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Abstract We have investigated the feasibility of using
gene tagging by restriction enzyme-mediated integration
(REMI) to isolate mutants in Hansenula polymorpha. A
plasmid that cannot replicate in H. polymorpha and con-
tains a dominant zeocin resistance cassette, pREMI-Z,
was used as the integrative/mutagenic plasmid. We ob-
served that high transformation efficiency was primarily
dependent on the use of linearised pPREMI-Z, and that the
addition of restriction endonuclease to linearised pREMI-
Z prior to transformation increased the transformation
frequency only slightly. Integration of linearised pREMI-
Z occurred at random in the H. polymorpha genome.
Therefore, we termed this method Random integration of
Linear DNA Fragments (RALF). To explore the poten-
tial of RALF in H. polymorpha, we screened a collection
of pPREMI-Z transformants for mutants affected in per-
oxisome biogenesis (pex) or selective peroxisome degra-
dation (pdd). Many previously described PEX genes were
obtained from the mutant collection, as well as a number
of new genes, including H. polymorpha PEX 12 and genes
whose function in peroxisome biogenesis is still unclear.
These results demonstrate that RALF is a powerful tool
for tagging genes in H. polymorpha that should make it
possible to carry out genome-wide mutagenesis screens.

Keywords Gene tagging - Genomic integration -
Mutants - Peroxisome homeostasis - Yeast
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Introduction

In recent years, the methylotrophic yeast Hansenula
polymorpha has become increasingly important for both
commercial and scientific applications (van Dijk et al.
2000). The availability of advanced genetic tools is an
essential prerequisite for the full exploitation of the po-
tential of this organism. To date, novel genes involved in a
specific cellular process can only be identified through the
complementation of specific mutants obtained by
N-methyl-N’-nitro-nitrosoguanidine (NTG) treatment or
UV irradiation. Although mutants are easy to generate in
H. polymorpha, functional complementation and the
identification of the responsible genetic elements is time
consuming and laborious. On the other hand, targeted
integration of plasmid DNA into the H. polymorpha
genome is a well established technique (Faber et al. 1992).
Interestingly, in addition to site-specific integration, non-
specific integration of plasmid DNA was observed quite
frequently in such studies. The frequency of non-specific
integration was highly dependent on the plasmid used.
When little or no homology existed between the plasmid
and the genome of H. polymorpha, a higher tendency to-
wards illegitimate integration was observed (Faber et al.
1992). Therefore, insertional mutagenesis may be a useful
strategy for generating mutants in H. polymorpha.

In bacteria, insertional mutagenesis strategies gener-
ally involve the use of mobile genetic elements (Manoil
and Traxler 2000). Unfortunately, these elements are not
available for H. polymorpha. However, an insertional
mutagenesis procedure for Saccharomyces cerevisiae has
been described that utilises the in vivo action of restriction
endonucleases (Schiestl and Petes 1991). This method was
termed Restriction Enzyme-Mediated Integration
(REMI) (Kuspa and Loomis 1992), and involves the ad-
dition of a restriction enzyme to linearised plasmid DNA
in transformation mixtures. It is assumed that the in vivo
action of the added enzyme generates free chromosomal
ends in the genome of the transformants, which are ligated
to the linearised plasmid ends by cellular DNA repair



mechanisms, ultimately resulting in integration of the
plasmid DNA into the host genome, a process which is
expected to generate mutants. The ability to recover the
integrated plasmids, together with their flanking genomic
regions, from the mutants by plasmid rescue in Escheri-
chia coli greatly enhances the usefulness of this insertional
mutagenesis procedure. To date, REMI has been suc-
cessfully used to generate mutant strains in several or-
ganisms, including Dictyostelium sp. (Kuspa and Loomis
1992), Aspergillus sp. (Shuster and Bindel 1999), Ustilago
maydis (Bolker et al. 1995), Coprinus cinereus (Granado
et al. 1997), Lentinus edodes (Sato et al. 1998), Polysp-
hondylium pallidum (Kawabe et al. 1999), Gibberella
fujikuroi (Linnemannstons et al. 1999) and Candida
albicans (Brown et al. 1996).

Here, we have investigated the use of REMI in the
methylotrophic yeast H. polymorpha. Upon linearisation,
the plasmid pREMI-Z integrated at high frequency into
the genome of H. polymorpha. Our data show that these
integration events occurred randomly and did not require
the addition of restriction enzyme prior to transforma-
tion. Therefore, we designated this process Random In-
tegration of Linear DNA Fragments (RALF). The use of
RALF to mutagenise and tag genes in H. polymorpha was
evaluated by screening for mutants that were affected in
either the biogenesis or the selective degradation of per-
oxisomes, organelles that are indispensable for growth of
H. polymorpha on methanol as sole carbon and energy
source (van der Klei et al. 1991). Sequence analysis of the
genomic regions flanking the integrated pREMI-Z cas-
settes in selected mutants indicated that these mutants
were affected in previously identified as well as novel genes
involved in peroxisome biogenesis. The isolation of these
mutants clearly demonstrates the application of RALF as
a mutagenic procedure in H. polymorpha.

Materials and Methods

Organisms and growth conditions

The E. coli strains DHS5« and XL1-Blue were cultivated as described
(Sambrook et al. 1989), except that zeocin (25 pg/ml) (Invitrogen)
selection was performed on LB medium containing 0.5% NaCl. The
following H. polymorpha strains were used in this study: NCYC495
(leul.l), NCYC495 (leul.l ura3) (Gleeson and Sudbery 1988) and
HF246 (NCYC495:[P, 0x eGFP-SKL] (leul.l) (this study)).
H. polymorpha cells were grown in batch cultures at 37°C on (1)
selective minimal medium containing 0.67% (w/v) Yeast Nitrogen
Base without amino acids (Difco), supplemented with 1% (w/v)
glucose (YND) or 0.5% (v/v) methanol (YNM), or (2) on rich me-
dium containing 1% (w/v) yeast extract, 1% (w/v) peptone and 1%
(w/v) glucose (YPD), or (3) mineral medium (van Dijken et al. 1976)
supplemented with 0.5% (w/v) glucose, 0.5% (v/v) methanol or a
mixture of 0.1% (v/v) glycerol and 0.5% (v/v) methanol as carbon
source, together with 0.25% (w/v) ammonium sulphate as nitrogen
source. When required, amino acids and nucleotides (30 pg/ml) and
zeocin (100 pg/ml) were added. For growth on plates, the media were
supplemented with 1.5% granulated agar.

Plasmid and reporter strain construction

Plasmid pREMI-Z was constructed as follows. Two 68mer oli-
gonucleotide primers (5-GATCGGAAACAGCTATGACCATG
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TCAGTCAGTCAGGATCCTAGCTAGCTAGACTGGCCGTC-
GTTTTAC-3" and 5-GATCGTAAAACGACGGCCAGTCTAG
CTAGCTAGGATCCTGACTGACTGACATGGTCATAGCTG
TTTCC-3") were synthesised, and annealed to yield an adapter
containing the M13/pUC reverse and universal sequencing primers,
and a central BamHI restriction site, as well as stop codons in all six
frames. Vector pPICZ-u« (Invitrogen) was digested with BamHI and
Bgl/ll, and the resulting 1.9-kb fragment which contains the zeocin
resistance cassette and the ColE1 origin of replication was ligated
to the annealed adapter, resulting in pREMI-Z. The complete
construct was verified by sequencing (see Genbank Accession No.
AF282723). The H. polymorpha expression plasmid pFEM156,
containing the eGFP.SKL reporter gene under the control of the
H. polymorpha alcohol oxidase promoter (P,4oy) was constructed
by inserting a 2.6-kb EcoRV-Bgl/lI fragment from pFEM34 (R. van
Dijk et al., submitted), containing the P 4oy -eGFP-SKL expression
cassette, into Asp718 (Klenow-treated) + BamHI-digested pHI1
(Kiel et al. 1999), a URA3-based H. polymorpha integration vector.
For the construction of H. polymorpha HF246, the strain
NCYC495 (leul.l ura3) was transformed with Stul-linearised
pFEM156. Site-specific integration of the linear plasmid into the
genomic 40X locus and selection of a single-copy integrant was
performed as described by Faber et al. (1994a).

Molecular techniques

Genetic manipulations of H. polymorpha were performed as de-
scribed previously (Gleeson and Sudbery 1988; Faber et al. 1992,
1994a). Standard recombinant DNA techniques were carried out
essentially according to Sambrook et al. (1989). Transformation of
H. polymorpha was performed by electroporation as described
previously (Faber et al. 1994b). pREMI-Z transformations were
performed similarly, except that increasing amounts of the re-
striction enzyme BamHI were added to BamHI-linearised pREMI-
Z prior to electroporation. Control transformations were done with
buffer of the same composition. Southern analysis was performed
using the ECL Direct nucleic acid labeling and detection system
(Amersham). Restriction enzymes and biochemicals were obtained
from Boehringer Mannheim and used as detailed by the manu-
facturer. To clone the genomic fragment containing the full-length
PEX12 ORF, the Mut mutant RVD3 was transformed with a
H. polymorpha genomic library constructed in the vector pYT3
(Tan et al. 1995). Leucine prototrophic transformants were
screened on YNM plates for the ability to grow on methanol.
Subsequently, the complementing plasmids were rescued from the
positive clones in E. coli DH5a. To facilitate sequencing, a com-
plementing 1.6-kb EcoRI DNA fragment was subcloned into the
EcoRI-digested phagemid pBluescript II SK™ (Stratagene), re-
sulting in pBSK-PEX12. Sequencing of both strands was carried
out on a LiCor automated DNA-sequencer using dye-primer
chemistry. For DNA and amino acid sequence analysis, the Clone
Manager 5 program (Scientific and Educational Software, Dur-
ham, N.C.) was used. The TBLASTN algorithm (Altschul et al.
1997) was used to search the databases at the National Center for
Biotechnology Information (NCBI, Bethesda, Md.). The nucleo-
tide sequence of H. polymorpha PEX12 was deposited in Genbank
and was assigned the Accession No. AF333026.

Mutant isolation and analysis

H. polymorpha HF246 cells were transformed with BamH]I-linear-
issd pREMI-Z DNA in the presence and absence of BamHI
(1 U/ug). Transformants were selected by incubating on YPD-
zeocin plates for 2 days at 37°C, replica-plated to agar plates with
mineral medium containing 0.5% (v/v) methanol as the sole carbon
source and incubated for 2-3 days at 37°C. Methanol non-utilising
(Mut") strains were selected. For ultrastructural analysis, Mut
mutants from HF246 were induced on methanol-containing plates
or grown in glycerol/methanol mixtures. Peroxisomal profiles were
analysed by fluorescence microscopy as described by Baerends et al.
(2000). Mutants involved in selective peroxisome degradation were
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isolated using the same strain according to the method of Tit-
orenko et al. (1995), as well as by screening for prolonged eGFP-
SKL fluorescence after a shift to conditions in which peroxisomes
are normally degraded. Total DNA was isolated from selected
transformants and approximately 5 pg of total DNA was digested
with EcoRI, which does not cleave pREMI-Z. After complete di-
gestion the DNA was self-ligated and used to transform E. coli.
Plasmid DNA was recovered from zeocin-resistant colonies.
pREMI-Z plasmids containing genomic inserts were directly
sequenced using the adapter primers or the primers pREMI-ori
(5-GATCTTTTCTACGGGGTCTG-3) and pREMI-tef (5-CG-
GAGTCCGAGAAAATCTGG-3).

Results

Restriction enzyme-mediated integration events
in H. polymorpha

Classical mutagenesis by NTG or UV treatment has
been the routine tool for isolation of specific mutants in
the yeast H. polymorpha. However, these screens, and
the isolation of the corresponding genes by functional
complementation, are laborious and time consuming. It
would therefore be highly desirable to develop an in-
sertional mutagenesis procedure, like REMI, which is
more efficient than the methods used to date. Initial
experiments in H. polymorpha using plasmids containing
homologous auxotrophic markers were unsuccessful due
to the high frequency of gene conversion events (data
not shown). Previously, we demonstrated that the zeocin
resistance gene from Streptoalloteichus hindustanus
(Drocourt et al. 1990), under the control of the
S. cerevisiae TEFI promoter, could be used as a domi-
nant selection marker in H. polymorpha (Salomons et al.
2000). Thus, we constructed a plasmid, designated
pREMI-Z, that does not contain any autonomously
replicating sequences for H. polymorpha (see Fig. 1A).
Its main features are (1) the zeocin resistance gene for
selection in H. polymorpha and E. coli (Gatignol et al.
1988); (2) central BamHI, Tth1111 and Nhel sites, which
can be used for insertional mutagenesis in H. polymor-
pha; and (3) binding sites for the M13/pUC reverse and
universal sequencing primers next to the central restric-
tion sites that allow direct sequence analysis of the
chromosomal DNA fragments flanking the integrated
plasmid without the need for subcloning. Its small size
(approximately 2.0 kb) and the fact that it has few
restriction sites allows the use of many different restric-
tion endonucleases for the recovery of genomic
fragments.

To test whether pREMI-Z functions in insertional
mutagenesis by REMI, we transformed wild-type
H. polymorpha cells with circular plasmid DNA, Bam-
HI-linearised DNA, and BamHI-linearised DNA sup-
plemented with increasing amounts of the restriction
enzyme BamHI (Fig. 2). Surprisingly, large numbers of
transformants were obtained with BamHI-linearised
pREMI-Z DNA. Addition of the restriction enzyme
BamHI to the transformation mixture enhanced the
transformation frequency. However, the stimulation was

only moderate, reaching a maximum of 1.8-fold when
1 U of restriction enzyme was added (see Fig. 2). Ad-
dition of larger amounts of restriction enzyme negatively
influenced the transformation frequency. These data
suggest that the bulk of transformants do not result
from REMI events.

pREMI-Z integrates stably and randomly
into the H. polymorpha genome

To test the stability of pREMI-Z transformants we
cultivated 10 randomly picked transformants for several
generations (~30) in non-selective medium (YPD). In all
cases no loss of zeocin resistance was observed, indi-
cating stable integration of the pREMI-Z cassette into
the H. polymorpha genome.

In order to investigate whether the pREMI-Z cassette
had integrated at random or site-specifically into the
genomic DNA of the host, we analysed 40 randomly
chosen transformants — obtained by transformation with
linear pREMI-Z in the presence of BamHI — by South-
ern hybridisation. Total genomic DNA from these
transformants was digested with EcoRI, and subjected
to Southern analysis using pREMI-Z as a probe. The
restriction enzyme EcoRI does not digest pREMI-Z
(Fig. 1A) and should therefore generate a single hybri-
dising fragment of variable size when the linearised
plasmid integrates at random in a single genomic locus.
Indeed, in almost all cases one hybridising fragment,
ranging from 2.1 kb up to at least 15 kb in size, was
observed (shown for 20 transformants in Fig. 1B).
However, in two of the transformants two hybridising
fragments (Fig. 1B, lanes 12 and 18) were observed, in-
dicating that the pREMI-Z cassette might have inte-
grated at two different genomic loci. These data indicate
that no clear integration hotspots are present in the
H. polymorpha genome, but that pREMI-Z apparently
integrates in a random fashion.

It has been shown for many organisms that the in-
clusion of restriction endonuclease during transforma-

»
>

Fig. 1A-C Integration of pREMI-Z into the genome of
H. polymorpha. A Schematic model of the integration of the linear
pREMI-Z cassette into the H. polymorpha genome. Single, double
and multicopy integrations are depicted and include the regener-
ation of the internal BamHI sites. Restriction enzymes that do not
digest pPREMI-Z (X; in this study, EcoRI) can be used to isolate the
pREMI-Z cassette together with flanking genomic DNA frag-
ments. The Smal site in pREMI-Z can be used to remove
additional copies of the vector from rescued plasmids. Abbrevia-
tions: N, Nhel; T, Tth1111; B, BamHI; S, Smal; rev, M13/pUC
reverse primer; uni, M13/pUC universal primer. The asterisks
indicate the site of integration. B, C Representative Southern
analyses of 20 randomly picked transformants obtained using
BamHI-linearised pREMI-Z in the presence of BamHI in the
transformation mixture. Genomic DNA was digested with EcoRI
(B) or BamHI (C). In both cases BamHI-linearised pREMI-Z was
used as probe. Bands marked ** are non-specific hybridisation
signals. Fragment lengths of the molecular weight marker
(bacteriophage SPPI DNA digested with EcoRI) are given in kb
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tion directs the insertion of exogenous DNA to corre-
sponding cleavage sites in the host genome (Schiestl and
Petes 1991). To test whether pREMI-Z integrated pref-
erentially at BamHI sites in H. polymorpha, we digested
the chromosomal DNA of the 40 selected transformants
with BamHI and performed a Southern analysis. When
BamHI-linearised pREMI-Z DNA integrates at BamHI
sites in the host genome and these restriction sites are
restored, this analysis should detect a single hybridising
band of the same size as pREMI-Z. In none of the
transformants was this the case (shown for 20 trans-
formants in Fig. 1C). In contrast, we observed either
single hybridising bands of sizes larger than pREMI-Z,
or multiple hybridising bands of different sizes, some-
times in combination with a fragment the size of pRE-
MI-Z (Fig. 1C). This suggests that, even in the presence
of restriction endonuclease, BamHI sites were not the
major targets for integration of the plasmid. Alterna-
tively, it is possible that the restriction sites were not
regenerated at both ends during integration.

In addition, Southern hybridisation analysis was used
to determine the copy number of the pREMI-Z cassette
in the transformants, based on the number of hybridi-
sation signals observed. This analysis revealed that in
50% of the transformants a single molecule of the cas-
sette was present in the H. polymorpha genome. Two
copies of the pREMI-Z cassette were found in 25% of
the transformants analysed (e.g. Fig. 1C, lanes 6, 13 and
19). Three or more copies of the cassette were observed
in the remaining (25%) cases (e.g. Fig. 1C, lanes 3, 4 and
8). Thus, in strains harbouring multiple copies of pRE-
MI-Z, the internal BamHI sites on both sides of the
cassette were apparently restored, resulting in three hy-
bridisation signals, including one the size of pREMI-Z
(schematically represented in Fig. 1A; see Fig. 1C, lanes
3 and 4). The fact that in these multicopy situations the
internal BamHI restriction site(s) can be cleaved indi-
cates that the tandem arrangement of the cassette had
probably occurred prior to integration. Such tandem

Fig. 2 Transformation fre- 18000
quencies of pPREMI-Z in
H. polymorpha. A 1-ug aliquot 16000 -
of circular or BamHI-linearised o
pREMI-Z was used to trans- 5 14000
form H. polymorpha NCY C495 =
(leul.l) or HF246 (leul.l) cells. © 12000
The restriction enzyme BamHI E
was added in increasing % 10000 -
amounts prior to transforma- c
tion. The results are the aver- g 8000 4
ages of three independent S
experiments 5 6000
o
E 4000 -
=
2000 -

integration was also observed in some pREMI-Z trans-
formants obtained in the absence of BamHI in the
transformation mixture (data not shown).

Generation of H. polymorpha mutants
using pPREMI-Z

An initial screen of a limited number of H. polymorpha
pREMI-Z transformants revealed that it was possible to
create leucine, uracil and adenine auxotrophic mutants
by gene tagging. To investigate the capacity of pREMI-
Z to tag genes of interest in H. polymorpha in more
detail, a large-scale mutagenesis was performed. We
chose to isolate mutants defective in the biogenesis and
in the selective degradation of peroxisomes on the basis
of our ongoing research in these fields (Veenhuis et al.
2000). Peroxisomes develop in response to specific met-
abolic needs. In H. polymorpha, peroxisomes proliferate
and become abundant when methanol is used as sole
carbon and energy source. Conversely, the organelles are
specifically degraded via a process designated pexophagy
when they become redundant for growth (Veenhuis et al.
1983). The crucial enzymes required for methanol me-
tabolism are located in peroxisomes, and mutants de-
fective in peroxisome biogenesis (pex mutants) display a
specific growth defect on methanol-containing medium
(Mut") (van der Klei et al. 1991). This screening method
is well established for H. polymorpha and has contrib-
uted to a large extent to the identification of PEX genes
from this yeast. Our screen for mutants disturbed in
selective peroxisome degradation (pdd mutants) is based
on the failure of peroxisomes to disappear after shifting
cells from peroxisome-proliferating conditions to con-
ditions not requiring peroxisomes for growth (Titorenko
et al. 1995). To allow efficient screening of mutants we
constructed a peroxisomal import reporter strain, des-
ignated HF246. This strain produces the eGFP protein,
C-terminally extended with a peroxisomal targeting

=
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signal, -serine-lysine-leucine-COOH (SKL), under the
control of the strong, inducible, alcohol oxidase pro-
moter. In wild-type cells, eGFP-SKL is efficiently tar-
geted to peroxisomes and does not interfere with normal
growth on methanol. Under these conditions eGFP-
SKL is present at the rim of the peroxisomes (Fig. 3A),
because the major peroxisomal matrix proteins, alcohol
oxidase and dihydroxyacetone synthase, are present in
the peroxisomal matrix in a crystalloid structure. This
strain allowed us to monitor the distribution of eGFP-
SKL throughout the cells, and could therefore be used to
discriminate mutants with altered peroxisomal profiles
(eGFP-SKL mislocalisation, aberrant number and size
of peroxisomes) amongst Mut™ transformants. In addi-
tion, the prolonged presence of eGFP-SKL fluorescence
after a shift to conditions that should induce selective
peroxisome degradation provided an additional screen
for the isolation of pdd mutants.

We transformed the H. polymorpha reporter strain
HF246 with BamHI-linearised pREMI-Z in the presence
and absence of BamHI endonuclease as described above.
After selection on YPD-zeocin medium, the transfor-
mants — approximately 5500 and 4500 obtained with and
without BamHI, respectively — were replica plated onto
methanol-containing medium. Mutants affected in
growth on methanol were selected for further analysis.
Approximately equal amounts of Mut mutants were
obtained in both the presence and the absence of added
restriction endonuclease. An initial fluorescence analysis
of 195 methanol-induced Mut™ mutants (from plates)
revealed 72 potential candidates with aberrant perox-
isomal structures; i.e. with eGFP-SKL profiles differing
from that of the wild type. The other strains displayed
normal peroxisomes with peroxisomal eGFP-SKL, al-
though they had been isolated as Mut™ mutants. These
mutants are most probably affected in peroxisomal en-
zymes or in steps in methanol metabolism unrelated to
peroxisome structure. Subsequently, the mutants that
displayed an aberrant eGFP-SKL pattern/staining/dis-
tribution were grown in glycerol/methanol-containing
medium and analysed by fluorescence microscopy in
more detail. Distinct groups of mutants could be rec-
ognised (exemplified by Fig. 3B-D). The first class, pex
mutants, displayed a distinct cytosolic distribution pat-
tern of eGFP-SKL (Fig. 3B) compared to the normal
fluorescent ring staining observed in wild-type cells
(compare Fig. 3A and B). In these mutants peroxisomes
are not present at all, or import of eGFP-SKL is com-
pletely blocked. The second group of mutants displayed
a phenotype previously described as Pim~ (Waterham
et al. 1992). This phenotype is characterised by a partial
defect in the import of matrix proteins into peroxisomes,
as indicated by the presence of both cytosolic and per-
oxisomal eGFP-SKL (Fig. 3C). Other groups of mu-
tants appeared to be affected in peroxisome
morphology, but not in the import of the eGFP-SKL
marker protein (see Fig. 3D).

In addition, using the same conditions, we were able
to isolate mutants affected in selective peroxisome de-

651

Fig. 3A-D Localisation of eGFP.SKL in H. polymorpha HF246
Mut™ mutants obtained by gene-tagging. In wild-type H. polymor-
pha cells a typical staining of the peroxisome rim can be observed
(A), while in pex mutants eGFP-SKL remains in the cytosol (B). In
pim mutants (C) small labelled peroxisomal structures can be
identified, as well as cytosolic eGFP-SKL. An example of altered
peroxisomal morphology is shown in D, here exemplified by the
presence of very small peroxisomes. Cells were induced in
methanol/glycerol-containing medium at 37°C

gradation (24 pdd mutants were isolated from approxi-
mately 4000 pREMI-Z transformants). These mutants
displayed a reduced ability to degrade peroxisomes as
revealed by reduced degradation of the peroxisomal
matrix protein alcohol oxidase as well as the prolonged
presence of eGFP-SKL fluorescence after shifting cells
to conditions not requiring functional peroxisomes (data
not shown). Taken together, these results demonstrate
that gene tagging is a highly efficient method for gen-
erating mutants in H. polymorpha.

pREMI-Z integration is responsible
for the phenotype of the isolated mutants

In order to determine whether rescue of the pREMI-Z
cassette with genomic flanking regions was possible, and
also to obtain detailed information as to how pREMI-Z
had integrated into the H. polymorpha genome, we
prepared genomic DNA from 36 Mut mutants from the
two mutant collections (i.e. with and without BamHI in
the transformation mixture) that displayed an aberrant
eGFP-SKL localisation. The pdd mutants were not in-
cluded at this stage since, so far, only limited sequence
information is available for PDD genes. As an initial
choice of restriction enzyme, we tested if the integrated
plasmids, together with the flanking genomic sequences,
could be rescued after digestion of the genomic DNA
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with EcoRlI, although in principle any restriction enzyme
that does not digest pREMI-Z can be used for this
purpose. From most of the mutants, we were able to
obtain the pREMI-Z vector together with flanking ge-
nomic fragments after transformation of the self-ligated
EcoRI-digested genomic DNA into E. coli. In cases
where we failed to obtain transformants, the flanking
genomic fragments obtained by digestion with EcoRI
were probably too large to be rescued in E. coli (see e.g.
lanes 6 and 17 in Fig. 1B). However, in such cases we
were able to rescue the pREMI-Z cassette using other
restriction enzymes to digest the genomic DNA. We
subsequently tested whether the rescued plasmids car-
rying a genomic insert harboured multiple pREMI-Z
cassettes as found in the Southern analysis (Fig. 1C).
For this purpose, we digested the plasmid DNA with
Smal, which will give rise to a DNA fragment the size of
pREMI-Z when multiple cassettes are present in the
rescued plasmid (Fig. 1A). In principle, any restriction
enzyme that cleaves once in the plasmid and not in the
insert can be used to eliminate the additional copies of
the cassette. Thirteen of the 36 transformants contained
such a multicopy arrangement of the pREMI-Z cassette
(these were obtained from both mutant collections). To
allow sequencing of the inserts in these plasmids, the
additional copies were removed by self-ligation of the
isolated Smal fragment. Subsequently, all rescued plas-
mids were amplified and sequenced.

Analysis of the sequences obtained (Table 1 and
Fig. 4) revealed that in 17 out of 36 selected mutants the
cassette had integrated in or near genes known to be
involved in peroxisome biogenesis/function in H. poly-
morpha. Thus the Mut™ phenotypes obtained in these
cases are clearly linked to the integration of the pREMI-
Z cassette into the H. polymorpha genome. In addition,

we identified nine new genes for which the function in
peroxisome biogenesis is as yet unknown. Finally, se-
quences from 10 mutants did not reveal any clue to
which gene was responsible for the observed Mut™
phenotype and the aberrant eGFP-SKL localisation. In
these cases the nucleotide sequences either did not dis-
play any similarity to sequences available in the current
databases, or the regions flanking pREMI-Z showed
similarity to two different genes. In rare cases, integra-
tion of the pREMI-Z cassette had occurred in the pro-
moter region of two divergently transcribed genes and
the observed phenotype could therefore not be directly
linked with either of the two genes.

A detailed comparison of the sequences obtained
with sequences of known H. polymorpha genes and se-
quence tags (STS; Blandin et al. 2000) showed that in the
mutant collection obtained in the absence of BamHI,
integration of pREMI-Z had never occurred at BamHI
sites (Fig. 4). Instead, the integration appeared to occur
at random, since no sequence similarity was observed
between the different integration sites. In contrast, in the
mutants from the collection obtained in the presence of
BamHI, approximately 30% of the integrations had
occurred at a BamHI site. However, in most of these
cases, the BamHI site was not regenerated. Rather, we
frequently observed that one or a few nucleotides had
been lost from pREMI-Z during the integration of the
cassette (Fig. 4).

As noted above, we sometimes observed that the se-
quences on the two flanks of pPREMI-Z were not part of
the same gene, but rather showed identity to two different
H. polymorpha sequences (Fig. 4, mutants RVD3,
MVH6, KNF4), suggesting the occurrence of deletions in
the host genome. One such recovered plasmid contained a
DNA fragment with similarity to the P. pastoris PEX12

Table 1 Analysis of selected
H. polymorpha mutants affected
in peroxisome biogenesis
and/or function obtained by

Gene class

Genes identified®

Peroxisome biogenesis Growth on methanol

gene-tagging Genes with a known function

(17 mutants)

Genes with an unknown function

(9 mutants)

Unclear integration events
(10 mutants)

PEXI*

PEXS5/PEX5*
PEX6/PEX6*(2)

PEXS (2)

PEX12*

PEXI3

PEX14%*(2)

Peroxisome biogenesis
relation unknown

Hypothetical proteins
putative transcription factors

No similarity

Different similarity on two
flanking regions

In promoter region of
divergent genes

CAT
DAS
DAK(2)/DAK*

#Sequence analysis of 36 selected Mut™ mutants displaying aberrant eGFP-SKL fluorescence patterns,
followed by database searches at the NCBI, resulted in the identification of genes tagged by pREMI-Z.
The identified genes are listed with respect to their possible relationship to peroxisome biogenesis/
growth on methanol. The asterisks indicate cases where the sequence similarity with the indicated gene
was observed in only one region flanking pREMI-Z in the rescued plasmid. In these cases, the other
flanking sequence showed no similarity or showed similarity to a different gene. The numbers of
independent cases isolated are given in parentheses



gene on only one flanking region (mutant RVD3).
PpPex12p encodes an integral peroxisomal membrane
protein with a zinc-finger motif, and is involved in per-
oxisome biogenesis (Kalish et al. 1996). Since this gene
had not previously been isolated from H. polymorpha, and
the integration of the pREMI-Z cassette had not occurred
via a simple integration event, we analysed this mutant in
more detail. Initial sequence analysis of the RVD3 mutant
showed that the cassette had integrated at a possible
BamHI site at the 5" end of the PEX12 gene. However, the
genomic sequence from the other flank of the rescued in-
sert did not show any similarity to the previously identi-
fied P. pastoris PEXI2 gene, but rather to an
uncharacterized STS, suggesting a possible deletion in the
genome of the mutant (Fig. 4). To obtain further infor-
mation about the integration event and the possible de-
letion, we functionally complemented the RVD3 mutant
using a genomic H. polymorphalibrary (Tanetal. 1995). A
1.6-kb complementing EcoRI fragment was isolated and
sequenced. Sequence analysis revealed that the fragment
indeed contained an ORF predicted to encode a protein
that was highly similar to P. pastoris Pex12p over the
entire length of the protein (51% identity, data not
shown). Therefore, we designated this gene H. polymor-
pha PEX12 (HpPEX12). Analysis of the DNA sequence
of HpPEX1I2 showed that pREMI-Z had integrated be-
tween two BamHI restriction sites in the H. polymorpha
genome, resulting in the deletion of (a) BamHI frag-
ment(s) of unknown size. In RVD3 the promoter region
and the first 52 codons of the HpPEX12 gene have been
deleted, which most probably caused the observed Mut™
phenotype and the aberrant eGFP-SKL localisation in
the RVD3 mutant. However, we cannot exclude the
possibility that deletion of other genes upstream of
HpPEX12 also contributes to the observed phenotype.
Further analyses of the role of PEXI2 in peroxisome
biogenesis/matrix import are currently underway. How-
ever, these are beyond the scope of the present study.

Discussion

In the present study we show that insertional mutagenesis
is a powerful tool for tagging genes of interest in the
methylotrophic yeast H. polymorpha. We have evaluated
the use of restriction enzyme-mediated integration
(REMI) in H. polymorpha using the non-replicating pla-
smid pREMI-Z. Surprisingly we observed that a high
frequency of random integration occurred in the absence
of added restriction enzyme. Since this process is funda-
mentally different from REMI we designated this method
Random integration of Linear DNA Fragments (RALF).

In most microorganisms tested, it has been observed
that in REMI the addition of restriction enzyme prior
to transformation dramatically enhances the transfor-
mation frequency (Granado et al. 1997; Brown et al.
1998; Sanchez et al. 1998). Most probably, this occurs
because cycles of digestion and ligation can occur,
whereby linear plasmid DNA can be integrated into
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cleavage sites in the chromosomes. Indeed, addition of
restriction enzyme to linear pREMI-Z increased the
transformation frequency of H. polymorpha cells
somewhat. However, the relative increase in transfor-
mation frequency (only 1.8-fold) is much lower than
the values reported for other species (up to 60-fold)
(Brown et al. 1998; Sanchez et al. 1998). Apparently,
the H. polymorpha transformation system can process
linear DNA much more efficiently than the transfor-
mation systems used by other organisms in which
REMI was tested (=100-1000 times more transfor-
mants/ug DNA), a feature that has been observed
before (Faber et al. 1994b). Also the amount of re-
striction enzyme (0.6-5 U) that resulted in significant
numbers of H. polymorpha transformants was much
lower than the 5-250 U that were used in other or-
ganisms to improve the transformation frequency
(Kuspa and Loomis 1992; Sato et al. 1998). We
observed that 10 U of restriction enzyme negatively
affected the number of transformants, most probably
by causing double-strand breaks in the genomic DNA
which are inefficiently repaired.

Our data also indicate that linearised pREMI-Z
integrated randomly into the genome rather than at
restriction sites. Thus, in the absence of restriction en-
donuclease, integration of linear pREMI-Z DNA in the
H. polymorpha genome does not occur via REMI, but
rather via a process we designated RALF. Addition of
restriction enzyme resulted in the appearance of an
additional population of mutants, characterised by in-
tegration of pREMI-Z at restriction sites, suggesting
that these represent true REMI events. However, since
the number of these additional mutants was rather
limited, addition of restriction endonuclease is not
required for mutagenesis. It should be possible in
H. polymorpha to tag via RALF any gene that it is not
essential for cell viability. This is in clear contrast to
REMI methods reported for other yeasts, like C. albi-
cans (Brown et al. 1996) and S. cerevisiae (Schiestl and
Petes 1991), where integration is critically dependent
on the addition of restriction enzyme and integration
occurs almost exclusively at the corresponding recog-
nition sites, thus limiting the use of REMI for ran-
dom gene tagging. In contrast, the high frequency of
illegitimate recombination in H. polymorpha allows ge-
nome-wide mutagenesis by this method.

We have observed that, in almost 50% of the trans-
formants analysed, multicopy integration of the pRE-
MI-Z cassette had occurred at a single genomic locus.
These tandem integrations have also been observed in
other organisms (Granado et al. 1997; Sato et al. 1998).
It seems likely that the pREMI-Z cassette forms multi-
mers prior to integration, a process that is independent
of the addition of restriction enzyme. One possible ex-
planation for these multicopy arrangements is that in
some cases zeocin resistance requires a higher level of
transcription of the zeocin resistance cassette than can
be obtained with a single copy of pREMI-Z. This might
depend on the site of integration in the genome. Like the
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pREMI-Z

RVD3-ori
Hp-STS

RVD3-tef
Hp-PEX1Z2

ADN-P3-ori
Hp-PEX8
ADN-3-tef

ADN-TE-ori
Hp-DAK
ADN-TE-tef

MVHE
Hp-5TS
MVHE-tef
Hp-PEXG

MVH10-ori
Hp-PEK&
MVH10-tef

ARJ8-ori
Hp-5TS
ARJB-tef

ARJ11-ori
Hp-8TS
ARJ1l-tef

ARJS9-0ri
Hp-DAS
ARJGE9-tef

ARJS5-ori
Hp-PEX12
ARJSS-tef

(8 TGACTGACTGACATGETCATAGC TG

BATRACAARGCTCCCCTTETCGGGCCGCGAMGCTCTAGTA
TAACARAGCTCCCCTTETCEGECCGCGA - CCTCTAGTA

CAGTCTAG- -~ ===~ BB G CTCTCCARGACAGCCTGGTCTTGTGCATTACCTATCAGE
TGTAGGTATCGACGUTGETGAAGTATTTAAGCATGACTGARTGTGOGCTCTCCARAGACAGCCTGGTCTTGTGCATTACCTATCAGG
TGTAGGTATCGACGCTGETGAAGTATTTARGCATGACTCA NS - - -------- ACATG

CAGTCTAGCTAGC TAGEABREA 3 =3CCTTTGAGGTGCECATGEACCAGETCTTGCTTGETART
CACACGCTCGEATTCGATGARTTEGARETCTCEATTEECATEGACACAGGCC TTTEAGGTGCGCATEGACCAGETCTTGCTTETAAT
CACACGCTCGEATTCGATGART TGRAGGETCTGGATTGGCANEEIEE TGACTEGACTGACATE

CAGTCTAGCTAGC TABGNBIAAAGC TARATCACACCECCTGGTTTTT T TTCTTGCAGCTGE
GCAACCCETCTCCCATGTARACGTACTAACAGACARAAACGCACTARAGCTARATCACACCECCTGETTTTTTTTC TTGCAGCTES
AGATCACCACTAARACAGCCARGTTTCTGTAACACCEAAGHBENBE TCACTGACTGACATG
AGATCACCACTAARACAGCCAAGTTTCTETAACACCEARGAGCATACCCAGGCARAAAGCTEATCATCCTCATGATCARATTCRTE

CAGTCTAGCTA- - - - AATCAGCAACAGAANGATTCTATGTCGCTARGGCTTGCT
TACTTTATATCCGECACATTGAMNGCACT TGCAARARAGT AATCAGCAACAGAAAGATTC TATGTCGCTARGGCTTGCT
TACTTTATATCCGGCACATTGAAGCACTTGCAARAAAGC CEGRIECS - - - - - GACTGACATG

CAGTCTAGCTAGC TABRGRERA T TTGECAGETTGTTGCAGACGETCGAGAGTAGCARGCAGT
CRAAAGGCGACCAGAAAGCCTGGECTCCTAGAGCGATEGASTACATATTTGECAGGTTGTYGCAGACGETCGAGAG - AGCARGCAGT
CAAMGGCGACCAGARAGCCTGEGCTCCTAGAGOGATECAGNNERE TGACTEACTGACATE

CAGTCTAGCTAGC TABEABEE T CCACCCT TIGETCGOGATTCCTCTTTTRAGGAATAGTCT
TCTAGTCACTATGECTGAAGCGGTTARTCACTARATGATCTGCCOCTOCAGCCTTTGCTCGOGATTCCTC TTTTARGGRATAGTCT
TCTAGTCACTATGECTGARGUGCTTARTCACTAAATCATCIEEEEE TCACTCA CTGACATG

CAGTCTAGCTAGCTABGRERI CTAGTGETCTAASCETGASCCTCCCCTCTCTEACCAACAR
CACGCATGCGCCCCTC TCCATCTCCTCOTCGACAGCEATCTGT T TTCTAGTGGTCT AAGCGTGAGCCTCCCCTCTOTGACCAACAR
CACGCATGCGCECCTCTCCATC TECTCCTCEACAGOGAT CIERREE TGACTGACTGACA TG

CAGTCTAGCTAGCT- ATATGGTGETGEGATGTATGGTAATCGCTACGEAGGTA
CATGTACARCTCTTACGGATCATATGGATOGTCAATGTA ATATGGTGEETGEGATGTATGETAATCGCTACGGEAGGTA
CATGTACAACTCTTACGEATCATATGEATCATCAATETA TGACTEACTGACATE

ENFl-ori
Hp-FEXS
KNFl-tef

KNFl6-ori
Hp-STS
KNF16-tef

ENF19-ori
Hp-S8TS
KNF19-tef

KENF3i-ori
Hp-CAT
KNF3ii-tef

KNF3g-ori
Hp-DAK
KNF3B-tef

KENFaT7-ori
Hp-STS
KNF47-tef

ENF4-ori
Hp-S5TsS
KNF4-tef
Hp-8TS

ENF2R-ori
Hp-PEXS8
ENF2B-tef

ENF8-ori
Hp-DAS
KNF8-tef

CAGTCTAGCTAGCTABGHEEN ~GCAGCGTTTGCTACGCTGGASAGATGGATCGARACCARA
CACTTATGACTCTGGCANT TTCGTACAT TARCGAAGGETACGACAACGCAGCG T TTGC TACGUTSGAGAGATGEATCGAAACCARA
CRACTTATGACTCTEGCAATTTCGTACAT TARC GAAGGETAEEESSE TGACTGACTGACATE

CAGTCTAGCTAGCTABEABEAR RGO TGCCAGANTGEAAGGATCCARGACCTTTTCTARRG
TACCETEGTTTCAGAAGGCTEATATTCCAGTTTTTOECCCTAGTGCARARGCTECCAGAATGEANGEATCCAAGACCTTTTCTARAG
TACGTGGTTTCAGARGGCTGETATTCCAGTTTTTGGCCCTHERGNE TGACTEACTGACATE

CAGTCTAGCTAGCT - BEREBRARCCTATAGCT T TACGCT TARANATCCAGATTTTCGTTARG
AGCAGCATATARATATCGCGCATCCCCTARACTTTTTAAGACAACARCCTATAGGTTTACGCT TARANATGCAGATTTTCGTTARG
AGCACGCATATARATATCGCGCATCOCCTARACTTTTTAA - BEAEEE TCACTEACTEACATE

CAGTCTAGCTAGCTABGABAG CCACT OGCCCTTEGAAT TGTACCATTTGTAGETGTAGCCA
GATTGTGCACGCCTTGETTGECARTGAAGTGGACCTGCACATACACCCACTOGCCCTTGGAAT TGTACCATTTGTAGSTGTGGECCA
GATTGTGCACGCCTTGGTTGGCARTGAAGTGGACCTGCACKERINBE TGACTGACTEACA TG

CAGTCTAGCTAGC - -FRBRBBGCCECETACACCACGTCGCTAGACGETCCTGETTTTTOCA
GCAGCTGGCTACCEACTACARGATCARGCCCGCARAGAGTETACACGEGCECGTACACCACETCECTAGACGETCCTGSTTTTTCCA
GCAGCTGECTACCEACTACARGAT CARGCCCGCARNGAGTCNIEE TCACTEACTGACATS

CAGTCTAGCTAGC TARGEGIGE.CACTGACAGGARAATTTTTAAGCGOGCACCAGTEGCTGE
GTTGCAARTTTAAARATTTTCAGTCATATTCACT TCCATCCAGCTCACACTGACAGGARRATTTTTAMGCGCECACCAGTGECTEE
GTTGCAAATTTAARRATTTTCAGTCATATTCACT TCCAT CERSIBE TGACTGACTGACATG

CAGTCTAGCTAGCTABEEIGH T CARARTTCGATARATACTACTTTTTCCATCTGCAATCAT
AN CTTTCTTGANAT CGCGTANT CCCTGCAT TGACAGTGCACT CTTCARAATTCGATAANTACTACT T TTT CCATCTGCAATCAT
CARGCTCCAGGGCEAGCCCAGARGCCACATTTTGGAGC TCEENEERNGNC TGNCTGACA -G
MARGCTCCAGSETEAGCTCARAAGC Y ACATTTTGGAGC TG TATGGTAAGGARCAGTACCAATTC TEGGTGACGOGCCTTTARGGECT

CAGTCTAGCTAGCT) CTTTCTTGAATGCTACGCTGCTGGTCCAGCATTTGATGA
TTGECAGATCAMACAGCAGTTTCCCGCGCTCTETAGCAGAAT TG CCACTTTCTTGAATGCTACGCTGCTAGTCCAGCATTTGATGA
TTGCAGATCAARCAGCAGTTT CCNGCGCTCTGTAGCANNATIEEEE TGACTGNCTGACA -G

CAGTCTAGCTAGCTAREBENE:CCCCTCCOTCCARGCACSCATCGCCARCCATGCAGTACAC
TTETCCAGCCCCATETEECCEECCACCEACATCGACT COAGAGTAGGECCC TCCTGCAAGCACGCATCGC CARCCATGCACTACAC
TTETCCAGCCCOATATGECCAECCACCGANATAGACT CCABNSEE TEANTGNCTGACATS
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Fig. 4 Sequence analysis of selected Mut mutants obtained by
gene tagging in the presence and absence of restriction endonuc-
lease. pPREMI-Z plasmids with their genomic flanking regions were
isolated from selected Mut™ mutants with altered peroxisomal
profiles and sequenced using the pREMI-ori (ori) and pREMI-tef
(tef) primers. Nucleotide sequences were aligned with known
H. polymorpha genes and sequence tags (STS) from databases at
NCBI. The upper panel shows sequences from mutants obtained in
the presence of BamHI in the transformation mixture, the lower
panel those obtained in the absence of the enzyme. Vector
sequences are shown in italics. The BamHI sites in pREMI-Z and
at the integration sites in H. polymorpha sequences are indicated in
white letters on a black background. Sequences in grey boxes
indicate the expected position of the BamHI site of pREMI-Z in
cases where no BamHI site was found in the sequences. Gaps were
introduced to maximize the similarity

antibiotic G418 in some other organisms, zeocin may,
when used in increasing amounts, select for multicopy
integrations. However, no evidence supporting this view
has been obtained yet. Multicopy integration is not a
major disadvantage of the system, since simple molecu-
lar techniques allow the removal of excess copies of the
plasmid prior to sequencing.

We observed that, in general, the pREMI-Z cassette
integrates at a single locus in the H. polymorpha genome.
Only in two transformants have we observed that the
pREMI-Z cassette had possibly integrated at two dif-
ferent genomic loci. Although we have not analysed
these mutants further, this type of integration requires
the isolation of both genomic loci to determine which is
linked to the observed mutant phenotype. Fortunately,
the frequency of such events is low (<2.5%) and thus
they will represent only a minor population of the
mutants.

The ability of RALF to tag genes in H. polymorpha
was clearly demonstrated by the isolation of auxotrophic
mutants and mutants defective in peroxisome biogenesis
(pex) and degradation (pdd). The pex mutants were
isolated by making use of an eGFP-SKL reporter strain
to select for Mut™ mutants with altered peroxisomal
profiles. The frequencies of Mut™ and pdd mutants ob-
tained with RALF were comparable to those obtained
by the classical isolation procedures (Cregg et al. 1990;
Titorenko et al. 1995). However, the RALF system
permits direct identification of the mutagenised gene and
should not generate the weak mutant phenotypes asso-
ciated with many point mutations.

Sequence analysis of the rescued plasmids which
contained pREMI-Z flanking genomic regions from pex
mutants revealed in a number of cases H. polymorpha
genes with a known role in peroxisome biogenesis or
methanol metabolism. Although we identified some
genes more than once, the integrations had occurred at
different positions in the gene, arguing against the
presence of recombinational hotspots in the H. poly-
morpha genome. The analysis of these mutants clearly
demonstrates the feasability of RALF in H. polymorpha.
This is highlighted by the identification of a number
of new genes whose function in peroxisome biogenesis
is at present unknown. These mutants and their
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corresponding genes are currently under investigation in
our laboratory.

Sequences from a small percentage of the rescued
plasmids showed identity of the flanking regions of
pREMI-Z to two different DNA sequences. It is likely
that in these mutants (a small) part of the genome has
been deleted upon integration of the cassette. That de-
letions indeed occur was demonstrated by the isolation
of the PEX 12 gene using the RVD3 mutant. So far, we
have no data regarding the size of these deletions. The
availability of the complete H. polymorpha genome se-
quence in the near future (Blandin et al. 2000) will
provide conclusive evidence about the size of these de-
letions. However, we do not consider genomic deletions
a serious problem because large numbers of mutants can
be obtained rather easily in H. polymorpha and inte-
gration of the cassette was shown to occur at different
places in the same gene. Therefore, mutants with ge-
nomic deletions can be omitted from further analysis.
Alternatively, deleted regions of a gene can be isolated
efficiently by PCR and/or functional complementation
strategies.

In conclusion, the RALF procedure is a powerful
tool that allows one successfully to tag, and rapidly
isolate and identify, genes of interest in H. polymorpha.
The integration is random and the high frequency of
transformation of H. polymorpha using linear DNA
fragments allows the screening of large numbers of
mutants. Together with the complete genome sequence
of H. polymorpha, which will be available shortly, this
method provides us with a tool with which to identify
rapidly genes of interest in our current research pro-
gramme.
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