7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

The Hansenula polymorpha PDD1 gene product, essential for the selective degradation of
peroxisomes, is a homologue of Saccharomyces cerevisiae Vps34p

Kiel, Jan; Rechinger, KB; van der Klei, Ida; Salomons, FA; Titorenko, [No Value]; Veenhuis,
M; Titorenko, V.I.

Published in:
Yeast

DOI:
10.1002/(SICI)1097-0061(19990630)15:9<741::AID-YEA416>3.3.CO;2-F

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1999

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Kiel, J. A. K. W., Rechinger, K. B., Van der Klei, I. J., Salomons, F. A., Titorenko, . N. V., Veenhuis, M., &
Titorenko, V. . (1999). The Hansenula polymorpha PDD1 gene product, essential for the selective
degradation of peroxisomes, is a homologue of Saccharomyces cerevisiae Vps34p. Yeast, 15(9), 741-754.
DOI: 3.3.CO;2-F" class="link">10.1002/(SICI)1097-0061(19990630)15:93.3.CO;2-F

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-02-2018


http://dx.doi.org/10.1002/(SICI)1097-0061(19990630)15:9<741::AID-YEA416>3.3.CO;2-F
https://www.rug.nl/research/portal/en/publications/the-hansenula-polymorpha-pdd1-gene-product-essential-for-the-selective-degradation-of-peroxisomes-is-a-homologue-of-saccharomyces-cerevisiae-vps34p(b7f8eb75-06e6-4d91-8b3b-46b900938f22).html

YEAST
Yeast 15, 741-754 (1999)

The Hansenula polymorpha PDDI Gene Product,
Essential for the Selective Degradation of Peroxisomes,
is a Homologue of Saccharomyces cerevisiae Vps34p

J. A. K. W. KIEL'*, K. B. RECHINGER?, I. . VAN DER KLEI', F. A. SALOMONS,

V. L. TITORENKO'{ AND M. VEENHUIS'

! Eukaryotic Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute (GBB),
University of Groningen, Kerklaan 30, NL-9751 NN Haren, The Netherlands
2Carlsberg Laboratory, Department of Physiology, Gamle Carlsberg Vej 10, DK-2500 Valby, Copenhagen,

Denmark

Via functional complementation we have isolated the Hansenula polymorpha PDDI gene essential for selective,
macroautophagic peroxisome degradation. HpPDD]I encodes a 116 kDa protein with high similarity (42% identity)
to Saccharomyces cerevisiae Vps34p, which has been implicated in vacuolar protein sorting and endocytosis. Western
blotting experiments revealed that HpPDDI is expressed constitutively. In a H. polymorpha pddl disruption strain
peroxisome degradation is fully impaired. Sequestered peroxisomes, typical for the first stage of peroxisome
degradation in H. polymorpha, were never observed, suggesting that HpPddlp plays a role in the tagging of
redundant peroxisomes and/or sequestration of these organelles from the cytosol. Possibly, HpPddlp is the
functional homologue of ScVps34p, because—like S. cerevisiae vps34 mutants—H. polymorpha pddl mutants are
temperature-sensitive for growth and are impaired in the sorting of vacuolar carboxypeptidase Y. Moreover,
HpPddlp is associated to membranes, as was also observed for ScVps34p. Copyright © 1999 John Wiley & Sons,
Ltd.

KEY WORDS — autophagosome; catabolite inactivation; methylotrophic yeast; microbody; phosphatidylinositol

3-kinase

INTRODUCTION

Yeasts can rapidly adapt to changes in the
environment by regulating the amounts and
repertory of endogenous proteins and organelles in
a selective manner. The development of micro-
bodies (peroxisomes) in yeasts is a typical example
of a response to specific metabolic needs (Lazarow
and Fujiki, 1985). In the methylotrophic yeast
Hansenula polymorpha, the development of these
organelles is strongly induced by methanol as
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well as by a number of organic nitrogen sources
(Veenhuis and Harder, 1991). In contrast,
methanol-induced  peroxisomes are actively
degraded after a shift of cells to conditions in
which the organelles are redundant for growth
(e.g. glucose or ethanol). In H. polymorpha peroxi-
some degradation occurs by means of a highly
selective process resembling autophagy (Veenhuis
et al., 1983). As an initial step, organelles to be
degraded are sequestered from the cytosol by a
number of membranous layers, resulting in the
formation of autophagosomes. These membranes
are thought to be derived from the endoplasmic
reticulum (cf. e.g. Dunn, 1990; Ueno et al., 1991).
Subsequently, the autophagosomes fuse with the
vacuole or a vacuolar vesicle, which supplies the
organelle with hydrolytic enzymes that degrade
the microbody contents (Veenhuis ez al., 1983).
Also in Saccharomyces cerevisiae and in another
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methylotrophic yeast, Pichia pastoris, selective
degradation of peroxisomes has been demon-
strated to occur via autophagic processes (Tuttle
and Dunn, 1995; Chiang et al., 1996; Sakai et al.,
1998).

Surprisingly, in P. pastoris peroxisome degrada-
tion may occur via morphologically distinct
autophagic processes. During glucose adaptation
of methanol-grown P. pastoris cells, peroxisomes
were degraded via a process analogous to micro-
autophagy, i.e. clusters of peroxisomes were
engulfed by protrusions of the vacuole, incorpor-
ated and subsequently degraded. In contrast,
adaptation of methanol-grown P. pastoris cells to
ethanol resulted in degradation of peroxisomes via
a process similar to that described for H. polymor-
pha. This process is analogous to macroautophagy
observed in mammalian cells.

A number of mutants affected in the process of
selective peroxisome degradation has been isolated
from H. polymorpha (pdd mutants). So far, five
complementation groups have been identified
(Titorenko et al., 1995). Recently, P. pastoris
mutants defective in glucose-induced micro-
autophagy (gsa and pag mutants) were also iso-
lated (Tuttle and Dunn, 1995; Sakai et al., 1998).
Interestingly, most gsa and pag mutants are still
capable of degrading peroxisomes during ethanol
adaptation. Recently, Yuan et al. (1997) identified
the PpGSAI gene product as the o-subunit of
phosphofructokinase, which is apparently required
for an early event in vacuolar microautophagy of
peroxisomes in P. pastoris. Surprisingly, the
activity of PpGsalp in the degradation process was
independent of its ability to metabolize glucose
intermediates.

The pdd mutants isolated so far from H. poly-
morpha are deficient in the initial steps of peroxi-
some degradation (Titorenko ez al., 1995). The
first type of mutant, exemplified by pddi, is
impaired in the sequestration process; in mutants
of the second type (e.g. pdd2) the sequestered
organelles fail to fuse to vacuolar compartments.
Mutants impaired in the final step of peroxisome
degradation—proteolytic degradation in the
vacuole—were not selected.

Here we describe the characterization of the H.
polymorpha PDDI gene. The gene product of
HpPDDI is homologous to the phosphatidylinosi-
tol (PtdIns) 3-kinase encoded by the S. cerevisiae
VPS34 gene (reviewed by DeWald et al., 1997). In
wild-type (WT) H. polymorpha cells, HpPdd1p is
localized on membranes. The specific function of

Copyright © 1999 John Wiley & Sons, Ltd.
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the protein in selective peroxisome degradation is
discussed.

MATERIALS AND METHODS

Micro-organisms and growth conditions

The following Hansenula polymorpha strains
were used in this study: CBS4732 (CBS collection,
The Netherlands), NCYC495 and auxotrophic
derivatives thereof (Gleeson and Sudbery, 1988),
pddI-201 (leul-1) (Titorenko et al., 1995) and Acpy
(leul.l) (Bellu et al., 1999). H. polymorpha strains
were grown in batch cultures in rich medium
containing 1% yeast extract, 2% peptone and 1%
glucose (YPD), selective minimal medium contain-
ing 0-67% yeast nitrogen base without amino acids
supplemented with 1% glucose (YND) or 0-5%
methanol (YNM), or mineral medium using either
glucose (0-5%) or methanol (0-5%) as carbon
source (Van Dijken er al., 1976). Leucine and
uracil were added as required (final concentration
30 pg/ml). Escherichia coli DH50 (Sambrook et al.,
1989) was used for plasmid constructions and was
grown on LB medium supplemented with the
appropriate antibiotics.

DNA procedures

H. polymorpha cells were transformed using
the electroporation method (Faber er al., 1994).
Recombinant DNA manipulations were as
described (Sambrook ef al., 1989). Southern blot
analysis was performed using the ECL direct
nucleic acid labelling and detection system accord-
ing to the manufacturer’s instructions (Amersham,
Arlington Heights, IL). Polymerase chain reaction-
mediated DNA amplification was performed with
Pwo-polymerase according to the manufacturer’s
instructions (Boehringer-Mannheim, Germany).
Oligonucleotides were obtained from Eurogentec,
Seraing, Belgium. Biochemicals were obtained
from Boehringer—Mannheim, Germany.

Cloning and sequence analysis of the HpPDD1
gene

To isolate the HpPPDI gene, the H. polymorpha
mutant pddl-201 was transformed with an H.
polymorpha genomic library in pYT3 (Tan ez al.,
1995). Following selection of Leu™ transformants
on YND plates at 37°C, the colonies were replica-
plated to YNM plates and screened for the ability
to grow on methanol at 43°C. Plasmid DNA was

Yeast 15, 741-754 (1999)
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recovered from six Mut™ transformants in E. coli
DH5a. After retransformation to H. polymorpha
pddl-201, three plasmids were found to be able to
restore methylotrophic growth at 43°C, as well as
the selective degradation of peroxisomes after a
shift of cells to non-methylotrophic conditions,
using the plate assay based on the activity of the
peroxisomal matrix enzyme alcohol oxidase (AO)
(Titorenko et al., 1995). These plasmids contained
overlapping chromosomal inserts. By subcloning,
an approximately 4kb Bg/ll fragment was
identified that still complemented pddi-201. This
fragment was inserted in both orientations in
pBluescript II SK+ (Stratagene, San Diego, CA)
and a series of nested deletions was generated
by the limited exonuclease III digestion method
(Sambrook et al., 1989). Double-stranded DNA
sequencing of the resulting subclones was carried
out on a ABI PRISM 377 sequencer (Applied
Biosystems Inc.) using the Dye Terminator Cycle
Sequencing Ready Reactions (Perkin-Elmer). In
addition, several selected oligonucleotides were
synthesized to complete or confirm certain por-
tions of the DNA sequence. Sequences were as-
sembled with the aid of Microgene Sequence
Software (Beckman). For analysis of the DNA
sequence and the deduced amino acid sequence,
the PC-GENE program (release 6.70, Intelligen-
etics Inc., Mountain View, CA) was used. To find
protein sequences with similarity to HpPddl1p, the
TBLASTN algorithm (Altschul et al., 1990) was
used to screen databases at the National Center for
Biotechnology Information (Bethesda, MD).

Construction of a HpPDDI1 disruption strain

To disrupt the WT HpPDDI gene, a 1-8 kb
Asp718—BamHI (up to nt 641 in GenBank Acces-
sion No. AF121671) and a 0-5 kb BamHI-HindII1
fragment (nt 3000-3527) of the region comprising
HpPDDI were subcloned between the Asp718 and
the HindIII sites of pUCI19 (Yanisch-Perron et al.,
1985), resulting in plasmid pPDDI-1. Subse-
quently, a 1-8 kb BamHI-Bg/II fragment contain-
ing the H. polymorpha URA3 gene (Merckelbach
et al., 1993) was inserted into BamHI-digested
pPDDI1-1. From the resulting plasmid, designated
pPDD1-2, a 2:9 kb Bg/lI-Xhol fragment was iso-
lated and wused to transform H. polymorpha
NCYC495 (leul—1 ura3). In S. cerevisiae, deletion
of the putative HpPDDI homologue, ScVPS34, is
not lethal but gives rise to a temperature-sensitive
(ts) growth phenotype (Herman and Emr, 1990).

Copyright © 1999 John Wiley & Sons, Ltd.
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Therefore, uracil-prototrophic transformants were
selected at 30°C on YND agar plates supplemented
with leucine. Randomly picked transformants were
examined for correctly targeted genomic integra-
tion by Southern blot analysis. The resulting
putative Apddl mutants were tested for their
ability to grow on YNM plates at 43°C, and were
also tested for complementation by the pddI-201
complementing clones.

Construction of a HpPDDI overexpression strain

To construct an H. polymorpha strain over-
expressing HpPDDI, the gene was placed behind
the strong alcohol oxidase promoter (P,x). First,
a 2:5kb Hindlll-Xhol fragment of HpPDDI (nt
880-3396) was cloned between the HindIIl and
Xhol sites of pBluescript II SK+, resulting in
plasmid pPDDI1-3. Then, a 1-3kb fragment of
HpPDDI was produced via PCR by which Sacl
and BglII sites were introduced directly upstream
of the ATG start codon of HpPDDI using the
PDDI1-ATG primer (5 AGA GAG CTC AGA
TCT ATG AAC TAC GAC TC 3'), the M13/pUC
reverse sequencing primer and a subclone contain-
ing a 1:6 kb BgllI-Sall fragment of HpPDDI in
pBluescript. The fragment was digested with Sacl
and HindIIl and a 0-6 kb fragment (nt 304-880)
was inserted between the Sacl and HindIIl sites of
pPDD1-3. From the resulting plasmid, designated
pPDDI1-4, a Bglll-Xhol fragment carrying the
complete HpPDDI gene was isolated and
inserted between the BamHI and Sall sites of
pHIPX4-PAS3 (Kiel et al., 1995), thus replacing
the S. cerevisiae PAS3 gene. Finally, the resulting
plasmid, designated pHIPX4-PDD1, was linear-
ized with Stul and transformed into H. polymor-
pha. Selection on integration of the plasmid
was performed as described (Faber et al., 1993).
Southern hybridization was used to detect single or
multicopy integration at the P,ox locus (data not
shown).

Other plasmid construction

Plasmids pPDDI1-5 and pPDDI1-7 were used
to determine whether the pddl-complementing
activity on the initially cloned fragment repre-
sented the authentic HpPDDI gene and not a
suppressor. pPDD1-5 was constructed by inserting
a 2:3kb BamHI-EcoRI (both blunted) frag-
ment containing the Candida albicans LEU2 gene
(obtained from Dr E. Berardi, University of
Ancona, Ancona, Italy) between the Notl and

Yeast 15, 741-754 (1999)
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Figure 1. Disruption of the H. polymorpha PDDI gene. (A) Schematic
representation of the genomic region comprising HpPDDI, and deletion
of HpPDDI by homologous recombination with the Bg/II-Xhol fragment
of plasmid pPDDI1-2 (see Materials and Methods). Only relevant restric-
tion sites are indicated. (B) Correct integration of the 4pddl fragment was
demonstrated by Southern blot analysis. Genomic DNA of WT H.
polymorpha (lanes 2 and 4) and Apddl (lanes 3 and 5) cells was digested
with Hindlll, subjected to agarose gel electrophoresis and blotted. The
filters were hybridized with a 1-2 kb Asp718-Bg/lI fragment (probe 1 in A;
lanes 2 and 3) or a 1-8 kb BamHI fragment of the region comprising
HpPDDI (probe 2 in A; lanes 4 and 5). Fragment lengths of the marker,
phage SPPI DNA, restricted with EcoRI (lane 1), are given in kilobases
(kb).

J. A. K. W.KIEL ET AL.

HindIII sites (both blunted) in the polylinker of
plasmid pPDDI1-3, which contains the 3’ end of
HpPDDI (HindIII-Xhol fragment in Figure 1A,
nt 880-3396, encoding amino acids 181-1016).
pPDDI1-7 was constructed as follows: first a
2:75kb Asp718-Sall fragment containing the 5’
end of HpPDDI (see Figure 1A, up to nt 1615,
encoding amino acids 1-427) was inserted between
the Asp718 and Sall sites of pBluescript IT SK+.
The resulting plasmid, designated pPDDI1-6, was

Copyright © 1999 John Wiley & Sons, Ltd.

digested with Notl and Sall in the polylinker,
blunted and ligated to the fragment containing C.
albicans LEU2. This plasmid was designated
pPDDI1-7. Both pPDDI-5 and pPDDI1-7 were
linearized with Xbal in the HpPDDI region (nt
1317; see Figure 1A) and transformed into H.
polymorpha pddl-201. Because these plasmids
cannot replicate in H. polymorpha, integration
should occur at the Xbal site in the homologous
PDDI region of the yeast genome. Correct

Yeast 15, 741-754 (1999)
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integration was confirmed by Southern hybridiza-
tion (data not shown).

Generation of polyclonal antibodies against
HpPddlp

A carboxy-terminal part of HpPdd1p compris-
ing amino acids 481-1016 was produced in E. coli
as part of a fusion protein with maltose-binding
protein (MBP) using the Protein Fusion and Puri-
fication System (New England Biolabs, Beverly,
MA). To this end, a 1:75 kb EcoRV-HindIII frag-
ment (nt 1780-3527) was inserted between the
Xmnl and HindIII sites of the pMal-c2 vector.
Production and purification of the fusion protein
was performed according to the instructions of the
supplier of the system. Purified MBP/HpPddlp
fusion protein was used to immunize a rabbit.

Biochemical methods

Crude extracts were prepared according to
Waterham et al. (1994). Preparation of H. poly-
morpha protoplasts was performed as described
(Van der Klei e al., 1998). Discontinuous sucrose
density gradient centrifugation of post-nuclear
supernatants obtained after homogenizing H. poly-
morpha protoplasts was performed according to
Douma et al. (1985). Protein concentration deter-
minations, SDS-PAGE and Western blotting was
carried out using established procedures. Detec-
tion of proteins on Western blots was performed
using either the Protoblot immunoblotting system
(Promega Biotec) or the ECL system (Amersham,
U.K.). The degradation of peroxisomes in batch
cultures of H. polymorpha was determined by AO
activity measurements and Western blotting using
extracts of methanol-grown H. polymorpha cells
shifted to 1% glucose or 0-5% ethanol (Titorenko
et al., 1995). The relative HpPex3p levels were
determined by laser densitometric scanning of
Western blots, decorated with specific antibodies
against HpPex3p.

Carboxypeptidase Y secretion assay

The activity of the vacuolar proteinase carboxy-
peptidase Y (HpCPY) was determined in crude
extracts of H. polymorpha cells according to Jones
(1991)). To determine the presence of a-HpCPY
specific protein in culture medium, H. polymorpha
cells were grown overnight at 30°C in YPD, diluted
in fresh YPD medium to an optical denisty at
663 nm of 0-1 and incubated for 20 h at 30°C. The
cells were collected by centrifugation, and the

Copyright © 1999 John Wiley & Sons, Ltd.
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culture medium was filtered through a 0-2 um
filter (Schleicher & Schull, Dassel, Germany).
Proteins secreted into the culture medium were
concentrated by TCA precipitation.

Electron microscopy

Cells were fixed and prepared for electron
microscopy and immunocytochemistry as de-
scribed by Keizer-Gunnink et al. (1992). Immuno-
labelling was performed on ultrathin sections of
Unicryl-embedded cells, using specific antibodies
against selected H. polymorpha proteins.

RESULTS

Isolation and characterization of the
H. polymorpha PDDI gene

The H. polymorpha pdd1-201 mutant is one of a
collection of 43 mutant strains impaired in the
selective degradation of peroxisomes (Titorenko
et al., 1995). Methanol-grown pddI-201 cells con-
tain normal peroxisomes, but are impaired in
the initial stage of peroxisome degradation, the
sequestration of organelles to be degraded from
the cytosol. For the isolation of the HpPDDI gene
we made use of the fact that the mutant is also
temperature-sensitive (ts) for growth on methanol
(Titorenko et al., 1995). Thus, H. polymorpha
pddi-201 was transformed with a genomic H.
polymorpha library. Amongst approximately 10*
Leu™ transformants, six colonies were isolated that
were able to grow on methanol at 43°C. Their
plasmid content was rescued in E. coli and the
plasmids were reintroduced in the H. polymorpha
pddI-201 mutant to confirm their complementing
ability. Three plasmids, which were able to comp-
lement both the ts growth phenotype and the Pdd
phenotype of the Pddi-201 mutant, were selected
for further analysis. These plasmids contained
overlapping genomic H. polymorpha fragments,
ranging from 6'5 to 12-5 hb. By subcloning, the
complementing activity was found to reside in a
4-0 kb Bg/Il fragment, which was sequenced. The
sequence was deposited at GenBank and was
assigned Accession No. AF121671. Sequence
analysis revealed an open reading frame (ORF)
with the potential to encode a protein of 1016
amino acids, which was designated HpPDDI
(Figure 1A).

To determine whether the pddIl-complementing
activity on the cloned fragment represented the
authentic HpPDDI gene and not a suppressor, we

Yeast 15, 741-754 (1999)
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HpPddlp MNYDSKSONSVSFCLSKDLKLPLRFRINGLNDYTQRIAQCLSL 43
ScVps34p MSLNN-ITFCVSQDLDVPLKVKIKSL-E---GHKPLLKP 34
CaVps34p MATLSQPQSALPKTKIATTFGLSKDLKSPISVKVCYL-ECTRNNVSLVPL 49
oo™ *
HpPddlp EKRSATSRIIQAKLKDQPINEIYVY--VYVESSGKQLTVPVLTSVAYSSG 91
ScVps34p  SOKILNPELMLIGSNVFPSSDLIVSLQVFDKERNRNLTLPIYTP--YIPF 82
CaVps3ip  STKFEDPTVFKKLSQIYKNSDLFVEIRVYDGKNNNLISTPVRTIS--YKAF 97
P ok %
HpPddlp NSKNSSRGNWIHLPIDYSQLPLDAVLVLSLFNYKLKTGSENKLGECRLYM 141
ScVps34p  RN-SRTWDYWLTLPIRIKQLTFSSHLRIILWEYN--GSKQIPFFNLETSI 129
CaVps34p NNKGRTWNQQLIC[NIDYNQISIDAYLKFSICEII--DTKPSVNVSYLSL 145
PR -
HpPddlp  FNQENCTIMKGYQRLKVDFADGKTEVDQOKQSQMQI--—-LETKLKQREH 187
ScVps3dp  FNLKDCTLKRGFESLKF------- RYDVIDHCEVVTDNKDQEN-LNKYFQ 171
CaVps34p  FSHDSSTLRSGSHKIPV-FMEDDPQYSKNIQYGTLIGLTDLEKRLIDYEN 194
- T P
HpPddlp GDTSRAEWLDQLTFRRIEQINAKEAAKLKQOLLITKRTGDVHINLELAQF 237
SCVps34p  GEFTRLPWLDEITISKLRKQRENR-—--—====~ TWPQGTEVLNLEFPML 211
CaVps34p  GKYPRLNWLDKMVLPKVDATFLKT-——-—-——--] NNKDHDYYLYIELPQF 234
POy
HpPddlp EIPIVYSDVKYATLNITTSESHVMNAVARNNVSNRDQLLFNEIKLSNLED 287
ScVps34p  ELPVVFIE-REIMNTQMNIP-TLKNNPGLSTDLREPNRNDPQIKIS-LGD 258
CaVps34p EFPIVYSDIIYQIPTIEPITETTSKIPPDDTLNSNI. IINSIDIPMATSHD 284
o,
HpPddlp  LKKQKRPTIFDPDQYRSEIIL -DPIESKFRRLERT-HQSSSL 327
ScVps3dp  ~KYHSTLKFYDPDQPNN-- ~DPIEEKYRRLERA-SKNANL 293
CaVps34p  ---PSTMKVYDPD-FHITANNHLNPNATTFDEVELKYRKLERNIDNNTIL 330
e *
HpPddlp DKDIKPTLKLRAELTKILHKQFFEKLSQKEKNMIWKYRFFLLNNLILNK- 376
ScVps34p DKQVKPDIKKRDYLNKI INY PPGTKLTAHEKGS IWKYRYYLMNNKKA—-~ 340
CaVps34p DKELKPTPQLRDELLRD(IKPSNAESTDNBKNLIWKFRYYFSKNNSGNDP 380
P P P -
HpPddlp NNTEFNNFVINFIKCIDWEDDFEVNEFLVI INNLNTDPYSNVEIQKMEIV 426
ScVps34p  ———-——-- LTKLLQSTNLREE SERVEVLEIMDSW-—~~~~~~-~; -AEIDID 372
CaVps34p SNKSVKSFLPKFLRSINWENDYELDHTFKEIIPF-~~--YWNV--DKLQIG 424
* *
HpPddlp DCLELLSANYKNY I VR 442
ScVps3dp DALELLGSTFKNLS: VR 388
CaVps34p DALELLGDYFNPYTLGKPTYQDDSMT DEKRFIKIYNNVCFLR 474
. wwhw -
HpPddlp NMALERLRLASDDDLEMYMVQLVQCIKNEANYLSPRTDIDDDGEGDNNSE 492
ScVps34p SYAVNRLKKASDKELELYLLQLVEAVCFEN--LST—-—----=--~-] FSDK 425
CaVps34p  KLAVERLKIANSEELLLYLLOQLVQALKYEA-=-===w=w=ecemwwoo——e 504
N PR «

HpPddlp ENSEFLDFEDSTYTTNSSEFQVINTEEEDPVVKLLNNPNITNPEGKI IEK 542
ScVps34p  SNSEFTIVDAVSSQKI.SGDSMLLSTSHANQ--KLLKSIS-SESETSGTES 482
CaVps34p

LIYEKSPPFCERSDQIEDNA 524
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HpPddlp LPKI»QSFIAKH.IBRSIDSBRLSNFEYWNLKVBVDDERERYRFAPGNIRA 592
ScVps34p LPIVISPLAEFLIRRALVNPRLGSFFYWYLKSESED———-—--—-—-~-| 522
CaVps34p SSTLKSHADELIERAWFFYWWWENEDQI.NNPHID—GPIKI 574
Terr rhr v v wwrs
HpPddlp ANAREQTEYAPEQTARGSQVPANCVKHIFLRTLLHFVANLGVSRNGSDKL 642
ScVps34p  YLDQILSSFWSRLDKKSRNI: 530
CaVps34p  YMD-ILNRYIELLKAHCHENRLPYYKH: 599
HpPddlp  WILRNQVELISRLHSISKTIKIDFK-KDPTOKKIEALKALLAQKFKATKL 691
ScVps34p INVLRECCETIK~~-RLKDTTAKKMELLVHLLETKVRP--- 582
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ETRE
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ScVps3dp  —-——=mmmmem VKVR-PIALPLDPDVLICDVCPETSKVFKSSLSPLKI 609
CaVps3dp  —=--====-===-] LLKFPEPFPLPLOPSVMICGCYPEESSVFKSSLAPLKI 662
FATCTTIE PO AN
PI 3-kinase I
HpPddlp VFKTIEGPP~--~~~covomoooons YPIMYKIGDDLRQDQFVIQIMTLY 773
ScVps34p  TFKTTLNQP-------—=————=——- VVQIISIM 642
CaVps3dp TLKTIEKIGG[GHATSQLE’GKRSRYGKY PLMFKI VIQIIDIM 732
FRETIIT RS
HpPddlp ERILINENLIMKLKPYKIMALGSVEGLIQFIPNSSLSSILQK----—--— 845
ScVps34p  NELLKNENVDLKLTPYKILATGPQEGAIEFIPNDTLASILSK-Y------ 715
CaVps34p DQI.LKNENLDLKLTPYKIIATSPIS(H.IQFVPNETLDSILSKTYPTSVTY 812
PR
HpPddlp 833
ScVps34p ==HGI. 702
CaVps34p SGGGETSDGPPSVSNNGILNYLRLHSQBQQSEEPISKSILSTNTSQSNTE 832
PI 3-kinase II
HpPddlp  -=-=-==-—-o———- LGVKSEVMDNYVRSCAGYCVLTY ILGVGDRHLENL 868
ScVps3dp  —---—=--=—em--o] QGWVLDNFVKSCAGYCVITYILGVGDRHLDNL 737
CaVps3dp IPVLPRQPK?IITSDIGVSPIHMYVKSCAGYCVITYIWM 882
Lk kA Rbkdh hd b kR A kbRy
HpPddlp LLTTDGYFFHADFGY ILGQDPKPFPPLMKLPIQI IEGMGGLNNENYQKFC 918
ScVps34p  LVIPDGHFFHADFGYILGODPKPFPPIMKLPPQIIEAFGGRESSNYDKFR 787
CaVps34p  LLSPNGKFWHADFGYILGRDPKPFPP: QVIDQHSU-HENYNVFK 912
.k R R RERRRE .....-«-.... ' v,
HpPddlp NYCFITYITLRKNASLILNIFQIMIDSSIPVLRTSGSNGVSNETEKFELI 968
ScVps34p  SYCFVAYSILRRNAGLILNLFEIMKTSNIPDIRIDPNGAIL--—-===-= 858
CaVps34p SYCFITYTTLRKNSNLILNLFQIHLDANI PDIQFDPSRVIE ————————— 973
BT .
HpPddlp WKIQEKFMLELNDEEAVLHFQNLINDSVNAFLPVVIDRLHSLAQYWRA 1016
ScVps34p ~RVRERFNLMMSEEDATVHFONLINDSVNALLPIVIDHLHNLAQYWRT 875
CaVps34p -KVQWEEEAILHEWLINDSVNAEIPWIDRLHSLBQYHRA 1020

I I I L AR L TN

Figure 2. Alignment of the deduced primary sequence of H. polymorpha Pdd1p (HpPddlp) and those of Vps34p of S. cerevisiae

(ScVps34p) and C. albicans (CaVps34p) (Herman and Emr, 1990; Eck et al.,

1996). Gaps were introduced to maximize the

similarity. The two PtdIns 3-kinase signatures are indicated in bold PI 3-kinase I and II, respectively. Two conserved proline-rich
sequences similar to the SH3 ligand consensus are shown in bold italics. Identical residues are indicated by an asterisk below the

sequences, conservative replacements by a dot.

tested whether plasmids pPDDI1-5 and pPDD1-7,
containing either the 3" end or the 5" end of
the putative HpPDDI gene (see Materials and
Methods) could complement the original pddi-201
mutant. To achieve single cross-over integration
of the plasmids at the homologous locus, the
plasmids were linearized with Xbal and trans-
formed into H. polymorpha pddi-201. Only trans-
formants carrying the integrated pPDDI1-7
plasmid were able to grow at elevated tempera-
tures on methanol and also showed normal WT
peroxisome degradation patterns (data not
shown), indicating that the genomic region in this
plasmid covered the mutation responsible for the
phenotype of pddi-201. From this we conclude
that the genuine HpPDDI gene had been isolated,
and that the chemically constructed mutant appar-
ently carries its mutation in the 5" end of the
HpPDDI gene.

Copyright © 1999 John Wiley & Sons, Ltd.

HpPDDI encodes a protein with an M, of
116 kDa. Sequence analysis using the PROSITE
program revealed that Pddlp is a member of the
family of PtdIns 3-kinases (for review, see De
Camilli et al., 1996). A database search revealed
highest similarity to the S. cerevisiae and Candida
albicans VPS34 gene products (42% and 37%
identity over the entire length of the proteins,
respectively; Figure 2) and their putative plant and
mammalian homologues (33% identity; not
shown). In S. cerevisiae ScVps34p plays a role in
the sorting of soluble vacuolar proteinases to their
target organelle (Herman and Emr, 1990) but also
in endocytosis (Munn and Riezmann, 1994). Much
weaker similarity was observed with other PtdIns
kinases. The similarity of HpPddlp to these
proteins was confined to the C-terminus of the
proteins, which contains the PtdIns 3-kinase signa-
tures (cf. Figure 2). HpPddlp lacked obvious

Yeast 15, 741-754 (1999)



HANSENULA POLYMORPHA PDDI

organellar targeting sequences as well as putative
membrane-spanning regions. However, two con-
served proline-rich regions are present that are
quire similar to SH3 ligand consensus sequences
(Mayer and Eck, 1995; marked in Figure 2). The
significance of these regions is unknown.

Construction and characterization of a HpPDD1
deletion strain

To examine the phenotypic consequences of a
null allele of HpPDDI, we constructed a gene
deletion in H. polymorpha by using plasmid
pPDDI1-2. In this plasmid the 2-4 kb BamHI
region of HpPDDI (nt 641-3000) encoding amino
acids 103-887 was replaced by the H. polymorpha
URA3 gene (Figure 1A). Correct integration of the
URA3 gene in the HpPDDI locus was confirmed
by Southern hybridization (Figure 1B).

Like the chemically induced pddi-201 mutant,
the Apddl strain appeared to be ts for growth.
However, the effect seemed much more pro-
nounced in the null mutant, which could grow only
reasonably well on glucose and methanol at 30°C
(data not shown). At this temperature Apddl
mutant cells were unable to degrade intact peroxi-
somes after a shift of cells from methanol to
glucose- or ethanol-excess conditions. Degradation
of peroxisomal proteins was not observed (shown
for the matrix enzyme AO and the integral
membrane protein HpPex3p in Figure 3A, B,
respectively). Electron microscopy revealed that,
like the original pddI-201 mutant, H. polymorpha
Apddl cells were disturbed in the initial stage of
selective peroxisome degradation. Frequently,
small membranous structures were observed in the
cytosol which were absent in WT controls; how-
ever, sequestration of individual peroxisomes—or
initial stages of it—was never observed (Figure
4A). Immunocytochemistry confirmed that
peroxisomal matrix enzymes were confined to the
peroxisomes; a vacuolar localization was never
observed (shown for AO in Figure 4B). When
HpPDDI was reintroduced in Apddl, using either
the pddi-201 complementing fragment or a PDD]
overexpression cassette, the ability of the cells
to grow at elevated temperatures was restored.
Also, the transformants were able to degrade
peroxisomes as efficiently as WT cells. Immuno-
cytochemically, autophagic vacuoles (Figure 4C),
characterized by the presence of peroxisomal
matrix proteins, were readily detected (shown for
AO in Figure 4D).

Copyright © 1999 John Wiley & Sons, Ltd.
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Figure 3. Selective inactivation of peroxisomes in H. polymor-

pha. (A) Kinetics of changes in the specific enzyme activity of
alcohol oxidase, determined in crude extracts from H. polymor-
pha WT (circles), Apddl (squares) and Apddl:[P,oxPDDIT™
(triangles) cells after the addition of glucose (filled symbols) or
ethanol (open symbols) to batch cultures growing exponentially
at 30°C. The decrease in specific activities is expressed as a
percentage of the initial value, which is set to 100%. Data are
corrected for growth of the cells on glucose or ethanol. (B)
Decrease in the level of the peroxisomal membrane protein
Pex3p determined by laser densitometric scanning of Western
blots, prepared from whole cell lysates of H. polymorpha WT,
Apddl (A) and Apddl:[P,oxPDDIT™ (+++) cells (50 ug
samples), using polyclonal antibodies against HpPex3p, in the
initial hours after a shift of cells from methanol to ethanol. The
initial value is set to 100%. Data are corrected for growth of the
cells on ethanol. Identical results were obtained when cells from
these strains were shifted from methanol to glucose (data not
shown).

H. polymorpha pddl mutants are affected in the
sorting of HpCPY to the vacuole

Recently, we have isolated the H. polymorpha
gene encoding carboxypeptidase Y (HpCPY;
Bellu et al., 1999). We have shown that HpCPY is
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Figure 4. Electron micrographs of H. polymorpha Apddl cells (A, B), Apddl cells complemented with

J. A. K. W.KIEL ET AL.

Y 8 g

a plasmid carrying the 4kb Bg/ll fragment that specifies H. polymorpha PDDI (C) and
Apddl:[P xox PDDIT™ (D). Cells were grown on methanol and subsequently shifted to glucose for 1 h (D)
or 2 h (A, B and C) to induce specific peroxisome degradation. In H. polymorpha Apddl cells, peroxisomes
are not sequestered from the cytosol; note the membranous structures present in the vicinity of
peroxisomes (A). When H. polymorpha Apddl is complemented with HpPDDI, the specific degradation of
peroxisomes is restored; autophagosomes containing degrading peroxisomes are visible (C). Immuno-
cytochemically, using a-AO antibodies, AO protein remains confined to peroxisomes in H. polymorpha
Apddl cells; vacuolar labelling is not observed (B). In Apddl cells complemented with HpPDDI AO
protein is also observed in autophagosomes (D). Abbreviations: A, autophagosome; P, peroxisome;

V, vacuole. The bar represents 0-5 um.

a vacuolar protein that is modified by N-linked
glycosylation. Furthermore,  deglycosylated
HpCPY has an apparent M, of 47 kDa, whereas
the calculated M, of the protein encoded by
HpCPY is 61 kDa, suggesting that, like S. cere-
visiae CPY, HpCPY undergoes maturation in the
vacuole (Bellu ez al., 1999). We have used HpCPY
as a tool to determine whether, like S. cerevisiae
vps34 mutants, H. polymorpha pddl mutants are
affected in vacuolar protein sorting and missort

Copyright © 1999 John Wiley & Sons, Ltd.

vacuolar proteins to the culture medium. H. poly-
morpha WT, pddl-201, Apddl and Acpy cells were
grown at 30°C in YPD medium to the late station-
ary growth phase. First, the specific activity of
HpCPY was determined in crude cell extracts.
Table 1 indicates that both pddi-201 and Apddl
extracts showed reduced HpCPY activities com-
pared to WT controls. To investigate whether
this reduced activity in pddl cells was due to
missorting of the protein to the culture medium,
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Table 1. Specific enzyme activity of HpCPY in H. polymorpha strains.
Strain Wild-type (WT) Apddl pddl-201 Acpy
Specific activity (mU/mg protein) 3-8 0-68 1-0 0-24

Carboxypeptidase Y activity was measured in crude cell extracts of H. polymorpha WT, Apddl,
pddl-201 and Acpy cells grown to the late stationary phase on YPD medium at 30°C.

we subsequently analysed whole-cell lysates and
culture medium of the four different strains for the
presence of HpCPY protein by Western Blotting.
As expected, a single protein band corresponding
to the mature form of HpCPY (Bellu et al., 1999)
was detected in crude extracts of WT cells, which
was absent in extracts of Acpy cells used as a
control (Figure 5). In the culture medium of both
WT and Adcpy cells, HpCPY protein was not
detectable. Hence, in WT cells HpCPY was nor-
mally sorted to the vacuole and processed to its
mature size. In contrast, in crude extracts of Apdd]
and pddi-201 cells additional protein bands were
observed, suggesting that normal maturation/
processing of HpCPY was hampered. Moreover,
in the medium of these cultures HpCPY protein
was readily detected. These results indicate
that similar to S. cerevisiae Avps34 mutants,

pdd1

WT =201 Acpy

C mC m c m € m

Apdd1

mCPY

Figure 5. Analysis of secretion of carboxypeptidase Y
(HpCPY) by various H. polymorpha strains. H. polymorpha
WT, 4pddl, pddi-201 and Acpy cells were grown to the late
stationary phase in YPD medium at 30°C. The presence of
HpCPY protein in whole-cell lysates (c) and TCA-precipitates
from the culture medium (m) was determined by Western
blotting using a-HpCPY antibodies. The amount of protein
loaded corresponds to 0-1 ml (cells) or 0-5ml (medium) of
culture. In WT cells only the mature protein (mCPY) is present,
which is absent in the culture medium. Different forms of
a-HpCPY specific protein can be observed in crude extracts and
culture medium of pddl mutants. In the Acpy control strain,
HpCPY-specific protein bands are absent.

Copyright © 1999 John Wiley & Sons, Ltd.

sorting and maturation of HpCPY was affected in
H. polymorpha pddl mutants.

Overproduction of HpPddlp in H. polymorpha

In order to obtain an HpPDDI overexpression
strain, HpPDD]I was placed under the control of
the strong H. polymorpha alcohol oxidase pro-
moter (P,ox). The resulting plasmid was inte-
grated in multiple copies (approximately four) at
the Poox locus of the H. polymorpha Apddl
genome. Apddl::[ProxPDDI* cells grew nor-
mally at 37°C and 43°C. Interestingly, overproduc-
tion of HpPddlp did not induce degradation of
peroxisomes during growth of cells on methanol
(Figure 6A), suggesting that the regulation of the
degradation process was not influenced by the
increased level of HpPddl1p. Also, the kinetics of
glucose or ethanol-induced peroxisome degrada-
tion in the HpPddlp overproducing strain were
indistinguishable from those of WT controls
(shown for AO and HpPex3p in Figure 3A, B,
respectively; see also Figure 4D).

Subcellular localization of HpPddlp

To determine the subcellular location of
HpPddlp in H. polymorpha, antibodies were raised
in rabbit against an MBP-HpPdd1p fusion protein
(comprising amino acids 481-1016 of HpPddl1p).
On Western blots, prepared from crude extracts of
WT and HpPddlp-overproducing cells, the anti-
serum recognized a single protein band with an
apparent molecular weight of approximately
120 kDa, which is in good agreement with the
calculated molecular weight of the HpPDDI gene
product (116 kDa). Since this band was lacking in
crude extracts from Apddl cells, we concluded that
the antiserum specifically recognized HpPddlp
(Figure 7A). HpPdd1p seems to be a low abundant
protein that is produced constitutively, since the
amount of protein did not differ significantly
in crude extracts prepared from variously grown
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Figure 6.
cells (B) grown on methanol. Panel A shows labelling with a-AO antibodies and indicates that AO
protein remains confined to peroxisomes in H. polymorpha cells overexpressing HpPDDI during growth
on methanol. Panel B shows the result of localization studies of HpPdd1p using a-HpPdd1p antibodies.
In methylotrophically-grown WT cells, the protein is localized on membrane structures, distinct from
mitochondria and peroxisomes (B). Abbreviations: M, mitochondrion; N, nucleus; P, peroxisome;
V, vacuole. Bars=0-5 pm.

H. polymorpha WT cells (Figure 7B). Also, during
adaptation of methanol-grown cells to ethanol-

excess conditions, the relative amounts of
A A WT +++
Pddip- T —
g
=i
B 1 2 3 4 5 8§ 7 8
i 4 - “‘ “ . !
Pdd1 p—. . “ — ,’ — il iy
T R T
-
Figure 7. Immunological detection of HpPddlp using

a-HpPddlp antibodies. Western blot of whole-cell lysates of
H. polymorpha Apddl (A, 50 ug of protein), WT (50 pg of
protein and Apddl:[P,oxPDDIT™ (+++, 10 ug of protein)
cells grown in batch cultures on mineral medium containing
methanol (detection using alkaline phosphatase)]. (B) HpPdd1p
is a constitutively expressed protein. Western blot of whole cell
lysates of H. polymorpha Apddl (lane 1) and WT (lanes 2-8)
cells grown in batch culture on YPD (lanes 1 and 2), on mineral
medium with glucose (lane 3), ethanol (lane 4) or methanol
(lane 5), and after a shift of methanol-grown cells (lane 5) to
ethanol (lanes 6-8, respectively, 1, 2-5 and 5 h after the shift).
Equal amounts of protein (50 pg) were loaded per lane (detec-
tion with ECL).

Copyright © 1999 John Wiley & Sons, Ltd.

Immunocytochemical analysis of H. polymorpha Apddl:[P,oxPDDIT™ cells (A) and WT

J. A. K. W.KIEL ET AL.

HpPddlp remained approximately constant
(Figure 7B).

The subcellular localization of HpPddlp was
studied immunocytochemically and biochemically,
using conventional cell fractionation methods.
Immunocytochemically, using ultrathin sections
of methanol-grown WT cells and a-HpPddlp
antiserum, specific labelling was observed on
small cytosolic vesicular structures (Figure 6B).
In methanol-grown cells of a HpPDDI-
overexpressing strain, the number of these
HpPddl1p-containing vesicles was not significantly
enhanced (data not shown). Biochemically, after
sucrose density centrifugation of a post-nuclear
supernatant of methanol-grown H. polymorpha
WT cells (Figure 8A), HpPdd1p was only found in
fraction 18 at 40% sucrose (Figure 8B). In this
gradient the peroxisomal marker protein AO
sedimented to fraction 6 at approximately 53%
sucrose, the mitochondrial form of malate de-
hydrogenase to fraction 16 at 43% sucrose, and
the endoplasmic reticulum marker protein
HpSec63p to fraction 18 at 40% sucrose (Figure
8B). Soluble (cytosolic) proteins remained at the
top of the gradient (fractions 19-21; data not
shown). Thus, the in situ and fractionation data
reveal that, like ScVps34p, HpPddlp is not a
soluble protein, but is apparently membrane-
bound to structures distinct from mitochondria
and peroxisomes. However, the nature of these
structures is unknown.
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Subcellular localization of HpPddlp in H. polymorpha (A) Coomassie Brilliant Blue staining of fractions

of a sucrose gradient from a post-nuclear supernatant prepared from methanol-grown WT H. polymorpha cells. Only
the relevant fractions are shown. A clear separation between peroxisomes (fractions 5-7), mitochondria (fraction 16),
endomembranes (fraction 18) and the cytosol is shown (fraction 19 and higher) is shown. (B) Immunological detection
of HpPddl1p in the even-numbered fractions of the sucrose gradient shown above. Equal volumes of each fraction were
loaded per lane. Western blots were decorated with antibodies against HpPdd1p, the peroxisomal matrix protein
alcohol oxidase (AO), the mitochondrial form of malate dehydrogenase (MDH-1) and the ER marker HpSec63p.
HpPddlp is present in fraction 18, indicating co-localization with endomembranes.

DISCUSSION

In this report we describe the cloning and charac-
terization of the H. polymorpha PDDI gene which
encodes a 116 kDa protein with strong similarity
to the S. cerevisiae VPS34 gene product. H. poly-
morpha pddl mutants were affected in selective
peroxisome degradation and also missorted the
vacuolar proteinase HpCPY. Furthermore, using
immunocytochemical and biochemical techniques,
HpPddl1p was shown to be located on intracellular
membranes in H. polymorpha.

Originally, ScVPS34 was isolated as a gene
involved in the sorting of the proteinase ScCPY to
the vacuole. However, mutations in ScVPS34
appear to result in a large number of phenotypes
which include temperature-sensitive growth,
defects in osmoregulation, disturbed vacuolar seg-
regation and missorting of a number of soluble
vacuolar proteinases (Herman and Emr, 1990). In
addition, S. cerevisiae vps34 mutants appear to be
affected in endocytosis (Munn and Riezman,
1994). ScVps34p and its putative homologues from
higher eukaryotes belong to a family of enzymes

Copyright © 1999 John Wiley & Sons, Ltd.

involved in the formation of various phospho-
inositides (PI) (for review, see De Camilli et al.,
1996). Lipid kinases of the ScVps34p group
specifically phosphorylate the D-3 position of the
inositol ring of non-phosphorylated PtdIns mol-
ecules. In bakers’ yeast, ScVps34p is located in a
complex with a membrane-associated protein
kinase, ScVpsl5p, which is essential for the acti-
vation of the lipid kinase (reviewed by Stack et al.,
1995; De Camilli et al., 1996). An active
ScVps34p-ScVpslSp complex is required for
vacuolar protein sorting. Also, in mammals, a
complex containing orthologues of ScVps34p and
ScVpsl5p is required for the efficient sorting
and delivery of soluble proteins to the lysozome
(Volinia et al., 1995; Panaretou et al., 1997).

Our data indicate that a number of phenotypical
characteristics of baker’s yeast vps34 mutants can
be observed for H. polymorpha pddl mutants.
These mutants are temperature-sensitive for
growth and secrete HpCPY (Figure 5). In
addition, we have indications that pddl mutants
are affected in the process of endocytosis as well
(J. A. K. W. Kiel, unpublished results). These
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phenotypical characteristics combined with the
high sequence similarity (42% identity) between
the proteins suggest that HpPddlp is the func-
tional homologue of ScVps34p. However, we can-
not exclude that HpPddlp is merely a protein
homologous to ScVps34p involved in peroxisome
degradation. Recently, we isolated a putative
Vpsl5p orthologue from the methylotrophic yeast
P. pastoris and could show that disruption of the
putative P. pastoris VPSI5 gene affected the
degradation of peroxisomes after a shift of cells
to non-methylotrophic conditions (O. V. Stasyk
et al., submitted). This finding suggests that a
complex similar to ScVps34p-ScVpslSp is
apparently required for selective peroxisome
degradation in methylotrophic yeasts.

Our finding that HpPddlp is membrane-bound
confirms data obtained in S. cerevisiae, which indi-
cated that the ScVps34p-ScVpslSp complex is
located on the cytosolic face of a so-far uncharac-
terized membrane. DeWald et al. (1997) have
suggested that this membrane might be a late Golgi
compartment or an endosome. However, the
nature of the membrane remains speculative. Our
localization data also suggest that in H. polymor-
pha, HpPddlp, which has no transmembrane
spans, must be recruited to this membrane by
another protein, which may well be HpVpsl5p.
Future investigations will have to address this
question.

The precise role of HpPdd1p in selective peroxi-
some degradation is not yet clear. The option that
in H. polymorpha HpPddlp is merely needed to
sort proteases to the vacule to allow the degrada-
tion of peroxisomes is difficult to envisage, taking
into account that pddl mutants are specifically
affected in the initial stage of peroxisome degrada-
tion and, hence, that these organelles do not enter
the vacuole. One possibility is that in H. polymor-
pha HpPddlp displays its presumed PtdIns
3-kinase activity at the peroxisomal membrane.
Previously, we showed that the peroxisomal mem-
brane is the prime target for the initiation of the
degradation process (Van der Klei et al., 1991;
Veenhuis et al., 1996). This suggests that one or
more specific peroxisomal membrane components
are essential to tag peroxisomes to be degraded.
Also, we showed that from various H. polymorpha
mutants defective in peroxisome biogenesis, solely
the peroxisomal remnants present in H. polymor-
pha Apexi4 cells are not susceptible to degrada-
tion, rendering HpPex14p a possible candidate
essential in the tagging machinery (Veenhuis ez al.,

Copyright © 1999 John Wiley & Sons, Ltd.
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1996). Moreover, in H. polymorpha, mature,
import-incompetent peroxisomes particularly are
subject to degradation, leaving the smaller
ones virtually unaffected (Veenhuis et al., 1983;
Baerends et al., 1997). The simplest explanation
for these phenomena is that a proteinaceous factor
or complex is present at the WT peroxisomal
membrane that is absent or structurally modified
in the peroxisomal remnants in Apexi4 cells and
in import-competent peroxisomes. We speculate
that this factor may be important for recruiting a
HpPdd1p-HpVpsl5p-containing structure during
induction of catabolite inactivation. Analogous
to the role of ScVps34p-ScVpslSp in vacuolar
protein sorting, this may allow the HpVpsl5p
moiety of the complex to activate the PtdIns
3-kinase activity of HpPddlp, resulting in phos-
phorylation of PtdIns molecules in the lipid bi-
layer. These may constitute the initiation site at
which membrane components bind as a first step
in the sequestration process. Whether the vesicles
containing HpPddlp also function as precursor
membranes that sequester peroxisomes, has still
to be investigated.

An alternative possibility is that the role of
HpPddlp in peroxisome turnover is an indirect
one. HpPddlp could be needed to sort proteins
to the vacuole that are essential for recognition
of organelles tagged for degradation by a mech-
anism independent from HpPddlp functioning.
However, this option is less likely, since peroxi-
some degradation in H. polymorpha is strictly
dependent on a hetero-typical membrane fusion
event between sequestered peroxisomes and vacu-
olar vesicles (Veenhuis et al., 1983), whereas H.
polymorpha pddl mutants are already affected in
a step prior to this fusion event. Furthermore,
microautophagic peroxisome degradation events,
as described for P. pastoris (Tuttle and Dunn,
1995; Sakai et al.,, 1998), have never been ob-
served in H. polymorpha. Further investigations,
e.g. on the proteins complexed to HpPddlp,
are required to dissect the selective peroxisome
degradation pathway in H. polymorpha in
more detail and, associated with this, may
also shed light on the mechanisms of organelle
homeostasis.

ACKNOWLEDGEMENTS

We thank Anita Kram, Ineke Keizer-Gunnink,
Anna Rita Bellu and Jan Zagers for expert
assistance in different parts of this study.

Yeast 15, 741-754 (1999)



HANSENULA POLYMORPHA PDDI

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W. and
Lipman, D. J. (1990). Basic local alignment search
tool. J. Mol. Biol. 215, 403-410.

Baerends, R. J. S., Salomons, F. A., Kiel, J. A. K. W,
Van der Klei, 1. J. and Veenhuis, M. (1997). Deviant
Pex3p levels affect normal peroxisome formation in
Hansenula polymorpha: a sudden increase of the pro-
tein level induces the proliferation of numerous, small
protein-import competent peroxisomes. Yeast 13,
1449-1463.

Bellu, A. R., Van der Klei, I. J., Rechinger, K. B.,
Yavuz, M., Veenhuis, M. and Kiel, J. A. K. W.
(1999). Characterization of the Hansenula polymorpha
CPY gene encoding carboxypeptidase Y. Yeast 15,
181-185.

Chiang, H-L., Schekman, R. and Hamamoto, S. (1996).
Selective uptake of cytosolic, peroxisomal, and
plasma membrane proteins into the yeast lysosome for
degradation. J. Biol. Chem. 271, 9934-9941.

De Camilli, P., Emr, S. D., McPherson, P. S. and
Novick, P. (1996). Phosphoinositides as regulators in
membrane traffic. Science 271, 1533-1539.

DeWald, D. B., Wurmser, A. E. and Emr, S. D. (1997).
Regulation of the Saccharomyces cerevisiae Vps34p
phosphatidylinositol 3-kinase. Biochem. Soc. Trans.
25, 1141-1146.

Douma, A. C., Veenhuis, M., De Koning, W., Evers,
M. E. and Harder, W. (1985). Dihydroxyacetone
synthase is localized in the peroxisomal matrix
of methanol-grown Hansenula polymorpha. Arch.
Microbiol. 143, 237-243.

Dunn, W. A. (1990). Studies on the mechanisms of
autophagy: formation of the autophagic vacuole.
J. Cell Biol. 110, 1923-1933.

Eck, R., Beer, K. and Wetzker, R. (1996). GenBank
Accession No. Y(09043.

Faber, K. N., Van der Klei, I. J., Keizer-Gunnink, I.,
Gietl, C., Harder, W. and Veenhuis, M. (1993).
Watermelon glyoxysomal malate dehydrogenase is
sorted to peroxisomes of the methylotrophic yeast
Hansenula polymorpha. FEBS Lett. 334, 128—132.

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

Gleeson, M. A. and Sudbery, P. E. (1988). Genetic
analysis in the methylotrophic yeast Hansenula poly-
morpha. Yeast 4, 293-303.

Herman, P. K. and Emr, S. D. (1990). Characterization
of VPS34, a gene required for vacuolar protein
sorting and vacuole segregation in Saccharomyces
cerevisiae. Mol. Cell Biol. 10, 6742-6754.

Jones, E. W. (1991). Tackling the protease problem in
Saccharomyces cerevisiae. Methods Enzymol. 194,
429-453.

Keizer-Gunnink, I., Roggenkamp, R., Harder, W. and
Veenhuis, M. (1992). Location of catalase in

Copyright © 1999 John Wiley & Sons, Ltd.

753

crystalline peroxisomes of methanol-grown Hansenula
polymorpha. FEMS Microbiol. Lett. 93, 7-12.

Kiel, J. A. K. W., Keizer-Gunnink, 1., Krause, T.,
Komori, M. and Veenhuis, M. (1995). Heterologous
complementation of peroxisome function in yeast: the
Saccharomyces cerevisiae PAS3 gene restores peroxi-
some biogenesis in a Hansenula polymorpha per9
disruption mutant. FEBS Lett. 377, 434-438.

Lazarow, P. B. and Fujiki, Y. (1985). Biogenesis of
peroxisomes. Ann. Rev. Cell Biol. 1, 489-530.

Mayer, B. J. and Eck, M. J. (1995). Minding your ps and
gs. Curr. Biol. 5, 364-367.

Merckelbach, A., Godecke, S., Janowicz, Z. A. and
Hollenberg, C. P. (1993). Cloning and sequencing of
the URA3 locus of the methylotrophic yeast
Hansenula polymorpha and its use for the generation
of a deletion by gene replacement. Appl. Microbiol.
Biotechnol. 40, 361-364.

Munn, A. L. and Riezman, H.. (1994). Endocytosis is
required for the growth of vacuolar H*-ATPase-
defenctive yeast: identification of six new END genes.
J. Cell Biol. 127, 373-386.

Panaretou, C., Domin, J., Cockcroft, S. and Waterfield,
M. D. (1997). Characterization of p150, an adaptor
protein for the human phosphatidylinositol (PtdIns)
3-kinase. J. Biol. Chem. 272, 2477-2485.

Sakai, Y., Koller, A., Rangell, L. K., Keller, G. A. and
Subramani, S. (1998). Peroxisome degradation by
microautophagy in Pichia pastoris: identification of
specific steps and morphological intermediates. J. Cell
Biol. 141, 625-636.

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989).
Molecular Cloning: A Laboratory Manual, 2nd edn.
Cold Spring Harbor Laboratory Press, New York.

Stack, J. H., Horazdovsky, B. and Emr, S. D. (1995).
Receptor-mediated protein sorting to the vacuole in
yeast: roles for a protein kinase, a lipid kinase and
GTP-binding proteins. Ann. Rev. Cell Dev. Biol. 11,
1-33.

Tan, X., Waterham, H. R., Veenhuis, M. and Cregg,
J. M. (1995). The Hansenula polymorpha PERS
gene encodes a novel peroxisomal integral mem-
brane protein involved in proliferation. J. Cell Biol.
128, 307-319.

Titorenko, V. 1., Keizer, 1., Harder, W. and Veenhuis,
M. (1995). Isolation and characterization of mutants
impaired in the selective degradation of peroxisomes
in the yeast Hansenula polymorpha. J. Bacteriol. 177,
357-363.

Tuttle, D. L. and Dunn, W. A. Jr (1995). Divergent
modes of autophagy in the methylotrophic yeast
Pichia pastoris. J. Cell Sci. 108, 25-35.

Ueno, T., Muno, D. and Kominami, E. (1991). Mem-
brane markers of endoplasmic reticulum preserved in
autophagic vacuolar membranes isolated from
leupeptin-administered rat liver. J. Biol. Chem. 266,
18 995-18 999.

Yeast 15, 741-754 (1999)



754

Van der Klei, L. J., Harder, W. and Veenhuis, M. (1991).
Selective inactivation of alcohol oxidase in two
peroxisome-deficient mutants of the yeast Hansenula
polymorpha. Yeast 7, 813-821.

Van der Klei, I. J., Van der Heide, M., Baerends, R. J.
S., Rechinger, K. B., Nicolay, K., Kiel, J. A. K. W.
and Veenhuis, M. (1998). The Hansenula polymorpha
per6 mutant is affected in two adjacent genes which
encode dihydroxyacetone kinase and a novel
peroxisome-associated protein, Paklp. Curr. Genet.
34, 1-11.

Van Dijken, J. P., Otto, R. and Harder, W. (1976).
Growth of Hansenula polymorpha in a methanol-
limited chemostat. Physiological responses due to the
involvement of methanol oxidase as a key enzyme
in methanol metabolism. Arch. Microbiol. 111, 137
144.

Veenhuis, M., Douma, A., Harder, W. and Osumi, M.
(1983). Degradation and turnover of peroxisomes in
the yeast Hansenula polymorpha induced by selective
inactivation of peroxisomal enzymes. Arch. Microbiol.
134, 193-203.

Veenhuis, M. and Harder, W. (1991). Microbodies. In
Rose, A. (ed.), The Yeasts, Vol. 4. Academic Press,
New York, pp. 601-653.

Copyright © 1999 John Wiley & Sons, Ltd.

J. A. K. W.KIEL ET AL.

Veenhuis, M., Komori, M., Salomons, F., Hilbrands,
R. E., Hut, H., Baerends, R. J. S., Kiel, J. A. K. W.
and Van der Klei, 1. J. (1996). Peroxisomal rem-
nants in peroxisome-deficient mutants of the yeast
Hansenula polymorpha. FEBS' Lett. 383, 114-118.

Volinia, S., Dhand, R., Vanhaesebroeck, B.,
MacDougall, L. K., Stein, R., Zvelebil, M. J., Domin,
J., Panaretou, C. and Waterfield, M. D. (1995). A
human phosphatidylinosityl 3-kinase complex related
to the yeast Vps34p-Vpsl5p protein sorting system.
EMBO J. 14, 3339-3348.

Waterham, H. R., Titorenko, V. I., Haima, P., Cregg,
J. M., Harder, W. and Veenhuis, M. (1994). The
Hansenula polymorpha PERI gene is essential for
peroxisome biogenesis and encodes a peroxisomal
matrix protein with both carboxy- and amino-
terminal targeting signals. J. Cell Biol. 137, 737-749.

Yanish-Perron, C., Vieira, J. and Messing, J. (1985).
Improved M13 phage cloning vectors and host
strains: nucleotide sequences of the M13mpl8 and
pUCI09 vectors. Gene 33, 103-119.

Yuan, W., Tuttle, D. L., Shi, Y-J., Ralph, G. S. and
Dunn, W. A. Jr (1997). Glucose-induced micro-
autophagy in Pichia pastoris requires the a-subunit of
phosphofructokinase. J. Cell Sci. 110, 1935-1945.

Yeast 15, 741-754 (1999)



	The Hansenula polymorpha PDD1 gene product, essential for the selective degradation of peroxisomes, is a homologue of Saccharomyces cerevisiae Vps34p
	INTRODUCTION
	MATERIALS AND METHODS
	Micro-organisms and growth conditions
	DNA procedures
	Cloning and sequence analysis of the HpPDD1 gene
	Construction of a HpPDD1 disruption strain
	Construction of a HpPDD1 overexpression strain
	Other plasmid construction
	Generation of polyclonal antibodies against HpPdd1p
	Biochemical methods
	Carboxypeptidase Y secretion assay
	Electron microscopy

	RESULTS
	Isolation and characterization of the H. polymorpha PDD1 gene
	Construction and characterization of a HpPDD1 deletion strain
	H. polymorpha pdd1 mutants are affected in the sorting of HpCPY to the vacuole
	Overproduction of HpPdd1p in H. polymorpha
	Subcellular localization of HpPdd1p

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


