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Summary statement 23 

The absence of Pex24 or Pex32, two Hansenula polymorpha ER proteins, disturbs 24 

peroxisome-ER contact sites and leads to multiple peroxisomal defects, which can be restored 25 

by an artificial tether protein. 26 

 27 

 28 

Abstract 29 

The yeast Hansenula polymorpha contains four members of the Pex23 family of peroxins, 30 

which characteristically contain a DysF domain. Here we show that all four H. polymorpha 31 

Pex23 family proteins localize to the ER. Pex24 and Pex32, but not Pex23 and Pex29, 32 

predominantly accumulate at peroxisome-ER contacts. Upon deletion of PEX24 or PEX32 - 33 

and to a much lesser extent of PEX23 or PEX29 - peroxisome-ER contacts are lost, 34 

concomitant with defects in peroxisomal matrix protein import, membrane growth, organelle 35 

proliferation, positioning and segregation. These defects are suppressed by the introduction of 36 

an artificial peroxisome-ER tether, indicating that Pex24 and Pex32 contribute to tethering 37 

peroxisomes to the ER. Accumulation of Pex32 at these contact sites is lost in cells lacking 38 

the peroxisomal membrane protein Pex11 in conjunction with disruption of the contacts. This 39 

indicates that Pex11 contributes to Pex32-dependent peroxisome-ER contact formation. The 40 

absence of Pex32 has no major effect on pre-peroxisomal vesicles that occur in pex3 atg1 41 

cells. 42 

  43 
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Introduction 44 

Peroxins are defined as proteins that play a role in peroxisome biogenesis, including 45 

peroxisomal matrix protein import, membrane biogenesis and organelle proliferation (Distel 46 

et al., 1996). Most peroxins are peroxisomal or cytosolic proteins, which transiently are 47 

recruited to the organelle. Recent studies in bakers’ yeast showed that a family of peroxins, 48 

called the Pex23 protein family (Kiel et al., 2006), localize to the endoplasmic reticulum (ER) 49 

(David et al., 2013; Joshi et al., 2016; Mast et al., 2016). The function of these peroxins is still 50 

poorly understood and is the subject of this study. 51 

Proteins of the Pex23 family are characterized by a DysF domain. The DysF domain 52 

was first identified in human dysferlin. Dysferlin is important for fusion of vesicles with the 53 

sarcolemma at the site of muscle injury (Bansal and Campbell, 2004; North et al., 2011; 54 

Bansal et al., 2003). Human dysferlin contains multiple C2 domains, which play a direct role 55 

in the above membrane repair process, however the function of the DysF domain in dysferlin 56 

is still obscure. 57 

Yarrowia lipolytica Pex23 was the first DysF domain containing peroxin that was 58 

identified (Brown et al., 2000). The number of Pex23 family members varies in different 59 

yeast species and their nomenclature is confusing (see Fig. 1A). Hansenula polymorpha and 60 

Pichia pastoris contain four members, but Saccharomyces cerevisiae has five and Y. 61 

lipolytica has only three. Mutants lacking one of these peroxins show diverse peroxisomal 62 

phenotypes ranging from a partial peroxisomal matrix protein import defect to enhanced or 63 

decreased peroxisome numbers (Brown et al., 2000; Tam and Rachubinski, 2002; 64 

Vizeacoumar et al., 2003, 2004; Yan et al., 2008). 65 

Initially, Pex23 family proteins were thought to localize to peroxisomes (Brown et al., 66 

2000; Tam and Rachubinski, 2002; Vizeacoumar et al., 2003, 2004; Yan et al., 2008). 67 

However, later studies indicated that S. cerevisiae Pex23 family proteins are ER proteins and 68 

form complexes with the ER resident reticulons Rtn1/Rtn2 and Yop1 (David et al., 2013; 69 

Mast et al., 2016). S. cerevisiae Pex30 and its paralog Pex31 have been implicated in the 70 

formation of peroxisome-ER contact sites, where they regulate de novo peroxisome formation 71 

from the ER (David et al., 2013; Joshi et al., 2016; Mast et al., 2016; Wang et al., 2018). S. 72 

cerevisiae Inp1 also has been implicated in the formation of peroxisome-ER contacts, but 73 
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serves a different function, namely in peroxisome retention during yeast budding (Knoblach 74 

et al., 2013). 75 

ScPex30 and ScPex31 contain a reticulon-like domain and have membrane shaping 76 

properties (Joshi et al., 2016). ER-regions where Pex30 accumulates are important for the 77 

regulation of pre-peroxisomal vesicle (PPV) formation, but also play a role in lipid droplet 78 

biogenesis (Joshi et al., 2018; Wang et al., 2018; Lv et al., 2019). 79 

So far, S. cerevisiae Pex29, Pex30 and Pex31 have been extensively studied. However, 80 

our knowledge on other members of the S. cerevisiae Pex23 protein family as well as on these 81 

proteins from other yeast species is still relatively scarce.  82 

Here, we studied all four Pex23 family members of the yeast H. polymorpha. Our 83 

results indicate that these proteins localize to the ER and accumulate at membrane contact 84 

sites, including peroxisome-ER contacts and nucleus vacuole junctions (NVJs). Pex24 and 85 

Pex32, but not Pex23 and Pex29, predominantly localize to peroxisome-ER contact sites. 86 

Moreover, deletion of PEX24 or PEX32 - but not of PEX23 or PEX29 - results in major 87 

aberrations in peroxisome biology, including defects in peroxisomal matrix protein import 88 

and membrane growth, organelle proliferation, positioning and segregation. These defects are 89 

accompanied by the disruption of close associations between the peroxisomal and ER 90 

membranes, indicating that these proteins are crucial for peroxisome-ER contact site 91 

formation. Introduction of an artificial peroxisome-ER tether suppresses the peroxisomal 92 

phenotypes, indicating that Pex24 and Pex32 contribute to tethering of peroxisomes to the ER. 93 

Further studies on the function of Pex32 indicated that the accumulation of this protein 94 

at peroxisome-ER contacts is lost in cells lacking the peroxisomal membrane protein Pex11. 95 

Moreover, in pex11 cells peroxisome-ER contacts are defective like in pex32 cells. These 96 

results are consistent with the view that Pex11 is also important for peroxisome-ER 97 

associations. Deletion of PEX32 in pex3 atg1 cells did not result in a change in the abundance 98 

or morphology of PPVs, suggesting that Pex32 is not involved in the regulation of PPV 99 

formation. 100 

  101 
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RESULTS 102 

Protein sequence and structure prediction 103 

Construction of a phylogenetic tree of Pex23 family members of four different yeast 104 

species indicated that two subfamilies (the Pex23 and Pex24 subfamilies) can be distinguished 105 

(Fig. 1A). All H. polymorpha members contain a DysF domain at the C-terminus. HpPex32 is 106 

much shorter than the others, which is mostly due to the lack of an unstructured fragment at 107 

the amino-terminus of this protein (Fig 1B). 108 

HpPex23 ends with a KKKE stretch of residues, similar to the KKXX found in S. 109 

cerevisiae Pex30 (David et al., 2013). H. polymorpha Pex24 ends with KKR. These C-termini 110 

may represent di-lysine motifs, which are recognized by coatomer subunits and important for 111 

retrograde transport to the ER (Ma and Goldberg, 2013). The C-termini of HpPex29 and 112 

HpPex32 do not contain di-lysine motifs.  113 

Secondary structure prediction indicated that all four sequences contain between two to 114 

four transmembrane helices and a C-terminal domain dominated by beta-sheets (Fig. 1B). It 115 

has been previously argued that a reticulon-like domain was observed in this family of 116 

proteins, particularly in ScPex30 and ScPex31 (Joshi et al., 2016). Indeed, a similar hit can be 117 

found on HpPex23 using HHpred on the Pfam-A database. This detection extends from 118 

residue 100 to 233 of HpPex23. However, this detection has an E-value of 2 with a 119 

probability of 92.38, making it a borderline detection. Similar borderline hits are detected in 120 

HpPex24, HpPex29 and HpPex32. A Trp residue is also present at the N terminus of this 121 

potential domain and aligns with the classical Trp conserved residue of other Pex reticulon-122 

like domains. 123 

 124 

All H. polymorpha Pex23 family members localize to the ER 125 

The localization of the four H. polymorpha Pex23 family proteins was determined by 126 

fluorescence microscopy (FM) using strains producing C-terminal GFP tagged proteins under 127 

control of their endogenous promoters (Fig. 2A,B). Functional peroxisomes are essential for 128 

growth of H. polymorpha on methanol. All four strains grew similar as the wild-type (WT) 129 

control on media containing methanol, indicating that tagging with GFP at the extreme C-130 
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terminus does not affect the function of Pex23 family proteins in peroxisome biology 131 

(Supplementary Table 1).  132 

Protein localizations were performed using cells that were grown in media containing 133 

glucose (peroxisome repressing conditions). At these conditions the cells generally contain a 134 

single small peroxisome that is associated to the ER (Wu et al., 2018). As shown in Fig. 2B, 135 

all four proteins co-localized with the ER marker BiP-mCherry-HDEL, predominantly at the 136 

cortical ER. Frequently, a patch of Pex23-GFP was observed at the nuclear envelope as well 137 

(Fig. 2A,B). In Pex24-GFP or Pex32-GFP producing strains generally one fluorescent spot 138 

was detected per cell, which invariably localized close to the single peroxisome marked with 139 

Pex14-mKate2. More fluorescent spots were present in cells of Pex23-GFP and Pex29-GFP 140 

producing strains and one of them invariably was present in the vicinity of the Pex14-mKate2 141 

spot (Fig. 2A). 142 

Upon overproduction, all four HpPex23 proteins showed a typical cortical ER/nuclear 143 

envelope pattern, supporting that they represent genuine ER proteins. FM analysis revealed 144 

that the overproduced proteins were not evenly distributed over the ER, but present in spots 145 

and patches. In all strains one cortical patch localized in the vicinity of the peroxisome (here 146 

marked with DsRed-SKL) (Fig. 2C). Relatively large patches of GFP fluorescence were 147 

frequently observed at the nuclear envelope in cells overproducing Pex24-GFP. Co-148 

localization studies with the nucleus-vacuole junction (NVJ) protein Vac8 indicated that these 149 

patches represent NVJs (Fig. 2D). Pex23-GFP also accumulated at NVJs when produced 150 

under control of its own promoter. 151 

Western blot analysis showed that the levels of all four GFP fusion proteins were very 152 

low when produced under control of their endogenous promoters. In fact, Pex24-GFP and 153 

Pex32-GFP were below the limit of detection, whereas faint bands were detected on blots of 154 

Pex23-GFP and Pex29-GFP producing cells. Upon overproduction all four GFP-fusion 155 

proteins were readily detected (Fig. 2E). 156 

Our data support observations in S. cerevisiae, where Pex23 family proteins localize to 157 

the ER, including at regions where peroxisomes and ER are in close vicinity (David et al., 158 

2013; Mast et al., 2016). The presence of a portion of HpPex23 and overproduced HpPex24 at 159 

NVJs suggest that Pex23 family proteins are also components of other membrane contacts. 160 
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 161 

The absence of Pex24 and Pex32 affect peroxisome biogenesis and abundance 162 

To study the role of the Pex23 family proteins we constructed four H. polymorpha 163 

deletion strains, pex23, pex24, pex29 and pex32. First, we analyzed whether Pex23 family 164 

proteins are important for peroxisomal matrix protein import using glucose-grown cells 165 

producing the matrix marker GFP-SKL and wide field fluorescence microscopy (FM). GFP-166 

SKL mislocalized to the cytosol in a portion of the pex32 cells (Fig. 3A), while cytosolic 167 

fluorescence was occasionally observed in pex23 and pex24 cells, but never in pex29 cells. In 168 

pex32 cultures, typically three types of cells could be discriminated, namely i) cells with a 169 

GFP spot without cytosolic fluorescence, ii) cells with a GFP spot in conjunction with 170 

cytosolic GFP and iii) cells with only cytosolic GFP. This indicates that although matrix 171 

protein import is strongly compromised in some of the cells, Pex32 is not essential for the 172 

assembly of a functional importomer. 173 

Next, we quantified the number of GFP containing spots by confocal laser scanning 174 

microscopy (CLSM) and a custom-made plugin for ImageJ (Thomas et al., 2015). In these 175 

images cytosolic fluorescence was not detected in any of the strains due to the lower 176 

sensitivity of CLSM relative to wide field FM. The average number of GFP spots per cell was 177 

similar in WT and pex29 cells but reduced in the other three deletion strains. The strongest 178 

reduction was observed in pex24 and pex32 cells (Fig. 3B). Frequency distribution graphs 179 

show that these reductions are accompanied by an increase in the percentage of cells lacking a 180 

GFP spot (Fig. 3B). These results indicate that Pex24 and Pex32 are important for normal 181 

peroxisome abundance. 182 

Finally, we analyzed the strains at peroxisome inducing growth conditions (methanol). 183 

Mislocalization of peroxisomal matrix enzymes affects methylotrophic growth (van der Klei 184 

et al., 2006). We therefore routinely grow peroxisome-deficient mutants on a mixture of 185 

glycerol and methanol (Knoops et al., 2014). At these conditions, cells grow on glycerol 186 

(which does not require peroxisome function), while methanol is used as additional carbon 187 

and energy source, depending on the severity of the peroxisome function defect. Growth 188 

experiments using glycerol/methanol media revealed the strongest growth defects for the 189 

pex32 and pex24 strains. Cells of the pex23 strain showed only a minor reduction in growth, 190 
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whereas pex29 cells grew like WT controls (Fig. 3D). These data indicate that the function of 191 

peroxisomes is strongly compromised in the absence of Pex24 and Pex32, but not in cells 192 

lacking Pex29. 193 

Quantification of structures marked with the peroxisomal membrane marker Pmp47-194 

GFP indicated that relative to WT controls also at these growth conditions peroxisome 195 

abundance was reduced, especially in pex24 and pex32 cells (Fig. 3C). Moreover, CLSM 196 

revealed that pex23, pex24 and pex32 cells frequently contained a peroxisome of enhanced 197 

size (Fig. 3C).  198 

In conclusion, pex24 and pex32 cells showed the most severe peroxisomal phenotypes, 199 

while pex29 cells were like WT and pex23 cells had minor peroxisomal defects.  200 

 201 

The absence of Pex23 family proteins disrupts peroxisome-ER contacts 202 

In S. cerevisiae, Pex23 family proteins and Inp1 play a role in the formation of 203 

peroxisome-ER contacts (David et al., 2013; Knoblach et al., 2013; Mast et al., 2016). By 204 

measuring the distance between peroxisomal and ER membranes in electron micrographs, we 205 

analyzed the role of H. polymorpha Pex23 proteins in the formation of peroxisome-ER 206 

contacts (Fig. 4). At membrane contact sites two membranes are usually separated by a 207 

distance smaller than 30 nm. As shown in Fig. 4A, in WT controls the distance between both 208 

membranes was generally less than 10 nm for approximately 80 % of the peroxisomal profiles 209 

analyzed, while the distance was larger than 30 nm in less than 10 % of the profiles analyzed 210 

(Fig. 4A). In cells of the pex23 and pex29 strains for only 40 % of the organellar profiles a 211 

distance of less than 10 nm was measured, whereas this percentage further dropped in pex24 212 

and pex32 cells to 10 - 20 % (Fig. 4A,B). These changes were not related to a decrease in total 213 

cortical ER, which instead slightly increased (Fig. 4D). Deletion of INP1 had no effect on the 214 

distance at peroxisome-ER contact sites (Fig. 4C), in line with our recent observation that H. 215 

polymorpha Inp1 associates peroxisomes to the plasma membrane (Wu, 2020). Based on 216 

these observations we conclude that Pex24 and Pex32 - and to a lesser extent Pex29 and 217 

Pex23, but not Inp1 - play crucial roles in the formation of tight membrane contacts between 218 

peroxisome and ER membranes. 219 
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In glucose-grown WT cells, the single peroxisome is invariably localized at the cell 220 

cortex. FM analysis of the position of peroxisomes demonstrated that peroxisomes remained 221 

close to the cell cortex upon deletion of either PEX32 or INP1. However, in a pex32 inp1 222 

double mutant peroxisomes were more frequently observed in the central part of the cells, 223 

indicating that Pex32 and Inp1 together contribute to the cortical association of peroxisomes 224 

(Fig. 4E). 225 

In budding WT cells at least one peroxisome is retained in the mother cells, whereas 226 

another one is transported to the nascent bud. Quantification of peroxisomes in mother cells 227 

and buds indicated that the organelles normally segregated over mother cells and buds of the 228 

pex29 strain like in WT controls. Cultures of pex23, pex24 and pex32 cells, however, showed 229 

aberrant peroxisome segregation patterns. In pex24 cultures a large fraction of the budding 230 

cells contained peroxisomes solely in the buds, indicative for a defect in retention of 231 

peroxisomes in mother cells (Fig. 4F). A similar, but stronger retention defect was observed 232 

in inp1 control cells, known to be defective in peroxisome retention (Fig. 4F).  233 

Our data show that close associations between peroxisomes and the ER require Pex23 234 

family proteins, of which Pex24 and Pex32 are paramount. Inp1 is not crucial for the 235 

formation of these associations. Our data furthermore show that the associations contribute to 236 

peroxisome positioning at the cell cortex and proper peroxisome segregation in budding cells. 237 

 238 

An artificial peroxisome-ER tether suppresses the peroxisomal phenotypes 239 

To study whether the effect of the absence of Pex24 and Pex32 on peroxisome biology 240 

is due to the loss of peroxisome-ER contacts, we introduced an artificial tether in an attempt 241 

to re-associate both organelles. This approach is based on studies in S. cerevisiae, in which 242 

the absence of proteins of the ER-Mitochondria Encounter Structure (ERMES) is partially 243 

complemented by artificially anchoring mitochondria to the ER (Kornmann et al., 2009). To 244 

this end we constructed an artificial tether protein consisting of full length Pex14 and the tail 245 

anchor of the ER protein Ubc6, separated by two heme-agglutinin tags (HA). This construct 246 

(PADH1Pex14-HA-HA-Ubc6TA), termed ERPER, was introduced in WT and the four deletion 247 

strains (Fig. 5A). Electron microscopy (EM) showed that introduction of ERPER resulted in 248 

regions of close opposition (< 10 nm) between the ER/nuclear envelope and the peroxisomal 249 
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membranes (Fig. 5B,C). Immuno-EM using anti-HA antibodies confirmed the presence of 250 

ERPER tether protein at these regions (Fig. 5B). EM also showed that in all strains producing 251 

ERPER multiple peroxisomes were present as in WT controls producing ERPER upon growth 252 

on a mixture of methanol and glycerol (Fig. 5C), which was confirmed by FM (Fig. 5D). 253 

Also, in pex32 cells with the ERPER and producing GFP-SKL, cytosolic fluorescence was 254 

not detectable (Fig. 5D), indicating that the matrix protein import defect was suppressed by 255 

the ERPER. Peroxisome quantification showed that peroxisome numbers in pex24 and pex32 256 

cells containing ERPER were similar as in WT control cells producing ERPER (Fig. 5E; 257 

compare with Fig. 3C).  258 

Introduction of ERPER did not affect growth of WT while it partially suppressed the 259 

growth defects that were observed for the pex24 and pex32 deletion strains on 260 

glycerol/methanol media (Fig. 5F), confirming that the tether restored peroxisome matrix 261 

protein import and function. As expected, the tether did not affect growth of pex29 cells on 262 

methanol (Fig. S1B). Also, the minor growth defect of pex23 was not suppressed by ERPER, 263 

suggesting that this defect is not caused by altered peroxisome-ER contacts (Fig. S1C). 264 

Introduction of a control construct containing PADH1Pex14, which does not cause 265 

tethering of peroxisomes to the ER, did not alter peroxisome biogenesis or function in WT 266 

cells (Fig. S1A). Only introduction of ERPER (PADH1Pex14-HA-HA-Ubc6TA), but not 267 

Pex14++ (PADH1Pex14), suppressed the growth defect of pex32 cells on glycerol/methanol, 268 

confirming that artificial tethering and not solely the enhanced Pex14 levels are responsible 269 

for suppression of the phenotype (Fig. S1D). 270 

From this we conclude that the severe peroxisome defects in pex24 and pex32 cells are 271 

related to a loss in tight peroxisome-ER contacts.  272 

 273 

Pex24 and Pex32 are important for peroxisomal membrane growth 274 

Membrane contacts of cell organelles with the ER have been implicated in lipid 275 

transfer. To test whether the Pex24/Pex32 dependent peroxisome-ER contacts are important 276 

for expansion of peroxisomal membranes, we compared the average peroxisomal membrane 277 

surface per cell in the four deletion strains relative to the WT control. The plug-in for the 278 

analysis of CLSM images allows quantifying the average diameter of peroxisomes by fitting 279 
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spheres in data obtained from the green channel of combined z-slices of glycerol/methanol 280 

grown, PMP47-GFP producing cells (Thomas et al., 2015). From these data we estimated the 281 

average peroxisomal membrane surface per cell. As shown in Fig. 5G, these values were 282 

reduced in pex24 and pex32 cells relative to pex23, pex29 and WT cells. Because we are 283 

aware of the drawbacks of analyzing organelle sizes by FM (the limited resolution of FM may 284 

cause an overestimation of the diameter of very small organelles that are more abundant in 285 

WT cells), we also quantified the average length of peroxisomal membranes in cell sections 286 

using EM (Fig. 5H). This analysis confirmed that in especially in pex32 cells, but also in 287 

pex24 cells, the peroxisomal membrane surface is reduced. 288 

Similar analyses of the pex24 and pex32 strains containing ERPER showed that the 289 

average peroxisome membrane surface area per cell increased again (Fig. 5G,H), suggesting 290 

that the Pex24- and Pex32-dependent contacts may contribute to lipid supply and hence 291 

peroxisomal membrane expansion. 292 

 293 

Pex23, Pex24 and Pex29 are not functionally redundant with Pex32 294 

Because pex32 cells showed the strongest peroxisome phenotype, we confined our 295 

further studies to Pex32.  296 

First, we analyzed whether the phenotype of pex32 cells could be suppressed by 297 

overproduction of any of the other members of the Pex23 protein family. To this purpose the 298 

corresponding genes were placed under control of the strong amine inducible amine oxidase 299 

promoter (PAMO). Quantitative analysis of FM images of glucose/methylamine-grown cells 300 

indicated that upon overexpression of PEX32 in pex32 cells peroxisome numbers increased. 301 

This was not the case upon overexpression of PEX23, PEX24 or PEX29 (Fig. 6A). Similarly, 302 

overexpression of PEX32, but not of PEX23, PEX24 or PEX29 almost completely restored the 303 

defect of pex32 cells to grow on methanol (Fig. 6B). These data show that PEX23, PEX24 and 304 

PEX29 are not functionally redundant with PEX32.  305 

 306 

Pex32-GFP concentrates at peroxisome-ER membrane contact sites 307 

Next, we performed correlative light and electron microscopy (CLEM) to analyze 308 

Pex32-GFP localization at high resolution. In order to obtain sufficient fluorescence signal, 309 
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Pex32-GFP was slightly overexpressed by placing the gene under control of the PAMO and 310 

inducing this promoter for a short period. At these conditions generally only a single 311 

fluorescent spot was detected per cell. EM analysis revealed that the fluorescent spot 312 

characteristically localizes at the region where the ER and peroxisomal membrane were 313 

closely associated (Fig. 6C). In total four tomograms were analyzed and in all the Pex32-GFP 314 

dependent fluorescent spot was present at the peroxisome-ER contact. 315 

 316 

Pex11 is required for the formation of peroxisome-ER contact sites and the 317 

concentration of Pex32-GFP at these sites 318 

Next, we examined whether the peroxisome-ER association is required for 319 

concentrating Pex32. To address this, we localized Pex32-GFP in a pex3 atg1 double deletion 320 

strain, which lacks normal peroxisomes but contains PPVs (Knoops et al., 2014). In these 321 

cells Pex32-GFP accumulation in a spot was lost. Instead, multiple fainter Pex32-GFP spots 322 

were observed (Fig. 6D). In a pex5 atg1 control strain generally one or a few Pex32-GFP 323 

spots were present, like observed in WT cells. In pex5 atg1 cells small peroxisomes occur that 324 

are defective in PTS1 protein import but harbor the complete set of PMPs. Because PPVs in 325 

pex3 atg1 cells and peroxisomes in pex5 atg1 cells differ in PMP composition, we argued that 326 

those PMPs that are absent in PPVs may contribute to the accumulation of Pex32-GFP in 327 

spots. One of these PMPs is Pex11 (Knoops et al., 2014). We therefore also tested the effect 328 

on Pex32-GFP spots in cells lacking Pex11. FM indicated that in pex11 cells, but not in pex25 329 

controls, the bright Pex32-GFP spots were lost (Fig. 6D). Pex25 is also a PMP and belongs to 330 

the same protein family as Pex11. Western blot analysis showed that Pex32-GFP levels in 331 

these mutants are similar to WT controls, indicating that the absence of the clear Pex32-GFP 332 

spots was not due to reduced protein levels (Fig. S2). These data suggest that Pex11, but not 333 

Pex25, is specifically required for the accumulation of Pex32-GFP at peroxisome-ER contact 334 

sites. 335 

H. polymorpha pex11 cells have several features in common with pex32 cells. These 336 

cells show reduced growth on methanol, contain less, but larger peroxisomes and show a 337 

peroxisome segregation defect (Krikken et al., 2009). This led us to examine whether pex11 338 

cells are also defective in peroxisome-ER contacts. Indeed, EM analysis showed that the 339 
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distance between ER and peroxisomal membranes increased in pex11 cells, like in pex32 cells 340 

(Fig. 6E). These data indicate that ER-localized Pex32 together with peroxisomal Pex11 341 

contribute to the formation of peroxisome-ER contacts. 342 

 343 

The absence of Pex32 does not affect PPV formation in H. polymorpha pex3 atg1 cells 344 

S. cerevisiae Pex30 and Pex31 are involved in the regulation of PPV formation. The 345 

absence of these proteins was reported to either stimulate (David et al., 2013; Mast et al., 346 

2016) or delay (Joshi et al., 2016; Wang et al., 2018) PPV formation. Possibly, this relates to 347 

differences in assays that were used to monitor PPV formation. Using Pex14-GFP as a marker 348 

for PPVs, Joshi and colleagues showed that deletion of PEX30 or PEX31 resulted in a 349 

significant decrease in the number of Pex14-GFP spots in S. cerevisiae pex3 atg1 cells (Joshi 350 

et al., 2016). A similar analysis in H. polymorpha revealed that deletion of PEX32 in pex3 351 

atg1 cells did not alter the abundance of Pex14-GFP spots (Fig. 7A, B). CLEM analysis 352 

revealed that the Pex14-GFP spots in pex3 atg1 pex32 cells represent clusters of small 353 

vesicles (Fig. 7C). As shown in Fig. 7D, pex32 pex3 atg1 and pex3 atg1 control cells contain 354 

morphologically very similar clusters of vesicles. These data indicate that H. polymorpha 355 

Pex32 does not play an important role in the regulation of PPV formation. 356 

 357 

Discussion 358 

Here, we show that all four members of the H. polymorpha Pex23 protein family 359 

(Pex23, Pex24, Pex29 and Pex32) localize to the ER. Of these, Pex32 and Pex24 360 

predominantly accumulate at peroxisome-ER contacts and appeared to be very important for 361 

multiple peroxisome features. Pex23 is less important for peroxisomes, while we could not 362 

detect a peroxisomal phenotype in cells lacking Pex29. Possibly, Pex23 and Pex29 play 363 

redundant roles in peroxisome biology or are involved in other functions and hence do not 364 

represent true peroxins. Pex23 also accumulates at NVJs, suggesting that Pex23 family 365 

proteins may be intrinsic contact site proteins. Initial studies revealed that in H. polymorpha 366 

pex23 and pex29 cells, but not in pex24 and pex32 cells, mitochondrial morphology and lipid 367 

body abundance is altered, suggesting that these proteins may contribute to the formation of 368 
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other organelles (Fei Wu, unpublished observations). Indeed, in S. cerevisiae ER domains 369 

enriched in Pex30 are the sites where most nascent lipid droplets form (Joshi et al., 2018). 370 

Analysis of an evolutionary tree revealed that HpPex23 proteins can be partitioned in 371 

two major subgroups, one containing HpPex23 and HpPex32 and the other HpPex24 and 372 

HpPex29. There is no clear correlation between subgroup and molecular function, because the 373 

strongest peroxisomal phenotypes occurred in the absence of HpPex24 and HpPex32. 374 

The absence of H. polymorpha Pex24 and Pex32 resulted in the loss of peroxisome ER 375 

contacts, accompanied by several peroxisome defects. These phenotypes could be suppressed 376 

by an artificial peroxisome ER tether protein, indicating that Pex24 and Pex32 function as 377 

contact site tethers. The peroxisomal membrane protein Pex11 also contributes to the 378 

formation of these contacts, however we do not know whether Pex11 contributes directly or 379 

indirectly to peroxisome-ER contact formation. Interestingly, P pastoris Pex11 pull down 380 

experiments resulted in the identification of Pex31, a member of the P. pastoris Pex23 protein 381 

family (Yan et al., 2008). Moreover, David and colleagues (David et al., 2013) identified 382 

ScPex11 as a specific binding partner in ScPex29 complexes, supporting the presence of 383 

Pex11 in protein complexes at peroxisome-ER contacts. S. cerevisiae Pex11 is also a 384 

component of a peroxisome-mitochondrion contact site, indicating that Pex11 contributes to 385 

the formation of different membrane contacts (Mattiazzi Ušaj et al., 2015). 386 

Our data suggest that Pex24 and Pex32 are components of tether complexes that bridge 387 

peroxisomes to the ER. However, they do not meet all three criteria suggested for bona fide 388 

tethers by Eisenberg-Bord and colleagues (Eisenberg-Bord et al., 2016). These authors 389 

proposed that tethers (1) localize/accumulate in the contact site, (2) have the structural 390 

capacity to mediate binding to two opposing membranes and (3) exert a tethering force, which 391 

may among others be established by rescue by artificial tethers. Here we show that H. 392 

polymorpha Pex24 and Pex32 accumulate at peroxisome-ER contact sites (criterion 1) and 393 

that an artificial tether can rescue phenotypes caused by the absence of these proteins 394 

(criterion 3). Further studies are required to determine whether Pex24 and Pex32 also meet 395 

criterion 2. 396 

The loss of peroxisome-ER contacts causes multiple phenotypes. It is not 397 

unprecedented that a contact site resident protein is involved in various processes. For 398 
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instance the vacuolar membrane protein Vac8 functions in NVJs, vacuole fusion and 399 

inheritance in S. cerevisiae (Pan and Goldfarb, 1998). Also, the mitochondrial outer 400 

membrane protein Mdm10 is a component of ERMES and required for membrane protein 401 

insertion (Kornmann et al., 2009; Meisinger et al., 2004; Wiedemann and Pfanner, 2017). 402 

A possible function of the Pex24-, Pex32- and Pex11-dependent peroxisome-ER 403 

contacts includes transfer of lipids from the ER to peroxisomes. Indeed, we observed reduced 404 

peroxisomal membrane surfaces in cells lacking Pex24 or Pex32. Yeast peroxisomes lack 405 

lipid biosynthetic enzymes hence expansion of the peroxisomal membrane relies on the 406 

supply of lipids from other sources. In S. cerevisiae peroxisomal membrane lipids may 407 

originate from multiple sources, including the mitochondrion, the Golgi apparatus, the 408 

vacuole and the ER (Flis et al., 2015; Rosenberger et al., 2009). Indeed, evidence for non-409 

vesicular lipid transport between the ER and peroxisomes in yeast has been reported before 410 

(Raychaudhuri and Prinz, 2008).  411 

In glucose-grown H. polymorpha cells the single peroxisome invariably associates with 412 

the edge of cortical ER sheets, where the ER is highly curved (Wu et al., 2019). Using CLEM 413 

we showed that Pex32 specifically localizes to these regions. This is consistent with studies in 414 

S. cerevisiae, which revealed that members of the Pex23 family occur in complexes with the 415 

ER-shaping reticulons, Rtn1/Rtn2, and Yop1(David et al., 2013; Joshi et al., 2016; Mast et al., 416 

2016). ER-shaping proteins have been implicated in lipid exchange between the ER and 417 

mitochondria in S. cerevisiae (Voss et al., 2012). Therefore, it is tempting to speculate that 418 

highly curved ER regions where H. polymorpha Pex24 and Pex32 localize function in lipid 419 

transport. Also, like S. cerevisiae Pex30 and Pex31, HpPex23 family proteins have a 420 

reticulon-like domain and thus may have membrane shaping properties (Joshi et al., 2016). 421 

Peroxisome-ER contact sites that contribute to phospholipid transport recently have been 422 

identified in mammals as well. At these sites, the ER proteins VAPA/B interact with the 423 

peroxisome membrane proteins ACBD4/5 (Costello et al., 2017a,b; Hua et al., 2017). 424 

Another role of peroxisome-ER contacts may be in peroxisome fission. Mitochondrion-425 

ER contacts are important in the selection of fission sites (Friedman et al., 2011). A 426 

comparable mechanism may occur for peroxisomes. This is suggested by the presence of 427 

enlarged peroxisomes in pex24 and pex32 cells, similar as in pex11 cells, which are known to 428 
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be defective in peroxisome fission (Williams et al., 2015). A possible alternative explanation 429 

for the enlarged peroxisomes in H. polymorpha pex23, pex24 and pex32 cells is a change in 430 

membrane lipid composition, which may interfere with peroxisome fission. Although the 431 

absence of S. cerevisiae Pex30 changed the ER phospholipid composition (Wang et al., 432 

2018), it is yet unknown whether this peroxin influences the phospholipid content of the 433 

peroxisomal membrane. 434 

The peroxisome-ER contacts described in this study also contribute to peroxisome 435 

positioning at the cell cortex and proper segregation of the organelles over mother cells and 436 

buds. So far, only yeast Inp1 was implicated in peroxisome retention (Fagarasanu et al., 2005; 437 

Krikken et al., 2009). We here show that HpPex24 contributes to peroxisome retention in 438 

mother cells as well. We previously reported that H. polymorpha pex11 cells show a 439 

peroxisome retention defect, underscoring a role of Pex11 in the formation of peroxisome-ER 440 

contacts (Krikken et al., 2009). 441 

Proteins of the Pex23 family are implicated in the regulation of PPV formation, but are 442 

not required for their formation. Using different experimental approaches, the absence of S. 443 

cerevisiae Pex30 or Pex31 was shown to stimulate (David et al., 2013; Mast et al., 2016) or 444 

delay (Joshi et al., 2016; Wang et al., 2018) PPV formation. We here show that in H. 445 

polymorpha deletion of PEX32 in pex3 atg1 cells has no major effect on the abundance or 446 

morphology of PPVs, suggesting that H. polymorpha Pex32 does not play an important role in 447 

the regulation of PPV formation.  448 

In conclusion, our data indicate that Pex24 and Pex32 contribute to tethering 449 

peroxisomes to the ER at membrane contact sites. These contacts play multiple functions, 450 

including in peroxisome biogenesis, membrane growth, organelle proliferation and 451 

segregation. 452 

 453 

Materials and methods 454 

Strains and growth conditions 455 

The H. polymorpha strains used in this study are listed in Table S2. Yeast cells were 456 

grown in batch cultures at 37°C on mineral media (MM) (Van Dijken et al., 1976) 457 

supplemented with 0.5% glucose, 0.5% methanol or a mixture of 0.5% methanol and 0.05% 458 
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glycerol as carbon sources and 0.25% ammonium sulfate or 0.25% methylamine as nitrogen 459 

sources. When required, amino acids were added to the media to a final concentration of 30 460 

µg/mL. Transformants were selected on YND plates (0.67% yeast nitrogen base without 461 

amino acids (YNB; Difco; BD) and 0.5% glucose) or on YPD plates (1% yeast extract, 1% 462 

peptone and 1% glucose) containing 2% agar supplemented with 100 µg/mL zeocin 463 

(Invitrogen), 300 µg/mL hygromycin B (Invitrogen) or 100 µg/ml nourseothricin (WERNER 464 

BioAgents).  465 

 466 

Construction of H. polymorpha strains 467 

The plasmids and primers used in this study are listed in Tables S3 and S4. All plasmid 468 

integrations were performed as described previously (Faber et al., 1994). All integrations 469 

were confirmed by PCR and all deletions were confirmed by PCR and southern blotting. 470 

 471 

Construction of strains expressing Pex23-mGFP, Pex24-mGFP, Pex29-mGFP and 472 

Pex32-mGFP under control of the endogenous promoter 473 

A plasmid encoding Pex23-mGFP was constructed as follows: a PCR fragment 474 

encoding the C-terminus of PEX23 was obtained using primers Pex23 GFP-fw and Pex23 475 

GFP-rev with H. polymorpha NCYC495 genomic DNA as a template. The obtained PCR 476 

fragment was digested with BglII and HindIII, and inserted between the BglII and HindIII 477 

sites of plasmid pHIPZ-mGFP fusinator. BsmBI-linearized pHIPZ PEX23-mGFP was 478 

transformed into yku80 cells, producing strain Pex23-mGFP. 479 

The same methods were used to construct Pex24-mGFP, Pex29-mGFP and Pex32-480 

mGFP strains. PCR was performed on WT genomic DNA with primers Pex24 fw and Pex24 481 

rev to get C-terminus of PEX24, primers Pex29 fw and Pex29 rev were used for PCR to get 482 

C-terminus of PEX29, primers Pex32 fw and Pex32 rev were used for PCR to get C-terminus 483 

of PEX32. The obtained PCR fragment of PEX24 was digested with BglII and HindIII, the 484 

PCR fragment of PEX29 and the PCR fragment of PEX32 were restricted by BamHI and 485 

HindIII, these three digested fragments were inserted between the BglII and HindIII sites of 486 

pHIPZ-mGFP fusinator plasmid, respectively. BclI-linearized pHIPZ PEX24-mGFP, NruI-487 

linearized pHIPZ PEX29-mGFP and MfeI-linearized pHIPZ PEX32-mGFP were transformed 488 
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into yku80 cells separately, producing strains Pex24-mGFP, Pex29-mGFP and Pex32-mGFP. 489 

MunI-linearized pHIPH PEX14-mKate2 was transformed into Pex23-mGFP, Pex24-mGFP, 490 

Pex29-mGFP and Pex32-mGFP cells for colocalization study. 491 

For the co-localization of Pex23 family proteins with the ER: DraI-linearized pHIPX7 492 

BiPN30-mCherry-HDEL was integrated into Pex24-mGFP and Pex29-mGFP cells, 493 

respectively. StuI-linearized pHIPX7 BiPN30-mCherry-HDEL was transformed into Pex23-494 

mGFP cells and Pex32-mGFP cells, respectively. Plasmid pHIPX7 BiPN30-mCherry-HDEL 495 

was constructed as follows: first, a PCR fragment containing BiP was obtained with primers 496 

KN18 and KN19 using WT genomic DNA as templates. The obtained fragment was digested 497 

with BamHI and HindIII, inserted between the BamHI and HindIII sites of pBlueScript II, 498 

resulting in plasmid pBS-BiP. Then a PCR fragment containing GFP-HDEL was obtained 499 

with primers KN14 and KN17 using pANL29 as templates, the resulting fragment was 500 

digested with SalI and BglII, and then inserted between the SalI and BglII sites of pBS-BiP, 501 

resulting in pBS-BiPN30-GFP-HDEL. Subsequently, pBS-BiPN30-GFP-HDEL was digested 502 

with BamHI/SalI and inserted between the BamHI/SalI sites of pHIPX7 to obtain pHIPX7 503 

BiPN30-GFP-HDEL. Plasmid pHIPX7 BiPN30-GFP-HDEL was digested with BamHI/EcoRI 504 

and inserted between the BamHI/EcoRI sites of pHIPX4, resulting in pHIPX4 BiPN30-GFP-505 

HDEL. NotI and SalI were used to digest pHIPX4 BiPN30-GFP-HDEL and inserted between 506 

the NotI and SalI sites of pHIPZ4 DsRed-SKL to obtain plasmid pRSA017. Later, a PCR 507 

fragment was obtained by primers BIPmCh1_fw and BIPmCh1_rev on plasmid pMCE02, the 508 

resulting fragment was inserted between BglII and SalI sites of pRSA017 to obtain pHIPZ4 509 

BiPN30-mCherry-HDEL. Finally, a PCR fragment was obtained by primers BIPmCh2_fw and 510 

BIPmCh1_rev using plasmid pHIPZ4 BiPN30-mCherry-HDEL as a template, the resulting 511 

fragment was inserted between BglII and SalI sites of pHIPX7 BiPN30-GFP-HDEL, resulting 512 

in pHIPX7 BiPN30-mCherry-HDEL. 513 

 514 

Construction of strains producing Pex23-mGFP, Pex24-mGFP, Pex29-mGFP and 515 

Pex32-mGFP under control of the PAMO 516 

A plasmid encoding Pex24-mGFP behind the inducible promoter amine oxidase was 517 

constructed as follows: a PCR fragment containing PEX24-mGFP was obtained using primers 518 
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Pex24GFP fw and Pex24GFP rev with Pex24-mGFP genomic DNA as template. This PCR 519 

product and pHIPH5 were restricted by SbfI and BamHI and ligated which resulted in 520 

pHIPH5 PEX24-mGFP. PmlI-linearized pHIPH5 PEX24-mGFP was transformed into yku80 521 

or pex32::DsRed-SKL cells resulting in strain PAMOPex24-mGFP or strain pex32::DsRed-522 

SKL::PAMOPex24-mGFP. Plasmid pHIPH5 was constructed by NotI and SphI digested 523 

pHIPZ5, inserted into the NotI and SphI sites of pHIPH4. 524 

The plasmid pHIPH5 PEX29-mGFP and plasmid pHIPH5 PEX32-mGFP were 525 

constructed in the same way. Primers Pex29ov-fw and Pex29ov-rev were used to get a PCR 526 

fragment containing PEX29-mGFP with Pex29-mGFP genomic DNA as the template. 527 

Primers Pex32ov-fw and Pex32ov-rev were used to get a PCR fragment containing PEX32-528 

mGFP with Pex32-mGFP genomic DNA as the template. PCR products of PEX29-mGFP and 529 

PEX32-mGFP were restricted by SbfI and BclI, and insert between the SbfI and BclI sites of 530 

pHIPH5 PEX24-mGFP, respectively, to get plasmid pHIPH5 PEX29-mGFP and pHIPH5 531 

PEX32-mGFP. NarI-linearized pHIPH5 PEX29-mGFP and pHIPH5 PEX32-mGFP were 532 

integrated into yku80 or pex32::DsRed-SKL cells separately to overproduce Pex29-mGFP and 533 

Pex32-mGFP. 534 

The plasmid of pHIPH5 PEX23-mGFP was constructed in two steps: first, a PCR 535 

fragment containing partial (no start codon) PEX23-mGFP was obtained using primers 536 

Pex23ov-fw and Pex23ov-rev with Pex23-mGFP genomic DNA as a template. PCR product 537 

and pHIPH5 PEX24-mGFP were restricted by SbfI and BamHI, ligated to produce pHIPH5 538 

PEX23p-mGFP. Next, a PCR using primers Pex23ov2-fw and Pex23ov2-rev to obtain the left 539 

partial (with start codon) PEX23-mGFP fragment with plasmid pHIPH5 PEX24-mGFP as 540 

templates. PCR product and pHIPH5 PEX23p-mGFP were restricted by NotI and BamHI, 541 

ligated to produce pHIPH5 PEX23-mGFP. NarI-linearized pHIPH5 PEX23-mGFP was 542 

transformed into yku80 or pex32::DsRed-SKL cells to overproduce Pex23-mGFP. 543 

EcoRI-linearized pHIPN18 DsRed-SKL was integrated into yku80, PAMOPex23-mGFP, 544 

PAMOPex24-mGFP, PAMOPex29-mGFP, PAMOPex32-mGFP cells, respectively. A plasmid 545 

encoding pHIPN18 DsRed-SKL was constructed as follows: a vector fragment was obtained 546 

by HindIII and SalI digestion of pHIPN18 GFP-SKL, whereas the DsRed-SKL insertion 547 

fragment was obtained by HindIII and SalI digestion of pHIPZ4 DsRed-SKL, ligation 548 
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resulted in the plasmid pHIPN18 DsRed-SKL. Plasmid pHIPN18 GFP-SKL was constructed 549 

as follow: NotI and XbaI digested pAMK94 inserted into the NotI and XbaI sites of pHIPN4 550 

to get pHIPN18 GFP-SKL. Plasmid pAMK94 was constructed as follow: a PCR fragment 551 

containing ADH1 was amplified with primers ADH1 fw and ADH1 rev with WT genomic 552 

DNA as template. NotI and HindIII digested PCR product was inserted into NotI and HindIII 553 

sites of pHIPZ4 eGFP-SKL. 554 

MunI-linearized pHIPN VAC8-mKate2 was integrated into Pex23-mGFP and 555 

PAMOPex24GFP cells to produce Vac8-mKate2. Plasmid pHIPN VAC8-mKate2 was 556 

constructed by fragment ligation from HindIII/SalI digested plasmid pHIPZ VAC8-mKate2 557 

and HindIII/SalI digested plasmid pHIPN PEX14-mCherry. Plasmid pHIPZ VAC8-GFP and 558 

plasmid pHIPZ PEX14-mKate2 were digested with HindIII and BglII and ligated to obtain 559 

plasmid pHIPZ VAC8-mKate2. Plasmid pHIPZ VAC8-GFP was constructed by amplification 560 

of the VAC8 gene, lacking the stop codon, using primers Vac8_BglII R and Vac8_F and 561 

genomic DNA as template. The resulting PCR product was digested with HindIII and BglII, 562 

and ligated between the HindIII and BglII sites of the pHIPZ-mGFP fusinator plasmid. 563 

 564 

Construction of pex23, pex24, pex29 and pex32 deletion strains 565 

The pex23 deletion strain was constructed by replacing the PEX23 region with the 566 

zeocin resistance gene as follows: first, a PCR fragment containing the zeocin resistance gene 567 

and 50 bp of the PEX23 flanking regions were amplified with primers PEX23-Fw and 568 

PEX23-Rev using plasmid pENTR221-zeocin as template. The resulting PEX23 deletion 569 

cassette was transformed into yku80 cells to obtain strain pex23. PEX24, PEX29 and PEX32 570 

were also replaced by the zeocin resistance gene in the same way. Primers for PEX24 deletion 571 

cassette were PEX24-Fw and PEX24-Rev, primers for PEX29 deletion cassette were 572 

dPEX29-F and dPEX29-R, and primers for PEX32 deletion cassette were dPEX32-F and 573 

dPEX32-R. These three deletion cassettes were transformed into yku80 cells, respectively, 574 

producing pex24, pex29 and pex32. 575 

The StuI-linearized pHIPN7 GFP-SKL was transformed into pex23 and pex24 mutant 576 

cells separately to produce GFP-SKL. The AhdI-linearized pFEM35 was transformed into 577 

yku80, pex29 and pex32 mutant cells, respectively, producing GFP-SKL.  578 
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The MunI-linearized pHIPN PMP47-mGFP plasmid was transformed into pex23, 579 

pex24, pex29 and pex32 cells, respectively. Plasmid pHIPN PMP47-mGFP was constructed 580 

as follows: a PCR fragment encoding the nourseothricin resistance gene was obtained with 581 

primers Nat-fwd and Nat-rev using plasmid pHIPN4 as a template. The obtained PCR 582 

fragment was digested with NotI and XhoI and inserted between the NotI and XhoI sites of 583 

pMCE7, resulting in plasmid pHIPN PMP47-mGFP. 584 

The DraI-linearized pAMK15 was transformed into pex32 cells to obtain a strain 585 

producing DsRed-SKL. 586 

 587 

Construction of pex23 family mutants with or without an artificial ERPER tether 588 

To introduce an artificial peroxisome-ER tether, two plasmids pARM115 (pHIPH18 589 

PEX14) and pARM118 (pHIPH18 PEX14-2HA-UBC6) were constructed as follows. A PCR 590 

fragment containing PEX14 was amplified with primers Pex14-HindIII-fw and Pex14-PspXI-591 

rev using the WT genomic DNA as a template. The PCR fragment was digested with HindIII 592 

and PspXI, inserted between the HindIII and SalI sites of pAMK94 to get plasmid pHIPZ18 593 

PEX14. A NotI/BpiI digested fragment from plasmid pHIPZ18 PEX14 and a NotI/BpiI 594 

digested fragment from plasmid pHIPH4 were ligated, resulting in plasmid pARM115. The 595 

AgeI-linearized was transformed into yku80::GFP-SKL and pex32::GFP-SKL cells to produce 596 

PADH1Pex14 (Pex14++). A PCR fragment containing PEX14-2xHA was amplified by primers 597 

HindIII-Pex14 and Pex14-HA-HA. A fragment containing 2xHA-UBC6 was amplified with 598 

primers HAHA-Ubc6 and Ubc6-PspXI and WT genomic DNA as template. The obtained 599 

PCR fragments were purified and used as templates together with primers HindIII-Pex14 and 600 

Ubc6-PspXI in a second PCR reaction. The obtained overlap PCR fragment was digested with 601 

HindIII and PspXI, and inserted between the HindIII and SalI sites of pAMK94, resulting in 602 

plasmid pARM053 (pHIPZ18 PEX14-2HA-UBC6). A NotI/BpiI digested fragment from 603 

plasmid pAMK053 and a NotI/BpiI digested fragment from plasmid pHIPH4 were ligated, 604 

resulting in plasmid pARM118. Then the AgeI-linearized pARM118 was transformed into 605 

yku80::GFP-SKL, yku80::Pmp47-GFP, pex23::GFP-SKL, pex24::GFP-SKL, pex24::Pmp47-606 

GFP, pex29::GFP-SKL, pex32::GFP-SKL and pex32::Pmp47-GFP cells, respectively, to 607 

produce PADH1Pex14-2HA-Ubc6 (ERPER).  608 
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 609 

Expression of Pex32-mGFP in different pex mutant cells 610 

The BglII-linearized pHIPZ PEX32-mGFP were transformed into pex3 atg1::Pex14-611 

mCherry, pex5 atg1::Pex14-mCherry, pex11 and pex25 cells, respectively, to produce Pex32-612 

mGFP. BlpI-linearized pARM014 (pHIPX7 PEX14-mCherry) was transformed into pex5 atg1 613 

cells, which resulted in pex5 atg1::Pex14-mCherry. Plasmid pARM014 was constructed with 614 

following steps: first, a PCR fragment containing Pex14-mCherry was amplified with primers 615 

PRARM001 and PRARM002 using pSEM01 as a template. The obtained PCR fragment was 616 

digested with NotI and HindIII, and inserted between the NotI and HindIII sites of plasmid 617 

pHIPX7, resulting in plasmid pARM014. ATG1 deletion cassette was amplified by PCR with 618 

primers pDEL-ATG1-fwd + pDEL-ATG1-rev and plasmid pARM011 as template. Then the 619 

PCR product integrated into pex5 to get pex5 atg1 mutant. 620 

Two plasmids allowing disruption of H. polymorpha PEX25 were constructed using 621 

Multisite Gateway technology as follows: First, the 5’ and 3’ flanking regions of the PEX25 622 

gene were amplified by PCR with primers RSAPex25-1+RSAPex25-2 and RSAPex25-623 

3+RSAPex25-4, respectively, using H. polymorpha NCYC495 genomic DNA as a template. 624 

The resulting fragments were then recombined in donor vectors pDONR P4-P1R and pDONR 625 

P2R-P3, resulting in plasmids pENTR-PEX25 5’ and pENTR-PEX25 3’, respectively. Then, 626 

PCR amplification was performed using primers attB1-Ptef1-forward and attB2-Ttef1-reverse 627 

using pHIPN4 as the template. The resulting PCR fragment was recombined into vector 628 

pDONR-221 yielding entry vector pENTR-221-NAT. Recombination of the entry vectors 629 

pENTR-PEX25 5’, pENTR-221-NAT, and pENTR-PEX25 3’, and the destination vector 630 

pDEST-R4-R3, resulted in pRSA018. Then PEX25 disruption cassette containing 631 

neursothricin resistance gene was amplified with primers RSAPex25-5 and RSAPex25-6 632 

using pRSA018 as a template. To create pex25, the PEX25 disruption cassette was 633 

transformed into yku80 cells. BlpI-linearized pHIPH PEX14-mCherry was integrated into 634 

pex11::Pex32-mGFP or pex25::Pex32-mGFP to produce Pex14-mCherry. 635 

 636 

 637 
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 638 

Construction of pex32 inp1 double and pex3 atg1 pex32 triple deletion strains 639 

To construct pex32 inp1 mutant, a PCR fragment containing INP1 deletion cassette was 640 

amplified with primers dInp1FW-F and dInp1-REV using plasmid pHIPH5 as a template. The 641 

resulting INP1 deletion cassette was transformed into pex32 cells to get double deletion of 642 

pex32 inp1. The AhdI-linearized pFEM35 was transformed into pex32 inp1 to produce GFP-643 

SKL. 644 

To construct pex3 atg1 pex32 strain, a PCR fragment containing PEX32 deletion 645 

cassette was amplified with primers dPex32-F and dPex32-R using pex32 genomic DNA as a 646 

template. The resulting PEX32 deletion cassette was transformed into pex3 atg1 cells to get 647 

triple mutant of pex3 atg1 pex32. XhoI-linearized pHIPN-PEX14-mGFP plasmid was 648 

integrated into pex3 atg1 pex32 cells. 649 

A plasmid encoding pHIPN PEX14-mGFP was constructed as follows: a PCR fragment 650 

containing the nourseothricin resistance gene was obtained using primers Nat fw and Nat rev 651 

with plasmid pHIPN4 as a template. The PCR product and pSNA12 were digested with NsiI 652 

and NotI, then ligated to produce pHIPN PEX14-mGFP. 653 

 654 

Molecular and biochemical techniques 655 

DNA restriction enzymes were used as recommended by the suppliers (Thermo Fisher 656 

Scientific or New England Biolabs). Polymerase chain reactions (PCR) for cloning were 657 

carried out with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). An 658 

initial selection of positive transformants by colony PCR was carried out using Phire 659 

polymerase (Thermo Fisher Scientific). For DNA and amino acid sequence analysis, the 660 

Clone Manager 5 program (Scientific and Educational Software, Durham, NC) was used.  661 

For Western blot analysis, total cell extracts were prepared as described previously 662 

(Baerends et al., 2000). Samples in Fig. 2E were denatured in urea loading buffer. Blots were 663 

decorated using anti-GFP antibodies (sc-996, Santa Cruz Biotech; 1:2,000 dilution), anti-664 

pyruvate carboxylase-1 (Pyc1) antibodies (Ozimek et al., 2007, 1:10,000 dilution), anti-Pex14 665 

antibodies (Komori et al., 1997, 1:10,000 dilution). Secondary goat anti-rabbit (31460) or 666 

goat anti-mouse (31430) antibodies conjugated to horseradish peroxidase (HRP) (Thermo 667 
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Scientific, 1:5,000 dilution) were used for detection. Blots were scanned by using a 668 

densitometer (GS-710; Bio-Rad Laboratories).  669 

 670 

Fluorescence microscopy 671 

Wide-field FM images of living cells and on cryosections for CLEM were captured at 672 

room temperature using a 100×1.30 NA objective (Carl Zeiss, Oberkochen, Germany). 673 

Images were obtained from the cells in growth media using a fluorescence microscope 674 

(Axioscope A1; Carl Zeiss), Micro-Manager 1.4 software and a digital camera (Coolsnap 675 

HQ2; Photometrics). The GFP fluorescence were visualized with a 470/40 nm band-pass 676 

excitation filter, a 495 nm dichromatic mirror, and a 525/50 nm band-pass emission filter. 677 

DsRed fluorescence were visualized with a 546/12 nm band-pass excitation filter, a 560 nm 678 

dichromatic mirror, and a 575-640 nm band-pass emission filter. mCherry and mKate2 679 

fluorescence were visualized with a 587/25 nm band-pass excitation filter, a 605 nm 680 

dichromatic mirror, and a 670/70 nm band-pass emission filter. 681 

Confocal images were captured with an LSM800 Airyscan confocal microscope (Carl 682 

Zeiss) using Zen 2.3 software (Carl Zeiss) and a 100x/1.40 plan apochromat objective and 683 

GaAsP detectors. For quantitative analysis of peroxisomes or Pex14-mGFP fluorescent spots, 684 

z-stacks were made of randomly chosen fields.  685 

Image analysis was performed using ImageJ, all bright field images have been adjusted 686 

to only show cell outlines. Figures were prepared using Adobe Illustrator software.  687 

 688 

Electron microscopy 689 

For morphological analysis, cells were fixed in 1.5% potassium permanganate, post-690 

stained with 0.5% uranyl acetate and embedded in Epon. Image analysis and distance 691 

measurements are performed using ImageJ. For the quantification of the ER, the total length 692 

of the plasma membrane and the peripheral ER was measured from cell sections and from this 693 

the percentage of the cortex covered by the ER was calculated. Correlative light and electron 694 

microscopy (CLEM) was performed using cryo-sections as described previously (Knoops et 695 

al., 2015). After fluorescence imaging, the grid was post-stained and embedded in a mixture 696 

of 0.5% uranyl acetate and 0.5% methylcellulose. Acquisition of the double-tilt tomography 697 
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series was performed manually in a CM12 TEM running at 100�kV and included a tilt range 698 

of 40° to −40 with 2.5° increments. To construct the CLEM images, pictures taken with FM 699 

and EM were aligned using the eC-CLEM plugin in Icy (Paul-Gilloteaux et al., 2017) 700 

(http://icy.bioimageanalysis.org). Reconstruction of the tomograms was performed using the 701 

IMOD software package. 702 

Immuno-EM was performed as described previously (Thomas et al., 2018). Labeling of 703 

HA was performed using monoclonal antibodies (Sigma-Aldrich H9658; 1:100 dilution) 704 

followed by goat-anti-mouse antibodies conjugated to 6 nm gold (Aurion, the Netherlands; 705 

1:20 dilution). 706 

 707 

In silico analyses 708 

Homologous sequences were detected using BLASTP with an e-value of 1e-5 (Altschul 709 

et al., 1990). Linear and secondary structure predictions were realized using Foundation 710 

(Bordin et al., 2018). 711 

 712 

Phylogenetic tree 713 

The multiple sequence alignment used as input was created using ClustalOmega 714 

(Sievers et al., 2011) with default parameters and manually curated in Jalview (Waterhouse et 715 

al., 2009). The tree was generated using PhyML 3.1 (Guindon et al., 2010) using the LG 716 

matrix, 100 bootstraps, tree and leaves refinement, SPR moves, and amino acids substitution 717 

rates determined empirically. 718 

 719 

Peroxisome membrane surface area calculation 720 

For peroxisome membrane surface area calculation: average peroxisome volume (V) 721 

and average peroxisome number per cell (N) were determined using a plugin for ImageJ 722 

(Thomas et al., 2015) from two independent experiments (2x300 cells were counted). 723 

Formula � �
�

�
��

� was used to calculate peroxisome radius (r) and formula � � 4��
� was 724 

used to calculate the average peroxisome surface area. The average peroxisome number per 725 

cell N multiplied with S is the peroxisome membrane surface area per cell. 726 
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 727 

Quantification of the distance between GFP spots and cell cortex 728 

For the calculation of the distance between the GFP-SKL spot and the cell cortex, cells 729 

containing GFP spots were selected and processed by ImageJ. Subsequently, the distance 730 

between the middle of the GFP spot and the cell outline was measured. For cells containing 731 

two or more GFP spots, only the spot that is closest to the cell outline was used.  732 

 733 

Peroxisome inheritance quantification 734 

Peroxisome inheritance quantification was performed using the same method as 735 

published previously (Krikken et al., 2009).  736 
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Legends to Figures 929 

Figure 1. Yeast Pex23 family proteins. (A) Protein phylogeny. Protein sequences from S. 930 

cerevisiae, H. polymorpha, P. pastoris and Y. lipolytica were retrieved from NCBI-protein. 931 

Phylogenetic tree: numbers represent the bootstraps values, while branch length represents the 932 

amino acidic substitution rates. (B) Secondary structure features of H. polymorpha Pex23 933 

proteins obtained with Foundation (Bordin et al., 2018). The black horizontal lines represent 934 

the protein sequence. The predicted β-strands and α-helices are depicted by bars above each 935 

line in cyan and magenta, with the height of the bars representing the confidence of the 936 

prediction. Transmembrane helices (TMH) predictions are depicted as green boxes 937 

underneath the secondary structure prediction. The Protein Data Bank (PDB) domain 938 

represents the DysF domain. 939 

 940 

Figure 2. H. polymorpha Pex23 family proteins localize to the ER. FM images of glucose-941 

grown H. polymorpha cells producing the indicated GFP fusion proteins under control of their 942 

endogenous promoters together with the peroxisomal marker Pex14-mKate2 (A) or the ER 943 

marker BiP-mCherry-HDEL (B). (A, B) The merged images show the cell contours in white. 944 

Graphs show relative fluorescence intensity along the dotted lines. Scale bar: 1 μm. 945 

Representative images of two experiments are shown. (C) FM images of 946 

glucose/methylamine-grown H. polymorpha WT cells producing the peroxisomal marker 947 

DsRed-SKL and the indicated GFP fusion proteins under control of the amine oxidase 948 

promoter (PAMO). Scale bar: 1 μm. Representative images of two experiments are shown. (D) 949 

Co-localization of Vac8-mKate2 with Pex23-GFP produced under control of the endogenous 950 

promoter or Pex24-GFP expressed under control of the PAMO. Scale bar: 1 μm. Representative 951 

images of two experiments are shown. (E) Western Blot analysis of the indicated strains. 952 

Cells were grown for 4 hours on glucose. Strains producing the GFP fusion proteins under 953 

control of the PAMO were grown in media containing methylamine as nitrogen source. Equal 954 

amounts of cellular lysates were loaded per lane. Blots were decorated with �-GFP or α-955 

Pyruvate carboxylase 1 (Pyc1) antibodies. Pyc1 was used as a loading control. A 956 

representative blot of three experiments is shown. 957 

 958 
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Figure 3. Deletion of PEX23, PEX24 or PEX32 results in aberrant peroxisome 959 

formation. FM (A) and CLSM (B) images in conjunction with peroxisome quantification of 960 

the indicated deletion strains producing the peroxisome matrix protein GFP-SKL and grown 961 

on glucose. Scale bar: 2 μm. The error bars represent s.d. from two independent experiments 962 

(n=2 using 500 cells from each experiment). (C) CLSM images of Pmp47-GFP producing 963 

cells grown on a mixture of glycerol and methanol. Scale bar: 2 μm. In the upper right corners 964 

of the graphs, the average number of peroxisomes per cell is indicated. The error bars 965 

represent s.d. from two independent experiments (n=2 using 300 cells from each experiment). 966 

(D) Growth curves of the indicated strains in media containing a mixture of glycerol and 967 

methanol. The optical density (Y-axis) is expressed as absorbance at 660 nm (OD660). The 968 

error bars represent the s.d. (n=2) from two independent cultures. 969 

 970 

Figure 4. Deletion of PEX23, PEX24 or PEX32 results in an increase in distance between 971 

peroxisomal and ER membranes. (A, B, C) EM images of thin sections of KMnO4-fixed 972 

glucose-grown cells of the indicated strains and quantification of the distance between the ER 973 

and peroxisomal membranes. The error bar represents the s.d. from two independent 974 

experiments (n=2 based on 21 peroxisomes in random sections from each experiment). CW - 975 

cell wall; ER - endoplasmic reticulum; P - peroxisome; M - mitochondrion; N - nucleus. Scale 976 

bar: 200 nm. (D) Quantification of ER abundance at the cell cortex. The percentage of the cell 977 

cortex covered by the ER was measured in 20 random cell sections using EM. (E) FM images 978 

and a SuperPlot showing the distance between the GFP spot and the cell cortex in the 979 

indicated strains producing GFP-SKL. n=2 using 24 cells from each biological replicate. The 980 

duplicate experiments are color coded. The circles represent the single data points. The 981 

squares are the average from each experiment and the error bars indicate the s.d.. (F) 982 

Quantification of the presence of peroxisomes in both the mother cell and bud in the indicated 983 

mutants. The error bar represents the s.d. from two independent experiments (n=2 using 20 984 

peroxisome containing budding yeast cells from each experiment). 985 

 986 

Figure 5. Suppression of peroxisome defects by an artificial peroxisome-ER tether. (A) 987 

Schematic representation of the ERPER tethering. (B) Immunolabelling using HA antibodies 988 
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of a WT PADH1PEX14-HAHA-UBC6 cell. M - mitochondrion; P - peroxisome; ER- 989 

endoplasmic reticulum. Cells were embedded for EM once and the labelling was performed 990 

twice. Scale bar: 200 nm. (C) EM images of KMnO4-fixed cells of the indicated mutants 991 

strains producing ERPER. Scale bar in upper images is 500 nm and in bottom images is 200 992 

nm. Cells were embedded for EM once. (D) Fluorescence microscopy analysis of the 993 

indicated strains grown on glycerol/methanol and producing GFP-SKL. Because peroxisomes 994 

harbor an alcohol oxidase crystalloid, GFP is not evenly distributed over the peroxisomal 995 

matrix. Scale bar: 2 μm. Representative images of two experiments are shown. (E) 996 

Quantification of peroxisome numbers based on CLSM analysis of methanol/glycerol grown 997 

PMP47-GFP producing cells of the indicated mutant strains containing ERPER. n=2 using 998 

300 cells from two independent cultures were quantified. (F) Growth curves of the indicated 999 

strains on glycerol/methanol. Error bars indicate s.d. from two independent cultures. (G) 1000 

Average cellular peroxisome surface area calculation based on CLSM images of 1001 

methanol/glycerol-grown cells of the indicated strains. Error bars indicate s.d. from two 1002 

independent experiments (n=2 using 300 cells from each experiment). (H) Quantification of 1003 

the average abundance of peroxisomal membranes in 50 cell sections of the indicated strains 1004 

from single experiment.  1005 

 1006 

Figure 6. The specific Pex32 localization depends on Pex3 and Pex11. (A) FM images and 1007 

peroxisome quantification of glucose-grown WT and pex32 cells with or without 1008 

overproduction of the indicated proteins. Peroxisomes are marked with DsRed-SKL. The 1009 

error bars represent s.d. from two independent experiments (n=2 using 200 cells from each 1010 

experiment). Scale bar: 2 μm. (B) Growth curves of the indicated strains in media containing 1011 

a mixture of glycerol and methanol. The optical density (Y-axis) is expressed as absorbance at 1012 

660 nm (OD660). The error bars represent s.d. (n=2) from two independent cultures. (C) 1013 

CLEM of glucose/methylamine-grown cells producing DsRed-SKL and Pex32-GFP under 1014 

control of the PAMO. The upper row shows FM images of 150 nm thick cryo-sections. The 1015 

lower row shows an overlay of FM and electron microscopy (EM) images of the same cell 1016 

section. The region of interest is indicated (dashed box). A tomogram was reconstructed and 1017 

3D rendered. P - peroxisome: blue; ER: orange; plasma membrane: cyan. Scale bars: (FM 1018 
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image) 2 μm, (EM images) 500 nm, or (3D) 200 nm. A representative of four tomograms is 1019 

shown. (D) FM images of glucose-grown indicated pex mutant cells producing Pex32-GFP 1020 

under control of their endogenous promoters together with the peroxisomal marker Pex14-1021 

mKate2. Scale bar: 2 μm. Representative images of three experiments are shown. (E) EM 1022 

image of KMnO4-fixed glucose-grown pex11 mutant cell (left) and the peroxisome-ER 1023 

distance quantification in PEX11 deletion strain (right). CW - cell wall; ER - endoplasmic 1024 

reticulum; P - peroxisome; M - mitochondrion. The error bar represents s.d. from two 1025 

independent experiments (n=2 using 20 cell sections from each experiment). Scale bar: 200 1026 

nm. 1027 

 1028 

Figure 7. Deletion of pex32 in pex3 atg1 cells does not result in major alterations in PPV 1029 

abundance or morphology. (A) CLSM images of glycerol/methanol grown cells producing 1030 

Pex14-GFP as a PPV marker. Scale bar: 2 μm. Representative images of two experiments are 1031 

shown. (B) Distribution of the number of Pex14-GFP spots per cell and the average number 1032 

of spots per cell. (n=2 using 280 cells from two independent experiments) (C-I) Wide-field 1033 

FM image of a thick cryo-section (250 nm) of atg1 pex3 pex32 cells producing Pex14-GFP. 1034 

(C-II) CLEM showing an overlay image of Pex14-GFP (FM) and the TEM micrograph of the 1035 

same region indicated with the white dashed box in C-I. (C-III) Electron tomographic slice 1036 

from a tomogram recorded at the region indicated in C-II. White arrows indicate the position 1037 

of the PPVs. (C-IV) 3D rendered volume of the reconstructed tomogram. Blue- PPVs, yellow- 1038 

vacuole, magenta - plasma membrane. Scale bars: (C-I) 2 μm, (C-II) 500 nm, or (C-III) 200 1039 

nm. (D) EM analysis of KMnO4-fixed atg1 pex3 (upper row) and atg1 pex3 pex32 (bottom 1040 

row) cells. II shows a higher magnification of the region indicated in I. Scale bars: (D-I) 500 1041 

nm, or (D-II) 200 nm. 1042 
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