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Summary. Fusion of  a highly purified fraction of  rat liver peroxi- 
somal m e m b r a n e s  to planar lipid bilayers incorporates large, 
cat ion-selective vol tage-dependent  pores.  The PK/Pc[ ratio of  
these  pores,  es t imated  in KCI gradients,  is close to 4. The pores 
display several  conduc tance  s tates  and spend most  of  the time 
open at vol tages near  0 mV, closing at more  positive and nega- 
tive voltages. At  voltages near  0 mV the most  f requent  open state 
has a conduc tance  of  2.4 nS in 0.3 M KCI. At voltages more 
positive and more  negative than 10 mV the most  f requent  open 
state displays a conduc tance  of  1.2 nS in 0.3 M KCI. With these 
results pore diameters  of  3 and 1.5 nm,  respectively,  can be 
es t imated.  We suggest  that these  pores might account  for the 
unusual ly  high permeability of  peroxisomes  to low molecular  
weight solutes.  Fusion also incorporates a perfectly anion-selec- 
tive, two-open states  channel  with conduc tances  of  50 and 100 
pS in (I.l M KCI. 
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Introduction 

The properties and specific differentiation of the 
membranes in cell organelles are largely responsible 
for their structural and functional properties. Ex- 
perimental evidence shows that similar to plasma 
membranes, organelle membranes have sites of rec- 
ognition, enzymes, cytochromes and specific pro- 
teins. They also have special mechanisms involved 
in ionic and neutral solute translocation, such as the 
large anion-selective pores present in the outer 
membrane of mitochondria and chloroplasts [2] and 
the calcium and potassium channels present in the 
sarcoplasmic reticulum from vertebrate skeletal 
muscle [9, 17, 23]. A better knowledge of the distri- 
bution and properties of these channels or pores is 
helpful in understanding the control of molecular 
traffic inside the cell. 

Peroxisomes constitute a family of subcellular 
organelles characteristic of eucaryotic cells. Their 
function is only partially understood, particularly 
for animal peroxisomes [6, 8, 25]. Their involve- 

ment in various aspects of lipid metabolism has 
been stressed, particularly after they were shown to 
oxidize fatty acids via a fi-oxidative pathway [10], 
and more recently, because the metabolic errors 
recognized in a genetic disorder found in humans 
have been associated to the complete or almost 
complete absence of peroxisomes [8, 22]. 

On the basis of indirect evidences it is known 
that several different molecules pass across the 
peroxisomal membrane, but the molecular basis of 
this translocation is not understood for any of them. 
It is well known that the peroxisome membrane is 
unusually permeable to low molecular weight sol- 
utes [6], but CoA-thioesters fatty acid do not cross 
it freely [12, 24]. Proteins incorporate post-transla- 
tionally into peroxisomes from the cytoplasm by 
mechanisms not well established [11]. In addition, 
proteins easily leak in vitro from peroxisomes [13], 
a phenomenon responsible for at least part of the 
enzymes present in high-speed supernatants from 
tissue homogenates and for the presence of per- 
oxisomal ghosts in particular fractions observed 
by electron microscopy [6, 13]. 

To gain insight into the mechanisms responsible 
for the peculiar permeability properties of peroxi- 
somes, studies were performed taking advantage of 
methods now available for the isolation of these or- 
ganelles [27, 28] and their membranes [7, 16] and 
also the development of techniques that allow to 
incorporate membrane fragments to planar lipid bi- 
layers, rendering their permeability properties sus- 
ceptible to electrophysiological analysis [18]. 

We report here some results which constitute 
initial findings in the study of peroxisomal mem- 
brane permeability using the fusion method devel- 
oped by Miller [19]. The fusion of peroxisomal 
membranes to planar lipid bilayers results in the 
incorporation of pores, slightly cation selective. 
The presence of these channels could well account 
for some of the permeability properties of peroxi- 
somes. 
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Materials and Methods 

MEMBRANE PREPARATION 

Peroxisomes were isolated from normal male rat liver by isopyc- 
nic equilibrium in metrizamide gradients loaded with a peroxi- 
some-rich fraction obtained by differential centrifugation [5, 12, 
27]. Peroxisomes were more than 95% pure as estimated from 
catalase specific activity. The remaining 5% protein was equally 
distributed among endoplasmic reticulum and mitochondria as 
estimated from measurements of NADPH cytochrome c reduc- 
tase and glutamate dehydrogenase, respectively [5, 15]. Peroxi- 
somal membranes were prepared treating the peroxisomal frac- 
tion with 10 mN sodium pyrophosphate, pH 9.0 [16] or 0.1 M 
sodium carbonate, pH 11.5 [7]. The peroxisomal fraction from 
the metrizamide gradient was diluted 10-fold in 0.25 M sucrose 
and centrifuged for 20 min at 28,000 rpm in a #65 Beckman rotor. 
The pellet was taken to the same volume of the sucrose dilution 
with either pyrophosphate or carbonate buffer and after 30 min in 
ice with gentle stirring the membranes were sedimented 60 min at 
50,000 rpm in the same rotor. The pellet surface was gently 
rinsed with distilled water and the membranes were suspended in 
0.4 M sucrose by sonication. 

BILAYER SETUP 

AND ELECTRICAL MEASUREMENTS 

Bilayers were formed according to Mueller et al. [20] in a hole 
(300 p~m diameter) made on a Teflon | partition separating two 
compartments. Both compartments were filled with 100 mM KCI 
buffered with 5 mM MOPS-K, pH 7.0. Lipids consisted of a 10 
mg/ml solution of brain phosphatidylserine-brain phosphatidyl- 
ethanolamine 1 : 1 (Avanti Polar, Birmingham, Ala.) in n-decane. 
After bilayer formation the KC1 concentration on the cis cham- 
ber was increased by adding an aliquot of 3 M KCI, to favor 
fusion. Peroxisomal membranes (3 to 10/xg/ml final protein con- 
centration) were added into the cis side. Channel incorporation 
was detected as the appearance of square fluctuations in current. 
Current was measured with a two-electrode voltage clamp [1]. 
The cis chamber was connected to a voltage pulse generator and 
the opposite trans chamber to a current-voltage converter, 
through Ag/AgC1 electrodes. Electrodes were connected to the 

solution via agar bridges made in 1 M KCI and the trans side is 
virtual ground. The current was low-pass filtered, amplified and 
stored in tape. 

Single-channel currents were estimated from the amplitude 
of discrete current jumps. Data were analyzed by hand. 

Results 

FUSION OF PEROXISOMAL MEMBRANE 

INCORPORATES CHANNELS IN PLANAR BILAYERS 

The addition of peroxisomal membrane vesicles to 
the cis chamber, in the presence of an osmotic gra- 
dient, induces stepwise increases in bilayer conduc- 
tance, as illustrated in Fig. 1A. The Figure shows a 
record of membrane current obtained in the pres- 
ence of a KC1 gradient at zero applied voltage. At 
the time labeled with an arrow an aliquot of peroxi- 
somal membrane vesicles was added to the cis 
chamber, under stirring. As shown, soon after the 
addition, an upward jump in the current is ob- 
served, followed by current fluctuations. The ap- 
pearance of a positive current at zero applied volt- 
age indicates the insertion of a cation-selective 
conductance pathway. With better time resolution, 
it can be shown that the current fluctuations seen in 
Fig. 1 A are actually due to the opening and closing 
of channels, as illustrated in Fig. 1 B. Channel inser- 
tion was observed both with the PPi and the carbon- 
ate isolation procedures. In what follows, we de- 
scribe the most salient features of these channels. 

LARGE, CATION-SELECTIVE CHANNELS 

The records of current fluctuations shown in Fig. 
1A and B, indicate that the channels inserted into 
planar bilayers upon fusing peroxisomal membranes 
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Figure 1. Fusion of peroxisomal 
membrane vesicles with planar lipid 
bilayers. Membranes were formed in 
symmetrical 0.1 M KCI. Then the KC1 
concentration in the cis side was raised to 
0.4 M; vesicles were added to the cis 

chamber, under stirring. (A) Experimental 
record of current increase in a bilayer. The 
applied voltage was 0 inV. (B) 
Experimental record of channel current 
fluctuations from an experiment similar to 
that shown in A, with better time 
resolution. The dotted line indicates 
zero-current level 
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are cation selective. The study presented in Fig. 
2A-D confirms it. This Figure shows fluctuations in 
membrane current in the presence of 0.4 M KC1 cis 
and 0.1 M KCI trans at different applied voltages. 
The occurrence of discrete fluctuations in mem- 
brane current at +20 and 0 mV are shown in A and 
B. At -20  mV (C) the fluctuations are no longer 
observed. The trace in 2D shows the occurrence of 
discrete fluctuations at -30  mV, but reversed in 
respect to those seen at 20 and 0 mV. Thus, the 
reversal potential, under these experimental condi- 
tions, is close to - 20  mV, confirming their cation 
selectivity. This value is about 12 mV more positive 
than the expected reversal potential for a strictly 
cation-selective channel. The magnitude of the 
measured reversal potential corresponds to a per- 
meability ratio (PK/Pc]) of about 4. 

V O L T A G E  D E P E N D E N C E  

It was found that the conductance of bilayers con- 
taining cation-selective channels depends on the ap- 
plied voltage as illustrated in Fig. 3A-C, and in the 
inset to this Figure. Figure 3A displays a record of 
the current flow through a membrane containing 
several channels after the applied voltage was 
changed from zero to -30  mV. The current relaxes 

to a new value in discrete jumps. Figure 3B and C 
shows the membrane current after changing the 
voltage from zero to +20 and +40 mV, respec- 
tively. As seen, the current decreases in discrete 
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Fig. 2. Channel  current  fluctuations in a KCI gradient  at different 
applied voltages. Exper imenta l  condit ions were the same as in 
Fig. 1. 
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Fig. 3. Channel  voltage dependence .  Current  was measured  in symmetr ical  0.3 M KCI, at the indicated voltages. The  zero at the  left of  
the records indicate zero-current  level. Notice that the discrete current  transit ions seen at - 3 0  mV display several  levels.  Inset:  
Relative conduc tance  of  a bilayer as as a funct ion of  the applied voltage in symmetr ical  0.3 M KC1 
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Fig. 4. Conductance histogram. Channel current transitions were measured under conditions identical to those of Fig. 3. Each 
histogram was built from 160 discrete transitions. C displays single-channel currents at - 10  mV applied voltage to document the 
occurrence of open-close transitions of 2.4 nS 

jumps at more positive voltages. Furthermore, at 
any voltage the current is always larger immediately 
after' the voltage jump than in steady state suggest- 
ing that the open-state configurations are more 
probable at zero applied voltage. The insert to Fig. 3 
provides evidence in favor of this idea. It shows a 

,plot of the relative conductance (gv/g-IOmV) ob- 
tained from a membrane containing several chan- 
nels. As shown, the relative conductance decreases 
both at voltages more positive and negative than 
-10 mV. However, this decrease is more pro- 
nounced at positive voltages. In the positive quad- 
rant, the conductance changes e-fold for each 30 
m V .  

THE LARGE CATION-SELECTIVE CHANNEL 

DISPLAYS MULTIPLE OPEN STATES 

The inspection of experimental records, as those 
shown in Fig. 3, reveals that the size of the discrete 
current transitions observed after fusing peroxi- 
somal membranes with planar bilayers are not de- 
fined by a single value. In fact, multiple transition 
amplitudes are discernible suggesting the presence 
of several open configurations. Figure 4A and B 
show conductance histograms derived from the 
same membrane, at two different applied voltages. 

Clearly, the histograms do not represent a simple 
Gaussian distribution. However, both histograms, 
show a major peak at 1.2 nS, although other max- 
ima are apparent. The ! .2 nS peak occurs at applied 
voltages more positive and more negative than - 10 
mV. At -10 mV the occurrence of conductance 
transitions having a value of 2.4 nS is often ob- 
served, as demonstrated in Fig. 4C. Thus, the po- 
tential difference across the membrane not only 
controls the probability of these channels being 
open but also which open configuration the channel 
acquires. 

FUSION ALSO INCORPORATES 

A SMALLER, ANION-SELECTIVE CHANNEL 

We have often observed the insertion of a channel 
whose selectivity, conductance and kinetic proper- 
ties differ completely from those of the large cation- 
selective pore described above. Figure 5A shows a 
record of the activity of this channel obtained in 
symmetrical, 0.1 M KCI. It is apparent that the 
channel can reach two open states. Figure 5B dis- 
plays a conductance histogram derived from the 
record shown in Fig. 5A. It shows two peaks at 50 
and 100 pS, which correspond to the open states 
of the channel. The probability of these open states 
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Fig. 5. Conductance histogram of the anion-selective channel. Experiments were made in symmetrical 0. I M KCI. (A) Record of single- 
channel currents at -100 mV. Zero-current level is indicated at the left of each trace. (B) Conductance histogram. Single-channel 
transitions were measured at 100 mV. The histogram was built from 190 transitions 
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Voltage ( mV } Fig. 6. Current-voltage relationship in KC1 
gradient. The current through the open channel 
was determined by measuring the height of the 
current jumps at different potentials. The cis 
chamber contained 0.4 M KC1, the opposite 
chamber 0.1 M KC1. Curve A shows the I/V 
relationship for the high conductance state and B, 
for the low conductance state. The arrow 
indicates the reversal potential for a perfectly 
anion-selective channel. Experimental points 
were joined by eye 

is m o d u l a t e d  by the appl ied  vol tage (not shown). 
These  fea tures ,  n a m e l y  the o c c u r r e n c e  of two open  
states whose  probabi l i t ies  depend  on the applied 
vol tage r e semble  the behav io r  of  the an ion-se lec t ive  
channe l  desc r ibed  by  Whi te  and  Miller  [29]. Fur -  

t he rmore ,  Fig. 6 shows that  this channe l  is perfect ly  
a n i on  select ive.  

It  was  no t iced  that  the incorpora t ion  of the an- 
ion-se lec t ive  c h a n n e l  to the p lanar  b i layer  differs 
with the inse r t ion  of  the large ca t ion-se lec t ive  pore.  
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First, insertion of the anionic channel is less fre- 
quent. Second, this channel usually incorporates 
previous to and independent from the cationic pore. 
Third, the anion-selective channel always incorpo- 
rates as singlets while the large, cationic pore usu- 
ally inserts in multiples. 

Discussion 

The incorporation of peroxisomal membrane frag- 
ments into planar lipid bilayers allows the study of 
the ionic permeability characteristics of these or- 
ganelles with electrophysiological procedures. The 
membranes employed in this study were obtained 
by two different methods already applied to bio- 
chemical studies: carbonate extraction, which solu- 
bilizes the matrix proteins and also the nucleoid, a 
proteic paracrystalline aggregate of urate oxidase 
[7] and pyrophosphate extraction, a procedure that 
does not solubilize the nucleoid [16]. For both isola- 
tion procedures, it has been estimated that the 
membrane accounts for ten percent of the peroxi- 
somal protein, approximately 0.4 mg per gram wet 
weight of liver. Both preparations gave the same 
results when fused with planar lipid bilayers. 

The isolation of peroxisomes in isopycnic me- 
trizamide gradients consistently yields highly puri- 
fied organelles [5, 27]. The degree of purification 
was estimated from the specific activity of catalase, 
a marker enzyme for peroxisomes and from the spe- 
cific activity of markers for contaminants such as 
endoplasmic reticulum mitochondria and lyso- 
somes. 

The most frequent result obtained was the in- 
corporation of the large conductance cation-selec- 
tive channels. Channels were detected in all the 
peroxisomal membrane preparations studied. At 
applied voltages more positive and more negative 
than - l 0  mV, in 0.3 M KC1 the most frequent dis- 
crete conductance transition has a value of 1.2 nS. 
By assuming that the channel is a water-filled pore 
7.5-nm long, a pore diameter of some 1.5 nm can be 
estimated [4]. On the other hand, near zero-applied 
voltage, the most frequent conductance transition 
corresponds to a value of 2.4 nS. In this case the 
pore diameter would be of some 3.0 nm. The pore 
displays a voltage dependence such that it dwells 
most of the time in the open state at potentials near 
zero and closes at more positive voltages. At 
present, there is not enough information to specu- 
late on the possible functional role of this voltage 
dependence. 

The slight cation-selectivity of these channels 
and their large conductance are properties similar to 
those of the porins present in the outer membrane 

of gram-negative bacteria. Solute permeation 
through porins is mainly determined by solute size 
[3]. 

In conclusion, our observations support the hy- 
pothesis that the high permeability observed in 
peroxisomes might, at least in part, be due to the 
presence of large conductance pores in their mem- 
branes. Our estimates suggest that these pores 
could accommodate solutes of up to 3.0 nm in diam- 
eter. 

As pointed out, the most frequent observation 
made in our studies is the insertion of large cation- 
selective pores. However, the incorporation of a 
perfectly anion-selective channel, with a smaller 
conductance was also noticed. An anion-selective 
channel with somewhat similar properties has been 
detected in membranes derived from the electric 
organ of Torpedo [29]. This channel incorporates 
less frequently, but independently from the large 
one, a fact that allows the study of its behavior 
separately. The occurrence of this channel in our 
experimental records might reflect the presence of 
small amounts of contaminant membranes. Indeed, 
whether or not the experimental results are due to 
the presence of nonperoxisomal contaminant mate- 
rial is a question for which a definitive answer might 
come only from new data obtained from other ex- 
perimental approaches such as fractionation aiming 
at the purification of other organelles or from hypo- 
thetical functional evaluation of the channel with 
peroxisomal substrates or products. The main po- 
tential source of contaminating membranes in the 
peroxisomal fraction, which is over 95% pure, are 
mitochondria and endoplasmic reticulum. These 
membranes contribute little protein to the fraction 
[5, 27, 28]. Furthermore, the pore found in mito- 
chondria outer membrane is anion selective [2]. The 
possibility of selective enrichment of the peroxi- 
somal fraction in plasma membrane differentiations 
is also unlikely since negligible activity of alkaline 
phosphodiesterase, a plasma membrane marker, is 
detected in the peroxisomal fraction [28] measure- 
ments that we have confirmed (Leighton, unpub- 
lished results). 

The finding of large channels in the peroxisomal 
membrane is supported by complementary evi- 
dence which illustrate their unusually high perme- 
ability [6, 26]. Biochemically, the latency shown by 
the fatty acyl-CoA oxidase [12, 24] suggests that the 
pores might actually discriminate among fatty acids 
esterified with either CoA or carnitine, residues 
with large difference in size and charge [14]. 

Morphologically, freeze-fracture studies of the 
peroxisomal membrane reveal the presence of 
abundant 7- to 8-nm particles that probably cor- 
respond to integral membrane proteins [21] and 
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some of which might structure the pores described 
in this report. 
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