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Peroxisomes are highly dynamic, 
multifunctional organelles that 

display remarkable changes in mor-
phology, number and enzyme content. 
Peroxisomes multiply by growth and 
division of pre-existing organelles, but 
they can also form de novo from the ER. 
Growth and division of peroxisomes in 
mammalian cells involves elongation, 
membrane constriction and final fission 
and requires the peroxisome biogenesis 
Pex11 proteins as well as the recruitment 
of Dynamin-like protein DLP1/Drp1. 
We recently exploited the division-inhib-
iting properties of a unique Pex11pβ-
YFP fusion protein to further dissect 
the process of peroxisomal growth and 
division. By applying life cell imaging 
and the HaloTag technology, our study 
revealed that Pex11pβ-mediated growth 
(elongation) and division of peroxisomes 
follows a multistep maturation pathway, 
which is initiated by the formation of an 
early peroxisomal membrane compart-
ment from a pre-existing peroxisome and 
its stepwise conversion into a mature, 
metabolically active peroxisome com-
partment. Our observations support the 
view that peroxisomes formed by growth 
and division of pre-existing ones contain 
new membrane and matrix components. 
Peroxisome division is an asymmetric 
process, which is more complex than 
simple (symmetric) division of a pre-
existing organelle and equal distribution 
of the protein content. Our findings are 
in favor of Pex11pβ acting as a peroxi-
somal membrane shaping protein.

Peroxisomes are ubiquitous, multifunc-
tional organelles, which adapt to differ-
ent physiological conditions by changing 
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their morphology, positioning, abundance 
and proteome in the cell.1,2 This dynamic 
behavior is essential for organellar and 
cellular function. Peroxisomes are able 
to proliferate by growth (e.g., elonga-
tion) of pre-existing organelles and sub-
sequent division, but they can also form 
de novo from the ER via a maturation 
process.3-10 To what extend these alterna-
tive pathways contribute to peroxisome 
formation is controversial and might vary 
among organisms. In yeast, the bulk of 
the peroxisomes are formed by fission of 
pre-existing organelles,5 whereas in mam-
malian cells both mechanisms may oper-
ate simultaneously.11

We recently contributed to unveil the 
components of the peroxisomal division 
machinery in mammals.12,13 To divide 
peroxisomes house a set of proteins 
such as the dynamin-like large GTPase 
DLP1/Drp1, Fis1, a potential receptor 
for DLP1 at the peroxisomal membrane, 
or the putative membrane adaptor Mff 
(Mitochondrial fission factor),14 which 
are all shared with the fission machinery 
of mitochondria pointing to mechanis-
tic parallels, coordinated biogenesis and 
organelle crosstalk.6,12,13,15,16 Interestingly, 
yeast species, filamentous fungi and 
plants use related dynamin-like GTPases 
and Fis homologues to divide peroxi-
somes, and share these components 
with mitochondria indicating that this 
is a general conserved principle among 
organisms.6,10,17 Recently, a novel lethal 
disorder affecting both mitochondria 
and peroxisomes based on a mutation in 
the human gene for DLP1 was discov-
ered.18 Patient fibroblasts show peroxi-
somes arrested in a late stage of the fission 
process.
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to the ER in mammalian cells and appears 
to be directly inserted in the peroxi-
somal membrane in a Pex19p-dependent 
process. In cells lacking peroxisomes, 
Pex11pβ is instead targeted to mitochon-
dria, and not to the ER. Interestingly, de 
novo formation of yeast peroxisomes from 
mitochondria was very recently induced 
upon mitochondrial targeting of Pex3p, 
a peroxin involved in peroxisomal mem-
brane biogenesis and a key player in de 
novo formation from the ER.25 This indi-
cates that natural or artificial targeting of 
Pex3p to any endomembrane may initiate 
peroxisome formation. Therefore, it will 
be important to elucidate whether the de 
novo synthesis of peroxisomes induced by 
the targeting of Pex3p to the ER is physi-
ological or artificial.

By fluorescence and electron micros-
copy we further demonstrated that the 
pre-peroxisomal membrane compartment 
induced by Pex11pβ-YFP was composed 
out of globular and extended tubular 
membrane domains. Interestingly, peroxi-
somal matrix and PMPs were targeted to 
distinct regions of the peroxisomal struc-
tures suggesting a more complex archi-
tecture of the peroxisomal membrane. It 
will be important to study how the spe-
cific targeting of the PMPs to the distinct 
membrane domains within the TPAs is 
achieved. Are the PMPs directly inserted 
into specific membrane domains, or are 
pre-peroxisomal carriers (e.g., from the 
ER) involved? If different carriers with a 
distinct PMP composition exist, how do 
they distinguish between the globular 
and tubular membrane domains prior to 
fusion? If the carriers (or PMPs) fuse (or 
insert) over the whole of the globular and 
tubular domains or at a specific site (e.g., 
at the neck region), special, yet undefined 
sorting/retention mechanisms within the 
peroxisomal membrane must exist which 
require further investigation. Excitingly, 
lipid rafts essential for peroxisome biogen-
esis have very recently been identified in 
human HepG2 cells26 which might influ-
ence the mobility of certain PMPs.

By applying life cell imaging and 
the HaloTag technology, our study also 
revealed that Pex11pβ-mediated growth 
(elongation) and division follows a mul-
tistep maturation pathway, which is 
initiated by the formation of an early 

discovered that a Pex11pβ-YFP fusion 
protein can be used as a specific tool to 
further dissect peroxisomal growth and 
division. In contrast to Pex11pβ-Myc, 
expression of Pex11pβ carrying a mono-
meric YFP tag at the C-terminus inhibited 
constriction (segmentation) and divi-
sion of peroxisomes in mammalian cells, 
but instead resulted in the formation of 
elongated pre-peroxisomal membrane 
structures, so called TPAs (tubular per-
oxisomal accumulations) (Fig. 1). The 
alterations were specific for Pex11pβ-YFP 
(Fig. 1). As the division of these struc-
tures was blocked, single peroxisomes 
were apparently depleted from the cells. 
This observation challenges the current 
view that de novo formation from the ER 
and division of pre-existing peroxisomes 
may occur simultaneously in mammalian 
cells.11 As we do not observe the formation 
of new single peroxisomes, we might face 
a situation similar to yeast, where only the 
complete loss of peroxisomes triggers de 
novo formation.5 Alternatively, Pex11pβ 
may as well be required for de novo for-
mation from the ER suggesting an over-
lap in the components involved. However, 
Pex11pβ has not been observed to localize 

Members of the Pex11 family are 
unique PMPs and have been implicated 
in peroxisome proliferation and regulation 
of peroxisome abundance in all organ-
isms studied.19 Whereas yeasts and fungi 
possess additional peroxins supposed to 
regulate peroxisome number,6,10 the three 
mammalian Pex11p isoforms (Pex11pα, 
Pex11pβ, Pex11pγ) are so far the only 
proteins known to mediate peroxisome 
proliferation and abundance in mamma-
lian cells. Pex11pβ induces a prominent 
peroxisome proliferation via elongation, 
membrane constriction and final divi-
sion,20 which can occur independently of 
peroxisome metabolism.21 Mice lacking 
PEX11β show neonatal lethality and other 
defects reminiscent of Zellweger syn-
drome,22 whereas mice lacking PEX11α 
develop normally.23 Nevertheless, the 
biochemical properties of Pex11p are still 
a matter of debate,19 and the growth and 
division process of peroxisomes is far from 
being fully understood.

DLP1 and its membrane adaptor Fis1 
function later on in peroxisome division, 
whereas the membrane peroxin Pex11pβ 
appears to act upstream and early on in 
the process.24 In our recent study we 

Figure 1. TPA formation is specific for Pex11pβ-YFP. Expression of Pex11pβ-YFP in COS-7 cells 
results in the formation of tubular peroxisomal membrane compartments (TPAs) (A) and inhibits 
peroxisome division and proliferation normally induced by untagged or Myc-tagged Pex11pβ. 
These alterations are specific for Pex11pβ-YFP. The expression of N-terminally tagged YFP-
Pex11pβ or of Pex11pα-YFP, a homologue of Pex11pβ with similar membrane topology, does not 
induce TPAs. Interestingly, expression of a Pex11pβ-GFP construct does not induce TPAs  
(B) indicating that cloning-related differences in the linker region between the Pex11pβ and the 
(Y)GFP tag might have an effect on protein conformation. Potential oligomerization properties 
of non-monomeric GFP appear to be less crucial for TPA formation. Although the mechanistic 
reasons for the inhibitory effect of Pex11pβ-YFP are presently unclear, sterical hindrance during 
the formation of a functional constriction/division complex and/or some intrinsic “stacking” activ-
ity and tight trans-membrane interactions of Pex11pβ-YFP may explain the block in peroxisome 
division. Nevertheless, the Pex11pβ-YFP fusion protein represents a specific and useful novel tool 
to further dissect peroxisome proliferation and to investigate early events in peroxisomal growth 
and division. Bar, 10 μm.
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possibility to now generate and enrich 
division-arrested peroxisomes in cultured 
cells (Fig. 2) may allow the identification 
and further molecular characterization 
of peroxisomal division components in 
mammals.
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peroxisomal membrane compartment 
from a pre-existing peroxisome and its 
stepwise conversion into a mature, meta-
bolically active peroxisome compartment 
(Fig. 2). Maturation is achieved by selec-
tive and stepwise import of certain PMPs, 
membrane lipids and matrix proteins. 
Thus, new peroxisomes formed by growth 
and division of pre-existing ones are likely 
to contain new membrane and matrix 
components. Our observations support 
the view that peroxisome division is an 
asymmetric process,27 which is far more 
complex than simple (symmetric) divi-
sion of a pre-existing organelle and equal 
distribution of the matrix protein content. 
Furthermore, our findings support a role 
for Pex11pβ in shaping and deforming the 
peroxisomal membrane prior to division.

As organelle dynamics have been 
related to organelle functionality, develop-
mental and physiological processes and as 
mutations in peroxisomal fission proteins 
result in severe diseases, the molecular 
characterization of peroxisomal dynam-
ics and fission is of great cell biologi-
cal and biomedical interest. The unique 

Figure 2. Pex11pβ-mediated peroxisome proliferation by growth and division follows a multistep 
maturation pathway. Pex11pβ localizes to the peroxisomal membrane and (upon activation) 
mediates the formation of a peroxisomal subdomain at one side of a pre-existing peroxisome 
(polarization28) as well as membrane protrusion. The membrane extension is growing (elongation 
by recruitment of lipids) and acquires a distinct set of PMPs, but contains no/few matrix proteins. 
Afterwards, the membrane extension segments and constricts. This step can be inhibited by 
expression of Pex11pβ-YFP, which keeps the peroxisomes in an elongated stage and results in TPA 
formation. The constricted peroxisomal tubule acquires other PMPs (e.g., components of the im-
port machinery) and matrix proteins and is finally divided by hFis1 and DLP1 into several spherical 
peroxisomes. Inhibition of DLP1 function blocks fission resulting in the accumulation of constrict-
ed peroxisomal tubules positive for PMPs and matrix proteins.24 The process of fission may vary in 
different species and/or under non-inducing (constitutive) conditions, where peroxisomes may 
divide asymmetrically, with small daughter peroxisomes budding or pinching off from mature 
ones.7 The degree of membrane elongation may be influenced by the level of Pex11p expression 
and other regulatory events (adapted from ref. 24).
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