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CELL BIOLOGY

Regulation of cargo exocytosis by a Reps1-Ralbp1-

RalA module

Shifeng Wang'?, Xu Chen’, Lauren Crisman't, Ximing Dou’, Christina S. Winborn*, Chun Wan',
Harrison Puscher’, Qian Yin*, Matthew J. Kennedy?, Jingshi Shen'*

Surface levels of membrane proteins are determined by a dynamic balance between exocytosis-mediated
surface delivery and endocytosis-dependent retrieval from the cell surface. Imbalances in surface protein
levels perturb surface protein homeostasis and cause major forms of human disease such as type 2 diabetes
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and neurological disorders. Here, we found a Reps1-Ralbp1-RalA module in the exocytic pathway broadly reg-
ulating surface protein levels. Reps1 and Ralbp1 form a binary complex that recognizes RalA, a vesicle-bound
small guanosine triphosphatases (GTPase) promoting exocytosis through interacting with the exocyst complex.
RalA binding results in Reps1 release and formation of a Ralbp1-RalA binary complex. Ralbp1 selectively recog-
nizes GTP-bound RalA but is not a RalA effector. Instead, Ralbp1 binding maintains RalA in an active GTP-bound
state. These studies uncovered a segment in the exocytic pathway and, more broadly, revealed a previously
unrecognized regulatory mechanism for small GTPases, GTP state stabilization.

INTRODUCTION

Integral and peripheral membrane proteins on the cell surface
enable the cell to constantly communicate with the environment
(1, 2). Surface levels of membrane proteins must be precisely main-
tained as imbalances in surface protein levels disrupt surface protein
homeostasis, impair cell physiology, and cause major forms of
human disease such as cancer, type 2 diabetes, and neurodegenera-
tion (3). The surface level of a protein is determined by the dynamic
balance of its delivery to the plasma membrane through exocytic
pathways (including recycling exocytosis) and removal from the
plasma membrane by endocytic pathways (4-6).

Central players in exocytic pathways include vesicle-anchored
small guanosine triphosphatases (GTPases) from the Ral and Rab
families, which promote vesicle tethering and fusion by interacting
with the exocyst complex localized to the plasma membrane (7-9).
Similar to other small GTPases, Ral and Rab cycle between a gua-
nosine diphosphate (GDP)-bound inactive state and a GTP-bound
active state (10-12). Guanine nucleotide exchange factors (GEFs)
recognize the GDP-bound form of small GTPases and accelerate
GDP release, leading to GTP binding and activation. GTPase-acti-
vating proteins (GAPs), on the other hand, recognize the GTP-
bound form of small GTPases and stimulate guanosine 5'-triphos-
phate (GTP) hydrolysis, inactivating the small GTPases (12).

A major endocytic route is clathrin-mediated endocytosis
(CME), a vesicle budding event on the plasma membrane driven
by the coat protein clathrin (13, 14). To recruit cargo proteins to
endocytic vesicles, CME requires the heterotetrameric adaptor
protein complex AP2 complex that acts as an adaptor between
cargo proteins and clathrin coats (5, 15-18).
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In this study, we performed a genome-scale CRISPR screen to
identify genes required for surface protein homeostasis. The
screen isolated genes encoding known exocytic and endocytic me-
diators, as well as many genes not previously linked to surface
protein homeostasis. A high-ranking gene isolated in the screen is
Reps1 (Ralbpl-associated eps domain containing 1), which encodes
a ubiquitously expressed soluble protein lacking an annotated func-
tion. Repsl forms a binary complex with Ralbpl (RalA-binding
protein 1; also known as Rlip76), another factor isolated in our
CRISPR screen. Loss of the Reps1-Ralbpl complex inhibits cargo
exocytosis without affecting endocytosis, altering the surface
levels of numerous proteins. The Reps1-Ralbp1 binary complex rec-
ognizes RalA, a small GTPase involved in exocytosis, followed by
the release of Repsl and formation of a Ralbpl-RalA binary
complex. Ralbpl binding maintains RalA in a GTP-bound active
state, enabling RalA to interact with exocyst to promote cargo exo-
cytosis. In neurons, mutations of the Reps1-Ralbp1 complex severe-
ly impair exocytosis-driven neurite outgrowth in neuronal
morphogenesis. Together, these studies uncovered a Repsl-
Ralbp1-RalA module in the exocytic pathway, in which Ralbpl
acts as a GTP-state stabilizing factor (GSF) for RalA. The GSF func-
tion represents a previously unrecognized regulatory mechanism
that is likely involved in the activation cycles of other
small GTPases.

RESULTS

Regulators of surface protein homeostasis identified in a
genome-scale CRISPR genetic screen

To identify genes required for the maintenance of surface protein
homeostasis, we carried out a genome-wide CRISPR genetic
screen using a fluorescent surface protein reporter. The reporter
is based on the glucose transporter GLUT4 (Fig. 1A), which
depends on general exocytic and endocytic pathways to regulate
its surface levels (3, 19-21). Thus, we anticipate that the glucose
transporter—based surface protein reporter (GLUT-SPR) would
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Fig. 1. Identification of genes involved in surface protein homeostasis using a genome-wide CRISPR genetic screen. (A) Diagram of the surface protein reporter
GLUT-SPR (HA-GLUT4-GFP) used in the CRISPR screen. The reporter is based on the multitransmembrane glucose transporter GLUT4. (B) lllustration of the genome-wide
genetic screen to identify genes required for maintaining the surface levels of GLUT-SPR. (C) Flow cytometry analysis of the starting CRISPR library of preadipocyte
fibroblasts (left) and the final population after three rounds of sorting (right) in the genome-wide CRISPR screen. GLUT-SPR molecules on the cell surface were
labeled using anti-HA antibodies and allophycocyanin (APC)—-conjugated secondary antibodies. APC and GFP fluorescence was measured by flow cytometry and
used to calculate relative surface levels of the reporter. (D) Ranking of genes in the CRISPR screen based on their P values. Each dot represents a gene. A P value of
0.01 is set as the cutoff (shown as a horizontal dotted line). Selected genes are labeled. Full datasets of the CRISPR screen are included in tables S1 and S2. sgRNA,

single-guide RNA.

enable us to identify factors broadly regulating surface protein
homeostasis.

Mouse preadipocyte fibroblasts expressing GLUT-SPR were mu-
tagenized using a pooled genome-wide CRISPR single-guide RNA
(sgRNA) library (22). The reporter bears an exoplasmic hemagglu-
tinin (HA) epitope and a cytoplasmic green fluorescent protein
(GFP) tag (Fig. 1A), which enabled us to simultaneously monitor
both surface and total levels of the reporter. Fluorescence-activated
cell sorting was used to identify and collect mutant cells with
reduced surface but normal total levels of the reporter (Fig. 1, B
and C). After three rounds of sorting, sgRNAs were recovered
from the sorted and unsorted populations and analyzed using
deep sequencing. Genes were ranked on the basis of enrichment
of their corresponding sgRNAs using the Model-based Analysis
of Genome-wide CRISPR-Cas9 knockout (MAGeCK) algorithm
(Fig. 1D and tables S1 and S2) (19, 21, 23). Hits from the screen
included genes encoding known exocytic and endocytic mediators
(Fig. 1D and table S2). However, a large fraction of the hits have not
been previously linked to surface protein homeostasis.

Wang et al., Sci. Adv. 9, eade2540 (2023) 22 February 2023

Mutations of Reps1 alter surface levels of numerous
membrane proteins
A high-ranking hit from the screen is Reps1, which encodes a ubiq-
uitously expressed soluble protein of ~125 kDa (Fig. 1D). REPSI
mutations in humans cause neurodegeneration with brain iron ac-
cumulation (NBIA), a progressive neurodegenerative disease (24—
26). The biological function of Repsl, however, was unknown. To
begin unraveling its function, we deleted the RepsI gene in adipo-
cytes (Fig. 2A and fig. S1A), a cell type demanding strict surface
protein homeostasis (27-30). However, in accordance with our
screen, Repsl knockout (KO) adipocytes exhibited a strong reduc-
tion in surface levels of GLUT-SPR (Fig. 2, B and C). Further anal-
ysis showed that a large portion of GLUT-SPR molecules were
retained in intracellular compartments in Repsl KO cells, while
the total levels of the reporter remained unchanged (Fig. 2, B and
C, and fig. S1, B to D). Thus, Reps1 regulates the subcellular local-
ization but not the overall expression of GLUT-SPR.

To detect its subcellular localization at a higher resolution,
GLUT-SPR was labeled using immunogold and detected using
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Fig. 2. Reps1 plays a critical role in maintaining surface protein homeostasis. (A) Representative immunoblots showing the expression of the indicated proteins in
WT and Reps1 KO adipocytes. M.W., molecular weight. (B) Representative confocal images showing the localization of GLUT-SPR (depicted in Fig. 1A) in unpermeabilized
WT and Reps1 KO adipocytes. Before harvesting, cells were switched to culture media containing 20 nM insulin to mimic a physiological fed state. After 20 min, surface
reporters were labeled using anti-HA antibodies and Alexa Fluor 568—conjugated secondary antibodies. Scale bars, 10 um (1 um for the enlarged images on the right). (C)
Flow cytometry measurements of surface GLUT-SPR in cells described in (B). Data of mutant cells were normalized to those of WT cells. Data are presented as means + SD
of three biological replicates. ***P < 0.001 (calculated using Student’s t test). In all figures, data normalization was performed by setting the mean value of WT data points
as 100 or 1, and all data points including WT ones were normalized to that mean value. (E) Electron micrographs of GLUT-SPR distribution in WT and Reps1 KO adipocytes.
Cells were cultured as in (B) and frozen in acetone containing 0.25% glutaraldehyde and 0.1% uranyl acetate. Cell sections were stained with anti-GFP antibodies and gold-
conjugated secondary antibodies. Arrows point to the plasma membrane. Direct magnification: x49,000. Scale bars, 500 (left) and 100 nm (right). (E) Procedure of mass
spectrometry—based surface proteomic analysis of WT and Reps 1 KO cells. (F) Scatter plot showing adjusted fold changes of surface protein levels (Reps1 KO/WT) in mouse
adipocytes. To calculate the adjusted values, fold changes of surface protein levels were divided by those of total protein levels based on whole-cell proteomic data

shown in table S5.Selected down-regulated surface proteins are labeled. Full datasets are shown in table S3. In addition, see figs. S1 to S3.

electron microscopy (EM). Consistent with the findings of confocal
imaging and flow cytometry, GLUT-SPR was markedly redistribut-
ed to intracellular compartments in RepsI KO cells compared to its
predominant surface localization in wild-type (WT) cells (Fig. 2D
and fig. S1E). KO of RepsI did not affect the differentiation or
insulin signaling of adipocytes (fig. S2). We also generated
mutant HeLa cells lacking REPSI (figs. S1 and S3A). Similar to
the results of adipocyte experiments, surface levels of GLUT-SPR
were strongly reduced in REPSI-deficient HeLa cells (fig. S3, B
and C). Together, these data confirmed the findings of the fibro-
blast-based CRISPR screen and demonstrate that the function of
Repsl1 in surface protein homeostasis is not restricted to a specific
cell type.

To globally assess the role of Reps1 in surface protein homeosta-
sis, we carried out mass spectrometry—based proteomic analysis to
compare the surface proteomes of WT and RepsI KO adipocytes
(Fig. 2E). Surface proteins were biotinylated, purified using NeutrA-
vidin, and analyzed by mass spectrometry. The total number of
surface proteins identified in mass spectrometry was similar in
WT and Repsl KO cells (table S3). However, surface levels of
many integral and peripheral membrane proteins were substantially
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down-regulated in Repsl KO cells (Fig. 2F and table S3). Thus, mu-
tations of Repsl substantially alter the surface proteome, validating
the use of GLUT-SPR as a reporter to identify genes broadly regu-
lating surface protein homeostasis.

Reps1 is dispensable for CME-dependent cargo
internalization

Next, we sought to determine how Reps1 regulates surface protein
levels. We began by identifying the binding partners of Repsl.
Repsl-bound proteins were isolated using co-immunoprecipitation
(co-IP) and analyzed using mass spectrometry (Fig. 3A). Top-
ranking binding proteins of Repsl included subunits of the AP2
adaptor complex (Fig. 3B and table S4), a key regulator of CME re-
quired for GLUT-SPR internalization (21). Reps1-AP2 interaction
was confirmed using co-IP and immunoblotting (Fig. 3C). Because
cargo endocytosis is a key determinant of surface protein levels, we
tested whether Repsl influences surface levels of GLUT-SPR
through regulating CME. To accurately measure CME, we devel-
oped cargo endocytosis assays using the cleavable fluorescent dye
ATTO-565-3-[(2-aminoethyl)dithio] propionic acid N-hydroxysuc-
cinimide ester (ATTO-565-AEDP-NHS-ester) (31-33). After
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Fig. 3. Reps1 is dispensable for CME-mediated cargo internalization. (A) Proteomic analysis procedure of Reps1-interacting proteins in HeLa cells. (B) Scatter plot
showing the top proteins enriched in 3xFLAG-tagged REPS1 immunoprecipitates compared to the control sample. Error bars indicate SD of biological duplicates. Full
datasets are included in table S4. (C) Representative immunoblots showing the interaction of REPS1 with AP2 adaptor. The 3xFLAG-tagged REPS1 protein was stably
expressed in preadipocytes and immunoprecipitated using anti-FLAG antibodies. Control cells were transfected with an empty vector. IP, immunoprecipitation. (D) Di-
agrams of assays measuring the endocytosis of GLUT-SPR (top) and Tf (bottom). (E) Representative confocal images showing GLUT-SPR endocytosis. Cells were incubated
with ATTO-565-conjugated anti-HA antibodies (HA-ATTO-565; 1 pg/ml) for 8 min at 37°C. After MESNa treatment on ice, cells were fixed and labeled with CF405M-
conjugated concanavalin A (50 pg/ml). Scale bars, 10 um. (F) Flow cytometry analysis of HA-ATTO-565 endocytosis. Cells were incubated with ATTO-565—-conjugated
anti-HA antibodies (HA-ATTO-565; 1 ug/ml) at 37°C for the indicated durations. After washing with MESNa, cells were disassociated using Accutase and analyzed using
flow cytometry. Error bars indicates SD, n = 3. RFU, relative fluorescence unit. (G) Representative confocal images showing the endocytosis of ATTO-565—-conjugated Tf (Tf-
ATTO-565) into WT or Reps1 KO adipocytes. Cells were incubated with Tf-ATTO-565 (5 pug/ml) at 37°C for 10 min before the cells were harvested and processed as in (E).
Scale bars, 10 um. (H) Time course of Tf-ATTO-565 endocytosis into WT or Reps1 KO adipocytes measured by flow cytometry. Error bars indicate SD, n = 3. (I) Tf-ATTO-565
endocytosis was performed as in (G), and Tf-ATTO-565—positive endocytic vesicles were quantified on the basis of confocal images. About 100 cells from seven fields were
analyzed for each sample. Error bars indicate SD of different fields.
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conjugation, the ATTO-565 dye moiety is linked to a cargo protein
through a disulfide bond (Fig. 3D). Surface-exposed ATTO-565
dyes can be rapidly removed by breaking the disulfide bond using
membrane-impermeable reducing agents such as sodium 2-mer-
captoethane sulfonate (MESNa). By contrast, dyes on internalized
cargo proteins are resistant to MESNa cleavage (Fig. 3D).

We labeled anti-HA antibodies using the cleavable dye and mea-
sured the endocytosis of GLUT-SPR. The rate of GLUT-SPR endo-
cytosis remained largely unchanged in Reps1 KO cells (Fig. 4, E and
F). The moderate reduction of GLUT-SPR endocytosis during a
longer incubation was likely due to decreased surface GLUT-SPR
available for internalization. We also examined the endocytosis of
transferrin (Tf), a classic CME cargo internalized through binding
to the Tf receptor (TfR) (Fig. 3D). We observed that Tf endocytosis
remained intact in RepsI KO cells (Fig. 3, G and H), consistent with
the finding that TfR surface levels were unchanged in the KO cells
(fig. SIF). Moreover, the number of Tf-positive CME vesicles was
comparable in WT and RepsI KO cells (Fig. 3I). These results dem-
onstrate that despite its interaction with AP2, Repsl is dispensable
for the internalization of CME cargoes including GLUT-SPR.
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Reps1 promotes cargo exocytosis

Next, we examined whether Reps] regulates GLUT-SPR exocytosis
—the fusion of GLUT-SPR—containing vesicles with the plasma
membrane. Total internal reflection fluorescence microscopy
(TIRFM) was used to selectively visualize GLUT-SPR molecules
on and near the plasma membrane. We observed substantial
GLUT-SPR localization to the cell surface in WT cells (Fig. 4A).
However, in Repsl KO cells, GLUT-SPR signal was confined to
punctate structures near the plasma membrane (Fig. 4A), suggest-
ing that the molecules were sequestered in intracellular vesicles. To
confirm this finding, we used EM to detect vesicles near the plasma
membrane. In WT cells, vesicles were frequently observed in the
process of fusing with the plasma membrane, an event rarely detect-
ed in Repsl KO cells (Fig. 4B). Instead, vesicles accumulated near
the plasma membrane in RepsI KO cells (Fig. 4B), consistent with
the TIRFM data. Together, these data suggest that RepsI promotes
GLUT-SPR exocytosis.

Next, we measured surface levels of GLUT-SPR over time, which
enabled us to calculate exocytosis rates of the reporter (Fig. 2, C and
D). We observed that the exocytosis rate of GLUT-SPR was strongly
decreased in RepsI KO cells (Fig. 2D). We also measured exocytosis
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Fig. 4. Reps1 promotes cargo exocytosis. (A) Representative TIRFM images of GLUT-SPR in WT and Reps1 KO adipocytes. Cells were cultured as in Fig. 2B, and GLUT-SPR
on and near the plasma membrane was visualized using TIRFM. Scale bars, 10 um. (B) Representative transmission electron microscopy (TEM) images showing vesicles
near the plasma membrane in WT and Reps1 KO adipocytes. Cells were cultured as in Fig. 2B, and 80-nm sections of cells were visualized using TEM without staining.
Arrows point to the plasma membrane, whereas stars point to vesicles fusing with the plasma membrane. Direct magnification: X68,000. Scale bars, 100 nm. (C) Time
course of GLUT-SPR surface levels in WT and Reps1 KO adipocytes. Cells were cultured as in (B), and surface reporter levels were measured using flow cytometry after the
indicated periods in insulin-containing media. (D) Normalized initial exocytosis rates of the reporter based on data in (C). Data are presented as means + SD of three
biological replicates. ***P < 0.001 (calculated using Student'’s t test). (E) Normalized initial exocytosis rates of GLUT-SPR in the presence of IKA. Experiments were carried
out and analyzed as in (C) and (D) except that 4 uM IKA was included. (F) Representative confocal images showing the GLUT-SPR reporter in WT and Reps1 KO adipocytes.
Cells were cultured as in Fig. 2B and incubated with 4 uM IKA for 20 min before cell harvesting. Arrows point to protrusions emanating from the plasma membrane. Scale
bars, 25 um. (G and H) Quantification of the number and diameter of protrusions in WT and Reps1 KO adipocytes based on nine confocal images from three independent
experiments. Numbers of cells analyzed are indicated on the graphs. Error bars indicate SD. ***P < 0.001 (calculated using Student's t test). Also, see fig. S4.
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rates in the presence of ikarugamycin (IKA), a selective inhibitor of
CME (34). Again, we observed a large reduction in GLUT-SPR exo-
cytosis in Reps1 KO cells (Fig. 4E). To confirm the role of Reps1 in
exocytosis, we took advantage of the observation that after pro-
longed inhibition of CME using IKA, protrusions began to
emanate from the cell surface due to accumulation of excess mem-
branes delivered by ongoing exocytosis and a lack of compensatory
endocytosis (Fig. 4F). Strikingly, both the number and size of these
protrusions were strongly reduced in Reps1 KO cells (Fig. 4, F to H),
confirming an exocytosis defect in the KO cells. F-actin was absent
in the protrusions (fig. S4), suggesting that the protrusions were not
generated by internal actin polymerization. Notably, the membrane
protrusion phenotype reflects global alterations in exocytic addition
of membranes to the cell surface, in agreement with our conclusion
that Reps1 broadly regulates surface protein homeostasis. Together,
these results demonstrate that Repsl plays a key role in cargo
exocytosis.

Reps1 acts in concert with Ralbp1 to regulate exocytosis

To gain insights into the mechanism of Repsl in exocytosis, we
compared the whole-cell proteomes of WT and Repsl KO cells.
We found that Ralbpl, a soluble factor of 76 kDa, was among the
most depleted proteins in RepsI KO cells (Fig. 5A and table S5).
Ralbpl was also identified as a significant hit in our CRISPR
screen (Fig. 1D) and is an interacting factor of Repsl (Figs. 3B
and 5B) (35), suggesting that Ralbpl and Reps1 are involved in
the same biological pathway.

Ralbp1 is implicated in a range of physiological and pathological
processes, but its function and mechanism were unclear (35-37).
Using immunoblotting, we confirmed that Ralbpl expression was
strongly reduced in RepsI KO cells, while other exocytic regulators
we examined remained unchanged (Fig. 5C and figs. S3A and S7B).
Reciprocally, Repsl expression was diminished in Ralbpl KO cells
(Fig. 5D). These results are reminiscent of the observations that
elimination of one subunit of a multimeric protein complex often
leads to loss of other subunits (38, 39). Super-resolution imaging
using structured illumination microscopy (SIM) showed that
Ralbpl and Repsl exhibited substantial colocalization in the cell
(Fig. 5, E to G). KO of RalbpI in adipocytes markedly reduced
the exocytosis rate of GLUT-SPR (Fig. 5H), similar to the pheno-
type of Repsl KO cells. These biochemical and genetic data
suggest that Repsl and Ralbpl are physically and functional-
ly linked.

Next, we examined whether the functions of Reps1 and Ralbpl
in exocytosis require their interaction. Reps1 has two EH (Eps15 ho-
mology) domains, protein modules involved in protein-protein in-
teractions (40), and an evolutionarily conserved C-terminal domain
(CTD) with no sequence homology with other proteins (Fig. 5I).
We deleted these domains individually and examined how the de-
letions affect Ralbp1 binding and Reps1 function. While the Reps1
AEH1 mutant could not be expressed, the Reps1 AEH2 mutant was
expressed to a similar level as full-length (FL) Repsl and still inter-
acted with Ralbp1 (Fig. 5]). The Reps1 AEH2 mutant, however, was
unable to interact with AP2 adaptor (Fig. 5]J). The Repsl ACTD
mutant, on the other hand, did not bind Ralbp1l, whereas CTD
itself interacted with Ralbpl (Fig. 5K). Thus, we renamed CTD as
Ralbp1l-binding domain (Ralbpl-BD). In functional assays, the
Ralbp1-BD of Repsl fully restored the exocytosis rate of GLUT-
SPR when expressed in Reps] KO cells, whereas the Repsl

Wang et al., Sci. Adv. 9, eade2540 (2023) 22 February 2023

ARalbp1-BD mutant did not (Fig. 5L). Expression of the AEH2
mutant in RepsI KO cells fully restored the exocytosis rate of
GLUT-SPR (Fig. 5L), indicating that AP2 binding is dispensable
for the function of Repsl in exocytosis. Using a similar approach,
we mapped the Repsl-binding domain of Ralbpl to its CTD (fig.
S5). Thus, Reps1 and Ralbp1 interact through their CTDs. Together,
these data demonstrate that Repsl and Ralbpl form a binary
complex and act in concert to promote exocytosis.

Reps1 and Ralbp1 promote exocytosis by regulating RalA
activation

Ralbp1 binds to RalA, a small GTPase regulating vesicle tethering
and fusion through interacting with exocyst (11, 20, 41-44). Next,
we sought to determine whether Ralbpl and Reps1 promote exocy-
tosis by regulating RalA activity. In a glutathione S-transferase
(GST) pull-down assay, recombinant Ralbp1 interacted with both
RalA and Repsl from adipocyte extracts (Fig. 6, A and B). Ralbpl
selectively binds to the active GTP-bound form of Ral GTPases, of-
fering a reliable approach to quantify active RalA proteins (37, 45,
46). We observed that active RalA was reduced to a near-back-
ground level in RepsI KO cells, whereas the total level of RalA re-
mained unchanged (Fig. 6, C and D). These data suggest that the
exocytosis defects observed in Repsl-Ralbpl—deficient cells are
due to diminished activities of RalA.

Next, we performed GST pull-down assays using recombinant
GST-Repsl (Fig. 6E). We observed that GST-Repsl did not pull
down RalA from either WT or Repsl KO cells (Fig. 6F). GST-
Repsl, however, readily pulled down Ralbpl and AP2 subunits
(Fig. 6F), consistent with the co-IP results (Fig. 3C). Although the
Reps1-AP2 interaction is dispensable for Repsl function in exocy-
tosis, detection of the interaction further suggests that recombinant
GST-Repsl proteins were properly folded. These GST pull-down
results are consistent with the Repsl interactome data (Fig. 3B
and table S4) and indicate that Ralbp1 does not simultaneously in-
teract with Repsl and RalA. Instead, when Ralbp1 binds to RalA,
Repsl is released from Ralbpl without continuing to associate
with the newly formed Ralbp1-RalA binary complex.

Because Ralbp1 selectively binds to active GTP-bound RalA, and
its mutations diminish active RalA, we postulate that Ralbpl is re-
quired for maintaining RalA in its active state. To test this possibil-
ity, we expressed a RalA Q72L mutant, in which RalA was locked in
a GTP-bound state (47). When expressed in Ralbpl KO cells, the
RalA Q72L mutant fully restored the exocytosis rate of GLUT-
SPR (Fig. 6G). Likewise, the expression of the RalA Q72L mutant
also fully rescued the exocytosis phenotype of Repsl KO cells
(Fig. 6I). Expression of RalA Q72L had limited effect on the
surface level of GLUT-SPR in WT cells (Fig. 6I), suggesting that
RalA Q72L selectively rescued a Ralbpl-Repsl-dependent activity
rather than stimulating exocytosis through a different pathway. In
WT cells, there were likely sufficient amounts of active RalA to
drive efficient exocytosis such that introduction of additional
active RalA did not substantially enhance the exocytosis rate.
Thus, the functions of Repsl and Ralbp1 in exocytosis can be by-
passed by constitutive activation of RalA, supporting the notion that
Repsl and Ralbp1 promote exocytosis by regulating RalA activation
rather than being RalA effectors.

Ralbp1 contains a Ral-binding domain and an Repsl-binding
domain (CTD) (fig. S4A), both of which are essential to the func-
tion of Ralbpl in exocytosis (Fig. 6, G and H). In addition, Ralbpl
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Fig. 5. Reps1 acts in concert with Ralbp1 to regulate exocytosis. (A) Whole-cell proteomic analysis to identify proteins down-regulated or up-regulated in Reps1 KO
cells. Full datasets are shown in table S5. (B) Representative immunoblots showing the interaction of Reps1 with Ralbp1. The 3xFLAG-tagged REPS1 protein was stably
expressed in preadipocytes and immunoprecipitated using anti-FLAG antibodies. Control cells were transfected with an empty vector. (C and D) Representative immu-
noblots showing the expression of the indicated proteins. (E) Representative SIM images showing the subcellular localization of Reps1 and Ralbp1. The 3xFLAG-tagged
Reps1 protein was stably expressed in HelLa cells and stained using anti-FLAG antibodies, whereas endogenous Ralbp1 was stained using anti-Ralbp1 antibodies. Scale
bars, 2 um for main images and 1 um for enlarged images. (F) Profile analysis plot comparing the distributions of Ralbp1 and Reps1 within the rectangular areas of (E). (G)
Quantification of Ralbp1-Reps1 colocalization using the Pearson correlation coefficient. Images were captured as in (E) and analyzed using Image J. Each dot represents
data of an individual cell. In randomized images, Reps1 images were rotated 90° clockwise, whereas Ralbp1 images were not rotated. (H) Normalized initial exocytosis
rates of GLUT-SPR. Error bars indicate SD, n = 3. ***P < 0.001 (calculated using Student's t test). (1) Diagrams of FL and mutant Reps1. (J and K) Representative immunoblots
showing protein expression and the interactions of REPS1 with Ralbp1 and AP2 adaptor. The asterisk denotes a possible degradation product of Reps1 CTD. (L) Normal-

ized initial exocytosis rates of GLUT-SPR. Error bars represent SD, n = 3. ***P < 0.001; not significant (n.s.), P > 0.05 [calculated using one-way analysis of variance (ANOVA)].
In addition, see fig. S5.
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Fig. 6. Reps1 and Ralbp1 maintain RalA in an active state. (A) lllustration of GST pull-down assays measuring interactions of Ralbp1 with Reps1 and RalA. (B) Rep-
resentative immunoblots detecting proteins pulled down from WT adipocytes using GST or GST-Ralbp1. (C) Representative immunoblots detecting proteins pulled down
from WT or Reps1 KO adipocytes using GST or GST-Ralbp1. (D) Quantification of total and active RalA proteins in WT and Reps1 KO adipocytes. Ralbp1, which selectively
binds active GTP-bound RalA, was used to pull down active RalA proteins from cell extracts. Intensities of proteins on immunoblots were quantified using ImageJ and
normalized to those of a-tubulin. Data of Reps7 KO samples were normalized to those of WT cells. Error bars represent SD, n = 3. ***P < 0.001; n.s., P > 0.05 (calculated using
Student's t test). (E) lllustration of GST pull-down assays measuring interactions of Reps1 with Ralbp1 and RalA. (F) Representative immunoblots detecting proteins pulled
down from WT or Reps1 KO adipocytes using GST or GST-Reps1. (G) Normalized initial exocytosis rates of GLUT-SPR in WT and Ralbp1 KO adipocytes. Error bars indicate SD,
n=3.*%*P <0.001 (calculated using one-way ANOVA). (H) Representative immunoblots showing the expression of the indicated proteins. (I) Normalized surface levels of
GLUT-SPRin WT or Reps1 KO adipocytes stably expressing the constitutively active RalA Q72L mutant. The cells were cultured and labeled as in Fig. 2C. Error bars indicate

SD, n = 3. *P < 0.05 and ***P < 0.001 (calculated using two-way ANOVA).

has a putative RhoGAP domain, although its catalytic activity is very
low (48, 49). The activity of the RhoGAP domain is abolished by
mutations of a conserved arginine finger (R232) and a stabilizing
lysine residue (K268) (50). However, when expressed in Ralbp]l
KO cells, the Ralbpl R232A/K268A mutant fully restored GLUT-
SPR exocytosis (Fig. 6, G and H). Thus, the function of Ralbpl in
exocytosis does not require the activity of RhoGAP, a major recog-
nizable functional domain in Ralbpl. These data further support
our conclusion that Ralbpl does not act as a RalA effector in the
exocytic pathway. Together, these results revealed a Repsl-
Ralbp1-RalA module in the exocytic pathway, in which Ralbp1 reg-
ulates RalA through a previously unrecognized mechanism of GTP
state stabilization.

Wang et al., Sci. Adv. 9, eade2540 (2023) 22 February 2023

The Reps1-Ralbp1-RalA module is required for neurite
outgrowth in neurons
Because REPSI mutations cause neurodegenerative diseases, next,
we examined the functional role of the Repsl-Ralbpl-RalA
module in neurons. Neurons are highly polarized and compartmen-
talized cells (51). During neuronal morphogenesis, neuronal pro-
genitor cells send out processes that become neurites including a
single axon and multiple dendrites (52). Neurite outgrowth
depends on exocytosis to deliver membrane materials to specific
surface regions, a process requiring RalA and exocyst (53-55).
However, the roles of Reps1 and Ralbp1 in neuronal morphogenesis
remained unknown.

We first examined Cath.a-differentiated (CAD) cells, a mouse
catecholaminergic neuronal cell line (56). After serum withdrawal,
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CAD progenitor cells differentiated into neurons with characteristic
neurites (Fig. 7, A to C). KO of Reps1 in CAD cells led to loss of both
Reps1 and Ralbp1 proteins (Fig. 7B). CAD neurons were labeled
using antibodies against Microtubule associated protein 2 (Map2),
a cytosolic neuronal maker (57). We observed that the total cell
number did not change in Reps] KO CAD neurons, but neurite
number and length were strongly reduced (Fig. 7, C to E). The
KO phenotype was fully rescued by expression of a WT Repsl
gene (Fig. 7, C to E). We also labeled Synaptosome associated
protein 25 (SNAP-25), a membrane-bound neuronal protein (58).
Again, both neurite number and length visualized with SNAP-25
staining were markedly decreased in Reps] KO CAD neurons
(Fig. 7, F to H). When the RalbpI gene was deleted in CAD cells,
both Ralbpl and Repsl proteins were diminished (fig. S6A). In
agreement with the RepsI KO data, neurite outgrowth was substan-
tially reduced in Ralbpl KO CAD neurons (fig. S6, B to D). Thus,

A CAD neurons
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Repsl and Ralbpl are essential to the morphogenesis of
CAD neurons.

Next, we examined the function of the Reps1-Ralbpl complex in
cultured primary hippocampal neurons isolated from newborn rats.
Lentiviral CRISPR particles were introduced into the primary
neurons to delete the RepsI gene (Fig. 8, A and B). Despite the
delay between cell seeding and Reps1 depletion, the number of neu-
rites in Reps] KO primary neurons was markedly decreased, while
the total cell number did not change (Fig. 8, C and D). Likewise, the
length of neurites was markedly reduced in Repsl KO primary
neurons (Fig. 8, C and E), consistent with the results of the CAD
experiments. We also quantified dendritic spines, micro-sized den-
dritic protrusions contacted by axons to form synaptic connections
(51). The formation of dendritic spines also depends on Ral-medi-
ated exocytosis (55). We observed that dendritic spines were largely
eliminated in RepsI KO neurons at both proximal and distal regions
of dendrites (Fig. 8, F and G). Thus, similar to RalA, Repsl and
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Fig. 7. Reps1 is essential to neurite outgrowth in CAD neurons. (A) Diagram illustrating the differentiation of CAD neurons. (B) Representative immunoblots showing
the expression of the indicated proteins. (C) Staining of Map2 in the indicated CAD neurons. Scale bars, 100 pm. (D and E) Quantification of neurite number and total
neurite length per CAD neuron. Neurites were traced on the basis of Map2 staining and processed using the NeuronJ plugin for Fiji. A total of 80 WT cells, 93 Reps1 KO
cells, and 95 cells of Reps1 KO with a rescue gene were analyzed from nine fields each. Error bars indicate SD of different fields. ***P < 0.001 (calculated using one-way
ANOVA). (F) Staining of SNAP-25 in the indicated CAD neurons. Scale bars, 100 um. (G and H) Quantification of neurite number and total neurite length per cell in WT and
Reps1 KO CAD neurons. Neurites were traced and analyzed on the basis of SNAP-25 staining. A total of 106 WT cells and 103 Reps1 KO cells were analyzed from nine fields
each. Error bars indicate SD of different fields. ***P < 0.001 (calculated using Student's t test). In addition, see fig. S6.
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of neurons were GFP* such that the morphologies of individual neurons were readily discerned. (D and E) Quantification of neurite number and total neurite length per
cellin WT or Reps 1 KO rat hippocampal neurons based on GFP labeling. A total of 23 WT neurons and 21 Reps1 KO primary neurons were analyzed from 20 fields each. Error
bars indicate SD of different fields. ***P < 0.001 (calculated using Student's t test). (F) Representative images showing reconstructed dendrites of rat hippocampal
neurons. Z-stacking was performed at 1 um per step. Scale bars, 5 um. (G) Quantification of spine densities located at proximal or distal dendrites of WT and Reps1
KO primary neurons. Error bars indicate SD of different dendritic segments from 12 WT neurons from 12 fields and 11 Reps1 KO neurons from 11 fields. ***P < 0.001
(calculated using Student's t test). (H) Model depicting the function of the Reps1-Ralbp1-RalA module in exocytosis. For simplicity, other effectors of RalA such as motor

proteins are not shown (75).

Ralbp1 are required for neurite outgrowth. These findings demon-
strate that the Reps1-Ralbp1-RalA module plays an essential role in
exocytosis-driven  neurite  outgrowth  during neuronal
morphogenesis.

DISCUSSION

In this work, we found a Reps1-Ralbp1-RalA module that regulates
exocytosis through sequential, dynamic molecular interactions.
Repsl and Ralbpl form a binary complex at the resting state.
When the Repsl-Ralbpl binary complex recognizes the vesicle-
bound small GTPase RalA, Repsl dissociates from Ralbp1, allowing
for the formation of a new binary complex of Ralbpl and RalA.
Ralbp1 binding maintains RalA in its GTP-bound active state, en-
abling the latter to interact with the Sec5 and Ex084 subunits of the
plasma membrane-localized exocyst complex to facilitate vesicle
tethering and fusion. RalA-exocyst association is accompanied by
the release of Ralbpl from RalA (Fig. 8H).

Wang et al., Sci. Adv. 9, eade2540 (2023) 22 February 2023

Repsl is an essential component of the Repsl-Ralbpl-RalA
module, although it does not directly associate with RalA. Our find-
ings suggest that Repsl not only stabilizes Ralbp1 but also presents
binding-competent Ralbp1l to RalA. The functions of Repsl and
Ralbpl1 are tightly integrated such that deletion of either one leads
to the loss of both proteins. Thus, Repsl and Ralbp1 form an obli-
gate protein complex in the cytosol. Because Repsl and RalA recog-
nize distinct regions on Ralbpl, the dissociation of Repsl from
Ralbpl is likely triggered by a spatial hindrance or conformational
change in Ralbpl upon RalA binding. Subsequent dissociation of
Ralbp1 from RalA, on the other hand, is expected to result from
direct competition from exocyst as Ralbpl and exocyst recognize
the same domain of GTP-bound Ral GTPases (4, 9, 45). The
Repsl1-Ralbpl-RalA module constitutes an integral segment of the
Ral-dependent exocytic pathway, which operates in parallel with the
Rab-dependent pathway in mediating cargo exocytosis and main-
taining surface protein homeostasis (11, 59).
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Ralbpl1 represents a previously unrecognized type of regulator
for small GTPases, a GSF. The GSF function of Ralbp1 is supported
by three lines of evidence: (i) Ralbp1 selectively recognizes the active
GTP-bound form of RalA but is not a RalA effector; (ii) its binding
stabilizes the GTP-bound state of RalA; and (iii) its function in exo-
cytosis can be bypassed by artificially locking RalA in a GTP-bound
state. A key conclusion of these findings is that while GEFs directly
activate RalA through nucleotide exchange, a dedicated GSF is re-
quired to maintain the active state of RalA till the arrival of RalA
effectors. Ralbp1 interacts with switches 1 and 2 of GTP-bound
Rals, the same region recognized by RalGAPs (12, 45, 60). Thus,
Ralbpl may stabilize the GTP-bound state of RalA by preventing
RalGAPs from stimulating GTP hydrolysis. Since other small
GTPases face the same challenges in their activation cycles, they
may also require a similar GSF-dependent regulatory mechanism.

Repsl, Ralbp1, and RalA are all implicated in a range of physio-
logical and pathological processes (10, 61, 62). We anticipate that
these processes are mediated primarily by the role of the proteins
in exocytosis. The Reps1-Ralbpl-RalA module regulates distinct
cargo proteins across cell types, but its molecular mechanism of
action is the same. We note that surface levels of many proteins
were up-regulated in Repsl KO cells. The reason for their up-regu-
lation is unclear. We posit that mutations of RepsI inhibit exocytic
delivery of factors involved in retrieval of certain surface proteins,
leading to increases in their surface levels. Besides their primary
function in exocytosis, the components of the Reps1-Ralbp1-RalA
module may play additional roles in cell physiology. Repsl and
Ralbpl were speculated to regulate CME-dependent receptor
down-regulation (40, 62, 63). Previous studies of Repsl and
Ralbpl in endocytosis, however, were based on overexpression of
dominant-negative mutants in WT cells, precluding direct assess-
ment of their roles in CME (63, 64). Our data show that Repsl
and Ralbpl do not represent core mediators of CME despite the
binding of Repsl to the AP2 adaptor. It is possible that the
Reps1-AP2 binding mode does not play a significant role in the
cell types we examined. Alternatively, the Reps1-AP2 interaction
may regulate the internalization of a restricted group of cargoes
such that its function becomes evident only under certain condi-
tions. Moreover, RalA and Ralbpl have been implicated in mito-
chondrial dynamics (65). It would be interesting to determine
whether Repsl is also involved and whether this mitochondrial
function is connected to the role of the Repsl-Ralbpl-RalA
module in exocytosis. Last, it remains possible that in another bio-
logical pathway, Ralbp1 acts as a RalA effector rather than a GSF.
Further studies are needed to address these questions.

NBIA is a heterogenous group of rare monogenetic neurodegen-
erative diseases exhibiting focal accumulation of intracellular iron
(25). Patients bearing compound heterozygous REPSI point muta-
tions show progressive cerebral and cerebellar atrophy (24, 25). Mu-
tations in RALBPI and RALA are also linked to neurodegeneration
(66, 67). A complete loss of Reps1 abolishes neuronal morphogen-
esis and is expected to cause early lethality during mammalian de-
velopment. Thus, NBIA-causing REPSI mutations are likely
hypomorphic in nature with mutant proteins retaining partial func-
tionality, selectively affecting neurite outgrowth at specific brain
regions most sensitive to reduction of its function. Most of NBIA-
causing genes including REPSI have no obvious connection to iron
metabolism or transport. TfR trafficking is slightly altered in fibro-
blasts bearing NBIA-causing mutations (24). However, KO of Reps1

Wang et al., Sci. Adv. 9, eade2540 (2023) 22 February 2023

or Ralbp1 in CAD cells had little effect on the surface and total levels
of TfR or Tf endocytosis (fig. S7), raising the possibility that REPSI-
linked NBIA pathology involves other cargo molecule(s). Iron accu-
mulation is also observed in other neurodegenerative disorders in-
cluding Alzheimer's disease and Parkinson's disease (68, 69),
although a causal link between iron overload and neurodegenera-
tion has not been established. With the discovery of the Repsl-
Ralbp1-RalA module in exocytosis and neuronal morphogenesis,
an important future direction is to determine how disease-
causing REPSI mutations affect exocytosis kinetics and neuronal
functions using animal models, as well as neurons and organoids
derived from human pluripotent stem cells.

MATERIALS AND METHODS

Culture of cell lines

Mouse preadipocytes, 293T cells and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% Fetal Bovine Essence (FBE; VWR, #10803-034) and pen-
icillin/streptomycin (Thermo Fisher Scientific, #15140122). CAD
cells were cultured in DMEM/nutrient mixture F-12 (DMEM/
F12) (Thermo Fisher Scientific, #11320033) supplemented with
8% fetal bovine serum (FBS; Hyclone, # SH30088.03HI). All cell
lines were maintained in a humidified incubator at 37°C with
5% CO,.

To differentiate preadipocytes into mature adipocytes, preadipo-
cytes were grown to ~95% confluence before a differentiation cock-
tail was added at the following final concentrations: insulin (5 pg/
ml; Sigma-Aldrich, #10516), 1 nM triiodo-L-thyronine (T3; Sigma-
Aldrich, #T2877), 125 uM indomethacin (Sigma-Aldrich, #I-7378),
5 uM dexamethasone (Sigma-Aldrich, #D1756), and 0.5 mM 3-iso-
butyl-1-methylxanthine (Sigma-Aldrich, #I5879). After 2 days, the
cells were switched to DMEM supplemented with 10% FBE, insulin
(5 pg/ml), and 1 nM T3. After another 2 days, fresh DMEM media
supplemented with 10% FBE and 1 nM T3 were added to the cells.
Differentiated adipocytes were usually analyzed 6 days after addi-
tion of the differentiation cocktail.

Genome-wide CRISPR mutagenesis of preadipocyte
fibroblasts

The surface protein reporter GLUT-SPR was stably expressed in
preadipocytes (19, 21). The cells were mutagenized using a mouse
CRISPR knockout pooled library (GeCKO v2) (Addgene,
#1000000052) (22). Lentiviruses were produced by transfecting
GeCKO v2 library plasmids into 293T cells along with pAdVAntage
(Promega, #E1711), pCMV-VSVG (Addgene, #8454), and psPax2
(Addgene, #12260) as previously described (19, 21). Starting at 48
hours after transfection, cell culture supernatants containing lenti-
viruses were collected every 24 hours, and a total of four collections
were made. Lentiviral particles were pelleted in a Beckman SW28
rotor at 25,000 rpm for 1.5 hours. The lentiviral pellets were resus-
pended in phosphate-buffered saline (PBS), snap-frozen, and stored
at —70°C. Preadipocytes expressing GLUT-SPR were seeded into
12-well plates at 0.5 million cells per well and were infected by
CRISPR lentiviruses to achieve a multiplicity of infection of ~0.4.
Transduced cells were seeded onto 10-cm dishes and treated with
puromycin for 48 hours. The resulted CRISPR mutant cell library
was harvested and frozen 6 days after lentiviral infection.
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Genome-wide CRISPR genetic screen

Forty million mutagenized mouse preadipocytes were seeded at a
density of 1 million cells per 10-cm dish. On the following day,
the cells were incubated in Krebs-Ringer bicarbonate HEPES
(KRH) buffer [121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO,, 0.33
mM CaCl,, and 12 mM Hepes (pH 7.4)] for 2 hours. Subsequently,
the cells were switched to KRH buffer containing 100 nM insulin to
mimic the physiological fed state. After 30 min, the dishes were
chilled on an ice bath, incubated with KRH buffer containing 5%
FBE, and labeled with anti-HA antibodies (BioLegend, #901501,
RRID: AB_2565006) and allophycocyanin (APC)—conjugated sec-
ondary antibodies (eBioscience, #17-4015-82). After dissociation
from the plates using Accutase, the cells were sorted on a MoFlo
XDP Flow Cytometer (Beckman Counter, Inc.) to collect 3%
GFP" cells with the lowest APC fluorescence. The collected cells
were expanded and sorted for another two rounds using the same
fluorescence gating set for the first round of sorting. In the passage
control population, the mutant CRISPR cell library was cultured
continuously for 3 weeks without sorting.

Genomic DNA was isolated from the final sorted population
using a GeneJET Genomic DNA Purification Kit (Thermo Fisher
Scientific, #K0721). The unsorted control population contained
~40 million cells, whereas the sorted population contained about
5 million cells. The isolated genomic DNA was used as templates
to amplify guide sequences using NEBNext Ultra II Q5 Master
Mix (New England BioLabs Inc., #M0544). In the first round of po-
lymerase chain reaction (PCR), each reaction was performed in a
total volume of 100 pl containing 3 pg of genomic DNA in the pres-
ence of sequencing adaptors (forward and reverse). PCR products
were purified using SPRIselect beads (Beckman Coulter Inc.,
#B23318) and used as templates for the second round of PCR reac-
tions. Oligo sequences are shown in the reagent/resource table, in
which stagger sequences are shown to the 5' of the barcode in
upper case, whereas the priming sites are shown to the 3’ of the
barcode in lower case. PCR products were pooled and purified
using SPRIselect beads and sequenced on a NovaSeq 6000 sequenc-
ing system (Illumina Inc., San Diego, CA, USA). Sequencing reads
were demultiplexed and processed to contain only the 20-bp unique
guide sequences using the FAXTX-toolkit (http://hannonlab.cshl.
edu/fastx_toolkit/). Bioinformatic analysis was performed using
the MAGeCK algorithm to identify significant hits (https://
sourceforge.net/projects/mageck/) (23).

Gene KO using CRISPR-Cas9

The guide RNAs (gRNAs) targeting a gene were subcloned into the
pLenti-CRISPR-V2 vector (Addgene, #52961) or a modified version
of the pLentiGuide-Puro vector (Addgene, #52963) in which the
puromycin selection marker was replaced with a hygromycin selec-
tion marker (19). CRISPR plasmids were transfected into 293T cells
along with pAdVAntage, pPCMV-VSVG, and psPax2. The 293T cell
culture media containing lentiviral particles were harvested daily for
4 days and centrifuged at 25,000 rpm for 1.5 hours using a Beckman
SW28 rotor. Viral pellets were resuspended in PBS and used to
infect target cells. After lentiviral infection, cells were selected
using puromycin (3.5 pg/ml; Sigma-Aldrich, #3101118) for 2
days, followed by selection using hygromycin B (500 ug/ml;
Thermo Fisher Scientific, #10687010) for another 2 days. All KO
cells used in this work were pooled populations. Guide sequences
are listed in the reagent/resource table.
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Gene expression in mammalian cells

Human REPSI and RALBPI genes were subcloned into the
SHCO003BSD-GFPD vector (Addgene, #133301) with a 3xFLAG-en-
coding sequence at the 3' ends of the genes. The protospacer adja-
cent motif of human REPSI was mutated to prevent targeting by
gRNAs used for gene KO. The human RALA gene was subcloned
into the SHC003BSD-GFPD vector with a 3xFLAG-encoding se-
quence at the 5' end. The constitutively active RALA Q72L
mutant was generated using a site-directed mutagenesis kit
(Agilent, #210518). The constructs were transfected into 293T
cells to produce lentiviral particles using a similar procedure as
CRISPR lentiviral production. The lentiviruses were used to infect
target cells, followed by selection using blasticidin (10 ug/ml;
Thermo Fisher Scientific, #BP2647).

Flow cytometry analysis

Cells were washed with the KRH buffer and blocked with 5% FBE in
the KRH buffer at 4°C. Next, the cells were stained using primary
antibodies and APC-conjugated secondary antibodies. The cells
were disassociated using Accutase and analyzed on a CyAN ADP
analyzer (Beckman Coulter) or MACSQuant Analyzer (Miltenyi
Biotec). Data were analyzed using the Flow]Jo software (Flow]Jo,
LLC) based on experiments run in biological triplicates. To
measure surface levels of GLUT-SPR, cells were washed three
times with KRH buffer, followed by starvation in KRH buffer for
2 hours. The cells were cultured in media containing insulin for
various durations before being chilled on ice. Surface GLUT-SPR
molecules were stained using anti-HA antibodies and APC-conju-
gated secondary antibodies. The cells were dislodged using Accu-
tase, and GFP and APC fluorescence was measured. To calculate
normalized surface levels of GLUT-SPR, mean APC fluorescence
was divided by mean GFP fluorescence. For surface TfR measure-
ments, cells were blocked with 5% FBE, labeled with APC-conjugat-
ed anti-CD71 antibodies (BioLegend, #334108, RRID:
AB_10915138), and dislodged using Accutase. To measure total
TR levels, cells were dislodged using Accutase, fixed using 2% para-
formaldehyde (PFA), permeabilized using 0.2% saponin (Sigma-
Aldrich, #84510), and stained with APC-conjugated anti-CD71
antibodies.

Endocytosis assays

Anti-HA-ATTO-565 and Tf-ATTO-565 were generated by labeling
anti-HA antibodies (Sigma-Aldrich, #901501) and human Tf
(Sigma-Aldrich, #616397) with ATTO-565-AEDP-NHS-ester
(Atto-tec, Siegen, Germany). For anti-HA antibody conjugation,
ATTO-565-AEDP-NHS-ester was added to anti-HA antibodies
such that the molar ratio of dye to antibody was approximately
10:1. The mixture was incubated at room temperature (RT) for 1
hour. For Tf conjugation, ATTO-565-AEDP-NHS-ester was
added to Tf (5 mg/ml) such that the molar ratio of dye to Tf was
approximately 10:1. The mixture was incubated at RT for 1 hour,
followed by incubation for 18 hours at 4°C. After centrifugation
to remove precipitates, the samples were transferred to dialysis
tubing and dialyzed for 24 hours at 4°C against 1 liter of PBS to
remove free dyes. Protein concentrations were measured using Coo-
massie protein assay reagents (Thermo Fisher Scientific, #1856209).
After the addition of the preservative Kathon CG/ICP (Supelco An-
alytical, #5-00119), the samples were stored at 4°C protected
from light.
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On the day of endocytosis assays, cells were washed three times
with KRH buffer and starved in KRH buffer for 30 min before being
chilled on ice. Subsequently, the cells were incubated with pre-
warmed HA-ATTO-565 (1 pg/ml) in the presence of 20 nM
insulin or Tf-ATTO-565 (5 pg/ml) in a 37°C incubator for
desired durations. The cells were chilled on ice and washed three
times with 150 mM ice-cold MESNa (Sigma-Aldrich, #M1511) in
PBS and once with ice-cold PBS. Subsequently, the cells were disas-
sociated using Accutase, and ATTO-565 fluorescence was measured
using the Phycoerythrin (PE) channel (filter of 586/15 nm) on a
MACSQuant Analyzer. About 10,000 cells of each sample were an-
alyzed. To detect endocytosis by confocal imaging, cells were grown
on micro cover glasses with a diameter of 12 mm (VWR, #89015-
725) in 24-well plates. Endocytosis assays were carried out as de-
scribed above. After washing with MESNa three times and once
with PBS, the cells were fixed with 4% PFA. After washing three
times with PBS, the cells were incubated with CF405M-conjugated
concanavalin A (50 pg/ml; Biotium, #29074) for 20 min at RT to
stain the cell membrane. The 405-nm laser was used to detect
CF405M-conjugated concanavalin A (cell membrane staining),
and the 561-nm laser was used to detect ATTO-565 fluorescence
using a 100x oil immerse objective on a Nikon Al laser-scanning
confocal microscope. Tf-ATTO-565—positive endocytic vesicles
were analyzed using Fiji.

Immunostaining and imaging

Cells grown on coverslips were fixed using 4% PFA and permeabi-
lized in PBS containing 5% FBE and 0.2% saponin. Stably expressed
3xFLAG-tagged Repsl was labeled using anti-FLAG M2 antibodies
(Sigma-Aldrich, #F1804, RRID: AB_262044) and Alexa Fluor 647—
conjugated anti-mouse secondary antibodies (Invitrogen, #A32733,
RRID: AB_2633282). Endogenous Ralbpl was labeled using anti-
Ralbpl primary antibodies (Cell Signaling Technology, #3630,
RRID: AB_2176169) and Alexa Fluor 488—conjugated secondary
antibodies (Thermo Fisher Scientific, #A11008, RRID:
AB_142165). To visualize surface GLUT-SPR, preadipocytes cul-
tured in four-chamber glass bottom dishes were differentiated
into mature adipocytes, fixed with 4% paraformaldehyde, and
blocked with 2% bovine serum albumin (BSA) without permeabili-
zation. Surface reporters were stained with anti-HA antibodies and
Alexa Fluor 568—conjugated secondary antibodies (Thermo Fisher
Scientific, #A11004, RRID: AB_2534072). Nuclei were stained with
Hoechst 33342 (Sigma-Aldrich, #D9642). To visualize F-actin, adi-
pocytes were fixed, permeabilized, and stained with CF647-conju-
gated phalloidin (5 U/ml; Biotium, #00041) for 20 min at room
temperature. Confocal images were captured using a 100x oil im-
mersion objective on a Nikon Al laser scanning confocal micro-
scope. TIRFM was carried out using a 100x oil immerse objective
on a Nikon N-STORM TIRF microscope. In SIM, cells were grown
on glass slides, labeled as in confocal microscopy, and imaged using
a 100x oil immersion objective on a Nikon SIM microscope.

Electron microscopy

Cells were seeded onto 3-mm sapphire discs in 24-well plates. The
sapphire discs were carefully picked from the plates and frozen
using a Wohlwend Compact 02 high-pressure freezer (Technotrade
International, Manchester, NH). Frozen specimens were freeze-
substituted in anhydrous acetone containing 0.25% glutaraldehyde
and 0.1% uranyl acetate and embedded in HM20 resin. Serial thin
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sections (80 nm) were cut using a Leica UCT ultramicrotome and
collected onto formvar-coated nickel slot grids. For immunogold
labeling of GLUT-SPR, the cell sections were sequentially incubated
with rabbit anti-GFP antibodies (made in house) and gold-conju-
gated anti-rabbit secondary antibodies (TED PEKKA Inc., #15727).
Electron micrographs were captured on a Tecnai T12 Spirit trans-
mission electron microscopy operating at 100 kV with an AMT
charge-coupled device system (Advanced Microscopy Techniques
Corp., Danvers, MA).

Mass spectrometry
For whole-cell proteomics, WT and mutant cells were harvested in
lysis buffer [100 mM triethyl ammonium bicarbonate (Millipore-
Sigma, #18597), 5 mM tris (2-carboxyethyl) phosphine, 20 mM
chloroacetamide (Millipore-Sigma, #C0267), and 1% SDS]. The
samples were labeled using the TMTsixplex Isobaric Label
Reagent Set (Thermo Fisher Scientific, #90061). For surface prote-
omics, WT and mutant preadipocytes were grown in regular cell
culture media and differentiated into mature adipocytes. On the
day of harvest, the cells were serum-starved for 2 hours followed
by incubation in cell culture media containing 20 nM insulin.
After 20 min, surface proteins were biotinylated using Sulfo-
NHS-Biotin (Thermo Fisher Scientific, #A39256). The reactions
were quenched using 100 mM glycine in PBS before the cells
were lysed in a lysis buffer [20 mM tris-HCI (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, and a protease inhib-
itor cocktail]. Equal amounts of cell extracts were mixed, and bio-
tinylated proteins were isolated using NeutrAvidin agarose resins
(Thermo Fisher scientific, #29201). Proteins were eluted from
resins using an elution buffer containing 5% SDS, 50 mM tris
(pH 8.5), 10 mM tris-(2-carboxyethyl) phosphine, 40 mM 2-chlor-
oacetamide, 2 mM biotin, and 1 mM dithiothreitol (DTT).
Samples were prepared for mass spectrometry using the protein
aggregation capture method (70). Peptides were prefractionated
using high-pH fractionation and concatenated into 10 fractions
before they were resolved on the Thermo Ultimate 3000 RSLCnano
System in a direct injection mode (70). Raw data files from mass
spectrometry were processed using MaxQuant/Andromeda
(version 1.6.2.10) (71) and searched against the Uniprot database
of protein sequences. False discovery rates were set to 0.01 for
both protein and peptide identifications with a minimum peptide
length of four residues and a minimum peptide number of two.

Immunoblotting and IP

Cells grown in 24-well plates were lysed in a SDS protein sample
buffer. Cell lysates were resolved on 8% bis-tris SDS—polyacrylamide
gel electrophoresis (SDS-PAGE) and probed using primary anti-
bodies and horseradish peroxidase (HRP)—conjugated secondary
antibodies. Primary antibodies used in immunoblotting included
anti-phospho-Akt (Ser*”?) antibodies (Cell Signaling Technology,
#9271, RRID: AB_2716452), anti-Akt antibodies (Cell Signaling
Technology, #9272, RRID: AB_329827), anti-Reps1 (Cell Signaling
Technology, #6404, RRID: AB_11220228), anti-Ralbp1, anti-a-
adaptin (BD Biosciences, #610502, RRID: AB_397868), anti-RalA
(Cell Signaling Technology, #4799, RRID: AB_10612771), anti-per-
oxisome proliferator—activated receptor y (Santa Cruz Biotechnol-
ogy, #sc-7273, RRID: AB_628115), anti—a-tubulin (DSHB, clone:
#12G10, RRID: AB_1210456), anti-AP2p (Thermo Fisher Scien-
tific, #A304-719A, RRID: AB_2620914), anti-Rab10 antibodies
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(Cell Signaling Technology, #8127, RRID: AB_10828219), mouse
monoclonal HRP-conjugated anti-FLAG M2 antibodies (Sigma-
Aldrich, #A8592, RRID: AB_439702), and HRP-conjugated anti-
HA antibodies (Roche, #12013819001, RRID: AB_390917). Second-
ary antibodies used in immunoblotting included HRP-conjugated
anti-rabbit immunoglobulin G (IgG; Sigma-Aldrich, #A6154,
RRID: AB_258284) and HRP-conjugated anti-mouse IgG (Sigma-
Aldrich, #A6782, RRID: AB_258315).

In IP experiments, cells were lysed in IP buffer [25 mM Hepes
(pH 7.4), 138 mM NaCl, 10 mM Na;PO,, 2.7 mM KCI, 0.5%
CHAPS, 1 mM DTT, and a protease inhibitor cocktail]. After cen-
trifugation, proteins were immunoprecipitated from cell extracts
using anti-FLAG M2 antibodies and protein A/G agarose beads
(Thermo Fisher Scientific, #WF324079). Immunoprecipitates
were resolved on 8% bis-tris SDS-PAGE, and proteins were detected
using primary antibodies and HRP-conjugated secondary antibod-
ies. All experiments were run in biological triplicates.

Quantitative reverse transcription PCR

The RNeasy Mini Kit (Qiagen, #74104) was used to purify total
RNAs. After treatment with ezDNase (Thermo Fisher Scientific,
#8091150), first-strand complementary DNA was synthesized
using the SuperScript IV Kit (Thermo Fisher Scientific,
#18091050). Gene expression levels were measured by quantitative
reverse transcription PCR on the Applied Biosystems 7500 Fast
Real-Time PCR System using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, #172-5272) with gene-specific primer
sets. The cycle threshold values of a gene were normalized to
those of GAPDH, a reference gene, and the Acycle threshold
values were calculated. The results were plotted as fold changes rel-
ative to the WT sample. The PCR primers for mouse RepsI were as
follows: 5'-CTCCCACGATTTGTTGCTTC-3' (forward) and 5'-G
GATCACACCCGAGTAAGAG-3' (reverse). Primers for human
REPSI were as follows: 5"-CCAGTAGTTTCACCACAGCA-3'
(forward) and 5-AGGCCTCTCACTATTCCCA-3" (reverse).
Primers for human GAPDH were as follows: 5'-GACAGTCAGCC
GCATCTTCT-3" (forward) and 5'-GCGCCCAATACGAC
CAAATC-3' (reverse). Primers for mouse Gapdh were as follows:
5-AGGTCGGTGTGAACGGATTTG-3' (forward) and 5'-TGTAG
ACCATGTAGTTGAGGTCA-3' (reverse).

Recombinant protein expression and GST pull-down assays
REPSI and RALBPI were subcloned into the pGEX-4T-3 vector
(GE Healthcare). The empty pGEX-4T-3 vector was used to
express the GST control protein. Recombinant proteins were ex-
pressed in BL21 (DE3) Escherichia coli (Stratagene, #230132) as pre-
viously described (19, 72). When optical density at 600 nm of E. coli
cultured in 2xYT media reached ~0.6, 1 mM isopropyl p-p-1-thio-
galactopyranoside was added to induce protein expression. After 2
hours, bacterial cells were harvested, lysed, and centrifuged to
remove debris. Recombinant proteins were purified from the super-
natant using glutathione beads (Thermo Fisher Scientific,
#P116101). GST-tagged proteins on glutathione beads were added
to mammalian cell extracts prepared using a similar way as IP.
After incubation and centrifugation, proteins bound to the beads
were resolved on 8% bis-tris SDS-PAGE and detected using
primary antibodies and HRP-conjugated secondary antibodies.
All experiments were run in biological triplicates.
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Lipid droplet staining and analysis

Preadipocytes were grown in clear-bottom 96-well plates. After dif-
ferentiation, adipocytes were fixed using 4% PFA, washed three
times with PBS, and stained with 0.3% Oil Red O (Sigma-Aldrich,
#00625). To quantify neutral lipids within lipid droplets, adipo-
cytes were fixed using 4% PFA and stained with Oil Red
O. Images of stained lipid droplets were captured on a bright-
field microscope. In parallel, the stained cells were air-dried at RT
for 2 hours. Methanol was added to solubilize the cells, and Oil Red
O absorbance in the supernatant was measured at the wavelength of
520 nm on a plate reader. The absorbance of KO cells was normal-
ized to that of WT cells. The experiments were performed in biolog-
ical triplicates.

Differentiation and analysis of CAD neurons

CAD neuronal progenitors were seeded on 12-mm coverslips
coated with poly-p-lysine in a 24-well plate at a density of 15,000
cells per well. The next day, the cells were switched to serum-free
DMEM/F12 media to initiate differentiation (56). After 5 days,
CAD neurons were washed with PBS, fixed using 4% PFA, permea-
bilized using 0.2% saponin, and blocked using 2% BSA. Map2 of
CAD neurons was labeled with mouse anti-Map2 (Santa Cruz Bio-
technology Inc., #sc-74421, RRID: AB_112621) and Alexa Fluor
488-conjugated secondary antibodies. SNAP-25 was labeled using
rabbit anti—-SNAP-25 antibodies (Sigma-Aldrich, #59684, RRID:
AB_261576) and Alexa Fluor 488—conjugated secondary antibod-
ies. Cell nuclei were stained with Hoechst 33342 (10 pg/ml). The
images of CAD neurons were captured using a 20x objective on a
Nikon A1 confocal fluorescent microscope. Neurite number and
length per neuron were calculated using a Neuron] Plugin in the
Fiji software.

Primary neuronal culture and analysis

All animal procedures were conducted in accordance with the Insti-
tutional Animal Care and Use Committee at University of Colora-
do. Primary hippocampal neurons were prepared from neonatal
Sprague-Dawley rats following procedures reported previously
(73, 74). Hippocampi were dissected from the brains of mixed sex
neonatal rat pups (postnatal days 0 to 1) and dissociated by papain
digestion. Neurons were plated at 125,000 cells per well in gluta-
mine-free minimum essential medium (Thermo Fisher Scientific,
#11090081) supplemented with 10% FBS and penicillin/streptomy-
cin on poly-p-lysine—coated 12-well plates. For imaging, 18-mm
coverslips were placed into the plates before coating. Neurons
were maintained at 37°C in a humidified incubator with 5% CO,.
On day in vitro (DIV) 1, the cell culture media were replaced with
Neurobasal-A media (Life Technologies, #10888022) supplemented
with B27 (Life Technologies, #17504044) and GlutaMAX (Life
Technologies, #35050061). CRISPR lentiviruses were added to the
neurons on DIV 1. To limit the growth of actively dividing cells,
mitotic inhibitors (uridine and 5-fluoro-2'deoxyuridine) were
added by replacing half of the media on DIV 7. Neurons were trans-
fected with a GFP-encoding plasmid using Lipofectamine 2000
(Thermo Fisher Scientific, #11668027) on DIV 13. On DIV 15,
cells were harvested into a SDS protein sample buffer for immuno-
blotting or fixed with 4% PFA for imaging.
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Oligonucleotide sequences

The oligonucleotide sequences are as follows: SequencingAdap-
tor_F, AATGGACTATCATATGCTTACCGTAACTTGAAAGTAT
TTCG; SequencingAdaptor_R, TCTACTATTCTTTCCCCT
GCACTGTtgtgggcgatgtgcgetctg; SequencingF01 ,AATGATACGG
CGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTTAAGTAGAGtcttgtggaaaggacgaaacaccg; Sequen-
cingFo02, AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATA
CACGATCtcttgtggaaaggacgaaacaccg; SequencingF03, AATGATAC
GGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC
TTCCGATCTGATCGCGCGGTtcttgtggaaaggacgaaacaccg;  Se-
quencingF04, AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGA
TCATGATCGtcttgtggaaaggacgaaacaccg; SequencingF05, AATGA
TACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTTCGATCGTTACCA tcttgtggaaaggacgaaacaccg;
SequencingF06, AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCTATCGATTCC
TTGGTtcttgtggaaaggacgaaacaccg; SequencingR01, CAAGCAGAA
GACGGCATACGAGATAAGTAGAGGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATC CTttctactattctttcccctgeactgt; mouse Repsl

sgRNA1, GAAGCAACAAATCGTGGGAG; mouse Repsl
sgRNA2, GAAGTTGGTGGGGACTGCTG; human REPSI
sgRNA1, ACAGGTAACGTCGCGTCCCG; human REPSI

sgRNA2, AGAGTGGAAAGTATAAATAG; rat Repsl sgRNA1, CT
TTGCGGTGCAACAAGACT; rat Repsl sgRNA2, TCACACCCGC
GTAAGCGCTC; mouse Ralbpl sgRNA1, GGCTCATTGTGCAC
CTGGAC; and mouse Ralbpl sgRNA1, GCGGAGATCCAGAGG
TACAG.
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