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Abstract

We have isolated and purified outer membrane vesicles
(OMV) from Borrelia burgdorferi strain B31 based on meth-
ods developed for isolation of Treponema pallidum OMV.
Purified OMVexhibited distinct porin activities with con-

ductances of 0.6 and 12.6 nano-Siemen and had no detect-
able /8-NADH oxidase activity indicating their outer mem-

brane origin and their lack of inner membrane contamina-
tion, respectively. Hydrophobic proteins were identified by
phase partitioning with Triton X-114. Most of these hy-
drophobic membrane proteins were not acylated, suggesting
that they are outer membrane-spanning proteins. Identifi-
cation of palmitate-labeled lipoproteins revealed that sev-

eral were enriched in the OMV, several were enriched in
the protoplasmic cylinder inner membrane fraction, and
others were found exclusively associated with the inner
membrane. The protein composition of OMVchanged sig-
nificantly with successive in vitro cultivation of strain B31.
Using antiserum with specificity for virulent strain B31, we

identified OMVantigens on the surface of the spirochete
and identified proteins whose presence in OMVcould be
correlated with virulence and protective immunity in the
rabbit Lyme disease model. These virulent strain associated
outer membrane-spanning proteins may provide new in-
sight into the pathogenesis of Lyme disease. (J. Clin. Invest.
96:2380-2392.) Key words: Lyme borreliosis * Lyme disease
* outer membrane protein * porin * spirochete

Introduction

Lyme disease is a tick-borne infection with world wide distribu-
tion caused by Borrelia burgdorferi sensu lato (1-4). While
there has been considerable activity aimed at the development
of a vaccine, there is surprisingly little basic knowledge about
the molecules comprising the surface of the spirochetes and
their role in pathogenesis. Vaccine development has focused on

a lipoprotein designated OspA for outer surface protein A (5-
10). OspA was first identified over a decade ago on the basis
of its immunogenicity in mice (11). More recently, immuno-
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electron microscopy of B. burgdorferi thin sections demon-
strated that the majority of OspA was not located on the outer
surface of the spirochete, but instead had a subsurface or inner
membrane (IM)' location ( 12). OspA is found in both virulent
and avirulent strains of B. burgdorferi ( 13 ). Other lipoproteins,
designated OspB, OspC, OspD, OspE, and OspF, have also
been identified (13-16) and in some cases, studied as vaccine
candidates (17).

The outer membrane (OM) of B. burgdorferi contains both
lipoprotein, which do not have membrane-spanning topology,
and proteins which span the OMas visualized by freeze-fracture
electron microscopy (18-23). Such membrane-spanning pro-
teins have distinct surface exposed domains and are seen as
particles by freeze-fracture analysis (18, 19, 22, 24), while
almost all bacterial lipoproteins do not span membranes and
hence are not visualized as particles by this technique. Interest-
ingly, the amount of outer membrane-spanning protein in the
B. burgdorferi OMrepresents only 20-40% of the OMprotein
content of Escherichia coli, yet approximately an order of mag-
nitude more protein than that found in the outer membranes of
Treponema pallidum and Borrelia hermsii ( 18, 19, 22). While
these freeze-fracture analyses do not address the possibility that
a certain proportion of the Osp lipoproteins are surface exposed,
it does highlight the fact that unidentified and uncharacterized
outer membrane-spanning proteins are present on the surface of
B. burgdorferi. These B. burgdorferi outer membrane-spanning
(Oms) proteins have potential significance in the physiology of
the spirochete and in its interaction with vertebrate and inverte-
brate hosts.

Studies on the cell surface of pathogenic Borrelia (1, 12,
19) and Treponema ( 18, 19, 22) have been complicated by the
fragility of the OM. Methods used to identify surface proteins
of B. burgdorferi have labeled the periplasmic endoflagella
(EF) (25), and techniques for OMisolation have not been
available. Recently we described the isolation of the OMof T.
pallidum without the use of detergents (22). As a result, we
have identified the first OM-spanning protein to be described
in T. pallidum, the porn, Trompl (for T. pallidum rare outer
membrane protein 1; reference 23), as well as the other rare
constituents of the OM(22). In this report, we describe the
adaptation of this method to the isolation of the OMof B.
burgdorferi and the identification of its porn activities and

1. Abbreviations used in this paper: aIRS, adsorbed immune rabbit
serum; ATCC, American Type Culture Collection; ECL, enhanced
chemiluminescence; EF, endoflagella; EM, erythema migrans; IEM, im-
munoelectron microscopy; IM, inner membrane; IRS, immune rabbit
serum; OM, outer membrane; OMV, outer membrane vesicles; NEPHG,
nonequilibrium pH gel; NEPHGE,nonequilibrium pH gel electrophore-
sis; nS, nano-Siemen; TX- 1 14, Triton X- 1 14.
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candidate outer membrane-spanning proteins. In addition, our
findings implicate certain surface exposed OMcandidate pro-
teins in infectivity and in induction of protective immunity.

Methods

Bacterial strains and media. B. burgdorferi sensu stricto strain B31
was used in the experiments presented in this report and will be referred
to as B. burgdorferi strain B31 throughout this manuscript. Virulent B.
burgdorferi was originally isolated from infected mouse or rabbit tissue
as previously described (26). The term "passage" and the correspond-
ing number refers to the number of times a B31 B. burgdorferi log
phase culture was transferred to fresh BSK II media. Previous studies
indicated that B. burgdorferi strain B31 maintained infectivity in rabbits
and mice to at least passage 47 and 85, respectively (26). The avirulent
B. burgdorferi strain B31 (American Type Culture Collection [ATCC]
35210, Rockville, MD) has been passaged several hundred times in
vitro in our laboratory and is noninfectious for both mice and rabbits
(13, 26). Each of the B. burgdorferi passages was grown in BSK II
media supplemented with 6%normal rabbit serum (NRS) as previously
described (27).

Antiserum specific for virulent B. burgdorferi strain B31. Rabbits
were infected intradermally with 4 x 107 virulent B31 B. burgdorferi
passage 4 and challenged with equivalent amounts of virulent homolo-
gous B. burgdorferi 22 wk later (26). These rabbits were immune to
challenge as assessed by both the lack of EM development and the
absence of disseminated infection (26). The rabbits were bled 4 wks
after challenge (referred to as immune rabbit serum or IRS) and the
immune serum cleared of antibodies common to both the avirulent
and virulent B. burgdorferi by adsorption with avirulent ATCCB31
spirochetes as follows. A frozen pellet containing 6.25 x 109 whole
cells of avirulent B31 B. burgdorferi was incubated with 750 MI of the 4
wk postchallenge infection-derived serum. The samples were incubated
overnight at 4°C with continuous vortexing to maintain a homogenous
mixture of cells within the serum. After each incubation, the cells were
pelleted by centrifugation at 15,000 g for 10 min and the serum superna-
tant transferred to a new tube containing another 6.25 x 109 frozen
whole cells of avirulent B31 B. burgdorferi. This procedure was repeated
eight times. After the eighth adsorbtion, the serum was incubated over-
night at 4°C with an acetone powder (28) corresponding to 1.5 x 1010
equivalents of PBS-washed avirulent B31 B. burgdorferi; this procedure
was repeated four times. The serum was considered adsorbed when
reactivity to proteins derived from 3 x 107 avirulent B31 cells was no
longer observed in enhanced chemiluminescence (ECL) immunoblots
yet maintained reactivity with proteins from the identical amount of
virulent B31 passage 1 cells (26). This serum, enriched for antibodies
specific to low-passage, virulent strain-associated antigens, is desig-
nated adsorbed immune rabbit serum (aIRS).

Monoclonal antibodies H3TS, H6831, and H9724 (29, 30), specific
for the OspA, OspB, and EF, respectively, were kindly provided by Dr.
Alan Barbour, University of Texas Health Science Center, San Antonio,
TX. Polyclonal antiserum against OspD (13) was a generous gift from
Dr. Steven Norris, University of Texas at Houston.

Isolation of the B. burgdorferi outer membrane. The outer mem-
brane of B. burgdorferi was isolated as described for T. pallidum and
Treponema vincentii (22) with the following modifications. Half-liter
cultures of B. burgdorferi were grown in BSKU to late log phase and
harvested by centrifugation at 5,800 g for 20 min. The resulting pellet
corresponding to 5 x 101O to 1 x 10" B. burgdorferi was washed once
in phosphate buffered saline pH 7.4 (PBS) supplemented with 0.1%
BSA and centrifuged again as described above. The supernatant was
discarded and the pellet was resuspended in 90 ml of ice-cold 25 mM
citrate buffer pH 3.2 containing 0.1% BSA. The suspension was incu-
bated on a rocker at room temperature for a total of 2 h and, additionally,
was vortexed for 1 min every 30 min. The resulting outer membrane
vesicles (OMV) and protoplasmic cylinders (PC) were pelleted at

20,000 g for 30 min and resuspended in 12 ml of 25 mMcitrate buffer
pH 3.2, 0.1% BSA. 6-ml aliquots were layered onto a discontinuous
sucrose gradient (in citrate buffer pH 3.2 at 50C) composed of 5 ml
56% (wt/wt) sucrose, 15.5 ml 42% (wt/wt) sucrose, and 12.5 ml 25%
(wt/wt) sucrose, and were centrifuged at 100,000 g for 16 h at 50C
using a Beckman SW28 rotor (Beckman Instruments Inc., Fullerton,
CA). After centrifugation, two separate bands corresponding to the
OMVfraction (upper band) and the PC fraction (lower band) were
removed by needle aspiration, diluted five-to sevenfold in cold PBS pH
7.4, and pelleted by centrifugation at 141,000 g for 4 h at 50C. The
pelleted OMVmaterial was resuspended in 1 ml of 25 mMcitrate buffer
pH 3.2, applied to a continuous 10-42% (wt/wt) sucrose gradient (12
ml in volume), and centrifuged using a SW41 rotor at 100,000 g for
16 h at 50C. The membrane band was removed by needle aspiration,
diluted sevenfold in PBSpH 7.4, and the total OMVpelleted at 141,000
g for 4 h at 50C. The final OMVpellet was resuspended in 50-100 Al
PBS pH 7.4 containing 1 mMPMSFand was stored in aliquots at
-800C. The PC material was pelleted at 10,000 g for 20 min at 50C,
resuspended in 1 ml PBS pH 7.4, and stored at either -20 or -80'C.

,f-NADH oxidase assays. OMVwere prepared from B. burgdorferi
B31 avirulent ATCCas described above except that 0.5 mMDTT was
added to all buffers and sucrose solutions used in the OMVisolation.
,8-NADH oxidase assays were conducted as described by Osborn et al.
(31) with slight modifications (32-35, Norris, S.J., personal communi-
cation). 20 equivalent 1.8-ml fractions were collected from a sucrose
gradient, their density determined using a refractometer, and 90 Al used
for the ,l-NADH oxidase assay. Values reported reflect the average of
three independent assays.

Protein assays. The concentration of protein was determined using
the BCAprotein assay system of Pierce Chemical Co. (Rockford, IL).

Triton X-114 phase partitioning of outer membrane vesicle proteins.
Triton X-1 14 (TX-1 14) extractions were conducted essentially as pre-
viously described (36) with the following modifications. OMVmaterial
derived from 1 x 109 to 5 x 109 B. burgdorferi was solubilized in 1
ml PBS pH 7.4 containing 1% TX-1 14 by gentle rocking at 4°C over-
night. The TX-1 14 insoluble material was removed by two successive
centrifugations at 15,000 g at 4°C for 15 min. The supernatant was
transferred to a sterile microcentrifuge tube and incubated at 37°C for
15 min followed by separation of the two phases via centrifugation at
15,000 g for 15 min at room temperature. The top aqueous phase was
transferred to a new tube and reextracted three times with 1% TX- 114
as described above. The bottom detergent phase was washed with 1 ml
PBS pH 7.4 and reextracted three times. Protein within the final deter-
gent phase, a total of - 15-25 Ag, was precipitated by adding a 10-
fold volume of ice-cold acetone. Precipitated protein was pelleted by
centrifugation (15,000 g for 30 min, 4°C) and resuspended in nonequi-
librium pH two-dimensional (2-D) gel buffer (see below).

Electron microscopy. Samples analyzed by electron microscopy
were loaded in 40-.l volumes onto Parlodion (Mallinckrodt, Inc., St.
Louis, MO) and carbon-coated 300-mesh copper grids (Ted Pella Inc.,
Tustin, CA), incubated at room temperature for 5 min, and washed
three times in 50-,l drops of PBS pH 7.4 followed by two washes in
50-pl drops of double distilled water. The grids were then stained for
20 s in 1% uranyl acetate, washed three times in 50 p1 of double-
distilled water, and air dried. The grids were examined with an electron
microscope (100 cx; JEOL U.S.A. Inc., Peabody, MA) using an acceler-
ating voltage of 80 kV.

Immunoelectron microscopy (IEM) was conducted as follows. 3
X 107 B. burgdorferi strain B31 passages 1, 50, and the avirulent ATCC
were pelleted at 2,000 g for 8 min and suspended in 10 pl of BSK II
media. A 1:5 dilution, 10 IL in volume, of either heat inactivated basal
serum, unadsorbed IRS, or aIRS in 50% normal goat serum (NGS),
0.5x PBS were added separately to the 10 Al B. burgdorferi suspension
for a final serum dilution of 1:10. The samples were incubated at 34°C
for 5.5 h, after which the spirochetes were shown to retain motility as
assessed by dark-field microscopy. The 20 A1 suspension was then di-
luted to 1 ml with 0.15 MNaCl, 10 mMCaCl2, 10 mMMgCl2 (SCM)
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and the cells pelleted at 2,000 g for 8 min. The cells were resuspended
in 30 Il of SCMand a 20-1I droplet incubated on the top surface of a
Parlodion 300 mesh copper grid for 10 min at room temperature. The
grids were washed four times in SCMand then blocked in a humidified
chamber for 20 min at room temperature in 50% NGS, 0.5x SCM.
After eight further washes in SCM, the grids were incubated in a humidi-
fied chamber for 1 h at 40C in a 1:20 dilution of goat anti-rabbit
immunoglobulin conjugated to 10 nm colloidal gold (Sigma Chemical
Co., St. Louis, MO) in 10% NGS, 0.9x SCM. The grids were washed
eight times in SCMand 4 times with double-distilled water (ddH2O),
stained for 45 s in 1% uranyl acetate, rinsed 3 times with ddH2O, and
examined in a JEOL electron microscope at 80 kV accelerating voltage.

Nonequilibrium pH gel electrophoresis (NEPHGE). Nonequilib-
rium pH gel electrophoresis (NEPHGE) was performed as described
by O'Farrell (37) with modifications reported by Norris et al. (13).
Briefly, samples corresponding to OMVderived from 1 x 109 to 5 X 109
B. burgdorferi were extracted with TX-1 14 as previously described and,
after acetone precipitation, suspended in 50 1I sample buffer containing
9.2 M urea, 1.6% pH 5-7, and 0.4% pH 3-10 ampholines (Bio-Rad
Laboratories, Richmond, CA), 4% NP-40 (Sigma Chemical Co.), and
5% ,l-mercaptoethanol (Sigma Chemical Co.). The sample was loaded
onto a nonequilibrium pH gel (NEPHG), 0.2 cm by 12 cm, composed
of 4% acrylamide and 0.24% bisacrylamide (GIBCO/BRL, Bethesda,
MD), 9.2 Murea, 1.6% pH 5-7 and 0.4% pH 3-10 ampholines, and
2% NP-40. The upper and lower tank electrolyte solutions contained
10 mMH3PO4and 20 mMNaOH, respectively. The NEPHGwas prerun
at 400 V constant voltage for 5 min, the sample loaded onto the NEPHG,
and the proteins separated at 400 V (constant voltage) for 4 h. The gel
was extruded out of the glass tube and analyzed by SDS-PAGE or
stored sealed at -80°C for subsequent SDS-PAGE.

SDS-PAGEand Western blotting. Two-dimensional separation of
protein was performed by SDS-PAGEas described (22, 37, 38). Before
second dimension SDS-PAGE, NEPHGwere incubated at room temper-
ature for 30 min in 2x final sample buffer (FSB) containing 4% SDS,
10% ,B-mercaptoethanol, 20% glycerol, and 0.01% bromophenol blue
buffered in 62.5 mMTris HCl pH 6.8. The gel was then placed along
the top of the second dimension SDS-polyacrylamide gel and sealed in
place using 0.8% low-melting point agarose (GIBCO/BRL, Bethesda,
MD) in SDS-PAGErunning buffer (192 mMglycine, 25 mMTris base,
0.1% SDS, pH 8.3).

After electrophoresis, protein was transferred to a polyvinylidene
difluoride (PVDF; Millipore Corp., Bedford, MA) membrane as pre-
viously described (22, 39) and either stained with 1% Amido Black for
subsequent immunoblot analysis, or stained with colloidal gold (Auro-
Dye forte; Amersham Corp., Arlington Heights, IL). PVDFmembranes
used for immunoblotting were blocked for 1 h with 5%nonfat powdered
milk and 0.2% Tween-20 in PBS pH 7.4 (MT-PBS), incubated with
either aIRS diluted 1:500, anti-OspD diluted 1:5,000, anti-EF diluted
1:50, or anti-OspA or OspB MAb diluted 1:500 in MT-PBS for 1 h.
After incubation, the immunoblots were washed thoroughly with 0.2%
Tween-20 in PBS pH 7.4 (T-PBS), and incubated for 1 h with either
anti-mouse or anti-rabbit immunoglobulin conjugated to horseradish
peroxidase diluted 1:2,000 or 1:5,000 in MT-PBS. After thorough wash-
ing of the membrane with T-PBS, antigen-antibody complexes were
visualized using the ECL system (Amersham Corp.) and exposure to
X-AR5 film (Eastman Kodak Co., Rochester, NY).

Intrinsic labeling of B. burgdorferi with [3H]palmitate. B. burgdorf-
eri cells were radiolabeled with [3H] palmitate as previously described
(13, 40) with the following modifications. 5 mCi of [3H] palmitate
(Amersham Corp.) was added to 0.5 liters of BSK II media containing
2.5 x 10'0 B. burgdorferi and the culture incubated at 34°C until the
total number of cells was 1 x 10" ( - 48 h). The cells were then
processed as described above to obtain the OMVmaterial. The OMV
proteins were extracted with Triton X- 1 14 and then subjected to
NEPHGEand SDS-PAGE. The proteins were fixed in the gel with
40% isopropanol and 10% acetic acid, incubated in fluor (Amplify;

Amersham Corp.) for 1 h, dried at 80'C, and exposed to X-AR5 film
at -800C for 1 mo.

Planar lipid membrane assays. Solvent-free membranes were
formed at room temperature by the union of two monolayers of diphyta-
noyl phosphatidyicholine (Avanti Polar Lipids, Alabaster, AL) as de-
scribed previously (41). The monolayers were opposed over a hole
100-200 /im in diameter in a Teflon partition dividing two aqueous
phases; the aperture was initially precoated with a 2% solution of hexa-
decane in n -pentane. Membrane formation and stability were monitored
by measuring membrane capacitance. Voltages were applied across the
membrane by using a signal generator or a battery-driven stimulator.
Currents were measured by means of a voltage clamp amplifier (Axo-
patch IC; Axon Instruments, Sunnyvale, CA) with a headstage (CV-
3B) suitable for the planar membrane and recorded on a chart recorder.
A digital pulse code modulator (PCM-501 ES; Sony Corp., Tokyo,
Japan) and video cassette recorder (Sharp Instruments, Tokyo, Japan)
were used for data acquisition and storage. Agar-agar silver chloride/
silver electrodes were used to impose voltages and record currents
across the membrane. Membrane conductance (g) was calculated from
Ohm's law (g = I/V) in which I is current and V is voltage. Voltage
clamp conditions were used in all experiments with the front chamber
functioning as the virtual ground. The porin suspension was added to the
front compartment salt solution and the sign of the membrane potential
corresponded to the rear compartment of the chamber.

Painted black lipid membranes 500 tsm in diameter were formed
with a 13 mg/ml solution of diphytanoyl phosphatidylcholine in n-
heptane. The construction of the cell used in these porin assays allowed
for the displacement of solutions present in the front compartment by
adding new aqueous suspensions (42). Membrane formation was moni-
tored by viewing the bilayer as black with incident light and by measur-
ing the capacitance across the membrane. Once the membrane had
formed, the solution present in the cis-side of the cell was substituted
with a porin-containing suspension (- 1-10 ng/ml) of identical ionic
strength.

For both the solvent-free or solvent containing bilayer assays, B.
burgdorferi B31 OMV(- 1 tzg/jil) were solubilized in 0.1% Triton
X-100, PBS pH 7.4 at 4°C for 30 min. Samples were diluted 1:1,000
to 1:100,000 in 1 MKC1, 5 mMHepes pH 7.4 and added to the chamber.

Statistical analysis. The IEM results were expressed as the average
and standard deviation of the number of gold particles observed per
micron length of B. burgdorferi on an electron micrograph. The Wil-
coxon ranked sum test was used to analyze the data. Significant differ-
ences were accepted when the P value was < 0.05.

Results

Isolation and characterization of the B. burgdorferi OM. The
B. burgdorferi OMwas removed and purified using methods
developed for the isolation of the OMfrom T. pallidum and T.
vincentii (22). Modifications of the original procedure resulted
in a more efficient release and recovery of the B. burgdorferi
OM. These changes included a decrease in the concentration of
citrate buffer pH 3.2 from 50 to 25 mMand the addition of
0.1% BSA. The decrease in citrate buffer concentration resulted
in a more efficient release of the OMof B. burgdorferi as
assessed by whole mount electron microscopy (compare Fig.
1 A to 1 B). The decrease in the apparent diameter of citrate-
treated B. burgdorferi (- 250 nm in whole cells [Fig. 1 AI to

175 nm in citrate-treated cells [Fig. 1 B]) coupled with the
appearance of vesicular material (Fig. 1 B) suggested that the
addition of citrate buffer pH 3.2 resulted in the efficient release
of OMvesicles (OMV) from whole cells. The addition of BSA
decreased the aggregation of the protoplasmic cylinders with
the OMVsthereby increasing the overall recovery of the OMV
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Figure 1. Removal of the B. burgdorfei outer membrane with citrate

buffer. (A) Electron micrograph of B. burgdorfieri B31 passage 10. Bar

equals 0.5 tim. (B) Electron micrograph of B. burgdorferi B31 passage

10 incubated with 25 mMcitrate buffer pH 3.2 for 20 nun at room

temperature. Bar equals 0.5, jm. (C) OMVisolated from B. burgdorferi

B31 passage 10. Bar equals 0.5 jIm.

material. Since a single membrane band was visible after cen-

trifugation, it was not necessary to use octyldecyl rhodamine

to visualize the OMband as in the case of T. pallidum (22).

Refractive index analysis indicated that the density of the

OMVmaterial, regardless of passage, was 1.13 grams/ral (p
= 1.3852) or identical to the density of 31% (wt/wt) sucrose

(data not shown). Whole mount electron microscopy demon-

strated the membranous character of the OMVmaterial which

ranged in diameter from -300 to 1000 nm (Fig. C). The

absence of any detectable endofiagellar filaments by electron

microscopy suggested that the low pH facilitated the depolymer-

ization of the endoflagella into individual subunits as was ob-

served for T. pallidum and T. vincentii (22).

Absence of f3-NADH oxidase activity in the purified OMV

preparation. Sucrose gradient fractions derived from 2 X iO'

B. burgdorferi B3 1 avirulent ATCCwere assayed for density,

protein concentration, and 86-NADH oxidase activity (Fig. 2).

The OMVisolated for these assays had a density of 1. 13 grams/
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Figure 2. Identification of protoplasmic cylinder-associated ,/-NADH
oxidase activity in B. burgdorferi. OMVand protoplasmic cylinders
derived from 2 x 109 B. burgdorferi were separated on a discontinuous
sucrose gradient and fractionated as described in Methods. Fractions
were tested for protein concentration (--o--), density (-A-), and ,3-
NADHoxidase specific activity (-m-). Fractions 11 and 18 correspond
to the OMVand the protoplasmic cylinder fractions, respectively.

ml, identical to that observed in the OMVisolation described
above, while the protoplasmic cylinders had a density of - 1.24
grams/ml (Fig. 2). The protein distribution included soluble
protein present in fractions 2-4, including the BSA added in
the separation technique, OMVprotein present in fraction 11,
and protoplasmic protein present mostly in fraction 18. The
results of the ,e-NADH oxidase assay indicated that activity
resided only in the fraction containing the protoplasmic cylinder
material (fraction 18) or samples more dense (fractions 19 and
20). The presence of DTT in all buffers and solutions used was

essential to detect the f3-NADH oxidase activity affliated with
the protoplasmic cylinders. Protoplasmic cylinders derived from
citrate-treated B. burgdorferi lacked any detectable /3-NADH
oxidase activity if DTTwas not added to the buffers and sucrose

solutions (data not shown). The majority of the /-NADH oxi-
dase activity, 91%, was associated with the protoplasmic cylin-
ders while the remaining 9% was split between the final two
fractions. No detectablel/-NADH oxidase activity was affiliated
with the fraction containing the OMV(fraction 11) derived
from 2 x 109 B31 B. burgdorferi. Since this sample contained
only 11 jig of OMVprotein, we conducted 3-NADH oxidase
assays with 220 jig of OMVprotein (derived from 20-fold more

B31 B. burgdorferi) from OMVisolated from a sucrose gradient
and concentrated by centrifugation. Even with this amount of
OMVprotein no /8-NADH oxidase activity was detected. In
contrast, when only 6.5 x I0O citrate-treated protoplasmic cylin-
ders, corresponding to 35 jig of protein, were isolated from a

sucrose gradient and concentrated by centrifugation, a 3-NADH
oxidase specific activity of 60 nmol/min per mg was ob-

served (data not shown). These results indicate that B. burg-
dorferi has an IM-associated ,8-NADH oxidase activity similar
to that of T. pallidum. No soluble ,3-NADH oxidase activity
was observed for B. burgdorferi in contrast to the soluble oxi-
dase activity observed for Serpulina hyodysenteriae (34).

Hydrophobic protein composition of OMV: definition of vir-
ulent strain associated outer membrane proteins. Previous stud-
ies in our laboratory demonstrated that rabbits infected intrader-
mally with as few as 4 x 103 B. burgdorferi B31 passage 4,
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Figure 3. Two-dimensional profile of hydrophobic OMproteins from B. burgdorferi OMV. Triton X-1 14 detergent phase proteins were separated
by 2-D electrophoresis, blotted to polyvinylidene difluoride membranes, and stained with colloidal gold. A and B indicate the acidic and basic ends
of the NEPHG, respectively. Italicized numbers and solid lines with arrowheads (--) denote proteins unique to the passage 10 B31 OMV. Italicized
numbers and dotted lines with arrowheads (---a) denote proteins observed in the passage 10 B31 and passage 48 B31 OMV. Italicized numbers
and lines with open arrowheads (=w) indicate proteins only observed in the passage 48 B31 OMV. Bold numbers and lines with filled arrowheads
(a) designate proteins observed in either passage 10, passage 48, and the avirulent ATCCB31 OMV(see Table I). Lower case letters after the
numbers listed distinguish proteins of identical molecular mass with different pI values. The acidic-most spot is designated a; subsequent letter
assignments refer to spots with more basic pI values. Numbers to the left indicate the molecular masses of protein markers (kD). (A) OMVderived
from 5 x 109 B31 passage 10 B. burgdorferi. (B) OMVderived from 5 x 109 B31 passage 48 B. burgdorferi. (C) OMVderived from 5 x 109
B31 avirulent ATCCB. burgdorferi.

were completely protected against EM and dermal infection
after homologous intradermal challenge with 4 x 107 spiro-
chetes (26). In contrast, animals infected in a similar fashion
with as many as 4 X 107 B. burgdorferi B31 passage 47, then
challenged as described, were protected only against EMand
not against dermal infection (26); B. burgdorferi B31 avirulent
ATCC is incapable of conferring any degree of protection
against EMor dermal infection after challenge. Based on these
findings, we hypothesized that there may be corresponding dif-
ferences in the protein composition of the OMVderived from
these various passages.

To catalog the OMproteins, NEPHGEcoupled with SDS-
PAGE(i.e., two-dimensional gel electrophoresis) was utilized
to resolve the TX-1 14 detergent phase proteins from the OMV
derived from 5 x 109 B. burgdorferi (15-25 /tg of protein).
A colloidal gold stain of TX-1 14 detergent phase protein from
the passage 10 B31 OMVconsisted of 30 spots with molecular
masses ranging from 13 to 65 kD (Fig. 3 A and summarized in
Table I). No differences were detected in the composition of
the passage 10 B31 OMVproteins when they were compared
to passage 4 B31 OMVproteins suggesting that passage 10
retained virulent strain associated proteins (not shown).

Comparison of the protein profiles of passage 48 B31 OMV
(Fig. 3 B) with the passage 10 B31 OMVB. burgdorfieri (Fig.
3 A and Table I) indicated that there were 14 OMproteins
uniquely found in the passage 10 OMV. In addition, there were

two OMproteins unique to the passage 48 OMV(25b and 37).
The TX-1 14 detergent phase protein from the avirulent ATCC
B31 OMVconsisted of 16 spots ranging from 13 to 65 kD,
each with molecular masses and isoelectric points indistinguish-
able from proteins observed in either the passage 10 B31 or the
passage 48 B3 1 OMVmaterial with the exception of the aviru-
lent ATCCB31 OMVunique protein designated 24b (Fig. 3

C and Table I). In addition, the avirulent ATCCB31 OMV
preparation contained significantly more of the 33-kD protein.
Comparison of these 2-D profiles (Fig. 3, A-C) with previously
published 2-D profiles (13) suggested that the abundant 31 and
33 kD proteins were the OspA and OspB lipoprotein, respec-

tively, and that the 13-kD species was an uncharacterized lipo-
protein. ECL Western blotting with mAbs specific for OspA
and OspB confirmed that these proteins were OspA and OspB
(not shown).

19 proteins ranging in molecular mass from 19.5 to 60 kD
(Table I), found in the passage 10 and passage 48 B31 OMV
(Fig. 3, A and B) and absent from the avirulent ATCCB31
OMV(Fig. 3 C), were designated as "virulent strain associ-
ated." ECL Western blotting with polyclonal antibodies to
OspD indicated that the virulent strain associated 29a protein
was the OspD lipoprotein (reference 13; data not shown).

The minor 39-kD spot observed in all B31 OMVprepara-

tions was the monomeric EF protein based on its reactivity
with anti-EF mAb H9724 (data not shown). The amount of
contaminating EF varied in several independently derived OMV
preparations. In some experiments, no EF was detected in the
OMVmaterial (data not shown) and in other experiments EF
was a minor contaminant (as shown in Fig. 3 A-C). However,
the profile of common candidate membrane-spanning proteins
remained constant in all experiments regardless of the amount
of EF contamination.

The only significant soluble protein contaminant present in
the TX-1 14 aqueous phase was residual BSA used during the
release of OMVas determined by colloidal gold staining and
ECL immunoblot analysis with anti-BSA (not shown).

Antigenicity of B. burgdorferi virulent strain associated
outer membrane proteins. Serum containing antibodies specific
for putative early-passage, virulent strain-associated proteins
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Table 1. Hydrophobic Protein Composition of OMVPreparations
Based on Colloidal Gold Staining (Molecular Mass in kD)

Passage 10 Passage 48
B31 B31 Avirulent ATCCB31 Description

13
15
18a
18.5
19
19.5a*
19.5b
19.5c
19.5d

25a*

25c
28
29a (OspD)
29b
29.5a*
29.5b
29.5c
31 (OspA)
(33, OspB)¶
34a*
34b
34c
34d
35a*
35b
36

39
40a*
40b
60
65

13
15

18.5
19

19.5c
19.5d
24a

25a*
25b

28

29.5a*

31 (OspA)
(33, OspB)¶

13
15
18a
18.5
19

19.5c

24a*
24b
25a*

25c

29.5a*

31 (OspA)
33 (OspB)

35a

36
37
39

36

39

6565

L, C
Oms, C
Oms
Oms, C
Oms, C
Oms, vsat
Oms, vsat
Oms, C
L, vsa§
Oms
Oms
Oms, C
Oms, vsal
Oms
Oms, vsar
L, vsat
Oms, vsat
Oms, C
Oms, vsat
Oms, vsat
L, C
L, C
Oms, vsat
Oms, vsat
Oms, vsat
Oms, vsat
Oms, vsa§
Oms, vsat
Oms, C
Oms, vsa"
C, EF**
Oms, vsat
Oms, vsat
Oms, vsat
Oms, C

L, lipoprotein; Oms, candidate outer membrane-spanning protein; C,
protein common to all OMVpreparations; * for proteins with identical
molecular masses, a designates the most acidic protein and the subse-
quent letters indicate proteins that are more basic; tvsa, virulent strain-
associated protein present only in passage 10 OMVpreparation (Fig. 3
A); Ovsa, virulent strain associated protein present in passage 10 and
48 OMVpreparations Fig. 3, A and B); livsa, virulent strain associated
protein present only in passage 48 OMVpreparation (Fig. 3 B); I only
detected by [3H]palnitate labeling (Fig. 6 A) or ECL immunoblot analy-
sis with anti-OspB monoclonal antibody (data not shown); ** endofla-
gellin (EF).

was created by depleting infection-derived rabbit serum of anti-
bodies against common antigens of the virulent and avirulent
ATCCB31 B. burgdorferi (see Methods). A recent report from
our laboratory demonstrated that the absorbed serum had been
depleted of antibodies common to the in vitro-expressed pro-
teins from whole cell lysates of virulent and avirulent ATCC
isolates of B. burgdorferi strain B31 (26). These results

prompted us to determine if this absorbed serum would identify
any virulent strain associated proteins unique to the passage 10
B31 OMVmaterial.

Immunoblots with the identical amount of TX-1 14 detergent
phase OMVprotein used for the compositional analysis in Fig.
3, A-C were probed with the absorbed antiserum. OMVpro-
teins of avirulent ATCCB31 strain retained some reactivity to
the adsorbed serum as proteins of 16.5, 18, 19.5 (two spots),
25, and 39 kD were observed (Fig. 4 Cand Table H). However,
the adsorbed serum bound seven antigens found only in passage
10 B31 OMV; the molecular masses of the reactive species
were 29 kD (29a), 35 kD (35b), 40 kD (40a, 40b, and 40c,)
42 kD, and 70 kD (Fig. 4 A and Table II). Comparison of the
OMVcompositional protein profile (Fig. 3, A-C) with the
antigenic profile (Fig. 4, A-C) indicated that the 29a, the 35b,
the 40a, and the 40b antigens were observed in the colloidal
gold-stained 2-D profile of the passage 10 B31 OMVisolate
but not in the passage 48 B31 or avirulent ATCCB31 OMV
isolates. The remaining two antigens found uniquely in passage
10 B31 OMV, the 42 and 70-kD proteins, were not detected in
the colloidal gold stain (Fig. 3 A) yet were clearly identified in
the respective immunoblot (Fig. 4 A), most likely due to the
high level sensitivity (in the picogram range for some antigen-
antibody interactions) inherent to the ECL Western blotting
system.

Surface exposure of virulent strain associated proteins.
Whole mount IEM was used to determine if the adsorbed serum
with specificity for virulent strain associated OMVproteins
(described above) would recognize antigens located on the sur-
face of B. burgdorferi B3 1 passage 1, passage 50, and avirulent
ATCCwhole cells. The findings are shown in Fig. 5 and sum-
marized in Table III. The diameters of the organisms shown
(between 230-250 nm) are consistent with those of whole intact
cells ( 1, 12, 19, 24) and endoflagella were not observed, indicat-
ing that the B. burgdorferi used were structurally intact. The
gold particles observed thus correspond to antibody-bound sur-
face antigens. Only a small number of gold particles were bound
by B31 passage 1 whole cells in the presence of basal (preim-
mune) serum (Fig. 5 A). Unadsorbed immune serum recog-
nized approximately twofold more surface antigens per micron
length of the B31 passage 1 isolate than for either the passage
50 or the avirulent ATCC B31 isolates (Fig. 5 B and Table
IH). Most importantly, the aIRS recognized > 18-fold more
surface antigens on the virulent B31 passage 1 cells (Fig. 5 C)
relative to the avirulent ATCCB31 cells (Fig. 5 E) and - 4.5-
fold more than the passage 50 cells (Fig. 5 D). The statistical
significance of these findings is shown in Table III.

Lipoprotein composition of OMVpreparation. To determine
if lipoproteins other than OspA, OspB, or OspD were present
in the OMVpreparations, passage 5 and avirulent ATCCB31
whole cells were labeled with [3H]palmitate and the OMre-
moved with citrate buffer. Hydrophobic OMVproteins were
then analyzed by 2-D gel electrophoresis as described in the
Methods section. Comparison of passage 5 B31 OMVwith
avirulent ATCCB31 OMV(Fig. 6, A and B respectively) indi-
cated that both preparations contained OspA, OspB, and a pre-
viously identified 13-kD lipoprotein (13). The passage 5 B31
OMVsample had additional lipoproteins with molecular masses
of 29 and 19.5 kD (Fig. 6 A). Based on its location and reactiv-
ity with OspD antibodies (data not shown), the 29-kD spot was
determined to be OspD (13). The low-passage associated 19.5-
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Figure 4. Antigenicity of hydrophobic OMproteins from B. burgdorferi OMV. The nomenclature used is as described in Fig. 3. Identical amounts
of Triton X- 114 detergent phase OMproteins were separated by 2-D gel electrophoresis and immunoblotted as described in the text. The immunoblot
was incubated in infection-derived rabbit serum adsorbed with avirulent ATCCB31 B. burgdorferi as described in Methods. (A) OMVderived
from 5 X 109 B31 passage 10 B. burgdorferi. (B) OMVderived from 5 x 109 B31 passage 48 B. burgdorferi. (C) OMVderived from 5 x 109
B31 avirulent ATCCB. burgdorferi.

kD species (19.5d) migrated to approximately the same position
as a 20-kD lipoprotein previously reported by Norris et al. ( 13 ).
Whole cells of B31 passage 5 (Fig. 6 C) had three additional
lipoproteins of 21, 35, and 55 kD that were missing from the
corresponding passage 5 B3 1 OMVpreparation suggesting that
these lipoproteins are inner membrane associated. It is likely
that the 21-kD lipoprotein corresponds to the acidic 20-kD lipo-

Table II. Hydrophobic OMVAntigens Recognized by
Immunoblotting with Adsorbed Sera (Molecular Mass in kD)

Avirulent ATCC
Passage 10 B31 Passage 48 B31 B31 Description

16.5 16.5 Oms
18b 18b 18b Oms, C
19.5a* 19.5a* 19.5a* Oms, C
19.5c 19.5c Oms
25c 25c Oms
28 28 Oms, vsat
29a (OspD) L, vsa§
29b 29b Oms, vsat

30 Oms, vsal
35b Oms, vsa§
39 39 EF**
40a Oms, vsa§
40b Oms, vsa§
40c0 Oms, vsa§
421 Oms, vsa§
701 Oms, vsat

L, lipoprotein; Oms, candidate outer membrane-spanning protein; C,
protein common to all OMVpreparations; * for proteins with identical
molecular masses, a designates the most acidic protein and the subse-
quent letters indicate proteins that are more basic; * vsa, virulent strain
associated protein present in passage 10 and 48 OMVpreparations (Fig.
4, A and B); § vsa, virulent strain associated protein present only in
passage 10 OMVpreparation (Fig. 4 A); 11 vsa, virulent strain associated
protein present only in passage 48 OMVpreparation (Fig. 4 B); I not
observed in passage 10 OMV2-D gold stain (Fig. 3 A); ** endoflagellin
(EF).

protein reported by Norris et al. (13). The 35- and 55-kD lipo-
proteins correspond to previously described 37- and 53-kD lipo-
proteins (40).

Porin activity of the B. burgdorferi OMVpreparation. Addi-
tion of Triton X-100 solubilized OMVderived from virulent or

Figure 5. Surface exposure of virulent strain associated outer membrane
proteins. Immunoelectron micrographs of B31 B. burgdorferi reacted
with various rabbit sera. All micrographs shown are identical in magni-
fication. Bar equals 0.5 ym. (A) B. burgdorferi B31 passage 1 incubated
with basal (preimmune) serum. (B) B. burgdorferi B31 passage 1 incu-
bated with unadsorbed IRS. (C) B. burgdorferi B31 passage 1 incubated
with aIRS. (D) B. burgdorferi B31 passage 50 incubated with aIRS.
(E) B. burgdorferi B31 avirulent ATCCincubated with aIRS.
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Table III. Recognition of Surface Exposed Proteins by IEM Using
Preimmune, Unadsorbed Immune, and Adsorbed Immune Sera

Basal Unadsorbedt Adsorbedt
Strain* (Preimmune) (Immune) (Immune)

gold particles per pm lengthy

Passage 1 4.24±2.69 167.8±67.511 29.0±11.4'
(n = 11) (n = 7) (n = 8)

Passage 50 1.04±0.47 90.0±17.911 6.41±4.23'
(n = 5) (n = 5) (n = 10)

Avirulent ATCC 0.39±0.18 85.3±35.311 1.58±0.60'
(n = 5) (n = 5) (n = 10)

* Whole mount LEM was conducted with B. burgdorferi B31 passage
1, passage 50, and ATCCavirulent whole cells. t Unadsorbed immune
serum was obtained from a rabbit infected with passage 4 B31 B. burg-
dorferi (26). Adsorbed serum was obtained by incubating the unad-
sorbed serum described above with ATCCavirulent B31 B. burgdorferi
(see text for details). § Values represent the average number of gold
particles observed per pm length of the B. burgdorferi B31 analyzed
±SD. n refers to the number of fields of each sample analyzed under
the electron microscope. 11 Wilcoxon ranked sum test indicated a sig-
nificant difference (P = 0.039) when the unadsorbed immune serum
was reacted with three strains tested. 1 Wilcoxon ranked sum test indi-
cated a significant difference (P = 0.0001) when the adsorbed immune
serum was reacted with three strains tested.

avirulent B. burgdorferi strain B31 to the planar lipid bilayer
system resulted in a step-wise increase in the membrane conduc-
tance. Two porin activities were identified with conductances
of - 0.6 nano-Siemen (nS) and 12.6 nS (Fig. 7, A and inset).
The channel sizes observed were identical for both virulent
passage 10 B31 OMVand avirulent ATCCB31 OMV. The
average size of the observed channels were 0.595 nS for the 97
insertional events observed for the small channel (Fig. 7 B)
and 12.6 nS for the 348 insertional events observed for the
large channel (Fig. 7 C). The calculated average conductances
suggested that the diameter of the small and large channels
were 0.6 and 3.2 nm, respectively, assuming that the height of

both channels was 6 rm (43). No channels were observed when
Triton X-100 alone was added to the bilayer system at the
concentration used to solubilize the OMVmaterial. Also, no
differences in the properties of the porin channels were observed
between solvent-free and solvent-containing bilayers.

Discussion

Although nearly 14 yr have elapsed since the identification of
B. burgdoiferi as the etiologic agent of Lyme disease (44, 45),
the contribution of its OMproteins to pathogenesis is poorly
understood. Typical bacterial OMscontain proteins of two dis-
tinct topological categories. Outer membrane spanning proteins
contain multiple transmembrane segments of amphipathic beta-
sheet structure, such as porins. The second category, lipopro-
teins, have a lipid moiety anchored to the inner leaflet of the
OMand a periplasmic protein moiety. It is the outer membrane
spanning proteins of many pathogenic bacteria, which are
known to mediate essential steps in pathogenesis, such as adhe-
sion (46, 47), invasion (48-52), and serum resistance (53-
56). In contrast, most studies on pathogenesis and immunity
in Lyme disease have focused on B. burgdorferi lipoproteins,
such as OspA (5-10, 14), whose principle cellular location
appears to be subsurface (12). In the time since we demon-
strated the existence of B. burgdorferi OMspanning proteins
by freeze-fracture analysis ( 19), our studies have been directed
toward identification of these proteins and eludication of their
role in pathogenesis.

Porins are prototypical OMspanning proteins (43, 57, 58).
In this study, we have isolated the OMVof B. burgdorferi and
have demonstrated that this OMVmaterial has two distinct
porin activities, as expected for vesicles derived from the OM.
Whenthe B. burgdorferi OMVpreparation was solubilized with
detergent and added to an in vitro bilayer system, two separate
conductances were observed, one of - 0.6 nS and the other

12.6 nS (Fig. 7 A). These two porin activities resemble the
two types of porins characterized in other spirochetes. The small
0.6-nS channel is similar in size to the 0.7-nS Trompl porin
recently identified in T. pallidum (23) and the 1.l-nS OmpLI
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Figure 6. Identification of outer membrane-associated lipoproteins. B31 passage 5 B. burgdorferi and avirulent ATCCwere intrinsically labeled
with [ 3H] palmitate as described in the text. OMVand whole cells were isolated, incubated with TX-1 14, and their detergent phase proteins analyzed
by 2-D electrophoresis, followed by autoradiography. (A) OMVderived from 5 x 109 B31 passage 5 B. burgdorferi. (B) OMVderived from 5
x 109 B31 avirulent ATCCB. burgdorferi. (C) 5 X 108 B31 passage 5 B. burgdorferi whole cells. Numbers with asterisks refer to proteins not
observed in the OMVsamples. Nomenclature used is identical to that described in Fig. 3. Molecular masses of markers are indicated to the left
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Figure 7. Porin activity associated with the B. burgdorferi B31 OMV.
(A) Solubilized OMVwere added to the bilayer at the time designated
by the arrow. Step-wise conductances between 12-13 nS were observed.
(Inset) Observation of both the 12-13 nS porin and a minor 0.6 nS
porin. The first arrow shows an increase of the membrane potential from
0 to +30 mV. The second arrow indicates the time of sample addition.
(B) Histogram showing the conductance of the small porin (0.6 nS).
Total number of single channel insertions was 97. (C) Histogram show-
ing the conductance of the large porin (12-13 nS). Total number of
single channel insertions was 348.

porin from L. kirschneri (21) while the large 12.6 nS channel
is in the same range as the 7.7-nS porin characterized in Spiro-
cheta aurantia (59) and the 10.9-nS porin reported for Trepo-
nema denticola (60). The histogram in Fig. 7 B depicts the
number of small channels observed which showed an average
conductance of 0.595 nS for the majority of the insertional
events. Approximately 20% of the channels observed were
much smaller in size (with - 50 pS conductance) and may
either reflect another smaller porin or a conformational variant
of the smaller channel that has an anomalous conductance. We
also noted that the small channel had a characteristic "flick-
ering" signature similar to that reported for other porin proteins
including the porin of Mycobacterium chelonae (61 ). However,
partial purification of the channel with conductance of 0.6 nS
significantly reduces the flickering activity, implying that the
presence of other proteins within our total detergent solubilized
OMVpreparation contribute to this phenomenon (Skare J.T.,
and M.A. Lovett, unpublished observations).

The possibility that the large porin could represent an aggre-
gated form of the small channels seems unlikely based on the
348 observed large channel insertions that were of uniform size
(Fig. 7 C). If the small channels did form aggregates, then a
heterogeneity in channel size ranging between 0.6 and 12.6 nS
would be observed. The fact that the large channel forms 348
pores that range mostly in size from 10 to 14 nS with a clear
peak at 12.5 nS indicates that this channel is a stable porin
protein.

Several additional lines of evidence indicate that the vesicles
are of OMorigin, contain other OMspanning proteins, and
lack contamination with soluble proteins and inner membrane
proteins. Our efforts to isolate B. burgdorferi OMVwere based
upon our experience in isolating T. pallidum OMV(22). Elec-
tron micrographs of the effects of treatment of B. burgdorferi
with hypotonic citrate buffer at pH 3.2 (Fig. 1) mirrored that
which was observed after similar treatment of T. pallidum (22).
Protoplasmic cylinders appeared reduced in diameter compared
with intact spirochetes, as expected, but appeared otherwise
intact; endoflagella were not seen, and membranous vesicles
were released. Taken together, these observations are consistent
with the selective release of outer membrane vesicles.

Previous attempts to isolate and identify OMproteins from
B. burgdorferi have been impeded by the fragility of the OM
structure ( 1, 62) and the observation that B. burgdorferi mem-
branes "bleb" in vitro (1, 63, 64). These membrane blebs
contain DNase I-resistant plasmid DNAsuggesting that they
were at least partially derived from the inner membrane (63).
Recently Bledsoe (65) have reported separation of B. burgdorf-
eri IM from OMusing isopynic centrifugation of French pres-
sure cell disrupted B. burgdorferi that yielded IM, OM, and
hybrid membrane bands. This OMmaterial had a significantly
greater density (1.19 grams/ml) than the OMVmaterial re-

ported here (1.13 grams/ml) perhaps due to differences in cell
wall contamination. Single dimension protein profiles observed
in the Bledsoe et al. report (65) were similar to our OMV
preparations both in complexity and protein amounts, including
high levels of the OspA lipoprotein. Comparisons between the
two 2-D profiles indicate that some similarities may exist be-
tween these two OMpreparations; however, it is difficult to
correlate the spots observed in their OM2-D when compared
to Fig. 3 A since the separation of protein in the Bledsoe et al.
first dimension NEPHG(65) appears to be broader than that
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observed with our NEPHG. The colloidal gold stain shown in
Fig. 3 A has more overall protein spots than the Bledsoe et
al. OM2-D. This, coupled with the aforementioned protein
complexity of the Bledsoe et al. single dimension OMprotein
profile (65), suggests that the differences observed in the 2-D
profiles may be due to increased amounts of OMVprotein
loaded in our gel system (Fig. 3).

The hydrophobic nature of candidate OMproteins compos-
ing the OMVis expected for a purified outer membrane prepara-
tion. Low levels of endoflagellin, dissociated into monomers by
exposure to pH 3.2, were found in some preparations of OMV.
While contamination with EF was variable, the presence of the
other 33 proteins in the hydrophobic detergent phase has been
fully reproducible for each virulent strain associated OMVprep-
aration.

13 proteins, including one spot only observed by immu-
noblotting. (designated 18b), were common between OMVof
passage 10, 48, and avirulent ATCCB31 (Tables I and II).
Passage 10 B31 OMVhad 20 proteins in addition to those
shared with ATCCB3 1, including three which were detected
only with the ATCC B31 adsorbed antiserum from immune
rabbits. The fact that there are proteins common to OMVfrom
each of the B31 passages, and proteins unique to the virulent
passages, strongly supports the notion that the unique and repro-
ducible OMVcomposition of each passage indeed reflects pro-
teins of OMorigin.

Three OMVproteins are common to both the passage 10
and passage 48 isolate. Because the passage 48 isolate retains
infectivity in the rabbit model of Lyme borreliosis (26), these
three OMVproteins, designated 19.5d, 28, and 35a, may be
important for the initial establishment of infection and the devel-
opment of EM. The role of these OMproteins in the pathogene-
sis of Lyme disease awaits further analysis.

Of the proteins found in the OMVof B31 passage 5 spiro-
chetes, only 5 were palmitate-labeled lipoproteins including
OspA, OspB, and OspD (13). Given the fact that the amount of
OspD appears roughly equivalent to many other OMVproteins
which do not appear to be acylated, it is unlikely that sensitivity
of detection is a factor in lipoprotein detection under these
conditions. Therefore it is highly likely that the hydrophobic
proteins which are not labeled with palmitate are outer mem-
brane-spanning proteins.

While some hydrophobic OMVproteins could be contami-
nants of inner membrane origin, several lines of evidence argue
against this possibility. First, we used the known bacterial IM
marker, f-NADH oxidase (31-33, 35), to assess the degree of
IM protein contamination in our OMVpreparation. 6-NADH
oxidase activity has been reported for several spirochetes, most
recently B. burgdorferi (35). No 3-NADH oxidase activity
was detected from OMVderived from 2 X 109 B. burgdorferi
(corresponding to 11 ug of OMVprotein; Fig. 2). Further, no
13-NADH oxidase activity was observed when 220 jtg of the
OMVprotein was assayed. In contrast, 35 ,ig of protein from
6.5 x 108 protoplasmic cylinders showed significant ,/-NADH
oxidase activity (60 nmol/min per mg; data not shown). The
presence of DTT was critical for the detection of 3-NADH
oxidase activity as evidenced by the absence of any protoplas-
mic cylinder-associated activity in the absence of DTT. The 2-
D OMVprotein profiles were identical whether DlT` was pres-
ent or absent indicating that DiT did not alter the isolation of
B. burgdorferi candidate OMproteins (data not shown). More

importantly, the absence of ,3-NADH oxidase activity indicates
that no IM protein contaminants are present in our OMVprepa-
ration. Second, we compared the 2-D protein profile of B. burg-
dorferi B31 passage 5 whole cells intrinsically labeled with
[3H]palmitate (Fig. 6 C) with OMVmaterial obtained from
the same [3H]-palmitate-labeled culture (Fig. 6 A). Wereasoned
that lipoproteins whose cellular location was at least in part
within the OMwould be observed in both the OMVand whole
cell samples whereas IM lipoproteins would only be observed
in the whole cell sample and not in the OMV2-D profile. Three
lipoproteins with molecular masses of 21, 35, and 55 kD are
present only in the [3H]palmitate-labeled whole cells (Fig. 6
C) and are absent in the OMV2-D profile (Fig. 6 A); these
findings suggest that these three lipoproteins are found exclu-
sively in the IM. If the OMVpreparation contained significant
contamination with IM proteins, the three IM-associated lipo-
proteins would be observed in the OMV2-D profile. In addition,
the equal or greater intensity in whole cell extracts of these
lipoproteins as compared to the OspD lipoprotein, known to
be OMassociated, indicates that if these lipoproteins were a
component of the OM, they should be of equal or greater inten-
sity than observed in Fig. 6 A for OspD. Finally, the colloidal
gold-stained passage 10 OMV2-D protein profile (Fig. 3 A)
lacks the 21, 35, and 55-kD proteins indicating that these puta-
tive IM proteins are not present in our OMmaterial.

Although OspA has been described as a surface exposed
protein (5-10, 14), the majority of OspA appears associated
with the IM (12). While OspA is the most abundant protein in
the OMVpreparation, most OspA is still found in the protoplas-
mic cylinders after release of OMVwith citrate buffer (data
not shown). Localization of spirochetal lipoproteins to both the
IM and OMhas also been observed for the TmpAand the 17-
kD lipoproteins of T. pallidum (22, 66, 67). Spirochetes have
a unique membrane organization in regard to lipoproteins; i.e.,
there are lipoproteins associated with the OMsuch as OspD
(13), lipoproteins that are associated with the IM, such as the
55-kD lipoprotein, and lipoproteins that are associated with both
the IM and OMsuch as OspA (12).

Recently we have reported that infection of rabbits with B.
burgdorferi B31 passage 4 results in the development of com-
plete immunity to reinfection (26). The ability to induce protec-
tive immunity is diminished with progressive in vitro cultiva-
tion. Infection with B. burgdorferi B31 passage 27 ultimately
results in partial protection against development of erythema
migrans (EM), and complete protection against skin infection.
Infection with B. burgdorferi B31 passage 47 confers partial
protection against EM, but no protection against chronic skin
infection. Inoculation of B. burgdorferi avirulent ATCCB31
results in neither infection nor development of infection-derived
immunity. In this context, we regard the changes in OMVhy-
drophobic protein composition which occur during sequential
in vitro passage as particularly significant. Therefore, we at-
tempted to correlate these changes with infectivity and with
ability of B. burgdorferi to induce protective immunity against
EMand skin infection in an effort to identify B. burgdorferi
proteins involved in Lyme disease pathogenesis.

Wehave recently described the preparation of an infection-
derived antiserum to virulent B. burgdorferi that was adsorbed
with the avirulent ATCCisolate to remove antibodies that rec-
ognize antigens common to both the virulent and avirulent B.
burgdorferi (26). The resulting adsorbed serum contained anti-

Virulent Strain Associated Outer Membrane Proteins of Borrelia burgdorferi 2389



bodies specifically enriched for low-passage, virulent B. burg-
dorferi antigens, and was depleted of antibodies to antigens
found in the avirulent ATCCB31 strain. When this adsorbed
serum was used to identify antigens unique to the virulent OMV
material, seven spots were observed (Fig. 4 A) that were not
present in either the passage 48 or the avirulent OMVisolate
(Fig. 4 C)-when equivalent amounts of protein were analyzed.
Two antigens (28 and 29b; Table II) common to the virulent
passage 10 B31 OMVand passage 48 B31 OMVwere recog-
nized by the adsorbed serum. As mentioned above, these pro-
teins may be essential for the initial establishment of infection
and the development of EM. Further, antibodies against these
antigens may protect against challenge with virulent B. burgd-
orferi. Because of their possible roles in pathogenesis and infec-
tion derived immunity, we are currently focusing on cloning
the genes encoding the 28 and 29b antigens. The 29-kD protein
observed in the passage 10 B31 OMVand passage 48 B31
OMVimmunoblots was not the OspD lipoprotein based on its
location in the NEPHG2-D system and its lack of reactivity
with polyclonal anti-OspD serum (data not shown).

Findings with whole mount IEM using the avirulent ATCC
adsorbed serum reacted against virulent passage 1, infectious
passage 50, and the avirulent ATCCB31 B. burgdorferi (Fig.
5) parallel the observations made for the compositional colloi-
dal gold-stained profile and subsequent immunoblot analyses
of all three of these B. burgdorferi isolates. The adsorbed serum
was found to be more reactive with the virulent isolate than
the avirulent isolate. The observation that the adsorbed serum
contains antibodies that specifically and preferentially bind the
surface of the virulent B31 passage 1 B. burgdorferi relative to
the B31 passage 50 and avirulent ATCCB31 spirochetes indi-
cates that the adsorbed serum, as predicted, is a reagent enriched
for antibodies specific for early passage and therefore presum-
ably virulent strain associated antigens. Further, the adsorbed
antiserum recognizes surface exposed proteins, indicating that
this reagent contains antibodies directed against virulent strain
associated candidate OMproteins. Presumably, some of the
antigens recognized in the passage 10 B31 OMV2-D profile
(Fig. 4 A) are surface exposed antigens observed in the whole
mount IEM of passage B31 B. burgdorferi (Figure 5, B and
C). The number of gold particles observed for B. burgdorferi
whole cells in the IEM experiment decreased with increasing
in vitro passage consistent with the decrease in proteins ob-
served in the compositional and antigenic profiles of the various
OMVpreparations analyzed (Fig. 3 and 4).

These findings suggest that the same proteins are being
detected by these independent techniques. This further supports
the idea that the proteins identified in the OMVare OMproteins.
Definitive proof that the candidate Omsproteins are authentic
Oms proteins will require the cloning and sequencing of the
genes encoding these proteins followed by the localization of
these proteins to the OMof B. burgdorfieri. Determination of
correspondence between the individual antigens observed in our
OMVmaterial with the surface exposed OMproteins detected
by IEM is an important goal of work in progress in our labora-
tory.

Wehave chosen the acronym, Oms, to designate the outer
membrane-spanning proteins shared by virulent and avirulent
Borrelia burgdorferi strain B3 1. Wehave also chosen the acro-
nym, Omsvsa, for Oms that are virulent strain associated, to
designate those candidate outer membrane spanning proteins

found in virulent, but not the avirulent ATCCB31 strain. Be-
cause Oms " include, as our immunoelectron microscopic find-
ings indicate, surface antigens lost upon progressive in vitro
cultivation, it is likely that among the Omsvsa are candidate OM
proteins which are relevant to the pathogenesis of experimental
Lyme disease. While the Omsvsa described here are found in B.
burgdorferi after in vitro cultivation, it is certainly possible that
there are candidate Omsvsa which are only expressed in vivo in
environments unique to the vertebrate and invertebrate host of
B. burgdorferi. Consistent with this possibility, we have recently
reported a supercoiled plasmid encoded protein, EppA, that is
apparently expressed only during infection (68).

While the efficacy of Omsand Omsvsa as vaccine candidates
is conjectural at this time, it is conceivable that these candidate
outer membrane-spanning proteins could serve as protective
immunogens. It will soon be possible to test the efficacy of
vaccination with Omsproteins relative to OspA in animal mod-
els of Lyme disease.
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