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ABSTRACT Planar bilayers formed from Escherichia coli
outer membrane vesicles exhibit conductance properties similar
to those previously observed in bilayers reconstituted from ag-
gregates of matrix protein, the major outer membrane protein.
Discrete conductance steps are observed, reflecting voltage-de-
pendent transmembrane channels. These exist in clusters which
are activated by voltage. After activation, channels close with in-
creasing potentials and reopen reversibly at lower voltage. De-
pending on the sign of the potential, two distinct closed states of
the pores are observed. Cooperative interactions, hysteresis ef-
fects, relaxation times, and values of channel conductance depend
on cluster size. These properties provide the reference data for
the reconstitution of membrane function from individual compo-
nents. Planar bilayers were formed from vesicles containing either
solubilized matrix protein in a homogeneous trimeric state or bac-
terial glycolipid (lipopolysaccharide), or both. Activation of chan-
nel conductance required the presence of glycolipid and the for-
mation of channel clusters, leading to conductance properties of
the channels closely resembling those observed in native outer
membranes. At very low concentrations of trimers, irreversible
association to clusters by lateral diffusion was observed. Nearly
quantitative recoveries of channels allowed the assignment of
three pores per trimer.

Outer membranes of Gram-negative bacteria are highly orga-
nized structures with defined permeability properties. A group
of transmembrane proteins, the porins, forms channels which
convey to these membranes what appear to be molecular sieve-
like properties (for a review see ref. 1). In strain BE of Esche-
richia coli, a single gene codes for porin. Its product, matrix
protein, is well suited for the detailed study of its structure (2-4)
and its function (1).

The recent incorporation of matrix protein into planar lipid
bilayers has indeed confirmed that it forms uniform, water-
filled, transmembrane channels with a diameter of about 1 nm
(5, 6). These channels were found to exist in a dynamic equi-
librium of two states, open and closed. High transmembrane
potentials cause the pores to close reversibly (6). If this were
to occur also in vivo, it could significantly affect the electro-
chemical potential across the plasma membrane. The number
of pores per matrix protein trimer (3, 6-9) also remained un-
certain. Stoichiometries of 1 channel (9) and of 3 channels (3,
6) per trimer, each containing three polypeptide chains of mo-
lecular weight 36,500 (2), have been proposed.
A molecular understanding of porin function requires the

reconstitution of activity from solubilized individual compo-
nents in a manner allowing high resolution and high recovery.
To do this, we have applied a novel concept (10) to the char-
acterization of matrix protein channels based on the transfor-

mation of vesicular to planar membranes. This procedure may
be used at any level of reconstitution. In the study reported
here, it is applied to a range from undissociated membrane ves-
icles through intermediate stages ofpurification to vesicles reas-
sembled de novo from individual membrane components. Com-
parison ofthe results obtained with these different preparations
indicates the physiological significance of the observed effects
and provides insight in their molecular basis. This approach has
previously been shown to reproduce in vitro the electrical prop-
erties of acetylcholine receptor (11), which are well established
by in vivo electrophysiological techniques, and thus demon-
strates its validity for reconstitution. The study reported here
establishes its usefulness in a system that is inaccessible to direct
electrophysiological methods.

MATERIALS AND METHODS
Strategy. Planar membranes were transformed from vesicles

at three different levels of reconstitution. The following prep-
arations were used: (i) undissociated outer membrane vesicles,
(ii) matrix protein in an aggregated state (6), and (iii) individual
trimers, incorporated into vesicles with or without glycolipids
after solubilization and purification. (Lipopolysaccharides are
the predominant components ofbacterial glycolipids; the latter
term will be used throughout this paper.) The electrical prop-
erties of the resulting planar membranes were characterized
and compared.

Protein. Dextran-free matrix protein aggregates were pre-
pared as described (6), except that gel filtration was performed
on controlled pore glass (CPG-10/113, Serva, Heidelberg). This
avoids the massive binding of dextran (about 1:1 by weight)
which occurred inadvertently in the original preparations (6).
Trimers of matrix protein were solubilized from cell envelopes
(2) by repeated extractions with 3% f3-octylglucoside (Sigma) at
370C for 1 hr in 20 mM NaPO4/0. 1 M NaCl/3 mM NaN3, pH
7.0. Insoluble material was removed by centrifugation (20 min,
20,000 x g). The supernatant, enriched in matrix protein, was
subjected to gel filtration on CPG-10 in the same buffer con-
taining 1% ,B-octylglucoside. The major protein peak in the ex-
cluded volume contained matrix protein in homogeneous tri-
meric form (12), as judged by NaDodSO4/polyacrylamide gel
electrophoresis and analytical centrifugation (2). Glycolipids
were quantitated by labeling growing cells with 32Pi and mon-
itoring the radioactivity by autoradiography of dodecyl sulfate
gels. Matrix protein in the excluded peak fraction (II) contained
no detectable phospholipids and substoichiometric amounts (6)
of glycolipids. Leading edge and trailing edge (fractions I and
III) were pooled separately. Fraction I contained matrix protein
only (no detectable glycolipids); fraction III contained the gly-
colipid peak with trace amounts of protein only.

Vesicle Preparation. Outer membrane vesicles (13) were in-
corporated into bilayers without dilution or were mixed with
liposomes prepared (11) from partially purified (14) soybean lec-
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ithin (Sigma). Matrix protein trimers were reconstituted to ves-
icles by extensive dialysis. Appropriate amounts were added to
a lecithin solution in buffer A (20 mM Hepes/1 M NaCI/3 mM
NaN3, pH 7.0), containing 1% f3-octylglucoside, to final phos-
pholipid concentration of 1 mg/ml, and protein concentration
of 0.1 ug/ml, corresponding to 1 trimer per 1.6 x 106 lipid
molecules. Solutions were dialyzed extensively against buffer
A. Removal ofdetergents was quantitative after 30 hr, as judged
by ,3-['4C]octylglucoside (New England Nuclear). The resulting
vesicles were predominantly unilamellar, with an average di-
ameter of 80 nm as judged by electron microscopy after uranyl
acetate staining (3). Complete insertion ofproteins into vesicles
(6) yields 1 trimer per 25 vesicles, if random incorporation is
assumed. Lower protein concentrations were obtained by mix-
ing the above vesicle suspension with protein-free liposomes.

Formation of Bilayers and Electrical Measurements. Trans-
formation of vesicles to planar membranes (15) via monolayer
self-assembly (16) was used for all three types of vesicle prep-
arations. Vesicle concentrations were 1 mg/ml. Bilayers were
formed over circular apertures (2.1 x 10-4 cm2) by apposition
oftwo vesicle-derived monolayers, in analogy to that ofsolvent-

spread monolayers (17). Their borders, showing structural ir-
regularities -<1 um, were pretreated with 2% hexadecane in
chloroform. Asymmetric monolayers, one of which was free of
protein, were combined to bilayers within 1 min after mono-
layer formation. All results were obtained with membranes suc-
cessfully formed at the first attempt. The criteria for bilayer for-
mation (15) and the electrical measurements (6) were as
described. Experiments were performed at 20'C.

RESULTS
Planar Bilayers from Outer Membrane Vesicles. Applica-

tion of an electrical potential across a bilayer formed from E.
coli outer membrane vesicles and pure lipid vesicles caused ini-
tiation of conductance which occurred in large steps and cor-
responded to an irreversible activation. It was followed by the
relaxation to a steady state in distinct, regular steps (Fig. la) that
are assigned to closing and opening events of individual mem-
brane channels (6). Current relaxation by channel closing is a
consequence of the applied voltage because activated channels
reversibly reopened at zero voltage (Fig. la, center tracing).
Reversal of the sign of the potential not only caused current
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FIG. 1. Properties ofconductance levels observed with bilayers derived from native, undissociated, membrane vesicles diluted with lipid vesicles
1:100 by weight. (a) Initiation of current corresponding to 18 channels occurred seconds after application of 150 mV. Individual conductance steps
(A = 0.8 nS) were resolved during relaxation to a steady state ( = 1 min). A brief interruption of the potential (cf voltage trace) resulted in the
reopening of channels which reversibly closed at 150 mV. Changing the sign of the potential caused a negative peak representing a temporary in-
crease in conductance, followed by relaxation to the steady state. (b) A membrane containing 220 channels exhibited slow relaxation (T = 20 min)
even at 200 mV, and a unit step size of A = 0.5 nS. The activation (not shown) occurred in steps of 12, 27, 27, 48, and 105 channels at 250 mV.
(c-e) Comparison of membranes after activation at different voltages. A potential of 150 mV resulted in initiation steps of <30 channels (defined
as small channel clusters; solid lines); 250 mV caused initiation steps of >30 channels (large clusters, broken lines). (c) Small clusters exhibited
reversible current-voltage dependences with a midpoint of negative resistance (Vm) at about 125 mV. Conductance levels ofthe various curves were
normalized to allow comparison. Reversibility was as obtained with membranes derived from matrix protein isolated in an aggregated state (dotted
line at right, redrawn from ref. 6). Similar aggregates without bound dextran yielded current-voltage curves shifted to lower voltage (dotted line
at left). Large clusters in bilayers derived from outer membranes showed hysteresis loops (broken lines). In the example shown, the membrane
(described in the legend to Fig. lb) was subjected to increments of 20 mV at 15-min intervals. (d) Dependence of relaxation time on voltage. The
maximal value (Tm at Vm) is about 100-fold higher than the relaxation time at 0 voltage. Tm shifted to higher values in large clusters. Relaxation
times were estimated by assuming single exponential decay after voltage increments from 0 mV to values within the region of negative resistance,
or voltage decrements from Vm to smaller values. (e) Probabilities of step sizes (in arbitrary units) reached a sharp maximum at 0.8 nS for small
channel clusters and a broader maximum at 0.5 nS for large clusters. Notice the sublevels at 0.1 nS for both types of membranes. Upon activation
at intermediate voltages, both types ofrelaxation rates and channel conductances were observed concomitantly. The values ofchannel conductances
are not unique; they were found to vary with the lipids used. All experiments shown were performed in buffer A.
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reversal but also reopened channels that were closed at the
steady state before the voltage reversal. Subsequently, the
pores closed again until a level corresponding to the steady state
of the potential at the opposite polarity was reached. This tran-
sition via an open channel state provides evidence that two dis-
tinct states exist at opposite polarities. The value of the steady-
state conductance is independent of the voltage sign.

Fig. lb shows the relaxation of current after activation of
about 220 channels. Even at such high currents, discrete steps
were resolved during relaxation. The fluctuation of the number
of active channels at steady state was small. This observation,
together with the simultaneous activation of large numbers of
pores, reflects high cooperativity and strongly suggests the oc-
currence of channel clusters. The steady-state distribution of
the channel states and the transition times between them de-
pended on the applied potential (Fig. 1 c and d) but not on its
polarity (not shown). The relationship between current and
voltage exhibited, as its most prominent property, negative
(differential) resistance which is a consequence of channel clos-
ing by voltage (6). The current-voltage dependence of individ-
ual channels in the open state was linear (data not shown). Re-
laxation times were longest (Tm) at voltages (Vm) corresponding
to the midpoint of negative resistance. These observations are
consistent with the interpretation that the closing of channels
by potentials of either sign represents conformational changes
of the pores which, after removal of the applied field, relax to
their original, open configuration.
When the initiation voltage was increased, larger channel

clusters were activated (Fig. 1) in analogy to our previous ob-
servations with matrix protein aggregates (6). These large clus-
ters exhibited a current-voltage relationship with a hysteresis
loop that persisted for up to 6 hr (Fig. lc), comparatively longer
relaxation times even at zero voltage (Fig. id), and distinctly
lower values of channel conductance (Fig. le). These observa-
tions indicate a noncontinuous change of channel properties
with increasing cluster size.
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Whereas the results. described above were highly reproduc-
ible, the levels of the inducible conductances were not. Vari-
ations within a factor of 10 occurred and even the highest levels
observed (4 x 107 channels per cm2) were orders of magnitude
lower than expected if all channels present were open. Dilution
of outer membrane vesicles with various concentrations of li-
posomes prior to monolayer formation, did not affect the co-
operative interactions observed, indicating that channel clus-
ters do not dissociate in lipid membranes. Thus, all of the
described electrical properties closely resemble those previ-
ously observed with matrix protein isolated in an aggregated
state upon incorporation into planar membranes (6). The high
values of Vm (Fig. 1c) and the relatively slow relaxation times
may be due to the large size of the aggregates obtained with
isolated matrix protein. Their voltage-dependent characteristics
indeed are virtually superimposable on those observed now for
the activation of large channel clusters in bilayers from outer
membranes (except for the absence of hysteresis). Avoidance
of the considerable binding of dextran to matrix protein aggre-
gates caused a shift ofVm to lower voltages (Fig. 1c, dotted line
at left).
Membrane Reconstitution from Single Matrix Protein Tri-

mers. Planar membranes formed from vesicles containing single
matrix protein trimers (concentration - 1 trimer per 25 vesicles)
exhibited characteristics comparable to those derived from
outer membranes. Fig. 2a shows initiation and relaxation to a
steady state of a membrane with 66 active channels. Analysis
ofthe dependence ofcurrent on voltage showed properties cor-
responding to those presented in Fig. 1 c-e, including hyster-
esis loops and the shift to smaller conductance steps at the high-
est protein concentration used (data not shown). The role of
glycolipids in channel activation was examined by comparing
membranes containing glycolipids and matrix protein in various
ratios. Bilayers reconstituted from protein without detectable
amounts of glycolipids (fraction I) and others containing gly-
colipids with trace amounts of matrix protein only (fraction III)
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FIG. 2. Properties of bilayers derived from vesicles containing either single trimeric units of matrix protein or glycolipids, or both. Solutions
containing proteoliposomes with 1 trimer per 25 vesicles were diluted 1:40 (by weight) with lipid vesicles before formation of planar membranes
(a and b) or 1:1000 (c). (a) Current relaxation ofa bilayer containing the peak fraction (II) ofthe elution profile at 100 mV. The expanded area shows
the rectangular shape ofindividual steps. Reopening ofthe channels at 0mV is shown on the right. The two lower traces were observed with fractions
I and III at 150 mV. Both exhibit irregular, rapid events (notice the expanded current scale). (b) Concomitant incorporation of fractions I and III
in amounts identical to those used for the lower traces ofa yield membranes which, at 150 mV, exhibited initiation and relaxation properties observed
in fraction II. Relaxation was faster, as expected (Fig. id) for smaller current levels. (c) Channel activation at 150 mV in a membrane containing
about 20 trimers. The numbers of activated channels are indicated on the graph. Notice the initiation of the first triplet -2 min after membrane
formation. Upon removal of the potential, the renewed voltage caused an instantaneous current reflecting all 18 channels induced previously (not
shown). Additional initiation events (values in parentheses) led to a total of 30 channels.
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both exhibited short-lived irregular events (Fig. 2a). The main
tracing in Fig. 2a was obtained with protein from peak fractions
(II) which contained small amounts of glycolipids. These are

therefore required for channel activation. This conclusion is
supported by the result that combining fraction I and III yielded
a tracing (Fig. 2b) that showed all ofthe characteristic properties
mentioned.
The stoichiometry of glycolipids relative to protein was not

evaluated. Heterogeneity of glycolipids render ambiguous such
determinations (18). The previously reported stoichiometry of
3 mol of glycolipids per mol of matrix protein monomer (6) is
not pertinent in this context because aggregates have not been
disassembled into their component parts then. In previous re-

ports on glycolipid requirements (19), the state of the protein
remained undefined. Subsequently, glycolipids were added
routinely to trimeric solutions (7). Finally, a physically mean-

ingful interpretation of the results observed in reconstitutions
of two-dimensional sheets (20) appears to be difficult.

Association of trimers was investigated by studying the ki-
netics of channel activation with vesicles containing single tri-
mers (fraction II) at very low concentrations (1 trimer per 2.5
X 104 vesicles, or 20 trimers per bilayer). Only spikes in the
millisecond range appeared initially. Even at high potentials
(200 mV), the first stable conductance levels occurred only after
several minutes, with levels usually corresponding to the si-
multaneous activation of triplets (three channels) and consec-

utive closing of single channels (Fig. 2c, left). Their number
slowly increased over a period of about 1 hr, almost exclusively
in triplet steps (or small multiples thereof). Subsequently, the
number of activated channels remained constant, and their
properties were identical to those described for membranes
reconstituted at higher concentrations. We therefore conclude
that the slow appearance of stable channel conductance is due
to the apparently irreversible association of trimers via lateral
diffusion.
The diffusion coefficient of trimers within the bilayer was

estimated from 10 independent experiments. With the as-

sumption of binary collisions upon random walk with a jump
length of 8 A and a collision diameter of70 A, a minimal estimate
of 10-10 cm2/sec is obtained. This value is clearly different from
the undetectable diffusion of matrix protein aggregates (21) but
is in the same range as that observed with other membrane
proteins (22). Due to the higher diffusion coefficient of glyco-
lipids (1.5 x 10-9 cm2/sec; cf. ref. 21), this estimate is insen-
sitive to dissociation of trimers and glycolipids because, with
the conditions used, the two components remain in proximity
also after monolayer formation. Twenty trimers were expected
within the bilayer area in the diffusion experiments cited. This
expectation is based on a molar stoichiometry of 6 X 10-10 tri-
mers per phospholipid in vesicles. It depends on the following
points. (i) Deviation of the protein-to-lipid ratios in vesicles and
monolayers is .10%, as determined by a method described
previously (11). (ii) The molar stoichiometry can be assumed to
be preserved because only bilayers successfully formed at the
first attempt were used. (iii) Fusion of vesicles into the bilayer
does not occur. This was assessed by using planar membranes
consisting of pure phospholipid with vesicles in solution which
contained matrix protein. (iv) Protein replenishment from the
membrane frame is unlikely because the protein is insoluble in
the hexadecane torus and adheres strongly to Teflon. Because
the number of eventually stabilized channels ranged from 27
to 60 (average, 40), the recovery amounts to 45-100%, provided
there are three pores per trimer. Ifthey contained a single chan-
nel, this value would rise to 135-300%. We therefore conclude
that more than one channel exists per trimer, most likely three.

DISCUSSION
The studies reported here on the channel properties of matrix
protein extend previous ones (6) in two directions. First, we
transformed undissociated outer membrane vesicles into planar
bilayers. This allowed us to gain insight in the properties of the
pores in an environment resembling that in the cell and to com-
pare channel activity in a native membrane environment to that
in bilayers containing matrix protein extracted in an aggregated
state (6). Second, we reconstituted vesicles reassembled from
isolated matrix protein trimers and bacterial glycolipids. These
experiments identified the basic requirements of channel ac-
tivation. Because the techniques used were identical to those
used in the study ofundissociated outer membranes, the results
obtained with the latter provide the reference data with which
the validity of reconstitution experiments with isolated com-
ponents can be evaluated. Such a strategy (10) is critical in a
system such as this which is inaccessible to electrophysiological
techniques.
The similarity of the conductance properties, observed at

three levels of reconstitution, show that the ability of matrix
protein to form channels is preserved during the isolation pro-
cedures used. It also shows that the properties observed in bi-
layers derived from outer membranes reflect those of matrix
protein rather than of more specific pores which also occur in
outer membranes (1). Although the pore properties in isolated
outer membranes cannot actually be equated to those in the
cell, our results demonstrate that the observed characteristics
are not qualitatively affected by membrane dissociation.

Independent of the level of reconstitution, several configu-
rations of channels can be distinguished. In addition to an open
state, voltage reversal experiments show that two distinct closed
states exist, analogous to observations with excitability-inducing
material (23). The occurrence of negative resistance and the
coincidence (23) of the longest relaxation times with the mid-
point of negative resistance indicate that the equilibrium be-
tween channel conformations is governed by the contribution
of the electrical field to the free energy of the states. The co-
operative interactions among pores, as they were observed with
matrix protein isolated in an aggregated state (6), demonstrate
their arrangement in clusters. The appearance of hysteresis in
the relationship of current to voltage beyond a threshold size
of these clusters and the slower relaxation times are predicted
for a system that exhibits two-dimensional cooperativity (24).
On a molecular level, the reassembly of pores from solubi-

lized matrix protein trimers has revealed that restoration of
channel activity requires meeting two conditions: the presence
of bacterial glycolipids in addition to matrix protein, and asso-
ciation of the components into stable clusters. This result shows
that channel function is not uniquely determined by the prop-
erties of the protein alone but rests also on its interaction with
other components. The observed number of pores at low con-
centrations ofprotein excludes a single channel per trimer, ren-
dering an assignment of three pores per trimer the most likely.

In view of this nearly quantitative recovery in vitro, an earlier
observation that most channels are closed in vivo (25) is sur-
prising. Yet, we have also shown that the conductance prop-
erties of channels appear to be highly sensitive to the size of
clusters. Thus, changes in the state of association could provide
a basis for a subtle regulation of outer membrane permeability
which could account for the differences observed in vivo and
in vitro. Potential modulators of channel function have not yet
been identified, but the apparent interaction (2) with the sub-
stratum of outer membranes, peptidoglyean, could affect chan-
nel clustering. Our present observation that the binding of dex-
tran, another crosslinked polysaccharide, significantly increases
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the potential at which negative resistance occurs, might reflect
such an effect. Potential modulation by smaller effectors either
at the outside or at the inside (the periplasmic space) of outer
membranes should be investigated also, particularly because
the method is now easily available.
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