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Abstract  

Peroxisomes are cell organelles which are present in almost all 

eukaryotic cells. They play a role in wide range of metabolic pathways. These 

organelles are highly dynamic, their number and enzymatic content adapt to 

changes in environmental conditions. New peroxisomes can be formed either by 

fission of existing organelles, or de novo from the ER. Next, the organelle needs 

to incorporate lipids and proteins in order to mature. Finally, during yeast cell 

division peroxisomes need to be distributed over mother and daughter cell. All 

these processes are tightly regulated and require different sets of proteins. This 

contribution presents recent advances on peroxisome proliferation, membrane 

and matrix protein import and peroxisome inheritance.  
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1. Introduction 

Since the discovery of peroxisomes in 1954 by Rhodin (1), these 

organelles have been studied extensively. Peroxisomes are ubiquitous single 

membrane bound organelles that have a proteinaceous matrix, which consists of 

a wide variety of enzymes. Peroxisomes have the ability to adapt to changes in 

environmental conditions by modifying their number, size and enzyme content 

and thus may be involved in a variety of metabolic pathways. Generalized 

functions include the beta oxidation of fatty acids and detoxification of hydrogen 

peroxide in conjunction with specialized functions as the metabolism of unusual 

carbon and nitrogen sources like D-amino acids, purines and methanol in fungi, 

synthesis of plasmalogen in humans, photorespiration in plants and penicillin 

biosynthesis in fungi (2-6).  

The importance of proper peroxisome function and maintenance is 

undeniable. This is emphasized by the existence of two groups of human 

diseases, which are caused by dysfunctional peroxisomes, namely the 

peroxisome biogenesis disorders (PBDs) and the single peroxisomal enzyme 

deficiencies. PBDs are caused by mutations in genes essential for peroxisome 

biogenesis (PEX), which result in defects in the formation of peroxisomes. The 

most severe PBD is Zellweger syndrome, which causes impaired brain 

development, liver dysfunction, progressive hearing loss, retinopathy and is 

often lethal (7). In contrast to humans, mutations in PEX genes in yeast are not 

lethal. This renders these organisms ideal for studies on peroxisome biology.  

The origin of peroxisomes is under debate. At first, peroxisomes were 

believed to be autonomous organelles, which are formed from pre-existing ones. 

However, recent advances suggested that peroxisomes can also derive from the 

endoplasmic reticulum (ER) (8). The contribution of these two pathways to the 

actual peroxisomal population in a cell seems to differ between organisms and 

tissues. For example, in yeast it was observed that only in cells devoid of pre-

existing peroxisomes these organelles are formed de novo from the ER (9, 10). 

Despite extensive research, there are still many questions that have to be 

answered in order to understanding the molecular mechanisms of peroxisome 
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formation and proliferation. In this chapter an overview is presented on our 

current knowledge on these mechanisms. 

 

2. Peroxisome formation 

During cell duplication, the cellular content has to be carefully 

multiplied and distributed over the mother and daughter cell. Like mitochondria 

and chloroplasts, also peroxisomes multiply by division of pre-existing 

organelles. However, recent studies revealed that in cells lacking peroxisomes, 

the organelle can be formed de novo from ER. This finding changed the view on 

peroxisome multiplication. Since then, the focus has been on the understanding 

of the actual contribution of both pathways to generate and maintain an optimal 

peroxisome population in a cell.  A model showing both peroxisome formation 

pathways is depicted in Fig. 1.   

 

2.1 Division of peroxisomes 

In Saccharomyces cerevisiae wild-type cells peroxisomes are formed 

mainly by division of pre-existing ones (9, 11). Moreover, most likely 

peroxisomes, which are formed de novo, develop solely in cells lacking these 

organelles i.e. due to a defect in inheritance. Similar studies were performed in 

Hansenula polymorpha by Nagotu et al (10). In the current model of 

peroxisome division a small peroxisome is formed from an existing, mature 

organelle. The process of peroxisome division consists of 3 main steps namely 

peroxisome elongation, constriction and the final fission step each involving 

different sets of proteins (detailed in Fig. 1). So far, no proteins have been 

identified that are responsible for the constriction process. Next, the new 

peroxisome incorporates lipids and proteins, which allow it to grow into a 

mature organelle.  
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Fig. 1. Model of peroxisome proliferation in yeast.  
Some peroxisomal membrane proteins (PMPs) accumulate at a specialized region of the ER. Next, a 
vesicle, or two different types of vesicles (indicated by dashed line), containing PMPs bud off from 
the ER. In case of two different types of vesicles these fuse with each other to form a nascent 
peroxisome. Subsequently, peroxisomal matrix proteins are imported into the organelle. The 
peroxisome grows in size and becomes a mature organelle. At the start of the fission process, a 
mature peroxisome forms an extension, which depends on Pex11. After constriction, the fission 
machinery (Dnm1, Fis1, Mdv1, and Vps1) asymmetrically divides the peroxisome into a large and 
small organelle.  

 

In Yarrowia lipolytica the signal to initiate peroxisome fission comes 

from the organelle matrix and is regulated via the interaction between acyl-CoA 

oxidase (AOX) and the PMP Pex16 which negatively regulates peroxisome 

proliferation. YlPex16 was shown to be a peripheral membrane protein located 

at the luminal site of the membrane, which binds lysophosphatidic acid (LPA). 

During growth, enhanced numbers of matrix components, along with AOX, are 

imported into the peroxisome. Upon organelle maturation, AOX specifically 

binds to Pex16. This interaction weakens the ability of Pex16 to bind LPA, which 

in turn enables specific enzymes to convert LPA into phosphatidic acid (PA) and 
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diacylglycerol (DAG). This, in fact, generates asymmetry in the composition of 

the peroxisome membrane and allows changing the curvature of the membrane 

which is crucial as it is the first step of peroxisome fission (12). Possibly, this 

mode of peroxisome fission is specific for Y. lipolytica as most yeast species lack 

Pex16. Pex16 does however occur in plants and mammals. In  mammals, Pex16 

seems to function in peroxisomal membrane formation as it has been proposed 

to serve as a Pex3-Pex19 receptor (13). In line with this model, mammalian 

pex16 cells are completely devoid of peroxisome structures, whereas fungal 

pex16 cells still contain peroxisomes that are able to import matrix proteins (14). 

This suggests that the role of Pex16 may vary among species. 

Pex11 is the most abundant peroxisome membrane protein (15) and was 

the first protein described as being involved in peroxisome division. Typically, 

cells lacking PEX11 show decreased peroxisome numbers in all organisms 

studied so far. Moreover, overexpression of this gene leads to massive organelle 

proliferation. Experiments to determine the topology of Pex11 resulted in 

different conclusions. Most experimental data indicate that Pex11 is an integral 

membrane protein (15, 16) with both termini facing the cytosol, suggesting that 

the protein contains at least two membrane spans. However, it was proposed 

that C-terminus of Arabidopsis thaliana Pex11a faces the cytosol while the N-

terminus is located in the matrix  of the peroxisome (17). Moreover, S. 

cerevisiae Pex11 was suggested to represent a peripheral membrane protein (18, 

19). Given the strong conservation it is unlikely that the topology of Pex11 varies 

in different species.  

In an elegant study, Opalinski et al (14) showed the existence of a 

conserved amphipathic helix in the N-terminus of fungal Pex11. Peptides 

resembling this region from different species were able to tubulate small 

unilamellar vesicles in vitro. This property was confirmed in vivo and 

convincingly showed that both features of this region of Pex11, namely the 

amphipathic nature and helix structure, are essential for this function of Pex11 

(16, 20). Therefore, Pex11 plays a crucial role in the initial curvature of the 
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peroxisome membranes and thus in the first step of the organelle division 

process. 

Little is known, however, about the regulation of Pex11. Studies in T. 

brucei, S. cerevisiae and H. sapiens suggested that homo-dimerization of Pex11 

may trigger its activation (15, 16, 19). Recent advances in S. cerevisiae and 

Pichia pastoris showed that the function of Pex11 might be regulated by 

phosphorylation. In S. cerevisiae the role of phosphorylation of Pex11 was 

studied using phosphomimicking mutants which influenced peroxisome 

formation. A mutant strain producing constitutively dephosphorylated Pex11 

contained enlarged and clustered peroxisomes while a mutant producing a 

mutant variant mimicking  phosphorylated Pex11  showed massive peroxisome 

proliferation (21, 22). Moreover, the localizations of constitutive phosphorylated 

and dephosphorylated Pex11 to the peroxisomes and ER were affected. 

However, the serine residue which was predicted to be the target for this 

phosphorylation is not very well conserved among species. In P. pastoris the 

phosphorylation of Pex11 was suggested to influence the ability of Pex11 to bind 

Fis1, a tail-anchored protein involved in peroxisome fission. However, the 

phosphorylation site was observed in the internal loop of Pex11. This implies 

that the phosphorylation of Pex11 should occur inside the peroxisome. However, 

neither kinases nor phosphatases have yet been identified in these organelles. It 

remains unclear whether the regulation of Pex11 via phosphorylation also exists 

in other species.  

After formation of the peroxisome tubule and membrane constriction by 

a yet unknown mechanism, proteins of the Dynamin-Like Protein (DLP) family 

perform the final fission step of the organelle. The DLPs play a role in cellular 

membrane fusion and fission processes. Dynamins contain 5 domains namely a 

large GTPase Domain, a Middle Domain (MD), a Plekstrin Homology domain 

(PH), a GTPase Effector Domain (GED) and a Proline Rich Domain (PRD). 

Dynamin-like proteins (DLPs), however, lack the PH and PRD domains. (23). 

Interestingly, in most species peroxisomes and mitochondria share the same 

fission machinery. Dnm1 in yeasts (24), Drp1 in humans (25) or DRP3A (26) 
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and DRP5b (26) in plant belong to the DLPs (24, 25). These proteins are 

recruited from the cytosol to the target membrane (mitochondrial or 

peroxisomal), where it assembles into an oligomeric complex. This complex 

forms a ring surrounding the tubular membrane and performs the constriction 

and final fission of an organelle. Deletion of DNM1 in the yeast H. polymorpha 

causes a defect in fission of both peroxisomes and mitochondria. In these cells 

mitochondria are collapsed and cannot form typical networks as in wild-type 

cells. In addition, peroxisome division is hampered and thus the organelle 

number drastically decreases. In yeast Dnm1 binds to Fis1, a tail-anchored 

protein, via the adaptor proteins Caf4 (only in S. cerevisiae) and Mdv1 (27). In 

mammals and plant, Fis1 binds directly to the Drp’s (28). 

Interestingly, Dnm1 is able to form a ring around a tubular membrane 

structure in vitro, however, the diameter of this tubule is much smaller than a 

diameter of, for example, a mitochondrion. Therefore, it is crucial to first 

constrict an organelle prior the formation of the dynamin ring. In S. cerevisiae, 

the sites for the mitochondrial division are marked by ER tubules which wrap 

around mitochondria. It is thus tempting to speculate that these tubules actively 

constrict mitochondria before the assembly of the dynamin ring (29). Since 

division of peroxisomes and mitochondria shares similarities, it is possible that 

ER-peroxisome contact sites play a similar role in the process of peroxisome 

fission. 

Recently, a peroxisome-dividing (POD) machinery of Cyanidioschyzon 

merolae, a unicellular red alga containing a single peroxisome, was 

characterized. This machinery comprises of two rings: a dynamin-based ring 

and a filamentous ring of unknown composition. The dynamin based ring 

consists of Dnm1 and amorphous strings. These rings encircle the peroxisome 

and during fission decrease their diameters. Finally the dynamin-based ring 

pinches off the two daughter peroxisomes. These findings stress the importance 

of Dnm1 in the constriction of the POD machinery (30).  

In S. cerevisiae, in addition to Dnm1 another DLP, Vps1, is also involved 

in peroxisome fission. Vps1 was initially identified as a component involved in 
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Vacuolar Protein Sorting. Interestingly, Vps1 acts independently of Fis1, Mdv1 

and Caf4 (27). Recently, another protein involved in mitochondrial fission 

(mitochondrial fission factor, Mff) was shown to also be involved in Pex11-

dependent peroxisome fission in humans (28).     

 

2.2 Formation of peroxisomes from the ER 

Over the past few years evidence accumulated supporting the 

involvement of the ER in peroxisome assembly. For example, in Y. lipolytica the 

PMPs Pex2 and Pex16 are N-glycosylated. Since N-glycosylation only occurs in 

the ER lumen, both PMPs have had to travel via the ER before reaching the 

peroxisome (31). Moreover, a growing number of PMPs are found on the ER at 

specific conditions (32). Finally, mutants lacking peroxisome structures (pex 

mutants), like yeast pex3 or pex19 strains, can form new peroxisomes de novo 

from the ER upon re-introduction of the corresponding gene. In pex3 cells re-

introduced Pex3 is suggested to travel via the ER where it subsequently 

concentrates in spots, which are the target for other PMPs and matrix proteins 

to developing functional organelles (33, 34).  

Recently, Pex25, a PMP of the Pex11 protein family, was identified as the 

first protein involved in peroxisome de novo formation. Cells lacking this 

protein in H. polymorpha and baker’s yeast still have peroxisomes in which 

matrix proteins are imported (35). Moreover, H. polymorpha cells lacking both 

PEX11 and PEX25 are devoid of peroxisome structures. Furthermore, upon re-

introduction of PEX3 in pex3 pex25 cells, formation of peroxisomes was blocked 

which clearly shows that Pex25 plays a crucial role in de novo peroxisome 

formation from the ER. However, the principles of this mechanism are yet 

unknown (36).  

Recent findings of van der Zand et al (37) suggest that in S. cerevisiae 

pex3 cells two classes of ER-derived vesicles are formed upon re-introduction of 

PEX3. One of these contains proteins of the docking complex (Pex13, Pex14, 
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Pex17) in conjunction with a second class that contains members of the RING-

finger complex (Pex2, Pex10, Pex12). After release from the ER, both types of 

vesicles fuse, dependent of Pex1 and Pex6, to form pre-peroxisomes. Upon 

fusion, the importomer, which consists of both complexes connected through 

Pex8, is assembled to allow import of matrix components. (37). Initially, Pex1 

and Pex6 were shown to be involved in matrix protein receptor (Pex5) recycling. 

This suggests that Pex1 and Pex6 serve multiple functions in peroxisome 

development as shown before for other peroxins, i.e. Pex11, which also plays a 

role in peroxisome retention. However, fusion of two membranes in the cell 

requires a number of specialized proteins, for example SNARE proteins, and is 

tightly regulated. Hence, studies on the involvement of SNARE proteins in 

peroxisomes biogenesis could greatly increase our knowledge on this topic. 

Furthermore, it is still unclear whether fusion between peroxisome vesicles 

functions in wild-type cells and if it is conserved among species. 

Additional evidence for a role of the ER in peroxisome biogenesis came 

from in vitro assays. The assay developed by the Schekman group uses 

microsomes isolated from pex19 cells. These important in vitro studies revealed 

that Pex15 and Pex3 concentrate in vesicles which bud off from the ER. Also, 

this vesicle formation process was dependent on Pex19, ATP and other yet 

unknown cytosolic factors (38) but not of Pex3 (39). According to van der Zand 

et al. Pex15 localizes to only one type of vesicles with Pex3 being present on both 

types (37). This suggests that the in vitro studies (38) only generated one type of 

pre-peroxisomal vesicles. This raises the question whether peroxisome 

development indeed requires one type of pre-structure or whether other factors 

are needed for the formation of the second one, proposed by van der Zand et al. 

(37). 

Obviously, de novo formation of peroxisomes requires a template 

membrane. Recent studies revealed that not only the ER but also mitochondria 

may serve as template for peroxisome de novo synthesis This phenomenon was 

observed when Pex3 was artificially targeted to mitochondria in pex3 cells (40). 
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Therefore, the localization of Pex3 may dictate the template for the new 

organelle. 

 

2.3 Other protein involved in peroxisome proliferation 

Cells constantly adapt to changes in environmental conditions. 

Therefore, a tight regulation of peroxisome numbers is crucial. It is therefore 

not surprising that peroxisome proliferation is controlled by various proteins. Of 

these, the Pex11 family proteins are best studied. Generally, organism have 

various isoforms of Pex11, stressing their importance in controlling organelle 

numbers. S. cerevisiae contains four Pex11 proteins namely Pex11, Pex25, Pex27 

and Pex34. Of these, Pex11 is the key factor in peroxisome proliferation as 

manipulation of Pex11 levels directly influences organelle numbers (41). Pex25 

was recently shown to be involved in the formation of peroxisomes from the ER. 

Pex27 is a peripheral membrane protein which controls peroxisome size and 

number. Cells lacking PEX27 have enlarged and fewer organelles than wild type 

cells. Moreover, Pex27 interacts with Pex25. Interestingly, Pex27, Pex25 and 

Pex11 were also shown to self-interact (42). Pex34 was recently described by 

Tower et al (43). It is a PMP which affects peroxisome numbers; moreover, it 

can interact with either the other Pex11 proteins or with itself. Other yeast 

species contain Pex11C, another isoform of Pex11. The role of this protein is, 

however, unknown (44). Plants usually have 5 Pex11 isoforms (Pex11a through 

Pex11e). Humans contain three isoforms of Pex11 namely α, β and γ. Pex11α is 

suggested to be involved in peroxisome proliferation in response to changes in 

environmental conditions. In contrast, Pex11β is responsible for constitutive 

peroxisome proliferation. The role of Pex11γ needs to be established. 

Another protein family involved in peroxisome proliferation is the 

Pex23 family which is present only in lower eukaryotes. Pex23 was first 

discovered in Y. lipolytica (45). Further studies revealed homologues of this 

protein in other species. S. cerevisae contains three proteins of this family, 

termed ScPex30, ScPex31 and ScPex32 (46). ScPex30 is a homologue of 
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YlPex23. H. polymorpha has two Pex23 family proteins namely HpPex23 (a 

homologue of YlPex23) and HpPex32 (homologue of ScPex32). In P. pastoris  

also two members of the Pex23 protein family are present, PpPex30 is a 

homologue of YlPex23 and PpPex31 of ScPex31 (44). Analysis of Pex23 family 

proteins sequences showed that they contain a dysferlin motif the function of 

which is yet unknown.  

The function of Pex23 seems to vary among species. In Y. lipolytica cells 

lacking PEX23, peroxisome matrix proteins are mislocalized to the cytosol while 

the cells still have vesicles containing PTS1 and PTS2 proteins. In this organism 

Pex23 is localized to the peroxisomal membrane (45). On the other hand, in S. 

cerevisiae and P. pastoris Pex30 seem to localize to both peroxisomes and ER. 

Deletion of PEX23 in baker’s yeast results in an increase in peroxisome numbers 

and does not influence matrix protein import (46, 47). In P. pastoris pex30 cells 

a reduction in peroxisome number was observed in cells grown on oleic acid, but 

not in methanol-grown cells. Recently, ScPex30 was shown to be involved in the 

formation of putative peroxisome-ER contact sites. Moreover, a role in de novo 

peroxisome formation of ScPex30 was suggested (47). 

The Pex24 protein family also influences peroxisome numbers. This 

family consists of Pex24 (ScPex28) and Pex29. Pex24 was first described in Y. 

lipolytica where it was shown to be an integral peroxisome membrane protein. 

Cells devoid of PEX24 failed to form functional organelles. Instead, some 

peroxisome membrane structures, which are unable to import both matrix and 

membrane peroxisome proteins, could be observed (48). Later studies revealed 

homologues of YlPex24 in S. cerevisiae, named Pex28 and Pex29. These 

proteins were shown to influence peroxisome numbers and size. The functional 

mechanism of this regulation is not known. However, both Pex28 and Pex29 

were shown to act upstream of Pex30, Pex31 and Pex32 (49, 50). Interestingly, 

both Pex28 and Pex29 seem to be conserved among yeast species.  
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3. Growth of peroxisomes: 

3.1 Incorporation of lipids 

Most peroxisomal lipids are synthesized at the ER. However, the 

mechanism of lipid acquisition into the peroxisome membrane is unknown. Two 

models of lipid acquisition into the peroxisome have been suggested. One of 

these prescribes that lipids are transported from the ER to peroxisomes via 

distinct vesicles. The only evidence of fusion of peroxisomal membranes vesicles 

comes from S. cerevisiae (37) and Y. lypolityca (51). Therefore, it is unclear 

whether it also occurs in other species. The second model prescribes that lipids 

are donated to peroxisomes directly from the ER via transient ER-peroxisome 

contact sites (47) in a way similar to the mechanism in which mitochondria 

acquire lipids from ER-mitochondrial contact sites.  

The peroxisome membrane has a very specific lipid composition (52). 

Surprisingly, it contains relatively high amounts of cardiolipin which is 

synthesized in mitochondria (53). This suggests that peroxisomes also acquire 

lipids from other sources than ER.  

 

3.2 Peroxisome membrane protein insertion 

The import machinery of peroxisomal proteins into the membrane is 

still unresolved. A recent model prescribes that peroxisome membrane proteins 

are divided in two classes, class I and class II (Figure2). The vast majority of 

known PMPs include class I proteins and their import depends on Pex19, a 

soluble receptor protein (53). All PMPs are synthesized on free cytosolic 

ribosomes and contain membrane peroxisome targeting signals (mPTSs). In 

mammals, Pex16 is required for insertion of Pex3 into the peroxisome 

membrane (13). The N-terminal region of Pex19 binds Pex3, while the C-

terminus consists of a globular α-helical domain responsible for binding the 

mPTS of the cargo protein (54-56). Interestingly, Pex19 was show to be 

farnesylated. Cells in which Pex19 is not farnesylated show reduced levels of 
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PMPs and have decreased matrix protein import. In fact, farnesylation enhances 

the ability of Pex19 to recognize PMPs with a factor of 10 (55).  

Yet, only few class II PMPs are known namely Pex3, Pex16 and Pex22. 

Their import seems not to be dependent on Pex19. After synthesis, these 

proteins may first sort to the ER prior to the migration to the peroxisome. It is, 

however, unclear how these proteins incorporate into the ER membrane. Some 

data show that it occurs independently of Sec61, the major player in the protein 

translocation to the ER (57).  

Pex15, a yeast tail-anchored (TA) peroxisome membrane protein, was 

also suggested to travel to peroxisomes via the ER. Moreover, it was shown to 

physically interact with Get3, a component of the GET pathway (guided entry of 

TA proteins) which assists with insertion of Pex15 into the ER membrane (58). 

In contrast, mammalian Pex26, a functional homologue of Pex15, was recently 

shown to travel to peroxisomes directly from the cytosol to the peroxisome in a 

Pex19 and Pex3 dependent and ATP independent manner (59).  

Interestingly, plant APX (peroxisomal isoform of ascorbate peroxidase 

involved in protection against reactive oxygen species) was shown to be directed 

to peroxisomes via the ER. In vitro studies showed that APX synthesized by in 

reticulocyte lysate by in vitro transcription/translation was able to incorporate 

into isolated ER membranes. Moreover, this process was dependent on ATP. 

Authors postulate that APX is transported to peroxisomes from the ER by 

vesicles. A similar assay was performed using Candida boidinii Pmp47, a 

peroxisome ATP transporter. In contrast to APX, Pmp47 was incorporated into 

peroxisome membranes, but independent from the ER (60).  

Although insertion of certain PMPs into the ER membrane does not 

require either Pex19 or ATP, the release of these proteins apparently depends on 

both Pex19 and ATP. 
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Figure 2. A model of peroxisome membrane protein insertion in yeast.  
Class I PMPs are synthesized on free ribosomes and are incorporated into the peroxisomal 
membrane in a Pex19 dependent manner. PMPs of class II are first transported to the ER and 
subsequently concentrate in a specific region of the ER. Next, these PMPs are packed in a vesicle 
which then buds off from the ER and fuse either with either each other, or with an existing 
peroxisome. 

 

3.3 Peroxisome matrix protein import 

Relative to peroxisomal membrane proteins, import of peroxisomal 

matrix proteins is well understood (Figure3). A newly synthesized cargo protein 

is recognized through either one of the two known Peroxisome Targeting Signals 

(PTS1 or PTS2), by Pex5 or Pex7 respectively. The vast majority of peroxisome 

matrix proteins contain a PTS1. The PTS1 consist of 12 amino acids located at 

the extreme C-terminus of the protein and can be divided into three regions. 

The extreme C-terminus comprises of a tripeptide (S/A/C)-(K/R/H)-(L/M) that 

directly binds to Pex5. The preceding region contains four amino acids located 

upstream of the tripeptide and interacts with the surface of Pex5. The third 

region includes a polar region of five residues that functions as a linker. The 

most crucial part of the PTS1 is the tripeptide, the remaining residues influence 

targeting efficiency of a cargo protein (61). The PTS2, on the other hand, is an 
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N-terminal signal which consist of the consensus sequence 

(R/K)(L/V/I)X5(H/Q)(L/A). In order to bind cargo proteins, Pex7, but not 

Pex5, requires additional co-receptors: Pex18 and Pex21 in S. cerevisiae (62), 

Pex20 in P. pastoris (63), H. polymorpha (64) and Y. lipolytica (65), or a 

variant of Pex5 (Pex5L) in plant (66) and mammalian cells (67).  

After cargo binding, the receptor-cargo complex binds to the docking 

complex on the peroxisome membrane. The docking complex consists of Pex13, 

Pex14 and in yeast additionally Pex17 (68). The subsequent steps of the actual 

import process are however still not fully resolved.  

Some models state that the peroxisomal membrane contains an aqueous 

pore. Indeed, in mammalian peroxisomes a large conductance channel was 

identified (69). However, it is unclear whether this does function in matrix 

protein import. 

A recent model postulates that Pex5 itself is able to form a transient 

pore and shuttles between the cytosol and the peroxisome membrane. It was 

shown that in S. cerevisiae Pex5 is able to insert into the membrane in an 

oligomeric state in complex with Pex14, Pex13 and Pex17. Moreover, this whole 

complex, inserted into a liposome, exhibits ion channel activity.  

The receptor docking complex is associated with the RING (Really 

Interesting New Gene) -finger complex via Pex8, a membrane associated protein 

localized on the matrix side of the organelle. The RING-finger complex consists 

of Pex2, Pex10 and Pex12. It has been suggested that the release of the cargo 

protein is Pex8 dependent (70).  

After the release of the cargo protein into the organelle matrix, Pex5 

recycles to the cytosol to act in a next round of import. This step is dependent on 

ubiquination.  

Ubiquitination involves an enzymatic cascade which depends on three 

enzymes: E1, E2 and E3. It leads to the attachment of a 76 amino acid 

polypeptide, ubiquitin (Ub), to a target protein. The E1 enzyme is a ubiquitin 
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activation enzyme which requires ATP. It activates Ub and transfers it to the 

ubiquitin conjugating (E2) enzyme. The E3, so called protein-ubiquitin ligase, 

binds the substrate and the E2 enzyme, which leads to the coupling of Ub to the 

target protein (71).  

 

Figure 3. S. cerevisiae peroxisome matrix protein import model.  
Pex5 binds to a cargo protein in the cytosol. Next, the receptor-cargo complex binds to the docking 
complex which comprises of: Pex13, Pex14 and Pex17. Multiple Pex5 proteins form a pore in the 
peroxisome membrane which allows the transport of the cargo protein into the peroxisome lumen. 
Then, the cargo protein is released inside the peroxisome which is dependent on Pex8. Pex5 is 
subsequently ubiquitinated by either Pex4 or Ubc4. Next, Pex5 is removed from the membrane by 
Pex1-Pex6 complex.  

 

Pex5 can be either mono- or poly-ubiquitinated. This latter is important 

for the quality control of Pex5. Polyubiquitinated Pex5 is degraded by the 

proteasome while monoubiquitinated Pex5 is released to the cytosol. Ub is 

removed from Pex5 by the ubiquitin hydrolases, the so called deubiquitinating 

enzymes (DUBs), which allows Pex5 to proceed to the next round of import (72). 

In yeast Pex4 is the E2 enzyme in monoubiquitination of Pex5. Pex12 serves at 
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the E3 enzyme. In case of polyubiquitination of Pex5, the Ubc4 functions as E2 

enzyme and Pex10 and Pex2 are the E3 enzymes. (72, 73). 

The release of the cargo binding protein from the membrane into the 

cytosol requires ATP and is facilitated by the export machinery which consists of 

Pex1 and Pex6. These proteins belong to the AAA protein family (ATPases 

Associated with diverse cellular Activities family) (74). The Pex1-Pex6 complex 

binds to the tailed-anchored protein Pex26 (or Pex15 in yeast) which provides 

an anchor to the peroxisome membrane.  

 

4. Peroxisome inheritance 

The distribution of organelles between yeast mother and daughter cells 

needs to be tightly regulated to ensure that the young cells inherit all essential 

components. In budding yeast cells, the distribution of peroxisomes is 

controlled by three proteins termed Inp1, Inp2 and Myo2. Inp1, a cell cycle 

regulated protein, was identified to be involved in the retention of peroxisomes 

in the mother cell during budding. Moreover, it is also responsible for retaining 

the peroxisome in the forming bud. Deletion of INP1 leads to abnormal 

peroxisome distribution between mother and daughter cells as most of the 

peroxisomes migrated to the newly formed bud. In contrast, overexpression of 

Inp1 leads to accumulation of the organelles in the mother cell. Interestingly, 

deletion of PEX11 also influences peroxisome inheritance in H. polymorpha. In 

cells grown on glucose, all peroxisomes are delivered to the bud, leaving the 

mother cell devoid of the organelles. This phenomenon occurs at conditions 

where Inp1 is still properly localized to peroxisomes (75).  

Recently, a role of Pex3 in peroxisome retention was assigned (76). This 

study suggests an involvement of Pex3 in recruiting Inp1 to the peroxisome 

membrane based on the finding that an interaction between Pex3 and Inp1 in 

vivo and in vitro was observed. 
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Inp2 is a cell cycle regulated peroxisome membrane protein which is 

required for transport of a peroxisome to the daughter cell during budding. In 

cells lacking Inp2, peroxisomes are not transported to the newly formed bud 

and thus remain in the mother cell whereas overexpression of this protein leads 

to accumulation of peroxisomes in the daughter cell. Inp2 interacts with a 

myosin motor protein, Myo2, a protein which uses the actin cytoskeleton to 

transport organelles to the bud (77). Myo2 is a homodimer which consists of two 

polypeptides. The motor domain, which is located at the N-terminus, contains 

the actin binding site. The cargo-binding domain is localized at the C-terminus 

of Myo2. This domain is responsible for the recognition of different receptor 

proteins which connects Myo2 to various organelles, such as secretory vesicles, 

vacuoles, mitochondria and peroxisomes (78). In Y. lipolytica the function of 

the Myo2 receptor was assigned to Pex3 and its paralogue Pex3B (79). 

Interestingly, the Inp2-Myo2 interaction is dependent on Pex19 in H. 

polymorpha. This is consistent with findings of Otzen et al showing an 

inheritance defect of peroxisomal structures in pex19 cells overproducing Pex3 

(80).  

 

5. Perspectives 

In general, the field has reached consensus on the mode of matrix 

protein import in that newly formed matrix proteins are post-translationally 

incorporated to the target organelle. However, despite the conserved import 

machinery, peroxisomes do not reach an identical size even not within one 

organism. In fact, organellar size, and thus the surface of the organelle 

membrane, differs with the conditions used for growth. In general, the use of the 

carbon source determines the final organelle size. This is probably best 

illustrated in yeast that can grow on organic compounds that can be used as 

simultaneous carbon and nitrogen source as for instance D-amino acids, urate 

and primary amines as ethylamine. Although the organelles serve the same 

functions during growth on these compounds, the organelles developed in cells 

grown on glucose/ethylamine are much smaller relative to those grown on 
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ethylamine as simultaneous carbon and nitrogen source. Similar data was 

obtained using urate or D-alanine as growth substrates. The reasons as to why 

organelle sizes differ are fully unknown but most likely serve yet unknown 

physiological advantages. Also, the proteins that determine organelle size are 

unknown but could be related to function(s) of members of the Pex30 protein 

family. 

A next urgent question to solve is whether the organelles are 

autonomous or semi-autonomous. Conflicting data have been described on the 

sorting of peroxisomal membrane proteins (PMPs). Some authors claim that 

sorting of all PMPs requires the ER intermediate before sorting to the target 

organelle. This conflicts with in vitro data that PMPs directly inserts in 

peroxisomal vesicles. Most data relate to de novo synthesis experiments using 

complemented pex3 mutant cells analyzed by fluorescence microscopy. In these 

experiments ER sorting of Pex3 is evident but it remains unclear whether this 

location is due to overexpression of the protein. Moreover, the group of Neefjes 

convincingly showed that Pex3 is directly sorted to all peroxisomes present in 

the cells (11). This leaves room for the view that ER sorting does exist but only in 

cases of re-introduction of peroxisomes in pex mutants that lacked pre-existing 

peroxisomal structures, i.e. pex3 and pex19 cells. In these cells the ER may be 

the preferred membrane template for de novo synthesis. However, in WT cells 

intact peroxisomes are present that could allow direct insertion of PMPs in 

peroxisomes via the Pex3/Pex19 machinery. Therefore, extensive experiments 

on WT cells together with in vitro studies using peroxisomal or synthetic vesicles 

are urgently required to solve this fundamental question 
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