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Summary. As part of a comparative study of the cell wall of corynebacteria, a channel-forming protein was characterized
in Corynebacterium amycolatum, a species devoid of corynemycaolic acids. Corynebacterium amycolatum cells were disrupt-
ed and the cell envelope subjected to two different separation procedures, differential centrifugation to separate the different
fractions of the cell envelope, and sucrose-step-gradient density centrifugation. The fractions obtained by the two methods
were analyzed for lipid composition, NADH oxidase activity, and the formation of ion-permeable channelsin lipid bilayers.
High channel-forming activity was aways detected in fractions expected to contain only cell-wall components. The highest
NADH-oxidase activity was found in other fractions, indicating that the cell-wall fraction was distinct from the membrane
fraction. The cell wall was found to contain an ion-permeable channel with a single-channel conductance of about 3.8 nSin
1 M KCI. The channel-forming protein, with an apparent molecular mass of 45 kDa, was purified to homogeneity using
FPLC and preparative SDS-PAGE. Single-channel experiments suggested that the cell-wall channel is wide and water-filled
and has a narrow selectivity for cations. Analysis of the fatty-acid composition of extractable lipids and delipidated cells sug-
gested that the cell wall of C. amycolatum contains enough lipids to form an additional permeability barrier on the surface of
the bacteria, thus accounting for the presence of the cell-wall channel. [Int Microbiol 2009; 12(1):29-38]
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Introduction lata, forms an efficient permeability barrier [8,18]. Thus, the
cell wall of mycolata functionally resembles the outer mem-

There is increasing evidence that the cell wall of mycolic-  brane of gram-negative bacteria, an efficient cell-surface per-
acid-containing actinomycetes, the mycolata, containsoneor ~ meability barrier composed of lipids and lipopolysacchar
several cell-wall channels[11,26,39,44]. These channelsrep-  rides. Hydrophilic compounds can diffuse through the outer
resent the major route for the uptake of hydrophilic solutes membrane via the porin pathway [3] or by receptor-mediated

through the thick mycolic-acid layer, which, in some myco-  uptake mechanisms [33]. The cell wall of gram-positive bac-
teria other than the mycolatais believed not to form a perme-
ability barrier on the surface, because it is rather porous,
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Corynebacteria are widely distributed in nature and are
important, for instance, in the industrial production of amino
acids, such as glutamic acid and lysine, by Corynebacterium
glutamicum or Corynebacterium efficiens [14,22,25,41].
They belong to a distinctive suprageneric actinomycete
taxon, as do mycobacteria, nocardia, rhodococci, and closely
related genera. All these bacteria have an unusual cell-enve-
lope composition and architecture, different from those of
other gram-positive microorganisms. The envelope of cory-
nebacteria consists of three layers: a typical plasma mem-
brane of phospholipid and protein, a characteristic thick wall
of peptidoglycan, and acomplex outer layer composed of tre-
halose corynemycolates and other lipids [1,12,29,42]. The
corynemycolic fatty acids comprise homologous mixtures of
C,,—C,; saturated and unsaturated acids [30]. The cell wall is
made up of a thick meso-diaminopimelic acid-containing
peptidoglycan covalently linked to arabinogal actan, which is
inturn esterified by mycolic acids (long-chain o—akyl, B-hy-
droxy fatty acids), with the notable exception of Coryne-
bacterium amycolatum [2,10], (for reviews, see [12,31,42)]).

Corynebacterium amycolatum is only distantly related to
other corynebacteria, according to aignment analysis of 16S
rRNA of different Corynebacterium species with NCBI-
BLAST, and is located at the periphery of the genus Cory-
nebacterium [35]. It has been isolated from human skin and
from dairy cows with mastitis [16]. Nosocomial endocarditis
and septic arthritis are caused by C. amycolatum [9,21].
Corynebacterium minutissimum and Corynebacterium xero-
sis are closely related to C. amycolatum and represent the
most frequently isolated corynebacteria in clinical samples.
However, most strains reported in the literature, such as C. xe-
rosis and C. minutissimum, are probably misidentified and
areinstead C. amycolatum [15,45]. Corynebacterium amyco-
latum does not have corynemycolic acids and also contains
only small amounts of extractable lipids [2,10,37]. In freeze-
etch electron microscopy, all strains of C. amycolatum con-
sistently exhibit a fracture plane only within the plasma
membrane and not within the cell wall, whereas the reverse
is true for most mycolate-containing corynebacteria exam-
ined [37]. Similarly, proteins from different cell fractions of
C. amycolatum do not interact with polyclonal antibodies
directed against PorA of C. glutamicum [37], athough C. amy-
colatum may contain proteins homologous to corynemy-
coloyl transferase PS1 [36]. Taken together, these observa-
tions suggests that the cell wall of C. amycolatum does not
act as a permeability barrier—because of the lack of coryne-
mycolates and a typical corynebacteria porin. However, the
present study demonstrates that the cell-wall fraction
obtained by sucrose density centrifugation of C. amycolatum
showed channel-forming activity in alipid-bilayer assay. The

protein responsible for the channel-forming activity was
purified to homogeneity. The pure protein formed channelsin
lipid bilayers that were indistinguishable from those
observed in cell-wall extracts obtained by two different
methods. Analysis of the fatty acid composition of delipidat-
ed cells showed that the cell wall of C. amycolatum indeed
contains enough lipids to account for the presence of a cell-
wall channel. Therefore, the cell wall of C. amycolatum may
represent a permeability barrier in which channels are need-
ed to facilitate the uptake of nutrients.

Materials and methods

Bacterial strain and growth conditions. Corynebacterium amy-
colatum ATCC 49368 [2], was routinely grown at 30°C with shaking (180
rpm) for 24 hin brain heart infusion (BHI) medium (3.7%, Difco).

Sucrose-step-gradient density centrifugation. Coryne-
bacterium amycolatum cells were harvested by centrifugation (6000 rpm for
15 min in a Beckman J2-21M/E centrifuge, rotor JA17) and washed twice in
10 mM TrissHCI (pH 8.0). The cells were passed three times through a
French pressure cell at 900 psi. Unbroken cells were removed by centrifuga-
tion at 5000 xg for 15 min. The cell envel opes (cytoplasmic membrane and
cell wall) were obtained by centrifugation of the supernatant at 170,000 xg
for 60 min (Beckman Omega 90 XL ultracentrifuge, rotor 70.1 Ti). The pel-
let containing the cell envelope was resuspended in 2 ml 10 mM Tris-HCI
(pH 7) and applied to a sucrose step-gradient of 20% (3 ml), 40% (4 ml), and
70% (3 ml) sucrose, similar to that used previously to separate cytoplasmic
membranes and cell walls of Mycobacterium chelonae [44] and Cory-
nebacterium glutamicum [27]. The gradient was centrifuged at 170,000 xg
for 16 h in a Beckman Optima 90 XL ultracentrifuge (rotor SW40Ti). Nine
fractions of the gradient were collected and analyzed for protein content by
SDS-PAGE, for the presence of cytoplasmic membrane by NADH-oxidase
activity, and for pore-forming activity by reconstitution experimentsin lipid
bilayers. NADH-oxidase activity was measured by detecting the decrease of
absorbance at 340 nm [32]. The reaction followed first-order kinetics.
Specific activity was calculated from the rate constants by normalizing to the
protein concentration.

Differential centrifugation and purification of the chan-
nel-forming activity. Wet C. amycolatum cells obtained by centrifuga-
tion (5 g) were suspended in 20 ml Tris-HCI buffer (10 mM, pH 8.0) and
passed three times through a French pressure cell at 900 psi. Unbroken cells
were removed by centrifugation at 3000 rpm for 15 min. The cell walls were
recovered from the supernatant by centrifugation at 10,000 xg for 60 min at
4°C (Beckman Omega 90 XL ultracentrifuge, rotor 70.1Ti). The cell-wall
pellet was resuspended in 1 ml of 10 mM Tris-HCI (pH 8.0) supplemented
with 1% Genapol and shaken for 4 h at room temperature. The supernatant
of the centrifugation step was applied to a HiTrap Q column (Amersham
Pharmacia Biotech, Freiburg, Germany) that had been washed with Tris-HCI
(10 mM, pH 8) and 1% Genapol X-80 (Fluka, Buchs, Switzerland). The frac-
tions were eluted with the same buffer, supplemented with increasing con-
centration of NaCl. Linear gradients between 0 and 1 M NaCl were applied
to the column and 40 1-ml fractions were collected. The protein concentra-
tion in the fractions was detected at 280 nm and inspected for channel-form-
ing activity in alipid-bilayer assay. The channel-forming activity eluted at a
NaCl concentration of about 250 mM. This fraction contained several pro-
tein bands, as judged by SDS-PAGE. Preparative SDS-PAGE was carried
out to identify the channel-forming protein. Very low or no channel-forming
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activity was found in the supernatant of the 10,000 xg centrifugation, which
is considered to contain the plasma membrane [37].

SDS-PAGE. SDS-PAGE was carried out using the Laemmli gel system
[23]. The gels were stained with Coomassie brilliant blue or silver stain [7].

Extraction and analysis of lipids. Lipids were extracted from 20 g
of wet cells, 500 mg of cell wall, and 500 mg of plasma membrane with 10
ml chloroform/methanol (1:2, v/v) for 16 h at room temperature with contin-
uous stirring. The residues were re-extracted for 16 h with 10 ml chloro-
form/methanol (1:1, v/v) followed by an additional extraction of the residues
for 16 hwith 10 ml chloroform/methanol (2:1, v/v). The organic phases were
pooled and concentrated to yield extractable lipids that were analyzed on sil-
ica plates (Macherey Nagel, Durasil 25, silica gel 60, 0.25-mm thickness).
The plates were developed with CHCI/MeOH/H,O (65:25:4),
CHCI,/MeOH (9:1) to analyze phospholipids and trehalose mycolates,
respectively. Lipids analyzed by thin-layer chromatography (TLC) were
detected by spraying the plates with either rhodamine B or molybdophos-
phoric acid (10% in ethanol, w/v) followed by heating. The Dittmer-Lester
reagent [13] was used for visualizing phosphorous-containing lipids.
Glycolipids were revealed by spraying the plates with 0.2 % anthrone (w/v)
in concentrated H,SO,, followed by heating at 110°C.

Whole cells, delipidated cells, or lipid extracts were saponified with 1
ml of 5% KOH (w/v) in methanol/benzene (8:2 v/v) overnight at 80°C for
analysis of fatty-acid content. After acidification with 2 ml of 20% H,SO,,
the resulting fatty acids were extracted with diethyl ether and converted to
methyl esters with diazomethane. Fatty esters were first analyzed by TLC
with dichloromethane as an eluent as described above and then characterized
by gas chromatography (GC) and GC/mass spectrometry (GC/MS). Acid
methanolysis was used as an dternative to analysis by GC, for both fatty-
acid and sugar constituents. Dry material placed in a screw-capped tube was
treated overnight with HCI/MeOH (1.5 M) at 80°C. The reaction mixture
was evaporated under nitrogen. This evaporation was repeated three times
with the addition of afew drops of methanol. At this step, fatty-acid methyl
esters were directly obtained, but silylation was necessary to convert mono-
saccharides into volatile compounds for GC analysis. For this purpose, the
dry material from acid methanolysis was treated with trimethylsilyl reagents
[43]. After drying under nitrogen, the product was dissolved in petroleum
ether and then analyzed by GC/MS and MS. GC was performed using a

Hewlett Packard HP4890A equipped with a fused silica capillary column
(25-m length by 0.22-mm internal diameter) containing WCOT OV-1 (0.3-
mm film thickness, Spiral). A temperature gradient of 5°C/min was used
from 100 to 310°C. GC/MS analysis was conducted on a Hewlett Packard
5889A mass spectrometer (electron energy, 70 €V) working in electron
impact (El) coupled with a Hewlett-Packard 5890 gas chromatograph fitted
with asimilar OV1 column (0.30 mm x 12 m).

Isolation of acylated arabinose-containing fragments.
Delipidated bacterial cells (300 mg) were treated twice overnight at 50°C
with 1 M HCI in acohol/diethylether (1:1). After filtration, the pooled
extracts were concentrated under vacuum to dryness, chromatographed on a
Florisil column, and then eluted with a gradient of CH,OH in CHCI,.
Fractions were analyzed by TLC (solvent CHCI,/CH,OH 95:5, v/v) to detect
anthrone-positive lipid spots.

Lipid bilayer experiments. The methods used for the lipid bilayer ex-
periments were described previously in detail [5]. Black-lipid bilayer mem-
branes were obtained from a 1% (w/v) solution of diphytanoyl phosphatidyl-
choline (PC) (Avanti Polar Lipids, Alabaster, AL, USA) in n-decane. The
temperature was maintained at 20°C during all experiments. Zero-current
membrane potentials were measured by establishing a salt gradient across
membranes containing 100—-1000 channels, as described earlier [6].

Results

Identification of channel-forming activity in
fraction F5 following sucrose-step-gradient
density centrifugation. Nine fractions were obtained
following sucrose-step-gradient density centrifugation of the
cell envelope of C. amycolatum (Fig. 1A). Thefractions were
inspected for protein content, NADH-oxidase activity, and
channel-forming ability. Fractions F7, F8, and F9 accounted
for 54, 13, and 20%, respectively, of the total NADH-oxidase
activity and thus contained most of the plasma membrane, as

Fig. 1. (A) Fractionsformed in a sucrose-step-gradient
density centrifugation of the cell envelope of Coryne- A
bacterium amycolatum. The sucrose steps were 20%
(wiv; 3 ml), 40% (w/v; 4 ml), and 70% (w/v; 3 ml).
The sucrose concentration before centrifugation is
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dase activity, and fraction F5 the highest pore forming
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12% SDS-PAGE of thetotal protein extract of the cell
wall of C. amycolatum and the pure 45-kDa protein.
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Fig. 2. (A) Single-channel recording of a diphytanoyl phosphatidylcholine/n-decane membrane in the presence of 20 ng of the 45-kDa cell
wall protein of Corynebacterium amycolatunvml. The agueous phase contained 1 M KCI. The applied membrane potential was 20 mV, the
temperature 20°C. (B) Histogram of the probability of the occurrence of certain conductivity units observed with membranes made up of
diphytanoyl phosphatidylcholine/n-decane in the presence of 20 ng of the 45-kDa cell wall channel protein of C. amycolatum/ml. P(G) is
the probability that a given conductance increment G is observed in the single-channel experiments. It was calculated by dividing the num-
ber of fluctuations with a given conductance increment by the total number of conductance fluctuations. The aqueous phase contained 1 M
KCI. The applied membrane potential was 20 mV, the temperature 20°C. The average single-channel conductance was 3.8 nSfor 121 sin-

gle-channel events.

they accounted for roughly 90% of the total NADH-oxidase
activity. The different fractions were also inspected for chan-
nel-forming activity in the lipid-bilayer assay, and highest
activity was observed for fraction F5. This fraction contained
only 8% of the total NADH-oxidase activity, which means
that it was depleted of cytoplasmic membrane. Minor chan-
nel-forming activity was also found in other fractions of the
sucrose-step-gradient density centrifugation but considerably
less than in fraction F5 (Fig. 1A). This result indicated that
the NADH-oxidase and the channel-forming protein were
localized in different fractions of the cell envelope of C. amy-
colatum.

Channel-forming activity in cell-wall extracts
of Corynebacterium amycolatum. Purification of
the channel-forming protein in fraction F5 of the sucrose-
step-gradient density centrifugation was difficult because of
the low protein content of this fraction and the considerable
loss of materia during this procedure. To avoid this problem,
the protein-isolation protocol was started from the cell-wall
fraction of C. amycolatum, obtained according to the method
of Puech et . [37], by treatment with the detergent Genapol.
The supernatant from the extraction showed high channel-
forming activity in the lipid-bilayer assay, similar to that

observed previously with porins or cell-wall channels from
gram-negative and gram-positive bacteria [3,44]. The chan-
nels had a single-channel conductance of 34 nSin1 M KCl.

Purification of the channel-forming protein.
The aim of the next step was to identify and purify the chan-
nel-forming component using FPLC across a HiTrap Q col-
umn. Figure 1B (lane 2) showsthe protein composition of the
Genapol-treated cell-wall extract applied to the column. The
column was first washed with buffer and then eluted with
buffer supplemented with increasing concentrations of NaCl.
The wash was essentially free of channel-forming activity.
Elution with increasing concentrations of NaCl revealed sev-
era protein peaks that were subsequently investigated for
channel-forming activity. Activity was observed only in the
protein peak that eluted at about 250 mM NaCl. This peak
showed several bands on SDS-PAGE. To identify the protein
responsible for channel-forming activity, the different bands
were eluted from preparative SDS-PAGE and again inspect-
ed for channel formation in reconstitution experiments. Only
the band with a molecular mass of about 45 kDa (Fig. 1B,
lane 3) was able to form the 3.8 nS channel in 1 M KCl solu-
tion. The other bands had no activity in the lipid-bilayer

assay.
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Fig. 3. Study of the voltage-dependence of
Corynebacterium amycolatum cell-wall porin. Cell wall
channel protein (200 ng/ml) was added to the cis-side of
adiphytanoyl phosphatidylcholine/n-decane membrane
and recongtitution of the channels was followed for
about 30 min. Increasing positive (70 to 100 mV; upper
traces) and negative voltages (—40 to —70 mV; lower
traces) were applied to the cis-side of the membrane
and the membrane current measured as afunction of the
time. The agueous phase contained 1 M KCI, pH 6, the
temperature was 20°C.

Int. Microbiol.

Analysis of the channels formed by the 45-kDa
channel-forming protein. Figure 2A shows a single-
channel recording of a phosphatidylcholine (PC) membranein
the presence of the pure 45-kDa protein of C. amycolatum,
which was added to a black-membrane preparation at a con-
centration of about 20 ng/ml. The recording demonstrated
that the protein formed defined channels. The single-channel
conductance of most channels formed by the 45-kDa protein
was about 3.8 nSin 1 M KCl (amost 40%), with only a few
channels formed at other conductances (Fig. 2B). It is note-
worthy that the channels formed by the 45-kDa protein of C.
amycolatum had a long lifetime, similar to those previously
described for porins of gram-negative [4] and gram-positive
bacteria [44]. All these channel-forming proteins from the
cell walls of bacteria form channels with a long lifetime at
small transmembrane potentials in lipid-bilayer membranes
(mean lifetime at least 5 min). Furthermore, only a minor
voltage-dependence closure was observed in KCl solution,
ranging from £ 70 to + 80 mV (Fig. 3).

Single-channel experiments were also done with salts
other than KCI to obtain information on the size and selectiv-
ity of the channels formed by the 45-kDa protein of C. amy-
colatum. The results are summarized in Table 1. The conduc-
tance sequence of the different salts within the channel was
KCl > K acetate > LiCl, implying that the single-channel
conductance followed approximately the bulk aqueous con-
ductivity of the different salts. The influence of the anions
and cations of different mobility on conductance was moder-
ate, as seen in Table 1, suggesting only a small selectivity of
the channel. Table 1 also shows the average single-channel
conductance, G as a function of KCI concentration in the
agueous phase. As in the case of many genera-diffusion
porin channels of gram-negative bacteria[4], the relationship
between conductance and KCl-concentration was approxi-

mately linear; thisis a characteristic of wide and water-filled
channels without point net charges and/or ion-binding sites.

Further information about the structure of the channel
formed by the 45-kDa protein of C. amycolatum was
obtained from zero-current membrane-potential measure-
ments in the presence of KCI gradients. A five-fold KCl gra-
dient (100 vs. 500 mM) across a lipid-bilayer membrane in
which about 100-1000 channels were reconstituted resulted
in an asymmetry potential of, on average, about 15 mV at the
more dilute side (mean of 3 measurements). This result indi-
cated preferential movement of potassium ions over chloride
through the channel at neutral pH. The zero-current membrane
potentials were analyzed using the Goldman-Hodgkin-Katz
equation [6] The ratio obtained by dividing the potassium per-
meability, P,, by the chloride permeability, P, was about 2.6,
which indeed indicated a narrow cation selectivity of the chan-
nel formed by the 45-kDa protein of C. amycolatum.

Table 1. Average single-channel conductance, G, of the cell wall channel of
Corynebacterium amycolatum in different salt solutions”

Salt Salt concentration (M)  Single-channel conductance G (nS)
LiCl 1.0 18
KCl 0.03 0.18
0.10 0.45
0.30 10
1.0 38
3.0 8.0
KCH,COO 1.0 20

*Membranes were formed from di phytanoyl phosphatidylcholine dissolved
in n-decane. Aqueous sol utions were buffered with 10 mM Tris-HCI and had
apH of 8 unless otherwise indicated. The applied voltage was 20 mV, and
the temperature was 20°C. The average single-channel conductance, G, was
calculated from at least 80 single events.
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Voltage-dependence. In single-channel recordings, the
45-kDa protein from C. amycolatum exhibited some flicker-
ing a higher voltages, i.e., transitions between the open and
closed configurations. This may have been caused by volt-
age-dependent closure of the channel, which was studied by
increasing the membrane voltage in multi-channel record-
ings. Figure 3 shows an experiment of this type. The 45-kDa
protein was added in aconcentration of 200 ng/ml to one side
of a black PC/n-decane membrane. After 30 min, about 10
channels were reconstituted into the membrane. At that time,
different potentials were applied to the cis-side of the mem-
brane: beginning with 70 mV (upper trace of Fig. 3) and then
—70 mV (lower trace of Fig. 3). These experiments were
repeated with 80, 90, and 100 mV. For negative and positive
potentials at the cis-side, the membrane current decreased
exponentially starting at about 70-80 mV. The data of Fig. 3
are consistent with a symmetric voltage-dependence of the
45-kDa protein when it was added to the cis-side. This result
indicated either symmetric insertion of the protein into the
membranes or a symmetric response to the applied voltage.

Fatty acids in the cell wall of Corynebacte-
rium amycolatum. The presence of a channel-forming
protein in the cell wall fraction of C. amycolatum suggested
that the cell wall represents a permeability barrier similar to
that of the mycolic acid layer of the mycolata[18]. However,
C. amycolatum does not contain corynemycolic acids, shows
no fracture plane in the cell wall, and has a low content of
free lipid (around 2%) [2,10,37]. To better understand the
environment of the 45-kDa protein, lipid distributions within
the envelope, whole cells, plasma membrane, and cell wall
were compared. These fractions were characterized prior to
extraction by GC analysis of an aliquot of whole cdlls, plas-
ma membrane, and cell wall treated by acid methanolysis. As
expected, the cell wall was found to contain arabinose and
galactose, the main characteristic sugar constituents of the
cell wall, accompanied by a small amount of glucose [37],
while in the plasma membrane only mannose was present
due to the presence of phosphatidylinositolmannoside (PIM).
The different subcellular fractions were then extracted with
chloroform/methanol and the lipids analyzed by TLC. The
lipid composition of the whole cells, cell wall, and plasma
membrane was approximately the same (Fig. 4 and data not
shown) and was similar to the phospholipid composition pre-
viously described for C. amycolatum [46]: acylphosphatidyl-
glycerol (APG), diphosphatidylglycerol (DPG) or cardi-
olipin, phosphatidylglycerol (PG), phosphatidylinositol (PI),
and acylated PIM (Ac,PIM,). In contrast to other corynebac-
teria [37], no glycolipids other than PIM were detected.
Substantial amounts of free lipid were extracted from the cell

APG

n. i
DPG
PG

Pl
Ac:PIM:

Int. Microbiol.

Fig. 4. TLC analysis of the extracted lipids of the cell wall and plasmamem-
brane of the Corynebacterium amycolatum cell envelope. The fractions were
extracted with chloroform/methanol and applied to a silica gel TLC plate.
The plate was run in chloroform/methanol/water in the proportion 60/25/4
(v/viv). Lane 1: lipids of the cell wall; lane 2: lipids of the whole cell. The
TLC plate was stained with Dittmer reagent. Detected phospholipids:
acylphosphatidylglycerol (APG), diphosphatidylglycerol (DPG), phos-
phatidylglycerol (PG), phosphatidylinositol (Pl) and triacylphosphatidyli-
nositol dimannosides (Ac3PIM2). Two spots were not identified (n.i.).

wall (1% relative to cell dry mass) compared to the amounts
extracted from the plasma membrane (2% relative to cell dry
mass), meaning that the cell wall does not contain enough
extractable lipid for the formation of acomplete outer perme-
ability barrier [37]. Nevertheless, it was important to deter-
mine whether the lipids extracted from the cell wall were not
simply contaminants of the plasma membrane. For this pur-
pose, the two fractions were saponified and the fatty acids
extracted, methylated, analyzed by GC, and characterized by
their fragmentation patternsin GC/MS[40]. The relative per-
centages of fatty-acid esters in lipids from the cell wall and
plasma membrane are shown in Table 2. Overall, there was
little difference between the two fractions. However, lipids of
the plasma membrane contained a high concentration of
branched pentadecanoic acid (28.4 vs. 3.4% in the cell wall),
whereas free lipids from the cell wall contained almost all
C15:0 fatty acid (23.2%), not detectable in lipids from the
plasma membrane. Nevertheless it could not completely be
excluded that a portion of the extractable lipids in the cell-
wall fraction was due to contamination by the plasma mem-
brane [37].
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Table 2. Fatty-acid composition (relative percentage) of the cell envelope of Corynebacterium amycolaturm?®

Fatty acids from extractable lipids

Fatty acid Cell wall Plasma membrane Fatty acids from delipidated cells
14:1 0.8 1.0 ND
14:0 0.9 11 ND
15 branched 34 28.4 ND
15:0 232 ND 11.6
16 branched 10 17 ND
16:1 0.7 ND ND
16:0 175 153 105
17 branched 10.0 10.0 15
17:1 ND ND 39
17:0 11 12 ND
18 branched ND 0.5 ND
18:1 224 21.3 125
18:0 12.3 10.9 43.7
19 branched 29 4 ND
19:1 12 ND ND
19:0 0.8 11 ND
Tuberculostearic acid (TBS) ND ND 15

2The cell wall and plasma membrane were obtained by differential centrifugation of the supernatant of disrupted cells,
as previously described [37]. Extractable lipids and delipidated cells were treated with 5% KOH in MeOH/benzene
(8:2) to obtain methylated fatty acids. Methyl esters were characterized by their retention times and by interpreting
their fragmentation patternsin GC/MS [40]. The results are expressed as the relative percentage of fatty-acid methyl
esters calculated from the GC profile. ND, not detectable, i.e., fatty-acid concentration < 0.1% of the total fatty acids

of the corresponding fraction.

It is well-established that mycolic acids covalently
attached to cell-wall arabinogalactan provide the major con-
tribution to the permeability barrier of the mycolata
[10,14,21,37]. Although no corynemycolic acids are present
in C. amycolatum [2,10,37], it was possible that the cell-wall
polysaccharide of this species is acylated by fatty acids. To
address this question, 1 g of dry delipidated cells of C. amy-
colatum was subjected to alkaline treatment in order to
release fatty acids presumably attached to arabinogal actan.
On average, about 20 mg of fatty acids (2% w/w, average of
three experiments) were released. Interestingly, the fatty-acid
distribution as derived from this treatment showed several
remarkable differences with that of the free lipids extracted
from the plasma membrane and cell wall: the most prominent
fatty acid was C,,,, which comprised almost 44% of the total
fatty acid content of the delipidated cells, whereas the
extractable lipids contained only about 11-12% of this fatty
acid. To firmly establish that these fatty-acid residues were
attached to cell-wall polysaccharide, delipidated cells were
partially hydrolyzed with acid to release putative arabi-
nooligosaccharides linked to fatty acids which would then be
extractable with organic solvents [24]. Surprisingly, no gly-

colipid was detected from the treatment, suggesting that
either the fatty acids were not covalently linked to arabino-
galactan, but rather esterified to yet unknown compounds, or
the amounts of acylated arabinose-containing compounds
were too low to be detected. Taken together, these results
indicated that the cell wall of C. amycolatum contains free
lipids as well as covalently bound lipids, as indicated by the
release of fatty acids from the cell wall.

Discussion

Presence of an ion-permeable channel in
Corynebacterium amycolatum. The present work
provides evidence for the presence of a channel in the cell
envelope of C. amycolatum. This species belongs to the
corynebacteria but does not contain corynemycolates [2,10].
The channel wasidentified by lipid-bilayer assay in detergent
extracts of the cell wall fraction and in fraction F5 of the
sucrose-step density gradient centrifugation. Both the deter-
gent extracts and fraction F5 showed very high channel-
forming activity, which makes it extremely unlikely that the
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channel was caused by an artifact. Similarly, high channel-
forming activity was also found in the cell-wall fraction
obtained by differential centrifugation of the cell wall [37].
Sucrose-gradient density centrifugation aso showed that the
cell wall had alower density than the cytoplasmic membrane
(Fig. 1A). In sucrose-gradient density centrifugations of the
cell envelopes of members of the mycolata, the cell wall was
shown to have a higher density than the cytoplasmic mem-
brane [26,27,44]. However, the cell walls of S. griseus and
M. purpurea have alower density than the cytoplasmic mem-
brane [21,22]. Thus, alower density is not completely unusu-
al, in particular, because cell walls of gram-negative bacteria
that are devoid of lipopolysaccharides, such as Borrelia
species, also have a lower density than the respective bacte-
ria’s cytoplasmic membrane [38].

The channel-forming protein was purified by FPLC using
a HiTrap-Q column and a linear NaCl-gradient. High chan-
nel-forming activity of the same channels detected in fraction
F5 was aso found in fractions eluted from the column at 250
mM NaCl. These fractions were enriched in a 45-kDa pro-
tein. Final purification of the channel-forming protein was
achieved by preparative SDS-PAGE of the FPLC fractions.
The channel-forming protein was determined to have a
molecular mass of about 45 kDa, which interestingly, is
much higher than the channel formers of C. glutamicum, all
of which have molecular masses below 10 kDa and thus
probably form oligomers in the cell wall of this species
[11,17,26,28].

Properties of the cell-wall channel of C. amy-
colatum. In experiments with lipid bilayers, the 45-kDa
cell-wall channel of C. amycolatum had a high single-chan-
nel conductance of about 3.8 nSin 1 M KCl, higher than the
channels of most gram-negative bacteria and PorB of C. glu-
tamicum but similar to the channels formed by PorA and
PorH of the same organism [11,17,26,28]. The channel is
wide and water-filled since the movement of ions inside the
channel was similar to their movements in the aqueous phase
(Table 1). Furthermore, the single-channel conductance was
an almost linear function of the bulk aqueous salt concentra-
tion, which provides evidence in favor of an agqueous chan-
nel. Selectivity measurements suggested that cations and
anions enter the channel: the cell-wall channel showed only
a slight preference for cations, when single-channel conduc-
tance in KCI, LiCl, and K-acetate and selectivity measure-
ments were considered. The channel showed slight selectivi-
ty for potassium over chloride without any indication for the
presence of the point net charges typical of the cell-wall
channels of C. glutamicum [11,17,26]. This result suggested
that the interior aspect of the channel contains negatively and

positively charged groups that are almost perfectly balanced.
The size of the cell-wall channel could not be deduced from
single-channel measurements but it is definitely large and
presumably also shows high permeability for neutral solutes.
It is quite conceivable that mycolata and actinomycetes that
do not contain mycolic acids possess different cell-wall chan-
nels depending on the growth conditions of the cells, similar
to the situation in certain gram-negative bacteria, in which
the chromosome includes several genes coding for different
porins [3,4].

Fatty acids in the cell wall of C. amycolatum.
The 45-kDa protein present in the cell envelope of C. amyco-
latum was determined to form wide and water-filled channels
and was found in fractions characteristic of the cell wall. The
presence of the protein in the plasma membrane is not con-
sidered likely because the cells would not survive the result-
ing leakiness. If the 45-kDa protein forms a channel for
hydrophilic compounds in the cell wall of C. amycolatum,
the presence of lipid or other components of a permeability
barrier would also be required. Otherwise there is little need
for the channel. Our search for lipidsin the different fractions
of the cell envelope provided evidence that the cell-wall frac-
tion of the differential centrifugation contained extractable
lipids. The amount of thislipid (1% relative to cell dry mass)
was relatively small compared with that of the plasma mem-
brane (2% relative to cell dry mass), which agrees with the
literature [37]. The composition of these lipids was very sim-
ilar to that of lipids from the cytoplasmic membrane (Fig. 4),
raising the question whether the cell-wall lipids were cyto-
plasmic membrane contaminants. However, this was rather
unlikely because of the remarkable differences between the
fatty-acid compositions of lipids from the two fractions
(Table 2): C15:0 branched fatty acids were almost exclusive-
ly found in high proportion (>25% of total fatty acids) in
lipids from the cytoplasmic membrane, whereas C15:0 fatty
acidswerefound in high proportion (23% of total fatty acids)
exclusively in lipids from the cell wall. This result indicated
that the cell wall indeed contains extractable lipids that could
contribute to a permeability barrier.

C. amycolatum does not contain corynemycolic acids but
it is possible that other lipids are covaently linked to the pep-
tidoglycan layer. Alkaline treatment of delipidated cells
resulted in the recovery of fatty acids. The fatty acid composi-
tion of thelipids bound to the cell wall suggested that the lipids
are not a cytoplasmic membrane contaminant (Table 2). Their
fatty-acid composition differed from that of the extractable
lipids because they were enriched in stearic acid (C,),
which comprised more than 40% of the total fatty acids.
Interestingly, the cell wall contained tuberculostearic acid
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(TBS), which was not found in the extractable lipids. Thus,
the fatty acids appear to be localized by the acylation of a
polymer in the cell wall. However, the amount of this lipid
was relatively small; compared with the amount in the plas-
ma membrane and with the amount theoretically needed to
form a lipid monolayer around the cell [34,37]. Conse-
quently, the low content of lipid could not explain the forma-
tion of a permeability barrier at the surface of C. amycolatum
cells, as discussed for mycobacteria[34]. This observation is
reinforced by the failure to detect a second fracture plane in
corynebacteriawith alow amount of lipids[37]. On the other
hand, it is possible that free lipid together with the bound
fatty acids present in the cell wall of C. amycolatum form a
permeability barrier with some other not-yet-identified com-
ponents, such as protein. A structure combined of lipid and
protein would fail to form a fracture plane. It is noteworthy
that water-filled channels were already demonstrated in two
non-mycolata gram-positive bacteria, S. griseus [19] and M.
purpurea [20]. Interestingly, the protein that forms the chan-
nel in S griseus contains abinding site for streptomycin [19].
In this context, therole of C. amycolatum porin remainsto be
elucidated in future experiments. It may have arole asacom-
ponent of a putative permeability barrier or function as a
binding protein for specific compounds.
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