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A Rabl interactome illuminates a dual role in
autophagy and membrane trafficking

Alexander R. van Viet*?@®, Alison K. Gillingham'@®, Tomos E. Morgan'@®, Yohei Ohashi'®, Tom S. Smith'®, Ferdos Abid Ali**@®, and Sean Munro'®

The small GTPase Rab1 is found in all eukaryotes and acts in both ER-to-Golgi transport and autophagy. Several Rab1 effectors
and regulators have been identified, but the mechanisms by which Rabl orchestrates these distinct processes remain
incompletely understood. We apply MitolD, a proximity biotinylation approach, to expand the interactome of human Rab1A
and Rab1B. We identify new interactors among known membrane traffic and autophagy machinery, as well as previously
uncharacterized proteins. One striking set of interactors are the cargo receptors for selective autophagy, indicating a broader
role for Rabl in autophagy than previously supposed. Two cargo receptor interactions are validated in vitro, with the
Rab1-binding site in optineurin being required for mitophagy in vivo. We also find an interaction between Rab1 and the dynein
adaptor FHIP2A that can only be detected in the presence of membranes. This explains the recruitment of dynein to the ER-Golgi

intermediate compartment and demonstrates that conventional methods can miss a subset of effectors of small GTPases.

Introduction

The Rab proteins, small GTPases of the Ras superfamily,
orchestrate the timing and location of many cellular events
through their interaction with specific effectors (Homma et al.,
2021; Hutagalung and Novick, 2011; Takai et al., 2001). Despite
their name, these proteins lack intrinsic GTPase activity. In-
stead, specialized proteins control their “on” and “off” states by
exchanging GDP for GTP (guanine nucleotide exchange factors,
GEFs) or by facilitating GTP hydrolysis (GTPase-activating pro-
teins) (Cherfils and Zeghouf, 2013; Lamber et al., 2019; Muller
and Goody, 2018). The nucleotide status controls two aspects of
Rab function that allows them to act as spatially localized mo-
lecular switches. Firstly, the GDP-bound form is bound by GDI, a
cytoplasmic chaperone that masks their C-terminal lipid anchor
and extracts the Rab from membranes, whereas the GTP-bound
form can remain associated with the specific organelle on which
it was activated (Barr, 2013). Secondly, the GTP-bound form
binds effectors, and thus the Rabs act as spatial landmarks that
direct the recruitment of specific proteins to the specific mem-
branes on which the Rab was activated. Thus, to understand the
cellular role of a Rab, it is essential to identify its different ef-
fectors and upstream regulators.

The Rabs are the largest family within the Ras superfamily,
with over 60 members in humans, and Rabl is conserved in all
eukaryotic phyla and is one of only six Rabs that must have been
present in the last common ancestor of all eukaryotes (Klopper
etal.,, 2012). Consistent with this degree of conservation, it plays
a vital role in cell function and, along with Rabb5, it is one of only

two Rab activities that is essential for the viability of human
cultured cells (Homma et al., 2019). It is also one of the most
enigmatic members of the Rab family in that it acts in two dis-
tinct processes, membrane trafficking and autophagy. Rabl in
humans exists as two closely related paralogues, RablA and
Rab1B, which are both widely expressed and appear to be largely
functionally redundant (Homma et al., 2019). The best-studied
role of RablA/RablB and their yeast homolog Yptl is in mem-
brane trafficking between the ER and the Golgi, where they play
an essential role, with Rabl predominantly localized to the ER-
Golgi intermediate compartment and cis-Golgi where it con-
tributes to vesicle capture and compartment organization (Davis
and Ferro-Novick, 2015; Galea et al., 2015; Segev, 1991; Westrate
et al.,, 2020). In addition, genetic studies in both yeast and
mammalian cells have shown that Rabl is required for autoph-
agy (Davis and Ferro-Novick, 2015; Haga and Fukuda, 2025;
Zoppino et al., 2010). The importance of Rabl in autophagic
processes is underlined by invading pathogens having evolved
various mechanisms to inhibit or modulate Rabl activity to en-
hance their survival (Dong et al., 2012; Feng et al., 2018; Mishra
et al., 2013). However, the precise role that Rabl plays in au-
tophagy is not fully understood. A recent screen of all human
Rabs showed that four Rabs are required for autophagy (Haga
and Fukuda, 2025). Three, Rab2, Rab?7, and Rabl4, contribute to
late stages of autophagosome maturation, while only Rabl ac-
tivity is essential for initial autophagosome formation. This
finding is consistent with the recent report that Rabl can recruit
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and activate the PI3P-producing VPS34 kinase complex I that
plays a key role in the early steps of autophagy (Haga and
Fukuda, 2025; Tremel et al., 2021). However, Rabs typically re-
cruit many different effectors, and so it is unclear how else Rabl
might contribute to autophagy. Addressing this question has
been challenging, as, unlike dedicated autophagy machinery,
Rabl activity is essential for growth of cultured cells due to its
role in membrane traffic.

Previously, our lab used MitoID, a modified proximity bio-
tinylation approach, to identify new interactors for a wide range
of Rabs and other small GTPases (Gillingham et al., 2019). Here
we apply the MitoID technique to human RablA and RablB to
identify new interactors, including components known to act in
membrane trafficking and in autophagy.

Results and discussion

Application of MitoID to human RablA and RablB

RablA and RablB MitoID constructs were designed as described
previously (Gillingham et al., 2019), with the BirA* biotin ligase
placed after the C-terminal hypervariable domain of the Rabl
proteins followed by the mitochondrial-targeting transmem-
brane domain of monoamine oxidase (Fig. 1 A). When expressed
in cells, all the Rabl MitoID constructs were localized to mito-
chondria and accumulated to similar levels (Fig. S1, A and B).
To detect effectors which bind to GTP-bound Rabl, we used
mutations known to lock Rabl and other small GTPases in a
GTP-bound form (Q70L for RablA, Q67L for RablB) or in a GDP-
bound form (S25N for RablA, S22N for RablB) (Feig, 1999;
Tisdale et al., 1992). These were compared with a negative con-
trol comprising only BirA and the mitochondrial transmem-
brane domain. HEK293A cells were transiently transfected with
plasmids expressing the MitoID constructs, and following a 24-h
incubation with biotin, they were lysed, and the biotinylated
proteins were isolated with streptavidin and identified by mass
spectrometry.

MitolD with Rab1 efficiently identifies known effectors

and regulators

To identify nucleotide-dependent interactors of RablA or B, we
initially compared levels of biotinylated proteins with those
obtained with the negative control to find those enriched for
Rabl binding (Fig. S1 C and Table S1). We then compared the
protein levels found with the two different nucleotide states to
identify those which are specific for the GTP- or GDP-bound
forms. The two comparisons can be evaluated simultaneously
on a two-dimensional plot of the fold change of Rabl vs control
plotted against the fold change of GTP vs GDP (Fig. 1, Band C; and
Table S1). This approach allows the identification of effectors
that bind the GTP-bound Rab by simultaneously evaluating their
enrichment against both the control and the GDP-bound Rab.
Among the proteins showing the highest enrichment for binding
to the GTP forms of both Rabls were many proteins previously
reported to be Rabl effectors or to be subunits of complexes
known to contain at least one subunit that binds directly to Rabl.
The known effectors include the Arf GEF GBF], the actin regu-
lator WHAMM, and the lipid phosphatase OCRL (Hyvola et al.,
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2006; Monetta et al., 2007; Russo et al., 2016). The known in-
teracting complexes include the COG complex, which mediates
retrograde trafficking within the Golgi apparatus and binds Rabl
via the COG4 subunit, and Vps34 complex I, which generates
PI3P on autophagosomes (Tremel et al., 2021; Ungar et al., 2005).
Apart from effectors, we also detected a GDP-dependent en-
richment of the subunits of the TRAPP complexes that act as
GEFs for Rabl and Rabll and a GTP-dependent enrichment of the
CHM and CHML proteins that present Rabs to the Rab ger-
anyltransferase complex that prenylates them after synthesis
(Riedel et al., 2018; Thomas et al., 2018; Zhang, 2003). Taken
together, these results indicate that RablA and RablB remain
biologically active and nucleotide-state dependent when used
for MitoID. Most of the hits were shared between the RablA and
RablB datasets, with the only obvious difference being the in-
crease in overall hits in the Rab1B dataset (Fig. 1, B and C; and
Table S1). Whether this is biologically significant or simply due
to differences in levels of active protein is a matter for future
studies.

MitolD with Rabl identifies potential novel effectors

Among the known Rabl effectors identified by the MitoID ap-
proach were further proteins that have not previously been re-
ported to bind to Rabl. Gene ontology (GO) term analysis of such
proteins within the region demarcated by known effectors
(Fig. 1, B and C, insets) shows that the most highly enriched
terms are those linked to membrane trafficking and Golgi or-
ganization, strongly implying that a substantial proportion are
also bona fide Rabl effectors (Fig. 1 D). Two representative
proteins that were present in this region for both RablA and
RablB were tested for nucleotide-dependent binding to Rabl.
PPPIR37 is a protein phosphatase 1 regulatory subunit of un-
known function, and CLEC16A is a GEF for the GTPase Rab2 that
acts in both membrane trafficking and autophagy (Gillingham
etal., 2019; Haga and Fukuda, 2025; Lorincz et al., 2017; Yin et al.,
2017). Both proteins showed GTP-dependent binding to RablA
by affinity chromatography. PPP1R37 yielded a highly confident
AlphaFold prediction for a complex with GTP-bound Rab1 (Fig. 1
E and Fig. S1D). However, these are just two of 23 proteins found
in this region with both RablA and RablB, which are not known
effectors, and so we have focused on validating in depth a subset
of the others that seemed particularly striking, with the full list
provided in the supplementary material (Table S1). We selected
for validation the proteins optineurin (OPTN) and CALCOCO],
as they are major cargo receptors for selective autophagy
(Adriaenssens et al., 2022; Lamark and Johansen, 2021). We
also selected FHIP2A, a cargo adaptor for dynein.

Binding of Rabl to the dynein adaptor FHIP2A requires the
presence of a membrane

The presence of FHIP2A in our dataset was intriguing, as a
previous study had tested binding between GTP-bound RablA
and FHIP2A and concluded it could not be detected (Christensen
et al., 2021). FHIP2A is a subunit of the FTS-Hook-FHIP (FHF)
complex, a key player in cytosolic trafficking that links cargo to
dynein motor proteins. It is composed of four subunits: one copy
of FTS, two copies of one of three HOOK coiled-coil proteins
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Figure 1. RablA and Rab1B MitolD identifies novel Rabl effectors. (A) Schematic of the Rabl-MitoID approach in which Rab1 is fused to the promiscuous ]
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biotin ligase BirA* and a mitochondrial localization signal from monoamine oxidase (depicted in red), resulting in the relocalization of Rab1 to the mitochondrial
membrane. Rab1 interactors will be efficiently biotinylated, while other Golgi proteins and Rab interactors are not. (B) Two-dimensional plot comparing the
enrichment of proteins biotinylated by Rab1A-MitolD vs control (BirA alone), plotted against the enrichment of proteins biotinylated with GTP-locked RablA
(QL) vs GDP-locked Rab1A (SN). For the x axis, the value plotted is that for the nucleotide form of Rab1 that gave the greatest fold change over background. For
clarity, RablA itself is not shown, as it is part of the BirA* construct. Known effectors and regulators are indicated, with known effectors being enriched in the
upper right quadrant. Zoomed regions to the right show a region demarcated by well-enriched known effectors with novel proteins of note identified. For all
protein identities and enrichment values see Table S1. (C) as for (B) except with Rab1B rather than RablA. (D) Overrepresented GO terms for biological process
of the proteins within the regions demarcated by known effectors shown in B and C with the known effectors removed. Ranking is by the summed FDR and
enrichment rank. (E) Immunoblots of binding to GST-RablA-coated beads of the indicated proteins from HEK293A cell lysates. Rab1A was either Q70L (GTP) or
S25N (GDP). The known Rabl effector RABEP1 (rabaptin-5) is included as positive control (Valsdottir et al., 2001). Source data are available for this figure:

SourceData F1.
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(Hookl, 2, or 3), and a single copy of one of four FHIP proteins
(FHIP1A, FHIP1B, FHIP2A, or FHIP2B) (Fig. 2 A). The modularity
of the complex underlies its diverse functions, with the subunit
combination dictating cargo specificity. For example, FHF
complexes containing FHIP1B are linked to Rab5 on endosomes
through a direct interaction between the two proteins (Christensen
et al., 2021). Although FHIP2A was found to precisely co-localize
with RablA, the same study found no direct interaction when cell
lysates were incubated with GFP-RablB-covered beads in the
presence of GTP. It was thus speculated that the interaction
might be indirect (Christensen et al., 2021).

We hypothesized that the Rabl-FHIP2A interaction is in fact
direct, and indeed, AlphaFold 3 confidently predicts a structure
for a RablA-FHF complex (Fig. 2 B). Consistent with the previous
report, assays based on binding to GST-Rabl-coated beads
showed no significant interaction between RablA or RablB and
purified FHIP2A (Fig. 2 C). Moreover, binding of FHIP2A to GST-
Rab-coated beads does not require the presence of the other
subunits of the FHF complex, as a complex comprising FTS,
FHIP2A, and the C-terminal region of Hook2 also showed no
direct binding (Fig. S2 A). However, AlphaFold predicts that
FHIP2A has an N-terminal amphipathic helix adjacent to the
Rabl-binding site (Fig. 2, B and D). MitoID labelling of Rab in-
teractors occurs at the mitochondrial membrane, raising the
possibility that robust Rabl-FHIP2A binding requires that the
GTPase be in a membrane that the amphipathic helix can also
bind. To test this, we bound RablA to the surface of giant uni-
lamellar vesicles (GUVs), and unlike the result with the Rabl-
coated beads, this led to robust recruitment of FHIP2A (Fig. 2 E).
Recruitment only occurred when RablA was bound to GTP
rather than GDP, and removal of the amphipathic helix of
FHIP2A abolished binding (Fig. 2 E). We also repeated our Mi-
toID experiments with RablA and overexpressed FHIP2A and
found FHIP2A to interact robustly with GTP-locked RablA, but
this was lost with GDP-locked RablA or when the amphipathic
helix was deleted (Fig. 2 F). Taken together, these results show
that RablA can bind directly to the FHIP2A subunit of the FHF
complex, but that recruitment requires coincident binding to the
membrane by the FHIP2A N-terminal amphipathic helix. Almost
all the ~160 members of the Ras superfamily of small GTPases
are, like Rabl, anchored to membranes via lipid modifications.
The conventional methods for identifying effectors for small
GTPases are affinity chromatography and yeast two-hybrid
screens. These have proven productive, but our findings with
Rabl and FHIP2A raise the possibility that some effectors may
have been missed, as their binding is only detectable in the
presence of a membrane.

MitolD reveals a role for Rabl in recognition of

autophagy substrates

The extent of Rabl’s role in autophagy is still unclear, and so the
presence of the selective autophagy receptors (SARs), TAX1BPI,
OPTN, and CALCOCO], in our MitoID dataset was striking, as
they are key components of selective autophagy processes. The
SARs function by recognizing ubiquitin and other landmarks on
their substrates and simultaneously binding to ATGS8 proteins on
the phagophore, which elongates to engulf the substrate. We
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focused on two SARs, CALCOCOI and OPTN. CALCOCO1 has
been reported to act as a mediator of Golgiphagy (Nthiga et al.,
2021), while OPTN has been proposed to have various roles in
membrane traffic and Golgi organization but has also been re-
ported to be a key SAR involved in mitophagy (Song et al., 2018;
Zhang et al., 2024). Affinity chromatography confirmed direct
and nucleotide-dependent binding between RablA and both
CALCOCO1 and OPTN (Fig. 3, A and B). We also tested binding
using GUVs and again observed a strong interaction between the
SARs and RablA-GTP on the membrane of the GUVs (Fig. 3 C).

To identify the Rabl-binding site on CALCOCO1 and OPTN,
we applied cross-linking in combination with AlphaFold struc-
ture prediction. AlphaFold 3 predicts that CALCOCO1 forms a
homodimer via an extended coiled-coil domain, and Rabl was
confidently predicted to bind to the coil-coil domain close to the
N terminus of CALCOCO1 (Fig. 4 A). Chemical cross-linking
coupled with mass spectrometry analysis (XL-MS) of the
RablA-CALCOCOL1 complex yielded high-confidence cross-links,
providing experimental distance constraints (Fig. 4 B). Most of
the cross-links showed Ca-Ca distances consistent with the Al-
phaFold 3 model, thereby validating the predicted interaction
interface (Fig. 4 B). Within this primary binding interface, cross-
links mapped interactions involving the switch 2 region of RablA
with one monomer of the CALCOCO1 homodimer, with res-
idues E234, 1237, Q238, S241, E242, K247, E248, and V249 on
CALCOCOL1 potentially key for RablA binding (Fig. 4 C). It should
be noted that the predictions and modelling were done with a
single copy of RablA, but given that the dimeric coiled-coil has
rotational symmetry, it is possible that a second copy of RablA
binds in the same place on the opposite face of the coiled-coil, as
is seen in some of the structures of Rab GTPases binding to
coiled-coil proteins (Khan and Menetrey, 2013; Pylypenko et al.,
2018). Mutating these eight residues in CALCOCOL abolished
RablA binding in our GUV-binding assay (Fig. S2 C), without
altering protein stability (Fig. S2 B), confirming this interface as
the site of RablA interaction.

Like CALCOCO1, OPTN exists as a homodimer with elon-
gated coiled-coil domains with functional motifs, including a
LC3-interacting region (LIR) between residues 169-209 and a
TBKI kinase-binding site near the N terminus (Phichith et al.,
2009; Ryan and Tumbarello, 2018). AlphaFold 3 predicts a well-
defined binding interface between RablA and the OPTN dimer
(Fig. 4 D). Application of XL-MS analysis to the purified RablA-
OPTN complex strongly supported the protein interaction in-
terface predicted by AlphaFold 3 (Fig. 4 E) and the predicted
overall fold of the OPTN coiled-coil domain (Fig. S2 D). The
predicted RablA-OPTN interface involves contacts with the
switch 1 and switch 2 regions of RablA, with residues K154,
L158, S162, L166, and N169 on OPTN being potentially key
residues for RablA binding (Fig. 4 F). A previous study reported
an interaction between the OPTN and the yeast ortholog of
Rabl, Yptl, and suggested a binding site in between residues
532 and 572 (Song et al., 2018). However, this was determined
in the absence of added nucleotide, and given the extensive
data presented here, we feel that our work has identified the
physiologically relevant effector binding between OPTN
and Rabl.
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Figure 2. Theinteraction between FHIP2A and Rab1A is dependent on RablA membrane association. (A) Schematic of the FHF complex bound to dynein,
highlighting the four alternate FHIP subunits. The specific FHIP isoform incorporated into the complex dictates its cargo specificity. (B) AlphaFold 3 predicted
structure of the RablA-FHF complex (consisting of dimeric Hook2 fragments [amino acids 620-719], monomeric full-length Fts, and monomeric full-length
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FHIP2A), with accompanying PAE plot. (C) Coomassie-stained gel showing an in vitro-binding assay using beads coated with GST-RablA or GST-Rab1B and
purified GFP-FHIP2A or GFP control. Both GTP- and GDP-locked Rab1A/B proteins were used as indicated. (D) Helical wheel plot of the N-terminal 17 residues
of FHIP2A with hydrophobic residues (yellow) clustered on one face forming an amphipathic helix. (E) GUV-binding assay using GTP- or GDP-locked Rab1A on
the GUV, and GFP-FHIP2A. GUVs depicted in magenta and GFP-FHIP2A in cyan. Each large datapoint in the graph depicts the average mean fluorescence
intensity of GFP-FHIP2A on a selection of GUV membrane and represents an independent experiment (n = 3), with smaller gray datapoints representing all the
technical replicates (AU, arbitrary units). The mean + SD is shown. **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA with Tukey's multiple com-
parisons test). (F) Representative immunoblot of MitolD in HEK293A cells where Rab1A MitolD constructs (detected using anti HA) and 3xFlag-FHIP2A proteins
(detected using anti Flag) were transiently expressed. Endogenous CALCOCO1 was used as a positive control. Each datapoint in the graph represents the
normalized ratio between the FHIP2A and MitolD construct immunoblot intensities and depicts an independent experiment (n = 3). The mean + SD is indicated.

**P < 0.01; (one-way ANOVA with Dunnett’s multiple comparisons test). Source data are available for this figure: SourceData F2.

The RablA-binding site in OPTN is important for mitophagy

Having identified the putative RablA-binding site on OPTN, we
mutated five residues in the binding site to alanine (OPTN Rab1).
Mutating these residues did not affect the ability of OPTN to bind
to ubiquitin or LC3 (Fig. S3, A and B) and did not affect OPTN
dimer formation or stability (Fig. S3 C). In the GUV-binding
assay, OPTN Rabl showed a loss of binding to RablA compared
with WT OPTN (Fig. 5 A). In the MitoID assay, OPTN Rab1 bio-
tinylation was strongly reduced, indicating a lack of binding to
RablA in vivo (Fig. 5 B). OPTN is a major cargo receptor for
mitophagy; the clearance of damaged mitochondria by autoph-
agy (Wong and Holzbaur, 2014). To test the requirement for the
RablA-OPTN interaction in mitophagy, we generated stable cell
lines expressing WT and OPTN Rabl in HeLa pentaKO cells that
lack five major SARs: OPTN, TAX1BP1, NDP52, NBR], and pé62,
causing them to be deficient in selective autophagy pathways,
and compared them to HeLa pentaKO cells stably expressing
OPTN mutants lacking either ubiquitin (D474N) or LC3 binding
(F178S). To measure mitophagy flux, we used a HaloTag attached
to a mitochondrial transmembrane protein (Yim et al., 2022).
Engulfment of mitochondria by autolysosomes results in degra-
dation of the mitochondrial protein but not the HaloTag bound to a
ligand. WT OPTN was able to restore mitophagy to the pentaKO
cells, as quantified by the appearance of free HaloTag (Fig. 5 C).
However, the OPTN Rabl mutant deficient in RablA binding did
not rescue mitophagy to the same extent, and the reduction in
mitophagy was similar to that observed with the LIR mutant that
is unable to bind LC3. This demonstrates that the RablA-binding
site is important for OPTN to function in selective autophagy.

Conclusions

By obtaining a highly specific Rabl interactome, we have iden-
tified further Rabl effectors that help explain its role in both ER-
to-Golgi trafficking and autophagy initiation. Previous work has
characterized the role of the FHIP subunits of the FHF complex
and the mechanism through which they link dynein to different
cargoes (Christensen et al., 2021). We show here that efficient
binding of FHIP2A to Rabl requires the presence of a membrane
to which FHIP2A binds through an N-terminal amphipathic
helix. Interestingly, in both the in vitro assays and the in vivo
cellular MitoID experiments, FHIP2A displayed basal membrane-
binding activity that depended on the amphipathic helix, re-
gardless of the presence of Rabl. This dual mode of binding may
allow the FHF-dynein complex to associate weakly to membranes
to allow scanning for the presence of Rabl, either for the initial
recruitment step or if it disengages transiently from Rabl.

van Vliet et al.
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Alternatively, the amphipathic helix may direct recruitment to a
subset of membranes of a particular lipid composition or curva-
ture. An amphipathic helix is also present at the N terminus of
FHIP2B, although its localization and role are currently unknown.

Rabl’s role in autophagy has not been investigated in depth
in mammalian cells, with Rabl being essential for viability in
contrast to most autophagy machinery. In yeast, the Rabl or-
tholog Yptl has been reported to bind to the kinases Atgl and
Hrr25, but our MitoID approach did not identify their mam-
malian orthologues ULK1 and CSNKID as hits and so was not
informative of whether they are Rabl effectors (Wang et al.,
2013; Wang et al., 2015). However, mammalian Rabl is re-
quired for the recruitment and activation of VPS34 kinase
complex I on membranes (Tremel et al., 2021), and indeed, the
subunits of this VPS34 kinase are strongly enriched in our Mi-
toID interactome. This implies that Rabl directs the VPS34 ki-
nase complex I to generate the PI3P that recruits downstream
autophagy effectors (Nascimbeni et al., 2017). Since PI3P pro-
duction must happen very early in autophagosome biogenesis,
this implies that Rabl acts at the earliest stages of autophagy.
This makes our identification of the major SAR’s as Rabl effectors
intriguing, as it is not entirely clear how the autophagosomal
membrane source is recruited to the autophagic cargo. The best-
characterized interaction is binding to the LC3 proteins on the
autophagosome via LIR motifs, but the LC3 proteins are recruited
by lipidation that occurs downstream of PI3P production, and so
they will not be present at the earliest stages of autophagosome
formation. Direct binding of Rabl to SARs like OPTN provides
another mechanism to anchor the autophagosome to cargo. OPTN
has also been reported to bind the related GTPases Rab8A, Rab8B,
and RablO0 in its role in membrane trafficking, but deletion of all
three does not affect autophagy, and so it seems likely that it is the
binding to Rabl rather than Rab8 that is relevant to the autophagy
(Okatsu et al., 2025; Zhang et al., 2024). We propose that the
binding of Rabl to OPTN tethers cargo at the earliest stages of
autophagosome formation, with OPTN then being handed over to
bind to LC3 once the latter has been conjugated to the autopha-
gosomal membrane. This would ensure that clearance of poten-
tially toxic autophagy targets is as rapid and efficient as possible.

In summary, we have identified specific Rabl effectors that
help explain Rabl’s essential role in both membrane trafficking
and autophagy, as well as further potential effectors whose
binding and roles will need to be validated. We have char-
acterized the molecular mechanism of Rabl-FHF complex binding,
describing the mechanism through which Rabl links cargo with

dynein motors. In addition, we have characterized a key interaction
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Figure3. RablA-GTP binds directly to CALCOCO1and OPTN. (A and B) Coomassie gels showing in vitro binding to GST-RablA-coated beads of either purified GFP-
CALCOCOL1 (A) or GFP-OPTN (B), with GFP as a negative control. RablA was in GTP- or GDP-locked forms as indicated. (C and D) GUV-binding assay using GTP- or
GDP-locked Rab1A on the GUV with applied GFP-CALCOCO1 (C) or GFP-OPTN (D). Each large datapoint in the graph depicts the average mean fluorescence intensity of
GFP-CALCOCOL1 or GFP-OPTN on a selection of GUV membrane and represents an independent experiment (n = 3), with smaller gray datapoints representing all the
technical replicates (AU, arbitrary units). The mean = SD is indicated. **P < 0.01 (unpaired t test). Source data are available for this figure: SourceData F3.

between Rabl and SARs, most prominently the mitophagy SAR
OPTN. Disruption of the interaction between Rabl and OPTN ab-
rogated mitophagy and points to a key role for Rabl in mitophagy
and potentially in selective autophagy in general.

Materials and methods

Antibodies

Antibodies used in this study were RABEPI1 (610676; BD Trans-
duction Laboratories, RRID: AB_398003), PPP1R37 (HPA041500;

van Vliet et al.
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Atlas Antibodies, RRID: AB_10795122), CLECI6A (26257-1-AP;
Proteintech, RRID: AB_2880449), RablA (13075; Cell Signaling
Technologies, RRID: AB_2665537), HA (3F10; Roche, RRID: AB_
2314622), TOM20 (ab56783; Abcam, RRID: AB_945896), Flag M2
(F1804; Sigma-Aldrich, RRID), CALCOCO1 (HPA038313; Atlas
Antibodies, RRID: AB_10675794), GAPDH (60004-1; Proteintech,
RRID: AB_2107436), OPTN (70928; Cell Signaling Technologies,
RRID: AB_3073769), and a-tubulin (YL1/2, RRID: AB_305328).
All primary antibodies for western blot were used at 1:1,000, and
for immunofluorescence at 1:500.
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interprotein cross-links (green dashed lines) mapped onto the predicted structure of the RablA-CALCOCO1 complex. (C) The contact interface between RablA
and the CALCOCO1 dimer, showing ChimeraX calculated contact residues of CALCOCO1 mediating the binding interface (red labels). (D) Structure of the Rab1A:
GTP:Mg2*:0PTN complex formed by two copies of OPTN and one copy of RablA as predicted by AlphaFold 3, with accompanying PAE plot. (E) SDA interprotein
cross-links (green dashed lines) mapped onto the predicted structure of the RablA-OPTN complex. (F) Magnified image of the contact interface between Rab1A
and the OPTN dimer, showing ChimeraX calculated contact residues of OPTN mediating the binding interface (orange labels).

Secondary antibodies used in this study were sheep anti-
mouse, donkey anti-rabbit, and goat anti-rat-conjugated HRP
antibodies (Cytiva [NA931, NA934, and NA935, respectively],
each used at 1:5,000) and goat anti-rat and anti-rabbit secondary
antibodies conjugated to Alexa Fluor 488 and 633, respectively
(Thermo Fisher Scientific [A-11008, RRID: AB_143165] and [A-
21070, RRID: AB_2535731], each used at 1:1,000).

Plasmids

The MitoID constructs were designed as described previously
(Gillingham et al., 2019). RablA and RablB were engineered to be
constitutively active or inactive and lack C-terminal cysteine
residues. These sequences were inserted into pcDNA3.1+
(Clontech), followed by a GAGA linker, the coding sequence for
the BirA* ligase, a GAGAGA linker, an HA epitope tag, and a
mitochondrial-targeting sequence (residues 481-527 of human
monoamine oxidase). The 3xFlag C1 plasmid was generated from
pEGFP-CI (Clontech), as previously described (van Vliet et al.,
2022), and genes cloned in to be N-terminally tagged with the
3xFlag and linker sequence. Briefly, the GFP coding sequence
was excised using Agel and BamHI restriction sites, and a
fragment encoding a 3xFlag tag followed by a linker sequence
(5'-GSGAGAGAGAILNSRV-3’) and the original GFP C1 multiple
cloning site was inserted using primers 5'-CGCTAGCGCTACCGG
TCGCCACCATGG-3' and 3'-TAGATCCGGTGGATCCCGGGCCCG
CGG-5'. GFP-OPTN was cloned into 3xFlag C1 using the Xhol and
EcoRI sites with a GFP-OPTN containing plasmid used as a
template and using primers 5'-GGACTCAGATCTCGAATGGTG
AGCAAGGGCGAG-3' and 3'-GTCGACTGCAGAATTTTAAATGAT
GCAATCCATCACGTGAATCTG-5’, resulting in a 3xFlag-(link-
er)-GFP-OPTN expression construct. To generate 3xFlag-OPTN,
the coding sequence for OPTN was cloned into the 3xFlag C1
plasmid using Xhol and EcoRI and primers 5'-GGACTCAGATCT
CGAATGTCCCATCAACCTCTCAGC-3’ and 3'- GTCGACTGCAGA
ATTTTAAATGATGCAATCCATCACGTGAATCTG-5'. To gener-
ate 3xFlag-FHIP2A, the coding sequence was subcloned into the
3xFlag Cl1 plasmid using the same restriction sites and using
primers 5'- GGACTCAGATCTCGAATGTTCTCTAAGTTCACTTCT
ATTCTGCAACACG-3' and 5'-GTCGACTGCAGAATTTTAGGG
AGTGGAAGAGGCATGGTACTTCACG-3'. For GFP-3xFlag-FHIP2A,
the previously generated 3xFlag-FHIP2A coding sequence was
inserted into the eGFP Cl plasmid using XhoI and EcoRI sites and
primers 5'-GGACTCAGATCTCGAATGTTCTCTAAGTTCACTTCT
ATTCTGCAACACG-3’' and 5'-GTCGACTGCAGAATTTTAGGG
AGTGGAAGAGGCATGGTACTTCACG-3'. Plasmids used to create
stable cells were generated by cloning the OPTN coding sequence
into a retroviral expression plasmid M6éP between HindIII and
Notl sites using primers 5'-GAAGCTATAGAAGCTTGCCACCAT
GTCCCATCAACCTCTCAGCTG-3' and 5'- GGGAGAGGGGCGGCC
TTAAATGATGCAATCCATCACGTGAATCTG-3'. The GFP-Flag-
CALCOCO1 plasmid was generated using Gibson assembly.

van Vliet et al.
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Flag-CALCOCO1 was cloned into a pcDNA3.1(+) vector with an
N-terminal GFP sequence using insert primers 5'-ACGACGATA
AGAGCGGCCGCGAAGAATCACCACTAAGCCGG-3' and 5'-AGC
CTCCCCCATCTCCCGGGTCACTCAAAGGT-3’ and vector pri-
mers 5'-ACCCCTTCACCTTTGAGTGACCCGGGAGATGGGG-3'
and 5'-CGGCTTAGTGGTGATTCTTCGCGGCCGCTCTTATCGT-
3'. Point mutations in OPTN and CALCOCO1 and deletions in
FHIP2A were generated using the Q5 Site-Directed Mutagen-
esis Kit (E0554S; New England Biolabs) using primers 5'-GCT
CCAAGCCTGCCTCTC-3’ and 5'-CATTCGAGATCTGAGTCCGG-
3’ (FHIP2A AHelix), 5'-GCTGAACTGCAGGCCAAGCTGGCCTCC
AGCGGCTCCTCAGAA-3' and 5'-CACGATGCCCGCCAGGTCTGC
CGCCTCTGCTTGTAGCCTCACC-3' (OPTN Rabl), 5-GCGAAA
GTGCTGACGGCGGCAGCGGAGCTGGACAGGCTTAGAG-3' and
5'-AGCGATGGTCGCGGCGTCATCCGCTAGCTCCAGGATGCG
TGC-3' (CALCOCO1 Rabl), 5'-AGAAGATTCCtctGTTGAAAT
TAGGATGG-3' and 5'-GAGGAGCCGCTGGAG-3' (OPTN LIR),
and 5'-TTACTGTTCTAACTTTCATGCTG-3' and 5'-ACTTCC
ATCTGAGCC-3’ (OPTN Ub). GST-RablA and GST-RablA-6xHIS
constructs were generated by subcloning the RablA or RablA-
6xHIS coding sequence into pGEX-6P-2 using BamHI and Xhol.

Cell lines

Cell lines used in this study were HEK293A cells (CVCL_6910),
HEK293T cells (CVCL_0063), HeLa cells (CVCIL_0030), HeLa 5KO
cells (Lazarou et al., 2015), Expi293 cells (Thermo Fisher Scientific),
and Sf9 cells (CVCL_0549). Cells were regularly checked to confirm
that they were mycoplasma free using MycoAlert (Lonza).

Western blotting

For western blotting, cells were lysed on ice using either a
modified TNTE buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% wt/
vol Triton X-100, 5 mM EDTA, 0.5 mM TCEP, and 5% glycerol) or
LMNG buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% wt/vol
lauryl maltose neopentyl glycol [LMNG], 0.5 mM TCEP, and
5 mM EDTA). Each buffer was supplemented with cOmplete
EDTA-free protease inhibitor tablets (04693116001; Sigma-
Aldrich). Following lysis, debris was pelleted by centrifugation
at 16,000 x g. The supernatants were then resolved by electro-
phoresis on NuPAGE Bis-Tris 4-12% gels (Life Technologies),
after which proteins were transferred to a PVDF membrane
(Millipore) for immunodetection. Membranes were blocked in
5% (wt/vol) milk in PBS with 0.1% (vol/vol) Tween-20 (PBS-T)
for at least 30 min and incubated ON at 4°C with primary anti-
body diluted in the same solution. Membranes were washed
three times in PBS-T before incubation with HRP-conjugated
secondary antibodies in 0.1% (wt/vol) milk in PBS-T for 2 h,
washed three times in PBS-T, and developed with Luminata
Crescendo Western HRP substrate (Merck, WBLUR) using the
Bio-Rad ChemiDoc MP using the chemiluminescence detection
mode and quantified with Image Lab (Bio-Rad).
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Figure 5. The RablA-OPTN interaction is required for mitophagy. (A) GUV-binding assay using GTP- or GDP-locked Rab1A bound to GUVs before applying
GFP-OPTN WT or Rabl-binding mutant. Each large datapoint in the graph depicts the average mean fluorescence intensity of GFP-OPTN WT or Rabl-binding
mutant on a selection of GUV membrane and represents an independent experiment (n = 3), with smaller gray datapoints representing all the technical
replicates (AU, arbitrary units). The mean + SD is indicated. ***P < 0.001 (one-way ANOVA with Tukey’s multiple comparisons test). (B) Representative
immunoblot of Rabl interactors following MitoID in HEK293A cells where RablA MitolD constructs (detected using anti HA) and 3xFlag-OPTN proteins
(detected using anti Flag) were transiently expressed. Endogenous CALCOCO1 was used as a positive control. Each datapoint in the graph represents the
normalized ratio between the OPTN and MitolD construct immunoblot intensities and depicts an independent experiment (n = 3). The mean + SD is indicated.
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¥¥¥¥P < 0.0001; (one-way ANOVA with Dunnett’s multiple comparisons test). (C) Schematic of the overall structure of OPTN, with different binding regions
annotated (TBK1, TBK1-binding domain; Rabl, the Rabl-binding domain; LIR, LC3 interacting-region; UBAN, ubiquitin-binding domain in ABIN proteins and
NEMO; ZF: zinc finger domain). The predicted coiled-coil regions of OPTN are also illustrated as predicted by MARCOIL (Delorenzi and Speed, 2002).
(D) Representative immunoblot and in-gel fluorescence analysis of cell lysates of pentakO HeLa cells stably expressing pSu9-HaloTag-mGFP and Parkin and
either mock transfected (/) or expressing OPTN WT, or the mutant constructs OPTN Rabl, OPTN Ub (unable to bind ubiquitin), or OPTN LIR (unable to bind
ATG8/LC3 family proteins). To assay mitophagy, cells were pulse-labelled with 100 nM TMR HaloTag ligand and incubated in medium containing 1 uM oli-
gomycin and 5 pM antimycin for 24 h to induce mitophagy (O + A). Each datapoint in the bar graph is an independent experiment representing the normalized
ratio between the free HaloTag and the combined pSu9-HaloTag-mGFP + free HaloTag fluorescence intensities (n = 3). The mean + SD is indicated. ****P <
0.001 (one-way ANOVA with Tukey’s multiple comparisons test). Source data are available for this figure: SourceData F5.

Affinity capture of biotinylated protein

HEK293A cells were grown in two 15-cm culture dishes to ~75%
confluence and transfected with 10 pg plasmid and 24 pl
Lipofectamine 2000 (11668027; Invitrogen) in 1 ml Opti-MEM
(31985070; Thermo Fisher Scientific) according to the manu-
facturer’s instructions. One day after transfection, biotin (B4501-
100MG; Sigma-Aldrich) was added to a 50 M final concentration,
and cells were incubated for a further 18 h at 37°C. Cells were
scraped in ice-cold PBS and pelleted by centrifugation (1,000 x g,
5min), resuspended in LMNG buffer (20 mM Tris, pH 7.4, 150 mM
NaCl, 1% wt/vol LMNG, 0.5 mM TCEP, 5 mM EDTA, and 1x
cOmplete protease inhibitor cocktail tablet), and incubated for
15 min at 4°C with periodic vortexing. After centrifugation at
16,100 x g for 10 min at 4°C, the supernatants were added to 500 pl
Dynabeads MyOne Streptavidin Cl beads (10099482; Invitrogen)
that had been pre-washed twice in the same buffer. The beads
were incubated at 4°C ON with rotation, washed twice in Wash
Buffer 1 (2% SDS PAGE and cOmplete inhibitors), three times in
Wash Buffer 2 (1% [vol/vol] Triton X-100, 0.1% [wt/vol] deoxy-
cholate, 500 mM NaCl, 1 mM EDTA, 50 mM HEPES, and cOmplete
inhibitors, pH 7.5), and three times in Wash Buffer 3 (50 mM Tris,
pH 7.4, 50 mM NacCl, and cOmplete inhibitors). For western blot
analysis, the beads were incubated in 75 pl SDS sample buffer
containing 3 mM biotin at 98°C for 5 min to release the bio-
tinylated proteins. For mass spectrometry, beads were re-
suspended in 50 pl Wash Buffer 3 and frozen at -80°C until
analysis. All MitoID experiments were performed with bio-
logical replicates: the three experiments that constitute a
triplicate set for a given GTPase performed on cells transfected
independently on different days and processed separately.

Mass spectrometry

For mass spectrometry analysis, bound protein was eluted by a
10-min incubation at 95°C of the streptavidin beads in presence
0f 200 pl of 5% SDS with 4.5 mM biotin. Cysteine reduction was
performed by a 10-min incubation at 60°C of the eluates with
4 mM final concentration of DTT. Subsequent alkylation was
with a 45-min incubation at RT in the dark with 14 mM final
concentration of iodoacetamide. Protein aggregation capture-
based digestion was performed on the KingFisher Apex mag-
netic particle processor (Thermo Fisher Scientific). Reduced and
alkylated protein eluates were combined with 25 pl of MagReSyn
Hydroxyl magnetic beads (Resyn Biosciences). Aggregation was
induced by the addition of 800 pl of acetonitrile (final concen-
tration ~70%). Beads were washed three times with 100% ace-
tonitrile, followed by two washes with 70% ethanol to remove
contaminants. Proteins were digested on-bead ON at 37°C in

van Vliet et al.
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25 mM ammonium bicarbonate containing 0.2% RapiGest
(Waters, wt/vol) using 2 pg of trypsin. After digestion, samples
were acidified with formic acid to pH <3, incubated at 37°C for
45 min, and the degradation by-products of RapiGest were re-
moved at 13,000 rpm for 15 min, and supernatants were desalted
using cation exchange tips. Samples were analyzed using a
Thermo Ultimate 3000 (Thermo Fisher Scientific) hyphenated
to a Thermo QExactive HFX (Thermo Fisher Scientific). Ap-
proximately 1 pg of protein was loaded on a trapping column
(Thermo Fisher Scientific, PepMapl00, C18, 300 pm x 5 mm) and
resolved on the analytical column (Aurora Ultimate XT 25 cm
C18 from IonOpticks) at a flow rate of 300 nl/min using a gra-
dient of 97% A (0.1% formic acid) and 8% B (80% acetonitrile 0.1%
formic acid) to 25% B over 35 min, then to 40% B for additional
10 min. Data-independent analysis was carried out using 8
staggered windows of 42 Th in width over 400-700 m/z mass
range. MS2 DIA windows were acquired at a resolution of 60 k
(max IT of 106 ms, AGC target of 3e6). The full MS scan was
acquired at 60 k resolution with a Max IT of 60 ms (le6 AGC
target) using a scan range of 400-1650 m/z. Raw data were
imported, and data were processed in Proteome Discoverer v3.1
(Thermo Fisher Scientific). The raw files were submitted to a
database search using Chimerys against the Homo sapiens
UniProt database (UP000005640_9606; https://www.uniprot.
org/proteomes/UP000005640; UniProt, 2025). Common con-
taminant proteins (human keratins, BSA, and porcine trypsin)
were added to the database. The spectra identification was
performed with the following parameters: up to two missed
cleavage sites allowed, fixed modification of carbamidome-
thylation of cysteine, and oxidation of methionine as varia-
ble modifications. Only rank 1 peptide identifications of high
confidence (FDR < 1%) were accepted. The proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (Perez-Riverol et al., 2025), with the dataset
identifier PXD065220 (https://proteomecentral. proteomexchange.
org/ui?pxid=PXD065220; ProteomeXchange, 2025a).

Proteomics data analysis

The peptide-level output from Proteome Discoverer was pro-
cessed and filtered using the QFeatures (v1.18.0) and bio-
masslmb R packages. Peptides were filtered to remove common
contaminants, nonunique master proteins, or proteins with a
single peptide. Peptide intensities were then log2-transformed
and normalized using the “diff.median” normalization method
with the QFeatures::normalize function. Peptides with >15
missing values (out of 18 samples) were removed before sum-
marizing to protein-level abundances using the MsCoreUtils::
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robustSummary function. Proteins with a false discovery rate
>1% were then discarded. To limit the impact of imputation, a
restricted imputation procedure was employed. Where <2 out
of 3 replicates for a given experimental group were quantified,
missing values were imputed using the QFeatures::impute func-
tion and the “MinProb” method. Proteins with imputed values in
both conditions being compared were not subjected to statistical
testing. Statistical testing was performed using the limma R
package. Specifically, the treat function was used, with the fol-
lowing arguments: Ifc = 1 (null hypothesis set as log,-fold-change <
1); trend = TRUE; robust = TRUE. P values were corrected for
multiple testing using the Benjamini-Hochberg FDR procedure
(Benjamini, 1995). Proteins with adjusted P values < 0.05 were
deemed to have significantly different abundances between the
conditions. GO overrepresentation analysis was performed
against all human proteins as background using ShinyGO 0.82
with an FDR cutoff of 0.05 and an nGenes size minimum of 3
(Ge et al., 2020).

Cross-linking mass spectrometry
Complexes were mixed with sulfo-SDA (2 mM) and incubated on
ice for 5 min before being cross-linked for 10 s with 365 nm UV
radiation from a home build UV LED setup. Cross-linking re-
actions were quenched with the addition of Tris-HCI to a final
concentration of 50 mM. The quenched solution was reduced
with 5 mM DTT and alkylated with 20 mM iodoacetamide. SP3
protocol as described by Batth et al. (2019) and Hughes et al.
(2019) was used to cleanup and buffer exchange the reduced
and alkylated protein: in brief, proteins were washed with eth-
anol using magnetic beads for protein capture and binding. The
proteins were resuspended in 100 mM NH,HCO; and digested
ON at 37°C with trypsin (Promega) at an enzyme-to-substrate
ratio of 1:20 and protease max 0.1% (Promega). Cleanup of di-
gests was with HyperSep SpinTip P-20 (Thermo Fisher Scien-
tific) C18 columns, using 60% acetonitrile as the elution solvent,
and the peptides were dried in a Speed Vac Plus (Savant).
Dried peptides were resuspended in 30% acetonitrile and
fractionated by size-exclusion chromatography on a Superdex
30 Increase 3.2/300 column (GE Healthcare) at a flow rate of
20 pl/min using 30% (vol/vol) ACN 0.1 % (vol/vol) TFA as a
mobile phase. Fractions were taken every 5 min, and the frac-
tions containing cross-linked peptides (2-7) were collected.
Dried peptides were suspended in 3% (vol/vol) acetonitrile and
0.1% (vol/vol) formic acid and analyzed by nanoscale capillary
LC-MS/MS using an Ultimate U3000 HPLC (Thermo Fisher
Scientific) to deliver a flow of 300 nl/min. Peptides were trapped
on a C18 Acclaim PepMapl00 5 pm, 0.3 pm x 5 mm cartridge
(Thermo Fisher Scientific) before separation on Aurora Ultimate
Cl8, 1.7 pm, 75 um x 25 cm (IonOpticks). Peptides were eluted on
optimized gradients of 90 min and interfaced via an EasySpray
ionization source to a tribrid quadrupole mass spectrometer
(Orbitrap Eclipse, Thermo Fisher Scientific) equipped with
FAIMS. MS data were acquired in data-dependent mode with a
Top-25 method; high resolution scans full mass scans were
carried out (R = 120,000, m/z 400-1550), followed by higher
energy collision dissociation with stepped collision energy range
21, 30, and 34% normalized collision energy. The tandem mass
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spectra were recorded (R = 60,000, isolation window m/z 1,
dynamic exclusion 50 s). Mass spectrometry measurements
were cycled for 3-s durations between FAIMS CV -45 and -60 V.
For data analysis, Xcalibur raw files were converted to MGF files
using ProteoWizard (Chambers et al.,, 2012), and cross-links
were analyzed by XiSearch (Mendes et al., 2019). Search con-
ditions used 3 maximum missed cleavages with a minimum
peptide length of 5. Variable modifications used were carbami-
domethylation of cysteine (57.021 Da) and methionine oxidation
(15.995 Da). False discovery rate was set to 5%. The cross-linking
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (Perez-Riverol
et al., 2025), with the dataset identifier PXD070863 (https://
proteomecentral.proteomexchange.org/ui?pxid=PXD070863;
ProteomeXchange, 2025b).

(4
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Protein expression and purification

Protein expression in Expi293 cells

To transfect cells, polyethyleneimine (linear MW 25,000, Poly-
sciences) was mixed and incubated with plasmid DNA for
20 min in Opti-MEM at a mass ratio of 3:1 and added to the cells
in Expi293 expression medium (A1435101; Thermo Fisher Sci-
entific) when cells were at 3 x 106/ml. Transfected cells were
harvested after 48 h, washed in PBSA buffer, frozen in liquid
nitrogen, and stored at -80°C until purification. Frozen cell
pellets expressing GFP-Flag-CALCOCO1, 3xFlag-GFP-OPTN, and
GFP-3xFlag-FHIP2A were thawed in lysis buffer (50 mM HEPES
[pH 8.0], 150 mM NaCl, 1% IGEPAL CA-630 [NP40 substitute],
12% glycerol, 0.5 mM TCEP, 2 mM MgCl,, and 1x cOmplete
EDTA-free protease inhibitor tablets); ~50 ml lysis buffer was
used per 400 ml of Expi293 cell culture and rotated for 30 min at
4°C. Lysates were then clarified at 16,000 x g for 30 min, and the
supernatants then incubated with anti-DYKDDDDK G1 affinity
resin (L00432; GenScript) for 4 h at 4°C with agitation before
washing the resin four times with lysis buffer. Resin was washed
once with chaperone removal buffer (50 mM HEPES [pH 8.0],
150 mM Nacl, 0.1% Triton X-100, 0.5 mM TCEP, 50 mM MgCl,,
5 pg/ml RNaseA, and 5 mM ATP) before being incubated ON at
4°C with mixing in chaperone removal buffer. Resin was sub-
sequently washed two more times in chaperone removal buffer
before being washed four times in elution buffer (50 mM HEPES
[pH 8.0], 150 mM NaCl, and 0.5 mM TCEP). Proteins were eluted
with 240 pg/ml Flag peptide in elution buffer, concentrated
using Amicon Ultra centrifugal filters with a 100 kDa cutoff
(UFC910008; Millipore), and used directly or stored at -80°C
after snap freezing in liquid nitrogen.

Expression of RablA fusion proteins

BL21-GOLD cells were transformed with plasmids expressing
GST-Rabl-6xHis constructs (either RablA Q70L, RablA S25N,
Rab1B Q67L, or RablB S26N) and grown ON at 37°C in a CO,-free
incubator. Colonies were picked and resuspended in 1 liter of LB
medium at 37°C with agitation. Bacteria were grown to an
0D600 of 0.7 and induced with 100 mM IPTG ON at 18°C with
agitation. Cell pellets were frozen using liquid nitrogen and
stored at -80°C. Frozen cell pellets were resuspended in lysis
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 1%
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Triton X-100, 5 mM B-mercaptoethanol, and 1x cOmplete EDTA-
free protease inhibitor tablets) and sonicated (2 min total, with a
1-s on and 1-s off cycle at 45% amplitude) and then pelleted at
27,000 x g for 30 min. Supernatants were incubated with glu-
tathione Sepharose 4B beads (17075601; Cytiva, also written as
GSH beads) for 4 h at 4°C with agitation The beads were then
washed four times with lysis buffer, four times with elution
buffer (50 mM HEPES [pH 8.0], 150 mM NaCl, and 0.5 mM
TCEP), and eluted with elution buffer containing PreScission
Protease (Cytiva, roughly 80 U of protease per 1 ml of Sepharose
4B beads slurry) ON at 4°C without agitation. Proteins were
concentrated using Amicon Ultra centrifugal filter units with a
3 kDa cutoff (UFC900308; Millipore) if required. Final protein
assays included either 100 mM non-hydrolyzable GTP analog
(guanosine 5'-[B,y-imido]triphosphate (Sigma-Aldrich) or
100 mM GDP as appropriate.

Expression and purification of FHF complex

The FTS-Hook2[455-719]-FHIP2A complex was expressed and
purified as described previously (Abid Ali et al., 2025). Briefly,
FHF constructs were expressed using the baculovirus-Sf9 sys-
tem with codon optimization. Bacmid DNA was produced by
transforming DHI0EmBacY cells, and DNA was isolated using a
modified alkaline lysis Qiagen mini-prep protocol, as previously
described (Schlager et al., 2014). P1 virus generation involved
transfecting 2-3 pg of bacmid DNA (FuGene HD, Promega) into
2 ml Sf9 cell cultures (0.5 x 10° cells/ml in a 6-well plate), fol-
lowed by a 5-7-day incubation at 27°C without agitation. The P1
virus was collected by pipetting. For P2 virus amplification, 1 ml
of P1 stock was added to 50 ml of Sf9 cells (0.5 x 10¢ cells/ml in a
250-ml Erlenmeyer flask, a 1:50 vol/vol dilution) and incubated
at 27°C with 140 rpm shaking for 72 h. P2 viral supernatant was
harvested by centrifugation (4,000 x g, 5 min, RT). For protein
expression, 5-7 ml of P2 virus was used to infect 500 ml cultures
of Sf9 cells (1.5 x 106 cells/ml in roller bottles). These were in-
cubated at 27°C with 140 rpm shaking for 56 h. Cells were col-
lected by centrifugation (4,000 x g, 10 min, 4°C), snap frozen in
liquid nitrogen, and stored at -80°C.

Cell pellets derived from 2 liters of culture were thawed and
resuspended in 45 ml of lysis buffer (50 mM HEPES, pH 7.2,
150 mM Na(l, 10% glycerol, and 1 mM DTT, supplemented with
2 mM phenylmethyl sulfonyl fluoride and two cOmplete EDTA-
free protease inhibitor tablets [Roche] per 50 ml of buffer). Cells
were disrupted on ice using a tight-fitting dounce homogenizer
with 20-25 strokes, and the lysate was clarified at 504,000 x g
for 45 min at 4°C in a Ti70 rotor (Beckman Coulter). In a cold
room, the cleared lysate was applied to a Bio-Rad gravity flow
column containing 4 ml of pre-equilibrated Strep-Tactin Se-
pharose beads (2-1201-025; IBA). The flow-through was col-
lected and reapplied once to maximize protein binding. The
beads were washed with ~450 ml of lysis buffer, followed by
200 ml of PreScission (Psc) buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1 mM EDTA, and 1 mM DTT). The beads, along
with 6 ml of Psc buffer, were transferred into two 5-ml Eppen-
dorftubes, and 90 pl of Psc enzyme (2 mg/ml) was added to each
tube. Samples were then incubated for 16 h at 4°C on a PTR-60
multirotator (Grant-Bio). The following day, the bead-elution
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mixture was loaded onto a small gravity column, and residual-
bound protein was eluted with 5 ml of Psc buffer. The combined
eluate was concentrated using a 15 ml concentrator with a 100 kDa
cutoff (UFC910008; Millipore), employing repeated 5-min spins at
4,000 x g and mixing by pipetting between spins, until a con-
centration of ~8 mg/ml in ~800 pl was reached. This concen-
trated protein solution was clarified at 12,000 x g for 5 min, and
250 pl aliquot of the supernatant was injected onto a Superose
610/300 column using a 500 pl sample loop, and 300 pl fractions
were collected. Peak fractions were pooled and concentrated using
a 4 ml 100 kDa cutoff concentrator. Glycerol was added to a final
concentration of 10%, and the purified protein was stored in 5 pl
aliquots. This scheme typically yielded 2-4 mg of protein.

(4
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Expression and purification of GST-LC3B and GST-4xubiquitin

A plasmid expressing GST-LC3B was transformed into Over-
Express C41(DE3) chemically competent cells (60442; Lucigen).
Plasmids for GST only or GST-4xubiquitin were transformed
into BL21 Escherichia coli. All bacteria were grown in 2 liters 2xTY
medium supplemented with 0.1 mg/ml ampicillin (AMP50;
Formedium) at 37°C to an OD600 of 0.8, then expression was
induced with 0.5 mM IPTG for LC3B and 0.1 mM IPTG for GST
and GST-4xUb, and bacteria were incubated for a further 20 h at
16°C. Cells were pelleted at 6700 x g for 15 min, frozen in liquid
nitrogen, and stored at —-80°C until use. LC3B pellets were re-
suspended in 40 ml lysis/wash buffer 1 (50 mM HEPES, pH 8.0,
500 mM NaCl, 12% glycerol, 10 mM DTT, 1 mM PMSF, and 1x
EDTA-free protease inhibitor cocktail tablet [Roche]); GST and
GST-4xUb pellets were resuspended in lysis buffer 2 (20 mM Tris,
pH 7.4, 150 mM NaCl, 10% glycerol, protease inhibitor tablets, and
20 pg/ml DNasel). Cells were sonicated for 5 min onice (2son, 3 s
off, and 60% amplitude), the lysate was cleared at 142,000 x g for
15 min at 4°C, and it was filtered with a 5-pm syringe filter
(Sartorius). 3 ml bed volume of glutathione Sepharose 4B beads
(GE Healthcare) was added to the supernatant and rotated at
8 rpm in the cold room for 1 h. The LC3B lysate/beads mixture was
transferred to a gravity flow column and washed with 300 ml
lysis/wash buffer 1, then the protein was eluted with 20 ml elution
buffer (50 mM HEPES, pH 8.0, 300 mM NaCl, 10 mM reduced
glutathione, 10 mM DTT, 1 mM PMSF, and 1x EDTA-free protease
inhibitor cocktail tablet). The eluted protein was concentrated
using a 30 k cutoff concentrator (UFC903008; Millipore). The
concentrated protein was subjected to gel filtration on a S75 16/60
column equilibrated with GF buffer (20 mM HEPES, pH 7.4,
300 mM NaCl, and 5 mM DTT). The peak fractions were combined
and concentrated to 38 mg/ml for GST-LC3B using a 30 k cutoff
concentrator. GST-LC3B was subsequently rebound to glutathione
Sepharose 4B beads and washed four times with lysis 1, followed
by four washes using binding buffer (50 mM HEPES [pH 8.0],
150 mM NaCl, 0.5 mM TCEP, and 5 mM MgCl,). GST and GST-
4xubiquitin lysate/beads mixtures were washed four times with
lysis buffer 2, followed by four washes in binding buffer, and used
immediately for downstream bead imaging assays.

Creation of stable cell lines
Stable cell lines were generated by lentiviral transduction. To
produce lentiviral particles, HEK293T cells were seeded at a
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density of 8 x 10° cells per well in a 6-well plate and grown to 60-
70% confluency. Cells were transfected with a mixture con-
taining 500 ng of the packaging plasmid pMD-OGP, 500 ng of
the envelope plasmid pMD-VSVG, and 1 pg of the plasmid en-
coding the construct of interest. DNA was initially incubated
with 4.8 pl Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen), diluted into 200 pl Opti-MEM,
and added to cells. Forty-eight hours after transfection, the
lentivirus-containing supernatant was harvested and cleared
at 500 x g for 3 min. For transduction, HEK293A cells were
plated at 70% confluency, and the culture medium was sup-
plemented with Polybrene to a final concentration of 8 pg/ml.
The harvested viral supernatant was added to the cells at var-
ious dilutions (1:5, 1:10, 1:50, and 1:200). The plate was then
sealed and centrifuged at 1,800 rpm for 2 h at RT to facilitate
transduction (spinoculation). The following day, transduction
efficiency was assessed by observing GFP fluorescence or by
western blotting. Cell populations, which exhibited optimal
fluorescence or protein expression intensity without signs of
excessive viral load, were selected for further expansion.

Mitophagy assay

Cells stably expressing the pSu9-Halo-mGFP mitophagy re-
porter, in addition to the indicated OPTN constructs, were
further infected using lentiviral particles carrying YFP-Parkin-
expressing plasmids (Addgene_23955) to ensure adequate mi-
tophagy responses in HeLa cells. 24 h later these cells were then
incubated with DMEM containing 10% FBS and 100 nm TMR
HaloTag ligand (Promega) for 20 min at 37°C. Cells were washed
twice before incubation with DMEM containing 10% FBS, 1 uM
oligomycin, 5 pM antimycin A, and 20 uM of the pan-caspase
inhibitor quinoline-Val-Asp-difluorophenoxymethylketone
(HY-12305; MedChemExpress) for 24 h. Cells were then
washed in ice-cold PBS, lysed in TNTE buffer (see above for
composition), and insoluble debris pelleted at 16,000 x g, and
the supernatant was separated by SDS-PAGE on NuPAGE Bis-
Tris 4-12% gels. The fluorescence signal of TMR was visualized
by direct imaging of the gels using the 546 nm channel of the
Bio-Rad ChemiDoc MP. After imaging, gels were processed for
western blotting as described above. Mitophagy flux was
quantified by dividing the intensity of free Halo TMR 546 nm
fluorescence by the sum of the free HALO and pSu9-Halo-mGFP
TMR 546 nm fluorescence.

In vitro Rabl-binding assays

GST-Rabl chimeras were purified from BL21-GOLD cells as
described above, but instead of eluting them from the gluta-
thione Sepharose 4B beads, the beads were incubated with
binding buffer (50 mM HEPES [pH 8.0], 150 mM NacCl, 0.5 mM
TCEP, and 5 mM MgCl,), with either 100 mM guanosine 5'-
[B,y-imido]triphosphate (G0635; Sigma-Aldrich) or 100 mM
GDP (G7127; Sigma-Aldrich), and containing 1 uM of specified
purified proteins (purified as described above). When probing
total lysate, beads were incubated with total HEK293A lysate
containing either 100 mM guanosine 5'-[B,y-imido]triphosphate
or 100 mM GDP and incubated ON at 4°C with rotation. Beads
were then washed four times with binding buffer for purified
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proteins or with lysis buffer for total lysate. Beads incubated
with purified proteins were eluted with binding buffer con-
taining PreScission Protease (27084301; Cytiva) ON at 4°C
without agitation, and beads incubated with HEK293A ly-
sate were eluted with 2x Laemmli sample buffer (161-0747;
Bio-Rad, the 4x stock buffer was supplemented with 10%
B-mercaptoethanol and then diluted to obtain a 2x working
solution) at 65°C for 5 min.

(4
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Binding assays using GUVs

The generation of GUVs and their immobilization and visuali-
zation in an observation chamber were essentially as described
previously (Tremel et al., 2021). In summary, to generate GUVs,
glass coverslips were coated with 5% polyvinyl alcohol (PVA,
8148940101; Sigma-Aldrich), with excess PVA removed by
spinning in a benchtop centrifuge at 1000 x g. PVA-coated cov-
erslips were then dried at 60°C for 20 min. A 15 pl aliquot of the
1 mg/ml GUV lipid mixture in chloroform (18% PI liver, 10%
DOPS, 7% DOPE, 55% DOPC, 10% NiNTA, 0.03% DSPE-PEG-Bio-
tinyl, and 0.03% Lissamine Rhodamine DOPE, all lipids were
obtained from Avanti Polar Lipids) was placed onto the PVA-
coated side of a glass coverslip by twice carefully spreading 7.5
pl of lipid mixture over the entire surface of the coverslip using a
pipette tip. Coverslips were then dried in a vacuum desiccator
for 2 h and then placed in a well of a 24-well plate and carefully
covered in 220 pl of filtered swelling solution (0.5 M sucrose) for
1-2 h at RT to induce GUV production. GUVs were then removed
from the well using a cutoff pipette tip and transferred to a 1.5-ml
Eppendorf tube, which had been coated using 5 mg/ml BSA
(A7030; Sigma-Aldrich) for 1 h with agitation and then rinsed
once with the swelling solution. To immobilize GUVs, wells of
an 8-well glass bottom slide (80827; ibidi) were incubated for
15 min with 100 pl avidin egg white (A2667; Life Technologies) at
0.1 mg/ml PBS, supplemented with 1 mg/ml BSA for 15 min, and
then washed two times with observation buffer (25 mM HEPES,
pH 8.0, and 271.4 mM NaCl). Observation buffer was then added
to the wells, followed by addition of 48 pl of GUVs. 10 uM of His-
tagged Rabl proteins (fourfold molar excess over NiNTA lipids)
were added to the immobilized GUVs and incubated at RT for
30 min. Unbound Rabl was removed by carefully adding and
removing 360 pl of observation buffer four times before adding
observation buffer containing 1 uM of the desired protein. The
final protein solution included either 100 mM non-hydrolyzable
GTP analog (guanosine 5'-[B,y-imido]triphosphate) or 100 mM
GDP, as appropriate. For assays using beads, washed glutathione
Sepharose 4B beads saturated with proteins of interest (either
GST-LC3B, GST-4xUbiquitin, or GST control) were added to a 384-
well plate (781856; Greiner) and were incubated with binding
buffer (50 mM HEPES [pH 8.0], 150 mM NaCl, 0.5 mM TCEP, and
5 mM MgCl,) containing 1 uM of the protein of interest. GUVs or
beads were imaged using a Zeiss LSM 880 Confocal microscope
running Zeiss ZEN imaging software with either a 40x oil-
immersion objective (1.3 NA, Airyscan mode) for GUVs or a
10x air objective (0.30 NA) for beads at RT. Images were ana-
lyzed with Fiji (https://fiji.sc) using a custom plugin. Briefly, a
subsection of the GUV membrane or surface of the bead was
selected with the selection tool using the lissamine-rhodamine

Journal of Cell Biology
https://doi.org/10.1083/jcb.202507084

920z Asenuer || uo 3senb Aq jpd 480205202 92l/965£202/780.052028/€/S5Z2/HPd-8o1e/qal/Bio ssaidny//:dpy woy papeojumoq

14 of 17


https://fiji.sc

(GUV) or DIC (beads) channel, and then the mean fluorescence
intensity of the GFP signal was quantified.

Light microscopy

Cells cultured on coverslips were fixed for 15 min in 4% form-
aldehyde in PBS and then permeablized for 5 min at RT with a
50 pg/ml digitonin in PBS. Coverslips were then washed with
PBS and blocked for 20 min using 5% BSA (Roche) in PBS. In-
cubation with primary antibodies, diluted in 5% BSA in PBS, was
performed for 1 h at RT with coverslips carefully placed onto
50 pl drops of antibody-containing solution. After washing,
coverslips were incubated with secondary antibodies, also di-
luted in 5% BSA, for 1 h at RT. After final washes with PBS and
deionized water, coverslips were mounted in ProLong Gold
Antifade (P36930; Thermo Fisher Scientific) on a glass slide ON
at RT. Image acquisition was on a Zeiss LSM 880 Airyscan
confocal microscope running Zeiss ZEN imaging software, using
a 40x oil-immersion objective (1.3 NA, Airyscan mode) at RT.

Statistics

Statistical analyses were conducted with GraphPad Prism v10
(RRID; SCR_002798), with specific methodologies outlined
within each figure legend. An assumption of data normality was
made based on assay characteristics and visual inspection; for-
mal verification of normality was not performed due to the
limited sample sizes involved. Precise “n” values for each ex-
periment are stated in the figure legends. When applicable,
levels of statistical significance are indicated in the figures using
asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001). Sample sizes,
which typically ranged from three to six, were determined by
considering preliminary experimental results and inherent as-
say variability. These sample numbers are typical of published
literature utilizing comparable methods, and all data that met
acceptable experimental quality were included. The assignment
of seeded cells to different experimental groups was carried out
randomly. The helical wheel plot (Fig. 2 D) was produced using
HeliQuest (https://heliquest.ipmc.cnrs.fr/index.html).

Online supplemental material

Fig. S1 shows expression, localization, and activity of Rabl Mi-
toID constructs. Fig. S2 shows characterization of Rabl binding
to the FHF complex and to CALCOCOL. Fig. S3 shows mutation of
the Rabl-binding site in OPTN does not affect its dimerization or
binding to LC3 or ubiquitin. Table S1 shows proteomic data from
Rabl MitolID as shown in Fig. 1 and Fig. S1.

Data availability

The data underlying all figures are available in the published
article and its online supplemental material, with the mass
spectrometry proteomics and cross-linking data openly avail-
able in the ProteomeXchange Consortium with the dataset
identifiers PXD065220 and PXD070863.

Acknowledgments
We thank Keith Boyle, Sami Chaaban, Thomas Mund, Saulé
Spokaite, Roger Williams, and members of the Munro lab for

van Vliet et al.
Rabl in traffic and autophagy

QD D
03’-0

advice and helpful discussions and Jessica Bertram for help in
piloting Rabl MitoID. Mass spectrometry was performed by the
facility at the MRC LMB under the guidance of Catarina Franco.

This work was supported by the Medical Research Council, as
part of United Kingdom Research and Innovation (also known
as UK Research and Innovation) file reference number MC_
U105178783. Open Access funding provided by MRC Laboratory
of Molecular Biology.

Author contributions: Alexander R. van Vliet: conceptuali-
zation, data curation, formal analysis, investigation, methodol-
ogy, project administration, resources, validation, visualization,
and writing—original draft, review, and editing. Alison K. Gil-
lingham: investigation and resources. Tomos E. Morgan: inves-
tigation. Yohei Ohashi: methodology and resources. Tom S.
Smith: formal analysis. Ferdos Abid Ali: resources and writing—
review and editing. Sean Munro: conceptualization, funding
acquisition, supervision, and writing—review and editing.

Disclosures: The authors declare no competing interests exist.

Submitted: 13 July 2025
Revised: 20 November 2025
Accepted: 3 December 2025

References

Abid Ali, F., AJ. Zwetsloot, C.E. Stone, T.E. Morgan, R.F. Wademan, A.P.
Carter, and A. Straube. 2025. KIFIC activates and extends dynein
movement through the FHF cargo adapter. Nat. Struct. Mol. Biol. 32:
756-766. https://doi.org/10.1038/s41594-024-01418-z

Adriaenssens, E., L. Ferrari, and S. Martens. 2022. Orchestration of selective
autophagy by cargo receptors. Curr. Biol. 32:R1357-R1371. https://doi
.org/10.1016/j.cub.2022.11.002

Barr, F.A. 2013. Review series: Rab GTPases and membrane identity: Causal or
inconsequential? J. Cell Biol. 202:191-199. https://doi.org/10.1083/jcb
.201306010

Batth, T.S., M.X. Tollenaere, P. Riither, A. Gonzalez-Franquesa, B.S. Prabha-
kar, S. Bekker-Jensen, A.S. Deshmukh, and ]J.V. Olsen. 2019. Protein
aggregation capture on microparticles enables multipurpose proteo-
mics sample preparation. Mol. Cell. Proteomics 18:1027-1035. https://doi
.org/10.1074/mcp.TIR118.001270

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B.
57:289-300. https://doi.org/10.1111/§.2517-6161.1995.tb02031.x

Chambers, M.C., B. Maclean, R. Burke, D. Amodei, D.L. Ruderman, S.
Neumann, L. Gatto, B. Fischer, B. Pratt, J. Egertson, et al. 2012. A cross-
platform toolkit for mass spectrometry and proteomics. Nat. Bio-
technol. 30:918-920. https://doi.org/10.1038/nbt.2377

Cherfils, J., and M. Zeghouf. 2013. Regulation of small GTPases by GEFs, GAPs,
and GDIs. Physiol. Rev. 93:269-309. https://doi.org/10.1152/physrev
.00003.2012

Christensen, J.R., A.A. Kendrick, ].B. Truong, A. Aguilar-Maldonado, V. Adani, M.
Dzieciatkowska, and S.L. Reck-Peterson. 2021. Cytoplasmic dynein-1 cargo
diversity is mediated by the combinatorial assembly of FTS-Hook-FHIP
complexes. Elife. 10:¢74538. https://doi.org/10.7554/eLife.74538

Davis, S., and S. Ferro-Novick. 2015. Yptl and COPII vesicles act in auto-
phagosome biogenesis and the early secretory pathway. Biochem. Soc.
Trans. 43:92-96. https://doi.org/10.1042/BST20140247

Delorenzi, M., and T. Speed. 2002. An HMM model for coiled-coil domains
and a comparison with PSSM-based predictions. Bioinformatics. 18:
617-625. https://doi.org/10.1093/bioinformatics/18.4.617

Dong, N., Y. Zhu, Q. Lu, L. Hu, Y. Zheng, and F. Shao. 2012. Structurally
distinct bacterial TBC-like GAPs link Arf GTPase to Rabl inactivation to
counteract host defenses. Cell. 150:1029-1041. https://doi.org/10.1016/j
.cell.2012.06.050

Feig, L.A. 1999. Tools of the trade: Use of dominant-inhibitory mutants of Ras-
family GTPases. Nat. Cell Biol. 1:E25-E27. https://doi.org/10.1038/10018

Journal of Cell Biology
https://doi.org/10.1083/jcb.202507084

920z Asenuer || uo 3senb Aq jpd 480205202 92l/965£202/780.052028/€/S5Z2/HPd-8o1e/qal/Bio ssaidny//:dpy woy papeojumoq

15 of 17


https://heliquest.ipmc.cnrs.fr/index.html
https://doi.org/10.1038/s41594-024-01418-z
https://doi.org/10.1016/j.cub.2022.11.002
https://doi.org/10.1016/j.cub.2022.11.002
https://doi.org/10.1083/jcb.201306010
https://doi.org/10.1083/jcb.201306010
https://doi.org/10.1074/mcp.TIR118.001270
https://doi.org/10.1074/mcp.TIR118.001270
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/nbt.2377
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.7554/eLife.74538
https://doi.org/10.1042/BST20140247
https://doi.org/10.1093/bioinformatics/18.4.617
https://doi.org/10.1016/j.cell.2012.06.050
https://doi.org/10.1016/j.cell.2012.06.050
https://doi.org/10.1038/10018

Feng, Z.Z., AJ.Jiang, A.W. Mao, Y. Feng, W. Wang, J. Li, X. Zhang, K. Xing, and
X. Peng. 2018. The Salmonella effectors SseF and SseG inhibit RablA-
mediated autophagy to facilitate intracellular bacterial survival and
replication. J. Biol. Chem. 293:9662-9673. https://doi.org/10.1074/jbc
.M117.811737

Galea, G., M.G. Bexiga, A. Panarella, E.D. O'Neill, and J.C. Simpson. 2015. A
high-content screening microscopy approach to dissect the role of Rab
proteins in Golgi-to-ER retrograde trafficking. J. Cell Sci. 128:2339-2349.
https://doi.org/10.1242/jcs.167973

Ge, S.X.,D.Jung, and R. Yao. 2020. ShinyGO: A graphical gene-set enrichment
tool for animals and plants. Bioinformatics. 36:2628-2629. https://doi
.org/10.1093/bioinformatics/btz931

Gillingham, A.K., J. Bertram, F. Begum, and S. Munro. 2019. In vivo identi-
fication of GTPase interactors by mitochondrial relocalization and
proximity biotinylation. Elife. 8:e45916. https://doi.org/10.7554/eLife
45916

Haga, K., and M. Fukuda. 2025. Comprehensive knockout analysis of the RAB
family small GTPases reveals an overlapping role of RAB2 and RAB14 in
autophagosome maturation. Autophagy. 21:21-36. https://doi.org/10
.1080/15548627.2024.2374699

Homma, Y., S. Hiragi, and M. Fukuda. 2021. Rab family of small GTPases: An
updated view on their regulation and functions. FEBS ]. 288:36-55.
https://doi.org/10.1111/febs.15453

Homma, Y., R. Kinoshita, Y. Kuchitsu, P.S. Wawro, S. Marubashi, M.E.
Oguchi, M. Ishida, N. Fujita, and M. Fukuda. 2019. Comprehensive
knockout analysis of the Rab family GTPases in epithelial cells. J. Cell
Biol. 218:2035-2050. https://doi.org/10.1083/jcb.201810134

Hughes, C.S., S. Moggridge, T. Miiller, P.H. Sorensen, G.B. Morin, and J.
Krijgsveld. 2019. Single-pot, solid-phase-enhanced sample preparation
for proteomics experiments. Nat. Protoc. 14:68-85. https://doi.org/10
.1038/541596-018-0082-x

Hutagalung, A.H., and P.J. Novick. 2011. Role of Rab GTPases in membrane
traffic and cell physiology. Physiol. Rev. 91:119-149. https://doi.org/10
.1152/physrev.00059.2009

Hyvola, N., A. Diao, E. McKenzie, A. Skippen, S. Cockcroft, and M. Lowe.
2006. Membrane targeting and activation of the Lowe syndrome pro-
tein OCRL1 by rab GTPases. EMBO J. 25:3750-3761. https://doi.org/10
.1038/sj.emb0j.7601274

Khan, A.R., and ]. Ménétrey. 2013. Structural biology of Arf and Rab GTPases’
effector recruitment and specificity. Structure. 21:1284-1297. https://doi
.org/10.1016/j.5tr.2013.06.016

Klopper, T.H., N. Kienle, D. Fasshauer, and S. Munro. 2012. Untangling the
evolution of Rab G proteins: Implications of a comprehensive genomic
analysis. BMC Biol. 10:71. https://doi.org/10.1186/1741-7007-10-71

Lamark, T., and T. Johansen. 2021. Mechanisms of selective autophagy. Annu.
Rev. Cell Dev. Biol. 37:143-169. https://doi.org/10.1146/annurev-cellbio
-120219-035530

Lamber, E.P., A.C. Siedenburg, and F.A. Barr. 2019. Rab regulation by GEFs
and GAPs during membrane traffic. Curr. Opin. Cell Biol. 59:34-39.
https://doi.org/10.1016/j.ceb.2019.03.004

Lazarou, M., D.A. Sliter, L.A. Kane, S.A. Sarraf, C. Wang, ].L. Burman, D.P.
Sideris, A.I. Fogel, and R.J. Youle. 2015. The ubiquitin kinase PINK1
recruits autophagy receptors to induce mitophagy. Nature. 524:309-314.
https://doi.org/10.1038/naturel4893

Lorincz, P., S. Toth, P. Benko, Z. Lakatos, A. Boda, G. Glatz, M. Zobel, S. Bisi, K.
Hegedus, S. Takats, et al. 2017. Rab2 promotes autophagic and endocytic
lysosomal degradation. J. Cell Biol. 216:1937-1947. https://doi.org/10
.1083/jcb.201611027

Mendes, M.L., L. Fischer, Z.A. Chen, M. Barbon, F.J. O'Reilly, S.H. Giese, M.
Bohlke-Schneider, A. Belsom, T. Dau, C.W. Combe, et al. 2019. An in-
tegrated workflow for crosslinking mass spectrometry. Mol. Syst. Biol.
15:e8994. https://doi.org/10.15252/msb.20198994

Mishra, A.K., C.M. Del Campo, R.E. Collins, C.R. Roy, and D.G. Lambright. 2013.
The Legionella pneumophila GTPase activating protein LepB accelerates
Rabl deactivation by a non-canonical hydrolytic mechanism. J. Biol. Chem.
288:24000-24011. https://doi.org/10.1074/jbc.M113.470625

Monetta, P., I. Slavin, N. Romero, and C. Alvarez. 2007. Rablb interacts with
GBF1 and modulates both ARF1 dynamics and COPI association. Mol.
Biol. Cell. 18:2400-2410. https://doi.org/10.1091/mbc.e06-11-1005

Muller, M.P., and R.S. Goody. 2018. Molecular control of Rab activity by GEFs,
GAPs and GDI. Small GTPases. 9:5-21. https://doi.org/10.1080/21541248
.2016.1276999

Nascimbeni, A.C., P. Codogno, and E. Morel. 2017. Phosphatidylinositol-3-
phosphate in the regulation of autophagy membrane dynamics. FEBS J.
284:1267-1278. https://doi.org/10.1111/febs.13987

van Vliet et al.
Rabl in traffic and autophagy

)

(0]

2 JCB
3]
IV

Nthiga, T.M., B.K. Shrestha, J.A. Bruun, K.B. Larsen, T. Lamark, and T. Jo-
hansen. 2021. Regulation of Golgi turnover by CALCOCOI-mediated
selective autophagy. J. Cell Biol. 220:e202006128. https://doi.org/10
.1083/jcb.202006128

Okatsu, K., R. Kikuchi, N. Matsuda, S. Fukai, and K. Yamano. 2025. Functional
and structural insights into complex formation between OPTN leucine
zipper domain and RAB8A. Genes Cells. 30:e70043. https://doi.org/10
1111/gtc.70043

Perez-Riverol, Y., C. Bandla, D.J. Kundu, S. Kamatchinathan, J. Bai, S. He-
wapathirana, N.S. John, A. Prakash, M. Walzer, S. Wang, and J.A. Viz-
caino. 2025. The PRIDE database at 20 years: 2025 update. Nucleic Acids
Res. 53:D543-D553. https://doi.org/10.1093/nar/gkael011

Phichith, D., M. Travaglia, Z. Yang, X. Liu, A.B. Zong, D. Safer, and H.L.
Sweeney. 2009. Cargo binding induces dimerization of myosin VI. Proc.
Natl. Acad. Sci. USA. 106:17320-17324. https://doi.org/10.1073/pnas
.0909748106

ProteomeXchange. 2025a. ProteomeXchange Dataset: PXD065220. https://
proteomecentral. proteomexchange.org/ui?pxid=PXD065220 (accessed
December 18, 2025).

ProteomeXchange. 2025b. ProteomeXchange Dataset: PXD070863. https://
proteomecentral.proteomexchange.org/ui?pxid=PXD070863 (accessed
January 05, 2026).

Pylypenko, O., H. Hammich, LM. Yu, and A. Houdusse. 2018. Rab GTPases
and their interacting protein partners: Structural insights into rab
functional diversity. Small GTPases. 9:22-48. https://doi.org/10.1080/
21541248.2017.1336191

Riedel, F., A. Galindo, N. Muschalik, and S. Munro. 2018. The two TRAPP
complexes of metazoans have distinct roles and act on different
Rab GTPases. J. Cell Biol. 217:601-617. https://doi.org/10.1083/jcb
.201705068

Russo, AJ., A.J. Mathiowetz, S. Hong, M.D. Welch, and K.G. Campellone. 2016.
Rabl recruits WHAMM during membrane remodeling but limits actin
nucleation. Mol. Biol. Cell. 27:967-978. https://doi.org/10.1091/mbc.E15
-07-0508

Ryan, T.A., and D.A. Tumbarello. 2018. Optineurin: A coordinator of
membrane-associated cargo trafficking and autophagy. Front. Immunol.
9:1024. https://doi.org/10.3389/fimmu.2018.01024

Schlager, M.A., H.T. Hoang, L. Urnavicius, S.L. Bullock, and A.P. Carter. 2014.
In vitro reconstitution of a highly processive recombinant human
dynein complex. EMBO J. 33:1855-1868. https://doi.org/10.15252/embj
.201488792

Segev, N. 1991. Mediation of the attachment or fusion step in vesicular
transport by the GTP-binding Yptl protein. Science. 252:1553-1556.
https://doi.org/10.1126/science.1904626

Song, G.J., H. Jeon, M. Seo, M. Jo, and K. Suk. 2018. Interaction between
optineurin and Rabla regulates autophagosome formation in neuro-
blastoma cells. J. Neurosci. Res. 96:407-415. https://doi.org/10.1002/jnr
.24143

Takai, Y., T. Sasaki, and T. Matozaki. 2001. Small GTP-binding proteins.
Physiol. Rev. 81:153-208. https://doi.org/10.1152/physrev.2001.81.1
153

Thomas, L.L., A.M.N. Joiner, and J.C. Fromme. 2018. The TRAPPIII complex
activates the GTPase Yptl (Rabl) in the secretory pathway. J. Cell Biol.
217:283-298. https://doi.org/10.1083/jcb.201705214

Tisdale, E.J., ].R. Bourne, R. Khosravi-Far, C.J. Der, and W.E. Balch. 1992. GTP-
binding mutants of rabl and rab2 are potent inhibitors of vesicular
transport from the endoplasmic reticulum to the Golgi complex. J. Cell
Biol. 119:749-761. https://doi.org/10.1083/jcb.119.4.749

Tremel, S., Y. Ohashi, D.R. Morado, J. Bertram, O. Perisic, L.T.L. Brandt, M.K.
von Wrisberg, Z.A. Chen, S.L. Maslen, O. Kovtun, et al. 2021. Structural
basis for VPS34 kinase activation by Rabl and Rab5 on membranes. Nat.
Commun. 12:1564. https://doi.org/10.1038/s41467-021-21695-2

Ungar, D., T. Oka, E. Vasile, M. Krieger, and F.M. Hughson. 2005. Subunit
architecture of the conserved oligomeric Golgi complex. J. Biol. Chem.
280:32729-32735. https://doi.org/10.1074/jbc.M504590200

UniProt. 2025. Proteomes: Homo sapiens (Human). Proteome ID UP000005640.
https://www.uniprot.org/proteomes/UP000005640.

Valsdottir, R., H. Hashimoto, K. Ashman, T. Koda, B. Storrie, and T. Nilsson.
2001. Identification of rabaptin-5, rabex-5, and GM130 as putative ef-
fectors of rab33b, a regulator of retrograde traffic between the Golgi
apparatus and ER. FEBS Lett. 508:201-209. https://doi.org/10.1016/
50014-5793(01)02993-3

van Vliet, A.R., G.N. Chiduza, S.L. Maslen, V.E. Pye, D. Joshi, S. De Tito, H.B.].
Jefferies, E. Christodoulou, C. Roustan, E. Punch, et al. 2022. ATG9A
and ATG2A form a heteromeric complex essential for autophagosome

Journal of Cell Biology
https://doi.org/10.1083/jcb.202507084

920z Asenuer || uo 3senb Aq jpd 480205202 92l/965£202/780.052028/€/S5Z2/HPd-8o1e/qal/Bio ssaidny//:dpy woy papeojumoq

16 of 17


https://doi.org/10.1074/jbc.M117.811737
https://doi.org/10.1074/jbc.M117.811737
https://doi.org/10.1242/jcs.167973
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.7554/eLife.45916
https://doi.org/10.7554/eLife.45916
https://doi.org/10.1080/15548627.2024.2374699
https://doi.org/10.1080/15548627.2024.2374699
https://doi.org/10.1111/febs.15453
https://doi.org/10.1083/jcb.201810134
https://doi.org/10.1038/s41596-018-0082-x
https://doi.org/10.1038/s41596-018-0082-x
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1038/sj.emboj.7601274
https://doi.org/10.1038/sj.emboj.7601274
https://doi.org/10.1016/j.str.2013.06.016
https://doi.org/10.1016/j.str.2013.06.016
https://doi.org/10.1186/1741-7007-10-71
https://doi.org/10.1146/annurev-cellbio-120219-035530
https://doi.org/10.1146/annurev-cellbio-120219-035530
https://doi.org/10.1016/j.ceb.2019.03.004
https://doi.org/10.1038/nature14893
https://doi.org/10.1083/jcb.201611027
https://doi.org/10.1083/jcb.201611027
https://doi.org/10.15252/msb.20198994
https://doi.org/10.1074/jbc.M113.470625
https://doi.org/10.1091/mbc.e06-11-1005
https://doi.org/10.1080/21541248.2016.1276999
https://doi.org/10.1080/21541248.2016.1276999
https://doi.org/10.1111/febs.13987
https://doi.org/10.1083/jcb.202006128
https://doi.org/10.1083/jcb.202006128
https://doi.org/10.1111/gtc.70043
https://doi.org/10.1111/gtc.70043
https://doi.org/10.1093/nar/gkae1011
https://doi.org/10.1073/pnas.0909748106
https://doi.org/10.1073/pnas.0909748106
https://proteomecentral.proteomexchange.org/ui?pxid=PXD065220
https://proteomecentral.proteomexchange.org/ui?pxid=PXD065220
https://proteomecentral.proteomexchange.org/ui?pxid=PXD070863
https://proteomecentral.proteomexchange.org/ui?pxid=PXD070863
https://doi.org/10.1080/21541248.2017.1336191
https://doi.org/10.1080/21541248.2017.1336191
https://doi.org/10.1083/jcb.201705068
https://doi.org/10.1083/jcb.201705068
https://doi.org/10.1091/mbc.E15-07-0508
https://doi.org/10.1091/mbc.E15-07-0508
https://doi.org/10.3389/fimmu.2018.01024
https://doi.org/10.15252/embj.201488792
https://doi.org/10.15252/embj.201488792
https://doi.org/10.1126/science.1904626
https://doi.org/10.1002/jnr.24143
https://doi.org/10.1002/jnr.24143
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.1083/jcb.201705214
https://doi.org/10.1083/jcb.119.4.749
https://doi.org/10.1038/s41467-021-21695-2
https://doi.org/10.1074/jbc.M504590200
https://www.uniprot.org/proteomes/UP000005640
https://doi.org/10.1016/s0014-5793(01)02993-3
https://doi.org/10.1016/s0014-5793(01)02993-3

formation. Mol. Cell. 82:4324-4339.e8. https://doi.org/10.1016/j.molcel
.2022.10.017

Wang, J., S. Davis, S. Menon, ]. Zhang, J. Ding, S. Cervantes, E. Miller, Y. Jiang,
and S. Ferro-Novick. 2015. Yptl/Rabl regulates Hrr25/CK18 kinase ac-
tivity in ER-Golgi traffic and macroautophagy. J. Cell Biol. 210:273-285.
https://doi.org/10.1083/jcb.201408075

Wang, J., S. Menon, A. Yamasaki, H.T. Chou, T. Walz, Y. Jiang, and S. Ferro-
Novick. 2013. Yptl recruits the Atgl kinase to the preautophagosomal
structure. Proc. Natl. Acad. Sci. USA. 110:9800-9805. https://doi.org/10
.1073/pnas.1302337110

Westrate, L.M., M.J. Hoyer, M.]. Nash, and G.K. Voeltz. 2020. Vesicular
and uncoated Rabl-dependent cargo carriers facilitate ER to Golgi
transport. J. Cell Sci. 133:jcs239814. https://doi.org/10.1242/jcs
.239814

Wong, Y.C., and E.L.F. Holzbaur. 2014. Optineurin is an autophagy receptor
for damaged mitochondria in parkin-mediated mitophagy that is dis-
rupted by an ALS-linked mutation. Proc. Natl. Acad. Sci. USA. 11l
E4439-E4448. https://doi.org/10.1073/pnas.1405752111

van Vliet et al.
Rabl in traffic and autophagy

)

(0]

2 JCB
3]
IV

Yim, W.W.-Y., H. Yamamoto, and N. Mizushima. 2022. A pulse-chasable
reporter processing assay for mammalian autophagic flux with Halo-
Tag. Elife. 11:e78923. https://doi.org/10.7554/eLife.78923

Yin, J., Y. Huang, P. Guo, S. Hu, S. Yoshina, N. Xuan, Q. Gan, S. Mitani, C.
Yang, and X. Wang. 2017. GOP-1 promotes apoptotic cell degradation by
activating the small GTPase Rab2 in C. elegans. J. Cell Biol. 216:1775-1794.
https://doi.org/10.1083/jcb.201610001

Zhang, H. 2003. Binding platforms for Rab prenylation and recycling: Rab
escort protein, RabGGT, and RabGDI. Structure. 11:237-239. https://doi
.0rg/10.1016/s0969-2126(03)00033-9

Zhang, J., L. Liu, M. Li, H. Liu, X. Gong, Y. Tang, Y. Zhang, X. Zhou, Z. Lin, H.
Guo, and L. Pan. 2024. Molecular basis of the recognition of the active
Rab8a by optineurin. J. Mol. Biol. 436:168811. https://doi.org/10.1016/j
.jmb.2024.168811

Zoppino, F.C.M., R.D. Militello, I. Slavin, C. Alvarez, and M.I. Colombo. 2010.
Autophagosome formation depends on the small GTPase Rabl and
functional ER exit sites. Traffic. 11:1246-1261. https://doi.org/1600-0854
.2010.01086.x

Journal of Cell Biology
https://doi.org/10.1083/jcb.202507084

920z Asenuer || uo 3senb Aq jpd 480205202 92l/965£202/780.052028/€/S5Z2/HPd-8o1e/qal/Bio ssaidny//:dpy woy papeojumoq

17 of 17


https://doi.org/10.1016/j.molcel.2022.10.017
https://doi.org/10.1016/j.molcel.2022.10.017
https://doi.org/10.1083/jcb.201408075
https://doi.org/10.1073/pnas.1302337110
https://doi.org/10.1073/pnas.1302337110
https://doi.org/10.1242/jcs.239814
https://doi.org/10.1242/jcs.239814
https://doi.org/10.1073/pnas.1405752111
https://doi.org/10.7554/eLife.78923
https://doi.org/10.1083/jcb.201610001
https://doi.org/10.1016/s0969-2126(03)00033-9
https://doi.org/10.1016/s0969-2126(03)00033-9
https://doi.org/10.1016/j.jmb.2024.168811
https://doi.org/10.1016/j.jmb.2024.168811
https://doi.org/10.1111/j.1600-0854.2010.01086.x
https://doi.org/10.1111/j.1600-0854.2010.01086.x

Supplemental material

van Vliet et al.
Rabl in traffic and autophagy

)

2 JCB
3]
IV

Journal of Cell Biology
https://doi.org/10.1083/jcb.202507084

S1

920z Asenuer || uo 3senb Aq jpd 480205202 92l/965£202/780.052028/€/S5Z2/HPd-8o1e/qal/Bio ssaidny//:dpy woy papeojumoq



Rab1A-GTP >

o
ju
5
=
o
©
o

Rab1A-GDP
Rab1B-GDP

o B Rab1A Rab1A BirA Rab1B Rab1B BirA
6 GTP GDP Ctr GTP GDP Ctr kDa
a ~70
3 L -—r -
= anti-HA
tag
— -
40
Tubulin| “ - - e - -
50

C Rab1A Rab1B

9 9-
known effector :
. o) )l e known effector ) i ° COG4
@ known regulator E e known regulator 2
®© c ®
> 2
1 L] 1
o o
o 64 o
26 .\CHM =
@) (@]
o | o
- PIK3C3 — < 1
1 NRBF2.
CHML
—
COG1 GBF1
3 - BECNI—¢ —__ WHAMM
OCRL—e RABEP1
COG3: d
3 ¢ 1 COG2——° -/ PIK3R4
o BB, MTMRG o 7= RABGEF1
Dy | usote «
%’GOLGAS
—TT—TT — 7T —r —
-6 -3 0 3 -3 0 3 6

6 -6
log, (Rab1(GTP)-MitolD / BirA control)

=

A: PPP1 R37 Predicted Aligned Error
B: Rab1A a

0 Angstroms 30

Figure S1. Expression, localization, and activity of Rabl MitolID constructs. (A) Confocal images of HEK293A cells expressing the indicated Rab1 MitolD
constructs, in addition to the BirA control construct. Cells were stained for the HA tag in the MitolD constructs and the mitochondrial protein Tom20. Both
RablA and Rab1B contain mutations that lock them in a either a GTP- or GDP-bound form (QL or SN, respectively). (B) Representative immunoblot showing
comparable expression levels of all MitolD constructs used in the proteomics study. (C) Volcano plots comparing the abundances of biotinylated proteins
obtained with MitolD of GTP-locked RablA or Rab1B (RablA Q70L; Rab1B Q67L) vs BirA alone negative control. Rabl itself is not shown, and known effectors
and regulators are indicated. (D) Structure of the Rab1A:GTP:Mg2*:PPP1R37 complex as predicted by AlphaFold 3, with accompanying PAE plot. Source data are
available for this figure: SourceData FS1.
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Figure S2. Characterization of Rabl binding to the FHF complex and CALCOCOL. (A) Coomassie gel showing an in vitro-binding assay using beads coated
with GST-RablA and purified FHF complex containing FHIP2A. Both GTP- and GDP-locked RablA proteins were used as indicated. (B) Representative
Coomassie blue-stained gel showing expression of either WT or Rabl-binding mutant GFP-CALCOCOL. Proteins were purified from the same amount of
starting material, and equal protein amounts were loaded on the gel. (C) GUV-binding assay using GTP- or GDP-locked RablA bound to GUVs before applying
GFP-CALCOCO1 WT or Rabl-binding mutant. Each large (colored) datapoint in the graph depicts the average mean fluorescence intensity of GFP-CALCOCO1
WT or Rabl-binding mutant on a selection of GUV membrane and represents an independent experiment (n = 3), with smaller gray datapoints representing all
the technical replicates (AU, arbitrary units). The mean + SD is indicated. ***P < 0.001 (one-way ANOVA with Tukey’s multiple comparisons test). (D) Sulfo-
NHS-diazarine (SDA) intra-protein and dimer cross-links (purple and orange lines) mapped onto the AlphaFold 3 predicted structure of the OPTN homodimer.
Intra-protein cross-links mapped onto the structure are pictured as a green dashed line; dimer cross-links are pictured as a cyan dashed line. (E) Representative
Coomassie blue-stained gel showing expression of either WT or Rabl-binding mutant GFP-OPTN. Proteins were purified from the same amount of starting
material, and equal protein amounts were loaded on the gel. Source data are available for this figure: SourceData FS2.
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Figure S3. Mutation of the Rabl-binding site in OPTN does not affect its dimerization or binding to LC3 or ubiquitin. (A) Micrographs of beads coated
with GST-4xubiquitin (GST-4xUb) and incubated with either 1 uM GFP-OPTN (WT) or versions with mutations in the Rab1 or ubiquitin-binding sites. Each large
datapoint in the bar graph depicts the average mean fluorescence intensity on a selection of beads and represents an independent experiment (n = 3), with
smaller gray datapoints representing all the technical replicates (AU, arbitrary units). The mean + SD is indicated. ***P < 0.001 (one-way ANOVA with Tukey's
multiple comparisons test). (B) Micrographs of beads coated with GST-LC3B and incubated with either 1 uM GFP-OPTN (WT) or versions with mutations in the
Rablor LC3 (LIR)-binding sites. Each large datapoint in the bar graph depicts the average mean fluorescence intensity on a selection of beads and represents an
independent experiment (n = 3), with smaller gray datapoints representing all the technical replicates (AU, arbitrary units). The mean + SD is indicated. ***P <
0.001 (one-way ANOVA with Tukey’s multiple comparisons test). (C) Immunoblot of cell lysates of pentaKO HeLa cells stably expressing WT OPTN or the OPTN
Rabl-binding mutant (representative of three repeats). Lysates were incubated with increasing concentrations of the cross-linker bis(sulfosuccinimi-
dyl)suberate (BS3) at RT and quenched at 50 mM Tris-HCl prior to SDS-PAGE and blotting. With cross-linker, OPTN dimers are readily detected. GAPDH is a
loading control and a negative control as it does not readily dimerize. Source data are available for this figure: SourceData FS3.
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Provided online is Table S1. Table S1 shows proteomic data from Rabl MitolD as shown in Fig. 1 and Fig. S1.
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