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SCIENCE ADVANCES | RESEARCH ARTICLE

CELL BIOLOGY

Mono-UFMylation promotes misfolding-associated

secretion of a-synuclein

Lihui Wang1, Yue Xu', Tetsunari Fukushige‘, Layla Saidi', Xiaorong Wangz, Clinton Yu?,

Jin-Gu Lee't, Michael Krause’, Lan Huangz, Yihong Ye'*

Stressed cells secret misfolded proteins lacking signaling sequence via an unconventional protein secretion
(UcPS) pathway, but how misfolded proteins are targeted selectively in UcPS is unclear. Here, we report that mis-
folded UcPS clients are subject to modification by a ubiquitin-like protein named ubiquitin-fold modifier 1 (UFM1).
Using a-synuclein (a-Syn) as a UcPS model, we show that mutating the UFMylation sites in a-Syn or genetic inhibi-
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tion of the UFMylation system mitigates a-Syn secretion, whereas overexpression of UFBP1, a component of the
endoplasmic reticulum-associated UFMylation ligase complex, augments a-Syn secretion in mammalian cells and
in model organisms. UFM1 itself is cosecreted with a-Syn, and the serum UFM1 level correlates with that of a-Syn.
Because UFM1 can be directly recognized by ubiquitin specific peptidase 19 (USP19), a previously established
UcPS stimulator known to associate with several chaperoning activities, UFMylation might facilitate substrate
engagement by USP19, allowing stringent and regulated selection of misfolded proteins for secretion and proteo-

toxic stress alleviation.

INTRODUCTION

Protein secretion is critical for animal development and cell homeo-
stasis. In eukaryotic cells, most secretory proteins carry an N-
terminal signal sequence (SS), which cotranslationally targets nascent
polypeptides to the lumen of the endoplasmic reticulum (ER).
Within the ER, proteins undergo folding and maturation and then
move through the Golgi before reaching their final destinations (I).
However, it has been noticed that many proteins lacking SS can also
be exported from cells via a collection of unconventional protein
secretion (UcPS) mechanisms (2). Among them, the type I and type
IIT UcPS pathways are best characterized (3). Type I UcPS translo-
cates cargos directly across the plasma membrane (4), while for type
IIT UcPS, cargos first enter an intermediate membrane compart-
ment such as autophagosomes, lysosomes, or a Golgi-associated
compartment termed Compartment for UcPS (CUPS) before enter-
ing the cell exterior (5-7).

The sorting signals that target UcPS cargos for secretion are not
fully defined. For type I UcPS, cargos appear to contain specific pro-
tein sequences that facilitate membrane binding and translocation
(8), whereas two consensus targeting sequences were identified for
some type III UcPS cargos (9). By contrast, for lysosome-mediated
type III UcPS, cargos first enter the lumen of lysosomes via the
endosomal sorting complexes required for transport-dependent
multivesicular body formation, which uses ubiquitin as a sorting
signal (10).

UcPS mechanisms are now widely observed in various cell types
and organisms, and their roles in diverse physiological and patho-
logical settings are emerging (11). We previously reported a type III
UcPS mechanism termed misfolding-associated protein secretion
(MAPS), which exports misfolded cytosolic proteins to alleviate
proteotoxic stress (12). This process is initiated when misfolded
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proteins are recognized by the ER-associated ubiquitin specific
peptidase 19 (USP19), which transfers cargos to DNAJC5, a
J-domain-containing cochaperone for heat shock cognate 71-kDa
protein (HSC70). DNAJC5 is associated with a Golgi-associated
membrane compartment and endolysosomes (13-15). USP19 can
form stable interactions with HSC70 and heat shock protein 90
(HSP90) (16). In addition, it itself also contains a holdase activity
capable of distinguishing misfolded proteins (12). We postulated
that USP19 may use these chaperoning activities to select misfolded
proteins for secretion. Since a-synuclein (a-Syn) and Tau are MAPS
cargos (12, 13, 17), deregulation of MAPS may contribute to the
seeding and propagation of these proteins in neurodegenerative
diseases.

In this study, we show that MAPS substrates are modified with a
single moiety of the small ubiquitin-like protein ubiquitin-fold
modifier 1 (UFM1), which functions as a triaging signal to promote
cargo secretion. UFML1 itself is cosecreted with misfolded proteins.
In humans, the serum UFM1 level is reduced in senior patients, cor-
relating with reduced a-Syn secretion. These observations raise the
possibility of using UFM1 as a biomarker for disease diagnosis or
therapeutic evaluation. Protein UFMylation has recently been estab-
lished as a key protein homeostasis regulatory hub at the ER that
controls translocation-associated quality control (18-20) and ER-
phagy (21-24). Our results suggest that similar to ubiquitin, UFM1
can also function as a sorting signal in membrane trafficking.

RESULTS

MAPS substrates are mono-UFMylated in mammalian cells
To identify MAPS regulators, we used cross-linking-based mass
spectrometry (MS) to search for proteins that bind GFP1-10, a trun-
cated green fluorescence protein (GFP) variant undergoing USP19-
dependent UcPS (12). We focused on membrane proteins because
previous studies suggested that GFP1-10 is translocated into a mem-
brane compartment in an SS-independent manner before secretion
(12, 14). The total membrane fraction from cells overexpressing
FLAG-tagged GFP1-10 and mCitrine-USP19 were treated with a
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low concentration of the reversible cross-linker formaldehyde and
then fractionated into a NP40 soluble and insoluble fraction. Both
fractions were subject to affinity purification with FLAG beads. As a
negative control, cells without GFP1-10 expression were processed
in parallel. MS identified multiple peptides matching UFM1-specific
ligase 1 (UFL1), UFM1-binding protein 1 (UFBP1), and cyclin-
dependent kinase 5 (CDK5) regulatory subunit-associated protein
3 (CDK5RAP3) in both fractions from GFP1-10- and USP19-
expressing cells, whereas no or fewer peptides were found in the
corresponding control samples (fig. S1A). Since UFL1, UFBP1, and
CDKS5RAP3 form a protein UFMylation ligase complex (25, 26), the
coidentification of these proteins strongly indicated them as a
GFP1-10 interactor. Additional immunoprecipitation and immu-
noblotting confirmed the interaction of GFP1-10 with UFL1 but not
an abundant ER membrane protein calnexin (fig. S1B). When
USP19 was present, we detected reproducibly an increase in the
relative amount of GFP1-10-bound UFL1 (fig. S1B), consistent with
the observation that USP19 recruits GFP1-10 to the ER surface dur-
ing MAPS (12).

Our findings raised the possibility that MAPS cargos might be
UFMylated. To test this possibility, we expressed FLAG-GFP1-10
together with hemagglutinin (HA)-tagged UFM1 in human embry-
onic kidney (HEK) 293T cells. UFM1 overexpression facilitates the
detection of UFMylated products by overcoming the robust
deUFMylating activities in cells (22). In accordance with our hy-
pothesis, FLAG immunoprecipitation under denaturing conditions
revealed a protein whose molecular weight and immunoreactivity
are consistent with a modified GFP1-10 species carrying a single
UFM1 moiety (Fig. 1A, lane 2).

To see whether other MAPS substrates are also UFMylated, we
tested a-Syn and Tau, two misfolding-prone proteins known to be
secreted at least in part by a type III UcPS mechanism (12, 13, 15,
17). To demonstrate the specificity of the assay, we expressed these
substrates together with either wild-type (WT) UFM1 or UFM1
mutants lacking two (AC2) or three (AC3) amino acids from the C
terminus (Fig. 1B). WT UFMI1 and UFM1AC2 but not UFM1AC3
are expected to be fully active because they contain G83 required for
UFMylation (27). We found that both a-Syn and Tau were readily
mono-UFMpylated in cells expressing WT or UFM1AC2, but not in
UFM1AC3-expressing cells (Fig. 1, C and D).

To exclude the possibility of UFM1 overexpression artifact, we
reconstituted UFM1 expression in WT and UFM1I knockout (KO)
cells by titrating the amount of transfected DNA. We detected a-Syn
UFMylation with HA-UFM1 expressed at just a few folds higher
than endogenous UFM1 (Fig. 1E). A linear correlation between
UFMylated a-Syn and free UFM1 was observed over a large signal
dynamic range, suggesting that the lack of a-Syn modification by
endogenous UFM1 was likely caused by a detection sensitivity issue
(Fig. 1, C and D). After optimizing the coimmunoprecipitation and
immunoblotting conditions, we could detect a small amount of
UFM1-modified a-Syn without exogenous UFM1 (fig. S2A). Thus, a
fraction of MAPS substrates undergoes mono-UFMylation in cells.

We next compared the UFMylation efficiency of GFP1-10 to that
of GFP because the latter is a folded counterpart of GFP1-10 and is
secreted at a lower level compared to GFP1-10 (12). Immunopre-
cipitation consistently detected more UFMylated GFP1-10 than
UFMylated GFP (Fig. 1F), raising the possibility that misfolded pro-
teins might be a preferred UFMylation target. To further test this
model, we examined the global UFMylation profile in heat-treated
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WT and UFM1-specific protease 2 (UFSP2) KO cells by immunob-
lotting. In nonstressed cells, the UFMylation system is highly spe-
cific, primarily modifying ribosome protein L26 (RPL26) in
translation-stalled ribosomes at the ER (28, 29). Heat treatment ini-
tially increased UFMylated RPL26 in WT cells, probably due to
heat-induced ribosome stalling. However, prolonged treatment re-
duced both mono- and di-UFMylated RPL26; meanwhile, a time-
dependent accumulation of high-molecular weight UFMylated
species was observed (Fig. 1G and fig. S2B). In UFSP2 KO cells,
UFMylated RPL26 was substantially up-regulated under both normal
and heat-stressed conditions. By contrast, heat-induced UFMylation
was not observed (Fig. 1H). These findings suggest that heat-
induced UFMylation and RPL26 UFMylation are competing path-
ways regulated by distinct deUFMylases. Since immunoblotting
detected no increase in the UFMylating enzymes [e.g., ubiquitin-
fold modifier-conjugating enzyme 1 (UFC1) and UFLI1] after heat
treatment (fig. S2B), the accumulation of UFMylated proteins after
prolonged heat treatment is probably caused by heat-induced protein
denaturation. Together, our results suggest that mono-UFMylation
occurs on a fraction of misfolded proteins in mammalian cells, a
notion consistent with the curated Biological General Repository
for Interaction Datasets, which reveals several heat shock proteins
as potential UFL1 interactors (30).

UFMylation facilitates unconventional secretion of a-Syn

To test the role of protein mono-UFMylation in UcPS, we first used
site-directed mutagenesis to determine the UFMylation site(s) in a-
Syn. a-Syn is a small protein containing 15 lysine residues. Most ly-
sine residues are in the N-terminal amphipathic repeat region, but
two lysine residues are found in the middle non-amyloid-f compo-
nent (NAC) domain and two in the C-terminal acidic region
(Fig. 2A). As anticipated, when all lysine residues were mutated to
arginine, a-Syn UFMylation was abolished (fig. S3A), suggesting
that UFMylation requires lysine residues. However, when we substi-
tuted individual lysine residues to arginine, none of the K-to-R mu-
tations affected a-Syn UFMylation (fig. S3B), suggesting that similar
to ubiquitination, multiple lysine residues can serve as conjugation
sites (31, 32). When we analyzed two additional a-Syn mutants: one
with the nine lysine residues on the N-terminal half mutated to ar-
ginine (N_KR) and the other with the six lysine residues on the C-
terminal half mutated (C_KR) (Fig. 2A), we noticed that compared
to WT a-Syn, UFMylation of N_KR and C_KR was reduced by ~75
and ~60%, respectively (Fig. 2B). Although UFMylation can take
place at multiple sites, no multi-mono-UFMylated a-Syn was de-
tected. How cells control the number of UFM1 moieties attached to
a substrate remains to be elucidated.

We next compared the secretion efficiency of a-Syn N_KR and
C_KR mutants to that of WT a-Syn. To this end, we transfected
HEK293T cells with WT a-Syn or a-Syn mutants either with or
without USP19 coexpression. We determined the secretion level by
normalizing a-Syn in conditioned medium to that in cell lysates. We
also immunoblotted HSP90 and HSC70, two abundant cytosolic
chaperones whose absence from the medium indicated plasma
membrane intactness. We found that both the N_KR and C_KR a-
Syn mutants were secreted at much reduced levels compared to WT
a-Syn (Fig. 2C). Overall, the level of a-Syn secretion mirrors its
UFMylation efficiency. When USP19 was coexpressed to enhance
a-Syn secretion, the secretion defect of these lysine mutants became
less notable (Fig. 2C) (see Discussion).
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Fig. 1. Misfolded MAPS substrates are mono-UFMylated. (A) UFMylation of GFP1-10 and a-Syn in HEK293T cells. Cells transfected with HA-tagged UFMT together with
either an empty vector control or FLAG-GFP1-10 or a-Syn-FLAG were subject to immunoprecipitation (IP) by FLAG beads under denaturing conditions. Precipitated pro-
teins were analyzed by immunoblotting (IB). Asterisks indicate immunoglobulin G (IgG). (B) The amino acid sequence of the C terminus of WT UFM1 and the mutants used
in the study. (C) UFMylation of a-Syn requires G83 of UFM1. As in (A), except that cells were transfected with the indicated plasmids. Where indicated, 15% of the total ly-
sates were analyzed together with the immunoprecipitated samples. (D) UFMylation of Tau in HEK293T cells. As in (C), except that FLAG-tagged Tau was used. (E) The
level of UFMylated a-Syn correlates with UFM1 concentrations in cells. a-Syn-FLAG immunoprecipitated from HEK293T cells transfected with the indicated plasmids were
analyzed by immunoblotting. The graph shows a linear correlation between the level of UFMylated a-Syn and UFM1. AU, arbitrary units. (F) UFMylation of GFP1-10 is more
efficient than full-length GFP. Cells transfected with HA-UFM1 together with the indicated GFP variants were analyzed as in (A). Shown is a blot with two biological repeats
(Rep.). (G) Heat shock induces protein UFMylation. HEK293T cells treated at 43°C for the indicated time points were lysed in sample buffer and analyzed by immunoblot-
ting with UFM1 antibodies. UFM1-S, heat-induced UFMylated substrates. (H) Protein UFMylation under the heat shock condition is not regulated by UFSP2. Whole-cell
extracts from untreated or heat-treated (16 hours, indicated by filled circles) WT or UFSP2 CRISPR KO cells were analyzed by immunoblotting. Note that UFSP2 KO in-
creases ribosome UFMylation but inhibits heat-induced UFMylation.
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Fig. 2. UFMylation of a-Syn promotes its secretion. (A) A schematic diagram showing the lysine positions in a-Syn and the mutants tested. (B) Mono-UFMylation of
a-Syn can occur on multiple lysine residues. HEK293T cells were transfected with HA-UFM1 together with the indicated a-Syn lysine mutants and then subject to immu-
noprecipitation and immunoblotting. The graph shows the quantification of three biological repeats. Error bars indicate means + SD. **#*P < 0.0001 by one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparison test. (C) Reduced secretion of a-Syn lysine mutants. Immunoblotting analysis of condition medium and lysates
from HEK293T cells transfected with the indicated plasmids. The graph shows the quantification of the relative ratio of a-Syn in medium normalized to that in the corre-
sponding lysate (M/L). The dots indicate the number of biological repeats. FC, fold change. Error bars indicate means + SD. **##P < 0.0001; ***P < 0.001; ns, not significant
by one-way ANOVA. (D) Knockdown (KD) of UFMT reduces a-Syn secretion. Conditioned medium and lysates from cells transfected with a-Syn-FLAG together with the
indicated siRNAs were analyzed by immunoblotting. The numbers and the graph show the relative ratio of medium a-Syn versus that in lysates (M/L). Error bars indicate
means + SD. *##P < 0.001 by one-way ANOVA, n = 3 biological repeats. (E) Knockdown of UBA5 reduces a-Syn secretion. Same as (D), except that two UBA5-specific SiRNAs
were used. Error bars indicate means + SD. ***P < 0.001 by one-way ANOVA, n = 3 biological repeats. (F) Knockdown of UFBP1 reduces a-Syn secretion. Same as (D), ex-
cept that two UFBP1-targeting siRNAs were used and that n = 4 biological repeats. Error bars indicate means + SD. ****P < 0.001 by one-way ANOVA.
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Because lysine can also serve as ubiquitin acceptor, lysine muta-
tions may affect a-Syn secretion by blocking ubiquitination. To rule
out this possibility, we tested the effect of a potent ubiquitin activat-
ing enzyme (E1) inhibitor (TAK-243) on a-Syn secretion (33). As
expected, cells treated with TAK-243 had notably reduced ubiquitin
chains. However, TAK-243 treatment stimulated a-Syn secretion,
similarly as USP19 overexpression (fig. S3C). These findings suggest
that ubiquitination is dispensable for a-Syn secretion. Therefore, the
secretion defect of the a-Syn lysine mutants cannot be attributed to
lack of ubiquitination.

To further explore the role of UFMylation in a-Syn secretion, we
used small interfering RNAs (siRNAs) to specifically knock down
UFMylation pathway genes. In addition to UFMI, UFBPI, and
UFL1, we also knocked down ubiquitin-like modifier activating en-
zyme 5 (UBAS5), which encodes the sole UFM1-activating enzyme.
To control off-target effects, we chose two siRNAs for each gene.
Immunoblotting analyses showed that depletion of any of these
UFMylation pathway genes reduced a-Syn secretion substantially
(Fig. 2, D to E, and fig. S3D). This phenotype could not be explained
by the role of UFMI in ER protein biogenesis because a-Syn secre-
tion from CRISPR-engineered HEK293T cells lacking the C termi-
nus of RPL26, therefore, ribosome UFMylation (28), was similar to
that of WT cells (fig. S3E). Collectively, these results suggest that
UFMylation positively regulates UcPS.

Overexpression of UFBP1 stimulates «-Syn secretion

Next, we tested whether overexpression of the UFM1 ligase compo-
nents, either individually or in combination, affects a-Syn secretion.
Immunoblotting analyses showed that overexpression of UFBP1
alone was sufficient to induce the secretion of WT a-Syn (Fig. 3A)
or a Parkinson’s disease—associated a-Syn mutant (fig. S4A). As
expected, the UcPS-stimulating activity of UFBP1 required its N-
terminal membrane localization sequence (MLS) but was indepen-
dent of K267, a known UFMylation site in UFBP1 (Fig. 3B). WT
UFBP1 but not the MLS-deleted UFBP1 mutant also promoted Tau
secretion (Fig. 3C). By contrast, expression of UFL1 or CDK53RAP1 did
not affect either the basal or UFBP1-stimulated secretion (Fig. 3A).
Thus, UFBP1’s UcPS-stimulating activity does not require the whole
UFL1-UFBP1-CDK53RAP1 complex.

To further define the cis-element involved in UFBP1-stimulated
UcPS, we generated a series of UFBP1 truncation mutants (Fig. 3D).
We first determined the impact of these deletions on UFBP1’s in-
teractions with various UFM1 pathway components by coimmu-
noprecipitation, which confirmed the middle helical domain as
the major UFM1- and UFC1-binding region (Fig. 3E). As reported
previously, the C-terminal 40 amino acids harbor a UFL1 bind-
ing site (34), but its deletion did not completely abolish UFL1
binding, consistent with another study showing an interaction
between UFBP1 and UFL1 independent of this sequence (21). Cell-
based UFMylation assay showed that overexpression of UFBP1 or
the UFBP1AC mutant did not reduce a-Syn UFMylation (fig. S4B),
suggesting that these proteins do not interfere with the interac-
tion between a-Syn and the endogenous UFMI ligase. a-Syn se-
cretion experiments showed that deleting up to two-third of
UFBP1 from the C terminus did not abolish its UcPS-stimulating
activity. To the contrary, the mutant proteins (AC, APCI+C and
1-115) were more active (Fig. 3F). Further deleting residues 86
to 115 abolished the UcPS-stimulating activity. Since neither
UFLI nor UFC1 binding is required for UFBP1’s UcPS-stimulating
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activity, UFBP1 may also have a UFMylation-independent func-
tion in UcPS.

Overexpressed UFBP1 was cleaved by an unknown protease,
generating a truncated 37-kDa product (UFBP1c¢) that was also se-
creted (Fig. 3, B, C, and F). The secretion of cleaved UFBP1 was not
caused by overexpression because we observed a similar UFBP1c
fragment in cell lysate and condition medium from HEK293T cells
expressing endogenously tagged UFBP1-GFP (fig. S4C). The size
and immunoreactivity of this truncated UFBP1c species suggested
that the cleavage site is close to the N terminus (Fig. 3D). The secre-
tion of UFBP1c was not affected by brefeldin A, a Golgi-disrupting
drug (fig. S4D), suggesting that it itself is a UcPS substrate. Notably,
although this fragment was present at a level substantially lower
than a-Syn in the cell, conditioned medium had similar amount of
UFBPl1c and a-Syn (Fig. 3F), suggesting that UFBPIc is secreted
more efficiently than a-Syn. We did not observe any cleavage for the
1-86 and 1-115 UFBP1 mutants, neither did we detect any secretion
of these mutants (Fig. 3F). By contrast, the UFBP1 AMLS mutant
was cleaved as efficiently as WT UFBP1, but UFBP1c cleaved from
the AMLS mutant was not secreted efficiently. These results suggest
that UFBP1 cleavage is necessary but not sufficient for UFBPlc
secretion.

UFBP1 and UFM1 regulate a-Syn secretion in

model organisms

We next tested whether UFBP1 could regulate a-Syn secretion
invivo. To this end, we took advantage of the fact that the UFMylation
system is conserved in Caenorhabditis elegans (35) and that proteins
secreted from C. elegans body wall muscle cells are usually engulfed
by and accumulated in the macrophage-like coelomocytes (Fig. 4A).
We analyzed a WT strain expressing yellow fluorescence protein
(YFP)-tagged a-Syn in body wall muscle and detected coelomocyte-
localized YFP signal in ~24% of the worms (Fig. 4, B and C). In
worms coexpressing C. elegans UFBP1 (encoded by ZK1236.7) and
YFP-a-Syn in body wall muscle cells, more than 70% of the worms
had YFP-positive coelomocytes. By contrast, overexpressing the
UFBP1 AMLS mutant did not increase the number of worms with
YFP-positive coelomocytes (Fig. 4C). As expected, in worms over-
expressing WT UFBP1-mCherry, we also detected UFBP1-mCherry
in coelomocytes, colocalizing with a-Syn (Fig. 4C). Thus, UFBP1
overexpression also stimulates a-Syn secretion in C. elegans.

We next analyzed a-Syn secretion in a homozygous mutant
strain bearing a 352-base pair deletion in the C. elegans ufbp1 locus
(ufbp1A and tm5808). Since the deletion takes out part of the ufbp1
promoter and the MLS-coding sequence, homozygous mutant
worms are expected to have no functional UFBP1. We detected
coelomocyte-localized YFP-a-Syn in ~19% mutant adult worms.
Although the reduction in worms with coelomocyte-localized YFP-
a-Syn was small, it was reproducible and statistically significant
(Fig. 4C), suggesting that UFBP1 has a function in UcPS in worm
muscle cells but is not essential.

Because the worm-based assay does not report the precise
amount of secreted a-Syn, we developed a quantitative a-Syn secre-
tion assay to further explore the in vivo function of the UFMylation
system in UcPS. To this end, we used the upstream activating se-
quence (UAS)-GAL4 system to express mCherry-tagged a-Syn in
fat body, a major secretory tissue in fruit flies (see Materials and
Methods). We then analyzed the amount of a-Syn in third instar
larval hemolymph and that in larvae after hemolymph removal by
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Fig. 3. Overexpression of UFBP1 induces a-Syn secretion in mammalian cells. (A) Overexpression of UFBP1 stimulates a-Syn secretion. Conditioned medium and ly-
sates from HEK293T cells transfected with a-Syn-FLAG together with the indicated plasmids were analyzed by immunoblotting. F, FLAG tag; C53, CDK53RAP1; EV, empty
vector control. The graph shows secreted a-Syn normalized by a-Syn in cell lysates (right). Error bars indicate means + SD. *P < 0.05; **P < 0.01 by unpaired two-tailed t
test.n = 3 biological repeats. (B) As in (A), except that a-Syn-FLAG was cotransfected with the indicated plasmids. (C) As in (A), except that FLAG-tagged Tau was expressed
together with the indicated UFBPT variants. LC, loading control. (D) A schematic diagram shows the UFBP1 variants tested in (E) and (F). The bottom graph shows the
predicted secondary and domain structure of UFBP1. Domains involved in known protein-protein interactions are marked. (E) The interactions of UFBP1 variants with the
endogenous UFM1, UFC1, and UFL1 were analyzed by coimmunoprecipitation, followed by immunoblotting. (F) UFBP1 is cosecreted with a-Syn. Shown is a representa-
tive immunoblotting analysis of conditioned medium and lysates from cells transfected with a-Syn-FLAG together with the indicated UFBPT variants. Note that a cleaved
UFBP1 fragment (UFBP1c-FLAG) was cosecreted with a-Syn with the exception for UFBP1 1-86 and 1-115. The heatmap shows the relative secretion of UFBP1c and a-Syn.

Asterisks indicate the samples used for fold change normalization. n = 2 biological repeats. X = not detected. Arrows denote UFBP1c.
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Fig. 4. The UFMylation system facilitates a-Syn secretion in model organisms. (A) A schematic diagram of the worm-based secretion assay. (B) a-Syn is secreted from
body wall muscle cells and internalized by coelomocytes in C. elegans. Worms bearing a Venus (YFP)-tagged a-Syn were imaged by a fluorescence microscope. The im-
ages represent WT worms with two different phenotypes. Scale bars, 10 um. (C) UFBP1 promotes a-Syn secretion in C. elegans. Top: Representative images of coelomocyte-
accumulated a-Syn-YFP and UFBP1-mCherry. The graph shows the quantification of worms of the indicated genotypes with a-Syn-YFP-positive (+) coelomocyte. Dots
indicate the number of repeats, whereas the numbers indicate total worms counted. Error bars indicate means + SD. *P < 0.05; ****P < 0.0001, by one-way ANOVA. Scale
bar, 5 um. (D) A schematic illustration of the fly UcPS model. FB, fat body; HL, hemolymph. (E) Immunostaining confirms fat body-specific knockdown of UFM1. Fat bodies
isolated from third instar larvae of the indicated genotypes were stained with a UFM1 antibody (green) and 4',6-diamidino-2-phenylindole (blue). Ctrl. shRNA, control
shRNA. Note that the UFM1 signal is only specifically reduced in fat body. SG, salivary gland. Scale bar, 20 pm. (F) Fat body-specific knockdown of UFMT reduces a-Syn
secretion. Hemolymph and hemolymph-depleted larva lysates were analyzed by immunoblotting. The asterisk indicates a cleaved a-Syn species. The graph shows the
quantification of three biological repeats. Error bars indicate means + SD. *P < 0.05 by unpaired two-tailed t test. n = 3 biological repeats.

immunoblotting (Fig. 4D and fig. S5A), which readily detected UFM1 is cosecreted with o-Syn

mCherry-a-Syn in hemolymph of flies expressing a control small ~ While UcPS cargos are UFMylated in cells, the secreted proteins
hairpin RNA (shRNA) in fat body. Noticeably, like in Ufbpl-  were detected in non-UFMylated state, suggesting that UFM1 con-
deficient worms, fat body-specific depletion of UFMI reduced but  jugates might be removed by a protease, while substrates are being
did not abolish a-Syn secretion (Fig. 4, E and F), further supporting  exported. If this cleavage event occurs late in this process, then free
the existence of both UFMI-dependent and UFM1-independent ~UFM1 might be cosecreted with MAPS cargos. While analyzing o-
mechanisms for a-Syn secretion in animals (see Discussion). Syn secretion in flies, we detected a fraction of unconjugated UFM1
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in larval hemolymph (Fig. 4F). When we knocked down UFM1 in
fat body, the UFMI level in hemolymph was modestly reduced
(fig. S5A), suggesting that tissues other than fat body also contribute
to UFM1 secretion.

To test whether UFMI is secreted by mammalian cells, we ex-
pressed HA-tagged UFM1 in HEK293T cells either alone or togeth-
er with USP19. We then analyzed the cell lysates and conditioned
medium by immunoblotting, which detected a fraction of HA-
UFML1 in the medium (Fig. 5A). As expected, HA-UFM1 secretion
is enhanced by WT USP19 but not by a USP19 mutant lacking the
C-terminal transmembrane domain (ATM) (Fig. 5A and fig. S5B).
A USP19 catalytically inactive mutant only partially increased
UFMI secretion (fig. S5B). Notably, the secretion of UFMI is not
dependent on G83, suggesting that UFM1 can be secreted without
picky backing modified substrates (Fig. 5B). This observation sug-
gests that UFM1 might serve as a triaging signal to promote UcPS.

Several lines of evidence indicate that endogenous UFM1 secre-
tion also occurs in mammals under physiological conditions. First,
immunoblotting using UFM1 antibodies detected untagged UFM1
in conditioned medium, which originated from fetal bovine serum
(FBS) (Fig. 5, A and B) and therefore not subject to regulation by
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overexpressed USP19. The amount of UFM1 in FBS exceeded cell-
secreted UFMI substantially (fig. S5C), and, thus, masked UFM1
secreted endogenously from these cells. Immunoblotting a panel of
human serum samples also detected UFM1 (Fig. 5C). The serum
UFM1 level partially correlated with that of a-Syn (Fig. 5C), further
supporting the notion of cosecretion. We also noticed that the level
of UFMI1 was higher in pediatric samples than geriatric samples,
with the highest level detected in FBS (Fig. 5C and fig. S5, C and D),
suggesting that the secretion of UFM1 and MAPS cargoes may be
regulated by aging. Whether the secreted UFM1 can have a physio-
logical function in animal development or aging is unclear.

UFM1 interacts with and regulates USP19

To demonstrate a direct involvement of UFM1 in triaging misfolded
proteins via UcPS, we asked whether appending UFM1 to enhanced
GFP (EGFP) as a chimeric protein would enhance the secretion of
EGFP, which, otherwise, is secreted inefficiently compared to mis-
folded proteins (12). UFM1-EGFP secretion was detected at a simi-
lar level as that of EGFP in WT cells. However, when USP19 was
coexpressed, the secretion of UFM1-EGFP was more efficient than
EGFP (Fig. 6, A and B). The result suggests USP19 as a rating
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Fig. 5. Endogenous UFM1 is cosecreted with a-Syn. (A) USP19 promotes UFM1 secretion. Conditioned medium and lysates from HEK293T cells transfected with differ-
ent amounts of HA-UFM1 together with an empty vector control or FLAG-USP19 were analyzed by immunoblotting. (B) The secretion of UFM1 does not require G83.The
indicated UFM1 variants or an empty vector control were transfected together with (indicated by filled circles) or without USP19. The graph shows the quantification of
three biological repeats. Error bars indicate means + SD. (C) Endogenous UFM1 and a-Syn are detected in human serum. Serum from patients with Alzheimer’s disease
(AD) and Parkinson’s disease (PD) were analyzed together with a group of pediatric serum. (D) Quantification of the UFM1 and a-Syn levels in human serum samples.
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Fig. 6. UFM1 binds and regulates USP19. (A) USP19 promotes the secretion of UFM1-EGFP. Conditioned medium and lysates from cells transfected as indicated were
analyzed by immunoblotting. (B) Quantification of the experiments shown in (A). Error bars indicate means + SD. *P < 0.05 by unpaired two-tailed t test. n = 4 biological
repeats. (C) A diagram showing the USP19 domain structure and the truncation variants tested. (D) A Coomassie blue-stained gel showing the purified proteins. (E) Mass
photometry confirms the molecular mass of the purified proteins. (F) A GST pull-down (PD) assay confirms the interaction of USP19 CS with UFM1. (G) Mass photometry
demonstrates the interaction of His-UFM1 with USP19 CS (50 nM). (H) USP19 CS stimulates the deubiquitinating activity of USP19 CD, which is antagonized by UFM1.The
deubiquitinating activity of USP19 CD (20 nM) was measured together with either a buffer control, or USP19 CS (200 nM), or UFM1 (5 pM) or the combination of USP19 CS
(200 nM) and UFM1 (5 pM). (1) A toggle switch model showing USP19 in two functional states, a UFM1-free DUB active, and a UFM1-bound DUB-inactive form.

Wang et al., Sci. Adv. 10, eadk2542 (2024) 15 March 2024 9of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

limiting factor in UFMylation-dependent UcPS: Only in USP19
high cells, increased UFMylation can lead to more secretion, dem-
onstrating a functional interplay between USP19 and UFM1 in UcPS.

We next explored the possibility that USP19 might directly bind
UFML. To this end, we expressed and purified a USP19 variant lack-
ing the ATM, USP19 CS (1 to 493), and the USP19 catalytic domain
(CD; 494 to 1212) to >90% homogeneity (Fig. 6, C and D). Single-
molecule mass photometry showed that these proteins all form
monomer with predicted molecular mass (Fig. 6E). Pull-down us-
ing glutathione S-transferase (GST)-UFM1 fusion protein as a bait
and GST as a negative control showed that USP19 CS readily copre-
cipitated with UFM1, whereas USP19 CD only weakly bound to
UFM1 (Fig. 6F). The interaction of USP19 CS with UFM1 was fur-
ther confirmed by mass photometry (Fig. 6G). Although these
methods failed to detect an interaction between USP19 ATM and
UFM1 (Fig. 6F and fig. S6A), there appears to be a transient interac-
tion between these molecules because at a high concentration, re-
combinant UFMI1 could inhibit the deubiquitinating activity of
USP19 ATM (fig. S6B). Furthermore, cross-linking-based immu-
noprecipitation using HEK293T cells expressing FLAG-tagged
USP19 revealed an interaction between full-length USP19 and en-
dogenous UFM1 (fig. S6C). This interaction, albeit weak, was spe-
cific because we did not detect the abundant ER chaperone calnexin
by USP19 pull-down (fig. S6D, E). In addition, when cells were
serum-starved to inhibit MAPS, more UFM1 could be cross-linked
to USP19 (fig. S6E), suggesting that MAPS inhibition traps more
substrates in proximity to USP19.

Our results raised the possibility that USP19 might function as a
“toggle switch,” regulated by an intramolecular interaction between
the CS and CD. The notion is supported by an a-fold predicted
USP19 structure, which shows that the CS domains are in proximity
to the CD (fig. S6F). Furthermore, when we incubated USP19 CS
with purified USP19 CD, USP19 CS could dose-dependently stimu-
late the deubiquitinating activity of USP19 CD, which was antago-
nized by recombinant UFM1 (Fig. 6H and fig. S6G).

DISCUSSION

In this study, we present several lines of evidence that establish
UFMI1 as an MAPS regulator, including mono-UFMylation of mis-
folded proteins, the requirement of lysine residues in a-Syn for effi-
cient secretion, the modulation of a-Syn secretion by knockdown of
UFM1 pathway genes or overexpression of UFBPI1, and, last, the
secretion of endogenous UFM1 and a cleaved UFBP1 fragment by
UcPS. Given the observed functional interplays between USP19 and
UFM1 and the established chaperoning activities associated with
USP19 (12, 16), we propose a dual recognition mechanism that en-
sures stringent selection of abnormal substrates for UcPS. In this
model, USP19 uses an associated chaperone activity to bind a mis-
folded protein bearing exposed hydrophobic motifs. Meanwhile,
USP19 also queries the UFMylation status of the bound substrate,
which may serve as a “checkpoint” to license the translocation of
cargos into the Golgi-associated CUPS for secretion. Since the
UFM1 ligase complex and USP19 are both localized to the ER sur-
face and because ER makes extensive membrane contacts with other
organelles including the Golgi, USP19 may cooperate with the
UFMylation machinery, coupling substrate UFMylation to mem-
brane translocation at the CUPS. This model would explain the mul-
tiple roles of UFBP1 in MAPS: In addition to serving as a UFL1
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adaptor, it might also function as a key that links UFMylation to a
downstream factor that channels substrates to the CUPS, a mecha-
nism akin to the recently proposed ER retrieval mechanism in mito-
chondrial protein targeting (36).

Conceivably, the proposed substrate recognition model would
work the best when USP19 concentrations are low because under
these conditions, productive interaction only occurs when USP19
contacts both substrate and UFM1. The Human Protein Atlas data-
base suggests that USP19 expression is generally low in various tis-
sues except for the skeletal muscle (37). USP19 high cells appear to
depend less on endogenous UFMylation for MAPS, likely because
its chaperone activity would be dominant in substrate selection un-
der this condition.

Dual substrate recognition may also render more regulation
on USP19 in MAPS. We previously identified an autoinhibitory
domain in USP19, consisting of a ubiquitin-like (UBL) domain
and the zinc finger myeloid, Nervy, and DEAF-1 (Zn-MYDN) do-
main that breaks the USP19 CD into two parts (13). The a-fold
predicted USP19 structure and our biochemical results suggest
a transient intramolecular interaction between the CD and the
USP19 CS domains, which masks the UFM1 binding site in the CS
domain-containing region. Conversely, UFM1 binding would dis-
rupt this interaction to convert USP19 into a different functional
state (Fig. 61).

In model organisms with the UFMylation system severely ablat-
ed, we could still detect a-Syn secretion from muscle cells in worms
or from fat body in fly larvae. These observations suggest the exis-
tence of a UFM1-independent mechanism(s) that governs a-Syn
secretion in vivo. Secretion of UcPS cargos by parallel pathways has
been reported for several cargos including Tau and interleukin-1f
(9, 38). Another limitation of the study is that the low level of mono-
UFMylated model substrates in cells without exogenous UFM1 of-
ten escape detection. This is likely due to the presence of an unknown
deUFMylating activity, which requires future validation.

UFM1 was discovered about two decades ago (39). Mice defec-
tive in UFMylation are embryonic lethal (40, 41), whereas humans
bearing a defective allele of UFMylation genes often suffer from se-
vere neurological disorders (42). However, the function of protein
UFMylation has been elusive until recent studies that linked
UFMylation to translocation-associated protein quality control at
the ER (19, 20, 28), ERphagy (21-24), and DNA repair (43, 44). Our
study has revealed a protein triaging function for UFMylation, and
defects in this function may contribute to human diseases geneti-
cally associated with the UFMylation system. Several recent studies
have linked UFM1 and USP19 to the intercellular transfer of neuro-
degenerative disease—associated neurotoxic proteins. Specifically, in
UFM1-deficient induced pluripotent stem cell-derived neurons and
in USP19 KO mice, the seeding and propagation of misfolded Tau
and a-Syn are inhibited (45-47). Although the underlying mecha-
nisms are unclear, these studies and our work consolidate an emerg-
ing theme that the dynamics of protein aggregation may be
influenced by a functional interplay between USP19 and UFMI in
either MAPS or a related UcPS process.

The secretion of misfolded proteins by MAPS is enhanced under
proteasome stress conditions (12, 48), which is essential for cell ad-
aptation to declined proteasome function (12). As recent studies
revealed a reverse correlation between aging and the fitness of the
proteasome system (49), cells, particularly neurons in aged individ-
uals, may depend more on UFMI-mediated MAPS for protein
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homeostasis maintenance. Given that the level of extracellular
UFM1 mirrors the levels of MAPS, we envision the possibility of
using serum UFM1 as a measure to gauge the proteostasis fitness of
a multicellular organism during aging. In this view, since the serum
UFMI1 and a-Syn levels are similarly reduced in geriatric serum
samples, it is possible that the MAPS capacity may diminish during
aging or under disease conditions, which may contribute to aging-
or disease-associated decline in proteostasis maintenance.

MATERIALS AND METHODS

Chemicals, antibodies, plasmids, and cells

Chemicals, antibodies, and plasmids used in this study are listed in
table S1. Patient serum was purchased from Medix Biochemica USA.

Pre-validated siRNAs were purchased from Thermo Fisher Scien-
tific. The sequences are UFM1_1 528344, GUGCAAUUAUUAC-
CAAUGAtt; UFM1_2 528345, CAGACUGCUGGAAAUGUUUtt
UBA5_1 536548, CCGUAGCAAUAGUAGGUGUtt; UBA5_2 36550,
GCAUUGAAACGAAUGGGAALtt; UFLI_1 523682, GGAACUUG-
UUAAUAGCGGALtt; UFL1_2 523683, GAGGAGUAAUUUUUACG-
GAtt; UFBPI_1 535321, GAAAAUUGGAGCUAAGAAALtt; UFBPI_2
$35322, CCAUAAAUCGCAUCCAGGALt.

Polymerase chain reaction (PCR)-based site-directed mutagen-
esis was used to make plasmids expressing different a-Syn lysine
mutants. To make plasmids expressing various UFBP1 truncation
mutants, we amplified the DNA segments encoding the sequence as
shown in Fig. 3 by PCR. Amplified DNAs were digested with Asi SI
and Mlu I and then cloned into the pCMVé6-entry vector. pRK-
USP19 ATM, pRK-USP19 CS, and pRK-USP19 CD were reported
previously (12). The UFM1 and UFSP2 CRISPR KO cells and
RPL26AC cells were also reported previously (12).

GFP tagging of endogenous UFBP1 was carried out using a
CRISPR-Cas12-assisted PCR-based tagging system as described
(www.pcr-tagging.com) (50). Briefly, the PCR cassette was ampli-
fied from pMaCTag-05 plasmid by the AccuPrime Pfx DNA Poly-
merase with the primers, M1_UFBP1 and M2_UFBP1, as listed
below. The PCR product was gel-purified with the QIAGEN Gel
Extraction Kit. HEK293T cells were transiently transfected with 1 pg
of the PCR cassette and 1 pg of pCAG-enAsCasl12a-HF1(E174R/
N282A/S542R/K548R)-NLS(nuc)-3XHA (AAS1815) (a gift from
Keith Joung & Benjamin Kleinstiver, Addgene, plasmid #107942)
using TransIT293 (Mirus) according to the manufacturer’s protocol.
The GFP-positive cells were sorted 2 weeks later by flow cytometry.
M1_UFBP1, 5-CAGCGGGGCCGGGTGTCCATCGCCGAGCTT
GCCCAAGCCAGCAACTCCCTCATCGCCTGGGGCC-
GGGAGTCCCCTGCCCAAGCCCCAGCCTCAGGTGGAG-
GAGGTAGTG-3'; M2_UFBP1, 5-ATCACTTCCCCAGGATGGT
GGGGAGGGATGAAGATGTATAGCCAGGTAGGCCA-
CAAAAAAACCAACTCTGAGTCCAAGAGGATCTACAAGAG-
TAGAAATTAGCTAGCTGCATCGGTACC-3'.

Identification of the UFL1 complex as a GFP1-10 interactor

To identify proteins interacting with the MAPS substrate GFP1-10,
we transfected HEK293T cells in eight 10-cm dishes with 5 pg of
FLAG-GFP1-10- and mCi-USP19-expressing plasmids. As nega-
tive controls, cells were transfected with an empty vector. Seventy-
two hours after transfection, cells were harvested and washed with
ice-cold phosphate-buffered saline (PBS). Cells were permeabilized
in 6 ml of 1x PB buffer containing 25 mM Hepes (pH 7.3), 115 mM

Wang et al., Sci. Adv. 10, eadk2542 (2024) 15 March 2024

KOAG, 2.5 mM MgCl,, 5 mM NaOAc, 0.5 mM EGTA, 1 mM dithio-
threitol (DTT), and 0.055% digitonin on ice for 5 min. Cytosol was
removed by centrifugation at 1000g for 5 min at 4°C. The membrane-
containing pellet fraction was washed with 4 ml of PB buffer with-
out DTT. The membrane pellet was then treated with 0.33%
formaldehyde at 37°C for 25 min. Membranes were recentrifuged
and washed two times by the PB buffer without digitonin. The mem-
brane pellet was resuspended in 8 ml of NP40 lysis buffer and incu-
bated at 4°C for 1 hour. Cleared cell extracts were subject to
immunoprecipitation with FLAG beads. The NP40-insoluble frac-
tion was resuspended in 1.6 ml of buffer containing 25 mM tris-HCI
(pH 7.4), 150 mM NaCl, 1% SDS, and 5 mM DTT and incubated at
37°C for 30 min. Extracted proteins were diluted fivefold with the
NP40 lysis buffer and then subject to immunoprecipitation by FLAG
beads. After immunoprecipitation, beads were extensively washed
with the NP40 lysis buffer. The bound proteins were eluted with
150 pl of PB buffer containing FLAG peptide (0.2 mg/ml; Sigma-
Aldrich). Purified samples were reduced and alkylated in 8 M urea
buffer, then digested by Lys-C for 4 hours at 37°C and followed by
trypsin overnight digestion with urea concentration reduced to
1.5 M. Peptide digests were desalted using Vivapure spin columns
(Sartorius) before MS analysis.

Liquid chromatography-MS/MS analysis

Liquid chromatography (LC)-MS/MS was carried out by nanoflow
reverse-phase LC (Eksigent, CA) coupled on-line to a Linear Ion
Trap (LTQ)-Orbitrap XL mass spectrometer (Thermo Fisher Scien-
tific). The LC analysis was performed using a capillary column
(100 pm in inner diameter X 150 mm in length) packed with Inert-
sil ODS-3 resin (GL Sciences), and the peptides were eluted using a
linear gradient of 2 to 35% B in 85 min at a flow of 400 nl/min (sol-
vent A: 100% H,0/0.1% formic acid; solvent B: 100% acetonitrile/0.1%
formic acid). A cycle of one full fourier transform scan mass spec-
trum [350 to 1800 mass/charge ratio (m/z) and resolution of 60,000
at m/z 400] followed by 10 data-dependent MS/MS scans was ac-
quired in the linear ion trap with normalized collision energy (set-
ting of 35%), with a dynamic exclusion for 30 s. LC MS/MS data
were extracted and submitted to protein prospector (UCSF) for da-
tabase searching against a concatenated database consisting of
the normal and random form of the human protein database.
Trypsin was set as the enzyme with a maximum of two missed
cleavage sites. The mass tolerance for parent ion was set as +20 parts
per million, whereas +0.6-Da tolerance was chosen for the fragment
ions. Chemical modifications such as protein N-terminal acetyla-
tion, methionine oxidation, N-terminal pyroglutamine, and de-
amidation of asparagine were selected as variable modifications
during database search. The search compare program in protein
prospector was used for summarization, validation, and compari-
son of results.

Protein purification and in vitro assays

To purify USP19 variants, we transfected HEK293T cells in nine 10-cm
dishes with 6 pg of DNA using TransIT293. Twenty-four hours
after transfection, we moved cells to three large multilayer tissue
culture flasks to amplify cells. We harvested cells in PBS 72 hours
after transfection. Cells were incubated in a hypotonic buffer
[20 mM tris (pH 7.4) and 10 mM KCl] with a protease inhibitor
cocktail and 1 mM tris(2-carboxyethyl)phosphine (TCEP) on ice
for 10 min. We then used a Dounce homogenizer to break the cells.
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After centrifugation at 20,000¢ for 15 min to remove the nuclei and
membrane fractions, we added NaCl to cleared cytosolic fractions
to 120 mM and then incubated the cytosolic extracts with FLAG
beads to purify USP19 proteins. After extensive washing with a buf-
fer containing 20 mM tris (pH 7.4), 120 mM NaCl, 2 mM MgCl,,
1 mM EDTA, and 1 mM TCEP, we eluted the proteins in a buffer
containing 20 mM tris (pH 7.4), 120 mM NaCl, 1 mM TCEP, and
3XFLAG peptide (0.2 pg/ml). Elute proteins were pooled, passed
through a PD-10 buffer exchange column (Bio-Rad) to remove the
FLAG peptide. Proteins were concentrated to ~0.5 mg/ml and
stored in —80°C.

Mass photometry was performed on an OneMP instrument
(Refeyn, UK) at room temperature following the published protocol
(51). Briefly, microscope coverslips (24 X 50 mm; Thermo Fisher
Scientific) were rinsed consecutively in isopropanol and H,O and
blow-dried in a stream of clean nitrogen. Proteins were mixed with
the indicated concentrations in PBS. After applying 10 pl of solution
on the slide, the mass distribution plot was obtained with the soft-
ware provided by the instrument manufacturer.

GST pull-down experiments were performed by immobilizing
10 pg of GST or GST-UFMI1 on glutathione beads. After washing
the beads with PBS, we incubated the beads with 2 pg of purified
USP19 variant proteins in 400 pg of PBS at 4°C for 60 min. Beads
were washed two times with PBS. Bound proteins were eluted with
40 pl of Laemmli buffer.

We measured USP19 deubiquitinase activity using a previously
published protocol (16). Briefly, we incubated 30 nM USP19 in a
buffer (200 pl) containing 50 mM tris-HCI (pH 7.4), 20 mM KClI,
5 mM MgCl,, 1 mM DTT, and 0.5 pM ubiquitin-AFC (7-Amino-4-
trifluoromethylcoumarin) at room temperature. Fluorescence in-
tensity at excitation/emission = 400/505 nm was recorded in real
time by Fluoromax-4 spectrofluorometer.

Immunoprecipitation and immunoblotting

To detect UFMylation of misfolded a-Syn and other substrates, we
transfected cells with a FLAG-tagged plasmid expressing the report-
ed substrate together with HA-tagged UFM1. Forty-eight hours af-
ter transfection, cells were harvested and washed with ice-cold
PBS. Cells were then lysed in 100 pl of denaturing buffer containing
2% SDS and 5 mM DTT. The samples were heated at 95°C for 5 min
to disrupt all protein-protein interactions, followed by a 10-fold di-
lution with an NP40 lysis buffer containing 50 mM tris-HCI (pH 7.4),
150 mM NaCl, 2 mM MgCl,, 0.5% Igepal, 2 mM EDTA, and 1 mM
DTT. After removal of insoluble materials by centrifugation at
20,000¢ for 10 min, FLAG-tagged substrates were immunoprecipi-
tated by FLAG beads and analyzed by immunoblotting.

To detect total UFMylated proteins in heat-treated cells, cells
(4 million) harvested after PBS rinse were immediately lysed in
200 pl of 1x Laemmli buffer at 95°C for 30 min. Cell lysates were frac-
tionated by 4 to 12% bis-tris gradient gel and analyzed by immunob-
lotting following the standard protocol. For serum samples, 100 pl
of serum was centrifugated at 20,000g for 10 min. The supernatant
fractions were mixed with 4x Laemmli buffer and diluted appropriately
before gel analysis. For immunoblotting, horseradish peroxidase—
conjugated secondary antibodies were used for detection.

To detect the interaction of USP19 with UFMI, cells expressing
FLAG-tagged USP19 were washed with ice-cold PBS and then treat-
ed with 0.05% formaldehyde in 800 pl of PBS at 37°C for 15 min.
Cells were washed three times with PBS, then resuspended in 200 pl
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of PBS containing 1% SDS and 5 mM DTT plus a protease inhibitor
cocktail. Cells were treated at 37°C for 30 min to disrupt protein-
protein interactions. NP40 lysis buffer (800 pl) with a protease in-
hibitor cocktail was then added to dilute the sample. The samples
were then centrifuged at 20,000¢ for 10 min. The supernatant frac-
tion was subject to immunoprecipitation with FLAG beads. The pre-
cipitated materials were analyzed by immunoblotting.

C. elegans and fly experiments

The PVZ-1 vector was used to make the constructs to express WT
UFBP1 and the AMLS mutant in C. elegans body wall muscle cells.
The body wall muscle-specific expression of mCherry-tagged
UFBP1 (encoded by ZK1236.7) and UFBP1AMLS (PVZ-1-myo3p-
ufbpl-mCherry-unc-54 3'UTR and pVZ-1-myo3p-ufbpl AMLS-
mcherry-unc-54 3'UTR) were made by inserting PCR-amplified
C. elegans UFBP1 cDNA fragments into the Xba I and Not I sites of
the vector.

The following strains were used to assay a-Syn secretion in
C. elegans. WT (N2), ufbp1(tm5808), and DDP]I that carries a body
wall muscle-specific expressed a-Syn tagged with YFP (Venus) (52).
KMS581 and KM582 strains are DDP1 carrying the PVZ-1-myo3-
UFBP1-mcherry-unc45 3'UTR construct. KM583 and KM584
strains are DDP1 carrying the PVZ-1-myo3-UFBP1AMLS-mcherry-
unc45 3'UTR construct. The ufbp1 (tm5808) strain was backcrossed
eight times with WT and then crossed into DDP1 to generate two
independent strains for both ufbp1(tm5808) alone and DDP1;ufbp-1
(tm5808) strains.

Transgenic animals harboring body wall muscle-specific ex-
pressed constructs were generated by standard DNA injection tech-
niques (53). The plasmid was injected at the concentration of 20 ng/pl
with a transgenic marker (100 ng/pl; pRF4) into WT (N2) animals.
As the DDP] strain alone has an unhealthy phenotype after 3 days at
the adult stage, DDPI was crossed into two independent ufbpl-
expressing transgenic worms, and two independent DDPI strains
carrying a body wall muscle-specific expressed ufbp-1 construct as
described above were obtained to assay a-Syn secretion. The accu-
mulation of fluorescence protein (Venus and mCherry) in coelomo-
cytes from expressed ufbp-1 reporter constructs was checked in
2-day-old adult animals. Microscopic images for a coelomocyte
were deconvoluted by Nikon (NIS-elements) software and were ad-
justed by Adobe Photoshop.

Transgenic flies harboring UAS-mCherry-a-Syn were generated
by Rainbow Transgenic. The p{Cg-GAL4.A}2 (7011), UAS-control
shRNA p{TRiPJF01355}attP2 (31603), and UAS-UFMI shRNA
(39054) p{TRiPHMS01974}attP40 lines were purchased from
Bloomington Drosophila Stock Center. The p{Cg-GAL4.A}2 line,
which expresses the GAL4 transcription factor under the control of
a fat body-specific collagen promoter, was used to drive the expres-
sion of mCherry-a-Syn and shRNA in the same tissue. Fly larva
dissection and tissue staining were done as previously described
(54). To detect mCherry-a-Syn or UFMI in third instar larvae he-
molymph, six third instar larvae (three male and three female) were
thoroughly rinsed first in ultrapure water and then by PBS. We then
bleed the larvae by poking at the posterior end with a 25-gauge nee-
dle in a drop of PBS (45 pl). Hemolymph was collected and centri-
fuged at 10,000¢ for 10 min. The supernatant fraction (40 pl) was
mixed with 2X Laemmli buffer and heated at 95°C for 5 min before
SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblot-
ting analysis. The hemolymph-depleted larvae were placed in 40 pl
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PBS with addition of 60 pl of 2x Laemmli buffer. The samples were
heated at 95°C for 25 min before SDS-PAGE and immunoblotting
analyses.

Protein secretion experiments
Protein secretion experiments were performed following a well-
established protocol (55). Briefly, we seeded 0.2 X 10® HEK293T
cells per well to a poly-p-lysine-coated 12-well plate on day 1. Cells
were transfected with a plasmid (300 ng) expressing either a-Syn or
other MAPS substrates on day 2. Twenty-four hours later, the cul-
ture medium was carefully removed. Cells were replenished with
1 ml of complete Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS. Cells were cultured for another 15 hours
before conditioned medium was harvested. Cells were washed with
PBS and lysed in 300 pl of NP40 lysis buffer containing 50 mM tris-
HCI (pH 7.4), 150 mM NaCl, 2 mM MgCl,, 0.5% Igepal, 2 mM
EDTA, and 1 mM DTT plus a protease inhibitor cocktail. The con-
ditioned medium was subject to two rounds of centrifugation, first
at 1000g for 5 min and then at 10,000¢ for 40 min. The clear super-
natant fractions were collected and mixed with 4x Laemmli buffer.
To control for cell lysis, we analyzed the medium fractions by
immunoblotting with antibodies against abundant cytosolic chaper-
ones such as HSC70 and HSP90. In most experiments, we do not
detect these proteins in the medium, suggesting that the cells
were intact.

Software and data analyses

Immunoblotting enhanced chemiluminescence signals were detect-
ed by a ChemiDoc Imager (Bio-Rad). Protein bands were quantified
by ImageLab (Bio-Rad). Shown immunoblotting gels are represen-
tative of at least two independent biological repeats. Graphpad
Prism 9.0 was used to generate graphs. Statistical analyses were con-
ducted with either Excel or Graphpad Prism 9.0.

Supplementary Materials
This PDF file includes:

Figs.S1to S6

Table S1
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