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Background: B. burgdorferi P13 has unique characteristics compared with other porins.

Results: P13 is a homo-oligomer with a 0.6 nS conductance in 1 M KCl and a substrate cut-off of 400 Da.

Conclusion: P13 represents a general diffusion pathway for small solutes into Borrelia.

Significance: Understanding the molecular transport through P13 may play a role in designing more efficient antibiotic

treatments against Borrelia infections.

P13 is one of the major outer membrane proteins of Borrelia
burgdorferi. Previous studies described P13 as a porin. In the
present study some structure and function aspects of P13 were
studied. P13 showed according to lipid bilayer studies a chan-
nel-forming activity of 0.6 nanosiemens in 1 M KCL. Single chan-
nel and selectivity measurements demonstrated that P13 had no
preference for either cations or anions and showed no voltage-
gating up to =100 mV. Blue native polyacrylamide gel electro-
phoresis was used to isolate and characterize the P13 protein
complex in its native state. The complex had a high molecular
mass of about 300 kDa and was only composed of P13 mono-
mers. The channel size was investigated using non-electrolytes
revealing an apparent diameter of about 1.4 nm with a 400-Da
molecular mass cut-off. Multichannel titrations with different
substrates reinforced the idea that P13 forms a general diffusion
channel. The identity of P13 within the complex was confirmed
by second dimension SDS-PAGE, Western blotting, mass spec-
trometry, and the use of a p13 deletion mutant strain. The
results suggested that P13 is the protein responsible for the 0.6-
nanosiemens pore-forming activity in the outer membrane of
B. burgdorferi.

The genus Borrelia belongs to the Spirochetes phylum,
which is distantly related to Gram-negative bacteria (1). Borre-
lia sp. are pathogenic bacteria that can cause two diseases,
Lyme disease and relapsing fever (2—4). Borrelia burgdorferi,
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the most well studied species in this genus, is one of the causa-
tive agents of the Lyme disease, a multisystemic disease that can
affect different organs during infection, such as skin, joints, and
nervous system (5, 6).

Borrelia species are found associated with various hosts,
which is attributed to their limited metabolic capacity (7). Bor-
relia sp. lack genes involved in the biosynthesis of amino acids,
fatty acids, and nucleotides pointing to the need of getting addi-
tional nutrients from their different hosts (8). These molecules
must be taken up from the vertebrate hosts including birds or
the invertebrate tick vector (9, 10). The first step in nutrient
uptake in Gram-negative bacteria is accomplished by porins.
Bacterial porins are water-filled channels that facilitate the
transport of essential molecules across the outer membrane
(11). Most of the porins found in the outer membranes of
Gram-negative bacteria are composed of antiparallel B-sheets
forming B-barrel cylinders. Frequently, they are arranged as
oligomers, usually trimers, which provide a high stability to the
protein complex (11, 12). Porins can be classified in two groups
depending on their function; as general diffusion porins when
they sort simply according to the molecular mass of the solutes
or as substrate-specific porins when facilitating the transport of
classes of molecules such as carbohydrates, nucleotides, or
phosphate (11, 13-17).

Three porins have previously been described in Borrelia sp.
P66 and P13 were found in Lyme disease B. burgdorferi,
whereas Oms38 was first discovered in relapsing fever spiro-
chetes. Subsequently, an Oms38 homologue, called DipA, has
been found in B. burgdorferi. P66 has a remarkably high single
channel conductance, and it is the best studied pore-forming
protein in Borrelia sp. (18 —21). Oms38/DipA has been identi-
fied to be a porin-specific for dicarboxylates (22, 23).

P13, the subject of this study, represents an atypical type of
porin. It forms channels in the outer membrane of Borrelia
despite its small 13-kDa molecular mass and its a-helical sec-
ondary structure (24). The occurrence and function of a
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periplasmic peptide derived from cleavage of its C-terminal end
is not completely understood and is unique among porins (25,
26). Another very remarkable feature of P13 is the presence of
up to eight paralogues in the genome of B. burgdorferi (27). The
only paralogue further studied is BBAO1, also showing pore
forming activity (28). The reason for the high copy number of
genes coding for P13-like proteins is still not understood, but it
reinforces the idea that P13 could be an indispensable outer
membrane protein.

Another protein called Oms28, which is exported to the
periplasm, was initially described as a porin with a 0.6-nanosie-
men (nS)? single channel conductance (29). Afterward, its func-
tion as a porin was questioned due to its periplasmic mem-
brane-associated location (30, 31).

In the present study structure and composition of the P13
protein complex was studied with blue native PAGE (BN-
PAGE). Furthermore, the biophysical properties of the complex
were investigated. In particular, we studied its single channel
activity in different salt solutions, ion selectivity, voltage-gating,
and the possibility of substrate specificity. Similarly, the diam-
eter of the P13 channel was evaluated using different non-elec-
trolytes. Surprisingly, the 0.6-nS single channel conductance of
P13 described in this study was completely different to the
3.5-nS conductance previously reported (24).

EXPERIMENTAL PROCEDURES

Bacterial Strains and Isolation of the Outer Membrane
Proteome

B. burgdorferi B31 (ATCC35210) high passage, and B. burg-
dorferi P13-18 (32) were cultivated in BSKII medium as previ-
ously described (33). The isolation of outer membrane proteins
(B-Fraction) was performed following a previously published
protocol (34).

Study of the P13 Complex by Blue Native PAGE and SDS-PAGE

BN-PAGE in First Dimension—Approximately 1.8 ug of
B-fraction was solubilized in 25 ul of 10 mm digitonin by incu-
bation for 15 min at room temperature. After solubilization the
sample was centrifuged at 20,000 X g for 20 min at 4 °C. The
remaining unsolubilized proteins in the pellet were discarded.
The supernatant was mixed 5:1 v/v with 50% glycerol and then
15:1 v/v with 5% Coomassie G-250 right before loading the
BN-PAGE.

NativePAGE™ Novex® 4 —16% Bis-Tris gels 1.0 mm (Invit-
rogen) were used. The conditions recommended by the manu-
facturers were used for electrophoresis (150 V constant). One-
third of the run was performed in the presence of deep blue
cathode buffer, and the remaining two-thirds were run using
light blue cathode buffer. The corresponding P13 band was
eluted from the gel and run again on a BN-PAGE to eliminate
the remaining proteins from the membrane extract that tended
to smear on the first BN-PAGE. To extract the P13 complex, the

2 The abbreviations used are: nS, nanosiemens; BN-PAGE, blue native PAGE; Bis-
Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; Tri-
cine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; WB, Western blot;
DPhPC, 1,2-diphytanoyl-sn-glycero-3-phosphocholine; DPhPG, 1,2-di-
phytanoyl-sn-glycero-3-phospho-1'-rac-glycerol; NE, nonelectrolyte.

SASBMB

JULY 4,2014+VOLUME 289-NUMBER 27

Properties of P13 Borrelia Porin

corresponding band was excised with a clean scalpel. The gel
was crushed into pieces and mixed 1:2 w/v with 0.1% digitonin.
The mixture was incubated overnight in a shaker at 4 °C. For
reloading the sample on another BN-PAGE, the protein solu-
tion was mixed 5:1 v/v with 50% glycerol and then 30:1 v/v with
5% Coomassie solution before the sample was loaded on the gel.
The conditions for electrophoresis remained the same as for
the first BN-PAGE.

Tricine SDS-PAGE—The P13 complex eluted from a native
gel was resolved in Tricine gels (Novex® 16% Tricine gels 1.0
mm, Invitrogen) after mixing with SDS sample buffer and
heating the sample for 10 min at 95 °C. The gels were run
using MES SDS running buffer following the instructions of
the manufacturer.

SDS-PAGE in Second Dimension—Second dimension SDS-
PAGE (NuPAGE® Novex 12% Bis-Tris gel 1.0-mm 2D Well,
Invitrogen) was used to dissect the P13 complex after
BN-PAGE. A lane of the BN-PAGE was cut and incubated in
three denaturing solutions according to manufacturer’s
instructions (Invitrogen). The lane of the gel was incubated for
30 min in the reducing and alkylating solutions and then 15 min
in the quenching solution. Electrophoresis was performed as
recommended by the manufacturer (Invitrogen) using MES
SDS running buffer. BN- and SDS-PAGE were stained with
silver nitrate following protocols described elsewhere (35, 36).

Western Blots (WB)—BN- and SDS-PAGE were blotted onto
0.2-wm pore size PVDF membranes (Immobilon®-P5Q Trans-
fer Membrane, Millipore). The membranes were fixed in 8%
acetic acid after transferring the proteins in the case of BN-
PAGE. Excess Coomassie Blue in the membranes was removed
by incubating the membrane several minutes in methanol and
then rinsing with water. Membranes were blocked using 5%
skim milk in TBS buffer overnight. P13 (25) and BBAO1 (27)
antibodies were dissolved in 2.5% skim milk TBS buffer. For the
secondary antibody an anti-rabbit antibody coupled to an alka-
line phosphatase was used (anti-rabbit IgG alkaline phospha-
tase antibody produced in goat; Sigma). 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium (SIGMAFAST™
BCIP®/NBT, Sigma) was used to develop the membranes.

Mass Spectroscopy

For MALDI analysis a Proteomics analyzer 4700 (MALDI-
TOF/TOF, Applied Biosystems, Darmstadt, Germany) was
used. Matrix was a-Matrix (a-cyano-4-hydroxy-cinnamic acid)
in overlay technique at 5 mg/ml in 50% acetonitrile, 0.1% TFA,
0.45-ul sample, and 0.45-ul matrix solution. The MALDI-MS
and MS/MS measurements were performed with a 355-nm Nb-
YAG laser in positive reflector mode with a 20-kV acceleration
voltage.

Planar Lipid Bilayer

Two approaches were used in this study to characterize the
pore-forming activity of the P13 porin; multichannel solvent-
containing membranes (37) and single channel solvent-free
membranes (38). The single channel conductance of P13 was
studied using both methods, whereas ion selectivity, voltage-
gating, and substrate specificity were studied using multichan-
nel solvent-containing membranes.
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Single Channel Conductance in Multichannel Solvent-con-
taining Membranes—The planar lipid bilayer method has been
described previously (39). The membranes were formed from a
1% (w/v) solution of DPhPC (1,2-diphytanoyl-su-glycero-3-
phosphocholine) or 1% DPhPG (1,2-diphytanoyl-su-glycero-3-
phospho-1'-rac-glycerol) (Avanti Polar Lipids, Alabaster, AL)
in n-decane. The membranes had a surface of ~0.5 mm?, and
they were formed using a Teflon loop to spread the lipid over
the aperture. The porin-containing protein fractions were 1:1
diluted in 1% Genapol (Roth) and added to the aqueous phase
after the membrane had turned black. The membrane current
was measured with a pair of reference Ag*/AgCl electrodes
with salt bridges switched in series with a voltage source and a
highly sensitive current amplifier (Keithley 427). The signal was
recorded by an analog strip chart recorder (Rikandenki). The
temperature was kept at 20 °C throughout.

Single Channel Conductance at the Single Unit Level in Sol-
vent-free Planar Lipid Bilayers—This approach has been
described in detail previously (38, 40). Membranes were formed
with DPhPC by employing the classic Montal and Mueller tech-
nique (38) were the solvent is depleted. Membranes had a sur-
face of ~0.008 mm?. Standard Ag"/AgCl electrodes (World
Precision Instruments) were placed in each chamber to mea-
sure the ion current. For single-channel measurements, small
amounts of porin were added to the chamber. Spontaneous
channel insertions were usually obtained applying 50-mV volt-
ages. Conductance measurements were performed using an
Axopatch 200B amplifier (Axon Instruments) in the voltage
clamp mode. Signals were filtered by an on-board low pass Bes-
sel filter at 600 Hz and recorded onto a computer hard drive
with a sampling frequency of 2.5 kHz. The analysis of the con-
ductance of the channels was performed using Clampfit (Axon
Instruments) and Origin (Microcal Software Inc.).

Ion Selectivity—Zero-current membrane potential measure-
ments were performed as described earlier (37). The mem-
branes were formed in 0.1 M salt solution. A salt concentration
gradient was gradually established across the membrane after
porin insertions reached a stationary phase by the addition of
0.1 M salt solution to one side and 3 M salt solution to the other.
Ions with a higher permeability through P13 cause charge sep-
aration across the membrane. As a result, a zero-current mem-
brane potential is established when the electrochemical equi-
librium is reached. Potentials were measured at the diluted side
with a high impedance electrometer (Keithley 617) and ana-
lyzed using the Goldman-Hodgkin-Katz equation (37).

Voltage Gating—Voltage gating of the P13 porin was checked
following the method described elsewhere (41) using mem-
brane potentials in a range between —100 and +100 mV. The
membrane conductance (G) as a function of voltage (V,,) was
measured when the opening and closing of channels reached
equilibrium after the membrane current decay due to the volt-
age step. The initial value of the conductance (G,) obtained
immediately after the onset of the voltage (which follows a lin-
ear function of the voltage) was divided by conductance (G) to
analyze the gating of the channel.

Substrate Specificity—Blocking of P13 conductance by differ-
ent substrates was investigated in the same way as the titration
experiments to measure binding of maltooligosaccharides to

18616 JOURNAL OF BIOLOGICAL CHEMISTRY

carbohydrate-specific porins (15, 42). The measurements were
performed with multi-channel membranes under stationary
conditions obtained about 60 —90 min after the addition of the
protein to the planar lipid membranes. At that point, different
solutes were added in defined concentrations to both sides of
the membrane while stirring to allow equilibration. Specific
transport of substances should create a block of the channel
conductance due to an impaired ion flux through the channel
caused by the binding of the solutes to the channel interior.

Channel Diameter Estimation Using Nonelectrolytes—The
estimation of channel diameters using NEs is a method that has
successfully been used previously (43). This method is based on
the fact that small non-electrolytes that penetrate a channel will
reduce its conductance due to an increase in the solution vis-
cosity inside the channel. The conductance of the P13 channel
was measured in 1 M KCl solutions each time containing a dif-
ferent NE (20% w/v) with increasing hydrodynamic radii (43—
45). When the diameter of the NEs is increased, a point may be
reached where bigger NEs cannot enter the channel, and its
interior will be free of NEs. In these cases the conductance will
be about the same as that measured in 1 M KCl solution free
of nonelectrolytes. Following this protocol, the channel
diameter should be approximately equal to the smallest NE
that does not enter the channel and, therefore, does not
reduce its conductance.

The size of a possible constriction inside the channel can be
guessed using the channel filling concept. The filling of the
channel (F) and its value in percentage (%F) were calculated as
described elsewhere (43). The filling (F) is given by

F=1[(G, = G)/G/[(X, = X)) / Xi]

where G, is the single-channel conductance in a solution with-
out NE (1 m KCI), and G,; is the single-channel conductance in
the presence of a solution containing 20% (w/v) of an NE. X
and X, correspond to the conductivity of the salt solution with-
out NE and with 20% (w/v) of a defined NE, respectively.
Assuming that the filling of the channel by two of the smallest
NEs (in our study ethylene glycol and glycerol) is close to the
maximum possible level, the filling can be calculated in terms of
percentage (%F),

(Eq. 1)

%F = 2F;/(F, + F;)100% (Eq.2)

where F; is the filling in the presence of a given NE and F; and F,
represent filling in the presence of ethylene glycol and glycerol
in the bathing solution respectively. The radius of the constric-
tion zone should be equal to the radius of the smallest NE that
does not pass freely through the channel and, therefore, does
not fill it by 100%.

The following NEs were used: ethylene glycol, glycerol, sor-
bitol, (all obtained from Sigma), polyethylene glycol (PEG) 200,
PEG 300, PEG 400, PEG 600, and PEG 1,000 (all obtained from
Fluka; Munich, Germany). Polyethylene glycols were the mol-
ecules of choice in our studies because in aqueous solutions
they have a spherical shape (46, 47). At least 100 hundred P13
channels reconstituted into lipid membranes were analyzed to
estimate the single channel conductance in the presence of the
different NEs.
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RESULTS

Composition of the Protein Complex—The B-fraction of
B. burgdorferi was studied using BN-PAGE to identify possible
formation of outer membrane complexes. Several protein com-
plexes appeared on the BN-PAGE stained with silver nitrate. To
further investigate if any of these complexes was related to P13,
WBs were carried out using polyclonal antibodies against P13.
A band with an apparent molecular mass of 300 kDa reacted
strongly with the P13 antibody (Fig. 14, lef?).

Faint traces of the P13 protein were also observed in Western
blots of this first BN-PAGE especially in the low molecular mass
range. To minimize this effect and increase the homogeneity of
the sample, the P13 complex was extracted from the first BN-
PAGE and reloaded again on a BN-PAGE of identical charac-
teristics. The extraction of the P13 protein complex from the
gel did not have any effect on its apparent molecular mass,
which remained stable at 300 kDa. Western blots of the second
BN-PAGE again confirmed the presence of P13 within the
complex (Fig. 14, center).

To study the protein complex in more detail, the band was
also excised and extracted from the second BN-PAGE and
resolved on a Tricine SDS-PAGE under denaturing conditions.
A mainband of 13 kDa was observed, which clearly reacted with
the P13 antibody (Fig. 14, right). Small amounts of other pro-
teins were also observed in the gel when the staining procedure
was prolonged.

Second dimension SDS-PAGE was also performed to differ-
entiate between proteins smearing along the gel, which appear
like lines crossing the gel horizontally, and well-defined com-
ponents of the complex, which appear like small spots. Some
proteins smeared along the first dimension and appeared in
the second dimension as horizontal bands faintly stained.
Those proteins were not considered as possible components of
the complex. The gel also showed several spots apart from the
one corresponding to the 13-kDa P13 protein with molecular
masses of ~72 and 95 kDa (Fig. 1B, SDS-PAGE). When a gel of
identical characteristics was used to perform a Western blot,
the P13 antibody reacted with all these spots. Furthermore,
other spots in the same vertical lane, which were not visible
in the silver-stained gel, reacted also with the antibody (Fig.
1B, WB).

The outer membrane fraction of a p13 knock-out mutant
(B. burgdorferi P13—18; Ref. 32) was separated on a BN-PAGE
in the same way as performed above for the wild type mem-
brane fraction to confirm the role of P13 in the formation of the
protein complex. The 300-kDa band was not visible after stain-
ing the gel with silver nitrate. The corresponding signal in the
WB was also completely missing. That means not only that P13
was not expressed but also that the P13 antibody did not react
with any other protein in the sample, for instance with the P13
paralogues (Fig. 2).

To study a possible role of the other proteins within the P13
paralogue protein family 48, especially the close-related protein
BBAO1, in the co-formation of the complex, an immunoblot
against this paralogue was performed. However, BBAO1 could
not be detected in the 300-kDa complex eluted from a second
BN-PAGE, which indicates that P13 forms the complex with-
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FIGURE 1. BN- and SDS-PAGE analysis of the B. burgdorferi P13 complex.
A, the B-fraction-containing outer membrane proteins from B. burgdorferiB31
were separated on a BN-PAGE 4-16% acrylamide (Invitrogen), and P13 was
detected by immunoblot (left). The band was excised from the gel and eluted
with 0.1% digitonin, and the procedure was repeated in a second BN-PAGE/
Western blot (center). The band was again excised and eluted and resolved on
a Tricine SDS-PAGE plus Western blot (right). B, the first BN-PAGE containing
the B-fraction of B. burgdorferi was also resolved in a second dimension SDS-
PAGE with its correspondent P13 WB.

out requiring other P13 paralogues (results not shown). As dis-
cussed later, all other paralogues were absent in the sample
tested.
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FIGURE 2. Comparison of BN-PAGE and Western blot between B. burgdor-
feri wild type (B317) and a P13 knock out mutant (P13-18). Approximately
0.8 ug of B-fraction from both strains was solubilized in digitonin and loaded
inthe BN-PAGE. The Western blots were performed using an antibody against
P13.

To further analyze the protein complex, it was subjected to
mass spectrometry. Three samples were prepared for this anal-
ysis (supplemental Fig. S1). Sample 1 was obtained by excising
the 300-kDa band from a second BN-PAGE, and samples 2 and
3 were obtained by cutting two pieces from a two-dimensional
SDS-PAGE from a second BN-PAGE where the complex was
resolved. Sample 2 covered several spots in an approximate
horizontal range from 60 to 100 kDa, and sample 3 was a spot
within an approximate range from 12—17 kDa. The proteins
were trypsin-digested, and the masses obtained from the spec-
tral data of these peptides (supplemental Figs. S2—-S4) were
compared with expected values computed from sequence data-
base entries (NCBI, taxonomy bacterial proteins) according to
the enzyme’s cleavage specificity. The peptide identified with a
higher intensity (>70%) in all three samples had a molecular
mass of 1898.92 Da. This peptide was recognized as a P13 pep-
tide with the sequence LTEIILPFTFANSYNR. In samples 1 and
2 a 1940.85-Da peptide was also observed with high intensity.
This peptide was identified as a degradation product of pig
trypsin, and it was not taken into consideration. In sample 2
other peptides with intensities between 40 and 70% were
observed (masses 1306.50; 1492.70 and 1597.76 Da), but the
search in the database did not report any significant matches
for those peptides. The observation of the sequence of the
BBAOLI paralogue reported significant differences in trypsinization
of this protein, and therefore, the peptide with a mass of
1898.92 is specific for P13 within the components of the
paralogue family 48.

Single Channel Conductance—The P13 complex was run on
two consecutive BN-PAGEs, and after the second elution the
pore forming activity of this porin was studied. The addition of
small amounts of the purified P13 complex (~10 ng/ml) to one
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FIGURE 3. Pore forming activity of B. burgdorferi P13 extracted from a
secondary BN-PAGE. Shown are four independent records of single channel
insertions in a newly formed DPhPC membrane (1 m KCl, 20 mV) (A) and the
corresponding histogram of the pore forming activity of the P13 protein com-
plex using the planar lipid bilayer assay (B).

or both sides of a planar lipid membrane made of phosphocho-
line/n-decane resulted after some delay in observation of step-
like conductance increases with a value of 0.6 nS in 1 M KCIL.
Most of the steps were directed upward, indicating that the
channels were in an open state under low voltage conditions (20
mV). The P13 channel had an intrinsic high noise that made it
impossible after reconstitution of a few pores to identify the
conductance of additional insertions (Fig. 34). Therefore, only
the first insertions in each membrane with clear conductance
values were used to estimate the conductance of the P13 com-
plex (Fig. 3B).

The pore-forming activity of the P13 complex was also mea-
sured in different KCl concentrations and in different electro-
lytes (LiCl and KCH;COO) to gain some insight into the ion
transport properties. The linear correlation between KCI con-
centration and the pore conductance is typical for general dif-
fusion porins, which have no binding sites for anions or cations
and where no net charges influence the pore conductance
(Table 1). Comparison of measurements done in 1 M lithium
chloride and in 1 M potassium acetate, where anions and cations
differ inversely in hydrodynamic radius, with measurements
done in 1 M KCI showed a similar decrease (0.2 and 0.25 nS,
respectively) for the P13 single channel conductance. The com-
parable results obtained by exchanging the mobile ions K and
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TABLE 1

Single channel measurements of B. burgdorferi P13 in different KCI
concentrations and different electrolytes

The P13 conductance (G) in each salt solution was taken from the highest conduct-
ance value observed in a Gaussian distribution of single channel conductance. To
analyze P13 conductance, in each case at least 100 channels were reconstituted in
DPhPC membranes at 20 mV voltage. The solutions were used unbuffered with a
pH close to 6 unless otherwise indicated. The conductivity of each salt solution (x)
was measured at room temperature with a conductometer (Knick 703). The ion
activities (7y) of the salts at 25 °C are given in parentheses (51).

Electrolyte Concentration (7y) X P13 G
M mS/cm nS
KCl 0.1 (0.77) 13.1 0.05
0.3 (0.68) 37.1 0.075
1 (0.60) 106.5 0.6
3(0.56) 291.8 1.5
LiCl 1(0.77) 70.3 0.2
KCH,COO (pH 7) 1(0.78) 68.6 0.25

ClI™ by the less mobile ions Li* and CH,COO™ indicates that
cations and anions have a similar permeability through the P13
complex, i.e. its selectivity is low if any (Table 1).

Two are the major lipids in the outer membrane of B. burg-
dorferi, phosphatidylcholine and phosphatidylglycerol. To
study the possible influence of lipids, the P13 porin was as well
measured in DPhPG membranes and 1 m KCl salt solution. P13
displayed in this type of membranes a very similar behavior to
the one observed using DPhPC membranes. The sample was
very active, and after several insertions the current noise hin-
dered an accurate resolution of new insertions (Fig. 44). Using
the first insertions, a histogram was produced were the major
conductance step was 0.6 nS in 1 m KCI (Fig. 4B).

Another reconstitution approach using solvent-free mem-
branes was performed to study this porin at the single unit level.
A single P13 channel was recorded with a high sampling digit-
izer (2.5 kHz) and a 600-Hz filter. Interestingly, the channel
displayed some sub-states as well as short upwards spike-like
fluctuations that shortly increased the conductance (Fig. 54).
These sub-states and fluctuations upward (Fig. 54, conduct-
ance states 2 and 3, respectively) seem to be independent from
the applied voltage as it is shown in the voltage-gating experi-
ments (see below). A histogram summarizing the conductance
data points revealed a predominant conductance of ~0.65 nS in
1 M KCI (Fig. 5B, conductance state 1). These results are some-
how preliminary, and further analysis of this dynamic channel
is required to clarify its several conductance states.

Ion Selectivity—Zero-current membrane potential measure-
ments were also carried out to measure the ion selectivity of P13
in more detail. Membranes with >100 inserted P13 pores were
used to perform these measurements. 5-Fold gradients of KCI,
LiCl, and KCH,;COO were established across the membranes.
Consequently, the zero-current potential for KCI was slightly
negative (—3.4 mV) at the more diluted side of the membranes,
which reflects some low anion selectivity. When LiCl was used,
the diluted side was more negative (—11.9 mV), and when
KCH;COO was used, a positive potential was observed at the
diluted side (17 mV). The ratios of the permeability P_,,,,,, and
P, ion as calculated using the Goldman-Hodgkin-Katz equation
were 0.8 for KCl, 0.40 for LiCl, and 3.5 for KCH;COO, which
means that the selectivity followed the mobility sequence of
anions and cations in the aqueous phase, i.e. it is indeed water-
filled (see Table 2). This supported the idea of a general diffu-
SASBMB
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FIGURE 4. Pore forming activity of B. burgdorferi P13 in DPhPG/n-decane
membranes. Shown are single channel recording of P13 extracted from a
secondary BN-PAGE in 1 m KCl and 20 mV applied voltage (A) and the corre-
sponding histogram of the pore forming activity of the P13 complex in
DPhPG/n-decane membranes (B).

sion channel with some minor selectivity for ions with a similar
aqueous mobility.

Voltage Gating—The effect of the voltage in the P13 pore was
studied in a DPhPC membrane containing many P13 channels.
Increasing positive and negative voltages were applied to study
a possible gating of the pore. P13 showed a very low voltage-
gating tendency between —100 and +100 mV (Fig. 6). For volt-
ages up to £40 mV the channel showed no decrease of the
conductance at all. For higher voltages up to =100 mV the P13
channel displayed minor gating, and the conductance values
remained 85% or higher of its initial one.

Substrate Specificity—In these experiments we studied a pos-
sible substrate specificity of P13. In a first run we tested some
physiologically important sugars such as glucose, fructose,
galactose, ribose, maltose, lactose, and glucosamine. Similarly,
we studied the effect of some amino acids such as glycine, cys-
teine, phenylalanine, histidine, arginine, or other molecules like
ATP, ascorbic acid, or sodium phosphate on the conductance
of P13. Interestingly, none of these molecules displayed any
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FIGURE 5. Typical conductance through a single B. burgdorferi P13 channel
(1 mKCl and 50 mV of applied voltage). A, recording of a single P13 channel in
a solvent-free DPhPC membrane. The different conductance states are indicated
by the dashed lines. B, histogram summarizing its conductance from a 200-s
measurement (400 us sampling rate). The conductance state 3 is not appreciable
in the histogram because the time in this conformation is very low in comparison
with states 1 and 2. State 0 corresponds to the membrane with no pore inserted
upon which a 50-mV voltage was already applied.

TABLE 2

Zero-current membrane potentials of PC/n-decane membranes in the
presence of B. burgdorferi P13 measured for a 5-fold gradient of differ-
ent salts (100 mm versusp 500 mwm)

The zero-current membrane potentials V,, are defined as the difference between the
potential at the dilute side and the potential at the concentrated side. The aqueous
salt solutions were used unbuffered and had a pH of 6 if not indicated otherwise; T =
20 °C. The permeability ratio P_,;o./P,nion Was calculated using the Goldman-Hodg-

. cation’* anion )
kin-Katz equation (37) from at least three individual experiments.

Salt V.. P00/ Panion
mV
KCl —3.4 0.8
LiCl —11.9 0.4

KCH,COO (pH 7) 17.0 3.5

effect on the P13 channel conductance when added in a con-
centration range between 0.5 and 100 mm.

Channel Diameter—The estimation of a channel diameter
using NEs is a method based on the fact that small non-electro-
lytes that penetrate a channel will reduce its conductance due to
an increase in the viscosity of the solution in the channel inte-
rior that will modulate the ion flux (43). The conductance of the
P13 channel was measured in a 1 m KCl solution supplemented
with 20% (w/v) of different NEs with increasing hydrodynamic
radii. Increasing the diameter of the NEs will lead to a point
where the NEs will not be able to enter the channel and the
channel interior will be free of NEs. In such a case the conduct-
ance of the P13 channel will be equal to the one measured in
pure salt solution. By plotting the channel conductance as a
function of the radii of the NEs, it is possible to correlate the
hydrodynamic radius of the smallest NE that does not enter the

18620 JOURNAL OF BIOLOGICAL CHEMISTRY

120
WO +ee00
. * o PS *e * o TR 4 .
LR 4 *
80 -
= 60 -
wc
R 40 ~
20 -
I T 0 T 1
-100 -50 0 50 100
Voltage [mV]

FIGURE 6. Voltage-gating of B. burgdorferi P13. Increasing positive and
negative voltages were applied on a membrane saturated with P13 to study
its gating. After applying the voltage and reaching equilibrium, the decrease
in the membrane conductance (G,/G) was calculated individually for each
applied voltage. G, = initial conductance right after applying voltage; G =
conductance after reaching equilibrium.

pore with the diameter of the pore. The conductance of P13 as
derived from the measurements with different NEs is summa-
rized in Table 3. Molecular masses and hydrodynamic radii of
the NEs and the specific aqueous conductivity of the solutions
are also included in this table.

In the presence of ethylene glycol, glycerol, sorbitol, PEG
200, and PEG 300, the conductance of P13 was reduced to some
extent (30 —52% that of the original) (Fig. 7A). This decrease was
correlated with the decrease of the specific conductivity of the
salt solution in presence of the NEs. The P13 channel did not
show any conductance reduction in the presence of PEG 400,
PEG 600, and PEG 1,000 (Fig. 7A). This means that NEs with a
hydrodynamic radius of 0.7 nm or larger were not able to enter
the channel. In contrast to this, NEs with a hydrodynamic
radius of 0.6 nm or smaller could enter the channel, which
resulted in a conductance decrease. The results obtained
suggested that the entrance of the P13 channel has approxi-
mately the size of PEG 400, i.e. its radius is estimated to be
around 0.7 nm.

The channel-filling concept was also used here to analyze the
idea of a possible constriction zone inside the channel. The
radius of the constriction could be calculated using a previously
proposed equation calculating the portion of the channel filled
by each one of the NEs (43). This concept suggested that the
radius of a constriction zone should be close to the radius of the
smallest NE that does not fill the channel completely and,
therefore, does not pass freely through the channel.

NEs such as ethylene glycol, glycerol, sorbitol, PEG 200, and
PEG 300 showed an almost complete filling of the P13 channel,
whereas PEG 400 and bigger had filling values close to 0 (Table
3 and Fig. 7B). NEs that filled the channel only partially could
not be identified among the different NEs, which means that
the channel has no obvious constriction, i.e. looks more like a
cylinder. The channel filling with sorbitol and PEG 300 was
somewhat >100%. To test if that effect was due to a special
interaction of the sorbitol or PEG 300 with the channel interior,
we performed titration experiments of multichannel mem-
branes with these molecules in the millimolar range as previ-
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TABLE 3
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Average single channel conductance of B. burgdorferi P13 in the presence of different NEs in the bath solution

Average single channel conductances (G) and their S.D. (G = S.D.) were calculated from at least 100 conductance steps. The aqueous phase contained 1 M KCl and the
corresponding nonelectrolyte at a concentration of 20% (w/v). V,, = 20 mV; T = 20 °C; Mr = molecular mass; r = hydrodynamic radius (M, and r of the nonelectrolytes
were taken from previous publications (43—45)); x is the conductivity of the aqueous solutions. Channel filling (F) and percentage of channel filling (%F) were calculated as

described elsewhere (43). Et.Gl, ethylene glycol.

P13
NEs Mr r X G = S.D. %G F %F
g/mol nm mScm™! nS
None 110.30 0.6 = 0.18 100
Et.Gl 62 0.26 57.20 0.3 = 0.09 50 1.08 114.63
Glycerol 92 0.31 49.10 0.3 = 0.07 50 0.80 85.37
Sorbitol 182 0.39 57.80 0.2 = 0.07 33 2.20 234.31
PEG 200 200 0.50 46.10 0.3 = 0.09 50 0.72 76.40
PEG 300 300 0.60 45.50 0.2 = 0.07 33 1.40 149.44
PEG 400 400 0.70 46.40 0.6 = 0.07 100 0.00 0.00
PEG 600 600 0.80 54.10 0.6 = 0.11 100 0.00 0.00
PEG 1000 1000 0.94 49.50 0.65 = 0.09 108 —0.06 —6.66
A added to both sides (Fig. 4), preventing any conclusion. In a
1.0 - second approach a possible orientation of P13 was studied
while decreasing the pH. The pH was decreased only in one side
0.8 - of the membrane, whereas the other side remained around pH
6. As described previously for LamB (48), this decrease can
7 0.6 - .
2 cause a gating of the pores probably because the charged loops
- . .
V04 - bend over the channel blocking its conductance. If the channel
is oriented, the blockage of the channel will only occur when the
0.2 pH is decreased in one of the sides. Unfortunately, the results
i decreasing the pH were not consistent, and neither approach
. 1
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FIGURE 7. B. burgdorferi P13 conductance and channel filling in presence
of different non-electrolytes. A, the conductance of P13 (G) was measured
in 1 MmKCl (open circles) and 1 m KCl containing 20% (v/w) of an NE (filled circles).
B, the channel filling in percentage (%F) was calculated using the formula
described elsewhere (43). The conductance and channel filling correspond-
ing to sorbitol were not included in these diagrams due to its unreasonable
values, which could indicate a possible interaction of this compound with the
channel interior.

ously described in the substrate specificity section. In these
experiments we could not detect any effect of PEG 300 or sor-
bitol on the P13 conductance.

A possible orientation of the P13 channel in planar bilayers
was studied using different approaches. First, P13 was added
only to one side of the membrane, and different positive and
negative voltages were applied. P13 displayed a very similar gat-
ing behavior when applying positive or negative voltages. These
results were as well very similar to those obtained when P13 was

SASBMB

JULY 4,2014+VOLUME 289-NUMBER 27

led to a clear identification of an oriented insertion of the P13
channel into DPhPC membranes.

DISCUSSION

Structure of the P13 Pore-forming Complex—P13 isolated
from the outer membrane of B. burgdorferi has been described
as a protein with porin properties, although its structure differs
considerably from those of typical Gram-negative bacterial
porins (49).

We used BN-PAGE/WB to study the P13 protein complex in
detail. Western blots demonstrated the presence of P13 in a
300-kDa band on the gels. Globular or elongated complexes
may run with different speed in BN-PAGE. This issue is
addressed in detail in a previous study, where a maximal molec-
ular mass deviation of 15% was estimated for different kinds of
proteins (50). This estimation seems to be valid as long as the
proteins either bind Coomassie or have isoelectric points (pl)
below or equal to 8.6 (50). According to this study, proteins
with higher pI values, like P13, which binds Coomassie but has
apl close to 9.5, could show a molecular mass up to 30% higher
than the real molecular mass (50). How much higher is difficult
to predict. The apparent molecular mass of the P13 complex
was ~300 kDa on BN-PAGE. If it is assumed that this could be
at maximum 30% too high, the molecular mass of the complex
could still be around 200 kDa. This estimation is supported by
the Western blots of the two-dimensional gel where some P13
spots, probably complexes retaining the native conformation in
the SDS-PAGE, appeared to have a molecular mass close to 200
kDa (Fig. 1B).

SDS-PAGE of the P13 complex in the second dimension was
also used to study if other proteins were part of the protein
complex (Fig. 1B). A clear spot of ~13 kDa was observed when
the gel was stained with silver nitrate. Two additional spots
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were usually observed on the gel with molecular masses around
72 and 95 kDa. The corresponding Western blots demon-
strated that these three spots contained also P13. Additional
protein spots in the upper molecular mass range reacted also
with the P13 antibody (Fig. 1B, WB). Based on that, the P13
complex appeared to be resistant, at least partially, to denatur-
ing agents like SDS or DTT. The different spots in the same
vertical lane could, therefore, be different dissociation states of
P13 from the P13 complex. A cross-reaction with other pro-
teins was unlikely because antibodies against P13 did not inter-
act with other proteins in the p13-deficient mutant.

It is noteworthy that the resolution of the P13 complex in
two-dimensional SDS-PAGE and in Tricine SDS-PAGE after
elution and heating of the sample showed that the P13 complex
is a homo-oligomer. This fact is also supported by the MS anal-
ysis of the protein complex.

In the B. burgdorferi B31 genome eight paralogues have been
found for the p13 gene (bb0034), constituting the gene family
48. Two are pseudogenes (bbj02.1 and bbg81), one has an
authentic frameshift producing a completely different peptide
(bbg03), and another is located inside bbj02.1 (bbj03). The
remaining four (BBAO1, BBI31, BBH41, and BBQO6) show a
higher similarity to P13 (25), and therefore, they may share a
similar function. A previous study showed that in high passage
B. burgdorferi B31 cultures the plasmids containing some of
these paralogues are lost, and only BBAO1 was still present (27).
The high passage strain and an immunoblot against BBAO1
contradict a possible presence of these polypeptides within the
300-kDa complex. Whether these paralogues form similar pro-
tein complexes as P13 or not is an open question, and further
studies need to be done to clarify this issue in more detail.

Pore-forming Activity of the P13 Complex—The pore-form-
ing activity of the P13 complex was measured in lipid bilayer
experiments after gel elution. The conductance of the pore
formed by P13 was estimated in previous studies to be 3.5 nS in
1 M KCI (24, 28). However, none of the samples isolated in this
study from different BN-PAGEs showed such a pore-forming
activity. The planar lipid bilayer measurements of the 300-kDa
band and the realization of the corresponding histogram
revealed a pore-forming activity of about 0.6 nS in 1 M KCI. This
result is in some contradiction to the previous pore forming
activity observed for P13 (24, 28). The pores obtained from the
eluted 300-kDa band showed some intrinsic noise, and after
reconstitution of some channels it was difficult to evaluate the
exact conductance of new insertions (see Fig. 34). Although the
noise was very high from that point on, the membrane conduct-
ance increased constantly. To check the integrity of the eluted
P13 complex, the protein was loaded on a second and even a
third BN-PAGE that displayed the same molecular mass and,
therefore, retained its native state. It is noteworthy that the P66
complex previously eluted from BN-PAGE also retained its
pore-forming activity after elution from BN-PAGE (52).

A similar 0.6-nS pore-forming activity as the one found here
was previously described together with 12.6-nS pores in outer
membrane vesicles from B. burgdorferi B31 (53). This 0.6-nS
pore-forming activity was afterward attributed to Oms28 (29).
However, in another study the role of Oms28 as a porin was
questioned because of its apparent location in the periplasmic

18622 JOURNAL OF BIOLOGICAL CHEMISTRY

space (30). The existence of a channel-forming protein in the
outer membrane of Borrelia with a conductance of 0.6 nSin 1 m
KCI has been observed several times in our laboratory when
B-fractions were analyzed. The 300-kDa complex isolated from
BN-PAGE containing P13 has the same conductance and can,
therefore, be considered as the complex responsible for such a
pore-forming activity.

Previous studies of the B-fraction from a p66 knock-out
mutant and a p13/p66 double knock-out could support this
assumption (32). The B-fraction of the p66 knock-out mutant
did not show any 3.5-nS activity at all, and the double p13/p66
knock-out reduced the conductance of the porins in the sample
to 300 pS or below, where the 0.6-nS activity was also missing
(32).

The kind of lipid used to form the membrane and the pres-
ence of solvents in it did not seem to influence the conductance
of the P13 channel as demonstrated in the experiments of Figs.
4 and 5. Two phospholipids constitute the outer membrane of
Borrelia, phosphatidylcholine, and phosphatidylglycerol (54).
Side chain variants of these lipids, diphytanoyl phosphatidyl-
choline and diphytanoyl phosphatidylglycerol, were used to
perform planar lipid membrane experiments. Phospholipids
containing diphytanoyl fatty acid side chains are commonly
used to form stable artificial lipid membranes within a wide
temperature range without a phase transition (from —120 to
+80°C for DPhPC) (55). The channel displayed the same
0.6-nS conductance independently of the lipid used. In refer-
ence to the presence of solvents in the membrane the study of
single P13 units in solvent-free membranes showed a very sim-
ilar channel conductance of 0.65 nS. Furthermore, the study of
a single P13 unit in solvent-free membranes allowed the obser-
vation of a high intrinsic noise of this channel. This noise dif-
fered to some extend from channel to channel.

Size of the Pore Formed by the P13 Complex—We used differ-
ent NEs to determine the channel diameter of the P13 pore
employing a previously suggested method (43, 45, 56). Because
NEs are uncharged molecules, they avoid attraction/repulsion
forces between ions and charges in the channel interior. In
addition, the determination of the channel diameter using NEs
is not influenced by the conformation of the pores when they
represent oligomeric channels in particular trimers such as
many porins in Gram-negative bacteria. From the experiments
with NEs we calculated a diameter of about 1.4 nm for the P13
complex. These calculations include an estimated error of £0.1
nm caused by a certain smearing of the molecular masses of the
individual NEs influencing their hydrodynamic radii (45, 56).
According to our results, a constriction inside the P13 channel
cannot be excluded completely, but this is rather unlikely
because the constriction has a similar diameter as the channel
opening as judged from the results of estimating the channel
filling.

Small molecules up to 400 g/mol seem to have access to the
channel interior and, therefore, could diffuse in the periplasmic
space of B. burgdorferi through P13. It is well known that porins
in Gram-negative bacteria represent a pathway for antibiotics
to cross the outer membrane (57-59). Several antibiotics used
in the treatment against Borrelia (60) such as amoxicillin (365
g/mol) are under the molecular weight cut-off described in this
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paper for possible P13 substrates. Therefore, this channel could
play a role in the translocation and action of antibiotics used to
treat infections by Borrelia.

In this study we investigated structure and composition of
the P13 complex from B. burgdorferi outer membrane. The
results suggested that P13 forms a complex with a molecular
mass of about 200 to 300 kDa. P13 is the only polypeptide that is
present in the complex. The P13 complex is a homo-oligomer,
and it is composed of a high number of P13 monomers,
although further studies need to be done to assign the number
of monomers and pores in the complex. Similarly we studied
the pore-formingactivity of the P13 complex in detail and could
attribute it to a single channel conductance of 0.6 nS in 1 m KCI.
The channel has minor selectivity for ions, is voltage-gating-
independent up to = 100 mV, and seems to be a general diffu-
sion channel. The molecular mass cut-off of the P13 complex
was estimated to be around 400 g/mol from experiments with
NEs meaning the channel diameter is around 1.4 (£0.1) nm.
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