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Relapsing fever is a worldwide, endemic disease caused by several spirochetal species belonging to the genus
Borrelia. During the recurring fever peaks, borreliae proliferate remarkably quickly compared to the slow
dissemination of Lyme disease Borrelia and therefore require efficient nutrient uptake from the blood of their
hosts. This study describes the identification and characterization of the first relapsing fever porin, which is
present in the outer membranes of B. duttonii, B. hermsii, B. recurrentis, and B. turicatae. The pore-forming
protein was purified by hydroxyapatite chromatography and designated Oms38, for outer membrane-spanning
protein of 38 kDa. Biophysical characterization of Oms38 was done by using the black lipid bilayer method,
demonstrating that Oms38 forms small, water-filled channels of 80 pS in 1 M KCl that did not exhibit
voltage-dependent closure. The Oms38 channel is slightly selective for anions and shows a ratio of permeability
for cations over anions of 0.41 in KCl. Analysis of the deduced amino acid sequences demonstrated that Oms38
contains an N-terminal signal sequence which is processed under in vivo conditions. Oms38 is highly conserved
within the four studied relapsing fever species, sharing an overall amino acid identity of 58% and with a strong
indication for the presence of amphipathic �-sheets.

Relapsing fever (RF) is caused by spirochetes of the genus
Borrelia, which also includes species responsible for Lyme dis-
ease. RF occurs worldwide and often endemically in temperate
to tropical and subtropical regions, and in some African com-
munities the incidence is the highest of any bacterial diseases
reported (72). The main clinical manifestations are, according
to the name, recurring high fever peaks with high densities of
Borrelia in the blood (33, 38, 67), which may be accompanied
by complications such as spontaneous abortion and perinatal
death (19, 37, 40, 71).

RF is caused by approximately 20 species of Borrelia distrib-
uted nearly worldwide and is transmitted by hematophagous
ticks and lice (20, 33, 67). Four species of spirochetes repre-
senting the wide distribution of different RF species are con-
sidered the main causes of RF. (i) B. duttonii is present in
sub-Saharan Africa and transmitted by the soft-body tick Or-
nithodoros moubata moubata; this species likely causes more
RF cases than anywhere else in the world (38). (ii) B. hermsii
is the most common RF-causing pathogen in North America;
it is transmitted by the tick Ornithodoros hermsi (31, 62) and
has been the focus of antigenic variation research (5, 68). (iii)
B. recurrentis occurs endemically in the highlands of Ethiopia,
with sporadic cases in Sudan, and is transmitted by the human
body louse Pediculus humanus humanus (20). (iv) B. turicatae

has been sporadically isolated in Texas, Kansas, and Florida
from the tick vector Ornithodoros turicata and dogs; while its
exact geographic distribution is not defined (61), B. turicatae is
used to study neuroborreliosis (23). These four species were
chosen for the study of outer membrane porins.

Borreliae are limited in their metabolic and biosynthetic
capacities and therefore are highly dependent on nutrients
provided by their hosts (35). Consequently, these parasites
need to have an efficient regulation of the nutrient uptake
across the cell envelope. The Borrelia cell envelope structure
and membrane composition show major differences from those
of other gram-negative bacteria (6, 27, 28, 42, 56, 70, 73). Few
membrane-spanning proteins are located in the outer mem-
brane (35, 55). The most abundant proteins in the RF outer
membrane are the variable major proteins Vmp, lipoproteins
that are expressed with different surface epitopes through an-
tigenic variation (2, 5, 68, 69).

In Lyme borreliosis, bacteria slowly disseminate from the
infection site, with symptoms often arising weeks or months
after the tick bite. In contrast, RF borreliae grow rapidly,
reaching high cell densities in the blood in only a few days. To
maintain this rapid growth, the bacteria need, in part, to have
an extraordinarily efficient nutrient uptake from the plasma.
The transport of nutrients and other molecules across the
outer membrane is performed by pore-forming proteins, so-
called porins. These are integral membrane proteins which
form large water-filled pores in the outer membrane of gram-
negative bacteria (10) to enable the influx of nutrients and
other substances from the environment into the bacterial cell.
Porins can be subdivided into two classes: (i) general diffusion
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pores, such as OmpF of Escherichia coli K12 (9, 10), which sort
mainly according to the molecular mass of the solutes, and (ii)
pores with a substrate-binding site inside the channel (14, 16,
25, 34, 41). Furthermore, surface-exposed porin loops are po-
tential targets in interaction with other cells (17), bacterio-
phages (75), and bactericidal compounds (59) and are there-
fore putative candidates for vaccine development.

Several outer membrane porins, such as P66 (66), Oms28
(65), and P13 (51, 53), were identified recently in the Lyme
disease agent B. burgdorferi. Intriguingly, although there are
indications of their presence (64), no RF porin has been de-
scribed in the literature to date. Nevertheless, the analysis of
RF porins is of high importance for understanding the spiro-
chetes’ nutrient uptake in the blood during their exceptionally
fast growth during the fever peaks.

Here, we describe the identification of the first RF porin
present in outer membrane fractions (OMFs) of B. duttonii, B.
hermsii, and B. recurrentis. The pore-forming proteins were
purified by hydroxyapatite chromatography to homogeneity
and designated Oms38. Biophysical characterizations of the
porins were achieved by using the black lipid bilayer method.
They demonstrated that Oms38 porins form water-filled pores
with low conductance (80 pS in 1 M KCl) and are selective for
anions. Partial sequencing of the protein and searches of
genomic DNA sequences from ongoing projects revealed se-
quences of oms38 in B. duttonii, B. hermsii, B. recurrentis, and
B. turicatae. Alignments demonstrated that the deduced amino
acid sequences of the different Oms38 porins are highly con-
served among the studied RF species and contain �-strands.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The RF strains used in this study
were B. duttonii 1120K3, B. hermsii HS1, and B. recurrentis A1. Bacteria were
grown in BSKII medium (3) supplemented with 10% rabbit serum and 1.4%
gelatin at 37°C until cell densities reached approximately 107 to 108 cells ml�1

and harvested by centrifugation.
Isolation of outer membrane proteins and purification of the 38-kDa protein.

OMFs of the three Borrelia species used in this study were prepared as described
previously (46). Purification of the native 38-kDa protein was performed by using
a hydroxyapatite Bio-gel (Bio-Rad) column as it has been used previously for the
purification of mitochondrial porins (8, 36). One hundred microliters of OMF
(approximately 100 ng proteins) was diluted in 400 �l 2% Genapol (Roth) and
applied to a hydroxyapatite column made from 0.3 g hydroxyapatite in an Econo-
Column (Bio-Rad) with the dimensions of 0.5 by 5 cm and a column volume of
2 ml. The column was washed with 6 column volumes of a buffer containing 2%
Genapol and 10 mM Tris-HCl (pH 8.0). For protein elution, 4 column volumes
of buffer containing 2% Genapol, 250 mM KCl, and 10 mM Tris-HCl (pH 8.0)
were passed through the column; fractions of 2.0 ml were collected.

Protein electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed with the Laemmli gel system (43). One
hundred microliters of protein samples eluted by hydroxyapatite chromatogra-
phy was precipitated by the protocol of Wessel and Flügge (74). Proteins were
separated by 12% SDS-PAGE under denatured conditions (boiled for 5 min in
4� SDS sample buffer before loading the gel) by using a Bio-Rad electrophoresis
system. The gels were stained with silver (18).

Protein sequencing. For N-terminal sequence analysis, proteins were blotted
onto a polyvinylidene difluoride membrane after 12% SDS-PAGE. Microse-
quencing was performed with a Procise 492 cLC gas phase sequencer (Applied
Biosystems GmbH) using the instructions of the manufacturer (32).

Planar lipid bilayer assays. The methods used for black lipid bilayer experi-
ments have been described previously (12). The instrumentation consisted of a
Teflon chamber with two compartments separated by a thin wall and connected
by a small circular hole with an area of 0.4 mm2. The membranes were formed
by a 1% (wt/vol) solution of diphytanoyl phosphatidylcholine (Avanti Polar
Lipids, Alabaster, AL) in n-decane. The porin-containing fractions were diluted
1:100 in 1% Genapol (Roth) and added to the aqueous phase after the mem-

brane had turned black. The membrane current was measured with a pair of
Ag/AgCl electrodes with salt bridges switched in series with a voltage source and
a highly sensitive current amplifier (Keithley 427) while being kept at 20°C
throughout.

The voltage dependence of the pores was checked as described elsewhere (48)
using membrane potentials of as high as �200 to �200 mV. Zero-current
membrane potential measurements were performed by establishing a salt gradi-
ent across membranes containing approximately 100 reconstituted channels as
described earlier (13, 45). The zero-current membrane potentials were measured
with a high-impedance electrometer (Keithley 617).

RESULTS

Pore-forming activities in OMFs of B. duttonii, B. hermsii,
and B. recurrentis. OMFs isolated from the three RF Borrelia
species contained numerous proteins as shown by SDS-PAGE
(Fig. 1, left panel). Several differences in the outer membrane
bands between B. duttonii, B. hermsii, and B. recurrentis are
obvious. The B. duttonii OMF exhibited major protein bands at
a molecular mass of around 28 kDa, whereas the major bands
of the B. hermsii and B. recurrentis OMFs corresponded to a
molecular mass of around 40 kDa. These findings are thought
to be due to differences in expression and antigenic variation of
the numerous variable major proteins known to be present in
the outer membranes of RF spirochetes (24, 58, 69). For in-
vestigations in the black lipid bilayer, OMFs were highly di-
luted in 1% Genapol. All OMFs exhibited a broad range of
different pore-forming activities (Fig. 2), ranging from 0.1 to 11
nS, caused by different pore-forming proteins reconstituted
into the lipid bilayer. A similar broad distribution of channels
has been found for detergent-treated OMF of Borrelia burg-
dorferi (53). A particularly high pore-forming activity was ob-
served within the conductance range from about 10 pS to 0.75
nS for experiments with detergent-treated OMFs of all three
RF species. However, the full conductance fluctuation patterns
of the single RF species exhibited several remarkable differ-
ences.

The OMF of B. duttonii (Fig. 2A) contained pores with
maxima within the histogram of the single-channel conduc-
tance centered on 0.5 nS, 2.5 nS, 5.5 nS, and 11 nS. For B.
hermsii (Fig. 2B), the highest maximum of the single-channel

FIG. 1. SDS-PAGE analysis of OMFs and the purified 38-kDa
pores of B. duttonii, B. hermsii, and B. recurrentis. Approximately 1 to
10 ng of OMF of B. duttonii (B. d.), B. hermsii (B. h.), and B. recurrentis
(B. r.) (left panel) or 100 �l of hydroxyapatite chromatography frac-
tions (HAC) containing the purified 38-kDa protein (right panel) was
separated by 12% SDS-PAGE and silver stained. The positions of
molecular mass standards in kDa are shown at the left.
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conductance distribution was about 6.25 nS. Our histogram
agrees with the one previously reported (64). The histogram
derived from conductance fluctuations observed with the B.
recurrentis OMF (Fig. 2C) was similar to those of B. duttonii
and B. hermsii, which also had high pore-forming activity of
about 2 nS and contained maxima within the histogram around
7 nS and 10 nS.

Purification and identification of a 38-kDa, pore-forming
protein in the outer membranes of B. duttonii, B. hermsii, and
B. recurrentis. To identify proteins that are responsible for a
defined pore-forming activity in the OMFs, about 100 ng of
Borrelia OMF was diluted in 400 �l 2% Genapol–10 mM
Tris-HCl (pH 8.0). This sample was applied to a dry hydroxy-
apatite column, which has been used successfully for the puri-
fication of mitochondrial porins (8, 36). After washing of the
column with 6 column volumes of a buffer containing 2%
Genapol and 10 mM Tris-HCl (pH 8.0), the pore-forming
protein was eluted using different protocols. The most efficient
one was the addition of 250 mM KCl to the buffer, thus in-
creasing its ionic strength. Some of the fractions (fractions 1
and 2) that eluted from the column showed a high pore-form-
ing activity (see below). To check the purity of the proteins
from the pore-forming protein fractions, 100 �l was precipi-
tated by the protocol of Wessel and Flügge (74) and subjected
to 12% SDS-PAGE. Pore formation was found exclusively in
fractions exhibiting a band that corresponded to a molecular
mass of 38 kDa (Fig. 1, right panel). The fractions derived from
the OMFs of B. hermsii and B. recurrentis contained exclusively
the 38-kDa protein. The fractions derived from the OMF of B.
duttonii contained the 38-kDa protein and a second band vis-

ible through all fractions, which corresponded to a molecular
mass of 27 kDa. Amino acid sequencing identified this band as
member of the Vsp lipoprotein family with similarity to the B.
burgdorferi OspC (4, 60) (data not shown). The protein was
abundant in the OMF of B. duttonii (Fig. 1, left panel); sec-
ondary-structure analysis, comparisons with other pore-form-
ing lipoproteins, and the fact that fractions exclusively contain-
ing this 27-kDa band did not exhibit pore-forming activity
suggested that Vsp is not a pore-forming component. Thus, the
38-kDa protein component was thought to be a putative porin
within the fractions.

To identify the gene encoding the 38-kDa protein, we per-
formed partial amino acid sequencing of the protein fractions
that contained only the corresponding protein band. Two hun-
dred microliters of the hydroxyapatite chromatography frac-
tion 1 derived from the B. duttonii OMF were separated by
12% SDS-PAGE and blotted onto a polyvinylidene difluoride
membrane. N-terminal sequencing provided the first 19 N-
terminal amino acids of the native 38-kDa protein of B. dut-
tonii: EEETKQKLETKENSTTKEN. Using this sequence, we
searched in the genome sequences from work currently in
progress with several RF spirochetes.

The chromosome sequence of B. duttonii revealed the gene
coding for the 38-kDa protein and its complete amino acid
sequence (GenBank accession number CP000976) (Fig. 3).
According to its molecular mass, the protein was designated
Oms38, for outer membrane spanning protein of 38 kDa. Fur-
ther analyses identified homologues of oms38 in the chromo-
somes of B. hermsii (GenBank accession number EU660961),
B. recurrentis (GenBank accession number CP000993), and B.
turicatae (GenBank accession number EU660962).

Analysis of the amino acid sequences of Oms38 of B. dutto-
nii, B. hermsii, B. recurrentis, and B. turicatae. Figure 3 shows
an alignment of the deduced amino acid sequences of Oms38
of B. duttonii, B. hermsii, B. recurrentis, and B. turicatae (26).
The identity of Oms38 of the four species was 58%. B. duttonii-
and B. recurrentis-derived Oms38 shared the highest amino
acid identity of 98%, B. hermsii and B. turicatae Oms38 were
83% identical, and B. duttonii and B. hermsii Oms38 were 67%
identical. The main discrepancies were located in the N termi-
nus, while the remaining parts of the sequences were highly
similar. N-terminal sequencing of the native B. duttonii Oms38
identified amino acids 20 to 38 of the full-length protein (Fig.
3). Consequently, the first N-terminal amino acids are removed
under in vivo conditions and constitute the putative signal
peptide (Fig. 3), as is known for other spirochetal outer mem-
brane proteins and porins (29). The putative N-terminal cleav-
age sites of B. recurrentis, B. hermsii, and B. turicatae Oms38
are marked in Fig. 3 (7). Computational analyses (1, 39) re-
vealed putative beta-sheet stretches in the secondary structure
of Oms38 (Fig. 3). The predicted beta-sheet regions allow
structural conceptions of a protein containing 12 to 14 beta-
sheets forming a beta-barrel pore, as is known for other well-
studied porins (25, 30, 57).

Single-channel measurements of Oms38. The pores formed
by Oms38 were studied in more detail by adding small amounts
of Oms38 to black lipid bilayer membranes. The reconstitution
of the protein into the membrane caused a substantial conduc-
tance increase over several orders of magnitude due to the
formation of small ion-permeable channels, similar to that

FIG. 2. Pore-forming activities in the OMFs of B. duttonii (A), B.
hermsii (B), and B. recurrentis (C). The histograms of the single-chan-
nel conductance (G) distributions were derived from at least 100 in-
dividual single-channel conductance steps derived from at least four
different membranes. Highly diluted OMFs treated with 1% Genapol
were added to a diphytanoyl phosphatidylcholine–n-decane membrane
using 1 M KCl as the electrolyte. The applied voltage was 20 mV and
the temperature was 20°C throughout.
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caused by other bacterial porins (10). Under conditions of
appropriate amplification and low protein concentration, the
records of single reconstitutions into the membranes could be
resolved as conductance steps, with an average single-channel
conductance of 80 pS in 1 M KCl (Fig. 4). Some single-channel
events showed initial sharp spikes during their reconstitution

which immediately switched to the stable 80-pS level. This
stable level was defined as the single-channel conductance of
Oms38. By statistical analysis of at least 50 of these conduc-
tance steps, the single-channel conductance of Oms38 was
measured as a function of different electrolytes and different
concentrations. Figure 5 shows histograms of all current fluc-
tuations observed for B. duttonii, B. hermsii, and B. recurrentis
Oms38 in 1 M KCl. The data demonstrate that the Oms38
porins of all three RF species studied consistently exhibited the
small average single-channel conductance of 80 pS in 1 M KCl,
which is not surprising given the close identity of all three
Oms38 proteins. The measurement of Oms38 pores from B.
duttonii in different KCl concentrations from 0.1 to 3 M dem-
onstrated that the channel conductance was an almost linear
function of the electrolyte concentration (Table 1).

To obtain further information on the properties of the pores
formed by Oms38, single-channel experiments were also per-
formed with electrolytes other than KCl. The results are sum-
marized in Table 1 and suggested an anion selectivity of the
pore, as derived from single-channel experiments with
KCH3COO and LiCl. Replacement of chloride with the large
and less mobile acetate resulted in a substantial influence on
the single-channel conductance (30 pS for B. duttonii, 65 pS for
B. hermsii, and 50 pS for B. recurrentis in 1 M KCH3COO, pH
7), whereas the replacement of potassium by lithium led to a
lower influence on the conductance (50 pS, 75 pS, and 60 pS,
respectively, in 1 M LiCl).

FIG. 3. Amino acid sequence alignment of Oms38 of B. duttonii, B. hermsii, B. recurrentis, and B. turicatae (26). Amino acids identical in all four
strains are shaded in green; similar amino acids are highlighted in yellow. The sequences of B. duttonii, B. hermsii, B. recurrentis, and B. turicatae
Oms38 share an amino acid identity of 58%. B. duttonii and B. recurrentis Oms38 are identical in 98% of their amino acid sequence, B. hermsii and
B. turicatae Oms38 in 83%, and B. duttonii and B. hermsii in 67%. The putative N-terminal cleavage site of Oms38 from all four species is marked
by an arrowhead (7). The 19-amino-acid sequence derived from the partial sequencing of the native B. duttonii protein is in bold. Predicted �-sheet
transmembrane domains concordant in the four proteins are framed in red (1, 39).

FIG. 4. Pore-forming activity associated with purified B. duttonii, B.
hermsii, and B. recurrentis Oms38. Single-channel insertional events
were observed for B. duttonii, B. hermsii, and B. recurrentis Oms38 in a
diphytanoyl phosphatidylcholine–n-decane membrane. Highly diluted,
purified Oms38 at a concentration of about 10 ng ml�1 was added to
the membrane and bathed in 1 M KCl. The applied voltage was 20 mV
and the temperature was 20°C throughout.
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Strikingly, the single-channel conductances of 80 pS in 1 M
KCl of B. duttonii Oms38 and its homologues in B. hermsii and
B. recurrentis were identical, whereas the measured conduc-
tances in LiCl and KCH3COO differed slightly when compar-
ing Oms38 of the three species. A possible explanation could

be different stability states of the proteins derived from differ-
ent species after the OMF preparation and purification proce-
dure. While B. duttonii Oms38 formed well-defined pores
throughout, the channels formed by B. hermsii and B. recur-
rentis Oms38 were accompanied by flickering and noise, and
they were scarcely measurable after about 10 single-channel
events. Thus, the purification resulted in an observable per-
centage of flickering pores in the bilayer and therefore gave a
less precise evaluation of the B. hermsii and B. recurrentis pores
than for the B. duttonii Oms38. It is noteworthy, however, that
channel flicker was not a purification artifact, because different
protocols for purification of Oms38 from B. hermsii and B.
recurrentis resulted in the same flickering, indicating that the
flicker represents an intrinsic property of the channels. Inter-
estingly, Oms38 homologues of all three species agreed in the
trend of the single-channel results with LiCl and KCH3COO,
in which the change of the anion in the electrolyte had a higher
influence on the conductance than the change of the cation,
indicating anion selectivity.

Voltage dependence. Certain bacterial porins exhibit volt-
age-dependent closure at high voltages despite the fact that no
voltage-dependent closure has been observed so far in in vivo
experiments (10, 44, 63). To check whether Oms38 is voltage
dependent, a multichannel experiment with approximately 100
reconstituted pores was performed. The application of mem-
brane potentials ranging from �200 mV to �200 mV showed
no influence on conductance, revealing that Oms38 did not
show voltage-dependent closure (data not shown).

Selectivity measurements. Selectivity measurements allow a
quantification of the permeability of the Oms38 pore for an-
ions relative to cations. The selectivity of B. duttonii-derived
Oms38 was investigated by multichannel experiments under
zero-current conditions in KCl, LiCl, and KCH3COO. Mem-
branes were formed in 100 mM salt solution, and purified
Oms38 was added to the aqueous phase when the membranes
were in the black state. After the incorporation of approxi-
mately 100 pores into the membrane, fivefold salt gradients
were established by the addition of small amounts of 3 M salt
solution to one side of the membrane. The permeability ratios
for cations over anions through Oms38 were calculated using
the Goldman-Hodgkin-Katz equation (13) and are listed in
Table 2 together with the zero-current membrane potentials.
These data support the idea that Oms38 is indeed selective for
anions.

The potential on the more diluted side of the membrane was
negative throughout the experiments for KCl (�14.0 mV),

FIG. 5. Histograms of individual single-channel events observed
for purified Oms38 of B. duttonii, B. hermsii, and B. recurrentis. For
each histogram, a total of at least 50 insertions of Oms38 into a
diphytanoyl phosphatidylcholine–n-decane membrane were evaluated.
The average single-channel conductance (G) for at least 50 conduc-
tance steps was 80 pS for Oms38 derived from B. duttonii, B. hermsii,
and B. recurrentis OMFs. The aqueous phase contained 1 M KCl; the
applied voltage was 20 mV and the temperature was 20°C throughout.

TABLE 1. Average single-channel conductances (G) of Oms38 of
B. duttonii, B. hermsii, and B. recurrentis in different

electrolyte solutionsa

Electrolyte Concn
(M)

G (pS)

B. duttonii B. hermsii B. recurrentis

KCl 3 275 NM NM
1 80 80 80
0.3 30 NM NM
0.1 15 NM NM

LiCl 1 50 75 60

KCH3COO (pH 7) 1 30 65 50

a The membranes were formed from diphytanoyl phosphatidylcholine dis-
solved in n-decane. The single-channel conductance was measured in unbuffered
electrolyte solutions (approximately pH 6) unless otherwise indicated at an
applied voltage of 20 mV and 20°C. The average single-channel conductance, G,
was calculated from at least 50 single insertions of Oms38. NM, not measured.

TABLE 2. Zero-current membrane potentials (Vm) of diphytanoyl
phosphatidylcholine–n-decane membranes in the presence of

B. duttonii Oms38 measured for a fivefold concentration
gradient of different electrolytesa

Electrolyte Vm (mV) Pcation/Panion

KCl �14.0 0.41
LiCl �22.4 0.24
KCH3COO (pH 7) �8.6 0.58

a Vm is defined as the difference between the potential at the diluted side (100
mM) and the potential at the concentrated side (500 mM). The aqueous elec-
trolyte solutions were buffered with 10 mM Tris-HCl (pH 7.5); the temperature
was 20°C. The permeability ratio Pcation/Panion was calculated using the Gold-
man-Hodgin-Katz equation (13) from at least two individual experiments.
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LiCl (�22.4 mV), and KCH3COO (�8.6 mV), suggesting pref-
erential movement of anions through the Oms38 pore. Never-
theless, cations may pass the Oms38 pore, because the ratios of
the permeability coefficients, Pcation/Panion, were 0.41 (in KCl),
0.24 (in LiCl), and 0.58 (in KCH3COO). These data demon-
strate also that the selectivity follows the mobility sequence of
the ions, because the decrease in mobility of the anions
(KCH3COO) resulted in a decrease of the anion selectivity.
Similarly, the cations had a smaller influence on the selectivity
because the replacement of K� by the less mobile Li� had a
smaller influence on the permeability ratio. The results of the
selectivity measurements are in agreement with the single-
channel measurements, because they also suggested anion se-
lectivity for the Oms38 pore.

DISCUSSION

Lipid bilayer experiments with OMFs of RF species suggest
the presence of porins. In this study we demonstrated that
OMFs of the RF species B. duttonii, B. recurrentis, and B.
hermsii contained channel-forming proteins, with properties
similar to those of porins from other gram-negative bacteria (9,
50, 51, 53, 65, 66). The conductance of these putative porins
reconstituted into lipid bilayer membranes was spread over a
considerable range, with an obvious accumulation of pores in
the low-conductance range from about 10 pS to 0.75 nS. The
histogram observed with the OMF of B. hermsii agrees with
previously reported data, which revealed a similar distribution
of conductance (64). The distribution in all three histograms
appears to be similar to that observed with the OMF of B.
burgdorferi (53): detergent-treated outer membranes of this
Lyme disease-causing species form channels in lipid bilayer
membranes that are also spread across a considerable range in
terms of conductance. This may indicate that its outer mem-
brane contains a variety of channels (21, 48, 53, 65, 66). From
this organism, P13, P66, Oms28, and a TolC-analogous outer
membrane channel were identified and characterized in lipid
bilayer experiments. All these porins form channels with a
conductance in 1 M KCl that is greater than that observed for
the channel-forming activity in this study. A channel-forming
protein with a molecular mass of about 38 kDa was identified
in the RF species, purified to homogeneity, and termed Oms38
in accordance with the nomenclature used for the outer mem-
brane-spanning Oms28. This protein is also a porin, although
its pore function has recently been questioned by analysis of its
secondary structure, by the observation that Oms28 is not
surface exposed, and by Triton X-114 extraction of outer mem-
brane vesicles (49, 65). The Oms38 channels have a single-
channel conductance of about 80 pS in 1 M KCl, which is
considerably lower than the conductance of all porins that
were identified to date in Lyme disease-causing B. burgdorferi.

Purification and identification of Oms38 of B. duttonii, B.
hermsii, and B. recurrentis. Oms38, the first porin identified in
any RF Borrelia species, was purified to homogeneity using
hydroxyapatite chromatography across a dry hydroxyapatite
column. The features responsible for protein purification using
this column material are not well understood, but it has been
used with great success for the purification of mitochondrial
porin and mitochondrial carriers (11, 54). These proteins are
deeply buried in the mitochondrial membranes and probably

also in the detergent micelles after membrane digestion using
detergent treatment. We assume that Oms38 is similarly
deeply buried in the outer membrane because of its function as
an outer membrane channel. Using the same purification pro-
cedure, Oms38 was purified from the OMFs of all three stud-
ied RF species. SDS-PAGE revealed a high degree of purity of
Oms38 of B. hermsii and B. recurrentis, even under sensitive
conditions of silver staining of the proteins separated by SDS-
PAGE. The additional, weak 27-kDa protein band visible on
the SDS-polyacrylamide gel of the B. duttonii fraction after
purification across the hydroxyapatite column could not be
responsible for pore formation, because fractions exclusively
containing this 27-kDa band did not exhibit pore-forming ac-
tivity. Mass spectrometry identified this protein as member of
the Vsp lipoprotein family, with similarity to OspC of B. burg-
dorferi (4, 60). Additional secondary-structure analysis and
comparison with other pore-forming lipoproteins supported
the view that it is not a channel-forming component.

Deduced amino acid sequences of Oms38 of B. duttonii, B.
hermsii, B. recurrentis, and B. turicatae. Partial sequencing of
the purified Oms38 of B. duttonii allowed the identification of
its gene within the genomes of the three other RF species B.
hermsii, B. recurrentis, and B. turicatae. Interestingly, a gene
homologous to oms38 is also present in the well-studied Lyme
disease agent B. burgdorferi (as “hypothetical protein” bb0418).
The function of this gene has not yet been defined, but its
presence may indicate the existence of a protein in B. burgdor-
feri with properties similar to those of Oms38 of RF Borrelia.

The deduced amino acid sequences of Oms38 from the four
RF species showed an overall identity of 58%, indicating that
the identities between the Oms38 homologues in B. duttonii, B.
hermsii, B. recurrentis, and B. turicatae are rather high. B. dut-
tonii and B. recurrentis Oms38 shared an identity of 98%, while
those of B. hermsii and B. turicatae shared an identity of 83%.
The high identity of the primary structure is in good agreement
with the biophysical results, demonstrating that the Oms38
homologues of B. duttonii, B. hermsii, and B. recurrentis exhib-
ited identical biochemical and biophysical properties (see be-
low). From this point of view, we assume that the structures
and functions of the Oms38 homologues are identical under in
vivo conditions. The N terminus of Oms38 of B. duttonii starts
with three glutamic acids. This means that this protein contains
a 19-amino-acid, N-terminal signal peptide with a putative
recognition sequence for the leader peptidase, similar to those
of other spirochetal outer membrane proteins (29). The de-
duced amino acid sequences of all Oms38 proteins may contain
similar N-terminal extensions that are responsible for their
transport into the periplasm, as is known for porins of B.
burgdorferi (29). The signal peptides are cleaved during the
sec-dependent export process, and the protein is able to insert
into the outer membrane. Computational analyses predicted
several putative beta-sheets in the primary sequences of the
different Oms38 porins. This suggests that the protein may
form a beta-barrel in the outer membrane, like most gram-
negative bacterial porins (10, 25, 30, 57). However, structural
predictions for Borrelia porins have to be considered with cau-
tion because of the possible presence of alpha-helices in some
borrelian porins, as shown by computational analysis for P13
and P66 and by circular dichroism spectroscopy for Oms28 (22,
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49, 52). This means that their definitive structure can be de-
duced only from X-ray analysis of protein crystals.

Biophysical properties of Oms38. Pure Oms38 porins were
obtained by affinity chromatography across a hydroxyapatite
column using increasing ionic strength in the elution buffer.
The results of lipid bilayer experiments revealed that all the
Oms38 porins studied here form channels with the low single-
channel conductance of 80 pS in 1 M KCl. To date, a similar
pore-forming activity is not known from B. burgdorferi OMF
studies, and the value of 80 pS differs clearly from the com-
paratively huge single-channel conductances of 600 pS (65), 3.5
nS (53), and 9.6 nS (66) associated with well-characterized B.
burgdorferi porins. However, Oms38 forms pores with a single-
channel conductance in the range of those of certain outer
membrane porins of E. coli that have a lower conductance,
such as the nucleotide-specific Tsx (10 pS) (47) and the sugar-
specific LamB (160 pS) (15). These E. coli channels with com-
parable single-channel conductance are substrate-specific
channels, which means that further investigations have to be
done to determine if Oms38 functions as general diffusion pore
or as a substrate-specific channel.

Interestingly, in some experiments with Oms38 of B. duttonii
we observed initial sharp peaks (Fig. 4), which could be inter-
preted as additional transient states of the Oms38 channels.
These transient states were difficult to resolve fully in some
cases; in others, they had approximately the same conductance
as the stable state. In experiments with Oms38 from B. hermsii
and B. recurrentis, the additional state with a conductance of
about 80 pS occurred more frequently and not only during the
reconstitution of the channels into the membrane but also as a
superposition to the stable 80 pS state (Fig. 4). These results
suggest that Oms38 could have at least two states, one tran-
sient and one stable. The trigger for the opening of the tran-
sient state is not clear, but it was definitely not caused by the
purification procedure. In addition, it was also not caused by
voltage-dependent gating. In general, no indication for volt-
age-dependent gating of the Oms38 channels was observed.

Experiments with salts other than KCl demonstrated that
the conductance of the Oms38 channels was dependent on the
aqueous mobility of the ions (Table 1). Nevertheless, the effect
of the anions on the single-channel conductance was more
substantial, indicating anion selectivity of the Oms38 channels
(Table 1). This is supported by the results of the zero-current
potential measurements (see below). The single-channel con-
ductance of the Oms38 channel of B. duttonii was an almost
linear function of the KCl concentration. This suggests that the
channel does not contain a binding site for the ions used in this
study. In addition, the channel probably does not contain net
charges that could result in charge effects. The possible anion
selectivity of the Oms38 channels was confirmed by selectivity
measurements with Oms38 of B. duttonii. For all three salts
employed in this study, the more dilute side of the membrane
became negative due to the preferential movement of anions
over cations (Table 2). This indicates preferential diffusion of
anions through the pore.

Taking these results together, we have identified, purified,
and characterized the first putative porin in the outer mem-
brane of the RF species B. duttonii, B. hermsii, and B. recur-
rentis. While detailed structure-function analyses of Oms38
and further RF outer membrane investigations remain to be

done, this work represents an important step forward in un-
derstanding the outer membrane pathways for nutrient uptake
by these strictly host-dependent, pathogenic spirochetes. Fur-
thermore, it provides some knowledge of the outer membrane
protein composition and surface-exposed protein domains of
RF spirochetes. This could lead to a basis for a successful drug
design. Further characterization of RF Borrelia porins could
also provide information concerning the physiology of these
spirochetes and lead to the discovery of a surface-exposed
protein that could function as a potential vaccine candidate.
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