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Myxococcus xanthus cells coordinate cellular motility, biofilm formation, and development through the use of
cell signaling pathways. In an effort to understand the mechanisms underlying these processes, the inner
membrane (IM) and outer membrane (OM) of strain DK1622 were fractionated to examine protein localiza-
tion. Membranes were enriched from spheroplasts of vegetative cells and then separated into three peaks on
a three-step sucrose gradient. The high-density fraction corresponded to the putative IM, the medium-density
fraction corresponded to a putative hybrid membrane (HM), and the low-density fraction corresponded to the
putative OM. Each fraction was subjected to further separation on discontinuous sucrose gradients, which
resulted in discrete protein peaks for each major fraction. The purity and origin of each peak were assessed
by using succinate dehydrogenase (SDH) activity as the IM marker and reactivities to lipopolysaccharide core
and O-antigen monoclonal antibodies as the OM markers. As previously reported, the OM markers localized
to the low-density membrane fractions, while SDH localized to high-density fractions. Immunoblotting was
used to localize important motility and signaling proteins within the protein peaks. CsgA, the C-signal-
producing protein, and FibA, a fibril-associated protease, were localized in the IM (density, 1.17 to 1.24 g
cm�3). Tgl and Cgl lipoproteins were localized in the OM, which contained areas of high buoyant density (1.21
to 1.24 g cm�3) and low buoyant density (1.169 to 1.171 g cm�3). FrzCD, a methyl-accepting chemotaxis
protein, was predominantly located in the IM, although smaller amounts were found in the OM. The HM peaks
showed twofold enrichment for the type IV pilin protein PilA, suggesting that this fraction contained cell poles.
Two-dimensional polyacrylamide gel electrophoresis revealed the presence of proteins that were unique to the
IM and OM. Characterization of proteins in an unusually low-density membrane peak (1.072 to 1.094 g cm�3)
showed the presence of Ta-1 polyketide synthetase, which synthesizes the antibiotic myxovirescin A.

The cell envelope defines the border of living cells, mediates
interactions with the environment, and is the arena for numer-
ous processes important for cellular survival. In gram-negative
bacteria, membranes aid in the assembly of cellular append-
ages, regulation of a motility motor(s), and coordination of cell
division. Membranes are also involved in the biosynthesis of
cell envelope components, such as lipopolysaccharide (LPS),
peptidoglycan, and phospholipids, and the secretion of extra-
cellular matrix components, such as enzymes, polysaccharides,
and secondary metabolites. Membranes of Myxococcus xanthus
support two motility motors and enable biogenesis of two dif-
ferent types of appendages, type IV pili (TFP) (19) and fibrils
(3, 4). In addition, membranes facilitate cell-to-cell exchange
of motility proteins (16) and specific signals required for de-
velopment (15).

M. xanthus cells move by translocation along the long axis
accompanied by periodic reversals in direction (32). This type
of movement involves coordination of the social (S) and ad-
venturous (A) motility motors, which govern group and indi-
vidual cell movement, respectively (16). The A motility motor
has not been identified yet, although it has been suggested that

cells secrete a propellant (60). S motility is similar to twitching
of Neisseria gonorrhoeae and Pseudomonas aeruginosa and re-
quires TFP, which are polar appendages made of PilA pilin
subunits. TFP generate movement by extension, attachment,
and retraction that pull the cell forward like a grappling hook
(35, 51, 53). The TFP gene cluster of M. xanthus contains at
least 14 homologues of P. aeruginosa TFP genes but also re-
quires unique genes encoding an ATP transporter and the
lipoprotein Tgl (32, 45, 63). S motility requires appendages
known as fibrils, a polysaccharide core decorated with proteins
that constitutes the extracellular matrix, and LPS O-antigen (2,
7).

Under starvation conditions, M. xanthus cells exchange sig-
nals that orchestrate a developmental program for the produc-
tion of fruiting bodies containing dormant, asexual spores (48).
Cells incapacitated in the production of one of the signals can
be extracellularly complemented for development in the pres-
ence of wild-type cells (15). The predominant developmental
signal is the C-signal, which acts as a timer to sequentially
induce each stage of fruiting body morphogenesis (22, 26, 29).
C-signaling requires CsgA, a membrane-associated protein
that activates gene expression (25, 49, 50). CsgA also modifies
cell motility by increasing cellular speed and decreasing cellu-
lar reversal (17). CsgA is present in two forms, a 25-kDa
protein with homology to short-chain alcohol dehydrogenases
(28) and a processed 17-kDa form (23, 26). It is unclear
whether the 17-kDa form of CsgA acts as a protein signal or if
the signal is an unidentified enzymatic product of the 25-kDa
CsgA.
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In this study inner membranes (IM) and outer membranes
(OM) of vegetative M. xanthus DK1622 cells were separated,
and the locations of several motility and signaling proteins
were examined by Western blotting. The Tgl and Cgl motility
proteins, which can be transferred between cells by contact,
were localized to the OM. However the 25-kDa form of CsgA
was found in the IM. Finally, a polyketide synthetase (PKS)
that synthesizes the antibiotic myxovirescin, also known as TA,
was also found to be associated with the membrane.

MATERIALS AND METHODS

Bacterial strains and reagents. Wild-type M. xanthus strain DK1622 was used
in all experiments. DK1622 cells were grown in Casitone yeast extract medium
containing 1% Casitone (Difco), 0.5% yeast extract (Difco), 10 mM 4-morpho-
linepropanesulfonic acid (MOPS) buffer (pH 7.6), and 0.1% MgSO4. Sucrose
solutions were made in 20 mM HEPES with 5 mM EDTA (pH 7.6) (HE5 buffer)
or in 20 mM HEPES (pH 7.6) buffer (HE buffer). Membrane enrichments were
diluted in 20 mM HEPES–0.1 mM EDTA (pH 7.6) (HE0.1 buffer). The density
of each sucrose solution was determined at room temperature with a refractom-
eter. Sucrose solutions were stored at 4°C and mixed before use.

Membrane separation. The technique used for membrane separation was a
combination of methods developed by Orndorff and Dworkin (39) and Kotarski
and Salyers (24). Cells were grown in a 2-liter flask containing 1,200 ml of
Casitone yeast extract medium to a final cell density of 2 �108 cells ml�1. The
culture was split into 300-ml aliquots; each aliquot was mixed with 100 ml of
ice-cold double-distilled water and harvested by centrifugation at 10,000 � g for
10 min at 4°C. The cells were washed with 100 ml of ice-cold distilled water and
centrifuged at 10,000 � g for 10 min. Each washed cell pellet was resuspended in
10 volumes (approximately 40 to 50 ml) of 23.5% sucrose in HE buffer. Freshly
prepared chicken egg white lysozyme (0.12 mg ml�1 in water; Sigma Chemical
Co., St. Louis, Mo.) and 100 mM EDTA in water (pH 7.6) were added to final
concentrations of 300 �g ml�1 and 1 mM, respectively. The cell suspension was
incubated at 4°C with gentle stirring for 14 to 16 h. The lysozyme-EDTA-treated
cells were distributed into four 50-ml tubes and collected by centrifugation
(27,000 � g, 15 min, 4°C). The pellets were resuspended in 3 volumes of ice-cold
double-distilled water (approximately 6 ml) with vigorous pipetting to induce
spheroplast formation and stirred for 30 min at 4°C. Conversion of osmotically
shocked cells into circular spheroplasts was monitored microscopically.

Spheroplasts were collected by centrifugation (12,000 � g, 10 min, 4°C). The
supernatant was collected, and the pellet was resuspended in 3 volumes of 5 mM
EDTA (pH 7.6). One tablet of complete EDTA-free protease inhibitor (Roche,
Indianapolis, Ind.) was dissolved, and the suspension was stirred for 1 h. The
supernatant was added back to the suspension and stirred for an additional 30
min. Finally, 1 ml of RNase A and 1 ml of DNase type II (each at a concentration
of 10 mg ml�1 in distilled water; Sigma Chemical Co.) were added, and the
preparation was stirred for another 30 min. The suspension was placed in two
50-ml Falcon tubes and diluted fourfold with HE0.1 buffer, and intact cells were
separated from the spheroplasts by repeated centrifugation (5,000 � g, 10 min,
4°C).

The final suspension was divided into aliquots in 12 tubes, and the membranes
were collected by ultracentrifugation (100,000 � g, 2 h, 4°C) in a 70.1 Ti rotor
(Beckman Coulter, Fullerton, Calif.). Each membrane pellet was gradually re-
suspended in 0.5-ml aliquots of 23.5% sucrose in HE5 buffer by using a Dual 21
tissue homogenizer (Kimble Kontes, Vineland, N.J.). The membranes were
ground by using vertical and circular strokes with minimal introduction of air
bubbles. The membrane suspension was incubated overnight with gentle stirring.
The next day, 1 tablet of complete EDTA-free protease inhibitor was added, and
0.4 ml of the membrane suspension was stored at 4°C as a control for immuno-
blotting and enzyme analysis. The remaining 12 ml was divided and loaded on
top of four three-step gradients, each consisting of 10 ml of 60% sucrose, 10 ml
of 48% sucrose, and 10 ml of 35% sucrose in HE5 buffer. The membranes were
harvested by ultracentrifugation (120,000 � g, 3 h, 4°C) in an SW28 rotor. Unless
stated otherwise, all remaining steps in the isolation procedure were performed
at 4°C by using an SW28 rotor.

The material that migrated to the middle of the 35% sucrose layer (light
membrane enrichment) was transferred to a new 38-ml centrifuge tube and
diluted with enough HE0.1 buffer to nearly fill the tube. Then 1 ml of 30%
sucrose was placed in the bottom of the tube to create a cushion. The material
that migrated to the interface of the 35 and 48% sucrose layers (medium-density
membrane enrichment) was transferred to another tube, diluted with HE0.1

buffer as described above, and cushioned with 1 ml of 40% sucrose. The material
that migrated at the interface of the 48 and 60% sucrose layers (heavy membrane
enrichment) was diluted with HE0.1 buffer and cushioned with 1 ml of 50%
sucrose. Heavy and medium-density membrane enrichments were collected by
ultracentrifugation (120,000 � g, 3 h), while the light membrane enrichment was
collected by ultracentrifugation for 6 h. Concentrated enrichments were diluted
with 1 to 3 ml of HE0.1 buffer to obtain a final sucrose concentration of 20%
(heavy and medium-density membrane enrichments) or 15% (light membrane
enrichment), and a protease inhibitor was added.

Each membrane enrichment was layered on top of a different discontinuous
gradient. The heavy membrane gradient consisted of 4 ml of a 70% sucrose
solution, 4 ml of a 60% sucrose solution, 15 ml of a 55% sucrose solution, 3 ml
of a 40% sucrose solution, and 3 ml of a 30% sucrose solution in HE5 buffer. The
intermediate membrane enrichment gradient contained 3 ml of a 70% sucrose
solution, 4 ml of a 60% sucrose solution, 4 ml of a 55% sucrose solution, 15 ml
of a 46% sucrose solution, 3 ml of a 40% sucrose solution, and 3 ml of a 30%
sucrose solution in HE5 buffer. The light membrane enrichment gradient con-
tained 4 ml of a 70% sucrose solution, 4 ml of a 60% sucrose solution, 4 ml of
a 55% sucrose solution, 15 ml of a 37.5% sucrose solution, 3 ml of a 30% sucrose
solution, and 3 ml of a 20% sucrose solution in HE5 buffer. The gradients were
ultracentrifuged (120,000 � g, 16 h), and 1-ml aliquots were collected with a
gradient fractionator (Hoefer Scientific, San Francisco, Calif.). The density and
relative protein content (A280) were determined for every other fraction by using
a refractometer (Bausch and Lomb, Rochester, N.Y.) and an UV-VIS spectro-
photometer (Beckman Coulter), respectively. Peak fractions containing protein
were pooled, diluted to 35 ml with HE0.1 buffer, and consolidated by centrifu-
gation in a Beckman SW28 rotor (120,000 � g, 12 to 16 h). This washing step was
repeated to ensure sucrose removal. Membrane pellets were resuspended in 1 ml
of HE0.1 buffer by using a tissue homogenizer, and samples were stored at
�20°C. Quantification of succinate dehydrogenase (SDH) and lipid A was per-
formed within 48 h. During this time 50-�l aliquots of each sample were kept at
4°C, while the remaining samples were frozen at �20°C.

Preparation of fraction VII. Low yields of fraction VII were obtained on the
discontinuous sucrose gradient, so a quicker method for isolation of this fraction
was developed. Cells were grown and converted to spheroplasts as described
above. Total membranes were collected by ultracentrifugation for 2 h at 100,000
� g in a 70.1 Ti rotor, after which the membranes were disrupted with a tissue
homogenizer. Following addition of 1 tablet of protease inhibitor, the mem-
branes were loaded on a linear sucrose gradient consisting of 5 ml of a 60%
sucrose solution, 5 ml of a 50% sucrose solution, 5 ml of a 45% sucrose solution,
5 ml of a 40% sucrose solution, 5 ml of a 35% sucrose solution, 5 ml of a 30%
sucrose solution, and 5 ml of a 25% sucrose solution. Gradient ultracentrifuga-
tion and fractionation were performed as described above.

Protein (25 �g) was separated on a 7.5% polyacrylamide gel and stained with
Coomassie blue R250 for 2 h. The five most intense protein bands were excised
and frozen in 1% acetic acid. The protein in gel slices was digested with trypsin,
and fragment masses were determined by matrix-assisted laser desorption ion-
ization–time of flight mass spectrometry (MALDI-TOF MS). Since fingerprint-
ing data did not yield strong hits with any protein in the public database, the
fingerprinting data were sent to Cereon LLT to identify the matching gene in the
M. xanthus genome database. Only one gene, MYX12U 3797, was predicted to
encode the protein that matched the fingerprint. A portion of this gene was
reported to encode PKS Ta-1 (47). The GenBank accession numbers for the
complete gene encoding Ta-1 are MYX0C1270 and AY282522.

Gel electrophoresis and immunoblotting. Protein concentrations were deter-
mined by the bicinchoninic acid assay (Pierce Biotechnology, Inc., Rockford,
Ill.). Proteins were separated by sodium dodecyl sulfate–15% polyacrylamide gel
electrophoresis (SDS-PAGE) (27). Low-range prestained SDS-PAGE standards
(Bio-Rad Laboratories, Hercules, Calif.) were used for SDS-PAGE gels. Pro-
teins were transferred onto a 45-�m-pore-size nitrocellulose membrane (Bio-
Rad Laboratories) in a Bio-Rad Trans Blot cell (80 mA for 5 h) by using Towbin
buffer (54). Most membranes were blocked in Tris-buffered saline containing 5%
powdered milk; the exception was FrzCD, which was blocked in the presence of
10% powdered milk (34). For Tgl (44), CglB (43), PilA (62), CsgA (26), and
FrzCD (34) immunoblots, 4 to 20 �g of protein was loaded per lane and reacted
with the corresponding polyclonal antibodies at dilutions of 1:2,000, 1:10,000,
1:2,000, 1:5,000, and 1:500, respectively. Secondary anti-rabbit antibody conju-
gated with horseradish peroxidase (Cell Signaling) was added at a 1:3,000 dilu-
tion. For lipid A, O-antigen, and FibA immunoblots, 4 to 10 �g of protein was
loaded per lane and reacted with monoclonal antibodies 2254, 783, and 2105 at
dilutions of 1:500, 1:1,000, and 1:500, respectively (10, 12, 13). Secondary goat
anti-mouse antibody was used at a 1:10,000 dilution. Reactive bands were visu-
alized by using the ECL reagents and were recorded on Hyperfilm (Amersham
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Biosciences, Piscataway, N.J.). Reactive bands were quantified by using Scion
Image software (Scion, Frederick, Md.).

SDH assay. SDH was assayed as described by Kasahara and Anraku (20), with
the following modifications. The assays were performed by using 15 �g of pro-
tein, and Sarkosyl was added to a final concentration of 0.25%. The reaction
mixture was equilibrated for 2 min before addition of membrane protein. After
3 min of incubation, 2,6-dichlorophenolindophenol (Fluka, Buchs, Switzerland)
and phenazine methosulfate were added. The decrease in absorption at 600 nm
was recorded after 3 min. The overall level of recovery of SDH was 74% � 9.0%,
and the overall level of protein recovery was 51% � 4.6%.

Two-dimensional SDS-PAGE analysis. Two-dimensional electrophoresis was
performed by the method of O’Farrell et al. (38) by Kendrick Labs, Inc. (Mad-
ison, Wis.). Isoelectric focusing was carried out in 2.0-mm-inside-diameter glass
tubes by using 2% pH 3.5 to 10 ampholines (Gallard Schlesinger Industries, Inc.,
Garden City, N.Y.) for 9,600 V-h. One hundred micrograms of protein was
equilibrated in 10% glycerol–50 mM dithiothreitol–2.3% SDS–62.5 mM Tris (pH
6.8) for 10 min. Carbamylated carbonic anhydrase markers with known isoelec-
tric points were added to each sample. Each tube was sealed to the top of a
stacking gel. SDS-PAGE was carried out with a 10% polyacrylamide gel (thick-
ness, 0.75 mm) for 4 h at 15 mA. The gels were stained with Sypro Ruby stain
(Bio-Rad Laboratories), and images were obtained by using 2D 2920 Master
Imager (Amersham Biosciences) at 410 nm.

RESULTS

The M. xanthus cell envelope facilitates the exchange of
proteins and chemical signals involved in motility and devel-
opment. Many of the genes involved in cell signaling and mo-
tility stimulation have been identified by traditional genetic
approaches. What remains is to understand the mechanisms by
which the proteins and signals are exchanged and used to
activate the recipient cell. Accomplishing this goal will require
a thorough understanding of the membrane architecture. To
begin this task, we devised a method for separating IM and
OM and used this approach to localize several signaling pro-
teins by Western blotting.

Vegetative DK1622 cells were osmotically shocked to form
spheroplasts, subjected to mechanical grinding with a tissue
homogenizer, and then applied to a three-step sucrose gradient
(Fig. 1A). Three bands were observed, corresponding to light,
medium-density, and heavy membrane fractions. Each fraction
was concentrated (Fig. 1B) and then separated on a discontin-
uous sucrose gradient, which yielded seven membrane peaks
(Fig. 1C). The heavy membrane enrichment yielded two peaks
(Fig. 2). One of these peaks, peak I, accounted for 72% of the
protein in the heavy membrane fraction and was later discov-
ered to be IM. The medium-density membrane enrichment
separated into two peaks (Fig. 2). The major peak, peak IV,
accounted for about 90% of the total protein in this enrich-
ment and was later found to be hybrid membrane (HM). The
light membrane enrichment fractionated into three peaks;
peaks V and VI were derived from the OM.

Biochemical characterization of the isolated membrane
fractions. Biochemical markers were used to confirm the iden-
tities of the isolated membrane fractions. SDH activity was
used as the IM marker (20). The lipid A and O-antigen por-
tions of LPS were used as the OM markers and were quantified
by Western blotting (10).

Peaks II and IV, which together accounted for 48% of the
total protein, appeared to be HM peaks (Fig. 2) since they
contained 73% of the SDH and 56% of the lipid A (data not
shown). Large HM peaks are not unusual with the technique
used (39). A small amount of peak III was isolated, and this
peak was not characterized (Fig. 2B). Peaks V and VI together

contained 10% of the total protein, 2% of the total SDH
activity (data not shown), and 27% of the lipid A (data not
shown). These fractions were highly enriched in lipid A (Fig.
3A) and O-antigen (Fig. 3B) relative to protein and were OM
peaks. Interestingly they varied widely in density; peak V had
a density of 1.213 to 1.24 g cm�3, while peak VI had a density
of 1.169 to 1.171 g cm�3. Peak I, with a density of 1.292 to 1.310
g cm�3 (Fig. 2), contained 42% of the total membrane protein,
25% of the total SDH activity (data not shown), and 16% of
the lipid A, suggesting that this peak was derived from the IM.
The IM contained more lipid A than the OM contained SDH,
which was expected as lipid A is synthesized in the IM. The IM
and OM fractions appeared to be relatively pure based on
these biochemical assays.

Immunoblot analysis of membrane fractions. Membrane
peaks were probed with antibodies against well-known anti-

FIG. 1. Scheme for separating membranes of M. xanthus DK1622
vegetative cells. Total membranes were separated with a three-step
sucrose gradient by centrifugation for 3 h at 100,000 � g (A). Each
membrane enrichment was concentrated (B) and separated with sep-
arate discontinuous sucrose gradients (C). The peaks were designated
peaks I through VII.
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FIG. 2. Protein contents of the heavy membrane (A), medium-density membrane (B), and light membrane peaks (C) from discontinuous
sucrose gradients as a function of absorbance at 280 nm (A280) (squares) and buoyant density (diamonds).
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gens (Fig. 3). Identical amounts of total protein from the
different peaks were subjected to Western analysis.

Certain genetic defects in both the A and S motility systems
can be restored through contact with wild-type cells (16). Con-
tact stimulation is transient phenotypic rescue of a genetic
defect that is due to acquisition of the wild-type protein by a
mutant (16, 44, 45). For example, mutations in tgl eliminate
pilus assembly (57), which can be restored by contact with tgl�

cells (59). Similarly, defects in cglB, which eliminate A motility,

can be transiently corrected through contact with cglB� cells
(43). Tgl is a lipoprotein and contains a conserved 19-amino-
acid N-terminal signal sequence (44). Tgl antibody reacted
strongly with OM peaks V and VI, while 20-fold- and 10-fold-
lower levels of Tgl were detected in peaks I and IV, respec-
tively (Fig. 3C). CglB, another lipoprotein, was localized in
OM peaks V and VI, but unlike Tgl, CglB was equally abun-
dant in HM peak IV (Fig. 3D). The predominance of these
proteins in the OM is consistent with their exchange by contact
stimulation.

PilA is the structural protein for TFP, which are found
exclusively at the cell poles (19, 61). Prepilin monomers should
reside in the IM and become assembled after N-terminal signal
cleavage and methylation via a type II secretion mechanism
(31). Accordingly, prepilin and pilin should yield 25- and 23-
kDa proteins based on the predicted amino acid sequence.
However, mature pilin is observed as 29- and 26-kDa proteins
when it is sheared from intact cells (59). While the presence of
prepilin could not be detected, 29- and 26-kDa proteins were
observed in all membrane fractions (Fig. 3E). P. aeruginosa
1244 PilA is glycosylated with O-antigen, which may account
for the observation that M. xanthus PilA is slightly larger than
the predicted molecular weight (8). In addition, two smaller
bands were present at amounts proportional to the 29- and 26-
kDa antigens and most likely were pilin degradation products.
Approximately similar levels of PilA were found in IM peak I
and OM peaks V and VI, while HM peaks II and IV showed
twofold enrichment.

IM vesicles, and to a lesser degree HM peak II vesicles,
agglutinated rapidly in a manner reminiscent of the behavior of
intact cells during a cohesion assay (47). Cell cohesion is a
consequence of the adhesive nature of fibrils (2). FibA is pre-
dicted to be a member of the M4 zinc-dependent metallopro-
tease family (21), whose production and processing are asso-
ciated with fibril formation (4, 21). FibA is present in growing
cells, as well as in the extracellular matrix of nutrient-depleted
cells. FibA was found exclusively in IM peak I and to a lesser
degree in HM peak II (Fig. 3F).

CsgA is the C-signal-producing protein and is essential for
fruiting body development (22, 26, 29). CsgA is present in two
forms during development: a full-length protein with homology
to short-chain alcohol dehydrogenases (25-kDa form) (28) and
a processed 17-kDa form (23, 26). The nature of the C-signal
is controversial as it is not clear whether the 17-kDa form of
CsgA acts as a protein signal or if the signal is an unknown
enzymatic product of the 25-kDa CsgA form. Whereas the first
model envisions CsgA cleavage and export to the OM, the
second model predicts that CsgA is part of the IM. The full-
length protein localizes to the IM, while a small amount of
full-length protein is present in HM peak IV (Fig. 3G). The
processed form, which was present at 10-fold-lower levels,
could not be detected in vegetative cells. Localization of CsgA
to the IM supports the prediction that CsgA acts as an enzyme
and adds to the intrigue regarding this signaling pathway, but
it does not disprove the hypothesis that the small form is a
signal. Extracellular CsgA has been detected by colloidal gold
scanning electron microscopy, although it is still not clear
whether the extracellular antigen is the product of cell lysis or
the product of a developmental secretion system (50). To crit-
ically evaluate the two C-signaling models, the proteolytic

FIG. 3. Immunoblots of isolated membrane fractions containing
LPS lipid A (A), LPS O-antigen (B), Tgl (a lipoprotein required for
assembly of TFP) (C), CglB (a lipoprotein required for adventurous
gliding) (D), PilA (the structural pilin protein for TFP) (E), FibA (an
extracellular matrix-associated zinc metalloprotease) (F), CsgA (a pro-
tein required for C-signaling) (G), and FrzCD (a methylated chemo-
taxis protein) (H). Total membrane (lane TM), IM peak I (lane I), HM
peak II (lane II), HM peak IV (lane IV), OM peak V (lane V), and
OM peak VI (lane VI) fractions were separated by SDS-PAGE for
Western blotting. The numbers on the left indicate molecular masses
of protein standards (in kilodaltons).
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product needs to be localized during development. Despite the
fact that CsgA colocalized with FibA, CsgA does not appear to
be a fibril-associated protein as fibrilless, dsp cells enable de-
velopment of csgA cells by extracellular complementation (30).

FrzCD is a homologue of E. coli methyl-accepting chemo-
taxis proteins (33). It regulates cell reversals and is essential for
fruiting body morphogenesis (5, 65). Generally, methyl-accept-
ing chemotaxis proteins have transmembrane topologies with a
characteristic periplasmic domain for ligand binding. Despite
lacking predicted membrane-spanning domains, FrzCD is
membrane associated (33). FrzCD was distributed in the IM
and HM peaks (Fig. 3H). The amounts present in peak IV
were 1.5- to 2-fold higher than the amounts in the IM. FrzCD
was also detected in OM peaks V and VI.

Two-dimensional analysis of isolated fractions. The pro-
teomes of the four most abundant membrane fractions were
separated by two-dimensional SDS-PAGE. IM peak I con-
tained many acidic proteins of various sizes that did not resolve
well during isoelectric focusing. The high intensities of the
streaks suggested that they contained major components of the
IM proteome (Fig. 4A). Manual alignment of IM peak I and
HM peak IV revealed a high level of similarity. In addition to
the acidic proteins (Fig. 4A and B), the two membrane peaks
shared at least 37 protein spots. For comparison, alignment of
IM peak I and OM peak VI gels revealed only 10 spots in
common (Fig. 4A and D). Comparison of HM peak IV and
OM peak V revealed 21 protein spots that were common to the
two peaks (Fig. 4B and C). In contrast to IM peak I and HM
peak IV, neither OM peak contained large quantities of acidic
proteins. The two OM proteomes appeared to be similar, yet
they differed greatly in the levels of several groups of proteins
(Fig. 4C and D). Proteins in clusters 1, 2, 3, and 5 were less
abundant in OM peak V than in OM peak VI. Only cluster 4
proteins appeared to be more abundant in OM peak V than in
OM peak VI.

Peak VII contained Ta-1 PKS. Peak VII had an unusually
low buoyant density (1.094 to 1.072 g cm�3) (Fig. 2 C), low
SDH activity, and lipid A levels comparable to those found in
the total membrane (data not shown), which made it difficult to
determine the cellular location. Despite high absorbance at
280 nm, the protein yields of peak VII were small compared to
those of the other fractions. However, when the experimental
procedure was shortened and the spheroplast membrane ma-
terial was loaded directly onto a linear sucrose gradient, larger
amounts were recovered. Peak VII produced a small set of very
intense bands upon SDS-PAGE (Fig. 5A). Five peptides (90,
86, 71, 55, and 45 kDa) were fingerprinted following trypsin
digestion by MALDI-TOF MS. Comparison with the M. xan-
thus genome revealed that all five proteins were processed
products of polypeptide MYX12U-3797, which is predicted to
be 7,831 amino acids long. A portion of MYX12U-3797 was
found in the GenBank database as M. xanthus Ta-1 PKS, which
exhibited 99% identity over 2,392 amino acids (40).

Ta-1 has combined structural elements of a nonribosomal
peptide synthetase and a type I PKS (40) (Fig. 5 B). While
nonribosomal peptide synthetases assemble products by co-
valently linking amino acids (64), type I PKS assemble prod-
ucts through incorporation of acetate or propionate. Ta-1 ex-
hibits modular organization similar to that of type I PKS (52).
Each module in a type I PKS is responsible for covalent addi-

tion, and sometimes reduction, of an acetate or propionate
unit in the elongating chain. The Ta-1 gene is a member of a
large cluster of PKS genes originally discovered in M. xanthus
strain TA isolated in Tel Aviv. The TA cluster was reported to
encode the antibiotic TA (46), also known as myxovirescin A
(55), whose structure in Myxococcus virescens has been eluci-
dated.

Analysis of Ta-1 conserved domains by using the conserved
domain search program (1) indicated that the first 1,000 amino
acids in the amino terminus comprise a loading domain, which
consists of a condensation domain (C domain), an amino acid
activation domain (A domain), and an acyl carrier protein
(ACP) group (Fig. 5B). The C domain is responsible for pep-
tide bond formation in nonribosomal peptide biosynthesis.
Downstream of the C domain is the A domain, also known as
the adenylation domain, which is responsible for amino acid
activation as an adenylate intermediate at the expense of ATP.
The activated amino acid-acyl extender unit is sequentially
transferred to the thiol residue of a peptydyl-ACP domain.
Peptydyl-ACP transfers the thiol derivative to the �-keto-syn-
thase (KS) domain of the first chain extension module. The A
domain of Ta-1 contains all five conserved motifs (64), with the
following sequence conservation: motif A (L-AG-AYVP), mo-
tif B (Y-SGTTGXPKGV), motif C (GEL-IGGXGXARGYL),
motif D (YXTGD), and motif E (VK-RGXRIE-GEIE), where
X indicates any amino acid and hyphens indicate mismatches
with the published motifs. Motifs B, C, D, and E are engaged
in ATP binding and formation of amino acid adenylate (14, 41,
42, 56). Analysis of other peptide synthetases has indicated
that each activation domain is responsible for activation of a
single amino acid.

Modules 1, 2, and 4 are organized as typical type I PKS
modules consisting of �-KS/acyltransferase (AT) and ACP
chain elongation units and �-keto-reductase (KR) reducing
units. Modules 3 and 5 lack KR units, which is not unusual and
contributes to the structural variation in natural products (52).
Finally, the sixth module consists of only the AT domain.
There is likely to be a frameshifting error in module 7 which
when corrected adds KR and ACP domains.

DISCUSSION

This is the first study in which characterization of the IM and
OM of wild-type M. xanthus DK1622 cells is reported. The
procedure used for initial preparation of cells was similar to
the procedure that Orndorff and Dworkin used for mutant
MD-2 (39). In a comparison with the previous work on MD-2,
the density of OM peak VI was similar to the density of the
single OM peak of MD-2 (1.170 and 1.166 g cm�3, respective-
ly). The OM of strain MD-2 eluted as a single peak, whereas
that of DK1622 eluted as two peaks. HM peak IV appeared to
be a heavier counterpart of the MD-2 HM (densities, 1.197 and
1.185 g cm�3, respectively), while the difference between the
buoyant densities of the IM of strains DK1622 and MD-2 is
larger (densities, 1.30 and 1.22 g cm�3, respectively). Strain
MD-2, which has two point mutations in the OM channel gene
pilQ (58), is hypopiliated (19) and hypofibrilated (9). However,
the differences appear not to be due to the presence of pili and
fibrils. Membrane fractions of MD-2 separated by this proce-
dure had the same densities as the membrane fractions of the
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wild-type strain and similar SDH specific activities (data not
shown). These results suggest that the differences in the buoy-
ant densities of IM, as well as the differences in the measured
SDH activities obtained in the two studies, are probably due to
differences in the physical treatment of membranes (i.e., sy-
ringe versus a tissue homogenizer).

The reproducibility of the separation technique depended

on three factors: the volume of water used for spheroplast
preparation, the volume of 5 mM EDTA added during subse-
quent incubation of spheroplasts, and the manner in which
shearing was performed. To provide adequate and uniform
shearing, the total membrane was centrifuged in 7- to 8-ml
increments in a 70.1 Ti rotor to produce smaller pellets that
were then gradually resuspended and ground in 0.5-ml aliquots

FIG. 4. Two-dimensional SDS-polyacrylamide gel separated in the first dimension by pH 3.5 to 10 and in the second dimension on 10%
polyacrylamide. (A) IM peak I; (B) HM peak IV; (C) OM peak V; (D) OM peak VI. Molecular masses (MW) (in kilodaltons) are indicated on
the left. A series of internal, carbamylated carbonic anhydrase markers ranging from pH 5 to 7.3 are underlined on each gel. The rectangles indicate
acidic proteins common to IM peak I and HM peak IV which did not resolve well. The stars in panel A indicate protein spots common to IM peak
I and HM peak VI. The numbers in panels C and D indicate clusters of proteins that are differentially expressed in the two OM peaks.
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of 23% sucrose. Collection of membranes with the SW28 rotor
produced larger pellets that could not be uniformly homoge-
nized, which resulted in unpredictable protein elution profiles
from the discontinuous gradients. Introduction of a three-step
gradient as the initial step in separation was essential to pro-
vide physical separation of the OM peak from HM peak IV
even though these two fractions had almost identical densities
(1.197 and 1.220 g cm�3, respectively). A factor that had a
deleterious effect on membrane separation was the presence of
calcium cations, which caused clumping of cells. Problems with
calcium were due to residual detergent and were eliminated by
extensive rinsing of glassware with distilled water.

HM peak IV had a threefold-higher content of SDH than
IM peak I. Even though large HM peaks, such as peak IV, are
not unusual for this type of procedure (6, 24) and could be an
artifact of the separation procedure, peak IV might also be an
area of tight juncture between the IM and OM. Western anal-
ysis revealed twofold enrichment of PilA compared to the IM.
Higher levels of PilA suggest that HM fraction IV is enriched
in cell poles, where the pilus motor is located. Tighter coupling
between the two membranes might be necessary for export of
TFP to the surface and retraction of pili by PilT, the proposed
pilus retraction motor (18).

The IM and OM proteomes appear to cluster in specific pI
ranges. The IM proteome has a bimodal distribution of pro-
teins as a function of pI, with the greatest abundance in the pI
3.5 to 4.0 and pI 5.0 to 7.0 ranges. The OM proteome has a
unimodal protein distribution in the pI 5.0 to 7.0 range. In the
few previously described two-dimensional gel analyses of OM
proteomes, the OM of E. coli exhibited the same trend (36),
while Caulobacter crescentus OM proteins were found predom-
inantly in the pI 8.0 to 11 range (37). Additional proteome

analyses should reveal if this is a general trend and if it has any
biological repercussions for pathways for protein transport and
localization.

Myxovirescin A is produced during exponential growth and
has been purified from culture supernatants (11). The mem-
brane association of PKS probably facilitates safe export of the
final product. Myxovirescin A inhibits peptidoglycan synthesis
in a wide range of gram-negative cells, including cells of the
producing organism. M. virescens displays twofold-greater sen-
sitivity to myxovirescin A than E. coli (11). In contrast, 60-fold
more myxovirescin A was required to inhibit cell growth of P.
aeruginosa. It is possible that the myxovirescin A biosynthetic
machinery is associated with phospholipid to protect the pep-
tidoglycan. This hypothesis is consistent with experiments in-
dicating that myxovirescin A activity is inhibited by phospho-
lipids (11).

In conclusion, the technique described here enables separa-
tion of IM and OM on a scale suitable for proteomics. Given
the many signaling and protein export-import pathways ob-
served for M. xanthus, one would predict extensive protein and
signal traffic across the OM (48). Systematic identification of
OM proteins should be facilitated by the MALDI-TOF MS
approach and the availability of the genome sequence.
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