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ABSTRACT The process of insertion of intrinsic proteins into phospholipid membranes conjures up the thought of enormous
energy barriers but is a routine occurrence in cells. Proteinaceous complexes responsible for protein targeting/translocation/
insertion into membranes have been studied intensively. However, the mitochondrial voltage-dependent anion channel
(VDAC), can insert into phospholipid membranes by an auto-catalytic process called “auto-directed insertion.” This process
results in an oriented insertion of VDAC channels and an increase in insertion rate per unit area of 10 orders of magnitude.
Here we report that VDAC catalyzes the insertion of PorA/C1 and KcsA by increasing their calculated insertion rate per unit
area by 9 orders of magnitude with no detectable effect on the insertion of �-hemolysin. This was measured as a reduction
in the delay before the first insertion of these proteins. Gramicidin and PorA/C1 accelerate the calculated insertion rate per
unit area of VDAC by 8 and 9 orders of magnitude, respectively. Only PorA/C1 increases the overall rate of VDAC insertion
(50-fold) over the self-catalyzed rate. Our results indicate that catalyzed insertion of proteins into phospholipid membranes
does not arise simply from disturbance of the phospholipid membrane because it shows strong specificity.

INTRODUCTION

Channel-forming proteins play a very important role in
cells, including metabolite exchange, apoptosis induction,
initiation and propagation of electrical signals, etc. How
these proteins insert into specific membrane systems has
long been of interest. Some channel-forming proteins, such
as toxins (Merrill and Cramer, 1990; Zhan et al., 1994), can
insert into membranes spontaneously presumably because
they encounter small energy barriers, about equal to thermal
energy. These ectocytic membrane proteins have evolved
their own insertion mechanism. The insertion of endocytic
channel-forming proteins is generally thought to be cata-
lyzed by cellular insertion complexes. For these and mem-
brane proteins in general, the insertion mechanisms have
been studied in great detail (Dalbey and Kuhn, 2000; Mi-
hara, 2000; Van Geest and Lolkema, 2000).

With few exceptions (e.g., chloride intracellular channel
family (Tulk et al., 2000) and anchored proteins), most
membrane proteins in the internal membrane system are
synthesized in the cytosol and then targeted to their destine
membranes by leader sequences or specific recognition
sites. Receptors in the internal membrane system can rec-
ognize these special regions, leading to the insertion of the
proteins into the appropriate membranes.

In the case of mitochondria, most proteins are imported
from the cytosol and travel to one of several possible
locations: two aqueous compartments and at least two,
probably three, membrane compartments. Translocase of
outer membrane (TOM) proteins recognize the majority of
precursor proteins destined for internalization into mito-

chondria (Hauke and Schatz, 1997; Neupert, 1997; Pfanner
and Meijer, 1997). These proteins are translocated across
the mitochondrial membranes through the general insertion
pore (GIP), consisting of Tom-40 and ancillary Tom pro-
teins (Hill et al., 1998; Kunkele et al., 1998). However, it
has been reported that Tom-20 can directly target newly
synthesized voltage-dependent anion-channel (VDAC) pro-
teins into the mitochondrial outer membrane without the
main component of GIP, Tom-40 (Schleiff et al., 1999),
indicating that the insertion of VDAC channels can bypass
the GIP pathway. Other experiments show that VDAC
could insert into yeast mitochondria lacking functional re-
ceptors (Gasser and Schatz, 1983). Thus an alternate path-
way for VDAC insertion into the mitochondrial outer mem-
brane seems to exist.

Experiments on the mechanism of VDAC insertion into
mitochondria have identified regions of the protein contain-
ing putative sorting signals because deletions or point mu-
tations in these sites interfere with insertion (Smith et al.,
1995; Court et al., 1996; Angeles et al., 1999). Interestingly,
in vitro insertion of the VDAC1 isoform into VDAC1-
containing yeast mitochondria occurred to a much higher
degree than insertion into mitochondria lacking VDAC1
(Angeles et al., 1999), indicating a higher insertion rate.
Because VDAC is not part of the protein insertion/tar-
geting machinery, these observations may indicate that
VDAC in the outer membrane facilitates the insertion of
VDAC in vivo.

Under defined conditions using purified components,
VDAC channels have been found to have their own mech-
anism of insertion into phospholipid membranes by a pro-
cess called auto-directed insertion: VDAC molecules al-
ready in the membrane direct the orientation of uninserted
VDAC proteins and accelerate the insertion rate by 10
orders of magnitude (Zizi et al., 1995; Xu and Colombini,
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1996, 1997) over the rate of insertion into an unmodified
membrane.

This auto-directed insertion was first proposed by Zizi et
al. (1995) to explain the asymmetrical voltage-dependent
behavior of a population of VDAC channels with specific
point mutations. The substitution of glutamate for lysine at
positions 145 and 152 of yeast VDAC1 increased the volt-
age dependence of only one of the two gating processes of
the channels. This asymmetrical voltage dependence was
the same whether the membrane contained only one channel
or hundreds. More importantly, the asymmetry in the volt-
age dependence varied from one membrane to another,
indicating that all the channels in the membrane were in the
same orientation, but that this orientation varied from ex-
periment to experiment. Because this variation in the overall
orientation could not be accounted for by any experimental
asymmetry, the results were explained by proposing that the
first channel insertion occurred with a random orientation.
Subsequent insertions were directed and catalyzed by the
channel already in the membrane. This process is the auto-
directed insertion of VDAC channels into phospholipid
membranes.

Insertion of VDAC channels into phospholipid mem-
branes probably requires proper orientation of the VDAC
protein, a collision with the appropriate site on the mem-
brane, and a collision of sufficient energy to overcome the
energy barrier to insertion. The VDAC channels already in
the membrane may act as catalysts by interacting with and
directing the orientation of the inserting VDAC proteins and
reducing the energy barrier to insertion. Direct measure-
ments of the rates of channel insertion (Xu and Colombini,
1996, 1997) support the concept of auto-directed insertion.
Indeed the channels in the membrane can be induced to
become better insertion catalysts by treatments with urea
and guanadinium chloride.

If VDAC channels in membranes act as insertion cata-
lysts, do they catalyze the insertion of other proteins? Do
other proteins act as insertion catalysts? In this paper, we
have explored these questions by testing the ability of
VDAC to catalyze the insertion of a variety of channel-
formers: KcsA, PorA/C1 from Neisseria meningitidis, �-he-
molysin, and gramicidin and the ability of these proteins to
catalyze the insertion of VDAC.

MATERIALS AND METHODS

Brief description of the channel-formers used in
this work

VDAC: A channel responsible for the metabolite permeability of the
mitochondrial outer membrane of all eucaryotes. A single 30-kDa polypep-
tide forms the channel. The walls of the pore are composed of 1 �-helix and
13 �-strands. Its conductance is 0.45 nS in 0.10 M KCl (Colombini et al.,
1996; Song and Colombini, 1996).

Gramicidin: This pentadecapeptide from Bacillus brevis forms a �-he-
lix. The channels are head-to-head dimers and selective for monovalent

cations. The conductance is 40 pS in 1.0 M KCl (Hladky and Haydon,
1970, 1972).

PorA/C1: A highly cation-selective channel formerly believed to form
a 16-stranded �-barrel. It forms trimeric channels. The PorA/C1 protein
(41 kDa) is produced by N. meningitidis. The conductance of homotrimeric
channels is 0.97 nS in 0.20 M NaCl (Song et al., 1999).

�-hemolysin: A water-soluble protein secreted by Staphylococcus au-
reus. The monomer of �-hemolysin has a mass of 33 kDa. The channel
former is a heptamer with a 14-stranded �-barrel transmembrane portion
and a highly asymmetrical mushroom-shaped surface domain on one side.
The single-channel conductance is about 90 pS in 0.10 M KCl at pH 7.0
(Song et al., 1996).

KscA: This potassium channel from Streptomyces lividans is composed
of four identical subunits. Channel-forming activity can only be observed
in acidic solutions. The conductance is 135 pS in symmetrical 0.20 M KCl
(Cuello et al., 1998).

Sources of channel formers

VDAC proteins were purified from Neurospora crassa mitochondria as
previously described (Mannella, 1982; Freitag et al., 1983) and dissolved
in 2.5% Triton X100. PorA/C1 porin was a gift from M. S. Blake (Baxter
Healthcare Corp., Columbia, MD) as a Zwittergen solution. It was supple-
mented to 1% Triton X100 to achieve insertion into planar membranes.
�-hemolysin and gramicidin were purchased from Sigma Chemical Co.
Gramicidin was dissolved in 3:2 dimethyl sulfoxide:dimethylformamide
(v/v) and �-hemolysin dissolved in 1.0 M KCl, 1 mM MgCl2 and 5 mM
HEPES, pH 7.0. KcsA was a gift from Eduardo Perozo (Univ. of Virginia
Health Science Center, Charlottesville, VA) dissolved in phosphate buff-
ered saline pH 6.0, 500 mM imidazole and 1 mM dodecyl maltoside.

As indicated, some channel formers are dissolved in detergents and thus
detergent is added to the aqueous solution along with the channel former.
The amount added to the chamber was 7 �L into a total of 4.5 to 5 mL.
Assuming all the detergent remained in solution, the concentration of
detergent present before perfusion would be 0.0035% Triton for VDAC
addition, 0.0015% Triton for PorA/C1 addition, and 1.4 �M dodecyl
maltoside for KcsA addition. After perfusion, residual detergent had no
effect on insertion (see Xu and Colombini, 1997).

Experimental system

All experiments were performed on proteins reconstituted into planar
phospholipid membranes made by the method of Montal and Mueller
(1972) as revised by Schein et al. (1976) and Colombini (1987). A
phospholipid membrane was formed across a 0.1-mm-diameter hole in a
Saran partition using monolayers composed of 5:1 diphytanoyl phosphati-
dylcholine:cholesterol (w/w). The membrane separated two 5-mL aqueous
compartments named cis and trans. The voltage was applied to the cis side
and the trans side was maintained at virtual ground by an amplifier in the
inverted mode (52K; Analog Devices, Norwood, MA). The KscA channels
were recorded with the Axotape recording system (version 2; Axon Instru-
ments, Foster City, CA). The current was filtered at a frequency of 190 Hz
using a Butterworth filter. Calomel electrodes with built-in saturated KCl
bridges were used to interface with the aqueous solutions. In the records
illustrated, the trans-membrane voltage was �10 mV unless otherwise
indicated.

Statistical tests

The Student’s t-test was used for assessing statistical significance. The
two-tailed test was used and the decision was made at the 95% confidence
level. All values are expressed as mean � SEM (number of experiments).
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Experimental strategy

The goal was to assess the ability of a channel former in the membrane (the
first protein) to catalyze the insertion of a different channel former (the
second protein). Thus, it was necessary to first add and observe the
insertion of the first protein and then add the second channel former and
assess the ability of the latter to insert into the membrane. Because very
few of the added protein molecules actually insert into the membrane, it
was necessary to remove most of the excess amount of the first protein
before the addition of the second. In addition, it was important to be able
to distinguish between the insertions arising from each protein. Finally, it
was necessary to minimize spurious factors that might influence protein
insertion.

The basic approach involved adding a sample of the first protein to the
cis side of a phospholipid membrane at a dose that results in the insertion
of one or a few channels. After insertions of this protein were observed, the
cis side was perfused with a denser solution to wash out the remaining
protein molecules in the solution to stop further insertions and exclude any
interactions between the two test proteins in the same aqueous solution (in
the occasions when both were added to the same side). In addition, this
perfusion removed other solutes, including trace amounts of detergent left
in solution.

Perfusions were always performed in the cis side. The perfusing solu-
tion was delivered by gravity-driven flow to the bottom of the chamber by
means of a narrow-bore tube. A P-10 pipette tip connected to a vacuum
system was used to aspirate the surface of the solution to maintain a
relatively constant chamber volume. The original solution floated over the
denser perfusing solution, allowing complete replacement without the need
to stir the solution. At this point, the second sample of protein was added
to the trans side, except for the experiments with pre-inserted �-hemolysin,
in which VDAC samples were added to either the cis or trans side. By
adding the second channel former to the opposite side, we ensured that any
interaction must occur via protein (at least one of the two proteins) that
spans the membrane as opposed to protein adsorbed to the surface. The
amount of the second protein added was initially adjusted to achieve
convenient rates of insertion and then kept constant for all subsequent
experiments. The final protein concentrations were: VDAC, 0.6 �g/mL;
PorA/C1, 0.1 �g/mL; KcsA, 0.2 �g/mL; �-hemolysin, 0.02 �g/mL; and
gramicidin, 0.04 ng/mL.

Control experiments were done without the pre-inserted proteins under
the same conditions as those used when the pre-inserted channels were
present. The amount of added samples and the stirring time while samples
were added were kept constant in controls and experimentals.

It was critical to be certain that conductance increments attributed to the
second protein inserting into the membrane were indeed just that. Despite
thorough perfusion, at times, conductance increases due to the first protein
still occurred after perfusion. However, such insertions ended in a short
time, and the conductance became stable. We believe that proteins ab-
sorbed to the membrane surface were most likely the cause of the addi-
tional insertions. After the conductance had stabilized, an additional wait-
ing period (typically 5 min) was allowed to further minimize the chances
of observing insertions of the first protein after addition of the second. The
different properties of the first and second channels, including single-
channel conductance, gating properties, and selectivity, were used to con-
firm that the new insertions were due to the addition of the second protein.

Two parameters were measured for the insertion of the second protein:
the delay before the first insertion event, which allowed us to “calculate”
the catalyzed insertion rate, and the subsequent “overall” insertion rate.
The delay was measured from the end of sample addition to the first
insertion event. The overall insertion rate was measured by dividing the
total conductance over a certain time by the conductance of a single
channel. If the overall insertion rate increased with time, only the initial
rate was used.

Experimental conditions

The experimental conditions for testing the catalytic ability of PorA/C1,
gramicidin, and �-hemolysin (the trans addition experiment only) on
insertion of VDAC were the same. 1.0 M KCl, 1 mM CaCl2, and 5 mM
HEPES, pH 7.0 (referred to as “1 M KCl solution”) was initially applied to
both sides of the chamber. After a few insertions of the first-added channel
former, the cis side was perfused with the same buffer supplemented with
1.0 M sucrose (sucrose/KCl solution).

In experiments investigating whether �-hemolysin facilitates insertion
of VDAC added to the same side (the cis addition experiment), the initial
solution in the cis side was 0.10 M KCl, 1 mM CaCl2, and 5 mM HEPES
(pH 7.0) and that in the trans was the 1.0 M KCl solution. The 1.0 M KCl
solution was used as the perfusing solution, thus finally achieving a
symmetrical situation (same solutions on both sides) and washing out any
leftover �-hemolysin in the solution.

When the catalytic ability of VDAC on insertion of PorA/C1 and
�-hemolysin was investigated, both sides initially contained the 1.0 M KCl
solution. Because Xu and Colombini (1996) had reported that 5 M urea
increases the catalytic ability of VDAC, the cis side was perfused with the
1.0 M KCl solution supplemented with 5.0 M urea after a few VDAC
channels inserted into the membrane. The urea also served to increase the
density of the displacing solution and denature any uninserted VDAC
channels (see Xu and Colombini, 1996).

The experiments testing effects of KcsA on VDAC insertion were
performed at low pH because KcsA is activated at low pH (Cuello et al.,
1998). The initial solution in the cis side was 1.0 M KCl, 1 mM MgCl2, and
1 mM succinate acid (Na�), pH 4.0. The solution in the trans side was
unbuffered 1.0 M sucrose, 1.0 M NaCl and 1 mM MgCl2. We added
sucrose in the trans side because we found that the activity of KscA
channels was best observed under such conditions. The different salts
allowed us to positively identify the KscA channels by their selectivity of
K� over Na�. In addition, KcsA formed channels that gated between open
and closed states at a fairly rapid rate and thus were distinctly different
from VDAC channels. Under the conditions used, the conductance was 0.2
nS and the reversal potential was �35 mV (see Fig. 3 A). After the
formation of KcsA channels, the cis side was perfused with the sucrose/
KCl solution. KcsA activity was not observable after perfusion, but its
presence in the membrane should not to be affected by the perfusion.
VDAC samples were added to the trans side.

The same experimental conditions were used to test whether VDAC or
gramicidin facilitates KcsA insertion. The cis side contained 1.0 M unbuf-
fered NaCl whereas the trans side was maintained constant with 1.0 M
KCl, 1 mM MgCl2, and 1 mM succinate acid (Na�), pH 4.0. After VDAC
or gramicidin had inserted from the cis side, the aqueous phase in the cis
side was perfused with unbuffered 1.0 M sucrose, 1.0 M NaCl, and 1
mM MgCl2. KcsA, added to the trans side, formed 0.2-nS flickering
channels on top of the conductance of gramicidin or VDAC channel(s)
(see Fig. 3 B).

RESULTS

The catalyzed insertion process was assessed by first insert-
ing one channel-forming protein into a planar phospholipid
membrane and then determining whether that protein could
either reduce the time to first insertion of a second protein
or increase the overall rate of insertion of the second
protein. Generally, the proteins were added to opposite
sides of the membrane to force any interaction detected to
be transmembrane.

Figure 1 A shows the insertion of VDAC channels alone.
From the delay between VDAC addition and the insertion of
the first VDAC channel, one can calculate the rate at which
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channels enter the membrane in the absence of any catalyst.
The insertion rate calculated from this delay is called the
“calculated insertion rate.” The overall rate of insertion of
the channels after the first insertion represents a catalyzed
insertion rate (as previously described Xu and Colombini,
1996). Sometimes this rate increases as illustrated in Fig.
1 A, and this is interpreted as being due to the presence of
new foci of catalyzed insertion (see Discussion). To limit
the complexity of the experimental investigation, we limited
our studies to the initial portion of the overall insertion rate.

In Fig. 1, B and C, before VDAC addition, other channel
formers, PorA/C1, and �-hemolysin, were inserted into the
membrane. These were added to one side of the membrane
(cis side) and, after a few channels had inserted, the cis
compartment was perfused to eliminate excess protein still
in solution (see Experimental Conditions for details). The
decline in current was due to the presence of sucrose in the
perfusing solution. Addition of VDAC to the opposite
(trans) side resulted in VDAC insertion but at very different
rates in the two cases. The presence of PorA/C1 greatly
reduced the delay before first insertion of VDAC and
greatly increased the overall rate of VDAC channel inser-
tion. No difference in these parameters was detected with
�-hemolysin.

The sample of PorA/C1 added contained 1% (v/v) of the
detergent, Triton X-100. However, following perfusion of
the cis compartment, the detergent was washed out save
perhaps for trace amounts left on surfaces. Xu and Colom-
bini (1997) showed that the presence of Triton on the cis
side did not affect the delay before first insertion of VDAC
but did increase the subsequent overall insertion rate. How-
ever, after perfusion, there was no effect on the overall
insertion rate. In these experiments, perfusion of the cis
compartment removed the detergent, and, thus, the deter-
gent alone could not have been responsible for the observed
acceleration of insertion.

Among the proteins tested in this way, only PorA/C1 and
gramicidin reduced the delay before the first insertion of
VDAC by a statistically significant extent (Table 1). How-
ever the results with gramicidin were more complex. In
Table 1, all the results observed were pooled together, but,
in fact, the observations fell into two groups; examples of
each are illustrated in Fig. 2. One set of results had very
short delays, 13 � 4 (4) s (Fig. 2 A). The other set had long
delays, 227 � 6 (4) s (Fig. 2 B), and these were not signif-
icantly different from the control, 356 � 90 (6) s. No
experimental difference was found that accounted for the
two groups. For example, the delay was independent of the
number of pre-inserted gramicidin channels.

FIGURE 1 PorA/C1 accelerates the insertion of VDAC but �-hemolysin
does not. (A) VDAC insertion into an unmodified membrane. The VDAC
sample was added to the trans side. Individual insertion steps could be
clearly distinguished. The delay before the first insertion (double arrow-
head) and the initial overall insertion rate were measured. The early
insertions defined the overall insertion rate. The rate increased at later
times perhaps as a result of the formation of new insertion foci. (B)
PorA/C1 accelerates VDAC insertion. PorA/C1 was added to the cis side
as indicated. The cis side was perfused with sucrose/KCl solution and this
resulted in a conductance drop due to the introduction of 1.0 M sucrose. An
aliquot of VDAC was then added to the trans side as indicated. During this
portion of the experiment, the chart speed was doubled for a while and then
returned to the previous rate (changes in time scale are indicated). The
scale of the recording was reduced by four-fold (4�) and then ten-fold
(10�) at the times indicated. The delay before the first insertion of VDAC
is indicated by the double arrowhead line. The initial process of VDAC

insertion has been proportionally expanded in the inset to show the delay
time. (C) �-Hemolysin does not accelerate insertion of VDAC channels.
The experimental conditions were the same as described in (B). After
perfusion, the scale was reduced by five-fold (5�) as indicated. The double
arrowhead line represents the delay before the first insertion of VDAC.
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The delay reflects VDAC’s insertion rate as catalyzed by
either PorA/C1 or gramicidin. The subsequent overall rate
of VDAC insertion (Table 2) would be the result of the
combined catalytic effects of VDAC itself and the other
channel formers. PorA/C1 was capable of increasing the
subsequent overall insertion rate of VDAC (compare Fig. 1,

A and B) indicating that PorA/C1 is a more effective inser-
tion catalyst that VDAC. PorA/C1 was the only protein that
was able to do this.

Because �-hemolysin is highly asymmetric, VDAC was
added to either the cis (same side as �-hemolysin addition)
or the trans side of �-hemolysin-containing membranes.

FIGURE 2 Gramicidin shortens the delay before the first insertion of VDAC. Experimental conditions were the same as described in Fig. 1 B. Gramicidin
still inserted (the smooth increase) after perfusion probably because of its low water solubility. The gramicidin channels had a long open-channel lifetime
because the solvent-free membranes used are thinner that the planar membranes used in most published work. The two traces illustrate the short (A) and
long (B) delay times observed from VDAC addition to VDAC insertion. The chart speed was doubled as indicated (50-s time bar). The conductance scale
was reduced by 10- (10�), 50- (50�), and 200-fold (200�) as labeled.

TABLE 1 Influence of the presence of a channel former (insertion catalyst) in the membrane on the delay before the first
insertion of a newly added channel former (inserting channel)

Inserting Channel s

Delay in Seconds (fold reduction from control)
Insertion Catalyst

VDAC PorA/C1 KcsA �-Hemolysin Gramicidin

VDAC trans 14 � 6† (3) 40 � 8* (9) 180 � 40 (3) 600 � 200 (3) 120 � 40* (8)
(18-fold) (9-fold) (1.4-fold) (0.6-fold) (3-fold)

VDAC cis 170 � 80 (3)
(2-fold)

PorA/C1 15 � 9* (5)
(9.5-fold)

KcsA 100 � 12* (3) 440 � 180 (3)
(4.5-fold) (1-fold)

�-hemolysin 180 � 90 (3)
(1.5-fold)

*Statistically significant shortening of delay.
†Xu and Colombini, 1997.
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The insertion of VDAC was not significantly influenced by
the presence of �-hemolysin (Fig. 1 C) in the membrane in
either orientation (see the Tables).

A second set of experiments was performed to assess the
ability of VDAC to catalyze the insertion of PorA/C1,
KcsA, and �-hemolysin. VDAC in the membrane shortened
the delay before the first insertion of both KcsA and
PorA/C1 channels. The influence on PorA/C1 was much
stronger (Table 1) and probably brings the delay down to
the diffusion limit (Xu and Colombini, 1997). VDAC did
not significantly increase the overall rate of insertion of
PorA/C1 but the catalyzed insertion of PorA/C1 by
VDAC that is evident in the reduction of the delay may
easily have been masked by the catalysis of the newly
inserted PorA/C1.

KcsA channels inserted spontaneously when an aliquot of
KcsA dissolved in dodecyl maltoside was added to the
aqueous phase (Fig. 3 A). The flickering channels formed by
KcsA can be confused with small transients that sometimes
appear during the recording. However, at higher time reso-
lution, it was easy to distinguish between transients and
KcsA channels. In addition, the use of K� and Na� salts on
opposite sides of the membrane allowed an assessment of
the selectivity of the conducting events, ensuring that the
events were indeed due to KcsA (Fig. 3 A). Thus, in Fig.
3 B, KcsA was added to the trans side of the chamber in the
presence of a single VDAC channel. The first KcsA channel
insertion is indicated by a transient upward deflection that is
clearly resolved as a single-channel opening event in the
high time-resolution record shown just below (Fig. 3 B). So,
VDAC did reduce the delay before the first insertion of
KcsA, but did not increase the subsequent overall rate of
insertion of KcsA channels. This rate was measured as an
increase in the open-state probability with time.

DISCUSSION

When membrane proteins insert into membranes, they en-
counter large energy barriers in transferring from the aque-

ous to the lipid phase. Let us consider two experimental
systems. The first consists of membrane proteins released
into the cytosol as water-soluble precursors before insertion
into the membranes of certain cellular organelles. To remain
soluble, the hydrophobic portions of the proteins are likely
to be either internalized into the protein core or interacting
with chaperones. The second system is that of detergent-
solubilized membrane proteins inserting into phospholipid

FIGURE 3 VDAC shortens the delay before the first insertion event of
KcsA. (A) A high time-resolution record of KcsA channels. The cis
solution contained 1.0 M KCl, 1 mM MgCl2 and 1 mM succinate acid
(Na�), pH 4.0 and the trans, unbuffered 1.0 M sucrose, 1.0 M NaCl, and
1 mM MgCl2. The applied voltage was 30 mV. The reversal potential (Vr)
was �35 mV. (B) A single VDAC channel was inserted from the cis
compartment followed by perfusion of that compartment (see methods).
KcsA was added to the trans compartment. The flickering activity of KcsA
was observed on top of the VDAC conductance. The first KcsA insertion
was distinguished by examining the event at high time resolution as
pointed by the long arrow. The double arrowhead line represents the delay
before the first insertion of KcsA. The different heights of the flickering
KcsA channel(s) was caused by the low time response of the chart recorder.

TABLE 2 Overall rate of insertion of newly added channel former (inserting channel) with specified channel former (insertion
catalyst) already in the membrane

Inserting Channel s

Rate of Insertion in Channels (min�1) (fold increase from control)
Insertion Catalyst

VDAC PorA/C1 KcsA �-Hemolysin Gramicidin

VDAC trans 100 � 20* (3) 400 � 200† (8) 3.2 � 1.7 (3) 1.4 � 0.6 (3) 3.5 � 0.6 (8)
(50-fold) (1.8-fold) (0.2-fold) (0.4-fold)

VDAC cis 1.1 � 0.4 (3)
(0.9-fold)

PorA/C1 29 � 10 (5)
(2.4-fold)

�-hemolysin 12 � 5 (3)
(2.7-fold)

*From Xu and Colombini (1997), taking the highest rate with 5 M urea on the opposite side.
†Statistically significant increase in rate.
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membranes. These are stabilized in water by having their
hydrophobic regions coated with detergent molecules. Di-
lution of these into a detergent-free environment to observe
insertion into phospholipid membranes must result in loss of
some of this detergent coat leaving the protein in a meta-
stable state. In both cases, hydrophobic regions must be
exposed to the environment within the membrane and some
extensive polar regions must cross to the opposite side of
the membrane. The proteins must go through states with
rather unfavorable interactions. Clearly this process in-
volves high-energy transitions that could be catalyzed by
interactions with appropriate structures. The protein inser-
tion machinery in the endoplasmic reticulum, mitochondria,
and other organelles may perform some of this catalysis. In
addition, the structure of the inserting protein may have
evolved a reaction path that minimizes the formation of
high-energy insertion intermediates. However, the fidelity
of targeting may be increased and insertion rates may be
augmented if proteins already in the membrane catalyze the
insertion of appropriate proteins into that membrane. After
all, membranes are not generated de novo; rather, existing
membranes are expanded followed by some fission event.

VDAC channels in membranes have been shown to cat-
alyze the insertion of other VDAC channels into a phos-
pholipid membrane by a process termed auto-directed in-
sertion (Zizi et al., 1995; Xu and Colombini, 1996, 1997). A
VDAC channel in the membrane increases the insertion rate
of other VDAC channels by 10 orders of magnitude over the
rate of insertion into a region of equivalent area of an
unmodified phospholipid membrane. Also the inserting
channels are induced to insert in only one direction, the
same orientation as that of the catalyzing VDAC channel
already in the membrane. In this work, we have shown that
VDAC can also catalyze the insertion of other proteins.
VDAC shortened the time it took for the first KscA or
PorA/C1 channel to appear in the membrane but had no
effect on the delay before the first insertion of �-hemolysin.

Rather than being a specific, evolutionarily selected pro-
cess, one might hypothesize that the observations reported
here are purely the result of physical interactions. The mere
presence of VDAC in the membrane may disturb the phos-
pholipid structure, resulting in the reduction of the energy
barrier to insertion of protein at that site. If so, why was the
effect limited to KcsA and PorA/C1 and why was there no
effect on the insertion of �-hemolysin? Similarly, of the
various channel formers tested, only the presence of
PorA/C1 or gramicidin in the membrane had any effect of
the insertion of VDAC. Thus, if the disturbance hypothesis
is correct, it must be a disturbance that shows quite a high
degree of specificity. The distinction between a specific
disturbance and the formation of a site for catalyzed inser-
tion is really just semantics.

It must be emphasized that the catalyzed insertion process
would have to accelerate the insertion by many orders of
magnitude to be detected by the methods described. Thus,

negative results should just be interpreted as no detectable
effect.

Focusing on the ability of gramicidin to catalyze VDAC
insertion, we only observed acceleration of insertion in
some of the experiments. In half of the experiments, gram-
icidin dramatically reduced the delay to first insertion of
VDAC (Fig. 2). In the other half, no significant effect was
observed. When all the results were pooled (Table 1), the
shortening of the average delay was statistically significant,
and one could just focus on this average. However, the
sharp difference between the two sets of results begs for
some explanation. Available evidence strongly indicates
that gramicidin channels are head-to-head helical dimers
estimated to be 3 nm in length (Finkelstein and Andersen,
1981). So the channel itself is a symmetrical structure. The
channel is not expected to extend above the plane of the
membrane but rather is believed to cause the lipid surface to
dimple somewhat. It is generally believed, although there is
no direct evidence, that this dimpling is the same on both
membrane surfaces, resulting in a symmetrical structure.
However, there is no compelling reason excluding the pos-
sibility that the channel may reach the surface on one side of
the membrane and form a more prominent dimpling on the
other side. Perhaps this asymmetrical structure is of lower
energy. If so, then inserted gramicidin channels may form a
small patch in the membrane with different properties on the
two surfaces, one capable of catalyzing VDAC insertion and
the other not. The location of the catalytic surface may
simply depend on random chance, thus explaining our re-
sults. In half of the experiments, VDAC was added to the
compartment facing the catalytic surface of the gramicidin
patch. Clearly this is just speculation, and other explana-
tions are possible. However, the possibility that gramicidin
monomers adsorbed to the membrane surface are responsi-
ble for the accelerated insertion of VDAC, seems unlikely.
Recall that VDAC was added to the opposite side of the
membrane relative to gramicidin addition, and thus, one
would not expect to find gramicidin monomers adsorbed to
the membrane surface on that side. Another hypothesis, that
a critical number of gramicidin monomers might be re-
quired to catalyze the insertion, seems unlikely because the
length of the delay did not correlate with the number of
gramicidin channels present in the membrane.

Unlike gramicidin, �-hemolysin in the membrane did not
reduce the delay to the first insertion of VDAC (Table 1).
This is somewhat surprising because �-hemolysin is much
larger than gramicidin and has a much more extensive
protein–lipid interface. If the nature of the interface were the
same, one might expect that �-hemolysin might perturb the
phospholipid membrane to a greater extent. When �-hemo-
lysin channels are in membranes, the length of the mem-
brane-spanning stem structure is 6.5 nm (Song et al., 1996).
This is longer than the thickness of the membrane (5 nm)
and �-hemolysin channels should extend into the aqueous
phase on both sides. On the cis side, the crystal structure
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shows that �-hemolysin forms a large mushroom-shaped
aqueous domain and this may well obscure the lipid-protein
interface on that side. However, on the trans side, the
aqueous portion is a simple cylinder. Despite the larger area
of protein–lipid interface in �-hemolysin as compared to
gramicidin, the nature of any lipid disturbance may be
critical. With this caveat in mind, the fact that �-hemolysin
and KcsA do not reduce the delay before the first insertion
of VDAC channels (Table 1) suggests that simple distur-
bance of the phospholipids is insufficient and that some
specificity is necessary to facilitate the insertion process.

A quantitative estimate of the acceleration induced by the
catalytic process can be calculated from the delay before the
first insertion (Table 3). After the first insertion, the subse-
quent overall insertion rate may be influenced by autocatal-
ysis. For example, if the delay of VDAC insertion into an
unmodified membrane were 350 s, the calculated insertion
rate would be 0.2 channels min�1. Normalizing for the
membrane area of 1 � 10�2 mm2, the calculated insertion
rate per unit area would be 20 channels min�1 mm�2. If
catalysis reduced the delay to 40 s, the calculated insertion
rate would be 2 channels min�1. But the catalytic area must
be limited by the size of the catalyst (no action at a dis-
tance). Taking a high-end estimate of the area of the pre-
inserted channel(s) to be 100 nm2, the catalyzed insertion
rate would be 2 � 1010 channels min�1 mm�2. So the
insertion rate calculated from the delay time would have
been accelerated by 9 orders of magnitude (Table 3).
Clearly, the methods used only allow the detection of large
increases in the rate of insertion, and smaller, undetected
increases may have occurred with some combinations of
proteins.

One might propose that the inserting protein may asso-
ciate superficially with the membrane diffusing in two-
dimensions for some time (“encounter time”: Schwarz,
1987; Wiegel, 1983) before insertion. This would allow the
protein to explore a large area of membrane, increasing its
likelihood of interacting with the catalyst. During this en-
counter time, the catalyst is also diffusing laterally, and this
too would increase the chances of the two molecules com-

ing into contact. However, the same would be true for any
single molecule in the membrane, so these considerations
would not affect the calculated acceleration of the insertion
rate because it is relative to any other site of equivalent area
in the membrane.

There is a clear distinction between reducing the delay to
first insertion and accelerating the subsequent overall inser-
tion rate. The former was more frequently achieved and the
latter was only observed in one case and accompanied by
the former. If one protein were capable of catalyzing inser-
tion as indicated by a reduction in the delay to first insertion
and the calculated insertion rate per unit area, why would it
not also accelerate the subsequent overall insertion rate?
There are at least two possibilities. Perhaps after the cata-
lyzed insertion of the first channel (or the first few) the
catalytic site is occupied and unable to function. If so, then
the catalytic ability of the first-added protein would be
eliminated. Alternatively, the newly-inserted channels
might themselves act as catalysts, and their catalytic activity
may equal or exceed that of the original channel. The
observations with PorA/C1 strongly indicate that it too can
catalyze insertion of proteins into membranes. The mutual
interaction between PorA/C1 and VDAC is clear. Perhaps
the failure of VDAC to accelerate the overall rate of inser-
tion of PorA/C1 indicates that PorA/C1 is a more efficient
insertion catalyst for PorA/C1. The fact that PorA/C1 ac-
celerates the overall insertion rate of VDAC shows that
PorA/C1 is more effective at catalyzing the insertion of
VDAC than is VDAC itself. The ability of other proteins to
catalyze the insertion of fellow proteins into phospholipid
membranes has been reported (Massari et al., 2000; Song et
al., 1999).

If all the proteins being inserted act as catalysts, one
might expect an exponential increase in the overall insertion
rate. However, what one observes is a fairly constant overall
insertion rate sometimes followed by a new higher overall
rate that is also rather constant (e.g., Fig. 1 A). This has been
interpreted (Xu and Colombini, 1997) as the result of for-
mation of insertion foci. The inserted proteins must insert
next to the catalyzing protein and may not diffuse away.
One proposal was that the newly inserted protein might
continue to block the catalytic site of the protein that facil-
itated its insertion, but then expose its own site (Xu and
Colombini, 1996). Perhaps the result might be the genera-
tion of a crystal-like structure with exposed catalytic sites at
the periphery. Obstruction of catalytic sites would not be
necessary if the insertion process became diffusion limited.
In this case, a linear dependence would be expected. Cal-
culations based on maximal rates of diffusion from the bulk
to a small area representing the patch of proteins on the
membrane indicated that the observed rates of insertions of
VDAC into PorA/C1-containing membranes could reach a
level expected for diffusion limitation. The generation of a
new insertion site at a distant location would double the

TABLE 3 Insertion rate calculated from delay times

Inserting
Channel s

Insertion Rate in Channels (min�1 mm�2)
(fold increase from control)

Insertion Catalyst

Control VDAC PorA/C1 Gramicidin

VDAC 20 4 � 1010* 2 � 1010 6 � 109

(2 � 109-fold) (109-fold) (3 � 108-fold)
PorA/C1 40 4 � 1010

(109-fold)
KcsA 10 6 � 109

(6 � 108-fold)

*From Xu and Colombini (1997), taking the highest rate with 5 M urea on
the opposite side.

Specificity of Catalyzed Insertion 2557

Biophysical Journal 83(5) 2550–2559



overall insertion rate, resulting in a new higher rate of
insertion, as is sometimes observed.

The observations of VDAC accelerating the insertion of
KcsA hint at the possibility that the inserting KcsA blocked
the catalytic site on VDAC. The delay was reduced four-
fold but the overall rate of insertion was unaffected. This
result was obtained despite the fact that the overall rate of
insertion of KcsA was exceedingly slow. Thus one cannot
attribute the result to a fast background rate of insertion as
was observed with PorA/C1. Often, a single VDAC channel
caused the insertion of a single KcsA channel.

The physiological relevance of this catalyzed insertion
process is debatable. There are clearly established para-
digms for how proteins are targeted to biological mem-
branes, and, therefore, there is a natural skepticism of
alternative ideas. The recognition and specificity demon-
strated are not easily attributed to VDAC merely disturbing
the membrane and creating an interfacial polarity that both
catalyzes insertion and biases the insertion direction. The
results are consistent with auto-directed insertion being a
process that involves specific recognition and alteration of
the conformational energy field favoring structures that
more easily insert into membranes resulting in specifically
folded structures. This process may be an adjunct to the
recognized mechanisms and may improve the fidelity of
protein targeting. It may be a process that predates the
appearance of the recognition/insertion machinery that ex-
ists today and has survived because it provides some ad-
vantage in facilitating the insertion process.

In summary, the auto-directed insertion mechanism is not
very promiscuous, but shows a high degree of specificity.
The specificity may lie in a common mechanism of inser-
tion because the proteins that catalyze each other’s insertion
most readily also have a very similar overall structure. This
specificity also tends to discount a mechanism based on
protein-induced membrane disturbance in favor of one that
is maintained by natural selection.

We thank Drs. Milan Blake and Eduardo Perozo for gifts of PorA/C1 and
KcsA, respectively.

We are grateful for financial support to X.X.L. from the Eugenie Clark
Summer Research Fellowship and travel awards from the College of Life
Sciences and Jacob K. Goldhaber fund of the University of Maryland. The
work was supported by the National Science Foundation (MCB-9816788).

REFERENCES

Angeles, R., J. Devine, K. Barton, M. Smith, and R. McCauley. 1999.
Mutation of K234 and K236 in the voltage-dependent anion channel 1
impairs its insertion into the mitochondrial outer membrane. J. Bioenerg.
Biomembr. 31:137–142.

Colombini, M., E. Blachly-Dyson, and M. Forte. 1996. VDAC, a channel
in the outer mitochondrial membrane. Ion Channels. 4:169–202.

Colombini, M. 1987. Characterization of channels isolated from plant
mitochondria. Methods Enzymol. 148:465–475.

Court, D. A., R. Kleene, W. Neupert, and R. Lill. 1996. Role of the N- and
C-termini of porin in import into the outer membrane of Neurospora
mitochondria. FEBS Lett. 390:73–77.

Cuello, L. G., J. G. Romero, D. M. Cortes, and E. Perozo. 1998. pH-
dependent gating in the Streptomyces lividans K� channel. Biochemis-
try. 37:3229–3236.

Dalbey, R. E., and A. Kuhn. 2000. Evolutionarily related insertion path-
ways of bacterial, mitochondrial, and thylakoid membrane proteins.
Annu. Rev. Cell. Dev. Biol. 16:51–87.

Finkelstein, A., and O. S. Andersen. 1981. The gramicidin A channel: a
review of its permeability characteristics with special reference to the
single-file aspect of transport. J. Membr. Biol. 59:155–171.

Freitag, H., R. Benz, and W. Neupert. 1983. Isolation and properties of the
porin of the outer mitochondrial membrane from Neurospora crassa.
Methods Enzymol. 97:286–294.

Gasser, S. M., and G. Schatz. 1983. Import of proteins into mitochondria.
In vitro studies on the biogenesis of the outer membrane. J. Biol. Chem.
258:3427–3430.

Haucke, V., and G. Schatz. 1997. Import of proteins into mitochondria and
chloroplasts. Trends. Cell Biol. 7:103–106.

Hill, K., K. Model, M. T. Ryan, K. Dietmeimer, F. Martin, R. Wagner, and
N. Pfanner. 1998. Tom40 forms the hydrophilic channel of the mito-
chondrial import pore for preproteins. Nature. 395:516–521.

Hladky, S. B., and D. A. Haydon. 1970. Discreteness of conductance
change in bimolecular lipid membranes in the presence of certain anti-
biotics. Nature. 5231:451–453.

Hladky, S. B., and D. A. Haydon. 1972. Ion transfer across lipid mem-
branes in the presence of gramicidin A. I. Studies of the unit conduc-
tance channel. Biochim. Biophys. Acta. 274:294–312.

Kunkele, K. P., S. Heins, M. Dembowski, F. E. Nargang, R. Benz, M.
Thieffry, J. Walz, R. Lill, S. Nussberger, and W. Neupert. 1998. The
preprotein translocation channel of the outer membrane of mitochondria.
Cell. 93:1009–1019.

Mannella, C. A. 1982. Structure of the outer mitochondrial membrane:
ordered arrays of porelike subunits in outer-membrane fractions from
Neurospora crassa mitochondria. J. Cell Biol. 94:680–687.

Massari, P., Y. Ho, and L. M. Wetzler. 2000. Neisseria meningitidis porin
PorB interacts with mitochondria and protects cells from apoptosis.
Proc. Natl. Acad. Sci. U.S.A. 97:9070–9075.

Merrill, A., and W. A. Cramer. 1990. Identification of a voltage-responsive
segment of the potential-gated colicin E1 ion channel. Biochemistry.
29:8529–8534.

Mihara, K. 2000. Targeting and insertion of nuclear-encoded preproteins
into the mitochondrial outer membrane. Bioessays. 22:364–371.

Montal, M., and P. Mueller. 1972. Formation of bimolecular membranes
from lipid monolayers and a study of their electrical properties. Proc.
Natl. Acad. Sci. U.S.A. 69:3561–3566.

Neupert, W. 1997. Protein import into mitochondria. Annu. Rev. Biochem.
66:863–917.

Pfanner, N., and M. Meijer. 1997. The Tom and Tim machine. Curr. Biol.
7:R100–R103.

Schein, S., M. Colombini, and A. Finkelstein. 1976. Reconstitution in
planar lipid bilayers of a voltage-dependent anion-selective channel
obtained from paramecium mitochondria. J. Membr. Biol. 30:99–120.

Schleiff, E., J. R. Silvius, and G. C. Shore. 1999. Direct membrane
insertion of voltage-dependent anion-selective channel protein catalyzed
by mitochondrial Tom20. J. Cell Biol. 145:973–978.

Schwarz, G. 1987. Basic kinetics of binding and incorporation with su-
pramolecular aggregates. Biophys. Chem. 26:163–169.

Smith, M. D., M. Petrak, P. D. Boucher, K. N. Barton, L. Carter, G. Reddy,
E. Blachly-Dyson, M. Forte, J. Price, K. Verner, and R. B. McCauley.
1995. Lysine residues at positions 234 and 236 in yeast porin are
involved in its assembly into the mitochondrial outer membrane. J. Biol.
Chem. 270:28331–28336.

Song, L., M. R. Hobaugh, C. Shustak, S. Cheley, H. Bayley, and J. E.
Gouaux. 1996. Structure of staphylococcal alpha-hemolysin, a hep-
tameric transmembrane pore. Science. 274:1859–1866.

2558 Li and Colombini

Biophysical Journal 83(5) 2550–2559



Song, J., and M. Colombini. 1996. Indications of a common folding pattern
for VDAC channels from all sources. J. Bioenerg. Biomembr. 28:
153–161.

Song, J. M., C. A. Minetti, M. S. Blake, and M. Colombini. 1999.
Meningococcal PorA/C1, a channel that combines high conductance and
high selectivity. Biophys. J. 76:804–813.

Tulk, B. M., P. H. Schlesinger, S. A. Kapadia, and J. C. Edwards. 2000.
CLIC-1 functions as a chloride channel when expressed and purified
from bacteria. J. Biol. Chem. 275:26986–26993.

Van Geest, M., and J. S. Lolkema. 2000. Membrane topology and insertion
of membrane proteins: search for topogenic signals. Microbiol. Mol.
Biol. Rev. 64:13–33.

Wiegel, F. W. 1983. Diffusion and the physics of chemoreception. Physics
Rep. 95:283–319.

Xu, X., and M. Colombini. 1996. Self-catalyzed insertion of proteins into
phospholipid membranes. J. Biol. Chem. 271:23675–23682.

Xu, X., and M. Colombini. 1997. Auto-directed insertion: preinserted
VDAC channels greatly shorten the delay to the insertion of new
channels. Biophys. J. 72:2129–2136.

Zhan, H., S. Choe, P. D. Huynh, A. Finkelstein, D. Eisenberg, and R. J.
Collier. 1994. Dynamic transitions of the transmembrane domain of
diphtheria toxin: disulfide trapping and fluorescence proximity studies.
Biochemistry. 33:11254–11263.

Zizi, M., L. Thomas, E. Blachly-Dyson, M. Forte, and M. Colombini.
1995. Oriented channel insertion reveals the motion of a transmembrane
beta strand during voltage gating of VDAC. J. Membr. Biol. 144:
121–129.

Specificity of Catalyzed Insertion 2559

Biophysical Journal 83(5) 2550–2559


