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Tgl protein is required for the production of the type IV pili found at a pole of the Myxococcus xanthus cell.
These pili are essential for social motility. Evidence is presented that Tgl is a membrane protein, based on
experiments with polyclonal antibody specific for Tgl that was raised against the fusion proteins b-galactosi-
dase–Tgl and TrpE-Tgl. Immunoaffinity-purified antibody reacted with a protein in M. xanthus having an
apparent molecular mass of 27.5 kDa as measured by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, while the sequence of the tgl gene translates into a polypeptide of 27 kDa. Although these numbers are close,
it is likely that the primary tgl translation product is processed and modified in M. xanthus. The N terminus
has a signal peptidase II recognition sequence, cleavage of which is expected to remove 19 amino acid residues.
When the tgl gene is expressed in Escherichia coli, the protein product consistently migrates faster in the gel
than mature Tgl expressed in M. xanthus, suggesting a second modification by addition which slows migration
of the protein from M. xanthus. Tgl, as detected by its specific antibody, sediments with the membrane fraction
of cells. It can be extracted with detergents but not with salt or by the addition of chelators for divalent cations.
In an equilibrium gradient, Tgl bands at the buoyant density of membranes and with the NADH-oxidase
activity. Intact cells failed to bind anti-Tgl antibody, and less than 2% of the total Tgl is released in soluble form
from the periplasm. Yet, cells that had been osmotically shocked and treated with paraformaldehyde were able
to react with the specific antibody—a reaction absent from cells with a deletion of the tgl transcription unit.
Assuming that osmotic shock disrupts the outer membrane, the fractionation and localization data imply that
Tgl is attached to the inner or outer membranes, from which it is exposed to the intermembranous space. Tgl
is necessary for synthesis of pili in M. xanthus and is the only pilus protein that can be donated by other cells
(stimulation). Tgl contains six tandem copies of the tetratrico peptide repeat structural motif. Its membrane
localization, capacity for stimulation, and content of tetratrico structural repeats together suggest that Tgl may
be necessary for the assembly of pilin subunits into filaments.

Myxococcus xanthus cells, which have no flagella and are
unable to swim, nevertheless spread efficiently by swarming on
surfaces such as agar, plastic, and glass (7). Swarming on agar
is evident at the edge of the colony, which spreads outward by
means of the gliding movements of individual cells (47) and of
coordinate groups of cells organized as peninsulas and islands
(39). Genes have been identified in M. xanthus that control
particular aspects of these cell movement and swarming be-
haviors. One set of genes work together to provide a function
known as social motility, which can be distinguished morpho-
logically from adventurous motility (18). A recent review sum-
marizes Myxococcus motility (16). The products of the social
motility genes apparently provide cell-cell interactions that
give rise to the strongly social quality of socially motile swarm-
ing. Socially motile cells are usually found in contact with each
other; apparently, single socially motile cells fail to move when
they are deposited on agar after having been completely iso-
lated from each other by extensive dilution (22). Social motility
is also more efficient on soft, wet surfaces than on dry ones
(45).

Currently about 10 social motility genes are known, but this
gene system is not yet saturated genetically since several new
S2 (lack of social motility) alleles were recently described (29).
One social motility gene, dsp (dispersed), is involved in the

production of an extracellular meshwork of fibrils (2). Fibrils
are polysaccharide filaments of various diameters to which a
number of proteins bind specifically and which loosely link
cells to each other (2–4). Other social motility genes encode
pili, which are polar structures. No mutant lacking pili retains
social motility (21, 56). Social motility is also lost when pili are
detached by violent shearing and reappears when pili are al-
lowed to grow back (41). Several social motility genes, includ-
ing tgl (transient glider), the subject of this paper, are needed
for production of pili. At least six other pili genes are clustered
in the sglI region of the M. xanthus chromosome (56, 57). The
tgl gene is not linked to the sglI region; it is linked to cglB and
rpoB (46).

Among the pili genes, loss of tgl gene function produces a
unique quality in addition to the loss of social motility. When
tgl mutant cells are mixed with tgl1 cells, the social motility and
piliation of the tgl mutant cells is transiently restored—a pro-
cess called stimulation. After several hours of incubation,
mixed donor and recipient cells spotted on an agar surface
form the distribution of peninsulas and islands characteristic of
socially motile swarming (21). Reisolation of individual cells
from the swarm has shown that the cells whose gliding has
been rescued remain genotypically tgl mutants. No stimulation
has been observed when donor and recipient cells are placed as
separate patches on an agar surface, even when their separa-
tion is of the order of 10 cell lengths. However, if two patches
are allowed to intersect, stimulation is observed in the mixing
region, indicating that stimulation requires either contact or
close proximity between the donor and recipient cells (17).
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Stimulation is transient, and the stimulated tgl mutant cells that
move away from the donor cells stop moving after a time.
Stimulation does not involve stable acquisition of genetic ma-
terial because progeny of the stimulated cells retain the S2

phenotype and tgl mutant genotype of the parents (21).
The genetic properties and structure of the tgl gene were

considered in the accompanying paper (40). Here we will be
concerned with the identification of the Tgl protein, its loca-
tion within the cell, and its likely role in pilus assembly and
stimulation.

MATERIALS AND METHODS

Strains and phages. The bacterial strains used in this study are listed in Table
1. The conditions for growth, transduction by phage, and DNA electroporation
have been described previously (40).

Construction of plasmids for deletion of the tgl region. The chromosomal
DNA region in M. xanthus corresponding to either the entire ORFA tgl tran-
scription unit or only the tgl gene was deleted and replaced with a tetracycline
resistance (Tcr) marker. The DNA regions flanking the sequences targeted for
deletion were subcloned, in the proper orientation, adjacent to the Tcr determi-
nant in plasmid pUC19tet (S. Inouye, Department of Biochemistry, R. W. John-
son Medical School) (see Fig. 1). The chromosomal regions adjacent to V1935
were isolated from pJPR102, which contains 16 kb of chromosomal DNA and the
tgl locus, and from pJPR103, which contains 25 kb of DNA from the other side
of V1935 (40). A 2.5-kb PstI fragment from pJPR103, which contains 1.8 kb of
chromosomal DNA and 685 bp of the adjacent IS50 from the transposon at
V1935, was ligated into the unique PstI site of pUC19tet to produce pJPR505. To
obtain chromosomal fragments from the other side of V1935, the intermediate
plasmid pJPR502 was constructed by the ligation of an 8.4-kb XhoI fragment
from pJPR102, which contains 7.9 kb of chromosomal DNA including the tgl
locus and 490 bp of IS50 DNA, into the unique SalI site of the plasmid pBGS18
(48). pJPR502 was used to obtain two different fragments for the deletion of the
tgl region as follows. A 4.2-kb NarI fragment was isolated, treated with the
Klenow preparation of DNA polymerase I, and ligated into the unique BamHI

site adjacent to the Tcr gene of pJPR505, after treatment with the Klenow
protein, to produce the deletion plasmid pJPR510. This results in the deletion of
the 1.7-kb region that contains the entire ORFA tgl transcription unit. The
second deletion plasmid was constructed by the ligation of a 3.2-kb SacI fragment
into the SacI site of pJPR505 adjacent to the Tcr gene, after partial digestion of
pJPR505 and isolation of linearized plasmid, to produce pJPR541. The deletion
in this plasmid consists of a 633-bp region of the tgl locus which is required for
the rescue of the tgl-1, tgl-2, and tgl-3 mutations and encodes ;20 kDa of the C
terminus of the Tgl protein (see Fig. 1).

Introduction of plasmids into M. xanthus. The deletion plasmids pJPR510 and
pJPR541 were introduced into DK1250 by electroporation (40). Transformants
in which the Tcr gene integrated by double recombination events that resulted in
the replacement of chromosomal regions should not contain any pUC19-derived
sequences. These transformants were identified by colony hybridization (34) with
nick-translated pUC18 as a probe. To generate strains with deletions isogenic to
the wild type, Mx4 phage lysates of the two deletion strains DK3930 and DK3931
were prepared and Tcr transductants of DK1622, DK3956, and DK3958 were
isolated. Southern blots confirmed that substitutions had been made in the tgl
transcription unit; a new 4-kb EcoRI fragment harboring the Tcr gene in strain
DK3956 and a new 2.9-kb EcoRI fragment with the Tcr gene and loss of a PstI
site in strain DK3958 were revealed. A new 2.5-kb PstI fragment harboring IS50
sequences was found in both strains of this isogenic pair.

Expression of proteins from cloned genes. For this purpose, Escherichia coli
cells harboring the expression plasmids were grown in Luria-Bertani liquid cul-
tures supplemented with carbenicillin (100 mg/ml); in general, the procedures
described elsewhere (40) were followed except as noted. To prepare whole-cell
extracts, cells were harvested by centrifugation (10,000 3 g, 4°C, 10 min) and
pellets were resuspended in 1/10 volume of TEBP (10 mM Tris [pH 7.6], 5 mM
EDTA, 0.5 mM benzamidine [Sigma], 0.5 mM phenylmethylsulfonyl fluoride
[PMSF; Boehringer Mannheim]) and sonicated in ice by using a Microson
sonifier with a microtip set at a power output of 12 with three to five 15-s bursts.
The destruction of rod-shaped cells was confirmed microscopically.

D1210, CAG597, and CAG626 cells harboring the plasmid pKK240-11,
pUR291, pJPR312, or pJPR329 were grown to an optical density at 550 nm of 0.6
to 0.8, expression was induced (where indicated) by the addition of isopropyl-b-
D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, and cells were
harvested after 2 to 4 h of additional growth. Expression of TrpE hybrid proteins

TABLE 1. Strains and plasmids

Strain or plasmid Description Reference or source

M. xanthus strains
DK1250 aglB1 tgl-1 18
DK1251 aglJ1 tgl-2 18
DK1252 cglF1 tgl-3 18
DK2700 cglB2 sglA1 tgl-4 46
DK1622 Reconstructed wild type 21
DK3930 aglB1 Tcr::DORFA tgl pJPR510xDK1250a

DK3931 aglB1 Tcr::Dtgl pJPR541xDK1250
DK3952 cglB2 tgl::V3950 40
DK3956 Tcr::DORFA tgl Mx4(DK3930)xDK1622b

DK3958 Tcr::Dtgl Mx4(DK3931)xDK1622b

DK4162 V1935 40
DK4170 mgl-7 49
DK7501 V7501 42
DK8020c tgl::V3950 Mx4(DK3952)xDK1622b

E. coli strains
HB101 Protease1 5
D1210 Protease1, lacIq 1
CAG597 Protease2 C. Gross
CAG626 Protease2 C. Gross

Plasmids
pKK240-11 Expression vector 1
pUC19tet pUC19 with Tcr gene from pBR322 S. Inouye
pUR291 b-Galactosidase hybrid protein vector 43
pJPR126 1.7-kb tgl transcription unit in pUC18 40
pJPR312 1.1-kb PstI fragment from pJPR126 into PstI site of pUR291 This work
pJPR329 1.2-kb NcoI-HindIII fragment from pJPR126 into pKK240-11 at same sites This work
pJPR345 TrpE-Tgl hybrid protein expression vector 40

a Recipient strains are indicated after the x.
b Mx4 phage was grown in the strain shown in parentheses, and phage lysates were used to transduce tetracycline or kanamycin resistance into the recipient.
c Strain DK8020 was constructed by A. Rosenbluh.
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in HB101 and their purification from inclusion bodies has been previously de-
scribed (24).

Immunization of rabbits and immunochemical purification of antisera. Ap-
proximately 100 mg of protein from b-galactosidase–Tgl or TrpE-Tgl hybrid
protein inclusion body preparations was fractionated in sodium dodecyl sulfate
(SDS)-polyacrylamide gels (8 and 12.5% acrylamide, respectively), and blocks of
the gel corresponding to the hybrid proteins were cut out and macerated to
prepare them for injection (24). Two female New Zealand White rabbits were
immunized subcutaneously with 2 mg of protein in complete Freund’s adjuvant.
Reimmunizations with 1 to 2 mg of protein, but no adjuvant, were separated by
at least 1-month intervals. Blood was sampled by auricular-vein phlebotomies at
1, 2, and 3 weeks after each reimmunization. Whole blood was stored at 4°C
overnight and the clot was removed by centrifugation, leaving crude serum to test
for anti-Tgl activity.

Purification of the antiserum made against the TrpE-Tgl protein followed the
method of Redding et al. (38). TrpE and b-galactosidase–Tgl inclusion body
preparations were adjusted to a protein concentration of 5 mg/ml, and affinity
columns were prepared as described previously (38). The ammonium sulfate
immunoglobulin G fraction was passed over an affinity column made with TrpE
protein. Proteins that did not bind were collected in the flowthrough by elution
with 150 mM NaCl–50 mM HEPES (pH 7.5)–1 mM EDTA–0.5 mM benzami-
dine–0.5 mM PMSF –10 mg of bovine serum albumin (BSA; Miles Laboratory)
per ml. This material, which contained antibodies reactive against Tgl protein
and lacked .95% of the antibodies reactive against the TrpE protein, was
applied to a second affinity column made with b-galactosidase–Tgl inclusion
body proteins. Antibodies specific for Tgl proteins were eluted and dialyzed (38).

Western immunoblotting. To obtain M. xanthus protein extracts, cells were
grown in liquid culture to 80 to 120 Klett density units, harvested by centrifuga-
tion (16,000 3 g, 4°C, 10 min), and resuspended at 1,000 Klett units (;4 3 109

cells per ml) in TEBP buffer. Cells were disrupted by sonication as described
above. By using 10 ml of the extracts, containing 100 mg of total protein, the
proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE)
(26). The transfer to nitrocellulose, reaction with antibodies, and visualization of
enzymatic activity have been described previously (24). Antisera were diluted
1:2,000 to react with proteins from inclusion bodies and were diluted 1:100 to
react with proteins in whole-cell extracts. The intensity of the bands obtained
from the development of alkaline phosphatase activity in Western immunoblots
was measured by reflectance densitometry and quantified by cutting out and
weighing the peaks of the density scans.

Harvesting of growth media and osmotic shock treatment. Supernatants were
obtained from cells grown in liquid suspension or as films on the bottom of
stationary tissue culture flasks (23). Cells in tissue culture flasks were dislodged
from the plastic into the overlaying medium by gently scraping with a bent
Pasteur pipette. Cells were removed by centrifugation (15,000 3 g, 10 min, 4°C)
followed by filtering through 0.45-mm-pore-size filters (Syrfil-MF; Nucleopore).
Supernatant fractions were adjusted to the following concentrations of protease
inhibitors: 5 mM EDTA, 0.5 mM benzamidine-HCl, and 0.5 mM PMSF. Ali-
quots were frozen in liquid nitrogen, lyophilized, resuspended in water (1/11
original volume), and dialyzed in 6- to 8-kDa molecular mass cutoff dialysis
tubing (Spectropore) with 1 liter of TEBP.

For the isolation of membrane fractions, cells were grown in liquid CTT (17)
and concentrated to 1,000 Klett units per ml, and then 0.5 ml of the cell suspension
was spread on 15-cm-diameter plates containing 1.5% agar. After two days of
incubation, cells were harvested by gently scraping the agar surface with a razor
blade. Cells grown in liquid media or tissue culture flasks were enumerated by
measuring cell density by using a Klett-Sommersen colorimeter with a red filter. Wet
weight was determined for cells grown on agar, and the number of cells was calcu-
lated from the mass.

Osmotic shock was performed following the method of Nossal and Heppel
(33) with a 10-ml cell culture or similar amounts of cells grown in tissue culture
flasks. All solutions were cooled in ice, EDTA was omitted, and the cells were
gently resuspended by pipetting. After removal of cells by centrifugation, all
supernatants were filtered and supplemented with protease inhibitors as de-
scribed above. The cell pellet was resuspended in 0.5 ml of TEBP to a concen-
tration of ;4 3 109 cells/ml, and cells were disrupted by sonication (four 15-s
bursts with a Microson sonifier with a microtip set at 10 to 14). Alkaline phos-
phatase was assayed by hydrolysis of o-nitrophenyl phosphate (8), and b-galac-
tosidase (25) was measured as described previously, except that cells were re-
suspended in TEBP.

Fractionation of cell membranes. Cells grown on agar were scraped with a
razor blade, weighted (wet weight), washed with 1 ml of CTT per 0.1 g of wet
cells, and resuspended to ;4 3 109 cells/ml in 10 ml of TEBP. Cells were
disrupted by sonication in ice (Branson sonifier 450 with a microtip at a power
output of 4 to 6 and with a 50% duty cycle). Complete disruption was verified by
phase-contrast microscopy. Cell wall components and debris were removed by
centrifugation (15,000 3 g, 10 min, 4°C) to obtain S15 and P15 fractions. P15 was
resuspended in TEBP to the original volume. A membrane fraction was isolated
from S15 by centrifugation (200,000 3 g, 1 h, 4°C). The pellet (P200) was
resuspended in TEBP to the original volume by sonication (described above)
until no visible particulate material remained. Fractionation was also carried out
in 0.5 ml of TEBP with different concentrations of NaCl (0.1 M, 0.5 M, 1 M, and
4 M).

Membrane fractions were extracted with detergents as follows. Aliquots (10 to
20 ml) of membrane fractions (100 to 200 mg of protein) were adjusted to 50 ml
with TEBP and different final concentrations of 3-[(3-cholamidopropyl)dimeth-
ylammonio]-1-propanesulfonate (CHAPS; Sigma) (0.05, 0.1, 0.5, and 1%) or
Sarkosyl (Sigma) (0.5, 1.0, and 1.5%). Samples were incubated in ice for 1 h,
insoluble material was removed by centrifugation (200,000 3 g, 1 h, 4°C) with a
100.1 rotor and Beckman TLA centrifuge, and pellets were resuspended in
TEBP with 1% SDS by sonication or incubation in boiling water for 5 min.
Treatments with EDTA and EGTA were performed as described above by
diluting 0.5 M EDTA (pH 8) or 0.5 M EGTA (pH 8) to final concentrations of
25 and 20 mM, respectively.

Isopycnic sedimentation. The membrane fraction from 4 3 109 cells was
resuspended by sonication in 1 ml of 57% sucrose (wt/vol)–TEBP, and the layers
of a step gradient consisting of 1 ml of 55% sucrose and 2 ml (each) of 50, 45, 40,
35, and 30% sucrose were added successively on top. The tube was centrifuged
in a SW41 rotor at 38,000 rpm and 4°C for 70 h. Fractions of 1 ml were collected
from the bottom of the tube, and the density of each fraction was determined
from the measured refractive index. NADH oxidase (35) and b-galactosidase
(25) activities were measured as described previously.

Fluorescence-activated cell sorter (FACS) experiments. Purified specific anti-
Tgl was immunoabsorbed with tgl-deleted M. xanthus cells. DK3956 was grown in
liquid, osmotically shocked to remove periplasmic proteins, and fixed with 4%
paraformaldehyde. Fixed cells were resuspended to a concentration of ;4 3 109

cells/ml in the antiserum and agitated by rotation for 4 h at room temperature or
12 to 16 h at 4°C, after which the cells were removed by centrifugation. Eight to
ten sequential absorptions were required to remove the reactivity against
DK3956 cells.

For fixation, cells were resuspended in 4% paraformaldehyde–25 mM
K2HPO4–KH2PO4 (pH 7.5) and incubated for 1 h at room temperature with
rotation. Cells were harvested by centrifugation and washed with TPM (10 mM
Tris-HCl [pH 7.5], KH2PO4, 8 mM MgSO4) three times, 5 min per wash. After
fixation, 95% of the cells appeared as morphologically normal rods by phase-
contrast microscopy.

Fixed cells were incubated with anti-Tgl antibody as follows. Cells (4 3 107)
were pelleted by centrifugation and resuspended in 45 ml of phosphate-buffered
saline (PBS)–3% BSA, and 5 ml of the immunoabsorbed antiserum was added.
After incubation for 4 to 6 h at room temperature, or 18 h at 4°C, cells were
washed with 100 ml of PBS–3% BSA three times and resuspended in 50 ml of
goat anti-rabbit antibody conjugated to fluorescein diluted 1:100 in PBS–3%
BSA. This mixture was incubated for 4 h at room temperature, and then the cells
were washed with 100 ml of TPM three times. Finally, 2 3 106 cells were diluted
in 2 ml of TPM for analysis in a FACS (FACSTAR Plus; Becton Dickenson).
The amplifier settings, data compilation, and analysis have been described pre-
viously (42).

RESULTS

Protein fusions and generation of antibodies against Tgl
protein. A fragment containing three quarters of the tgl tran-
scription unit was subcloned in the correct reading frame to
produce fusion proteins with N termini (N fragments) from the
TrpE or b-galactosidase protein of E. coli and C termini (C
fragments) from Tgl. The left end of the Tgl C fragment is the
PstI site shown in the top two panels of Fig. 1. Plasmid
pJPR345, containing a TrpE-Tgl fusion gene (40), and plasmid
pJPR312, containing a b-galactosidase–Tgl fusion gene con-
structed in the plasmid pUR291, were introduced into E. coli.
The TrpE-Tgl and b-galactosidase–Tgl hybrid proteins were
isolated from inclusion bodies that were produced in the E. coli
strains. The fusion proteins were partially purified by SDS-
PAGE and injected into rabbits for the production of poly-
clonal antibodies. It was expected that some of the antibodies
would be directed against the Tgl portion of the hybrid pro-
teins.

Figure 2, lane 3, shows a Western blot of the proteins ob-
tained from purified inclusion body preparations after induc-
tion of hybrid protein expression in E. coli cultures harboring
plasmid pJPR345 (TrpE-Tgl) developed with an antiserum
against TrpE. This anti-TrpE serum reacts with a protein of 58
kDa (Fig. 2, lane 2), close to the 56 kDa predicted from the
DNA sequence of the TrpE-Tgl fusion gene. This protein also
reacts with an antiserum generated against the b-galactosi-
dase-Tgl protein (Fig. 2, lane 4).

Figure 2, lanes 5 to 8, shows the proteins produced from
pJPR312 after induction of b-galactosidase–Tgl fusion gene
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expression with IPTG. Fusion plasmid pJPR312 specifies three
novel proteins (Fig. 2, lane 6), the largest of which has an
interpolated mass of 142 kDa, close to that predicted from the
sequence (136 kDa) for the hybrid protein. Figure 2, lane 8,
shows a Western immunoblot reaction of the anti-TrpE-Tgl
serum with the 136-kDa protein. Two faster-migrating pro-
teins, at 132 and 120 kDa, specific to the plasmid pJPR312 are
not recognized by anti-Tgl antibodies in the anti-TrpE-Tgl
serum.

These results demonstrate the presence of antibodies spe-
cific for the Tgl portion of the hybrid proteins in both the
polyclonal anti-TrpE-Tgl serum and the polyclonal anti-b-ga-
lactosidase–Tgl serum. The antiserum generated against the
TrpE-Tgl hybrid protein was selected for further purification
because Western blots of extracts of E. coli cells which carried
no tgl gene showed that the anti-TrpE-Tgl serum reacted with
fewer bands and with lower intensity overall than the anti-
serum generated against the b-galactosidase–Tgl fusion. Spe-
cific anti-Tgl antibodies were then purified in three steps. After
precipitation of the immunoglobulin G protein from the se-
rum, the anti-TrpE activity was removed by passage over a
TrpE affinity column. The column flowthrough, enriched by
removal of .95% of the antibodies reactive against TrpE, was
then passed over a second affinity column made with a b-ga-
lactosidase–Tgl fusion protein as detailed in Materials and
Methods. Specific anti-Tgl antibodies were eluted from this
second column.

Specificity of the immunoaffinity-purified anti-Tgl antibod-
ies. The antiserum generated against the TrpE-Tgl hybrid pro-
tein and purified as described above reacts with a single protein
with a nominal molecular mass of 27.5 kDa in the tgl1 M.
xanthus strain DK4162 (Fig. 3, lane 1). If this is the tgl gene
product, then expression of the tgl transcription unit in E. coli
should produce a similar protein that reacts with this anti-
serum. The plasmid pJPR126, derived from pUC18, contains
the tgl gene in the correct orientation for transcription from an
E. coli (lac) promoter (Fig. 1). pJPR126 was introduced into
two protease-deficient E. coli strains, CAG626 (lonB mutation)
and CAG597 (htpR mutation). Cells harboring pJPR126 or the
parental plasmid pUC18 were harvested from cultures in their
exponential phase of growth. Figure 3 (lane 2) shows the re-
action of the immunoaffinity-purified antibody with a protein
produced in CAG626 cells harboring pJPR126. The protein is
absent from cells harboring pUC18 (Fig. 3, lane 3). The same
protein was observed in CAG597 cells (data not shown). The
protein produced in E. coli migrates at 27 kDa, slightly faster
than the protein produced in tgl1 M. xanthus (Fig. 3, lane 1).
This same difference in the apparent mass of the two proteins

FIG. 1. The top panel shows the restriction map for and the transposon
insertion sites in the tgl region. The nucleotide sequence between the NarI site
and the transposon insertion V1935 predicts the two open reading frames ORFA
and tgl, shown as open arrows below the line (40). ORFA and tgl are transcribed
from left to right. The transposon Tn5lac (open lollipop) insertion at V3950
inactivates tgl function; the Tn5 insertion at V1935 (shaded lollipop) leaves tgl
function unaltered. pJPR126 (40), shown in the next panel, contains a 1.7-kb
DNA fragment that includes the complete tgl transcription unit and ORFA. The
next panel shows the region encoding the Tgl carboxy, or C, fragment (see text);
this region was used to generate fusion proteins from pJPR312 and pJPR345.
The dashed line represents the region encoding the N fragment of the fusion
proteins. The region in pJPR329 used for the expression of the TglD1–72 protein
is shown. Ptac is the expression plasmid promoter region. The last two panels
give the structure of plasmids pJPR541 and pJPR510, showing the replacement
of the tgl sequences by a tetracycline resistance gene obtained from pUC19tet.
These regions were inserted into the M. xanthus chromosome to produce dele-
tions of the tgl locus. The thin solid line represents Myxococcus chromosomal
DNA. Sequences from the IS50 elements of Tn5V1935 are shown as large
shaded boxes. The regions from the SacI to NarI sites in pJPR510 and from NarI
to NarI in pJPR510 and from IS50 to PstI in both plasmids are not drawn to scale.
The thin, shaded box indicates pUC19tet sequences. TcR, tetracycline resistance
gene (with its direction of transcription indicated by an arrow). Restriction sites:
B, BalI; E, EcoRI; Na, NarI; Nc, NcoI; P, PstI; Sa, SacI; St, StuI. FIG. 2. SDS-polyacrylamide gels of Tgl fusion proteins. Roughly 50 mg of

total protein was loaded in each lane. Lane 1, molecular weight standards for
lanes 1 to 4; lane 2, Coomassie blue stain of protein from the TrpE-Tgl fusion
specified by pJPR345; lane 3, Western immunoblot of the TrpE-Tgl fusion
specified by pJPR345 probed with anti-TrpE antibody; lane 4, Western immu-
noblot of the TrpE-Tgl fusion specified by pJPR345 probed with anti-b-galac-
tosidase–Tgl antibody; lane 5, Coomassie blue stain of protein from E. coli cells
carrying the b-galactosidase expression vector, pUR291, after induction with
IPTG; lane 6, Coomassie blue stain of protein from E. coli cells carrying
pJPR312 that encoded b-galactosidase–Tgl; lane 7, Western immunoblot of the
proteins from the b-galactosidase strain (pUR291) probed with anti-TrpE-tgl
antibody; lane 8, Western immunoblot of the proteins from the b-galactosidase–
Tgl hybrid strain (pJPR312) probed with anti-TrpE-Tgl antibody. Positions of
molecular weight standards for lanes 5 to 8 are marked at the right. Molecular
weight is indicated in thousands.
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was observed after electrophoresis by the systems of Laemmli
(26) and Schagger and von Jagow (44) (data not shown).

An additional argument that the antiserum recognizes the
protein encoded by the tgl gene is that alterations in tgl change
the protein expressed. A fragment of the tgl coding region was
cloned into the plasmid pKK240-11 for overexpression from
the highly inducible Ptac promoter (Fig. 1). The plasmid con-
structed, pJPR329, placed an AUG codon in frame at the
position corresponding to amino acid 72 from the N terminus
of the Tgl protein, seven nucleotides downstream from a ribo-
somal binding site (AGGA) characteristic of abundantly pro-
duced proteins. Induction of transcription from the Ptac pro-
moter was expected to produce a tgl polypeptide truncated at
its N terminus (the TglD1–72 protein) with a predicted mass of
20 kDa. Figure 3 shows Western blots of extracts of E. coli cells
harboring pJPR329. The addition of IPTG to D1210 cells
(which have the lacIq allele) results in the accumulation of a
protein with a mass of 21.5 kDa (Fig. 3, lane 6), and the same
protein is detected constitutively in lonB mutant cells (lane 7).
This protein is encoded by the tgl transcription unit because it
is not produced when E. coli cells harboring pKK240-11, which
lacks tgl, are similarly induced (Fig. 3, lane 4) or in pJPR329-
containing cells that have not been exposed to IPTG (lane 5)
but does accumulate in pJPR329 cells after exposure to IPTG
(lane 6).

Detection of the tgl gene product in M. xanthus. Proteins in
cell extracts of M. xanthus strains that contain a wild-type or a
mutated allele of tgl were screened with the affinity-purified
anti-Tgl serum. Apart from an immunoreactive band at about
34 kDa that is present in all strains whether or not they have a
tgl1 gene, Fig. 4 illustrates the presence of a 27-kDa protein in
tgl1 strains DK1622, DK4162, and DK4170 that reacts with the
affinity-purified polyclonal anti-Tgl serum. On the other hand,
strains DK1250, DK1251, DK1252, DK2700, DK3956, DK3958,
and DK8020, each of which carries a different mutant allele of
tgl, show no reaction. The protein recognized by this anti-Tgl
serum is absent in all three classes of tgl mutants tested: (i)
those derived by UV mutagenesis, which are likely point mu-
tants (DK1250, DK1251, DK1252, and DK2700 [18, 46]); (ii) a
null mutant generated by a Tn5lac transposon insertion in tgl
(DK8020); and (iii) the isogenic pair of mutants derived by the
replacement of the chromosomal tgl region with a Tcr deter-
minant (DK3956 and DK3958).

Is Tgl protein secreted? Tgl1 cells can stimulate (transiently
induce motility in) the tgl mutant cells of a mixture of tgl1 and

tgl mutant cells (18, 40). To test whether Tgl protein might be
secreted by tgl1 cells into the surrounding fluid, the culture
supernatants of cells grown in liquid suspension were exam-
ined for Tgl protein by Western immunoblotting. Lane 5 of the
immunoblot shown in Fig. 5 was loaded with supernatant pro-
tein from 108 cells. No Tgl protein was detected, even though
it was evident in 2 3 106 whole cells, as shown in Fig. 5, lane
4. If Tgl protein is secreted, its steady-state level is less than 2%
of the protein present in extracts of whole cells. The fluid
washes of growing cells harvested from a submerged culture
concentrated 10-fold as well as a fluid wash of a culture grow-
ing on agar were examined without finding any Tgl protein
(data not shown).

To test whether Tgl protein might be secreted into the
periplasm, cells were subjected to an osmotic shock regimen
that releases periplasmic proteins from E. coli (33). M. xanthus
DK7501 was used because it is tgl1, makes b-galactosidase that
localizes to the cytoplasm (15), and also makes a phosphatase
that localizes to the periplasm (53). The latter two proteins
would mark cytoplasm and periplasm. More than 90% of the
DK7501 cells survived the shock procedure as judged by a
count of viable cells, and phase-contrast microscopy showed
that .98% of the cells retained their morphologically normal
rod shape. Apparently, few cells lysed as a consequence of the
osmotic shock. The distribution of enzyme activity and Tgl
protein among the shock fractions is shown in Table 2. The
shock procedure released 77% (average from two independent
experiments) of the phosphatase activity in the periplasmic
fraction. The periplasmic fluid contained 7% of the total cel-
lular protein but less than 1% of the b-galactosidase activity.
No Tgl protein was detected in the periplasmic fraction ob-
tained from 108 cells (Fig. 5, lane 6). Since the Tgl protein from

FIG. 3. Western immunoblot of Tgl polypeptides in E. coli and M. xanthus.
After separation by SDS-PAGE and transfer to nitrocellulose, the blot was
incubated with immunoaffinity-purified anti-Tgl antibodies. Lane 1, M. xanthus
DK 4162 (tgl1) cells; lane 2, E. coli CAG626 cells with pJPR126 (with tgl); lane
3, E. coli CAG626 cells with pUC18 (no tgl); lane 4, E. coli D1210 cells with
pKK240-11 (no tgl) after induction; lanes 5 and 6, E. coli D1210 cells with
pJPR329 (that has tgl) before (lane 5) and after (lane 6) induction with IPTG;
lane 7, E. coli CAG626 cells with pJPR329 (with tgl); lane 8, E. coli CAG626 cells
with pKK240-11 (no tgl). Molecular weights (in thousands) are indicated on the
left.

FIG. 4. SDS-PAGE and Western immunoblot of M. xanthus whole-cell ex-
tracts, incubated with immunoaffinity-purified anti-Tgl antibody. Lane 1, DK1622
(wild type); lane 2, DK4162 (wild type with the transposon insertion V1935); lane
3, DK4170 (mgl-7); lane 4, DK1250 (aglB1 tgl-1); lane 5, DK1251 (aglJ1 tgl-2);
lane 6, DK1252 (cglF1 tgl-3); lane 7, DK2700 (cglB2 sglA1 tgl-4 rifR); lane 8,
DK3956 (Tcr::DORFA tgl); lane 9, DK3958 (Tcr::TglD60–241); lane 10, DK8020
(tglV3950). Molecular weights (in thousands) are indicated on the left. ã, posi-
tion of Tgl.

FIG. 5. Western immunoblot of M. xanthus cell extracts, showing the location
of Tgl. Lanes 1 to 4 contain sonicates of cells after their periplasmic contents had
been washed out. Lanes and the quantities that were loaded in them: lane 1, 2 3
107 cells; lane 2, 1 3 107 cells; lane 3, 5 3 106 cells; lane 4, 2 3 106 cells. Lane
5 contains culture supernatant from 108 cells concentrated by lyophilization.
Lane 6 contains the periplasmic fraction from 2 3 108 cells. Lane 7 contains the
sucrose wash from 108 cells.
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2 3 106 whole cells can be detected, we calculate that less than
2% of the Tgl protein is present in soluble form in the
periplasm.

Is Tgl protein associated with the membrane? Table 2 indi-
cates that a small amount of protein having the size and anti-
gen reactivity of Tgl protein was found in the 20% sucrose
wash fraction. The intensity of this sucrose wash gel band (Fig.
5, lane 7) indicates an amount of Tgl protein that would be
obtained from 2 3 106 whole cells, even though the wash of 108

cells was applied to the gel. This suggests that a low percentage
of Tgl protein is released by washing cells with a 20% sucrose
solution. The Tgl protein in the sucrose wash is unlikely to
have been produced by cell lysis because this fraction contains
no b-galactosidase activity and ,1% of the phosphatase activ-
ity present in cells. When a sucrose wash fraction was sedi-
mented at 200,000 3 g, all the Tgl protein was recovered in the
sediment (data not shown), suggesting that it may reside in
membrane vesicles or another particulate form.

Cells grown in liquid suspension or on agar were disrupted
by sonication. Figure 6 shows a Western immunoblot of frac-
tions resulting from differential centrifugation. Roughly half of
the Tgl protein was present in the supernatant (S15) left by
sedimentation at 15,000 3 g, and the remainder was present in
the pellet, consisting of cell debris and large membrane frag-
ments (Fig. 6, lanes 1 and 4). When the 15,000 3 g pellet
fraction (P15) was resuspended in buffer and disrupted by
passing it through a French pressure cell, additional Tgl pro-
tein was released into the supernatant (data not shown). Treat-
ment of P15 with lysozyme failed to release Tgl protein (data
not shown). All the Tgl protein present in the S15 fraction was
sedimented at 200,000 3 g for 1 h (P200, shown in lane 3 of
Fig. 6, and S200, shown in lane 2).

The sedimentation of Tgl protein with the particulate mem-
brane fraction, P200, may indicate an association with the

membrane or the formation of Tgl protein aggregates. These
two possibilities can be distinguished by sedimentation in an
equilibrium sucrose density gradient. Membrane-associated
proteins are expected to comigrate in the gradient with the
lipid vesicles, while protein aggregates would band elsewhere
in the gradient according to their particular buoyant densities.
The P200 fraction resuspended in 57% sucrose was placed at
the bottom of a preformed sucrose gradient. This P200 fraction
also contained 30% of the b-galactosidase activity expressed in
this strain, because b-galactosidase is a tetramer with a molec-
ular mass of 544 kDa that is partially pelleted under the con-
ditions used. Figure 7 shows the distribution of Tgl protein,
b-galactosidase, and NADH oxidase activities throughout the
sucrose gradient. The immunoblot in the bottom panel of Fig.
7 shows the peak of Tgl protein in fraction 5. This coincides
with the peak of NADH oxidase activity that marks the inner
membrane (35). The measured density of this fraction was 1.18
g/cm3, close to the value of 1.19 g/cm3 reported for the mixture
of inner and outer M. xanthus membranes (35). In contrast, the
fractions from the bottom of the gradient that would contain
materials with buoyant densities of 1.22 g/cm3 and above have
70% of the b-galactosidase activity recovered in the gradient.
Therefore, Tgl protein cofractionates with membrane frag-
ments, not with protein aggregates.

Membrane proteins can often be solubilized with detergents,
which replace the lipid molecules through interactions with the
hydrophobic regions of these proteins. A P200 fraction of tgl1

cells was exposed to increasing concentrations of the zwitteri-
onic nondenaturing detergent CHAPS and then sedimented at
200,000 3 g. As shown in Fig. 8, increasing the concentration

TABLE 2. Fractionation by osmotic shocka

Suspension

% Total activity

Cell
protein

b-Galacto-
sidase

Alkaline
phosphatase Tgl

Sucrose wash ,1 0 ,1 4
Periplasm 7 ,1 77 ,1
Cell pellet 93 100 23 96

a Fractionation of DK7501 cells grown in liquid suspension by the osmotic
shock procedure. The values given are averages of the values obtained in two
experiments.

FIG. 6. Western immunoblot of M. xanthus cells fractionated by centrifuga-
tion. Supernatant (S15) (lane 1) and pellet (P15) (lane 4) from centrifugation at
15,000 3 g. Supernatant (S200) (lane 2) and pellet (P200) (lane 3) from centrif-
ugation at 200,000 3 g. About 50 mg of total protein was loaded in each lane.
Molecular weights (in thousands) are indicated on the left.

FIG. 7. Isopycnic density gradient centrifugation of M. xanthus membranes.
Membrane fractions from DK7501 were isolated and floated in a sucrose gradi-
ent, as described in Materials and Methods. Fraction 1 contains the bottom of
the gradient, and fraction 12 contains the top of the gradient. The top panel
shows the density of each fraction. The middle panel shows the percent of total
enzymatic activity recovered in each fraction for NADH oxidase (solid circles),
b-galactosidase (open circles), and Tgl (solid squares). The amount of Tgl in
each fraction was determined by densitometry of a Western immunoblot probed
with affinity-purified anti-Tgl antibodies (bottom panel). Molecular weights (in
thousands) for the immunoblots are indicated.
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of CHAPS to 1% increased the solubility of Tgl protein. Sim-
ilar results were obtained with Sarkosyl, an anionic detergent.
If Tgl is associated with the membrane through ionic bonds,
those bonds might be weakened by exposure to high salt con-

centrations. However, when disrupted cells were exposed to 0.1
M, 0.5 M, 1 M, or 4 M NaCl, Tgl protein remained associated
with the membrane fraction. Similar results were obtained
when either EDTA (20 mM) or EGTA (25 mM) was included
with the NaCl (data not shown). Apparently, Tgl protein as-
sociates with the membrane through hydrophobic, not ionic,
interactions.

Cellular localization of Tgl protein by immunofluorescence.
To look for Tgl protein on whole cells, immunoaffinity-purified
antibody was extensively absorbed with the strain DK3956,
chosen because it has a deletion of tgl but is otherwise isogenic
to the wild type. The absorbed antibody preparation retained
full activity against Tgl protein, as determined by immunoblots.
Intact cells fixed with paraformaldehyde or cells that had been
treated with an osmotic shock before fixation were incubated
with the purified and absorbed anti-Tgl specific antibodies.
Binding of these antibodies was detected by reaction with a
secondary antibody that had been conjugated to fluorescein.
Finally the fluorescent cells were detected in a FACS. Several
experiments were performed and a typical result is shown in
Fig. 9. The anti-Tgl antibodies failed to react with cells that had
been treated only by washing and fixation (Fig. 9A). However,
after cells had been exposed to the osmotic shock procedure
(Fig. 9B), binding of the anti-Tgl antibodies to wild-type cells
could be detected. Binding to the tgl deletion strain (DK3956)
was absent (Fig. 9C). The detected binding to wild-type cells is
mediated by the anti-Tgl antibodies, because their omission
before the incubation with secondary antibody left no binding

FIG. 8. Release of Tgl protein by detergent from M. xanthus membranes.
Aliquots of the membrane fraction were treated with increasing concentrations
of CHAPS detergent. The abscissa indicates the percentage of the total Tgl
recovered in the supernatant (circles) or pellet (squares) as determined by
densitometry of Western immunoblots.

FIG. 9. Detection of Tgl protein in whole cells. tgl1 (DK7501) or Dtgl (DK3956) cells were washed, fixed, and exposed to affinity-purified rabbit anti-Tgl antibody
that had also been absorbed eight times with Dtgl cells. Details of the absorption are given in Materials and Methods. Following reaction with anti-Tgl, the cells were exposed
to fluorescein-conjugated goat anti-rabbit antibody and then analyzed in the FACS. (A) tgl1 cells (DK7501) were washed and fixed (without shock treatment). (B) tgl1 cells
were osmotically shocked and then fixed. (C) Dtgl cells (DK3956) were washed and fixed (without shock treatment). (D) Dtgl cells were osmotically shocked and then fixed.
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(data not shown), and when the tgl deletion strain was shocked
a significant but low intensity of fluorescence (Fig. 9D) com-
pared with that for the tgl1 strain (Fig. 9B) was observed. A
low-level background fluorescence has been reported previ-
ously (42). Therefore, an osmotic shock along with fixation
rendered the Tgl protein epitope in whole cells accessible from
the outside for specific binding of the rabbit antibody. After
treatment, 95% of these cells appeared as morphologically
normal rods by phase-contrast microscopy.

DISCUSSION

The tgl gene is essential for biogenesis of type IV pili, which
are polar structures on Myxococcus cells (40). Since tgl is re-
quired for pili it is also required for social motility (56, 57).
This paper describes the identification of tgl protein (Tgl) in
cell extracts and takes the first steps toward its cellular local-
ization. Both identification and localization rely critically on
the specificity of anti-Tgl antibody, which was raised against a
TrpE-Tgl fusion protein, checked against a b-galactosidase–
Tgl fusion protein, and purified immunochemically. In extracts
of tgl1 M. xanthus cells, purified antibody identified a protein
whose motility in SDS-PAGE gave it a nominal molecular
mass of 27.5 kDa. This protein was absent from null mutants
(either a tgl::Tn5 insertion mutation or an engineered internal
deletion of tgl). The sequence of the tgl gene translates into a
polypeptide of 27 kDa (40).

Tgl is unique among the social motility proteins which have
been identified in that the swarm pattern characteristic of
social motility can be transiently but efficiently restored to tgl
mutant cells by contact with tgl1 cells (18). The same is true of
the pili, which are present at a pole of the tgl1 M. xanthus cell
but are absent in tgl mutants (21). Since the pili are essential
constituents for social motility (56), restoration of piliation is
sufficient to explain the restoration of social motility. But how
can the transient, nonheritable, yet efficient transfer of the
capacity to assemble pili be interpreted, and what is the role of
Tgl?

The positive reactions with the immunochemically purified
anti-Tgl antibody and the amino acid sequence of Tgl imply
that it is a membrane protein. In the first place, fractionation
of sonically disrupted M. xanthus cells showed that Tgl sedi-
mented with the cell membranes. The protein could be solu-
bilized by detergents but not by the addition of salt or chelators
of divalent cations. In M. xanthus cells, association of Tgl with
membrane lipids was confirmed by showing that Tgl floats in a
sucrose gradient with membrane vesicles that carry NADH-
oxidase activity from electron transport proteins in the cyto-
plasmic membrane (Fig. 7).

The amino acid sequence of Tgl predicted from its base
sequence (40) has no region expected to form a membrane-
spanning a-helix. However, expression of the complete tgl gene
in E. coli yielded a protein whose apparent molecular weight
was less than that of the corresponding M. xanthus protein
(Fig. 3). Although the difference in electrophoretic mobility
was not large (about 0.5 kDa), it was found consistently. The
lower mobility in M. xanthus suggests either that Tgl may be
modified by addition of a substituent in M. xanthus and the
modification either does not occur or occurs differently or that
the protein is degraded in E. coli.

Membrane proteins are often synthesized with N-terminal
signal peptides that are removed by signal peptidases as they
pass through the cytoplasmic membrane on their way to inser-
tion in the proper target membrane. Indeed, the deduced N
terminus of Tgl resembles a signal sequence with a positively
charged residue, Arg, at position 3 and then a run of 12 hy-

drophobic amino acids (STASCSLALLLV, in single-letter
code) followed by a signal peptidase recognition site (Fig. 10).
If removal of a signal peptide were the end of processing, then
the electrophoretic mobility in M. xanthus extracts would have
been expected to be higher than in E. coli since there was
normal targeting in M. xanthus and thus presumably signal
peptide cleavage. However, the signal peptidase recognition
site in the deduced sequence of Tgl more closely resembles
that for signal peptidase II (SPII) than that for the more
common SPI. SPII cleaves nascent lipoproteins between highly
conserved Gly-Cys residues (6). The N-terminal cysteine is also
modified by the addition of glycerol and fatty acids (6). Such a
hydrophobic modification could anchor one end of Tgl to a
lipid bilayer. At positions 17 to 20 of its nascent sequence, Tgl
has the tetrapeptide SSGC, which might be the lipoprotein
processing site. Apart from the serine residue at position 17,
the Tgl sequence corresponds to the lipoprotein consensus (6).
Moreover, Serratia marcescens murein lipoprotein and E. coli
RplB protein, which have serine and threonine residues at this
position, respectively, are cleaved by signal peptidase II and
have been shown to be modified by the addition of fatty acids
(31, 50). Evidently lipoproteins can include serine or threonine
at this position.

The suggestion is that Tgl is cleaved between residues 19 and
20 and then further modified by the addition of a lipid; this
double modification could explain a mature Tgl whose elec-
trophoretic mobility is close to that predicted for the unmod-
ified peptide. Other type IV pilus systems include lipoproteins
that are necessary for pilus biogenesis. Examples are BfpB, a
58-kDa lipoprotein located primarily in the outer membrane of
enteropathogenic E. coli cells (37), and PilP, a lipoprotein and
pilus assembly factor in Neisseria gonorrhoeae (11). No amino
acid sequence homology has been detected between these pro-
teins and Tgl, nor has stimulation been reported with these
pilus systems.

Tgl is a membrane protein but not a cell surface antigen. In
cell extracts, Tgl sediments with a fraction that contains mixed
inner and outer membrane fragments (Fig. 7). Wash fluids
from M. xanthus cells, grown either in suspension or on plastic
culture flasks, fail to react with the anti-Tgl serum. Whole cells
also do not react, even when a very sensitive indirect immu-
nofluorescence assay is employed (Fig. 9). After cells are os-
motically shocked and fixed, however, the antibody can react
with whole cells. This reaction is Tgl-specific since there is no
reaction with cells with a deletion of the tgl transcription unit.
Fixation with paraformaldehyde, following a gentle osmotic
shock that conserved viability, prevented cell lysis, and the cells
retained their normal gross morphology. Fixation alone did not
expose the epitopes. It is not excluded that the shock or fixa-
tion had altered the localization of Tgl or changed its confor-
mation so that reactive epitopes became exposed. However,
considering the cell fractionation results, it is more likely that
the shock had rendered the outer membrane permeable to

FIG. 10. N-terminal amino acid sequence alignment of Tgl with several li-
poproteins. Features characteristic of N termini processed by signal peptidase II
are discussed in the text. The proteins shown are Tgl protein (40) (sequence 1),
E. coli lpp (30) (sequence 2), S. marcescens lpp (31) (sequence 3), and E. coli
RplB (50) (sequence 4). 1, positively charged amino acid.
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anti-Tgl antibodies. Orndorff and Dworkin (35) showed that
the peptidoglycan of M. xanthus becomes lysozyme sensitive in
cells exposed to 20% sucrose in the presence of EDTA. A
similar shock treatment (without fixation) renders the pepti-
doglycan of many gram-negative bacteria, including E. coli and
Pseudomonas aeruginosa, accessible to lysozyme (8, 32). As-
suming that fixation and osmotic shock can alter the outer
membrane to give antibodies access to the periplasmic space,
then the cell fractionation and FACS experiments imply that
Tgl is exposed within that space and associated with one or
both membranes.

Recently a ladle-shaped pilin structure has been proposed
for the monomer units within a type IV pilus fiber of N.
gonorrhoeae, based on 2.6-Å resolution X-ray diffraction data
(36). All type IV pili have a fiber diameter of 60 Å and a high
degree of conservation of the N-terminal 32 amino acids (36).
This conserved sequence forms an a-helix, the handle of the

ladle, and these handles are proposed to assemble a coiled-
coil core common to all type IV pilus fibers. The M. xanthus
PilA protein, the pilin monomer, is identical in 23 of its N-
terminal amino acids to those of the N. gonorrhoeae type IV
pilus fiber (56). Critical residues conserved within the other-
wise variable globular domain which forms the head of the
ladle, such as a disulfide bond, are also shared between M.
xanthus PilA and the N. gonorrhoeae pilus fiber (56). Inactiva-
tion of social motility by mutations in the pilA gene is accom-
panied by loss of M. xanthus pili. pilA and two genes that
regulate its expression, pilR and pilS, as well as other pil genes
are clustered; tgl is genetically distant from this cluster. Dele-
tion of the pilA gene and its genetic rescue when an intact pilA
gene is introduced into the deletion mutants has established
that pili are absolutely necessary for social motility; the possi-
bility that pili and social motility are associated indirectly has
been eliminated by these experiments (56). Tgl lacks the con-
served type IV pilin sequence, consequently it must be other-
wise involved in filament assembly, perhaps as a component of
the base of the pilus or as an essential assembly cofactor that
does not become a part of the pilus shaft or base. A membrane
localization of Tgl would accommodate either role.

The predicted amino acid sequence of Tgl is composed of six
similarly oriented copies of the tetratrico peptide repeat (TPR)
structural motif (40). This motif has been identified in a het-
erogeneous group of proteins with such diverse cellular func-
tions as protein transport, cell cycle control, transcription re-
pression, and formation of chaperonin macromolecular
complexes (12). Each TPR unit could form two a-helices with
hydrophobic surfaces. One element common to these diverse
proteins is their participation in multiprotein complexes (10,
27, 51, 52). The identification of six TPR repeats in Tgl sug-
gests that it may complex with other proteins that participate in
pilus assembly.

The data presented here combined with earlier results offer
one way to think about the unanticipated phenomenon of
motility stimulation (17, 18). By means of stimulation, any
strain that is tgl1, irrespective of the strain’s capacity to assem-
ble pili or to spread by swarming, can lead a tgl mutant strain
with which it is mixed to assemble pili or to create a swarm with
the specific socially motile pattern (18). The stimulated social
motility and pilus assembly are both transient, however, and
the tgl mutant recipients emerge after stimulation genetically
unchanged (21). These qualities of tgl stimulation might be
explained by postulating transfer of Tgl or of a patch of mem-
brane that contains it from a tgl1 donor cell to a tgl mutant
recipient cell with which it makes contact. Though such a
process to our knowledge has not been observed in gram-
negative bacteria, both vesicle reception (20) and vesicle

donation do separately have precedents. As to donation, viru-
lence factors have been documented in vesicles from Actinoba-
cillus (14), Bacteroides (now Porphyromonas) (13), Borrelia
(54), Capnocytophaga (28), Hemophilus (55), Neisseria (9), and
Pseudomonas (19).

Extrapolating from the low intensity of Tgl bands in Western
blots relative to the intensities of the bands of TrpE and b-ga-
lactosidase expressed in E. coli, the protein appears to be of
low abundance. A role in an early step of initiating or facili-
tating pilus assembly would not require much Tgl protein. The
TPR sequences in Tgl would be involved in the protein-protein
interactions necessary for these purposes. Once initiated, a
pilus filament could polymerize, drawing on a pool of pilin, the
pilA product (56), which should have accumulated in the ab-
sence of Tgl. The availability of a variety of characterized tgl
mutants and of Tgl-specific antibodies opens the way to exper-
imental tests of this proposal as well as a more precise cellular
localization of Tgl protein.
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