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Abstract

Peroxisomes (POs) and the endoplasmic reticulum (ER) cooperate extensively in lipid-related metabolic pathways, and the

ER also provides phospholipids to enable the peroxisomal membrane to expand prior to division. Recently, we identified

peroxisomal proteins, ACBD5 and ACBD4, and the ER protein vesicle-associated membrane protein-associated protein-B

(VAPB) as tethering components, which physically interact to foster PO–ER associations at membrane contact sites.

Overexpression or loss of these tether proteins alters the extent of PO–ER interactions, impacting on lipid exchange

between these two compartments. To facilitate further studies into PO–ER associations at the level of membrane contact

sites, their role, composition, and regulation, we have developed two fluorescence-based systems to monitor PO–ER

interactions. We modified a proximity ligation assay and a split-fluorescence reporter system using split superfolder

green fluorescent protein. Using the proximity ligation assay, we were able to measure the changes in PO–ER interactions

while the split-fluorescence reporter was more limited and only allowed us to label PO–ER contacts. We show that both

techniques can be useful additions to the toolkit of methods to study PO–ER associations and explore the relative merits

of each.
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Introduction

In the complex, condensed environment of the eukary-
otic cell, intricate communication and collaboration
between different organelles ensure that biological pro-
cesses are precisely coordinated. Despite each organelle
performing its own specific role, interaction with other
organelles is essential and establishing such interactions
involves close, physical contacts, generally maintained
via specific protein complexes, which facilitate the bring-
ing together of organelle membranes at membrane con-
tact sites (Cohen, Valm, & Lippincott-Schwartz, 2018).
Recent work suggests that most, if not all, organelles
communicate in this way and numerous protein com-
plexes contributing to organelle interaction and tether-
ing have been identified, in particular those involved in
mediating associations between the endoplasmic reticu-
lum (ER) and the mitochondria (Eisenberg-Bord, Shai,
Schuldiner, & Bohnert, 2016; Gatta & Levine, 2017).

ER–mitochondria interactions allow a multitude of

exchange events including Ca2þ and lipid transport

and also regulate mitochondrial division (Friedman

et al., 2011; Lewis, Uchiyama, & Nunnari, 2016;
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Rizzuto et al., 1998; Vance, 1990). Quantification of
organelle interaction has often utilized electron micros-
copy (EM) to assess both the number and the extent of
membrane proximity events in the <30 nm range as the
gold standard for this assay (Helle et al., 2013).
However, EM studies are often not compatible with
screening and high-throughput approaches and require
fixation so cannot be used to assess interaction dynam-
ics. We aimed to establish straightforward techniques to
give a rapid readout of peroxisome (PO)–ER contacts,
without relying on specialist facilities, which could com-
plement EM studies and allow a higher throughput anal-
ysis of PO–ER contacts. Recently, several fluorescence-
based techniques have been used in both yeast and mam-
malian cells to assess organelle–ER associations, includ-
ing proximity ligation assays (PLAs; Alpy et al., 2013;
Stoica et al., 2016; Tubbs & Rieusset, 2016; Tubbs et al.,
2014) and split-fluorescence technology (Alford, Ding,
Simmen, & Campbell, 2012; Cieri et al., 2018;
Kakimoto et al., 2018; Yang, Zhao, Xu, Shang, &
Tong, 2018). The PLA (see Figure 1(a)) involves anti-
bodies targeted to proteins on apposing membranes of
different organelles in close proximity. Oligonucleotide
proximity probes fused to secondary antibodies can then
be ligated, allowing signal amplification and subsequent
binding of fluorescently labeled probes. Split-
fluorescence assays, such as split superfolder green fluo-
rescent protein (spGFP), rely on targeting nonfluores-
cent portions of a fluorescent protein to different
organelle membranes. Individually, the two portions
do not fluoresce but reconstitution of the fluorescent
signal occurs when the split portions rejoin, indicating
close proximity of the two organelles. These assays have
both complemented and extended EM studies, allowing
greater characterization of dynamic ER–mitochondria
interactions.

POs are another organelle which interacts extensively
with the ER. POs and the ER cooperate in a number of
lipid-related processes (e.g., the synthesis of etherphos-
pholipids and polyunsaturated fatty acids such as doco-
sahexaenoic acid) and are often found in close
association in cells (Schrader et al., 2015; Schrader,
Kamoshita, & Islinger, 2019). These interactions were
initially observed in ultrastructural studies in different
cell types and display close, intimate interactions, with
ER cisternae often observed wrapping around spherical
peroxisomal structures (Novikoff & Novikoff, 1972;
Zaar, V€olkl, & Fahimi, 1987). Recently, we and others
showed that PO–ER associations can be mediated by
direct interaction at the level of membrane contact
sites, where the two organelle membranes are brought
into close proximity in the 15 nm range, mediated by
interaction between the peroxisomal membrane proteins
ACBD5 and ACBD4 and the ER protein vesicle-
associated membrane protein-associated protein-B

(VAPB; Costello, Castro, Hacker, et al., 2017;
Costello, Castro, Schrader, Islinger, & Schrader, 2017;
Hua et al., 2017). We previously employed EM to quan-
tify the association between POs and the ER (Costello,
Castro, Hacker, et al., 2017). Here, we developed a PLA
and split-fluorescence assay to allow the analysis of PO–
ER associations in mammalian cells. We explore the
benefits and drawbacks of these techniques and confirm
that although the PLA was not able to detect all PO–ER
interactions, it could be used to measure changes in the
association between the organelles. The split-
fluorescence reporter appeared to show evidence of irre-
versibility, but it did allow us to label prominent inter-
action sites between POs and the ER, helping explore
our proposed model for this interaction.

Results and Discussion

PLAs Can Be Used as a Measure of PO–ER
Associations

The original PLA allowed individual pairs of interacting
proteins to be identified in fixed cells using an antibody-
based approach (S€oderberg et al., 2006). This relies on
the binding of primary antibodies to the two proteins of
interest followed by the addition of secondary antibodies
fused to oligonucleotide proximity probes. If the two
proteins of interest are within 40 nm of each other, the
proximity probes can then ligate with connector oligo-
nucleotides to form a circular DNA strand which acts as
a template, allowing signal amplification and subsequent
binding of fluorescently labeled probes (see Figure 1(a)).
The end result is the formation of discrete fluorescent
PLA signals where the two proteins interact. Recent
studies have adapted the original PLA for measuring
protein–protein interactions to instead measure the
extent of organelle interactions by using primary anti-
bodies against proteins found on apposing membranes
at the ER–mitochondria interface (Tubbs & Rieusset,
2016). For example, work from the Miller lab has
shown that using a PLA to detect interactions between
mitochondrial PTPIP51 and VAPB gives a semiquanti-
tative measure of interactions between mitochondria and
the ER (Stoica et al., 2016). To develop the PLA system
as a tool to assess PO–ER associations, we first used the
proteins we identified as known interactors and PO–ER
tethers, ACBD5 and VAPB, as targets in the PLA
(Figure 1(a)). Primary antibodies against ACBD5
(raised in rabbit) and VAPB (raised in mouse), which
had previously been validated (Figure S1A-B; Costello,
Castro, Cam~oes, et al., 2017; Zhao et al., 2018), were
used to perform a PLA in COS-7 cells. The individual
antibodies generated minimal or zero PLA signals per
cell (Figure 1(b), Panels I–III), but when both antibodies
were used together, there was a significant increase in the
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number of PLA signals (Av¼ 5.6� 0.3 PLA signals per
cell; Figure 1(b), panel IV) validating that both antibod-
ies are required to generate a signal (quantified in Figure
1(c)). The PLA dots generated showed colocalization
with the PO marker GFP-SKL (Figure 1(b), lower
panels). As a negative control for antibody specificity,
we also tested the ACBD5-VAPB PLA when no ACBD5
was present, in ACBD5 knockout (KO) HeLa cells. No
PLA signal was observed in ACBD5 KO cells compared
with wild-type controls (Figure S1C). As an additional

negative control, we also tested antibodies against the
peroxisomal matrix protein catalase and VAPB in
HeLa cells but did not detect significant PLA signal.

To determine whether other peroxisomal membrane
proteins could also be utilized in the PLA, we replaced
the ACBD5 antibody in the assay with an antibody
against the peroxisomal membrane protein PEX14.
PEX14, ACBD5, and VAPB were recently identified,
using a BioID approach, as interacting partners of an
ER-targeted version of the long-chain acyl-CoA

Figure 1. A PLA to assess peroxisome–ER associations. (a) Schematic overview of PLA method. (b) PLA performed on COS-7-GFP-SKL
cells using (I) no antibody, (II) ACBD5 antibody only, (III) VAPB antibody only, and (IV) ACBD5 and VAPB antibodies combined. (c)
Quantification of PLA signals per cell in (b) using the indicated antibodies. (d) PLA performed on COS-7-GFP-SKL cells using (I) PEX14
antibody only, (II) PEX14þVAPB antibodies. (e) Quantification of PLA signals per cell using the indicated antibodies. PLA signal is in red
throughout with GFP-SKL (PTS1) as a peroxisomal marker (green). A one-way analysis of variance with Dunnett’s multiple comparison test
(c) and a two-tailed, unpaired t test (e) were used to determine statistical differences against the indicated group (***p< .001, ns: not
significant). Thirty cells were used per condition, three repeats of each experiment. Scale bars: 10 mm. 5 mm in magnifications. Zooms are
�2.9 magnification of the white boxed area, with colocalized pixels from the green and red channels of the zoom area shown in white.
PLA¼ proximity ligation assay; ACBD¼ acyl-CoA binding domain; VAPB¼ vesicle-associated membrane protein-associated protein-B.
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synthetase ACSL1, suggesting PEX14 is in close prox-
imity to the ER and may be a component of PO–ER
contact sites (Young et al., 2018). Performing the PLA
with a previously characterized (Grant et al., 2013)
PEX14 antibody alone gave minimal signal (Figure 1
(d), panel I), but both PEX14 and VAPB antibodies
combined (Figure 1(d), Panel II) gave an average of
10.9� 0.8 PLA signals per cell (quantified in Figure 1
(e)) which showed colocalization with the PO marker
(Figure 1(d), inset panels). We speculate that the
reason we observe slightly more signal in the PEX14-
VAPB PLA than in the ACBD5-VAPB PLA may be
due to differences in antibody specificity/avidity.
Overall, although the number of PLA signals we
observed was lower than might be expected, we next
wanted to determine whether the PLA signal changed
when PO–ER contacts are altered, which would suggest
that the PLA could reliably give a semiquantitative read-
out of changes in PO–ER association.

Currently, the only known way to reduce PO–ER
contacts is to modulate the levels of the tether compo-
nents ACBD5 or VAPB. To confirm that our PLA
system could measure reduced PO–ER associations, we
utilized the PEX14-VAPB PLA to assess PO–ER asso-
ciations in wild-type HeLa cells in comparison with
ACBD5 KO HeLa cells (Ferdinandusse et al., 2016). We
previously showed using EM that silencing of ACBD5
results in a decrease in PO–ER associations (Costello,
Castro, Hacker, et al., 2017). To verify that our ACBD5
KO HeLa cells also showed reduced PO–ER contacts, we
again employed EM and observed significant differences in
PO–ER interactions (Figure 2(a)) with a reduction in both
the number (Figure 2(b)) and the extent (Figure 2(c)) of
PO–ER contacts in ACBD5 KO cells relative to wild-
type cells. We then tested the same cells using the
PEX14-VAPB PLA and detected a significant decrease
in PLA signal in the ACBD5 KO cells compared with
wild-type cells (Figure 2(d) and (e)). This suggests that
the PLA is an effective way to measure the loss of PO–
ER associations. To verify that changes in the PLA
signal were not due to alterations in the levels of POs
or peroxisomal proteins, we confirmed that both the
levels of peroxisomal proteins (Figure 2(f)) and the
number of POs (Figure 2(g)) were not altered when com-
paring wild-type and ACBD5 KO HeLa cells, and the
levels of the proteins used in the PLA (VAPB and
PEX14) were also not altered.

Previously, we have shown that overexpression of
both ACBD5 and VAPB together results in an increase
in PO–ER associations (Costello, Castro, Hacker, et al.,
2017). To test whether this was also reflected in the PLA
we overexpressed FLAG-ACBD5 and MYC-VAPB in
COS-7 cells and then performed the PLA. Following
FLAG-ACBD5 and MYC-VAPB coexpression (Figure
S2A, Panel III), but not FLAG-ACBD5 overexpression

alone (Figure S2A, Panel II), we observed a significant
increase in PLA signal compared with untransfected
controls (Figure S2A, Panel I), suggesting the PLA
system is able to detect increases in interactions
(Figure S2B). However, another interpretation of this
result is that increasing the levels of the PLA targets
might also increase PLA signal independent of the
increased contacts. Thus, the decreased PLA signal we
observed in ACBD5 KO HeLa cells compared with wild-
type cells remains the strongest evidence that the PLA
can be used to measure the changes in PO–ER contacts.

In our previous study, using EM, we observed that
60% to 70% of POs form close associations with the ER
in COS-7 cells. However, this is not reflected in the PLA
where we only see a small number of PLA signals.
Relatively low number of PLA signals observed com-
pared with the expected number of interactions is a phe-
nomenon that has been discussed previously in another
study comparing PLA with fluorescence resonance
energy transfer (Mocanu, Váradi, Sz€ollosi, & Nagy,
2011). The authors noted that PLA allows the detection
of only a fraction of the interacting proteins, as it not
only depends on the proximity of the two proteins but
also on the multiple downstream reactions, with steric
hindrance from densely packed probes potentially
having an inhibitory effect on the enzymes involved in
the amplification process. Another phenomenon which
we observed is that although the majority of PLA signals
colocalize with, or are adjacent to, the peroxisomal
marker (see Figure 1(b) and (d) and Figure S2A), there
are occasional signals which do not colocalize. We
assessed the extent of this colocalization and observed
that �80% of PLA dots overlapped with the PO marker
(Figure S1D). These additional signals may represent
nonspecific events or may potentially be due to hetero-
geneity in the peroxisomal population which has been
previously reported (Schrader, Baumgart, V€olkl, &
Fahimi, 1994). In addition, it should be noted that the
PLA remains a protein–protein interaction assay and as
such can be impacted by protein modification events
such as posttranslational modification of the partner
proteins which could also impact on the PLA results,
without necessarily altering interorganelle contacts.

Overall, we would suggest that our PO–ER PLA is
suitable as a semiquantitative tool to measure the
changes in contacts but not to assess the total number
of organelle associations.

A Split-Fluorescence Reporter as a Measure of
PO–ER Contacts

Another method that has recently been utilized to study
the organelle associations is based on split-fluorescence
systems. A dimerizable GFP (ddGFP; Alford et al.,
2012) and a rapamycin-inducible FKBP-FRB
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Figure 2. A reduction in PO–ER associations in ACBD5 KO HeLa cells can be detected using the PLA system. (a) Representative electron
micrographs of PO–ER associations in WT and ACBD5 KO HeLa cells. (b) Quantitative analysis of the mean fraction of POs associated
with the ER membrane in WT (Av ¼ WT, 79.5 � 3.9) and ACBD5 KO (Av ¼ 53.7 � 2.5) HeLa cells. (c) Assessment of the mean PO
membrane surface in direct contact with the ER in WT (Av ¼ WT, 25.2 � 1.7) and ACBD5 KO (Av ¼ 9.6 � 1.0) HeLa cells. (d) PLA
performed on WTand ACBD5 KO HeLa cells using PEX14 and VAPB antibodies. PLA signal in red, and nucleus in blue. (e) Quantification
of PLA signals per cell in (d) using PEX14 and VAPB antibodies. (f) Immunoblots of cell lysates from WTand ACBD5 KO HeLa cells with
the indicated antibodies against peroxisomal proteins (ACBD5, PEX14, PMP70, PEX11b, and catalase), VAPB and also GAPDH as a loading
control. (g) Assessment of peroxisomal number in WT (Av ¼ 72.7 � 3.5) and ACBD5 KO (Av ¼ 79.2 � 3.6) HeLa cells. A two-tailed,
unpaired t test was used to determine statistical differences against the indicated group (**p < .01. ***p < .001). Minimum 30 cells per
condition, three repeats of each experiment. Scale bars: (a) 200 nm, (d) 10 mm. ER ¼ endoplasmic reticulum; PO ¼ peroxisome; M ¼
mitochondrion; PLA ¼ proximity ligation assay; WT ¼wild type; KO ¼ knockout; ACBD ¼ acyl-CoA binding domain; VAPB ¼ vesicle-
associated membrane protein-associated protein-B.
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heterodimerization (Csordás et al., 2010) system have
been generated to assess mitochondria–ER associations.
More recently, an spGFP system has been employed to
measure the mitochondria–ER associations (Cieri et al.,
2018). We initially trialed a ddGFP system but observed
poor signal to noise ratio using this approach. Instead,
we sought to modify the spGFP system to allow the
study of PO–ER associations and redesigned the
spGFP moieties to contain ER and peroxisomal target-
ing signals. These were generated by fusing the trans-
membrane domain and tail (TMD-T) region of
ACBD5 and VAPB to the split GFP moieties spGFP1-
10 and spGFP11, respectively (Figure 3(a)). We and
others have previously shown that the TMD-T of
ACBD5 and VAPB are sufficient to target fluorescent
proteins to the peroxisomal and ER membrane, respec-
tively (Costello, Castro, Cam~oes, et al., 2017; Harmon,
Larkman, Hardingham, Jackson, & Skehel, 2017;
Teuling et al., 2007). Initially, by cotransfecting an
untargeted cytosolic spGFP portion with the corre-
sponding ER or PO targeted spGFP portion, we
showed that targeting of the individual spGFP moieties
was as expected (Figure 3(b)). The untargeted spGFP
portions give cytosolic signal when expressed together
(Figure 3(b), panel I), but we observe characteristic ER
staining (Figure 3(b), Panel II) when untargeted
spGFP1-10 is expressed with spGFP11-VAPB and
observe punctate peroxisomal staining when untargeted
KATEb11 is expressed with spGFP1-10-ACBD5
(Figure 3(b), Panel III). Individually, the spGFP1-10
and spGFP11 portions did not fluoresce, but when plas-
mids encoding spGFP1-10-ACBD5 and spGFP11-
VAPB were cotransfected, we observed a punctate
green signal, which colocalized with the peroxisomal
marker Pex14 (Figure 3(c) and (d)). A comparison of
the number of spGFP and PEX14 signals per cell sug-
gests that �65% of POs are in close contact with the ER
(Figure 3(e)), which supports previous EM data
(Costello, Castro, Hacker, et al., 2017). This suggested
that this system could be a useful measure of PO–ER
associations.

One potential problem that has been highlighted with
split-fluorescence systems is the reversibility, although
previous reports on the mitochondria–ER system sug-
gested that spGFP may be reversible (Yang et al.,
2018). As we previously validated that the PLA can mea-
sure increases in PO–ER contacts, we used the PLA on
COS-7 cells expressing the spGFP PO–ER reporter (note
that the ACBD5 and VAPB antibodies will not recog-
nize the ACBD5 and VAPB TMD-T region in the
spGFP reporters and also that the TMD-T regions of
ACBD5 and VAPB do not interact with each other so
cannot tether in this way). Interestingly, we observed an
increase in PLA signal following transfection of the
spGFP PO–ER reporter, suggesting expression of

these constructs was increasing PO–ER associations
(Figure 3(f) and (g)). To further explore this, we also
expressed the spGFP reporter system in wild-type and
ACBD5 KO HeLa cells and compared the number of
spGFP signals. Previously, we were able to observe using
both the EM and the PLA a reduced number of PO–ER
interactions in ACBD5 KO HeLa cells. However, using
the spGFP system, we did not observe a significant dif-
ference between the numbers of spGFP signals in wild-
type cells compared with ACBD5 KO cells (Figure S2C
and D). This implies that although the spGFP tool is
able to label sites of PO–ER associations, it should be
treated with caution as the reporter itself may act as an
artificial tether and increase organelle contacts. While
this result suggests that the spGFP reporter is acting as
a tether, it may also reflect the nature of the PO–ER
interaction which appears to be different to mitochon-
dria–ER interactions. EM studies have routinely observed
a wrapping of entire peroxisomal structure with fenestrat-
ed ER (see schematic example in Figure 3(h)), and it is
possible that this type of interaction is artificially stabi-
lized by expressing the spGFP PO–ER reporters. The
reversibility of the split-fluorescent systems is the topic
of some debate in the field and whether or not this
occurs may depend on the affinity of the two portions
of GFP for each other versus the affinity of the formation
and collapse of the contact sites between the organelles.
Presumably, these values will vary for different organelles
and likely depend on the affinities of endogenous tethers;
for PO–ER contacts, this is currently unknown. Previous
studies have suggested that spGFP reporters are to some
extent reversible and are suitable for measurement of
mitochondria–ER contacts (Yang et al., 2018), in partic-
ular the Deinococcus radiodurans infrared fluorescent pro-
tein IFP1.4 system has been successfully utilized for
organelle proximity measurements without inducing teth-
ering (Shai et al., 2018; Tchekanda, Sivanesan, &
Michnick, 2014). However, the earlier observations indi-
cate that the spGFP may not be useful for the quantifi-
cation of PO–ER contacts.

Spatial Analysis of PO–ER Contacts in MFF-Deficient
Fibroblasts Suggests the ER Is Enriched Around the
Peroxisomal Body

Having developed new light microscopy-based methods
to study PO–ER contacts, we now wanted to use these
techniques, in combination with our existing EMmethod,
to test our previously proposed model on how POs and
the ER interact to facilitate peroxisomal biogenesis
(Costello & Schrader, 2018). POs can form and multiply
out of preexisting POs by membrane growth and division.
This multistep process involves membrane deformation
and elongation of a preexisting (mother) PO, constriction
of the elongated membrane and final membrane scission
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Figure 3. An spGFP assay to measure PO–ER associations. (a) (1) Overview of spGFP constructs. (2) Schematic overview of the spGFP
system used to measure the PO–ER associations. (b) COS-7 cells transfected with the indicated plasmids to show localization of the
spGFP11-VAPB and spGFP1-10-ACBD5 to the ER and POs, respectively, (I) untargeted KATEb11 and spGFP1-10 as controls, (II)
untargeted spGFP1-10 with spGFP11-VAPB, and (III) untargeted KATEb11 with spGFP1-10-ACBD5. (c) COS-7 cells cotransfected with
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by recruitment of the dynamin-related fission GTPase
Drp1 through membrane adaptors such as MFF or
Fis1 (Schrader et al., 2015). Peroxisomal membrane elon-
gation requires phospholipids, which are delivered by a
nonvesicular mechanism (Raychaudhuri & Prinz, 2008).
We recently demonstrated that ACBD5-VAPB-mediated
PO–ER contacts are required for peroxisomal membrane
expansion, suggesting a role for these contacts in lipid
transfer from the ER to POs (Costello, Castro, Hacker,
et al., 2017). These findings also explain why POs in cells
with a defect in PO division are highly elongated; they
constantly receive lipids from the ER and elongate but are
unable to divide (Castro et al., 2018; Costello & Schrader,
2018). In support of this model, we recently demonstrated
that loss of ACBD5 in MFF-deficient fibroblasts reduced
peroxisomal membrane expansion, whereas expression of
an artificial PO–ER tether restored the highly elongated
PO morphology or induced hyperelongation (Costello,
Castro, Hacker, et al., 2017). In this model, a spherical
“mother” PO is tethered to the ER, giving rise to tubular
extensions which elongate before being divided by the
Drp1-dependent fission machinery (Figure 4(a)). To test
if tethering does indeed occur at the spherical body of the
“mother” PO or if contacts with the ER are equally dis-
tributed along the tubular extensions, we expressed the
spGFP PO–ER reporter system in MFF-deficient fibro-
blasts. In these cells, division-incompetent POs form
highly elongated tubules stemming from a spherical per-
oxisomal body (Costello, Castro, Hacker, et al., 2017; see
example in Figure 4(b)). We first tested the localization of
the individual spGFP moieties to assess their localization
in MFF-deficient fibroblasts using the untargeted
Kateb11 and spGFP1-10. The PO-targeted spGFP1-10-
ACBD5 fusion alone labeled both the tubules and the
spherical POs when expressed in MFF-deficient fibro-
blasts, while the spGFP11-VAPB showed an ER-like
staining (Figure 4(c)). However, when spGFP1-10-
ACBD5 and spGFP11-VAPB were expressed together,
the GFP signal was concentrated at the spherical perox-
isomal structures (which give rise to the tubular

extensions), with occasional, but much weaker signals at
the tubules (Figure 4(d)). This suggests that PO–ER asso-
ciations are not equally distributed along the membrane
tubules but are most prevalent at the spherical bodies. To
further explore this, we performed EM on untransfected
MFF-deficient fibroblasts (Figure 4(e)). Similar to the
spGFP results, using EM, we observed that the ER did
not distribute evenly along the tubules, but was rather
frequently observed to decorate a distal region, which
we suggest may represent the tubule-forming peroxisomal
body. In rare occasions, the ER was found associated
with regions along the length of the tubule (Figure 4(e),
lower left panel). These ER-associated regions were
larger in diameter than the tubular extensions and may
represent peroxisomal bodies which form extensions in
two directions.

These observations suggest that the ER predominant-
ly associates with the peroxisomal body in our cell
model. In support of our findings, it should also be
noted that endogenous ACBD5 is also mainly located
at the spherical PO body in MFF-deficient cells
(Costello, Castro, Hacker, et al., 2017). Based on this,
we speculate that the peroxisomal body may represent
the major PO–ER interface, which allows phospholipid
transfer for peroxisomal membrane expansion (prior to
division/multiplication in wild-type cells).

In summary, we have developed two novel techniques
to measure the PO–ER interactions, based on the PLA
and spGFP systems. The PLA can be used with either
ACBD5 or PEX14 as peroxisomal targets and VAPB as
an ER target and is capable of measuring changes in
PO–ER interactions, as evidenced by modulation of
known tethering components. As ACBD5, PEX14, and
VAPB are found in a wide variety of cell types, this assay
should be widely applicable as a valid measure of
changes in endogenous PO–ER associations, which
does not require specialist knowledge or equipment.
As knowledge on contact site components increases
and new antibodies become available, these could also
be utilized in PLAs. The spGFP system has the

Figure 3. Continued.
plasmids encoding the spGFP11-VAPB and spGFP1-10-ACBD5, stained with PEX14 (red) as a peroxisomal marker. (d) Quantification of
the average number of GFP signals generated with the spGFP constructs transfected individually (no signal) or when combined (Av ¼ 61.8
GFP signals per cell � 4.7). (e) Quantification of the number of spGFP signals per PO, assessed as the total number of spGFP signals/the
total number of Pex14 signals per cell (Av ¼ 64.0 � 2.5). (f) PLA using ACBD5 and VAPB antibodies on COS-7 cells transfected with
plasmids encoding the spGFP11-VAPB and spGFP1-10-ACBD5. PLA signals in red. Zooms are �3.9 magnification of the white boxed area.
Colocalized pixels from the green and red channels of the zoom area are shown in white. (g) Quantification of PLA signals per cell using
ACBD5 and VAPB antibodies in COS-7 cells, comparing PLA signals in untransfected cells versus cells cotransfected with the spGFP
reporter. (h) Schematic illustration of PO–ER interactions showing extent of ER wrapping and example electron micrograph, with false
coloring, of POs in MFF-deficient fibroblasts showing extensive ER wrapping. A two-tailed, unpaired t test was used to determine statistical
differences against the indicated group (***p < .001). Thirty cells per condition, three repeats of each experiment. Scale bars: 10 mm in (b),
(c), and (f) and 0.5 mm in (h), higher magnification view in (f) is 2.5 mm. ER ¼ endoplasmic reticulum; PO ¼ peroxisome; GFP ¼ green
fluorescent protein; spGFP ¼ split superfolder GFP; PLA ¼ proximity ligation assay; TMD-tail ¼ transmembrane domain and tail; ACBD ¼
acyl-CoA binding domain; VAPB ¼ vesicle-associated membrane protein-associated protein-B.
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Figure 4. spGFP reporter and electron microscopy analysis suggests that PO–ER contacts are most prevalent at the spherical peroxisomal
body. (a) Model of the location of PO–ER tethers during peroxisomal elongation. (b) Representative example of elongated POs in MFF-
deficient fibroblasts labeled with anti-PEX14 antibody as a peroxisomal marker. (c) Expression of spGFP1-10-ACBD5 with untargeted
Kateb11 and spGFP-11-VAPB with untargeted spGFP1-10 in MFF-deficient fibroblasts showing peroxisomal and ER localization respectively.
(d) Representative images of spGFP PO–ER reporter in MFF-deficient fibroblasts, labeled with anti-PEX14 in red as peroxisomal marker.
Zooms are �1.3 magnification of the white boxed area. (e) Representative electron micrographs, with false coloring, of PO–ER associations
in untransfected MFF-deficient fibroblasts showing ER contacts are not evenly distributed along peroxisomal tubules but are focused primarily
around the distal ends of POs and can occasionally be found at internal, expanded, regions within a tubule. PO ¼ peroxisome (green); ER ¼
endoplasmic reticulum (blue). Scale bar: 10 mm in (b), (c), and (d) and 0.2 mm in (e). GFP ¼ green fluorescent protein; spGFP ¼ split
superfolder GFP; ACBD ¼ acyl-CoA binding domain; VAPB ¼ vesicle-associated membrane protein-associated protein-B.
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advantage that it can be used for live cell imaging, but
the disadvantage that it may impact on the tethering
process. We also observed occasional mistargeting of
the spGFP1-10-ACBD5 portion of the spGFP when
expression levels were very high, in line with previous
observations of ACBD5 mistargeting (Costello, Castro,
Cam~oes, et al., 2017). However, we were still able to use
this system to provide information on PO–ER associa-
tions. Overall, we would suggest that the PLA can be a
useful tool to measure the PO–ER interactions, taking
into consideration the caveats discussed earlier. As noted
in a recent review article (Scorrano et al., 2019), it is
highly advisable to utilize multiple methods, combining
biochemical and fluorescent techniques with EM
approaches to assess contact sites. The advantages and
disadvantages of the PLA and spGFP systems techni-
ques are summarized and compared with EM in Table 1.

Materials and Methods

Plasmids

The spGFP PO–ER reporter constructs were based on
the original system (Kamiyama et al., 2016). The TMD-
T regions of ACBD5 (residues 503-534) and VAPB (res-
idues 223-243) were inserted downstream of one copy of
spGFP1-10 or seven copies of spGFP11X7, respectively,
with a 17 amino acid linker (GTGGGGS
GTGGGGSGGG) between the spGFP and the TMD-
T and a 15 amino acid linker between the repeats in
spGFP11. To facilitate the detection of the spGFP
halves, FLAG or MYC tags were cloned upstream of
the spGFP1-10 and spGFP11, respectively. These con-
structs were generated by gene synthesis (Eurofins) and
then subcloned into pcDNA3.1 (þ) as HindIII-XhoI
fragments. See Figure 3(a) for schematic. Untargeted
KATEb11 and spGFP1-10 control plasmids were kind
gifts from T. Cali (Universita degli studi Di Padova,

Italy; Cieri et al., 2018). MYC-VAPB was a generous

gift from C. Miller (King’s College London, London,

UK). FLAG-ACBD5 was previously described

(Costello, Castro, Hacker, et al., 2017).

Antibodies

PLA: Anti-ACBD5 rabbit antibody (HPA012145; Sigma-

Aldrich), anti-PEX14 rabbit antibody (Grant et al., 2013;

generated by D. Crane, Griffith University, Brisbane,

Australia), and anti-VAPB mouse antibody (66191-1-Ig;

Proteintech) were used. Immunoblots: Anti-ACBD5,

PEX14, and VAPB as earlier; anti-PMP70 (SAB4200181;

Sigma); anti-PEX11b (ab 182100; Abcam); anti-Catalase

(ab179843; Abcam); and anti-GAPDH (ProSci) were used.

Cell Culture and Transfection

COS-7 (CRL-1651; ATCC), COS-7-GFP-SKL (stably

transfected with PO-targeted GFP-SKL [SKL is a PO

targeting signal PTS1]; Koch, Schneider, Lüers, &

Schrader, 2004), HeLa and ACBD5 KO HeLa (generated

by J. Koster, Univ. of Amsterdam, Netherlands;

Ferdinandusse et al., 2016), and MFF-deficient fibro-

blasts (kindly provided by F. S. Alkuraya, King Faisal

Specialist Hospital and Research Center, Riyadh, Saudi

Arabia; Koch et al., 2016; Shamseldin et al., 2012) were

cultured in Dulbecco’s Modified Eagle Medium (DMEM)

high glucose (4.5 g/L) supplemented with 10% (v/v) fetal

bovine serum, 100 U/ml penicillin, and 100 lg/ml strep-

tomycin at 37�C with 5% CO2 and 95% humidity. COS-7

cells and MFF-deficient fibroblasts were transfected using

diethylaminoethyl-dextran or microporation, respectively,

as previously described (Costello, Castro, Hacker,

et al., 2017).

Table 1. Advantages and Disadvantages of the PLA, spGFP Reporter and EM Systems for Assessing Peroxisome–
Endoplasmic Reticulum Interactions.

PLA

spGFP

reporter EM

Suitable for fixed cells? Y Y Y

Suitable for live cell imaging? N Y N

Requires transfection? N Y N

Requires specific antibodies? Y N N

Representative of the number of organelle interactions? N N Y

Potential for the method to cause alterations to organelles? N Y N

May be altered by posttranslational modifications? Y N N

Potential for high-throughput assays? Y Y N

Possibility to measure the changes in contact site size? N Y Y

Note. Y¼ yes; N¼ no; GFP¼ green fluorescent protein; spGFP¼ split superfolder GFP; PLA¼ proximity ligation assay;

EM¼ electron microscopy.
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Proximity Ligation Assay

For the PLA, 90,000 cells were seeded onto a 3.5-cm
diameter cell view dish (Greiner BioOne). PLA was per-
formed using DuolinkVR PLA Red kit (Sigma-Aldrich)
according to the manufacture’s protocol. In short, cells
were fixed with 4% (v/v) paraformaldehyde for 20 min,
at 24 hr (HeLa) or 48 hr after seeding, and permeabilized
with 0.2% (v/v) Triton X-100 for 10 min. After 3 times
washing with phosphate-buffered saline (PBS), cells were
incubated with blocking buffer for 30 min at 37�C. Cells
were then incubated with 50 mL primary antibodies for 1
hr at room temperature. Anti-ACBD5 antibody (1:100),
anti-PEX14 (1:1,400), and anti-VAPB antibody (1:200)
were used. Cells were washed with Duolink Wash Buffer
A twice and incubated with 40 mL PLA probe solution
including PLA probe anti-rabbit plus and anti-mouse
minus for 1 hr at 37�C. Cells were then washed with
Duolink Wash Buffer A twice and incubated with
ligase for 30 min at 37�C. After washing with Duolink
Wash Buffer A again, polymerase was added for ampli-
fication and incubated for 100 min at 37�C. Finally, cells
were washed with Duolink Wash Buffer B for 10 min
twice and 0.01� Buffer B for 1 min with shading. Nuclei
were stained with Hoechst 33258 (Polysciences), and
samples were then mounted on a 19 mm ø coverslip
using Mowiol with n-propyl gallate as an antifading
reagent (Schrader et al., 1998). In general, we suggest
stringent washing and avoid drying the cell view dish
by always covering with humid paper towel
during incubation.

Immunoblotting

HeLa cells were washed in PBS and then lysed by mixing
with ice-cold lysis buffer (25 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1% Nonidet P-40, 1 mM phenylmethylsul-
fonyl fluoride, and protease inhibitor cocktail) for 30
min at 4�C. Undissolved material was pelleted by centri-
fugation at 15,000g. After normalizing protein concen-
tration, total lysates were mixed with Laemli buffer and
analyzed by Western immunoblotting, with semidry
transfer. Enhanced chemiluminescence (ECL) signals
were detected using the G-Box Chemi (Syngene).

spGFP Assays

For the spGFP assay, 250,000 COS-7 cells were seeded
onto 19 mm ø coverslips in a 6 cm ø dish the day before
transfection. 3.3 mg spGFP1-10-ACBD5 and spGFP11-
VAPB or as a control, untargeted spGFP1-10 and a b11-
tagged RFP (KATEb11) plasmids were transfected into
the cells; 48 hr after transfection, cells were processed for
immunofluorescence. Briefly, cells were fixed with 4%
paraformaldehyde in PBS (pH 7.4), permeabilized with
0.2% Triton X-100, and incubated with antibodies as

described previously ( Schrader, Islinger, & Schrader,
2017). Cells were stained with the peroxisomal mem-
brane marker anti-PEX14.

Microscopy

Cells were observed using an Olympus IX81 microscope
(Olympus) equipped with an UPlanSApo 100�/1.40 oil
objective (Olympus) and a CoolSNAP HQ2 CCD
camera. Digital images were taken and processed using
VisiView software (Visitron Systems). Images were
adjusted for contrast and brightness using MetaMorph
7 (Molecular Devices). Analyses were performed on ren-
dered z-stacks and single-plane images. As COS-7 cells
are very flat, single-plane analysis gave very similar
results (e.g., PO–ER contacts with anti-ACBD5/VAPB
antibodies; PLA signal z-stack: 11.31� 0.5; single: 10.4
� 0.4; n¼ 91 cells) and was used in the following to
increase throughput. EM was performed essentially as
previously described (Costello, Castro, Hacker, et al.,
2017). In brief, monolayers of cells were fixed for 1 hr
in 0.5% glutaraldehyde in 0.2M PIPES buffer (pH 7.2)
and postfixed in 1% osmium tetroxide (reduced with
1.5% w/v potassium ferrocyanide) in cacodylate buffer
for 1 hr. After washing in deionized water, the cells were
dehydrated in a graded ethanol series before embedding
in Durcupan resin (Sigma-Aldrich); 60 nm ultra-thin
sections were collected on pioloform-coated 100 mesh
copper EM grids (Agar Scientific) and contrasted with
lead citrate prior to imaging using a JEOL JEM 1400
transmission electron microscope operated at 120 kV.
Images were taken with a digital camera (ES 1000W
CCD, Gatan). Quantification of PO–ER contacts was
performed as previously (Costello, Castro, Hacker,
et al., 2017), In brief, POs were sampled (n¼ 48–64
POs per experimental grid) by scanning the EM grids
systematic uniform random. To estimate the mean frac-
tion of total PO membrane surface in direct contact
with the ER, a stereological approach by line intersec-
tion counting was used. Intersections were classified as
direct membrane contact (defined as “attachment”) if
there was <15 nm distance between PO and
ER membranes.

Statistical Analyses

Quantification of PLA fluorescent signals was performed
using ImageJ software, using a custom macro which uti-
lized the analyze particles function, following manual
thresholding. To analyze PLA colocalization with
PEX14 marker, following image processing colocaliza-
tion was visualized as white pixels using an ImageJ
“Colocalization” plugin (Bourdoncle, 2004).
Quantification was performed by manually counting
the number of PLA dots with and without white
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pixels. Statistical analysis was performed using

GraphPad Prism Version 7 (GraphPad Software). All

experiments for quantification were performed with at

least three independent repeats and a minimum of 90

cells were observed per condition. In box whisker plots,

the plots show outliers calculated by the Tukey’s method.

Center lines are median values and boxes extend from the

25th to the 75th percentile of each group’s distribution of

values, vertical extending lines mean adjacent values.

Error bars shown are standard error of the mean. A

one-way analysis of variance with Dunnett’s multiple

comparison test or a two-tailed, unpaired t test was

used to determine statistical differences against the indi-

cated group (**p< .01; ***p< .001).
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