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The peroxisomal membrane protein (PMP) Pex3 and its cytosolic interaction

partner Pex19 have been implicated in peroxisomal membrane biogenesis.

Although these peroxins have been extensively studied, no consensus has been

reached yet on how they operate. Here, we discuss two major models of their

function, namely, in direct insertion of proteins into the peroxisomal mem-

brane or in formation of PMP-containing vesicles from the endoplasmic retic-

ulum (ER). Pex3 can also recruit other proteins to the peroxisomal

membrane (e.g., Inp1, Atg30, Atg36), thereby fulfilling roles in other pro-

cesses such as autophagy and organelle retention. Recent studies indicate that

Pex3 and Pex19 can also facilitate sorting of certain membrane proteins to

other cellular organelles, including the ER, lipid droplets, and mitochondria.
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Biological membranes cannot develop from scratch,

but are formed from preexisting ones. For most

eukaryotic cell organelles, the origin of their enclosing

membranes is largely known. However, the molecular

mechanisms of peroxisomal membrane biogenesis are

still heavily debated [1]. All constituents (lipids, pro-

teins) have to be transported to these membranes from

the sites of their synthesis elsewhere in the cell. No

consensus has been reached yet whether they first

insert into an alternative membrane (e.g., the endo-

plasmic reticulum, ER) or are directly sorted to peroxi-

somal membranes.

The process of peroxisomal matrix protein import is

understood relatively well (reviewed elsewhere, see, e.g.,

Refs [2,3]) and it is clear that these proteins sort directly

to peroxisomes. More than a dozen proteins are known

to be involved in this process [2,3]. In contrast, very lit-

tle is known about transport of peroxisomal membrane

proteins (PMPs). Surprisingly, so far only two highly

conserved peroxins, Pex3 and Pex19, have been reported

as essential for the formation of this membrane. More-

over, it is still unclear whether they perform their role in

peroxisomal membrane biogenesis at the ER or at the

peroxisomal membrane, or both. Detailed knowledge of

the function of these two peroxins as well as of other as

yet unknown proteins involved in peroxisomal mem-

brane biogenesis is essential to answer the pressing ques-

tion of how peroxisomal membranes are formed.

Here, we summarize the current knowledge on yeast

Pex3 and Pex19 functions and present a critical view

on the observations from the 25 years since the first

PEX3 and PEX19 genes were identified. In addition,

we give an overview on recent observations indicating

that both peroxins also fulfill roles in sorting of pro-

teins to other cell organelles, including the ER and

mitochondria.

Abbreviations

EM, electron microscopy; ER, endoplasmic reticulum; ESCRT, endosomal sorting complexes required for transport; FM, fluorescence

microscopy; KD, knockdown; LD, lipid droplet; pER, peroxisomal ER; PMP, peroxisomal membrane protein; ppV, preperoxisomal vesicle;

PTS, peroxisomal targeting signal; RHD, reticulon homology domain; RHP, reticulon homology domain-containing protein; TA, tail-anchored;

WT, wild-type.
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Current main models for the function
of yeast Pex3 and Pex19 in PMP
sorting

The most studied function of Pex3 and Pex19 is target-

ing of PMPs. According to the classical model of

Pex3- and Pex19-mediated sorting, PMPs sort directly

to the peroxisome after synthesis in the cytosol [4]

(Fig. 1). Pex19 binds to newly translated PMPs, acting

as a receptor [5–7], and subsequently associates with

the docking factor Pex3 [7–9] at the peroxisomal mem-

brane [10]. In addition, Pex19 may function as a chap-

erone to prevent aggregation of newly synthesized

PMPs [7,11–13]. The mechanism for insertion of PMPs

into the peroxisomal membrane is unknown [14]. It is

likely that additional proteins are required to correctly

sort and insert PMPs into their target membrane, espe-

cially those that contain multiple membrane-spanning

domains. However, so far these proteins have not been

identified.

The alternative model of PMP sorting proposes that

some [3,14,15], if not (nearly) all [16], PMPs traffic to

peroxisomes via the ER (Fig. 1). According to this

model, PMPs first insert into the ER membrane using

ER-localized protein insertion machineries (i.e., the

Sec translocon, the GET complex, or an alternative as

yet unknown ER localized translocon). PMPs subse-

quently accumulate at subdomains of the ER, some-

times called the peroxisomal ER (pER), where PMP-

containing vesicles bud off [17,18]. In this model, Pex3

and Pex19 may act in budding of vesicles containing

(a subset of) PMPs from the ER [19,20]. A number of

variants of this model exist (see box in Fig. 1), ranging

from the formation of chemically distinct types of vesi-

cles that fuse to form a nascent peroxisome [20,21], to

ER-derived structures with all PMPs that mature into

normal peroxisomes [22], to vesicular trafficking of (a

subset of) PMPs from the ER to existing peroxisomes

[23]. These models are attractive, because they not

only explain how newly synthesized PMPs correctly

insert into a membrane but also how ER-derived

membrane lipids reach the organelles.

According to the model proposed by van der Zand

et al. [20], two types of vesicles (also termed preperoxi-

somal vesicles, ppVs) are formed from the ER, each

containing a subset of the matrix protein translocon

proteins. One type, also called ppVD, harbors proteins

of the peroxisomal targeting signal (PTS)-receptor

docking complex (i.a., Pex13 and Pex14), while the

other one, designated ppVR, contains, among others,

three RING proteins (Pex2, Pex10, and Pex12), which

play a role in PTS-receptor recycling (Fig. 1). On

Pex1-/Pex6-dependent heterotypic fusion, a larger vesicle

is formed, which contains a complete and functional

translocon, enabling transport of matrix proteins across

the membrane. An important pillar of this model is the

observation that, in Pex1- and Pex6-deficient cells,

ppVDs and ppVRs accumulate. This observation, how-

ever, could not be confirmed by others [23,24]. Instead,

compelling data has been presented indicating that the

Pex1/Pex6 complex is involved in matrix protein

import, specifically in the recycling of peroxisomal

membrane bound receptors [25].

Peroxisomal membrane structures do
exist in yeast pex3 and pex19 cells

In cells defective in peroxisomal matrix protein import,

membranes harboring PMPs (also called peroxisomal

ghosts or membrane remnants) still exist. Both the

classical model and the model of PMP sorting via the

ER imply that such ghosts cannot be formed when

Pex3 or Pex19 is absent (Fig. 1). Indeed, initially, these

ghosts were not detected in yeast PEX3 and PEX19

deletion strains (Table 1). Many current reports also

still presume the absence of peroxisomal membranes in

pex3 and pex19 mutant strains [19,26], despite the fact

that, throughout the years, several findings have been

presented indicating that this view needs adaptation

(see also Table 1).

The conclusion that peroxisomal ghosts are absent in

Pex3-/Pex19-deficient cells was initially based on the

inability to detect morphologically recognizable peroxi-

somal structures by electron microscopy (EM), because

suitable antibodies against PMPs for biochemical or

immunocytochemical analysis were not yet available at

that time. Interestingly, using EM, Wiemer et al. [27]

observed small vesicles close to the nuclear envelope in

Pichia pastoris pex3 cells. These structures were, how-

ever, ignored because similar vesicles were also observed

in wild-type (WT) P. pastoris [28].

Hettema et al. [11] were the first to use a PMP (HA-

tagged Pex11) as marker in immunofluorescence and

immunolabeling experiments to detect peroxisomal

ghosts in yeast pex mutants. These studies suggested a

cytosolic localization of Pex11-HA in Saccharomyces

cerevisiae pex3 and pex19 cells, whereas in all other

pex mutants, this protein localized to peroxisomal

ghosts. Based on these observations, the authors con-

cluded that peroxisomal membranes were absent in

pex3 and pex19 cells. However, recent studies using

fluorescently tagged Pex11 revealed that Pex11 local-

izes to mitochondria in S. cerevisiae pex3 and pex19

mutants [23,29], illustrating the importance of confirm-

ing data from early immunofluorescence experiments

by the more advanced fluorescent tagging approaches
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Fig. 1. Pex3 and Pex19 play a role in a variety of processes in yeast. Indirect sorting of PMPs: PMPs are first inserted into the pER, from

where PMP-containing vesicles bud off in a Pex19-dependent manner (see box) and fuse with preexisting peroxisomes, mature into import-

competent peroxisomes, or fuse with different PMP-containing vesicles to form import-competent peroxisomes. Yellow hexagons represent

peroxisomal matrix proteins. Direct sorting of PMPs: Pex19 recognizes and binds to PMPs and the Pex19-PMP complex docks on Pex3 at

the peroxisomal membrane. The PMP is inserted and Pex19 is shuttled back to the cytosol. Dual targeting to mitochondria and

peroxisomes: Peroxisomes and mitochondria share several membrane proteins. Pex19 mediates targeting of dually localized proteins Fis1

and Gem1 to both organelles. Peroxisome retention/inheritance: Peroxisomes are retained in the mother cell via Pex3 interaction with Inp1.

Daughter cells inherit peroxisomes via Myo2–Inp2 interaction, to which Pex19 contributes. Pexophagy: Pex3 recruits pexophagy receptor

Atg30/Atg36, which binds scaffold protein Atg11, initiating pexophagy. Peroxisome–vacuole contacts: Pex3 localizes to peroxisome–vacuole

contact sites. Shielding Pex15 from Msp1 extraction: Msp1 is dually targeted to peroxisomes and mitochondria. Pex15 mistargeted to

mitochondria is rapidly extracted by Msp1, while Pex3 protects peroxisomal Pex15 from Msp1 extraction.
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Table 1. Phenotypes of yeast pex3 and pex19 mutant strains.

Organism Phenotype Technique

PMP marker, level,

and localization Reference

(A) Early reported phenotype of yeast PEX3 mutants

Saccharomyces cerevisiae Lack of morphologically

detectable peroxisomes

Differential centrifugation,

EM

NA [105]

S. cerevisiae Normal peroxisomes

absent; proliferated

membrane structures

near the ER

Differential centrifugation,

EM

NA [106]

Hansenula polymorpha No morphologically

detectable peroxisomes

EM, differential

centrifugation

Peroxisomal

membranes not

detected, also not

upon Pex10

overproduction

[107]

Pichia pastoris Morphological

distinguishable

peroxisomes absent;

vesicular structures

adjacent to the nuclear

membrane observed

EM NA [27]

S. cerevisiae Cytosolic Pex11 Indirect

immunofluorescence,

immune-EM

Pex11-HA [11]

H. polymorpha Vesicular structures FM, immunolabeling Pex3(1–50) GFP [32]

P. pastoris Peroxisomal membrane

remnants

Immunofluorescence and

deconvolution, sucrose

density centrifugation/

floatation analysis

Pex8, Pex12, Pex13,

Pex14, Pex17. No

ER markers used

[35]

Yarrowia lipolytica Small vesicles EM NA [108]

S. cerevisiae Lack of identifiable

peroxisomes

Differential centrifugation,

EM, FM

FM of a strain-

producing Pex3(1–

46)-GFP showed 1–

2 fluorescent spots/

cell of which �80%

co-localized with an

ER marker

[18]

(B) Early reported phenotype of yeast PEX19 mutants

S. cerevisiae Morphologically

recognizable

peroxisomes absent

Differential centrifugation,

EM

NA [47]

P. pastoris Small vesicles and

tubules containing

Pex3; structures

smaller and more

dispersed than

peroxisomal ghosts

EM, immunofluorescence

with deconvolution; cell

fractionation, floatation

analysis

Pex3 [48]

Y. lipolytica Structures resembling

normal peroxisomes

together with vesicular

structures. Bulk of the

matrix proteins

mislocalized to the

cytosol

EM, immunofluorescence;

cell fractionation, sucrose

density centrifugation

Pex2 and Pex16

levels strongly

reduced. No other

PMPs tested.

Subcellular

localization of Pex2

and Pex16 unknown

[33]
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combined with current advanced fluorescence micro-

scopy (FM) methods. Importantly, the mitochondrial

localization of Pex11 is not in agreement with any of

the current models of PMP sorting (Fig. 1). Moreover,

in Hansenula polymorpha pex3 cells, Pex11 localizes to

the ER, where it is very unstable [30]. These observa-

tions make it unlikely that in both yeast species, Pex11

is stuck somewhere in the genuine sorting pathway to

peroxisomes due to the absence of Pex3. Instead,

Pex11 most likely mislocalizes to mitochondria/ER

and as such is not a suitable marker to detect peroxi-

somal ghosts in these mutants.

The first GFP-containing fusion proteins that were

used for in vivo localization of peroxisomal membranes

consisted of the extreme N-terminal part of Pex3 (46

or 50 amino acids) fused to GFP [18,31,32]. In WT

yeast cells, these fusion proteins localize to the peroxi-

somal membrane. However, in H. polymorpha and

S. cerevisiae pex3 cells, they were observed as fluores-

cent spots in FM [18,32]. Immunolabeling experiments

using H. polymorpha pex3 cells revealed that these

spots consisted of clusters of multiple small vesicles

that also contained the PMP Pex14, suggesting that

they are peroxisomal of nature [32]. For both H. poly-

morpha and S. cerevisiae, data were presented indicat-

ing that these structures developed into normal

peroxisomes upon reintroduction of full-length Pex3,

in line with a model that they represent peroxisomal

ghosts [18,32].

Fluorescence microscopy revealed that, in S. cere-

visiae pex3 cells producing Pex31–46-GFP, the majority

of the fluorescent spots co-localized with an ER marker

[18]. This observation together with the sedimentation

behavior of ScPex31–46-GFP in cell fractionation experi-

ments led the authors to conclude that ScPex31–46-GFP

localized to specialized ER (also called pER) [18]. How-

ever, given the limited resolution of FM and the possi-

bility that the ScPex31–46-GFP-containing structures

may have a similar size and density as microsomes, it

cannot be excluded that these markers are localized

elsewhere than the ER. Recent EM and cell fractiona-

tion experiments revealed that tubular–vesicular struc-

tures containing multiple PMPs are also present in

H. polymorpha and S. cerevisiae pex3 cells that do not

overproduce Pex31–50-GFP or Pex31–46-GFP [29,30].

PMPs at these vesicles include, among others, proteins

of the receptor docking complex (Pex13, Pex14, Pex17)

and the tail-anchored (TA) protein Pex15. Biochemi-

cally, no ER markers were detected at these structures,

whose membranes were not continuous with the ER

based on EM tomography (Fig. 2), also supporting the

view that they do not represent (p)ER [29].

It is possible that overproduction of the extreme

N-terminal region of Pex3 stimulates the proliferation

of peroxisomal membranes in pex3 cells. Likely, these

structures are the same as those reported more than

20 years earlier in several studies and in different yeast

species (Table 1A).

Peroxisomal membrane protein-containing tubular–

vesicular structures were also detected in H. polymor-

pha pex19 cells [30]. Production of HpPex31–50-GFP in

these cells results in the formation of virtually normal

peroxisomes that harbor significant amounts of matrix

proteins [31]. This observation further supports the

assumption that, in the absence of Pex3 or Pex19, per-

oxisomal membranes can be formed and proliferate

Table 1. (Continued).

Organism Phenotype Technique

PMP marker, level,

and localization Reference

H. polymorpha No peroxisomal

structures. Pex14-GFP

in spots at

mitochondria. A portion

of Pex3 and Pex14

soluble.

Peroxisomes present

upon overproduction of

Pex3(1–50) GFP

EM; FM; Cell fractionation

and floatation analysis

Pex10 levels

reduced; Pex3 and

Pex14 levels normal

[31]

S. cerevisiae No peroxisomal

structures. Pex13 levels

reduced. Pex3

containing membrane

vesicles and Pex13

levels restored upon

overexpression of PEX3

EM; Cell fractionation Pex13 [31]
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upon overproduction of the N-terminal domain of

Pex3.

Also, all current models fully ignore the observation

that Yarrowia lipolytica pex19 cells contain virtually

normal peroxisomes, which import substantial amounts

of matrix protein [33] (Table 1). This may be related to

the presence of two PEX3 genes in Y. lipolytica [34],

which could lead to relatively enhanced Pex3 levels com-

pared to those present in other yeast species (Table 1).

Fluorescence microscopy studies of pex3 or pex19

cells of P. pastoris [19,35], S. cerevisiae [16], and

H. polymorpha [30] invariably revealed that docking

Fig. 2. Microscopic evidence for the presence of peroxisomal membrane vesicles in yeast pex3 mutant strains. (A) Correlative light and

electron microscopy analysis of Saccharomyces cerevisiae pex3 atg1 cells producing Pex14-GFP. (I) The localization of Pex14-GFP in a

160 nm thick cryosection using FM. (II) Overlay of the same FM image together with the EM image. (III) A tomographic slice of the region

boxed in (II), where the fluorescent spot is localized. (IV) 3D rendered volume showing peroxisomal vesicles (red), ER (green), vacuolar

membrane (blue), and plasma membrane (yellow). (B) Electron tomography analysis of a serial-sectioned Hansenula polymorpha pex3 atg1

cell (I) containing a perinuclear membrane cluster (II, arrows). (III) 10 nm thin digital slice through the tomogram reconstruction, which

revealed vesicles (black arrows) and reticular structures (red arrows). The surface render reconstruction in IV shows the vesicles (black

arrows) and reticular structures (red arrows) in 3D. CW, cell wall; M, mitochondrion; N, nucleus; PM, plasma membrane; V, vacuole. Figure

reproduced from Refs [29,30].
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proteins tagged with a fluorescent protein (FP) are

observed in the cells as bright fluorescent spots. This is

often interpreted as concentration of these fusion pro-

teins at subdomains of the ER or pER. However,

given the relatively low resolution of FM and the out-

come of electron tomography studies of H. polymorpha

pex3 and pex19 cells [30] as well as S. cerevisiae pex3

cells [29], it is most likely that these spots invariably

represent clusters of peroxisomal membrane vesicles

and not pER.

A subset of PMPs fused to FPs (for instance the

RING proteins) do not accumulate at peroxisomal

membrane structures in S. cerevisiae pex3 cells, do not

co-fractionate with docking proteins in density gradi-

ents, and are not observed as fluorescent spots by FM,

but instead show a dispersed fluorescence pattern [29].

The levels of these PMPs are invariably strongly

reduced relative to WT controls which severely obstruct

careful localization. For better understanding of Pex3

and Pex19 function, it is crucial to solve this problem.

In H. polymorpha pex3 cells, enhanced levels of the

RING protein Pex10 could be obtained by overpro-

duction of Pex19. In these cells, Pex10 localized to the

cytosol, suggesting that Pex3 is essential for insertion

of Pex10 in membranes [30]. In P. pastoris pex3 and

pex19 cells, massively overproduced Pex2 localized to

the cortical ER [19]. However, overproduction may

result in mislocalization of proteins [36]. Hence, these

data should be interpreted with care.

Intriguingly, the vesicular structures in yeast pex3

and pex19 cells have properties in common with

ppVDs as they contain the docking proteins, Pex13,

Pex14, and Pex17 [20,29]. However, this is not in line

with a model that proposes a crucial role of Pex19 in

the formation of ppVDs from the ER [19,20,26,37,38]

(Fig. 1). Purification of these vesicles and mass spec-

trometry analysis may shed further light on the critical

question whether these vesicles represent pER. Also, it

is important to know whether or not these structures

contain (minor amounts of) the RING proteins,

because this will further support the view that these

structures represent genuine peroxisomal membranes.

Importantly, recent data obtained with P. pastoris

pex3 and pex19 mutant cells indicate that the RING

proteins Pex10 and Pex12, but not Pex2, localize to

the same structure as the docking proteins [19].

According to this report, Pex3 and Pex19 are required

for ER sorting of the RING protein Pex2 [19]. Over-

produced Pex2 was observed to be equally distributed

over the entire cortical ER in P. pastoris pex3 and

pex19 cells, which led the authors to the conclusion

that Pex3 and Pex19 are required to concentrate Pex2

at the pER, prior to ppVR formation [19]. However, it

cannot be excluded that the ER localization is an arti-

fact caused by strong PEX2 overexpresssion. Remark-

ably, according to these authors, Pex19 binds Pex2

and is recruited by ER localized Pex3, resembling the

classical model for Pex19 and Pex3 function, except

that Pex3 and Pex19 localize to the ER instead of to

peroxisomes.

To summarize, vesicular tubular structures contain-

ing a subset of PMPs and sharing properties with

ppVDs occur in pex3 and pex19 mutants of different

yeast species. These membranes most likely represent

peroxisomal membranes. The occurrence of such mem-

branes is not in line with any of the current models of

Pex3/Pex19 involvement in PMP sorting (Fig. 1). Most

likely multiple PMP sorting pathways exist, of which

direct sorting via Pex3/Pex19 is crucial for a subset of

PMPs (including the RING proteins), whereas for

other PMPs (e.g., the docking proteins), an alternative

or a redundant pathway exists. This could also be the

reason why the levels of RING proteins, but not of

docking proteins, are strongly reduced in yeast pex3

and pex19 strains.

The origin of peroxisomal membrane
structures in pex3 and pex19 cells

Several observations favor the option that the PMP-

containing structures in pex3 and pex19 cells derive

from the ER. For instance, using double immunolabel-

ing experiments, Faber et al. [32] showed that an artifi-

cial, GFP-containing ER lumen marker also could be

detected in the proliferated membrane structures that

appeared in H. polymorpha pex3 cells producing

Pex31–50-GFP. However, additional biochemical evi-

dence is required to confirm this observation. More-

over, in peroxisome reintroduction experiments, Pex3-

GFP often localizes to the ER at the initial stages of

Pex3-GFP synthesis. However, possibly this represents

protein mislocalization caused by the rapid increase in

Pex3-GFP levels occurring at the first stage upon

induction of the strong promoters that are generally

used in these experiments (e.g., the S. cerevisiae GAL

promoter [18,39]).

Evidence has also been presented indicating that the

membrane vesicles in Pex3-deficient cells are the target

for newly introduced full length Pex3 or Pex31–50GFP/

Pex31–48GFP, instead of the ER (Table 1A; [30]). If

true, the Pex3 insertion machinery at these vesicles

may be rapidly saturated, causing mislocalization of

the remaining Pex3 protein to the ER, a well-described

phenomenon for overproduced membrane proteins

[36]. Similarly, upon shifting glucose-grown S. cere-

visiae pex3 cells to oleic acid-containing medium,
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Pex11-GFP protein levels rapidly increase and mislo-

calize to mitochondria [23,29]. Why this protein mislo-

calizes to the mitochondria is unknown. Intriguingly,

when H. polymorpha pex3 cells are shifted from glu-

cose to methanol-containing media, Pex11 is initially

observed at the ER [30].

In fact, mislocalization due to massive induction can

also be observed for matrix proteins. During the first

hours after a shift of Candida boidinii cells to peroxi-

some inducing conditions, peroxisomal matrix proteins

initially accumulate in the cytosol before being imported

(M. Veenhuis, personal communication). Likely, the

translocon is not immediately fully adapted to cope with

the massive matrix protein production.

At present, we cannot exclude the possibility that

upon reintroduction in pex3 cells, Pex3 first traffics to

the ER, but remains below the limit of detection at cer-

tain experimental conditions, for instance due to a short

transit time at the ER. Also, detailed studies in S. cere-

visiae showed that Pex3 has ER sorting information

along with an ER exit signal [40]. Furthermore, in vitro

experiments showed that human Pex3 can be co-transla-

tionally inserted into purified ER via the Sec61 translo-

con, while the N-terminal domain of human Pex3,

which is essential for sorting, is recognized by the signal

recognition particle [41]. These observations all demon-

strate that Pex3 is able to sort to the ER. However, this

does not mean that this is necessarily an intermediate in

the normal Pex3 sorting pathway.

Recent live cell imaging studies using S. cerevisiae

pex3 cells revealed that GFP-Pex14, produced under

control of the GAL promoter, initially appeared in a

spot at the ER upon induction of the GAL promoter.

This spot subsequently moved away from the ER,

pointing to the ER as source for Pex14-containing

membrane structures. However, because of the limited

resolution of FM, caution is required in the interpreta-

tion of these data [42].

Another argument in favor of the ER as the origin

of the membrane structures in pex3/pex19 cells comes

from in vitro vesicle budding assays using lysed proto-

plasts [38] or permeabilized yeast cells [37]. In these

experiments, PMPs egress from membranes present in

the crude lysate/permeabilized cells in a Pex19-, ATP-,

and temperature-dependent manner. The experiments

of Lam et al. [38] were designed based on the assump-

tion that the TA protein Pex15 accumulates in ER

membrane in S. cerevisiae pex19 cells. To facilitate the

detection of Pex15, the protein was tagged with GFP

at the N terminus. To monitor transit of Pex15

through the ER compartment, a short opsin tag, con-

taining a glycosylation site, was fused to the C termi-

nus of Pex15. FM indicated that, in WT cells, this

hybrid protein correctly localized to peroxisomes,

whereas in pex19 cells, it accumulated evenly dis-

tributed over the cortical ER and nuclear envelope

[38]. However, we recently observed that in S. cere-

visiae pex3 cells, overproduced GFP-Pex15, without a

C-terminal opsin tag, partially co-localizes with Pex14-

mCherry in membrane vesicles, but did not accumulate

at the cortical ER or nuclear envelope [29]. The same

may be true in S. cerevisiae pex19 cells. Hence, if true,

the opsin tag may have contributed to the ER localiza-

tion of the model protein. Careful comparison of the

localization of GFP-Pex15 with and without the small

opsin tag, produced under control of the same pro-

moter, in S. cerevisiae pex3 and pex19 cells is required

to understand these seemingly contradicting observa-

tions.

In vitro budding assays using permeabilized P. pas-

toris WT cells revealed that the RING protein Pex2

and the docking protein Pex17 are released upon addi-

tion of Pex19-containing cytosolic fractions and an

ATP regenerating system. These proteins did not

egress from permeabilized pex19 cells, whereas Pex17,

but not Pex2, egressed from permeabilized pex3 cells

[19,37]. These data suggest a role for Pex19 in the for-

mation of both ppVDs and ppVRs, whereas Pex3 is

only required for the formation of ppVRs. It should

be noted that so far there is no experimental proof

that the released PMPs derive from the ER, because

permeabilized cells are used. Vesicle budding experi-

ments using fractions highly enriched in ER mem-

branes and purified Pex19 protein are essential to fully

understand the outcome of these in vitro assays.

Using in vitro vesicle budding assays as well as

in vivo peroxisome reintroduction experiments, several

ER proteins have been implicated in (the regulation

of) peroxisome formation from the ER. Using a simi-

lar approach, the ESCRT-III complex was also impli-

cated in this process [26].

In in vivo reintroduction experiments, PEX3 or

PEX19 are placed under control of a tightly regulat-

able promoter. When this promoter is repressed, the

cells display the pex3 or pex19 phenotype, but normal

peroxisomes appear in these cells upon their induction.

Under these circumstances, peroxisomes are often

assumed to be formed from the (p)ER on the basis of

the assumption that PMPs accumulate at the pER in

pex3 and pex19 cells.

Endoplasmic reticulum proteins implicated in the

regulation of in vivo peroxisome reintroduction include

the reticulon homology domain-containing proteins

(RHPs) Rtn1, Rtn2, and Yop1 as well as the ER-loca-

lized peroxins Pex29, Pex30, and Pex31. The absence

of RHPs speeds up peroxisome formation, pointing to
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a role of ER architecture in this process [43–45]. Con-
versely, reappearance of peroxisomes is slowed down

by the absence of Pex30 or Pex31 [45]. In vitro vesicle

budding assays using permeabilized S. cerevisiae pex19

cells revealed that in the absence of RHPs, Pex29, or

Pex30, the release of Pex3 is enhanced [43]. For correct

interpretation of these experiments, it is critical take

into account that during repression of PEX3 or

PEX19, PMPs may accumulate at peroxisomal ghosts

instead of at the ER. If true, the kinetics of peroxi-

some reintroduction may represent the speed of matu-

ration of these ghosts into normal peroxisomes.

Similarly, when Pex3 localizes to peroxisomal ghosts

in the absence of Pex19, Pex3-containing vesicles may

release from these membranes during the in vitro bud-

ding assay.

ESCRT-III proteins have also been implicated in the

biogenesis of the peroxisomal membrane. ESCRT-III

is one of the five cytosolic complexes of the ‘Endoso-

mal sorting complexes required for transport

(ESCRT)’. ESCRT complexes are not only well known

for their role in the formation of intraluminal vesicles

in endosomes but also play a role in numerous other

processes. In in vivo peroxisome reintroduction experi-

ments using PEX19 under control of a repressable pro-

moter, peroxisomes appeared more slowly in the

absence of the ESCRT-III proteins Vps20 and Snf7

[26]. Also, a portion of Snf7 and the ESCRT-III pro-

tein Did4 partially co-localized with Pex3 at the initial

stage of PEX19 induction and in vitro vesicle budding

assays indicated that Snf7 and Vps20 are required for

the release of Pex3 from permeabilized S. cerevisiae

cells. Based on these observations, the authors propose

a model wherein Vps20 is recruited to the pER at sites

of vesicle formation, which in turn recruits Snf7 to

mediate budding of the vesicle from the ER. Although

ESCRT-III is typically involved in vesicle budding

away from the cytosol, this model proposed budding

toward the cytosol.

In conclusion, many lines of evidence support the

view that the PMP-containing structures in pex3 and

pex19 cells derive from the ER. However, this view is

predominantly based on transient localization of PMPs

at the ER, which could also be an artifact due to a

sudden rapid increase in the levels of these proteins.

Additionally, although ER proteins seem to regulate

the kinetics of peroxisomes or peroxisomal vesicles,

this is observed for the cytosolic ESCRT-III proteins

as well. Moreover, the absence of specific ER proteins

either stimulates or reduces peroxisome/peroxisomal

vesicle formation.

Possibly, in WT cells, a subset of the PMPs first

traffic to the ER (i.e., the docking proteins) and egress

in vesicles that fuse with preexisting peroxisomes.

These preexisting peroxisomes contain Pex3 that

together with Pex19 is responsible for insertion of

other PMPs according to the classical model (Fig. 1).

This model could explain why in the absence of Pex3/

Pex19, preexisting peroxisomes are absent, but vesicles

containing the docking proteins still bud off from the

ER. In this scenario, the vesicular structures observed

in pex3 and pex19 cells derive from the ER, but are

not pER and should also occur in WT cells.

Finally, the vesicular structures in pex3/pex19 cells

may be semiautonomous structures that grow and

divide, like for instance mitochondria. If true, they

should contain a functional fission machinery, be able

to expand by insertion of lipids and PMPs and segre-

gate over mother and daughter cells.

The role of Pex3 and Pex19 in direct
import of a subset of PMPs into
peroxisomes

As is clear from the above, a subset of PMPs (e.g., the

RING proteins) is extremely unstable in yeast pex3 or

pex19 cells. A likely explanation is that these PMPs

require Pex3 and Pex19 for direct insertion into the

peroxisomal membrane, in line with the classical model

of PMP sorting (Fig. 1).

Main arguments in favor of the classical model

include (a) the subcellular localization of Pex3 and

Pex19, (b) the chaperone function of Pex19, and (c)

the outcome of structural and binding studies.

Although several reports indicate that Pex3 plays a

role in peroxisome biogenesis at the ER, localization

studies of Pex3 (produced under control of the endoge-

nous promoter) invariably reveal an exclusively peroxi-

somal localization [18]. It can be argued that a minor

fraction of Pex3 may be localized to the ER, either

permanently (as proposed for its role in peroxisome

retention in S. cerevisiae [46]) or in transit to peroxi-

somes. However, a major role of Pex3 at the ER is dif-

ficult to reconcile with the observation that the bulk of

this peroxin localizes at the peroxisomal membrane.

Similarly, in all yeast species studied as well as in

mammals, the majority of Pex19 is cytosolic, whereas

a small proportion is present at peroxisomes [31,47–
50]. Importantly, the main site of Pex3–Pex19 interac-

tion in human fibroblasts is at peroxisomes [51].

Pex19, however, has so far not been reported to asso-

ciate to the ER. Based on this observation, a crucial

function of Pex19 at the ER seems debatable.

Pex19 has been proposed to act as a chaperone for

PMPs, supporting a function in the cytosol [7,11–13].
In line with this function are the observations that

465FEBS Letters 593 (2019) 457–474 ª 2019 Federation of European Biochemical Societies

R. L. M. Jansen and I. J. van der Klei Pex3 and Pex19: multitasking proteins



many PMPs are instable in yeast pex19 mutant strains

(see above).

Strong evidence in favor of the direct import model

also comes from structural studies on Pex3 and Pex19.

Importantly, all structural studies so far used human,

often truncated, PEX3 and/or PEX19. Therefore, care

should be taken when interpreting these findings and

translating them to yeast. Human PEX19 has a modu-

lar structure [13] containing an intrinsically disordered

N-terminal domain that interacts with PEX3 [13,52], a

central domain that competes with PEX5 and PEX13

for binding to PEX14 [53,54], and a folded C-terminal

domain that interacts with PMPs [13,52]. The C-term-

inal domain also contains a CaaX box [55,56] and

forms a three-helical bundle with an additional N-

terminal a-helix pointing away from it. It is this a-
helix that interacts with PMPs [57]. Farnesylation of

the CaaX box leads to conformational changes in

PEX19 and strongly increases its binding affinity for

multiple PMPs [58], a finding that is also reported for

the yeast S. cerevisiae [55]. In turn, cargo-bound

PEX19 has a higher PEX3-binding affinity than

unbound PEX19 [59]. Combined, these findings sug-

gest a pathway where farnesylated Pex19 acts as a

cytosolic receptor for newly synthesized PMPs and

shuttles them to Pex3 at the peroxisomal membrane.

There, PMPs are released from Pex19 and inserted via

an unknown mechanism into the membrane, concomi-

tant with a decrease in the binding affinity of Pex19

for Pex3, and releasing Pex19 back into the cytosol. It

is unknown what the function of the Pex14-binding

site within Pex19 is; however, a role for Pex19 in

assembly of the docking complex has been proposed

[54].

Interestingly, a recent study by Agrawal et al. [60]

demonstrated that a direct interaction between Pex3

and Pex19 is not absolutely essential for peroxisome

formation in P. pastoris nor was the main PMP bind-

ing domain of Pex19, located at its C terminus, essen-

tial. Cells producing truncated Pex19 lacking either the

N-terminal Pex3 binding site or C-terminal PMP bind-

ing site were able to grow on methanol, a process

requiring functional peroxisomes, although the cells

did display a delay in growth onset and enlarged per-

oxisomes [60]. This implies that the interactions of

Pex19 with Pex3 and with PMPs may aid PMP

import, but are not necessary.

An important argument in favor of a role of the

classical import model for some, but not all, PMPs is

the localized translation of mRNAs encoding a subset

of PMPs at the peroxisome, which has been proposed

to play a role in sorting of (peroxisomal) proteins [61–
63]. A single mRNA template can be used for multiple

rounds of translation. Therefore, an efficient way to

ensure proper PMP localization would be if its tem-

plate is already in the vicinity of the target membrane.

This is particularly interesting in the case of PMPs, as

many do not contain clear PTSs.

Most information on localization of PMP mRNAs

in yeast comes from two studies: a study investigating

co-localization of PMP mRNAs with the peroxisome

[63] and a global study using proximity-specific ribo-

some profiling to study whether mRNAs were enriched

at the ER or not [62] (see for an extensive review Ref.

[61]). Briefly, peroxisomal matrix proteins are most

likely translated in the vicinity of peroxisomes [61–63]
as has been shown for several of these proteins [63].

For localized translation of PMPs, however, findings

are less straightforward.

Zipor et al. [63] investigated co-localization of PMP

mRNAs with peroxisomes in vivo using m-TAG, a

technique where binding sites for the MS2 bacterio-

phage coat protein (MS2-CP) are inserted into the

gene of interest. This allows visualization of specific

PMP mRNAs by co-expression of GFP-tagged MS2-

CP, which results in the formation of GFP-labeled

RNA granules [64]. These authors found that, for sev-

eral PMPs (including PEX11, PEX12, PEX13, PEX14,

PEX15), the majority of the RNA granules co-loca-

lized with peroxisomes, while others showed less

(PEX3, PEX10, PEX27, PEX28, PXA1) or no (ANT1,

PEX2, PEX17, PEX22) co-localization [63]. Addition-

ally, in this study, 80% of the PEX3 mRNA granules

co-localized with the ER, in agreement with previous

studies from the same group [64,65]. As co-localization

with the ER was not tested for any other PMP

mRNA, it is unclear whether this is specific to PEX3.

Moreover, given the limited resolution of FM together

with the fact that peroxisomes can often be found in

proximity to the ER, which fills up a large part of the

cell [63], it is difficult to clearly distinguish between

localization at the ER and at peroxisomes.

Jan et al. [62] studied localized protein translation in

S. cerevisiae using proximity-specific ribosome profil-

ing. By tagging ER proteins with biotin ligase BirA

and ribosomal proteins with biotin acceptor peptide

Avi, a biotin pulse leads to specific biotinylation of

ribosomes in proximity of the BirA-tagged ER protein.

Subsequent pull-down of biotinylated ribosomes fol-

lowed by deep sequencing was used to identify pro-

teins translated at the ER. Using this approach, all

peroxisomal matrix proteins were found to be not co-

translationally enriched at the ER, that is, they are

translated at a different location in the cell. A subset

of PMPs (including Pex2, Pex3, Pex13, Pex17) was co-

translationally enriched at the ER, while another
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subset of PMPs (Pex11, Pex12, Pex14, Pex15, Pex25,

Pex27, Pxa1, Inp2) was not.

For most PMP mRNAs, both approaches resulted

in the same outcome, namely, that several PMPs are

synthesized close to peroxisomes (e.g., PEX11, PEX12,

PEX14, PEX15, PEX27, and PXA1), whereas others

are not (e.g., PEX2, PEX17) [61–63].
Some mRNAs were found both enriched at the ER

and co-localizing with peroxisomes (including PEX3).

This may be due to peroxisomes often being posi-

tioned close to the ER, making it difficult to clearly

distinguish between localized translation at ER or per-

oxisomes [63], particularly with the limited resolution

of light microscopy. The limited data available on

mRNA localization seem to suggest that mRNA traf-

ficking and localized translation play a role in PMP

sorting. Importantly, not all PMPs behave the same,

suggesting that different PMP sorting pathways exist.

Alternative functions of Pex3 and
Pex19

Pex3 and Pex19 have not only been implicated in PMP

sorting, but also in several other processes, including

other pathways directly related to peroxisomes but

also seemingly less related processes, such as sorting of

certain membrane proteins to lipid droplets (LDs) and

the ER. An overview of these alternative functions is

presented in Table 2.

Autophagy

Pex3 has been implicated not only in pexophagy, the

selective autophagy of peroxisomes, but also in other

forms of autophagy. Pex3 was first implicated in pex-

ophagy in methylotropic yeast species [66–68]. Selective
autophagy requires receptor molecules on the target

structure that recruit a scaffold protein (Atg11 in pex-

ophagy), which in turn connects the receptor–adaptor
complex with the core autophagy machinery [69]. In

P. pastoris and S. cerevisiae, Pex3 recruits the pex-

ophagy receptors, Atg30 [67] and Atg36 [70], respec-

tively, to the peroxisomal membrane. Both receptors

physically interact with Atg11 [67,70]. Interestingly,

Pex3 has a different role in H. polymorpha pexophagy,

where initiation of pexophagy requires the removal of

Pex3 [66] via the ubiquitin proteasome pathway [71]. In

mammalian cells, PEX3 has also been implicated in pex-

ophagy [72].

In addition to its involvement in pexophagy, Pex3

and several other peroxins have been implicated in

other forms of autophagy in mammalian cells. Knock-

down (KD) experiments using HeLa cells revealed that

PEX3 and PEX13 are required for mitophagy [73,74]

and virophagy [73,74], while PEX14 and PEX19 are

required for general autophagy [74]. Whether this is

also the case in yeast has not yet been investigated.

Peroxisome inheritance

Eukaryotic cells have developed elaborate mechanisms

to ensure proper inheritance of organelles during each

subsequent round of division [46]. Cell division in bud-

ding yeast species (S. cerevisiae, H. polymorpha, P. pas-

toris) occurs asymmetrically, with a growing bud

forming on the mother cell. As such, a portion of the

organelle population needs to be retained in the mother

cell, while another portion should be actively trans-

ported to the bud [46]. Peroxisomes are transported

along actin filaments driven by the motor protein

Myo2. Pex3 plays an important role in peroxisome

retention by recruiting the peripheral membrane protein

Inp1, which is crucial for peroxisome retention, to the

organellar membrane [75]. In addition, Inp1 is proposed

to associate with ER-localized Pex3 at the cell cortex

[46]. This function of Pex3 is independent from its role

in peroxisome biogenesis [75].

Direct interaction of Inp2 with Myo2 leads to per-

oxisome segregation to the bud [76]. Pex19 contributes

to this association [77]. Interestingly, Inp1 selectively

associates with older peroxisomes, while Inp2 preferen-

tially binds to younger organelles [78].

The yeast Y. lipolytica contains a paralog of Pex3,

called Pex3B. In contrast to ScPex3, both YlPex3 and

YlPex3B bind to class V myosin MyoV, thereby con-

tributing to transport of peroxisomes to buds [34].

YlPex3p and YlPex3Bp both interact with ScMyo2,

while ScInp2 interacts with YlMyoV [34], suggesting

that YlPex3 and YlPex3B are the functional equivalent

of ScInp2 [34].

Formation of lipid droplets

Lipid droplets are dynamic organelles that store neu-

tral lipids for energy generation or membrane synthesis

[79]. LDs and peroxisomes play essential and comple-

mentary roles in lipid metabolism and close physical

associations between LDs and peroxisomes have been

observed in yeast [80], plant [81], and mammalian cells

[82]. Interestingly, deletion of PEX3 in S. cerevisiae

leads to smaller and fewer LDs and altered LD com-

position compared to WT controls [83], although it is

not known whether this is caused by the absence of

fully functional peroxisomes or the lack of Pex3 specif-

ically. The latter seems attractive, as peroxisomes and

LDs share some of their membrane protein targeting

467FEBS Letters 593 (2019) 457–474 ª 2019 Federation of European Biochemical Societies

R. L. M. Jansen and I. J. van der Klei Pex3 and Pex19: multitasking proteins



Table 2. Alternative functions of Pex3 and Pex19. MEFs, mouse embryonic fibroblasts.

Function Organism Interaction partner Remarks Reference

(A) Alternative Pex3 functions

Pexophagy Hansenula polymorpha Unknown Pex3p degradation is required for initiation

pexophagy

[66]

Pichia pastoris Atg30 Atg30 overexpressed [67]

Saccharomyces cerevisiae Atg36 PEX3 allele isolated specifically resistant

to pexophagy and unable to recruit

Atg36, but able to complement Dpex3

phenotype and bind Inp1 and Pex19

[70]

Mammalian cell lines (CHO-K1,

HeLa, and MEFs)

Unknown PEX3 overexpression induced NBR- and

ubiquitin-mediated pexophagy

[72]

P. pastoris Atg30 Atg30p is recruited to peroxisomes and

binds to Pex3p

[68]

Other types of autophagy

Mitophagy Mammalian cell line (HeLa) Unknown siRNA-mediated KD of PEX3 inhibits

mitophagy

[73,74]

Virophagy Mammalian cell line (HeLa) Unknown siRNA-mediated KD of PEX3 inhibits

virophagy

[73]

Peroxisome inheritance

Peroxisome

retention

S. cerevisiae Inp1 Inp1 binds Pex3 to retain peroxisomes in

mother cell. PEX3 alleles identified

specifically unable to retain peroxisomes

in mother cell, but able to form import-

competent peroxisomes

[75]

S. cerevisiae Inp1 Inp1 bridges peroxisome-bound Pex3 and

ER-bound Pex3

[46]

Peroxisome

segregation

Yarrowia lipolytica (Pex3 and

paralog Pex3B)

MyoV and ScMyo2 Pex3 paralog Pex3B acts as peroxisomal

receptor for class V myosin MyoV, Pex3

can also interact with this receptor

[34]

LD formation S. cerevisiae Unknown Dpex3 cells have smaller and fewer LDs

than WT cells, and on average shorter

fatty acid chains on phospholipids and

TAGs

[83]

Sorting of specific membrane proteins to ER

LD-bound proteins Mammalian cell line (HeLa

Kyoto) and in vitro

UBXD8 UBXD8 requires PEX3 and PEX19 for

targeting to and insertion into the ER

[84]

RHD-containing

proteins

Mammalian cell line (HeLa) Arl6IP1 PEX3 and PEX19 post-translationally sort

RHD-containing proteins to the ER

[89]

Shielding of Pex15p

from degradation

S. cerevisiae Pex15 Pex3 protects Pex15 from degradation by

Msp1

[95]

Peroxisome–vacuole

contact sites

H. polymorpha Unknown Under peroxisome-inducing conditions,

Pex3 forms at peroxisome–vacuole

contact sites

[96]

(B) Alternative Pex19 functions

Peroxisome inheritance

Peroxisome

segregation

S. cerevisiae Myo2 Pex19 interaction with Myo2 is required

for peroxisome inheritance to the bud

[77]

Sorting of proteins

dually localized to

mitochondria and

peroxisomes

S. cerevisiae Fis1 Gem1 Pex19 facilitates targeting to mitochondrial

outer membrane and peroxisome

[93]

Mammalian cell line (COS-7) hFis1 Targeting of hFis1 to peroxisomes is

PEX19-dependent and independent of

targeting to mitochondria

[94]

Sorting of specific

membrane proteins

to ER

Mammalian cell line (HeLa

Kyoto) and in vitro

UBXD8 UBXD8 requires PEX3 and PEX19 for

targeting to and insertion into the ER

[84]

Mammalian cell line (HeLa) Arl6IP1 PEX3 and PEX19 post-translationally sort

RHD-containing proteins to the ER

[89]
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machinery in mammalian cells [84]. In mammalian

cells correct sorting of UBXD8, a hairpin protein

localized to both the ER and LD membrane, requires

Pex3 and Pex19 [84]. Interestingly, farnesylation of

Pex19 is essential for correct sorting of UBXD8, even

though in the same cells it is dispensable for sorting of

the PMP PMP70 [84].

De novo LD biogenesis takes place at the ER, where

production of neutral lipids leads to their accumula-

tion within the ER bilayer, initially leading to forma-

tion of an oil lens [85]. On accumulation of sufficient

lipids, a droplet surrounded by a phospholipid mono-

layer emerges at the cytosolic side and may separate

from the ER [85]. Interestingly, in S. cerevisiae, Pex30-

containing ER subdomains that have been proposed

to be involved in budding of PMP-containing vesicles

from the ER have been shown to also be the regions

where LDs are formed, suggesting a link between per-

oxisome and LD biogenesis [42,45] (see Ref. [86] for a

more detailed review). Despite being localized at the

ER, S. cerevisiae Pex30 has been previously reported

to interact with Pex19 [87]. Additionally, several LD

proteins have been reported to interact with Pex3 and

Pex19 in S. cerevisiae [88].

Sorting of reticulon homology domain-

containing proteins to the ER

The mammalian reticulon homology domain (RHD)-

containing protein Arl6IP1 can be post-translationally

sorted to the ER in a PEX3-/PEX19-dependent pathway

[89]. Sorting of Arl6IP1 is not abolished completely upon

PEX19 KD, in contrast to sorting of the LD protein

UBXD8, for which PEX3 and PEX19 are essential [84].

Both UBXD8 and Arl6AP1 can be sorted via a post-

translational PEX3-/PEX19-dependent pathway. More-

over, both proteins are destined for the ER and contain

hairpin domains. Hence, it is tempting to speculate that

this PEX3-/PEX19-dependent pathway provides a more

general mechanism for hairpin-containing proteins to

sort to and insert into the ER post-translationally.

Dual targeting of TA proteins to peroxisomes

and mitochondria

Several TA proteins exhibit dual targeting to peroxi-

somes and mitochondria. Pex3 and Pex19 are involved

in sorting of TA proteins to peroxisomes (e.g., Pex15

[90–92], Fis1 [93], Gem1 [93]). Recently, Cichocki et al.

[93] demonstrated that, in S. cerevisiae, Pex19 associ-

ates with both peroxisomes and mitochondria and

plays a role in sorting dually targeted Fis1 and Gem1

both to peroxisomes and mitochondria. Mammalian

Fis1 sorting to peroxisomes has also been demon-

strated to depend on PEX19, but mitochondrial Fis1

targeting is independent of PEX19 [94].

Another protein dually targeted to peroxisomes and

mitochondria is Msp1, a quality control protein. When

Pex15 is mistargeted to mitochondria, it is rapidly

removed by Msp1. Since Msp1 is present on both per-

oxisomes and mitochondria, there needs to be a mech-

anism by which correctly targeted Pex15 evades Msp1.

Indeed, Pex15 interacts with Pex3, shielding Pex15

from removal by Msp1 [95].

Vacuole–peroxisome contact sites

Recent studies in H. polymorpha revealed that, at con-

ditions of rapid expansion of the peroxisomal mem-

brane, extensive contacts are formed with vacuoles

[96]. FM revealed that, under these conditions, Pex3-

GFP accumulates in patches at peroxisome–vacuole
contacts. Moreover, overproduction of Pex3 at growth

conditions where peroxisome–vacuole contacts do not

normally occur (glucose; peroxisome repressing condi-

tions) resulted in the formation of peroxisome–vacuole
contacts. These observations suggest that Pex3 plays a

direct role in the formation of these contacts. Possibly,

Pex3 interacts directly with proteins or lipids of the

vacuolar membrane. Direct interaction of Pex3 with

vacuolar membrane lipids may explain the observation

that the cytosolic soluble domain of Pex3 has affinity

for lipids [97]. Alternatively, Pex3 may recruit another,

yet unknown, protein that is required for tethering

peroxisomes to vacuoles.

Pex3 structure in relation to multiple functions

The multitude of processes in which Pex3 has been

implicated may be explained by its structure. The

cytosolic C-terminal domain of mammalian Pex3 forms

a large helical bundle [98,99] containing three highly

conserved regions [98]. The first is a well-conserved

groove on the membrane-distal end that is crucial for

Pex19 interaction [98–100]. Another region lies close to

the membrane and contains several large exposed

hydrophobic residues [98]. This region may functionally

interact with certain peroxisomal [98] or other proteins

and has been speculated to play a role in PMP import

[100] as mutations in this region lead to reduced ability

to reconstitute peroxisomes in PEX3-deficient cells

[100]. A third, slightly less conserved Pex3 region lies at

the base of the Pex3 bundle and has a strong negative

potential due to a number of acidic residues, some of

which are highly conserved across eukaryotic species,

but not in yeast [98]. The function of this region is
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unknown. However, since this region is not present in

yeast, it is tempting to speculate that this region inter-

acts with PEX16, a peroxin involved in peroxisome bio-

genesis in higher eukaryotes, filamentous fungi, and the

yeast Y. lipolytica, which is absent in other yeast species

[101]. A hypothetical model of P. pastoris Pex3 was cre-

ated by Burnett et al. [68], who also identified a novel

pexophagy-specific domain. The many different pro-

tein-binding regions found on the large bulky cytosolic

domain of Pex3 support the notion that Pex3 may act

as a signaling hub (as proposed by Ref. [68]) in a range

of disparate processes.

Concluding remarks

Although initially identified as key proteins in peroxiso-

mal membrane biogenesis, it is now clear that Pex3 and

Pex19 fulfill multiple functions in peroxisome biology.

As a consequence, the phenotype of yeast PEX3 and

PEX19 deletion strains is the result of a block in many

processes, including autophagy, peroxisome retention,

and the formation of peroxisome–vacuole contact sites.

Moreover, recent data indicate that Pex3 and Pex19 also

fulfill functions for other organelles, including lipid bod-

ies, ER, and mitochondria, making the interpretation of

mutant phenotypes even more complex.

During the last 25 years, many, seemingly contrast-

ing, data have been reported for the roles of Pex3 and

Pex19 in PMP sorting. Recent studies have revealed that

some contradictions can be explained by the use of dif-

ferent PMPs as marker proteins. The current data indi-

cate that for sorting of some PMPs Pex3 and Pex19 are

essential, whereas for others, these peroxins are redun-

dant. Hence, at least two, but likely multiple PMP sort-

ing pathways exist. Having identified only two of the

proteins involved, Pex3 and Pex19, much further work

needs to be done to understand the molecular mecha-

nisms involved in PMP sorting and insertion.

Peroxisomal membrane protein sorting via the ER

also results in vesicular transport of membrane lipids

from the ER to the peroxisomal membrane and as

such explains how this membrane can grow. However,

several studies indicated that lipids could also reach

the peroxisomal membrane via non-vesicular transport

[102], most likely at membrane contact sites [103,104].

Understanding the molecular mechanisms in lipid

transport to peroxisomal membranes is a still relatively

unexplored topic that urgently needs further attention.

Much of what we know today is the result of the

in vivo analysis of protein localization by FM. Recent

data showed that the limited resolution of this tech-

nique can easily lead to misinterpretation. Electron

microscopy, including correlative light and electron

microscopy as well as electron tomography, is urgently

needed to better determine at which structures specific

marker proteins are localized. In addition, it is crucial

to try to reconstitute PMP sorting in vitro using puri-

fied components. As we learn more and more about

Pex3 and Pex19, it is becoming increasingly clear that

they are truly multitasking proteins and much still

remains to be discovered regarding their exact roles in

peroxisomal membrane biogenesis and potential

involvement in other processes.
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