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We have cloned the Hansenula polymorpha PEX4
gene by functional complementation of a peroxisome-
deficient mutant. ThePEX4translation product, Pex4p,
is a member of the ubiquitin-conjugating enzyme
family. In H.polymorphg Pex4p is a constitutive, low
abundance protein. Both the original mutant and the
pex4 deletion strain (Apex4 showed a specific defect
in import of peroxisomal matrix proteins containing a
C-terminal targeting signal (PTS1) and of malate
synthase, whose targeting signal is not yet known.
Import of the PTS2 protein amine oxidase and the
insertion of the peroxisomal membrane proteins Pex3p
and Pex14p was not disturbed impex4cells. The PTS1
protein import defect in Apex4cells could be suppressed
by overproduction of the PTS1 receptor, Pex5p, in a
dose-response related manner. In such cells, Pex5p
is localized in the cytosol and in peroxisomes. The
peroxisome-bound Pex5p specifically accumulated at
the inner surface of the peroxisomal membrane and
thus differed from Pex5p in wild-type peroxisomes,
which is localized throughout the matrix. We hypo-
thesize that in H.polymorphaPex4p plays an essential
role for normal functioning of Pex5p, possibly in
mediating recycling of Pex5p from the peroxisome to
the cytosol.
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Introduction

protein contents of the organelles are therefore largely
prescribed by the prevailing growth conditions of the cells.

Peroxisomes do not contain DNA and also lack a
protein-synthesizing machinery. Hence, all peroxisomal
protein components are recruited from the cytosol
(reviewed by McNew and Goodman, 1996). Peroxisomal
proteins are generally thought to be synthesized on free
cytosolic polysomes, with the probable exception of some
membrane proteins (Bodnar and Rachubinski, 1991). For
import of matrix proteins, two peroxisomal targeting
signals (PTSs) have been identified: PTS1, located at the
extreme C-terminus, consists of the sequence SKL-COOH
or conserved variants of this tripeptide (Goudd al.,
1990) and is found in most matrix proteins including the
key peroxisomal enzymes of methanol metabolism in
Hansenula polymorphalcohol oxidase (AO), dihydroxy-
acetone synthase (DHAS) and catalase (CAT). PTS2
(RL/1-X5—H/QL), located near the N-terminus (de Hoop
and AB, 1992), is found in only few yeast proteins [e.g.
H.polymorpha amine oxidase (AMO)]. A few matrix
proteins are known which contain neither a PTS1 nor a
PTS2. An example of such a protein kspolymorpha
peroxisomal malate synthase (MS). Interestingly, import
of this protein is also dependent on the PTS1 receptor,
Pex5p (van der Kleiet al, 1995). At present, only
limited information is available on targeting and insertion
mechanisms of peroxisomal membrane proteins. Goodman
and co-workers identified a region i@andida boidinii
PMPA47 that is able to target the protein to the peroxisomal
membrane (Dyeet al,, 1996). Unexpectedly, some peroxi-
somal membrane proteins contain regions which can
target reporter proteins to the endoplasmic reticulum (ER)
(Baerendset al, 1996).

Several genes essential for peroxisomal protein import
have been cloned by functional complementation of yeast
pex mutants (for reviews see Subramani 1993, 1996).
Among these are the two genes encoding the PPEXH
and PTS2 PEX? receptor proteins and two putative
docking proteins which bind the PTS receptors (reviewed
by Erdmanet al, 1997). The exact subcellular location
of Pex5p and Pex7p is still controversial to some extent,
even within one organism (reviewed by Rachubinski and
Subramani, 1995; Subramani, 1996). In wild-type cells of
the methylotrophic yeast.polymorphathe PTS1 receptor

A characteristic feature of eukaryotic cells is that specific (HpPex5p) has a dual location, namely inside peroxisomes
cellular functions are compartmentalized. Of these com- and in the cytosol (van der Kleat al, 1995). Based on
partments, peroxisomes are the most versatile becausdhese locations, we proposed thdipolymorphaPex5p
they are involved in a variety of metabolic conversions may shuttle PTS1 proteins from the cytosol into the
which are dependent on the cell type and organism in peroxisomal matrix. After dissociation of the receptor and
which they occur (van den Bosdh al, 1992). In yeasts, its cargo molecule in the peroxisomal matrix, the receptor
peroxisomes are involved in the metabolism of specific recycles back to the cytosol for transport of additional
carbon and/or nitrogen sources, e.g. methanallanine, cytosolically synthesized matrix proteins (van der Klei
primary amines or oleic acid (van der Klei and Veenhuis, and Veenhuis, 1996). However, definite experimental proof
1996). In these organisms, the metabolic significance andfor this hypothesis is still lacking.
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Fig. 1. (A) Morphology of a methanol-induced cell of the original
H.polymorphamutantper2-1 showing a small elongated peroxisome
in conjunction with a cytosolic AO crystalloid (*). The structure of the
crystalloid is poorly preserved due to the KMp@xation procedure.

(B) Immunocytochemically, the peroxisomes in these cells contain AO
protein (arrows)p-AO-specific labelling is also observed in the
cytosol, including the nucleusCj In ethanol/ethylamine-growper2-1
cells, AMO is localized exclusively in the peroxisomal matrix.

(D) The presence of normal peroxisomes in the functionally
complementeger2-1mutant. The electron micrographs in (A) and
(D) were of KMnQy-fixed cells, and those in (B) and (C) were of cells
fixed in glutaraldehydea-AMO/GAR—gold). M, mitochondrion;

N, nucleus; P, peroxisome; V, vacuole. Bar0.5 um.

Here, we describe thél.polymorpha PEX4ene and
its protein product, Pex4p, which belongs to the family
of ubiquitin-conjugating (UBC) enzymes. We show that
Pex4p is required for efficient functioning of the PTS1
import machinery, possibly by mediating Pex5p recycling.

Results

Characterization of the per2-1 mutant and cloning

of the corresponding gene

The H.polymorpha per2-Inutant (Titorenkecet al, 1993)
was isolated within a collection of mutants which were
unable to grow on methanol (Muphenotype). In meth-
anol-inducedper2-1cells, a few small peroxisomes were
present, together with a large cytosolic crystalloid, which
is indicative of peroxisome deficiency id.polymorpha

The Hansenula polymorpha Pex4p
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Fig. 2. Alignment of the deduced amino acid sequences of
H.polymorpha PEX4HpPex4p),P.pastoris PEX4PpPex4p; Crane
et al, 1994) andS.cerevisiae PEX{ScPex4p; Wiebel and Kunau,
1992). The conserved cysteine residue in the active site is in bold
italic typeface. Identical amino acids are indicated by an asterisk,
similar ones by a dot.

subcloning revealed that the complementing activity in
pHRP2PER2 was contained within a 2.0 klEcdRIl-
Nhd subfragment. The DNA sequence of this fragment
displayed one open reading frame (ORF) of 564 bp,
encoding a protein of 188 amino acids with a calculated
mol. wt of 21.5 kDa (accession No. AF061604). A search
of databases revealed sequence similarity of this protein
to members of the UBC protein family, including Pex4p
from Pichia pastorig53% identity; formerly Pas4p; Crane
et al, 1994) and Pex4p fronsaccharomyces cerevisiae
(32% identity; formerly Pas2p; Wiebel and Kunau, 1992).
This implies that thePER2 gene in fact represents the
H.polymorpha PEX4orthologue. An alignment of the
knownPEX4protein products revealed that the C-terminal
half, including the conserved active site cysteine involved
in ubiquitin binding, is highly conserved (Figure 2). The
deduced amino acid sequence ldfpolymorphaPex4p
(HpPex4p) does not contain any of the known peroxisomal
targeting signals and has no predicted membrane-
spanning regions.

Characterization of a pex4 deletion strain

To obtain further insight into the function of HpPex4p,
we constructed arH.polymorpha pex4deletion strain
(Apexq by replacing most of thé®’EX4 ORF, including
the translation initiation site, by a DNA fragment con-

(Figure 1A). Immunocytochemistry revealed that the small taining the H.polymorpha URA3gene. Southern blot
peroxisomes contained the typical PTS1 proteins AO and analysis of a selected Muira® transformant revealed

DHAS, while the bulk of these proteins resided in the
cytosol (Figure 1B, AO; DHAS not shown). Also, CAT
was found predominantly in the cytosol (not shown),

that the fragment was integrated correctly in the genome
(data not shown). After transformation Apex4with the
per2-1complementing plasmid pHRFRERZ2 growth of

whereas the PTS2 protein AMO was located exclusively the transformants on methanol was restored, confirming
in peroxisomes (Figure 1C). These results indicated that that the correct gene had been disrupted. Apex4strain

in per2-1cells, specifically the import of PTS1 proteins
may be impaired.

subsequently was mated with the origimper2-1 mutant.
The resulting diploids all were Mutafter sporulation, no

The corresponding gene was cloned by functional Mut® cells were observed>300 spore products tested),

complementation of theper2-1 leul.1lmutant using an
H.polymorphagenomic DNA library. A plasmid, desig-
nated pHRPZRER?Z was shown to be able to complement

demonstrating thaper2-1 and Apex4 are closely linked
and most likely are alleles of the same gene.
Western blot analysis (Figure 3) revealed that various

the Mut phenotype and to restore normal peroxisome peroxisomal membrane and matrix proteins were synthe-

assembly in thegper2-1 mutant (Figure 1D). Subsequent

sized normally inApex4after incubation of cells for 24 h
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Fig. 3. Protein levels of peroxisomal enzymes and peroxins in wild-
type H.polymorphaand theApex4deletion mutant. Western blots were
prepared from crude extracts of methanol-induced wild-type (lanes 1)
or Apex4cells (lanes 2). Equal amounts of protein were loaded per
lane. The blots were decorated using specific polyclonal antibodies as
indicated.

Fig. 4. (A) Morphology (arrow= aggregate; *= crystalloid) and (B—
D) immunocytochemical demonstration of various proteindpex4

(B) AO protein (arrow= AO aggregate);¢) Pex14p; D) Pex3p. The
structure of the crystalloid in (A) is poorly preserved due to the
KMnOy, fixation procedure. The electron micrograph in (A) is of a
KMnO,-fixed cell, those in (B-D) are of cells fixed in glutaraldehyde
(GAR—gold and specific antisera against the indicated proteins).

M, mitochondrion; N, nucleus; P, peroxisome; V, vacuole.

Bar = 0.5pum.

in methanol-containing media, conditions which induce
strong peroxisome proliferation in wild-type cells. As
shown in Figure 3A, the major peroxisomal matrix
enzymes (AO, CAT and DHAS) were present at wild-
type levels (Figure 3A). The peroxins Pex3p, Pex5p and
Pex14p were found at enhanced levelsApex4 cells
compared with wild-type controls (Figure 3B).

Electron microscopy revealed that the morphological
phenotype ofApex4cells was indistinguishable from that
of the original mutantper2-1 Methanol-induced cells
contained few relatively small peroxisomes which

Fig. 5. Immunocytochemical demonstration of AMO protein inside
peroxisomes of\pex4cells grown on ethanol/ethylamine The cells
were fixed in glutaraldehyde (GAR—gold andAMO). M, mito-
chondrion; N, nucleus; P, peroxisome. Bar0.5 um.

for AO in Figure 4B). As inper2-1 cells, the labelling
patterns after immunocytochemistry indicated that a major
fraction of the PTS1 matrix enzymes AO, DHAS and
CAT was mislocated to the cytosol (Figure 4B, AO;
DHAS and CAT not shown). Also MS, which lacks any
known targeting signal, was cytosolic (not shown). Using
antibodies against the peroxisomal membrane proteins
Pex3p and Pex14p, labelling was confined to the peroxiso-
mal membrane and the peroxisome-associated membran-
ous layers (Figure 4C and D). The PTS2 protein AMO,
usinga-AMO on ultrathin sections of ethanol/ethylamine-
grown cells, was found solely in the peroxisomal matrix
(Figure 5).

The immunocytochemical results were confirmed bio-
chemically. A post-nuclear supernatant (PNS) was pre-
pared fromApex4cells grown on a mixture of glycerol
and methanol in the presence of methylamine as sole
nitrogen source to induce AMO protein and subsequently
subjected to sucrose gradient centrifugation. The protein
profile (Figure 6) revealed that in this gradient the typical
peroxisomal protein peak was lacking, which is normally
found at a density corresponding to 53-56% sucrose
(fraction 6) in gradients prepared from wild-type cells.
AO, DHAS, CAT and MS were now found predominantly
in the upper part of the gradient, indicative of a cytosolic
location of these proteins (fractions 18-24). The relative
difference in location between AO and DHAS, compared
with CAT and MS, most likely reflects the presence of
AO- and DHAS-containing aggregates. AMO was found
exclusively in fractions 14-16 and fully co-fractionated
with the peroxisomal membrane proteins Pex3p and
Pex14p. Hence, fractions 14-16 most likely contain the
small peroxisomes present&tpex4cells. These fractions
contained only a portion of AO, DHAS, CAT and MS
protein, which confirms that there is a partial block in the
import of these proteins. Taken together, these data indicate

occasionally were associated with membranous layers, inthat disruption of thePEX4 gene resulted in a decreased

conjunction with a cytosolic crystalloid and aggregates
(Figure 4A). Both the aggregates and the crytalloid con-
tained AO and DHAS protein, but not CAT and MS, as
determined by immunocytochemistry (not shown, except
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of peroxisomal membrane proteins is unaffected in
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Fig. 6. Sucrose density gradient prepared from a post-nuclear
supernatant of glycerol/methanol/methylamine-graypex4cells. The
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Fig. 7. (A) Western blot showing the specificity of tliePex4p
antiserum. In crude extracts prepared from methanol-indpec4

cells (lane 1) or methanol-grown wild-type cells (lane 2), a cross-
reacting band was not detectable. In cells overproducing HpPex4p
(Apex4:PaoxPEX4™), a protein band with the apparent mol. wt of
22 kDa was evident (lane 3)BJ Subcellular location of HpPex4p in
methanol-growmpex4:PyoxPEX# cells. A post-nuclear supernatant
(PNS) was subjected to differential centrifugation. Western blots were
prepared from the different fractions;g?30 000g pellet; B,

200 000g pellet; Sgo 200 000g supernatant) and decorated with
antibodies against HpPex4p and different marker proteins (Hsp70,
cytosol; AO, peroxisomal matrix; Pex3p, peroxisomal membrane;
hsp60, mitochondrial matrix; Sec63, endoplasmic reticulum). The
presence of a portion of the peroxisomal matrix protein AO jpgo&

dotted line shows the sucrose concentration as a percentage (w/w); the due to partial leakage of matrix protein from the fragile peroxisomes

protein concentration pattern®{ mg/ml) and the distribution of the
mitochondrial marker protein cytochrome c oxidade éxpressed as a
percentage of the peak activity, which was arbitrarily set at 100) are
shown. The Western blots show the distribution of AO, DHAS, CAT,
MS, AMO, Pex3p and Pex14p. Equal portions of the even fractions
(2-24) were loaded in each lane.

Pexdp is a low abundance, constitutive protein

Polyclonal antibodies were raised against HpPex4p.
Western blot experiments using these antibodies and crudewild-type::Rex-lactamase

extracts prepared from wild-tyge.polymorphanvariably

failed to identify a cross-reacting protein band, independ-

ently of the cultivation conditions used (Figure 7A). In
order to test whether this result was due to very low
PEX4 expression levels in wild-type cells, HpPex4p-
overproducingApex4strains were constructed, containing
one or multiple copies dPEX4under control of the strong
AO promoter (Rpx). On Western blots of methanol-
induced Apex4:P,oxPEX4™ cells, thea-HpPex4p anti-

(see also Figure 9). Equal portions were loaded per lane.

Table I. Promoter activity of Bgxa

Strain Growth substrate
Glucose Methanol
0.1 0.1
Wild-type::Roexd3-lactamase 0.1 0.3
Wild-type::R\oxB-lactamase 0.0 10.5
Wild-type 0.0 0.0

B-Lactamase acitivities in crude extracts prepared from glucose- or
methanol-grown cells, harvested at the late exponential growth phase.
The activities are expressed AB4ggmin/mg protein.

is constitutively expressed. Th@-lactamase activity
amounted to ~1% of the values obtained in control

serum recognized a single protein band with an apparentexperiments in which the,Bx was used (Table 1). Also,

mol. wt of ~22 kDa, which is in good agreement with the
calculated molecular weight of thBEX4 gene product

relative to Bgxg (Waterhamet al.1994), Rgxsdriven
B-lactamase synthesis is low. Since Pex8p is a low

(21.5 kDa). Since a clear-cut dose—response relationshipabundance protein iA.polymorphawild-type (Waterham
existed between the intensity of the cross-reacting bandet al., 1994), these data confirm that HpPex4p is present

and the number of copies ofy§PEX4 present in the

transformants (data not shown), we concluded that the

antiserum specifically recognized HpPex4p.

To obtain additional evidence that in wild-typepoly-
morpha the PEX4 expression levels are very low, the
PEX4promoter activity was studied usirijlactamase as
areporter protein (Waterhaet al.,, 1994). Enzyme activity

at low levels inH.polymorpha

HpPex4p was also not detected in the various fractions
obtained after fractionation of cell homogenatesigioly-
morphawild-type cells. Moreover, immunocytochemistry
was inconclusive due to too low labelling intensities. We
therefore studied the location of HpPex4p inP&X4
overexpressing strain. Physiological experiments indicated

measurements revealed that in crude extracts preparedhat cells of Apex4 strains containing one, two or four

from methanol-grown cells of a strain, which contained a
single copy of the3-lactamase gene under control of the
PEX4 promoter, very lowf-lactamase activities were
present (Table ). Comparable activities were found in
glucose- and methanol-grown cells, suggesting BiaX4

copies of the RhxPEX4 overexpression cassette grew
normally on methanol, independently of the amount of
HpPex4p produced by the cells (data not shown). Electron
microscopy revealed that ifspex4:PaoxPEX4™ cells the
number and volume fraction of peroxisomes was not
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significantly altered compared with wild-type controls.
Hence, PEX4 overexpression did not affect peroxisome
assembly and function iR.polymorpha

Upon differential centrifugation of methanol-induced
Apex4:PaoxPEX#* cells, HpPex4p was found predomi-
nantly in the 200 00@ supernatant, whereas a portion of
the protein was recovered in the 200 0§0pellet. As
shown in Figure 7B, HpPex4p was undetectable in the =
30000 g pellet in which peroxisomal, mitochondrial
and ER marker proteins predominantly sedimented. We
therefore conclude that in this strain, HpPex4p is not
bound to these organelles. However, the pelletable portion
may represent Pex4p that is bound to small membrane
structures or large protein complexes. Upon sucrose centri- -
fugation of homogenizedApex4:PyoxPEX#* cells,
HpPex4p remained in the upper fractions of the gradient,
indicative of a cytosolic location. HpPex4p was invariably
absent in peroxisomal peak fractions (data not shown).

Overproduction of HpPex5p suppresses the PTS1
protein import defect in Apex4 cells
In Apex4cells, the import of PTS1 proteins is selectively
affected, whereas the PTS2 protein AMO is imported
normally. In Apex5cells, thus lacking the PTS1 receptor
Pex5p, the import of the same subset of matrix proteins : ) ATERE
(AO, DHAS, CAT and MS) is fully blocked (van der Klei ; g N ' A S
et al, 1995). We therefore reasoned that Pex4p might be _ _ _
important for proper functioning of Pex5p. One possibility Fig. 8. Overproduction of Pex5p suppresses the RTSl import defect in
is that Pex4p is i tant f l f Pex5p f Apex4cells. A) Methanol-inducedipex4cells contain only a few
1S a_ EX4p IS Important tor recycling ot Fexop 1rom g, peroxisomesB( In identically grownApex4:Paox PEX5™ cells,
peroxisomes back to the cytosol (Dodt and Gould, 1996; the size of the peroxisomes is increase) fApex4:PagyPEXE™
van der Klei and Veenhuis, 1996). This could explain the cells contain several large peroxisomes, which resemble organelles in
observed reduction in Pex5p-dependent imporfjrex4  methanol-grown wild-type cellsB) Usinga-AQ antisera, tz; |

; PR ; cytosolic labelling is very low im\pex4:Paox cells. n
cells since |nd|V|C!uaI Pex5p m0|eCUI.eS may gwde .On.ly Dpex4:PaoxPEXS* cells, an intermediate situation is observed.
one or afew proteins to the Of,ganellle, 'n_Stead of medlatlng (F) Typical labelling of small developing peroxisomes using antibodies
multiple rounds of import. In line with this reasoning, the against Pex10p idpex4:PyoxPEX5™ cells, which is comparable
import defect should at least be partly compensated by with the wild-type situation (Tat al. 1995). Inseta-Pex3p. The
making more PTS1 receptor molecules available. In order €lectron micrographs in A-C are of KMn@ixed cells; those in
to test this h thesi d PIRXS (D-F) were fixed in glutaraldehyde (GAR-gold, uranylacetate and
0 tes IS nypo es_|s, We overexpresse gene antibodies against the indicated proteins). M, mitochondrion;
Under control of Rox in Apex4cel|§ Qpex4:PoxPEXS. N, nucleus; P, peroxisome; V, vacuole. Bar0.5 um.
Strains were selected that contained one, two or multiple
(most likely four) copies of RxPEX5 Western blots,
prepared from methanol-induced cells of the transformants, Table 1. Number and volume fraction of peroxisomes in various
showed that HpPex5p was indeed overproduced in theseH.polymorphastrains
strains. As expected, the highest amounts of HpPex5p
were observed in crude extracts fpex4:PyoxPEX5¥

Strain Peroxisome number Volume fraction

cells (~100 times wild-type levels; data not shown). Apex4 0.1 0.15
Electron microscopic analysis of ultrathin sections of Apex4:PyoxPEX5™ 0.3 43
KMnO,-fixed cells of the various transformants revealed Apex4:PaoxPEXS™ 0.8 16.9
DApex4:Pyoy PEXE™ 1.2 23.4

that overproduction of HpPex5p fypex4strains led to a
significant increase in both the size and the number of
peroxisomes. Typical examples of each of the trans- peroxisome number and volume fraction in cells incubated for 24 h in
formants are shown in Figure 8A-C. A clear-cut dose— methanol-containing media. The number of peroxisomes is expressed
response relationship was observed between the restoratiods the average number per section. The volume fraction of

of peroxisome development and the amount of HpPex5p peroxisomes is given as a percentage of the cytoplasm.

synthesized (Table II).

Immunocytochemically, usinga-AO antibodies and 8D and E). Similar results were obtained when antibodies
ultrathin sections of each of thApex4:PygxPEX3™ against DHAS were used in immunocytochemical experi-
strains revealed significant cytosolic labelling, indicating ments (data not shown). The membrane proteins Pex3p,
that a portion of this protein is still located in the cytosol. Pex10p and Pex14p were found exclusively at the peroxi-
The cytosolic labelling intensity decreased with increasing somal membrane of these cells (Pex14p not shown). As
amounts of HpPex5p in the cells, suggesting that the in wild-type H.polymorpha(Tan et al, 1995), specific
amount of AO incorporated into peroxisomes was propor- Pex10p labelling was observed predominantly on the
tional to the rate of overproduction of HpPex5p (Figure smaller organelles (Figure 8F).

Wild-type 1.1 24.9
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The electron microscopic data were confirmed by cell
fractionation studies performed on methanol-induced
Apex4:PaoxPEX5¥ cells, using identically growpex4
and wild-type cells as controls. As shown in Figure 9, a
distinct protein and AO activity peak is observed after
sucrose density centrifugation of homogeniz&gex4:
PaoxPEX5 cells at 54% sucrose (fraction 6), which is
lacking in the gradients of\pex4cells but is evident in
gradients prepared from wild-type cells. This indicates
that inApex4:PyoxPEX5™ cells, normal peroxisomes had
developed. This was confirmed by the finding that Pex3p,
which is an integral component of the peroxisomal mem-
brane, also sedimented exclusively in fraction 6 in gradi-
ents of wild-type and\pex4:PaoxPEX5™ cells, in contrast
to its location in fraction 18 in the gradient Apex4cells.

Peroxisomal Pex5p is located at the inner surface

of the peroxisomal membrane in

Apex4::PaoxPEX5** cells

In immunocytochemical experiments, using specific
a-HpPex5p antibodies and ultrathin sections of methanol-
inducedApex4:PyoxPEX5™ cells, labelling was located
predominantly on the peroxisomal membrane (Figure 10B

The Hansenula polymorpha Pex4p

The PTS1 import defect in Apex4 is only

suppressed by overexpression of PEX5

Overexpression of othdd.polymorpha PEXgenes, e.qg.
PEX1, PEX3 PEX8or PEX14 did not result in restoration
of the peroxisomal protein import defect kpex4 cells
(Figure 10D, Apex4:P,oxPEX8 others not shown).
Hence, the peroxisomal protein import defectApex4
could not be suppressed simply by overproduction of
any peroxin but was restored specifically by HpPex5p
overproduction. However, the difference in location of
Pex5p in wild-type and\pex4cells (compare Figure 10A
and C) clearly suggests that overexpression of Pex5p in
Apex4 does not rescue the mechanistic defect in matrix
protein import in these cells.

HpPex4p is not essential for the selective

degradation of whole peroxisomes in

H.polymorpha

We investigated whether HpPex4p was essential for select-
ive degradation of peroxisomes in methanol-induced
H.polymorpha cells. To this end, cells ofApex4:
PaoxPEX5™ were induced for 18 h on methanol and
subsequently exposed to glucose excess conditions using
identically grown wild-type cells as control. Biochemical

and C); in addition, labelling was observed randomly gnaiyses revealed that the patterns of the decrease in AO
distributed over the cytosol. This labelling pattern was protein and the peroxisomal membrane protein Pex14p
different from that obtained using wild-type cells, in which \yare similar inApex4:Pyox PEX5™ and wild-type control

HpPex5p was found both throughout the peroxisomal cejis (data not shown). These results indicated that

matrix and in the cytosol (Figure 10A). Also, when

HpPex4p is not essential for the selective degradation of

HpPex5p was overproduced in wild-type cells, the protein \hole peroxisomes ii.polymorpha

was present both throughout the matrix and in the cytosol

(not shown). Hence, the association of HpPex5p with the
peroxisomal membrane ipex4:PaoxPEX5™ apparently
reflects the absence of HpPex4p in this strain.

Discussion
Here we report the isolation and characterization of the

In order to test whether the peroxisome-bound HpPex5p H polymorpha PEX4jene. Its protein product, HpPex4p,

was present inside the peroxisomal matrix or bound to

belongs to the UBC enzyme family which also includes

the outer surface of the organelle, a protease protectionthe p.pastorisand S.cerevisiaePex4p orthologues. We
assay was performed. The results, summarized in Figureshowed that deletion of.polymorpha PEX4led to a

11, show that degradation of HpPex5p in organellar
fractions from methanol-induced\pex4:PyoxPEX5™
only occurred in the presence of Triton X-100. At the

specific import defect for matrix proteins which require
the PTS1 receptor HpPex5p for import. The PTS2 protein
AMO is, however, properly imported in the absence

relatively low proteinase K (PK) concentration used of HpPex4p. Also, peroxisomal membrane proteins are
(0.1 mg/ml), Pex5p was fully degraded in the presence of inserted normally into the organellar membrané\pex4

Triton X-100, whereas in the absence of the detergent,

Pex5p was fully protected. A similar result was found
for HpPex5p in organellar fractions derived from wild-

type.[RoxPEX] cells. Control blots revealed that the

matrix protein catalase was fully protected against PK in
the absence of Triton X-100, which indicates that the
peroxisomes were intact. In the presence of Triton
X-100, the low PK concentration did not allow complete
degradation of CAT, but resulted in the formation of a

cells. These data suggest that the PTS1 protein import
machinery ofH.polymorphainvolves ubiquitin conjuga-
tion to an as yet unknown protein catalysed by HpPex4p.
Whether PpPex4p and ScPex4p are also involved predomi-
nantly in PTS1 protein import is not fully clear from the
literature data. Goulét al. (1992) reported a major block

in catalase import in the origingkex4mutant ofP.pastoris
(pas4-1, but the subcellular location of a PTS2 protein
was not studied in this mutant (Goulet al, 1992).

degradation product. Degradation of Pex14p, a peripheral Differential centrifugation studies on &cerevisiae PEX4

membrane protein exposed to the cytosol (Konsdral,,

null mutant suggested that these cells are impaired both

1997), occurred to a similar extent both in the absence in CAT (PTS1) and thiolase (PTS2) import, but the defect
and presence of Triton X-100. Taken together, thesein CAT, compared with thiolase, appeared to be much

results indicate that in the organellar pellets of both
wild-type.[P.oxPEXS and Apex4:P,oxPEXS HpPex5p

is present in the organellar matrix (like CAT) and not at
the outside of the organelle, exposed to the cytosol (like
Pex14p). In addition, this experiment illustrated that Pex5p
is very sensitive to PK in comparison with CAT and

Pex14p.

more severe (Wiebel and Kunau, 1992). However, since
AMO is the sole PTS2 protein identified so farkhpoly-
morphaand present at relatively low amounts, it cannot
be excluded that HpPex4p may also be required for import
of other PTS2 proteins as it is for import of baker’s
yeast thiolase.

In wild-type H.polymorpha the amount of HpPex4p
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Fig. 9. Cell fractionation of glycerol/methanol/ammonium sulfate-grotyex4(A), Apex4:PaoxPEX5™ (B) and wild-type cells €). Sucrose

density gradients were prepared from post-nuclear supernatants. The dotted lines shows the sucrose concentration pattern, and the protein
concentration pattern), and the distributions of the activities of the peroxisomal marker E) gnd mitochondrial cytochrome oxidase &) are

also shown. The cytosolic portion of AO in the gradient of wild-typgolymorpha(C) most likely represents AO protein leaked from damaged
organelles. A similar phenomenon may explain the relatively high portion of soluble AO protein in (B). The Western blots show the distribution of
Pex3p in the even fractions of the gradient. Equal portions of the fractions were used. The Pex3p peak fractions are indicated by an arrow. Sucrose
is expressed as percentage w/w, protein as mg/ml. The enzyme activities are expressed as percentages of the peak activities, which were arbitrarily

set at 100.
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Fig. 10. Localization of Pex5p in wild-type and Pex5p-overproducing
strains. A) Methanol-grown wild-type cells;K) methanol-induced
Apex4:PyoxPEXEX cells; (C) methanol-inducedpex4:PyoxPEX5™
cells; ©) Apex4cells, overproducing Pex10p, showing that the
enhanced amounts of Pex10p do not influence the peroxisomal defect
in Apex4cells (arrow= peroxisomal membrane remnants). The
electron micrographs in (A—C) were of cells fixed in glutaraldehyde
(a-Pex5p/GAR-gold, uranylacetate), the one in (D) was of a
KMnOy-fixed cell. M, mitochondrion; N, nucleus; P, peroxisome.

Bar = 0.5pum.

The Hansenula polymorpha Pex4p

WT [PaoxPEX5] Apexd::PaoxPEX5"™

Triton - + - - * =
PK - + + - + +
Pex5p ..__..._‘___g....;‘u —— o
Pex14p |[s=e !.___ g -
CAT

Fig. 11. Protease protection assay using an organellar pellet prepared
from methanol-induced cells of wild-type{fxPEX] (A) and
Apex4:PyoxPEX5™ (B). Equal amounts of protein were incubated
with proteinase K (PK; 0.1 mg/ml) in the absence (-) or preserge (

of 0.1% Triton X-100 for 30 min at 0°C. Western blots were decorated
usinga-Pex5p,a-Pex14p or-CAT antibodies. The controls show

that the matrix protein CAT is only partially cleaved in the presence of
PK and Triton X-100. Pex14p degradation is dependent on PK, but
independent of the presence of Triton X-100.

these, the ubiquitin—proteasome pathway is responsible
for the specific and rapid degradation of a wide variety
of cytosolic proteins by the proteasome. Ubiquitination
also plays a role in the delivery of specific plasma
membrane proteins to the vacuole, where these proteins

was invariably low. Expression studies indicated that these subsequently are degraded. Ubiquitin conjugation is, how-

low Pex4p levels are due to the very weRiEX4promoter.
These studies also revealed tHaEX4 is not induced
during growth of cells on methanol. The low levels
of Pex4p in H.polymorpha hampered the subcellular
localization of this protein by immuno(cyto)chemical
methods. Previous research $rcerevisiaend P.pastoris

ever, not associated solely with proteolytic degradation,
as was demonstrated by Cheinal. (1996) who presented
evidence for the activation of a protein kinase by ubiquit-
ination.

We demonstrated that HpPex4p does not play a role in
the glucose-induced selective degradation of peroxisomes.

localized Pex4p to peroxisomes in these species (WiebelHowever, HpPex4p may be involved in the turnover of

and Kunau, 1992; Cranet al, 1994). Upon PEX4
overexpression, HpPex4p was predominantly cytosolic,
while a portion may be present in large protein complexes

specific peroxisomal proteins, including peroxins. In this
scenario, HpPex4p may ubiquitinate components of non-
functional protein complexes which are essential for

or bound to membrane structures. These structures areperoxisomal protein import (like degradation of non-
most likely not peroxisomes because in sucrose gradientsfunctional SecY complexes by FtsH Bscherichia coli

HpPex4p was not detectable in peroxisomal peak fractions.

However, since HpPex4p overproduction may alter its
location, an unequivocal conclusion could not be drawn.
The molecular mechanisms of the function of HpPex4p
in peroxisomal protein import are not yet fully clear.
Pex4p belongs to the UBC family of enzymes, which are
known to catalyse the second step in protein ubiquitination.
In this process, ubiquitin first binds to an activator enzyme

Akiyama et al, 1996). We recently provided evidence
that the protein components of these putative complexes
must be present in relatively fixed stoichiometric amounts
(Baerendset al, 1997a,b). It can easily be envisaged
that, with different half-lifes of the constituent proteins,
different regimes for removing these components may
exist. Hence, the absence of Pex4p may lead to the
accumulation of non-functional protein import complexes.

which transfers it to the conserved cysteine in the active However, this possibility is not very likely since it does not
site of the UBC enzyme. A ligase subsequently is required explain how the overproduction of solely PTS1 receptor
to bind ubiquitin to its target protein. In all three yeast molecules could enhance the import when the translocation
Pex4ps, the UBC active site cysteine is conserved. For machinery is hampered due to malfunction of individual
PpPex4p and ScPex4p, it has been shown that this cysteineomponents. The possibility that the PTS1 receptor is

residue is indeed essential for the function of the protein
in peroxisome biogenesis (Wiebel and Kunau, 1992;
Craneet al,, 1994). Moreover, conjugation of ubiquitin to
P.pastorisPex4p has also been demonstrated (Cedrad,
1994). Therefore, it is likely that the yeast Pex4 proteins
function as UBC enzymes.

Ubiquitin conjugation has been implicated in various

unstable in the absence of HpPex4p, a phenomenon which
was observed for human Pex5p in several peroxisome-
deficient cell lines (Dodt and Gould, 1996), is also not
likely because Pex5p is normally present in methanol-
induced H.polymorpha Apex4 cells, even at enhanced
levels compared with wild-type cells. For this reason, we
interpreted the increased levels of other peroxins implic-

cellular processes (reviewed by Hochstrasser, 1996). Ofated in protein import (Pex3p, Pex14p)Apex4cells as
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a response of the organism to compensate for the importcontaining 1% yeast extract, 2% peptone and 2% glucose, on minimal
defect, caused by the defect in HpPex4p, rather than med!a containing 0.67% yeast nitrogen base (Difco) or on mineral
reflecting a decregse in their turnoverp rates pA com :;1r(:1blememum (van Dijkeret al, 1976). Glucose (0.5%), methanol (0.5%) or

g - - p a glycerol/methanol (0.1%/0.5%) mixture were added as carbon source,
response has been observedipolymorpha riflcells in with ammonium sulfate (0.2%) or methylamine (0.2%) as nitrogen
which peroxisomal protein import was hampered due source. When required, amino acids and uracil were added to a final
to limitation of the AO protein co-factor FAD (Evers concentration of 3qug/ml. For cloning purposegscherichia colDH5a
et al 1994) was used and grown as described (Sambretoil., 1989).

The finding that the same subset of proteins, namely jsolation and characterization of the PEX4 gene

PTS1 proteins and MS, are mislocated\pex4andApex5 Standard recombinant DNA techniques (Sambretkal, 1989) and
cells indicates that the function of HpPex4p may be related genetic manipulations dfl.polymorpha(Faberet al, 1992, 1994) were

to that of HpPex5p This view is Strengthened by the performed as detailed before. Mutapér2-1 was used to clone the
’ corresponding gene by functional complementation essentially as

Obser_va_ttion that Ove_rprOdUCtion of Pex5p ,SUppresseS thedescribed by Baerendx al. (1996). The complementing genomic DNA
protein import defect ilhpex4cells. An attractive explana-  fragment was cloned as a 2.0 kb Klenow-treaetRI-Nhe fragment
tion for the latter finding is that HpPex4p may be involved into the Smd site of pBluescriptll SK (Stratagene Inc., San Diego,

in recycling of Pex5p molecules. Dodt and Gould (1996) CA) in two orientations. Sequencing was carried out using an automatic
; sequencer and th&aq dye deoxy terminator Cycle Sequencing Kit
elegantly demonstrated that PexSp cycles between peroxi (Applied Biosystems 373A). DNA and amino acid sequence analyses

somes and the cytosol in human skin fibroblasts. Basedere done using the PC-GENE™ program release 6.70 (Intelligenetics,
on the presence of Pex5p in both the cytosol and the Mountain View, CA). The TBLASTN algorithm (Altschugt al., 1990)
peroxisomal matrix in wild-typeH.polymorpha(van der was used to search the DDBJ/EMBL/GenBank database (release of July
Klei et al. 1995) we speculated that cycling includes 9, 1997) for DNA and protein sequences showing similarityPeX4

’ ’ . . and its protein product.
passage of Pex5p through the peroxisomal matrix. In the
latter model, cytosolically formed Pex5p—PTS1 protein pisruption of the PEX4 gene
complexes enter the peroxisomal lumen, followed by A disruption construct was made by cloning a 2.0 kb Asp718 (Klenow-
dissociation and recycling of PexSp (van der Klei and Yoo ) eic K e il st and hedgit stc
Veenhuis, 1996). Interes.tmgly‘ ”.] cells Of. complementatlon (located in thePEX4 ORF) of the 2.0 kb complementing fragment in
group 7 of human peroxisome blO_geneSIS disorders, humanpgyyescriptil Sk*. The disruption cassette was isolated by digestion
Pex5p accumulates inside peroxisomes (Dodt and Gould,with Nrul andHpal and transformed téd.polymorphaNCYC495leul.1
1996). According to the Pex5p recycling model proposed ura3. Methanol utilization-deficient colonies (Mytwere selected, and
for H polymorphaPexSp (van der Klei and Veenhuis. Proper integration ofJRA3was determined by Southern blot analysis
1996. his bh Id b db block in P ’5 using the ECL direct nucleic acid labelling and detection system

)'t ISp enOty_pe_Cou € caused by a block In Fex p(Amersham Corp., Arlington Heights, IL; data not shown). Selected
export. Also, the finding that Pex5p accumulates at the aApex4:URA3strains were tested for complementation with the original
inner surface of the peroxisomal membranélipolymor- complementing fragment. Segregation and complementation analyses of
pha pexdis consistent with the view that in this mutant the Apex4 mutant were performed as described previously (Titorenko
recycling of Pex5p from the peroxisome to the cytosol is etal, 1993).
affgc_ted. Hovyever, the Import—export model still lacks Construction of Pex4p- and Pex5p-overproducing strains
definite experimental proof, and at present we cannot rule A Hindlll site was introduced in front of thBEX4start codon by PCR
out the possibility that Pex5p found in the peroxisomal gSng prlm‘ar ﬁ]TETETXi%ARAFGCTTCIAT%TC;L?YLAI%QGAAAIAG?-g)-

; 1A R ubsequently, was cloned as enow-treated)—
ma;mx IOf WII% type H'pOIyTorﬁhareprel.Semsf geag endk Hindlll fragment in vector pHIPX4 (Gietet al, 1994) digested with
molecules and consequently that recycling o ex_ p ta €S Sma and Hindlll. The resulting plasmid, carrying tHeEX4gene under
place from the organellar surface. However, in both control of the AO promoter (Ry), was linearized withStu and
scenarios, the low rate of Pex5p-dependent import in transformed intd\pex4::URA3 Proper integration of the plasmid at the
Apexacells can then be explained readily as being due to Jiex T to8 Tt e by itle (most robably
the _relatlvely Io_w abundance of the cytosth Pex5p five) copies of the oy PEXA cassette.
relat'_Ve to the high amount of neW'Y synthesized PT_S]- To obtain overexpression dPEX5 in Apex4 cells, Stu-linearized
matrix proteins. Upon overproduction of Pex5p, the limit- plasmid pHIPX4PEXS5 (van der Kleiet al, 1995), carrying the?EX5
ing amount of cytosolic Pex5p is then replenished, resulting gene under control of theaBx, was transformed ta\pex4:URA3
in an increase of PTS1 protein importﬁrpex4cel|s. Proper integration of the plasmid at thgdR Iopus was analysed by _

Th t of Pex5 i . i it Southern blotting (data not shown). Three strains were selected carrying

_e conce_p O exop as_ a cy_c '_ng receptor imp |es_| S either one, two or multiple (most probably four) copies of thg,;PEX5
continuous blndlr)g to and d|ss_OC|at|on.fr0m othgr proteins cassette. As a control, wild-typd.polymorphacontaining RoxPEX5
(e.g. cargo proteins, the putative docking proteins Pex13pwas used (van der Klet al, 1995).
and Pex14p). Pex4p-mediated ubiquitin conjugation to

: : : xpression of the PEX4 gene
one of these.protems cogld be necessary to d|s§OC|ate th he activity of the PEX4 promoter (Rex) was studied using
Pex5p—protein complex in order to allow reCY_C“nQ baCk B-lactamase as reporter enzynfel actamase activity was determined
to the cytosol. In order to test this hypothesis, it is of in an H.polymorphastrain carrying a single copy of an in-frame
major importance to identify the substrate(s) of Pex4p. fusion of the B-lactamase gene andpfs As controls, similar

; ; ; ; ; constructs were made for, and the promoter oPEX8 (P, .
This topic currently is being addressed in our laboratory. o onable inframe Cloninfg&of thé-lactgmase gene behi(ng;éi

an EcdRl site was introduced after the ATG start codon REX4
with PCR using primer 5CCTTCAGAATTCGCTTTTCTGTAGAA-

Materials and methods GAC-3. Subsequently, fzx4 was ligated as @ot—EcoRI fragment,
together with thef-lactamase gene as dicoRI-Hindlll fragment,
Strains, media and growth conditions into pBluescriptll SK", treated with Not and Hindlll. From the
The H.polymorphastrains used in these studies gver2-1 [leul.l resulting plasmid, the expression cassette was isolated Baméll—
per2-1 (Titorenkoet al, 1993), NCYC 495|pul.1 ura3d and Apex4::- Hindlll fragment, treated with Klenow enzyme and ligated into the

URA3[leul.1Apex4. The strains were grown at 37°C on YPD medium  unique Sma site of pHI1 (pHI1 was constructed by ligating the
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URA3gene ofH.polymorphaas a blunt-ended 2.3 kBanHI fragment
into the uniqueNdd site of pUC19). The resulting plasmid, pX-
PEX4, carried theB-lactamase gene under control of thgeRs The
expression cassette containing the gene encoflifagtamase control
of Pyox Wwas isolated from pHIPX33tac (Waterhamet al, 1994) as

a BanHI-Bglll fragment and cloned into th®&anHI site of pHI1,
resulting in plasmid pX-AOX. The expression cassette with the
B-lactamase gene under control ofdRg was isolated from plasmid
PHIPX3—RexgPlac (Waterhamet al, 1994) as aBanmHI-Asp718
fragment, ligated into pHI1 and treated witBanHl and Asp718,
resulting in plasmid pXPEX8 The B-lactamase expression plasmids
were linearized in theURA3 gene using the uniquépd site and
transformed toH.polymorphaNCYC 495 leul.1 ura3 Correct, single
copy integration in thdJRA3locus was checked by Southern blotting
(data not shown).

Biochemical methods

Crude extracts were prepared as described by Wategiaah (1994).
AO and AMO were assayed as described by Verdeityal. (1984), CAT
(Luck, 1963), cytochromeoxidase (Doumat al., 1985) an3-lactamase
activities (Waterharret al,, 1994) were determined as described previ-
ously. Cell fractionation was performed as detailed by van derélal.

(1998). Protein concentrations were determined using the Bio-Rad
Protein Assay system (Bio-Rad GmbH, Munich, Germany) using bovine

The Hansenula polymorpha Pex4p

of IkBa by a novel ubiquitination-dependent protein kinase activity.
Cell, 84, 853-862.

Crane,D.l., Kalish,J.E. and Gould,G.J. (1994) Hiehia pastoris PAS4
gene encodes a ubiquitin-conjugating enzyme required for peroxisome
assemblyJ. Biol. Chem. 269, 21835-21844.

de Hoop,M.J. and AB,G. (1992) Import of proteins into peroxisomes
and other microbodie®iochem. J.286, 657—669.

Dodt,G. and Gould,S.J. (1996) MultipleEX genes are required for
proper subcellular distribution and stability of Pex5p, the PTS1
receptor: evidence that PTS1 protein import is mediated by a cycling
receptord. Cell Biol, 135 1763-1774.

Douma,A.C., Veenhuis,M., de Koning,W., Evers,M. and Harder,W.
(1985) Dihydroxy-acetone synthase is localized in the peroxisomal
matrix of methanol growrHansenula polymorphaArch. Microbiol,

143 237-243.

Dyer,J.M., McNew,J.A. and Goodman,J.M. (1996) The sorting sequence
of the peroxisomal integral membrane protein PMP47 is contained
within a short hydrophilic loopJ. Cell Biol, 133 269-280.

Erdmann,R., Veenhuis,M. and Kunau,W.H. (1997) Peroxisomes:
organelles at the crossroadsends Cell Biol. 7, 400-407.

Evers,M.E., Titorenko,V.l., van der Klei,l.J., Harder,W. and Veenhuis,M.
(1994) Assembly of alcohol oxidase in peroxisomes of the yeast
Hansenula polymorpharequires the cofactor flavin adenine
dinucleotide .Mol. Biol. Cell, 5, 829-837.

serum albumin as a standard. SDS—PAGE was carried out as described~aber,K.N., Swaving,G.J., Faber,F., AB,G., Harder,W., Veenhuis,M. and

(Laemmli, 1970). Western blotting was performed according to Kyhse-
Andersen (1984) and blots were decorated using specific polyclonal

antibodies against varioubl.polymorpha peroxisomal proteins. The
antibodies againsS.cerevisiaeSec63, which cross-reacted with the
H.polymorphaSec63 orthologue, were a gift from Dr R.Schekman,

Haima,P. (1992) Chromosomal targeting of replicating plasmids in
the yeasHansenula polymorpha. Gen. Microbiol, 138 2405-2416.

Faber,K.N., Haima,P., Harder,W., Veenhuis,M. and AB,G. (1994) Highly
efficient electrotransformation of the yeadansenula polymorpha
Curr. Genet, 25, 305-310.

Berkeley, CA. For generation of antisera recognizing HpPex4p, a Gietl,C., Faber,K.N., van der Klei,|.J. and Veenhuis,M. (1994) Mutational

synthetic peptide, consisting of amino acids 85-90 and 13-23 of
HpPex4p, was coupled to keyhole limpet haemocyanin and used to
immunize rabbits. Organellar pellets were subjected to PK treatment as

described by Komoret al. (1997).

Electron microscopy

Whole cells were fixed and prepared for electron microscopy and

immunocytochemistry as described previously (Waterlearal., 1994).
Morphometric analysis on KMngXixed cells was performed as described
by Veenhuiset al. (1978). Immunolabelling was performed on ultrathin

sections of unicryl-embedded cells, using specific antibodies against

various H.polymorphaproteins and gold-conjugated goat anti-rabbit

(GAR-gold) antibodies according to the instructions of the manufacturer

(Amersham Corp., Arlington Heights, IL).
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