in M. xanthus.

IMPORTANCE

We provide the first direct evidence that M. xanthus synthesizes c-di-GMP and demonstrate that c-di-GMP is important for
T4P-dependent motility, whereas we did not obtain evidence that c-di-GMP regulates gliding motility. The data presented un-
covered a novel mechanism for regulation of T4P-dependent motility, in which increased levels of c-di-GMP inhibit transcrip-
tion of the pilA gene (which encodes the major pilin of T4P), ultimately resulting in the reduced assembly of T4P. Moreover, we
identified an enzymatically active diguanylate cyclase that is important for T4P-dependent motility.

Bis—(S’—S’)—cyclic dimeric GMP (c-di-GMP) is a ubiquitous
nucleotide-based second messenger involved in regulating a
variety of processes that are typically associated with lifestyle
changes in response to environmental cues in bacteria. These pro-
cesses include motility, adhesion, exopolysaccharide (EPS) bio-
synthesis, biofilm formation, virulence, and cell cycle progression
(for reviews, see references 1 to 5). Elevated c-di-GMP levels are
generally associated with inhibition of motility, increased adhe-
sion, and the increased EPS synthesis characteristic of biofilm for-
mation. c-di-GMP is synthesized from two GTP molecules by
diguanylate cyclases (DGCs) that contain catalytic GGDEF do-
mains (6, 7) and degraded to pGpG or GMP by phosphodies-
terases (PDEs) that contain either a catalytic EAL or HD-GYP
domain (8-11). Changing c-di-GMP levels are sensed by effectors,
which in turn interact with downstream targets. Not all GGDEF,
EAL, and HD-GYP domain-containing proteins are active en-
zymes, and some of these proteins have been shown to bind c-di-
GMP and function as c-di-GMP effectors (1, 2, 5, 12—16). Most
bacterial genomes encode DGCs and PDEs, but the numbers vary
dramatically (1).

Cells of the deltaproteobacterium Myxococcus xanthus un-
dergo major lifestyle changes in response to nutrient availability
(17). In the presence of nutrients, the rod-shaped cells grow, di-
vide, and form colonies, where cells at the edge spread outwards in
a highly coordinated manner. In response to nutrient limitation,
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cells initiate a developmental program that culminates in the for-
mation of multicellular fruiting bodies inside which the rod-
shaped motile cells differentiate into spherical spores. Spores ger-
minate in the presence of nutrients and resume growth, division,
and motility. The formation of spreading colonies as well as fruit-
ing bodies depends on cellular motility. M. xanthus cells move by
means of two motility systems. Gliding depends on motility com-
plexes that are distributed along the cell length (18-22). Gliding
motility also involves the deposition of slime, which has been pro-
posed to enhance the adhesion of cells to the underlying substra-
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tum (23). The composition of the slime is not known, but it is
thought to contain carbohydrates and outer membrane vesicles
(23). The second motility system depends on type IV pili (T4P).
T4P are highly dynamic structures that undergo cycles of exten-
sion, adhesion, and retraction, and during a retraction event a cell
is pulled forward (for a review, see reference 24). In M. xanthus,
T4P-dependent motility is cell-cell contact dependent because
EPS stimulates T4P retractions (25) and mutants that have re-
duced or increased EPS accumulation are defective in T4P-depen-
dent motility (13, 26-35). Regulators of EPS accumulation in-
clude the hybrid histidine protein kinase SgmT and its partner,
DNA binding response regulator DigR (13, 31). DigR directly reg-
ulates the expression of genes for secreted proteins. Moreover, a
lack of SgmT or DigR causes increased EPS accumulation by an
unknown mechanism. SgmT contains a C-terminal GGDEF do-
main that is catalytically inactive but binds c-di-GMP in vitro (13).
In vivo this binding has been suggested to be responsible for se-
questering SgmT to one or two clusters that localize along the cell
length (13).

Here, we systematically investigated the function of c-di-GMP
as well as of proteins predicted to be involved in c-di-GMP me-
tabolism in growth and motility in M. xanthus. We provide the
first direct evidence that M. xanthus synthesizes c-di-GMP. More-
over, we demonstrate that manipulation of the c-di-GMP level in
otherwise wild-type (WT) cells causes defects in T4P-dependent
motility, whereas we did not obtain evidence that c-di-GMP is
important for gliding motility. We also identified an enzymatically
active DGC that is important for T4P-dependent motility.

MATERIALS AND METHODS

Strains, cell growth, and motility assays. M. xanthus cells were grown in
liquid 1% CTT medium or on 1% CTT-1.5% agar plates at 32°C (36). All
M. xanthus strains are derivatives of the wild-type strain DK1622 (37).
The M. xanthus strains and plasmids used in this work are listed in Tables
1 and 2, respectively. The in-frame deletions and insertion mutations were
generated as described previously (38). Kanamycin and oxytetracycline
were used at concentrations of 40 and 10 pg/ml, respectively. For motility
assays, cells were grown in CTT medium to a density of 7 X 10° cells/ml,
harvested, and resuspended in 1% CTT to a calculated density of 7 X 10°
cells/ml. Five-microliter aliquots of cell suspensions were placed on 0.5%
and 1.5% agar supplemented with 0.5% CTT and incubated at 32°C. After
24 h, colony edges were observed using a Leica MZ8 stereomicroscope or
a Leica IMB/E inverted microscope and visualized using Leica DFC280
and DFC350FX charge-coupled-device cameras, respectively. T4P-de-
pendent motility was quantified by determination of the increase in col-
ony diameter in three technical replicates.

Escherichia coli strains were grown in LB broth in the presence of
relevant antibiotics (39). All plasmids were propagated in E. coli Machl
[ArecA1398 endAl tonA $b80AlacZAM15 AlacX74 hsdR(r ~ my )] unless
otherwise stated.

Quantification of EPS accumulation using a trypan blue binding
assay. To quantify the binding of trypan blue, a liquid binding assay was
adapted from the one described previously (40), except that 5 X 10® cells
from exponentially growing cultures were harvested, washed, and resus-
pended in 900 pl 10 mM MOPS (morpholinepropanesulfonic acid), pH
7.5,1 mM CaCl, buffer. All experiments were done in biological triplicate.
For plate-based assays, cells were grown in CTT medium to a density of
7 X 10® cells/ml, harvested, and resuspended in 1% CTT to a calculated
density of 7 X 10? cells/ml. Twenty-microliter aliquots of the cell suspen-
sions were placed on 0.5% agar supplemented with 0.5% CTT and 20
pg/ml trypan blue. The plates were incubated at 32°C for 24 h.

Cell agglutination assay. Cell agglutination was measured as de-
scribed previously (41) in agglutination buffer (10 mM MOPS, pH 7.0, 1
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TABLE 1 M. xanthus strains used in this work

M. xanthus Reference
strain Genotype* or source
DK1622 Wild type 37
DK1217 cglB2 78
DK1300 pilC 78
SA3502 AsgmT 13
SW501 difE::Kan" 79
DK10410 ApilA 80
SA3535 attB::pTP110 (P;,-PA5295" 7 -Strep-tag This study
1)
SA3537 attB:pTP112 (P,;,-PA5295"32%A-Strep- This study
tag II)
SA3543 attB:pTP114 (P, ,-dgcA™"-Strep-tag 1) This study
SA3559 attB:pTP131 (P,;,-dgcAP'**A-Strep-tag This study
1)
SA3524 AMXAN2424 (5-256/275) This study
SA3525 AMXAN2530 (11-406/416) This study
SA3544 AMXAN4232 (6-407/412) This study
SA3546 AMXAN2061 (16-559/569) This study
SA3554 AtmoK (11-1101/1110) This study
SA3533 AMXAN5791 (11-338/348) This study
SA3545 AMXANS5199 (6-297/304) This study
SA3548 AMXAN4675 (11-352/372) This study
SA3555 AMXAN1525 (6-289/294) This study
SA3556 AMXAN2643 (11-355/265) This study
SA3557 AMXAN4029 (6-286/292) This study
SA3558 AMXAN2807 (6-655/661) This study
SA3561 dmxA:pTP133 This study
SA3569 AMXAN4257 (6-589/595) This study
SA3599 AactA (11-292/302) This study
SA5524 AMXAN2997 (9-641/646) This study
SA5600 AMXAN4463 (46—433/458) This study
SA5605 AMXAN3735 (10-310/319) This study
SA5606 AMXAN7362 (10-665/674) This study
SA5607 AMXANS5366 (10-312/321) This study
SA5525 AMXAN5340 (50-542/547) This study
SA5526 AMXAN5053 (6-612/617) This study
SA5527 AMXAN6098 (6-495/501) This study
SA3568 dmxA:pTP133 attB:pTP140 (P,,,,-dmxA) This study
SA5630 AtmoK attB::pDJS57 (P,,,,-tmoK) This study

“ For in-frame deletions, the numbers in parentheses indicate the codons deleted/the
total number of codons in a given gene. For strains containing plasmids integrated at
the Mx8 attB site, the gene expressed, including the promoter driving the expression, is
indicated in parentheses.

mM MgCl,, 1 mM CaCl,). Briefly, exponentially growing cells in 1% CTT
were harvested; resuspended in agglutination buffer to a calculated den-
sity of 1 X 10° cells/ml, corresponding to an optical density (OD) at 550
nm (ODs;,) of ~1; and kept at room temperature between OD readings.
The OD5, was monitored every 20 min for 180 min. The relative absor-
bance was calculated by dividing the absorbance measured at each time
point by the initial absorbance for each strain. Experiments were done in
three biological replicates.

Immunoblot analysis. Immunoblot assays were carried out as de-
scribed previously (39) using a streptactin-horseradish peroxidase (HRP)
conjugate (IBA Solutions for Life Sciences, Gottingen, Germany) that
binds Strep-tag II. Alternatively, anti-PilA antibodies (42) or anti-PilC
antibodies (43) were used together with horseradish peroxidase-conju-
gated goat anti-rabbit immunoglobulin G (Sigma) as the secondary anti-
body. Blots were developed using the Luminata Crescendo Western HRP
substrate (Millipore). T4P were sheared from cells that had been grown on
1% CTT-1.5% agar plates at 32°C, purified, and analyzed by immuno-
blotting with anti-PilA antibodies as described previously (42).
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TABLE 2 Plasmids used in this work

Reference
Plasmid Description or source
pBJ114 Kan" galK 81
pSWU30 Tet" 42
pSW105 P4 Kan® 44
pBGS18 Kan" 82
pET24b(+) Kan', expression vector Novagen
pET28a(+) Kan', expression vector Novagen
pTP110 pSW105 PA5295"-Strep-tag 11 Kan” This study
pTP112 PSW105 PA529553284_Strep-tag 11 Kan" This study
pTP114 pSW105 dgcAW'-Strep-tag IT Kan” This study
pTP131 PSW105 dgcAP'¢*A-Strep-tag 1T Kan® This study
pTP120 pBJ114, in-frame deletion construct MXAN1525  This study
pTP125 pBJ114, in-frame deletion construct MXAN2643  This study
pNGS010 pBJ114, in-frame deletion construct MXAN2997  This study
pTP126 pBJ114, in-frame deletion construct dmxA This study
pDJSO1 pBJ114, in-frame deletion construct MXAN3735  This study
pTP127 pBJ114, in-frame deletion construct MXAN4029  This study
pIHOL pBJ114, in-frame deletion construct MXAN4463  This study
pTP121 pBJ114, in-frame deletion construct MXAN5199  This study
pDJS02 pBJ114, in-frame deletion construct MXAN5366  This study
pIHO3 pBJ114, in-frame deletion construct MXAN5791  This study
pDJS03 pBJ114, in-frame deletion construct MXAN7362  This study
pJHO1 pBJ114, in-frame deletion construct actA This study
pTP122 pBJ114, in-frame deletion construct MXAN4257  This study
pTP123 pBJ114, in-frame deletion construct trmoK This study
pNGS009 pBJ114, in-frame deletion construct MXAN5053  This study
pNGS007 pBJ114, in-frame deletion construct MXAN5340  This study
pTP105 pBJ114, in-frame deletion construct MXAN2424  This study
pTP106 pBJ114, in-frame deletion construct MXAN2530  This study
pTPl16 pBJ114, in-frame deletion construct MXAN2061  This study
pTP128 pBJ114, in-frame deletion construct MXAN2807  This study
pTP124 pBJ114, in-frame deletion construct MXAN4232  This study
pTP117 pBJ114, in-frame deletion construct MXAN4675  This study
pNGS008 pBJ114, in-frame deletion construct MXAN6098  This study
pTP133 pBGS18, 500-bp fragment internal to dmxA This study
pTP140 pSWU30 P, -dmxA Tet" This study
pDJS57 pSWU30 P,,,-tmoK Tet" This study
pDJS31 pET24b(+) dgeA™™ Kan® This study
pTP33 pET28a(+) sgmT Kan® 13
pTP137 pET28a(+) dmxA***~7** Kan" This study
pDJS53 pET24b(+) tmoK®>* 1% Kan" This study

Transmission electron microscopy. Cells growing exponentially in
CTT were analyzed as described previously (44). Electron microscopy was
performed on a Philips EM 301 electron microscope at calibrated magni-
fications.

qRT-PCR analysis. RNA was isolated from cells grown on 1% CTT—
1.5% agar plates using a hot phenol extraction method (31). RNA was
treated with DNase I (Ambion) and purified with an RNeasy kit (Qiagen).
RNA was confirmed to be free of DNA by PCR analysis. One microgram of
RNA was used to synthesize cDNA with a high-capacity cDNA archive kit
(Applied Biosystems) using random hexamer primers. Quantitative re-
verse transcription-PCR (qRT-PCR) was performed in a 25-pl reaction
volume using SYBR green PCR master mix (Applied Biosystems) and 0.1
M primers specific to the target gene in a 7300 real-time PCR system
(Applied Biosystems). Experiments were done in two biological repli-
cates. Relative gene expression levels were calculated using the compara-
tive threshold cycle method.

c-di-GMP quantification. Quantifications of c-di-GMP levels in veg-
etative M. xanthus cells were performed as described previously (45).
Briefly, cells in exponential phase were grown overnight in CTT medium
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and then diluted. At the indicated time points after dilution, the cells were
harvested by centrifugation at 4°C and 2,500 X g for 20 min. Cells were
lysed in extraction buffer (high-pressure liquid chromatography [HPLC]-
grade acetonitrile-methanol-water [2/2/1, vol/vol/vol]), and the superna-
tants were pooled and evaporated to dryness in a vacuum centrifuge. The
pellets were dissolved in HPLC-grade water for analysis by liquid chroma-
tography-coupled tandem mass spectrometry. As described in the appro-
priate figure legends, experiments were done in at least three biological
replicates in which at least three independent cultures were grown in
parallel. For all samples, protein concentrations were determined in par-
allel using a Bradford assay (Bio-Rad).

Protein purification. For expression and purification of His,-tagged
proteins, proteins were expressed in E. coli Rosetta 2(DE3) [F~ ompT
hsdSg(ry~ my~) gal dem (DE3)/pRARE2] at 18°C or 37°C. His,-tagged
proteins were purified using Ni-nitrilotriacetic acid (NTA) affinity puri-
fication. Briefly, cells were resuspended in buffer A (50 mM Tris-HCI, 150
mM NaCl, 10 mM imidazole, 1 mM dithiothreitol, 10% glycerol, pH 8)
and lysed using a Branson sonifier or a French pressure cell. After centrif-
ugation (1 h, 48,000 X g, 4°C), the lysates were loaded on an Ni-NTA-
agarose column (Qiagen) and washed with a 20X column volume using
buffer B (50 mM Tris-HCI, 300 mM NaCl, 20 mM imidazole, pH 8).
Proteins were eluted with buffer C (50 mM Tris-HCI, 300 mM NaCl, 200
mM imidazole, pH 8).

In vitro DGC assay. DGC activity was determined essentially as de-
scribed previously (46, 47). Briefly, assays were performed with 10 uM
(final concentration) purified proteins in a final volume of 40 pl. The
reaction mixtures were preincubated for 5 min at 30°C in reaction buffer
(50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 10 mM MgCl,). DGC reactions
were initiated by adding 1 mM GTP and [a-**P]GTP (0.1 nCi/pl), and
the reaction mixtures incubated at 30°C for the periods of time indicated
below. The reactions were stopped by addition of 1 volume of 0.5 M
EDTA. The reaction products were analyzed by polyethyleneimine-cellu-
lose thin-layer chromatography (TLC) as described previously (11).
Briefly, 2-pl aliquots were spotted on TLC plates (Millipore), dried, and
developed in 2:3 (vol/vol) 4 M (NH,),SO,~1.5 M KH,PO, (pH 3.65). The
plates were dried prior to exposure to a phosphorimaging screen (Molec-
ular Dynamics). Data were collected and analyzed using a Storm 840
scanner (Amersham Biosciences) and Image Quant (version 5.2) soft-
ware.

In vitro c-di-GMP binding assay. c-di-GMP binding was determined
using a differential radial capillary action ofligand assay (DRaCALA) with
2p-labeled c-di-GMP as described previously (48, 49). Briefly, **P-la-
beled c-di-GMP was prepared in-house by incubating 10 wM His,-DgcA
with 1 mM GTP and [«a-*>*P]GTP (0.1 wCi ul™") in reaction buffer (total
volume, 200 pl) overnight at 30°C. The reaction mixture was then incu-
bated with 5 units of calf intestine alkaline phosphatase (Fermentas) for 1
h at 22°C to hydrolyze the unreacted GTP. The reaction was stopped by
incubation for 10 min at 95°C. The reaction mixture was centrifuged (10
min, 20,000 X g, 20°C), and the supernatant was used for the binding
assay. >*P-labeled c-di-GMP was mixed with 20 pM protein, and the
mixture was incubated for 10 min at room temperature in binding buffer
(10 mM Tris, pH 8.0, 100 mM NaCl, 5 mM MgCl,). Ten microliters of this
reaction mixture was transferred to a nitrocellulose filter, allowed to dry,
and imaged as described above. For competition experiments, 0.4 mM
unlabeled c-di-GMP (Biolog) was added.

RESULTS

M. xanthus accumulates c-di-GMP during vegetative growth.
To determine whether M. xanthus cells produce c-di-GMP, we
quantified c-di-GMP levels in wild-type (WT) strain DK1622 cells
during growth using a liquid chromatography-coupled tandem
mass spectrometry method (45). For these experiments, three in-
dependent cultures were grown in parallel and then analyzed. c-
di-GMP was detected at the same level throughout the exponen-
tial growth phase as well as in stationary phase (Fig. 1). While it
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FIG 1 c-di-GMP accumulates in vegetatively growing M. xanthus cells. c-di-
GMP levels were determined during vegetative growth of WT strain DK1622
in CTT medium in suspension culture. The levels of c-di-GMP are shown as
the mean * standard deviation (SD) calculated from three biological replicates
in which three independent cultures were grown in parallel. Circles, growth
measured by determination of the OD4y,.

was consistently observed that the relative level of c-di-GMP was
similar in exponentially growing and stationary-phase cells, the
absolute c-di-GMP levels varied up to 2-fold between experiments
(cf. Fig. 1, 2B, and 5B). In the cultures for which the results are
shown in Fig. 1, exponentially growing cells had a level of c-di-
GMP of 4.4 * 1.7 pmol/mg protein and stationary-phase cells had
alevel of 4.2 * 0.7 pmol/mg protein. These data suggest that the
level of c-di-GMP is not growth phase regulated in M. xanthus.
This is in contrast to the findings for Escherichia coli, in which the
level of c-di-GMP was shown to increase at entry into stationary
phase from ~1.2 pmol/mg protein to ~2.1 pmol/mg protein and
then decrease again during stationary phase (45).

The c-di-GMP level is important for T4P-dependent motil-
ity. To determine if the c-di-GMP level is important for growth or
motility in M. xanthus, we manipulated the cellular level of c-di-
GMP by overexpression of a heterologous DGC or a heterologous
PDE in WT DK1622 cells as previously described for other bacte-
ria (12, 50-52). As a DGC we used DgcA from a WT strain of
Caulobacter crescentus (DgcAWT) (53) and as a PDE we used
PA5295 from a WT strain of Pseudomonas aeruginosa (PA5295"")
(54). In parallel, we also expressed their active-site variants
DgcAD164A, which contains a D-to-A substitution at position 164
(the active site in the WT protein is G'®*GDEF]), and
PA5295%%4 which contains an E-to-A substitution at position
328 (the active site in the WT protein is E**®AL), in the DK1622
WT strain. All four proteins were fused C terminally to Strep-tagII
to enable their detection by immunoblotting.

In exponentially growing cells, DgcAP'*** accumulated at a
significantly higher level than DgcA™", whereas PA5295"" and
PA5295%%%* accumulated at similar levels (Fig. 2A). The c-di-
GMP level in exponential-phase DgcAW'-expressing cells was
~7-fold higher than that in WT cells (60.4 * 29.1 pmol/mg pro-
tein and 8.7 = 2.1 pmol/mg protein, respectively; P < 0.001, Stu-
dent’s ¢ test), and the c-di-GMP level in PA5295WT—expressing
cells was ~2-fold lower than that in WT cells (4.9 = 1.6 pmol/mg
protein and 8.7 * 2.1 pmol/mg protein, respectively; P < 0.05,
Student’s ¢ test) (Fig. 2B). Importantly, the c-di-GMP level in
DgcAP*4 or PA5295%84 expressing cells (8.5 + 2.4 and 7.7 *
0.3 pmol/mg protein, respectively) was not significantly different
from that in WT cells (P > 0.2, Student’s t test).

Cells expressing DgcA, DgcAP'**, PA5295, or PA5295%328%4
had the same growth rate as WT cells in suspension culture. On
1.5% agar, which is favorable to gliding, WT strain DK1622 dis-
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played the single cells and slime trails characteristic of gliding mo-
tility at the edge of the colony, whereas the gliding-deficient con-
trol strain DK1217 did not (Fig. 2C). All four strains expressing
DgcA or PA5295 variants displayed single cells and slime trails at
the colony edges like the WT did and had the same increase in
colony diameter on 1.5% agar as the WT, suggesting that the level
of c-di-GMP is not important for gliding motility.

On 0.5% agar, which is favorable to T4P-dependent motility,
the WT formed the long flares characteristic of T4P-dependent
motility, whereas the control strain, DK1300, which is deficient in
T4P-dependent motility, did not (Fig. 2C). The strains expressing
DgcAYT or PA5295"" had reduced T4P-dependent motility, as
quantified by the increase in the colony diameter and the length of
the flares at the colony edges, whereas the two strains containing
the active-site variants had WT T4P-dependent motility. We con-
clude that an increase as well as a decrease in the level of c-di-GMP
in otherwise WT cells interferes with T4P-dependent motility.

T4P-dependent motility in M. xanthus depends on T4P and
EPS. We used transmission electron microscopy to determine
whether the reduced T4P-dependent motility in strains expressing
DgcAW" and PA5295"" was due to the lack or reduced function-
ality of assembled T4P. WT cells assembled a mean of 2.1 T4P per
cell in a unipolar pattern, whereas the ApilA control strain, which
lacks the pilin subunit of T4P, did not assemble T4P (Fig. 2D).
PA5295" " -expressing cells assembled T4P at WT levels of a mean
of 1.7 T4P per cell in a unipolar pattern, whereas DgcAW " -ex-
pressing cells had strongly reduced amounts of assembled T4P,
with less than 1 T4P per cell (mean, 0.1 T4P per cell) (Fig. 2D). To
corroborate these observations, the total amount of cellular PilA
as well as PilA assembled into T4P was quantified. In total cell
extracts, the amount of PilA in WT cells and PA5295""-,
DgcAP'**_ or PA5295%2%A _expressing cells was similar, whereas
DgcAW -expressing cells accumulated PilA at a significantly re-
duced level (Fig. 2E). As expected, PilA was not detected in the
ApilA mutant. In the sheared T4P fraction, WT cells and
PA5295" -, DgcAP**A- or PA5295%%* expressing cells con-
tained the same amount of PilA, whereas PilA was not detectable
in the sheared T4P fraction from ApilA and DgcA""-expressing
cells (Fig. 2E). Thus, DgcA""-expressing cells accumulate PilA
and assemble T4P at a significantly reduced level.

To further understand the mechanism underlying the reduced
accumulation of PilA in DgcA""-expressing cells, we used qRT-
PCR to determine the level of pilA transcription in WT cells and
DgcAYT-and PA5295" T-expressing cells. As shown in Fig. 2F, the
level of pilA mRNA in DgcA" -expressing cells was approxi-
mately 2.5-fold lower than that in WT cells and slightly reduced in
PA5295" " -expressing cells, suggesting that increased c-di-GMP
levels in otherwise WT cells inhibit pilA transcription.

EPS accumulation in strains expressing variants of DgcA or
PA5295 was determined using a colorimetric assay. For this assay,
cells were grown in rich medium in suspension culture or on solid
medium (0.5% agar). Under both conditions, no significant dif-
ferences in the levels of EPS accumulation were observed for these
four strains compared to the level of accumulation for the WT
(Fig. 2G). In contrast, the level of EPS accumulation in the nega-
tive-control strain with a mutation in the difE gene, which encodes
acomponent of the Dif chemosensory system that is important for
EPS accumulation (26), was strongly reduced under both condi-
tions. Because assembled T4P have been suggested to function
upstream of the Dif chemosensory system to stimulate EPS accu-
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FIG 2 The c-di-GMP level is important for T4P-dependent motility. (A) Immunoblot detection of Strep II-tagged DgcA and PA5295 and their active-site
variants. Total protein was isolated from exponentially growing cells expressing the indicated proteins. Total protein from the same number of cells (7 X 107) was
loaded per lane, and blots were probed with streptactin. DgcA™" and PA5295"" have calculated molecular masses of 26.8 kDa and 63.6 kDa, respectively. (B)
c-di-GMP level in exponentially growing cells expressing the indicated proteins. The levels of c-di-GMP are shown as the mean * SD from six (WT as well as
DgcAW!- and PA5295" " -expressing cells) or three (DgcAP'**A- and PA52952%4-expressing cells) biological replicates. *, P < 0.05 in a Student’s ¢ test; **, P <
0.001 in a Student’s ¢ test. (C) Motility assays. T4P-dependent motility and gliding motility were analyzed on 0.5% and 1.5% agar, respectively. DK1217 is
deficient in gliding motility and DK1300 is deficient in T4P-dependent motility, and these strains were used as negative controls. T4P-dependent motility was
quantified by the increase in colony diameter; numbers indicate the mean increase in colony diameter (in millimeters) * SD from three biological replicates after
24 h.*, P <0.05in a Student’s ¢ test. Bars, I mm (T4P-dependent motility, left column), 500 wm (T4P-dependent motility, right column), and 50 wm (gliding
motility). (D) (Top) Images obtained by transmission electron microscopy of exponentially growing cells expressing the indicated proteins. Cells were trans-
ferred to a grid, stained with 2% (wt/vol) uranyl acetate, and visualized by transmission electron microscopy. Bars, 100 nm. (Bottom) The box plots show the
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mulation (55), we also determined EPS accumulation in the ApilA
mutant. As expected, this mutant also displayed strongly reduced
EPS accumulation under both conditions (Fig. 2G).

M. xanthus cells agglutinate in the presence of the divalent
cations Mg>* and Ca®" (41). Agglutination depends on T4P (41,
42) and EPS (56). In order to examine further the cell surface
properties of the strains with altered levels of c-di-GMP, we deter-
mined their agglutination properties. As previously reported (41),
WT cells started to agglutinate shortly after addition of Mg** and
Ca’", and the difE and ApilA mutants did not (Fig. 2H). The
DgcV'-expressing strain as well as the PA5295"'-expressing
strain showed delayed agglutination, with the Dgc""-express-
ing strain having a more severe defect than the PA5295""-ex-
pressing strain, in agreement with the observation that the Dgc""-
expressing strain has a reduced amount of assembled T4P. Impor-
tantly, the DgcAP'®**- and PA5295%*?%_expressing strains
agglutinated similarly to the WT. In total, these data suggest that
the defect in T4P-dependent motility in the DgcA""-expressing
strain is caused by reduced pilA expression, resulting in reduced
PilA accumulation and reduced T4P assembly. On the other hand,
our data suggest that the defect in T4P-dependent motility in the
PA5295" " -expressing strain is likely not due to a difference in the
level of assembled T4P or in the level of EPS accumulation. Be-
cause cell-cell cohesion is reduced among cells of the PA5295""-
expressing strain, we suggest that a reduced c-di-GMP level results
in changes in cell surface properties that are not reflected either in
the level of assembled T4P or in the level of EPS accumulation.
Moreover, we suggest that these changes in cell surface properties
negatively affect T4P-dependent motility.

M. xanthus proteins containing the GGDEF, EAL, or HD-
GYP domain. We previously identified 24 genes encoding pro-
teins containing either a GGDEF, EAL, or HD-GYP domain (13).
Seventeen proteins contain a GGDEF domain, two proteins con-
tain an EAL domain, and five proteins contain an HD-GYP do-
main (Fig. 3). Composite proteins that contain a GGDEF domain
as well as an EAL domain have been identified in many bacteria;
however, among the 24 proteins identified in M. xanthus, none
contain more than a single GGDEF, EAL, or HD-GYP domain.
With the possible exception of the 2 proteins containing an EAL
domain, all 24 proteins contain additional domains that are typi-
cally involved in signal sensing and signal transduction in bacteria
(Fig. 3). Only 2 of the 24 proteins are predicted to be membrane
proteins (MXAN3705 and MXAN2061), suggesting that most of
these proteins are not involved in directly sensing extracellular
signals.

On the basis of the conservation of amino acid residues impor-

tant for catalytic activity, 11 of the 17 GGDEF domain-containing
proteins are predicted to have DGC activity (Fig. 3). Among the
remaining six DGCs predicted to be catalytically inactive, four
contain the residues for c-di-GMP binding and may function as
c-di-GMP receptors. The two EAL domain-containing proteins
and four of the HD-GYP domain-containing proteins contain all
the residues important for catalytic activity, while the remaining
protein (MXAN2807) lacks several of these conserved residues.

The 24 M. xanthus proteins containinga GGDEF, EAL, or HD-
GYP domain are highly conserved in closely related fruiting
myxobacteria (Myxococcus fulvus, Myxococcus stipitatus, Corallo-
coccus coralloides, and Stigmatella aurantiaca). However, they are
not highly conserved either in four isolates of the nonfruiting
myxobacterium Anaeromyxobacter dehalogenans or in the more
distantly related fruiting myxobacteria Sorangium cellulosum and
Haliangium ochraceum (Fig. 4).

Identification of GGDEF and HD-GYP domain-containing
proteins important for T4P-dependent motility. To test whether
any of the 24 proteins containing a GGDEF, EAL, or HD-GYP
domain have a function in motility, we systematically generated
in-frame deletion mutations in 23 of the 24 genes. For one of the
genes (MXAN3705), we were not able to generate a deletion mu-
tant, and therefore, an insertion mutation was generated.

Mutation of 21 of the 24 genes did not affect growth, gliding
motility, or T4P-dependent motility (Fig. 5). In agreement with
previous observations, mutation of actA did not have an effect on
motility (57). We did not identify mutants with a defect in gliding
motility but identified three mutants with defects in T4P-depen-
dent motility. As previously reported, a lack of the cytoplasmic
hybrid histidine protein kinase SgmT, which contains a C-termi-
nal GGDEF domain that binds c-di-GMP but is catalytically inac-
tive, causes strong defects in T4P-dependent motility (13).
MXAN3705, which we have named dmxA (diguanylate cyclase
from M. xanthus A), encodes a predicted integral membrane pro-
tein with a C-terminal GGDEF domain that is predicted to be
catalytically active and to bind c-di-GMP (Fig. 3). Mutation of
dmxA caused a reduction in T4P-dependent motility with the for-
mation of flares shorter than those in the WT (Fig. 5A).
MXAN4445, which we have renamed tmoK (T4P-motility kinase),
encodes a predicted cytoplasmic hybrid histidine protein kinase
with a C-terminal GGDEF domain which lacks residues impor-
tant for catalytic activity and c-di-GMP binding. The AtmoK mu-
tation caused a subtle defect in T4P-dependent motility with the
formation of flares similar in length to those in the WT but less well
separated than those in the WT (Fig. 5A). Importantly, the motility
defects in the three mutants were complemented by ectopic expres-

number of T4P per cell for at least 20 cells. Boxes indicate the 25th and 75th percentiles, the green line indicates the mean, whiskers indicate the 10th and 90th
percentiles, and dots indicate outliers. (E) Immunoblot detection of PilA in total cell extract and in sheared T4P. (Top and bottom) Total protein was isolated
from the indicated strains grown on 1% CTT agar plates; (middle) T4P were sheared off from the same number of cells used for the top and bottom panels and
concentrated by MgCl, precipitation. In all three blots, protein from the same number of cells was loaded per lane. The top and middle blots were probed with
anti-PilA antibodies. The bottom blot was probed against PilC, which is important for T4P assembly and served as aloading control. PilA and PilC have calculated
molecular masses of 23.4 kDa and 45.2 kDa, respectively. (F) qRT-PCR analysis of pilA expression. RNA was isolated from the indicated strains grown on 1%
CTT-1.5% agar plates. The pilA transcript level relative to that of the WT is shown as the mean * SD from two biological replicates, each with three technical
replicates. ¥, P < 0.05 in a Student’s ¢ test; **, P < 0.001 in a Student’s ¢ test. (G) Quantification of EPS accumulation. Exponentially growing cells expressing the
indicated proteins were assayed for EPS accumulation using a colorimetric assay. The percentage of trypan blue bound by a strain relative to the amount bound
by the WT (100%) is indicated. The levels of trypan blue binding are shown as the mean * SD from three biological replicates. *, P < 0.05 in a Student’s ¢ test.
For the plate-based assay, 20-jul aliquots of cell suspensions at 7 X 10° cells/ml were spotted on 0.5% agar supplemented with 0.5% CTT and 20 pg/ml trypan blue
and incubated at 32°C for 24 h. (H) Cell agglutination assay. Agglutination was monitored by measuring the decrease in absorbance at 550 nm for a suspension
of cells in agglutination buffer. The relative absorbance was calculated by dividing the absorbance measured at each time point by the initial absorbance for each
strain. The graph shows data from one representative experiment.
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FIG 3 Domain organization of M. xanthus proteins containing a GGDEF, EAL, or HD-GYP domain. Locus tags and protein names are listed on the left. The
domain composition is shown on the left. See the legend at the bottom for the annotation of the domains. The domains are not drawn to scale. Domain
annotation was performed using the SMART web tool (70). For GGDEF domains, the GGDEF domain of PleD from C. crescentus was used as a reference for
residues important for catalytic activity and allosteric inhibition, and their functions are indicated (I, primary T site; I, secondary I site) (71, 72); for EAL
domains, the EAL domain of Ykul from Bacillus subtilis was used as a reference for important residues, and their functions are indicated (73, 74); and for HD-GYP
domains, the HD-GYP domain of PmGH from Persephonella marina EX-H was used as a reference for important residues, and their functions are indicated (75,
76). For M. xanthus proteins, the corresponding amino acid residues are indicated in black if they are conserved or replaced by a conservative substitution and
in pink if they are nonconserved.
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FIG 4 Conservation of M. xanthus proteins containing a GGDEF, EAL, or
HD-GYP domain in other myxobacteria. The genomic distribution of M. xan-
thus proteins containing a GGDEF, EAL, or HD-GYP domain in other myxo-
bacteria in sequenced myxobacterial genomes is shown. The phylogenetic tree
was generated from 16S rRNA sequences. Abbreviations in the phylogenetic
tree: Mx, M. xanthus DK1622; Mf, M. fulvus HW-1; Ms, M. stipitatus DSM
14675; Cc, Corallococcus coralloides DSM 2259; Sa, Stigmatella aurantiaca DW
3/4-1; Af, Anaeromyxobacter sp. strain Fw109-5; Ak, Anaeromyxobacter sp.
strain K; Ad1, Anaeromyxobacter dehalogenans 2CP-1; Adc, A. dehalogenans
2CP-G; Sc, Sorangium cellulosum So ce 56; Ho, Haliangium ochraceum DSM
14365.

sion of the relevant WT gene from its native promoter on a plasmid
integrated at the Mx8 attB site (Fig. 5A) (13). We conclude that
among the 24 genes analyzed, 3 code for proteins that are important
for T4P-dependent motility (DmxA, SgmT, and TmoK).

DmxA has enzymatic activity and binds c-di-GMP in vitro.
To test for the enzymatic activity of SgmT, DmxA, and TmoK, we
overexpressed Hisg-tagged full-length or truncated variants of
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these proteins (Fig. 6A) in Escherichia coli and purified them as
soluble proteins. As positive and negative controls for enzyme
activity, we purified full-length His,-tagged DgcA™" and SgmT,
which we previously predicted does not have DGC activity (13),
respectively.

DgcAW" as well as DmxA from positions 223 to 722 (DmxA*~?2)
produced c-di-GMP when incubated with [a-*°P]GTP, as
detected after separation of the nucleotides by thin-layer
chromatography (Fig. 6A). TmoK from positions 654 to 1109
(TmoK®**7'1%%) and SgmT did not detectably produce c-di-GMP
(Fig. 6A). DGCs function as dimers, with two juxtaposed GGDEF
domains forming the active site (58). In PleD of C. crescentus,
dimer formation is mediated by the two receiver domains that are
located N terminal to the GGDEF domain (59). For that reason,
the truncated TmoK variant analyzed in vitro also contained the
two receiver domains N terminal to the GGDEF domain. Al-
though the possibility that TmoK®**~''% does not form a dimer
under the conditions of the DGC assay cannot be ruled out, the
observation that the GGDEF domain lacks several residues impor-
tant for DGC activity (Fig. 4), taken together with the in vitro data,
suggests that TmoK does not have DGC activity.

To test whether DmxA or TmoK binds c-di-GMP, we used a
DRaCALA with a-**P-labeled c-di-GMP generated in an enzy-
matic reaction for detection of c-di-GMP binding by mixing pu-
rified DgcA from C. crescentus with o->*P-labeled GTP as de-
scribed previously (47) and using SgmT as a positive control for
c-di-GMP binding (13). In agreement with the predictions from
sequence analyses, specific binding of a->*P-labeled c-di-GMP by
DmxA was detected, whereas TmoK was not observed to bind
«-**P-labeled c-di-GMP (Fig. 6B).

A lack of SgmT and DmxA causes an increase in the c-di-
GMP level in vegetative M. xanthus cells. To test if the effect of a
lack of DmxA, TmoK, and SgmT on T4P-dependent motility in-
volves changes in c-di-GMP levels, the c-di-GMP level was deter-
mined in the dmxA, AtmoK, and AsgmT mutants. Unexpectedly,
exponentially growing cells of the dmxA and AsgmT mutants had
slightly (approximately 1.5-fold) but significantly higher c-di-
GMP levels than the WT (Fig. 5B), whereas the AtmoK mutant
had a c-di-GMP level similar to that of the WT (Fig. 5B).

To understand the mechanism underlying the reduced T4P-
dependent motility in the dmxA mutant and the subtle defect in
T4P-dependent motility in the AtmoK mutant, T4P formation,
EPS accumulation, and agglutination were quantified in these two
mutants. The dmxA mutant assembled T4P similarly to the WT
(Fig. 5C and D) and accumulated ~4-fold more EPS than the WT
in suspension cultures as well as on solid medium (Fig. 5E). The
AtmoK mutant also assembled T4P similarly to the WT (Fig. 5C
and D) and accumulated ~3-fold more EPS than the WT in sus-
pension cultures as well as on solid medium (Fig. 5E). As previ-
ously reported, the AsgmT mutant assembled slightly more T4P
than the WT and also accumulated ~3-fold more EPS than the
WT in suspension cultures as well as on solid medium (Fig. 5Cand
E) (13). In support of these data, we observed that all three mu-
tants assembled the same total level of PilA as the WT; however,
the AsgmT mutant had slightly more PilA in the sheared T4P
fraction (Fig. 5D). Moreover, all three mutants exhibited changed
agglutination, with the AsgmT mutant displaying delayed aggluti-
nation compared with the time of agglutination for the WT and
the dmxA and the AtmoK mutants displaying faster agglutination
than the WT (Fig. 5F).
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FIG 6 nvitro assays for DGC activity and c-di-GMP binding. (A) In vitro DGC assay of DmxA and TmoK variants. The indicated DmxA and TmoK variants were
incubated with [a->*P]GTP for the indicated periods of time, followed by separation of nucleotides by thin-layer chromatography. Full-length DgcA"" and
SgmT were used as positive and negative controls, respectively. Domain architectures are shown as SMART images, as in Fig. 3, with the red bars indicating the
part of each protein used in the assay. GTP and c-di-GMP are indicated. The intermediate product indicated was described to be a product formed during the
DGC-dependent synthesis of c-di-GMP (77). (B) DRaCALA to detect specific c-di-GMP binding by purified proteins. Full-length SgmT or the DmxA and TmoK

variants described in the legend to panel A were incubated with [a-**P]-labeled c-di-GMP with or without unlabeled c-di-GMP added.

DISCUSSION

Here, we show that the second messenger c-di-GMP is important
for T4P-dependent motility in M. xanthus. This conclusion is
based on three observations. First, c-di-GMP accumulates in
growing M. xanthus cells. Second, expression in otherwise WT
cells of a heterologous DGC (DgcA™") or a heterologous PDE
(PA5295"T) but not the corresponding variants with substitu-
tions in the active sites allowed the manipulation of the c-di-GMP
level in growing cells. In these cells, an increase as well as a decrease
in the c-di-GMP level caused defects in T4P-dependent motility.
Because the enzymatically inactive variants of DgcA and PA5295
did not interfere with T4P-dependent motility, these effects are
caused by changes in the c-di-GMP level. Third, in an approach in
which all 24 genes potentially encoding active DGCs or PDEs in
M. xanthus were systematically inactivated, it was observed that a
lack of the active DGC DmxA or the c-di-GMP binding histidine
protein kinase SgmT caused a defect in T4P-dependent motility.

During growth, reduced T4P-dependent motility was observed
as a consequence of both increased and decreased levels of c-di-

GMP in otherwise WT cells. T4P-dependent motility in M. xan-
thus depends on T4P and EPS. An ~7-fold increase in the c-di-
GMP level in otherwise WT cells caused by expression of the
heterologous DgcA™™ resulted in a significant reduction in the
level of transcription of the pilA gene, which codes for the major
pilin; in PilA accumulation; and in the amount of assembled T4P.
It has previously been shown that there is a correlation between
cell-cell cohesion and T4P-dependent motility in M. xanthus and
that this cohesion requires T4P and EPS (41, 56, 60). Consistent
with the significantly reduced formation of T4P in DgcA™"-ex-
pressing cells, they displayed delayed agglutination. Elevated c-di-
GMP levels are often associated with increased EPS synthesis (for
reviews, see references 1 to 5). However, the DgcA" " -expressing
cells did not exhibit differences in EPS accumulation. In M. xan-
thus, assembled T4P have been suggested to function upstream of
the Dif chemosensory system to stimulate EPS accumulation (55)
(Fig. 2G), whereas a lack of EPS does not affect T4P assembly (26).
Taken together, these observations suggest that the primary defect
caused by a highly increased c-di-GMP level in otherwise WT cells

FIG 5 Systematic mutagenesis of M. xanthus genes encoding proteins containing a GGDEF, EAL, or HD-GYP domain. (A) Motility assays. Gliding and
T4P-dependent motility was assessed as described in the legend to Fig. 2C. Bars, 500 pm (T4P-dependent motility) and 50 wm (gliding motility). Brackets
indicate a mutant and the corresponding complemented strain. (B) c-di-GMP levels in exponentially growing cells of the indicated mutants. The levels of
c-di-GMP are shown as the mean * SD from three biological replicates. *, P < 0.05 in a Student’s ¢ test; **, P < 0.001 in a Student’s ¢ test. (C) T4P formation by
exponentially growing cells of the indicated mutants. The experiment was performed as described in the legend to Fig. 2D. Note that the data for the WT and the
ApilA mutant are the same as those in Fig. 2D. (D) Immunoblot detection of PilA in total cell extracts and in sheared T4P. The experiment was performed as
described in the legend to Fig. 2E. (E) Quantification of EPS accumulation. Samples were analyzed as described in the legend to Fig. 2G. The percentage of trypan
blue bound by a strain relative to the amount bound by the WT (100%) is indicated. Levels of trypan blue binding are shown as the mean = SD from three
biological replicates. *, P < 0.001 in a Student’s ¢ test. (F) Cell agglutination assay. The experiment was performed as described in the legend to Fig. 2H.
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during growth is reduced pilA transcription, leading to reduced
PilA accumulation and, as a result, reduced T4P formation. As
discussed below, in M. xanthus mutants that lack either DmxA or
SgmT, increased c-di-GMP levels correlate with increased EPS
accumulation. Therefore, we speculate that the increased c-di-
GMP level in otherwise WT cells may also stimulate EPS accumu-
lation, but this effect is possibly confounded by the lack of assem-
bled T4P in DgcA " -expressing cells. Previously, pilA expression
has been shown to depend on the transcriptional regulator PilR,
which is an NtrC-like transcription regulator (42). How c-di-
GMP regulates PilA accumulation remains to be shown; however,
it is interesting to note that NtrC-like transcriptional regulators
have been identified to be c-di-GMP effectors (see below).

During growth, an ~2-fold reduction in the c-di-GMP level by
expression of the heterologous PA5295"" in otherwise WT cells
did not cause significant differences in PilA accumulation, T4P
assembly, or EPS accumulation. Nevertheless, these cells had re-
duced T4P-dependent motility. Interestingly, these cells displayed
delayed agglutination, suggesting that a reduced c-di-GMP level
results in changes in cell surface properties that are not reflected
either in the level of assembled T4P or in the level of EPS accumu-
lation. We speculate that these changes in cell surface properties
cause the defect in T4P-dependent motility.

Manipulation of the c-di-GMP level in otherwise WT cells doc-
uments that the c-di-GMP level is important for T4P-dependent
motility. By systematically inactivating the 24 genes encoding
GGDEEF, EAL, or HD-GYP domain-containing proteins, we iden-
tified three such proteins that are important for T4P-dependent
motility. TmoK is a hybrid histidine protein kinase with a catalyt-
ically inactive C-terminal GGDEF domain that, on the basis of se-
quence analysis and experimental data obtained using DRaCALA,
does not bind c-di-GMP. A lack of TmoK caused a subtle defect in
T4P-dependent motility but did not affect the level of c-di-GMP
or T4P, while EPS accumulation was increased and cells aggluti-
nated faster than WT cells. Because the c-di-GMP level was un-
changed in the AtmoK mutant, the effects of a lack of TmoK on
EPS, T4P-dependent motility, and agglutination are likely inde-
pendent of c-di-GMP. SgmT is a hybrid histidine protein kinase
with a catalytically inactive C-terminal GGDEF domain that binds
c-di-GMP (13), and DmxA contains a catalytically active GGDEF
domain that also binds c-di-GMP. Unexpectedly, a lack of either
SgmT or DmxA caused slight but significant ~1.5-fold increases
in the c-di-GMP levels. A lack of SgmT or DmxA also caused 3- to
4-fold increases in the level of EPS accumulation, had no or only a
small effect on T4P assembly, and also altered cell-cell cohesion, as
measured in the agglutination assay. EPS biosynthesis in M. xan-
thus depends on proteins encoded by the eps locus (35); however,
little is known about the function of the corresponding proteins.
Several regulators of EPS synthesis have been identified, including
the Dif chemosensory system, T4P, the SgmT/DigR two-compo-
nent system, NtrC-like transcription regulators, the MasK ty-
rosine protein kinase, the FrzS response regulator, and DnaK ho-
mologs (13,26-35). Also for these regulators, little is known about
how they function in regulating EPS accumulation. Response reg-
ulators and NtrC-like transcriptional regulators have been shown
to be c-di-GMP effectors (61-63). Thus, it remains a possibility
that c-di-GMP directly regulates the activity of one or more of the
regulators previously identified to be important for correct EPS
accumulation.

A reduced level of c-di-GMP in otherwise WT cells caused by
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an unknown mechanism correlates with reduced T4P-dependent
motility. The increased c-di-GMP levels in otherwise WT cells
caused by expression of DgcA"" and in cells lacking SgmT or
DmxA also correlate with reduced T4P-dependent motility.
Clearly, however, for these three strains the underlying mecha-
nisms leading to this defect in T4P-dependent motility are differ-
ent; i.e., in the case of the DgcA" " -expressing cells, our data sug-
gest that this defect is caused by a lack of T4P, and in the case of the
dmxA and AsgmT cells, our data suggest that this defect is caused
by increased EPS accumulation. In total, while altered levels of
c-di-GMP correlate with an effect on T4P-dependent motility,
there is no simple relationship between a change in the c-di-GMP
level and the effect on T4P-dependent motility, suggesting that the
relationship between changing levels of c-di-GMP and T4P-de-
pendent motility is complex. Also, while it is clear that DmxA and
SgmT are important for T4P-dependent motility, it remains to be
clarified how they impact c-di-GMP levels and T4P-dependent
motility.

Itis an open question how the c-di-GMP produced by different
DGCs can elicit different responses. In one model for ¢-di-GMP-
dependent regulation, distinct signaling systems with dedicated
functions regulate c-di-GMP levels in highly localized and insu-
lated pools rather than contribute to a shared cellular pool of
c-di-GMP (2). Based on the observation that the mechanism(s)
underlying the defects in T4P-dependent motility in the dmxA
and Asgm T mutants is different from that in DgcA"“ " -expressing
cells, we suggest that DmxA and SgmT are embedded in signaling
systems that contribute to local c-di-GMP pools. Along the same
lines, because SgmT does not have DGC activity and DmxA does,
the higher c-di-GMP levels in the mutants lacking one or the other
of these two proteins are not simply caused by the lack of either
protein but likely involve an indirect effect(s) on other DGCs or
PDEs. We previously showed that SgmT is sequestered in one or
more clusters localized along the cell length in a manner that de-
pends on c-di-GMP binding by the GGDEF domain and sug-
gested that a catalytically active DGC(s) is present in these clusters
and would function to sequester SgmT (13). Thus, in the case of
the AsgmT mutant, it is possible that a lack of SgmT would cause
an increase in the activity of this hypothetical DGC(s).

In several other bacteria, low c-di-GMP levels are associated
with reduced EPS accumulation and high levels are associated
with increased EPS accumulation (for a review, see reference 1), as
reported here for the dmxA and AsgmT mutants. Also, c-di-GMP-
dependent inhibition of motility is commonly observed. A well-
understood example involves the PilZ domain protein YcgR in E.
coli and Salmonella that upon c-di-GMP binding interacts with
the flagellum basal body to interfere with flagellum rotation (64,
65). c-di-GMP has also been reported to regulate gliding motility
in Bdellovibrio bacteriovorus (66). Finally, c-di-GMP has been im-
plicated in the regulation of T4P-dependent motility in P. aerugi-
nosa and Xanthomonas axonopodis pv. citri by binding to the cat-
alytically inactive EAL domain of the FimX protein that stimulates
T4P assembly (16, 67-69). In Xanthomonas axonopodis, FimX in-
teracts with a PilZ domain protein that in turn interacts with the
PilB ATPase that is required for T4P assembly (68, 69). The inhi-
bition of pilA transcription by high levels of c-di-GMP observed
here thus represents a novel mechanism for how c-di-GMP may
regulate T4P-dependent motility. The M. xanthus genome en-
codes at least 15 PilZ domain proteins but does not encode a FimX
homolog.
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The data presented here provide evidence that c-di-GMP is
important for T4P-dependent motility in M. xanthus. While the
identification of 3 proteins—among 24 proteins predicted to be
involved in c-di-GMP metabolism—that are important for T4P-
dependent motility provides a basis for beginning to understand
how c-di-GMP regulates T4P-dependent motility in M. xanthus, it
also raises the question of the function of the remaining 21 pro-
teins. Most of these 21 proteins are conserved in related fruiting
myxobacteria (Fig. 4), suggesting strong selective pressure to
maintain these genes, yet no phenotypic differences between the
WT and any of the 21 mutants were evident, suggesting that these
21 proteins are not active under the conditions tested, function in
the regulation of fruiting body formation, or have partially redun-
dant functions. Future research will focus on understanding how
c-di-GMP accumulation is regulated and how c-di-GMP regulates
T4P-dependent motility and possibly also development in M.
xanthus.
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