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Abstract

Peroxisomes are important metabolic organelles found in virtually all eukaryotic cells. Since
their discovery, peroxisomes have long been seen in close proximity to the endoplasmic
reticulum (ER). The interplay between the two organelles is suggested to be important for
peroxisome biogenesis as the ER may serve as a source for both lipids and peroxisomal
membrane proteins (PMPs) for peroxisome growth and maintenance. On the other hand,
various lipid molecules are exchanged between them for the biosynthesis of specialized lipids
such as bile acids, plasmalogens and cholesterol. However, how proteins and lipids are
transported between the two organelles is not yet fully understood. Previously, the
peroxisomal biogenesis factor PEX16 was shown to serve as a receptor for PMPs in the ER
and also as a mediator of the subsequent transport of these ER-targeted PMPs to
peroxisomes. Here, I extended these results by carrying out a comprehensive mutational
analysis of PEX16 aimed at gaining insights into the molecular targeting signals responsible
for its ER-to-peroxisome trafficking and the domain(s) involved in its PMP recruitment
function at the ER. I also showed that the recruitment function of PEX16 is conserved in

plants. To gain further mechanistic insight into PEX16 function, the proteins proximal to



il

PEX16 were identified using the proximity-dependent BiolD analysis. From this data, I
identified proteins that tether the ER and peroxisomes in mammalian cells. The tether
between the two organelles is mediated by the ER resident VAP proteins (VAPA and VAPB)
and the peroxisomal protein ACBDS. Disruption of this VAP-ACBDS tether was shown to
interfere with peroxisomal membrane expansion as well as cellular plasmalogen and
cholesterol levels, suggesting the importance of this tether in lipid transfer between the two
organelles. Overall, my work provides new insights into the mechanisms for protein and lipid
exchange between the ER and peroxisomes. Collectively, the results presented here highlight

the importance of the ER for peroxisome growth and functions.
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Chapter 1

Introduction

Part of this chapter is adapted from a review originally published as:

e Hua R, and Kim P.K. 2016. Multiple paths to peroxisomes: Mechanism of

peroxisome maintenance in mammals. Biochim Biophys Acta. 1863(5): 881-891.



1.1 Overview

Peroxisomes are single membrane-bound organelles found in virtually all eukaryotic
organisms. Their matrix encloses at least 50 different enzymes associated with various
metabolic functions depending on species, cell types, and environmental stimuli. In
mammalian cells, peroxisomes are mainly responsible for B-oxidation of very long chain
fatty acids (VLCFA), detoxification of hydrogen peroxide, as well as the biosynthesis of bile
acids and ether lipids, such as plasmalogens (1-3). The importance of these catabolic and
anabolic reactions is best illustrated by a group of genetically heterogeneous metabolic
diseases known collectively as the peroxisomal disorders, resulting from genetic defects in

peroxisomal enzymes, or peroxins, which are the proteins required for their formation (4).

Peroxisomes can rapidly increase in size and number to adapt to various cellular stimuli. In
mammalian cells, peroxisome proliferation is induced by the activation of a group of nuclear
receptors called peroxisome-proliferator-activated receptors (PPAR) that act as lipid sensors
and modulate the expression of genes associated with lipid metabolism, including genes
involved in peroxisome proliferation (5-8). Genetic and proteomic screens in yeast (9) and
mutated Chinese hamster ovary (CHO) cells (10) with defects in peroxisome number have
led to the identification of 32 yeast genes and 13 mammalian genes, termed PEXs encoding
peroxins that are required for the formation of peroxisomes (11-13). Mutation in any of these
PEX genes leads to the development of a group of inheritable diseases known as the
peroxisomal biogenesis disorders (PBDs). Defects in most of these peroxins result in
membrane structures commonly called ‘peroxisomal membrane ghosts’ that are devoid of
matrix proteins (14), reflecting that most of these peroxins are involved in the import of
peroxisomal matrix proteins into peroxisomes. However, deletions or non-functional
mutations in mammalian PEX3, PEX16, or PEX19 (15-22), and Pex3p or Pex19p in yeast
result in the complete disappearance of peroxisomal membrane structures (23, 24), implying
that these peroxins are required in the early stages of peroxisome biogenesis. Other proteins
that were not initially identified as peroxins and later shown to act on peroxisome
maintenance are dynamin-like protein 1 (DLP1/Drpl) (25-28), fission 1 (FISI) (29, 30), and
mitochondrial fission factor (MFF) (31-34). These proteins cooperate with the PEX11 family

to mediate the fission of peroxisomes (13).



Like any other organelles, peroxisomes need to interact and communicate with their
surroundings or other intracellular compartments to coordinate and balance their metabolic
functions. Functional interplay between organelles can be achieved by numerous
mechanisms including vesicular transport and signal transduction pathways (i.e., exchange of
signaling molecules or metabolites). Moreover, it is becoming evident in the last few years
that a common way of intracellular communication is via the membrane contact site (MCS)
where the opposing membranes of two organelles are tethered in close proximity (within 30
nm), thus allowing for the exchange of molecules and signals between them (35, 36).
Electron micrographs of peroxisomes from various species have demonstrated that
peroxisomal membranes are found juxtaposed to other organelles, especially the endoplasmic
reticulum (ER) (37, 38). Peroxisomes are not only found proximal to the ER, but also they
are surrounded by lamellar-like structures that appear to be continuous with rough ER (39),
suggesting that contact sites may form between the two organelles. Over the years, it became
apparent that the ER plays a role in peroxisome biogenesis even though its contribution
varies in species and conditions, as the ER serves as sources for both lipids and proteins for
peroxisome growth (40). Another aspect of cooperation between peroxisomes and the ER is
to facilitate lipid-related metabolic pathways including the biosynthesis of ether
phospholipids, cholesterol, and bile acids (37). The synthesis of these specialized lipids is
initiated in peroxisomes, and completed in the ER following the transport of the lipids

precursors from peroxisomes to the ER (41, 42).

Despite the long-held evidence for ER-peroxisome communication, the understanding of its
molecular basis is very limited. How proteins and lipids are trafficked between the two
organelles is not fully understood. The existence of physical contact between peroxisomes
and the ER has been demonstrated in a number of yeast (43-45), however, whether such bona
fide contact sites are present in mammalian cells is not known. The molecular components

and physiological importance of these contact sites also remain to be identified.
1.2 Origin of mammalian peroxisomes
1.2.1 Historical model

Peroxisomes were first observed in mouse renal cells by J. Rhodin using electron microscopy



in 1954 (46) and by W. Bernhard & C. Rouiller in rat liver in 1956 (47). At that time,
peroxisomes were referred as “microbodies” which is a morphological term used for
describing a single-membrane bound subcellular structure with a diameter between 0.2 to 1.0
um. The term “peroxisome” was first introduced in 1966 by C. de Duve & P. Baudhuin who
isolated peroxisomes from rat liver and demonstrated that the peroxisomal matrix contains an
oxidase that produces H,0O,, as well as catalase, which is a H,O,-decomposing enzyme (48).
In this early characterization of peroxisomes, several electron micrographs published during
the early 1960s were interpreted as showing peroxisomes in close juxtaposition with the ER
(49, 50). In addition, catalase had been reported to be present in the microsomal fraction of
rat liver by T. Higashi & T. Jr. Peters in 1963 (51). Taken together, C. de Duve & P.
Baudhuin proposed in their early review that peroxisomes formed by budding from the ER
(48). This hypothesis was further supported by several subsequent electron micrographs
showing that peroxisomes were surrounded by and continuous with the smooth ER in both

pig intestinal cells and mouse hepatocytes (52, 53).
1.2.2 Discovery of growth and division model

In the mid 1980s, Paul B. Lazarow and Yukio Fujiki challenged the concept of ER budding
with the introduction of the “growth and division” model (54). According to this model,
peroxisomes are autonomous organelles, like mitochondria and chloroplasts, which
proliferate by the fission of pre-existing peroxisomes. This postulation was based on a
seminal finding that peroxisomal matrix and membrane proteins were synthesized on free
polyribosomes in the cytosol and then imported post-translationally into peroxisomes (54-
58). Supporting this view, it was discovered that the peroxisomal matrix proteins contain
peroxisomal targeting signals (PTS) that are necessary and sufficient for the direct targeting
of these proteins into the peroxisomal matrix (59, 60). By analogy to protein import into
mitochondria and chloroplasts, peroxisomes were therefore considered as autonomous

organelles that are derived from pre-existing ones from division, i.e., not de novo.

Today, we know that most peroxisomal matrix proteins contain one of the two peroxisomal
targeting signals, i.e., PTS1 or PTS2, that is recognized by the soluble receptor PEXS or
PEX7 respectively (61, 62). The cargo-loaded receptors will target directly to peroxisomes



via their interaction with the docking complex at the peroxisomal membranes. After being
translocated across the membranes, the cargo is then released into the matrix of the
peroxisome and the receptor is recycled back to the cytosol (11, 62-64). Peroxisomal
membrane proteins (PMPs), on the other hand, contain the integral membrane targeting
sequences (mPTS), which typically consist of a transmembrane (TM) domain flanked by
charged residues on either side (63, 65-67). These mPTSs are recognized by the cytosolic
chaperone PEX19 that guides the PMPs to peroxisomal membranes via its interaction with

the docking factor PEX3 (68-70).

The growth and division of peroxisomes is mediated by components of the elongation and
fission machinery, including the PEX11 family, dynamin like protein 1 (DLP1/Drpl), MFF
and fission 1 (FIS1) (25-28). During peroxisome proliferation, the PEX11 family proteins
mediate the protrusion of peroxisomal membranes and recruit both FIS1 and MFF to the site
of membrane elongation. FIS1/MFF then recruits cytosolic DLP1 to its site of action and
cooperate with it to mediate the final scission of the peroxisomal membranes (25, 29, 30, 33,

71).
1.2.3 Remerge of the ER in peroxisome biogenesis

In the last 20 years, the concept that the ER acts as a contributor for peroxisome biogenesis
has experienced renewed enthusiasm. A common notion for the “growth and division” model
is that new peroxisomes can only be formed from pre-existing peroxisomes. The view that
peroxisomes multiply solely by growth and division was challenged by the fact that
peroxisomes can form de novo in peroxisome-deficient cells that lack pre-existing
peroxisomes upon re-introduction of the wild-type peroxin. The three peroxins that have
been identified to be essential for peroxisomal membrane biogenesis in mammalian cells are
PEX3, PEX16, and PEX19 (15-22). Peroxisomal membrane ghosts are completely absent in
the fibroblasts from Zellweger syndrome patients with deletion or non-functional mutation in
any of the three genes (15-22). Upon re-introduction of the gene encoding the corresponding
wild-type peroxin, peroxisomal membrane structures could be detected within a short time
frame, followed by the restoration of peroxisomal matrix protein import (15-22). This

observation raises the possibility that peroxisomes could be formed from yet-to-be-identified



pre-peroxisomal structures or be derived from other organelles. In fact, several studies in
yeast have discovered the existence of such small pre-peroxisomal vesicles that carry PMPs
or even matrix proteins. The discovery of pre-peroxisomal vesicles was first reported in Y.
lipolytica in which six distinct vesicle pools, designated P1 to P6, were identified and
purified (72). The fusion of P1 and P2 in vitro was shown to require two peroxisomal AAA
ATPases, Pex1p and Pex6p, resulting in the formation of a larger and more dense vesicle
type (P3). The P3 vesicles were thought to gradually import matrix proteins (P4 and P5), and
eventually mature into a newly formed peroxisome (P6). More recently, these
preperoxisomal vesicles were further characterized into two biochemically distinct pools
(73). In yeast S. cerevisiae, two distinct populations of preperoxisomal vesicles that each
carry half a peroxisomal translocon complex (i.e., the docking or RING complex) were
shown to bud from the ER. These preperoxisomal vesicles did not fuse with pre-existing
peroxisomes, but instead, undergo heterotypic fusion, leading to the formation of new
peroxisomes. The existence of these pre-peroxisomal structures has also been demonstrated
in H. polymorpha where the lack of Pex3p and a key autophagy factor Atgl resulted in the
accumulation of reticular and vesicular structures that contain a selective group of peroxins
(74). It was argued that these pre-peroxisomal structures were previously missed as they are

rapidly degraded via autophagy (74).

What remains unclear is whether similar structures exist in mammalian cells and whether the
ER is the source of these pre-peroxisomal structures. However, a number of studies have
pointed to the ER as a potential contributor for the de novo formation of mammalian
peroxisomes. Electron microscopy and 3D image reconstruction from EM tomography of
peroxisomal structures in mouse dendritic cells revealed that peroxisomes are surrounded by
lamellar-like structures that are enriched with integral membrane proteins PEX3 and PMP70
(39). These lamellar extensions appeared to be continuous with rough ER (39). Similar
double-membrane structures that were associated with the ER were also observed in CHO
cells deficient in PEX6, a component of the peroxisomal AAA ATPase that acts to remove
ubiquitinated peroxisomal proteins (75). However, unlike the lamellar-like structures, these
double-membrane structures were found to form looped structures surrounding spherical
bodies (75). Similar structures were also observed in the hepatocytes of PEX5 knockout mice

(76).



A number of mammalian peroxisomal membrane proteins have also been shown to traffic to
peroxisomes through the ER, including PEX16, which is involved in the early stages of
peroxisome biogenesis (77-79). When being exogenously expressed, PEX16 is localized to
the ER in both pex9- and pex3-deficient human fibroblast cells, which do not contain any
peroxisomal structures, as well as in COS7 cells (77). In vitro membrane targeting assays
showed that PEX16 targeted to the ER co-translationally, suggesting that PEX16 could target
directly to the ER presumably by the SRP pathway (77). Using time-lapse imaging combined
with PEX16 tagged with a photoconvertible fluorescent protein, PEX16 was shown to be
able to traffic from the ER to pre-existing peroxisomes (77-79). Similarly, PEX3 tagged with
a bona fide SRP-recognized ER targeting sequence not only targeted to pre-existing
peroxisomes, but also was able to complement pex3-deficient cells (78, 80). Given the
number of peroxisomal membrane proteins that were demonstrated to target to the ER in both
yeast and mammals, the ER is likely the membrane source for these pre-peroxisomal

structures.

Taken together, it is now clear that peroxisomes can form de novo from the ER, although the
mechanism of pre-peroxisomal vesicle/membrane formation from the ER is unclear.
However, the formation is unlikely to be similar to vesicle formation from the ER exit sites
which is involved in transporting proteins between the ER and Golgi apparatus, since the
transport of PEX16 and other PMPs from the ER to peroxisomes was shown to be
independent of COPI or COPII (81, 82). This observation has also been interpreted to suggest
that peroxisomes are not derived from the ER, but instead formed from pre-peroxisomal
structures derived from other sources (81, 83). Interestingly, Sec16B, a secretory scaffold
protein that interacts with COPII components for the formation of ER exit sites, has recently
been shown to be required for the transportation of PEX16 from the ER to peroxisomes, and
the stabilization of PEX3 expression (84). Given that the inhibition of COPII does not affect
peroxisome formation (81, 82), Sec16B likely cooperates with other coat or vesicle-forming
factors to traffic the ER localized PMPs to peroxisomes, or to mediate the maturation of pre-

peroxisomal structures into functional peroxisomes.



1.3 Peroxisomal membrane protein targeting

1.3.1 Targeting of peroxisomal membrane proteins

Functionally, PMPs can be divided into three groups: 1) the membrane modulating PMPs,
which include the PEX11 family, FIS1 and MFF; 2) PMPs required for the import of matrix
proteins (PEX13, PEX14, peroxisomal E3 ligases, and the peroxisomal AAA ATPase
complex); and 3) the peroxisomal metabolite transporters (e.g., the ABCD family of transport
proteins, and PMP34). The first two groups of PMPs are required for the formation and
assembly of peroxisomes, while the third group is necessary for peroxisomal functions. As
mentioned above, the recruitment of most if not all PMPs to membranes requires PEX3,
PEX16, and PEX19, although it is not clear whether PEX16 works cooperatively with PEX3
and PEX19 or independently from them (79). In the absence of these genes, cells are devoid
of any peroxisomal membrane structures, and other PMPs are either rapidly degraded or
localized to the cytosol or other organelles, such as the mitochondria (15-19, 77). The current
model for PMP targeting suggests that PMPs can be targeted to peroxisomes via two distinct
but not mutually exclusive pathways: one via the ER (i.e., the indirect Group I pathway) and

one from the cytosol (i.e., the direct Group Il pathway) (85, 86).

Most PMPs are synthesized on free ribosomes in the cytosol and target post-translationally to
peroxisomes (57, 87-90). These PMPs usually contain the so-called class I mPTS (mPTSI)
which serves as a binding site for PEX19 (70, 91). PEX19 acts as a soluble receptor that
binds to the mPTS1 of the newly synthesized PMPs and stabilizes them in a soluble state in
the cytosol (18, 91-93). The cargo-loaded PEX19 complex is then guided to peroxisomal
membranes via the direct interaction between PEX19 and the docking factor, PEX3 (70, 94,
95) (Fig. 1.1A). PEX3 itself is targeted post-translationally to peroxisomes by PEX19 though
its interaction with PEX16 on the membranes (96) (Fig. 1.1B). On the other hand, PEX16 is
proposed to contain a class I mPTS which targets it to peroxisomes by the PEX3-PEX19
complex (70, 91). This mutual import hypothesis raises the classic question of ‘the chicken or
the egg’. However, as further discussed below, the role of the ER as a source of both

membrane and a subset of PMPs for peroxisomes can address this conundrum.

The ER-to-peroxisomes targeting pathway has been described in multiple organisms, with



the most extensive work done in yeast. Pex2p and Pex16p in Y. lipolytica were shown to be
core-glycosylated in the ER lumen and transported to peroxisomes in the glycosylated form
(97). In S. cerevisiae, Henk Tabak’s group has provided evidence that in both wild-type cells
and peroxisome-less cells that are complemented with the corresponding full-length version
of the mutant gene, a set of 16 PMPs are inserted into the ER first en route to peroxisome.
This insertion of PMPs into the ER requires the ER translocator complexes, Sec61p or Get3p
(98) (Fig. 1.1C). In the mammalian system, the ER targeting of PMPs is proposed to depend
on PEX16 (77-79) (Fig. 1.1D). PEX16 is a PMP with dual localization, in both the ER and
peroxisomes. Interestingly, in the yeast Y. lipolytica, the PEX16 gene (YIPex16p) differs
from its mammalian homolog in that it is a peripheral membrane protein located at the matrix
side of peroxisomal membranes, and is required for the division of pre-existing peroxisomes
(85,99, 100). At the peroxisomal membranes, PEX16 is suggested to function as the
membrane receptor for the direct targeting and insertion of PEX3 into peroxisomal
membranes (96). When localized at the ER, PEX16 is able to recruit two other PMPs, PEX3
and PMP34, to the ER membranes from where they are subsequently transported to pre-
existing peroxisomes (77-79). Moreover, by analyzing the kinetics of PMP trafficking to
peroxisomes, we have previously shown that these PMPs target to peroxisomes via the ER in
a PEX16-dependent manner, suggesting a potential function for PEX16 as a general PMP
receptor at the ER (78). However, the precise role(s) that PEX16 plays in this ER-to-

peroxisome protein targeting pathway remains unclear.

1.3.2 Targeting of mammalian PEX16

For the targeting of mammalian PEX16, there is some debate as to how PEX16 itself targets
to peroxisomes (Fig. 1.2). For instance, by using yeast two-hybrid assays, Fransen et al.
showed that the amino acids 59 to 219 of PEX16 bind to PEX19, which were thought to act
as the mPTS for the targeting of PEX16 to peroxisomes (101). This result is consistent with
the finding by the Fujiki group that the region (a.a. 1-140) that comprises the positively-
charged amino acid cluster at position 66-81 and the adjacent transmembrane domain
contains the necessary information for the peroxisomal targeting of PEX16 (102). A distinct
mPTS in PEX16 was also reported to exist within the C-terminal half of the protein (a.a. 221-

336) (70, 91). This region was shown to bind to PEX19 and its targeting to peroxisomes
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Figure 1.1 Models for PMP targeting. PMPs can be targeted to peroxisomes either directly from the
cytosol (A-B) (i.e., the direct Group II pathway) or via the ER (C-D) (i.e., the indirect Group I
pathway). (A) The main mechanism of direct PMP targeting to peroxisomes depends on PEX3 and
PEX19. PEX19 acts as a soluble receptor that binds to the mPTS1 of the newly synthesized PMPs,
stabilizes them in a soluble state in the cytosol. The cargo-loaded PEX19 complex will then be guided
to peroxisomal membranes via the direct interaction between PEX19 and the docking factor, PEX3.
(B) PEX3 itself is targeted post-translationally to peroxisomes by PEX19 though its interaction with
PEX16 on the membranes in mammalian cells. (C) In the yeast S. cerevisiae, PMPs including Pex3p
have been shown to be inserted into the ER first en route to peroxisomes. This insertion of PMPs into
the ER requires the ER translocator complexes, Sec61p or Get3p. (D) In mammalian cells, the ER
targeting of PMPs is proposed to depend on PEX16.
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depended on PEX3 and PEX19 (70, 91), suggesting that PEX16 may target directly to
peroxisomes in a PEX3- and PEX19-dependent manner with a C-terminal mPTS1. The
above results contrast with the later finding that PEX16 is cotranslationally inserted to the ER
in an in vitro targeting assay (77). Furthermore, results from a kinetic assay that measured the
rate of import of PMPs to peroxisomes indicate that the peroxisomal import of PEX16 is
slower than that of PEX3 and PMP34, but is more similar to a version of PEX3 that is
“forced” to the ER by an appended signal sequence (78). Since it was proposed that the rate
of import for the direct pathway is faster than that of the indirect pathway (via the ER), these
results suggest that PEX16 follows the Group I pathway in which it is first inserted to the ER
before routing to peroxisomes. Therefore, identification of targeting signals and/or other
functional domains in PEX16 will shed light on the mechanism(s) in which PEX16 targets to

peroxisomes as well as the roles that PEX16 serves in the PMP targeting pathway.

Peroxisomal targeting region
(a.a. 1-140)

|

|
1 66 81 110 131 222 243 336

I TM1 TM2
|

I

PEX19 binding region PEX19 binding and
(a.a. 59-219) peroxisomal targeting region
(a.a. 221-336)

Figure 1.2 Domain architecture of mammalian PEX16. Full-length PEX16 is predicted to contain
two transmembrane (TM) domains, TM1 and TM2, resulting in the protein being oriented in
membranes with both of its N and C termini facing the cytosol. Two regions within the N-terminal half
(a.a. 59-219 and 1-140) and a distinct region within the C-terminal half (a.a. 221-336) of the protein
were purposed to act as the mPTS for the targeting of PEX16 to peroxisomes.
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1.4 Peroxisomal lipid trafficking

1.4.1 General features of lipid transfer between organelles

Besides proteins, peroxisomes also need to exchange lipid molecules with the surroundings
to regulate and balance their proliferation and cellular functions. For example, peroxisomes
in all species lack most enzymes required for phospholipid biosynthesis, implying that the
membrane lipids required for the enlargement of peroxisomal membrane during growth and
division as well as during the maturation process of the pre-peroxisomal structures must be
transferred from donor membranes of other organelles (103). Peroxisomes also need to
exchange metabolites with other organelles, especially the mitochondria, for their metabolic
functions such as B-oxidation of VLCFA and detoxification of hydrogen peroxide (1-3).
However, how lipids are exchanged between peroxisomes and other organelles is not fully

understood.

The asymmetrical distribution of lipid species inside the cell suggests that lipids need to be
sorted between organelles. One of the common ways for intracellular lipid transfer is via the
vesicular transport system in which lipids are shuttled together with proteins between
organelles in the endomembrane system (36). Despite the rapid and perpetual membrane
exchange between organelles via vesicular transport, organelles still maintain their unique
lipid compositions for specific cellular functions, suggesting the existence of a highly
regulated lipid sorting mechanism. Moreover, lipid transport has also been seen between
organelles that are not connected with the vesicular transport system, such as mitochondria
(104). Therefore, nonvesicular lipid trafficking through membrane contact sites (MCSs),
which are the regions where membranes of two organelles are in close proximity (within 10-
30 nm) (36), has been shown to be responsible for the transfer of specific lipids between the

two opposing organelles.

Lipid exchange occurring at MCSs can be mediated by several mechanisms, one of which is
that lipid monomers are transported between membranes by soluble lipid transport proteins
(LTPs) (35, 104, 105). Many LTPs are known to function at the MCSs, as the short distance
between the two opposing membranes helps to accelerate the rate of lipid transfer. According

to their sequence and structural similarity, LTPs have been divided into several subfamilies,
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but most of them contain a hydrophobic pocket that binds lipid monomers and often a lid
domain that helps to shield the bound lipid from the aqueous environment (35, 104, 106).
Many LTPs also contain domains that target them or facilitate their binding with the two
opposing membranes at the MCS. For example, at ER-mitochondria MCSs, both the
oxysterol binding protein (OSBP) and the ceramide transport protein CERT contain a FFAT
domain that binds to the ER-resident VAP proteins, and a pleckstrin homology (PH) domain
that interacts with the Golgi PI(4)P (see Section 1.5.1 for more detail) (107-109). Therefore,
the simultaneous binding to both the ER and mitochondrial membranes allow these LTPs to

facilitate lipid shuttling between the two membranes.

Lipid exchange at MCSs can also occur independent of LTPs. One such type of lipid transfer
may be mediated by a hydrophobic channel or tunnel bridging the two membranes at a MCS
(35). The synaptotagmin-like mitochondrial lipid-binding protein (SMP) domain has been
proposed to possess the ability to form channels at MCSs (110). Another possible mechanism
for lipid transfer at MCSs that does not require LTPs is via membrane hemifusion (35). Such
hemifusion has been observed between peroxisomes and lipid droplets (LDs) in yeast (see
Section 1.4.4 for more detail) (111) and between the ER and chloroplasts in plants (112),
allowing for rapid exchange of large amounts of lipid and protein between the two cellular
compartments. Whether membrane hemifusion also occurs at MCSs in the mammalian

system is not known.

In summary, lipid exchange between various cellular compartments can be mediated by both
the vesicular transport mechanism and nonvesicular mechanisms. The bulk transfer of lipids
occurs when vesicles derived from the donor membrane fuse with the receiving membrane.
On the other hand, specific lipid molecules can be transferred at MCSs between two
compartments, either in a LTP-dependent manner or via hemifusion or channel formation
between the two opposing membranes. The implications of various lipid sorting mechanisms

for lipid transfer between peroxisomes and other organelles will be discussed in detail below.
1.4.2 Interplay between peroxisomes and the ER

As discussed earlier, it is now widely accepted that the ER contributes to the de novo

biogenesis, growth and division of peroxisomes, as a subset of PMPs are delivered to
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peroxisomes via the ER. However, the mechanism of such protein transport is still unclear.
Moreover, since the ER is the major site of membrane lipid synthesis inside cells, another
potential function of the ER for peroxisome biogenesis is to provide lipids to allow for the
development of the peroxisomal endomembrane system. In the yeast Y. lipolytica, a
specialized subcompartment of the ER has been suggested to act as a donor of
phosphatidylcholine (PC) for the receptor membranes of the P3 and P4 peroxisomes that are
in close opposition with the ER membranes (100). In plant cotton oilseeds, nonpolar lipids
and PC required for glyoxysome (specialized peroxisomes in plants) enlargement during
post-germinative seedling growth are supplied by ER-derived lipid bodies (113). Much of
our knowledge about the phospholipid transfer between the ER and peroxisomes is gained
from the studies done in yeast. Lipid transfer between the two organelles in the yeast S.
cerevisiae was monitored by the conversion of phosphatidylserine (PtdSer) to
phosphatidylethanolamine (PtdEtn) to phosphatidylcholine (PtdCho) (45). While all the
enzymes required for this conversion were found in the ER, the enzyme required for the
conversion of PtdSer to PtdEtn, phosphatidylserine decarboxylase (Psd), was specifically
targeted to the peroxisomal matrix. By using this Psd assay, these authors demonstrated that
phospholipids are able to move between the ER and peroxisomes, and this transfer of lipid is
likely to be mediated by a nonvesicular pathway (45). Similar mechanisms may also be used
to transport lipid metabolites, such as very long chain fatty acids (VLCFA), to peroxisomes
for their metabolism, or lipid intermediates for the biosynthesis of specialized lipids such as

plasmalogens, bile acids and cholesterol (1-3).

Although the mechanism of this nonvesicular transfer of lipids is not fully understood, it has
been suggested that close contact (i.e., membrane contact sites) between the two organelles
may be required for the transfer (114). This hypothesis is in line with the observation that
extensive contacts between peroxisomes with the ER and lipid droplets were induced when
yeast cells were shifted to oleic acid medium (111, 115). However, the specific function or
mechanism of lipid transfer in mammalian cells is not yet known. Although close association
between microperoxisomes and lipid droplets has been reported in mammalian white adipose
tissues (116), whether the close contacts between these two organelles play a similar role in
mammalian lipid transfer or if the same vesicular pathway that is involved in PMP trafficking

is required for this process remains to be elucidated.
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So far two protein complexes have been identified in yeast to mediate the tethering between
peroxisomes and the ER. A large macromolecular complex involving the integral
peroxisomal membrane protein Pex30p together with the ER reticulon proteins, Rntl, Rnt2,
and Yopl has been suggested to facilitate the contact between the two organelles (44). The
fact that Pex30p in the yeast P. pastoris localized to both the ER and peroxisomes support a
role of this protein in the ER-peroxisome contact sites (43). In cells where the integrity of the
cortical ER tubular network was disrupted by the deletion of these ER reticulons, peroxisome
proliferation was largely affected, supporting an essential role of the ER in peroxisome
maintenance. Interestingly, cells lacking either Pex30p or the reticulons showed an enhanced
efficiency of de novo peroxisome biogenesis, implying that the Pex30p complex negatively
regulates this process. Therefore, these authors speculate that Pex30p is transported through
the ER network and accumulates at specific subdomains on the cortical ER where it interacts
with the ER reticulons to facilitate the formation of ER-to-peroxisome contact sites
(EPCONS). These EPCONS bring the two organelles in close opposition and allow for the
transfer of materials between them, thereby providing a platform for the formation of
peroxisomes (44). In the budding yeast S. cerevisiae, the peroxisome inheritance is suggested
to be regulated by a tethering complex consisting of Pex3p, the peroxisomal biogenic protein
that localizes to both peroxisomes and the ER, and the peroxisome inheritance factor Inp1p
(117). Inp1p acts as a molecular hinge between the ER-bound Pex3p and peroxisomal Pex3p,
thereby tethering peroxisomes to the ER. Peroxisomes that are anchored to the ER by this
Pex3p-Inp1p tether are retained in the mother cells. In cells lacking Inp1p, peroxisomes are
found to accumulate in the daughter cells, reinforcing the importance of the ER-peroxisome
tether in controlling peroxisome population. Furthermore, the authors also postulated that
peroxisomes enriched for Inp2p are transported to the bud along microtubules via Myo2
(class V myosin motor protein 2) (117). However, no known homologue of Pex30p or Inplp
has been identified in mammalian cells, so whether similar tethers exist in mammals is not

known.

In summary, although several tethering complexes have been identified in yeast, and a
variety of cellular functions including peroxisome maturation, proliferation, inheritance, and

exchange of molecules have been proposed for the close apposition (i.e., membrane contact
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sites) between the ER and peroxisomes, the protein components of the tethers in mammalian

cells and their physiological functions are still unclear.
1.4.3 Interplay between peroxisomes and mitochondria

Peroxisomes and mitochondria are two organelles that share many common characteristics
and functions, and they cooperate closely with each other. For example, the pro-lipid
metabolism nuclear receptors, PPARs, control the biogenesis of both organelles (5, 118-123).
The B-oxidation of fatty acids occurs almost exclusively in these two organelles in
mammalian cells. Peroxisomal B-oxidation acts as a chain-shortening system for very-long-
chain (>20) fatty acids , and the shortened chains are transported subsequently via an
unknown mechanism to mitochondria for complete breakdown (124). Given that
mitochondria and the ER exchange lipids via their membrane contact sites (114),
peroxisomes and mitochondria may also exchange lipids via a similar mechanism. Recently,
peroxisomes in S. cerevisiae have been demonstrated to localize to specific mitochondrial
subdomains such as ER-mitochondria junctions (ERMES) and the site of acetyl-CoA
synthesis (125). Indeed, a tethering complex has been identified in yeast that consists of the
integral peroxisomal membrane protein Pex11p that is involved in peroxisome elongation
and fission, and the mitochondrial ERMES complex (126). The direct interaction between
Pex11p and the ERMES protein Mdm34 was suggested to mediate the contact between
peroxisomes and mitochondria (126). Interestingly, the Pex11p-Mdm34 interaction affects
peroxisome morphology and Pex11p localization only in cells growing in the glucose-
containing medium, but not in those growing in medium containing fatty acids but lacking
glucose. Therefore, these authors speculate that Pex11p may act as a sensor of the metabolic
state of the peroxisome matrix. In response to metabolic stimuli, Pex11p physically interacts
with Mdm34 to tether peroxisomes to the mitochondria, allowing for the efficient transfer of
metabolites between them, and thereby helps to maintain the cellular lipid homeostasis (126).
In mammalian cells, the ATP binding cassette (ABC) transporter ABCDI1 is suggested to be
involved in the interaction between peroxisomes and mitochondria for the metabolism of
very-long-chain (>22) fatty acids. The loss of this gene is associated with X-linked
adrenoleukodystrophy (X-ALD). The elevated levels of VLCFAs seen in both X-ALD

human and ALD mouse tissues are suggested to be attributed to reduced contact between
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peroxisomes and mitochondria. In line with this, mitochondrial structural abnormalities were
also observed in adrenal cortical cells of ALD mice (127). Further work needs to be done to
identify the molecular components involved in this contact and to understand the underlying

mechanism for the transfer of lipid molecules between the two organelles.

On the other hand, it is also possible that mitochondria and peroxisomes may exchange their
lipid composition by vesicular transport. Recently, a novel vesicular trafficking pathway
between these two organelles has been reported in the mammalian system (128). In this
study, the McBride group demonstrated the existence of mitochondria-derived vesicles
(MDVs) that contain a new outer-membrane mitochondria-anchored protein ligase (MAPL)
in HeLa cells. These MDVs are 70-100 nm in diameter and fuse with a subpopulation (~10 %
of total) of peroxisomes (128). Later on, the same group provided evidence that the transport
of these MAPL-containing vesicles to peroxisomes requires the retromer complex
Vps35/Vps26A (129). It is not surprising that mitochondria and peroxisomes may exchange
lipids, as various membrane proteins are found to target and function in both organelles,
especially the membrane modulating proteins such as MFF, FIS1 and DLP1 (130, 131). This
being said, this pathway has only been described as unidirectional, as there is no evidence for

the transport of vesicles from peroxisomes to mitochondria.

However, the functional and physiological significance of this MDV-mediated vesicular
transport route to peroxisomes is not clear, since the content of the MAPL positive vesicles
has not yet been identified (119). Given the functional similarities and the evidence for
vesicular communication between the two organelles, is it plausible that mitochondria may
contribute to the biogenesis of peroxisomes? Many mammalian PMPs have been observed on
mitochondria in cells devoid of peroxisomes, or when over-expressed in cultured cells (15-
19, 70, 77, 78). It is not clear whether the mitochondrial targeting of PMPs is a common mis-
targeting artifact in the over-expression system or if the mitochondrial route of peroxisomal
proteins naturally exists. Membrane proteins of both organelles are imported by a post-
translational mechanism; therefore it is possible that overexpression of PMPs or the lack of
peroxisomes may lead to the mis-targeting of PMPs to mitochondria. The similarity in their
targeting mechanisms is best exemplified by a number of shared tail-anchored membrane

proteins, such as MFF and FIS1 (29-34).
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There is some evidence that peroxisomes may be able to form from mitochondria. The
mammalian PEX3 readily targets to mitochondria in cells devoid of peroxisomes (70, 77,
78). The feasibility of the model that mitochondria may serve as a platform for the de novo
biogenesis of peroxisomes was first demonstrated in the yeast S. cerevisiae (132). In this
study, Pex3p was “forced” to target to mitochondria by an appended mitochondrial targeting
signal from Tom20p. Upon introduction of mitochondrial Pex3p in pex3p-deficient cells,
functional peroxisomes were successfully formed de novo, suggesting that mitochondria
contain the essential machinery for the de novo biogenesis of peroxisomes. Recently, it has
been reported that adenoviral expression of PEX3-YFP in human patient fibroblasts lacking
PEX3 restores peroxisomal biogenesis in which PEX3 is found enriched within
mitochondria-derived pre-peroxisomal structures (133). Moreover, by performing whole-cell
fusion experiments using a pex/6 mutant human fibroblast cell line that expresses PEX3-
YFP and a pex3 mutant cell line that expresses PEX16-mRFP, the authors demonstrated that
the ER-derived PEX16-positive structures fuse with PEX3 enrichments along mitochondria,
followed by the release of a single structure from mitochondria (133). These results suggest a
hybrid nature of newly formed peroxisomes and an important role of mitochondria in the de
novo biogenesis of peroxisomes in mammalian cells (133). However, whether such
heterotypic fusion between the ER-derived and mitochondria-derived vesicles also occurs in

normal human cells is not known.
1.4.4 Interplay between peroxisomes and lipid droplets

Lipid droplets (LDs) are the lipid storage organelles found in all organisms due to their
ability to accumulate neutral lipids such as triacylglycerols (TAGs) and cholesterol ester
(134, 135). It is vital for cells to tightly regulate energy levels by balancing lipid storage and
mobilization. Excessive storage of lipids will lead to metabolic diseases such as diabetes and
obesity; while inability to store lipids as seen in diseases such as lipodystrophy is also
detrimental to the health of humans. Rather than being a solely storage organelle, there is
growing evidence supporting the multifunctional nature for LDs. The highly complex LD
proteome suggests that LDs could interact with other organelles including the ER,

peroxisomes, lysosomes, and mitochondria (134, 136). Therefore, LDs are not only involved
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in lipid metabolism, but they are also implicated in protein degradation and pathogen

replication (134, 137).

The close proximity between peroxisomes and LDs has long been seen in electron
micrographs (138). Later, this interaction between the two organelles was confirmed in
multiple organisms including the plant 4. thaliana (139), mammalian COS7 cells (140) and
the yeast Y. lipolytica (115). Since LDs are the site of storage for fatty acids, which are the
substrates of peroxisomal f-oxidation, the connection between these two metabolic
organelles was suggested to be associated with the link between lipolysis in LDs and B-
oxidation of fatty acids in peroxisomes (111). Moreover, the fact that changes in LD
morphology was observed in multiple organisms where peroxisome biogenesis and/or
functions are impaired reinforces a connection between them. For example, LDs were shown
to accumulate in mouse hepatocytes that lacking peroxisomes (141). Enlarged LDs were
observed in the nematode C. elegans in which peroxisomal B-oxidation activity was impaired

(142).

However, the underlying molecular mechanism(s) of peroxisome-LD communication is still
unclear. By using a biomolecular fluorescence complementation assay, an interaction map of
protein-protein contacts of LDs with mitochondria and peroxisomes has been generated in S.
cerevisiae. The LD proteins Erg6 and Pet10 were found to be involved in 75 % of all
interactions detected, including some with peroxisomal proteins (143). However, further
experiments need to performed to validate these interactions between the LD and
peroxisomal proteins. Whether these proteins could serve as a tether between the two
organelles and their physiological functions are interesting questions to be uncovered. In S.
cerevisiae that were growing in oleate culture, peroxisomes were not only found to tightly
bound to LDs, but they also penetrated them. The extensions of peroxisomes, termed
pexopodia, extended into the core of LDs, as a result of hemifusion between the single leaflet
of the LD membrane and the outer leaflet of the peroxisomal membrane. Furthermore,
proteomic analysis of purified LDs showed that pexopodia and LD inclusions are enriched
for enzymes of fatty acid B-oxidation, Therefore, these authors speculated that the interaction
between LDs and peroxisomes mediated by pexopodia allows the direct contact between the

inner peroxisomal leaflet with the LD core, thereby facilitating the transfer of fatty acids
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from LDs to peroxisomes for f-oxidation (111). However, whether the formation of these
peroxisome protrusions represents a common means of peroxisome-LD lipid exchange in

other organisms is not known.

Remarkably, proteins can also be transferred between peroxisomes and LDs. The 4. thaliana
Sugar-Dependent 1 (SPD1), a major TAG lipase involved in lipid reserve mobilization
during seeding establishment in plants, has been reported to initially localize to peroxisomes
and then migrate to LDs during the course of seedling growth. The authors also demonstrated
that the translocation of SPD1 from peroxisomes to LDs is mediated by peroxisomal tubular
extensions and requires a functional core retromer complex (144). Recently, the two
peroxisomal biogenesis factors, PEX3 and PEX19, were suggested to be involved in the
insertion of the UBXDS, a hairpin-protein localized to both the ER and LDs, into the
cytoplasmic leaflet of the ER bilayer. Based on their findings that the peroxisomal membrane
proteins and LD-destined hairpin proteins share the same targeting machinery, these authors
propose a coordinated relationship between peroxisomes and LDs in the ER (145). This
mutual control for both peroxisome and LD biogenesis allows the cell to tightly regulate and

balance energy levels in response to metabolic stimuli.
1.4.5 Interplay between peroxisomes and lysosomes

For a long time, the studies on the interaction between peroxisomes and lysosomes were
mainly focused on pexophagy in which peroxisomes are selectively degraded in lysosomes
via a process called autophagy. However, recently a novel peroxisome-lysosome contact site
(termed LPMC) was identified in mammals, and its role in cholesterol transport has been
suggested (146). Cholesterol is an important lipid that plays diverse functions in eukaryotic
cells. After being synthesized in the ER, it is transported to various intracellular
compartments with the majority (~60-80 %) ending up in the plasma membrane (PM) (147).
Besides de novo biosynthesis in the ER, mammalian cells also acquire exogenous cholesterol
through receptor-mediated endocytosis of plasma low density lipoprotein (LDL) (148, 149).
After receptor binding and internalization, the LDL-derived cholesteryl esters undergo
hydrolysis by acid lipases and the resulting free cholesterol emerges in the late

endosome/lysosome from where it is further transported to various cellular compartments
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including the ER, PM, and mitochondria (149). However, the mechanism underlying the
transport of cholesterol from lysosomes to various downstream organelles is not well
documented. By using a genome-wide pooled shRNA screen for delayed LDL-cholesterol
transport, B.B. Chu and colleagues identified 341 hits that included 10 peroxisomal genes. A
tether that consists of the lysosomal membrane protein synaptotagmin VII (Syt7) and
PI(4,5)P; on the peroxisomal membrane was shown to bring the two organelles in close
apposition. By using an in vitro reconstitution assay and confocal microscopy in HeLa cells,
the authors also demonstrated that cholesterol can be transported from lysosomes to
peroxisomes though LPMC. In line with this, accumulation of cholesterol was observed in
cultured fibroblasts of patients with peroxisomal disorders including X-ALD, Infantile
Refsum disease (IRD) and Zellweger syndrome (ZS). Therefore, the authors speculate that
cholesterol transport from lysosomes to peroxisomes through LPMS could serve as a
potential mechanism for cholesterol efflux from lysosomes (146). After reaching
peroxisomes, it is not known whether the LDL-cholesterol is further processed in
peroxisomes or it is subsequently transported to other organelles. Further studies are needed

to uncover the precise role(s) of LPMS and/or peroxisomes in cholesterol transport.
1.5 Proteins in ER contact sites

Most of our current knowledge about membrane contact sites was gained from the studies on
the contact between the ER and other organelles. Within the cell, the ER is a large,
interconnected organelle that spreads throughout the cytoplasm and performs multiple
functions including biosynthesis of proteins and lipids and regulation of intracellular calcium
levels. In order to perform and regulate various cellular functions, the ER needs to cooperate
with other organelles including peroxisomes. One of the most common ways for the ER to
interact with other organelles is to establish membrane contact sites (MCSs) with them.
Indeed, the ER has been found in close opposition with almost all membrane-bound
organelles, such as the PM, endosomes, peroxisomes, LDs, Golgi and mitochondria (150).
The hallmark of MCSs is that the two organelles are brought into close proximity by a tether
that is either a protein or a complex of proteins (35). One group of such proteins that has
been implicated in ER contact sites are VAMP-associated proteins A and B (VAPA and
VAPB).
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1.5.1 VAPs in ER contact sites

The VAPs are highly conserved ER-resident proteins expressed in all eukaryotes. In addition
to their ER localization, they are also found in multiple membrane compartments, including
the Golgi, Golgi-ER intermediate compartment (107, 151, 152), late endosomes (153, 154),
mitochondria (155), and the PM (156). Indeed, VAPs have been shown to play important

roles at the contact sites between the ER and these organelles.

Mammalian VAPA and VAPB share 63 % sequence similarity and both contain three
conserved domains: an N-terminal 7-f strand globular domain in the major sperm protein
(MSP) family, a coiled-coil linker region, and a C-terminal TM helix tail that inserts into the
ER membrane (157). Much of our knowledge about VAP functions was obtained from the
identification of VAP-interacting proteins. Among all VAP-interacting proteins identified so
far, the group of proteins that is most well documented and studied is the FFAT (two
phenylalanines in an acidic tract)-motif-containing proteins (158, 159). Indeed, many VAP-
interacting FFAT proteins have known functions in lipid binding, lipid sensing, and lipid
transport, suggesting an important role of these VAP-mediated MCSs in nonvesicular
transfer of lipids between organelles (160). At the ER-Golgi contact site, VAPA has been
shown to interact with oxysterol binding protein (OSBP) that contains a FFAT domain, a
pleckstrin homology (PH) domain that interacts with the Golgi PI(4)P, and a lipid binding
domain (ORD). The interaction between VAPA and OSBP allows the tethering between the
ER and Golgi, thereby facilitating the transfer of sterols between the two organelles (107).
Another tether at ER-Golgi contact sites is mediated by the interaction between VAPA and
the ceramide transport protein CERT. CERT contains multiple functional domains that allow
it to be associated with the Golgi membrane (via its PH domain that binds to Golgi PI(4)P),
bind to ER-resident VAPA (via its FFAT motif), and catalyze the intermembrane transfer of
ceramides (via its steroidogenic acute regulatory protein-related (START) domain). These
VAP-CERT mediated contact sites function to facilitate the transfer of ceramide from the ER
to the trans-Golgi region for the synthesis of sphingomyelin (108, 109). By monitoring sterol
transport from the PM to the two acceptor compartments, the ER and LDs, M. Jansen and
colleagues suggested that the ER is an intermediate station in sterol PM-LD delivery; and the
sterol transfer from the PM to the ER is indeed facilitated by the interaction between VAPs
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and the FFAT motif-containing ORPs (i.e., ORP1S and ORP2) (161). Moreover, VAPA has
also been shown to interact with the cholesterol-sensing protein ORP1L. This interaction
induces the formation of ER-late endosome contact sites, thereby allowing VAPA to interact
in trans with the Rab7-RILP receptor to regulate late endosome positioning in response to
cholesterol level changes (154). VAPB is also able to interact with the outer mitochondrial
membrane protein, protein tyrosine phosphatase-interacting protein 51(PTPIP51), to bridge
the contact between the ER and mitochondria. The tethering between the two organelles

allows for the uptake of Ca®" by mitochondria following release from ER stores (155).

Besides functioning at the ER contact sites, VAPB has also been implicated in a variety of
other cellular processes. For example, expression of wild-type VAPB was demonstrated to
induce ER stress and promote the unfolded protein response (UPR) via activating the
IRE1/XBP1 pathways (162, 163). Also there is evidence suggesting that the MSP domain of
VAPB can be cleaved, secreted and act as a diffusible hormone for Eph receptors (164).

In summary, VAPs are found in various subdomains throughout the ER network, where they
interact with FFAT-motif-containing proteins in the membranes of the opposing organelles,
thereby tethering them. However, whether VAPs also localize to ER-peroxisome contact
sites and what their potential function(s) might be at these contact sites have not yet been

examined, although the two organelles are always seen in close proximity with each other.
1.5.2 VAPB in ALS

As discussed above, VAPs play multiple vital functions inside the cell. A proline-to-serine
substitution at position 56 (P56S) in the MSP domain of VAPB is associated with rare motor
neuron diseases, late-onset Spinal Muscular Atrophy (SMA) and Amyotrophic Lateral
Sclerosis-type 8 (ALS8) (165). ALS is the most common adult-onset neuron disease caused
by degeneration of upper and lower motor neurons, accompanied by progressive weakness,
muscle atrophy, and various cognitive and behavioral dysfunctions (166). However, it is still
a matter of debate as to how this ALS-linked mutation in VAPB leads to neurodegeneration

and muscle wasting in patients.
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Like many other neurodegenerative diseases, VAPB(P56S) forms insoluble aggregates that
sequester wild-type VAPA and VAPB (163, 167). Over-expression of either the wild-type or
mutant VAPB(P56S) in primary motoneurons by an Adeno-associated viral vector was
shown to impair intracellular Ca>* homeostasis and induce ER stress that leads to the
activation of IREI, thereby triggering the selective death of cultured motoneurons. Calpains
and caspase 12 and 3 were also shown to be involved in this Ca**-sensitive, ER-derived cell
death. Therefore, the authors speculated that the aberrant Ca®" levels and ER-derived (i.e., the
unfolded protein response, UPR) death pathways are implicated in the degenerative process
of motoneurons expressing the ALS-associated VAPB mutant, implying a gain-of-function
mechanism for the VAPB(P56S)-induced ALS (168). However, an opposite effect of
VAPB(P56S) on UPR activity was presented in several other studies. Over-expression of
wild-type or mutant VAPB in HEK293 cells was shown to inhibit ATF6-regulated
transcription that serves as a sensor/transducer of the UPR (169). Over-expression of wild-
type VAPB in the motor neural NSC34 cells was shown to induce UPR, but not the P56S
mutant; thereby the authors speculate that the P56S mutant reduces the wild-type VAPB
function (i.e., the UPR activation) by sequestering it in insoluble aggregates (162).
Interestingly, overexpression of wild-type or mutant VAPB in transgenic mice does not cause
motor neuron dysfunction or degeneration. In the VAPB mutant transgenic line, no typical
ALS pathology, ER structural change, or coaggregation with VAPA was detected.
Furthermore, overexpression of wild-type or mutant VAPB does not modulate the course of
the ALS in the SOD1G93A (i.e., a mutation in Cu/Zn superoxide dismutase-1 that is linked
to ALS) mice (170), implying that VPAB has no significant effect on the development of
ALS that is not associated with VAPB mutant. Therefore, a loss-of-function mechanism is

proposed for the VAPB mutant-associated ALS (166).

Another possible linkage between VAPB(P56S) and neurodegeneration may be attributed to
its involvement in ER contact sites. It has been shown that VAPB(P56S) displays an
increased binding affinity to mitochondrial PTPIP51 as compared to wild-type VAPB,
thereby inducing mitochondria clustering with the VAPB(P56S) aggregates. The enhanced
interaction between the ER and mitochondria leads to an increase in Ca*" uptake by
mitochondria following release from the ER, resulting in the disruption of Ca*" homeostasis

inside cells (155). Therefore, the authors propose that damage to the ER, mitochondria, and
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cellular Ca*" homeostasis may all contribute to the development of ALS induced by the
VAPB mutant. Since VAPB is found in multiple contact sites between the ER and other
organelles, further studies are needed to examine whether the ALS-linked VAPB(P56S)
mutant also causes damage to other organelles, and whether the dysfunction of these

organelles has any relevance to ALS.
1.6 Rationale and Approach

Since their discovery in the early 1950s, peroxisomes have long been seen in close apposition
with the ER. Yet, the functional relationship between these two organelles and the underlying
molecular mechanism(s) remain unresolved. For my PhD thesis project, I aimed to uncover
the mechanism(s) of the ER-to-peroxisome pathways in the mammalian system, and examine
potential physiological functions mediated by the communication between the two

organelles.

The functions for the interplay between the ER and peroxisomes can be grouped into two
aspects: 1) peroxisome biogenesis as the ER was postulated to provide peroxisomes with
both lipids and essential peroxisomal membrane proteins for its growth and maintenance; 2)
metabolic pathways as enzymes for the biosynthesis of a number of specialized lipids are
found in both the ER and peroxisomes, implying that lipid precursors may be exchanged
between them. However, the mechanism(s) as to how lipids and proteins are transported
between the two organelles is not fully understood. Although there is evidence suggesting
that the peroxisomal biogenesis factor PEX16 may serve as a receptor for PMPs in the ER
and also mediate the subsequent transport of these ER-targeted PMPs to peroxisomes, the
precise role(s) that PEX16 serves in this process is still unclear. Therefore, in order to
uncover the mechanism underlying the ER-to-peroxisome protein targeting pathway and
especially the role that PEX16 plays in this process, I performed a comprehensive mutational
analysis of human PEX16 in order to identify and characterize the targeting signals
responsible for its initial sorting to the ER and then from the ER to peroxisomes, as well as
the domain responsible for its PMP recruitment function. Furthermore, whether the ability of
PEX16 to recruit PMPs to the ER is conserved among evolutionarily diverse organisms was

also tested. The implications of these results in terms of the roles of PEX16 in the



26

maintenance of peroxisomes from the ER are discussed (Chapter 3).

On the other hand, a widespread mechanism for selective transfer of lipids between
organelles is via the membrane contact sites. As peroxisomes are always found in close
proximity to the ER, it is possible that lipid exchange between the two organelles occurs at
MCSs. However, despite the fact that two ER-peroxisome tethering complexes have been
identified in yeast, it is not known whether such a bona fide contact site exists in mammals.
Here, I conducted the BiolD analysis on PEX16 to search for proteins that may be involved
in mediating the ER-peroxisome contact. A group of candidate proteins that are implicated in
ER contact sites with many other organelles were identified in the screen. The ability of these
candidate proteins to act as a tether between the ER and peroxisomes was tested and the
potential physiological functions of this contact were examined. I identified a novel tether
between the ER and peroxisomes in mammalian cells that consists of the ER-resident VAPs
and peroxisomal ACBDS. I also provided evidence supporting the importance of this VAP-
ACBDS tether for peroxisome biogenesis and cellular lipid homeostasis (Chapter 4).

Overall, the implication of these results in peroxisome biogenesis and membrane contact
sites between organelles is discussed. By taking together recent novel findings, a model for

peroxisome maintenance in the mammalian system is proposed (Chapter 5).
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Chapter 2

Materials and Methods

Part of this chapter is adapted from articles originally published as:

Hua R., Gidda S.K., Aranovich R.T., Mullen R.T., Kim P.K. 2015. Multiple
Domains in PEX16 Mediate its Trafficking and Recruitment of Peroxisomal
Proteins to the ER. Traffic. 16: 832-852.

Hua R., Cheng D., Coyaud E., Freeman S., Pietro E.D., Wang Y., Vissa A.,
Yip C.M., Fairn G.D., Braverman N., Brumell J.H., Trimble W.S., Raught B.,
Kim P.K. 2017. VAPs and ACBDS5 tether peroxisomes to the ER for
peroxisome maintenance and lipid homeostasis. Journal of Cell Biology.

216(2):367-377.
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2.1 Plasmids and siRNA

PEX16-GFP, PEX16NT-GFP, PEX16(A66-81)-GFP, saPEX16-GFP, UB-RFP-SKL, ssGFP-
KDEL and ssRFP-KDEL have been described previously (77). All other PEX16 mutant
constructs used were generated using standard recombinant DNA procedures and were
verified by automated sequencing at the Centre for Applied Genomics. Oligonucleotides
were produced by Sigma-Genosys. Mutagenesis was carried out using appropriate forward
and reverse mutagenic primers and polymerase chain reaction (PCR)-based mutagenesis

protocols.

Cer-PEX26...,,, which is a chimera of mCerulean (Cer) fused to the C-terminal portion of

™
human PEX26 (a.a. 135-269), was constructed in two steps. First, the human PEX26 open
reading frame (ORF) from pSPORT-PEX26 (Invitrogen) was subcloned into the EcoRI and
Sall sites of mCerulean-C1 (Invitrogen). Second, the PEX26 ORF was truncated using PCR-
based site-directed mutagenesis. PEX11p-Cer was generated by subcloning the human
PEX11B ORF from pOTB7-PEX11p (Invitrogen) into the EcoRI and Sal/l sites of
mCerulean-N1 (Invitrogen). PEX10-Cer was constructed in two steps. First, the human
PEX10 ORF from pDONR223-PEX10 (SPARC BioCentre, Hospital for Sick Children) was
subcloned into the XAol and EcoRlI sites of pEGFP-N1 (Invitrogen) to yield PEX10-GFP.
Second, the PEX10 ORF was excised from PEX10-GFP by digestion with Nhel and Kpnl
and then ligated into the equivalent sites in mCerulean-N1 to yield PEX10-Cer. Fis1-Myc

was described previously (171). Cer-OMP25__, -, which is a chimera of Cerulean and the C-

™ *
terminal membrane targeting domain of the mitochondrial outer membrane protein 25
(OMP25), including its single TM domain, was generated by excising (via digestion with
Nhel and BsrGI) the Cer ORF from mCerulean-C1. Thereafter, the resulting fragment was
ligated into Nhel and BsrGl-digested EGFP-OMP25_ [provided by Dr R. Gupta (McMaster

University)].

pET32a-Vampl A was a kind gift from Dr. William S. Trimble (Hospital for Sick Children,
Canada). The VamplA ORF was amplified by PCR and cloned into the Bg/II and Sall sites
of pPEGFP-NI to yield Vamp1A-GFP. saPEX16(1-109)-Vamp1A(TM)-GFP was constructed

as follows. First, sequences corresponding to amino acid residues downstream of position
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109 in PEX16 were removed from PEX16NT-GFP by PCR. Second, complementary
annealed oligonucleotides encoding the C-terminal membrane targeting domain of VamplA,

including its single TM domain (a.a 83—118), were inserted into the HindllI site of PEX167_
109-GFP, yielding PEX16(1-109)-Vamp1 A(TM)-GFP. PEX16(1-109)-Vamp1A(TM)-GFP

was then excised by digestion with Bg/II and Sal/l and ligated into the equivalent sites in
saPEX16-GFP, yielding saPEX16(1-109)-Vamp1A(TM)-GFP.

Plant expression vectors encoding Arabidopsis PEX16 or modified versions thereof were
generated as follows. AtPEX16-GFP was constructed by cloning the full-length PEX16
OREF (obtained by RACE-PCR using cDNA synthesized from A. thaliana suspension-
cultured cell mRNA and the gene-specific primers) into Nhel-digested pUC18-Nhel-GFP
(172). saAtPEX16-GFP was constructed in several steps. First, sequences encoding the tung
tree (Vernicia fordii) ER membrane protein NADH:cytochrome bs reductase isoform 1A
(CBRI1A) (173) were amplified by PCR and subcloned into pUC18-MCS-GFP (172),
yielding CBR1A-GFP. Second, a novel Bg/II site was introduced (via PCR-based
mutagenesis) into CRB1A-GFP, immediately downstream of the CBR1A 21 amino-acid-
long signal anchor sequence, and following digestion with Bg/II the vector was religated,
yielding saGFP. Lastly, sequences encoding the AtPEX16 ORF were amplified along with
Bglll and Nhel sites and then ligated into the equivalent sites in saGFP, yielding
saAtPEX16-GFP. saPEX16(mut)GFP, whereby the amino acid sequence -RKYGRVS- in
PEX16 responsible for its peroxisomal targeting was replaced with glycines (174), was
generated using PCR-based mutagenesis and saPEX16-GFP as template. Myc-AtPEX3,
encoding N-terminal Myc-epitopte-tagged Arabidopsis PEX3 was constructed by cloning
the full-length PEX3 ORF (obtained by RACE-PCR using cDNA synthesized from 4.
thaliana suspension-cultured cell mMRNA and the gene-specific primers) into Xbal and
Xmal-digested pRTL2-Myc-MCS (172). PMP36-Myc, encoding C-terminal Myc-epitope-
tagged Arabidopsis PMP36, was generated by subcloning the PMP36 ORF from pUNI51-
PMP36 (Arabidopsis Biological Resource Center) into pPRLT2/MCS-Myec (173). The human

Hs
codon-optimized version of Arabidopsis PEX16 (At PEX16) was generated by GenScript
and was based on the codons with the highest usage frequency for each amino acid in

humans [GenScript Codon Usage Frequency Table (http://www.genscript. com/cgi-
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Hs
bin/tools/codon_freq table)]. The At PEX16 ORF was then cloned into the Bg/Il and Sa/l

Hs
sites of pEGFP-N1 or saPEX16-GFP to yield At PEX16-GFP or saAtHSPEXl6-GFP,

respectively.

Myc-VAPA, and VAPB-GFP were kind gifts from Dr. William S. Trimble (Hospital for Sick
Children, Canada). Myc-VAPB and Myc-VAPB(P56S) were kind gifts from Dr. Christopher
C.J. Miller (King’s College London, UK) (155). The FFAT-motif mutant ACBDS5, Myc-
VAPB(FFATmut), was generated in which all residues in its FFAT domain (a.a. 262-271)
(157) were replaced by Ala. Mutagenesis was carried out using appropriate forward and
reverse mutagenic primers and polymerase chain reaction (PCR)-based mutagenesis
protocols. The ACBDS5 ORF was purchased from SPARC BioCentre (SIDNET ID:
1004942), and cloned into the Myc-N1 vector by standard PCR-based methods.

siRNAs were all from Invitrogen. siRNA sequences were: siCtrl -
AAUAAGGCUAUGAAGAGAUAC, siVAPA - GCGAAAUCCAUCGGAUAGAAA,
siVAPB - GCUCUUGGCUCUGGUGGUUUU, siACBDS5-1 (or simply refer as siACBDS) -
GCACAGUGGUUGGUGUAUUUA, siACBD5-2 - CCGUUAAUGGUAAAGCUGAAA,
siDLP1(Santa Cruz: sc-43732).

2.2 Mammalian cell culture and transfection

COS7, HEK293T, and HeLa cells were obtained from the American Type Culture Collection
(ATCC). PBD400-T1 and PBD399-T1 cells were gifts from Dr. S. South (Johns Hopkins
University). All cells were cultured in DMEM (Thermo Scientific HyClone) supplemented
with 10 % fetal bovine serum (FBS; Gibco) and 2 mM L-glutamine (Thermo Scientific
HyClone) at 37°C in humidified air containing 5 % CO,. Plasmids and siRNAs were
transfected using Lipofectamine-2000 (Invitrogen) according to the manufacturer’s

instructions. Prior to live-cell imaging, the medium was changed to CO,-independent

(Invitrogen) containing 10 % FBS and 2 mM L-glutamine.
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2.3 Plant cell culture, transformation and processing for microscopy

Tobacco (Nicotiana tabacum cv Bright Yellow-2 [BY-2]) suspension cell cultures were
maintained and prepared for transformation via biolistic particle bombardment as described
previously (175). Bombarded cells were incubated for 4 or 8 h to allow for expression and
sorting of the introduced gene product(s), then fixed in paraformaldehyde (Electron
Microscopy Sciences), permeabilized using 0.1 % Triton X-100 (Fisher Scientific) in PBS,
and incubated with the appropriate primary and secondary antibodies as previously described

(175).
2.4 Co-immunoprecipitation and immunoblot analysis

For co-immunoprecipitation, transfected HEK293T cells were lysed in 1 mL lysis buffer
(150 mM NaCl, 50 mM HEPES, 1% Triton X-100, 10% glycerol, 1.5 mM MgCl2, 1.0 mM
ethylene glycol-bis[p-aminoethyl ether]-N,N,N’,N'-tetraacetic acid) supplemented with
protease inhibitors. For each immunoprecipitation, a 0.9 mL aliquot of the lysate was
incubated with 0.9 pg of Myc antibody (EMD Millipore) and 378 pL of a 1:1 slurry of
Protein G Sepharose (Bioshop) overnight. Sepharose beads were washed 3x with 1 mL high
salt lysis buffer containing 0.5 M NaCl. The precipitates were analyzed by standard

immunoblot procedures.
2.5 Biotin-streptavidin affinity purification

BiolD (176) was carried out as previously described (177). Briefly, the full length human
PEX16 coding sequence was amplified by PCR from MGC clone BC004356, and cloned
with Ascl and Notl restriction sites into pcDNAS FRT/TO FLAGBirA* expression vector,
and 293 T-REx Flp-In cells stably expressing FLAGBirA*-PEX16 were generated. After
selection (DMEM + 10% FBS + 200 pg/ml Hygromycin B), 5 x 15 cm diameter plates of
sub-confluent (60 %) cells were incubated for 24 hr in complete media supplemented with 1
pg/ml tetracycline (Sigma) and 50 uM biotin (BioShop). Cells were collected and

pelleted (2,000 rpm, 3 min), the pellet was washed twice with PBS, and dried pellets were
snap frozen. Cell pellets were resuspended in 10 mL of lysis buffer (S0mM Tris-HCI pH7.5,
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150mM NaCl, ImM EDTA, ImM EGTA, 1 % Triton X-100, 0.1 % SDS, 1:500 protease
inhibitor cocktail (Sigma-Aldrich), 1:1000 benzonase nuclease (Novagen)) and incubated on
an end-over-end rotator at 4°C for 1 hour, briefly sonicated to disrupt any visible aggregates,
then centrifuged at 16,000 x g for 30 min at 4°C. Supernatant was transferred to a fresh 15
mL conical tube. 30 pL of packed, pre-equilibrated streptavidin sepharose beads (GE) were
added and the mixture was incubated for 3 h at 4°C with end-over-end rotation. Beads were
pelleted by centrifugation at 2000 rpm for 2 min and transferred with ImL of lysis buffer to
a fresh Eppendorf tube. Beads were washed once with 1 mL lysis buffer and twice with 1 mL
of 50 mM ammonium bicarbonate (ammbic; pH=8.3), transferred in ammbic to a fresh
Eppendorf tube and washed two more times with 1 mL ammbic. Washed beads were
incubated with 1 pg MS grade TPCK trypsin (Promega, Madison, WI) dissolved in 200 pL
of 50 mM ammbic (pH 8.3) overnight at 37°C. The following morning, 0.5ug MS-grade
TPCK trypsin was added, and beads were incubated 2 additional hours at 37°C. Beads were
pelleted by centrifugation at 2000g for 2 min, and the supernatant was transferred to a fresh
Eppendorf tube. Beads were washed twice with 150 pL of 50 mM ammonium bicarbonate,
and these washes were pooled with the first eluate. The sample was lyophilized, and
resuspended in buffer A (0.1 % formic acid). One fifth of the sample was analyzed per MS

run.
2.6 Mass spectrometry

Liquid chromatography analytical columns (75 pm inner diameter) and pre-columns (100 pm
inner diameter) were made in-house from fused silica capillary tubing from InnovaQuartz
(Phoenix, AZ) and packed with 100 A C18-coated silica particles (Magic, Michrom
Bioresources, Auburn, CA). Peptides were subjected to nanoflow liquid chromatography -
electrospray ionization - tandem mass spectrometry (nLC-ESI-MS/MS), using a 120 min
reversed phase (10-40 % acetonitrile, 0.1 % formic acid) buffer gradient running at 250
nL/min on a Proxeon EASY-nLC pump in-line with a hybrid linear quadrupole ion trap
(Velos LTQ) Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA). A

parent ion scan was performed in the Orbitrap, using a resolving power of 60,000.

Simultaneously, up to the twenty most intense peaks were selected for MS/MS (minimum ion
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count of 1000 for activation) using standard CID fragmentation. Fragment ions were detected
in the LTQ. Dynamic exclusion was activated such that MS/MS of the same m/z (within a 10
ppm window, exclusion list size 500) detected three times within 45 sec were excluded from
analysis for 30 s. Data were analyzed using the trans-proteomic pipeline (TPP) (178, 179) via
the ProHits software suite (180). For protein identification, Thermo .RAW files were
converted to the .mzXML format using Proteowizard (181), then searched using X!Tandem
(182) and Comet (183) against Human RefSeq Version 45 (containing 36113 entries).

Search parameters specified a parent ion mass tolerance of 10 ppm, and an MS/MS 435
fragment ion tolerance of 0.4 Da, with up to two missed cleavages allowed for trypsin.
Variable modifications of +16@M and W, +32@M and W, +42@N-terminus, +1@N and Q
were allowed. Proteins identified with a ProteinProphet cut-off of 0.90 (corresponding to
<1% FDR) and with > 2 unique peptides were analyzed with SAINT Express v.3.3. Each
biological replicate was analyzed using two technical replicates. Data were compared to 12
control runs (FlagBirA* alone and no bait control lysates), collapsed to the 2 highest spectral

counts for each prey protein, and the SAINT score cut-off value was set to 0.80 (BFDR <1%)

to define high confidence interactors.

2.7 LC-MS/MS analysis of plasmalogens and VLCFAs

Cell pellets were homogenized in PBS (ThermoFisher Scientific). An extraction solution of
methanol containing 10 ng each of the internal standards, 16:0-D4 lyso-PAF (15.6 pmol)
(Cayman Chemical Co.) and D4-26:0-lyso-PC (Avanti Polar Lipids) was added to 50 pg
protein cell extract in a glass tube. The samples were incubated on a shaker at room
temperature for 1 hr. The samples were transferred to Corning Costar spin-X centrifuge tube
filters and centrifuged for 5 min. The filtrates were then transferred to autosampler Verex
vials (Phenomenex) for analysis by LC-MS/MS. A Waters TQD interfaced with an Acquity
UPLC system was employed for positive ion electrospray (ESI)-MS/MS ionization.
Plasmalogen species were detected by monitoring multiple reaction monitoring (MRM)
transitions representing fragmentation of [M+H]+ species to m/z 311, 339, 361, 385, 389,
390 for compounds with 16:1, 18:1, 20:4. 22:6, 22:4 and 18:0, respectively at the sn-2
position. Elution of lyso PCs was detected by monitoring multiple reaction monitoring

(MRM) transitions representing fragmentation of [M+H]+ to m/z 104. Chromatographic
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resolution was achieved via the use of a 2.1 x 50 mm, 1.7 um Waters Acquity UPLC BEH
column. The solvent systems used were: mobile phase A = 54.5 % water/45 %
acetonitrile/0.5 % formic acid mobile phase B = 99.5 % acetonitrile/0.5 % formic acid with
both solutions containing 2 mM ammonium acetate. Injections of extracts dissolved in
methanol were made with initial solvent conditions of 85 % mobile phase A/15 % mobile
phase B. The gradient employed was from 15 % to 100 % mobile phase B over a period of
2.5 min, held at 100 % mobile phase B for 1.5 min before reconditioning the column back to
85 % mobile phase A/15 % mobile phase B for 1 min at a solvent rate of 0.7 ml/min. A
column temperature of 35 °C and an injection volume of 5 pul for plasmalogens and 10 pl for

lysoPCs were used.
2.8 SIM image processing and analysis

Structured illumination microscopy (SIM) is a super-resolution fluorescence microscopy
technique that increases resolution by exploiting interference patterns (moiré fringes)
generated when the sample is illuminated using spatially patterned light (184). Raw SIM
image stacks were processed in Zen under the Structured Illumination toolbar. A series of
parameters were set to generate an optical transfer function (OTF) used for 3D
reconstruction. The noise filter for Wiener de-convolution was set to a value of 1.0 x 10 to
maximize the recovery of high spatial frequency information while minimizing illumination
pattern artifacts. The maximum isotropy option was left unselected to recover all available
frequency information at exactly the 120° rotation angles. Super-resolution frequency
weighting was set 1.0. Negative values arising as an artifact of the Wiener filter were clipped
to zero using the Baseline Cut option. Sectioning filters used to remove the 0-frequencies
from the 0™ order and non-shifted 1 order (+1, -1) were set to default values of 100 and 83,
respectively. Processed SIM images were then aligned via an affine transformation matrix of
pre-defined values obtained using 100 nm multicolor Tetraspeck fluorescent microspheres
(ThermoFisher). SIM data was analyzed for peroxisome-ER association by generating 3D-

surface projections in Zen.
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2.9 Microscopy and analysis

Fluorescence images of mammalian cultured cells were acquired using a Zeiss LSM 710
laser-scanning confocal microscope with a 63x1.4 NA oil immersion objective. Images of
plant (BY-2) cells were acquired using a Leica DM RBE microscope with a Leica 63x Plan
Apochromat oil-immersion objective. For peroxisome diffusion analysis, the images were
acquired using a Leica DMI6000B inverted fluorescence microscope with Hamamatsu

ImagEM X2 camera.

Live-cell imaging of mammalian cells was performed at 37°C in CO»-independent medium
containing 10 % FBS and 2 mM L-glutamine. For immunofluorescence, cells were fixed in
paraformaldehyde and permeabilized using 0.1 % Triton X-100 in PBS, followed by
incubation with appropriate antibodies as specified. FLIP assays were performed using 30 or
50 iterations of a 488 nm laser light at full strength in a rectangular region of interest (ROI)
repeatedly every 60 seconds. An image was taken immediately before and after each
photobleaching session. FRAP assays were performed using a 488 nm laser light at full
strength in a rectangular ROI, and 20 single scan images were collected following the
photobleaching section. For measurement of peroxisome volume, Z-stacks series were

collected.

To quantify the intracellular localization of the GFP-fused PEX16 constructs shown in Fig.
3.4 & 3.5, Volocity®5.0 software (Perkin Elmer) was used to measure the relative intensity of
fluorescence attributable to GFP in individual cells. The maximal area of each cell enriched
with GFP signal was selected as the ROI and the minimal threshold was adjusted accordingly
to ensure that the background signal was eliminated from the measurement. The total GFP
signal within each individual cell was obtained by measuring the total pixel intensity of the
green channel in the ROI. Among all the cells expressing PEX16-GFP, the highest total GFP
signal was chosen as the upper limit; the lowest total GFP signal was chosen as the lower
limit. For all the PEX16 mutant constructs, only cells expressing the fusion protein at levels
within the above range were selected for the localization analysis. To quantify the
colocalization of Cer-PEX26 with the co-expressed GFP fusion proteins (Fig. 3.10), we used

Volocity®5.0 software (Perkin Elmer) to measure the Manders’ colocalization coefficient of
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the GFP signal (M_._ ). The minimal threshold for the GFP and Cerulean channels was

GFP
adjusted to ensure the maximal difference in the M., values between the positive control
(UB-GFP-SKL) and the negative control (ssGFP-KDEL). The same threshold for both

channels was used for all cells examined.

For peroxisome diffusion analysis, Z stacks of single cells were acquired at 40 frames per
min and projected to generate 2D videos. At each frame, individual peroxisomes were fit
with multiple Gaussians to determine the center of the organelle with a positional accuracy of
< 200 nm using the u-track analysis on MatLab software (185). Peroxisomes were tracked
over 80 frames (2 mins) using u-track to determine the median diffusion coefficient of

peroxisomes per cell.

The measurements of peroxisome volume, peroxisome area and Manders’ colocalization
coefficient were all performed using Volocity® 5.0 software (Perkin Elmer). All images
were adjusted for brightness and contrast using ImageJ (NIH, Bethesda). Figure
compositions and merged images were generated using Adobe Photoshop CS4 and Illustrator
CS2 (Adobe Systems). Unless otherwise indicated, all statistical analysis was performed

using a Student’s t test.
2.10 Reagents

The antibodies used were rabbit monoclonal anti-PMP70 (Epitomics); rabbit polyclonal anti-
Hsp60 (Abcam); mouse monoclonal anti-Myc (EMD Millipore); goat anti-rabbit Alexa Fluor
568 secondary antibody; goat anti-mouse Alexa Fluor 488 secondary antibodies (Invitrogen);
goat anti-rabbit Alexa Fluor 488 secondary antibody (Invitrogen); rabbit polyclonal anti-
VAPB(Sigma); rabbit polyclonal anti-VAPA (Novusbio); mouse anti-DLP1 (BD
Biosciences), rabbit polyclonal anti-ACBDS5 (Novusbio); monoclonal anti-mouse GAPDH
(Novusbio); mouse anti-Myc antibodies in hybridoma medium (clone 9E10; Princeton
University Monoclonal Antibody Facility); rabbit polyclonal anti-HA (Origene); goat anti-
rabbit cottonseed catalase (186); goat anti-mouse or rabbit rhodamine red-X IgGs (Jackson
ImmunoResearch Laboratories). To visualize mitochondria, mammalian cultured cells were

incubated with media containing 20 nM MitoTracker"REDCMXRos (Invitrogen, M-7512)
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for 15 min at 37°C prior to live-cell imaging. To visualize ER in plant suspension-cultured
cells, ConA conjugated to Alexa 594 (Molecular Probes) was added to cells at a final
concentration of 5 ug/mL during the final 20 min of incubation with secondary antibodies.
The total cholesterol levels were measured using Amplex® Red Reagent (ThermoFisher

Scientific).



Chapter 3

Multiple domains in PEX16 mediate its trafficking and recruitment of

peroxisomal proteins to the ER

This chapter is adapted from an article originally published as:

e HuaR., Gidda S.K., Aranovich R.T., Mullen R.T., Kim P.K. 2015. Multiple
Domains in PEX16 Mediate its Trafficking and Recruitment of Peroxisomal

Proteins to the ER. Traffic. 16: 832-852.
Acknowledgement:

e The experiments in plant cells (Fig. 3.9A & B) were performed by Satinder K.
Gidda.
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3.1 Introduction

The direct targeting of PMPs to peroxisomes in mammalian cells relies on PEX19 and PEX3
(70, 90, 91, 101, 187). In addition, the direct targeting of PEX3 to peroxisomes in mammals
involves PEX16, which serves as the integral membrane-bound receptor for PEX3 (96).
Interestingly, PEX16 homologs are absent in most yeast species, suggesting that there are
key differences in molecular mechanisms underlying peroxisome biogenesis in yeast and
mammals, particularly with regards to the trafficking of PMPs (188). In terms of the
trafficking of PEX16 itself, initially it was postulated that this PMP sorts directly from the
cytosol to peroxisomes in a post-translational PEX19- and PEX3-dependent manner (70, 90,
91, 102, 187). However, more recent evidence has indicated that PEX16 targets indirectly to
peroxisomes via the ER and does so in a co-translational manner (77, 78, 84). Moreover,
based on analysis of the kinetics of PMP trafficking to peroxisomes, PEX3 and PMP34 were
shown to also target to peroxisomes via the ER, and do so in a PEX16-dependent manner
(78). As such, the most recent working model for the function of PEX16 and the role of ER
in peroxisome maintenance in mammals is one in which all PMPs are considered to target to
peroxisomes via the ER and that PEX16 functions as a PMP receptor at the ER. However,
when PMP synthesis exceeds the capacity of PEX16 at the ER, such as exogenous

(over)expression, they also target directly to peroxisomes (78).

Although the molecular mechanisms underlying the interplay of the ER and peroxisomes in
terms of PMP trafficking are beginning to be understood, the precise role(s) that PEX16
serves in this process is still unclear. There is an especially limited information on the
domain(s) within PEX16 that mediate its intracellular trafficking to the ER and then to
peroxisomes, as well as the domain(s) that are involved in the recruitment of other PMPs to
the ER. For instance, only two studies to date have been published on intracellular trafficking
of human PEX16, whereby a distinct positively-charged-amino-acid containing sequence
(residues 66-81) within the protein, along with the first of its two putative transmembrane
(TM) domains, was shown to be necessary for what was considered at that time to be the
direct targeting of PEX16 from the cytosol to peroxisomes (101, 102). Whether the same

region and/or other region(s) within PEX16 is involved in its ER-to-peroxisome targeting has
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not been investigated. Likewise, the ability of PEX16 to recruit PMPs to the ER has been
only demonstrated for human PEX16 (77, 78, 96) and, thus, it remains an open question
whether PEX16 in other species, wherein the protein is considered to also target to

peroxisomes via the ER, performs the same function.

Here, we employed a comprehensive mutational analysis of human PEX16 in order to
identify and characterize the targeting signals responsible for its initial sorting to the ER and
then from the ER to peroxisomes, as well as the domain within the protein responsible for
PMP recruitment to the ER. We also show that the ability of human PEX16 to recruit PMPs
to the ER is shared by a plant (4rabidopsis thaliana) PEX16, which also targets to
peroxisomes via the ER (174). Taken together, the implications of these results in terms of

the role of PEX16 in the maintenance of peroxisomes from the ER are discussed.

3.2 The TM1 domain of PEX16 is both necessary and sufficient for its
initial targeting to the ER

PEX16 is the only known mammalian peroxin that targets initially to the ER in a co-
translational manner and does so in either the absence or presence of peroxisomes (77, 78).
To identify the region(s) in PEX16 that mediate its ER targeting and/or other functions, we
generated a series of fusion constructs consisting of PEX16 or portions thereof linked to the
green fluorescent protein (GFP) (Fig. 3.1A). As illustrated in Fig. 3.1A, full-length PEX16 is
predicted to contain two transmembrane (TM) domains, TM1 and TM2, resulting in the
protein being orientated in membranes with both of its N and C termini facing the cytosol
(102). PEX16 also lacks an N-terminal signal sequence and, thus, its co-translational
targeting and insertion into ER membranes likely relies on at least one of its two TM
domains serving as a so-called type II signal-anchor sequence (189, 190). To test this
premise, we examined the subcellular localization of several of the PEX16 deletion mutants
in a pex3-deficient cell line (i.e., PBD400) that is devoid of peroxisomes (81) and, thereby,

provides a convenient means for assessing the initial ER targeting step in PEX16 biogenesis.
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Figure 3.1 The TM1 domain of PEX16 is both necessary and sufficient for its initial targeting to
the ER.

(A) Cartoon of PEX16-GFP and saPEX16-GFP structure and topology in the peroxisomal membrane.
Shown for both fusion proteins are the relative positions of the two transmembrane domains in
PEX16 (TM1 and TM2), the C-terminal-appended GFP, and, for saPEX16-GFP, the N-terminal-
appended type I signal anchor sequence (sa). Shown also are schematic representations of full-length
and various truncation mutants of PEX16-GFP described in this study. Boxes represent specific
regions of PEX16, including the putative peroxisomal targeting signal (i.e., residues 66-81), predicted
TMs, i.e., TMI1 (residues 110-131) and TM2 (residues 222-243), and a sub-region of the PMP
recruitment domain (i.e., residues 83-103). Green circles represent the position of the C-terminal-
appended GFP moiety. Numbers denote specific amino acid residues in full-length PEX16 (336
residues).

(B) Representative images of COS7 cells transiently-(co)expressing (as indicated by panel labels)
PEX16-GFP and the peroxisomal or ER marker proteins, UB-RFP-SKL or ssRFP-KDEL,
respectively. Note that, based on the relative intensity of its fluorescence, PEX16-GFP was
considered to be expressed at low levels in the cell shown in the top row and at high levels in the cells
shown in the middle and bottom two rows as indicated. Brightness has been adjusted for presentation.
(C) pex3-deficient peroxisome-less (PBD400) cells transiently-expressing PEX16-GFP or modified
(truncated) versions thereof; refer to (A).

(D) PBDA400 cells transiently-expressing PEX16(ATM1)-GFP and stained with MitoTracker®
REDCMXRos.

(E) COS7 cells transiently-(co)expressing PEX16(100-140)-GFP and ssRFP-KDEL. The white box
on each left side panel indicates the magnified area shown in the right side panels. The higher
magnification panels show the individual micrographs including the corresponding merged image.
Scale bars, 10 um.

As shown previously (77), transiently-expressed PEX16-GFP localized in cells with pre-
existing peroxisomes (i.e., COS7 cells) either to peroxisomes or to both the ER and
peroxisomes, depending on its relative level of expression. At low expression levels, the
fusion protein colocalized exclusively with the peroxisomal marker protein UB-RFP-SKL,
consisting of the red fluorescent protein (RFP) fused to ubiquitin (UB) at its N terminus and a
type I peroxisomal targeting signal tripeptide (i.e., Ser-Lys-Leu [SKL]) at its C terminus
(77); whereas, at higher expression levels, PEX16-GFP localized to both peroxisomes and
the ER as increased colocalization with the ER marker protein ssRFP-KDEL was readily
observed (77) (Fig. 3.1B). In normal human fibroblast cells, PEX16-GFP targets to
peroxisomes (191). In peroxisome-deficient PBD400 cells, PEX16-GFP localized to the ER
as expected (Fig. 3.1C) (77), and at higher expression levels, also in the cytosol (data not
shown). Similarly, both PEX16(A66-81)-GFP and PEX16NT-GFP localized to the ER and
cytosol in PBD400 cells (Fig. 3.1C), indicating that deletion of either its putative
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peroxisomal targeting signal (i.e., residues 66-81) (102) or the entire C-terminal half,
including TM2 (refer to Fig. 3.1A), had no effect on the ability of PEX16 to target to the ER.
By contrast, mutant constructs lacking either the entire N-terminal half of the protein
(PEX16CT-GFP), including TM1, or TM1 only (PEX16(ATM1)-GFP) did not target to the
ER in PBD400 cells (Fig. 3.1C). Instead, PEX16CT-GFP mislocalized to the cytosol and
nucleus in these cells (Fig. 3.1C), while PEX16(ATM1)-GFP localized to mitochondria, as
well as to the cytosol and nucleus (Fig. 3.1C&D), indicating that the TM1 domain of PEX16

is necessary for its targeting to the ER.

To further confirm that the TM1 domain of PEX16 is involved in its initial ER targeting, we
tested whether TM1 is sufficient to target a passenger protein to the ER. Toward this end,
TM1 (a.a. 110-131) and the adjacent N- and C-terminal 10-amino-acid sequences serving as
linkers and providing the appropriate context were appended to GFP (refer to Fig. 3.1A
PEX16(100-140)-GFP). As shown in Fig. 3.1C, similar to full-length PEX16-GFP,
PEX16(100-140)-GFP localized to the ER in PBD400 cells. However, unlike PEX16-GFP,
PEX16(100-140)-GFP localized only to the ER in COS7 cells and not to peroxisomes (Fig.
3.1E). Indeed, we confirmed that PEX16(100-140)-GFP did not target to peroxisomes in
COST7 cells using a fluorescence-loss-in-photobleaching (FLIP) assay that depleted the ER of
its fluorescent signals (Fig. 3.2). Since the ER is one large interconnected organelle,
repetitive photobleaching a small region will deplete all the fluorescent signals in the ER,
thus revealing less intense fluorescent signals such as those in peroxisomes. Compared to
wild-type PEX16-GFP (Fig. 3.2A), depletion of the fluorescence attributable to ER-localized
PEX16(100-140)-GFP by repetitive photobleaching revealed no obvious localization of the
modified fusion protein to peroxisomes (Fig. 3.2B), reinforcing that the TM1 domain of
PEX16 is sufficient for its targeting to the ER, but not its targeting to peroxisomes. Similar
results were found with a PEX16 construct consisting of TM1 domain and a longer C-
terminal luminal-facing region, i.e., PEX16(100-170)-GFP also localized exclusively to the
ER (Fig. 3.3), suggesting that the lack of peroxisomal localization of PEX16(100-140)-GFP
is not likely due to steric hindrance of the TM1 by the appended GFP moiety.
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Figure 3.2 PEX16(100-140)-GFP and PEX16NT(A66-81)-GFP do not target to the peroxisomes.
Representative images of FLIP assays performed with COS7 cells transiently-(co)expressing (as
indicated by panel labels) (A) PEX16-GFP, (B) PEX16(100-140)-GFP, (C) PEX16NT(A66-81)-GFP
or (D) saPEX16-GFP, along with the peroxisomal marker protein UB-RFP-SKL are shown. Each
construct in pseudo color is shown along with the corresponding merged image. Yellow boxes
represent the region of interest (ROI) in cell that was subjected to repeated photobleaching with 488-
nm laser light. Both the first frame before photobleaching (Pre-photobleach) and the first image after
repeated photobleaching (Post-photobleach) procedure are shown for all constructs. The white boxes
are the regions magnified in the bottom panels. The images show that PEX16(100-140)-GFP and
PEX16NT(A66-81)-GFP, unlike PEX16-GFP and saPEX16-GFP, do not colocalize to peroxisomes
with the peroxisomal marker protein UB-RFP-SKL. Scale bars, 10 um.
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Figure 3.3 PEX16(100-170) targets only to the ER
and not to peroxisomes.

(A) Representative images of COS7 cells transiently-
(co)expressing PEX16(100-170)-GFP and the ER
marker proteins, ssSRFP-KDEL.

(B) Representative images of pex3-deficient
peroxisome-less (PBD400) cells transiently-expressing
PEX16(100-170)-GFP. The white box on each left side
panel indicates the magnified area shown in the right
side panels.

(C) Representative images of FLIP assay performed
with COS7 cells transiently-(co)expressing
PEX16(100-170)-GFP along with the peroxisomal
marker protein UB-RFP-SKL. Yellow boxes represent
the region of interest (ROI) in cell that was subjected
to repeated photobleaching with 488-nm laser light.
Both the first frame before photobleaching (Pre-
photobleach) and the first image after repeated
photobleaching (Post-photobleach) procedure are
shown. The white boxes are the regions magnified in
the bottom panels. Scale bars, 10 pm.

3.3 Identification of the ER-to-peroxisome targeting signal of PEX16

Given that PEX16 targets to peroxisomes via the ER (77, 78), we next assessed which

region(s) of the protein mediates its ER-to-peroxisome trafficking. Toward this end, we

developed a microscopy-based assay to quantify the intracellular distribution of PEX16.

More specifically, full-length or selected mutant versions of PEX16-GFP (Fig. 3.1A) were

co-expressed in COS7 cells with the peroxisome marker UB-RFP-SKL or the ER marker

ssRFP-KDEL. The intracellular distribution of GFP fluorescence in transfected cells (n > 50)

was quantified as either exclusively peroxisomes or ER, or a combination of both organelles

(Fig. 3.4).
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In agreement with previous findings (77, 78) and those described above (Fig. 3.1B), PEX16-
GFP in COS7 cells was observed and quantified to be localized most often exclusively to
peroxisomes, less often to both peroxisomes and ER, and never exclusively to the ER (Fig.
3.4A and Fig. 3.2A). Also as mentioned above (Fig. 3.1B), the dual localization of PEX16-
GFP to peroxisomes and ER was typically observed only in cells expressing the fusion
protein at relatively high levels, which was likely due to the saturation of sorting machinery
responsible for trafficking PEX16 from the ER to peroxisomes (77). Therefore, to ensure that
any differences in the observed localization of the corresponding PEX16-GFP mutants
examined were not simply due to differences in their relative expression levels, only those
cells that exhibited GFP fluorescence signals within the range of intensities measured for
wild-type PEX16-GFP either exclusively at peroxisomes or at both peroxisomes and the ER
were imaged and quantified (see Chapter 2 for details). Based on this range, PEX16NT-GFP
localized exclusively to peroxisomes in almost all cells examined, with only a few cells
displaying localization to both peroxisomes and ER (Fig. 3.4B). These data indicate that the
peroxisomal targeting signal(s) of PEX16 is located within the N-terminal half (i.e., residues

1-170) of the protein.

Consistent with this conclusion and also with previous results (102), deletion of the putative
peroxisomal targeting signal in PEX16 (i.e., residues 66-81) completely abolished its ability
to target to peroxisomes (Fig. 3.4C) and instead, PEX16NT(A66-81)-GFP localized
exclusively to the ER, as verified by a FLIP assay (Fig. 3.2C). Furthermore, deletion of the
first 65 amino acid residues from the N terminus of PEX16NT-GFP resulted in the modified
mutant protein being localized in a similar manner as PEX16-GFP, i.e., PEX16NT(A1-65)-
GFP localized most often exclusively to peroxisomes and less so to both peroxisomes and ER
(compare Fig. 3.4A&D). On the other hand, the PEX16NT(A1-81)-GFP construct, where the
N-terminal 81 residues were deleted from PEX16NT-GFP, localized exclusively to the ER in
all cells examined (Fig. 3.4E). Taken together, these results indicate that amino acid residues

66-81 in PEX16 are required for its targeting from the ER to peroxisomes.
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Figure 3.4 Amino acid residues 66-81 in PEX16 are necessary for its ER-to-peroxisome
targeting.

Representative images of COS7 cells transiently-coexpressing (A) PEX16-GFP, (B) PEX16NT-GFP,
(C) PEX16NT(A66-81)-GFP, (D) PEX16NT(A1-65)-GFP, and (E) PEX16NT(A1-81)-GFP, along
with the peroxisomal marker protein, UB-RFP-SKL. Shown to the right of each set of images is a bar
graph depicting the percentage of transfected cells displaying intracellular localization of the
corresponding PEX16-GFP fusion protein either exclusively to peroxisomes (P) or ER, or to a
combination of both organelles (P/ER). Each graph represents the analysis of >150 cells from three
separate transfections (N=3 =+ standard deviation). Scale bars, 10 um.
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3.4 Characterization of the PEX16 ER-to-peroxisome targeting signal

In order to further characterize the putative ER-to-peroxisome targeting signal in PEX16, we
performed a mutagenic analysis of amino acids 66-81 (Fig. 3.5). We focused initially on
whether the conspicuous enrichment of positively-charged residues within this sequence
(refer to Fig. 3.1A and Fig. 3.5A) is an essential feature of the targeting signal, as it is a
common characteristic in the peroxisomal targeting signals of other PMPs (63, 66, 67). As
shown in Fig. 3.5B, the mutant PEX16(66-81Ala)-GFP, where all of the lysine and arginine
residues in the 66-81 amino acid sequence were replaced with alanine readily localized to
peroxisomes (Fig. 3.5A). These results indicate that the positively-charged residues within
the 66-81 amino acid sequence are not required for sorting PEX16 from the ER to
peroxisomes and that the putative peroxisomal targeting signal of PEX16 may be distinct
from that present in other PMPs, including those that utilize an ER-to-peroxisome targeting

pathway.

We tested next whether any other specific residues within the 66-81 amino acid sequence of
PEX16 are required for its proper targeting from the ER to peroxisomes by replacing all of
the amino acids in this sequence with random amino acids (Fig. 3.5A). As shown in Fig.
3.5C, the resulting construct, PEX16(66-81random)-GFP, localized exclusively to the ER in
almost all cells examined (Fig. 3.5C). We also generated three modified versions of the
PEX16(66-81random)-GFP mutant whereby five/six-amino-acid-long regions within the 66-
81 amino acid sequence were restored back to their corresponding wild-type sequence (Fig.
3.5A). As shown in Fig. 3.5E&F, re-introduction of either -KKLPV- (PEX16(66-
81randomB)-GFP) or -SLSQQK- (PEX16(66-81randomC)-GFP) within the 66-81 amino
acid sequence restored its peroxisomal targeting. By contrast, re-introduction of -RKELR-
did not restore its peroxisomal targeting, i.e., PEX16(66-8 1randomA)-GFP, similar to
PEX16(66-81random)-GFP, localized in most cells exclusively to the ER (Fig. 3.5D).
Collectively, these results suggest that residues 71-81 in PEX16 represent the most essential

region of the ER-to-peroxisome targeting signal.
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Figure 3.5 Characterization of the PEX16 ER-to-peroxisome targeting signal.

(A) Overview of 66-81 amino acid sequences in either wild-type (WT) PEX16-GFP or various
modified versions. Alanine substitution of wild-type lysine and arginine residues within the 66-81
amino acid sequence in PEX16(66-81Ala)-GFP is underlined. PEX16(66-81random)-GFP is a mutant
where residues 66-81 have been replaced with randomly selected residues as shown. The mutants
with restored (wild-type) residues in PEX16(66-81randomA)-GFP, PEX16(66-81randomB)-GFP and
PEX16(66-81randomC)-GFP are bolded.

(B-F) Representative images of COS7 cells transiently-(co)expressing (as indicated by panel labels)
(B) PEX16(66-81Ala)-GFP, (C) PEX16(66-81random)-GFP, (D) PEX16(66-81randomA)-GFP, (E)
PEX16(66-81randomB)-GFP, and (F) PEX16(66-81randomC)-GFP, along with the peroxisomal
marker protein, UB-RFP-SKL. Shown to the right of each set of images is a bar graph depicting the
percentage of transfected cells displaying intracellular localization of the corresponding PEX16-GFP
fusion protein either exclusively to peroxisomes (P) or ER, or to a combination of both organelles
(P/ER). Each graph represents the analysis of >150 cells from three separate transfections (N=3 +
standard deviation). Scale bars, 10 pm

3.5 A specific TM1 domain is not necessary for the ER-to-peroxisome

targeting of PEX16

We next asked whether the TM1 domain in PEX16 is required not only for its initial
targeting to the ER (Fig. 3.1), but also for its subsequent ER-to-peroxisome targeting. To test
this premise, we generated a hybrid fusion protein construct, PEX16(1-109)-Vamp1A(TM)-
GFP (Fig. 3.6A), whereby the amino acid sequence corresponding to the C-terminal end of
PEX16NT, including TM1, was replaced with the C-terminal ER-targeting domain of
VamplA (192-194). As shown in Fig. 3.6, Vamp1 A-GFP localized to the ER as expected
(Fig. 3.6B) (192-194), but not to peroxisomes (Fig. 3.6C). On the other hand, PEX16(1-109)-
Vampl A(TM)-GFP localized to both the ER (Fig. 3.6D) and peroxisomes (Fig. 3.6E). These
results indicate that the TM1 domain of PEX16 is not specifically necessary for its trafficking
from the ER to peroxisomes since a TM sequence from another (non-peroxisomal)

membrane protein can serve this function.
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Figure 3.6 A specific TM1 domain is not necessary for the ER-to-peroxisome targeting of
PEX16.

(A) Schematic presentation of VamplA-GFP, PEX16NT-GFP, and PEX16(1-109)-Vampl1A(TM)-
GFP. Purple boxes represent the C-terminal ER-targeting domain of VamplA (i.e., resides 83-118),
including its single TM domain and adjacent upstream sequences. The yellow and pink boxes
represent specific regions of PEX16, including the putative peroxisomal targeting signal (i.e., residues
66-81) and its first transmembrane (TM1) domain (i.e., residues 110-131). Numbers denote specific
amino acid residues in either full-length Vamp1A (118 residues) or full-length PEX16 (336 residues).
(B and D) Representative images of COS7 cells transiently-(co)expressing (as indicated by panel
labels) (B) VamplA-GFP or (D) PEX16(1-109)-VamplA(TM)-GFP, along with the ER marker
protein, ssSRFP-KDEL. (C and E) Representative images of COS7 cells transiently-expressing (C)
VamplA-GFP or (E) PEX16(1-109)-VamplA(TM)-GFP, and immunostained for endogenous
peroxisomal PMP70. Shown in the panels on the left in (B - E) are the low magnification merged
images of fluorescence attributable to the (co)expressed fusion proteins or PMP70 immunostaining;
boxes represent the portions of the cells shown at higher magnification and as individual fluorescence
micrographs in the panels to the right, including the corresponding merged image. Scale bars, 10 um.
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3.6 PEX16 is capable of recruiting a wide range of PMPs to the ER

Previously, we showed that PEX16 is capable of recruiting two other PMPs, namely PEX3
and PMP34, to the ER, from where they are subsequently transported to pre-existing
peroxisomes, and that this may be the default pathway for the trafficking of these proteins
(77, 78). This suggests that PEX16 may serve as a general PMP receptor at the ER. To
further test this premise, we assessed whether a variety of other PMPs can also be recruited
to the ER by PEX16. Specifically, we co-expressed several different PMPs with a well-
characterized modified version of PEX16-GFP known as saPEX16-GFP (see Fig. 3.1A). This
fusion protein is appended to an N-terminal type I signal anchor sequence (sa) that, compared
to wild-type PEX16-GFP, serves to retain it longer in the ER after its co-translational
synthesis (Fig. 3.2D), while also preserving the native membrane topology of PEX16 (77).
Moreover, saPEX16-GFP has been previously shown to complement pex/6-deficient cells,
confirming that this modified fusion protein functions in a similar manner as its wild-type

counterpart (77).

We first examined whether saPEX16-GFP can recruit PEX26 to the ER. As shown in Fig.
3.7A, Cer-PEX261,, consisting of the Cerulean fluorescent protein fused to the C-terminal
half of the tail-anchored PMP PEX26 (the portion that contains its membrane targeting TM
sequence), localized exclusively to peroxisomes and not to the ER when expressed on its
own, as expected (92, 195). Notably, in cells where Cer-PEX261\ was expressed at relatively
high levels, the fusion protein localized to both peroxisomes and mitochondria (Fig. 3.7A).
By contrast, co-expression of Cer-PEX2671y with saPEX16-GFP, resulted in both proteins
colocalized at the ER (Fig. 3.7A), indicating that PEX26, similar to PEX3 and PMP34 (77,
78), can be recruited to the ER by PEX16.

We also examined three other PMPs that differ in their membrane topology and function,
namely PEX10, PEX11 and FIS1. Similar to PEX26, they were also recruited to the ER by
PEX16. That is, both the multi-spanning PMPs, PEX10-Cer and PEX11B-Cer, localized
exclusively to peroxisomes when expressed on their own (196, 197), but co-localized at the
ER when co-expressed with saPEX16-GFP (Fig. 3.7B). Likewise, Myc-FIS1, a tail-anchored

membrane protein that localizes and functions at both peroxisomes and mitochondria (29),
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partially colocalized with both the endogenous peroxisomal and mitochondrial marker
proteins, PMP70 and Hsp60, respectively (Fig. 3.7C). However, when co-expressed with
saPEX16-GFP, Myc-FISI localized to the ER (Fig. 3.7C). On the other hand, Cer-OMP251y;,
a mitochondrial outer membrane protein (198, 199), localized exclusively to mitochondria
and not to peroxisomes or the ER when either expressed on its own or co-expressed with
saPEX16-GFP (Fig. 3.7D), indicating that the ability of PEX16 to recruit proteins to the ER
is specific for PMPs.

While the mechanism of how PEX16 recruits PMPs to the ER is not yet known, it is
generally thought that, at the peroxisomes, PEX16 acts in cooperation with PEX3 and PEX19
to mediate the recruitment of nascent PMPs in the cytosol into peroxisomal membranes (77,
96). To test whether PEX3 and/or PEX19 are also required in PEX16-mediated recruitment
of PMPs to the ER, Cer-PEX261\y was co-expressed with saPEX16-GFP in pex3- or pex19-
deficient cells (i.e., PBD400 and PBD399, respectively), which are devoid of peroxisomes
(18, 81). As shown in Fig. 3.7E&F, Cer-PEX261)\ colocalized with saPEX16-GFP at the ER
in both PBD400 and PBD399 cells. When expressed on its own in these cells, Cer-PEX261y
did notlocalize to the ER (ssGFP-KDEL), but instead localized to mitochondria. Similar
results were observed with PMP34 when co-expressed with PEX16 in PBD400 and PBD399
cells (Fig. 3.8B&C). Taken together, these results indicate that at the ER, PEX16-mediated
recruitment of PMPs does not depend on PEX3 or PEX19.
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Figure 3.7 PEX16 is capable of recruiting a wide range of PMPs to the ER.

(A-D) Representative images of COS7 cells transiently-(co)expressing (A) Cer-PEX261y and either
UB-GFP-SKL, ssGFP-KDEL or saPEX16-GFP (as indicated by panel labels), or immunostained with
MitoTracker® REDCMXRos, (B) PEX10-Cer or PEX11B-Cer and UB-GFP-SKL or saPEX16-GFP,
(C) Myc-FIS1 and saPEX16-GFP, or Myc-FIS1 expressing cells immunostained for endogenous
mitochondrial Hsp60 or peroxisomal PMP70, (D) Cer-OMP25r1y and saPEX16-GFP, or Cer-
OMP251y expressing cells immunostained for endogenous Hsp60 or PMP70. Note in (A) that, based
on the relative intensity of its fluorescence, Cer-PEX2671\y was considered to be expressed at low
levels in the cells shown in the top two rows and at high level in the cell shown in the third row as
indicated.
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(E) Representative images of pex3-deficient (PBD400) cells transiently-(co)expressing Cer-PEX261y
and saPEX16-GFP or ssGFP-KDEL.

(F) Representative images of pex/9-deficient (PBD399) cells transiently-(co)expressing Cer-
PEX26r1y and saPEX16-GFP or ssGFP-KDEL. Shown in the panels on the left in (A-F) are the low
magnification merged images; boxes represent the portions of the cells shown at higher magnification
and as individual micrographs in the panels to the right, including the corresponding merged image.
Scale bars, 10 um.
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Figure 3.8 PEX16 recruits PMP34 to the ER independently of PEX3 or PEX19.

(A and B) pex3-deficient (PBD400) or (C and D) pex19-deficient (PBD399) cells were transfected
with plasmids encoding for PMP34-Venus (A and C), or co-transfected with PEX16-CFP (B and D).
Scale bars, 10 um.
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3.7 The recruitment of PMPs to the ER by PEX16 is conserved in plant

cells

Like human PEX16, plant (4. thaliana) PEX16 (AtPEX16) is considered to target to
peroxisomes via the ER and participate in multiple processes in peroxisome biogenesis in
plant cells depending on its localization (188). For instance, deletion of the AtPEX16 gene
leads to complete loss of peroxisomes (200). Hence, like its human counterpart, AtPEX16 is
also thought to function at the ER in the early stages of de novo peroxisome biogenesis, and

perhaps as a general PMP receptor (26).

To begin to confirm whether PEX16 function is conserved among evolutionarily diverse
organisms, we tested whether plant PEX16, similar to human PEX16, can recruit PMPs to
the ER. As shown in Fig. 3.9A and consistent with previous observations (174), wild-type
AtPEX16 (AtPEX16-GFP) localized to peroxisomes and not to the ER in plant suspension-
cultured cells, presumably because its transit through the ER to peroxisomes is rapid (174).
By contrast, AtPEX16-GFP with an N-terminal-appended sa sequence (i.e., saAtPEX16-
GFP) localized primarily to the ER and only at later time points following transformation
(i.e., 8 h versus 4 h) did the fusion protein localize also to peroxisomes (Fig. 3.9A). These
data are consistent with the notion that, similar to human PEX16, plant PEX16 targets to
peroxisomes via the ER and that an appended signal anchor sequence serves to retain the
protein longer in the ER. Indeed, mutation in the peroxisomal targeting signal of AtPEX16
(174) resulted in the modified fusion protein, i.e., saAtPEX16(mut)-GFP, localized
exclusively to the ER (Fig. 3.9A).

As shown in Fig. 3.9B and again consistent with human PEX16 (Fig. 3.7), co-expression of
saAtPEX16-GFP with two other plant PMPs, namely AtPEX3 and AtPMP36 (4. thaliana
homologs of mammalian PEX3 and PMP34, respectively), resulted in both proteins being
localized to the ER, whereas they localized exclusively to peroxisomes when expressed on
their own (201, 202). Interestingly, plant PEX16 was also capable of recruiting PMPs to the
ER in mammalian cells. That is, saAt™PEX16-GFP, which consists of a human codon-
optimized version of saAtPEX16, localized to the ER in COS7 cells and also recruited Cer-
PEX261\ to the ER when both proteins were co-expressed (Fig. 3.9C). Collectively, these
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results support the notion that the ability of PEX16 to serve as a general PMP receptor at the

ER is conserved between plants and mammals.

Figure 3.9 PEX16 recruits PMPs to the ER in
plant cells.

(A and B) Representative images of plant
(Nicotiana tabacum) suspension-cultured cells

saAtPEXIB-GFP| ConA transiently-(co)expressing (as indicated by panel
' labels) (A) AtPEX16-GFP, saAtPEX16-GFP, or
saPEX16(mut)-GFP and either immunostained

for endogenous peroxisomal catalase or stained
with fluor-conjugated ConA serving as an ER
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(C) Representative images of COS7 cells
EGFP | Myc-PEX3 - - transiently-(co)expressing  saAt"™PEX16-GFP,

and ssRFP-KDEL or Cer-PEX261y. Cells in (C)
were imaged 24 h after transfection. Shown in
the panels on the left in (A-C) are the low
magnification merged images; boxes represent
the portions of the cells shown at higher
magnification and as individual micrographs in
the panels to the right, including the
corresponding merged image. Scale bars, 10 um.
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3.8 Amino acid residues 66-103 in PEX16 mediate the recruitment of PMPs
to the ER

Next, to search for the specific region(s) in human PEX16 responsible for recruiting PMPs to
the ER, we co-expressed selected mutant versions of PEX16 (see Fig. 3.1A) in the context of
saPEX16-GFP along with Cer-PEX261y in COS7 cells. Then we quantified protein
colocalization at the ER using the Manders’ colocalization coefficient of the GFP signal
(Mgrp), which represents the fraction of the intensities of GFP pixels that coincide with
Cerulean pixels attributable to the co-expressed saPEX16-GFP mutant protein and Cer-
PEX261\, respectively. As such, our expectation was that the recruitment of Cer-PEX261y
to the ER by wild-type saPEX16-GFP would yield a high degree of colocalization and hence
a high Mgrp value. However, disruption in the recruitment of Cer-PEX267y to the ER by
mutating the region(s) in saPEX16-GFP responsible for PMP recruitment would yield a low

degree of colocalization and a correspondingly low Mgrp value.

When Cer-PEX261\ (Which localizes readily to peroxisomes [Fig. 3.7A]) was co-expressed
with the peroxisomal marker UB-GFP-SKL, the two peroxisome-localized proteins yielded
an average Mgrp value of 0.52 £ 0.02 (Fig. 3.10B). By contrast, co-expression of Cer-
PEX261\ with the ER marker ssGFP-KDEL yielded an average Mggp value of 0.05 £ 0.01
(Fig. 3.10B). As shown also in Fig. 3.10 and consistent with results presented above (Fig.
3.7A), Cer-PEX2671\ readily colocalized with saPEX16-GFP at the ER (Fig. 3.10A) and
yielded an average Mgrp value of 0.59 + 0.05 (Fig. 3.10B). Taken together, these results
confirm that measurements of the Mgpp value are a reliable and quantifiable indicator of not
only protein colocalization in COS7 cells, but also the recruitment of Cer-PEX2671y to the

ER by saPEX16-GFP.

Based on Manders’ coefficient Mgpp values, we observed that saPEX16NT-GFP recruited
Cer-PEX261Mm to the ER to the same extent as full-length saPEX16-GFP (Fig. 3.10),
indicating that the N-terminal half of PEX16 (i.e., amino acids 1-170 [see Fig. 3.1A]) is
sufficient for recruiting PMPs to the ER. We next co-expressed Cer-PEX261\ with one of
the two saPEX16NT-GFP mutants whereby its TM1 domain was either deleted (i.e.,
saPEX16NT(ATM1)-GFP) or replaced with the TM domain of VamplA (i.e., saPEX16(1-
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109)-Vamp1 A(TM)-GFP). As shown in Fig. 3.10, Cer-PEX2671y did not colocalize with
saPEX16NT(ATM1)-GFP (Mgpp = 0.10 + 0.06), but did colocalize with saPEX16(1-109)-
Vampl A(TM)-GFP (Mgrp = 0.62 + 0.01), indicating that TM1 of PEX16 is not specifically
necessary for PMP recruitment to the ER. As expected, Cer-PEX261\ did not colocalize with
VamplA-GFP at the ER (Mgrp = 0.08 = 0.02) (Fig. 3.10). Furthermore, PEX16(100-170)-
GFP, which includes the region within PEX16 responsible for its initial targeting to the ER,
i.e., residues 100-170 (Fig. 3.1E), did not recruit Cer-PEX261y to the ER (Mgpp = 0.08 +
0.01) (Fig 3.10).

Based on the results above for saPEX16(1-109)-Vamp1 A(TM)-GFP and PEX16(100-170)-
GFP, we reasoned that the region(s) within PEX16 responsible for recruitment of PMPs to
the ER is located within its N-terminal, cytosolic-facing 109 amino-acid-long sequence. To
test this possibility, we deleted three specific stretches of amino acid residues from this
region in saPEX16NT-GFP, yielding saPEX16NT(A1-65)-GFP, saPEX16NT(A66-81)-GFP,
and saPEX16NT(A83-103)-GFP (see Fig. 3.1A). As shown in Fig. 3.10, deletion of residues
66-81 or 83-103 from saPEX16NT-GFP significantly diminished its ability to recruit Cer-
PEX261\ to the ER, whereas the deletion of the first 65 residues from saPEX16NT-GFP had
no apparent effect as compared to saPEX16NT-GFP, suggesting that amino acid residues 66-
103 in PEX16 are responsible for recruiting PMPs to the ER. Interestingly, the relatively high
average Mgpp attributable to saPEX16NT(A66-81) (Mgrp = 0.23 + 0.05) and
saPEX16NT(A83-103) (Mgrp = 0.24 £ 0.01) compared to the negative controls (i.e., ssGFP-
KDEL and VamplA-GFP), suggested that the putative PMP recruitment domain in PEX16
overlaps somewhere between residues 66-81 and 83-103. To test this premise, we generated
another mutant version of saPEX16NT-GFP whereby all the amino acids within the 66 to
103 sequence in PEX16 were replaced with a random series of residues. As shown in Fig.
3.10, saPEX16NT(66-103R)-GFP did not recruit Cer-PEX261y to the ER (Mgpp = 0.08 +
0.02), reinforcing the notion that the 66-103 amino acid sequence in PEX16 contains the

region necessary for PMP recruitment to the ER.
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Figure 3.10 Residues 66-103 in PEX16 participate in the recruitment of PMPs to the ER.

(A) Representative images of COS7 cells transiently-(co)expressing Cer-PEX2671y and either full-
length saPEX16-GFP or a mutant version thereof, or full-length VamplA-GFP. Shown in the panels
on the left are the low magnification merged images; boxes represent the portions of the cells shown
at higher magnification and as individual micrographs in the panels to the right, including the
corresponding merged image. Scale bars, 10 um.

(B) Bar graph illustrating the Manders’ colocalization coefficient Mgrp values for Cer-PEX261y and
each of the above mentioned GFP fusion proteins from (A), as well as UB-GFP-SKL and ssGFP-
KDEL, serving as positive and negative controls, respectively. Mgrp values for each set of co-
expressed proteins were based on analysis of 60 cells from three separate transfections (N=3 =+
standard deviation). Student’s t-test. * P<0.01 as compared to Mgrp value of full-length saPEX16-
GFP.
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3.9 Discussion

In S. cerevisiae, the role of the ER in peroxisome biogenesis in wild-type cells is unclear.
While one current model suggests that the ER plays a role in providing lipids and at least a
subset of PMPs to pre-existing peroxisomes, allowing them to grow and divide (203),
another model suggests that the ER is solely responsible for the formation of all peroxisomes
de novo without communicating with pre-existing peroxisomes (73). Whatever the situation
is in S. cerevisiae, results to date suggest that, in mammalian cells, most PMPs can sort to
pre-existing peroxisomes via the ER (78). Furthermore, the ER-to-peroxisome trafficking of
PMPs in mammals appears to be dependent on PEX16, whereby PEX16 itself targets initially
to the ER and does so in a co-translational manner. Thereafter, at the ER, PEX16 appears to
recruit other PMPs and together they traffic to peroxisomes in a yet-to-be identified manner
(78). Here, we extend the role of PEX16 and the ER in peroxisome biogenesis in mammalian
cells by identifying the regions within human PEX16 that are required for its intracellular

trafficking and the recruitment of other PMPs to the ER.
3.9.1 Targeting signals involved in the intracellular trafficking of PEX16

Using deletion and replacement mutagenesis in combination with CLSM imaging of living
cells, we identified the targeting signals within PEX16 that are responsible for its localization
to the ER and subsequent localization to peroxisomes from the ER. More specifically, we
found that the first of the two putative TM domains within PEX16 is both necessary and
sufficient for its initial targeting to the ER (Fig. 3.1). Based on the membrane topology of
PEX16, which exposes both its N- and C-termini towards the cytosol (102), and the fact that
PEX16 targets to the ER in a co-translational manner (77, 78), TM1 likely serves as a type II
signal-anchor sequence, and its second TM domain (i.e., TM2) likely serves as an internal

stop-transfer sequence (204).

Previously, amino acid residues 66-81 in human PEX16, which include a distinct cluster of
positively-charged residues, along with the adjacent TM1, were reported to be responsible for
the direct targeting of PEX16 to peroxisomes from the cytosol (101, 102). Here, we further
delineated the peroxisomal targeting signal within this region of PEX16 to residues 71-81

(Fig. 3.4 and 3.5). However, we propose that this refined targeting signal within PEX16 is
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not a so-called type 1 peroxisomal membrane targeting signal (mPTS1) that is responsible for
targeting PMPs directly to peroxisomes from the cytosol as suggested previously for PEX16
(66). Instead, residues 71-81 in PEX16 appear to serve as an mPTS2, which requires the
PMP to be targeted first to the ER (via an ER targeting signal) before it can be directed to
peroxisomes (63, 66). Support for this conclusion comes in part from our observation that the
targeting of PEX16 to peroxisomes requires its ER targeting signal. As mentioned above, we
showed that deletion of its ER targeting information (i.e., TM1) results in PEX16 being
mislocalized to the cytosol and mitochondria (Fig. 3.1C&D), while replacing its TM1 with
the ER targeting sequence of VamplA did not affect the peroxisomal localization of PEX16
(Fig. 3.6). Furthermore, we previously showed that the rate at which PEX16 targets to
peroxisomes is similar to that of a modified PMP (via an appended N-terminal signal
sequence) that utilized the ER-to-peroxisome targeting pathway and had a slower rate as
compared to a PMP that targets directly to peroxisomes from the cytosol (78). We also
showed previously, using an in vitro targeting assay, that PEX16 targets to the ER in a co-
translational manner, which is distinct from other PMPs that target in a strictly post-
translational manner (57). Together, these findings suggest that PEX16 targets to

peroxisomes exclusively via the ER.

Interestingly, the peroxisomal targeting signal of PEX16 appears to be conspicuously distinct
from those found in other PMPs. That is, one of the defining features of other mPTS2s and
most mPTS1s characterized to date is a cluster of positively-charged amino acid residues
adjacent to a TM domain that are essential for peroxisomal targeting (63, 65-67). However,
we found that replacement of the positively-charged residues within the PEX16 peroxisomal
targeting signal (i.e., residues 71-81) with non-charged alanines did not affect its peroxisomal
targeting (Fig. 3.5B). This implies that PEX16, compared to other mPTS2-bearing PMPs,
might rely on a unique trafficking pathway for sorting from the ER to peroxisomes. The
nature of this pathway, as well as the precise physicochemical features within the
peroxisomal targeting signal of PEX16, are important open questions, and which may be
addressed through comparative analysis of the peroxisomal targeting signals in other PEX16
homologs that also sort to peroxisomes via the ER, particularly plant (4. thaliana) and yeast

(Yarrowia lipolytica) PEX16 (72, 174).
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3.9.2 PEX16-mediated PMP recruitment to the ER

Previously, we reported that human PEX16 recruits both PEX3 and PMP34 to the ER (77,
78). Consistent with these results, here we showed that PEX16 is capable of recruiting a wide
range of other PMPs to the ER, including PEX26, PEX10 and PEX11p, as well as FIS1, a
PMP that also localizes to mitochondria (29) (Fig. 3.7). Similarly, we showed that A4.
thaliana PEX16, which targets to peroxisomes via the ER (31), is also capable of recruiting
at least two PMPs, i.e., PEX3 and PMP36, to the ER in plant cells (Fig. 3.9), suggesting that
the PMP recruitment function of PEX16 at the ER is evolutionarily conserved at least

between mammals and plants.

Based on a comprehensive mutational analysis of human PEX16 (Fig. 3.10), we further
showed that a specific domain within the protein (i.e., residues 66-103) is necessary for its
PMP recruitment function at the ER. Interestingly, this region alone is not sufficient for
recruiting PMPs to the ER. Instead, PEX16 also requires a TM domain adjacent to residues
66-103 for it to properly function in PMP recruitment at the ER. In fact, it appears that any
TM domain adjacent to residues 66-103 is sufficient as part of the PMP recruitment domain,
since replacing TM1 in PEX16 with the TM domain of VamplA was also sufficient to
recruit PMPs. Taken together, this suggests that the TM domain serves a role in the ability of
the PMP recruitment domain to function properly by providing the necessary structural

context and/or ensuring the proper membrane topology of PEX16.

We also found that PMP recruitment to the ER by PEX16 does not appear to require PEX3
and/or PEX19 (Fig. 3.7E&F). We showed that Cer-PEX261\ mislocalized to the
mitochondria in cells absent of peroxisomes, but localized to the ER when co-expressed with
ER-localized PEX16 in both pex3- and pex19- deficient cell lines (Fig. 3.7E&F). Similar
results were observed for PMP34 (Fig. 3.8A&B). This suggests that the molecular
mechanisms underlying PEX16 recruitment of PEX3 and other PMPs to the ER differs from
that at peroxisomes. Similarly, the apparent lack of involvement of PEX19 in PMP targeting
to the ER suggests that other cytosolic component(s) either serves as the chaperone, or is able
to compensate for PEX19, similar to how HSP70s participate in the import of peroxisomal

matrix proteins (205).
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3.9.3 Future directions

Currently, it remains unclear how PEX16 recruits other PMPs from the cytosol to the ER and
how PEX16 along with other PMPs are eventually transported from the ER to peroxisomes.
Recently, Sec16B was reported to play a role in the latter process (84). However, overall how
Sec16B operates in this regard and, thus, participates in the interrelationship of the ER and
peroxisomes is not yet known. This question might begin to be addressed through detailed
analysis of the putative PEX16 interactome. Such information will provide the framework to
understand the molecular mechanism of the ER-to-peroxisome pathway, as the cell likely
employs a highly regulated network of proteins in addition to PEX16 to constitutively
provide pre-existing peroxisomes with proteins, lipids and metabolites for their functions and

maintenance.
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Chapter 4

VAPs and ACBDS tether peroxisomes to the ER for peroxisome

maintenance and lipid homeostasis

This chapter is adapted from an article originally published as:

e HuaR., Cheng D., Coyaud E., Freeman S., Pietro E.D., Wang Y., Vissa A.,
Yip C.M., Fairn G.D., Braverman N., Brumell J.H., Trimble W.S., Raught B.,
Kim P.K. 2017. VAPs and ACBDS5 tether peroxisomes to the ER for
peroxisome maintenance and lipid homeostasis. Journal of Cell Biology.

216(2): 367-377.
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4.1 Introduction

Peroxisomes are unique among the endomembrane organelles due to their semi-autonomous
nature. They are capable of importing newly synthesized peroxisomal matrix (lumen)
proteins directly from the cytosol, and multiply in numbers by the growth and division of
existing peroxisomes (206-208). However, like other organelles of the endomembrane
system, peroxisomes depend on the ER for their lipid composition and also receive some of
their membrane proteins from the ER (40). Similarly, the ER receives lipid precursors
required for the biosynthesis of specialized lipids from peroxisomes. For example, the
synthesis of plasmalogens, a class of ether phospholipids that represent about 20 % of the
total phospholipid mass in humans, is initiated in the peroxisomes and completed in the ER
(41). Furthermore, cholesterol is not only trafficked through peroxisomes, but peroxisomes

may also synthesize precursors for cholesterol biosynthesis (42, 146).

Several models have been proposed as to how lipids and/or proteins are exchanged between
the ER and peroxisomes (See Sections 1.3 and 1.4.2 for more detail). The earliest model is
the shuttling of specific lipids to peroxisomes through the cytosol by lipid binding proteins
such as carnitine transporters (209, 210). A vesicular model has recently been popularized
with the discovery of peroxisomal protein-containing vesicles in various yeast (211, 212) that
transport proteins from the ER to peroxisomes (207). Another mechanism of how
peroxisomes interface with the ER may be through the ER-peroxisome membrane contact
sites (MCSs) or tethers (38, 137). In budding yeast S. cerevisiae and the filamentous
Ascomycetes, ER-peroxisome tethers are required for proper peroxisome inheritance (117,
213). Contact sites mediated by two proteins, Pex30p and Pex31p, are reported to play a role
in peroxisome growth in a number of yeast (43-45). However, no known homologue of
Pex30p and Pex31p have been identified in mammalian cells. In mammalian cells, contacts
between peroxisomes and lysosomes were shown to be necessary for cholesterol trafficking
from lysosomes to peroxisomes (146). However, whether peroxisomes and the ER exchange

lipids in mammalian cells is not known.

Previously (See Chapter 3), we have shown that a key peroxisomal biogenesis protein,

PEX16, initially targets to the ER before being trafficked to peroxisomes (77-79). We also
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showed that PEX16 recruits peroxisomal membrane proteins to the ER before being
trafficked to existing peroxisomes, suggesting that PEX16 may be interacting with
components involved in trafficking of proteins and lipids between the two organelles. To
understand the mechanism(s) by which the ER and peroxisomes communicate with each
other, we carried out a screen to identify both proximal and interacting proteins of PEX16.
Along with peroxisomal membrane proteins, we identified the VAMP-associated proteins A
and B (VAPA and VAPB), which are ER resident proteins involved in organelle tethering to
the ER. Here, we show that the VAPs serve to tether peroxisomes to the ER through their
interaction with the peroxisomal membrane protein acyl-CoA binding domain containing 5
(ACBD?S). Furthermore, we present evidence of the importance of this ER-peroxisome tether

for both peroxisome maintenance and lipid homeostasis.
4.2 A proximity interaction network for PEX16

As PEX16 recruits other peroxisomal membrane proteins to the ER and subsequently
transports them to peroxisomes (188), we reasoned that identifying PEX16 interacting
partners could allow us to discover other polypeptides that are important for ER-peroxisome
communication. To this end, we conducted BiolD (proximity-dependent biotinylation
coupled with mass spectrometry) analysis on PEX16 (177, 214, 215). Briefly, BioID is a
newly developed method for the identification of protein-protein interactions in living cells.
It utilizes a mutant biotin conjugating enzyme (BirA*) in E. coli. that is fused to a protein of
interest (bait), in our case PEX16 (i.e., FlagBirA*-PEX16). When expressed in living cells
and stimulated by excess biotin, the BirA* moiety will efficiently activate biotin, so that
biotinoyl-AMP diffuses away and reacts with nearby amine groups including those present
on lysine residues in neighboring proteins. In other words, BirA* will promiscuously
biotinylated proteins in a proximity-dependent manner. Following cell lysis, the biotinylated

proteins will be purified using streptavidin and analyzed by mass spectrometry (176, 177).

By using the BiolD assay, we identified 70 high confidence proximal interactors for PEX16,
including 17 of the 25 known peroxisomal membrane proteins (103) (Fig. 4.1A and Table
4.1), suggesting that the dataset comprises biologically relevant polypeptides. Notably, the
interactors also include the organelle tethering proteins VAPA and VAPB. The VAPs form
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homodimers or heterodimers on the ER, and are found at the MCSs between the ER and
many other organelles, including the plasma membrane (161), the Golgi apparatus (107),
mitochondria (155), and endosomes (153, 154) (see Section 1.5 for more detail). To date, it is

not known whether VAPs are also required for the formation of an ER-peroxisome tether.
4.3 VAPs are juxtaposed to peroxisomes on the ER

To determine whether the VAPs are localized at or near the site of ER-peroxisome contact,
we first examined their subcellular localization in mammalian cells. When expressed in
COS7 cells, both VAPB-GFP (Fig. 4.1B) and VAPA-GFP (Fig. 4.2A) displayed ER
localization as seen by their colocalization with the ER marker ssRFP-KDEL. Interestingly,
despite the strong co-localization, the VAPs appeared more punctate. Examination of
endogenous VAPB in COS7 cells showed that most VAPB is localized to punctate structures
(Fig. 4.1C). To determine whether these VAP puncta colocalized with peroxisomes, we co-
expressed VAPB-GFP (Fig. 4.1D) or VAPA-GFP (Fig. 4.2A) with the peroxisomal marker
UB-RFP-SKL, and found that some of the VAP puncta colocalized with peroxisomes.
Similar colocalization of punctate structures with peroxisomes was also observed when we
immunostained for endogenous VAPB (Fig. 4.1E). Remarkably, using a structured
illumination super-resolution approach, we observed that most endogenous VAPB puncta do
not perfectly overlap with the peroxisomal marker, but are in juxtaposition to peroxisomes

(Fig. 4.1F).

As VAPs are reported to be ER resident proteins, we reasoned that the VAPs might be
concentrating on the ER in juxtaposition to peroxisomes rather than being localized on
peroxisomes. To test this, we performed a fluorescence recovery after photobleaching
(FRAP) assay in COS7 cells co-expressing VAPB-GFP (Fig. 4.3A) or VAPA-GFP (Fig.
4.2C) with UB-RFP-SKL. We expected that if the peroxisome-localized VAP-GFP punctate
structure is on the ER, then its fluorescence should rapidly recover upon photobleaching due
to the influx of fluorescent molecules from other portions of the ER. However, those on
peroxisomes will not recover during the short recovery time (~30 s). In this assay, the high
488 laser power used to photobleach the GFP also partially photobleached the UB-RFP-SKL

signal (Fig. 4.3A and 4.2C). This served as an internal control for a fluorescence signal on
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peroxisomes that should not recover during the duration of the FRAP assay. Consistent with
our hypothesis, the signal for both VAPs on the punctate structures recovered to ~80 % of
their initial levels in about 30 s after photobleaching, whereas the UB-RFP-SKL signal did
not recover (Fig. 4.3B and 4.2D).

To validate this observation, we performed a fluorescence loss in photobleaching (FLIP)
assay in COS7 cells co-expressing either VAPB-GFP (Fig. 4.3C) or VAPA-GFP (Fig. 4.2B)
with UB-RFP-SKL. Here, we repeatedly photobleached a small region of the ER to deplete
the entire ER of VAP-GFP signal. As the ER is inter-connected, the photobleaching should
result in the loss of VAP-GFP signal on the entire ER, whereas VAP-GFP not localized to
the ER will be protected. As seen in Fig. 4.3C and Fig. 4.2B, depleting the respective VAPB-
GFP or VAPA-GFP signal from the ER resulted in the loss of the GFP fluorescence signal
from the punctate structures colocalized with peroxisomes. However, the rate of depletion of
VAPB-GFP signal associated with peroxisomes was slower than those in other portions of
the ER (Fig. 4.3D&E), suggesting that the mobility of VAPB-GFP fluorescent molecules

juxtaposed to peroxisomes was more constrained.
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(A) Endoplasmic Reticulum Peroxisome

(=)] vAPB-GFP ssRFP-KDEL | Merge
.E‘ I

Figure 4.1 VAPB punctate structures colocalize with peroxisomes.

(A) PEX16 interactome. In vivo proximity-dependent biotinylation (BiolD) was conducted on PEX16.
High confidence interactors are displayed, categorized according to intracellular localization. Node
size is proportional to peptide counts detected.

(B-E) COS7 cells transiently expressing ssRFP-KDEL (B,C) or UB-RFP-SKL (D,E) and either
(co)expressing VAPB-GFP (B,D) or immunostained for endogenous VAPB (C,E). The white box
indicates the magnified area shown below each panel. Scale bar, 10 um or as indicated.

(F) From left to right: (i) Maximum intensity projection of VAPB-Alexa 488 (green) and UB-RFP-

SKL (red) acquired via structured illumination microscopy. (ii) Surface projection of the region
denoted in (i). Green: VAPB. Red: UB-RFP-SKL. Box denoted by 1 and 2 in (ii) are magnified in (7ii)
and (iv). The surface projections demonstrate the apposition of the two organelles in 3D space.
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Figure 4.2 VAPA localizes in juxtaposition to peroxisomes on the ER and interacts with the
peroxisomal protein ACBDS.

(A) Representative images of COS7 cells transiently (co)expressing VAPA-GFP, along with the ER or
peroxisomal marker proteins, ssRFP-KDEL or UB-RFP-SKL.

(B) Representative images of FLIP assays performed with COS7 cells transiently (co)expressing
VAPA-GFP and UB-RFP-SKL. Yellow box represents the region of interest (ROI) in the cell that was
subjected to repeated photobleaching with a 488-nm laser light. Both the first frame before
photobleaching (pre-photobleach) and the first image after repeated photobleaching (post-photobleach)
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procedure are shown. (A and B) The white box indicates the magnified area shown below each panel.
(C) FRAP assay was performed in a COS7 cell transiently (co)expressing VAPA-GFP and UB-RFP-
SKL using a 488 nm laser light at full strength in a yellow rectangular region of interest (ROI).

(D) FRAP curve. Shown is the normalized fluorescence intensity of VAPA-GFP and UB-RFP-SKL
punctate structures within each ROI. All values are mean = SD (n = 9). Scale bar, 10 pum.

(E) Myc-VAPA and 3HA-ACBDS co-immunoprecipitated in transfected HEK293T cells.
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Figure 4.3 VAPB localizes in juxtaposition to peroxisomes on the ER.

(A) FRAP assay performed in a COS7 cell transiently (co)expressing VAPB-GFP and UB-RFP-SKL.
Yellow rectangular indicates the photobleached ROI.

(B) FRAP curves. Shown is the normalized fluorescence intensity of VAPB-GFP and UB-RFP-SKL
punctate structures within each ROI. Mean £+ SD (n = 12).

(C) FLIP assay performed in a COS7 cell transiently coexpressing VAPB-GFP and UB-RFP-SKL in a
yellow rectangular ROI. Shown is the first frame before photobleaching (pre-photobleach) and the first
image after repeated photobleaching (post-photobleach). Scale bar, 10 um or as indicated.

(D) FLIP curves. Shown is the normalized fluorescence intensity of VAPB-GFP punctate structure
juxtaposed to a peroxisome (blue curve: peroxisome), and that of ER-localized VAPB-GFP (red curve:
ER). The fluorescence intensity of VAPB-GFP in an adjacent cell from the same image serves as a
control for imaging induced photobleaching (green curve: control). Mean £+ SD (n = 6).

(E) Bar graph illustrating the time taken by the ER localized VAPB-GFP and peroxisomal VAPB-GFP
in (D) to drop to 50 % of its original level. Mean + SD (n = 6). **p < 0.01.

4.4 VAPs interact with ACBD5

We hypothesized that the constrained VAPs juxtaposed to peroxisomes was due to their
interaction with a peroxisomal protein. VAPs are membrane-anchored proteins on the ER
that are known to interact with proteins containing a ‘two phenylalanines in an acidic tract’
(FFAT) motif through their Major Sperm Protein (MSP) domain (158, 159). As PEX16 does
not contain a FFAT domain, we examined the PEX16 BiolD dataset (Fig. 4.1A) for a
peroxisomal protein that possessed a FFAT domain. In the screen, we only found ACBDS to
contain a FFAT domain (216). Co-immunoprecipitation analysis of VAPs and ACBDS5 in
HEK293T cells showed that ACBDS5 co-immunoprecipitated with both VAPB (Fig. 4.4A)
and VAPA (Fig. 4.2E), but not with the FFAT mutant form of ACBDS5, ACDBS5(FFATmut)
(Fig. 4.4A).

We next examined whether ACBDS5 was responsible for the juxtaposition of VAPB to
peroxisomes. In cells depleted of ACBD5, VAPB-GFP puncta juxtaposed to peroxisomes
were no longer observed (Fig. 4.4B). Quantification of UB-RFP-SKL that colocalized with
VAPB-GFP by Mander’s coefficient showed a significant decrease in colocalization between
VAPB-positive puncta and peroxisomes in cells depleted of ACBDS (Fig. 4.4C).
Interestingly, the expression of endogenous ACBDS appears to depend on the VAPs as the
depletion of both VAPs resulted in a significant decrease in ACBDS level, suggesting that
the VAPs may stabilize ACBDS (Fig. 4.5A&B).
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Figure 4.4 VAPB-ACBDS tethers peroxisomes to the ER.
(A) Co-immunoprecipitation performed in HEK293 cells transiently expressing Myc-VAPB with WT
or FFAT-motif mutant ACBDS.

(B) COS7 cells

treated with indicated siRNAs, and co(expressing) VAPB-GFP and UB-RFP-SKL.

Scale bar, 10 um or as indicated.
(C) Bar graph illustrating the Manders’ colocalization coefficient Mggp for UB-RFP-SKL and VAPB-
GFP in (B). Mean £ SD (n =3; 20 cells per trial). *p < 0.05
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(D) Representative trajectories of HeLa cells treated with indicated siRNAs and expressing UB-RFP-
SKL. Z stacks of single cells were acquired at 40 frames per min and the centers of peroxisomes were
tracked over 2 min.

(E) The median diffusion coefficient of >27 cells from 3 experiments are graphed (dots) along with the
mean (bars). Each video analyzed contained >30 trajectories and each condition >6000 trajectories.
**%xp < 0.001.

(F) COS7 cells treated with indicated siRNAs and expressing Myc-VAPB(P56S). Cells were
immunostained for the Myc tag and endogenous peroxisomal PMP70. Scale bar, 10 um.

(G and H) Quantification of average peroxisome volume (G) and the Manders’ colocalization
coefficient Mgpp for PMP70 and Myc-VAPB(P56S) in (F). Mean = SD (n = 3; 20 cells per trial). *p <
0.05.

4.5 The VAP-ACBDS interaction tethers peroxisomes to the ER

We next asked whether the VAP-ACBDS interaction acts as a tether for peroxisomes to the
ER. To test this hypothesis, we reasoned that if VAP-ACBDS is indeed a tether for
peroxisomes to the ER, then disrupting this interaction should result in an increase in
peroxisome mobility. To evaluate peroxisome mobility, we determined the diffusion
coefficient of peroxisomes in cells depleted of VAPs or ACBDS in COS7 cells expressing
UB-RFP-SKL. Cells depleted with either VAPA or VAPB did not show a visual change in
the peroxisome mobility (Fig. 4.4D&E and 4.6A). However, a significant increase in both
peroxisome mobility and diffusion coefficient was observed in cells depleted of both VAPs,
or ACBDS alone. Together with the localization and immunoprecipitation data, our results

suggest that ACBDS tethers peroxisomes to the ER through its interaction with the VAPs.

4.6 An ALS-associated VAPB mutant requires ACBDS to induce

peroxisome clustering

The proline-to-serine mutation in VAPB at position 56 (P56S) is linked to amyotrophic
lateral sclerosis (ALS) (165, 217). Over-expressing mutant VAPB(P56S) has been shown to
induce ER clustering with mitochondria, the Golgi and endosomes inside cells, and this
clustering is thought to cause defects in the functions of these organelles (218). Similarly, we
found that over-expression of this VAPB mutant resulted in peroxisome aggregation (Fig.
4.4F). The peroxisome clustering was validated by the increase in peroxisome volume
compared to non-transfected cells (Fig. 4.4G). However, the clustering of peroxisomes (Fig.
4.4F&G) and colocalization between peroxisome and VAPB(P56S) aggregates (Fig. 4.4H)
were not observed in cells depleted of ACBDS. These results further indicate that
peroxisomes are tethered to the ER through ACBDS5 interaction with VAPs.
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Figure 4.5 Validation of siRNA-mediated knockdowns.

(A) Western blots confirming the knockdowns of indicated proteins in HeLa cells

(B) Densitometry of ACBDS protein level. The relative ACBDS5 protein levels (normalized to the
loading control, GAPDH) are based on analysis of three separated transfections (mean + SD). *p <
0.05 as compared to relative ACBDS levels in mock cells.

(C) Western blots confirming the knockdowns of indicated proteins in Fig. 4.7A.
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Figure 4.6 Loss of VAP-ACBDS tether affect peroxisome mobility and cellular lipid homeostasis.
(A) VAP-ACBDS interaction limits the mobility of peroxisomes. HeLa cells expressing UB-RFP-SKL
to label peroxisomes, were transfected with indicated siRNAs. Z stacks of single cells were acquired at
40 frames per min and the centers of peroxisomes were tracked over 2 min. Frame 1 from the video
(left panels), generated trajectories (right panels), or an overlay of the two (middle panels) are shown.
Scale bar, 20 pm.

(B-E) An increasing trend in VLCFAs levels was observed in VAPs or ACBDS5 depleted cells, but the
changes are not statistically significant. Bar graph of C18:0 lysoPC (A), and C22:0 lysoPC (B), C26:0
lysoPC (C), and C26:0/C22:0 lysoPC ratio (D) in HeLa cells treated with indicated siRNAs. Mean +
SD (n=4). *p < 0.1 as compared to mock cells.
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4.7 The VAP-ACBDS tether is required for peroxisome growth

The multiplication of peroxisomes by growth and division first requires the expansion of the
lipid bilayer leading to elongation followed by fission. Peroxisome fission is mediated by
FIS1, MFF and DLP1/DRPI, and depleting any of these proteins was shown to result in
elongated peroxisomes (208, 219). However, the manner in which peroxisomes obtain

membrane lipids for their growth is not known.

To test whether the VAP-ACBDS tether is required for lipid transport from ER to
peroxisomes for membrane expansion during peroxisome elongation, we depleted the
tethering components in cells where peroxisomal elongation was induced. We found that
depleting VAPs or ACBDS prevented elongation of peroxisomes in cells predisposed to have
elongated peroxisomes due to lack of DLP1 activity (Fig. 4.7A and Fig. 4.5C). The
quantification of average peroxisome area showed that individual peroxisome was no longer
elongated upon DLP1 knockdown (Fig. 4.7B). A decrease in the total peroxisome area was
also observed (Fig. 4.7C&D), suggesting that VAPs and ACBDS are required for
peroxisomal membrane expansion. We also examined the impact of ACBDS overexpression
on peroxisome size. We observed that over-expressing wild-type ACBDS5 induced
peroxisomal elongation in a VAP-dependent manner, but not in cells expressing the FFAT-
motif mutant ACBDS5 (Fig. 4.7E-G). Together these results suggest that the VAP-ACBD5

tether is required for peroxisome growth.
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Figure 4.7 Loss of VAP-ACBDS tether prevents peroxisomal membrane expansion.

(A) HeLa cells treated with indicated siRNAs and immunostained for PMP70. Scale bar, 10 um or as
indicated.

(B) Quantification of average peroxisome area in HeLa cells treated with indicated siRNAs. Mean +
SD (n = 3; 30 cells per trial). *p < 0.05.

(C & D) Quantification of total peroxisome area in HeLa cells either in the absence (C) or in the
presence (D) of DLP1 knockdown, and treated with indicated siRNAs. The total peroxisome area of
>90 cells from 3 experiments for each siRNA condition are graphed (dots) along with the medium
(bars). One-way ANOVA with Bonferroni Correction. *p < 0.05, ****p < 0.0001.

(E) COS7 cells treated with indicated siRNAs, and expressing WT or the FFAT-motif mutant ACBDS.
Cells were immunostained for HA tag and endogenous PMP70. Scale bar, 10 um or as indicated. (F)
Quantification of average peroxisome area in COS7 cells in (E). Mean + SD (n = 3: 30 cells per trial).
*p < 0.05.

(G) Quantification of total peroxisome area in COS7 cells in (E). Quantification similar to C. ****p <
0.0001.

4.8 VAP-ACBDS interaction plays a role in lipid synthesis

To determine whether lipids are transported from peroxisomes to the ER through the VAP-
ACBDS tether, we examined the cellular levels of two peroxisomal lipids, plasmalogens and
cholesterol. The synthesis of plasmalogens is initiated in peroxisomes and subsequently
completed in the ER (41). Similarly, precursors of cholesterol are synthesized in peroxisomes
(220, 221). Moreover, peroxisomes have recently been shown to be involved in trafficking of
cholesterol from lysosomes and eventually to the plasma membrane (PM) (146). However, it
is not known whether the ER is an intermediate compartment for the trafficking of
cholesterol from peroxisomes to the PM. Here, we tested whether the VAP-ACBDS tether is
required for the maintenance of both plasmalogens and cholesterol levels. We found that
depleting both VAPs or ACBDS5 alone resulted in a decrease in phosphatidylethanolamine
(PE) plasmalogens (Fig. 4.8 A&B) and total cholesterol levels (Fig 4.8C). However, non-
peroxisomal lipids were not affected (Fig. 4.6B-C).

The impact of siRNA treatment on plasmalogen synthesis was modest when compared to
prior studies of fibroblast cell lines from patients with constitutional defects in plasmalogen
synthesis (i.e. AGPS and GNPAT) where plasmalogen levels are barely detectable (222). We
attribute our observed phenotypes to 1) the short-term nature of the siRNA experiment; ii) the
turnover rate of plasmalogen phospholipid fraction; and iii) alternative pathways of lipid

exchange between the ER and peroxisomes (e.g. vesicular intermediates, see Introduction).
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In summary, we conclude that the VAP-ACBDS tether is required for the optimal

biosynthesis of plasmalogens.
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Figure 4.8 Loss of VAPs-ACBDS tether affects cellular plasmalogen and cholesterol levels.

(A & B) Bar graphs of total PE plasmalogens (A), and total PE 22:6 plasmalogens (B) in HeLa cells
treated with indicated siRNAs. Mean + SD (n=4). *p < 0.1, **p < 0.05, ***p < 0.01 as compared to
mock cells, and ns=not significant.

(C) Quantification of total cholesterol levels in HeLa cells treated with indicated siRNAs using the
Amplex® Red Cholesterol Reagent. The total cholesterol level for each siRNA treatment (n=3; mean
+ SD) was normalized to that in siCtrl-treated cells. *p < 0.05 as compared to siCtrl-treated cells.

(D) Model for ER-peroxisome contact sites. The ER-anchored VAPs bind directly to the FFAT motif
containing peroxisomal protein ACBDS5 via their MSP domains to allow for peroxisome tethering and
lipid exchange.
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4.9 Discussion

Like any organelles, peroxisomes need to communicate with their surroundings and other
cellular compartments to properly perform various functions. Particularly, peroxisomes have
long been seen in close opposition to the ER in which the ER is thought to provide lipids and
proteins for peroxisome biogenesis. The ER-peroxisome interplay is also important for
various metabolic pathways including the biosynthesis of specialized lipids, such as
plasmalogens, cholesterol, and bile acids. However, how peroxisomes communicate with the
ER, in particular, the mechanism(s) by which lipids and proteins are exchanged between
them, is not fully understood. Here, we provide evidence for the first identification of a tether
between the ER and peroxisomes in the mammalian system. The physiological functions of
this novel ER-peroxisome tether in peroxisome maintain and lipid homeostasis were also

examined here.

By using the proximity-dependent BiolD, we have identified in total 70 high confidence
proximal interactors of PEX16, and grouped them based on their known cellular
localizations. Several proteins with known functions in vesicular trafficking (e.g., Ykt6 and
Rab10) are identified to be interacting/proximal to PEX16 in our screen. Since PEX16 is
demonstrated to recruit other PMPs to the ER and mediate their subsequent trafficking to
peroxisomes, it is possible that these vesicular proteins may work cooperatively with PEX16
in PMP targeting (See Section 5.4 for more detailed discussion). Notably, the most well
documented ER contact site proteins VAPA and VAPB are also identified in our screen.
VAPs are anchored to the ER through their C-terminal TM domain and their MSP domains
in the cytosol are shown to bind to proteins containing the FFAT motif (158, 159). The
interaction between ER-resident VAPs and the FFAT-motif containing protein in the other
membrane bridges the two respective membranes, thereby mediating the contact between the
two organelles. Our confocal microscopy and SIM data show that VAPs localize to specific
loci on the ER, and indeed some of the VAP-positive puncta are found to be juxtaposed to
peroxisomes. Furthermore, we also showed that the targeting of VAPs to these specific loci
in juxtaposition to peroxisomes depends on their interaction with the peroxisomal protein
ACBDS that contains a FFAT motif. These results raise a possibility that VAPs may bind to

ACBDS in the peroxisomal membranes to form a tether between the two organelles.
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Recently, several prerequisites have been proposed for how to categorize a protein as a tether
(223). Our results show that the VAP-ACBDS tether fulfills the minimal criteria to be
defined as a real tether. 1) Defined location — by using confocal microscopy and SIM, we
showed that VAPs are juxtaposed to peroxisomes in the ER (Fig. 4.1B-F, 4.2A-C, and 4.3).
Moreover, the rate of depletion of the VAPB-GFP signal associated with peroxisomes was
shown to be slower than those in other portions of the ER (Fig. 4.3D&E) in the FLIP assay,
suggesting that the mobility of VAPB-GFP fluorescent molecules juxtaposed to peroxisomes
was more constrained. In other words, this data also suggests that VAPB is enriched at these
specific loci. 2) Structural capability to tether the two opposing membranes — both VAPA
and VAPB were shown to immunoprecipitate with the peroxisomal protein ACBDS5 in a
FFAT-motif-dependent manner (Fig. 4.4A & 4.2E). Disruption of this VAP-ACBDS5
interaction also accelerated the mobility of peroxisomes, implying the involvement of VAP-
ACBDS interaction in anchoring peroxisomes to the ER. 3) Functional activity — our data
showed that disruption of the VAP-ACBDS interaction affects peroxisomal membrane
expansion (Fig. 4.7) and cellular plasmalogen and cholesterol levels (Fig. 4.8A-C). Taken
together, we conclude that the complex consisting of ER resident VAPs and peroxisomal

ACBDS is a tether between peroxisomes and the ER.

Recently, two groups independently reported that patients with mutations in ACBDS5 show
elevated levels in very long chained fatty acids (VLCFAs) (224, 225). Although we did
observe an increasing trend in VLCFA levels in ACBDS5 or VAPs depleted cells in our
system, the changes are not statistically significant (Fig. 4.6B-E). Since much of the
VLCFAs are incorporated in phospholipids, the relatively short nature of the transient siRNA

knockdown was likely not sufficient for the measurement of a robust change in VLCFAs.

In conclusion, our new insight into ER-peroxisome tethering advances our understanding of
communication between the ER and peroxisomes. We show that peroxisomes are tethered to
the ER through the interaction between peroxisomal ACBDS5 with ER resident VAPs, and
this tether is required for the exchange of lipids between them (Fig. 4.8D). More work is
required to further characterize this VAP-ACBDS tether. For example, VAPA and VAPB are
shown to form homo- and/or hetero-dimers via their TM domains. It is not known whether

VAPA and VAPB work simultaneously with ACBDS in the same tethering complex, or there



86

exist two different types of tethers mediated by VAPA and VAPB respectively. Moreover,
whether this VAP-ACBDS tether acts only to provide a tethering force to bridge the two
membranes or if it is directly involved in the lipid transfer between them is also not clear.
Identification of other molecular components associated with this complex is crucial for
understanding the underlying mechanism for lipid exchange between peroxisomes and the
ER. Finally, as ALS patients carrying the VAPB(P56S) mutation are reported to have
increased cholesterol levels (226), it is tempting to speculate that this increase in cholesterol
levels may be due to increased ER-peroxisome contact. Further studies on patient cells
carrying the VAPB(P56S) mutant will help to illustrate a possible role of the ER-peroxisome
tethering in the pathogenesis of ALS.



Chapter 5

Discussion and Future directions

Part of this chapter is adapted from a review originally published as:

e Hua R, and Kim P.K. 2016. Multiple paths to peroxisomes: Mechanism of

peroxisome maintenance in mammals. Biochim Biophys Acta. 1863(5): 881-891.

87



88

5.1 Evolutionary significance of PEX16 in peroxisome maintenance

In this thesis, we have provided evidence for a function of PEX16 as a general PMP receptor
at the ER. We also have identified specific domains in PEX16 that are required for its
targeting and PMP recruitment function. Interestingly, a homologue of the mammalian
PEX16 is not found in most yeast, but is present in higher eukaryotes where its function
appears to vary depending on the organism (188). That is, while the loss of PEX16 results in
the complete absence of peroxisomes in both human and Arabidopsis (227, 228); Drosophila
pex16 mutant cells possess peroxisome-like structures (229), suggesting a difference in
function of PEX16 among these organisms. In Y. lipolytica, the PEX16 gene differs from its
mammalian homolog in that it is a peripheral membrane protein located at the matrix side of
peroxisomal membranes, and is required for the division of pre-existing peroxisomes (85, 99,
100). Overall, these studies suggest that PEX16 proteins perform a wide diversity of

functions in different organisms.

These functional differences among PEX16 homologs may explain the evolutionary need for
this gene in higher eukaryotes. For example, both human and Arabidopsis PEX16 are
involved in the recruitment of PMPs to the ER (79) and, at least in mammalian cells, PEX16
is also required for the subsequent transport of PMPs to peroxisomes from the ER (78). By
contrast, in S. cerevisiae, which does not have a PEX16 homologue, Pex3p instead acts to
mediate the trafficking of PMPs to peroxisome from the ER (98). A possible explanation for
the existence of PEX16 gene in higher eukaryotes is that mammalian PEX3 may have lost its
ability to target directly to the ER. That is, unlike ScPex3p, which contains an ER targeting
TM domain and an ER-to-peroxisome targeting signal (65), mammalian PEX3 does not have
any ER targeting signal within the protein (91, 96). Instead, in the absence of any
peroxisomes, mammalian PEX3 targets to mitochondria (77, 78, 91). It is possible that PEX3
at the mitochondria is targeted to peroxisomes, as mitochondria-derived vesicles (MDVs)
have been shown to fuse with pre-existing peroxisomes (230). However, as these vesicles
only fuse with a subset of peroxisomes (128), the PEX16/ER pathway likely plays a more
dominant role in maintaining peroxisomes. This is further supported by the recent finding in
S. cerevisiae where the expression of Tom20p-Pex3p, a Pex3p construct where its mPTS was

replaced with the mitochondrial targeting transmembrane sequence of Tom20p, led to the



89

formation of new peroxisomes in pex3 deficient cells (132). However, these new
peroxisomes were not fully functional, as Tom20p-Pex3p expression did not complement the
growth defect on oleic acid (132). Based on the recent structural and functional studies, the
juxtaposition of the cytosolic domain of Pex3p to the lipid bilayer may play a critical role in
the efficient import of PMPs to membranes (94, 231, 232). Therefore, the lack of
complementation by Tom20p-Pex3p may be due to the length of the Tom20p transmembrane
domain in respect to the Pex3p import region. Hence, it is not all together inconceivable that
peroxisomes may form de novo from mitochondria under the appropriate conditions in
mammalian cells. Moreover, the relatively higher numbers of peroxisomes in mammalian
and plant cells as compared to most yeast (233, 234) also imply the importance of the
existence of PEX16 gene in higher eukaryotes, as the PEX16/ER pathway may be an
essential mean for providing both the protein and lipid components required for maintaining

the steady-state number of peroxisomes (See Section 5.3 for detailed discussion).
5.2 Model for de novo peroxisome biogenesis

Conceptually, de novo formation of peroxisomes requires the action of three groups of
peroxins involved in (i) membrane modulation, (ii) peroxisomal membrane assembly/PMP
import, and (iii) matrix protein import (Fig. 5.1). In this model of de novo formation of
peroxisomes, peroxisome biogenesis starts with the membrane modulator(s) that remodel the
ER, leading to membrane curvature and the formation of specialized subdomains on the ER.
The molecular components involved in this process are not known. Based on our findings
that PEX16 is capable of recruiting a wide variety of PMPs to the ER, it is a likely candidate
involved in this process (77, 79). Other factors that may be involved in modulating
membranes at the ER are the PEX11 family proteins that function to elongate peroxisomes
and mediate the formation of indention where fission components FIS1 and MFF are
recruited for peroxisome division (26, 29, 30, 33, 34). Pex25p, a member of the PEX11
family in S. cerevisiae is required for the de novo biogenesis of peroxisomes from the ER
(71). Since we showed that PEX16 recruits various PMPs including PEX11p to the ER (Fig.
3.7B), it is conceivable that a member of the PEX11 family may be recruited early to the ER
to mediate the formation of the specialized peroxisomal/ER subdomains. This is in line with

previous findings that peroxisomes appeared to be lower in number and enlarged in size in
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Figure 5.1 Model for de novo biogenesis of peroxisomes

(i) Membrane modulation: de novo formation of peroxisomes starts with the recruitment of membrane
modulating factors that induce membrane curvature and the assembly of pre-peroxisomal
vesicles/structures at the specialized subdomains of the ER. Although the molecular components
involved are not known, PEX16 is one of the most likely candidates that may play a role in this
process. After being cotranslationally inserted into the ER membranes, PEX16 recruits a variety of
PMPs, including PEX3, which is an early-stage peroxin, as well as the PEX11 family proteins, to the
ER. The PEX11 family proteins act as the membrane modulators that induce membrane elongation,
resulting in the formation of indention where they recruit fission components FIS1 and MFF to their
site of action for subsequent growth and division. These PMPs together with PEX16 will concentrate
in a specialized subdomain on the ER, leading to the formation of the pre-peroxisomal
vesicles/structures. (ii) Peroxisomal membrane assembly/PMP import. once released from the ER,
these pre-peroxisomal structures can continuously import PMPs via the action of the PEX3-PEX19
complex, leading to the assembly of the matrix protein import machinery. PEX19 acts as a soluble
receptor that binds to the mPTS of the newly synthesized PMPs, stabilizes them in a soluble state in
the cytosol. The cargo-loaded PEX19 complex will then be guided to peroxisomal membranes via the
direct interaction between PEX19 and the docking factor PEX3, while PEX16 acts as the membrane
receptor for PEX3-PEX19 complex on the peroxisomal membranes. (iii) Matrix protein import: once
the matrix protein import machinery comprising the docking complex (PEX14/PEX13), the RING
complex (PEX2/PEX10/PEX12), and the AAA-type ATPase complex (PEX1/PEX6/PEX16) is fully
assembled, these pre-peroxisomal structures subsequently uptake peroxisomal matrix enzymes from
the cytosol and eventually give rise to the formation of new mature peroxisomes. The soluble receptor
PEXS (or PEX7) recognizes the PTS1 (or PTS2) on the newly synthesized proteins, and the cargo-
loaded receptors will be guided to peroxisomes via their interaction with the docking complex at the
peroxisomal membranes. After being translocated across the membranes, the cargo is then released
into the peroxisomal matrix and the receptor is recycled back to the cytosol.



91

patient fibroblasts with a non-sense mutation in the PEX11p gene (235). The peroxisome
division defect in these patient fibroblasts could be rescued or partially rescued by over-
expression of wild-type PEX11f or PEX11y respectively, suggesting potential functions of
the PEX11 family proteins in both the growth and division and the de novo pathways for
peroxisome biogenesis (235). Another group of proteins that may be involved in membrane
modulation are the reticulon-like domain containing proteins, Pex30p and Pex31p (236). In
yeast S. cerevisiae, Pex30p was shown to tubulate membrane both in cells and in vitro,
indicating that this reticulon-like protein is a novel ER-shaping protein. Pex30p was found to
be enriched at subdomains of the peripheral ER where preperoxisomal vesicles (PPVs) are
generated. Moreover, deletion or overexpression of Pex30p or Pex31p not only altered the
number of PPVs, but also resulted in a change in the morphology of these PPVs, suggesting a
possible role of these proteins in shaping PPVs. However, what remains unclear is whether
Pex30p and Pex31p directly mediate PPV budding from the ER, or they help to generate
subdomains in which PPVs are generated by modulating the ER membranes. Since no
homologue of Pex30p or Pex31p has been found in mammalian cells, identification of
peroxisomal proteins with reticulon-like domains will help to uncover and enhance our

understanding about the mechanism of the de novo peroxisomes formation from the ER.

Our data also suggests that the ER recruitment of various PMPs by PEX16 is independent of
either PEX3 or PEX19 (Fig. 3.7E-F), suggesting that PEX16 may utilize other cytosolic
chaperone(s), and/or another ER membrane bound receptor. However, as these experiments
were carried out using an ER-localized PEX16 construct, it is not certain whether PEX16 is
also required for recruiting PMPs to pre-peroxisomes and mature peroxisomes. Recent in
vitro evidence showed that PEX16 can function as a receptor for the targeting of PEX3 to
pre-existing peroxisomes (96), suggesting that PEX16 may be involved in the recruitment of
various PMPs at both the ER and peroxisomes. This also suggests that PEX16 may be
responsible for transporting various PMPs to pre-peroxisomal structures, such as the
components of the matrix protein import machinery, which include the docking complex
(PEX14/PEX13), the RING complex (PEX2/PEX10/PEX12), and the AAA-type ATPase
complex (PEX1/PEX6/PEX26) (11, 13, 62-64). The assembly of the matrix protein
machinery will allow for the import of matrix proteins, thus allowing for the maturation of

these pre-peroxisomal structures into functional peroxisomes (Fig. 5.1). Alternatively,
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PEX16 may recruit PMPs to a specialized subdomain of the ER, where pre-peroxisomal
vesicles are being formed and released into the cytosol. Similar to those described in Y.
lipolytica and S. cerevisiae (72, 73), these ER-derived vesicles may contain subsets of PMPs
such that fusion with each other will allow for the formation of peroxisomal structures with
the full complement of peroxins necessary for maturation. These structures would
subsequently uptake peroxisomal matrix enzymes from the cytosol, and eventually give rise
to the formation of new mature peroxisomes. Whether similar pre-peroxisomal vesicles exist

in the mammalian system is not clear at this moment.

5.3 Contribution of de novo biogenesis versus fission in the formation of

new peroxisomes

It is generally accepted that the ER contributes to the de novo formation of peroxisomes,
especially in cells without pre-existing peroxisomes. However, the role that the ER pathway
plays in normal, dividing cells with pre-existing peroxisomes is not clear. Conflicting
evidence has been reported as to the extent that the two mechanisms, de novo formation and
fission from pre-existing peroxisomes, are utilized in normal mammalian cells. By using a
photoactivatable GFP (PAGFP), Kim et al. were able to distinguish between the pre-existing
and newly synthesized peroxisomal protein content (77). The assumption made by these
authors is that the two daughter peroxisomes that are formed by fission will receive equal
protein content from the mother peroxisome, while those derived de novo from the ER will
only receive the newly synthesized proteins. By quantifying the number of the newly formed
peroxisomes that receive the pre-existing protein content (i.e., formed by fission of pre-
existing peroxisomes) and those receive only the newly synthesized proteins (i.e., formed de
novo from the ER), the authors interpreted their work to suggest that ER-derived de novo
formation represents the major pathway for the biogenesis of peroxisomes in mammalian

cells.

An alternative view was recently put forth by Marc Fransen’s group, who used a novel
HaloTag technology to label peroxisomes in cultured mammalian cells (237). In their study,
the authors demonstrated an age-related heterogeneity of peroxisomes with respect to their

capability to import newly synthesized proteins. The authors also provided evidence showing
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that 1) mammalian peroxisomes do not fuse and exchange their protein content; 2) the newly
synthesized PMPs, including PEX16, could be imported to the pre-existing peroxisomes; 3)
the matrix protein content is not evenly distributed between the two daughter peroxisomes
that are formed by fission of the pre-existing one. Generalizing the above findings, these
authors argued that peroxisomes in mammalian cells multiply primarily by growth and non-
symmetrical division from pre-existing ones. Hence, this concept contrasts sharply with the

view presented by Kim et al.

At this point, it is not clear which pathway plays a dominant role in the formation of new
peroxisomes. The possibility that both pathways exist in mammalian cells cannot be
excluded. Also, with the knowledge gained from the latest studies and data presented in this
thesis, some of the results in these earlier studies need to be re-interpreted. The main
argument raised by Huybrechts et al. against the model of de novo formation is that the
assumption made by Kim et al. that peroxisomes divide evenly may be inaccurate (77, 237).
This is supported by the observation in H. polymorpha and S. cerevisiae that matrix content
of a pre-existing peroxisome was unevenly distributed between the two daughter
peroxisomes upon fission (117, 238). In mammalian cells, however, this uneven division was
only observed in cells with overexpression of PEX11 proteins, which induces peroxisome
elongation/tubulation (239, 240). Here, peroxisomes form tubular structures that are devoid
of matrix proteins, and new matrix proteins will be imported into these tubular structures.
However, this phenomenon has only been shown in cells when peroxisome proliferation was
induced by the over-expression of the PEX11 family proteins. Hence, it is not known
whether similar structures would be formed in normal dividing cells. In S. cerevisiae, it was
shown that normal dividing cells were able to divide their matrix content between the two
daughter peroxisomes (203). Therefore, it is possible that PAGFP-SKL used by Kim et al.
(77) can be passed from pre-existing peroxisomes to the daughter peroxisomes in

constitutively dividing cells.

Furthermore, based on the assumption that mammalian peroxisomes do not exchange their
protein content and that the newly synthesized PMPs can be imported to pre-existing
peroxisomes, Huybrechts et al. argued that peroxisomes in mammalian cells are unlikely to

multiply by de novo formation from the ER or other pre-peroxisomal structures (237).
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However, an alternative interpretation of the above results could be that the ER may
contribute to the maintenance of peroxisomes by providing both lipids and PMPs to pre-
existing peroxisomes. We have recently tested this hypothesis by quantifying the kinetics of
PMP import to pre-existing peroxisomes (78). We showed that PMPs can be imported into
peroxisomes with two distinct rates, suggesting the existence of two PMP import pathways:
the Group I pathway (the indirect pathway via the ER with slower kinetics) and the Group II
pathway (the direct pathway from the cytosol with faster kinetics) (Fig. 1.1) (78). The Group
I was exemplified by a PEX3 construct with an ER targeting signal sequence, ssPEX3, which
rapidly targeted to pre-existing peroxisomes but at a slower rate as compared to the wild type
PEX3 (78). In fact, any accumulation of ssPEX3 on the ER was observed only upon an
extended period of over-expression in cells (78). Human PEX16 has a similar rate of import
into peroxisomes as the ER targeting ssPEX3 (78). As mentioned earlier, our data show that
PEX16 can recruit various PMPs to the ER, and this ER recruitment of PMPs is independent
of PEX3 or PEX19. Interestingly, over-expressing PEX16 with PEX3 or PMP34 decreased
the import rates of both PEX3 and PMP34 into peroxisomes, but silencing PEX16
significantly increased the import rates of both proteins (78). Taken together, we interpreted
these finding to suggest that the ER may constitutively provide PMPs to pre-existing
peroxisomes and that in the presence of PEX16, PMPs target to peroxisomes via the ER

(Group I pathway).

On the other hand, the ER may also contribute to peroxisome maintenance by providing
essential lipids for their membrane expansion during growth and division as supported by the
data presented in Chapter 4. We showed that disruption of the ER-peroxisome tether by
depleting VAPs or ACBDS prevented elongation of peroxisomes in cells predisposed to have
elongated peroxisomes due to lack of DLP1 activity (Fig. 4.7A&B). A decrease in the total
peroxisome area was also observed (Fig. 4.7C&D), indicating that the ER-peroxisome tether
mediated by VAP-ACBDS interaction is required for peroxisomal membrane expansion.
Interestingly, no change in peroxisome number was observed in cells depleted of these tether
proteins (data not shown), suggesting that the VAP-ACBDS tether is only required for
peroxisome membrane expansion (i.e., peroxisome growth), but does not play a role in the
fission step. Another possible mechanism as to how the ER could provide peroxisomes with

lipids for their growth is via the ER-derived preperoxisomal vesicles. Although the exact
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mechanism by which the ER targeted PMPs are transported to the pre-existing peroxisomes
is not known, it is likely that this protein targeting pathway is mediated by vesicular transport
between the two organelles (See Section 5.4 for detailed discussion). Once released from the
ER, these pre-peroxisomal vesicles can either mature into newly formed peroxisomes, or fuse
with pre-existing ones to provide essential proteins and at the same time, a bulk amount of

lipid content for their steady-state maintenance.

One possible reason for the existence of these specialized ER-to-peroxisome protein and lipid
trafficking pathways in the mammalian system, as well as perhaps in plants (79, 174, 188,
241, 242), is that these organisms need to maintain a relatively large population of
peroxisomes as compared to most yeast. Mammalian and plant cells, for instance, typically
contain 100-1000 peroxisomes compared to the 2-10 peroxisomes found in most yeast,
although the numbers can vary widely within each of these organisms depending on the
metabolic state of the cell (233, 234). Regardless, the relatively lower number of
peroxisomes in yeast implies that there is less demand on the ER in terms of providing the
protein (PMPs) and lipid components required for maintaining the steady-state number of
peroxisomes. On the other hand, the relatively high number of peroxisomes in mammals and
plants suggests that a specialized mechanism involving PEX16 underlies the role in which

the ER provides peroxisomes with their constituents.
5.4 Mechanism for ER-to-peroxisome protein targeting

One aspect of PMP targeting that remains largely unknown is how the ER targeted PMPs are
transported to the existing peroxisomes. It is likely that this protein targeting pathway is
mediated by vesicular transport between the two organelles (Fig. 5.2), as the vesicle forming
protein Sec16B is required for the transport of PEX16 to peroxisomes (84). However, the
exact mechanism underlying this protein trafficking pathway is not known. It is possible that
PEX16 could recruit other essential PMPs to the ER and concentrate them at specialized
subdomains on the ER to form pre-peroxisomal structures. However, it is unknown what
defines these specialized domains on the ER. More specifically, it is unclear whether these
specialized subdomains are pre-existing on the ER and PEX16 is being specifically targeted

there after its cotranslational insertion into the ER, or whether PEX16 itself recruits certain
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factors to the ER and thus generates these specialized subdomains. Furthermore, the nature of
these pre-peroxisomal structures and the mechanism of their release from the ER remain
undefined. In yeast, it has been shown that distinct types of pre-peroxisomal vesicles with
different PMP composition bud from the ER in a Pex3p- and Pex19p-dependent manner, and
undergo heterotypic fusion followed by a series of maturation processes to form new

peroxisomes (72, 73). The reticulon-like domain containing Pex30p and Pex31p were also
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Figure 5.2 Mechanism for ER-to-peroxisome protein targeting and roles of PEX16.

Although the exact mechanism underlying the ER-to-peroxisome protein trafficking pathway is not
known, it is like that this protein targeting pathway is mediated by vesicular transport between the two
organelles. Once cotranslationally inserted into the ER membranes (i), PEX16 could recruit other
essential PMPs including PEX3 and membrane modulators to the ER, and concentrate them at
specialized subdomains on the ER to form pre-peroxisomal structures (ii). However, the nature of
these pre-peroxisomal structures and the mechanism of their release from the ER remain undefined
(ii1). Candidate proteins that may be involved in generating these pre-peroxisomal vesicles/structures
and facilitating their release from the ER include the reticulon-like domain containing Pex30p and
Pex31p in yeast and the ER exit site protein Sec16B in mammalian cells. The Rab proteins (Rab10,
Rab6, Rab14 and Rab18) and the SNARE Ykt6 that have been identified to be proximal to PEX16 in
our BiolD analysis are also potential candidates involved in this PMP targeting pathway. (iv) On the
other hand, PEX16 works cooperatively with PEX3 and PEX19 to mediate the targeting of various
PMPs to pre-peroxisomal structures, allowing for the maturation of these pre-peroxisomal structures
into functional peroxisomes. (v) At the same time, these pre-peroxisomal structures can also fuse with
pre-existing peroxisomes to provide both lipid and protein contents for their maintenance.
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shown to help to shape and generate subdomains of the ER where preperoxisomal vesicles
are originated (236). In mammalian cells, Sec16B, a vesicular factor that defines the ER exit
sites, was shown to be essential for the exit of PEX16 from the ER (84). Also, over-
expression of the protein interferes with the peroxisomal targeting of PEX3 (84). Based on
the above data, one plausible hypothesis is that PEX16 recruits the membrane modifying
proteins such as PEX11, and the early-stage peroxin PEX3, to the ER, where they are
packaged into pre-peroxisomal vesicles/structures. Once these pre-peroxisomal structures are
released from the ER, they can either mature into new functional peroxisomes similarly to
the yeast system, or fuse with pre-existing peroxisomes in a similar way as how MDVs fuse
with mature peroxisomes. One aspect worth mentioning is that these pre-peroxisomal
vesicles are unlikely to follow the secretory pathway upon budding from the ER, since
neither COPI or COPII is required for the targeting of PEX3 to peroxisomes (81). Hence,
identification of other key factors in this pathway is essential for the study of this
interrelationship between the ER and peroxisomes. Since PEX16 is demonstrated to recruit
other PMPs to the ER (77, 79) and mediate their subsequent trafficking to peroxisomes (78),
we speculate that proteins involved in the ER-to-peroxisome PMP targeting pathway are
likely to be interacting with or proximal to PEX16. Therefore, searching for proteins in our
PEX16 BiolD screen that have known functions in vesicular trafficking would allow us to

discover other important factors in this process.

As mentioned in Chapter 4, several proteins with known functions in vesicular trafficking
have been identified to be interacting/proximal to PEX16 in our PEX16 BiolD screen (Table
4.1). It is possible that one or some of these proteins may be required for the vesicular
transport of PMPs to peroxisomes from the ER. Notably, Rab10 together with three other
Rab proteins (i.e., Rab6, Rab14, and Rab18) have been previously demonstrated to associate
with peroxisomal membranes in a proteomics immunofluorescence study (243).
Interestingly, Rab10 has been identified as an ER-specific GTPase that regulates ER
dynamics and morphology. The Rab10-mediated formation of dynamic domains at the
leading edge of ER tubules leads to the extension and fusion of ER tubules. Moreover, these
dynamic domains are also enriched in enzymes that are required for phospholipid synthesis
(244). Since Rab10 is shown to be associated with peroxisomal membranes and it is also a

candidate protein that may be interacting or proximal to PEX16, it is reasonable to postulate
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that this protein may be involved in the formation of pre-peroxisomal vesicles/structures
from the ER, thereby mediating the ER-to-peroxisome PMP trafficking. Also, the Rab10-
mediated dynamic domains at the leading edge of the ER tubule may be the sites where pre-
peroxisomal vesicles are derived/released from the ER. Therefore, examining the effect of
Rab10 on PMP targeting in particular PEX16 is crucial for our understanding about its
potential role(s) in peroxisome biogenesis and maintenance. The SNARE Ykt6 that is
involved in multiple membrane fusion reactions in the secretory pathway (245, 246) is
another likely candidate protein. Its potential involvement in PMP targeting and peroxisome
biogenesis is also worth examining in the future. Specifically, the localization of these
candidate proteins to peroxisomes needs to be examined. Whether any of them affects the
distribution of PMPs and the export of PMPs from the ER to peroxisomes also need be

tested.

Another area that remains an enigma is the biophysical and molecular mechanism of PMPs
insertion into the lipid bilayer. Recently, Gregory Jedd’s group proposed a model for the
mechanism of tail-anchored PMP (TA-PMP) insertion by PEX3/PEX19 into peroxisomal
membranes (232). By using an in vitro assay, they showed that a hydrophobic segment of
amphipathic helices in PEX19 work together with a hydrophobic region of PEX3 to insert the
transmembrane domain (TMD) of a TA-PMP into the peroxisomal membranes. For the
actual insertion of the TMD, the hydrophobic region of PEX3 near the lipid bilayer promotes
an unconventional membrane intercalation that may promote the insertion of the TMD into
the bilayer. This model is attractive as it addresses the lack of a translocon for the insertion of
a TMD across the peroxisomal lipid bilayer. However, whether a similar mechanism can be
utilized to insert multi-spanning PMPs, such as ABCD1 and PMP70, is unclear. A bona fide
translocon, such as the gated membrane channel complex found in mitochondria and the ER,
may be required for the insertion of these multi-transmembrane PMPs. In fact, several key
findings from my study point to PEX16 as a potential candidate that may act as a translocon
for PMPs. As shown in Chapter 3, PEX16 is capable of recruiting various PMPs, including
the multi-spanning PMP34 that has six TM domains (247), to the ER (Fig. 3.7) (77).
Moreover, these ER-targeted PMPs are indeed integrated into the ER membranes (data not
known), suggesting that PEX16 may be a critical component of the membrane insertion

machinery for PMPs. Furthermore, over-expression of the N-terminal half of PEX16 (i.e.,
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PEX16NT, refer to Fig. 3.1A) was found to induce a leakage of peroxisomal matrix content
into the cytosol (data not shown), suggesting that the over-expression of this truncated
PEX16 construct may lead to pore formation in peroxisomal membranes. To test the
hypothesis that PEX16 may act as a translocon for PMPs, the ability of PEX16 to
oligomerize with itself needs to be tested. It will also be of interest to examine the potential
pore-forming ability of PEX16 using the planar bilayer technique which has been previously
used to demonstrate the pore-forming activity for the peroxisomal matrix protein import

receptor, PEXS (248).
5.5 ER-peroxisome contact sites

5.5.1 Lipid transfer at ER-peroxisome contact sites

Our data presented in Chapter 4 demonstrates that the VAP-ACBDS tether is important for
peroxisome maintenance and cellular lipid homeostasis. We propose that this tether acts to
bridge the ER and peroxisomal membranes, thereby bringing the two organelles in close
opposition. The close proximity between them facilitates the transfer of membrane lipids
from the ER to peroxisomes for peroxisomal membrane expansion. At the same time, it also
allows for the lipid precursors, such as precursors of cholesterol and plasmalogens, to be
transported to the ER from peroxisomes for their complete biosynthesis. However, how
exactly these lipid molecules are being exchanged between the two organelles is not known.
Although ACBDS is shown to bind to acyl-CoAs via its N-terminal acyl-CoA binding
domain (ACBDS) (225), it is not known whether this protein is also able to bind to other lipid
molecules, thereby directly mediating the lipid transfer between peroxisomes and the ER. It
is possible that ACBDS5 acts only as a tether to bring the two opposing membranes in close
apposition, but does not directly bind the lipids. In that case, other lipid binding proteins need
to be present at the ER-peroxisome contact sites to shuttle the lipid molecules between the
two organelles. To test this premise, the binding affinity of ACBDS5 for various peroxisomal
lipids needs to be measured. A BiolD analysis of ACBDS5 would also be helpful to identify
other components that may directly mediate the lipid transfer at the ER-peroxisome contact
sites, thereby enhancing our understanding about the lipid trafficking pathway between the

two organelles.
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5.5.2 Other tethers at ER-peroxisome contact sites

One common feature for MCSs is that MCSs between two organelles can be mediated by
multiple tethers. For example, it has been shown that the ER-localized mitofusin 2 (Mfn2)
complexes with mitochondrial Mfn2 to bridge the two organelles, and that this Mfn2-Mfn2
tether is required for efficient mitochondrial Ca®" uptake (249). Another tethering complex
that consists of ER resident VAPB and mitochondrial PTPIP51 has also been identified at the
ER-mitochondria MCSs. Therefore, it is unlikely that the VAP-ACBDS tether is the only
tether between peroxisomes and the ER. Other tethering complexes may also exist at the ER-

peroxisome MCSs.

One of the candidate tethering proteins is Extended-Synaptotagmin-1 (Esyt1) that was
identified to be a PEX16 interactor in our BiolD screen (Fig. 4.1 and Table 4.1). The
Mammalian E-Syts (Esytl, Esyt2, and Esyt3) are ER resident proteins that have been
demonstrated to function in tethering the ER to PM. The tethering function is mediated by
interaction between their C2 domains and the PM PI(4,5)P,. Moreover, the recruitment of
Esytl to the ER-PM contact sites seemed to be Ca*" dependent. Based on the observation this
E-syts-mediated tether is not required for store-operated Ca>" entry and the fact that the E-
Syts harbor a SMP (synaptotagmin-like mitochondrial-lipid binding protein) domain that is
capable of binding lipids in a hydrophobic cavity (250), the authors proposed a potential role
of the E-syts in lipid transfer between the ER and PM (251). On the other hand, PI(4,5)P2 in
the peroxisomal membranes was shown to be bound by lysosomal protein Syt7 for the
tethering between lysosomes and peroxisomes (146). Moreover, Scs2/22 (orthologs of
VAPs), the tricalbins (Tcb1/2/3, orthologs of E-syts), and Ist2 (related to mammalian
TMEM16 ion channel family) were shown to mediate the tethering between the ER and PM
independently of each other (156). Therefore, it is possible that E-syt1 serves as another
tether at the ER-peroxisome MCSs by binding to peroxisomal PI(4,5)P2. To test this premise,
the cellular localization of E-sytl to peroxisomes, its binding affinity to peroxisomal
PI(4,5)P2, and its effect on peroxisome maintenance and lipid homeostasis are important

questions to be addressed in the future.
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5.5.3 Other functions of ER-peroxisome contact sites

With the discovery of this novel ER-peroxisome tether in the mammalian cells, it is clear that
peroxisomes, like mitochondria, form contact sites with the ER. Like the ER-mitochondria
MCSs, the contact sites between the ER and peroxisomes are also important for the lipid
exchange between them. Notably, a potential function of the ER-mitochondria MCSs in
mitochondrial division has been proposed based on the observation from high-resolution EM
tomography that the ER tubules wrap around mitochondria at specific sites where
mitochondrial fission events occur (252). Further studies suggest that the ER associated
inverted formin 2 (INF2) induces actin filament assembly at ER-mitochondria MCSs, thereby
providing a driving force for the initial mitochondrial constriction (253). In addition, this
initial constriction event occurring at ER-mitochondria MCSs appears to be independent of
DLP1 and MFF, implying that it is an early event that facilitates the recruitment of DLP1 and
assembly of fission machinery for mitochondrial division (252). As peroxisomes and
mitochondria share partially their fission machinery and both organelles form contact sites
with the ER, it is possible that the ER-peroxisome MCSs may serve a similar role in

peroxisome division.

In the event of peroxisome division, the PEX11 family proteins initiate membrane
remodeling and mediate the protrusion of peroxisomal membranes. FIS1 and MFF are
recruited to the membrane extension, and concentrate at the site of constriction. FIS1/MFF
then recruits cytosolic DLP1 to its site of action and cooperate with it to mediate the final
scission of the peroxisomal membranes (25, 29, 30, 33, 71). Similar to mitochondria division,
how the constriction sites on peroxisomal membrane extension are formed and how their
positions are defined are not known. Interestingly, introducing recombinant Pex11p proteins
into liposomes was shown to induce membrane constriction, and the reconstituted Pex11pf
was found at the constriction site, suggesting that Pex11pp itself may have the ability to
induce membrane constriction (254). However, it is also possible that other factors such as
the ER may play a role in this process. Therefore, the potential involvement of the ER or
actin assembly in peroxisome division is an interesting research question to be uncovered in
the future. Specifically, the spatial relationship between the ER tubules (or ER-peroxisome

contact sites) and the site of peroxisomal membrane constriction needs to be examined by
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super-resolution microscopy. Whether the integrity of actin filaments affects peroxisome

proliferation also needs to be tested.
5.6 Concluding Remarks

By taking together the recent novel findings and the data presented in this thesis, we propose
a model for peroxisome maintenance in the mammalian system (Fig. 5.3). PMPs can be
imported to peroxisomes via two distinct pathways: the indirect Group I pathway via the ER
and the Group II pathway in which PMPs target directly to peroxisomes. Under basal
conditions, PEX16 is first cotranslationally inserted into the ER, where it is able to recruit
certain essential PMPs, including PEX3 (for insertion of other PMPs), PEX11 and
MFF/FIS1/DLP1 (for subsequent growth and division), to the ER membranes. These PMPs
together with PEX16 may accumulate in a specialized subdomain on the ER to generate the
pre-peroxisomal vesicles or other pre-peroxisomal structures. These pre-peroxisomal
structures can either fuse with pre-existing peroxisomes to provide lipids and essential PMPs
for their steady-state maintenance, or they can mature to give rise to newly formed
peroxisomes. In the latter scenario, matrix proteins are imported directly from the cytosol
into these early peroxisomes to allow for the formation of mature functional peroxisomes.
Under conditions where the amount of PMPs increases dramatically, such as exogenous
over-expression of PMPs or induction of peroxisome proliferation via activation of PPARs,
the ER pathway becomes saturated, resulting in PMPs targeting directly to peroxisomes to
allow for their rapid growth and proliferation. Mitochondria are another potential contributor
for membrane required for peroxisome growth, and the communication between these two
organelles may be mediated by MDVs with unknown characteristics and functions. Similar
to the ER-derived pre-peroxisomal structures, these MDV's may either fuse with pre-existing
peroxisomes or form new ones de novo. At the same time, peroxisomes also form numerous
contact sites with other organelles including the ER and mitochondria. At these contact sites,
various lipid molecules, which are important for peroxisome maintenance and other

metabolic functions, are exchanged between peroxisomes and the other organelles.

This model is likely a crude version of the mechanism by which the cells actually maintain

peroxisomes. However, new technological advances in microscopy and gene editing will
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likely bring about novel and creative experimental approaches to elucidate the mechanism of
peroxisome maintenance. In summary, advancing the knowledge and details on the
connection between peroxisomes and other organelles will bring about new functions that
peroxisomes may play in both cellular homeostasis and diseases that have not been

previously attributed to peroxisomes.
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Figure 5.3 Model for peroxisome maintenance in mammalian cells

Mammalian peroxisomes can propagate via growth and division from pre-existing ones, as well as be
derived de novo from other organelles, such as the ER and perhaps the mitochondria. (a) The de novo
biogenesis of peroxisomes from the ER starts when PEX16 is first cotranslationally inserted into the
ER, where it recruits other essential PMPs involved in membrane remodeling, such as the PEX11
family proteins, that induce membrane elongation and recruit the fission machinery proteins MFF and
FIS1 to their sites of action (for subsequent growth and division) on the ER. The early-stage peroxin,
PEX3, is also recruited to the ER by PEX16. (b) These PMPs together with PEX16 accumulate in a
specialized subdomain on the ER, leading to the formation of the pre-peroxisomal vesicles or other
pre-peroxisomal structures. (c) Once being released from the ER, these pre-peroxisomal structures can
either fuse with pre-existing peroxisomes to provide lipid and essential proteins for their steady-state
maintenance, or (d) they can mature into newly formed peroxisomes (Fig. 5.1). (e) Matrix proteins are
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imported directly into peroxisomes from the cytosol by the protein import machinery comprised of the
docking complex (PEX14/PEX13), the RING complex (PEX2/PEX10/PEX12), and the AAA-type
ATPase complex (PEX1/PEX6/PEX16). (f) On the other hand, peroxisomes can also proliferate via
growth and division from pre-existing ones. The fission machinery proteins, DLP1/Drpl, FIS1, and
MFF, work cooperatively with the PEX11 family to mediate the fission of peroxisomes. (g) Another
potential contributor for peroxisome biogenesis is mitochondria. The communication between these
two organelles is partially mediated by the mitochondria-derived vesicles (MDVs) that could either (g)
fuse with pre-existing peroxisomes to provide them with lipids and proteins, or (h) mature into
functional peroxisomes. (i) Another function of the ER in peroxisome maintenance is to act as a donor
for phospholipid (for the development of peroxisomal endomembrane system), lipid metabolites (for
their metabolism), and lipid intermediates (for the biosynthesis of specialized lipids). The transfer of
lipid between peroxisomes and the ER is mediated by a nonvesicular pathway in which membrane
contact sites between the two organelles are required for this transfer. (j) Lipid exchange between
peroxisomes and mitochondria may also occur via their membrane contact sites. These contact sites
are most likely to be used for the exchange of lipid metabolites for lipid oxidation.
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