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CLEC16A is an E3 ubiquitin ligase that regulates mito-
chondrial quality control through mitophagy and is associated
with over 20 human diseases. CLEC16A forms a complex with
another E3 ligase, RNF41, and a ubiquitin-specific peptidase,
USP8; however, regions that regulate CLEC16A activity or the
assembly of the tripartite mitophagy regulatory complex are
unknown. Here, we report that CLEC16A contains an internal
intrinsically disordered protein region (IDPR) that is crucial for
CLEC16A function and turnover. IDPRs lack a fixed secondary
structure and possess emerging yet still equivocal roles in
protein stability, interactions, and enzymatic activity. We find
that the internal IDPR of CLEC16A is crucial for its degrada-
tion. CLEC16A turnover was promoted by RNF41, which binds
and acts upon the internal IDPR to destabilize CLEC16A. Loss
of this internal IDPR also destabilized the ubiquitin-dependent
tripartite CLEC16A-RNF41-USP8 complex. Finally, the pres-
ence of an internal IDPR within CLEC16A was confirmed using
NMR and CD spectroscopy. Together, our studies reveal that
an IDPR is essential to control the reciprocal regulatory bal-
ance between CLEC16A and RNF41, which could be targeted to
improve mitochondrial health in disease.

The CLECI16A (C-type lectin domain containing 16A) gene
is associated with over 20 human diseases including diabetes,
cardiovascular disease, stroke, multiple sclerosis, arthritis, and
Crohn disease, as well as other inflammatory diseases (1-7).
Despite its original designation as a C-type lectin, this is a
misnomer as the CLEC16A protein does not actually contain a
C-type lectin domain. CLEC16A encodes an E3 ubiquitin ligase
that maintains mitochondrial health through selective mito-
chondrial autophagy (mitophagy), which eliminates damaged
mitochondria (2, 8). CLEC16A regulates mitophagy by form-
ing a tripartite complex with fellow E3 ubiquitin ligase RNF41/
Nrdpl and the deubiquitinase USP8, which together control
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activity of the mitophagy regulator PRKN/Parkin (8, 9).
Importantly, CLEC16A directly binds and ubiquitinates
RNF41 (independent of RNF41 ubiquitin ligase activity) to
promote assembly and stability of the tripartite mitophagy
complex (8, 10). Loss of CLEC16A impairs mitochondrial
health and function in many cell types including pancreatic 8-
cells, sensory neurons, and immune cells (2, 8, 11-14). Despite
strong implications of CLEC16A having a role in disease and
in critical cellular processes, its functional domains were left
uninvestigated until very recently (14). In particular, CLEC16A
domains that control its ubiquitin ligase activity, or regulate
assembly of the tripartite mitophagy complex (CLEC16A-
RNF41-USP8), remain unknown.

CLEC16A is predicted to contain two intrinsically disor-
dered protein regions (IDPRs): a C-terminal IDPR that stabi-
lizes CLEC16A by inhibiting self-ubiquitination (14) and an
unexplored internal putative IDPR. IDPRs lack a fixed sec-
ondary structure and their disruption and dysregulation is
linked to many human diseases (15-19). IDPRs within E3
ubiquitin ligases are capable of controlling their enzymatic
ubiquitin ligase activity and mediating their interactions with
partner proteins, among other functions (20, 21). We hy-
pothesized that the putative internal IDPR may play similar
roles within CLEC16A by contributing to its ubiquitin ligase
activity or mitophagy complex assembly.

Here, we investigate the CLEC16A internal IDPR for key
roles in regulating its ubiquitin ligase activity, important pro-
tein interactions, and turnover. We observed that disruption of
the putative internal CLEC16A IDPR prevented CLEC16A
turnover. While the internal CLEC16A IDPR was not a site for
auto-ubiquitination, we observed that RNF41 promoted the
ubiquitination and destabilization of CLEC16A, and this was
dependent on the CLEC16A internal IDPR. Reciprocally, the
CLECI16A internal IDPR was required for CLEC16A to bind
and ubiquitinate RNF41 and form the tripartite CLEC16A—
RNF41-USP8 mitophagy complex. Finally, we confirmed that
CLEC16A contains an internal IDPR by several biochemical
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RNF41 regulates CLEC16A stability via an IDPR

and biophysical approaches. Together, we not only clarify
crucial structural and functional roles for the CLEC16A in-
ternal IDPR but also establish RNF41 as a novel post-
translational regulator of CLEC16A stability.

Results
CLEC16A contains a putative internal IDPR

To understand how the internal putative IDPR regulates
CLEC16A structure and function, we first investigated
CLECI16A in silico using multiple computational techniques.
Using the highly accurate protein structure prediction tool,
AlphaFold, we observed that CLEC16A has a large internal
region predicted to lack secondary structure (Fig. 14) (22, 23).
Concordantly, the disorder prediction algorithm IUPred2
predicts an internal IDPR that is conserved in human and
mouse CLEC16A (Fig. 1B) (14, 24). To complement this
approach, we investigated the amino acid composition of the
putative internal CLEC16A IDPR (amino acids 347-472)
compared to the amino acid composition in the validated
IDPR dataset Disprot (25). Validated IDPRs are enriched in
charged, polar, hydrophilic residues relative to the expected
amino acid distribution in nature (14, 26). Indeed, the putative
internal CLEC16A IDPR shows significant enrichment for the
charged, polar residues glutamic acid (E) and lysine (K) that
are known to promote intrinsic disorder (Fig. 1, C and D) (27).
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Collectively, these biophysical predictions suggest CLEC16A
contains an internal IDPR that spans residues 347 to 472.

Lysine residues within the CLEC16A IDPR are required for
CLEC16A turnover

To understand the function of the putative internal IDPR,
we introduced focused mutations within this region and
investigated their impact on CLECI16A (Fig. 2A4). IDPRs
commonly promote protein degradation, in part due to
accessibility for degradative posttranslational modifications
(28-30). Thus, we first considered whether the putative in-
ternal CLEC16A IDPR affects CLEC16A stability. First, we
overexpressed Flag-epitope—tagged WT and mutant forms of
CLEC16A in HEK293T cells and evaluated their relative levels
via Western blot (Fig. 2B). We found that a CLEC16A mutant
lacking the putative internal IDPR amino acids 347 to 472
(CLEC16A AIDPR) was detectable at higher levels than full-
length WT CLEC16A (Fig. 2B). Next, we assessed protein
stability by blocking protein synthesis with cycloheximide.
Interestingly, the CLEC16A mutant lacking the internal IDPR
maintained higher protein levels and was more stable than WT
CLEC164, indicating that the internal IDPR destabilized
CLEC16A (Fig. 20C).

We then questioned what features of the CLEC16A internal
IDPR might mediate CLEC16A turnover. While CLEC16A is
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Figure 1. CLEC16A is predicted to contain an internal intrinsically disordered protein region by complementary in silico analyses. A, structural
prediction of CLEC16A using AlphaFold. Model confidence is indicated by the per-residue predicted local distance difference test (pLDDT) from 0 to 100.
Very high: pLDDT > 90, High: 90 > pLDDT > 70, Low: 70 > pLDDT > 50, Very low: pLDDT < 50. A low pLDDT score is a competitive predictor of protein
disorder (22, 23). B, disorder probability of human and mouse CLEC16A from IUPred2. Putative IDPRs were defined with a probability threshold of >0.5. C,
residues of the mouse CLEC16A putative internal IDPR (AA 347-472), with significantly enriched residues identified in panel (D) highlighted (lysine, K, blue;
glutamic acid, E, red). D, residue composition bias of the mouse CLEC16A internal IDPR (AA 347-472) generated with Composition. Profiler, comparing
residue enrichment of the CLEC16A internal IDPR versus SWISS-PROT 51 database. Significantly enriched lysine (blue) and glutamic acid (red) residues are

highlighted. *p < 0.05. IDPR, intrinsically disordered protein region.
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Figure 2. The internal IDPR contains lysine residues that are essential for CLEC16A turnover. A, schematic of C-terminal Flag epitope-tagged con-
structs encoding WT full-length CLEC16A, CLEC16A with the internal IDPR residues randomly shuffled (Shuffle IDPR), or CLEC16A lacking the internal IDPR
(AIDPR). B, representative anti-Flag Western blot (WB) of WT, shuffle IDPR, and AIDPR CLEC16A after transfection in HEK293T cells (n = 3/group). C,
representative WB of Flag-CLEC16A levels from 293T cells transfected with WT, Shuffle IDPR, or AIDPR CLEC16A following treatment with 300 pg/ml
cycloheximide for 0 to 6 h. Densitometry represents percent change (%) from basal levels normalized to Cyclophilin B (Cyc B) loading control (n = 4/group).
D, predicted ubiquitination of CLEC16A residues, generated by UbPred. E, representative Flag WB of WT, Shuffle IDPR, Shuffle IDPR retain K, IDPR K-to-R, and
AIDPR CLEC16A following transfection in 293T cells. Densitometry represents fold change in protein levels relative to WT CLEC16A, normalized to Cyc B. No
significant differences were found between CLEC16A Shuffle IDPR, IDPR K-to-R, and AIDPR (n = 3-4/group). F, representative WB of Flag-CLEC16A levels
from 293T cells transfected with WT, IDPR1 K-to-R, and Shuffle IDPR retain K CLEC16A following treatment with 300 pg/ml cycloheximide for 0 to 6 h.
Densitometry represents % change from basal levels normalized to Cyc B. n = 3/group. *p < 0.05; **p < 0.01; ***p < 0.001. IDPR, intrinsically disordered
protein region.

highly conserved in mammals, the internal IDPR overlaps with
a region of lower relative conservation (Fig. S1, A and B).
IDPRs functions can be dictated by the order of amino acids, as
well as the composition (31, 32). Thus, we tested whether the
order of amino acids in the CLEC16A internal IDPR was
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required to control CLEC16A degradation. To this end, we
generated a CLEC16A construct with randomly shuffled resi-
dues in the internal IDPR (Shuffle IDPR; Fig. 2A). Effectively,
this shuffled CLEC16A construct preserves the amino acid
composition within the IDPR but not the order of the residues.
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We confirmed that shuffling did not introduce known func-
tional domains using SMART and PROSITE domain predic-
tion analyses (data not shown) (33, 34). When compared to
WT CLEC16A, shuffling the CLECI6A internal IDPR
increased protein levels and stability, similar to the IDPR
deletion (Fig. 2, B and C). These results indicate that the in-
ternal IDPR functions in a sequence-dependent manner to
destabilize CLEC16A (Fig. 2, B and C).

We next considered what aspects of the internal CLEC16A
IDPR amino acid sequence might mediate CLEC16A degra-
dation. IDPRs are common sites for degradative post-
translational modification (28). Moreover, the stability of E3
ubiquitin ligases is often controlled via degradative ubiquiti-
nation (35). We questioned whether the CLEC16A internal
IDPR was a site for ubiquitination that would destabilize
CLEC16A. We searched for putative ubiquitination sites on
CLEC16A using UbPred, which predicts protein ubiquitina-
tion sites based on surrounding amino acid sequence homol-
ogy to known ubiquitination sites in the proteome (36). We
found that the CLEC16A internal IDPR contains an enrich-
ment of lysine residues that are predicted to be ubiquitinated
with high confidence (Fig. 2D). We therefore generated a
CLEC16A mutant construct insensitive to ubiquitination with
lysine-to-arginine mutagenesis of the internal IDPR (IDPR
K-to-R), which is a substitution strategy that retains a similar
residue structure and charge. The CLEC16A IDPR K-to-R
mutant had increased protein levels and was significantly more
stable than WT CLEC16A and achieved similar levels and
stability to CLEC16A mutants bearing a shuffled or truncated
internal IDPR (Fig. 2, E and F). These findings indicate that
lysine residues within the internal IDPR are crucial for
CLECI16A turnover.

Specific lysine residues can serve as important motifs or
degrons that support both the recognition of proteins by an E3
ligase and the subsequent protein degradation (37, 38). Given

the importance of lysine residues in the internal IDPR for
CLEC16A turnover, we questioned whether the CLEC16A
construct with the shuffled IDPR had impaired turnover sim-
ply due to the disrupted position and pattern of lysine residues.
Thus, we investigated the importance of lysine residue posi-
tioning. Specifically, we asked whether lysine positioning
within the IDPR was sulfficient to mediate CLEC16A turnover,
independent of the order of surrounding amino acids. We
tested this by retaining the CLEC16A IDPR lysine residues at
their original positions while shuffling the remainder of the
IDPR, using the same shuffled IDPR sequence as before
(Shuffle IDPR Retain K). The Shuffle IDPR retain K CLEC16A
construct had a modest increase in levels and stability
compared to WT CLEC16A, though this increase was not
statistically significant (Fig. 2, E and F). Thus, the presence and
position of lysine residues is the dominant feature to regulate
CLECI16A stability, yet the remaining IDPR sequence order
may modestly contribute to CLEC16A turnover as well.

CLEC16A does not self-ubiquitinate lysine residues within the
internal IDPR in vitro

After identifying the putative internal IDPR as a region that
controls CLEC16A turnover, we sought to understand the
mechanism by which the lysine residues within the IDPR
promote CLEC16A destabilization. Notably, ubiquitin ligases
commonly self-ubiquitinate their lysine residues to control
their own stability and degradation (35). To determine
whether CLEC16A self-ubiquitinates its internal IDPR, we
generated recombinant CLEC16A protein and assessed ubiq-
uitination in vitro. Upon deleting the CLEC16A IDPR, or
shuffling its residues, we observed reduced self-ubiquitination
when compared to WT CLEC16A (Fig. 3, A and B). Unex-
pectedly, the ubiquitination-resistant CLEC16A IDPR mutant
(IDPR K-to-R) showed no impairments in self-ubiquitination
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Figure 3. The CLEC16A internal IDPR is not a site of self-ubiquitination but is required for ubiquitin ligase activity. A, in vitro ubiquitination assay
with recombinant CLEC16A-6xHis-Flag WT, AIDPR, or IDPR KR. Representative WB and immunoprecipitation (IP) following incubation with ATP, HA-
Ubiquitin, E1, and the E2 conjugating enzyme UBE2D3 at 37 °C for 1 h. n = 3/group. B, in vitro ubiquitination assay with recombinant CLEC16A-6xHis-
Flag WT and Shuffle IDPR. Representative WB and IP following incubation with ATP, HA-Ubiquitin, E1, and the E2 conjugating enzyme UBE2D3 at 37 °C

for 1 h (n = 3/group). IDPR, intrinsically disordered protein region.
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(Fig. 3A). Thus, while the internal IDPR appears to support
CLECI16A ubiquitin ligase activity, it does not appear to be a
site for CLEC16A self-ubiquitination in vitro.

RNF41-mediated turnover of CLEC16A depends on lysine
residues and amino acid sequence order within the internal
CLEC16A IDPR

As CLEC16A does not self-ubiquitinate its own internal
IDPR in vitro, we speculated that other proteins might act on
the internal IDPR to destabilize CLEC16A. CLEC16A forms
and stabilizes a tripartite mitophagy regulatory complex with
the E3 ubiquitin ligase RNF41 and the deubiquitinase USP8,
which together regulate mitophagy through control of Parkin
(PRKN) (2, 8, 9). Specifically, CLEC16A directly binds and
stabilizes RNF41 through nondegradative ubiquitination (2, 8).
Indeed, we have previously shown that CLEC16A physically
interacts with and ubiquitinates RNF41, and these actions do
not require RNF41 ubiquitin ligase activity (8, 10). RNF41 has
a reciprocal regulatory relationship with its fellow partner
USP8, wherein USP8 de-ubiquitinates and stabilizes RNF41
and in turn RNF41 ubiquitinates and destabilizes USP8 (39,
40). Building upon knowledge that CLECI16A stabilizes
RNF41, we hypothesized that RNF41 may have a similar
reciprocal relationship with CLEC16A as with USP8 and thus
may destabilize CLEC16A.

We first investigated whether RNF41 acts upon CLEC16A.
We found that overexpressing RNF41 resulted in decreased
levels of CLEC16A protein (Fig. 4A). However, a ligase-dead
RNF41 mutant harboring point mutations within the RING
domain (C34S and H36Q, hereafter known as CSHQ (41)) did
not reduce CLEC16A levels (Fig. 4A4). This result suggested
that RNF41 ubiquitin ligase activity is required for CLEC16A
turnover (Fig. 4A). Overexpressing RNF41 was also found to
increase CLEC16A ubiquitination, whereas this effect was not
observed upon overexpressing the ligase-dead mutant
(Fig. 4B). Further, we found that the function of CLEC16A to
stabilize RNF41 required the RNF41 C-terminal substrate
binding (Fig. S2) (40). Together, these results implicate a role
for RNF41 in the ubiquitination and destabilization of
CLEC16A, supporting a reciprocal regulatory relationship
between these proteins (Fig. 4C).

Given the importance of the internal IDPR to CLEC16A
stability, we investigated whether RNF41 acts upon the inter-
nal IDPR of CLEC16A. While overexpressing RNF41 led to
reduced levels of WT CLEC16A as expected, shuffling or
truncating the internal IDPR prevented RNF41 from reducing
CLEC16A protein levels (Fig. 4D). Further, overexpression of a
dominant negative RNF41 lacking its RING domain
(dnRNF41) to inhibit RNF41 action led to an elevation in the
levels of WT CLEC16A, but this did not occur following
truncation of the internal IDPR (Fig. 4E). These results suggest
that RNF41 acts upon the CLEC16A internal IDPR to desta-
bilize CLEC16A and that this action depends upon the
CLEC16A IDPR amino acid sequence order. Notably, over-
expression of dnRNF41 did not raise levels of WT CLEC16A
to the same degree as CLEC16A lacking the internal IDPR,
suggesting that there are additional regulators of CLEC16A
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stability beyond RNF41 (Fig. 4E). Moreover, RNF41 also did
not reduce levels of the ubiquitination-resistant CLEC16A
internal IDPR mutant (IDPR K-to-R), suggesting that
CLEC16A internal IDPR lysine residues are vital for RNF41 to
destabilize CLEC16A (Fig. 4D).

After determining that RNF41 promotes the ubiquitination
and destabilization of CLEC16A in a manner that is dependent
on the CLEC16A IDPR amino acid sequence order and its lysine
residues, we questioned whether lysine positioning within the
CLEC16A IDPR is sufficient for RNF41 to destabilize CLEC16A.
Initially, we hypothesized that RNF41 would reduce levels of the
CLECI16A construct that retained original lysine positioning but
shuffled the remainder of the IDPR (Shuffle IDPR Retain K)
because this construct had similar levels and stability to WT
CLEC16A (Fig. 2, E and F). However, overexpressing RNF41 did
not reduce levels of the CLEC16A Shuffle IDPR Retain K
construct (Fig. 4D). This result suggests that while RNF41 re-
quires the lysine residues within the internal IDPR to destabilize
CLEC16A, the position of these lysines alone is not sufficient for
RNF41 to promote the turnover of CLEC16A. Instead, RNF41-
mediated turnover of CLEC16A requires the internal IDPR to
have both lysine residues in the correct positions and intact
amino acid sequence order.

The CLEC16A internal IDPR promotes the assembly of the
CLEC16A-RNF41-USP8 mitophagy regulatory complex

We previously showed that CLEC16A directly binds and
ubiquitinates RNF41 to promote the assembly of the CLEC16A—
RNF41-USP8 complex (8, 10). We next evaluated whether the
putative CLEC16A internal IDPR affects the formation of
the CLEC16A-RNF41-USP8 mitophagy complex. Truncating
the CLEC16A internal IDPR, or shuffling its residues, reduced
CLECI16A binding and ubiquitination of RNF41 compared to
WT CLEC16A, following overexpression of the similar protein
levels of CLEC16A (Fig. 5A). Mutating the CLEC16A internal
IDPR also impaired assembly of the tripartite mitophagy com-
plex, as we found reduced binding between CLEC16A and
RNF41 as well as RNF41 and USP8 (Fig. 5B).

We next questioned how the internal CLEC16A IDPR
contributes to RNF41-CLEC16A binding, because the reduced
RNF41-CLEC16A binding following IDPR deficiency could be
due to either consequent changes in the overall CLEC16A
conformation or the loss of a specific RNF41-binding site.
IDPRs commonly mediate protein—protein interactions, as
their flexible nature makes them amenable for recognizing
multiple partners (42). Indeed, overexpression of the
CLEC16A internal IDPR fragment alone (AA 347-472; IDPR1
only) was sufficient to bind RNF41 (Fig. 5C). Thus, the
CLEC16A internal IDPR supports the interaction between
CLEC16A and RNF41, in addition to its role as a site for
reciprocal control of RNF41 on CLEC16A stability.

An internal IDPR within CLEC16A is validated through
biochemical and biophysical assays

Our biochemical studies of the putative internal IDPR of
CLEC16A find molecular functions consistent with an IDPR,
including control of partner binding, ubiquitin ligase activity,

J. Biol. Chem. (2023) 299(4) 103057 5
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Figure 4. RNF41-mediated turnover of CLEC16A depends on lysine residues and their sequence positioning within the internal IDPR of CLEC16A. A,
representative WB of Flag-CLEC16A and either HA-EV, HA-RNF41, or HA-CSHQ RNF41 (ligase-dead mutant) transfected into HEK293T cells and treated with
cycloheximide (CHX; 300 pug/ml) for 0 to 6 h. n = 3/group. B, representative WB of cell-based ubiquitination assay with overexpressed Flag-tagged CLEC16A
and MYC-Ubiquitin cotransfected with either HA-EV, HARNF41, or HA-CSHQ RNF41 performed in HEK293T. Cells were treated with 10 uM MG132 for 12 h
(n = 3/group). C, schematic of proposed reciprocal regulation between CLEC16A and RNF41. D, representative Flag WB of WT, Shuffle IDPR, Shuffle IDPR
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Figure 5. The CLEC16A internal IDPR promotes the assembly of the CLEC16A-RNF41-USP8 mitophagy complex. A, representative WBs following IP
for Flag-CLEC16A and MYC-Ubiquitin from HEK293T cells transfected with plasmids encoding HA-RNF41, MYC-Ubiquitin, and either Flag-EV, WT, Shuffle
IDPR, or AIDPR CLEC16A. Shuffle IDPR and AIDPR CLEC16A plasmids were transfected at 0.2x that of WT CLEC16A (supplemented with Flag-EV vector to
equalize the amount of transfected DNA) to normalize protein levels to that of WT CLEC16A (n = 3/group). B, representative WB following IP for HA-RNF41 in
HEK293T cells transfected with HA-RNF41, GFP-USP8, and either Flag-EV, WT (1x), Shuffle IDPR (0.2x), or AIDPR (0.2x) CLEC16A. Shuffle IDPR and AIDPR
CLEC16A plasmids were transfected at 0.2x that of WT CLEC16A (supplemented with Flag-EV vector to equalize the amount of transfected DNA) to
normalize protein levels to that of WT CLEC16A (n = 3/group). C, representative WB following IP for Flag-CLEC16A in HEK293T cells transfected with HA-
RNF41 and either Flag-EV, WT CLEC16A, or CLEC16A IDPR1 only (AA 347-472) (n = 3/group). IDPR, intrinsically disordered protein region.

and protein turnover. These findings motivated us to experi-
mentally investigate the presence of an internal IDPR in
CLEC16A. IDPRs characteristically demonstrate slow migra-
tion in SDS-polyacrylamide gels due to their expanded nature
and greater number of charged residues which leads to weak
binding to SDS (26, 43). Full-length WT CLEC16A and the
CLEC16A AIDPR mutant migrated at their expected molec-
ular mass (Fig. 6A4). However, the internal CLEC16A putative
IDPR alone (AA 347-472) migrated a shorter distance than
what is expected, visualized as a band ~1.6-times greater than
the expected size, consistent with an IDPR (Fig. 6A).

We next investigated the structural conformation of the
putative CLEC16A IDPR using NMR. IDPRs lack secondary

structure, and the hydrogen atoms within their backbone all
exist in a similar chemical environment, resulting in uniform
clustering in the hydrogen dimension of a 'H-">N hetero-
nuclear single quantum coherence-NMR spectra (44). Notably,
the heteronuclear single quantum coherence-NMR spectra of
the CLEC16A putative internal IDPR was tightly clustered
near 8 ppm, supporting the hypothesis that CLEC16A contains
an internal IDPR (Fig. 6B).

To confirm the CLEC16A internal region is an IDPR, we
next investigated whether features of secondary structure were
present. While the CLEC16A internal putative IDPR was not
amenable to secondary structure characterization via carbon-
detect NMR due to poor carbon-detect spectral quality and

retain K, IDPR K-to-R, and AIDPR CLEC16A cotransfected with HA-EV or HA-RNF41 in HEK293T cells. Densitometry represents fold change in protein levels
per construct following the addition of RNF41, normalized to Cyc B. No significant differences were found between CLEC16A Shuffle IDPR, Shuffle IDPR
Retain K, IDPR K-to-R, and AIDPR following the addition of RNF41 (n = 3-6/group). E, representative Flag WB of WT and AIDPR CLEC16A cotransfected with
HA-EV, HA-RNF41, or HA-dnRNF41 in HEK293T cells. (n = 3/group). ***p < 0.001. IDPR, intrinsically disordered protein region.
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Figure 6. Experimental confirmation of the CLEC16A internal IDPR using biochemical and biophysical approaches. A, representative WB in HEK293T
cells transfected with Flag-CLEC16A constructs (full-length CLEC16A, CLEC16A internal IDPR only (AA 347-472), or CLEC16A AIDPR). Beta actin is included as
a loading control (n = 3/group). 8, "H-'> N HSQC spectra of recombinant CLEC16A internal IDPR (AA 347-472). Spectra clusters near 'H 8 ppm, consistent
with being an IDPR. C, CD spectra of recombinant full-length (WT) mouse CLEC16A. Line represents the average of three reads. Reads were taken of sample
at 25 °C (black solid line), then after heating to 90 °C (red line), then after cooling back to 25 °C (black dashed line). Spectra indicates secondary structure is
present. D, CD spectra of recombinant CLEC16A internal IDPR (AA 347-472), performed as noted in panel (C). Spectra indicate that secondary structure
elements are absent, consistent with an IDPR. HSQC, heteronuclear single quantum coherence; IDPR, intrinsically disordered protein region.

overlapping NMR peaks, we instead used far-UV CD spec-
troscopy to probe secondary structure. Classically, CD spectra
of alpha helices exhibit two minima, one at 208 nm with a
deeper second minimum at 220 nm, CD spectra of beta-sheets
exhibit a single minimum at 218 nm, and unstructured pep-
tides/IDPRs exhibit a single minimum around 200 nm (45).
The CD spectra obtained for recombinant full-length
CLEC16A contained minima at 208 nm and 220 nm, consis-
tent with the largely alpha-helical structure predicted by
AlphaFold (Figs. 6C and 1A). Conversely, the CD spectra of the
putative internal CLEC16A IDPR had a single minimum near
200 nm, in line with lack of secondary structure (Fig. 6D) (45,
46). Further, while heating full-length CLEC16A irreversibly
disrupted its alpha-helical secondary structure, heating the
internal CLEC16A fragment did not substantially change its
spectral features (Fig. 6, C and D). This result confirmed that
the internal CLEC16A fragment lacks secondary structure and
is indeed an IDPR (Fig. 6, C and D). Taken together, these
orthogonal biophysical techniques experimentally validate the
presence of an IDPR within the internal domain of CLEC16A.

Discussion

We identify an internal IDPR in CLEC16A that regulates
reciprocal CLEC16A-RNF41 interactions. Loss of the
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CLECI16A internal IDPR impairs assembly of the tripartite
CLEC16A-RNF41-USP8 mitophagy complex, as CLEC16A
had reduced ability to bind and ubiquitinate RNF41 (Fig. 5).
The internal IDPR regulates CLEC16A turnover (Fig. 2), at
least in part due to ubiquitination of IDPR lysine residues by
RNF41 (Fig. 4). To the best of our knowledge, our studies
identify RNF41 as the first known protein to regulate
CLEC16A stability. Together, we assemble an intricate un-
derstanding of the importance of an IDPR in CLEC16A, which
is a key regulator of human disease pathogenesis.

Our studies uncover a novel RNF41-CLEC16A reciprocal
regulatory relationship that is mediated by the internal IDPR of
CLEC16A. Our observations implicate an additional layer in
the tight regulatory balance of the upstream mitophagy regu-
latory machinery of CLEC16A, RNF41, and USP8 that ulti-
mately regulate PRKN. RNF41 is a previously identified
CLEC16A partner and is implicated in reciprocal regulation of
other partners including USP8 (8, 39, 40). USP8 de-
ubiquitinates and stabilizes RNF41 (40), while RNF41 in turn
ubiquitinates and destabilizes USP8 (39). Our previous and
current studies find a similar regulatory relationship between
RNF41 and CLEC16A, whereby we previously showed that
CLECI16A stabilizes RNF41 by nondegradative ubiquitination
(2, 8, 10), and here we find that RNF41 reciprocally promotes
CLEC16A ubiquitination and turnover. Further, CLEC16A
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stabilizes RNF41 to mediate PRKN proteasomal degradation,
primarily during states of optimal metabolic health (2, 10).
Following mitochondrial damage, USP8 will de-ubiquitinate
PRKN at K6 linkages to promote mitochondrial localization
of PRKN and activate mitophagy (47). Mitochondrial quality
control is tightly tuned, activated following mitochondrial
damage to clear sick/unhealthy mitochondria, while remaining
at lower levels during times of optimal mitochondrial health
(10, 48). We presume that the cross-regulatory control of both
CLEC16A and USP8 by RNF41 allows the mitochondrial
quality control regulatory machinery upstream of PRKN the
flexibility to modulate the activation or repression of
mitophagy on demand. Uncovering a reciprocal regulatory
relationship between CLEC16A and RNF41, similar to that
between USP8 and RNF41, emphasizes the complex relation-
ships that govern this tripartite complex. These studies may
also position RNF41 in a more central role in mitophagy than
previously appreciated, as it can lead to the degradation of all
of these key mitophagy regulators (CLEC16A, USP8, and
PRKN; (39, 49)). It will be intriguing to clarify how the
response to mitochondrial stress/damage may modulate the
reciprocal balance of CLEC16A-RNF41 that we describe in this
work, as well as the broader effects on mitophagy overall
(including USP8 and PRKN).

Our work finds that the internal CLEC16A IDPR bears
opposing functions compared to the CLEC16A C-terminal
IDPR we described recently in separate work (see model in

RNF41 regulates CLEC16A stability via an IDPR

Fig. 7) (14). The internal IDPR destabilizes CLEC16A, in
contrast to the C-terminal IDPR that promotes CLECI6A
stability (Fig. 7). While the internal CLEC16A IDPR mediates
CLEC16A turnover in a manner that depends on the presence
of its lysine residues, the C-terminal CLEC16A IDPR oppo-
sitely prevents CLEC16A turnover by reducing self-
ubiquitination. The C-terminal CLEC16A IDPR depends
upon its proline residues, rather than lysine residues, to sta-
bilize CLEC16A. While the internal CLEC16A IDPR is
required for CLEC16A-RNF41 binding within the mitophagy
complex, the C-terminal CLEC16A IDPR is dispensable for
RNF41 binding. Finally, while the internal IDPR may
contribute to CLEC16A ubiquitin ligase activity through an
undetermined mechanism, the C-terminal IDPR does not
contribute to ubiquitin ligase activity. Together, we find that
the two IDPRs within CLEC16A play very distinct and often
opposing roles, expanding our knowledge on the variety of
molecular functions for IDPRs, even within a single protein.
Future studies are needed to determine how these unique
IDPRs balance their opposing actions to control CLEC16A
stability and function.

There is controversy over whether the function of IDPRs
depends on amino acid sequence order and composition (31,
32). While CLEC16A is highly conserved in mammals, the
internal IDPR overlaps with a region of lower relative con-
servation (Fig. S1), and we questioned the importance of the
IDPR amino acid sequence to its function. However, our
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Figure 7. Proposed model for CLEC16A IDPRs’ contributions to its molecular functions and reciprocal regulation by RNF41. The C-terminal IDPR of
CLEC16A is known to enhance CLEC16A stability by preventing self-ubiquitination, whereas the functions of the internal IDPR were unknown until the
present work. The internal IDPR is critical for the enzymatic function and molecular interactions of CLEC16A. This internal IDPR regulates CLEC16A turnover
and is the site by which RNF41 acts to destabilize CLEC16A. The internal IDPR of CLEC16A is also required for its E3 ligase activity, and the loss of this
disordered region impairs both self-ubiquitination and the ability of CLEC16A to ubiquitinate RNF41. The internal IDPR binds to RNF41 and mediates the
assembly of the CLEC16A-RNF41-USP8 mitophagy complex. IDPR, intrinsically disordered protein region.
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studies demonstrate that the amino acid sequence order of the
internal IDPR of CLEC16A is indeed important for its func-
tion. Disrupting the order of residues within the CLEC16A
internal IDPR through random shuffling prevents its turnover
and prevents RNF41 action upon CLEC16A, indicating these
roles are sequence dependent. Lysine residues within the
CLEC16A internal IDPR are required for both CLEC16A
turnover and for RNF41 to act upon CLEC16A, which aligns
with the known enrichment of degradative ubiquitination sites
within IDPRs (37, 50). We initially hypothesized that returning
lysines to their original position after shuffling the internal
IDPR (Shuffle IDPR retain K) may restore CLEC16A turnover
and RNF41 action upon CLEC16A, due to the similarities
between the CLEC16A construct with a shuffled IDPR and the
construct lacking lysine residues (Fig. 2, C, E, and F). However,
the levels and stability of the Shuffle IDPR retain K CLEC16A
construct were actually slightly elevated relative to that of WT
CLEC16A (Fig. 2, E and F). This may be explained by the
inability of RNF41 to promote turnover of this CLEC16A
construct, where the lysines of its internal IDPR are in their
native positions yet the remaining sequence order is perturbed.
Thus, for RNF41 to destabilize CLEC16A, the internal IDPR
must have correctly positioned lysines, as well as an intact
amino acid sequence surrounding the lysines.

IDPRs often contain short linear motifs (~2-5 residues)
that serve as molecular recognition sites for partner proteins
(51-55). We speculate that the internal IDPR of CLEC16A
may contain an unidentified short linear motif that mediates
interaction with RNF41. Lysines can serve as important degron
motifs, and it is also possible the pattern and position of lysine
residues within the IDPR of CLEC16A plays a role in its
recognition and degradation by RNF41 or other partners (37,
38). Future studies may focus on identifying putative motifs
within the IDPR of CLEC16A and determining if retaining
such a motif is sufficient for CLEC16A turnover and function.

IDPRs within E3 ubiquitin ligases control many functions
including protein localization and trafficking, conformation,
enzymatic activity, and substrate binding (20, 21, 56). We
found the internal IDPR within CLEC16A may have a dual role
in promoting both its binding to partners/substrates and its
enzymatic activity (Fig. 7). The flexibility of IDPRs can regulate
ubiquitin ligase enzymatic activity by controlling ubiquitin
transfer and processivity (20, 21). For example, E3 ligases in
the single-RING finger family such as CBL have a flexible
IDPR linker that connects a substrate-binding domain and E2-
binding domain (20, 21). The flexible linker in CBL allows the
E2 ubiquitin-conjugating enzyme to be brought towards the
substrate for processive substrate ubiquitination (20, 21).
Additionally, IDPRs in E3 ligases contribute to partner and
substrate interactions, as increasingly disordered ligases have
more partners (21). The substrate-binding domains of E3 li-
gases are also more disordered when compared to their other
domains (21). We found the internal CLEC16A IDPR pro-
motes the binding and ubiquitination of RNF41 and may also
support CLEC16A ubiquitin ligase activity. Loss of the
CLEC16A internal IDPR impairs RNF41 ubiquitination
(Fig. 5A), yet this may stem solely from reduced binding and
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thus reduced proximity. However, disrupting the CLEC16A
internal IDPR also reduced its self-ubiquitination in vitro
(Fig. 3A), suggesting this IDPR could have a dual role in both
enzymatic activity and substrate binding. However, our
mechanistic and molecular understanding of how CLEC16A
functions as a ubiquitin ligase, how the IDPR may support its
ligase activity or the specific CLEC16A IDPR lysine residues
and ubiquitin linkages involved in these processes, remains
largely unclear and is of great interest for future work.

Our studies describe the molecular function of an IDPR in
the disease-associated protein CLEC16A, which may provide
avenues to therapeutically target CLEC16A. We found that
the CLEC16A internal IDPR regulates CLEC16A turnover,
and multiple human diseases are associated with reduced
CLEC16A levels (2, 14, 57). For example, genetic variants
that decrease CLECI6A expression in human islets are
associated with reduced human p-cell function, dysglycemia,
and increased T1D risk (2). Additionally, a CLEC16A iso-
form that lacks the C terminus associated with multiple
sclerosis is less stable than the full-length CLEC16A but
otherwise appears functional in ubiquitin ligase activity and
partner binding (14, 57). By identifying an IDPR within
CLEC16A that regulates its turnover, our work lays the
foundation for therapeutic approaches to block access to this
region and prevent CLEC16A turnover, thus increasing
protein levels to potentially enhance CLEC16A function to
treat or prevent disease.

Experimental procedures
Protein expression and purification

Recombinant protein was generated according to previous
protocols (14). To generate recombinant CLEC16A AA 347-
472, a pMCSG7-CLEC16A 347-472 TEV-6xHis expression
plasmid was transformed into Rosetta2 cells. Transformed
cells were cultured in 10 ml LB overnight, then transferred to
110of LB, and grown at 37 °C until an optical density of 600 nm
was reached. Bacteria were pelleted and washed, then resus-
pended in 1 I of minimal medium (12 g/l K;HPO, 9 g/l
KH,PO,, 1 g/l *’NH,CI, 2.5 g/l NaCl, 25 mg/I thiamine HCI,
4 g/l *C-glucose, 0.5 g/l MgSO,, 0.1 g/l NaOH) that was
supplemented with 1 ml of 100 mM CaCl,, 1 ml of Metal
Solution (0.3 g/65 ml FeSO4-7H,0, 0.2 g/65 ml ZnSO,4-7H,0,
0.4 g/65 ml CoCly-6H,0, 0.3 g/65 ml (NH4)sM0,0,4-4H,0,
0.3 g/65 ml CuSO, 02 g/65 ml MnCly4H,0O, 0.1 g/
65 ml H3BOjs), and ampicillin, as done previously (14).
CLEC16A expression was induced with IPTG (Agilent,
300127) overnight at 20 °C. Pelleted bacteria were freeze/
thawed at —80 °C. The pellet was sonicated in lysis buffer (1x
PBS [Fisher, BP399-20], 1% CHAPS [Sigma Aldrich, C9426],
10 mM MgCl,, 2 pl benzonase [25 U/ul; Millipore, 71206])
with added protease inhibitor (Thermo Fisher Scientific,
PIA32965). The 6xHis-tagged protein was purified on a nickel
column (Qiagen, 30250; Ni-NTA Agarose). Protein was eluted
in 300 mM imidazole in 1x PBS, then incubated with TEV
protease (NEB, P8112S) at 4 °C overnight in 0.1% BME in 1x
PBS. A nickel column then removed cleaved 6xHis tag. The
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protein was purified from the eluate with Q anion exchange
chromatography (AKTAAxpress, GE Healthcare). Fractions
were visualized on SDS-PAGE, and those containing the
peptide of interest were subjected to size-exclusion chroma-
tography (AKTA Purifier 10). SDS-PAGE was used to visualize
fractions, and those containing the peptide were dialyzed into
50 mM sodium cacodylate, 150 mM NaCl, pH 6.5 in ddH,O
for NMR.

Recombinant protein for CD was generated using the
pFLAG-CMV-5a-6xHis expression plasmid containing either
CLEC16A or the CLEC16A internal fragment (AA 347-472).
The same protocol as above was followed, except transformed
cells were not washed and resuspended into minimal medium.
Protein fractions for CD were dialyzed into 10 mM potassium
phosphate, 50 mM Na Fluoride pH 7.5 in ddH,O. All proteins
were concentrated prior to use.

Recombinant protein used in in vitro ubiquitination assays
was generated by the expression of 6xHis-tagged protein in
293T cells. Protein was purified with a nickel agarose gravity
column (Ni-NTA agarose) according to manufacturer’s
instructions.

Nuclear magnetic resonance

NMR was performed as previously described (14). The
13C/">N CLECI16A internal peptide fragment (AA 437-472)
was prepared as described above in a buffer of 50 mM sodium
cacodylate, 150 mM NaCl. D,O (10%) was added to the
sample, and the sample was loaded in a Shigemi NMR Tube
(Wilmad-LabGlass, SP Scienceware, BMS-005B). NMR was
performed with an 18.8 T Bruker Ascend magnet equipped
with Bruker NEO spectrometer operating at 'H frequencies of
800.25 MHz. The spectrometer was equipped with an inverse
TCI cryoprobe. The NMR spectra were collected at 298K. All
data were processed in Topspin 4.0.9 software (https://www.
bruker.com/en/products-and-solutions/mr/nmr-software/
topspin.html) and converted to Sparky format for analysis and
visualization.

We first collected "H-'>N HMQC spectra of the CLEC16A
internal fragment (AA 347-472) with a matrix size of 2048 x
512, spectral width of 15.32 ppm (*H) x 36 ppm (*°N), and
eight scans, totaling an acquisition time of 23 min. We
attempted chemical shift assignments and secondary structure
analyses using standard C' detect NMR methods (29). How-
ever, due to the weak signal obtained from the (H*-start)
1>N-3C CON collected, this sample was not suitable for
chemical shift assignments as done previously (29).

Circular dichroism

Far-UV CD was performed using the JASCO J-815 spec-
trometer. Samples were prepared in 10 mM potassium phos-
phate, 50 mM Na Fluoride pH 7.5 in ddH,O as described
above. A 10-mm pathlength cuvette was used. Measurements
were taken from 180 nm to 400 nm, at 0.5-nm increments.
The high tension voltage was monitored to ensure the
collected data was in the dynamic range of measurement. Each
CD trace represents the average of three independent reads.
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Samples for far-UV CD spectra were obtained at 25 °C, then
after heating to 90 °C, and again after cooling to 25 °C.

Cell culture, transfections, and treatments

293T cells were grown in DMEM (Gibco, 11965) that was
supplemented with 10% Fetal-Plex (Gemini Bio Products, 50-
753-2987), 1 mM sodium pyruvate (Thermo Fisher Scientific,
11-360-070), and 50 units/ml penicillin-streptomycin (Thermo
Fisher Scientific, 15140-122). Cells were transfected with
Lipofectamine 2000 according to the manufacturer’s protocol
(Thermo Fisher Scientific, 11668027). Cells were treated with
dimethylsulfoxide (Thermo Fisher Scientific, BP231-100) and
cycloheximide (EMD, 239-765).

Antibodies
All antibodies used are listed in Table S1.

Plasmids

Constructs for mammalian overexpression studies included
the pFLAG-CMV-5a-CLEC16A WT (2), pFLAG-CMV-5a-
CLEC16A WT-6xHis (2), pcDNA3.1 3x-HA-RNF41/Nrdpl
(2), pcDNA3.1 3x-HA-CSHQ-RNF41/Nrdpl (2), and MYC-
ubiquitin (48, 58). Plasmids with CLEC16A internal IDPR
mutations (AA 347-472) for mammalian cell overexpression
studies were generated by gene synthesis into pBlue-
scriptSK(+) (Biomatik, custom order) that were subsequently
subcloned into pFLAG-CMV-5a by restriction digest and
ligation. These included the CLEC16A AIDPR, Shuffle IDPR,
IDPR K-to-R, and Shuffle IDPR retain K construct. The
randomly shuffled internal IDPR CLEC16A construct was
generated using a random shuffling algorithm, and PROSITE
and SMART domain prediction tools confirmed that no new
domains were introduced (33, 34, 59). The IDPR K-to-R
construct mutated the 15 lysine residues to arginines within
CLEC16A region spanning residues 347 to 472. The Shuffle
IDPR retain K construct was designed by taking the Shuffle
IDPR amino acid sequence and returning the lysine residues to
their original position within the sequence while leaving the
remaining amino acids shuffled. The amino acid sequences for
these constructs are as follows:

WT CLEC16A AA 347 to 472 (internal IDPR):

PAQDVPRSSAKPSIRCFIKPTETLERSLEMNKHKGKKRM
QKRPNYKNVGEEEDEERGSAEDAQEDAEKTKGTEGGSKS
MKTSGEREEIEMVIMKLGKLSEVAAAGTSVQEQNTTDEE
KSAATNSEN

Shuffle IDPR:

MARDKMESNNKTSACSEITGEPETQASREQKVDESEQA
EKTDGPNDEMSEAIVAKVLRKNVKKPFKKTREEELLKMN
MGASRITNQHKKAYSSLGEEPIGGEARRKGESAPETEKDG
EETGSQSTV

IDPR K-to-R:

PAQDVPRSSARPSIRCFIRPTETLERSLEMNRHRGRRRM
QRRPNYRNVGEEEDEERGSAEDAQEDAERTRGTEGGSRS
MRTSGEREEIEMVIMRLGRLSEVAAAGTSVQEQNTTDEE
RSAATNSEN

Shuffle IDPR retain K:
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MARDMESNNTKSACSEITKGEPETQASREQVKDKEKKS
EQKAETDKGPNDEMSEAIVAVLRNVPFTRKEKEELLMNK
MGKASRITNQHAYSSLKGEKEPIGGEARRGESAPETEDGE
KETGSQSTV

Plasmids that were used to express recombinant protein for
in vitro ubiquitination assays and CD studies include the
previously generated pFLAG-CMV-5a-CLEC16A WT-6xHis
(2). For CD, the pFLAG-CMV-5a-6xHis CLEC16A internal
IDPR only (AA 347-472) was generated by PCR amplifying the
internal CLEC16A IDPR into pCR-BLUNT II TOPO backbone
(Zero blunt TOPO cloning kit; Invitrogen, 450245), followed
by sequence validation. The fragment was then ligated into
PFLAG-CMV-5a and subcloned via restriction digest and
ligation into pFLAG-CMV-5a-6xHis. For in vitro ubiquitina-
tion studies, the pFLAG-CMV-5a-6xHis AIDPR, IDPR K-to-R,
and Shuffle IDPR CLEC16A constructs were generated by
restriction digest of the corresponding pFLAG-CMV-5a
plasmid and ligation into the pFLAG-CMV-5a-6xHis plasmid.

To generate the recombinant CLEC16A internal peptide
fragment AA 347 to 472 for NMR, this fragment was amplified
using PCR from pFLAG-CMV-5a-CLEC16A (WT) (2).
Primers with ligation-independent cloning sites were used
(Forward- 5 TACTTCCAATCCAATGCTCCTGCACAGGA
TGTTCCC 3’ and Reverse- 5° TTATCCACTTCCAATGT-
TAATTCTCTGAGTTCGTGGCG 3'). The PCR product was
annealed with a linearized pMCSG?7 bacterial plasmid (gifted
from the Center for Structural Biology, University of Michi-
gan) which has an N-terminal TEV-cleavable 6xHis tag. The
plasmid was transformed into high efficiency DH5-a compe-
tent Escherichia coli and confirmed by sequencing.

The pcDNA3.1 3x-HA-RNF41/Nrdp1 truncation constructs
were generated by PCR amplifying the fragments into pCR-
BLUNT II TOPO backbone (Zero blunt TOPO cloning kit;
Invitrogen, 450245), followed by sequence validation. The
fragment was then restriction digested and ligated into
pcDNA3.1 3x-HA. Primers used are as follows: A1-71 (For-
ward- 5° GGATCCATGCGGAACATGTTGTCAAAG 3’ and
Reverse- 5° TCTAGATTATATCTCCTCCACACCATG 3'),
A1-134 (Forward- 5 GGATCCATTAAGCACCTGCGCTC
CGTG 3’ and Reverse- 5 TCTAGATTATATCTCCTCCA-
CACCATG 3'), A193-317 (Forward- 5 GGATCCATGGGG-
TATGATGTGACCCGT 3’ and Reverse- 5 TCTAGATTAT
GTCTCCTCCAGGTTCTGAAG 3'). Deletion of initial 71
amino acids at the amino terminus of RNF41 (A1-71), sub-
sequently removing the RNF41 RING domain, was also uti-
lized for dnRNF41 studies similar to previous approaches
(60, 61).

In vitro ubiquitination assays

Ubiquitination of purified recombinant CLEC16A WT-
6xHis-Flag and CLEC16A mutants were assessed in vitro by
incubation of 1 pM CLEC15A-6xHis-Flag, 50 nM E1 cocktail
(Bio-Techne E305), 5 uM UBE2D3 (Bio-Techne, E2-627),
50 pM HA-ubiquitin (Bio-Techne, U-110), Mg-ATP (Bio-
Techne, B-20), and conjugation reaction buffers for 60 min at
37 °C. Ubiquitinated CLEC16A was detected by performing a
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Flag immunoprecipitation followed by SDS-PAGE and
immunoblot for HA-Ubiquitin.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris pH 8, 150 mM
NaCl, 1% NP-40, 12 mM deoxycholate, 3 mM SDS) with
protease and phosphatase inhibitors (Millipore, 539143 and
524,625), followed by sonication. Lysates were centrifuged, and
protein concentration was determined (MicroBCA; Pierce,
23235). Equal protein amounts of supernatant were combined
with 4x loading dye containing 15 mg/100 pl SDS and run on a
4 to 15% gradient Criterion TGX Gel (BioRad, 567-1084) in
Tris-Glycine-SDS running buffer at 150 V. Proteins were
transferred to nitrocellulose membranes (BioRad, 1630112) in
transfer buffer (25 mM Tris, 200 mM glycine) supplemented
with 20% methanol for 90 min at 90 V. Antibodies were
incubated with the nitrocellulose membrane in 5% milk in 1x
Tris-Buffered Saline, pH 7.5 (15.22 mM Tris—HCl, 4.62 mM
Tris-Base, 150 mM NaCl) with 0.05% Tween 20) overnight,
followed by incubation with horseradish peroxidase—
conjugated secondary antibodies.

Immunoprecipitation

Cells were lysed in NP-40 lysis buffer (150 mM NaCl, 1%
NP-40, IGEPAL, 50 mM Tris, pH 8.0) with protease and
phosphatase inhibitors (Millipore, 539143 and 524625). The
lysate was sheared by passing through a 21-gauge needle. Ly-
sates were clarified by centrifuging and then incubated with
either Flag M2 Affinity Gel (Sigma A2220), anti MYC/c-Myc
agarose beads (Sigma A7470), or HA agarose beads (Bio-
legend 900801), rotating at 4 °C overnight. The beads were
then rinsed in NP-40 lysis buffer three times. Protein was
eluted off the beads in 2x Laemmli buffer (Sigma, S3401) at 70
°C for 10 min. Samples were run on SDS-PAGE.

Homology and evolutionary conservation analyses

The amino acid sequence of select CLEC16A homologs
were retrieved from Ensembl, along with the percentage of the
homologous sequence matching the human CLEC16A
sequence (62). A neighbor-joining phylogenetic tree was
constructed using Simple Phylogeny, part of the ClustalW?2
package at EMBL-EBI (63, 64). Evolutionary conservation of
CLEC16A residues was analyzed with ConSurf, which iden-
tifies protein homologs in UniProt using HMMER (65). Con-
Surf selected 150 sequences for analyses that sampled the list
of 264 unique CLEC16A homologs. ConSurf performs multi-
ple sequence alignment and calculates the evolutionary con-
servation of each residue position using an empirical Bayesian
interference.

Statistics

The data are shown as the average value, and error bars
represent SEM. Statistical significance was determined
using an unpaired two-tailed student’s ¢ test for compar-
isons between two groups. For multiple comparisons,
statistical significance was determined via ANOVA with a
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Dunnett’s post hoc multiple comparisons test. A 5% sig-
nificance level was used for all statistical tests. All statis-
tical analysis was performed using Prism software
(GraphPad software, LLC).

Data availability
All data are contained within the manuscript.

Supporting information—This article contains supporting informa-
tion (62).
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