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Summary

Long-range movement of organelles within the cytoplasm relies on coupling to microtubule
motors, a process that is often mediated by adaptor proteins. In many cases, this coupling involves
organelle- or adaptor-induced activation of the microtubule motors by conformational reversal of
an autoinhibited state. Herein we show that a similar regulatory mechanism operates for an adaptor
protein named SKIP (also known as PLEKHMZ2). SKIP binds to the small GTPase ARLS8 on the
lysosomal membrane to couple lysosomes to the anterograde microtubule motor kinesin-1.
Structure-function analyses of SKIP reveal that the C-terminal region comprising three PH
domains interacts with the N-terminal region comprising ARL8- and kinesin-1-binding sites. This
interaction inhibits coupling of lysosomes to kinesin-1 and, consequently, lysosome movement
toward the cell periphery. We also find that ARL8 does not just recruit SKIP to the lysosomal
membrane, but also relieves SKIP autoinhibition, promoting kinesin-1-driven, anterograde
lysosome transport. Finally, our analyses show that the largely disordered middle region of SKIP
mediates self-association, and that this self-association enhances the interaction of SKIP with
kinesin-1. These findings indicate that SKIP is not just a passive connector of lysosome-bound
ARLS to kinesin-1, but is itself subject to intra- and inter-molecular interactions that regulate its
function. We anticipate that similar organelle- or GTPase-induced conformational changes could
regulate the activity of other kinesin adaptors.
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Anterograde transport of lysosomes involves coupling to the microtubule motor kinesin-1 via the
small GTPase ARLS8 and the adaptor protein SKIP. Keren-Kaplan and Bonifacino show that ARL8
does not just recruit SKIP to lysosomes but also promotes SKIP activation through relief of an
autoinhibited state.

Introduction

Many cellular processes depend on the ability of organelles to move within the cytoplasm
[1]. Long-range organelle movement occurs along microtubules through coupling to dynein-
dynactin and kinesin microtubule motors. Whereas dynein-dynactin drives transport from
the plus end to the minus end of microtubules (7.e., retrograde transport), most kinesins drive
transport in the opposite direction (/.e., anterograde transport). In general, coupling of
organelles to microtubule motors is not direct but depends on a variety of adaptor proteins.
The crucial importance of this machinery in cell and organismal physiology is underscored
by the existence of many human diseases that result from mutations in genes encoding
microtubule motors (e.g., dynein-dynactin [2, 3]; kinesins [4—6]) or adaptors ([e.g., RAB7
[7]; FYCOL1 [8]; SKIP [9]; BORCS5 [10]; BICD2 [11]).

Lysosomes are well-known examples of organelles that undergo bidirectional transport along
microtubules. Coupling of lysosomes to dynein-dynactin is mediated by several adaptor
systems, including the small GTPase RAB7 and its effector RILP [12], the transmembrane
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Results

protein TMEMS55B and the adaptor protein JIP4 [13], the related adaptor protein JIP3 [14],
and the Ca2* channel TRPML1 and penta-EF-hand protein ALG2 [15]. Anterograde
lysosome transport also involves several adaptor systems that engage different kinesins. For
instance, the accessory protein KAP3 is required for coupling of lysosomes to kinesin-2
motors [16]. RAB7 and another effector, FYCO1, couple lysosomes as well as
autophagosomes to kinesin-1 motors [17]. An ensemble of the hetero-octameric complex
BORC, the small GTPase ARL8 and the adaptor protein SKIP (also known as PLEKHM?2)
constitute another adaptor system that couples lysosomes to kinesin-1 motors [18-21].
Finally, BORC and ARLS8 (without the participation of SKIP) couple lysosomes to kinesin-3
motors [22]. BORC/ARLS8-dependent coupling of lysosomes to kinesin-1 and kinesin-3
motors allows lysosomes to move along microtubule tracks having distinct tubulin post-
translational modifications and distributions in the cytoplasm of both non-neuronal cells [22]
and neurons [23, 24].

The coupling of lysosomes and other organelles to microtubule motors is highly regulated.
One mode of regulation involves autoinhibition of the motors by intramolecular interactions
[25]. A well-studied example is kinesin-1, a tetrameric complex of two kinesin heavy chains
(KHCs) (KIF5A, KIF5B or KIF5C paralogs) and two kinesin light chains (KLCs) (KLC1,
KLC2, KLC3 or KLC4 paralogs) [25]. The KHCs comprise, in N- to C-terminal direction,
motor, neck, stalk and tail domains [25]. The motor domain binds microtubules whereas the
tail domain interacts with cargo. The KLCs comprise an N-terminal heptad repeat domain
that binds to KHCs, and a C-terminal TPR domain that binds cargo [25]. Both KHCs and
KLCs have been shown to be autoinhibited: KHCs by interaction between the motor and tail
domains [26-30] and KLCs by an interaction between a Leu-Phe-Pro-acidic (LFP-acidic)
motif in the unstructured region that connects the heptad repeat and TPR domains, and the
cargo-binding site in the TPR domain [31]. The autoinhibition of both KHCs and KLCs is
reversed by interaction with cargos or adaptors, activating kinesin-1 for movement along
microtubule tracks [26, 32-35].

Whereas autoinhibitory regulation is well-established for kinesin-1 [26—35] and other
kinesins [36-39], to date it has not been shown to occur for the adaptor proteins that mediate
coupling to the corresponding organelles. Herein we present evidence for such a mechanism
for the adaptor protein SKIP (Figure 1A). Our studies show that the SKIP C-terminal region
interacts with the N-terminal region to decrease the interaction of SKIP with kinesin-1 and
the ability of SKIP to mediate anterograde lysosome movement. Furthermore, we find that
ARLS8 not only recruits SKIP to lysosomes but also relieves SKIP autoinhibition. This
mechanism ensures that SKIP remains in an autoinhibited state until it couples to lysosomes
via ARLS. The existence of this mechanism for SKIP raises the possibility that other cargo-
kinesin adaptors may be similarly regulated.

The Middle Region, but not the PH Domains, of SKIP Contributes to Anterograde
Lysosome Movement

The initial goal of this study was to examine the requirement of the different domains of
SKIP for the ability of SKIP to associate with lysosomes and to move them toward the cell
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periphery. SKIP comprises an N-terminal RUN domain that interacts with the GTP-bound
forms of ARLS8 [20] and RAB1A [40], followed by a largely disordered region harboring
Trp-Asp (WD) and Trp-Glu (WE) motifs that interact with KLCs and KHCs [19, 41, 42],
and a C-terminal pleckstrin homology domain (PH) (henceforth denoted PH2) that interacts
with the GTP-bound form of RAB9A [43] and the Salmonella virulence factor SifA [18]
(Figure 1A-C). Our bioinformatic analyses revealed that the C-terminal domain of SKIP
contains not just one but three predicted PH domains designated PH1-3 (Figure 1A-D). To
assess the functional importance of these structural elements, we conducted a structure-
function analysis involving overexpression of various Myc-tagged SKIP deletion mutants in
HelLa cells (Figure 2A). As previously reported [18, 20-22], we observed that
overexpression of full-length SKIP resulted in a dramatic redistribution of lysosomes,
labeled for LAMTORA4 and decorated with SKIP, to peripheral cell protrusions (herein
referred to as “vertices”) (Figure 2B-D), where the plus ends of microtubule bundles are
most concentrated. Deletion of residues 1-300, comprising the RUN domain and WD-WE
motifs (Figure 2A, SKIP3p1_1019 construct), resulted in cytosolic localization of the
truncated SKIP and normal distribution of lysosomes (Figure 2B-D), consistent with the
requirement of these structural elements for interactions of SKIP with ARLS8 and kinesin-1,
respectively [20, 41]. In contrast, sequential deletion of the PH domains (Figure 2A,
SKIP1_gg3, SKIP1_772 and SKIP1_go3 constructs) had no significant effect on the association
of SKIP with lysosomes and on the SKIP-induced redistribution of lysosomes to cell
vertices (Figure 2B-D). These observations indicated that the three C-terminal PH domains
are dispensable for the effects of overexpressed SKIP on lysosome positioning. A longer C-
terminal deletion spanning amino acids 301-1019 (Figure 2A, SKIP1_3qg construct),
however, resulted in loss of both SKIP association with lysosomes and SKIP-induced
lysosome redistribution to cell vertices (Figure 2B-D). This latter observation confirmed
previous findings by Rosa-Ferreira and Munro (2011) using the same SKIP1_3qq construct.
Dumont et al. (2010) showed that a slightly longer construct, SKIP1_310, caused peripheral
redistribution of lysosomes, but in only 25% of the cells, in contrast to full-length SKIP,
which did so in 84% of the cells. The results with the SKIP;_300 and SKIP1_310 were
intriguing, since they comprise the RUN domain that interacts with ARL8 and WD-WE
motifs that interact with kinesin-1 (Figure 1A), and should therefore have all the elements
needed to couple lysosomes to kinesin-1. These findings pointed to the existence of an
additional element in the middle region spanning amino acids 301-603 that contributes to
the function of SKIP in the regulation of lysosome positioning.

ARLS, but not RAB9A, is Necessary for SKIP-Induced Lysosome Redistribution

To complement the deletion analysis of SKIP, we compared the requirement of ARL8
(which interacts with the RUN domain [20]) and RAB9A (which interacts with the PH2
domain [43]) (Figure 1A) for the localization and function of SKIP. To this end, we used
CRISPR-Cas9 to perform double knock out (KO) of the ARL8A and ARL8B paralogs of
ARLS8 (henceforth referred to as ARL8-KO) (Figure 3A) or single KO of RAB9A in HelLa
cells (Figure 3B). We observed that while ARL8-KO abrogated the ability of overexpressed
SKIP to associate with lysosomes and to redistribute them to the cell periphery, RAB9A KO
had no significant effect (Figure 3C-E). Moreover, we found that, whereas overexpression of
ARL8B-GFP rescued SKIP function in ARL8-KO cells, overexpression of GFP-RAB9A did
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not, even though it associated with perinuclear lysosomes (Figure 3F—H). The effect of
ARL8B-GFP was nucleotide dependent, as SKIP function was rescued by GTP-bound
mutant (Q75L) but not GDP-bound mutant (T34N) ARL8B-GFP (Figure S1). We concluded
that ARLS, but not RAB9A, is necessary for SKIP effects on lysosome positioning, and that
overexpression of RAB9A cannot compensate for the absence of ARLS8. This conclusion is
in line with the requirement of the ARL8-binding RUN domain but not the RAB9A-binding
PH2 domain for peripheral redistribution of lysosomes by SKIP (Figure 2B-D).

The Middle Region of SKIP Contributes to Interaction with Kinesin-1 via Self-Association

We next addressed how the middle region (/.¢e., amino acids 301-603) contributes to the
function of SKIP. To determine whether this region promotes the interaction of SKIP with
kinesin-1, HEK293T cells were transfected with plasmids encoding Myc-tagged, full-length
SKIP, SKIP1_300 and SKIP1_gp3. Cell lysates were immunoprecipitated with antibody to
Myc, and immunoprecipitates were analyzed by SDS-PAGE and immunoblotting with
antibodies to the endogenous KIF5B and KLC2 subunits of kinesin-1 (/.¢., the ubiquitous
form of kinesin-1 expressed in non-neuronal cells) (Figure 4A-C). As expected from
previous work [18, 42], we observed that both KIF5B and KLC2 co-precipitated with full-
length SKIP. Importantly, co-precipitation of KIF5B and KLC2 was reduced for Myc-
SKIP1_300 but increased for SKIP_g3 relative to full-length SKIP (Figure 4A-C). These
experiments thus indicated that the 301-603 region is needed for optimal binding of SKIP to
kinesin-1, consistent with its requirement for the function of SKIP in moving lysosomes to
the cell periphery (Figure 2). These findings were again surprising since the WD-WE motifs
involved in kinesin-1 binding are located N-terminally to this region (/.e., amino acids 207—
208 and 236-237 in human SKIP) (Figure 1A), pointing to the existence of additional
elements that contribute to the interaction of SKIP with kinesin-1. Moreover, the increased
co-precipitation of kinesin-1 with SKIP1_gg3 relative to full-length SKIP suggested that the
segment comprising the PH domains (amino acids 604-1019) partially inhibited the
interaction of SKIP with kinesin-1.

The middle region exhibits a high level of amino-acid sequence conservation (~67%
similarity) among SKIP proteins from different vertebrate species (Figure S2), despite being
predicted to be largely unstructured and not having any known functional motifs. We
hypothesized that this region could mediate SKIP self-association, increasing the valency of
the interactions with other partners. Indeed, co-immunoprecipitation experiments showed
that full-length Myc-SKIP and Myc-SKIP1_gg3, but not Myc-SKIP1_3qq, CO-precipitated
with full-length GFP-SKIP (Figure 4D). Yeast two-hybrid (YY2H) analysis confirmed the
requirement of the middle region for self-association by showing that full length SKIP
interacted with itself, but not with SKIP1_3qq (Figure 4E). These experiments thus
demonstrated that the 301-603 region of SKIP is required for self-association.

Self-Association Promotes the Function of SKIP in Lysosome Dispersal

To determine if SKIP self-association contributes to its function, we examined the effect of
forcing rapalog-induced dimerization of SKIP1_300-RFP and SKIP1_3q9-GFP fused to the
FKBP (FK506- and rapamycin-binding protein) and FRB (FKBP-rapamycin binding)
modules, respectively [44] (Figure 4F,G). We observed that, in the absence of rapalog,
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SKIP1_309-FKBP-RFP and SKIP4_3q0-FRB-GFP were cytosolic and did not affect the
distribution of lysosomes (Figure 4H) in (wild-type) WT HeLa cells. Addition of rapalog,
however, resulted in the redistribution of both SKIP1_300-FKBP-RFP and SKIP1_3go-FRB-
GFP, as well as lysosomes, to cell vertices (Figure 4H). Notably, rapalog-induced
dimerization of SKIP1_309-FKBP-RFP with SKIP;_390-FRB-GFP in ARL8-KO Hel.a cells
also resulted in accumulation of these constructs at cell vertices, but lysosomes remained
unperturbed (Figure 41). From these experiments, we concluded that inducing dimerization
of SKIP1_3gp0 in WT cells is sufficient to rescue movement of this construct toward the cell
periphery together with lysosomes. In ARL8-KO cells, on the other hand, SKIP1_3qg
dimerization enabled movement of this construct to cell vertices but did not alter the
distribution of lysosomes because of the inability of these organelles to bind SKIP in the
absence of ARLS. Therefore, the requirement of the middle region for function can be
explained by its ability to mediate SKIP self-association.

The C-Terminus of SKIP Negatively Regulates its Association with Kinesin-1

Although the C-terminal region comprising the three PH domains (amino acids 604-1019)
was dispensable for the ability of SKIP to move lysosomes toward the cell periphery (Figure
2A-D), two observations suggested that it could have an inhibitory role. First, deletion of
this region increased the co-precipitation of SKIP with kinesin-1 (Figure 4A-C). Second,
whereas a dimer of SKIP1_3go-FKBP-RFP with SKIP1_300-FRB-GFP (lacking the C-
terminal region) associated with cell vertices in ARL8-KO cells (Figure 4l), full-length
Myc-SKIP was cytosolic in those cells (Figure 3C). To further investigate the function of the
SKIP C-terminal region, we examined the behavior of full-length SKIP and SKIP1_gg3 in
WT cells (Figure 5A) and various KO cell lines (Figure 5B-E) (quantification is shown in
Figure 5F). We observed that in WT cells both full-length SKIP and SKIP;_gg3 associated
with lysosomes and moved them to the cell periphery (Figure 5A,F), as shown before
(Figure 2B-D). In KIF5B-KO cells, full-length SKIP and SKIP;_go3 also associated with
lysosomes, but were unable to move lysosomes to the cell periphery (Figure 5B,F),
consistent with the requirement of kinesin-1 for the effects of SKIP on lysosome positioning
[20, 22]. In contrast, KO of the kinesin-3 KIF1B, which moves lysosomes in an ARL8-
dependent but SKIP-independent manner [22], did not prevent the ability of both SKIP
constructs to redistribute lysosomes to the cell periphery (Figure 5C,F). KO of ARL8B had
an intermediate phenotype, with partial localization of both SKIP constructs and lysosomes
to cell vertices (Figure 5D,F); the residual effect was probably due to the function of
ARLBSA. Indeed, double KO of ARL8A and ARLS8B (i.e., ARL8 KO) prevented the
peripheral redistribution of lysosomes by overexpression of either full-length SKIP or
SKIP1_go3 (Figure 5E,F). However, whereas full-length SKIP was predominantly cytosolic
and failed to accumulate at cell vertices, SKIP1_gq3 localized to cell vertices in the majority
of cells (Figure 5E,F). The SKIP;_go3 that moved to cell vertices in ARL8-KO cells was
probably not associated with any organelles, since SKIP is only known to bind to lysosomes
via ARL8 (Rosa-Ferreira and Munro, 2011). These experiments thus demonstrated that that
the C-terminus of SKIP prevents the movement of full-length SKIP in ARL8-KO cells,
suggesting that ARL8 may relieve an inhibitory effect of the C-terminal domain (amino
acids 604-1019). Additionally, these experiments demonstrated that the association of full-
length SKIP with lysosomes is independent of kinesin-1 binding (Figure 5B), but kinesin-1
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binding and the consequent accumulation of SKIP at cell vertices are dependent on ARLS
(Figure 5E).

ARLS8 Enhances Binding of SKIP to Kinesin-1 by Relieving the Inhibitory Effect of the C-
Terminal Domain

To further investigate the function of the C-terminal domain of SKIP, we examined the
localization of several SKIP truncation mutants in ARL8-KO cells. We observed that Myc-
tagged SKIP1_go3 (lacking PH1-3), SKIP1_77, (lacking PH2-PH3) and SKIP1_gg3 (lacking
PH3) were all partially localized to cell vertices, whereas full-length SKIP was cytosolic
(Figure S3). As expected from the absence of ARLS8, none of these constructs altered the
centrally clustered distribution of lysosomes (Figure S3). To determine if ARLS8 influences
the inhibitory effect of the SKIP C-terminal domain on the interaction of SKIP with
kinesin-1 (Figure 4A-C), we compared the co-precipitation of different Myc-tagged SKIP
constructs with endogenous KIF5B and KLC2 in WT and ARL8-KO cells (Figure 6A-C).
These experiments showed that ARL8-KO did not affect the co-precipitation of SKIP1_gp3
but decreased the co-precipitation of full-length SKIP with kinesin-1 (Figure 6A-C).
Conversely, overexpression of ARL8B-mCherry in WT cells increased the co-precipitation
of kinesin-1 with full-length SKIP (Figure 6D—F). This effect was dependent on the
nucleotide-bound state of ARL8B-mCherry, as the co-precipitation of kinesin-1 was
increased by GTP-bound (Q75L) but not GDP-bound (T34N) ARL8B-mCherry in WT cells
(Figure 6G—I) Therefore, ARL8-GTP activates SKIP for binding to kinesin-1 in the presence
of the SKIP C-terminal domain, but not in the absence of this domain, when SKIP is already
activated.

Interaction Between the N- and C-Terminal Domains of SKIP

To explain the ARL8-dependence of the inhibitory role of the SKIP C-terminal domain, we
hypothesized that the N- and C-terminal domains of SKIP could interact with each other,
thus precluding binding of the WD-WE motifs to kinesin-1 and necessitating the
intervention of ARLS8 to break up the intramolecular interaction. Indeed, we observed that
purified recombinant GST-SKIPgga_1019 (/.€., C-terminal region construct), but not GST,
was able to pull down Myc-SKIP1_gg3 (7.€., N-terminal region construct) expressed by
transfection in HEK293T (Figure 6J,K). Moreover, Y2H assays confirmed the specific
interaction of SKIPgps_1019 With SKIP1_gg3 (Figure 6L). These experiments thus
demonstrated an intramolecular interaction between the N- and C-terminal domains of SKIP.

ARLS8 Promotes Activation of Kinesin-1 by SKIP

Binding of SKIP via Trp-acidic motifs to KLC reverses KHC autoinhibition, resulting in
kinesin-1 activation for movement of lysosomes to the cell periphery [42]. To determine
whether kinesin-1 activation is dependent on the activation state of SKIP, we co-transfected
ARLS8-KO cells with plasmids encoding GFP-KIF5B and HA-KLC?2 in the absence or
presence of ARL8B-mCherry and different Myc-SKIP constructs, and examined kinesin-1
activation by its ability to move toward cell vertices (Figure 7A,B). We observed that, in the
absence of ARL8B-mCherry, GFP-KIF5B and HA-KLC2 were largely cytosolic,
irrespective of the absence or presence of full-length Myc-SKIP (Figure 7A,B), consistent
with kinesin-1 being autoinhibited under these conditions. In the presence of ARL8B-
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mCherry, on the other hand,, full-length Myc-SKIP, GFP-KIF5B and HA-KLC2
redistributed to cell vertices along with ARL8B-mCherry (Figure 7A,B). Finally, we
observed that SKIP1_gp3 promoted GFP-KIF5B and HA-KLC2 movement to cell vertices in
the absence of ARL8B-mCherry (Figure 7A,B). These findings indicated that kinesin-1 can
be activated by full-length Myc-SKIP in the presence but not the absence of ARL8B-
mCherry, or by SKIP1_gg3 even in the absence of ARL8B-mCherry, consistent with
kinesin-1 activation depending on activated SKIP.

Discussion

Our structure-function analysis of SKIP has revealed a novel regulatory mechanism for a
kinesin adaptor, involving an autoinhibitory interaction between the N- and C-terminal
regions of SKIP that is relieved by ARLS8 (Figure 7C). This mechanism is analogous to that
of several kinesins, whose autoinhibitory, intramolecular interactions are reversed by binding
to adaptors or cargos [26—39]. For both SKIP and kinesins, autoinhibition ensures that the
proteins exist as inactive forms in the cytosol, preventing futile interactions until they are
needed for engagement in cargo movement along microtubules.

The C-Terminal Region of SKIP Mediates Autoinhibition

The function of the C-terminal region of SKIP was not known prior to this work. Previous
studies had shown that this region encompassed a PH domain (herein named PH2) that
interacted with RAB9A [43] and with the Salmonella effector SifA [45]. Our experiments
showed that both PH2 and RAB9A are dispensable for association of SKIP with lysosomes
and for the ability of SKIP to move lysosomes to the periphery (Figures 2 and 3), so the
functional significance of the PH2-RAB9A interaction remains to be established. The
interaction of PH2 with SifA, on the other hand, was shown to promote the formation and
movement of kinesin-1-enriched vesicles derived from Salmonella-containing vacuoles,
demonstrating that it plays a role in the context of intracellular bacterial infection [18]. Our
bioinformatic analyses predicted that the C-terminal region of SKIP comprises two
additional PH domains (named PH1 and PH3) flanking the previously known PH2 domain
(Figure 1). In general, PH domains bind proteins or membrane lipids [46]. We recently
found that SKIP binds phosphoinositides including Ptdins(4)P, which is enriched in
phagolysosomes and regulates the emergence of membrane tubules in the process of
phagolysosome resolution [47]. However, it remains to be determined if this binding is
mediated by the PH domains. In any event, deletion of the entire C-terminal region did not
prevent the ability of SKIP to associate with lysosomes and to move them toward the cell
periphery (Figure 2). Rather, this deletion enhanced binding of SKIP to kinesin-1 (Figure
4A-C), consistent with the C-terminal region having an inhibitory role. Further analyses
showed that the C-terminal region interacted with the N-terminal region of SKIP (Figure 6J—
L), supporting a model in which an intramolecular interaction between the N- and C-
terminal regions hinders binding of SKIP to kinesin-1 and thus negatively regulates the
function of SKIP in lysosome movement. Although the molecular details of this
autoinhibitory mechanism remain to be determined, we speculate that the intramolecular
interaction likely blocks access of the WD-WE motifs of SKIP to the KLC-TPR and KHC-
tail domains of kinesin-1.
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ARLS Relieves SKIP Autoinhibition

Our studies also revealed a mechanism by which autoinhibition of SKIP is relieved through
interaction with ARLS8. This GTPase was already known to recruit SKIP to lysosomes by
virtue of its interaction with the RUN domain [20]. We found that ARL8 KO prevented the
movement of full-length SKIP, but not SKIP1_gp3 (lacking the C-terminal region), to cell
vertices (Figure 5). Moreover, ARL8 KO reduced the interaction of full-length SKIP, but not
SKIP1_go3, With kinesin-1, and ARL8 overexpression increased this interaction (Figure 6).
Therefore, binding of ARL8 to the RUN domain of SKIP likely promotes a conformational
change that frees the WD-WE motifs for interaction with kinesin-1. ARLS8 thus serves both
as an anchor for SKIP at the lysosomal membrane and as an activator of SKIP for binding to
kinesin-1. This mechanism is reminiscent of the RAB6A-induced relief of BicD2
autoinhibition for the function of the latter as an adaptor/activator of dynein-dynactin [48].
We speculate that a similar mechanism may operate for other kinesin and dynein-dynactin
adaptors that interact with small GTPases, as is the case for the FHF complex and RAB5
[49], FYCO1-RABY [17], protrudin-RAB7 [50], RILP-RAB7 [12, 51] and RAB11FIP3-
RAB11 [52]. A GTPase-triggered chain of conformational activation events may be a
common mechanism for the regulated coupling of various cargos to microtubule motors.

Connections to the Pathogenesis of DCM/LVNC

Two mutations in SKIP were recently identified as causes for the hereditary cardiac
disorders autosomal-recessive dilated cardiomyopathy (DCM) and left ventricular
noncompaction (LVNC) in humans [9]. These mutations remove either part of the PH1
domain or most of the C-terminal region [9], thus affecting the part of SKIP that is
responsible for autoinhibition. It is therefore possible that dysregulation of SKIP inhibition/
activation contributes to the pathogenesis of these disorders. However, fibroblasts from
DCM/LVNC patients also exhibit reduced levels of the mutant SKIP proteins [9], probably
due to destabilization and degradation. Future studies are needed to distinguish if the disease
results from the dysregulation or reduced levels of SKIP. It also remains to be determined
why these mutations cause specific defects in the heart, since SKIP is ubiquitously expressed
[53]. Because ARLS can recruit the kinesin-3 KIF1Bp to lysosomes [22], it is possible that
this alternative mechanism mitigates the reduction in ARL8-SKIP-kinesin-1 lysosome
coupling in cells other than cardiomyocytes.

Functional Requirement for Self-Association Mediated by the Middle Region of SKIP

Our molecular dissection of SKIP also revealed a requirement for the middle region (amino
acids 300-603) in SKIP function. Although this region is predicted to be largely disordered
(Figure 1B) and does not have any known motifs, its high degree of conservation in
vertebrates (Figure S2) was suggestive of a functional requirement. Indeed, we found that,
despite having the reported binding sites for ARL8 (7.e., RUN domain) and kinesin-1 (7.e.,
WD-WE motifs), a SKIP1_3q0 construct was inactive, whereas a SKIP_gp3 construct
including the middle region was active in moving lysosomes toward the cell periphery
(Figure 2). Moreover, SKIP1_goz bound kinesin-1 with greater avidity than SKIP1_3gg
(Figure 4A-C). Since other microtubule motor adaptors such as FYCO1 [17], protrudin [54],
FEZ1 [55], RILP [56], JIP3 [57, 58] and RAB11FIP3 [59] function as dimers or oligomers,
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we hypothesized that the middle region of SKIP could similarly mediate self-association.
Our experiments showed that this was indeed the case, as we observed co-
immunoprecipitation and Y2H interaction of SKIP constructs having the middle region but
not of those lacking this region (Figure 4D,E). Moreover, we demonstrated that self-
association is critical for SKIP function by showing that forced dimerization of SKIP1_3gg
using a FKBP-FRB-rapalog system conferred on this otherwise inactive construct the ability
to move lysosomes to the cell periphery (Figure 4F-I). Therefore, self-association via the
middle region enhances the function of SKIP.

Concluding Remarks

Our studies have thus identified two novel structural features of SKIP that contribute to its
function as an adaptor of lysosomes to kinesin-1: an interaction between the N- and C-
terminal regions that inhibits SKIP function until bound by ARLS, and self-association
mediated by the middle region that promotes interaction with kinesin-1. These findings
indicate that SKIP is not just a passive link between lysosome-bound ARLS and kinesin-1
but is subject to intra- and inter-molecular interactions that modulate its function as a kinesin
adaptor. It will now be of interest to investigate if other kinesin adaptors are similarly
regulated.

STAR Methods

Resource Availabilty

Lead Contact—Further information and requests for reagents may be directed to and will
be fulfilled by the Lead Contact, Juan S. Bonifacino (juan.bonifacino@nih.gov).

Materials Availability—ARLS8- and RAB9A-knockout cells generated in this study are
available upon request. Plasmids not covered by any restrictions like MTAs generated in this
study are available upon request.

Data and Code Availability—This study did not generate any unique datasets or code.

Experimental Model and Subject Details

Cells—HeLa and HEK293T cells (ATCC, Manassas, VVA) were cultured in complete
DMEM (CDMEM) that consisted of Dulbecco’s Modified Eagle’s Medium (DMEM)
(112-319-101, Quality Biological, Gaithersburg, MD) supplemented with 10% fetal bovine
serum (35-011-CV, Corning, NY), 50 U/mL penicillin, 50 pg/mL streptomycin (30002-CL,
Corning), and MycoZap Plus-CL (VZA-2011, Lonza, Basel, Switzerland) at 37°C and 5%
CO». For immunofluorescence microscopy, transfections were performed using 24-well
plates (Corning) with 0.1-0.5 pg plasmid and 1pL Lipofectamine 2000 (11668019, Thermo
Fisher scientific, Waltham, MA) according to the manufacturer’s protocol. Transfection
medium was replaced with CDMEM after 1 h. Cells were analyzed ~24 h after transfection.
For FKBP-FRB dimerization experiments (Figure 3H-1), 1 h after transfection, the medium
was replaced with CDMEM supplemented with 0.5 uM A/C heterodimerizer (Takara Bio
Inc., Shiga, Japan). For co-immunoprecipitation experiments, cells were grown in 10-cm
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dishes (Corning) and transfections were performed using 1-8 ug plasmid. Cells were kept in
the transfection medium until they were harvested.

Method Details

Recombinant DNA Constructs—Constructs encoding SKIP truncations were generated
from a pPCMV-Myc-SKIP plasmid containing full-length SKIP (gift from Stéphane Méresse,
Centre d’Immunologie de Marseille-Luminy, France) by insertion of a stop codon using
PCR site-directed mutagenesis with back-to-back primer design. Sequences encoding Hisg-
GFP fusion proteins were subcloned into the pET28a-Hisg-sf-GFP vector between Kpnl and
Notl endonuclease restriction sites. To create pGEX-6P-GST-SKIP, pGBT9-SKIP and
pGADTT7-SKIP, the coding sequence for SKIP was amplified by PCR from Myc-SKIP
plasmid and subcloned into pGEX-6P, pGBT9 or pPGADT7 vectors by Gibson assembly
[62]. To create SKIP;_39p-EGFP-FRB and SKIP1_3p0-RFP-FKBP, a SKIP_3g9-encoding
fragment was subcloned into the pPEGFP-N1-FKBP-RFP and pEGFP-N1-FRB-EGFP
plasmids between Sacl and Sall endonuclease restriction sites. ARL8B-mCherry Q75L and
T34N mutations were introduced by Quikchange site directed mutagenesis method (200521,
Agilent Technologies, Santa Clara, CA). DNA sequences were verified by Sanger
sequencing. Additional plasmids that were used in the study are listed in the Key Resources
Table.

Generation of CRISPR-Cas9 KO Cell Lines—To generate ARL8 double-KO cells, the
ARLSBA gene was knocked out in ARL8B-KO cells [21]. The following pairs of gRNAs
targeting the ARLS8A gene with a Bbsl restriction site and PAM sequence were used: 5’-
CACCGCGCGATCACGTTGACGAAGG-3’,5’-
AAACCCTTCGTCAACGTGATCGCGC-3’ and 5’-
CACCGCTGGTCGGGCTTCAGTACT-3’, 5'-AAACGAGTACTGAAGCCCGACCAGC-3’
(Eurofins Genomics, Louisville, KY). Complementary gRNAs were annealed by PCR and
subcloned into the pSpCas9(BB)-2A-GFP (pX-458) vector (Addgene plasmid #48138)
between Bbsl endonuclease restriction sites [63]. ARL8B-KO Hela cells were co-
transfected with plasmids encoding the two different gRNAs. GFP-positive cells were
isolated by fluorescence-activated cell sorting (FACS), and 5% of the highest GFP-positive
cells were collected. The collected cells were diluted to 3,000 cells per 10-cm dish. After 14
days, colonies were expanded, and cells analyzed by immunobloting with antibody to
ARLBSA. Positive colonies were verified by genomic DNA extraction followed by PCR
amplification and sequencing. The ARL8-KO cells harbor, in addition to the ARL8B gene
KO, an 8 base-pair deletion in the ARLE8A gene encoding a 30-amino-acid protein instead of
186-amino-acid protein. RAB9A-KO was carried out as described for ARL8-KO using the
following targeting gRNAs: 5’-CACCGCACCTATTGTATGGAAGAGC-3’, 5’-
AAACGCTCTTCCATACAATAGGTG-3’ and 5’-
CACCGAAAATTCCACACCTATTGTA-3’, 5’-AAACTACAATAGGTGTGGAATTTTCS3".
Positive colonies were verified by PCR with the following primers: Forward: 5’-
GAAGTGGATGGACATTTTGTTACC-3’ and Reverse: 5’-
CAGGCAGCAGTCAGAACCTATGTAAAATGG-3’, and by immunablotting with antibody
to endogenous RAB9A. KIF5B-KO and KIF1B-KO Hela cells [64] were previously
described.
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Immunofluorescence Microscopy—Cells were washed three times in PBS
supplemented with 1 mM MgCl;, (351-033-721, Quality Biological) and 0.1 mM CaCl,
(21115, Sigma-Aldrich, St. Louis, MO) (PBS-CM), fixed with 4% paraformaldehyde (PFA)
(15714-S, Electron Microscopy Sciences, Hatfield, PA), permeabilized with 0.2% Triton
X-100, blocked with PBS-CM supplemented with 0.2% bovine serum albumin (BSA)
(A-421, GoldBio, St. Louis, MO), stained and mounted with fluoromount-G with DAPI
(17984-24, Electron Microscopy Sciences). Images were acquired on a Zeiss LSM780
confocal microscope fitted with a Plan-Apochromat 63X, 1.4 numerical aperture (NA)
objective (Carl Zeiss, Oberkochen, Germany). Images were processed in ImageJ (Schneider
etal., 2012).

Antibodies—Antibodies to the following antigens were used for immunostaining and
immunoblotting: LAMTOR4 (D4P60, Cell Signaling Technology, Danvers, MA), c-Myc
(9E10, Santa Cruz Biotechnology, Santa Cruz, CA), c-Myc-HRP (9E10, Santa Cruz
Biotechnology), HA (AB3254, Sigma-Aldrich), GFP-HRP (130-091-833, Miltenyi Biotec,
Bergisch Gladbach, Germany), KIF5B (ab167429, Abcam, Cambridge, UK), KLC2 (a
mixture of two antibodies: PA5-59168, Thermo Fisher Scientific, and ab95881, Abcam),
RABYA (D52G8) XP, Cell Signaling Technology), ARL8B (13049-1-AP, Proteintech,
Rosemont, IL), ARL8A (17060-1-AP, Proteintech, Rosemont, IL), a-tubulin (DM1A,
T-9026, Sigma-Aldrich) and mCherry (16D7, M11217, Thermo Fisher Scientific). The
following fluorescently-labeled secondary antibodies were used for immunofluorescence
microscopy: Alexa Fluor 546-conjugated donkey anti-rabbit 1gG, Alexa Fluor 488-
conjugated donkey anti-mouse IgG and Alexa Fluor 488-conjugated donkey anti-rabbit 1gG,
Alexa Fluor 647-conjugated donkey anti-mouse 1gG and Alexa Fluor 647-conjugated
donkey anti-rabbit 1gG (Thermo Fisher Scientific) and Alexa Fluor 405-conjugated goat
anti-chicken IgY (H+L) (Abcam). The following HRP-conjugated secondary antibodies
were used for immunoblotting: HRP-conjugated goat anti-rabbit 19G (H+L) (111-035-003),
HRP-conjugated goat anti-rat 19G (H+L) (112-035-143) and HRP-conjugated donkey anti-
mouse IgG (H+L) (715-035-150) (Jackson ImmunoResearch, Westgrove, PA). More detailed
antibody information can be found in the Key Resources Table.

Co-Immunoprecipitation—For co-immunoprecipitation of SKIP or SKIP mutants with
KIF5B and KLC2 (Figures 4A, 6A, 6D, 6G), ~2—2.5x10° cells were plated on a 10-cm dish.
The next day, cells were transfected with the indicated plasmids, and harvested ~24-36 h
later. Cells were washed three times in ice-cold PBS, each time followed by centrifugation
for 5 min at 500 x gand 4° C. Cells pellets were resuspended in 1 mL ice-cold buffer [25
mM Tris-HCI pH 7.4, 0.15 M NaCl, 1 mM EDTA, 1% NP40 (011332473001, Roche), 5%
glycerol] supplemented with complete EDTA-free protease inhibitor capsule (1836170,
Roche, Basel, Switzerland) at 4°C for 30 min with occasional mixing. The soluble fraction
was separated by centrifugation for 10 min at 20,000 x gand 4°C. Samples were loaded
onto 15 pL Pierce™ anti-c-Myc magnetic beads (88842, Thermo Fisher Scientific) and
incubated on a rotating wheel for 2 h at 4°C. Following incubation, samples were washed
three times in wash buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05 % Tween-20) and
separated by centrifugation for 3 min at 500 x gand 4°C. Samples were eluted by heating
for 10 min at 99°C with 1X Laemmli Sample Buffer (1610747, Bio-Rad, Hercules, CA).
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Co-immunoprecipitation experiments to analyze self-association (Figure 4D) were carried
out with GFP-Trap magnetic agarose kit (gtmak-20, ChromoTek GmbH, Planegg-
Martinsried, Germany). Samples were incubated on 15 pL GFP-trap resin and processed
according to the manufacturer’s protocol.

Purification of Recombinant Proteins—Plasmids encoding GST and GST-
SKIPgo4_1019 Were transformed into BL21-CodonPlus (DE3) RP E. coli cells (230255,
Agilent Technologies) and grown in 1 L Terrific Broth medium supplemented with
antibiotics [100 pg/mL ampicillin (A1066, Sigma-Aldrich), 34 pg/mL chloramphenicol
(C-6378, Sigma-Aldrich)] at 37°C, with constant shaking. Cultures were induced with 1 mM
IPTG (isopropyl p-D-1-thiogalactopyranoside) (12481, GoldBio) and incubated for 16 h at
16°C. Bacteria were harvested by centrifugation for 20 min at 4,000 rpm and 4°C. Pellets
were resuspended in buffer containing 50 mM Tris-HCI pH 8.0, 300 mM NacCl, 5% glycerol
and 4 mM 1,4-dithiothreitol (DTT) (10708984001, Sigma-Aldrich) supplemented with
lysozyme (VWRV0663, VWR, Radnor, PA), DNase | (LS002139, Worthington Biochemical
Corporation, Lakewood, NJ) and complete EDTA-free protease inhibitor capsules (1836170,
Roche). Final lysis was achieved by sonication. The soluble fraction was separated by
centrifugation for 45 min at 16,000 rpm and 4°C and incubated with glutathione-Sepharose
4B (17-0756-05, GE Healthcare, Chicago, IL) for 2 h at 4 °C. Following washes with buffer
(50-100 column volumes), sample was eluted with buffer composed of 50 mM Tris-HCI pH
8.0 and 10 mM glutathione. Samples were further purified by size-exclusion
chromatography on a Superdex 200 10/300 column. Purified proteins were further
concentrated, flash-frozen in liquid nitrogen and stored at —80 °C.

GST Pulldowns—HEK?293T cells transiently transfected with plasmid encoding Myc-
SKIP1_go3 Were lysed in 400 uL buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5 mM
EDTA, 0.5% NP-40, 0.09% sodium azide). Following incubation and centrifugation, the
soluble fraction was diluted in 600 pL buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5
mM EDTA, 0.018% sodium azide). Lysates (240 L) were incubated with 10 pl glutathione-
Sepharose 4B preloaded with equal amounts of bound GST and GST-SKIPgg4_1019. One-
hundred pL of buffer (25 mM HEPES pH 7.4, 300 mM NaCl, 5mM MgCl,) was added to
samples to a total reaction volume of 350 uL. Samples were incubated while rotating for 1 h
at 4°C. Following incubation, the bound fraction was separated by centrifugation for 5 min
at 500 x gand 4°C, and washed three times with 1 mL buffer (10 mM Tris-HCI pH 7.5, 150
mM NaCl, 0.5 mM EDTA, 0.018% sodium azide). Samples were boiled in Laemmli buffer
and analyzed by SDS-PAGE and immunoblotting.

Yeast Two-Hybrid Assays—Transformation into the AH109 yeast strain was performed
with EZ-YEAST™ transformation kit (112100200, MP Biomedicals, Santa Ana, CA)
according to the manufacturer’s protocol, with the following modifications: after incubation
at 42°C, yeast were centrifuged for 3 min at 10,000 x g, then residual PEG was removed,
and the pellet was resuspended with 25 L double-distilled water. The resuspended pellet
was spread on drop-out media plates lacking leucine and tryptophan. Plates were incubated
at 30°C for 4-6 days. For binding experiments, yeast colonies were resuspended in 200 uL
double-distilled water. Samples were normalized to optical density at 600 nm of 0.05-0.1

Curr Biol. Author manuscript; available in PMC 2022 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keren-Kaplan and Bonifacino Page 14

with double-distilled water in a final volume of 100 pL. Samples of 4 uL were spotted onto
plates lacking histidine, leucine and tryptophan supplemented with 0-30 mM 3AT (3-
amino-1,2,4-triazole, Sigma-Aldrich). Plates were incubated at 30°C for 4-8 days.

Quantification and Statistical Analyses—KIF5B/Myc-SKIP and KLC2/Myc-SKIP
ratios in co-immunoprecipitation experiments (Figures 4B, 4C, 6B, 6C, 6E, 6F, 6H and 61)
were calculated using ImageJ [65] of bound Myc-SKIP, KIF5B and KLC2 bands in
immunoblots. Accumulation of SKIP constructs and lysosomes at cell vertices (Figures 2C,
2D, 3D, 3E, 3G and 3H) was quantified by collecting images from independent experiments
at subsaturation settings and analyzing the images with ImageJ. For each channel, the
intensity at the vertices was calculated relative to the total cell intensity. For untransfected
cells, an equivalent region of interest at the vertices was used (~5-10% of total cell area).
The region of vertices was defined as the peripheral area with accumulation of SKIP and
lysosomes. Cells of similar size were selected for analysis when different cell lines were
compared (Figure 3D-E). Data are presented as SuperPlots [60]. Statistical significance was
calculated by one-way ANOVA followed by multiple comparisons using Dunnett’s test.
Quantification of cells showing a phenotype (Figures 5F and 7B) was done by counting cells
from each sample in two independent experiments. Percentages of cells showing a particular
phenotype were calculated for each experiment, followed by calculation of the average
percentage from the two experiments. Total numbers of cells counted are indicated on the
figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. SKIP is an adaptor that mediates regulated coupling of lysosomes to kinesin-1
. SKIP is autoinhibited by intramolecular interaction of its N- and C-terminal

parts

. The GTPase ARLS relieves SKIP autoinhibition besides recruiting SKIP to
lysosomes

. SKIP exemplifies the regulation of a kinesin adaptor by reversible
autoinhibition
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Figure 1. Structural Organization of SKIP
(A) Domain organization of SKIP from different animal species. Boxes indicate domains

and motifs. RUN: RPIP8, UNC-14 and NESCA domain; WD: Trp-Asp motif; WE: Trp-Glu
motif; PH: pleckstrin homology domain. Amino-acid numbers are indicated. Arrows
indicate interactions with binding partners. H.s.. Homo sapiens, M.m.: Mus musculus, G.g..
Gallus gallus, D.r.: Danio rerio, X.t.: Xenopus tropicalis, D.m.: Drosophila melanogaster.
Notice that Drosophila SKIP does not contain a RUN domain or WD/WE maotifs, but its C-
terminal domain is well conserved. The RUN domain mediates ARL8-dependent coupling to
lysosomes [20] and RAB1A-dependent coupling to melanosomes [40]. Because
melanosomes are not present in the cells used in this study, the role of RABL1A was not
analyzed.

(B) Consensus secondary structure prediction of SKIP generated at the NPS-IBCP server
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_seccons.html).

(C) PH domain predictions by the PredictProtein server (https://www.predictprotein.org/).
Notice the similarity in the secondary structure of the predicted PH1 and PH3 to the known
PH2. HHpred (https://toolkit.tuebingen.mpg.de/tools/hhpred) also predicts PH1 and PH3 to
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be structurally similar to PH domains with high probabilities (95.2% for PH1 and 91.8% for
PH3).

(D) Structural models of PH1 and PH3 according to the PHYREZ2 Protein Fold Recognition
Server superimposed on the known structure of PH2 (PDB ID: 3CXB). Confidence levels
for PH1 and PH3 were 99.3% and 30.56%, respectively. Models were represented with
UCSF Chimera.
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Figure 2. Effect of SKIP Deletions on Lysosome Positioning
(A) Schematic representation of the SKIP deletion constructs used in these experiments.

Domain organization of SKIP is as described in the legend to Figure 1. The constructs were
tagged with a Myc epitope at the N-terminus.

(B) Confocal immunofluorescence microscopy of WT HeLa cells transfected with plasmids
encoding the Myc-SKIP constructs represented in panel A, and co-immunostained with
antibodies to the Myc epitope (green channel) and to the lysosomal marker LAMTORA4 (red
channel). Nuclei were stained with DAPI (blue). Single channels are shown in grayscale
with nuclei in blue. Cell edges are outlined. Arrows point to accumulation of Myc-SKIP and
LAMTORA at cell vertices. Scale bars: 10 um.
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(C,D) Quantification of the ratio of peripheral to total Myc-SKIP constructs (C) and
endogenous LAMTOR4 (D) from experiments such as those shown in panel B, represented
as SuperPlots [60]. Peripheral fluorescence refers to the presence of the proteins at cell
vertices. Horizonal lines indicate the mean + SD of the means from 3 independent
experiments. Experiments are color coded. Big circles represent the mean and small dots the
individual data points from each experiment. The total number of cells analyzed is indicated
on top of each value. Statistical significance was calculated by one-way ANOVA followed
by multiple comparisons to Myc-SKIP-expressing cells using Dunnett’s test. Not significant
(n.s.) P>0.05, *P<0.05, ***P<0.001.
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Figure 3. Analysis of the Requirement of ARL8 and RAB9A for SKIP function
(A) Immunoblot analysis of WT and ARL8A-ARL8B-KO (referred to as ARL8-KO) HelLa

cells with antibodies to ARL8A, ARL8B and a-tubulin (loading control).

(B) Immunoblot analysis of WT and RAB9A-KO HelLa cells with antibodies to RAB9A and
a-tubulin (loading control). In A and B, numbers on the left indicate the positions of
molecular mass markers (in kDa).

(C) Confocal immunofluorescence microscopy of WT, ARL8-KO and RAB9A-KO Hela
cells transfected with a plasmid encoding Myc-SKIP and co-immunostained with antibodies
to the Myc epitope (magenta) and the lysosomal marker LAMTOR4 (red). Nuclei were
stained with DAPI (blue). Single channels are shown in grayscale with nuclei in blue. Cell
edges are outlined. Arrows indicate accumulation of Myc-SKIP and LAMTORA4 at cell
vertices. Scale bars: 10 um.
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(D,E) Quantification of the ratio of peripheral to total Myc-SKIP (D) and endogenous
LAMTOR4

(E) from experiments such as those shown in panel C, calculated and represented as
described in the legend to Figure 2C. Not significant (n.s.) P>0.05, ***P<0.001,
****%P<0.0001.

(F) Confocal immunofluorescence microscopy of ARL8-KO cells co-transfected with
plasmids encoding Myc-SKIP together with ARL8B-GFP or GFP-RAB9A. Cells were co-
immunostained with antibodies to the Myc epitope (magenta) and to the lysosomal marker
LAMTORA4 (red). GFP fluorescence is shown in the green channel. Nuclei were stained with
DAPI (blue). Single channels are shown in grayscale with nuclei in blue. Cell edges are
outlined. Arrows indicate accumulation of Myc-SKIP and LAMTORA4 at cell vertices. Scale
bars: 10 um. The related Figure S1 shows the effect of expressing constitutively active
ARLS8B-GFP-Q75L and inactive ARL8BGFP-T34N on Myc-SKIP function in ARL8-KO
cells.

(G,H) Quantification of the ratio of peripheral to total Myc-SKIP (G) and endogenous
LAMTORA4 (H) from experiments such as those shown in panel F, calculated and
represented as described in the legend to Figure 2C. Not significant (n.s.) P>0.05,
***pP<(.001, ****P<0.0001.
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Figure 4. SKIP Self-Association Mediated by the Middle Region Enhances Interaction with
Kinesin-1

(A) Co-immunoprecipitation of Myc-SKIP constructs with endogenous kinesin-1. HEK293T
cells were transfected with plasmids encoding the indicated Myc-SKIP constructs, subjected
to immunoprecipitation with antibody to the Myc epitope and analyzed by SDS-PAGE and
immunoblotting for the Myc epitope and the endogenous KIF5B and KLC2 subunits of
kinesin-1. Immunoblotting for KIF5B is shown in short and long exposures.

(B,C) Quantification of experiments shown in panel A. Signal intensity was quantified using
Image J. The ratio of KIF5B (B) and KLC2 (C) to immunoprecipitated Myc-SKIP was
calculated. Values are the mean + SD from 4 independent experiments. Statistical
significance was calculated by one-way ANOVA followed by multiple comparisons to full-
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length SKIP using Dunnett’s test., **P<0.01, ****P<0.0001. Independent experiments are
color coded.

(D) Co-immunoprecipitation of SKIP constructs. HEK293T cells were co-transfected with
plasmids encoding the indicated Myc-SKIP constructs and full-length GFP-SKIP or GFP
(control), subjected to immunoprecipitation with antibody to GFP, and analyzed by SDS-
PAGE and immunoblotting with antibodies to the Myc epitope and GFP. Data are
representative of 2 independent experiments with similar results. Vertical white lines
indicate places where blots were cut to remove irrelevant lanes. All lanes are from the same
blots in the same experiment. In A and D, numbers on the left indicate the positions of
molecular mass markers (in kDa).

(E) Yeast two-hybrid analysis of the interaction of full-length SKIP or the SV40 T-antigen
(control) fused to the B-Gal activation domain (AD), and full-length SKIP or SKIP1_3gg
fused to the p-Gal DNA-binding domain (BD). Growth in the absence of histidine (-His)
indicates binding between the proteins. Thirty mM 3AT was added to reduce non-specific
interactions. Data are representative of 3 experiments with similar results.

(F) Schematic representation of the constructs used to perform rapalog-induced dimerization
of SKIP1_3q0 as previously described for microtubule motors [61]. Domains of SKIP are as
described in the legend to Figure 1. SKIP constructs were C-terminally appended with
FKBP-RFP or FRB-GFP.

(G) Cartoon representing the hypothetical effect of rapalog addition to WT HeLa cells co-
expressing the constructs shown in panel F if dimerization of SKIP1_3q enables coupling of
lysosomes to kinesin-1. SKIP1_3qg plasmids tagged with FKBP-RFP or FRB-GFP are
cytosolic in the absence of rapalog. Addition of rapalog induces the dimerization of FKBP
with FRB, promoting the accumulation of SKIP1_3pg with lysosomes at cell vertices.

(H) Confocal immunofluorescence microscopy of WT HelLa cells co-transfected with
plasmids encoding the constructs shown in panel F, without (top panel) and with rapalog
(bottom panel), and immunostained with antibody to the lysosomal marker LAMTOR4
(magenta channel). SKIP1_3g9-FKBP-RFP and SKIP1_300-FRB-GFP fluorescence is shown
in the red and green channel, respectively. Nuclei were stained with DAPI (blue). Single
channels are shown in grayscale with nuclei in blue. Cell edges are outlined. Arrows point to
accumulation of SKIP41_3qg constructs and LAMTOR4 at cell vertices. Scale bars: 10 pm.
(1) Same as panel H but using ARL8-KO Hela cells.

The related Figure S2 shows the amino-acid sequence conservation of the SKIP middle
region in different animal species.
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Figure 5. Contribution of the C-Terminal Domain to the Function of SKIP in Various KO Cell
Lines

(A-E) Confocal immunofluorescence microscopy of Myc-SKIP and Myc-SKIP1_gg3
expressed by transfection in WT HeLa cells (A), and in HeLa cells with KO of KIF5B (B),
KIF1B (C), ARL8B

(D) and ARL8BA-ARLS8B (ARL8 KO) (E). Untransfected cells were used as controls. Cells
were immunostained with antibodies to the Myc epitope (green) and the lysosomal marker
LAMTORA4 (red), and counterstained with DAPI (blue). Single channels are shown in
grayscale with nuclei in blue. Cell edges are outlined. Scale bars: 10 um.

(F) Quantification of the percentage of cells displaying the indicated phenotypes in two
independent experiments such as those shown in panels A-E. The total number of cells
examined in both experiments is indicated on top of each bar.
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The related Figure S3 shows the localization of different Myc-SKIP constructs and their
effect on lysosome positioning in ARL8-KO cells.
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Figure 6. SKIP is Negatively Regulated by its C-Terminal Domain
(A) Co-immunoprecipitation of full-length and truncated Myc-SKIP constructs with

kinesin-1 in WT and ARL8-KO HeLa cells. Cells were transfected with plasmids encoding
the indicated Myc-SKIP constructs, subjected to immunoprecipitation using an antibody to
the Myc tag, followed by SDS-PAGE and immunoblotting with antibodies to the
endogenous KIF5B and KLC2 subunits of kinesin-1 and the Myc tag.

(B,C) Quantification of experiments such as that shown in panel A. Signal intensity was
quantified by Image J. The ratio of KLC2 (B) or KIF5B (C) to Myc-SKIP in the
immunoprecipitates was calculated, and relative Myc-SKIP binding in WT HeLa was
normalized to 1. Horizontal lines represent the mean = SD from 4 independent experiments.
Independent experiments are color-coded. Statistical significance was calculated using two-
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way ANOVA followed by multiple comparisons using Sidak’s test. Not significant (n.s.)
P>0.05, *P<0.05.

(D) Co-immunoprecipitation of endogenous KIF5B and KLC2 with Myc-SKIP in the
absence or presence of ARL8B-mCherry overexpressed by transfection in HEK293T cells.
Cell extracts were subjected to immunoprecipitation using an antibody to the Myc tag
followed by SDS-PAGE and immunoblotting with antibodies to the endogenous KIF5B and
KLC2 subunits of kinesin-1 and the Myc tag.

(E,F) Quantification of experiments such as that shown in panel D. Signal intensity was
quantified by Image J. The ratio of bound KLC2 (E) or KIF5B (F) to bound Myc-SKIP
signals was calculated. Horizontal lines represent the mean + SD of 5 independent
experiments consisting of 6 and 9 replicates per sample for SKIP and SKIP+ARLS,
respectively. Independent experiments are color-coded. Statistical significance was
calculated using Student’s t-test. Not significant (n.s.) P>0.05, *P<0.05.

(G) Co-immunoprecipitation of endogenous KIF5B and KLC2 with Myc-SKIP in the
absence or presence of ARL8B-mCherry T34N (GDP-bound) and Q75L (GTP-bound)
overexpressed by transfection in HEK293T cells. Cell extracts were subjected to
immunoprecipitation using an antibody to the Myc tag followed by SDS-PAGE and
immunoblotting with antibodies to the endogenous KIF5B and KLC2 subunits of kinesin-1
and the Myc tag.

(H,1) Quantification of experiments such as that shown in panel G. Signal intensity was
quantified by Image J. The ratio of bound KLC2 (H) or KIF5B (1) to bound Myc-SKIP
signals was calculated. Horizontal lines represent the mean + SD from 3 independent
experiments consisting of 7 replicates per sample. Independent experiments are color-coded.
Statistical significance was calculated by one-way ANOVA followed by multiple
comparisons using Tukey’s test. Not significant (n.s.) P>0.05, *P<0.05, **P<0.01.

(J,K) Pulldown by purified, recombinant GST and GST-SKIPgps-1019 0f Myc-SKIP1_go3
expressed by transfection in HEK293T cells. GST and GST-SKIPgp4_1019 Were immobilized
on glutathione-Sepharose and incubated with lysates of Myc-SKIP1_go3 -expressing
HEK?293T cells. Samples were analyzed by SDS-PAGE; GST proteins were visualized by
Ponceau staining (J) and Myc-SKIP_gg3 by immunaoblotting with antibody to the Myc
epitope (K). In A, D, G, J and K, numbers on the left indicate the positions of molecular
mass markers (in kDa).

(L) Yeast two-hybrid analysis of the interaction of SKIPgg4_1019 fused to the p-Gal
activation domain (AD) with SKIP1_gg3 fused to the p-Gal DNA-binding domain (BD).
Growth in the absence of histidine (=His) indicates binding between the proteins. Three mM
3AT was added to reduce non-specific growth.
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Figure 7. Kinesin-1 Activation by SKIP

Lysosome

Acuve i
SK! P 8
ARLB SKIP Kinesin-1
actrva!ton} acavahon
\ :d

Inactive
WT cells SKIP

Lysosome

Inactive %
SKIP "\ |
‘\'Z/ Inactive
kinesin-1

ARLS-KO cells

kinesin-1

SKIP) 603

&i/ SKIP.603
Kinesin-1
@va!ion} ;

Inactive
kinesin-1

(A) Confocal immunofluorescence microscopy of ARL8-KO Hela cells transfected with
plasmids encoding the indicated proteins. Cells were immunostained with antibodies to
KIF5B (green), HA epitope (blue) and Myc epitope (magenta). ARL8B was visualized by
the mCherry tag (red). Single channels are shown in grayscale. Cell edges are outlined.
Arrows indicate protein accumulation at cell vertices. Scale bars: 10 um.

(B) Quantification of the percentage of cells showing localization of GFP-KIF5B and HA-
KLC2 to cell vertices or the cytosol in two independent experiments such as that shown in
panel A. The total number of cells examined in both experiments is indicated on top of each

bar.
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(C) Cartoon representing the regulation of SKIP by autoinhibition. 7op. In WT cells, the
lysosome-associated complex BORC recruits ARL8-GTP to lysosomes. Cytosolic SKIP
exists in an autoinhibited state involving an interaction between the N- and C-terminal parts
of the molecule. ARL8-GTP relieves this autoinhibition and recruits the activated SKIP to
lysosomes. Active SKIP in turn promotes a conformational activation of kinesin-1 and
recruits it to lysosomes. This triggers anterograde transport of lysosomes toward microtubule
plus ends enriched in the cell periphery. Lysosome-bound SKIP is represented as a dimer
assembled via the middle region because of evidence of self-association and for symmetry
with kinesin-1; the exact stoichiometry of SKIP oligomers, however, has not been
determined. Bottom. In ARL8-KO cells, SKIP remains autoinhibited and cannot bind to
lysosomes and kinesin-1. SKIP1_go3 cannot bind to lysosomes, but is constitutively
activated, can activate kinesin-1 and move with kinesin-1 along microtubules toward the cell
periphery.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

LAMTORA4 (C70rf59) (D4P60), rabbit, used for IF at 1:200 | Cell Signaling Technology Cat# 13140
a-tubulin (DM1A), mouse, used for IB at 1:2,000 Sigma-Aldrich Cat# T-9026

GFP-HRP, mouse, used for IB at 1:2,000

Miltenyi Biotec

Cat# 130-091-833

KIF5B [EPR10276(B)], rabbit, used for IB at 1:500 and for Abcam Cat# ab167429
IF at 1:200
KLC2, rabbit, used for IB at 1:500 Abcam Cat# ab95881

KLC2, rabbit, used for IB at 1:500

Thermo Fisher Scientific

Cat# PA5-59168

ARLSB, rabbit, used for IB at 1:1,000

Proteintech

Cat# 13049-1-AP

ARLSA, rabbit, used for IB at 1:1,000

Proteintech

Cat# 17060-1-AP

RABIYA (D52G8) XP, rabbit, used for IB at 1:500-1:1,000

Cell Signaling Technology

Cat# 5118

C-Myc epitope (9E10), HRP-conjugated, mouse, used for
IB at 1:1000-1:1,0000

Santa Cruz Biotechnology

Cat# Sc-40 HRP

C-Myc epitope (9E10), mouse, used for IB at 1:200 Santa Cruz Biotechnology Cat# Sc-40
HA epitope, chicken, used for IF at 1:200 Sigma-Aldrich Cat# AB3254
mCherry (16D7), rat, used for IB at 1:2,000 Thermo Fisher Scientific Cat# m11217
Alexa Fluor 647-conjugated donkey anti-rabbit IgG, used Thermo Fisher Scientific Cat# A31573
for IF at 1:1,000

Alexa Fluor 546-conjugated donkey anti-rabbit IgG, used Thermo Fisher Scientific Cat# A10040
for IF at 1:1000

Alexa Fluor 488-conjugated donkey anti-mouse 1gG, used Thermo Fisher Scientific Cat# A21202
for IF at 1:1,000

Alexa Fluor 488-conjugated donkey anti-rabbit IgG, used Thermo Fisher Scientific Cat# A21206
for IF at 1:1,000

Alexa Fluor 647-conjugated donkey anti-mouse 1gG, used Thermo Fisher Scientific Cat# A31571
for IF at 1:1,000

Alexa Fluor 405-conjugated goat anti-chicken IgY, used for Abcam Cat# ab175675

IF at 1:1,000

HRP-conjugated goat anti-rabbit IgG (H+L), used for 1B at
1:5,000-1:10,000

Jackson ImmunoResearch

Cat# 111-035-003

HRP-conjugated goat anti-rat 1gG (H+L), used for IB at
1:5,000-1:10,000

Jackson ImmunoResearch

Cat# 112-035-143

HRP-conjugated donkey anti-mouse 1gG (H+L), used for IB
at 1:5,000-1:10,000

Jackson ImmunoResearch

Cat# 715-035-150

Chemicals, Peptides, and Recombinant Proteins

DMEM culture medium

Quality Biological

Cat# 112-319-101

Fetal bovine serum

Corning

Cat# 35-011-CV

MycoZap Plus-CL

Lonza

Cat# VZA-2011

Lipofectamine 2000

Thermo Fisher Scientific

Cat# 11668019

Fluoromount G with DAPI

Electron Microscopy Sciences

Cat# 17984-24

Fluoromount G

Electron Microscopy Sciences

Cat# 17984-25

AJC heterodimerizer (Rapalog)

Takara

Cat# 635057
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REAGENT or RESOURCE SOURCE IDENTIFIER
QuikChange Il XL Site-Directed Mutagenesis Kit Agilent Technologies Cat# 200521
EDTA-free protease inhibitor capsule Roche Cat# 1836170
Pierce™ anti-c-Myc magnetic beads Thermo Fisher Scientific Cat# 88842

GFP-Trap magnetic agarose kit

ChromoTek

Cat# gtmak-20

Glutathione-Sepharose 4B

GE Healthcare

Cat# 17-0756-05

EZ-YEAST™ transformation kit MP Biomedicals Cat# 112100200
Experimental Models: Cell Lines
HelLa ATCC N/A
HEK293T ATCC N/A
HeLa CRISPR-Cas9 RAB9A KO This work N/A
HelLa CRISPR-Cas9 KIF1B KO [64] N/A
Hela CRISPR-Cas9 KIF5B KO [64] N/A
HelLa CRISPR-Cas9 ARL8B KO [21] N/A
HelLa CRISPR-Cas9 ARL8A-ARL8B KO This work N/A
Bacterial strains
BL21-CodonPlus(DE3) RP Agilent Technologies Cat# 230255
Recombinant DNA
pmCherry-N1-ARL8B-mCherry, human [24] N/A
pmCherry-N1-ARL8B-mCherry-Q75L This work N/A
pmCherry-N1-ARL8B-mCherry-T34N This work N/A
pCMV-Myc-SKIP, human This work N/A
pCMV-Myc-SKIP1_zq0 This work N/A
pCMV-Myc-SKIP3g1_1019 This work N/A
pCMV-Myc-SKIP1_gg3 This work N/A
pCMV-Myc-SKIPy_77, This work N/A
pCMV-Myc-SKIP,_gg3 This work N/A
pEGFP-C1-GFP-SKIP This work N/A
SKIP_309-FKBP-RFP in pEGFP-N1 backbone This work N/A
SKIP;_309-FRB-EGFP in pEGFP-N1 backbone This work N/A
pGEX-6P1-GST-SKIP This work N/A
pEGFP-C1-GFP-RABJYA, canine This work N/A
pcDNA3.1/CT-GFP-ARLS8B, human John Brumell, Hospital for Sick N/A
Children, Toronto, Canada
pcDNA3.1/CT-GFP-ARL8B-Q75L This work N/A
pcDNA3.1/CT-GFP-ARL8B-T34N This work N/A
pGADT7-SKIP This work N/A
pGBT9-SKIP This work N/A
pGBT9-SKIP;_399 This work N/A
pGADT7-SKIPg4-1019 This work N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pGBT9-SKIP_go3 This work N/A

pGBT9-SKIP;_390 This work N/A

pTD1-1-SV40-T-Ag Clontech N/A

pVA3-1-p53 Clontech N/A

PGEX-6P1-GST-SKIPgos_1019 This work N/A

PET28a-HISs. GFP-SKIP;_g03 This work N/A

pEGFP-C1 (without GFP) HA-KLC2, human [22] N/A

pGFP-C1 (A206K)-KIF5B, mouse [22] N/A

pSpCas9(BB)-2A-GFP (pX-458) Addgene Cat# 48138

Software and Algorithms

Fiji/lmageJ [65, 66] https://imagej.nih.gov/ij/

NPS@ consensus secondary structure prediction [67] https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/
npsa_seccons.html

PredictProtein server [68, 69] https://www.predictprotein.org

HHPRED [70] https://toolkit.tuebingen.mpg.de/tools/
hhpred

PHYRE2 [71] http://www.sbg.bio.ic.ac.uk/~phyre2/html/
page.cgi?id=index

UCSF Chimera [72] https://www.cgl.ucsf.edu/chimera/

Hlustrator Adobe N/A

PRISM 7 GraphPad N/A
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