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Abstract. The yeast Peptide Sensitive Channel (PSC), aate in only one channel, the VDAC (Voltage Dependent
cationic channel of the mitochondrial outer membraneAnion Channel) (Schein, Colombini & Finkelstein,
closes with slow kinetics at potentials of either polarity. 1976; Benz, 1994). We have described another channel
The properties of this inactivation closely resemble thoseof large conductance in the outer membrane of mamma-
of the Voltage-Dependent Anion Channel (VDAC) slow lian and yeast mitochondria, the PSC (Peptide Sensitive
kinetics closures. Addition of trypsin to one compart- Channel) (Thieffry et al., 1988; ee et al., 1990; Chich
ment suppresses the inactivation observed when thist al., 1991; Thieffry et al., 1992). This channel, which
compartment is made positive, but does not affect thds slightly cationic, is blocked by various basic peptides
inactivation observed at potentials of reverse polarity.(Henry et al., 1989; Rae, Henry & Thieffry, 1994; Juin
Both sides of the channel are sensitive. The reduceét al., 1995). Among these peptides are mitochondrial
form of the Mast Cell Degranulating peptide (rMCD) presequence peptides, present at the N-terminal extrem:
increases the rate of inactivation, but only when the poity of mitochondrial protein precursors. The effects of
larity of the compartment to which it is added is positive. the 13 residue peptide pCytox IV(1-12)Y which is de-
The effect is not reversed by washing the peptide out, butived from the presequence of cytochrome ¢ oxidase sub-
is suppressed by trypsin. The peptide can bind to bottunit IV precursor has been studied in detail (Henry et al.,
sides of the membrane. The effect of rMCD on PSC1989; Fare et al., 1994). The characteristics of the
closely resembles that of the “modulator” on VDAC. blockade were consistent with the translocation of the
The similarities between PSC and VDAC suggest thapeptide through the channel. This contention is sup-
the former might be a cationic porin of the mitochondrial ported by the observation that basic peptides active on
outer membrane possessing a structure closely related the PSC were imported into intact mitochondria of a
that of VDAC. yeast strain in which the VDAC gene had been disrupted
(Vallette et al., 1994).

These observations are interesting since they sugges
that the PSC might be a component of the protein import
machinery involved in mitochondrial biogenesis. Most
of the mitochondrial proteins are synthesized in the cy-
Introduction toplasm as precursors with an N-terminal extension, the
presequence, and they are then imported in an unfolded

onformation through one or two mitochondrial mem-
ranes, depending upon their final destination (Kiebler et
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In mitochondria, as in bacteria, the outer membrane i
highl rm le and thi rm ility i ri ; . ) :
ghly permeable and this permeability is attributed togl., 1993). Dissection of the components involved in the

large ionic channels, the porins. However, several struct locati t the level of th ¢ b h
turally related bacterial porins have been described (Ni-rans ocation at Iné level oT the outer membrane has pro-

kaido, 1994) whereas the high permeability of mitochon—grgsseq _rapidly. However, th? translocr_:ltion pore is S.ti”
drial outer rr)1embrane has Ic?ngpbeen cons)i/dered to origil-m'dem"cled and, because of its properties, the PSC is a

good candidate.

The electrical properties of the PSC are different
I from those of the VDAC. The latter is characterized by
Correspondence tavl. Thieffry slow kinetics with a symmetrical voltage dependence.
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For yeast or bovine adrenal medulla or adrenal cortexHz and stored on videotape. Voltages are given by reference to that
PSC, there exist rapid kinetics occurring only at one©f thetranscompartment defined as zero voltage.
polarity of the transmembrane voltage (e et al.,
1990; Thieffry et al., 1988; Thieffry et al., 1992). They Pr R M
have thus an asymmetrical voltage dependence. Howx EPARATION OF THEREDUCED FORg' OF THEMAST
ever, the study of yeast PSC using long durations ofCELL DEGRANULATING PEPTIDE (TMCD)
analysis Showe.d that the phannel closed after appllcatloR/ICD was prepared as previously described (Juin et al., 1995) from
of voltages of either polarity and reopened when voltag st cell Degranulating Peptide (MCD) (NKGCIKRCIHPKIVHRKC-
was returned to 0 mV or reversed (Thieffry et al., 1992).ncki) kindly provided by Dr. M. Lazdunski (Institut de Pharmacolo-
This slow kinetics of voltage dependence evokes thatie Moleculaire, Sophia-Antipolis, France).
reported for VDAC and it might indicate some structural
analogy between the two channels, as noted for the bac-
terial porins which have a common organization (PauptitResults
etal., 1992; Conan et al., 1992). In the present work, we
describe the analysis of this activity, using a methodol-
ogy close to that which has been developed for the studyNACTIVATION OF THE YEAST PSC
of VDAC.
Channels from the porin-deficient yeast straig \Bere
integrated in planar bilayers by fusion of proteolipo-
Material and Methods somes in the presence of an osmotic gradient. Insertion
of a PSC was detected at 0 mV by an increase in the
bilayer conductance exhibiting a cationic selectivity. In
spite of strictly similar conditions, there was some vari-
Mitochondria were isolated from the porin-deficient mutantfBom ability in the reversal po'FentlaIs which ranged from _40
Saccharomyces cerevisig@ast strain DBY 747 which was kindly {0 =57 mV. The properties of the channel were studied
provided by Dr. G. Lauquin (UniversitBordeaux II, France). They in Symmetrical conditions after addition of13NaCl to
were prepared as described by Daum, Bohm and Schatz (1982).  the trans compartment.
In the open state, the PSC has a conductapaaf
850 pS. It exhibits a complex voltage dependence. Fol-
lowing a voltage jump from 0 mV, the channel fluctuates
. - . _ .. _.with slow kinetics between several subconductance lev-
Liposomes were prepared by sonicating to clarity a mixture (7:3) of

bovine brain phosphatidylethanolamine and phosphatidylserine (Avantr"ls' the main ones, and71 bem_g respectlvely 330 and
Polar, Alabaster, USA) in 20 mHepes buffer (pH 7.5) at a final lipid 060 PS below the open state (F[g- 1). For voltages of low
concentration of 10 mg/ml. Biological membranes were centrifuged a@mplitude (20 mV), the fluctuations between these three
35,000 xg for 20 min and resuspended at 0.08—1 mg protein/mlin 0.15levels may remain stationary for periods of minutes.
M NaCl/20 ma Hepes buffer pH 7.5. A 75l aliquot of the phospho-  However, for voltages of higher amplitude, the channel
lipid solution was added to 2@l of the membrane solution. The inactivates. Following the voltage jump and after a de-
mlxtur_e was frozen in liquid nitrogen and kept at -80°C. E_,efore use,lay which depends on the voltage magnitude, the PSC no
the mixture was thawed at room temperature and submitted to twq hibi . f Aft ddi
additional cycles of freezing and thawing. onger exni its reopening from, to ys. er an addi-
tional delay, transitions fromy, to v, no longer occur
(Fig. 1).
ELECTRICAL RECORDING Inactivation is observed for voltages of both polari-
ties (Fig. 1). It is relieved by switching the voltage to O
Planar lipid bilayers were formed by the Mueller-Rudin method (Muel- mV/ (Fig. 1A) or to a voltage of reverse polarityngt

ler et al., 1963) using asolectin prepared from lecithin type II-S (Sigmashowr)_ For a given channel. the rate of inactivation
Chemical, St. Louis, MO) according to Kagawa and Racker (1971)'increases with the voltage magnitude (Fig 2). However
Control experiments were also carried out using bilayers formed from e !

either bovine brain phosphatidylethanolamine and phosphatidylseringeﬁnm?J pre_msgly the inactivated state _appeared c_jn‘ﬁcult.
in the ratio 7:3 or diphytanoyl phosphatidylcholine (Avanti Polar, YWhen inactivating voltages were applied for periods of
Alabaster, USA). The membranes were painted from a 20 mg/ml soone to several minutes, the channel frequently did not
lution in n-decane over a 0.3 mm hole. Solutions were M Ifepes-  reopen following a switch to 0 mV or to a voltage of
NaOH pH 7.4 {rang) and 150 nw NaCl, 10 mu Hepes-NaOH pH 7.4 reverse polarity. It was then necessary to maintain the
(cis). 3-5pl of the proteoliposome suspension described above Werevo|tage close to 0 mV for several (up to 10) min before

added to theis compartment right against the lipid membrane and the - :
transbilayer current was monitored under voltage clamp using a BLM-the channel reopens. Sometimes, reopening could alsc

120 amplifier (Biologic, Claix, France). When a channel insertion was be Obt_amEd more rapldly by applylng brief pUIseS of h'gh
detected, the ionic strengths were made symmetrical by adding Nadmagnitude (120-200 mV). In other cases, reopening
from a 3m solution to thetranscompartment. Data were filtered at 10 could not be achieved. Thus, the inactivated state is not
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Fig. 1. Current recorded from a yeast PSC following a voltage jump from 0 to +40A)6r(-32 mV B). The channel was incorporated by fusion
to a diphytanoylphosphatidylcholine planar bilayer. The figures 0, 1, 2, 3 at the right of the traces indicate respectively the baseline and the
main conductances levelg, v, andvy; (fully open state). Data filtered at 50 Hz and sampled at 100 Hz.

subconductance levels which may appear as ill-defined

noisy trace @), transient closures to a stable level 60 pS

below+y, (b) or fast flickering of about 100 pS amplitude

(). Current jumps of 400 pS may also occur from the
70 % level. It may also be noted that closing and opening did

not occur at the same transmembrane potential value,
which appeared as hysteresisiiN curves (Fig. B).
Finally, like the VDAC, the PSC never completely
closes.
All yeast PSCs examined in planar bilayers or tip-
km UT dip records inactivated. However, there was a large vari-
50 ability from channel to channel in the voltage sensitivity.
m This is illustrated in Fig. 4 which shows the mean con-
BRI ductance of two PSCs, Computed over several sawtooth
cycles, as a function of voltage. For both channels, the
curves are roughly symmetrical, but the steepness of
their voltage dependence differs. The same variability
‘ — was observed in the responses to voltage jumps. The
R T most sensitive channels inactivated within a few seconds
30 following a 30 mV amplitude voltage jump from 0 mV
J ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, whereas the least sensitive ones inactivated only after
tens of seconds following a voltage jump of 80 mV am-
Fig. 2. Voltage _dependence_ of a yeast PSC inactivation rate_. Currenb"tude_ It was not possible to classify the channels in
recorded following voltage jumps from 0 mV to the value (in mV) ubsets having the same inactivation parameters, the lat

indicated at the left of each trace. Data filtered at 100 Hz and sample . h ithi .
at 200 Hz. er appearing rather to vary within a continuum.

FFECT OF ATRYPSIN TREATMENT ON

a unique well-defined state and this prevented the quan: SC NACTIVATION

titation of the rates of inactivation and recovery.

Since these properties were reminiscent of those of
VDAC, we studied the response of PS@ & 5 mHz Inactivation is relieved by trypsin (Fig. 5). Both sides
voltage sawtooth, a protocol often used to characterizare sensitive to the protease. Addition of trypsin (i)
the VDAC voltage dependence. Such a record is showml) to only one compartment suppressed the inactivation
in Fig. 3A. In addition to the properties of inactivation occurring when the compartment to which trypsin had
exposed above, it shows that PSC has in fact more thabeen added was positively polarized with respect to the
three conductance levels. Beloyy, there exist several other one, but did not affect the inactivation occurring at
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Fig. 3. Voltage dependence of the yeast PSC in response to a sawtooth voa8angple of the current flowing through the channel in response
to a 5 mHz sawtooth voltage. The voltage was varied between +55 and —70 mV. The dotted line indicates the 0 pA level. The arroas label
b andc point to different forms of closures below thg level (see text Data filtered at 10 Hz and sampled at 25 Hz. B: hysteresis aftheurve.
The current was averaged over 5 cycles in 1 mV contiguous intervals during the asce@jimgdescending®) parts of the voltage signal.

- XN but the channel fully reopened even at high potentials.
5&‘! ; 1 % 2N The effects of trypsin are well summarized in plots of the
(%)a‘ T e ¢ mean current as a function of voltage (FidR)5 As ex-
x @&9 > T 0)' & pected, the trypsin effect was not reversed by washing
>§ :- . T A °© the protease out.
<
= & I e
T EFFecT oF REDUCED MAST CELL DEGRANULATING
PePTIDE ON PSC NACTIVATION

-50 o 0 | ‘ 50 | The Mast Cell Degranulating peptide is a 22 residue
V (mV peptide from bee venom. It is extremely basic (9 posi-
(mV) tive charges and no negative charge) and two disulfide

Fig. 4. Voltage dependence of the mean PSC conductance of twcpndge,s IOQK Iitin a compact Conformatl,on', In this con-
channels recorded in the same experimental conditions. The curreffmation, it had no effect on PSC inactivaticttefa not
flowing in responsed a 5 mHz sawtooth voltage varying between -65 Showr). This peptide can be irreversibly reduced by al-
and +65 mV was averaged over several cycles in 1 mV contiguoukylation with iodoacetamide, without any change of its
intervals irrespective of the slope of the voltage signal, then divided bycharge. The reduction results in a linearization of the
the voltage. The results are expressed as normalized conductanegrycture and the reduced peptide (rMCD) had marked
(mean conductance/maximum conductance). The clipege the mid effects on the inactivation.

conductance voltagé, of the Boltzmann equation fitting the data were .
computed as descgrﬁ)oed by Colombini (1389). Their v%lues are respec- When added at I_OW Concentr_at'on (Qu2r) to only
tively q = 1.2 andV, = 48 mV for channel 1@) andq = 0.6 and  On€ compartment (Fig.B, rMCD increased the rate of
V, = 71 mV for channel 2Q). inactivation occurring when the compartment to which
the peptide had been added was positively polarized (Fig.
6B, part of the curve below the dotted line), but did not
voltages of reverse polarity (FigB}. The latter was in  affect the inactivation occurring at voltages of reverse
turn abolished by adding trypsin to the other compart-polarity (Fig. 8, part of the curve above the dotted line).
ment (Fig. &). Such a treatment neither modified the The peptide affected both the closing and the opening of
conductance levels nor suppressed the ability of théhe channel, which in the presence of rMCD occurred at
channel to close. As shown in Fig. 5, transitions to thelower voltage magnitudes. As above, the effect of
lower conductance levels still occurred after proteolysisyfMCD is well summarized in plots of the mean current as
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Fig. 5. Removal of PSC inactivation by trypsin. A voltage sawtooth Fig. 6. Modification of PSC inactivation by rMCD. A voltage saw-
varying between £68 mV was continuously applied to the bilay&r. ( tooth varying between +68 mV was continuously applied to the bilayer.
current flowing through the PSC prior to trypsin additioB) Eurrent  (A) Current flowing through the PSC prior to rMCD additiorB)(
recorded 5 min after addition of trypsin to tloés compartment at a  Current recorded 5 min after addition of rMCD to tirans compart-
final concentration of 1Qug/ml. (C) current recorded 5 min after tryp- ment at a final concentration of 042u. (C) Current recorded 5 min
sin addition to therans compartment at the same final concentration. after rMCD addition to thesis compartment at the same final concen-
The protease was then present on both sides of the bildgmdr- tration. The peptide was then present on both sides of the bildgr. (
malized mean conductance of the channel as a function of potentiaNormalized mean conductance of the channel as a function of potential.
The conductance was averaged over 2-sec contiguous intervals irrefhe conductance was averaged over 2-sec contiguous intervals irre-
spective of the slope of the voltage signal before addition of trypsinspective of the slope of the voltage signal before addition of rMCD
(@), after action of trypsireis (O) and after bilateral proteolysis (con-  (continuous line), after addition of rMCBans(O) and in the presence
tinuous line). Current filtered at 12.5 Hz and sampled at 25 Hz. of rMCD in both compartments®). Current filtered at 12.5 Hz and
sampled at 25 Hz.

a function of voltage (Fig. B). After addition of the
peptide to théranscompartment), the mean conduc- However, the effect was abolished by addition of trypsin
tance decreased at voltages of lower magnitude than (L0 png/ml) to the compartment which either contained
the control (solid line), but only at negative potentials. the peptide or had been perfused with a peptide-free
The peptide was active on both sides of the channelbuffer some minutes after peptide addition (Fidp)7
Consequently, when it was added to both compartmentslhe protease suppressed both the effect of rIMCD and the
it affected inactivation at both voltage polarities (Fig¢ 6 inactivation (compare Fig.A and D). Channels modi-
and Fig. ®, @). However, its effect was not fully sym- fied by peptide added to one side were not affected by
metrical. In the experiment shown in Fig. 6, closurestrypsin addition to the other side#ta not showp If the
occurred at lower voltages at positive potentials and, apeptide had been added to both compartments, trypsin
this polarity, voltages closer to 0 mV were required for had to be added to both sides to suppress the rMCD
the inactivated channel to reopen. It should also be notedffect.
that at this polarity, the PSC was then able to completely ~ Channels in which inactivation had been suppressed
close (Fig. &, curve above the dotted line). Similar ob- by trypsin were still sensitive to rMCD. After washing
servations were done when voltage jumps from 0 mVthe protease out and exposure to rMCD, they inactivated
were used in place of sawtooth voltagefata not again at a high rate following application of a positive
shown). voltage to the compartment where the peptide had been
The effect induced by rMCD was not reversed by added ¢ata not showh
washing the peptide out (Fig. 7). rMCD clearly de- Finally, these experiments were repeated with bilay-
creased the time required for the channel to inactivaters having various compositions. No difference either in
and this effect was unchanged 10 min after perfusionthe inactivation itself or in the effect of rMCD was ob-
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and in which there was no expression of an RNA specific
for porin (Michedja, Guo & Lauquin, 1989). Indepen-
dently, the selectivity of the PSC open state as well as
A that of the closed states observed at 0 mV in the presence
of an ionic gradient are clearly cationic whereas VDAC
is slightly anionic in its open conformation (Colombini,
1980). We have previously reported that, when the wild
type is used in place of the porin-deficient mutant in the

same experimental conditions as those used in the pre-
B sent study, VDAC is observed and exhibits indeed an
j anionic selectivity (Thieffry et al., 1994). We never

........................................................... found this activity in the porin-deficient mutant, Finally.
PSC is blocked by basic peptides such as pCytox IV(1—
1nS 12)Y which has no effect on VDAC (Thieffry et al.,
1994).
C Ts Another similarity between PSC and VDAC is the
ot SN A SO SO SOV LI AL L S way their voltage dependence is modified by charged
molecules. The effect of rMCD, a highly charged basic
peptide of linear structure, on the PSC is similar to that
of the “modulator protein,” an acidic protein of the in-
termembrane space (Holden & Colombini, 1993), on the
D VDAC (Liu, Torgrimson & Colombini, 1994). Both
e molecules increase the steepness of the voltage-
dependence by enhancing the closing rate and reducing

lowing a voltage jump from 0 mV to +70 mVAj Control. B) After the gpenlng rlate'l Theylalsg faCIII:jaFe tr:ansmons tg lﬁw
exposure to 0.2um rMCD added to thecis compartment. ) 5 min conductance levels rarely observed in the untreated chan.

after washing thecis compartment with eight times its volume of N€lS _(Fig- &). When added to only one compartment,
rMCD-free solution. P) After addition of trypsin to thesis compart-  they increase the steepness of the voltage dependence fc
ment at a final concentration of }0g/ml. Data filtered at 100 Hz and  transmembrane potentials of only one polarity. How-
sampled at 200 Hz. ever, closures of the channel occur at positive potentials
for rIMCD and at negative potentials for the modulator, a

. . . . . property which might be expected if molecules carrying
served using asolectin, d|phytanoylphosphaudylcholmegpposite charges act by plugging the channel. Finally,

or phosphatidylethanolamine-phosphatidylserine (7:3}hey bind tightly to both sides of the membrane and

bilayers. : .

proteases (trypsin or pronase) are required to suppres:

the peptide-induced modifications.
DiscussION The experiments carried out with trypsin show that

the PSC inactivation is controlled by two structures act-
The data reported above show that yeast PSC inactivatédg independently and respectively exposed to ¢re
following application of transmembrane voltages of bothand trans compartments. Removal of these structures
polarities. The properties of this inactivation evoke does not severely impair the PSC structure since the
those of VDAC slow kinetics closures: (i) the channel channel remains able to close transiently at the same
closes following application of voltages of either polar- conductance levels after proteolysis. Moreover, rMCD
ity; (ii) the inactivated channel opens with fast kinetics still binds tightly to both sides of the bilayer after pre-
following return to 0 mV or to a voltage of reverse po- treatment of the channel by trypsin and restores a voltage
larity; (iii) there exists a family of “closed” states not dependence resembling the original inactivation. This
completely non conductive; (iv) the rate of reopeningimplies that removal of the rMCD effect by trypsin is due
depends on the time for which the voltage inducing in-to proteolysis of the peptide itself. According to this
activation has been applied (Colombini, 1986; Colom-view, PSC inactivation would not be an intrinsic property
bini, 1989; Colombini, 1994). However, PSC is clearly of the channel, but would originate in interactions with
different from the VDAC. A possible involvement of undetermined basic components. The binding sites for
porin, the molecule carrying the VDAC activity, in the the rMCD-like components should be occupied on both
PSC activity has to be discarded since all the experisides of the channel to account for the symmetry of the
ments reported above were carried out using a yeast muRactivation. This hypothesis is supported by several ob-
tant strain in which the VDAC gene had been disruptedservations: (i) as shown above, individual variations in

Fig. 7. Irreversibility of the rMCD effect. Current traces recorded fol-
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the voltage dependence of inactivation were large andural features in porin, the molecule carrying the VDAC
might result from the diversity of the molecules bound; activity and TOM 40 (formerly ISP 42 i8accharomyces
(i) we have previously noted (Thieffry et al., 1992) that and MOM 38 inNeurosporg, the outer membrane im-
yeast PSC channels analyzed by patch clamp after inseport pore. Thus similarities between VDAC and PSC
tion in giant liposomes did not inactivate, an observationwould not be surprising if PSC is the import pore, an
which might be interpreted by the loss or the inactivationhypothesis which is consistent with different sets of ex-
of the interacting component during the reconstitutionperimental results (Henry et al., 1996), but remains to be
procedure; (i) PSC from bovine adrenal cortex did notdemonstrated.

show a clear inactivation, similar to that described for

yeast. However, after exposure to rMCD, these channel®/e thank G. Lauquin (UniversitBordeaux Il, France) for providing

inactivated like rMCD treated yeast channelmmub- the porin-deficient yeast strain and M. Lazdunski (Institut de Pharma-
lished results cologie Moleulaire, Sophia-Antipolis, France) for the gift of peptide
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