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ARTICLE INFO ABSTRACT

Keywords: Using electron and fluorescence microscopy techniques, we identified various physical contacts between per-
Yeast oxisomes and other cell organelles in the yeast Hansenula polymorpha.

Peroxisome In exponential glucose-grown cells, which typically contain a single small peroxisome, contacts were only
Vacuole ) observed with the endoplasmic reticulum and the plasma membrane. Here we focus on a novel peroxisome-
Contact sites . . . . .

Pex3 vacuole contact site that is formed when glucose-grown cells are shifted to methanol containing media, con-

ditions that induce strong peroxisome development. At these conditions, the small peroxisomes rapidly increase
in size, a phenomenon that is paralleled by the formation of distinct intimate contacts with the vacuole.
Localization studies showed that the peroxin Pex3 accumulated in patches at the peroxisome-vacuole contact
sites. In wild-type cells growing exponentially on medium containing glucose, peroxisome-vacuole contact sites
were never observed. However, upon overproduction of Pex3 peroxisomes also associated to vacuoles at these

growth conditions.

Our observations strongly suggest a role for Pex3 in the formation of a novel peroxisome-vacuole contact site.
This contact likely plays a role in membrane growth as it is formed solely at conditions of strong peroxisome

expansion.

1. Introduction

For long, cell organelles were assumed to represent compartments
that function in relative isolation, but now we know that they in-
timately collaborate in several important cellular processes. These
collaborations not only involve functional interactions but also include
tight physical associations between organelles. Well-established roles of
organellar contacts are lipid [1] and calcium transport [2]. Tight phy-
sical contacts between organelles are not only important for the
transport of small molecules but also play a role in various other pro-
cesses such as organelle fission, movement and autophagy. Recent
studies showed that virtually all organelles form contacts with other
cell compartments. A striking example is the endoplasmic reticulum
(ER), which associates with mitochondria, peroxisomes, vacuoles, lipid
bodies, the Golgi apparatus, (auto)phagosomes and the plasma mem-
brane (for a review see [3]).

Our knowledge on the occurrence, composition and function of
peroxisomal contacts is still in its infancy [4]. Peroxisomes are ubi-
quitous organelles that play important roles in a range of metabolic and
non-metabolic functions [5]. At the morphological level, associations

* Corresponding author.
E-mail address: 1.J.van.der.klei@rug.nl (I.J. van der Klei).

between peroxisomes and other cellular membranes are already known
for several decades (reviewed in [6]). Recently, the first functions of
peroxisomal contact sites as well as proteins that are localized to these
sites were identified. For instance, in mammals, peroxisome-ER con-
tacts have been described that play a role in lipid transport [7,8]. In
yeast, ER-peroxisome contacts play a role in peroxisome retention. This
contact requires Inp1, which simultaneously binds ER- and peroxisome-
bound Pex3 [9,10]. Another yeast peroxisome-ER contact involves the
ER resident proteins Pex29 and Pex30, which form a complex with the
ER-localized reticulon homology proteins Rtnl, Rtn2, and Yopl
[11-13]. This so-called EPCONS has been implicated to function in de
novo peroxisome formation. Whether specific peroxisomal (tethering)
proteins are involved in the formation of EPCONS is not yet known.
Peroxisome-mitochondrial associations enhance metabolism by
creating a short distance allowing efficient transport of metabolites
between both organelles. Tethering proteins that have been identified
to occur at these sites are the Peroxisomal Membrane Proteins (PMPs)
Pex11 and Pex34 as well as the mitochondrial proteins Mdm34 and
Fzol [14-16]. Moreover, contacts between peroxisomes and the au-
tophagosomal membrane or vacuolar membrane are formed during
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peroxisome degradation by macro- or micropexophagy, respectively
[17]. During macropexophagy, peroxisome bound Atg30 (in Pichia
pastoris) or Atg36 (in Saccharomyces cerevisiae) associate with the au-
tophagy cargo receptor Atgll that is localized to the sequestering
phagophore. PpAtg30 and ScAtg36 are recruited to peroxisomes by
Pex3 (for a review see [18]).

Here we describe a detailed microscopy analysis of vacuole-per-
oxisome contact sites (VAPCONS) in the yeast Hansenula polymorpha. At
peroxisome repressing growth conditions (glucose) H. polymorpha cells
generally contain a single, small peroxisome. This organelle rapidly
expands upon a shift of the cells to methanol containing media (per-
oxisome inducing conditions) [19]. We show that in exponential, glu-
cose-grown inoculum cells the relatively small peroxisome only forms
contacts with the plasma membrane and endoplasmic reticulum (ER),
whereas shortly after the shift of cells to methanol media extensive
physical contacts with vacuoles are formed as well. These contacts are
developed in cells in which peroxisomes rapidly expand and are not
subject to pexophagy. Hence, these novel contacts may function in the
growth of the peroxisomal membrane.

Further analysis revealed that at peroxisome inducing conditions
the PMP Pex3 is enriched in patches at the peroxisome-vacuole contact
sites. Moreover, the formation of these structures is promoted at con-
ditions of Pex3 overproduction.

Taken together our data suggest that H. polymorpha Pex3 plays a
role in the formation of a novel peroxisome-vacuole contact site.

2. Results
2.1. Peroxisomes form physical contacts with different cell organelles

Yeast peroxisomes lack enzymes that synthesize membrane lipids.
Therefore peroxisomal membrane lipids are derived from other cellular
locations. Previous data indicated that in S. cerevisiae peroxisomes can
receive lipids from the ER via non-vesicular transport, a process that is
likely to occur at membrane contact sites [20]. Also, data have been
presented showing that yeast peroxisomes may derive their membrane
lipids from the ER, the Golgi apparatus, vacuoles and mitochondria
[21,22]. We reasoned that potential contacts involved in lipid transfer
to the peroxisomal membrane could best be identified in cells con-
taining rapidly expanding peroxisomes. In H. polymorpha, these condi-
tions are ideally met in cells, which are pre-cultivated on glucose and
shifted for a few hours to medium containing methanol. H. polymorpha
cells growing exponentially on glucose generally contain a single small
peroxisome (approximately 0.1 um in diameter) that rapidly develops
into a larger organelle (almost 1 ym in diameter) before fission occurs
in the first 8 h of adaptation of cells to growth on methanol [23]. Hence,
the membrane surface of this peroxisome increases almost 100-fold in
the same time interval.

At membrane contact sites the distance between two membranes is
typically < 30nm [3], which is far below the resolution limit of
Fluorescence Microscopy (FM; 200nm). We therefore initiated our
studies with a detailed Electron Microscopy (EM) analysis. Analysis of
KMnO,-fixed cells shifted for 4-6 h from glucose to methanol medium
confirmed that most cells contained a single enlarged peroxisome,
which is the result of growth of the original small peroxisome present in
the glucose-grown inoculum cells. These growing peroxisomes dis-
played intimate contacts with the ER, vacuoles, mitochondria and the
plasma membrane (Fig. 1A). These contacts were also observed upon
cryofixation of the cells (Fig. 1B), indicating that they did not represent
artifacts due to the chemical fixation procedures.

Similar studies using glucose-grown control wild-type cells revealed
that the single small peroxisomes present in these cells lacked vacuole
contacts and were only associated with the ER and plasma membrane
(Fig. 1C).

In KMnO,-fixed cells, regions where the distance between the per-
oxisomal membrane and another membrane was < 5 nm were regularly
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observed. This distance was therefore used as a criterion to quantify the
contacts. Analysis of series of serial sections of 10 randomly taken
glucose-grown cells showed that all 10 peroxisomes in these cells were
associated with the ER and frequently also with the plasma membrane,
whereas none of them formed a contact with mitochondria or vacuoles.
However, in methanol-induced cells, most peroxisomes formed contacts
with the vacuole, ER and plasma membrane, whereas infrequently a
close association of a peroxisome with a mitochondrion was observed
(Fig. 1D). Measurements of the average maximum length of the dif-
ferent contacts revealed that in methanol-grown cells the contacts with
the vacuoles were most extensive (approximately 250 nm, Fig. 1BII,
Fig. 1D). Vacuoles were never observed to completely surround the
peroxisomes, indicating that at these conditions of rapid organelle ex-
pansion micropexophagy did not occur. Also, peroxisomes sequestered
by autophagosomes were never observed. This was the expected result
as in H. polymorpha micropexophagy strictly depends on N-starvation,
whereas macropexophagy is induced by the addition of excess glucose
to methanol cultures, conditions which are not met in our experimental
set up [24].

2.2. Peroxisome-vacuole contacts are formed under conditions of
peroxisome growth

FM analysis of living cells confirmed that upon shifting WT cells
from glucose to methanol the percentage of peroxisomes (marked with
the green peroxisomal matrix marker GFP-SKL) that was associated to
vacuoles (i.e. partial overlap with the red fluorescent vacuole marker
FM4-64) rapidly increased to almost 100% in a time interval of 8h
(Fig. 2). At 8 h after the shift, the first peroxisome fission events were
observed. At this stage vacuole-peroxisome contacts still were evident
(Fig. 2A, 8 h). Also, at 16 h, when peroxisome multiplication had oc-
curred and clusters of peroxisomes were formed, most peroxisomes
were still in contact with the vacuole (Fig. 2). However, among the
clustered peroxisomes not all of them formed a contact with vacuoles,
resulting in a slightly decreased percentage of peroxisome-vacuole
contacts at 16 h (Fig. 2B).

FM suggested that approximately 15% of the peroxisomes asso-
ciated with vacuoles in glucose-grown control cells, which seems at
odds with the results of the EM analysis (compare Fig. 1D). However,
this can be explained by the resolution limit of FM (200 nm), which will
reveal overlap of both organelle markers also when they are separated
by a distance larger than 5nm, but < 200 nm.

Our FM observations were confirmed in cryo-fixed cells (Fig. 2C),
which showed that at T = Oh peroxisomes were not associated with
vacuoles, whereas close associations were observed in samples taken at
4, 8 or 16 h after the shift. At later time-points (8 h and 16 h) vacuoles
often appeared fragmented, but remained associated with the peroxi-
some (Fig. 2C; 8 h). Long vacuolar protrusions that fully sequestered the
peroxisome, as is typical for micropexophagy, or autophagosomes were
never observed.

2.3. Pex3 accumulates in patches at peroxisome-vacuole contacts

In order to identify proteins involved in the formation of peroxi-
some-vacuole contacts, we tested whether specific PMPs enrich at these
sites in cells induced for a few hours on methanol. In line with earlier
observations, Pmp47-GFP fluorescence showed an even distribution
over the entire peroxisomal periphery (Fig. 3A) [25]. Pmp47 is homo-
logous to the S. cerevisiae ATP transporter Antl [26]. A similar pattern
was observed for Pex11-GFP, an abundant PMP implicated in peroxi-
some fission [27], but also in the formation of peroxisome-mitochon-
dria contacts [15]. Next, we analyzed Pex14-GFP, a component of the
receptor docking complex. Pex14-GFP was observed at the entire or-
ganelle surface, but also partially enriched in patches. These patches
were absent at regions where peroxisomes formed contacts with va-
cuoles (Fig. 3B, D). On the other hand, Pex3, a peroxin implicated in



H. Wu et al.

A

300+
250
200+

150+

Maximum contact size (nm)

Glucose

BBA - Molecular Cell Research 1866 (2019) 349-359

= Vacuole

@ ER

s Plasma membrane
Mitochondria

100

80

60

40

Contact (%)

20

WT

WT
Methanol

WT
Glucose

WT
Methanol

Fig. 1. Peroxisome contacts in WT H. polymorpha cells. (A) EM analysis of thin sections of chemically fixed (KMnO,4) WT cells induced for several hours on methanol
medium. White arrows indicate regions where the distance between the two membranes is < 5nm. Overview (I) and details of contacts between the peroxisome and
vacuole (II), ER (III) and mitochondrion (A-IV). (B) Electron micrographs of cryofixed cells, showing an overview (I) and details of contacts with the vacuole (II), ER
(II1) and a mitochondrion (IV). (C) Electron micrograph of KMnO4 fixed (I) and cryofixed (II) glucose-grown WT cell showing close associations between peroxisomes
with the ER and plasma membrane. (D) Quantification of contact sites in chemically fixed WT cells grown on glucose or methanol medium. The average maximum
contact lengths were calculated for 10 individual peroxisomes (either of glucose- or methanol-grown cells) using a series of serial sections that comprise the entire
peroxisome. For the same 10 peroxisomes, the percentage of peroxisomes containing vacuole, ER and mitochondrial contacts were quantified (n = 10). CW - cell
wall, ER - endoplasmic reticulum, M - mitochondrion, N — nucleus, P — peroxisome, V - vacuole.

PMP sorting, also formed patches, generally one or two per organelle
(Fig. 3 A, B, C, E), one of which invariably was localized at the per-
oxisome-vacuole contact. To further substantiate that Pex3 was loca-
lized at the contacts between peroxisomes and vacuoles, we performed
correlative light and electron microscopy (CLEM). This method allows
performing a detailed morphological analysis by EM of fluorescent
structures identified by FM. EM analysis confirmed that invariably close
contacts between the peroxisomal and vacuolar membrane were pre-
sent at Pex3-GFP patches observed by FM (Fig. 3F).

Subsequently, we tested whether peroxisome-vacuole and Pex3-GFP
patches still remained at peroxisome-vacuole contacts upon shifting
cells from methanol-containing medium back to medium with glucose
or medium without any carbon source (Fig. 4). WT cells producing GFP-
SKL or Pex3-GFP were cultivated on methanol for 6 h and subsequently

351

shifted to the indicated growth media and analyzed after 2 h.

Upon a shift to glucose medium small peroxisomes appeared, which
were not attached to the vacuole, whereas the larger peroxisomes that
were still observed in some of the cells remained associated with va-
cuoles (Fig. 4A). Pex3-GFP patches remained present at these peroxi-
some-vacuole contacts after the addition of glucose (Fig. 4B). Quanti-
tative analysis revealed that indeed the percentage of peroxisomes
associated with vacuoles strongly decreased (Fig. 4C). Upon a shift to
media without methanol, no obvious changes in peroxisome-vacuole
contacts or Pex3-GFP patches were observed.
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Fig. 2. Close associations of peroxisome and vacuoles are formed upon induction of peroxisome development. (A) Fluorescence microscopy images of WT cells shifted
from glucose (T — 0 h) to methanol medium for 4, 8 h or 16 h. Cells produce the peroxisomal matrix marker GFP-SKL. Vacuoles are stained with FM4-64. Scale bar
1 um. Graphs show normalized fluorescence intensity along the lines indicated in the merged images. (B) Percentage of peroxisomes that form peroxisome-vacuole
contacts at the indicated time points (see A). Peroxisome-vacuole contacts were defined as regions where green fluorescence signals (from GFP-SKL) overlapped with
red fluorescence from FM4-64. Error bars represent standard deviation (SD). 200 peroxisomes of two independent cultures were used for the quantification.
*p < 0.05, t-test. (C) Electron micrographs of cryofixed cells at the indicated time points after the shift of glucose-grown cells to methanol containing medium. M —

mitochondrion, N - nucleus, P - peroxisome, V - vacuole.

2.4. Overproduction of Pex3 stimulates the formation of peroxisome-
vacuole contact sites in glucose-grown cells

Next, we analyzed whether Pex3 may play a direct role in the for-
mation of peroxisome-vacuole contacts. Because these contacts are
absent in cells grown on glucose (Fig. 1D), we tested whether over-
production of Pex3-GFP in glucose-grown cells would lead to the for-
mation of peroxisome-vacuole contacts. A strain overproducing Pex14-
GFP was used as a control. In order to obtain overproduction, PEX3-GFP
or PEX14-GFP were placed under control of the relatively strong amine
oxidase promoter (Payo). These strains, (called Pex3™ ™ or Pex14™* ™),
together with control strains producing Pex3-GFP or Pex14-GFP under
control of the endogenous promoters, were grown on media containing
glucose/methylamine to induce Payo. As shown in Fig. 5A, B in
Pex3 ™' * cells, an increased number of peroxisome-vacuole contacts was
observed, relative to the WT control. In the control experiment using
Pex14** an increase in peroxisome-vacuole contact sites was not ob-
served (Fig. 5A-E). In these cells often multiple peroxisomes were ob-
served because Pex14 overproduction stimulates peroxisome pro-
liferation (Komori et al., 1997). Western blot analysis confirmed that
Pex3-GFP and Pex14-GFP levels were enhanced in glucose/methyla-
mine grown Pex3** and Pex14** cells (Fig. 5C).

In FM images, 30% of the peroxisomes showed overlap with the
FM4-64 marker in the glucose/methylamine grown WT control. This
slightly enhanced percentage (compare Fig. 2) is most likely related to
moderate peroxisome growth due to the import of the peroxisomal
enzyme amine oxidase and the increased size of vacuoles at these
growth conditions [28].

EM analysis confirmed that vacuole-peroxisome contacts did not
occur in WT and Pex14™ " cells grown on glucose/methylamine,
whereas approximately 40% of the peroxisomes in the Pex3* * strain
were closely associated with vacuoles (distance < 5nm) (Fig. 5D, E).

3. Discussion

Here we describe a novel peroxisome-vacuole contact in yeast that
develops under conditions of rapid peroxisome development. Our data
indicate that the PMP Pex3 is involved in the formation of this contact.

Peroxisome-vacuole contacts have been described before and occur
in H. polymorpha at conditions of nitrogen starvation, which induces
micropexophagy, where extensions of the vacuole enclose the organelle
to be degraded [24]. At the experimental conditions used in our current
studies, all nutrients are present in excess. Indeed, our EM analysis
revealed that peroxisomes were never engulfed by vacuolar extensions
or taken up in vacuoles, as is typical for micropexophagy, in the early
exponential methanol cultures.

The peroxisome-vacuole contacts we identified are also not related
to macropexophagy. During macropexophagy peroxisomes are first
enclosed by the autophagosomal membrane, which subsequently fuses
with the vacuole. Hence, in macropexophagy, direct contacts between
the peroxisomal and vacuolar membrane do not occur. Also, in H.
polymorpha macropexophagy is characteristically induced upon a shift
of methanol-grown cells to glucose-excess conditions [29], but never
observed in cells in the exponential growth phase on methanol.

We analyzed H. polymorpha cells in which peroxisome growth and
proliferation are massively induced. Possibly, the peroxisome-vacuole
contact formed at these conditions may play a role in non-vesicular

lipid transport from the vacuolar to the peroxisomal membrane.
Notably, in S. cerevisiae phosphatidylethanolamine (PE) synthesized by
phosphatidylserine decarboxylase 2 (Psd2) is transferred to the perox-
isomal membrane [22]. Because Psd2 is localized to Golgi and vacuole
membranes it is tempting to speculate that PE produced at the vacuole
membrane is directly transported to peroxisomal membranes at va-
cuole-peroxisome contact sites. Lipid transport from the vacuolar
membrane to other organelles indeed can occur in yeast, for instance to
mitochondria at a contact site called vCLAMP (vacuole and mitochon-
dria patch) [30-32].

We showed that Pex3 accumulates in patches at peroxisome-vacuole
contact sites (Fig.3). Moreover, overproduction of this peroxin resulted
in the formation of peroxisome-vacuole contact sites at conditions,
where these sites normally do not occur (glucose medium, peroxisome
repressing growth conditions) (Fig. 5). These results indicate that Pex3
is a crucial protein for the formation of the peroxisome-vacuole contact
sites. In addition, these data imply that methanol is not an essential
signaling molecule for the formation of the contact sites. This is un-
derscored by the observation that the contact sites are preserved upon a
shift of methanol-grown cells to medium without any carbon source
(Fig. 4).

Upon transfer of methanol-grown cells to glucose medium, new
small peroxisomes appeared that were not in contact with the vacuole
(Fig. 4). Because glucose fully represses peroxisome proliferation and
the synthesis of abundant peroxisomal enzymes, further organellar
growth is not required at these conditions. The larger peroxisomes
became much less abundant, possibly because they diluted out over the
newly formed cells. However, the relatively large peroxisomes that still
were present 2 h after the shift to glucose medium remained in contact
with vacuoles (Fig. 4).

We previously reported that removal of Pex3 via the ubiquitin-
proteasome pathway is an early stage in macropexophagy in H. poly-
morpha [33,34]. It is tempting to speculate that the Pex3 protein that
localizes to peroxisome-vacuole contact sites cannot be ubiquitinated
thereby preventing the autophagosome to engulf the organelle that
associates to the vacuole.

Pex3 is a highly conserved peroxin that was initially described to
play a role in PMP sorting. In this process, Pex3 binds Pex19, the re-
ceptor/chaperone for newly synthesized PMPs [35] (Fig. 6). Later stu-
dies revealed additional, unrelated functions for Pex3 at conditions that
induce pexophagy (by binding Pichia pastoris Atg30 or S. cerevisiae
Atg36 [36,37]) and in peroxisome retention in budding yeast cells (via
the association of Inpl, [38]) (Fig. 6). Our current data add to the
model that Pex3 represents an anchor protein at the peroxisomal
membrane, which can recruit different components that play a role in a
range of processes important in peroxisome biology. For the formation
of peroxisome-vacuole contacts, Pex3 may bind a yet unknown protein.
Alternatively, Pex3 may directly associate to the vacuolar membrane,
which finds support in the observation that the cytosolic soluble do-
main of Pex3 has affinity for lipids [39].

Very recently peroxisome vacuole-contacts were detected in S. cer-
evisiae using split-GFP technology [16,40]. In these studies, different
split-GFP fragments were constructed that sort to a range of organelle
pairs, which allow visualizing organellar contact sites by FM. This ap-
proach offers a very attractive method to develop high-throughput
screens for the identification of peroxisome-vacuole contact site pro-
teins in S. cerevisiae.
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Pmp47-GFP Pex11-GFP Pex14-GFP Pex3-GFP Fig. 3. Pex3 is enriched at peroxisome vacuole contacts
in methanol-induced cells. (A) FM images of WT cells

producing the indicated PMPs containing GFP at the C-
terminus and produced under control of their en-
dogenous promoters. Cells were induced for a few hours
on methanol medium. (B) overview and (C, D) details of
FM images of cells producing Pex14-GFP or Pex3-GFP
stained with the vacuolar marker FM4-64 (purple) to-
gether with schematic representations of the regions
where generally the GFP patches are observed for Pex3-
GFP and Pex14-GFP. In the merged images, cell contours
are indicated in blue. Scale bar 1 ym in C, D; 5um in A, B.
(E) Quantification of the percentage of peroxisomes
containing one or two Pex3-GFP patches. For quantifying
Pex3-GFP patches, the signal intensity variation on the
peroxisomal membrane was measured. A patch is defined
as a region where the signal was 50% higher compared to
the lowest signal measured on the same peroxi-
some.2 X 40 peroxisomes from two independent cultures
were counted. Error bar represents SD. (F) Correlative
light and electron microscopy of cells producing Pex3-
GFP and the matrix marker DsRed-SKL. I, A 200 nm thick
cryosection was first imaged by FM. Scale bar 1 um. II,
Merged EM and FM images of the region indicated in the
merged images of I. Scale bar 500 nm. DsRed-SKL fluor-
escence is not observed in the center of the larger per-
oxisomes because of the presence of an alcohol oxidase
crystalloid inside these organelles. III Tomographic slice
of the region indicated in II showing the close association
of the peroxisome and the vacuole membrane at the site
where the Pex3-GFP patch was observed by FM. Scale bar
100 nm. IV 3D rendered volume of the tomogram shown
in III. Blue: peroxisome; Orange: vacuole; Yellow: nu-
cleus, Green: mitochondrion.
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Merge

Fig. 4. The fate of peroxisome-vacuole contacts upon addition of glucose or removal of methanol. (A, B) FM images of cells producing GFP-SKL (A) or Pex3-GFP (B).
Cells were precultivated for 6 h on methanol and subsequently shifted to glucose - containing medium (Glucose) or to medium without carbon source (—C). Cells were
incubated for another 2h and analyzed by fluorescence microscopy. Scale bar 2 um. (C)) Percentage of peroxisomes that form peroxisome-vacuole contacts at the
indicated growth conditions. GFP-SKL was used as a marker for peroxisomes and FM4-64 was used to stain the vacuolar membrane. Error bars represent standard
deviation (SD). 2 x 140 peroxisomes of two independent cultures were used for the quantification. The p value was calculated by a t-test.

4. Materials and methods
4.1. Strains and growth conditions

The H. polymorpha strains used in this study are listed in Table S1.
Yeast cells were grown in batch cultures at 37 °C on mineral medium
(MM) [41] supplemented with 0.5% glucose or 0.5% methanol as
carbon sources and 0.25% ammonium sulfate or 0.25% methylamine as
nitrogen sources. When required, amino acids were added to the media
to a final concentration of 30 pg/mL. For selection of transformants,
plates were prepared containing 2% granulated agar and 0.67% yeast
nitrogen base without amino acids (YNB; Difco; BD) containing 0.5%
glucose or YPD (1% yeast extract, 1% peptone, and 1% glucose) sup-
plemented with 100 pg/mL zeocin (Invitrogen).

4.2. Construction of H. polymorpha strains

All plasmids and oligonucleotide primers used in this study are
listed in Tables S2. Transformation and site-specific integration were
performed as described previously [42].

To construct an H. polymorpha WT strain overproducing Pex14-eGFP
(under control of the amine oxidase promoter, P4ps0), plasmid pHIPX5
Pex14-eGFP was linearized with Bsu36I and integrated into the genome
of H. polymorpha yku80.

In order to obtain plasmid pHIPX5 Pex14-eGFP, the Pex14-eGFP

355

fragment was digested from the plasmid pHIPX4 Pex14-eGFP (gift from
Masayuki Komori) using BamHI and Sacl. Then the fragment was in-
serted between BamHI and Sacl sites of the plasmid pHIPX5 [43].

Plasmid pHIPZ Pex14-mGFP (pSNA12, [25] was linearized with Pstl
and integrated into the genome of H. polymorpha NCYC495, resulting in
a strain producing Pex14-mGFP under control of its own promoter.

Plasmid pHIPZ Pex3-mGFP (designated pSEM61) was obtained as
follows: PCR was performed on H. polymorpha WT genomic DNA using
primers Pex3-F and Pex3-R. The PCR product was digested with HindIII
and BglII. Then the resulting fragment was inserted between the HindIII
and BglII sites of the pHIPZ mGFP fusinator plasmid [44]. EcoRI-line-
arized pSEM61 was integrated into the PEX3 gene of H. polymorpha
yku80 producing DsRed-SKL, resulting in a strain producing Pex3-GFP
under control of its own promoter. Moreover, H. polymorpha yku80
producing DsRed-SKL was constructed upon the integration of Nsil-
linearized pHIPN4 DsRed-SKL (Cepinska et al., 2011) into the genomic
DNA.

4.3. Biochemical techniques

Total cell extracts were prepared for western blot analysis upon TCA
precipitation of whole cells as described before [45]. Equal amounts of
protein were loaded per lane. Western blots were probed with mouse
monoclonal antiserum against GFP (sc-9996; Santa Cruz Biotechnology,
Inc.), rabbit polyclonal antisera against pyruvate carboxylase-1 (Pycl
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Fig. 5. Modulation of the Pex3 levels affects peroxisome-vacuole contact sites. (A) FM images of glucose/methylamine-grown cells producing Pex3-GFP under
control of the Payio (Pex3* ™) or Ppgxs (WT) or Pex14-GFP under control of the Payo (Pex14™ ) or Ppgx14 (WT). Scale bar 2.5um. (B) Quantification of the
percentage of Pex3-GFP or Pex14-GFP spots co-localizing with the vacuolar marker FM4-64. The percentage of Pex3-GFP or Pex14-GFP patches that overlapped with
red fluorescence from the vacuolar marker FM4-64 was calculated from two independent cultures (200 cells per culture). Error bars represent SD. Asterisks indicate
significant difference (**p < 0.01), t-test. (C) Immunoblots demonstrating enhanced levels of Pex3-GFP in the Pex3™" * strain or Pex14-GFP in the Pex14 ™" * strain.
Equal amounts of cell extracts were loaded per lane. Blots were decorated with a-GFP or a-pyruvate carboxylase (Pycl) antibodies. Pycl was used as a loading
control. Exposure times of GFP blot: 20 s (upper panel) and 200 s (lower panel). (D) EM analysis of the identical cells as shown in A. CW: cell wall, M: mitochondrion,
P: peroxisome, N: nucleus, V: vacuole. Scale bar: 200 nm. (E) Quantitative analysis of the percentage of peroxisomes that have a contact site with the vacuole
(distance between membranes < 5nm) in WT, Pex3* * or Pex14™ * cells. The percentages were calculated from the analysis of 29 individual peroxisomes per strain.

[46], Pex11 [47], Pex14 [48] or Pex3 [49]. Secondary goat anti-rabbit 4.4. Fluorescence microscopy

or goat anti-mouse antibodies conjugated to horseradish peroxidase

(Thermo Fisher Scientific) were used for detection. Pycl was used as a Widefield images were captured at room temperature using a

loading control. 100 X 1.30 NA objective (Carl Zeiss, Oberkochen, Germany). Images
were obtained from the cells in growth media using a Zeiss Axioscope
Al fluorescence microscope (Carl Zeiss, Oberkochen, Germany), Micro-
Manager 1.4 software and a CoolSNAP HQ? camera. The GFP
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Peroxisome
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Fig. 6. Pex3 plays a role in various processes important in peroxisome biology. Schematic representation of different proposed functions of Pex3 in peroxisome
biology. These include PMP sorting, pexophagy, peroxisome retention and vacuole contact site formation.

fluorescence was visualized with a 470/40 nm bandpass excitation
filter, a 495nm dichromatic mirror, and a 525/50 nm band-pass
emission filter. FM4-64 fluorescence was visualized with a 546/12 nm
bandpass excitation filter, a 560nm dichromatic mirror, and a
575-640 nm bandpass emission filter. The vacuolar membranes were
stained with FM4-64 (Invitrogen) by incubating cells at 37 °C with 2 pM
FM4-64. Image analysis was performed using ImageJ and Adobe
Photoshop CC software.

For quantifying Pex3-GFP patches, the signal intensity variation on
the peroxisomal membrane was measured. When the signal was 50%
higher compared to the lowest signal measured on the same peroxi-
some, it was considered to be a patch. The percentage of peroxisomes
containing a patch was calculated from two biological replicates con-
taining each 40 peroxisomes. The signal variation of Pex11-GFP and
Pmp47-GFP on a single peroxisome was on average < 25%. The error
bars indicate the standard deviation.

Peroxisome-vacuole contacts were defined as regions where green
fluorescence signals (from GFP-SKL or Pex3-GFP) overlapped with red
fluorescence from FM4-64. The percentage of peroxisomes forming a
contact with vacuoles was calculated from two biological replicates.
The error bars indicate the standard deviation.

4.5. Electron microscopy (EM)

For morphological analysis, cells were fixed in 1.5% potassium
permanganate, post-stained with 0.5% uranyl acetate, and embedded in
Epon. For cryofixation, cells were fixed using self-pressurized rapid
freezing [50]. The copper capillaries were sliced open longitudinally
and placed on frozen freeze-substitution medium containing 1% os-
mium tetroxide, 0.5% uranyl acetate and 5% water in acetone. The tube
fragments containing cell material were dehydrated and fixed using the
rapid freeze substitution method [51]. Samples were embedded in Epon
and ultra-thin sections were collected on formvar-coated and carbon
evaporated copper grids and inspected using a CM12 (Philips) trans-
mission electron microscope (TEM).
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For quantification of membrane contacts, ribbons of 60 nm thick
sections from chemically fixed cells were collected on Formvar-coated
and carbon evaporated single-hole grids. Entire peroxisomes were im-
aged in serial sections. The maximum length of a contact size and the
number of contacts were measured using ImageJ.

Correlative light and electron microscopy (CLEM) was performed
using cryosections as described previously [52]. Sections were imaged
on an Observer Z1 (Carl Zeiss) fluorescence microscope with a
63 x 1.25 NA Plan-Neofluar objective (Carl Zeiss) equipped with an
AxioCAM MRm camera (Carl Zeiss) using Zen 2.3 software. GFP
fluorescence was visualized with a 470/40-nm bandpass excitation
filter, a 495nm dichromatic mirror, and a 525/50nm band-pass
emission filter. DsRed fluorescence was visualized with a 546/12-nm
bandpass excitation filter, a 560-nm dichromatic mirror, and a
575-640-nm bandpass emission filter. After fluorescence imaging, the
grid was post-stained and embedded in a mixture of 0.5% uranyl
acetate and 0.5% methylcellulose. Acquisition of the double-tilt tomo-
graphy series for CLEM was performed manually in a CM12 TEM run-
ning at 90kV and included a tilt range of 40° to —40 with 2.5° incre-
ments. To construct the CLEM images, pictures taken with FM and EM
were aligned using the eC-CLEM plugin [53] in Icy (http://icy.
bioimageanalysis.org). Reconstruction of the tomograms was per-
formed using the IMOD software package.
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found, in online version.
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