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ABSTRACT The mechanism of bacterial gliding motility
(active movement over surfaces without the aid of flagella) is
not known. A large number of nonmotile mutants of the
gliding bacterium Flavobacterium johnsoniae (Cytophaga
Jjohnsonae) have been previously isolated, and genetic tech-
niques to analyze these mutants have recently been developed.
We complemented a nonmotile mutant of F. johnsoniae
(UW102-09) with a library of wild-type DNA by using the
shuttle cosmid pCP17. The complementing plasmid (pCP100)
contained an insert of 13 kbp, and restored motility to 4 of 61
independently isolated nonmotile mutants. A 1.3-kbp frag-
ment that encompassed a single ORF, gld4, complemented all
four mutants. Disruption of the chromosomal copy of gld4 in
wild-type F. johnsoniae UW101 eliminated gliding motility.
The predicted protein produced by gid4 has strong sequence
similarity to ATP binding cassette transport proteins.

Bacteria from many of the branches of the eubacterial phylo-
genetic tree are able to move over surfaces by a process known
as gliding motility (1). Gliding bacteria lack flagella or other
obvious motility organelles. Numerous models have been
proposed to explain gliding motility, but the mechanism
responsible for cell movement is not known (2, 3). Flavobac-
terium johnsoniae [formerly Cytophaga johnsonae (4)] is a
Gram-negative bacterium that exhibits rapid gliding motility
(3). The ultrastructure and biochemistry of cells of F.
Jjohnsoniae have been the subject of numerous studies aimed at
determining the mechanism of bacterial gliding motility (5-7).
In addition, a large number of nonmotile mutants of F.
johnsoniae have been isolated (8, 9). Unlike wild-type F.
johnsoniae, these mutants form nonspreading colonies under
all conditions of cultivation. They also lack the single cell
movements that are observed with wild-type cells. Techniques
to genetically manipulate F. johnsoniae and related bacteria
were recently developed (10, 11). Here we report the use of
these techniques to clone and analyze a gene that is required
for F. johnsoniae gliding motility.

MATERIALS AND METHODS

Bacterial and Bacteriophage Strains, Plasmids, and
Growth Conditions. F. johnsoniae UW101 (ATCC 17061) was
the wild-type strain used in these studies and all mutants were
derived from this strain. The 61 nonmotile mutants of F.
johnsoniae (obtained from J. Pate) were previously described
(8, 9). The strain designations for each of these nonmotile
mutants carry the prefix ‘UW102-". The strain designations are
UW102-9, -15, -21, -25, -33, -34, -39, -40, -41, -42, -45, -48, -50,
-51, -52, -53, -55, -56, -57, -58, -61, -64, -66, -68, -69, -73, -75,
-71, -78, -80, -81, -85, -86, -90, -91, -92, -94, -95, -96, -97, -98,
-99, -100, -101, -103, -106, -107, -108, -137, -140, -141, -146,
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-149, -154, -155, -156, -300, -301, -302, -345, and -348. The
bacteriophage active against F. johnsoniae that were used in
this study (¢Cjl, ¢Cj7, $Cj13, ¢Cj23, $Cj28, $Cj29, ¢Cj42,
$Cj48, and ¢Cj54) have been described (8, 9, 12). The
Escherichia coli strains used were DH5aMCR (GIBCO/
BRL), HB101(13), and S17-1 (14). E. coli strains were grown
in Luria-Bertani medium at 37°C, and F. johnsoniae strains
were grown in casitone yeast extract medium at 30°C, as
described (10). When we wished to observe colony-spreading,
F. johnsoniae was grown on PY2 medium (2 g peptone/0.5 g
yeast extract/10 g agar/liter, pH 7.3) at 25°C. Antibiotics were
used at the following concentrations when needed: ampicillin
(100 pg/ml), chloramphenicol (30 ug/ml), erythromycin (Em)
(100 pg/ml), tetracycline (15 pg/ml), kanamycin (30 ug/ml),
and streptomycin (30 wg/ml). Plasmids used in this study are
listed in Table 1 (10, 15-18).

Construction of a Library of Wild-Type F. johnsoniae DNA.
F. johnsoniae DNA was partially digested with Sau3AI and
ligated with the shuttle cosmid pCP17 that had been digested
with BamHI and treated with alkaline phosphatase. The DNA
was packaged into A phage particles and introduced into E. coli
DH5aMCR. Approximately 10,000 colonies were pooled and
mixed with an equal amount of E. coli HB101 carrying the
helper plasmid R702, and the cosmids were transferred by
triparental conjugation into F. johnsoniae UW102-9. The
transconjugants were plated on PY2 medium containing 100
pg/ml Em and incubated for 2-3 days at 25°C.

Subcloning of pCP100 and Complementation of Nonmotile
Mutants. The plasmid pCP100, which complemented the
nonmotile mutant UW102-9, was subcloned by using standard
procedures (19). Plasmid DNA was transferred to nonmotile
mutants by conjugation or electroporation as described (10),
and the transformants were plated on PY2 medium containing
100 wg/ml Em and observed for colony spreading. The min-
imal complementing fragment containing gld4 was obtained
by PCR amplification using the primers 5'-ATTCGAGCTCT-
TCAGAAGTATAACCGATG-3' (Sacl site added) and 5'-
ATTATCTAGATGCTTGGCAAATATAACAC-3" (Xbal
site added) and using pSAR?2 as the template. pSAR2 contains
the 4.5-kbp Xbal/Scal fragment of pCP100 inserted between
the Xbal and Smal sites of pUC119. The 1.3-kbp PCR product
was cloned into the Srfl site of PCR-Script (Stratagene) to
generate pSA10. pSA10 was digested with Sacl and Xbal and
the 1.3-kbp fragment was ligated into pCP11, which had been
digested with the same enzymes, to generate pSA1L.

Nucleic Acid Sequencing. Nucleic acid sequencing was per-
formed by the dideoxy nucleotide procedure by using a com-
bination of manual and automated (Applied Biosystems)
sequencing systems. Sequences were analyzed with the
MACVECTOR and ASSEMBLYLIGN software (Oxford Molecular
Group, Campbell, CA), and comparisons to database se-
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Table 1. Plasmids used in this study

Proc. Natl. Acad. Sci. USA 94 (1997)

Plasmid Description Ref.
pUCI119 pUC, Ap* 15
pBC SK+ ColEl, Cm* Stratagene
pBC KS+ ColElL, Cm" Stratagene
pCR-Script ColEl, Ap* Stratagene
pUC4K pUC, Ap'Km'’ Pharmacia
R702 Helper plasmid for triparental conjugation, Km'Sm"Tc’ 16
pCP11 E. coli-F. johnsoniae shuttle plasmid, pUC ori, Ap"Em™ 10
pCP17 E. coli-F. johnsoniae shuttle cosmid, pUC ori, Ap*Tc'Em™ 10
pLYLO3 Bacteroides—Flavobacterium suicide vector used to make chromosomal insertions, pUC ori, 17

Ap'Emr*
pLYLO001 Bacteroides-Flavobacterium suicide vector, pUC ori, Ap*Tct™ 18
pCP23 E. coli-F. johnsoniae shuttle plasmid, Ap™Tc"™ This study
pCP100 Cosmid clone complementing F. johnsoniae UW 102-9, Ap'Em™ This study
pSAR2 4.5-kbp Xbal/Scal fragment of pCP100 containing gldA4 cloned into the Smal and Xbal sites This study
of pUC119, Ap*
pCP25 4.5-kbp Xbal/Sacl fragment of pSAR2 containing gldA cloned into the Xbal and Sacl sites This study
of pCP11, Ap'Em**
pCP105 2-kbp Xbal/BamHI fragment of pCP100 cloned in pCP11, Ap'Em™™ This study
pCP104 5-kbp BamHI/Sall fragment of pCP100 cloned in pCP11, Ap’Em"™* This study
pMM114 HindIIl/BamHI fragment of gldA cloned in pLYL03, Ap"Em™™ This study
pSA10 1.3-kbp PCR product containing gldA cloned into the Srfl site of pCR-Script, Ap" This study
pSA1l 1.3-kbp Sacl/Xbal fragment of pSA10 containing gldA cloned in pCP11, Ap’Em*™* This study
pSA20 1.3-kbp Sacl/Xbal fragment of pSA10 containing gldA cloned into pBC SK+, Cm* This study
pSA21 1.3-kbp Xbal/Kpnl fragment of pSA20 containing gldA cloned into pCP23, Ap*Tc™ This study
pDH107 605-bp Clal/HindIIl fragment of orfl cloned into the Clal and HindIII sites of pUC4K, Ap* This study
pDH109-5 1.5-kbp PstI fragment of pDH107 which contains the entire 605 bp Clal/HindIII fragment This study

of orfl and 740 bp of flanking DNA from the kanamycin resistance gene cloned into

pLYLO03, Ap* Em™

Unless indicated otherwise, antibiotic resistances are those expressed in E. coli.

*Antibiotic resistance is expressed in F. johnsoniae but not in E. coli.

quences were made using the BLAST (20) and FASTA (21)
algorithms. Pairwise sequence alignments were performed
with the LALIGN program (22).

Disruption of gld4. To disrupt the chromosomal copy of
gldA in wild-type F. johnsoniae, we cloned the 438-bp HindIIl/
BamHI fragment that lies entirely within gld4 into the F.
Jjohnsoniae suicide vector pLYLO03, to generate pMM114. This
fragment of gldA extends from nucleotide 47 to nucleotide 485
of the predicted 897-bp coding sequence. pMM114 was intro-
duced into F. johnsoniae UW101 by conjugation from E. coli
S17-1. Em-resistant colonies arose after insertion of pMM114
into the chromosomal copy of gldA4, to generate CJ101-288
(verified by Southern blot hybridization).

Construction of pCP23. pSA11, which confers Em resis-
tance on F. johnsoniae, could not be used to complement the
gldA knockout mutant CJ101-288 because this mutant is
already Em resistant. For this reason, we identified an addi-
tional antibiotic resistance gene that is expressed in F.
johnsoniae (tetQ) and constructed a F. johnsoniae-E. coli
shuttle plasmid (pCP23) that confers tetracycline resistance on
F. johnsoniae. pCP11 was digested with PstI and Scal and the
ends were filled in with DNA polymerase Klenow fragment.
The 6.4-kbp fragment containing the pCP1 origin of replica-
tion (10) and the ermF gene was ligated to itself to generate
pCP18. pCP18 replicates in F. johnsoniae but not in E. coli. The
0.75-kbp Pvull/Smal fragment was removed from pCP18 to
generate pCP19. pCP19 was digested with Kpnl and Sacl, to
remove ermF, and was ligated with pLYL001, which had been
digested with the same enzymes, to generate pCP23 (Fig. 1).
pCP23 confers resistance to 10-20 ug/ml tetracycline on F.
Johnsoniae and confers resistance to 100 pg/ml ampicillin on
E. coli.

Complementation of the gldd Mutants CJ101-288 and
CJ557. pSA10 was digested with Xbal and Sacl and the 1.3-kbp
fragment was inserted into pBC KS+ that had been cut with
the same enzymes, to generate pSA20. The 1.3-kbp Xbal/Kpnl

fragment from pSA20 containing gldA was introduced into
pCP23 to generate pSA21. pSA21 was introduced into CJ101-
288 and CJ557 (Tn4351-induced gldA mutant) by conjugation
to test for complementation of the gld4 mutants.
Disruption of orfl. To disrupt the chromosomal copy of orf1l
in wild-type cells, we cloned a 605-bp Clal/HindIIl fragment
that lies entirely within orfl into pUC4K, to generate pDH107.
This fragment extends from nucleotide 155 to nucleotide 760
of the predicted orfl coding region. It was then transferred into
pLYLO3 as a PstI fragment to generate pDH109-5. pDH109-5
was introduced into F. johnsoniae UW101 by conjugation from
E. coli S17-1. Em-resistant colonies arose following insertion
of pDH109-5 into the chromosomal copy of orfl (verified by
Southern blot hybridization) to generate CJ101-289.
Microscopic Observations of Cell Movement and Bead
Movement. Wild-type and mutant cells of F. johnsoniae were
examined for movement over glass and agar surfaces by phase
contrast microscopy on a heated stage at 25°C by using two
different assays. Cells to be observed were grown on PY2 agar

EcoRI.Kpnl.Smal.BamHI.Xbal.Hcll.Pstl.Sphl

pCP1 pUC ori N
o popaa3
890kbp bla

EcoRI

Sall
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Aatl

Pwull
Pvull

Fic. 1. Map of the F. johnsoniae—E. coli shuttle plasmid pCP23.
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medium overnight at 25°C, scraped off of the agar, and
suspended in 10 mM Tris (pH 7.3)/8 mM CaCl, (TC buffer)
at a density of about 108 cells per ml. To observe movement
over glass, a drop of the cell suspension was placed on a
microscope slide, covered with an oxygen-permeable mem-
brane (Yellow Springs Instruments) that functioned as a
coverslip, and examined by phase contrast microscopy. To
observe movement of cells on agar, 5 ul of the cell suspension
in TC buffer was spotted onto a layer of PY2 agar on a
microscope slide. The spot was allowed to dry partially (less
than 5 min), after which it was covered with an oxygen-
permeable membrane. After 1-h incubation at 25°C in a moist
chamber, cells were examined by time lapse videomicroscopy
for movement. The videotape was played back at 60X the
recording speed to allow detection of slow or intermittent
movements.

We also examined the ability of cells to bind to and propel
0.5 wm polystyrene latex spheres (Seradyn, Indianapolis, IN).
Cells were grown to mid-exponential phase in casitone yeast
extract broth. Latex spheres in dH,O were added to a final
concentration of approximately 0.03 g/liter. The cell suspen-
sion (0.05 ml) was spotted on a microscope slide, covered with
an O,-permeable membrane, and examined by phase contrast
microscopy.

Measurements of Phage Sensitivity. Sensitivity to F.
johnsoniae phage was determined essentially as described by
spotting 1-10 ul of phage lysates (2 X 107 phage/ml) onto
lawns of cells in overlay agar (9). The plates were incubated for
24 h at 25°C to observe lysis.

RESULTS AND DISCUSSION

Complementation of Nonmotile Mutants. To identify and
clone genes involved in gliding motility, we constructed a

Proc. Natl. Acad. Sci. USA 94 (1997) 12141

library of wild-type F. johnsoniae DNA in the F. johnsoniae—E.
coli shuttle cosmid pCP17. The cosmid clones were transferred
to the nonmotile mutant UW102-9 and we identified one
colony that exhibited spreading. The cells of this colony carried
the cosmid clone pCP100 (Fig. 24)that had a 13-kbp insert of
F. johnsoniae DNA. We introduced pCP100 into UW102-9 by
electroporation and verified that pCP100 complemented the
motility defect of this mutant. All of the Em-resistant colonies
carrying pCP100 exhibited spreading, and individual cells
exhibited rapid movement over glass or agar surfaces when
examined by phase contrast microscopy. We introduced
pCP100 into each of 61 independently isolated nonmotile
mutants (listed in Materials and Methods). pCP100 comple-
mented UW102-15, UW102-107, and UW102-146, in addition
to UW102-9, but did not complement the other 57 mutants.

Subcloning and Sequencing of gld4. We cloned a 4.5-kbp
Xbal/Scal fragment of pCP100 into pCP11 to generate pCP25
(Fig. 2). pCP25 complemented the four nonmotile mutants
UW102-9, UW102-15, UW102-107, and UW102-146. The
4.5-kbp region was sequenced and four ORFs (gldA, orfl, orf2,
and orf3) were identified (Fig. 2B). Further subcloning indi-
cated that gld4 was necessary for complementation of each
mutant. pCP104 (which carried the BamHI/Sall fragment
containing orfl and half of gld4) and pCP105 (which con-
tained the BamHI/Xbal fragment containing orfs 2 and 3 and
the other half of gld4) did not complement any of the four
nonmotile mutants described above (Fig. 2C). pSA11, which
contained a 1.3-kbp fragment of DNA spanning the entire gldA4
gene, complemented UW102-9, UW102-15, UW102-107, and
UW102-146 (Fig. 2C). The complemented mutants spread as
well as wild-type colonies and exhibited rapid cell movements
over glass or agar surfaces.

A
4.5 kbp region detailed in map below
Xbal BamH| Scal
orf3 orf2 gldA orf1
B - g .' -
1 2 4
Tn4351 :0557
Complementation
c ijal pCP25 Sc‘al
+
Xblal pCP105 Bar:‘)HI
, pSA11
+
BarInHI pCP104 Safl

F1G. 2. Map of the region of DNA surrounding gldA. (4) Map of pCP100. pCP100 contains a 13-kbp fragment of F. johnsoniae DNA inserted
into the F. johnsoniae-E. coli shuttle cosmid pCP17. (B) Map of the 4.5-kbp Xbal/Scal fragment that contains gldA. The site of the Tn4351 insert
in CJ557 is indicated by a triangle. (C) Complementation of motility mutants UW102-9, UW102-15, UW102-107, and UW102-146 by fragments

cloned into pCP11.
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gldA 1s Required for Gliding Motility. As described, we
cloned an internal fragment of gld4 into the suicide vector
pLYLO3 to generate pMM114. pMM114 was introduced into
F. johnsoniae UW101 by conjugation and Em-resistant colo-
nies arose after insertion into the chromosomal copy of gldA,
generating the mutant CJ101-288. Disruption of gldA com-
pletely eliminated gliding motility, as measured by lack of
colony spreading on PY2 agar (Fig. 3B) and by a complete lack
of movement of individual cells or groups of cells over glass or
agar surfaces. Motility was restored to CJ101-288 by pSAZ21,
which carries the wild-type gld4 gene (Fig. 3C).

Isolation of the Tn4351-Induced gld4 Mutant, CJ557. In an
independent attempt to identify gliding motility genes, we
isolated nonmotile mutants after Tn435/ mutagenesis, by
using procedures described (10). We isolated eight Tn4351
induced nonmotile mutants, cloned the disrupted genes in E.
coli, and determined the nucleotide sequence of the regions
near the transposon insertions (unpublished results). One of
the mutants, CJ557, contained an insertion in gld4 (Fig. 2B).
The junction of the transposon facing the 3’ end of gld4 was
11 nucleotides upstream of the predicted stop codon. Intro-
duction of pSA21, which carries the wild-type gldA gene, into
CJ557 restored motility as measured by colony spreading and
by observations of single cell motility.

F1G.3. Photomicrographs of F. johnsoniae colonies. Colonies were
grown for 2 days at 25°C on PY2 agar media. Photomicrographs were
taken with an Olympus OM-4T camera mounted on a Nikon Diaphot
inverted phase contrast microscope. (4) Wild-type F. johnsoniae
UW101. (B) gldA knockout mutant CJ101-288. (C) CJ101-288 com-
plemented with pSA21. (Bar = 1 mm.)

Proc. Natl. Acad. Sci. USA 94 (1997)

Phage Resistance of gld4 Mutants. It previously has been
reported that many nonmotile mutants of F. johnsoniae are
resistant to infection by a number of F. johnsoniae bacterio-
phage (23). The reason for this pleiotrophy is not known. We
tested the sensitivity of F. johnsoniae strains UW101, UW102-
09, CJ101-288, and CJ101-288 carrying pSA21, to the F.
johnsoniae bacteriophage ¢Cjl, ¢Cj7, $Cj13, ¢$Cj23, ¢C;j28,
$Cj29, $Cj42, $Cj48, and $Cj54. F. johnsoniae UW101 was
readily lysed by these phage, whereas the nonmotile mutants
UW102-9 and CJ101-288 were resistant to infection by each of
them. Introduction of pSA21 into CJ101-288 restored sensi-
tivity to each of these phage in addition to restoring gliding
motility.

Movement of Latex Spheres by gld4 Mutant Cells. Wild-type
cells of F. johnsoniae and related bacteria bind latex spheres on
their surfaces and propel these spheres along the length of the
cells (5, 24). We examined the ability of cells of the F.
johnsoniae strains UW101, CJ101-288, and CJ101-288 carrying
PpSA21, to bind and propel latex spheres. Wild-type cells bound
and propelled the spheres. Cells of the gldA mutant CJ101-288
were rarely observed to bind the spheres and were never
observed to propel them. Cells of CJ101-288 carrying pSA21
bound and propelled the spheres as well as wild-type cells.

Analysis of the Sequence of gldA. gldA is predicted to code
for a 33.6-kDa protein containing 299 amino acid residues.
Comparison of the predicted GldA protein to sequences in the
databases revealed strong similarity to members of the ATP
binding cassette family of transport proteins (ABC transport
proteins) (Fig. 4, Table 2) (25-33). The region of strongest
similarity spans the ATP-binding domains of these proteins
(Walker Sites “A” and “B”), but the similarity to ABC
transport proteins extends over the entire sequence of GIdA.
ABC transporters are found in bacterial, archael, and eukary-
otic cells, where they transport a wide variety of molecules
across one or more membranes either into or out of cells (25).
The types of molecules that are transported by various ABC
transporters include amino acids, peptides, proteins, polysac-
charides, metals, and various drugs. Most bacterial ABC
transporters are composed of several subunits that interact to
form the final transport complex. GIdA is similar to the
ATP-binding components of ABC transporters, which are
thought to provide the driving force for transport via ATP
hydrolysis. The sequence that exhibits the greatest degree of
similarity to GIdA is the predicted protein product of orf
s110489 from the cyanobacterium Synechocystis PCC6803 (50%
identity over 222 amino acid residues). This similarity is
particularly interesting because Synechocystis PCC6803 exhib-
its the ability to move slowly over surfaces (34). The function
of s110489 is not known. Other proteins with known functions
that exhibit high levels of similarity to GIdA are listed in Table
2. Examination of the functions of these proteins did not allow
us to make strong predictions regarding the exact function of
GldA in gliding motility. GIdA is probably involved in trans-
port of some substance into or out of F. johnsoniae cells, but
we do not know what this substance is. Analysis of the amino
acid sequence of GIdA revealed no obvious hydrophobic
stretches, suggesting that GIdA is not an integral membrane
protein. GIdA probably interacts with other transporter com-
ponents that are anchored in the membrane. The ABC trans-
porters listed in Table 2 are thought to have similar relation-
ships with the transmembrane components of their multisub-
unit transport complexes.

Analysis of the Region of DNA Surrounding gldA. The genes
for the individual components of bacterial ABC transporters
often are clustered together on the chromosome in one or
more operons (25). For this reason, we examined the region of
DNA surrounding gldA. Two ORFs (orf2 and orf3) lie up-
stream of gldA (Fig. 2B). These ORFs are oriented in the
opposite direction to gld4 and are separated from gldA by 148
bp. The predicted protein products of orfs 2 and 3 are 194 and
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FiG. 4. Alignment of the predicted amino acid sequence of GldA with sequences of putative ABC transport proteins. Amino acid residues that
are identical are shaded. S110489 is the predicted protein product of Synechocystis PCC6803 orf s110489. BerA is the predicted sequence of the bcr4
gene product from Bacillus licheniformis. Sites “A” and “B” are the “Walker A” and “Walker B” sites that are thought to be involved in ATP binding

(25).

193 amino acid residues long, respectively and are very similar
to each other (66% identical over their entire sequences). The
predicted proteins Orf2 and Orf3 share weak but significant
sequence similarity (24.7% and 20.2% sequence identity,
respectively) with the Ail protein of Yersinia enterocolitica (35).
Ailis an outer membrane protein that is thought to be involved
in adhesion of Y. enterocolitica to mammalian cells. We do not
have any evidence that orf2 or orf3 are involved in F.
johnsoniae gliding motility.

There are no obvious ORFs immediately downstream of
gldA. A perfect 15-nucleotide inverted repeat sequence that is
followed by a string of T’s (AACCCAATTTATTCCTG-
GAATAAATTGGGTTTTCTTTTTT) is found 38 nucleo-
tides downstream from the gldA stop codon. This may function
as a transcription terminator. We identified a large ORF
(orfl)that started 388 bp downstream of the gldA4 stop codon
and was oriented in the same direction. Partial sequence of
orfl suggests that it codes for a protein containing greater than
579 amino acid residues. The predicted protein has weak but
significant similarity (20% amino acid identity over 396 amino
acid residues) to the IutA protein of E. coli (36). IutA is an
outer membrane protein that is thought to interact with TonB
and play a role in transport of iron into the cell. Because orfl
may code for a protein involved in transport and lies down-
stream of gldA, it seemed possible that the orfl gene product
might interact with GIdA and be required for gliding motility.
To test this possibility we disrupted the chromosomal copy of
orfl in F. johnsoniae UW101 as described in Materials and
Methods. Disruption of orfl had no obvious effect on gliding
motility (data not shown). Colonies spread as well as those of

Table 2. Comparison of GIdA to various ABC transporters

the wild type, and individual cells exhibited rapid motility over
glass and agar surfaces.

Possible Functions of gld4 in Gliding Motility. The results
presented above identify one gene, gldA, that is essential for
gliding motility in F. johnsoniae. There are many possible roles
for GIdA. (i) GIdA may export polysaccharide. Exopolysac-
charides and cell surface polysaccharides have been implicated
in gliding motility (3, 7, 37). They may be essential in allowing
the cell to adhere to or move along a surface. (if) GIdA could
function to export protein components of the gliding machin-
ery to the periplasm or cell surface. (iii) GldA could be a
functional part of the gliding “motor” that provides the thrust
to move the cell. It is unlikely, however, that the predicted
ATPase activity of GIdA drives cell movement because the
available evidence indicates that proton motive force, rather
than ATP hydrolysis, is the driving force for F. johnsoniae
gliding motility (5). Given the wide range of functions of ABC
transporters in bacteria and the many models that have been
proposed to explain gliding motility, many other possible roles
for GIdA exist. The analysis of other genes involved in F.
johnsoniae gliding motility should help determine the exact
function of gld4. Our current model of F. johnsoniae gliding
motility, based on observations of cell movements, is similar to
the one proposed by Lapidus and Berg (24). It involves the
movement of adhesion sites in the outer membrane along
tracks that are anchored to the cell wall. Additional proteins
in the cytoplasmic membrane and periplasm are postulated to
harness the proton motive force and perform the work that is
necessary to move the adhesion sites.

Gliding bacteria are found in many of the branches of the
eubacterial phylogenetic tree. Genetic analysis of gliding mo-

Similarity % amino acid identity
Protein Organism score with GIdA Function Ref.
S110489  Synechocystis PCC6803 694 50% identity over 222 residues  Unknown 26
BcrA  Bacillus licheniformis 554 32.9% identity over 295 residues Resistance to the peptide antibiotic bacitracin 27
MtrA  Streptomyces argillaceus 496 34.2% identity over 260 residues Resistance to the polyketide antibiotic mithramycin 28
NosF  Rhizobium meliloti 478 38.4% identity over 216 residues Cu processing/transport (for nitrous oxide reduction) 29
Nodl  Bradyrhizobium japonicum 475 34.8% identity over 221 residues Oligosaccharide export (involved in nodulation) 30
NisF  Lactococcus lactis 474 37% identity over 219 residues  Resistance to peptide antibiotic nisin 31
EpiF  Staphylococcus epidermidis 422 34.6% identity over 205 residues Resistance to the peptide antibiotic epidermin 32
CysA  Synechococcus PCC7942 412 33.5% identity over 212 residues Uptake of sulfate 33

Proteins were aligned with GIdA and the similarity scores were determined using the LALIGN program (22).
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tility has until now been confined to Myxococcus xanthus, which
is not closely related to F. johnsoniae. M. xanthus appears to
have two independent motility systems (“A” and “S”) that
allow cells to move under different conditions (38, 39). “S”
motility requires polar pili and may be related to another form
of surface translocation called twitching motility (40). “A”
motility does not require pili. The exact mechanism responsi-
ble for cell movement is not known for either M. xanthus
motility system. The situation may be somewhat simpler in F.
johnsoniae. Mutations in single genes of F. johnsoniae elimi-
nate gliding motility, which may suggest that F. johnsoniae has
a single motility system. The relationship of the F. johnsoniae
motility system to either of the M. xanthus systems is not
known.

The results reported in this paper describe the identification
of a gene required for F. johnsoniae gliding motility. gldA
complements 4 of 61 independently isolated nonmotile mu-
tants. We recently identified another gene, gldB, that comple-
ments four different nonmotile mutants (D.W.H. and M.J.M.,
unpublished data). These results may indicate that there are a
limited number of genes (perhaps less than 20) required for
gliding motility. Continued analysis of these genes and their
gene products should help to elucidate the mechanism of F.
johnsoniae gliding motility.
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