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Abstract. We have studied the permeahility propertics of
intact peroxisomes and purified peroxisomal membranes
from two methylotrophic yeasts. After incorporation of
sucrose and dextran in proleoliposomes composed of
asolectin and peroxisomal membranes isolated from the
yeasts Harnsenula polymorphia and Candida beidinii a
selective leakage of sucrose occurred indicating that the
peroxisomal membranes were permeable to small molec-
ules. Since the permeability of yeast peroxisomal mem-
branes in vitro may be due to the isolation procedurc
cmployed, the osmotic stability of peroxisomes was tested
during incubations of intact pratoplasts in hypotonic
media. Mild osmotic swelling of the protoplasts also re-
sulted in swelling of the peroxisomes present in these cells
but not in a release of their matrix proteins. The latter
was only observed when the integrity of the cells was
disturbed duc to disruption of the cell membrane during
further lowering of the concentration of the osmotic
stabilizer. Stability tests with purificd peroxisomes indi-
cated that this leak of matrix proteins was not associated
with the permeability to sucrose. Various attempts ta
mimic the in vive situation and generale a proton motive
force across the peroxisomal membranes in order to in-
fluence the permeability properties failed. Two different
proton pumps were used for this purpose namely
bacteriorhodopsin (BR) and reaction center-light-har-
vesting complex I (RCLH, complex). After introduction
of BR into the membrane of intact peroxisomes gener-
ation of a pH-gradient was not or barely detectable.
Since this pump readily generated a pH-gradient in pure
liposomes, these results strengthened the initial obser-
vations on the leakiness of the peroxisomal membrane
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fragments. Generation of a membrane potential (A4%)
was also not observed when RCLH; complex was intro-
duced into vesicles of purified peroxisomal membranes.
The significance of the abserved permeability of isolated
ycast peroxisomal membranes to small molecules with
respect to current and future in vitro import studies is
discussed.
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In yeasts the development and enzymic composition of
microbodies (peroxisomes, glyoxysomes) can be largely
prescribed by manipulating growth conditions (Zwart
1983; Veenhuis and Harder 1987, 1990). This makes these
organisms suitable model systems for investigations into
the molecular mechanisms of the biogenesis of micro-
bodics. However, one of the main impediments in the
progress of the current studies in this area is that an
efficient in vitro protein import system as is known for
other cell organelles (like mitochondria and chloroplasts),
is not yet available. In vitro import has so far only been
reported for acyl CoA oxidase in microbodies isolated
from alkane-utilizing yeast (Small et al. 1988), although
the efficicney of this svstem is low. In comparable exper-
iments, conducted with peroxisomes isolated from the
methylotrophic yeast Hansenula polymorpha, association
of precursors of matrix proteins with the organelles was
observed, but no evidence for import was obtained (A. C.
Douma, unpublished results). The reason for this is not
vet clear. Recent experiments of Goodman and
coworkers (Bellion and Goodman 1987; cf. J. M. Good-
man in: Borst 1989) suggested that under in vivo con-
ditions import and assembly of peroxisomal matrix en-
zymes in methanol-grown Candida hoidinii is dependent
on the energy status of the organelles. Therefore, the
faiture or low efficiency of an in vitro import system may
be duc to insufficient energization of the membrane of



isolated peroxisomes under the experimental conditions
cmployved. This, 1n turn, may be related to the per-
meability properties of isolated peroxisomes. Recent
work by Van Veldhoven et al. (1983, 1987) revealed ihat
peroxisomal membranes isolated from rat liver are per-
meable to a range of small organic molecules; these
workers and others suggested that this in vitro per-
meabilily is associated with the presence of a — possibly
voltage-dependent — pore forming protein (Labarca et
al. 1986) in the peroxisomal membrane. These obser-
vations prompted us to investigaie the permeability
properties of peroxisomal membrancs purified from
yeasts. The results of these studies are reported in this

paper.

Materials and methods

Organisms and cultivation

Hansenula polymorpha de Morais et Maya CBS 4732 and Candida
boidinii ATCC 32195 were grown in a continuous culture at 37°C
and 30°C, respectively, at a dilution rate of 007—0.1h™" in the
medinm described previously (Bouma et al. 1985) using 1% (w/v)
methanol as the source of carbon and energy.

Preparation of protoplasts

Protoplasts were prepared as described by Douma et al. (1983).
In osmotic shock experiments performed with H. polymorpha the
sorbitol concentration in the protoplast suspensions was lowered
stepwise from the inutial value of 30 M (o a final concentration of
2.5,2.0, 1.5, 1.0 and 0.5 M sorbitol, respectively, by the addition of
S0 mM potassium phosphate buffer pII 75 containing 1 mM
MgCl, and 1 mM EDTA.

Cell fracrionatioi

Protoplasts of methanol-grown H. polymorpha were washed in
buffer A (§ mM 2-(N-Morpholino)ethanesulfonic acid (MES) con-
laining 1 mM MgCl; and 1 mM EDTA) to which 3 M (final concen-
tration) sorbitol was added. then resuspended in buffer A containing
1 M sorbitol and homogenized in a Potter Elvehjem homogenizer
(Polter 1955) by applymg 2 strokes at 200 rpm. Immedialcly after
homogenization the sorbitol concentration was increased to 2 M
by adding an equal volume of 3 M sorbitol to buffer A and the
hemogenate was dilTcrentially centrifuged as described by Douma
et al. (1985). Sucrosc gradient centrifugation was performed by the
method of Douma et al (1987).

Peroxisomes from C. boidinii were isolated by a similar pro-
cedure (Goodman 19859).

Membranes of isolated peroxisomes were obtained using the
floatation method described by Goodman et al. (1986). After floata-
tion the membranes were collected, pelleted, resuspended 1n 20 mM
Hepes/KOH buffer, pH 7.0 and stored in liquid nitrogen.

Protein concentrations were measured with the method of
Bradford (1976) using bovine serum albumin as a standard.

Preparation of liposomes

Small unilamellar vesicles (SUVs) were prepared by senication
under an atmosphere of pitrogen gas at 0°C.
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For fusion experiments with intact peroxisomes SUVs
composed of 10 mg/ml phosphatidylcholine (PC)/cardiolipin (CL)
(molar ratio 1:1). were preparcd in 5mM MES-buller pH 5.8
=1 mM MgClL; + 1 mM EDTA + 50% (w/w) sucrose (buffer B).
Bacteriorhodopsin (BR) containing SUVs composed of PC and CL
were prepared in buffer B as described by Driessen et al. (1985a).

For fusion cxperiments with peroxisomal membranes reaction
center-hght-harvestmg complex T{RCI.H; complex) contaimmg lipo-
somes composed of PE were prepared in buffer A as described by
Molenaar et al. (1988).

Liposomes were fused with isolated perozisomes by the low
pll-induced fusion method described by Driessen et al. (1985h).
Incubation was for 30 min at 30°C in buffer B using a 10-fold excess
of liposome phospholipid compared to peroxisome phospholipid
(peroxisomal phospholipid/protein ratio’s based on data from rat
liver; Fujiki et al. 1982). After tusion of BR-containing liposomes
with 1sofated peroxisomes from methanol-grown H. pofymorpha,
fusion preducts and liposomes were separated by floatation n a
sucrosc gradienl as described previously {Douma et al. 1987).

Liposomes were fused with peroxisomal membranes by fresze-
thawing (Crielaard et ai. 1988).

Fusion assay

For monitoring fusion, SUVs conlaining 4 mol% octadecyl Rhoda-
mine B Chloride (R{5) were used; relief of self-quenching of the
fluorescence of this compound upon fusion, using equal amounts
of hposome-phospholipid and peroxisome-phospholipid, was deter-
mined as described by Tloekstra et al. (1984). The fluorescence was
expressed as a percentage of the fluorescence determined in controls
to which 0.5% Triton was added.

Permeability measurements

Asolectin liposomes were prepared as described by Van Veldhaven
et al. (1987), The (sucrose-)permeability of peroxisomal membrancs
of C. boidinif and H. polymorpha was determined by (he method
of Van Veldhoven et al. (1987). Sucrosc leakage is cxpressed as
normalized [*H]dextran/[**Clsucrosc ralios retained in the (pro-
tec)iposomes (Van Veldhoven et al. 1987).

Fluorescence quenching srudies

9-Amincacridine fluorescence quenching was measured at room
temperature with a Perkin Elmer 204 specivolluorimeter MPF-44B8
at 455 nm after excitation at 403 nm. The reaction mixture (2 mi)
contained 5 mM MES pH 5.8, 1 mM MgCl,. 1 mM BDTA, 50%
(w/w) sucrose, 0.5 pM 9-aminoacridine, 50 pl BR-containing lipo-
somes or an equivalent amount of fusion products. The reaction
was started by illumination of the reaction mixture with lighl with
a wavelength higher than 570 nm.

Measurement of AV

The AY¥ generated by RCLH; complexes was determined by
measuring the distribution of letraphenylphosphonium ions (TPP ™)
across the liposomal membranes using a TPP™ sensitive ion-selective
electrode (Molenaar ct al. 1988).

Electron microscopy

Suspensions of protoplasts and isolated peroxisomes were prepared
(or clectron microscopy as described before (Douma ct al. 1987).
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Table 1. Sucrose permeability of yeast peroxisomal membranes

A Proteolipesomes composed of asolectin and peroxisomal
membranes
C. boidinii 4.56 + 0.15
H. polymorpha 1.74 = 0.46

B. Proteoliposomes composed of phosphatidylethanolamine
and perexisomal membranes
. baidinn 3.69 + 0.14
. polymorpha 3.80 +0.23

C. Peroxisomal membranc vesicles

C. baidinii 4.70
H. polymorpha 8.24

. Liposomes
asolectin liposomes 1.05 4-0.03
PE-liposomes 1.40 4 0.10

Normalized ratios of [PHdextran/[!*Clsucrose retained in pro-
teoliposomes containing peroxisomal membrane fragments were
determined in the permeabilify assay deseribed by van Veldhoven
et al. (1987). Yeast peroxisomal membranes (approximately 22 pg
of protein) were fused with (A) asolectin-liposomes (1.6 mg of
phospholipid} or (B) PE-liposomes (0.25 mg of phosphelipid)
(» = 4). Also unfused yeast peroxisomal membranes (150 pg of
protein) were fested (C: » = 1). Pure asolectin liposomes (1.6 mg
of phospholipid) or PE-liposomes (0.25 mg of phospholipid) were
used as acontrol (D; n = 4)

The subcellular localization of alcohol oxidase activity was demon-
strated by the method of Veenhuis et al. {1976).

For freeze-etching isolated peroxisomes were incubated i the
osmotically stabilized medium in which they were isolated sup-
plemented with 10% (v/v) glycerol for 5 min, frozen in liquid
FREON, stored in liquid nitrogen and subsequently freeze-fractured
in a Balzer’s freeze-cteh unit according to Moor (1964).

Results
Permeability measurements

The permeability properties of peroxisomal membranes
were studicd by measuring dextran over sucrose ratios by
similar methods as described before for rat liver
peroxisomes {Van Veldhoven ct al. 1987). To this purpose
peroxisomal membranes, isolated from methanol-grown
Candida boidinii and Hansenula polymorpha, were fused
with asolectin liposomes to form proteoliposomes, simul-
taneously loaded with [*H]dextran and [**CJsucrose. The
leakage ralios, summarized in Table 1, show that under
these conditions a high specific leakage ol sucrose oc-
curred from proteoliposomes containing peroxisomal
membranes of either of bolh yeasts studied (Table 1A).
In pure asolectin liposomes used as a control no leakage
was [ound (Table 1D) indicating that the abserved per-
meability to sucrose was due to the presence of
peroxisomal membrane fragments. In an additional ex-
periment liposomes of another phospholipid namely PE
were used. The sucrose leakage observed in these exper-
iments did not differ significantly from the data for
asolectin-containing proteoliposomes (Table 1B, D).
Similar results were obtained aller incorporation of both
sugars in purified peroxisomal membrane vesicles solely
(Table 1C).

In all cases the membrancs formed vesicles as was
demonstrated by electron microscopy {(data not shown).

Stability of peroxisomes

Since in vivo a pH-gradient exists across peroxisomal
membrane of yeasts (Nicolay et al. 1987), indicaling that
the membrane is not freely permeable under these con-
ditions, the observed permeability in vitro may be due to
a — possibly irreversible — damage of this membrane as
a result of organelle isolation. Alternatively, it may be
caused by a vollage-regulated pore-forming protein, as
suggested for rat liver peroxisomes (Labarca et al. 1986;
Van Veldhoven et al. 1987). The first possibility was stud-
ied by investigating the sensitivity of the organelles to
osmotic shock, a common step in the isolation procedure
(Douma et al. 1987). In osmotically stabilized protoplasts
from both yeasts studied the peroxisomes are shown Lo
have the size and matrix density seen in intact whole cells
(Fig. 1) and all stain positively for different peroxisomal
enzyme activities (Veenhuis et al. 1978). After mild os-
motic swelling of protoplasts of H. polymorpha (by reduc-
ing the sorbitol concentration [rom 3 10 2 M), swelling
of the majority of peroxisomes alse occurred (Fig. 2);
cylochemically the leakage of alcohol oxidase (compare
Fig. 4) or catalase was not observed. I.eakage of at least
part of the soluble matrix proteins only oceurred when
the integrity of the protoplasts was disturbed due to dis-
ruption of the cell membrane during further lowering
of the sorbitol concentration (Figs. 3, 4). The observed
osmotical swelling of peroxisomes may persist after iso-
lation of the organelles (Fig. 3). However, the leakage of
matrix proteins chserved during cell disruption did not
continue after purification of the organclles by sucrose
density gradient centrifugation. This was indicated by the
finding that leakage of catalase was not observed from
freshly isolated organelles from either H. polymorpha of
C. boidinii, kept at 0°C under conditions were they are
most stable (pH 5.8; Goodman et al. 1984), in the initial
3 hafterisolation (data not shown). These results indicate
that (i) leakage of matrix proteins during organelle iso-
lation and the sucrose permeability of yeast peroxisomal
membranes probably are not correlated and (i1) the pro-
tein leak is an instant process most probably associated
with disturbance of the intcgrity of the cytoplasm.

Liposome-mediaied introduction of a Joreign proton pump
into the membrane of intact peroxisomes
and isolated peroxisomal membranes

As indicated above, the observed in vitro permeability
may be related to the absence of a proton motive force
across the peroxisomal membrane. For this reason we
have sought for conditions to restore the pH gradient in
the in vitro situation. However, the endogenous ATPase,
present on the peroxisomal membrane (Douma et al.
1987), could not be used for this purpose. Firstly, the
enzyme is relatively unstable (G. J. Sulter. unpublished
results). A second major drawback is that the pH opti-



Abbreviations: M, mitochondrion; P, peroxisome; V, vacuole; N,
nucleus. Cells «nd organellar fractions arc [rom mcthanol-grown H
polymorpha, fixed in glularaldchyde — 050 4/K,Cr,05 unless stated
otherwise. Figs. ¥ —4. The cffect of an osmotic shock on peroxisome
stability. Figs. 1, 2. Survey of an osmotically stabilized (Fig. {;
x 46,000) and a swollen protoplast (Fig. 2; x 51,000) showing the
difference in matrix density of the peroxisomes. Fig. 3. Ultrathin
section through a 1:1 mixed sample of osmotically swollen and

mum of this ATPase is 8.5 (Douma et al. 1987), conditions
where yeast microbodics arc highly unstable (Goodman
et al. 1984; Veenhuis et al. 1986). Therefore, we investi-
gated whether as alternatives foreign proton pumps could
be used.

As a first approach we studied whether BR could be
introduced into the membrane of intact peroxisomes by
means of fusion of these organelles with BR-containing
liposomes. After incubation of peroxisomes isolated from
methanol-grown H. polymorpha with such liposomes at
a low pH (Driessen et al. 1985b) fusion indeed occurred.
Firstly, fusion was indicated by the relief of self-
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osmotically stabilized isolated peroxisomes (organelle at right hand
side) demonstrating the organellar volume increasc (organelle at left
hand side) that may occur { x 45,000). Fig. 4. Tcakage of the soluble
part of alcohol oxidase from peroxisomes in protoplasts with a
disrupicd plasma membranc due to osmotic shock (feft hand side,
arrow). but not from peroxisomes in intact protoplasts (right hand
side). Osmotically shocked protoplasts were mixed 1:1 with un-
treated cells prior to incubalion with CeCl; and methanol { x 26,000)

quenching of the fluorescent probe R, which had been
mcorporated in the liposomal membrane vesicles (Fig. 5).
Secondly, fusion was confirmed electron microscopically
by freeze-etch methods (Fig. 6).

Fluorescence quenching studies showed that in sus-
pensions of such fusion products light-induced quenching
of the fluorescence of 9-aminoacridine takes place im-
mediately after fusion. However, after separation ol
fusion products from unfused liposomes in a sucrose
gradient gencration of a pH-gradient was hardly detect-
able. In the same time interval the capacity of unfused
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Fig. 5. Fluorescence development after incubation of CL/PC lipo-
somes containing 4 mol% R ;g with isolated peroxisomes from meth-
anol-grown H. polymorpha

Fig. 6. Freeze-ctch replica demonstrating the presence of protein
particles (BR) in the peroxisomal membrane ( x 78,000). In normal
(unfused) peroxisomal membranes such particles are invariably ab-
sent (van Dijken et al. 1975)

BR-containing liposomes to generate a pH-gradient was
not significantly affected.

Comparable results were obtained when a different
proton pump and purified peroxisomal membranes were
used in these experiments. For instance, after fusion of
peroxisomal membranes from C. boidinii and liposomes
containing RCLH, complexes, generation of a membrane
potential (4¥) was also not observed. In addition, exper-
iments performed in the presence of DCCD, which is
supplemented to block a possible proton leak due to
disrupted ATPase (Linnett and Beechy 1979; Schneider
and Altendorf 1987) and/or divalent anions (Mg>™ or
Ca?™") to close a possible pore regulated by these ions did
not alter the results.

Discussion

The results, presented in this study, led us to the following
conclusions: (i) yeast peroxisomal membranes are per-
meable to sucrose in vitro; (ii) the observed sucrose per-
meability is not correlated with the leak of part of the
matrix protein, a common phenomenon of the isolation
procedure of yeast peroxisomes (Veenhuis ct al. 1986);
(iii) the permeability properties prevented a proper resto-
ration of the original in vivo energization of the
peroxisomal membrane under the in vitro conditions
employed.

Taken together our data suggest that yeast peroxi-
somal membranes in this respect behave as peroxisomal
membranes from rat liver (Van Veldhoven et al. 1983,
1987). The latter membranes are also permeable to a
range of other low molecular weight compounds. In vivo,
however yeast peroxisomal membranes are probably not
permeable, since a pH-gradient of approximately 1.2 pH-
units exists across their membrane (Nicolay et al. 1987).
This gradient is generated by a proton-translocating
ATPase (Douma et al. 1987, 1990a), rendering the
organelles internally acid (pH 5.8) (Nicolay et al. 1987)
with respect to the cytosol.

In isolated rat liver peroxisomes leakage has been
ascribed to the presence of a peroxisomal membrane pro-
tein of low molecular weight, which was thought to be a
pore-forming protein (Van Veldhoven et al. 1983, 1987).
The presence of a possibly voltage-dependent weakly cat-
ion-selective pore in rat liver peroxisomal membranes was
confirmed in studies by Labarca et al. (1986). Similarly,
also yeast microbody membranes may contain a pore-
forming protein. Preliminary experiments, using anti-
bodies against the 31,000 D pore-forming protein of the
mitochondrial outer membrane of Saccharomyces
cerevisiae (De Pinto et al. 1987) indicated that these anti-
bodies crossreacted with a protein of identical mass, pre-
sent in highly purified peroxisomal membranes of both
baker’s yeast and H. polymorpha (W. H. Kunau and M.
Veenhuis, unpublished results). These observations add
to our hypothesis that in yeast peroxisomal membranes
also a regulatable pore-forming protein may be present.
We are currently investigating the occurrence and proper-
ties of such a protein in detail.

The present situation that yeast peroxisomes are in-
variably leaky after their isolation has a major impact on
current studies on peroxisome biogenesis in that it does
not allow to investigate a possible energy-dependency of
import of matrix proteins in an in vitro system. The
need for this is indicated by recent work of Bellion and
Goodman (1987) who demonstrated that in vivo import
of peroxisomal matrix proteins in methanol-grown C.
boidinii is prevented by uncouplers. This effect also oc-
curred at low uncoupler-concentrations, where the ATP-
level in the cell was not greatly affected (cf. J. M. Good-
man in: Borst 1989), thus indicating the necessity of a
proton motive force for the import of peroxisomal pro-
teins. On the other hand, in vitro uptake of acylCoA
oxidase in isolated rat liver peroxisomes was shown to be
ATP-dependent but, as expected from the known
leakiness of the organelles, not prevented by uncouplers



(Imanaka et al. 1987). However, in yeasts comparable in
vitro mmport assays showed very low efficiencies (Small
et al. 1988) or failed (A. C. Douma, unpublished results).
Therelore, yeast peroxisomes isolated by the current cs-
tablished procedures mayv not provide optimal starting
material for the development of an efficient in vilro pro-
tein system. Until improved isolation procedures are
available and/or the mechanism regulating the putative
pore is known, an in vivo protein important system
(Douma et al. 1990b) may be a useful alternative in the
study of peroxisome biogenesis.
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