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A diacidic motif determines unconventional
secretion of wild-type and ALS-linked mutant SOD 1
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The nutrient starvation-specific unconventional secretion of Acb1 in Saccharomyces cerevisiae requires ESCRT-I, -Il, and
-l and Grh1. In this study, we report that another signal sequence lacking cytoplasmic protein, superoxide dismutase 1
(SOD1), and its mutant form linked to amyotrophic lateral sclerosis (ALS), is also secreted by yeast upon nutrient starva-
tion in a Grh1- and ESCRT-I-, -ll-, and -lli-dependent process. Our analyses reveal that a conserved diacidic motif
(Asp-Glu) in these proteins is necessary for their export. Importantly, secretion of wild-type human SOD1 and the ALS-
linked mutant in human cells also require the diacidic residues. Altogether, these findings reveal information encoded
within the cytoplasmic proteins required for their unconventional secretion and provide a means to unravel the signifi-
cance of the cytoplasmic versus the secreted form of mutant SOD1 in the pathology of ALS. We also propose how cells,
based on a signal-induced change in cytoplasmic physiology, select a small pool of a subset of cytoplasmic proteins for

unconventional secretion.

Introduction

A large number of proteins that lack a signal sequence for en-
tering the conventional ER-Golgi complex pathway of secre-
tion are exported by eukaryotic cells. These include but are
not restricted to tissue transglutaminase, interleukin (IL)-1p
and -la, galectin-3, macrophage migration inhibitory factor,
insulin-degrading enzymes, fibroblast growth factor 2, and
diazepam-binding inhibitor (Kinseth et al., 2007; Rabouille
et al., 2012; Malhotra, 2013). The challenge is to reveal the
mechanism and physiological significance of this unconven-
tional mode of secretion.

In search of a function for Golgi reassembling and
stacking proteins (GRASPs), we discovered that deletion of
the single GRASP gene in Dictyostelium discoideum blocked
starvation-specific secretion of signal sequence lacking acyl-
CoA-binding protein AcbA (Kinseth et al., 2007). This rekin-
dled interest in this unconventional mode of secretion since
its first description that signal sequence lacking IL-1p was se-
creted by activated macrophages (Auron et al., 1984; Rubartelli
et al., 1990). Subsequent analysis revealed that the function of
GRASP orthologues (Grh1 in budding yeast) in the secretion of
AcbA orthologues (Acbl1 in yeast) was conserved in eukaryotes
(Duran et al., 2010; Manjithaya et al., 2010). GRASP proteins
are also shown to have a role in the secretion of signal se-
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quence lacking IL-1p8 (Dupont et al., 2011; Zhang et al., 2015)
and insulin-degrading enzymes (Son et al., 2016). Altogether,
these data lend confidence in the involvement of GRASP pro-
teins in unconventional secretion. The Grhl-dependent ex-
port of Acbl in yeast involves endosomal sorting complexes
required for transport (ESCRT)-I, -II, and -III. Surprisingly,
however, ESCRT-mediated secretion of Acbl is independent of
Vps4, which strongly suggests that its secretion is without in-
corporation into intraluminal vesicles at multivesicular bodies
(Curwin et al., 2016). The secretion of Acbl is therefore inde-
pendent of exosome-mediated release of cytoplasmic contents.
Autophagy-related proteins are also suggested to play a role in
unconventional protein secretion, but it is unclear whether the
dependence on Atg genes is direct or if they are required to keep
cells in a response-competent status under nutrient starvation
or stress conditions that result in the release of proteins such as
Acbl and IL-1f (Duran et al., 2010; Manjithaya et al., 2010;
Dupont et al., 2011; Zhang et al., 2015).

Conditions that trigger secretion of Acbl result in the
biogenesis of a new Grhl-containing compartment called the
compartment for unconventional protein secretion (CUPS) that
appears in two sequential forms (Bruns et al., 2011; Curwin et
al., 2016). Grh1 is first observed in a cluster of vesicles that are
produced independently of COPII- and COPI-mediated export
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of membranes from the ER and the Golgi, respectively. Mem-
brane export from late Golgi compartment, however, is neces-
sary for production of these vesicular elements (Bruns et al.,
2011; Cruz-Garcia et al., 2014). Clusters of Grhl-containing
vesicles are then found surrounded by curved saccules (Curwin
et al., 2016). The stability of this form of CUPS is dependent
on the activity of the phosphatidylinositol 3-phosphate kinase
Vps34 (Cruz-Garcia et al., 2014). For the sake of simplicity,
we have decided to call the first stage of CUPS I-CUPS (for
immature CUPS [cluster of Grh1-containing vesicles]), and we
call the second stage mature CUPS (M-CUPS [Grh1-containing
vesicles surrounded by curved saccules]). Acbl is associated
with M-CUPS, indicating their involvement in events leading
to Acbl secretion (Curwin et al., 2016). The pathway of uncon-
ventional secretory process is thus beginning to unravel.

The next obvious challenge in order to understand the
mechanism of unconventional protein secretion is to identify
whether there is a motif—a sequence—used by proteins to
enter this pathway. An easy means to address this concern is to
ask how many other proteins are secreted by the same pathway
and then to test whether such proteins contain a common se-
quence that affects their secretion when mutated. We now pres-
ent data that exactly address this issue. We report that signal
sequence lacking cytoplasmic superoxide dismutase 1 (SOD1)
is exported by the same pathway used for Acbl secretion. In
addition, we reveal that Acbl and both yeast and human SOD1
contain a diacidic motif that is necessary for their release from
cells. The description of our findings and their significance in
understanding human pathology of mutations in SODI linked
to amyotrophic lateral sclerosis (ALS) follows.

We have previously shown that Acbl is secreted by yeast incu-
bated in 2% potassium acetate for 2-3 h (Curwin et al., 2016).
Extraction of the yeast cell wall was used to quantitate the
secreted pool of Acbl. Lack of cofilin, a cytosolic protein of
similar abundance, size, and charge as Acbl, in the extracted
material served as a control for release of cytoplasmic content
as a result of cell lysis during experimental manipulations (Cur-
win et al., 2016). In addition, presence of the cell wall protein
Bgl2 was used as a control to monitor extraction efficiency in
this assay (Curwin et al., 2016).

The cytosolic copper—zinc superoxide dismutase SODI,
which lacks a signal sequence, is released by several differ-
ent mammalian cells (Mondola et al., 1996, 1998; Cimini et
al., 2002). Although the mechanism of SOD1 export by cells
is unclear, it has been reported that rat pituitary GH3 cells
secrete SOD1 in response to depolarization through SNARE-
dependent exocytosis, which allowed Santillo et al. (2007) to
suggest the involvement of large dense-core vesicles contain-
ing SODI1. SOD1 has also been found associated with exoso-
mal fraction obtained from tumor cell lines in high-throughput
studies (ExoCarta database). Furthermore, immunochemical
analysis has revealed that a fraction of extracellular human
SODI1 is associated with exosomes secreted by mouse astro-
cytes and mouse motor neurons overexpressing wild-type
human SOD1 (Gomes et al., 2007; Basso et al., 2013; Grad et
al., 2014). Therefore, SOD1 is released by cells, and it might be

associated with a membrane-bound compartment, but the con-
ditions that trigger its release as well as the underlying mecha-
nism are largely unknown.

Budding yeast also express a signal sequence lacking
SOD1 of 16 kD. Therefore, we tested whether SOD1 was
secreted when cells are grown in nutrient-rich conditions
or incubated in potassium acetate. Yeast were grown to mid-
logarithmic phase in synthetic complete (SC) medium or cul-
tured in 2% potassium acetate for 2.5 h. After collecting the
cells, the cell wall was extracted as described previously and
then Western blotted with specific antibodies to detect Acbl,
SODI, cofilin, and Bgl2 (Curwin et al., 2016). We detected a
moderate amount of SODI in the cell wall of yeast grown in
nutrient-rich medium (Fig. 1 A). However, cells incubated in
potassium acetate revealed a ninefold increase in cell wall—
extractable SOD1 compared with control cells (Fig. 1, A and
B). This level of starvation-induced secretion of SOD1 was sim-
ilar to that reported previously and shown in this study for Acbl
(Fig. 1 A; Curwin et al., 2016). Cofilin was not detected in the
cell wall extracts obtained from starved cells or cells cultured in
nutrient-rich medium (Fig. 1 A). These data indicate that, like
Acbl, SODI1 secretion by yeast cells is stimulated by starva-
tion in potassium acetate.

Secretion of Acbl depends on Grhl and a subset of
ESCRT components (Curwin et al., 2016), and we tested their
involvement in potassium acetate—induced SOD1 export. In
GRH -deleted cells, the level of SOD1 secreted to the cell wall
after 2.5 h of starvation in potassium acetate decreased by 68%
compared with the wild-type strain (Fig. 1, C and D). Yeast
strains deleted of either VPS23 (ESCRT-I), VPS25 (ESCRT-II),
or SNF7 (ESCRT-III) showed a similar reduction in the levels
of cell wall-associated SOD1 as compared with the wild-type
control (Fig. 1, E and F; and Fig. S1). However, as reported
previously for the lack of requirement of ESCRT-0 and Vps4 in
Acbl secretion (Curwin et al., 2016), deletion of either VPS27
(ESCRT-0) or VPS4 did not have a significant effect on SOD1
export, and if anything, loss of Vps4 slightly increased the pool
of secreted SOD1 (Fig. 1, E and F; and Fig. S1). Therefore, the
quantitative effects of the deletions of GRHI and the selected
ESCRT genes on starvation-induced SOD1 secretion are similar
to those previously reported for Acbl release and reconfirmed
in this study (Fig. 1, C and E; Curwin et al., 2016). These find-
ings thus reveal that a new protein, SOD1, requires the same set
of components as Acbl for its export upon starvation.

Eukaryotes are known to express two highly related classes of
copper—zinc superoxide dismutase enzymes that play wide-
spread roles in oxidative stress resistance and signaling. These
two classes include the intracellular predominantly cytosolic
SODI1 and the extracellular SOD (EC-SOD), which contains a
signal sequence for entering the ER, thereby allowing its secre-
tion via the conventional secretory pathway (Zelko et al., 2002).
Sequence and structural analysis have revealed that EC-SOD
and SODI diverged early in evolution (Zelko et al., 2002). In
fact, the structural core of the ancestral SODI1 is highly con-
served in EC-SOD and consists of a B-barrel motif with two
large loops: the so-called electrostatic loop and the zinc-bind-
ing loop (Fig. 2, A and B; Zelko et al., 2002). We noticed that,
within this structural core, EC-SOD and SODI1 share sequence
homology with the exception of a short stretch of eight amino
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acids that are contained in SOD1 but not in EC-SOD (Fig. 2,
A and B). This stretch (amino acids 73-GGPKDEER-80 in
the sequence of human SOD1) is located in the zinc-binding
loop and flanked by the conserved histidines H72 and H81,
which coordinate the zinc cation. Taking into account that this
short stretch is conserved in the SOD1 sequences from yeast to
human and that it has been lost in the sequences of vertebrate
EC-SOD, we hypothesized that it might be important for the
unconventional secretion of SOD1.

We tested this hypothesis using nutrient starvation—in-
duced SOD1 secretion by yeast cells. Budding yeast only ex-
press SOD1 and lack EC-SOD. We generated yeast strains
where the five residues within this short stretch that are con-
served between yeast and human SOD1 (G73, P75, D77, E78,
and R80) were individually replaced with alanine in the ge-
nomic locus of SODI (Fig. 2 A). In addition, we substituted
V82 to alanine, which is very close to this stretch of residues
and is conserved in the sequences of SOD1 from yeast to human
(Fig. 2 A). Substituting G73, P75, R80, or V82 with alanine
did not affect starvation-induced secretion of SOD1 (Fig. 2 C).
However, replacement of either D77 or E78 to alanine reduced
the export of SODI in response to nutrient starvation by 48%
with respect to the wild-type SOD1 strain (Fig. 2 C). The double-

Figure 1. SOD1 and Acb1 are secreted by the same path-
way in response fo nutrient starvation. (A and B) Secre-
tion of SOD1 is induced by nutrient starvation. Wild-type
cells were grown in nutrientrich medium to mid-logarith-
mic phase (growth). An aliquot of this culture was washed
twice and incubated in 2% potassium acetate for 2.5 h
(starvation). Cell wall proteins were extracted from equal
numbers of growing and starved cells followed by precip-
itation with TCA. lysates and cell wall-extracted proteins
(wall) were analyzed by Western blotting. SOD1 levels
were quantified as the ratio of wall to lysate SOD1 and
are represented as percentages of the starved wildtype
culture. (C and D) Grh1 is required for SOD1 secretion.
The ratio of wall to lysate SOD1 in wildtype and grhi4a
cells incubated in 2% potassium acetate for 2.5 h was de-
termined as in A and B. (E and F) SOD1 secretion requires
a subset of ESCRT proteins. The ratio of wall to lysate
SOD1 in wildtype, vps234, snf74, and vps44 cells incu-
bated in 2% potassium acetate for 2.5 h was determined
as in A and B. (165X) wall indicates that the wall sample
represents the material from 165-fold the number of cells
analyzed in the lysate sample. Results in B, D, and F are
shown as the means = SEM of three experiments.

substitution DE77/78 AA strongly decreased the secreted pool
of SOD1 by 88% as compared with the wild-type cells (Fig. 2,
D and E). We then tested whether the more conservative mu-
tation DE77/78NQ affected SOD1 secretion. The results re-
vealed that the DE77/78NQ substitution also strongly inhibits
the export of SOD1 (Fig. 2, D and E). Importantly, the levels
of Acbl in the cell wall fraction were not affected by either the
DE77/78AA or DE77/78NQ mutation in SOD1 (Fig. 2 D), indi-
cating that the pathway of unconventional secretion is fully in-
duced in response to nutrient starvation in the strains expressing
these SOD1 mutants. Moreover, the intracellular levels of either
the SOD1-DE77/78 AA or -DE77/78NQ mutant were similar to
the wild-type SODI1, suggesting that the stability of SOD1 was
unaffected by these mutations (Fig. 2 D). These data therefore
reveal, for the first time, a sequence in SOD1 that is required for
its export from cells upon nutrient starvation.

Mutations in human SOD1 are associated with familial ALS, a
fatal neurodegenerative disease that results from selective dys-
function and death of upper and lower motor neurons in the spi-
nal cord, brain stem, and cortex. Specifically, >150 mutations

Determinants for unconventional secretion of SOD1
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Figure 2. Identification of diacidic residues for SOD1
export. (A) Alignment of partial amino acid sequences

EC-SOD_Human 107 NSSSRATHVHQFGDLSQGCESTGPHYNPLAVPH--P----QHPGDFGNFAVR-DGSLWRY 159
EC-SOD Mouse 121 NASNRAIHVHEFGDLSQGCDSTGPHYNPMEVPH--P----QHPGDFGNFVVR-NGOLWRH 173  of human, mouse, and zebrafish EC-SOD, and human,
EC-SOD Zebrafish 90 N-QVRATHTHOYGDLSQGCUTAGPHYNPQEVPH--P----NHPGDMGNFMPR-QGLIRRF 141  mouse, zebrafish, fruit fly, and budding yeast SOD1. The
SOD1_Human 42 --GLHGFHVHEFGDNTAGCTSAGPHFNPLSRKHGGPKDEERHVGDLGNVTADKDGVADVS 99 .0 . . . .
SOD1 Mouse 42 ——GQHGFHVHQYGDNTQGCTSAGPHF‘NPHSKKHGGPADEERHVGDLGNVTAGKDgVANVS 99 SOD1-specific stretch is shown in yellow, the residues in
SOD1 zebrafish 42 --GKHGFHVHAFGDNTNGCISAGPHEFNPHDKTHGGPTDSVRHVGDLGNVTADASGVAKIE 99 yeast SOD1 mutated to alanine in this study are in bold,
SOD1 Fruitfly 40 --GLHGFHVHEFGDNTNGCMSSGPHFNPYGKEHGAPVDENRHLGDLGNIEATGDCPTKVN 97 the diacidic DE77/78 motif in human and yeast SOD1
SOD1 Yeast 42 --AERGFHTHEFGDATNGCVSAGPHFNPFKKTHGAPTDEVRHVGDMGNVKTDENGVAKGS 99 - . -
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in SOD1 have been identified in 20% of familial ALS cases.
Although the precise molecular mechanism or mechanisms by
which mutations in SOD1 cause ALS are not completely un-
derstood, the collective evidence suggests that a toxic gain of
function is conferred by these mutations (Bruijn et al., 2004;
Robberecht and Philips, 2013). Active secretion of ALS mu-
tants of SOD1 is suggested to contribute to the propagation of
SODI1 toxicity along neuroanatomical pathways (Grad et al.,
2014). In addition, extracellular ALS mutant SOD1 has been
reported to activate microglia and subsequently induce non-
cell-autonomous neurotoxicity (Zhao et al., 2010). We there-
fore first asked whether the equivalent of an ALS-linked mutant
in yeast SOD1 is secreted under nutrient starvation. To this
end, the G93A mutation was introduced in the genomic copy
of yeast SODI (Fig. 2 A), and the export of this form to the
cell wall upon nutrient starvation was analyzed as described in
Materials and methods. The levels of the secreted pool of this
ALS-equivalent mutant were similar to those of the wild-type
form of yeast SOD1 (Fig. 3, A and B). Next, we tested whether
replacing the diacidic motif required for SOD1 secretion with
alanine (DE77/78AA) affected the export of SOD1-G93A. Our
analysis revealed that SOD1-DE77/78 AA G93A is poorly se-
creted (Fig. 3, A and B).

The DE77/78 sequence present in yeast SOD1 is con-
served in human SOD1 (Fig. 2 A). Next, and considering that

JCB » VOLUME 216 « NUMBER 9 « 2017

R
NN
§ &

Go3 SOD1 mutated to alanine in ALS and its equivalent in
yeast SOD1 are shown in bold and highlighted in green.
Asterisks indicate positions that have a single fully con-
served residue, colons indicate conservation between
groups of strongly similar properties, and periods indicate
conservation between groups of weakly similar proper-
ties. (B) Superimposition of the 3D structures of the human
SOD1 monomer (PDB code: 2C9U) and human EC-SOD
monomer (PDB code: 2JLP). SOD1 and EC-SOD are
shown in gray and blue, respectively; the SOD1-specific
amino acid stretch is shown in yellow, and side chains
of D77 and E78 are in red. (C) Effect of single-alanine
substitutions in the SOD1-specific stretch on yeast SOD1
secretion. Cells expressing either wild-type yeast SOD1
or single alanine substitutions in positions G73, P75,
D77, E78, R8O, or V82 of yeast SOD1 were grown to
mid-logarithmic phase, washed twice, and incubated in
2% potassium acetate for 2.5 h. Cell wall proteins were
extracted from equal numbers of cells followed by precip-
itation with TCA. Lysates and cell wall-extracted proteins
were analyzed by Western blot. The ratio of wall to lysate
SOD1 was determined and represented as percentages of
the strain expressing wild-type SOD1. (D) The DE77/78
diacidic motif is essential for yeast SOD1 secretion. Rep-
resentative cell wall extractions monitored by Western
blotting of cells expressing either wild-type, DE77/78AA,
or DE77/78NQ yeast SOD1 incubated for 2.5 h in 2%
potassium acetate. (E) SOD1 levels were quantified, and
the ratio of wall to lysate SOD1 was determined and rep-
resented as percentages of the starved wild-type culture.
(165X) wall indicates that the wall sample represents the
material from 165-fold the number of cells analyzed in the
lysate sample. Results in C and E are shown as means +
SEM of at least three experiments.

ALS-equivalent mutations in SOD1 from different eukaryotic
model organisms do not cause the same pathogenic alterations
as the corresponding ALS-linked mutations in human SODI1
(Bastow et al., 2016), we investigated whether the DE77/78
sequence is required for secretion of an ALS-linked mutant of
human SOD1 expressed in yeast cells. Different forms of human
SOD1 (wild-type, DE77/78AA, G93A, and DE77/78AA G93A)
were integrated into the yeast genome, replacing the endoge-
nous SODI ORF, and secretion of these human SODI1 versions
was assessed using the cell wall extraction protocol followed by
immunoblotting with an anti-human SOD1 antibody. Surpris-
ingly, considering the moderate amino acid sequence identity
between yeast and human SOD1 (56%), incubation in 2% po-
tassium acetate for 2.5 h also induced the secretion of human
SODI1 by yeast cells (Fig. S2). Moreover, and as observed for
yeast SOD1, the G93A mutation did not affect the levels of cell
wall-associated human SOD1, whereas the DE77/78AA sub-
stitution in both wild-type and G93A human SOD1 decreased
the secreted pool of human SOD1 by 70% compared with wild-
type human SOD1 (Fig. 3, C and D). These results indicate that
secretion of an ALS-linked mutant of human SOD1 also de-
pends on the DE77/78 sequence.

Finally, to test the relevance of the requirement of
DE77/78 for SODI1 secretion in ALS pathology, the involve-
ment of this sequence in the secretion of human SODI1 by
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9 WD & ditioned media were collected and precipitated with TCA.
Lysates and medium fractions were analyzed by Western
lysate  (18X) medium lysate (18X) medium blotting with anti-Myc and anti-Btubulin antibodies. (F)
E - = _ F X 3 The DE77/78 motif determines secretion of wild-type and
N N <] S G93A human SOD1 by Hela cells. Hela cells transfected
g 2 g & 5. & & & SN with either an empty Myc vector (Mock) or plasmids en-

§ & § & X § é" & é" & & é" coding the indicated versions of Myctagged human SOD1
hSOD1-Myc E—% ZSW - p— hSOD1-Myc  were incubated in EBSS for 1 h, and the levels of SOD1-
(short exp.) (shortexp.)  Myc and Bubulin in the lysates and medium fractions were
hSOD1-Myc o5 251 p— - hsoD1-Myc ~ analyzed as in E. (18X) medium indicates that the medium
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kD kD (short and long) of the anti-Myc blots are shown. The ratio
B-tubulin | s s -55 55~|-———— | B-tubulin of medium to lysate of SOD1-Myc for each condition was

human cells was analyzed. Export of yeast SOD1 and human
SOD1 expressed in yeast was observed only upon nutrient
starvation, so we tested whether a similar stress condition
also triggered secretion of SOD1 by human cells. For this,
transiently transfected Hela cells expressing Myc-tagged
wild-type human SODI1 were cultured for 1 h in either se-
rum-free DMEM or Earle’s balanced salt solution (EBSS), a
salt solution with lower glucose concentration than DMEM
and lacking amino acids, which has been reported to stimu-
late unconventional secretion of IL-1p in a GRASP-dependent
manner (Zhang et al., 2015). The conditioned media and the
lysates were then collected and analyzed by Western blot with
anti-Myc and anti—p-tubulin antibodies. We found low levels
of SOD1-Myc in the conditioned medium from DMEM-cul-
tured cells (Fig. 3 E). However, incubation in EBSS clearly
increased the extracellular pool of SOD1 (Fig. 3 E). We then
asked whether the DE77/78 AA substitution affected the
levels of secreted SOD1 after EBSS starvation. Similar to
what we have observed for yeast SODI1, the secretion of the
DE77/78 AA form was severely inhibited with respect to wild-
type SOD1 (Fig. 3 F). Finally, and as in the yeast system, we
found that the DE77/78 AA replacement strongly reduced the
EBSS-induced extracellular levels of the ALS-linked mutant

defermined and is indicated under the corresponding lane
of the anti-Myc blots. The results of the secretion assays in
Hela cells are representative of two experiments.

SODI1-G93A as compared with unmodified SOD1-G93A
(Fig. 3 F). We also detected reduced levels of B-tubulin in the
extracellular medium of transfected cells—even mock-trans-
fected cells—incubated with EBSS, which did not correlate
with the levels of SOD1-Myc and likely represent low non-
specific release of cytoplasmic content under the experimental
conditions (Fig. 3, E and F).

Whereas incubation of cells in EBSS resulted in release
of SOD1-G93A, we did not find SOD1-G93A in the medium
of cells incubated in DMEM for 1 h (Figs. 3 F and S3). It has
been reported that, in a neuronal cell line, SOD1, wild-type,
and different ALS mutants including G93A are detected in
the medium of cells cultured in DMEM for 3 d after transient
transfection (Turner et al., 2005; Grad et al., 2014). But Grad
et al. (2014) concluded thatEC-SOD1 detected under these
experimental conditions of transient transfection is a result of
cell death. Nevertheless, they report that SOD1 is contained in
exosomes collected from cells stably expressing SOD1 and in-
cubated overnight in DMEM. But what is not clear is whether
the membrane-bound compartments called exosomes originate
in the MVB and whether there is a secreted pool of SOD1 not
contained in the exosomal fraction (Grad et al., 2014). It is im-
portant to note that we measured SODI1 secretion by HeLa cells
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Figure 4. The DE77/78AA mutation does not alter the intracellular distribution or the folding status of yeast SOD1. (A) Cells expressing either C-terminally
GFP-tagged wild-type SOD1 or the DE77/78AA mutant of SOD1-GFP were grown to mid-logarithmic phase, washed twice, incubated in 2% potassium ac-
etate for 2 h, and examined by epifluorescence microscopy. Representative micrographs showing the cytoplasmic distribution of wild-type and DE77/78AA
SOD1-GFP are presented. Brightfield images are shown as references. Bar, 2 pm. (B) Strains expressing the indicated forms of yeast SOD1 were starved in
potassium acetate for 2 h. Total cell lysates were obtained, and equivalent amounts were incubated with 100 pg/ml proteinase K at 37°C for the indicated
times. After terminating the protease reactions, samples were analyzed by Western blotting with an anti-yeast SOD1 antibody. (C) Exponentially growing
cells carrying the indicated forms of yeast SOD1 were washed and suspended in 2% potassium acetate (Starvation) or maintained in nutrient-rich medium
(Growth). Protein synthesis was inhibited with cycloheximide (chx), and samples were collected at the indicated time points for quantification of SOD1 by
Western blotting with anti-yeast SOD1 antibody. Pgk1 was used as a loading control and was detected with anti-Pgk1 antibody. Erg1, a relatively short-
lived protein in growth conditions, was used as a positive control and detected with anti-Erg1 antibody. Graphs show means of at least four independent
experiments; error bars indicate SD.

after incubation in DMEM or in EBSS for only 1 h. Therefore,
it is impossible to directly compare our findings in mammalian
cells to those reported by others. Future studies on this issue
should help resolve whether some cells secrete SOD1 under
normal conditions, whether cells rely on more than one pathway

We investigated whether the DE77/78AA mutation alters
intracellular distribution of SODI1. Examination of starved

to release SOD1, and what the physiologically relevant pool of
secreted SODI is with respect to ALS.

Our data reveal that human cells secrete wild-type and
ALS-linked mutant SOD1 upon nutrient starvation, and their
secretion depends on the conserved diacidic residues.

yeast cells by fluorescence microscopy revealed that SOD1-
DE77/78AA tagged with GFP displays the same diffuse cyto-
plasmic distribution as the wild-type yeast SOD1 (Fig. 4 A),
suggesting that the DE77/78 AA substitution does not affect the
intracellular location of SOD1.
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We also evaluated whether the DE77/78 AA mutation has
an effect on SOD1 conformation. It is known that some of the
ALS-linked mutations in human SODI1 induce protein mis-
folding, which strongly reduces the high resistance to protease
degradation displayed by wild-type SOD1 (Ratovitski et al.,
1999; Grad et al., 2011). We analyzed the folding status of the
DE77/78 AA mutant of yeast SOD1 by testing its susceptibility
to proteinase K. A significant fraction of both wild-type and
the DE/AA mutant of SOD1 was resistant to degradation after
1 h of incubation in the presence of proteinase K (Fig. 4 B).
As a control, we used the equivalent of the ALS mutant G85R
of SODI, which was completely degraded after 5 min of in-
cubation with the protease (Fig. 4 B). In vivo proteins failing
to achieve correct folding are eliminated by the quality con-
trol mechanisms of the cell (Goldberg, 2003). To further probe
for an effect of the DE77/78 AA mutation on the folding status
of SODI, we performed cycloheximide shutoff experiments
in yeast cultures. We found no difference between the stabil-
ity of the wild-type and DE77/78 AA SODI proteins, neither
when the experiment was performed in starvation conditions
nor when it was performed in cells growing in nutrient-rich
medium (Fig. 4 C). These data suggest that the defect in the se-
cretion of SOD1-DE77/78AA is not caused by global changes
in its 3D structure that prevent recognition for capture into the
unconventional secretory pathway.

colons indicate conservation between groups of
strongly similar properties, and periods indicate con-
servation between groups of weakly similar prop-
erties. (B) Two views of the 3D structure of human
ACBP (PDB code: 2FJ9). The side chains of E23 and
E24 are in red. (C) The DE23/24 sequence is re-
quired for efficient Acb1 secretion. Representative
cell wall extractions monitored by Western blotting
of either wild-type or DE23/24AA Acb1-expressing
cells incubated for 2.5 h in 2% potassium acetate.
(D) Acb1 levels were quantified, and ratios of wall
to lysate Acb1 were determined and represented as
percentages of starved wildtype cultures. (165X)
wall indicates that the wall sample represents the
material from 165-old the number of cells analyzed
in the lysate sample. Results are shown as means
SEM of four experiments.

E23

Acb1 also requires a diacidic motif for

its export

We next asked whether a similar diacidic motif was required for
starvation-induced export of Acbl. Budding yeast Acbl con-
tains a single DE motif at positions 23 and 24, which is largely
conserved from yeast to human (Fig. 5 A). This motif is located
just at the beginning of the second « helix in the 3D structure
of human Acbl orthologue called acyl-CoA-binding protein
(ACBP; Fig. 5, A and B). We generated a strain where DE23/24
residues were substituted by alanine in the genomic locus of
ACBI. Using the cell wall extraction assay, we found that the
levels of Acbl secreted to the cell wall after 2.5 h of starva-
tion were 42% lower in the Acb1-DE23/24AA strain compared
with the control strain expressing wild-type Acbl (Fig. 5, C and
D). Therefore, a diacidic motif is also required for efficient se-
cretion of Acbl in response to nutrient starvation. The starva-
tion-induced secretion of wild-type SOD1 was unaffected by
the DE23/24AA mutation in Acbl (Fig. 5 C).

Conclusion

The paucity in the number of proteins secreted under one experi-
mental condition (for example, starvation) by a specific cell type
is one reason for our inability to define whether the pathway of
Acbl secretion is a more general pathway and whether such un-
conventionally secreted proteins share a common theme for their
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capture and export from cells. Our findings reveal that cytoplas-
mic SODI is secreted under the same experimental condition (i.e.,
nutrient starvation) that triggers the release of Acbl. Moreover,
like Acbl, secretion of SOD1 depends on the activity of Grhl
and ESCRT-], -II, and -IIT proteins and is independent of Vps4.
Therefore, based on our data, we conclude that SOD1 secretion is
not by the conventional exosome-mediated export of cytoplasmic
material. Identification of SOD1 as an unconventionally secreted
protein of the same pathway as Acbl has also helped us in dis-
covering a common diacidic motif used by these two proteins for
their export upon nutrient starvation. The discovery of a diacidic
sequence for SOD1 secretion by human cells is particularly ex-
citing because of the connection to ALS. The ability to block ac-
tive secretion of wild-type and disease-associated mutant SOD1
provides a unique opportunity to test location-specific effects on
neurotoxicity observed in the devastating pathology of ALS.

Interestingly, the negatively charged side chains of the
residues of the diacidic motif face the solvent in the 3D struc-
ture of both human SOD1 and human ACBP (Figs. 2 B and 5
B). It is therefore likely that this motif binds specific proteins
that promote their capture for export by the ER-independent
pathway of secretion. It is important to note that the diacidic
motif in Acbl and SOD1 (D-E) is different from the diacidic
motif (D-X-E) that captures and exports transmembrane pro-
teins by Sec24 of COPII-coated vesicles at the ER (Barlowe,
2003). Moreover, COPII coats are not involved in the export
of unconventionally secreted cargoes like Acbl (Duran et al.,
2010; Cruz-Garcia et al., 2014).

The finding of this diacidic motif for SOD1 and Acb1 secre-
tion is clearly an important milestone, but it would be premature
to conclude that this diacidic motif is the equivalent to the signal
sequence, which is present at the N terminus of the secretory car-
goes and used for their entry into the ER. The diacidic residues
contained in Acbl and SODI1 are more context dependent, and
their position in the molecule is likely to act as a determinant for
their export. But diacidic residues are present in many proteins,
so how do cells exploit this relatively common motif to export a
small pool of Acbl and SOD1 upon nutrient starvation? We sug-
gest that conditions that trigger secretion of Acbl and SOD1—
glucose and nitrogen deprivation—induce physicochemical
changes in the cytoplasm that result in partial unfolding of a
subset of proteins. In this partially unfolded state, proteins like
SOD1 and Acbl expose their diacidic residues and recruit chap-
erones. The chaperones prevent further collapse of their structure
and subsequent degradation. A client present in limiting amounts
binds the exposed diacidic motif, and this client-bound pool is
processed for the next step in secretion that involves CUPS. The
remaining chaperone-bound pool is excluded from export and
degradation. This scheme provides a means to select, under a
given condition, a small pool of a subset of cytoplasmic proteins
for secretion without their entry into the ER. Identification of the
cargo-specific binding partners and the specific chaperones will
permit formal tests of this working hypothesis.

Media, yeast strains, and plasmids

Yeast cells were grown in SC media (0.67% yeast nitrogen base with-
out amino acids and 2% glucose supplemented with amino acid drop-
out mix; Sigma-Aldrich). All Saccharomyces cerevisiae strains used
in this study are listed in Table S1. For deletion of GRHI, the ORF

was replaced with a KanMX4 cassette using PCR-based targeted ho-
mologous recombination as previously described (Cruz-Garcia et al.,
2014). To generate SOD1 mutant strains, the yeast SODI ORF was
first PCR amplified from genomic DNA and cloned into the plasmid
p416-ADH using the BamHI and Xhol sites. From this plasmid, the
SODI ORF and CYCI terminator were PCR amplified and introduced
into the pFA6a-His3MX6 plasmid using the BamHI and Xmal sites to
obtain the pFA6a-ySOD1-His3MX6 plasmid. Mutations in the SOD1
ORF were introduced using Gibson assembly (Gibson et al., 2009).
The C-terminally GFP-tagged SOD1 wild-type or DE77/78 AA mutant
constructs were generated by replacing the SOD1 stop codon and CYC!
terminator with a fragment encompassing a linker-GFP-ADH]1 termi-
nator. For this, the SODI ORF was amplified from the respective con-
struct described in this section, and the linker-GFP-ADH1 terminator
fragment was PCR amplified from pYM44 (Janke et al., 2004). Both
fragments were introduced in pFA6a-His3MX6 by Gibson assembly
to obtain the GFP-tagged SOD1 wild-type or DE77/78 AA constructs.
To generate Acbl mutant strains, we introduced the His3MX6 cassette
into pRS416-PrACB1-Acb1-3xFlag (Duran et al., 2010) by Gibson as-
sembly at the BgllI site located in the ACB/ promoter region. Mutations
in the ACBI ORF were introduced by Gibson assembly. To generate
strains expressing different forms of human SOD1 (hSOD1), the wild-
type and G93A mutant hSODI ORFs were amplified from the pF146
pSODIWTACGFP1 and pF150 pSOD1G93AAcGFP1 plasmids, re-
spectively (plasmids 26407 and 26411; Addgene; gifts from E. Fisher,
University College London, London, England, UK) and used to replace
the yeast SODI ORF in the pFA6a-ySOD1-His3MX6 construct using
BamHI and Xhol sites. Gibson assembly was used to introduce the
DE77/78 AA substitution on the wild-type and G93A mutant hSOD1
plasmids. Strains expressing mutated yeast SOD1, SOD1-GFP, Acbl,
or human SODI1 and the corresponding wild-type controls were then
generated by PCR-based targeted homologous recombination using the
respective constructs. Single colonies were selected and screened for
the presence of the respective mutation by nucleotide sequence anal-
ysis. To generate plasmids for mammalian expression of C-terminally
Myc-tagged human SOD1 forms, the ORFs of wild-type, DE77/78AA,
G93A, and DE77/78 AA G93A human SODI were amplified by PCR
from the corresponding pFA6a-hSODI1-His3MX6 constructs and
cloned into a pcDNA3.1-Myc vector. The pcDNA3.1-Myc vector was
generated by inserting two aligned oligonucleotides coding for the Myc
tag epitope followed by a stop codon into the Xhol and Apal sites of the
pcDNA3.1(+) plasmid. All constructs were confirmed by nucleotide se-
quence analysis covering the coding regions in the construct. SnapGene
software (GSL Biotech) was used for molecular cloning design.

Assay for unconventional protein secretion in yeast cells

Yeast cells were inoculated at 0.004-0.008 ODyy/ml in SC medium
and grown overnight at 25°C. The following day, when cells had
reached ODg,/ml of 0.4-0.7, equal numbers of cells (15 ODg, units)
were harvested, washed twice in sterile water, resuspended in 1.5 ml
of 2% potassium acetate, and incubated for 2.5 h. Concomitant to this,
growing cells were diluted in SC medium, continued growing in loga-
rithmic phase, and then 15 ODy, units were harvested as before. The
cell wall extraction bufter (100 mM Tris-HCl, pH 9.4, and 2% sorbitol)
was always prepared fresh before use and kept on ice. To ensure no loss
of cells and to avoid cell contamination in the extracted buffer, 2-ml
tubes were siliconized with Sigmacote (Sigma-Aldrich) before collec-
tion. Cells were harvested by centrifugation at 800 g for 2.5 min at 4°C,
then supernatant was removed, and 1.5 ml of cold extraction buffer was
added. Cells were resuspended gently by inversion and incubated on
ice for 10 min, after which they were centrifuged at 3,000 g for 2.5 min
at 4°C, and 1.3 ml of extraction buffer was removed to ensure no cell
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contamination. The remaining buffer was removed, and the cells were
resuspended in 0.75 ml of cold TE buffer (10 mM Tris-HCI, pH 7.5,
and 1 mM EDTA) with protease inhibitors (aprotinin, pepstatin, and
leupeptin; Sigma-Aldrich), and 10 pl was boiled directly in 90 pl of 2x
sample buffer (lysate). To the cell wall-extracted protein fraction, 30
ug of BSA (Sigma-Aldrich) carrier protein and 0.2 ml of 100% TCA
(Sigma-Aldrich) were added. Proteins were precipitated on ice for 1 h,
centrifuged 16,000 g for 30 min, and boiled in 45 pl of 2x sample buffer
(wall fraction). For immunoblotting, proteins (10 ul each of lysate or
wall fraction) were separated in a 16.5% Tris-tricine peptide gel (Bio-
Rad Laboratories) before transfer to nitrocellulose membrane. Rabbit
anti—yeast SOD1 antibody was a gift from T. O’Halloran (Northwest-
ern University, Chicago, IL). Rabbit anti-Cofl antibody was a gift
from J. Cooper (Washington University in St. Louis, St. Louis, MO).
Rabbit anti-Bgl2 was a gift from R. Schekman (University of Cali-
fornia, Berkeley, Berkeley, CA). Rabbit anti-Acbl antibody has been
described previously (Curwin et al., 2016). Goat anti-human SODI1
antibody was purchased from R&D Systems (AF3418).

Mammalian cell culture, transfection, and secretion assay

HeLa cells were grown in DMEM containing 10% FCS at 37°C in
a 7% CO, incubator. Plasmids were transfected in HeLa cells with
X-tremeGENE 9 DNA Transfection Reagent (Roche) according to the
manufacturer’s protocols. To measure the secretion of human SOD1-
Myc, cells (2 x 10%/well) were seeded in six-well plates and, after 24 h,
were then transfected with 500 ng/well of plasmids encoding the indi-
cated forms of human SOD1-Myc. 24 h after transfection, cells were
washed three times with serum-free DMEM or EBSS (Invitrogen) and
incubated with 1.5 ml/well of serum-free DMEM or EBSS for 1 h at
37°C. Then, medium was collected and centrifuged first at 1,000 g for
5 min and subsequently at 10,000 g for 30 min. The clarified condi-
tioned medium was precipitated as described in the previous section
after adding 30 pg of BSA and 0.2 ml of 100% TCA to each sample.
The cells were lysed in 500 pl/well of TST buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% Triton X-100, and protease inhibitors). A
fraction of the lysate and of the concentrated medium was analyzed
by Western blotting using rabbit anti-cMyc and mouse anti—p-tubulin
antibodies (C3956 and T4026, respectively; Sigma-Aldrich).

Proteinase K sensitivity assay

After starvation in 2% potassium acetate for 2 h, cells were lysed by
bead beating with glass beads in lysis buffer (20 mM Tris-HCI, pH
7.4, 150 mM NaCl, 0.1% Triton X-100, and protease inhibitors).
Lysates were clarified by centrifugation at 16,000 g for 15 min, and
supernatants were incubated with 100 pg/ml proteinase K (Merck)
at 37°C. At the indicated time points, aliquots were removed and
quenched by incubation with 10 mM phenylmethanesulfonyl fluoride
(Sigma-Aldrich). The samples were then analyzed by Western blotting
with specific antibodies.

Cycloheximide shutoff

Cells grown overnight to mid-logarithmic phase (ODgy/ml < 1) in SC
medium were maintained in SC (growth) or washed and incubated in
2% potassium acetate (starvation) at 30°C. After 30 min, cyclohexi-
mide (Sigma-Aldrich) was added to 0.5 mg/ml. Culture aliquots were
collected on ice at 0, 2, 4, and 6 h after cycloheximide addition and
treated with 6 mM sodium azide. Whole-cell lysates were prepared
as previously described (Kushnirov, 2000) and analyzed by Western
blot. Rabbit anti-Erglantibody was a gift from P. Carvalho (Sir Wil-
liam Dunn School of Pathology, Oxford, England, UK) and has been
previously described (Foresti et al., 2014). Mouse anti-Pgklantibody
was purchased from Invitrogen (459250).

Epifluorescence microscopy

After incubation in 2% potassium acetate, ~1.5 ODy, of cells was har-
vested by centrifugation at 3,000 g for 3 min, resuspended in a small
volume of starvation medium, spotted on a microscopy slide, and sub-
sequently live imaged at 25°C with a DMI6000 B epifluorescence mi-
croscope equipped with a DFC360 FX camera (Leica Microsystems)
using an HCX Plan Apochromat 100x 1.4 NA objective lens. Images
were acquired using LAS AF software (Leica Microsystems) with 0.2-s
exposure times. Image processing was performed with ImageJ 1.45r
software (National Institutes of Health).

Bioinformatic analysis

Amino acid sequences were downloaded from UniProt (UniProt
Consortium, 2014) and aligned using Clustal Omega (Sievers et al.,
2011). All structural figures were created using the CCP4MG program
(McNicholas et al., 2011).

Online supplemental material

Fig. S1 shows the requirement of ESCRT-II, but not ESCRT-0, in SOD1
secretion by yeast cells. Fig. S2 shows that human SODI1 secretion by
yeast cells is induced upon starvation in 2% potassium acetate. Fig.
S3 shows that human SOD1-G93A is not detected in the conditioned
medium of HeLa cells incubated in DMEM for 1 h. Table S1 lists the
yeast strains used in this study.
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