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We have purified the major outer membrane protein (MOMP) of Legionella pneumophila, determined that
it is associated with peptidoglycan, and characterized it as a porin. To purify the MOMP, we used a simple,
rapid, three-step procedure that gave us the protein in high yield. The first step of the purification procedure
involved selectively extracting the MOMP from whole bacterial cells with calcium and zwitterionic detergent.
The second and third steps achieved purification by ion-exchange and molecular-sieve chromatography. The
dissociation of the MOMP into monomers was dependent upon the presence of a reducing agent and was
enhanced by treatment at 100°C. To study the relationship of the MOMP to peptidoglycan, we extracted the
protein by a modification of the Rosenbusch procedure. Like the Escherichia coli porins, the MOMP was
peptidoglycan associated. The MOMP was at least partially dissociated from peptidoglycan in sodium dodecyl
sulfate and a high salt concentration. To study the ion channel-forming properties of the MOMP, we
reconstituted the MOMP in planar lipid membranes. The MOMP formed ion-permeable channels with a
single-channel conductance size of 100 picoSiemens. The MOMP channels exhibited a fourfold selectivity for
cations over anions and voltage-independent gating. These findings demonstrate that the MOMP is a porin with
properties similar to those of E. coli porins.

Legionella pneumophila, the agent of Legionnaires dis-
ease, is a gram-negative bacterium that survives and multi-
plies within human mononuclear phagocytes (12, 19). A
previous study demonstrated that the outer membrane of L.
pneumophila contains a single major protein species with an
apparent molecular weight of 28,000 (8a). This protein, the
major outer membrane protein (MOMP), is also the major
protein species of the bacterium (8a). The MOMP is exposed
to the cell surface (8a).
To study the potential role of the MOMP in the physiology

and pathogenicity of L. pneumophila, we sought to purify
this protein. In this study, we describe its purification to
apparent homogeneity by a simple and high-yield procedure.
As a first step in the characterization of the MOMP, we
examined its channel-forming properties. In this study, we
demonstrate that the MOMP is a porin.

(This paper was presented in part at the 1984 national
meeting of the Association of American Physicians, the
American Society for Clinical Investigation, and the Amer-
ican Federation for Clinical Research, 4-7 May 1984, Wash-
ington, D.C.)

MATERIALS AND METHODS
Media. Albumin-yeast extract broth and modified char-

coal-yeast extract agar were prepared as described previ-
ously (13).

Bacteria. L. pneumophila, Philadelphia 1 strain, was grown
in embryonated hen eggs, harvested, tested for viability and
the presence of contaminating bacteria, and stored at -70°C,
as described before (12). For experimental use, egg-yolk-
grown L. pneumophila was cultured one time only on
charcoal-yeast extract agar. Isolated colonies were inocu-
lated into albumin-yeast extract broth and the bacteria were
grown at 37°C to midlogarithmic phase (optical density of 0.7

* Corresponding author.

to 0.8 at 540 nm measured in a Coleman 44 model spec-
trophotometer [Perkin-Elmer Corp., Norwalk, Conn.]). The
doubling time of L. pneumophila at midlogarithmic phase
was approximately 3 h.

Purification of the MOMP. The MOMP was purified by a
modification of the method used by Blake and Gotschlich (5)
to purify the MOMP of Neisseria gonorrhoeae. L. pneumo-
phila cells were grown in albumin-yeast extract broth (1
liter) to an absorbance of 0.8 at 540 nm, pelleted by centrif-
ugation at 11,000 x g for 10 min at 4°C, and washed twice
with 0.15 M sodium chloride. The harvested bacteria were
slowly suspended in 1 volume of 1.0 M sodium acetate, pH
4.0, containing 1 mM 2,3-dimercaptopropanol (Sigma Chem-
ical Co., St. Louis, Mo.) and 10 volumes of 5% (wt/vol)
N-tetradecyl-N,N-dimethyl-3-ammonia-1-propanesulfonate
(Zwittergent-3,14; Calbiochem-Behring Corp., La Jolla,
Calif.) in 0.5 M CaCl2. The suspension was sonicated at
room temperature for 30 s in a sonicating water bath (Heat
System Ultrasonics, Farmingdale, N.Y.) and cooled at 0°C.
Ice-cold absolute ethanol was added drop by drop to bring
the final concentration of ethanol to 20% (vol/vol), and the
mixture was stirred for 30 min at room temperature. The
preparation was centrifuged at 17,000 x g for 10 min and the
supernatant, containing mostly lipopolysaccharide (LPS), 18
mg of protein, and only low amounts of MOMP, was
discarded. The pellet was suspended again in the sodium
acetate-Zwittergent-3,14-CaCl2 solution described above,
and the mixture was sonicated, treated with ethanol, and
centrifuged as above. The supernatant, which this time
contained 1.7 mg of total protein and most of the MOMP,
was collected, treated with ice-cold absolute ethanol to a
final concentration of 75% (vol/vol) to precipitate proteins,
incubated overnight at -20°C to allow the precipitate to
collect, and centrifuged at 20,000 x g for 35 min. The pellet,
containing the MOMP, was suspended in 50 mM Tris-hydro-
chloride (pH 8.0)-10 mM EDTA disodium salt-0.5% Zwitt-
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FIG. 1. Protein profiles of first and second extractions of L.
pneumophila cells by treatment with calcium and zwitterionic
detergent. L. pneumophila cells were treated twice with 5% Zwitt-
ergent-3,14 and 0.5 M CaCl2 as described in the text. After each
treatment, the supernatant proteins were collected, ethanol precip-
itated, and subjected to SDS-PAGE. Lane 3 shows the total cell
proteins. Lane 2 shows the protein profile of the supernatant
obtained after the first treatment (36 jig of protein loaded on the gel).
It contains little MOMP. Lane 1 shows the protein profile of the
supernatant obtained after the second treatment (4 ,ug of protein
loaded on the gel). The MOMP constitutes the great majority of the
total protein. Lane 4 contains molecular weight standards: trypsin
inhibitor, 20,100; trypsinogen, 24,000; carbonic anhydrase, 29,000;
glyceraldehyde-3-phosphate dehydrogenase, 36,000; ovalbumin,
45,000; and bovine albumin, 66,000.

ergent-3,14 and applied to a column (1.5 by 20 cm) of
DEAE-Sepharose CL-6B (Pharmacia Fine Chemicals, Inc.,
Piscataway, N.J.) equilibrated in the same buffer. The
column was washed with the 50 mM Tris-hydrochloride (pH
8.0)-10 mM EDTA-0.5% Zwittergent-3,14 buffer until the
280-nm absorbance fell to base line. Then a 200-ml salt
gradient of 0.05 to 0.8 M NaCl in the same buffer was applied
to the column at a flowrate of 20 ml/h. The fractions
containing the MOMP were identified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
pooled, and the proteins were precipitated by the addition of
ethanol (4°C) to a final concentration of 75% (vol/vol). The
precipitate was allowed to collect overnight at -20°C and
recovered by centrifugation at 20,000 x g for 35 min.
The pellet was suspended in a minimum volume of 10
mM Tris-hydrochloride-200 mM NaCl-10 mM EDTA-0.5%
Zwittergent-3,14 (pH 8.0) and applied to a column (2.5 by 50
cm) of Sephacryl S-200 (Pharmacia Fine Chemicals). The
column was eluted in the same buffer at a flow rate of 10
ml/h. Fractions containing the purified MOMP were identi-
fied by SDS-PAGE, pooled, and precipitated with ethanol
(75%, vol/vol; 4°C) as described above. The final pellet was
solubilized in 50 mM Tris-hydrochloride (pH 7.5)-S5 mM
EDTA-0.5% Zwittergent-3,14, aliquoted, and stored at
-700C.
SDS-PAGE. PAGE in the presence of SDS (BDH Chemi-

cals Ltd., Poole, England) was performed according to
Laemmli (14) as modified by Ames (1). For protein analysis,
the separating gel contained 12.5% acrylamide (BDH) and

0.33% N,N'-methylene bisacrylamide (BDH). Samples were
solubilized by heating them at 100°C for 5 min in an equal
volume of SDS-PAGE sample buffer consisting of 125 mM
Tris-hydrochloride, 20% glycerol, 4% SDS, 4 mM EDTA,
10% 2-mercaptoethanol (Sigma), and 0.01% bromophenol
blue (Sigma), pH 6.8. Molecular weight standards (a-
lactalbumin, 14,200; trypsin inhibitor, 20,100; trypsinogen,
24,000; carbonic anhydrase, 29,000; glyceraldehyde-3-
phosphate dehydrogenase, 36,000; ovalbumin, 45,000; and
bovine albumin, 66,000 were obtained from Sigma Chemical
Co. After electrophoresis, the gels were fixed in 10% acetic
acid-25% isopropanol and stained for proteins with 0.2%
Coomassie brilliant blue R-250 (Sigma) in fixing solution.

Assays for protein and LPS in purified MOMP prepara-
tions. The protein concentration of ethanol-precipitated
MOMP preparations was assayed by the Lowry method
(15). Since Zwittergent-3,14 interferes with the Lowry
method, the protein concentration ofMOMP preparations in
Zwittergent-3,14 was estimated spectrophotometrically, us-
ing 20 as an approximate value for the extinction coefficient
at 280 nm of a 1% solution of bacterial outer membrane
porins (6, 20). Protein concentration was also approximated
by evaluating the intensity of the protein band obtained on
stained gels after SDS-PAGE. LPS contamination was esti-
mated by determining the amount of 2-keto-3-deoxyoctonate
(KDO) present in MOMP preparations. KDO was released
from the protein preparation (500 ,ug to 1 mg of protein) by
hydrolysis with 0.02 N H2SO4 at 100°C for 20 min and
directly assayed by the thiobarbituric acid method of Weiss-
bach and Hurwitz (30) as modified by Osborn et al. (23).

Extraction of L. pneumophila peptidoglycan-associated pro-
teins. Peptidoglycan-associated proteins were extracted from
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FIG. 2. Elution profile of the L. pneumophila MOMP on a

DEAE-Sepharose column. The supernatant proteins obtained after
the second extraction of L. pneumophila with CaCI2-Zwittergent-
3,14 were dissolved in a buffer consisting of 50 mM Tris-hydrochlo-
ride (pH 8.0), 10 mM EDTA, and 0.5% Zwittergent-3,14 and applied
to a DEAE-Sepharose CL6B column as described in the text. The
column was washed with the same buffer and the bound proteins
were eluted with a salt gradient (0.05 to 0.8 M NaCl). Fractions were
assayed for protein content by measuring absorbance at 280 nm
(solid line) and for salt concentration by measuring conductivity
(dashed line). SDS-PAGE analysis revealed that the MOMP was in
the major peak, eluting at 0.4 M.
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L. pneumophila by a modification of the Rosenbusch proce-
dure used to purify E. coli porins (25). Briefly, 100 ml of L.
pneumophila was harvested at an absorbance of 0.8 at 540
nm, washed with 10 mM Tris-hydrochloride (pH 7.4), and
solubilized by heating in 2% (wt/vol) SDS (Sigma)-10%
glycerol-2 mM MgClz-10 mM Tris-hydrochloride (pH 7.4) at
60°C for 30 min. The insoluble fraction, containing peptido-
glycan and associated proteins, was pelleted by centrifuga-
tion at 100,000 x g for 1 h and washed twice with 2 mM
MgCl2-10 mM Tris-hydrochloride, pH 7.4. The MOMP was
dissociated from the peptidoglycan by suspending the pellet
in 2% SDS (wt/vol)-0.5 M NaCl-10 mM Tris-hydrochloride
(pH 7.4) and incubating the suspension at 37°C for 30 min.
The solubilized material was separated from the insoluble
peptidoglycan by centrifugation at 100,000 x g for 1 h. The
supematant proteins were precipitated by adding 9 volumes
of acetone and incubating at -20°C.
Membrane conductance measurements. Since Zwittergent-

3,14 interferes with membrane conductance measurements,
MOMP preparations free of this detergent were prepared.
The protein solution was precipitated twice with 2 volumes
of ethanol (-20°C). The second precipitate was dissolved in
water and precipitated once again with ethanol (-20°C).
Finally, the third precipitate was dissolved in water and
lyophilized.

Electrical characteristics of the MOMP were studied by
reconstituting the protein in planar black lipid membranes
(BLM). The BLM was formed at room temperature by
brushing a solution of 5% diphytanoylphosphatidylcholine
(Avanti Polar Lipids, Birmingham, Ala.) in n-decane (Ald-
rich Chemical Co., Milwaukee, Wis.) across a 1-mm-diam-
eter hole in a Teflon partition. The membrane separated
symmetrical solutions containing 100 mnM NaCl, 10 mM
2-(N-morbholino) ethanesulfonic acid. 3 mM M2C1,. and 1- \EDTr (pH6.5). r f V

mM EDTA (pHI 6.5). Membrane formation v
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FIG. 3. SDS.PAGE anaysis of the purified L
MOMP. The MOMP preparation obtained after

chromatography on a Sephacryl S-200 column w.,
SDS-'PAGE. Lanes 1 and 5, Molecular weight
lactalbumin, 14,200K; trypsin inhibito'r, 20,100; tryp~,

carbonic anhydrase, 29,000; glyceraldehyde-3-phos
genase, 36,000; ovalbumin, 45,000; and bovine a]
Lanes 2, 3, and 4, Purified MOMP (20, 10, and 5 ~q

1 2 3

vas monitored FIG. 4. SDS-PAGE of peptidoglycan-associated protein(s). L.pneumophila cells were solubilized in 2% SDS-2 mM MgCI2 and
incubated at 60°C as described in the text. The insoluble peptido-
glycan-containing fraction (lane 2), recovered by centrifugation at

5 6 100,000 x g for 1 h, was solubilized in sample buffer and analyzed
by SDS-PAGE; approximately 10 ,ug of protein was loaded onto the
gel. The supematant fraction (lane 3) was precipitated with acetone

*___ (9 volumes), and the precipitate was dissolved in the same volume of
samnple buffer as the fraction in lane 2. Molecular weight standards
(lane 1) were the same as in the legend to Fig. 1.

by microscope observation, and only completely black films
were used. An Ag/AgCl electrode was submerged in each
compartment and connected to a voltage clamp current-mon-
itoring amplifier. This enabled the potential difference across
the BLM to be clamped at selected values.
MOMP-containing vesicles were prepared by the

sonication-freeze-thaw technique (7). A 5-mg portion of
lipid (4 mg of diphytanoylphosphatidylcholine and 1 mg of
egg phosphatidylethanolamine) and 50 ,ug of MOMP were
hydrated with 0.5 ml of a solution of the same composition
as that used to bathe the BLM. This mixture was sonicated
to clarity at 4°C for about 10 min. The vesicles were froZen
in a slurry of dry ice and ethanol and then thawed at room
temperature three times.

pneumophila MOMP was reconstituted in the BLM by bsmotically
mo ecular-sleve promoting fusion of the MOMP-containing vesicles with the

astandareds (y BLM (7). A 50-,ul amount of the vesicle mixture was added
sinogen,ards2(4 to one compartment, termed the cis compartment. While this
phate dehydro: compartment was stirred with a small magnetic stir bar, urea
lbumin, 66,0f . was added to the same compartment to a concentration of
g, respectively). 200 mM to establish an osmotic gradient across the BLM.

Evidence for fusion was sought by examining the voltage
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MOMP elutes at 0.4 M and thus can be separated from a
major contaminant which elutes earlier in the gradient (Fig.
2). The third and final step of the purification procedure was
the application of the ion-exchange-purified material to a
molecular-sieve chromatography column. This step achieves
purification by decreasing LPS contamination below the
level of detection by the KDO assay. Before this step, the
pooled material from ion-exchange chromatography con-
tained 12 p,g of KDO per mg of protein. After this step, the
pooled material contained <1 ,ug ofKDO per rng of protein.
The purified MOMP preparation was highly homogeneous;
10 jig yielded only one band on SDS-PAGE, when the gel
was stained with either Coomassie brilliant blue (Fig. 3) or
Bio-Rad silver stain kit. Silver staining for LPS (27) detected
approximately 0.2 pg of LPS in the 10-Rxg MOMP sample
(data not shown). In typical preparations, we obtained 1 nmg
of MOMP per liter of culture at an optical density of 0.8,
which contains approximately 0.7 g (dry weight) of bacteria
(24).
The MOMP, like E. coli. K-12 porins, is noncovalently

associated to peptidoglycan. We also extracted the MOMP by
a modification of the Rosenbusch procedure used to purify
E. coli porins (25). We first incubated L. pneumophila in 2%
SDS-2 mM Mg2+ at 60°C for 30 min, conditions under which
most of the cellular proteins are solubilized but peptido-
glycan and associated proteins remain insoluble. We then

FIG. 5. Heat and 2-mercaptoethanol treatment of MOMP. trhe
MOMP (10 p.g) was ethanol precipitated, suspended in sample buffer
either with or without 2-mercaptoethanol, and incubated for 5 min at
either 100°C or room temperature. The samples were analyzed by
SDS-PAGE. Lane 1, MOMP in absence of 2-mercaptoethanol at
room temperature; lane 2, MOMP in presence of 2-mercaptoethanol
at room temperature; lane 3, MOMP in absence of 2-mercaptoeth-
anol at 100°C; lane 4, MOMP in presence of 2-mercaptoethanol at
1000C.

clamp current record for jumps, corresponding to the inser-
tion of one or more ion channels into the BLM. Such current
jumps were observed, and after 100 to 200 jumps fusion was
terminated by adding urea to the trans compartment to
abolish the osmotic gradient.

RESULTS
Purification of the MOMP. We purified the MOMP of L.

pneumophila to apparent homogeneity in high yield by a
three-step procedure detailed in Materials and Methods. The
first step in the purification procedure was based on the
finding that the outer membrane proteins of N. gonorrhoeae
are selectively solubilized in the presence of a zwitterionic
detergent and Ca2+ (5). When we treated the L. pneumophila
with 5% Zwittergent-3,14 and 0.5 M CaCl2, we found that the
L. pneumophila MOMP was also selectively solubilized, but
only with the second extraction. The first extraction released
mostly LPS (168 ,ug of KDO per mg of protein) and low
amounts of MOMP (Fig. 1). The second extraction yielded
large amounts of MOMP (Fig. 1) and smaller amounts of
LPS (25 ,ug of KDO per mg of protein); this was most of the
MOMP of the bacteria. The second step in the purification
procedure was the application of the Zwittergent-extracted
material to an ion-exchange chromatography column, using
a 0.05 to 0.8 M sodium chloride gradient (Fig. 2). The

10-0A

1 min
FIG. 6. Reconstitution ofMOMP inaplanar lipid bilayer. MOMP-

conitaining vesicles were prepared and allowed to fuse with the cis
compartment of a BLM as described in the text. Pusion was driven
by an osmotic gradient with the cis compartment hyperosmotic (200
mM urea). The potential across the BLM was clamped at 20 mV, cis
compartment positive. Individual fusion events are manifested by
discrete jumps in the current record. Each jump represents the
insertion of one or more MOMP into the BLM.
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FIG. 7. Histogram of jump sizes in BLM conductance with fusion of MOMP-containing vesicles with the planar membrane. Individual
current jumps in the records from three independent experiments (105 events) were converted to the corresponding increase in BLM
conductance by dividing the current jump by the membrane voltage (20 mV). The resolution of the conductance jumps was 25 picoSiemens
(pS). The mean size of the smallest mode is 100 pS, which corresponds to the size of a single ion channel formed in the BLM by MOMP.

recovered the insoluble fraction by centrifugation and exam-
ined it by SDS-PAGE (Fig. 4). This revealed that the MdMP
was associated with the peptidoglycan-containing fraction.
We dissociated the MOMP from the peptidoglycan by incu-
bating the complex in SDS-0.5 M NaCl, a procedure which
also dissociates OmpF and OmpC E. coli porins from
peptidoglycan (10). However, only about 50% of the MOMP
was dissociated from the peptidoglycan by this procedure.

Sensitivity ofMOMP to heat and reducing cdhditions. Since
the structures of MOMP of several bacteria are altered by
heat and reducing agents (21, 28, 29), we examnined the effect
of heat and 2-mercaptoethanol treatment on the migration of
MOMP in SDS-PAGE (Fig. 5). In the presence of 2-mer-
captoethanol, treatment of the MOMP at 100°C resulted in
approximately twice as much protein migrating to the posi-
tion of the monomer as treatment of the MOMP at room
temperature. In the absence of 2-mercaptoethanot, only a
small proportion of the MOMP enters the gel and migrates to
the position of the monomer, whether the MOMP is treated
at 100°C or at room temperature.
The MOMP is a porin. In several gram-negative bacteria

that have been investigated, the outer membrane contains
major proteins called porins which form channels in planar
lipid bilayers (2, 3, 8, 16, 17, 22, 26; F. Greco, M. S. Blake,
E. C. Gotschlich, and A. Mauro, Fed. Proc. 39:1813, 1980).
In E. coli, these porins are peptidoglycan associated, under
the conditions noted above. In view of this, we examined the
MOMP of L. pneumophila to determine if it is a porin.
We first sought evidence that the MOMP formed ion

channels in a BLM. We reconstituted the MOMP in lipid
vesicles and promoted fusion of these vesicles with the BLM
by establishing an osmotic gradient across the membrane.
We then monitored the voltage clamp current record for
jumps corresponding to the insertion of one or more ion
channels into the BLM. Many such jumps were recorded,
indicating that the MOMP forms ion channels in a BLM (Fig.
6).

To determine the conductance of a single ion channel
created by the MOMP, we measured current jumps from a
number of records similar to those in Fig. 6 and converted
eachjump to the corresponding change in BLM conductance
by dividing the jump size by the membrane voltage (20 mV).
The conductance changes for 105 current jumps are plotted
as a histogram in Fig. 7. The modal value for the smallest
jump size was 100 picoSiemens, which is somewhat smaller
than the conductance of single ion channels formed in BLM
by E. coli porin (3).
The channel formed by L. pneumophila porin is cationic

selective. To determine if MOMP channels exhibit ion selec-
tivity, we measured the membrane potential at which the net
membrane current was zero in the presence of a salt gradi-
ent. With 1.0 M NaCl in the cis compartment and 0.1 M
NaCl plus 1.8 M glucose in the trans compartment, this
reversal potential was -20 mV (cis compartment negative
with respect to trans). From the Goldman-Hodgkin-Katz
equation (4), this value for the reversal potential indicates
that the ion channel formed by the MOMP exhibits a
fourfold selectivity for cations over anions. This selectivity
is identical to that measured for porin from E. coli (4).
The channel formed by L. pneumophila porin exhibits

voltage-independent gating. To determine if the conductance
produced in BLM by insertion of MOMP channels exhibits
voltage dependence, we allowed a large number of MOMP-
containing vesicles to fuse with the BLM, terminated further
fusion, and measured the steady-state conductance over a
wide range of membrane potentials (Fig. 8).The conductance
was independent of membrane potential over the range
measured (-140 to + 140 mV) in each of three independent
experiments (Fig. 8). This indicates that the functional
channels produced by MOMP in planar bilayers are predom-
inantly in the open or conducting state for membrane poten-
tials in this range. This type of voltage-independent conduct-
ance behavior has also been observed with porin from E. coli
(3, 26).

VOL. 162, 1985
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FIG. 8. Conductance of BLM reconstituted with MOMP as a
function of voltage. An osmotic gradient was established across a
BLM, and MOMP-containing vesicles were allowed to fuse with the
BLM as described in the text. After 100 to 200 fusion events were
detected, fusion was arrested by abolishing the osmotic gradient.
The membrane voltage was then clamped at the indicated membrane
potentials for several mninutes each, and the net conductance of the
BLM was measured at the end of each period. Net conductances for
three independent experiments are shown plotted against membrane
potential. In each experiment, the next conductance depends on the
number of MOMP reconstituted, which varied over a large range.
The net conductances of each untreated BLM was <10 pico-
Siemens. The net conductance of MOMP-containing BLM is inde-
pendent of membrane voltage over the range of -140 to +140 mV.
S, Siemens.

DISCUSSION

In this paper, we describe a simple and efficient method
for the purification of the L. pneumophila MOMP. The
MOMP is selectively extracted in large quantity by treating
L. pneumophila with calcium and Zwittergent-3,14, a treat-
ment which selectively extracts outer membrane proteins of
N. gonorrhoeae (5). Blake and Gotschlich have hypothe-
sized that, in the presence of a high concentration of
calcium, LPS aggregates and decreases its association with
membrahe proteins, allowing the Zwitterionic detergent to
interact with exposed hydrophobic sites of the proteins and
solubilize them. In our study, two treatments with calciumi
and zwitterionic detergent were required to remove the L.
pneumophila MOMP. The first treatment did not effectively
release MOMP from the L. pneumophila outer membrane,
even with increased detergent concentration (unpublished

data), for unknown reasons. Purification of the MOMP to
apparent homogeneity was achieved by ion-exchange and
molecular-sieve chromatography. In this preparation, we
found <1 jig of KDO per mg of MOMP; however, silver
staining indicated that there is approximately 20 ,ug of total
LPS per mg of MOMP.
We found that the L. pneumophila MOMP remains asso-

ciated to peptidoglycan after treatment of the bacteria with
2% SDS and 2 mM MgCl2 at 60°C. The L. pneumophila
MOMP is therefore a peptidoglycan-associated protein, like
the E. coli K-12 OmpF and OmpC porins. The MOMP was
incompletely (about 50%) dissociated from the peptido-
glycan in the presence of a high salt concentration. In this
respect, the L. pneumophila MOMP differs from the E, coli
OmpF, OmpC, and LamB porins, which are completely
dissociated from the peptidoglycan in the presence of high
salt (9, 10).
We found that in the absence of a reducing agent the

MOMP forms aggregates which are too large to enter the gel,
whether the MOMP is treated at room temperature or at
100°C. In the presence of a reducing agent, the MOMP is
dissociated into monomers, and treatment at 1000C seems to
increase the amount dissociated. The sensitivity of the
MOMP aggregates to 2-mercaptoethanol, also reported by
others (11), may reflect the presence of interchain disulfide
linkages as in the case of Chlamydia trachomatis and
Chlamydia psittaci (21). That disulfide bridges may be
present in the porins of both L. pneumophila and Chamydia
sp., two obligate intracellular pathogens, but not in E. coli
(18) suggests the possibility that disulfide bnidges may be
important in intracellular parasitism.
We have also demonstrated that the L. pneumophila

MOMP is a porin. The MOMP is readily reconstituted in
BLM by promoting fusion of MOMP-containing vesicles
with the membrane. The ion channels formed in planar
bilayers by the reconstitution of MOMP are similar to those
formed by porin from E. coli. Although the conductance of a
single channel formed by L. pneumophila porn is smaller
than that formed by E. coli porin, both porin channels
exhibit smnaller selectivity for cations over anions and volt-
age-independent gating.
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