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Altered oligomeric states in pathogenic ALS2 variants
associated with juvenile motor neuron diseases cause loss of
ALS2-mediated endosomal function
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Familial amyotrophic lateral sclerosis type 2 (ALS2) is a juve-
nile autosomal recessive motor neuron disease caused by the
mutations in the ALS2 gene. The ALS2 gene product, ALS2/
alsin, forms a homophilic oligomer and acts as a guanine
nucleotide— exchange factor (GEF) for the small GTPase Rab5.
This oligomerization is crucial for both Rab5 activation and
ALS2-mediated endosome fusion and maturation in cells.
Recently, we have shown that pathogenic missense ALS2
mutants retaining the Rab5 GEF activity fail to properly localize
to endosomes via Racl-stimulated macropinocytosis. However,
the molecular mechanisms underlying dysregulated distribu-
tion of ALS2 variants remain poorly understood. Therefore, we
sought to clarify the relationship between intracellular localiza-
tion and oligomeric states of pathogenic ALS2 variants. Upon
Rac family small GTPase 1 (Racl) activation, all mutants tested
moved from the cytosol to membrane ruffles but not to macropi-
nosomes and/or endosomes. Furthermore, most WT ALS2
complexes were tetramers. Importantly, the sizes of an ALS2
complex carrying missense mutations in the N terminus of the
regulator of chromosome condensation 1-like domain (RLD) or
in-frame deletion in the pleckstrin homology domain were
shifted toward higher molecular weight, whereas the C-terminal
vacuolar protein sorting 9 (VPS9) domain missense mutant
existed as a smaller dimeric or trimeric smaller form. Further-
more, in silico mutagenesis analyses using the RLD protein
structure in conjunction with a cycloheximide chase assay in
vitro disclosed that these missense mutations led to a decrease in
protein stability. Collectively, disorganized higher structures of
ALS2 variants might explain their impaired endosomal localiza-
tion and the stability, leading to loss of the ALS2 function.
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Mutations in the ALS2 gene account for a number of auto-
somal recessive juvenile-onset motor neuron diseases (MNDs),?
including ALS type 2 (ALS2), juvenile primary lateral sclerosis,
and infantile-onset ascending hereditary spastic paralysis
(IAHSP). These MNDs are characterized by a selective and pro-
gressive degeneration of motor neurons, particularly the upper
motor neurons (1-3), indicating that the ALS2 gene and its
gene product, ALS2 (aka alsin), play crucial roles in the main-
tenance and/or survival of motor neurons (4, 5).

ALS2 is a 184-kDa protein of 1657 amino acid residues (aa)
that comprises three predicted guanine nucleotide— exchange
factor (GEF) domains as follows: the N-terminal regulator of
chromosome condensation 1-like domain (RLD) (6); the cen-
tral Dbl-homology and pleckstrin-homology (DH/PH) domain
(7); and the C-terminal vacuolar protein sorting 9 (VPS9)
domain (Fig. S1) (8). In addition, eight consecutive membrane
occupation and recognition nexus (MORN) motifs (9) that are
related to membrane binding are noted in the region between
DH/PH and VPS9 domains. Indeed, it has been shown that
ALS2 acts as a GEF for the small GTPase Rab5 via the C-termi-
nal MORN/VPS9 domain and modulates endosome fusion and
trafficking by activating Rab5 (10). Furthermore, the activation
of Rac family small GTPase 1 (Racl) results in a drastic redis-
tribution of ALS2 from the cytosol to membrane compart-
ments, thereby inducing endosome enlargement in an ALS2-
mediated Rab5 GEF activity-dependent manner (11).

2 The abbreviations used are: MND, motor neuron disease; ALS, amyotrophic
lateral sclerosis; ALS2, amyotrophic lateral sclerosis type 2; CHX, cyclohex-
imide; DH/PH, Dbl-homology/pleckstrin homology; EEA1, early endosome
autoantigen 1; GEF, guanine nucleotide-exchange factor; GST, glutathi-
one S-transferase; HRP, horseradish peroxidase; IAHSP, infantile-onset
ascending hereditary spastic paralysis; MORN, membrane occupation and
recognition nexus; NGS, normal goat serum; Pl, phosphatidylinositol; PIP,
phosphoinositide phosphate; PI(3)P, phosphatidylinositol 3-phosphate;
PI(4)P, phosphatidylinositol 4-phosphate; PI(5)P, phosphatidylinositol
5-phosphate; PI(3,4)P,, phosphatidylinositol 3,4-bisphosphate; PI(4,5)P,,
phosphatidylinositol 4,5-bisphosphate; PI(3,4,5)P5;, phosphatidylinositol
3,4,5-trisphosphate; RLD, regulator of chromosome condensation 1-
like domain; UPS, ubiquitin-proteasome system; aa, amino acid; PDB, Pro-
tein Data Bank; HMW, high-molecular weight; IP, immunoprecipitation;
ANOVA, analysis of variance.
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Pathogenic mutations alter the oligomeric states of ALS2

Thus far, a total of 40 mutations in the ALS2 gene has been
reported in patients with MNDs (1, 2, 4, 5, 12-32). As most of
them are frameshift or nonsense mutations, the resulting ALS2
variants either are unstable and thus liable to be degraded via
the ubiquitin-proteasome system (UPS) (33) or are nonfunc-
tional due to lack of the C-terminal Rab5 GEF domain (33).
Recently, several missense or in-frame deletion mutations in
the ALS2 gene, which are predicted to code for mutant proteins
preserving the C-terminal Rab5 GEF domain (i.e. ALS29*R
(13), ALS2F%%S (12), ALS2519%" (14), ALS2A1204¢! (15), ALS2<157Y
(16), AL52P192L (18), AL826540E (20)’ AL82A861*T904de1 (14)’
ALS251116-T1170del (99) and ALS2RIOIW (15)), were identified
(Fig. S1). It has been reported that ALS2<'*”Y is preferentially
degraded by the UPS when compared with WT ALS2 (16). In
addition, we have demonstrated that, although both ALS2<">7¥
and ALS29°*F variants retain the Rab5 GEF activity in vitro,
they fail to localize to macropinosomes and early endosomes
upon Racl activation when ectopically expressed in cells (34).
Thus, it is possible that such abnormal cellular behaviors of
missense ALS2 variants are also implicated in loss of the ALS2
function. However, due to a limited number of pathogenic
variants analyzed thus far, it is still too early to conclude as
such, let alone underlying molecular mechanism for ALS2-
linked MNDs.

Previously, we have shown that ALS2 interacts with itself
through the C-terminal region, forming a homophilic oligomer
(35). Importantly, this homo-oligomerization is not only crucial
for the Rab5 GEF activity in vitro but also for the ALS2-medi-
ated endosome fusion in cells (11, 35). These results lend cre-
dence to the hypothesis that structural abnormalities in patho-
genic missense and/or in-frame deletion ALS2 variants are
closely linked to loss of its cellular function, and therefore that
formation of the proper ALS2 complex might be a prerequisite
for Racl-induced endosomal localization of ALS2 and the fol-
lowing activation of endosomal Rab5.

To prove this hypothesis, we here sought to clarify the rela-
tionship between intracellular localization and oligomeric
states of several missense and in-frame deletion pathogenic
ALS?2 variants by conducting a series of immunocytochemical
and biochemical analyses. In addition, to further gain insight
into the structural basis of missense mutations, we generated a
protein structure of N-terminal RLD harboring the majority of
the missense pathogenic mutations, and we performed an in
silico mutagenesis analyses to evaluate the potential effects of
those mutations on the structure. We here demonstrated evi-
dence showing that the altered oligomerization and/or destabi-
lization of ALS2 was implicated in their impaired endosomal
localization. Our data may provide important clues to under-
stand the molecular mechanisms underlying the pathogenesis
of ALS2-linked MNDs.

Results

Pathogenic ALS2 variants localize to Rac1-induced membrane
ruffles but not to macropinosomes and early endosomes

Previously, we have demonstrated that the majority of the
ectopically expressed WT ALS2 protein (ALS2Y7T) is scattered
throughout the cytoplasm in HeLa and COS-7 cells (10). Upon
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Racl activation, ALS2™" is recruited to membrane ruffles and
then relocalized to macropinosomes and early endosomes via
Racl-stimulated macropinocytosis (11). By contrast, two path-
ogenic ALS2 variants, ALS2*7Y and ALS2€%%°E fail to be
localized to macropinosomes and early endosomes (34).

To clarify the intracellular behavior of other missense as well
as small in-frame deletion ALS2 variants, which have been
newly identified but yet to be tested, we chose three represen-
tative pathogenic ALS2 variants: ALS25'°', the N-terminal
RLD missense variant (14); ALS2A861-T904del " +he central PH
in-frame deletion variant (14); and ALS28'°MY the C-terminal
VPS9 missense variant (15), in addition to ALS2%" and normal
variant: ALS2P*3?%, Using these variants, we investigated the
changes in their intracellular distributions by the Racl activa-
tion. All variants were distributed throughout the cytoplasm in
the absence of active Racl (Rac1?°*"), similar to ALS2¥™ (Fig.
1A) and ALS2""3?" (Fig. S24). Upon Racl activation, ALS2%™
was relocalized to the surface of large vesicular compartments,
whereas the majority of variant proteins remained in the cyto-
plasm (Fig. 1A4). Notably, despite that pathogenic ALS2 variants
failed to localize to vesicular compartments, a significant por-
tion of them was recruited to the Racl-induced F-actin—
positive membrane ruffles (Fig. 1A), reproducing the pheno-
types of two previously examined ALS2 variants: ALS2'%7Y
and ALS29°*°F (Fig, S2B).

Because the activation of Racl induced the formation of large
vesicular compartments both in ALS2%™ and ALS2 variant-
overexpressing cells, we next investigated whether these vesic-
ular compartments represented either macropinosomes or
early endosomes and whether ALS2 was closely localized to
these compartments. ALS2™ " was not only present on the sur-
face of the dextran-positive macropinosomes (Fig. 24) but was
also localized to EEA1-positive early endosomes (Fig. 1B). Line
analysis clearly showed that the signals for engulfed dextran in
macropinosomes were surrounded by those of ALS2Y™ (Fig.
2B). In contrast, all three pathogenic ALS variants examined,
ALS251001 AT §oA861T904del 9y g ALS2ROMW were overlapped
neither with dextran-positive macropinosomes nor with EEA1-
positive endosomes (Figs. 1B and 2, A and B). Furthermore,
coexpression of active Racl with ALS2%7, but not with ALS2
variants, led to an enlargement of EEA1-positive endosomal
compartments (Fig. 1B), consistent with our previous observa-
tions (34).

These results indicate that pathogenic ALS2 variants, which
retain the C-terminal Rab5 GEF domain, lose their capability to
internalize via Racl-stimulated macropinocytosis. In other
words, pathogenic ALS2 variants are defective in the localiza-
tion to macropinosomes and/or early endosomes, even though
they do not seem to hinder macropinocytosis itself and can be
localized to membrane ruffles in cells.

Pathogenic ALS2 variants interact with themselves

We have previously reported that the ALS2 molecules self-
interact through the N- and/or C-terminal regions (11, 35). It
has also been shown that the pathogenic ALS2 variants,
ALS2"%7Y and ALS29°%°E, can interact with themselves (34).
To confirm whether ALS25190! AT §2A861-T904del . AT GoRIGIIW
self-interact, we conducted coimmunoprecipitation experi-
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Figure 1. Pathogenic ALS2 variants localize to F-actin-positive dorsal ruffles or Rac1-induced membrane ruffles but not to EEA1-positive early
endosomes. Hela cells were transfected with pCineoFLAG-ALS2"", pCIneoFLAG-ALS2°"%°", pCIneoFLAG-ALS24861-T904del o nCIneoFLAG-ALS2R'6"'W
together with or without pPCMV10-2xHA-Rac12°™" (A and B) or pClneoFLAG-EEA1 (B). A, localization of ALS2 and its pathogenic variants to F-actin-positive
membrane ruffles. The fixed cells were costained with anti-ALS2-RLD antibody (green) and Alexa 594-conjugated phalloidin (F-actin; red). Arrows indicate
ALS2/phalloidin double-positive Rac1-induced membrane ruffles. B, redistribution of ALS2, but not the ALS2 variants, to early endosomal compartments. The
fixed cells were costained with anti-ALS2-RLD (red) and anti-EEA1 (green) antibodies. Arrows and arrowheads indicate ALS2/EEA1 double-positive early
endosomes and ALS2-negative EEA1-positive early endosomes, respectively. A and B, higher magnification images of the boxed regions are shown on the right

panels. Scale bars, 10 um.

ments. In all the cases examined; ALS2WYT, ALS2C5°E
ALS25100L AL§2A861.T90%del and ALS2RIOMY | the HA-tagged
ALS2 molecules were efficiently coimmunoprecipitated with
FLAG-tagged ones (Fig. 3). The results demonstrate that like
ALS2¥?, missense or small in-frame deletion pathogenic ALS2
variants can interact with each other, indicating that patho-
genic ALS2 variants could either homodimerize or homo-oli-
gomerize in cells.

WT ALS2 forms a tetramer complex in mammalian cells

We have previously shown that both purified FLAG-tagged
ALS2 and its artificial truncated mutant lacking both the N-ter-
minal RLD and DH/PH domain of ALS2 (ALS2—MORN/VPS9)
can form stable homophilic oligomers, presumably octamer,
with no other detectable stable binding partners (36) and that
this homo-oligomerization is crucial for the activation of Rab5
(35). Because the detergents used for the purification of the
ALS2 proteins were different between the GEF assay, in which
Tween 20 was used, and gel filtration, in which IGEPAL
CA-630 was used, we tested the effects of differences in deter-
gents as well as in the length of the storage period of purified
ALS2 on the Rab5 GEF activity and oligomeric states. Surpris-
ingly, we found that ALS2 in the solution containing Tween 20
kept stable activities for an approximate 1-year period when
stored at 4 °C, whereas those in the solution containing IGE-
PAL CA-630 gradually lost their catalytic activity over a month
with concomitant increase in sizes of the oligomeric complex
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(data not shown) (36). Thus, we suspected that an octameric
form of the ALS2 complex in vitro (35) might not reflect the
native form.

To determine the bona fide ALS2 complex in cells, we
prepared fresh cell lysates from FLAG-ALS2%T-expressing
COS-7 cells without any purifications, used them for gel-filtra-
tion chromatography, and detected ALS2 by Western blotting
using ALS2-specific antibody. As a result, ALS2™" (~184 kDa)
was eluted in fractions with an apparent peak molecular mass of
~700 kDa (Fig. 4, A and B). Importantly, this elution pattern
was well matched to that of endogenous ALS2 in nontrans-
fected cells (Fig. S3). Thus, it is reasonable that ALS2 forms a
homophilic tetramer rather than an octamer in native condi-
tions. Nonetheless, because the endogenous ALS2 complexes
are slightly larger than those of overexpressed ALS2, it is still
possible that the ALS2 complex contains some additional inter-
actors in vivo.

To clarify how ALS2 formed a tetramer, we investigated the
domain-mediated interactions of ALS2. As the ALS2 fragment
lacking N-terminal RLD acts as a constitutive active form in
cells (10), we first performed gel-filtration analysis of cell lysate
prepared from FLAG-ALS2-DH/PH/MORN/VPS9 (~110
kDa) (Fig. S1)-expressing COS-7 cells. As a result, ALS2—DH/
PH/MORN/VPS9 was eluted in fractions with a peak molecular
mass of 400 —600 kDa (Fig. S4), indicating that the majority of
ALS2-DH/PH/MORN/VPS9 existed as a tetramer and/or

J. Biol. Chem. (2018) 293(44) 17135-17153 17137
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Figure 2. Pathogenic ALS2 variants do not redistribute to macropinosomes via Rac1-stimulated macropinocytosis. A, Hela cells were transfected with
pClneoFLAG-ALS2"T, pCIneoFLAG-ALS25"%%, pClneoFLAG-ALS2/801-T904del o nCIneoFLAG-ALS2R'8""W together with or without pCMV10-2xHA-Rac1?™t,
The cells were treated with tetramethylrhodamine-conjugated dextran (70 kDa) (red). After fixation, the cells were stained with anti-ALS2-RLD antibody
(green). Higher magnification images of the boxed regions are shown on the right panels. Arrows and arrowheads indicate ALS2-enwrapped dextran-positive
and ALS2-negative dextran-positive macropinosomes, respectively. Scale bars, 10 um. B, quantitative line analysis of the fluorescence intensities for ALS2
(green) and dextran (red) on dextran-positive macropinosomes. In each image, the asterisk indicates dextran-positive macropinosome of interest, and the end
of the transverse bar with the number corresponds to the left end of the x axis of the graph. Asterisks and arrowheads noted in the graphs indicate the positions
of dextran-positive macropinosome of interest and ALS2-localizing macropinosomal membranes, respectively.

larger complex. Because the C-terminal region of ALS2
between MORN and VPS9, which covered the Rab5 GEF cata-
lytic domain (10, 35), directly mediated self-interaction (35), we
next conducted gel-filtration analysis of cell lysate prepared
from FLAG-ALS2-MORN/VPS9-expressing (Fig. S1) COS-7
cells as well as the recombinant purified ALS2-MORN/VPS9
protein prepared from bacterial cultures. Both FLAG-ALS2—
MORN/VPS9 and the recombinantly purified ALS2-MORN/
VPS9 (molecular mass was ~70 kDa for each) were eluted in
fractions with an apparent peak molecular mass of ~160 kDa
(Fig. S5), indicative of a dimeric complex of the C-terminal
MORN/VPS9 region of ALS2.

Taken together, it is predicted that the dimeric ALS2 com-
plex, which interacts through the C-terminal MORN/VPS9
region in an antiparallel fashion (35), can further interact with
each other in a DH/PH domain-dependent manner, forming a
tetrameric ALS2 complex in cells. It is also suggested that the
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RLD of ALS2 is not essential to form a proper tetrameric com-
plex, even though it retains the ability to interact with the C-ter-
minal region of ALS2 (11).

Pathogenic ALS2 mutations alter the oligomeric states of the
ALS2 complex

To define the oligomeric states of normal ALS2 variants
(ALS2P™*2 and ALS2F''73%; rs# cluster ID/NCBI Assay IDs
rs41308810/ss65624394 and rs41309046/ss65624421, respec-
tively) (dbSNP, LOCUSID 57679), Rab5 GEF-defective artificial
mutant (ALS2P'°%34) and Rab5 GEF-defective/endosomal
localization-defective artificial mutant (ALS2M'°'74) (10), we
performed gel-filtration analysis under the same experimental
conditions. As a result, the elution patterns for ALS2°3%
ALS2F72K and ALS27'°%** were mostly similar to those of
ALS2¥Y, except there was a minor peak at an apparent molec-
ular mass of ~1000 kDa in these variants or mutants (Fig. 4, A

SASBMB
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Figure 3. Pathogenic ALS2 variants interact with themselves. COS-7 cells were transfected with single expression construct, including pClneoFLAG-
ALS2YT, pCIneoHA-ALS2"T, pClneoFLAG-ALS25'%% pClneoHA-ALS25"%°", pCIneoFLAG-ALS2%%4%F, pCIneoHA-ALS25%4%, pCIneoFLAG-ALS2A861-T904del n|
neoHA-ALS2A861-T904del 1 CIneoFLAG-ALS2%'®" ™, and pCineoHA-ALS2R'¢""W, or were double-transfected with pairs of FLAG- and HA-tagged ALS2 expression
constructs as indicated. Cell lysates were subjected to immunoprecipitation with anti-FLAG M2 antibody. Both cell lysates and immunoprecipitates were
analyzed by Western blotting using antibodies as indicated; IP, antibody used for immunoprecipitation; /B, antibody used for Western blot analysis.

and B). Interestingly, the elution pattern for ALS2"''7* was

different from others, in which ALS2"'®'74 was eluted in a wide
range of fractions with dual major peaks (~400 and ~700 kDa)
and a single minor peak (~1000 kDa) (Fig. 4, A and B).

Next, we investigated the oligomeric states for the missense
and small in-frame deletion pathogenic ALS2 variants (ALS25%%,
ALS251001 AT G9CIS7Y A GGS40E  A] GAS61_T904del o g
ALS2RYIY) ‘Unlike ALS2WY, the distributions of all patho-
genic variants except for ALS28'®""Y were shifted toward the
high-molecular weight fractions with two apparent peaks of
~700and ~1000 kDa (Fig. 4, Cand D). In contrast, ALS2R1 MY
was broadly eluted in fractions with apparent molecular masses
ranging from ~400 to ~700 kDa and an additional single minor
peak of ~1000 kDa (Fig. 4, C and D), which was similar to those
of ALS2M¢7A mutant.

These results demonstrate that nonpathogenic ALS2 vari-
ants (ALS2132L and ALS2E!173K) a5 well as the Rab5 GEF-de-
fective artificial mutant (ALS27'°3*) primarily exist as tetra-
meric forms like ALS2™™, However, ALS2 carrying missense
pathogenic mutations in the N-terminal RLD (ALS29*°F,
ALS25190T A1S2C157Y " and ALS29°4°F) or in-frame deletion in
the central PH domain (ALS24861-T904d¢l) exist as abnormally
higher molecular weight complexes. By contrast, both Rab5
GEF-defective/endosomal localization-defective artificial mutant
(ALS2"'¢17%) and the C-terminal VPS9 missense pathogenic
variant (ALS2R'%11¥) exist as dimeric and/or trimeric smaller
forms. Thus, pathogenic mutations lead to structural distortion
of the ALS2 oligomeric complexes.

ALS2-RLD"" and mutant RLDs were localized to
phalloidin-positive F-actin

We have previously demonstrated that the ectopically-ex-
pressed ALS2-DH/PH/MORN/VPS9 fragment lacking the
N-terminal RLD is instantly localized to early endosomes and
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induces their enlargements (10). In addition, the activation of
Racl results in relocalization of full-length ALS2 from the cyto-
plasm to membrane ruffles and then to macropinosomes
and/or early endosomes via macropinocytosis and heterotypic
vesicle fusions (11). Thus, we consider that although the RLD of
ALS2 acts as a suppressor for the recruitment of ALS2 to mem-
branous compartments in a dormant state (10), it may rather
function as a recruiter of ALS2 to membrane ruffles upon
Racl activation. Taking into account the fact that 7 of 10
missense or in-frame deletion mutations that have been
reported thus far are densely localized to the N-terminal
RLD of ALS2, the RLD might have crucial roles in the intra-
cellular behavior of ALS2.

To clarify the molecular tropism and function of the RLD, we
investigated the localization of the RLD fragment of ALS2
(ALS2-RLD) in cells. Although all the mutants examined,
ALS2-RLD®'%, ALS2-RLD“"*”Y, and ALS2-RLD“**°F, were
primarily distributed throughout the cytoplasm, a portion of
them were colocalized with phalloidin-positive F-actin on
membrane ruffles under Racl-activating conditions, as were
ALS2-RLD¥T and ALS2-RLD"*3?" (Fig. 5, A and B). It was also
noted that all the missense pathogenic ALS2 mutants could be
recruited to membrane ruffles but failed to be relocalized to
macropinosomes and/or early endosomes by the Racl activa-
tion (Figs. 1 and 2). The results combined suggest that the RLD
carrying missense pathogenic mutations still retains the ability
to mediate the localization of ALS2 to membrane ruffles but not
to macropinosomes and/or endosomes.

ALS2-RLD"" and mutant RLDs have similar affinity profiles
toward phosphatidylinositols

Several phosphatidylinositol molecules play an important
role in the spatiotemporal regulation of membrane-associated
proteins in macropinocytosis as well as in vesicle trafficking and

J. Biol. Chem. (2018) 293(44) 17135-17153 17139
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Figure 5. Intracellular localization and the affinity profiles toward phosphatidylinositols of the ALS2-RLD fragment carrying pathogenic mutations.
A and B, localization of ALS2-RLD and its pathogenic mutants to F-actin—positive membrane ruffles. HeLa cells were transfected with pCineoFLAG-ALS2-
RLDYT, pCIneoFLAG-ALS2-RLD"'3?", pCIneoFLAG-ALS2-RLD®'*”, pCIneoFLAG-ALS2-RLD“"*”Y, or pClneoFLAG-ALS2-RLD®*%*°F together with or without
pCMV10-2xHA-Rac19°™t, The fixed cells were costained with anti-ALS2-RLD antibody (green) and Alexa 594-conjugated phalloidin (F-actin; red). Arrows
indicate ALS2/F-actin double-positive Rac1-induced membrane ruffles. Scale bars, 10 um. C, layout of PIP strip. Spot 1, lysophosphatidic acid (LPA); spot 2,
lysophosphocholine (LPC); spot 3, phosphatidylinositol (Pl); spot 4, PI(3)P; spot 5, PI(4)P; spot 6, PI(5)P; spot 7, phosphatidylethanolamine (PE); spot 8, phosphati-
dylcholine (PC); spot 9, sphingosine 1-phosphate (S7P); spot 10, PI(3,4)P,; spot 11, PI(3,5)P.; spot 12, PI(4,5)P,; spot 13, PI(3,4,5)P5; spot 14, phosphatidic acid (PA);
spot 15, phosphatidylserine (PS); spot 16, Blank. D, lipid overlay assay for the ALS2-RLD fragment. ALS2-RLD"", ALS2-RLD*>'°%, ALS2-RLD"'3?", ALS2-RLD“"*7Y,
and ALS2-RLD®**° were incubated with PIP Strips™, and bound ALS2 molecules were detected by ALS2-RLD antibody. E, quantitative analysis of signal
intensities of ALS2 molecules. Each value is expressed as a mean (£ S.D.) percentage of the total signal intensity representing ALS2 on each strip (n = 4).
Statistical significance was evaluated by one-way ANOVA with Bonferroni’s multiple comparison test.

fusion (37). We have previously demonstrated that two mis- (PIPs), particularly to PI(3)P, PI(4,5)P,, and PI(3,4,5)P, (34),
sense pathogenic ALS2 variants, ALS2°"”Y and ALS2°*°F,  suggestive of the regulatory mechanism for macropinosomal
show a lower affinity to specific phosphoinositide phosphates localization of ALS2. To clarify the affinities of ALS2-RLD

Figure 4. Gel-filtration analysis of WT ALS2 and its variants. A, Western blot analysis of the gel-fractionated FLAG-tagged ALS2 and its variants and/or
mutants. Lysates from COS-7 cells that were transfected with pCIneoFLAG-ALS2"", pClneoFLAG-ALS2""3%, pClneoFLAG-ALS2"'73K, pCineoFLAG-
ALS2P'%3A "or pCIneoFLAG-ALS2-'¢7* and were applied to the Superose6 10/300 gel-filtration column. Cell lysates and the fractions were analyzed by
Western blotting using anti-ALS2-MORN/VPS9 antibody. Arrows indicate the positions of molecular mass markers. B, quantitative analysis of signal intensities
of ALS2 molecules. Each fraction was expressed as a mean percentage of the total amount of signals representing ALS2 across the entire fractions (n = 4). C, Western
blot analysis of the gel-fractionated FLAG-tagged pathogenic ALS2 variants. Lysates from COS-7 cells that were transfected with pCIneoFLAG-ALS2°*°R pCIneoFLAG—
ALS251%! pCIneoFLAG-ALS2"57Y, pCIneoFLAG-ALS2%%%%, pCIneoFLAG-ALS2A861-T904del o hCIneoFLAG-ALS2R'%""W and were applied to the Superose6 10/300
gelfiltration column. Cell lysates and the fractions were analyzed as shown in A. Arrows indicate the positions of molecular mass markers. D, quantitative analysis of
signal intensities of ALS2 molecules. Each fraction is expressed as a mean percentage of the total signal intensity representing ALS2 across the entire fractions (n = 4;
except for G49R mutant (n = 1)). For comparison, data for ALS2"" that are the same as those shown in B are included.
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toward PIP molecules, we performed protein—lipid overlay
assay using the ALS2—RLD fragments as probes. All the ALS—
RLD peptides, ALS2—RLDY7, normal variant ALS2—RLD"*32,
and pathogenic missense ALS2—-RLD mutants, bound to spe-
cific PIPs with different degrees of affinity (Fig. 5, D and E).
However, unlike the cases of full-length ALS2 (34), the differ-
ences in the patterns of lipid affinity between WT and mutated
RLD were not statistically significant (Fig. 5, D and E). The
results indicate that missense mutations themselves, at least in
the N-terminal RLD, do not alter their affinity toward PIPs,
consistent with the unaltered intercellular distribution of
ALS2-RLD mutants observed (Fig. 5, A and B).

ALS2-RLD"" can form multiple types of high-molecular
weight protein complexes

We have previously reported that the N-terminal RLD can
interact with the C-terminal MORN/VPS9 region of ALS2 (11).
Furthermore, coimmunoprecipitation experiments demon-
strated that the RLD self-interacted (data not shown). However,
the oligomeric structure of the RLD complex is still undeter-
mined. To address this issue, we conducted gel-filtration analysis
of fresh cell lysates prepared from FLAG-ALS2-RLDY'-
expressing COS-7 cells and the recombinant-purified ALS2—
RLDY" prepared from bacterial cultures. FLAG-ALS2—
RLDYT (~73 kDa) was eluted in a wide range of fractions with
three apparent peaks of ~150, ~700, and ~1000 kDa with the
highest at ~150 kDa (Fig. 6, A and B). Interestingly, purified
ALS2-RLDY™ was eluted in fractions with two apparent peaks
ranging from 400 to 700 and ~1000 kDa with no observable
signals representing low-molecular mass complexes (Fig. S6).
Thus, it is likely that ALS2—RLDY" can exist as a dimeric form
in cells, but it easily forms multiple high-molecular mass
complexes, probably tetramer to octamer (400 -700 kDa) or
much larger complexes (~1000 kDa) of ALS2—RLD in vitro,
suggesting that the ALS2—RLD fragment may be intrinsically
aggregation-prone.

Some pathogenic mutations in the RLD alter the oligomeric
states of the ALS2-RLD fragment

Next, we investigated the oligomeric states of ALS2-RLD
carrying normal variation ALS-RLD""**" or missense patho-
genic mutations ALS2—-RLD®'%%", ALS2-RLD“"*”¥, and ALS2—
RLDS**F, Signal distributions for some of these mutants were
slightly shifted toward high-molecular weight fractions with
concomitant decrease in the signal intensity of ~150 kDa
dimeric fractions (Fig. 6, A and B). Indeed, quantitative analysis
revealed that although the total signal intensities in high-mo-
lecular weight (HMW) fractions (fractions 1-8) for these
mutants were comparable with that for ALS2—-RLDY7, tet-
ra-octameric fractions (fractions 9 —16) for ALS2—RLD51°°L
ALS2-RLD"'*?", and ALS2-RLD“"*"Y were significantly higher
than that for ALS2-RLDY™ with a concomitant decrease in
their dimeric fractions (fractions 17-23) (Fig. 6C). These data
indicate that some pathogenic missense mutations as well as
normal variation in the N-terminal RLD can alter the oligomer-
ic states of the ALS2—RLD fragment.

17142 J Biol Chem. (2018) 293(44) 17135-17153

RLD of ALS2 is predicted to form a seven-bladed B-propeller

To clarify the structural and functional implications of mis-
sense mutations in the RLD of ALS2, we adopted the optimal
target-template alignment approach and built a structural
model for the ALS2-RLD fragment. First, we performed a
BLASTP search against the PBD database using ALS2-RLD
sequence as a query. The third RLD of human HERC2 (PDB
code 3KCI) was selected as a template. Alignment of amino acid
sequences between target (ALS2-RLD) and template (PDB
code 3KCI) revealed that the N-terminal RLD of ALS2 encoded
a seven-bladed B-propeller (Figs. 7 and 8 and Fig. S7). It was
noted that among seven blades, two were predicted to be dis-
continuous, in which blade five was interrupted by 306 aa of
intercalated disordered sequence (residues 219-524) (Figs. 7
and 8), and blade 1 consisted of two separate sequences; both
ends correspond to N- and C-terminal regions of the RLD (res-
idues 1-39 and 664 — 690, respectively) (Fig. 7). The three-di-
mensional ribbon representation of the RLD structure model in
conjunction with the surface property prediction revealed that
the “top face” of the propeller showed a hydrophilic nature,
whereas the “bottom face” with an open central hole formed a
hydrophobic cluster (Fig. 8, A and B, and Fig. S8), suggesting
that the bottom face is implicated in the protein interactions.
These results are fully consistent with the previously reported
model, which was built based upon the human RCC1 sequence
as a template (62).

Pathogenic mutations in the RLD reduce protein stability

To predict the effects of mutations and/or variations in the
structure of the RLD, the position of the residues for six path-
ogenic missense mutations (Gly-49, Phe-65, Ser-100, Cys-157,
Pro-192, and Gly-540), a single-residue deletion (Ala-120), and
a variant in healthy individuals (Pro-132) was plotted on the
three-dimensional ribbon representation of the RLD structure
model (Fig. 84). All residues except for Pro-192 were predicted
to be exposed to the protein surface close to the top face of
blades 2—5 (Fig. 8A4). It is also noted that all mutations are local-
ized within the seven-bladed propeller and not to the interca-
lated disordered sequence, suggesting that the structural dis-
tortion in the propeller is implicated in dysfunctional RLD of
ALS2.

Next, to evaluate the effect of each mutation on the protein
stability, we performed molecular dynamics simulations using
CHARMm force field and calculated the difference in the fold-
ing free energy of the mutant and WT structures. The simula-
tions showed that all pathogenic mutations but P192L reduced
the protein stability (mutation energy >0.5 kcal/mol) (Table 1).
In particular, the S100I, C157Y, and G540E mutations strongly
affected the protein stability (15.90, 4.49, and 10.09 kcal/mol,
respectively). In contrast, the values of the mutation energy for
P132L and P192L were 0.52 and 0.41 kcal/mol, respectively,
both of which were lower than or very close to the cutoff value
(0.5 kcal/mol), indicating that the protein structure is mini-
mally affected by these variations. It is noted that homozygous
P192L mutation was originally identified in Japanese patients
with sporadic juvenile ALS (18) and that pathogenicity of the
P192L mutation has yet to be validated. Therefore, it is still
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HERC2 3953 ------- TIYGWGHN LGGIEGAKVKVPTPC—EALA 3983

ALS2 1 MDSKKRSSTEAEGSKERGLVHIWQAGSFPITPERLPGWG 39

HERC2 3984 TLRP IGGEQTLFA EiEI TGYGAGGRLGIGGTES ESIQHV 4037

ALS2 40 GKTV: LGVKHGVLLTEDGEVY|SFGT-LPWRSGP-VEICPSSPILENALVGQ 91

* *

[32]
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Figure 7. Amino acid sequence alignment corresponding to the region of seven-bladed -propeller for ALS2-RLD and HERC2-RLD3 (PDB code 3KClI).
Identical residues are boxed. Asterisks and open circle indicate residues of pathogenic ALS2 mutations and of normal ALS2 variations, respectively. Magenta
arrowhead indicates the position at which 306 aa of the disordered sequence spanning 218-525 aa for ALS2-RLD are inserted.

possible that like P132L, P192L merely represents a rare normal
variant of ALS2.

As the residues at positions 100, 132, 157, and 540 were
exposed to the protein surface, we further assessed the surface
hydrophobicity. However, there were no significant differences
in the hydrophobicity around these four residues between vari-
ants and WT (Fig. S9), indicating that the local surface hydro-
phobicity might not be responsible for the functional alteration
in the pathogenic ALS2 variants. Taken together, the results
imply that missense pathogenic mutations in the RLD of ALS2
destabilize the normal protein structure, namely the architec-
ture for seven-bladed B-propeller.

Some pathogenic mutations decrease the stability of the full-
length ALS2 protein in NSC-34 cells

It has previously been shown that pathogenic frameshift
ALS2 mutants and ALS2<**”¥ were both unstable and thus rap-
idly degraded in cells (16, 33). To examine whether other path-
ogenic missense mutations as well as normal variation affected
the stability in ALS2, we performed the cycloheximide (CHX)
chase assay using the NSC-34 motor neuron-like hybrid cell
line (Fig. 9, A and B). The levels of ALS2 in all constructs exam-

ined were significantly decreased by 8 h after the CHX treat-
ment (Table S1). For the normal ALS2 variant, ALS2P!32"
showed comparable stability with ALS2Y™. By contrast, 4 h
after the CHX treatment, the levels of all pathogenic variants,
ALS25199L ALS2157Y and ALS29°*°F, except for ALS29%F,
were significantly lower than that of ALS2™" (Fig. 9B), indicat-
ing that some, but not all, pathogenic variants were unstable
and thus degraded faster than ALS2Y™. It was remarkable
that these in vitro results were consistent with those for in
silico predictions, in which three mutations, S1001, C157Y,
and G540E, exhibited higher mutation energy among others
(Table 1).

Discussion

Previously, it has been shown that ALS2 forms a homophilic
oligomer and acts as a GEF for Rab5 (35). This oligomerization
is crucial not only for the Rab5 activation in vitro but also for the
ALS2-mediated endosome fusion and maturation in cells (11,
35). Recently, we have shown that pathogenic missense ALS2
variants, which retain the Rab5 GEF activity, fail to properly
localize to endosomes via Racl-stimulated macropinocytosis
(34). However, molecular mechanisms underlying dysregulated

Figure 6. Gel-filtration analysis of the WT ALS2-RLD and those carrying pathogenic mutations. A, Western blot analysis of the gel-fractionated FLAG-
tagged ALS2-RLD and its pathogenic mutants. Lysates from COS-7 cells that were transfected with pClneoFLAG-ALS2-RLD"", pClneoFLAG-ALS2""32",
pClneoFLAG-ALS2-RLD*>'%°, pCIneoFLAG-ALS2-RLD"*”Y, or pCIneoFLAG-ALS2-RLD®>*°t and were applied to the Superose6 10/300 gel-filtration column.
Cell lysates and the fractions were analyzed by Western blotting using anti-ALS2-RLD antibody. Arrows indicate the positions of molecular mass markers. B,
quantitative analysis of signal intensities of ALS2 molecules. Each fraction is expressed as a mean percentage of the total signal intensity representing ALS2
across the entire fractions (n = 4). C, relative abundance of HMW, tetra-octameric, and dimeric ALS2-RLD complex. Values of the HMW (fraction 1-8),
tetra-octameric form (fraction no. 9-16), and dimeric form (fraction no. 17-23) are expressed as mean (= S.D.) percentages of the total signal intensity
representing ALS2-RLD (n = 4). Individual data points are also shown. Statistical significance was evaluated by one-way ANOVA with Bonferroni’s multiple

comparison test (**, p < 0.01; *** p < 0.001).
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Blade 1

Blade 5

* 540Gly
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Top

Bottom

Figure 8. Homology model of the B-propeller of ALS2-RLD. A, three-dimensional ribbon representation of the seven-bladed B-propeller structure model
for ALS2-RLD. The positions of residues corresponding to seven pathogenic mutations and single normal variation are marked in red color. It is noted that all
the mutations/variations reside within blades 2-5 (shown in “blue” ribbons). Top panel, axial view along the central shaft of the propeller structure. Bottom
panels, protein structure on the top panel is rotated by =90° about the y axis. Magenta arrowhead indicates the position at which the disordered sequence is
inserted in ALS2-RLD. B, cartoon diagrams for top and bottom of the seven-bladed B-propeller structure model for ALS2-RLD. Top panel, axial view from the
top side of the propeller structure. Bottom panel, protein structure on the top panel is rotated by 90° about the y axis.

Table 1
Protein stability for the wildtype and mutated RLDs of ALS2

When the values of difference in the free energy between the mutated and wildtype
structures are >0.5, they are defined as “destabilizing.”

Mutation Effect of
Residue Mutation energy mutation
49 Gly to Arg 1.06 Destabilizing
65 Phe to Ser 1.03 Destabilizing
100 Ser to Ile 15.9 Destabilizing
132 Pro to Leu 0.52 Neutral
157 Cys to Tyr 4.49 Destabilizing
192 Pro to Leu 0.41 Neutral
540 Gly to Glu 10.09 Destabilizing

distribution of ALS2 variants are still unclear. To address this
issue, we sought to clarify the relationship between intracellular
localization and oligomeric states of several missense and in-
frame deletion pathogenic ALS2 variants. Here, we demon-
strated evidence showing that ALS2 formed a homophilic

SASBMB

tetramer in native conditions, and pathogenic mutations might
destabilize the protein structure thereby altering the oligomeric
states and intracellular behavior of ALS2.

It has been widely accepted that complex formation is one of
the fundamentally important molecular features for GEFs in
their catalytic exchanging reaction of GDP for GTP on-target
small GTPases in response to upstream signals. Among the
VPS9 domain-containing Rab5 GEFs, RABGEF1/Rabex-5, one
of the well characterized Rab5 GEFs, has been shown to form a
heteromeric complex with Rabaptin-5, thereby enhancing the
RABGEF1-mediated Rab5 GEF activity and facilitating endo-
some fusions (38). However, RIN2 (Rab interactor 2), a member
of the VPS9 domain containing RIN family proteins, is known
to form a homophilic tetramer through the interaction of two
anti-parallel RIN2 dimers to each other (39, 40). It has also been
reported that the activation of small GTPase Rab7 is mediated

J. Biol. Chem. (2018) 293(44) 1713517153 17145
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Figure 9. Analysis of the stability for ALS2 and its variants by the cycloheximide chase assay. A, Western blot analysis of FLAG-tagged ALS2 and its
variants. NSC-34 cells that were transfected with pClneoFLAG-ALS2"T, pCIneoFLAG-ALS2""32%, pCIneoFLAG-ALS2%%°R, pCIneoFLAG-ALS2°'%", pCIneoFLAG-
ALS2°'*7Y, or pCIneoFLAG-ALS2%%°F were treated with CHX and harvested at different time points (0, 2, 4, and 8 h). Protein samples were analyzed by Western
blotting using anti-ALS2-MORN/VPS9 and anti-a-tubulin antibodies. Arrowheads and arrows indicate ALS2 (184 kDa) and its degraded product, respectively.
B, quantitative analysis of signal intensities for ALS2. Signal intensities were normalized by the level of a-tubulin. Value in each variant is presented as a mean
(=S.D.) percentage relative to the respective signal intensity of ALS2 at 0 h (n = 5). Individual data points are also shown. Statistical significance was evaluated
by two-way ANOVA with Bonferroni’s multiple comparison test (¥, p < 0.05; **, p < 0.01).
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by the Mon1-Cczl heteromeric GEF complex (41). Further-
more, several Rho GEFs, including RasGRF1 (42), RasGRF2
(42), B1PIX (43, 44), Dbl (45), p115RhoGEF (46), PDZ-RhoGEF
(46), and LARG (46), have been shown to form either dimer or
oligomer, and such complex formation plays a crucial role in
the GEF activities as well as their cellular functions. Consistent
with these findings, we here demonstrated that ALS2 could
form a tetramer in cells. Because there are no observable stable
interactors other than ALS2 itself, the majority of ALS2 might
exist as a homophilic tetramer in cells. Notably, the architec-
ture of the ALS2 complex is well matched to that of the RIN2
complex, in which ALS2 tetramers are predicted to be assem-
bled through the DH/PH domain-dependent self-interaction of
two dimeric ALS2 complexes, each of which is interacted via
the C-terminal MORN/VPS9 region in an antiparallel fashion
(35, 39). Thus, it is reasonable to assume that tetrameric struc-
ture of the ALS2 complex might be crucial not only for the Rab5
activation but also for the intracellular localization as well as the
functions of ALS2 (Fig. 10, A and B).

Previously, we have demonstrated that two pathogenic mis-
sense ALS2 variants, ALS2<"*”Y and ALS29°*°F, which retain
the Rab5 GEF activity in vitro, can be recruited to membrane
ruffles but fail to be relocalized to macropinosomes and/or
early endosomes upon Racl activation, despite that macropi-
nocytosis itself is activated (34). In this study, we further tested
a single normal ALS2 variant and five additional missense or
in-frame deletion pathogenic ALS2 variants, and we confirmed
that all the pathogenic variants exhibited the same abnormal
intracellular behaviors, irrespective of their residue positions of
mutation, whereas normal ALS2 variant was normally relocal-
ized to endosomes upon Racl activation. Then, we extended
the analysis for the genotype (mutation)—phenotype (intracel-
lular behaviors)—structural (complex) relationship (Table S2).
Remarkably, the sizes of the ALS2 complex carrying missense
mutations in the RLD or in-frame deletion in the central PH
domain were shifted toward a higher molecular weight, indicat-
ing that these mutants formed extremely large ALS2 complexes
in addition to normal tetramer. In contrast, the C-terminal
VPS9 domain missense variants, ALS2®'*""Y and ALS2"1¢174,
were rather present as dimeric or trimeric smaller forms in
cells. More importantly, one of the artificial Rab5 GEF-defec-
tive mutants, ALS27'%34, not only primarily existed as a
tetramer but also showed the endosomal localization in the
presence of active Racl, although it could not induce the fusion
and enlargement of endosomes due to lack of the Rab5 GEF
activity (34). These results suggest that the normal tetrameric
structure of ALS2 might be requisite for the Racl-induced relo-
calization of ALS2 from membrane ruffles to macropinosomes
and/or endosome via macropinocytosis. Thus, a disorganized
higher structure of the ALS2 complex is strongly implicated in
the loss of cellular functions of ALS2 due to dysregulated intra-
cellular behaviors of ALS2 and not just simply due to loss of
Rab5 GEF activity.

One of the questions arising from this study includes the
residue position-dependent differences in the oligomeric struc-
tures of ALS2. All the missense pathogenic mutations except
for R1611W lead to form the larger complexes than normal
tetramer, whereas ALS2 carrying the pathogenic mutation

SASBMB

R1611W or the artificial mutation L1617A both exist as dimeric
and/or trimeric smaller complexes. We have previously shown
that the exon 25-deleted variant of ALS2 lacking the region
spanning 1280 —1335 aa completely lose the C-terminal region-
mediated self-interaction of ALS2 (Table S2) (35). Because the
C-terminal MORN/VPS9 region normally mediates the
dimerization of ALS2, these particular missense mutations
within the VPS9 domain may cause loss of proper dimerization
of the C-terminal regions. Even though ALS2 loses the C-ter-
minally-mediated dimerization property, ALS2 itself still can
form some complex through the self-interactions between
DH/PH and MORN/VPS9 and/or the RLD and MORN/VPS9
region (11, 35), resulting in the unusually smaller ALS2 com-
plexes. By contrast, missense and small in-frame mutations in
the RLD or PH domain may deregulate the normal assemble for
the tetrameric complex of ALS2, thereby forming abnormally
larger complexes of ALS2.

Another question arising from this study is how the struc-
tural distortion of the ALS2 complex leads to dysregulated
intracellular ALS2 localization. Previously, we have demon-
strated that two missense pathogenic full-length ALS2 variants,
ALS2%"%7Y and ALS29%%°F, show a lower affinity to specific PIPs
than does WT ALS2 (34). However, we showed here that the
RLD fragment carrying the same missense mutations exhibited
not only a similar pattern of affinities toward PIPs to those of
the wildtype, but also the altered higher complex structure that
was not associated with mutation itself. Importantly, in silico
structure modeling demonstrated that missense pathogenic
mutations in the RLD destabilized the normal protein struc-
ture, namely the architecture for a seven-bladed B-propeller.
Indeed, the CHX chase assay in a motor neuron-like cell line
revealed that some missense pathogenic mutations in the RLD
destabilized the ALS2 protein. Because it is speculated that the
RLD acts as a critical determinant for the intracellular localiza-
tion of ALS2 (10), the structural distortion in the RLD might
cause abnormal protein interactions between ALS2 and other
regulators, thereby losing the normal intracellular behavior, in
particular, the internalization of ALS2 via macropinocytosis
(Fig. 10C).

Another possible explanation for the RLD-mediated regula-
tion of intracellular ALS2 localization may be associated with
the disordered region of the RLD. 306 aa of the intercalated
disordered region (residues 219-524), which resides on the
bottom surface of blade 5 of B-propeller, are predicted to con-
tain several residues modified by phosphorylation, acetylation,
and ubiquitylation (47). Furthermore, a database search identi-
fied two residues, Ser-483 and Ser-492, representing highly
conserved phosphorylation sites (https://www.phosphosite.
org/uniprotAccAction?id=Q96Q42)? (47). In fact, it has been
reported that three residues in this region of ALS2, i.e. Ser-277,
Ser-492, and Thr-510, are phosphorylated (48). We have previ-
ously demonstrated that the artificial ALS2 mutant carrying a
single amino acid substitution on Thr-510 (ALS2"%'°4) is prop-
erly relocalized to macropinosomes upon Racl activation (34),
indicating the phosphorylation of Thr-510 may not have a

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Figure 10. Proposed model for the oligomerization of ALS2 and a schematic diagram of intracellular distribution of WT ALS2 and mutant ALS2
complexes. A, self-interacting domains of ALS2. MORN/VPS9 forms an anti-parallel dimer and also can interact with RLD. DH/PH/MORN/VPS9 forms a tetramer
through DH/PH. RLD can self-interact and also interact with MORN/VPS9. B, proposed model for the normal ALS2 tetramer. Four ALS2 molecules interact with
each otherin an anti-parallel fashion through MORN/VPS9 and DH/PH. RLDs can interact with each other and also with MORN/VPS9. G, intracellular distribution
of the WT ALS2 and mutant ALS2 complexes. Rac1 activation induces the recruitment of ALS2 to membrane ruffles (indicated as 7), followed by internalization
to macropinosomes via macropinocytosis (indicated as 2). Then, ALS2-inherent Rab5 GEF activity can facilitate the fusion of endosomal compartments
(indicated as 3). ALS2"", normal variant ALS2”"32%, and artificial mutant ALS2"'°%3A, all of which can form a tetramer, are redistributed from the cytosol to
endosomal compartments upon Rac1 activation and following macropinocytosis, whereas all pathogenic ALS2 mutants and artificial mutant ALS2"'¢'74, all of
which exist as the structurally-distorted complexes, fail to be loaded onto nascent macropinosomes on macropinocytosis and remain in ruffle membranes. It

is noted that endosomal ALS27'%3” cannot mediate endosome fusion due to the defective Rab5 GEF activity.

major impact on the ALS2 localization. Currently, effects of
other phosphorylated residues in the disordered region of the
RLD remain to be investigated. Thus, to define the molecular
mechanisms underlying the RLD-mediated intracellular local-
ization of ALS2, future detailed studies will be required.
Recent molecular and cell biological studies have gradually
been uncovering the molecular functions of ALS2 as well as
their regulatory mechanisms: 1) oligomerization of the C-ter-
minal MORN/VPS9 region of ALS2 is necessary for the activa-
tion of Rab5 (35); 2) ALS2-mediated Rab5 activation facilitates
the fusion between macropinosome and endosomes and/or
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autophagosomes in cells (49, 50); 3) the intact DH/PH domain
of ALS2 is indispensable for the redistribution of ALS2 to mac-
ropinosomes (11); and 4) active Rac1 induces the localization of
ALS2 to membrane ruffles and then to macropinosome and/or
endosomes via macropinocytosis (11). In this study, we have
further revealed some additional regulatory mechanisms: 5) a
tetrameric structure of ALS2 plays an essential role in Racl-de-
pendent endosomal localization of ALS2, and 6) mutations in
the RLD distort the native tetrameric structure of ALS2,
thereby losing the ability for the macropinocytosis-mediated
internalization of ALS2. Such accumulating evidence allows us
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to speculate that, under normal conditions, ALS2 acts as fol-
lows: Racl activation induces the conformational changes in
the RLD by certain modifications on some residues, which in
turn unlocked the RLD-mediated inhibitory switch; therefore,
ALS2 can be recruited to membrane ruffles followed by inter-
nalization to macropinosomes via macropinocytosis. Ulti-
mately, ALS2-inherent Rab5 GEF activity can facilitate the
heterotypic as well as homotypic fusion of endosomal com-
partments. In the course of this dynamic signaling pathway,
pathogenic ALS2 variants may become unresponsive to Racl
signaling and/or fail to be loaded onto nascent macropi-
nosomes on macropinocytosis due to the distorted complex
structure, and thereby ALS2-mediated signaling might be dis-
rupted (Fig. 10). However, further detailed studies are war-
ranted to obtain direct evidence supporting these notions.
ALS2is originally identified as a causative gene for autosomal
recessive juvenile MNDs. Thus, loss of the ALS2 functions is
believed to cause motor neuron degeneration. Concerning its
lost functions, it has been shown that ALS2 is implicated in a
variety of cellular processes and functions, including endosome
fusion (10), macropinocytosis (11, 34, 49), autophagy (51),
amphisome formation (50), neurite extension (49), receptor
trafficking (52), mitochondrial morphology in neurons (53),
and oxidative stress (53, 54). In addition, ALS2 is known to
interact with many factors, including Rab5 (10), ALS2 C-termi-
nal-like (ALS2CL) (55), glutamate receptor-interacting protein
(GRIP) (52), and Rabl7 (56). Most recently, NIMA-related
expressed kinase 1 (NEK1), one of the important risk factors in
sporadic as well as familial ALS, directly interact with ALS2
(57). Furthermore, molecular function of COORF72, a protein
product of the most common causative ALS gene, is tightly
associated with vesicle trafficking in the endolysosomal path-
way (58, 59), where ALS2 functions in cells. Deciphering such
intricate molecular systems regulated by ALS2 along with other
interactors and/or regulators is still a formidable task. How-
ever, our data might provide important clues to understand not
only the normal function of ALS2 but also molecular mecha-
nisms underlying the pathogenesis of ALS2-linked MNDs.

Experimental procedures
Antibodies and materials

Anti-ALS2-RLD (HPF1-680) and anti-ALS2-MORN/
VPS9 (MPF1012-1651) polyclonal antibodies were described
previously (10). Monoclonal antibodies used in this study
included anti-FLAG M2 (Sigma), anti-HA (Cell Signaling
Technology), anti-EEA1 (BD Biosciences), and anti-a-tubulin
polyclonal HRP-DirecT (MBL) antibodies. All other regents
were from commercial sources and of analytical used grade.

Plasmid constructs

The expression constructs, including pGEX6P—ALSZ—RLDWT,
pGEX6P-ALS2-MORN/VPS9¥?, pClneoFLAG-ALS2-RLD¥7,
pCIneoFLAG-ALS2-MORN/VPS9¥", pCIneoFLAG-ALS2%",
pCIneoHA-ALS2Y", pCIneoFLAG-ALS2<"*”Y, pClneoHA—
ALS2<'*7Y pCIneoFLAG-ALS25°*°F, pCIneoHA —~ALS25>*%F,
pCIneoFLAG-ALS2"%%4, pCIneoFLAG-ALS2"''74, pCMV10-
2xHA-Rac1?°'", and pCIneoFLAG-EEA1, were described pre-
viously (10, 11, 34, 35). In addition to these constructs, we gen-
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erated pCIneoFLAG-ALS2-RLD®'°”", pCIneoFLAG-ALS2—
RLD"3%, pCIneoFLAG-ALS2-RLD“**”Y, pCIneoFLAG-ALS2—
RLDS**E, pCIneoFLAG-ALS2°'°"", pCIneoHA-ALS25'%",
pCIneoFLAG-ALS2”'*?",  pCIneoFLAG-ALS248¢!1-T90%d¢l,
pClneoHA—ALS2A861-T904del pCIneoFLAG-ALS2FM73K,
pCIneoFLAG-ALS2*'"¥, and pCIneoHA—ALS2R'*''Y by
the site-directed mutagenesis using pCIneoFLAG-ALS2-
RLDYT or pClneo—FLAG-ALS2YT as a template. The insert
DNA of these constructs were verified by DNA sequence
analysis.

Cell culture and transfection

HeLa, COS-7 and NSC-34 (CELLutions Biosystems) cells
were cultured in Dulbecco’s modified Eagle’s medium with high
glucose (Wako) supplemented with 10% heat-inactivated fetal
bovine serum gold (PAA Laboratories GmbH), 100 units/ml
penicillin, 100 ug/ml streptomycin, and 1 mm sodium pyruvate.
Cells were transfected with plasmid constructs using the Effect-
ene Transfection Reagent (Qiagen) according to the manufa-
cturer’s instructions. NSC-34 cells were transfected with plas-
mid constructs using the Lipofectamine™ 3000 transfection
reagent (ThermoFisher Scientifc) (33).

Immunocytochemistry and confocal microscopy

Immunofluorescence studies were carried out as described
previously (11, 34). Briefly, HeLa cells transfected with appro-
priate plasmids were washed with PBS(—) twice, fixed with 4%
paraformaldehyde in PBS(—) for 20 min, and permeabilized
with 0.1% Triton X-100 and 5% normal goat serum (NGS) in
PBS(—) for 30 min. Anti-ALS2—RLD (1:10,000) and anti-EEA1
(1:100) antibodies diluted in PBS(—) containing 0.05% Triton
X-100 and 1% NGS were added to the fixed cells and incubated
overnight (overnight) at room temperature. After washing with
PBS(—) (10 min, three times), samples were incubated with
Alexa 488- or 594-conjugated anti-mouse or -rabbit IgG
(Molecular Probes) (1:500) in 0.05% Triton X-100 and 1% NGS/
PBS(—). F-actin was visualized by Alexa 594-conjugated phal-
loidin (Molecular Probes) (1:500) in 0.05% Triton X-100 and 1%
NGS/PBS(—). After washing with PBS(—), the cells were
mounted with Vectashield with 4',6-diamidino-2-phenylindole
dihydrochloride. We observed these cells by Leica TCS_NT
(Leica) confocal microscope system and ZEISS LSM-700 laser
scanning confocal microscope (Carl Zeiss). Images were quan-
tified using Image]J software.

Dextran uptake assay and line plot profile

HeLa cells were transfected with pCIneoFLAG-ALS2%T,
pCIneoFLAG-ALS25'%", pCIneoFLAG-ALS2/861-T904del - oy
pClneoFLAG-ALS2™ 'Y together with or without pCMV10-
2xHA-Rac1?®' as described previously (34). Twenty four
hours after transfection, the cells were washed with PBS(—) and
cultured in serum-free Dulbecco’s modified Eagle’s medium
containing 2 mg/ml tetramethylrhodamine-conjugated dex-
tran MW 70,000, lysine-fixable (Invitrogen) for 20 min. After
washing with PBS(—), the cells were fixed and observed by Zeiss
LSM-700 laser-scanning confocal microscope (Carl Zeiss).
Captured cell images were further subjected to the line-analysis
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by drawing two cross-sectional lines (each 16 um in length) per
macropinosome using RBG profile plot in Image] software.

Preparation and purification of FLAG-tagged ALS2 protein

COS-7 cells were transfected with pCIneoFLAG—ALS2 con-
structs. Twenty four hours after transfection, the cells were
washed with PBS(—) and lysed in buffer A (50 mm Tris-HCI (pH
7.5), 150 mm NaCl, 1% Tween 20, and Complete Protease Inhib-
itor (Roche Diagnostics)). After centrifugation at 23,000 X g for
20 min, supernatants were recovered and subjected to gel-fil-
tration chromatography. Resulting supernatants were further
subjected to immunoprecipitation with anti-FLAG M2 affinity
gel (Sigma). The affinity gels were washed three times with
buffer B (20 mm Tris-HCI (pH 7.5), 150 mm NaCl containing 1%
Tween 20). Subsequently, the affinity gels were treated with
100 ug/ml 3xFLAG peptide (Sigma) for 30 min at room tem-
perature, and FLAG-tagged ALS2 was eluted. After centrif-
ugation, eluates were subjected to silver staining using
Sil-Best Stain One (Nacalai Tesque) according to the man-
ufacturer’s instructions.

Purification of GST-fused ALS2 protein

GST-fused ALS2-RLD ™" and ALS2-MORN/VPS9™ " were
expressed in Escherichia coli BL21(DE3) pLys S (Novagen) cells,
which were transformed with pGEX6P—ALS2-RLDYT and
pGEX6P-ALS2-MORN/VPSO¥7, respectively, in LB medium
containing 100 um isopropyl thio-B-p-galactoside overnight at
37 °C. E. coli pellets were lysed in buffer C (20 mm Tris-HCI (pH
7.5), 150 mMm NaCl, 0.1% IGEPAL® CA-630 (Sigma) and Com-
plete Protease Inhibitor (Roche Diagnostics)). After centrifuga-
tion at 20,000 X g for 30 min, supernatants were mixed with
GSH-Sepharose™™ 4B beads (Amersham Biosciences). After
washing with buffer C, GST-fused proteins were treated with
Pre-Scission protease buffer (50 mm Tris-HCI (pH 7.5), 100 mm
NaCl, 1 mm EDTA, 1 mm DTT, Pre-Scission protease (Amer-
sham Biosciences)) to remove the GST moiety according to the
manufacturer’s recommendations. Purified proteins were sub-
jected to gel-filtration chromatography.

Western blot analysis

Protein samples were separated by SDS-PAGE (Wako
Supersep™ Ace, 5-20% 17-well) and blotted onto polyvi-
nylidene difluoride membranes (Bio-Rad or Merck Millipore
Immobilin-P). The blots were blocked with 0.5% skimmed milk
in TBST (20 mm Tris-HCI (pH 7.5), 150 mm NaCl containing
0.1% Tween 20) for 1 h at room temperature. The blocked
membrane was incubated with anti-ALS2-RLD (1:5000), anti-
ALS2-MORN/VPS9 (1:5000), anti-FLAG M2 (1:1000), anti-
HA (1:2000), or HRP-conjugated-anti-a-tubulin (1:10,000)
antibody overnight at room temperature. After washing with
TBST (15 min, 4 times), membranes were incubated with HRP-
conjugated anti-rabbit (1:5000) or anti-mouse (1:5000) second-
ary antibody (GE Healthcare) in TBST for 2 h at room temper-
ature. After washing with TBST, immunoreactive protein
bands were visualized by Immobilon® Western HRP (Merck
Millipore) and detected by Ez-Capture MG (ATTO).
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Coimmunoprecipitation

Coimmunoprecipitation experiments were carried out as
described previously (34). In brief, COS-7 cells were transfected
with pCIneoFLAG-ALS2 and pICneoHA-ALS2 constructs.
Twenty four hours after transfection, the cells were lysed in
buffer A (50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 1% Tween 20,
and Complete protease inhibitor (Roche Diagnostics)). Super-
natants were recovered by centrifugation at 23,000 X g for 20
min. Immunoprecipitation (IP) was performed by using anti-
FLAG M2 affinity gel (Sigma). The FLAG M2 affinity gels were
washed with buffer B (20 mMm Tris-HCI (pH 7.5), 150 mm NaCl
containing 1% Tween 20). IP products were subjected to West-
ern blot analysis with either the anti-FLAG M2 or anti-HA
antibody.

Gel-filtration chromatography

COS-7 cells were transfected with pCIneoFLAG—-ALS2 con-
structs. Twenty four hours after transfection, the cells were
washed with PBS(—) and lysed in buffer D (50 mm Tris-HCl (pH
7.5), 150 mm NacCl, 0.1% IGEPAL CA-630 (Sigma), and Com-
plete protease inhibitor (Roche Diagnostics)). Supernatants
were recovered by centrifugation at 23,000 X g for 20 min and
loaded onto the column (Superose 6 10/300 GE Healthcare),
and the eluates were fractionated and collected. Elution was
carried out at 4 °C at a flow rate of 0.3 ml/min with a fraction
volume of 0.5 ml. Fractionated samples were analyzed by West-
ern blotting using the anti-ALS2—-MORN/VPS9 or anti-ALS2-
RLD antibody. The elution profile of the column was calibrated
with the size standards (IgM, 975 kDa; thyroglobulin, 669 kDa;
ferritin, 440 kDa; aldolase, 158 kDa; and ovalbumin, 43 kDa).

Quantification of signal intensities on Western blotting for
gel-filtration chromatography

Signal intensities of Western blots were quantified by using
CS Analyzer Version 3.0 (ATTO), and each fraction was
expressed as a percentage of the total signal intensities from
protein bands of interest within the entire fractions.

Protein-lipid overlay assay

PIPs overlay assay of FLAG-fused proteins was conducted
according to the manufacturer’s instructions. In brief, PIP
Strips ™ (100 pmol per spot) (Echelon Biosciences) were incu-
bated with 0.2 pg/ml purified FLAG-ALS2-RLD¥™, FLAG-
ALS2-RLDS'" FLAG-ALS2"'*?", FLAG-ALS2-RLD“**"Y,
or FLAG-ALS2-RLD®**F in TBST containing 3% (w/v) of
fatty acid-free BSA (Sigma) overnight at 4 °C. FLAG peptides
purified from the cell lysate of empty vector-transfected cells
were used as a control. PIP strips™ (Echelon Biosciences, Inc.)
were washed and incubated with anti-ALS2-RLD antibody
(1:5000) for 2 h at room temperature. After washing with TBST,
membranes were incubated with HRP-conjugated anti-rabbit
secondary antibody (1:5000) (GE Healthcare) in TBST for 2 h at
room temperature. After washing with TBST, immunoreactive
protein spots were visualized by Immobilon® Western HRP
(Merck Millipore) and detected by Ez-Capture MG (ATTO).
Signal intensities of PIP strips™ were quantified by using CS
Analyzer Version 3.0 (ATTO). Each value was expressed as a
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percentage of the total signal intensities from all the spots
within the entire strip.

Homology modeling

Amino acid sequence of the RLD of human ALS2 (ALS2-
RLD) (GenBank™ accession no. BAB69014) was obtained
from NCBI GenBank™! database and used as a target for ho-
mology modeling. After BLASTP searches against Protein Data
Bank (PDB) sequence entries using ALS2-RLD sequence as a
query, the third RLD of human HERC2 (PDB code 3KCI) was
selected as the best template for homology modeling (Bit score:
115.2 and Identity: 32%). The 3KCI structure was optimized for
inserting missing atoms in incomplete residues, modeling miss-
ing loop regions, and deleting alternative conformations by the
Prepare Protein protocol. The template and target amino acid
sequences were first aligned. Then, the quality of the alignment
was improved by removing gaps, particularly 306 aa of the
intercalated disordered sequence (residues 219 -524), and re-
aligning the sequence, and we generated 50 structure models of
the RLD of ALS2 using a Build Homology Models protocol/
MODELLER (60) in Discovery Studio version 4.1 from BIOVIA
(Accelrys Inc. San Diego). The Probability Density Function
total energy and Discrete Optimized Potential Energy score
were used to select the best model. The loops in the resulting
model were refined using the protocol Loop Refinement. The
Ramachandran plots and Verify 3D in Discovery Studio were
also used for the model evaluation. A CHARMm force field
implemented in Discovery Studio was typed for the simulation.

Structural analysis of RCC1-like domain of ALS2

The structural models of ALS2 mutants were built based on
optimized models using the Build Mutants protocol of the Mac-
romolecular tool. To optimize the conformation of both the
mutated and neighboring residues surrounding mutations, the
cut radius (4.5A) was used in this simulation. Protein stabilities
for mutants were calculated using a Calculate Mutation Energy
(Stability) protocol. All molecular modeling, optimization, and
visualization were performed in Discovery Studio with default
parameter setting. The surface hydrophobicity (61) of a residue
was calculated in a 3-amino acid window and was drawn using
Discovery Studio.

Cycloheximide chase assay

NSC-34 cells were transfected with pCIneoFLAG-ALS2%7,
pCIneoFLAG-ALS2""3?", pCIneoFLAG-ALS29*%, pClneo-
FLAG-ALS25"", pCIneoFLAG-ALS2<**”¥, or pCIneoFLAG—
ALS29%%F construct. Twenty four hours after transfection, the
cells were washed with PBS(—), followed by the incubation with
Dulbecco’s modified Eagle’s medium containing 50 ug/ml
CHX (Calbiochem). CHX-treated cells were harvested at differ-
ent time points (0, 2, 4, and 8 h) and lysed in buffer A. Superna-
tants were recovered by centrifugation at 23,000 X g for 20 min
and analyzed by Western blotting using the anti-ALS2-
MORN/VPS9 antibody and anti-a-tubulin antibody as an
internal control.

Statistical analysis

Statistical analyses were conducted using Prism 7 (Graph-
Pad). Statistical significances for signal intensities on Western
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blotting for gel-filtration chromatography or PIPs strip mem-
brane for protein lipid overlay assay were evaluated by one-way
ANOVA with Bonferroni’s multiple comparison tests. Signal
intensities on Western blotting for the CHX chase assay were
evaluated by two-way ANOVA with Bonferroni’s multiple
comparison tests. A p value <0.05 was considered as reaching
statistical significance.
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