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ABSTRACT

CLEC16A regulates mitochondrial health through mitophagy and is associated with over 20
human diseases. While CLEC16A has ubiquitin ligase activity, the key structural and functional
regions of CLEC16A, and their relevance for human disease, remain unknown. Here, we report
that a disease-associated CLEC16A variant lacks a C-terminal intrinsically disordered protein
region (IDPR) that is critical for mitochondrial quality control. Using carbon detect NMR, we find
that the CLEC16A C terminus lacks secondary structure, validating the presence of an IDPR.
Loss of the CLEC16A C-terminal IDPR in vivo impairs pancreatic $-cell mitophagy, mitochondrial
function, and glucose-stimulated insulin secretion, ultimately causing glucose intolerance.
Deletion of the CLEC16A C-terminal IDPR increases its self-ubiquitination and destabilizes
CLEC16A, thus impairing formation of a critical CLEC16A-dependent mitophagy complex.
Importantly, CLEC16A stability is dependent on proline bias within the C-terminal IDPR, but not
amino acid sequence order or charge. Together, we clarify how an IDPR in CLEC16A prevents
diabetes, thus implicating the disruption of IDPRs as novel pathological contributors to diabetes

and other CLEC16A-associated diseases.
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INTRODUCTION

CLEC16A (C-type lectin domain containing 16A) is a gene associated with nearly 20 human
diseases, including type 1 diabetes, cardiovascular disease, and multiple sclerosis (1-5).
CLEC16A encodes an E3 ubiquitin ligase which regulates mitochondrial quality control by clearing
damaged or aged mitochondria through a type of selective autophagy, termed mitophagy (6; 7).
CLEC16A forms and stabilizes a tripartite mitophagy complex with the E3 ubiquitin ligase
RNF41/Nrdp1 and the deubiquitinase USP8, which together regulate mitophagic flux by
controlling the activity of the mitophagy-effector Parkin (PRKN; (8; 9)). Genetic or pharmacologic
disruption of CLEC16A impairs mitochondrial function and insulin secretion in pancreatic p-cells,
leading to hyperglycemia and diabetes (6; 8-11). Whereas CLEC16A has a well-defined role in
regulating mitophagy, the critical structural and functional regions of CLEC16A, and their
relevance to disease pathogenesis, are unknown.

In humans, CLEC16A encodes two consensus isoforms generated by alternative splicing,
a 24-exon full-length transcript, and a shorter 21-exon transcript variant that encodes a protein
with a truncated C terminus. A single nucleotide polymorphism (SNP) that is associated with
increased expression of the shorter, C-terminal truncated CLEC16A isoform in the thymus is
known to increase risk for both diabetes and multiple sclerosis (12; 13). Additionally, several
CLEC16A disease-associated SNPs promote increased expression of the C-terminal deficient
isoform in a variety of cell types, acting as splicing quantitative trait loci (14; 15). These
observations led us to hypothesize that the CLEC16A C terminus directly contributes to CLEC16A
function and protection from disease.

The C terminus of CLEC16A does not share homology to known protein domains; rather,
it is suggested to be an intrinsically disordered protein region (IDPR). IDPRs lack secondary
structure and exist as an ensemble of flexible inter-converting conformations (16; 17). Although
the roles of IDPRs have only recently begun to be explored, these domains support critical

biological functions, including signal transduction, protein complex assembly, and protein stability
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(16-20). Disruption or dysregulation of IDPRs has been associated with several human diseases,
further suggesting their functional importance (21-25). However, the molecular mechanisms
connecting loss of IDPRs to disease pathogenesis are poorly understood. Moreover, the genetic,
functional, and physiological connections between disruption to IDPRs and diabetes
pathogenesis are unknown.

Here, we investigate how the putative CLEC16A C-terminal IDPR contributes to CLEC16A
structure, function, and glucose homeostasis. We validate that the C-terminal region lost in the
CLEC16A disease variant is an IDPR using rigorous in silico, biochemical, and NMR-based
approaches. The CLEC16A C-terminal IDPR is crucial for glucose homeostasis by promoting
glucose-stimulated insulin secretion, mitochondrial function, and mitophagy in B-cells. Loss of the
CLEC16A C-terminal IDPR reduces CLEC16A stability due to increased self-ubiquitination and
degradation, which impairs assembly of the CLEC16A-Nrdp1-USP8 tripartite mitophagy complex.
Finally, we determine that the CLEC16A C-terminal IDPR depends on its proline enrichment, but
not primary amino acid sequence order or charge, to stabilize CLEC16A. Together, we define the
molecular mechanisms by which a disrupted IDPR in a CLEC16A disease variant destabilizes

CLEC16A, impairs B-cell mitophagy, and contributes to diabetes.
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RESULTS

The CLEC16A C terminus is an intrinsically disordered protein region
To understand the importance of the C-terminal region of CLEC16A that is lost in the disease
variant, we first investigated the presence of conserved functional domains. Bioinformatic
software was used to predict domains against the Pfam database of known functional protein
domains (26). This analysis did not identify any conserved functional domains in the CLEC16A C
terminus (Figure 1A) (26). Interestingly, the CLEC16A C terminus was predicted to be an
intrinsically disordered protein region (IDPR; Figure 1A). CLEC16A also contains an N-terminal
“FPL” domain (Figure 1A). However, the 150 amino acid “FPL” domain has no known function
and is only found in CLEC16A orthologs. To further evaluate the presence of a putative IDPR
within the CLEC16A C terminus, we calculated the mean disorder score from three independent
disorder-prediction algorithms IUPRED2, Disprot VSL2B, and DISOPRED 3.1 (27-29). This
analysis identified two conserved predicted IDPRs within human and mouse CLEC16A, including
the C-terminal region that is lost in the CLEC16A disease variant (Figures 1B and S1). As a
complementary approach, we compared the amino acid composition of the mouse CLEC16A C
terminus to that of validated IDPRs. Proline and serine are well-known disorder-promoting amino
acids and are significantly enriched in the disordered protein database Disprot relative to the
expected distribution of amino acids found in nature, approximated by the SwissProt database
(Figure S2) (30-32). The CLEC16A C terminus is significantly enriched in the disorder-promoting
amino acids proline and serine relative to the SwissProt Database (Figures 1C and D). Thus,
several independent approaches predict the CLEC16A C terminus to be an IDPR.
To validate the presence of an IDPR within the CLEC16A C terminus, we used both
biochemical and biophysical techniques. IDPRs commonly exist in an extended conformation and
are often enriched in charged residues, resulting in poor binding to sodium dodecyl sulfate (SDS)

and slower migration on an SDS-polyacrylamide gel (33; 34). While Flag epitope-tagged full-
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length CLEC16A and a C-terminal deficient CLEC16A mutant (CLEC16A AC) migrated at their
expected molecular weights, a CLEC16A construct encoding only the C terminus migrated more
slowly, at nearly double its expected molecular weight (Figure 1E). We next investigated
CLEC16A C-terminal structure using nuclear magnetic resonance (NMR). In an IDPR, backbone
hydrogen atoms do not participate in hydrogen bonds that generate secondary structure, and
instead are found in a flexible extended conformation. Thus, all backbone hydrogen atoms in an
IDPR are in a similar chemical environment and are tightly clustered in the hydrogen dimension
of an "H-"°N heteronuclear single quantum coherence (HSQC)-NMR spectrum (35). The HSQC-
NMR spectrum of the CLEC16A C terminus was tightly clustered in the hydrogen dimension
between 8-8.5 ppm, which strongly suggests that the CLEC16A C terminus is an IDPR (Figure
1F).

To complement our macroscopic view of the CLEC16A C terminus as an IDPR, we
investigated structural features at the resolution of single amino acids using carbon-detect NMR.
While we were unable to assign NMR resonance peaks to specific amino acids in the CLEC16A
C terminus due to its repetitive sequence and complex spectrum, we instead were able to use
carbon-detect amino-acid specific (CAS) experiments to assign amino acid types to NMR
resonance peaks (35). Using CAS, we assigned amino acid types to 52 resonance peaks within
the putative CLEC16A C-terminal IDPR, with identified residue types distributed throughout the
C terminus (Figures 1D and G). The secondary structure character of assigned resonance peaks
was measured as the difference between the offset of the chemical shift of *C-a and *C-B nuclei
relative to that expected for each amino acid type in an IDPR (Figure 1G). Using this approach,
stretches of values greater than or less than 2ppm suggest a-helical or (B-sheet character,
respectively (35; 36). Within the CLEC16A C-terminal fragment, only 4 of the 52 identified
residues had character consistent with secondary structure, indicating that this region is highly
disordered (Figure 1G). Together, our in silico, biochemical, and biophysical studies strongly

support the hypothesis that the C-terminal region lost in the CLEC16A disease variantis an IDPR.
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The Clec16a C-terminal IDPR is required for glucose homeostasis and -cell function
After confirming that the C terminus of CLEC16A disrupted in the human disease variant is

an IDPR, we questioned whether this region impacts the role of CLEC16A in glucose homeostasis

and B-cell function. To study the function of the CLEC16A C terminus in vivo, we used a genetic

CUI’l)

mouse model lacking the CLEC16A C terminus. The Clec16a curly tail mutant (Clec16a™") mouse
carries a spontaneous four base-pair deletion within exon 22, leading to a frameshift mutation that
is followed by alternatively translated residues and a premature stop codon (Figures 2A-C) (37-
39). The Clec16a®" mutant encodes a truncated protein lacking the C-terminal IDPR, which is
highly similar to the CLEC16A disease variant (Figures 2A and S1). The truncated C-terminal
deficient CLEC16A™" protein was detectable in mouse embryonic fibroblasts (MEFs) and
pancreatic islets, albeit at lower levels than full length wild type (WT) CLEC16A (Figures 2D,E).
Additionally, antisera specifically recognizing the C terminus of CLEC16A were unable to detect
the CLEC16A®“" mutant protein (Figure 2F). Clec?16a®"**"mice were born at a normal Mendelian
ratio and had reduced body weight, motor impairments, and early lethality around 6 months of
age, similar to previous reports (data not shown; (37-39)). Clec16a®"* heterozygous mice were
indistinguishable from wild type littermates (data not shown).

To investigate the impact of the CLEC16A C terminus on glucose homeostasis, we first
performed an intraperitoneal glucose tolerance test (IPGTT). Clec?16a®""" mice were glucose
intolerant compared to littermate controls (Figures 2G,H). Impaired glucose tolerance can result
from reduced sensitivity of peripheral tissues to insulin or reduced insulin secretion in response

curt/curt

to glucose. Clec16a mice had no reduction in insulin sensitivity during an insulin tolerance

curt/curt

test (Figure 2I). However, Clec16a mice secreted significantly less insulin in response to

glucose stimulation both in vivo and in isolated islets (Figures 2J,K), which indicated that glucose

intolerance was due to reduced B-cell insulin secretion. When compared to previous studies on

curt/curt

B-cell or pancreas-specific Clec16a knockout mice, Clec16a mice had a similar, yet more
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modest phenotype of impaired glucose homeostasis and insulin secretion (6; 8). These results
suggest that the CLEC16A®" truncated protein was less functional than full-length WT CLEC16A,
indicating that the CLEC16A C-terminal IDPR is critical for optimal B-cell function.

curt/curt

We next evaluated whether reduced insulin secretion in Clec16a mice was due to

curt/curt

reduced B-cell mass or insulin content. Clec16a mice had no significant changes in B-cell

mass or pancreatic insulin content proportional to body weight or pancreas weight, respectively,

curt/curt

despite reduced body weight in Clec16a mutants (Figure S3). Together, these studies
indicate that the CLEC16A C-terminal IDPR regulates glucose homeostasis through control of B-

cell insulin secretion.

The CLEC16A C terminus regulates B-cell mitophagy

CLEC16A-mediated mitophagy maintains mitochondrial health and function in 8 cells, which is
essential to fuel glucose-stimulated insulin secretion (6; 40). Thus, we next assessed how loss of
the CLEC16A C-terminal IDPR impacted B-cell mitochondria. Clec16a®"" B-cells displayed
dysmorphic mitochondria with disorganized cristae when compared to littermate controls, as
visualized by transmission electron microscopy (TEM) (Figure 3A). Consistent with these

curt/curt islets,

morphological defects, mitochondrial function was reduced in isolated Clec16a
measured by glucose-stimulated oxygen consumption rates (Figure 3B). Clec16a®"*“"islets also
had reduced FCCP-stimulated maximal oxygen consumption rates, while displaying no
differences in glycolysis as measured by extracellular acidification rates, when compared to
littermate controls (data not shown).

Reduced mitochondrial function may stem from the presence of dysfunctional mitochondria
or from reduced mitochondrial mass. To assess mitochondrial mass, we measured levels of key
mitochondrial membrane proteins and electron transport chain subunits as well as mitochondrial

DNA levels. Clec16a®""islets had no reductions in mitochondrial proteins or mitochondrial DNA

content when compared to littermate controls (Figure 3C-D). We also measured expression of
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mitochondrial biogenesis markers Ppargcia/Pgc1a and Tfam by gRT-PCR and found no
significant differences in expression between groups (Figure 3E). Interestingly, expression of
Nrf1, a mitochondrial biogenesis marker commonly induced following mitochondrial stress, was
increased in Clec16a™"" islets (41; 42). Collectively, these results demonstrate that
Clec16a®""B-cells have reduced mitochondrial function that is not due to reduced mitochondrial
mass, which could arise from impaired mitophagy.

To determine whether loss of the CLEC16A C-terminal IDPR affects B-cell mitophagy, we

curt/curt

intercrossed the mt-Keima mitophagy reporter model with Clec16a mice. Mt-Keima mice

express a fluorescently labeled pH-sensitive mitochondrial biosensor that shifts excitation spectra
based on pH (43). Mt-Keima allows for detection of mitophagy as mitochondria are targeted to
acidic autophagosomes/lysosomes for degradation. Flow cytometry of dissociated islets revealed

that mt-Keima;Clec16a®""®" B-cells had an increase in cells with mitochondria in acidic

curt/curt

compartments (Figure 3F). This suggests that Clec16a B-cells accumulate mitochondria in

acidic autophagosomes/lysosomes that may be incompletely cleared, consistent with previous

observations following CLEC16A deficiency in B-cells (6). Additionally, membrane-engulfed

curt/curt

mitochondria were observed in Clec16a B-cells by TEM, which were not found in littermate

curt/curt

controls (Figure S4). Similar to Clec16a B-cells, mitochondria accumulated within acidic

compartments in Clec16a®"*“" MEFs, as measured using a cell permeable mitophagy reporter
dye (Figure S5A-C). Clec16a®"" MEFs also did not display differences in bulk autophagy

markers including LC3 and p62, suggesting this defect is specific to mitophagy (Figure S5D). To

curt/curt

determine if increased mitochondria within acidic compartments in Clec16a B-cells was due

to impaired or enhanced mitophagy flux, we stimulated mitophagy using the mitochondrial

curt/curt

ionophore valinomycin. Importantly, Clec16a B-cells did not demonstrate enhanced

mitophagic flux following valinomycin treatment compared to Clec16a** B-cells (Figure 3F). These

curt/curt

results suggest the baseline accumulation of acidic mitochondria in Clec16a B-cells was due
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to impaired mitophagy. Therefore, the CLEC16A C-terminal IDPR maintains B-cell mitochondrial

function and health through control of mitophagy.

The CLEC16A C-terminal IDPR is required for CLEC16A stability and assembly of the
tripartite mitophagy complex

Given the critical role of the CLEC16A C-terminal IDPR in regulating p-cell mitophagy, we
questioned how this region impacts molecular functions of CLEC16A. IDPRs often promote
protein turnover and destabilize proteins due to their enhanced accessibility for degradative post-
translational modifications (18; 44; 45). However, both Clec16a®"*“"MEFs and islets, which lack
the CLEC16A C-terminal IDPR, had reduced levels of CLEC16A protein (Figures 2D,F). This led
us to hypothesize that the C-terminal IDPR promotes CLEC16A stability, in contrast to the classic
role of IDPRs in protein destabilization.

We investigated the role of the CLEC16A C terminus on protein stability using the previously
described Flag-tagged CLEC16A AC construct which lacks the C-terminal IDPR (Figures 1E and
4A). CLEC16A AC had reduced protein levels relative to WT CLEC16A following transfection in
HEK293T cells, despite no differences in mRNA expression (Figures 4B,C). To determine the
contribution of the CLEC16A C terminus to the stability of the protein, we assessed CLEC16A
protein turnover after inhibiting protein synthesis with cycloheximide. CLEC16A AC had
accelerated turnover relative to wild-type CLEC16A (WT) following cycloheximide treatment,
indicating that the C-terminal IDPR stabilizes CLEC16A (Figure 4D). Levels of WT CLEC16A and
CLEC16A AC protein both increased when inhibiting the proteasome or lysosome with MG132 or
bafilomycin A4, respectively, suggesting multiple pathways for CLEC16A clearance (Figure S6A).

We next investigated the mechanism by which the CLEC16A C-terminal IDPR stabilizes
CLEC16A. The stability of E3 ubiquitin ligases is commonly regulated by self-ubiquitination and
subsequent degradation (46). Interestingly, terminal IDPRs in ubiquitin ligase complexes have

been demonstrated to inhibit ubiquitin-chain assembly (47). We hypothesized that the CLEC16A


https://doi.org/10.1101/2021.09.03.458272

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458272; this version posted September 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

C-terminal IDPR may moderate CLEC16A self-ubiquitination, thus protecting CLEC16A from
degradation. Indeed, loss of the CLEC16A C terminus increased CLEC16A ubiquitination relative
to WT CLEC16A when constructs were expressed at similar protein levels in HEK293T cells
(Figure 4E). CLEC16A AC similarly had increased ubiquitination relative to WT CLEC16A
following MG132 treatment (Figure 4E). To determine whether increased ubiquitination of
CLEC16A AC was due to increased self-ubiquitination, we performed in vitro ubiquitination assays
using recombinant CLEC16A. Indeed, loss of the CLEC16A C terminus increased CLEC16A self-
ubiquitination relative to WT CLEC16A (Figure 4F). Together, these studies demonstrate that the
CLEC16A C terminus protects CLEC16A from self-ubiquitination and degradation.

Based on the above findings, we questioned how loss of the CLEC16A C terminus and
consequent CLEC16A destabilization would impact formation of the tripartite CLEC16A-Nrdp1-
USP8 mitophagy complex (8). CLEC16A promotes formation of this complex by binding,
ubiquitinating, and stabilizing the E3 ligase Nrdp1 (8). CLEC16A AC had impaired ability to bind
and stabilize Nrdp1 relative to WT CLEC16A (Figure 4G). The impaired ability of CLEC16A AC to
stabilize Nrdp1 was due to reduced levels of CLEC16A AC, as increasing CLEC16A AC protein
levels back to that of WT CLEC16A restored the binding and stabilization of Nrdp1 (Figure 4G).
Unexpectedly, CLEC16A C-terminal loss did not impair Nrdp1 ubiquitination despite reduced
CLEC16A levels (Figure 4G). Loss of the CLEC16A C terminus also impaired formation of the
mitophagy complex, as observed by reduced binding to USP8 and Nrdp1, which was again
rescued by increasing CLEC16A AC protein levels back to that of WT CLEC16A levels (Figure
4H). Together, these studies indicate that the CLEC16A C terminus promotes mitophagy complex
formation by stabilizing CLEC16A.

We next explored how the specific C-terminal deficiency in the human CLEC16A disease
variant affected CLEC16A stability, ubiquitination, and mitophagy complex assembly. The
CLEC16A disease variant had lower protein levels and was less stable than the full-length human

CLEC16A isoform (Figures 5A-B). The CLEC16A disease variant was also more heavily
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ubiquitinated when protein levels were similar to that of the full-length isoform (Figure 5C), which
was further increased following bafilomycin A, treatment (Figure 5C; Figure S6B). The CLEC16A
disease variant impaired formation of the mitophagy complex, demonstrated by reduced
interaction between USP8-Nrdp1 (Figure 5D) as well as reduced stabilization of, and interaction
with, Nrdp1 (Figure 5E). These results are similar to those of the CLEC16A AC mutant (Figure 4),
which lead us to speculate that reduced stability of the CLEC16A disease variant is due to
deficiency of the C-terminal IDPR.

Beyond loss of the C terminus, the human CLEC16A disease variant also lacks two small
internal regions (Figure 5E, lower panel). To clarify whether the disruption of internal or C-terminal
regions drive the defects observed in the CLEC16A disease variant, we generated constructs
bearing either the internal deletions (A internal) or the alternatively translated and truncated C
terminus specific to the disease variant (alternative C terminus; Figure 5E, lower panel). While
the CLEC16A A internal construct appeared to be functionally indistinguishable from full length
CLEC16A, the human CLEC16A alternative C terminus construct had reduced protein levels and
reduced ability to stabilize and bind Nrdp1 (Figure 5E). Overall, these results confirm that
disrupting the C-terminal IDPR instigates the reduced stability and impaired mitophagy complex

assembly found in the CLEC16A disease variant.

The human CLEC16A disease variant is functionally defective in 3-cells

Next, we wanted to determine if the mechanistic impairments observed in the human
CLEC16A human disease variant would lead to B-cell dysfunction. To address the impact of the
human CLEC16A disease variant and its disrupted C-terminal IDPR on B-cell function, we
generated a Min6 B-cell line partially deficient for CLEC16A by CRISPR-Cas9 gene editing (Figure
5F). We then expressed either the full-length CLEC16A human isoform or the CLEC16A disease
variant in CLEC16A-deficient Min6 cells (Figure 5G). As expected, CLEC16A deficiency reduced

glucose-stimulated insulin secretion (GSIS) in Min6 cells (Figure 5H). Importantly, expression of
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the full length CLEC16A isoform, but not of the CLEC16A disease variant, improved GSIS in
CLEC16A-deficient Min6 cells (Figure 5H). Thus, the human CLEC16A disease variant is
functionally defective within B-cells, supporting a critical role for the CLEC16A C-terminal IDPR in

B-cell function.

Function of the CLEC16A C-terminal IDPR depends on its proline bias

After defining mechanistic and functional roles of the CLEC16A C-terminal IDPR, we
questioned what features of the C-terminal IDPR mediate its effect on CLEC16A stability. While
IDPRs lack secondary structure, IDPR function can be either dependent or independent of amino
acid sequence order and composition (48; 49). IDPR functions that are sequence dependent
include dependence on short linear motifs, post-translational modifications, charge, the
distribution of charged amino acids, and amino acid biases, including specific behaviors of proline
residues (49-54).

To first investigate whether CLEC16A C-terminal IDPR function depends on its amino acid
sequence order, we generated two CLEC16A constructs with randomly shuffled C-terminal IDPR
amino acids using the random shuffling tool, Shuffle Protein (55). We confirmed that these
constructs did not eliminate predicted disorder within the C terminus (Figure 6A), nor did they
introduce new protein domains, as determined using PROSITE and SMART domain analyses
(56; 57). Levels of both CLEC16A C-terminal shuffled mutants were unchanged compared to WT
CLEC16A (Figure 6B), indicating that CLEC16A stability is not dependent on the amino acid
sequence order of its C-terminal IDPR.

Next, we questioned whether the stabilizing function of the CLEC16A C-terminal IDPR
depends on features of its amino acid composition. We generated several independent CLEC16A
C-terminal mutants to assess whether disruption of certain IDPR features causes instability
similarly to C-terminal truncation. We disrupted C-terminal proline bias with proline-to-serine

mutagenesis, which conserves disorder but disrupts proline-specific interactions and behaviors
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(Figure 6A). We altered negative charge within the CLEC16A C terminus by aspartic acid to
asparagine and glutamic acid to glutamine mutagenesis (Figure 6C). We disrupted the intermixed
CLEC16A C-terminal charge distribution by manually segregating charged residues to alter the
parameter kappa, which describes the intermixing of charges within a sequence (Figure 6C) (52).
We also generated constructs with C-terminal regions resistant to post-translational modifications,
including ubiquitination or phosphorylation, by lysine-to-arginine (K-to-R) and serine-to-alanine
(S-to-A) mutagenesis, respectively. While CLEC16A stability did not depend on C-terminal
charge, charge distribution, or post-translational modifications, it was dependent on the strong
proline bias (Figures 6B,D). Proline residues are enriched in IDPRs, with unique properties due
to their cyclical and rigid structure that disrupts secondary structure (32). Thus, the ability of the

CLEC16A C-terminal IDPR to stabilize CLEC16A depends on an enrichment of proline residues.
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DISCUSSION

Here, we demonstrate that the CLEC16A C terminus is an IDPR that is required for CLEC16A
function and glucose homeostasis. The CLEC16A C-terminal IDPR, which is disrupted in a human
CLEC16A disease variant, is vital for mitophagy and insulin secretion by protecting CLEC16A
from self-ubiquitination and degradation. The stabilizing role of the CLEC16A C-terminal IDPR
relies on its proline bias, and not amino acid sequence order, charge, charge distribution, or post-
translational modifications. Together, we use structural, mechanistic, and physiologic approaches
to understand how an IDPR disrupted by a human disease variant regulates mitophagy and
contributes to diabetes pathogenesis.

Our results provide new knowledge regarding the association between IDPRs and disease
pathogenesis, which is poorly understood. While IDPRs comprise an estimated 44% of the human
proteome, their biological roles have only recently begun to be explored (17; 58). IDPRs have
proposed involvement with many human diseases, including cancer, cardiovascular disease, and
neurodegeneration (17; 21; 24; 59). In some contexts, disease-causing mutations disrupt IDPRs,
which suggest IDPRs have crucial biological functions that protect against disease (17; 21; 24;
59). Predicted IDPRs were enriched in a focused in silico analysis of 34 type 2 diabetes (T2D)-
related proteins, yet the genetic, mechanistic, and physiological connections between IDPRs and
the >400 variants associated with T2D are unknown (22). An IDPR was also biophysically
validated in the B-cell transcription factor PDX1, but the functional contribution and genetic links
of this IDPR to diabetes pathogenesis is unclear (35). To our knowledge, our study represents
the first comprehensive structure-function characterization of an IDPR disrupted by a diabetes-
associated human genetic variant.

We find that proline residues are required for CLEC16A C-terminal IDPR function, providing
insight into how amino acid composition dictates IDPR function. Prolines are significantly enriched
in IDPRs and tend to disrupt secondary structure due to their cyclical structure and lack of

backbone amide hydrogen atoms, which prevents the formation of hydrogen bonds required for
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a-helices or B-sheets (32). Prolines have been implicated in controlling IDPR conformation, yet
their role remains controversial and is likely context specific (31; 32; 60; 61). In some contexts,
prolines are observed to promote expansion of IDPRs, with a positive correlation between proline
number and IDPR hydrodynamic radii (60). Conversely, prolines are implicated in promoting
compaction, as others found that mutating prolines within a short IDPR induced expansion (61).
One mechanism by which proline residues can compact IDPRs is by interactions with proximal
aromatic residues (31), yet the CLEC16A C terminus mostly lacks aromatic residues (Figures
1C,D). Future biophysical studies investigating how proline residues regulate the CLEC16A C-
terminal IDPR conformation and behavior may clarify the role of proline bias in CLEC16A stability.

We also identify the first validated structural and functional domain within CLEC16A. Despite
its known enzymatic activity as an E3 ubiquitin ligase, CLEC16A lacks a consensus E3 ligase
domain (8). Our biophysical studies confirm the presence of a C-terminal IDPR, which stabilizes
CLEC16A by attenuating its self-ubiquitination. Interestingly, the stabilizing role of the CLEC16A
C-terminal IDPR opposes the well-known role for IDPRs to promote protein turnover through
degradative post-translational modifications (45; 62; 63). We unexpectedly find the CLEC16A C-
terminal IDPR enhances protein stability and reduces CLEC16A ubiquitination, indicating a novel
function for this IDPR. The N-terminal IDPR of the E3 ligase RNF4 facilitates substrate
ubiquitination in a manner dependent on IDPR compaction, which was controlled by charge
segregation (64). However, the CLEC16A C-terminal IDPR is not required for ubiquitination of
Nrdp1 (Figure 4G), nor does disruption of its charged residues affect CLEC16A stability (Figures
6A-C), together suggesting a distinct mechanism of action. Thus, our study of the CLEC16A C-
terminal IDPR defines a surprising new role for IDPRs within E3 ligases. Functional exploration
of other regions within CLEC16A, including a putative internal IDPR, will be of great interest in
future work.

We describe molecular mechanisms by which a disease-associated CLEC16A variant

impacts cellular function, which may provide opportunities for therapeutic interventions. Loss of
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the CLEC16A C-terminal IDPR destabilizes CLEC16A and impairs assembly of the tripartite
mitophagy complex, which is overcome by increasing levels of the IDPR-deficient mutant (Figure
4H). Thus, pharmacological approaches to target the C-terminal IDPR to stabilize CLEC16A could
prove protective against disease. Indeed, there has been growing interest and development in
therapeutics targeting IDPRs (65). Interestingly, IDPRs can also retain functionality when
expressed independently as truncated fragments (66-68). Exploring whether peptide-based
therapeutics mimicking the structure of the CLEC16A C-terminal IDPR could improve CLEC16A
stability and function would be of great value, not only to patients with diabetes, but also with other

CLEC16A-related diseases.
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METHODS

Protein Expression and Purification

The pMCSG7-Clec16a 892-1050-TEV-6xHis bacterial expression plasmid was transformed into
Z-competent Rosetta2 cells (a gift from the Center for Structural Biology, University of Michigan),
cultured in 10 mL Luria broth (LB) overnight, before transferring to 1L of LB and growing until
optical density of 600 nm at 37°C. Bacteria was pelleted, washed, and resuspended in minimal
medium (12 g/L K;HPO4, 9 g/L KH,PO4, 1 g/L ®NH,CI, 2.5 g/L NaCl, 25 mg/L thiamine HCI, 4 g/L
3C-glucose, 0.5 g/L MgSOy,, 0.1 g/L NaOH) supplemented with 1 mL of 100 mM CaCl,, and 1
mL of Metal Solution (0.3 g/65 mL FeSO, 7H,0, 0.2 g/65 mL ZnSO, 7H,O, 0.4 g/65 mL
CoCls-6H,0, 0.3 g/65 mL (NH4)sMo7024-4H,0, 0.3 g/65 mL CuSOQ,, 0.2 g/65 mL MnCl,-4H,0, 0.1
g/65 mL H3BO3), and ampicillin. Culture was induced overnight at 20°C with Isopropyl B-D-1-
thiogalactopyranoside (IPTG). Bacteria were pelleted, subjected to freeze/thaw at -80°C, and

sonicated in lysis buffer (1x PBS, 1% CHAPS, 10mM MgCl,, 2 ul benzonase (25 U/ul, Millipore),

and protease inhibitor (Thermo Scientific)). Supernatant was purified using a nickel gravity column
(Qiagen, Ni-NTA Agarose) followed by a high-salt wash (1xPBS, 1 M NaCl), and eluted in 1xPBS
and 300 mM imidazole. Eluate was incubated with TEV protease overnight at 4°C in 1xPBS with
0.1% BME, and 6xHis tag was removed with a nickel column. Eluate was purified using Q anion
exchange chromatography in the AKTAxpress (GE Healthcare), and fractions visualized on SDS-
PAGE gel with Coomassie Brilliant Blue. Fractions containing the CLEC16A amino acids (AA)
892-1050 peptide were further purified using fast protein liquid size exclusion chromatography on
the AKTA Purifier 10. Fractions were visualized on an SDS-PAGE gel and were dialyzed into the
final NMR buffer (50 mM sodium cacodylate, 150 mM NaCl, pH 6.5 in ddH,O), followed by

concentration.
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For in vitro ubiquitination assays, recombinant CLEC16A and CLEC16A AC were
generated following expression in 293T cells and purified with nickel-charged resin (Ni-NTA

agarose; Qiagen) per the manufacturer’s protocols.

NMR
Isotopically labeled "*C/">N CLEC16A C-terminal peptide (AA 892-1050) was purified using the
methods described above and transferred into a buffer composed of 50mM sodium cacodylate
pH 6.5, 150mM NaCl. Protein was supplemented with 10% D,O and loaded in a Shigemi NMR
Tube (Wilmad-LabGlass, SP Scienceware). All NMR experiments were performed on an 18.8 T
Bruker Ascend magnet equipped with Bruker NEO spectrometer operating at 'H frequencies of
800.25 MHz, and equipped with inverse TCI cryoprobe. All NMR spectra were collected at 298K.
Due to the limited lifetime of the sample, standard C’ detected NMR methods (29) were
not suitable for chemical shift assignments for the CLEC16A C-terminal peptide (AA 892-1050).
Initially a standard (H%start) "°N->*C CON was collected using 1024(C’) x 128(N), spectral width
of 11 x 36 ppm, and 16 scans. Some useful residue type information was obtained from the
standard H(CC)CON from the Bruker pulse program library with matrix size of 1024(C’) x 128(N)
x 48(C), spectral width of 8 x 36 x 80 ppm, and 16 scans with 25% non-uniform sampling, totaling
an acquisition time of 19 hours. With the caveat of limited chemical shift dispersion in amide 'H
dimension, we collected BEST-HNCO, BEST-HN(CA)CO, with a matrix size of 698(Hn) x 64(N) x
128(C’), spectral width of 14 x 35 x 14 ppm, 8 and 16 scans respectively, and BEST-HNCACB
and BEST-HN(CO)CACB, with a matrix size of 698(Hy) x 64(N) x 128(C“?), spectral width of 14
x 35 x 80 ppm, with 32 and 16 scans respectively, with 50% non-uniform sampling, totaling an
acquisition of 30 hours for all 4 experiments. The backbone assignments were made by daisy-
chain walking through C’ chemical shift assignments and aided by data from C*® chemical shifts
as well. The aliphatic C*® chemical shifts also provided information on amino acid type owing to

different chemical environment and types of side chains. Aliphatic protons chemical shifts from
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the H(CC)CON was also used to identify residue type, where data from BEST-HNCO was linked
using C’ and N resonances.

Overall, spectra complexity and sequence repetitiveness made complete residue
connection and assignment using this approach impossible. Combining fragmented data from C’-
and Hy- detect experiments described above, we assigned peaks to 16 of 159 total residues.

In lieu of assigning individual residues, carbon-detect amino acid selective (CAS) NMR
experiments were performed, which leveraged the different chemical configuration of aliphatic
side chains to assign aliphatic chemical shift resonances (35). Confirmation of assignments were
made using the mapping of observed C’/N signals to those obtained from (H%start) °N-"*C CON
spectra. Carbon-detect amino-acid specific pulse sequences for serine, alanine, glycine, and
threonine, were performed as described previously (35). Aliphatic C* and CP values were labeled
for each peak on the CAS NMR spectra. All data were processed in Topspin 4.0.9 software and

converted to Sparky format for data analysis.

NMR-based secondary structure analyses

Secondary structure analyses of residue peaks with known amino acid type (identified using CAS-
NMR) were performed by using secondary chemical shifts to evaluate the probability, for each
residue, that the residue is in an a-helix or B-sheet (51). Data were generated by calculating the
difference in the measured "*C-a and "*C-B chemical shift, from the expected chemical shift
standards of that residue type in a random coil conformation, represented as dCa and dCB. The
difference between dCa and dCf values (dCa- dCB) was plotted, with values greater than 2 ppm

or less than -2 ppm representing a residue likely in an a-helix or B-sheet, respectively.

Animals
All animal studies were reviewed and approved by the University of Michigan Institutional Animal

Care and Use Committee. Models used included Clec?6a®"™" (38; 39) and mt-Keima mice (a
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gift from Dr. Toren Finkel, University of Pittsburgh (43)). Clec16a™" mice (38; 39) were obtained
from Jackson Labs and were maintained on a mixed 50% SWR/J and 50% CD1/ICR background.
mt-Keima mice were maintained on a mixed SWR/J, CD1/ICR, and FVB/J background following

curt/curt

intercrosses with Clec16a mice to generate experimental groups for mitophagy analysis.
Mice were housed with a 12-h light/12-h dark cycle, and free access to food and water unless
fasted for testing.

Mice were genotyped for the Clec16a°""

allele with the following primers: Common
forward primer: 5-TGTCCCCATTACGCGTGCTAA-3’, and Clec16a’-specific reverse primer: 5'-
TGTTGTCGGCTGGATTGGGA-3, or Clec16a““"-specific reverse primer: 5'-
TGTTGTCGGCTGGATTGGTC-3’, which yield an 81 bp product. PCR was performed for 38
cycles (95°C for 45s, 58°C for 45s, 72°C for 1 min). Confirmation of the 4 bp deletion within exon
22 in Clec16a“"" mice was performed following Mnll restriction digest of a PCR-amplified product
of genomic DNA (forward primer: 5-CCCCAAGGGTCTTACTGTCA-3" and reverse primer: 5'-
CATAGAAACGGAAAGGCAGGTGCTG-3’). Clec16a’-specific bands migrated at 137 and 47 bp,

while a Clec16a®""

mutant band migrated at 180 bp.

Cell culture, cell line generation, treatments, and transfections

Primary mouse embryonic fibroblasts (MEFs) were isolated from Clec16a°“"““"and Clec16a**
mice as described previously (69), and cultured as previously detailed (6; 70). 293T cells were
cultured in DMEM supplemented with 10% Fetal-Plex (Gemini), 50 units/mL penicillin-
streptomycin (Thermo Fisher Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific), and

142 uM B-mercaptoethanol (1 pl/100mL medium). Min6 cells were cultured as previously

described (71). Pooled Clec16a-deficient Min6 cells were generated using the LentiCRISPRV2
one-vector system as described (72). Clec16a sgRNA sequences included (5-

CGGACATGTTTGGACGCTCA-3’, targeting exon 1) and (5-ACAAAATCGGAACCTGCTCG-3
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targeting exon2) and were cloned into LentiCRISPRV2 as described (72). LentiCRISPRV2 was
transfected into 293T cells along with the lentiviral packaging plasmids RRE, VSV-G, and REV
(courtesy of Ling Qi, University of Michigan) using Lipofectamine 2000. Viral-containing media
were collected on days 3 and 4 post-transfection, filtered in a 0.45 um filter, and stored at -80°C
until use. Min6 cells were transduced by culturing with viral media mixed 1:1 with normal Min6

media, supplemented with polybrene (5 pug/ml). Fresh viral stocks were added daily for two days,

followed by two rounds of selection using puromycin (2 pg/mL) for 5 days. Min6 cells transduced

with Clec16a sgRNA LentiCRISPR V2 (or non-targeting control sgRNA, courtesy of Ling Qi,
University of Michigan) were screened via western blot. A pooled Clec16a-deficient Min6 cell
population, and not an expansion of single cell Clec16a-deficient clones, was used to avoid bias
from the variable insulin secretory profiles inherent to the generation of clonal B-cell lines.

The following compounds and concentrations were used as treatments for cells or isolated
islets: dimethylsulfoxide (DMSO; Thermo Fisher Scientific), valinomycin (Millipore Sigma),
MG132 (EMD Milipore), bafilomycin A, (BafA, Cayman Chemicals), FCCP (Millipore Sigma),
cycloheximide (EMD).

293T cells were transfected according to the manufacturer’s protocol using Lipofectamine
2000 (Thermo). Min6 cells were transfected using an Amaxa Nucleofector (Lonza) protocol G-

016 according to the manufacturer’s protocol.

Islet isolation and incubations

Islets were isolated from 12- to 15-week-old mice and subjected to static incubation to assess

glucose-stimulated insulin secretion as previously described (71).

Antibodies
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CLEC16A-specific rabbit antisera (Cocalico) were generated as previously described, using either
an internal peptide (AA 347-472) or a C-terminal peptide (AA 892-1050) (11). All other antibodies

are listed in Table S1.

Plasmids
Constructs for mammalian overexpression studies included, pFLAG-CMV-5a-Clec16a WT (6),
pcDNA3.1 3x-HA-Nrdp1 (6), MYC-ubiquitin (71) (7), GFP-USP8 (Sino Biological; HG15979-
ACG), and Human CLEC16A C-terminal Flag epitope-tagged full-length or alternatively spliced
disease isoform vectors (Genscript; OHu18264D and OHu02258D). Constructs containing
CLEC16A AC (1-892 only) or CLEC16A AA 892-1050 (C-terminal fragment only) were generated
by PCR amplification of specific fragments from pFLAG-CMV-5a-Clec16a WT construct,
subcloning of PCR amplified fragments into pCR-Blunt [I-TOPO (Zero blunt TOPO cloning kit;
ThermoFisher) for sequence validation by sequencing, and ligation of fragments into pFLAG-
CMV-5a. Plasmids used to generate recombinant protein for in vitro ubiquitination assays
included pFLAG-CMV-5a-Clec16a WT-6xHis (6) and pFLAG-CMV-5a-Clec16a AC-6xHis,
generated by ligation of Clec16a AC (1-892 only) into pFLAG-CMV-5a-6xHis.

For the purpose of generating labeled recombinant CLEC16A C-terminal peptide fragment
AA 892-1050 for NMR, the CLEC16A AA 892-1050 fragment was PCR amplified from pFLAG-
CMV-5a-Clec16a WT with primers bearing ligation independent cloning sites (Fwd- 5’-
TACTTCCAATCCAATGCTTCTCCATCCCTGTCATCACC-3’, Rev- 5-
TTATCCACTTCCAATGTTAGTGCTCTGTGGGTTCCG-3'. The product was then annealed with
a linearized pMCSG7 bacterial plasmid (a gift from the Center for Structural Biology, University of
Michigan) containing an N-terminal TEV-cleavable 6xHis tag and transformed into high efficiency
DH5-a competent E. coli prior to confirmation by sequencing.

Plasmids bearing CLEC16A C-terminal IDPR mutation for mammalian overexpression

studies were generated by gene synthesis into pBSK(+) (Biomatik) that were subsequently
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subcloned into pFLAG-CMV-5a, including pFLAG-CMV-5a-Clec16a_C-terminal_S-to-A (bearing
serine to alanine mutagenesis of 31 serine residues in AA 892-1050), pFLAG-CMV-5a-
Clec16a_C-terminal_Shuffle1, Shuffle 2, P-to-S, Alter Charge, and Charge Segregation (specific
CLEC16A C-terminal mutant amino acid sequences are listed in Table S2). Randomly shuffled
C-terminal mutants were generated to disrupt primary structure and any secondary structural
features using the online Shuffle Protein tool, with PROSITE and SMART analyses used to ensure
no domains were introduced during shuffling (55-57). The strong negative charge in the CLEC16A
C terminus was disrupted by eliminating the negative charges with aspartic acid to asparagine
and glutamic acid to glutamine mutagenesis, reducing the net charge per residue from -0.094 to
0.025, isoelectric point from 4.24 to 10.31, and retaining similarly structured amino acids. To
disrupt the intermixed CLEC16A C terminus charge distribution, we manually segregated
positively charged lysine and arginine residues towards the N terminus of this region, and
negatively charged aspartic acid and glutamic acid toward the C terminus of this region, while
leaving the remainder of the sequence intact. The impact was quantified with the parameter
kappa, which describes charge intermixing (52). Kappa shifted from 0.213 in the WT C terminus
to 0.294 in the charge-segregated construct. The pFLAG-CMV-5a-Clec16a_C-terminal_K-to-R
plasmid was generated by site directed mutagenesis converting lysines 959 and 962 to arginines
via QuikChange Il Site Directed Mutagenesis kit, per the manufacturer’s instructions (Agilent). All
plasmids were verified by sequencing.

To generate the CLEC16A mutant bearing only the alternative C terminus of the CLEC16A
disease isoform, the C-terminal fragment of the CLEC16A disease isoform (OHu02258D;
Genscript) was liberated by BamHI restriction digest, gel purified, and ligated in place of the C
terminus of the full-length CLEC16A isoform construct (OHu18264D; Genscript). To generate the
CLEC16A mutant bearing only the internal deletion of the CLEC16A disease isoform, the C-
terminal fragment of the CLEC16A full-length isoform (OHu18264D), was liberated by BamHI

restriction digest, gel purified, and ligated in place of the C terminus of the full length CLEC16A
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isoform construct (OHu02258D) leaving the internal deletion within the C-terminal disease isoform
intact. Correct orientation of inserts was first assessed using Hindlll/Xhol digest and then verified

by sequencing.

Western blotting, ubiquitination assays, immunoprecipitation

Western blots and ubiquitination assays were performed as previously described (6; 8). For
immunoprecipitation (IP), cells were lysed in a protein lysis buffer consisting of 150 mM NaCl, 1%
IGEPAL CA-630, and 50 mM Tris, pH 8.0, supplemented with protease and phosphatase
inhibitors (Millipore), followed by shearing by passage through a 21-gauge needle while on ice.
Lysates were clarified by centrifugation, then pre-cleared with protein G beads (Sigma). Protein
lysates were incubated with either anti c-MYC agarose beads (Sigma A7470), anti c-MYC
magnetic beads (Santa Cruz 500772), or Flag M2 Affinity Gel (Sigma A2220) overnight at 4°C.
Beads were washed 3 times in lysis buffer, and conjugates were eluted in 2x Laemmli buffer
(Sigma) at 70°C for 10 minutes prior to SDS-PAGE. IP for endogenous RNF41/Nrdp1 was

performed as described (8).

Flow cytometry
Flow cytometry of mt-Keima mouse islets was performed as previously described (73). In brief,
isolated islets were cultured for one day, treated with valinomycin or DMSO, and dissociated into
single cells using trypsin-EDTA (0.25%, Thermo). Cells were stained with DAPI (Thermo) and
FluoZin-3 AM (Invitrogen; to detect zinc-enriched B-cells), and resuspended in phenol red-free
media. Flow cytometric data was analyzed by FlowJo (BD). At least, 5,000 FluoZin-3-positive
cells were analyzed from each islet preparation.

Mitophagy rates in MEFs was assessed using Mtphagy Dye (Dojindo) as previously
described (73). MEFs were incubated with media supplemented with Mtphagy dye (100 nM) for

7.5 hours prior to flow cytometry analysis. Cells were stained with DAPI, then analyzed on the
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LSR Fortessa flow cytometer. Mtphagy signal was measured with excitation at 488 nm and
emission at 710 nm. TMRE (Invitrogen) was excited with a 561-nm laser and emission was
measured with a 574-nm filter to measure mitochondrial membrane potential. At least 19,000 live

cells per sample were analyzed.

B-cell mass, glucose, and insulin measurements

B-cell mass was calculated as previously described (71). IPGTT, ITT, and serum insulin
measurements were obtained as described previously (74; 75). Pancreatic hormone content was
analyzed via ELISA (ALPCO) following acid ethanol extraction as previously described (75). Static
glucose-stimulated insulin secretion in Min6 cells was performed as previously described, and

insulin was measured by ELISA (Mouse Ultrasensitive Insulin ELISA; ALPCO) (76).

Respirometry

Oxygen consumption rates were measured in isolated islets using the XF96 Flux Analyzer
(Seahorse Bioscience) according to the manufacturer’s protocol. Briefly, 20 dispersed islets were
seeded per well of a Seahorse flux plate that was pre-treated with Cell-Tak (Corning), and islets
were allowed to adhere overnight. Cells were then incubated for 1 hour at 37°C in atmospheric
COyin pH 7.4 unbuffered RPMI1640 with 1.67 mM glucose (Seahorse bioscience). Islets were
first stimulated with high glucose (16.7 mM) and then FCCP (5 uM) for oxygen consumption and
extracellular acidification analyses. Oxygen consumption rates were normalized to total protein

content, which was measured by MicroBCA (Pierce).

RNA and DNA isolation, gene expression, and mtDNA analyses
RNA isolation and reverse transcription was performed as previously described (6; 77). DNA was

isolated using the Qiagen DNeasy kit per the manufacturer’'s protocol. Gene expression by
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quantitative RT-PCR and relative mtDNA:nuclear DNA ratios were measured as previously

described (6; 77).

Transmission electron microscopy

Isolated islets were washed 2x in PBS and fixed overnight in 2.5% glutaraldahyde at 4°C and
pelleted in 2% agarose. Agarose plugs were washed in 0.1M cacodylate buffer (pH 7.2; CB),
stained for 1 hour on ice with 1.5% K4Fe(CN)6 + 2% OsO4 in 0.1 M CB, washed in 0.1 M Na**
acetate, pH 5.2, and en bloc stained in 2% uranyl acetate in 0.1 M Na?* acetate, pH 5.2 for 1 hour.
The plug was embedded and polymerized for 24hr at 70°C. Sections were cut with a diamond
knife, and post-stained with 4% uranyl acetate and Reynolds' lead citrate. Images were captured

on a JEOL JEM-1400 transmission electron microscope.

Statistics

Data are represented as mean values, with error bars denoting + SEM. For all studies, statistical
significance was determined using unpaired two-tailed student’s t-tests for single comparisons or
two-way ANOVA (Prism GraphPad) for multiple comparisons testing. A post-hoc Sidak’s test was
performed following ANOVA for samples reaching statistical significance. A 5% significance level

was used for all statistical tests.
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Figure 1. A human CLEC16A disease variant lacks a C-terminal IDPR. (A) Domain prediction of the human
CLEC16A disease variant and human full-length CLEC16A generated by Pfam. Human CLEC16A disease
variant is aligned beneath, shaded region represents sequence differing from human full-length CLEC16A. ‘FPL’
is a domain of unknown function enriched in the amino acids phenylalanine (F), proline (P), and leucine (L). (B)
Mean disorder score from |IUPred 2, Disprot VSL2B, and DISOPRED 3.1 of full-length CLEC16A and the human
CLEC16A disease variant. Putative disordered regions were identified with a probability threshold of >0.6. (C)
Residue composition bias of the mouse CLEC16A C-terminus generated with Composition Profiler, comparing
residue enrichment of the CLEC16A C-terminus vs SWISS-PROT 51 database. Significantly enriched serine
(blue) and proline (pink) residues are highlighted. * p<0.05. (D) Mouse CLEC16A C terminus residues (AA 892-
1050) are listed in FASTA format. Serine residues highlighted in blue, and proline residues are in pink. (E)
Representative western blot (WB) in HEK293T cells transfected with Flag-CLEC16A constructs (full length
CLEC16A, CLEC16A lacking the C terminus (CLEC16A AC, AA 1-892), or CLEC16A C terminus only (AA 892-
1050)). Vinculin serves as a loading control. n=3/group. (F) '"H-">°N HSQC spectra of recombinant CLEC16A C
terminus (AA 892-1050). Spectra clusters near 'H 8ppm, consistent with being an IDPR. (G) Assessment of
secondary structure propensity of residue types identified by NMR. Secondary structure is shown as the
difference between "*C, and "°C; secondary chemical shifts. Stretches of values > 2ppm indicate a-helix, values
< 2ppm indicate B-sheet.
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Figure 2. The CLEC16A C-terminus maintains glucose homeostasis and B-cell function. (A) Schematic of
the CLEC16A*" protein and human CLEC16A disease variant. Shaded region represents sequence differing
from full-length mouse CLEC16A. (B) Schematic of Clec16a locus, highlighting the 4bp deletion within exon 22
of Clec16a®" mice. The Mnll recognition sequence is underlined. (C) Representative image of Mnll restriction
digest following PCR amplification of genomic DNA containing Clec16a exon 22 as visualized by agarose gel
electrophoresis. The Clec16a®" mutation eliminates the Mnll digestion site. n=4/group. (D) Representative
image of CLEC16A protein levels determined by WB in Clec16a”* and Clec16a®"*"" MEFs utilizing CLEC16A
anti-sera raised against an internal CLEC16A peptide. Hsp90 serves as loading control. n=3/group. (E)
Representative image of CLEC16A protein levels in Clec16a”* and Clec16a™"™" isolated islets utilizing
CLEC16A anti-sera raised against an internal CLEC16A peptide. n=3/group. (F) Representative image of
CLEC16A protein levels determined by WB in Clec16a”* and Clec16a®"*"" MEFs utilizing CLEC16A anti-sera
raised against a C-terminal CLEC16A peptide. Beta actin serves as loading control. n=3/group. (G) Blood
glucose concentrations measured during an intraperitoneal glucose tolerance test (IPGTT) of 16-week-old
Clec16a* and Clec16a®"*""littermates. n=8 Clec16a"", n=4 Clec16a™"*". (H) Area under curve from IPGTT
in Figure 2G. (I) Blood glucose concentrations during insulin tolerance test of 9-week-old Clec16a”" and
Clec16a™™™" littermates. n=3-4/group. (J) Serum insulin measured during in vivo glucose-stimulated insulin
release in 11-week-old Clec16a"* and Clec16a™"*"littermates. n=4-5/group. (K) Fold glucose-stimulated insulin
secretion following static incubations in 1.67 mM and 16.7 mM glucose in isolated Clec16a"* and Clec16a®"*"
islets from 11-week-old littermates. n=6/group. *p<0.05 **p<0.01.
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Figure 3. The CLEC16A C-terminus maintains -cell mitochondrial function, morphology, and turnover.
(A) Representative transmission electron microscopy (TEM) images of B-cells in isolated islets from 11-week-
old Clec16a** and Clec16a™"*"islets. Clec16a “"*"islets have distorted mitochondria cristae. n=4/group. (B)
Relative oxygen consumption rate (OCR) in isolated Clec16a”* and Clec16a®"*""islets measured after exposure
to low glucose (1.67 mM) and high glucose (16.7 mM). n=12/group. (C) Representative WB of select
mitochondrial proteins from isolated Clec16a** and Clec16a™"“"islets. n=4/group. (D) Relative mitochondrial
DNA (mtDNA) to nuclear DNA (nDNA) ratio in isolated islets from Clec16a™* and Clec16a®"*" mice. n=4-
5/group. (E) Relative mRNA levels of mitochondrial biogenesis markers (normalized to Hprt expression) in
isolated islets from 12-week old Clec16a** and Clec16a®"*“"mice. n=3-4/group. (F) Flow cytometric analysis of
B-cells from dissociated islets of 12-week old Clec?6a"*;mtKeima and Clec16a™"*“";mtKeima mice, indicating
the relative distribution of B-cells with mitochondria in dominantly acidic or neutral compartments following
exposure to 250 nM valinomycin or DMSO control for 3 hours. n=4/group. *p<0.05 **p<0.01.
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Figure 4. The CLEC16A C-terminal IDPR is required for mitophagy complex formation by maintaining
CLEC16A stability. (A) Schematic of C-terminal Flag epitope-tagged constructs encoding wild type (WT) full-
length CLEC16A or CLEC16A lacking the C-terminal IDPR (AC). (B) Representative Flag WB of WT and AC
CLEC16A following transfection in 293T cells. Arrow indicates CLEC16A AC band. Cyclophilin B (Cyc B) serves
as loading control. n=4/group. (C) Relative Clec16a mRNA levels (normalized to PPIA expression) following
transfection of Flag-EV, WT CLEC16A, or AC CLEC16A plasmids into 293T cells. n=3/group. (D) Representative
WB of Flag-CLEC16A levels (with densitometry of % change from basal levels) from 293T cells transfected with
WT or AC CLEC16A following treatment with cycloheximide (CHX; 300ug/mL) for 0-6 hrs. Similar levels of Flag-
CLEC16A protein between groups were achieved by transfection of 1ug of WT CLEC16A (with 4ug Flag-EV) or
5ug AC CLEC16A. n=3-4/group. (E) Representative WB of cell-based ubiquitination assay of overexpressed
Flag-tagged CLEC16A WT or AC performed in HEK293T cells co-transfected with MYC-Ubiquitin. Cells were
treated with DMSO or 10 yM MG132 for 12 hrs. Similar levels of Flag-CLEC16A protein between groups were
achieved by transfection of 1x WT (1.5ug Flag-WT CLEC16A + 6ug Flag-EV) or 5x AC (7.5ug Flag-AC).
n=3/group. (F) Representative WB of in vitro ubiquitination assay of recombinant CLEC16A-6xHis-Flag WT or
AC following incubation with ATP, HA-Ubiquitin, E1, in the presence or absence of UbE2D3 at 37°C for 1 hour.
n=4/group. (G) Representative WBs of cell-based assessment of binding, stabilization, and ubiquitination of
overexpressed HA-tagged Nrdp1 by Flag-tagged CLEC16A WT or AC (or empty vector control) performed in
HEK293T cells co-transfected with MY C-Ubiquitin. Conditions included Flag-EV (empty vector; 7.5ug), 1x Flag-
CLEC16A WT (1.5ug Flag-CLEC16A WT + 6ug Flag-EV), and 1x or 5x Flag-CLEC16A AC (1.5ug Flag-

CLEC16A AC + 6pug Flag-EV or 7.5 pg Flag-CLEC16A AC, respectively). n=3/group. (H) Representative WB
following anti-Flag IP in HEK293T cells transfected with HA-Nrdp1, GFP-USP8 and Flag-EV, Flag-CLEC16A
WT, or Flag-CLEC16A AC vectors. Conditions included Flag-EV (empty vector; 7.5ug), 1x Flag-CLEC16A WT
(1.5ug Flag-CLEC16A WT + 6ug Flag-EV), and 1x or 5x Flag-CLEC16A AC (1.5ug Flag-CLEC16A AC + 6ug
Flag-EV or 7.5ug Flag-CLEC16A AC, respectively). n=3/group. *p<0.05.
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Figure 5. The human CLEC16A disease isoform is unstable and impairs mitophagy complex formation
and B-cell function. (A) Representative Flag WB of full length human CLEC16A and the CLEC16A disease
variant following transfection in 293T cells. n=3/group. (B) Representative WB of Flag-CLEC16A levels from
293T cells transfected with a plasmid encoding full-length human CLEC16A or the CLEC16A disease variant
CLEC16A following treatment with cycloheximide (CHX; 300ug/mL) for 16 hours. n=3/group. (C) Representative
WB of cell-based ubiquitination assay of overexpressed Flag-tagged CLEC16A or the CLEC16A disease variant
performed in HEK293T cells co-transfected with MY C-Ubiquitin. Cells were treated with DMSO or 150 nM BafA
for 12 hrs. Similar levels of Flag-CLEC16A protein between groups were achieved by transfection of the following
plasmids encoding: 1x full-length CLEC16A (1.5ug Flag-CLEC16A + 6ug Flag-EV) or 5x CLEC16A disease
variant (7.5ug Flag-CLEC16A disease variant). n=3/group. (D) Representative WB following endogenous Nrdp1
IP in HEK293T cells transfected with GFP-USP8 and Flag-EV, Flag-CLEC16A, or Flag-CLEC16A disease
variant vectors. n=3/group. (E) Representative WBs of cell-based assessment of binding and stabilization of
overexpressed HA-tagged Nrdp1 by Flag-tagged CLEC16A full length, CLEC16A disease variant, CLEC16A A
internal, or CLEC16A alternative C-terminus (or empty vector control) performed in HEK293T cells co-
transfected with MYC-Ubiquitin. n=3/group. (F) Representative CLEC16A WB of CLEC16A protein levels in
scramble control (sgScr) or CLEC16A-deficient (sgClec16a) Min6 cells generated by CRISPR-mediated gene
editing (with densitometry). (G) Representative CLEC16A WB of Min6 control and CLEC16A-deficient cells from
(F) following transfection with Flag-CLEC16A, Flag-CLEC16A disease variant, or empty vector control into
CLEC16A-deficient Min6 cells. (H) Glucose stimulated insulin secretion (GSIS) assay performed in transfected
Min6 cells from (G) 72 hours after transfection with CLEC16A (or empty vector control) constructs, following
static incubation in 2 mM or 20 mM glucose. n=5/group. *p<0.05.
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Figure 6. Proline bias within the CLEC16A C-terminal IDPR is necessary for CLEC16A stability.

(A) Disorder propensity score for CLEC16A mutants as determined by IUPred2. (B) Representative Flag WB
(with quantification by densitometry of all studies below) of Flag-CLEC16A WT, Flag-CLEC16A AC, as well as
C-terminal IDPR mutants following transfection in 293T cells. n=4/group. C-terminal IDPR mutants include P-to-
S (AA892-1050 proline to serine mutant), Alt. charge (alternate charge mutant), and Charge seg. (charge
segregation mutant). (C) Net charge per-residue for listed CLEC16A mutants, calculated as an average net-
charge per residue over a 5-residue ‘blob’. Kappa (k) scores indicates the degree to which charged residues are
intermixed and were generated by CIDER (52). *p<0.05. (D) Representative Flag WB (with quantification by
densitometry of all studies below) of Flag-CLEC16A WT, Flag-CLEC16A AC, as well as C-terminal pan-lysine to
arginine (K-to-R) or pan-serine to alanine (S-to-A) mutants following transfection in HEK293T cells. n=3/group.
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