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ABSTRACT
CLEC16A regulates mitochondrial health through mitophagy and is associated with over 20 human 
diseases. However, 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. IDPRs comprise nearly half of the human proteome, yet their mechanistic roles in human 
disease are poorly understood. 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 mitophagy, mitochondrial function, and glucose-stimulated insulin secretion, ultimately 
causing glucose intolerance. Deletion of the CLEC16A C-terminal IDPR increases CLEC16A ubiquitina-
tion and degradation, thus impairing assembly of the mitophagy regulatory machinery. Importantly, 
CLEC16A stability is dependent on proline bias within the C-terminal IDPR, but not amino acid 
sequence order or charge. Together, we elucidate how an IDPR in CLEC16A regulates mitophagy 
and implicate pathogenic human gene variants that disrupt IDPRs as novel contributors to diabetes 
and other CLEC16A-associated diseases.
Abbreviations : CAS: carbon-detect amino-acid specific; IDPR: intrinsically disordered protein region; 
MEFs: mouse embryonic fibroblasts; NMR: nuclear magnetic resonance.
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Introduction

CLEC16A (C-type lectin domain containing 16A) is a gene asso-
ciated with nearly 20 human diseases, including type 1 diabetes, 
cardiovascular disease, and multiple sclerosis [1–5]. CLEC16A 
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 mito-
phagy effector PRKN/Parkin [8,9]. While CLEC16A is desig-
nated as a C-type lectin, it does not contain a C-type lectin 
domain and was later found to be an E3 ubiquitin ligase, sug-
gesting its name is a misnomer [8]. Genetic or pharmacologic 
disruption of CLEC16A impairs mitochondrial autophagy and 
mitochondrial function in multiple cell types, which reduces 
insulin secretion in pancreatic β-cells, ultimately causing hyper-
glycemia and diabetes [6,8–11]. Whereas CLEC16A has a well- 
defined role in regulating mitophagy, and has been characterized

as an E3 ubiquitin ligase, validated structural and functional 
domains within CLEC16A have never been found. Thus, 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 tran-
script, and a shorter 21-exon transcript variant that encodes 
a protein with a truncated C terminus. A single nucleotide 
polymorphism 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 multi-
ple sclerosis [12,13]. Additionally, several CLEC16A disease- 
associated single nucleotide polymorphisms 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 func-
tion and protection from disease.

The C terminus of CLEC16A does not share homology to 
known protein domains; rather, it is suggested to be an
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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 
[16–20]. Disruption or dysregulation of IDPRs is associated 
with several human diseases, further suggesting their func-
tional importance [21–25]. However, the molecular mechan-
isms 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 completely unknown.

Here, we investigate how the putative CLEC16A 
C-terminal IDPR contributes to CLEC16A structure, function, 
and glucose homeostasis. We validated that the C-terminal 
region lost in the human CLEC16A disease variant is an IDPR 
using rigorous in silico, biochemical, and NMR-based 
approaches. The CLEC16A C-terminal IDPR was crucial for 
glucose homeostasis by promoting glucose-stimulated insulin 
secretion, mitochondrial function, and mitophagy in β-cells. 
Loss of the CLEC16A C-terminal IDPR reduced CLEC16A 
stability due to increased ubiquitination and degradation, 
which impaired assembly of the CLEC16A-RNF41/Nrdp1- 
USP8 mitophagy regulatory complex. Finally, we determined 
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 mole-
cular mechanisms by which a disrupted IDPR in a human 
CLEC16A disease variant destabilizes CLEC16A, impairs β- 
cell mitophagy, and contributes to diabetes.

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 investi-
gated 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]. 
CLEC16A does contain an N-terminal “FPL” domain 
(Figure 1A). However, the 150 amino acid “FPL” domain 
has no known function and is only found in CLEC16A ortho-
logs. Of note, despite its known enzymatic activity as 
a ubiquitin ligase, CLEC16A also lacks a consensus E3 ligase 
domain [8]. Interestingly, however, the CLEC16A C terminus 
was predicted to be an intrinsically disordered protein region 
(IDPR; Figure 1A).

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,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 tech-
niques. 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 migra-
tion on an SDS-polyacrylamide gel [33,34]. While Flag epi-
tope-tagged full-length CLEC16A and a C-terminal deficient 
CLEC16A mutant (CLEC16A ∆C) migrated at their expected 
molecular mass, a CLEC16A construct encoding only the 
C terminus migrated more slowly, at nearly double its 
expected molecular mass (Figure 1E). We next investigated 
CLEC16A C-terminal structure using nuclear magnetic reso-
nance (NMR). In an IDPR, backbone hydrogen atoms do not 
participate in hydrogen bonds that generate secondary struc-
ture, and instead are found in a flexible extended conforma-
tion. Thus, all backbone hydrogen atoms in an IDPR are in 
a similar chemical environment and are tightly clustered in 
the hydrogen dimension of an 1H-15N heteronuclear single 
quantum coherence/HSQC-NMR spectrum [35]. The hetero-
nuclear single quantum coherence-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,G). The secondary 
structure character of assigned resonance peaks was mea-
sured as the difference between the offset of the chemical 
shift of 13C-α and 13C-β 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 2 ppm 
suggest α-helical or β-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 bio-
physical studies strongly support the hypothesis that the 
C-terminal region lost in the CLEC16A disease variant is 
an IDPR.
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The CLEC16A C-terminal IDPR is required for glucose 
homeostasis and β-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 β-cell function. To study the function of the CLEC16A 
C terminus in vivo, we used a genetic mouse model lacking the 
CLEC16A C terminus. The Clec16a curly tail mutant 
(Clec16acurt) mouse carries a spontaneous four base-pair dele-
tion 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 Clec16acurt 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 
CLEC16Acurt protein was detectable in mouse embryonic fibro-
blasts (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 CLEC16Acurt mutant protein 
(Figure 2F). Clec16acurt/curt mice were born at a normal 
Mendelian ratio and had reduced body weight, motor impair-
ments, and early lethality around 6 months of age, similar to 
previous reports (data not shown [37–39]). Clec16acurt/+ hetero-
zygous 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. Clec16acurt/curt mice were glucose intol-
erant 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 to glucose. Clec16acurt/curt mice had no reduction in 
insulin sensitivity during an insulin tolerance test (Figure 2I).

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. The human CLEC16A disease variant is aligned beneath, and the 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 are 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 ∆C, AA 1–892], or CLEC16A C terminus-only [AA 892– 
1050]). VCL (vinculin) serves as a loading control. Expected molecular mass (MM) noted along top. Visualized molecular mass denoted by ladder. n = 3/group. (F) 
1H-15N HSQC spectra of recombinant CLEC16A C terminus (AA 892–1050). Spectra clusters near 1H 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 13Cα and 13Cβ secondary chemical shifts. Stretches of 
values > 2 ppm indicate α-helix, values < 2 ppm indicate β-sheet.
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However, Clec16acurt/curt mice secreted significantly less insu-
lin in response to glucose stimulation both in vivo and in 
isolated islets (Figures 2J,K), which indicated that glucose 
intolerance was due to reduced β-cell insulin secretion. 
When compared to previous studies on β-cell or pancreas- 
specific Clec16a knockout mice, Clec16acurt/curt mice had 
a similar, yet more modest phenotype of impaired glucose 
homeostasis and insulin secretion [6,8], possibly due to the 
Clec16acurt mutation yielding a hypomorphic protein with

reduced but not absent function. These results suggest that 
the CLEC16Acurt truncated protein was less functional than 
full-length WT CLEC16A, indicating that the CLEC16A 
C-terminal IDPR is critical for optimal β-cell function.

We next evaluated whether reduced insulin secretion in 
Clec16acurt/curt mice was due to reduced β-cell mass or insulin 
content. Clec16acurt/curt mice had no significant changes in β- 
cell mass or pancreatic insulin content proportional to body 
weight or pancreas weight, respectively, despite reduced body

Figure 2. The CLEC16A C terminus maintains glucose homeostasis and β-cell function. (A) Schematic of the CLEC16Acurt protein and human CLEC16A disease variant. 
Shaded region represents sequence differing from full-length mouse CLEC16A. (B) Schematic of Clec16a locus, highlighting the 4-bp deletion within exon 22 of 
Clec16acurt mice. The MnlI recognition sequence is underlined. (C) Representative image of MnlI restriction digest following PCR amplification of genomic DNA 
containing Clec16a exon 22 as visualized by agarose gel electrophoresis. The Clec16acurt mutation eliminates the MnlI digestion site. n = 4/group. (D) Representative 
image of CLEC16A protein levels determined by WB in Clec16a+/+ and Clec16acurt/curt MEFs utilizing CLEC16A antisera raised against an internal CLEC16A peptide. 
n = 3/group. (E) Representative image of CLEC16A protein levels in Clec16a+/+ and Clec16acurt/curt isolated islets utilizing CLEC16A antisera raised against an internal 
CLEC16A peptide. n = 3/group. (F) Representative image of CLEC16A protein levels determined by WB in Clec16a+/+ and Clec16acurt/curt MEFs utilizing CLEC16A 
antisera raised against a C-terminal CLEC16A peptide. ACTB 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 Clec16acurt/curt littermates. n = 8 Clec16a+/+, n = 4 Clec16acurt/curt. (H) Area under 
curve from IPGTT in Figure 2G. (I) Blood glucose concentrations during insulin tolerance test of 9-week-old Clec16a+/+ and Clec16acurt/curt littermates. n = 3–4/group. 
(J) Serum insulin measured during in vivo glucose-stimulated insulin release in 11-week-old Clec16a+/+ and Clec16acurt/curt 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 Clec16acurt/curt islets from 11-week-old 
littermates. n = 6/group. *p < 0.05 **p < 0.01.
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weight in Clec16acurt/curt mutants (Figure S3). Taken together, 
these studies indicate that the CLEC16A C-terminal IDPR 
regulates glucose homeostasis through control of β-cell insulin 
secretion.

The CLEC16A C terminus regulates β-cell mitophagy

CLEC16A-mediated mitophagy maintains mitochondrial 
health and function in β 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 
β-cell mitochondria, as impaired mitophagy can lead to an 
accumulation of dysfunctional and dysmorphic mitochondria 
that would otherwise have been selectively eliminated [6]. 
Clec16acurt/curt β-cells displayed dysmorphic mitochondria, 
characterized by disorganized cristae, when compared to lit-
termate controls as visualized by transmission electron micro-
scopy (TEM; Figure 3A-B). Consistent with these 
morphological defects, mitochondrial function was reduced

in isolated Clec16acurt/curt islets, measured by glucose- 
stimulated oxygen consumption rates (Figure 3C). 
Clec16acurt/curt islets also had reduced FCCP-stimulated max-
imal oxygen consumption rates, while displaying no differ-
ences in glycolysis as measured by extracellular acidification 
rates, when compared to littermate controls (data not shown).

Reduced mitochondrial function may stem from the pre-
sence of dysfunctional mitochondria or from reduced mito-
chondrial mass. To assess mitochondrial mass, we measured 
levels of key mitochondrial membrane proteins and electron 
transport chain subunits as well as mitochondrial DNA levels. 
Clec16acurt/curt mice had no significant reductions in mito-
chondrial proteins or mitochondrial DNA content when com-
pared to littermate controls (Figure S4A-C). We also 
measured expression of mitochondrial biogenesis markers 
Ppargc1a/Pgc1α and Tfam by qRT-PCR and found no signifi-
cant differences in expression between groups (Figure S4D). 
Interestingly, expression of Nrf1, a mitochondrial biogenesis 
marker commonly induced following mitochondrial stress,

Figure 3. The CLEC16A C terminus maintains β-cell mitochondrial function, morphology, and turnover. (A) Representative transmission electron microscopy (TEM) 
images of β-cells in isolated islets from 11-week-old Clec16a+/+ and Clec16acurt/curt islets. Clec16acurt/curt islets have distorted mitochondria cristae. n = 4/group. (B) 
Quantification of β-cell mitochondrial structure from TEM images of Clec16a+/+ and Clec16acurt/curt β-cells related to Figure 3A. Dashed line in violin plot represents 
median and solid lines represent quartiles. n = 206–236 images scored/group. (C) Relative oxygen consumption rate (OCR) in isolated Clec16a+/+ and Clec16acurt/curt 

islets measured after exposure to low glucose (1.67 mM) and high glucose (16.7 mM). n = 12/group. (D) Representative MFN2 WB in isolated islets from Clec16a+/+ 

and Clec16acurt/curt mice following 250 nM valinomycin exposure for up to 6 h, quantified by densitometry (normalized to PPIB/cyclophilin B loading control, below). 
n = 4–5 mice/group. (E) Flow cytometric analysis of β-cells from dissociated islets of 12-week old Clec16a+/+;mtKeima and Clec16acurt/curt;mtKeima mice, indicating 
the relative distribution of β-cells with mitochondria in dominantly acidic or neutral compartments following exposure to 250 nM valinomycin or DMSO control for 
3 h. n = 4/group. *p < 0.05 **p < 0.01 ***p < 0.001.
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was increased in Clec16acurt/curt islets [41,42]. Collectively, 
these results demonstrate that Clec16acurt/curt β-cells have 
reduced mitochondrial function that is not due to reduced 
mitochondrial mass.

To determine whether loss of the CLEC16A C-terminal 
IDPR impairs mitophagy, we used several complementary 
approaches in primary islets and in MEFs. We examined key 
steps of mitophagy following mitochondrial damage, includ-
ing turnover of outer mitochondrial membrane proteins, such 
as MFN2 (mitofusin 2), and clearance of damaged mitochon-
dria by targeting to the lysosome [43]. We observed impaired 
MFN2 turnover in isolated Clec16acurt/curt islets following 
exposure to the mitochondrial ionophore valinomycin, 
which is suggestive of impaired mitophagy flux (Figure 3D 
and S4E). Next, we intercrossed the mt-Keima mitophagy 
reporter model with Clec16acurt/curt mice. Mt-Keima mice 
express a fluorescently labeled pH-sensitive mitochondrial 
biosensor that shifts excitation spectra based on pH [44]. 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; 
Clec16acurt/curt β-cells had an increase in cells with mitochon-
dria in acidic compartments (Figure 3E). This suggests that 
Clec16acurt/curt β-cells accumulate mitochondria in acidic 
autophagosomes or lysosomes that may be incompletely 
cleared, consistent with previous observations following 
CLEC16A deficiency in β-cells [6]. Additionally, membrane- 
engulfed mitochondria were observed in Clec16acurt/curt β-cells 
by TEM, which were not found in littermate controls 
(Figure S4F).

To determine if increased mitochondria within acidic auto-
phagosome/lysosome compartments in Clec16acurt/curt β-cells 
was due to impaired or enhanced mitophagy flux, we stimu-
lated mitophagy using the mitochondrial ionophore valino-
mycin. Importantly, Clec16acurt/curt β-cells did not continue to 
have increased acidic mitochondria following valinomycin 
treatment, as there was no difference in acidic mitochondria 
when compared to valinomycin treated Clec16a+/+ β-cells 
(Figure 3H). These results suggest the baseline accumulation 
of acidic mitochondria in Clec16acurt/curt β-cells was due to 
impaired mitophagy flux.

Similar to Clec16acurt/curt β-cells, Clec16acurt/curt MEFs also 
demonstrated impaired mitophagy. Mitochondria accumulated 
within acidic compartments in Clec16acurt/curt MEFs, as mea-
sured using a cell permeable mitophagy reporter dye 
(Figure 4A-C). Notably, Clec16acurt/curt MEFs did not display 
differences in bulk autophagy markers including LC3 and 
SQSTM1/p62, suggesting this defect is specific to mitophagy 
(Figure 4D). To examine mitochondrial targeting to the lyso-
some, we examined co-localization of mitochondria with lyso-
somes (marked by OXPHOS and LAMP1 antisera, 
respectively) by immunostaining. As expected, mitochondrial 
targeting to lysosomes increased following valinomycin expo-
sure in Clec16a+/+ MEFs, indicating activated mitophagy 
(Figure 4E-F). However, Clec16acurt/curt MEFs did not show 
increased mitochondrial targeting to lysosomes following vali-
nomycin treatment (Figure 4E-F). Clec16acurt/curt MEFs also 
had significantly less mitochondria-lysosome colocalization fol-
lowing valinomycin exposure when compared to Clec16a+/+

control MEFs, again consistent with impaired mitophagy 
(Figure 4E-F). Importantly, these results align with previously 
appreciated roles for CLEC16A in control of mitophagy [6]. 
Taken altogether, these studies indicate the CLEC16A 
C-terminal IDPR maintains mitochondrial function and health 
through control of mitophagy.

The CLEC16A C-terminal IDPR is required for 
CLEC16A stability and assembly of the mitophagy 
regulatory machinery

Given the critical role of the CLEC16A C-terminal IDPR in 
regulating β-cell mitophagy, we questioned how this region 
impacts molecular functions of CLEC16A. IDPRs often pro-
mote protein turnover and destabilize proteins due to their 
enhanced accessibility for degradative post-translational mod-
ifications [18,45,46]. Unexpectedly, both Clec16acurt/curt 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 ∆C construct which lacks the C-terminal IDPR 
(Figures 1E and 5A). CLEC16A ∆C had reduced protein levels 
relative to WT CLEC16A following transfection in HEK293T 
cells, despite no differences in mRNA expression (Figures 5B, 
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 ∆C had accelerated turnover 
relative to wild-type CLEC16A (WT) following cycloheximide 
treatment, indicating that the C-terminal IDPR stabilizes 
CLEC16A (Figure 5D). Levels of WT CLEC16A and 
CLEC16A ∆C protein both increased when inhibiting the 
proteasome or lysosome with MG132 or bafilomycin A1, 
respectively, suggesting multiple pathways for CLEC16A 
clearance (Figure S5A).

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 [47]. Interestingly, 
terminal IDPRs in ubiquitin ligase complexes have been 
demonstrated to inhibit ubiquitin-chain assembly [48]. We 
hypothesized that the CLEC16A C-terminal IDPR may mod-
erate 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 5E). CLEC16A ∆C similarly had 
increased ubiquitination relative to WT CLEC16A following 
MG132 treatment (Figure 5E). To determine whether increased 
ubiquitination of CLEC16A ∆C 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 5F). Together, these studies demon-
strate
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Figure 4. The CLEC16A C terminus regulates mitophagy in MEFs. (A) Representative flow cytometry univariate histogram depicting Mtphagy dye intensity from 
primary MEFs derived from Clec16a+/+ and Clec16acurt/curt mice. (B) Quantification of Mtphagy-high MEFs from Clec16a+/+ and Clec16acurt/curt mice, generated using 
flow cytometry histograms as indicated in Figure S5A. n = 4/group. (C) Representative flow cytometry scatter plot from Clec16a+/+ and Clec16acurt/curt MEFs following 
staining with Mtphagy and TMRE dyes. (D) Western blot of autophagy markers SQSTM1/p62 and LC3 in Clec16a+/+ and Clec16acurt/curt MEFs. n = 3/group. (E) 
Quantification of LAMP1 and OXPHOS colocalization in Clec16a+/+ and Clec16acurt/curt MEFs as shown in 4 F. n = 3 independent experiments/group. (6,604–16,528 
LAMP1-positive and 8,923–20,774 OXPHOS-positive structures from 11–12 images were quantified per experiment per condition). (F) Representative deconvolved 
immunofluorescence images of Clec16a+/+ and Clec16acurt/curt MEFs at 100X magnification following exposure to 1 µM valinomycin for 6 h, stained for markers of 
mitochondria (OXPHOS; red) and lysosomes (LAMP1; green) as well as DNA (DAPI; blue). White arrowheads in magnified inset images highlight colocalized OXPHOS- 
and LAMP1-positive structures. *p < 0.05 **p < 0.01.
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Figure 5. 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 (∆C). (B) Representative Flag WB of WT and ∆C CLEC16A 
following transfection in 293 T cells. Arrow indicates CLEC16A ∆C band. PPIB serves as loading control. n = 4/group. (C) Relative Clec16a mRNA levels (normalized to 
Ppia expression) following transfection of Flag-EV, WT CLEC16A, or ∆C CLEC16A plasmids into 293 T cells. n = 3/group. (D) Representative WB of Flag-CLEC16A levels 
(with densitometry of % change from basal levels) from 293 T cells transfected with WT or ∆C CLEC16A following treatment with cycloheximide (CHX; 300 µg/mL) for 
0–6 h. Similar levels of Flag-CLEC16A protein between groups were achieved by transfection with 1 µg of WT CLEC16A (with 4 µg Flag-EV) or 5 µg CLEC16A 
∆C. n = 3–4/group. (E) Representative WB of cell-based ubiquitination assay of overexpressed Flag-tagged CLEC16A WT or ∆C performed in HEK293T cells co- 
transfected with MYC-Ubiquitin. Cells were treated with DMSO or 10 μM MG132 for 12 h. Similar levels of Flag-CLEC16A protein between groups were achieved by 
transfection of 1x WT (1.5 µg Flag-WT CLEC16A + 6 µg Flag-EV) or 5x ∆C (7.5 µg Flag-∆C). n = 3/group. (F) Representative WB of in vitro ubiquitination assay of 
recombinant CLEC16A-6xHis-Flag WT or ∆C following incubation with ATP, HA-Ubiquitin, E1, in the presence or absence of UBE2D3 at 37°C for 1 h. n = 4/group. (G) 
Representative WBs of cell-based assessment of binding, stabilization, and ubiquitination of overexpressed HA-tagged RNF41 by Flag-tagged CLEC16A WT or ∆C (or 
empty vector control) performed in HEK293T cells co-transfected with MYC-Ubiquitin. Conditions included Flag-EV (empty vector; 7.5 µg), 1x Flag-CLEC16A WT 
(1.5 µg Flag-CLEC16A WT + 6 µg Flag-EV), and 1x or 5x Flag-CLEC16A ∆C (1.5 µg Flag-CLEC16A ∆C + 6 µg Flag-EV or 7.5 µg Flag-CLEC16A ∆C, respectively). n = 3/
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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 destabiliza-
tion would impact formation of the tripartite CLEC16A- 
RNF41-USP8 mitophagy complex [8]. CLEC16A promotes 
formation of this complex by binding, ubiquitinating, and 
stabilizing the E3 ligase RNF41 [8]. CLEC16A ∆C demon-
strated reduced binding and stabilization of RNF41 relative to 
WT CLEC16A (Figure 5G). The reduced binding and stabili-
zation of RNF41 was due to reduced levels of CLEC16A ∆C, 
as increasing CLEC16A ∆C protein levels back to that of WT 
CLEC16A restored these defects (Figure 5G). Unexpectedly, 
CLEC16A C-terminal loss did not impair RNF41 ubiquitina-
tion despite reduced CLEC16A levels (Figure 5G). Loss of the 
CLEC16A C terminus also impaired formation of the mito-
phagy complex, as observed by reduced binding to USP8 and 
RNF41, which was again rescued by increasing CLEC16A ∆C 
protein levels back to that of WT CLEC16A levels 
(Figure 5H). Loss of the CLEC16A C terminus also caused 
slight, but not significant, reductions in USP8 protein levels 
(Figures 5H and S6). These studies indicate that the CLEC16A 
C terminus promotes mitophagy complex formation by sta-
bilizing CLEC16A.

We next explored how the specific C-terminal deficiency in 
the human CLEC16A disease variant affected CLEC16A sta-
bility, 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 6A-B). The CLEC16A disease variant was more 
heavily ubiquitinated when protein levels were similar to 
that of the full-length isoform (Figure 6C), which was further 
increased following bafilomycin A1 treatment (Figure 6C; 
Figure S5B). Of note, while the mouse CLEC16A ∆C con-
struct accumulated following pharmacological inhibition of 
both the proteasome and lysosome, the human disease variant 
accumulated only upon lysosome inhibition (Figures S5A-B). 
The CLEC16A disease variant impaired formation of the 
mitophagy complex, demonstrated by reduced interaction 
between USP8-RNF41 (Figure 6D) as well as reduced stabili-
zation of, and interaction with, RNF41 (Figure 6E). These 
results are similar to those of the CLEC16A ∆C mutant 
(Figure 5), 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 6E, 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 (∆ internal) or the alternatively 
translated and truncated C terminus specific to the disease 
variant (alternative C terminus; Figure 6E, lower panel). 
While the CLEC16A ∆ 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 RNF41 (Figure 6E). Overall, these results confirm that 
disrupting the C-terminal IDPR instigates the reduced stabi-
lity and impaired mitophagy complex assembly found in the 
CLEC16A disease variant.

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

Next, we wanted to determine if the mechanistic impairments 
observed in the human CLEC16A human disease variant 
would lead to β-cell dysfunction. To address the impact of 
the human CLEC16A disease variant and its disrupted 
C-terminal IDPR on β-cell function, we generated a Min6 β- 
cell line partially deficient for CLEC16A by CRISPR-Cas9 
gene editing (Figure 6F). We then expressed either the full- 
length CLEC16A human isoform or the CLEC16A disease 
variant in CLEC16A-deficient Min6 cells (Figure 6G). As 
expected, CLEC16A deficiency reduced glucose-stimulated 
insulin secretion/GSIS in Min6 cells (Figure 6H). 
Importantly, expression of the full length CLEC16A isoform, 
but not of the CLEC16A disease variant, improved glucose- 
stimulated insulin secretion in CLEC16A-deficient Min6 cells 
(Figure 6H). Thus, the human CLEC16A disease variant is 
functionally defective within β-cells, supporting a critical role 
for the CLEC16A C-terminal IDPR in β-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 [49,50]. IDPR functions that are 
sequence dependent include dependence on short linear 
motifs, post-translational modifications, charge, the distribu-
tion of charged amino acids, and amino acid biases, including 
specific behaviors of proline residues [50–55].

To first investigate whether CLEC16A C-terminal IDPR 
function depends on its amino acid sequence order, we gen-
erated two CLEC16A constructs with randomly shuffled 
C-terminal IDPR amino acids using the random shuffling 
tool, Shuffle Protein [56]. We confirmed that these constructs 
did not eliminate predicted disorder within the C terminus 
(Figure 7A), nor did they introduce new protein domains, as 
determined using PROSITE and SMART domain analyses 
[57,58]. Levels of both CLEC16A C-terminal shuffled mutants 
were unchanged compared to WT CLEC16A (Figure 7B), 
indicating that CLEC16A stability is not dependent on the 
amino acid sequence order of its C-terminal IDPR.

group. (H) Representative WB following anti-Flag IP in HEK293T cells transfected with HA-RNF41, GFP-USP8 and Flag-EV, Flag-CLEC16A WT, or Flag-CLEC16A ∆C 
vectors. Conditions included Flag-EV (empty vector; 7.5 µg), 1x Flag-CLEC16A WT (1.5 µg Flag-CLEC16A WT + 6 µg Flag-EV), and 1x or 5x Flag-CLEC16A ∆C (1.5 µg 
Flag-CLEC16A ∆C + 6 µg Flag-EV or 7.5 µg Flag-CLEC16A ∆C, respectively). n = 3/group. *p < 0.05.
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Figure 6. The human CLEC16A disease isoform is unstable and impairs mitophagy complex formation and β-cell function. (A) Representative Flag WB of full length 
human CLEC16A and the CLEC16A disease variant following transfection in 293 T cells. n = 3/group. (B) Representative WB of Flag-CLEC16A levels from 293 T cells 
transfected with a plasmid encoding full-length human CLEC16A or the CLEC16A disease variant CLEC16A following treatment with cycloheximide (CHX; 300 µg/mL) 
for 16 h. 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 MYC-Ubiquitin. Cells were treated with DMSO or 150 nM BafA for 12 h. Similar levels of Flag-CLEC16A protein between groups 
were achieved by transfection of the following plasmids encoding: 1x full-length CLEC16A (1.5 µg Flag-CLEC16A + 6 µg Flag-EV) or 5x CLEC16A disease variant 
(7.5 µg Flag-CLEC16A disease variant). n = 3/group. (D) Representative WB following endogenous RNF41 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 RNF41 by Flag-tagged CLEC16A full length, CLEC16A disease variant, CLEC16A ∆ 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
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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 
(Figure 7A). We altered negative charge within the 
CLEC16A C terminus by aspartic acid to asparagine and 
glutamic acid to glutamine mutagenesis (Figure 7C). We dis-
rupted the intermixed CLEC16A C-terminal charge distribu-
tion by manually segregating charged residues to alter the 
parameter kappa, which describes the intermixing of charges 
within a sequence (Figure 7C) [53]. We also generated con-
structs 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 7B,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.

Discussion

Here, we demonstrate that the CLEC16A C terminus is an 
IDPR that is required for CLEC16A function, mitophagy, 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 mito-
phagy and contributes to diabetes pathogenesis.

IDPRs have recently been implicated in many stages of 
autophagy/selective autophagy [19,25,59,60], yet the role of 
IDPRs in mitophagy is less clear [59]. IDPRs have been shown 
to mediate key regulators of autophagy, including Atg1 and 
BECN1 [19,25,60,61]. Further, an internal IDPR controls 
ATG3 activity, which supports the conjugation of LC3 to 
the phagophore during its maturation as a selective autophagy 
adaptor [33]. IDPRs are also predicted to overlap with LC3- 
interacting regions/LIRs, which are domains found in cargo 
receptors in selective autophagy pathways [62]. Our study 
builds upon these previous observations and provides novel

functional and mechanistic connections between IDPRs and 
the regulation of mitophagy through CLEC16A.

Beyond its role in assembly of a tripartite mitophagy reg-
ulatory complex, CLEC16A has been implicated in other 
processes, including endosomal biogenesis and maturation 
[6,63–66]. Recent studies have elucidated that endosomal 
RAB proteins are recruited to mitochondria during PRKN- 
mediated mitophagy [67]. Additionally, the C. elegans 
CLEC16A homolog GOP-1 interacts with RAB2 to mediate 
phagolysosome formation, which could intersect CLEC16A 
functions in both endosomal maturation and mitophagy 
[66,67]. Future studies will be needed to determine if 
CLEC16A IDPRs also mediate connections between the endo-
somal RAB machinery and mitophagy pathway.

Our results provide new knowledge regarding the association 
between IDPRs and disease pathogenesis, which is poorly under-
stood. While IDPRs comprise an estimated 44% of the human 
proteome, their biological roles have only recently begun to be 
explored [17,68]. IDPRs have proposed involvement with many 
human diseases, including cancer, cardiovascular disease, and 
neurodegeneration [17,21,24,69]. In some contexts, disease- 
causing mutations disrupt IDPRs, which suggest IDPRs have 
crucial biological functions that protect against disease 
[17,21,24,69]. Predicted IDPRs were enriched in a focused in 
silico analysis of 34 type 2 diabetes-related proteins, yet the 
genetic, mechanistic, and physiological connections between 
IDPRs and the >400 variants associated with type 2 diabetes 
are unknown [22]. An IDPR was also biophysically validated in 
the β-cell transcription factor PDX1, but the functional contri-
bution 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 signifi-
cantly enriched in IDPRs and tend to disrupt secondary struc-
ture due to their cyclical structure and lack of backbone amide 
hydrogen atoms, which prevents the formation of hydrogen 
bonds required for α-helices or β-sheets [32]. Prolines are impli-
cated in controlling IDPR conformation, yet their role remains 
controversial and is likely context specific [31,32,70,71]. In some 
contexts, prolines are observed to promote expansion of IDPRs, 
with a positive correlation between proline number and IDPR 
hydrodynamic radii [70]. Conversely, prolines are implicated in 
promoting compaction, as others found that mutating prolines 
within a short IDPR induced expansion [71]. 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 studies investigating how proline residues regulate the 
CLEC16A C-terminal IDPR conformation and behavior may 
clarify the role of proline bias in CLEC16A stability.

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 h 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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Our studies reveal a stabilizing role for the CLEC16A 
IDPR, which opposes the well-known destabilizing role for 
IDPRs in proteins [46,72,73]. Due to their flexible conforma-
tions, IDPRs are frequent sites for degradative post- 
translational modifications, such as ubiquitination, yet we 
unexpectedly find that the CLEC16A C-terminal IDPR 
attenuates self-ubiquitination [46,72,73]. Recent work on 
IDPRs and E3 ligases has shown that the N-terminal IDPR

of RNF4 facilitates substrate ubiquitination in a manner 
dependent on IDPR compaction, which was controlled by 
charge segregation [74]. However, the CLEC16A C-terminal 
IDPR is not required for ubiquitination of RNF41 
(Figure 5G). Additionally, disruption of charged residues 
within the CLEC16A IDPR does not affect CLEC16A stability 
(Figures 7A-C), together suggesting a distinct mechanism of 
action. Thus, our study of the CLEC16A C-terminal IDPR

Figure 7. 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 ∆C, as well as C-terminal IDPR 
mutants following transfection in 293 T 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 ∆C, 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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defines a surprising novel 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.

While our studies clarify that the C-terminal IDPR stabi-
lizes CLEC16A by preventing its ubiquitination and degrada-
tion in a proline-dependent manner, future studies could 
deepen knowledge of this mechanism. For example, some 
IDPRs, such as that in the mitochondrial fission protein 
DNM1L/Drp1 (dynamin 1 like), function through steric inter-
ference to auto-inhibit enzymatic activity [75]. Alternatively, 
IDPRs can also act as molecular shields that block access to 
proteins through electrostatic or steric mechanisms [76]. 
Future biophysical studies may be able to complement our 
current understanding of how the CLEC16A C-terminal IDPR 
functions to protect CLEC16A from degradative 
autoubiquitination.

The CLEC16A disease-associated variant demonstrates 
reduced formation of the CLEC16A-RNF41-USP8 mitophagy 
complex, highlighting the critical role of the tripartite mito-
phagy complex. Despite the importance of this mitophagy 
complex, many questions regarding its assembly remain. 
Notably, the interaction sites between CLEC16A and RNF41 
are not yet known. Our studies suggest the CLEC16A 
C terminal IDPR is not a specific binding site for RNF41 as 
C-terminal IDPR mutants were still able to bind to RNF41, 
yet we do not know what other regions of CLEC16A facilitate 
RNF41 binding. Moreover, it is unknown what domains of 
RNF41 interact with CLEC16A, or how mutations within 
RNF41 domains might impact its ability to bind CLEC16A, 
form the mitophagy-regulatory complex, or control mito-
phagy. Future studies are necessary to clarify the specific 
sites of CLEC16A-RNF41 interaction within the mitophagy 
complex.

We describe molecular mechanisms by which a disease- 
associated CLEC16A variant impacts cellular function, 
which may provide opportunities for therapeutic interven-
tions. Loss of 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 ther-
apeutics targeting IDPRs [77]. Interestingly, IDPRs can also 
retain functionality when expressed independently as trun-
cated fragments [78–80]. 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.

Materials and methods

Protein Expression and Purification

The pMCSG7-Clec16a 892–1050-TEV-6xHis bacterial expres-
sion 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; 10 g/L tryp-
tone [Fisher Scientific, BP1421-500], 10 g/L NaCl [Fisher 
Scientific, BP358-212], 5 g/L yeast extract [Fisher Scientific, 
BP9727-500]) overnight, before transferring to 1 L of LB and 
growing until optical density of 600 nm at 37°C. Bacteria were 
pelleted, washed, and resuspended in minimal medium, pH 7 
(12 g/L K2HPO4 [Fisher Scientific, 7758–11-4], 9 g/L KH2PO4 
[Fisher Scientific, 7778–77-0], 1 g/L 15NH4Cl [Cambridge 
Isotope Laboratories Inc., NLM-467], 2.5 g/L NaCl [Fisher 
Scientific, BP358-212], 25 mg/L thiamine HCl [Fisher 
Scientific, 67–03-8], 4 g/L 13C-glucose [Cambridge Isotope 
Laboratories Inc., CLM-1396], 0.5 g/L MgSO4 [Fisher 
Scientific, 7487–88-9], 0.1 g/L NaOH [Fisher Scientific, 
1310–73-2]) supplemented with 1 mL of 100 mM CaCl2 
[Fisher Scientific, 10,035–04-8], and 1 mL of Metal Solution 
(0.3 g/65 mL FeSO4 · 7H2O [Fisher Scientific, 7782–63-0], 
0.2 g/65 mL ZnSO4 · 7H2O [Fisher Scientific, 7446–20-0], 
0.4 g/65 mL CoCl4 · 6 H2O [Fisher Scientific, 7791–13-1], 
0.3 g/65 mL [NH4]6Mo7O24 · 4 H2O [Fisher Scientific, 12,054– 
85-2], 0.3 g/65 mL CuSO4 [Fisher Scientific, 7758–99-8], 
0.2 g/65 mL MnCl4 · 4H2O [Millipore Sigma, M3634], 0.1 g/ 
65 mL H3BO3 [Fisher Scientific, 10,043–35-3]), and ampicillin 
(Millipore Sigma, 7177–48-2). Culture was induced overnight 
at 20°C with Isopropyl β-D-1-thiogalactopyranoside (IPTG; 
Agilent, 300,127). Bacteria were pelleted, subjected to freeze/ 
thaw at −80°C, and sonicated in lysis buffer (1x PBS [Fisher, 
BP399-20], 1% CHAPS [Sigma Aldrich, C9426], 10 mM 
MgCl2 [Fisher Scientific, 7786–30-3], 2 µl benzonase [25 U/ 
µl; Millipore, 71,206], and protease inhibitor [Thermo 
Scientific, PIA32965]). Supernatant was purified using 
a nickel gravity column (Qiagen, 30,250; Ni-NTA Agarose) 
followed by a high-salt wash (1xPBS [Fisher, BP399-20], 1 M 
NaCl [Fisher Scientific, BP358-212]), and eluted in 1xPBS and 
300 mM imidazole (Bio-Rad, 1,610,441). Eluate was incubated 
with TEV protease (NEB, P8112S) overnight at 4°C in 1xPBS 
with 0.1% β-mercaptoethanol (Sigma Aldrich, M3148), 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 (Milipore 
Sigma, 6104–58-1). 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 [Millipore Sigma, 6131–99-3], 
150 mM NaCl [Fisher Scientific, BP358-212], pH 6.5 in 
ddH2O), followed by concentration.

For in vitro ubiquitination assays, recombinant CLEC16A 
and CLEC16A ∆C were generated following expression in 
293 T cells and purified with nickel-charged resin (Ni-NTA 
agarose) per the manufacturer’s protocols.

NMR

Isotopically labeled 13C/15N CLEC16A C-terminal peptide 
(AA 892–1050) was purified using the methods described 
above and transferred into a buffer composed of 50 mM 
sodium cacodylate pH 6.5, 150 mM NaCl (Fisher Scientific,
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BP358-212). Protein was supplemented with 10% D2 
O (Sigma-Aldrich, 151,882) and loaded in a Shigemi NMR 
Tube (Wilmad-LabGlass, SP Scienceware, BMS-005B). All 
NMR experiments were performed on an 18.8 T Bruker 
Ascend magnet equipped with Bruker NEO spectrometer 
operating at 1H frequencies of 800.25 MHz, and equipped 
with inverse TCI cryoprobe. All NMR spectra were collected 
at 298 K.

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 (Hα-start) 15N-13C CON was 
collected using 1024(C’) x 128(N), spectral width of 11 × 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 × 36 x 80 ppm, and 16 scans with 
25% non-uniform sampling, totaling an acquisition time of 
19 h. With the caveat of limited chemical shift dispersion in 
amide 1H 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 × 35 x 14 ppm, 8 and 16 scans, and 
BEST-HNCACB and BEST-HN(CO)CACB, with a matrix 
size of 698(HN) x 64(N) x 128(Cα/β), spectral width of 
14 × 35 x 80 ppm, with 32 and 16 scans, with 50% non- 
uniform sampling, totaling an acquisition of 30 h for all 4 
experiments. The backbone assignments were made by daisy- 
chain walking through C’ chemical shift assignments and 
aided by data from Cα/β chemical shifts as well. The aliphatic 
Cα/β chemical shifts also provided information on amino acid 
type owing to different chemical environment and types of 
side chains. Aliphatic protons chemical shifts from 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 HN- 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 per-
formed, 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 (Hα-start) 15N-13C CON spectra. Carbon-detect amino- 
acid specific pulse sequences for serine, alanine, glycine, and 
threonine, were performed as described previously [35]. 
Aliphatic Cα and Cβ 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 α-helix or β-sheet 
[52]. Data were generated by calculating the difference in the 
measured 13C-α and 13C-β chemical shift, from the expected 
chemical shift standards of that residue type in a random coil 
conformation, represented as dCα and dCβ. The difference 
between dCα and dCβ values (dCα- dCβ) was plotted, with 
values greater than 2 ppm or less than −2 ppm representing 
a residue likely in an α-helix or β-sheet, respectively.

Animals

All animal studies were reviewed and approved by the 
University of Michigan Institutional Animal Care and Use 
Committee. Models used included Clec16acurt/curt [38,39] 
and mt-Keima mice (a gift from Dr. Toren Finkel, 
University of Pittsburgh [44]). Clec16acurt 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 intercrosses with Clec16acurt/curt 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 Clec16aCurt allele with the follow-
ing primers: Common forward primer: 5’-TGTCCCCATTA 
CGCGTGCTAA-3’, and Clec16a+-specific reverse primer: 5’- 
TGTTGTCGGCTGGATTGGGA-3’, or Clec16aCurt-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 Clec16aCurt mice was performed follow-
ing MnlI restriction digest of a PCR-amplified product of genomic 
DNA (forward primer: 5’-CCCCAAGGGTCTTACTGTCA-3’ 
and reverse primer: 5’-CATAGAAACGGAAAGGCAGGT 
GCTG-3’). Clec16a+-specific bands migrated at 137 and 47 bp, 
while a Clec16aCurt mutant band migrated at 180 bp.

Cell culture, cell line generation, treatments, and 
transfections

Primary mouse embryonic fibroblasts (MEFs) were isolated 
from Clec16aCurt/Curt and Clec16a+/+ mice as described pre-
viously [81], and cultured as previously detailed [6,82]. 293 T 
cells were cultured in DMEM (Gibco, 11,965) supplemented 
with 10% Fetal-Plex (Gemini Bio Products, 50–753-2987), 50 
units/mL penicillin-streptomycin (Thermo Fisher Scientific, 
15,140–122), 1 mM sodium pyruvate (Thermo Fisher 
Scientific, 11–360-070), and 142 μM β-mercaptoethanol 
(1 µl/100 mL medium). Min6 cells (a gift from Dr. Doris 
Stoffers, University of Pennsylvania) were cultured as pre-
viously described [83]. Pooled Clec16a-deficient Min6 cells 
were generated using the LentiCRISPRV2 one-vector system 
as described [84]. Clec16a sgRNA sequences included (5’- 
CGGACATGTTTGGACGCTCA-3’, targeting exon 1) and 
(5’-ACAAAATCGGAACCTGCTCG-3’ targeting exon2) and 
were cloned into LentiCRISPRV2 as described [84]. 
LentiCRISPRV2 was transfected into 293 T cells along with 
the lentiviral packaging plasmids RRE, VSV-G, and REV 
(courtesy of Ling Qi, University of Michigan) using
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Lipofectamine 2000 (Invitrogen, 11,668–019). Viral- 
containing media were collected on days 3 and 4 post- 
transfection, filtered in a 0.45-µm filter, and stored at −80°C 
until use. Min6 cells were transduced by culturing with viral 
media (DMEM [Gibco, 11,965] supplemented with 10% 
volume fetal bovine serum [Gemini Bio Products, 900–108], 
50 units/mL penicillin streptomycin [Thermo Fisher 
Scientific, 15,140–122], and 10 mM HEPES [Gibco, 15,630– 
080]), pH 7–7.4 mixed 1:1 with normal Min6 media (as 
previously described [83]), supplemented with polybrene 
(5 µg/ml; Sigma, H9268). Fresh viral stocks were added daily 
for two days, followed by two rounds of selection using 
puromycin (2 µg/mL; Cayman Chemicals, 13,884) 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 β-cell lines.

The following compounds and concentrations were used as 
treatments for cells or isolated islets: dimethylsulfoxide 
(DMSO; Thermo Fisher Scientific, BP231-100), valinomycin 
(Millipore Sigma, 94,675), MG132 (EMD Milipore, 474,790), 
bafilomycin A1 (BafA; Cayman Chemical, 11,038), FCCP 
(Millipore Sigma, C2920), cycloheximide (EMD, 239–765).

293 T cells were transfected according to the manufac-
turer’s protocol using Lipofectamine 2000. 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 sub-
jected to static incubation to assess glucose-stimulated insulin 
secretion as previously described [83].

Antibodies

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 1.

Plasmids

Constructs for mammalian overexpression studies included, 
pFLAG-CMV-5a-Clec16a WT [6], pcDNA3.1 3x-HA-Nrdp1 
/RNF41 [6], MYC-ubiquitin [7,83], 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 ∆C (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, sub-
cloning of PCR amplified fragments into pCR-Blunt II-TOPO 
(Zero blunt TOPO cloning kit; Invitrogen, 450,245) 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 ∆C-6xHis, generated by ligation of Clec16a ∆C (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 ampli-
fied from pFLAG-CMV-5a-Clec16a WT with primers bearing 
ligation independent cloning sites (Fwd- 5’-TACTTC 
CAATCCAATGCTTCTCCATCCCTGTCATCACC-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-α 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 pBluescriptSK(+)BSK(+) (Biomatik, 
custom order) that were subsequently 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 
S1). 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 [56–58]. The strong nega-
tive charge in the CLEC16A C terminus was disrupted by 
eliminating the negative charges with aspartic acid to aspar-
agine 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 toward the N terminus

Table 1. Antibodies.

Antibody Company Catalog Number

ACTB/β-Actin Thermo Fisher Scientific MA5-15,739 (BA3R)
Flag Sigma F1804 (clone M2)
GFP Abcam ab6673
HA-Peroxidase Roche 12,013,819,001
Insulin Dako A0564
LAMP1 Developmental Studies 

Hybridoma Bank
1D4B

LC3-I/II Sigma L8919
MFN2 Abcam ab56889 (6A8)
SQSTM1/p62 Enzo BML-PW9860
VDAC1/Porin Abcam ab14734
PPIB/Cyclophilin 

B
Thermo Fisher Scientific PA1-027A

RNF41/FLRF/ 
Nrdp1

Bethyl Laboratories Inc A300-049A

SDHA Abcam ab14715 
(2E3GC12 FB2AE2)

Total OxPhos 
Rodent

Abcam ab110413

VCL (vinculin) Millipore CP74-100UG
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of this region, and negatively charged aspartic acid and glu-
tamic acid toward the C terminus of this region, while leaving 
the remainder of the sequence intact. The impact was quan-
tified with the parameter kappa, which describes charge 
intermixing [53]. 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 II Site Directed 
Mutagenesis kit, per the manufacturer’s instructions (Agilent, 
200,524). All plasmids were verified by sequencing.

To generate the CLEC16A mutant bearing only the alter-
native C terminus of the CLEC16A disease isoform, the 
C-terminal fragment of the CLEC16A disease isoform 
(Genscript, OHu02258D) was liberated by BamHI restriction 
digest, gel purified, and ligated in place of the C terminus of 
the full-length CLEC16A isoform construct (Genscript, 
OHu18264D). 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 isoform construct (OHu02258D) leaving the 
internal deletion within the C-terminal disease isoform intact. 
Correct orientation of inserts was first assessed using HindIII/ 
XhoI 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, cells 
were lysed in a protein lysis buffer consisting of 150 mM 
NaCl (Fisher Scientific, BP358-212), 1% IGEPAL CA-630 
(Sigma Aldrich, 9002–93-1), and 50 mM Tris, pH 8.0, supple-
mented with protease and phosphatase inhibitors (Millipore, 
539,143 and 524,625), followed by shearing by passage 
through a 21-gauge needle while on ice. Lysates were clarified 
by centrifugation, then pre-cleared with protein G agarose 
beads (Thermo Fisher Scientific, 20,399). Protein lysates 
were incubated with either anti MYC/c-MYC agarose beads 
(Sigma, A7470), anti MYC/c-MYC magnetic beads (Santa 
Cruz Biotechnology, 500,772), or Flag M2 Affinity Gel 
(Sigma Aldrich, A2220) overnight at 4°C. Beads were washed 
3 times in lysis buffer, and conjugates were eluted in 2x 
Laemmli buffer (Sigma Aldrich, S3401) supplemented with 
5 mM DTT (Fisher Scientific, BP172-25) at 70°C for 10 min 
prior to SDS-PAGE (Bio-Rad, 456–1094). 
Immunoprecipitation for endogenous RNF41/Nrdp1 was per-
formed as described [8].

Flow cytometry

Flow cytometry of mt-Keima mouse islets was performed as 
previously described [85]. In brief, isolated islets were cultured 
for one day, treated with valinomycin or DMSO, and disso-
ciated into single cells using trypsin-EDTA (0.25%; Gibco, 
25,200–056). Cells were stained with DAPI (Sigma Aldrich, 
D9542) and FluoZin-3 AM (Thermo Fisher Scientific, F24195)

to detect zinc-enriched β-cells), and resuspended in phenol red- 
free media (Gibco, 11,835–030) supplemented with 1% BSA 
(Equitech, BAH66). Flow cytometric data were analyzed by 
FlowJo (BD Biosciences). At least, 5,000 FluoZin-3-positive 
cells were analyzed from each islet preparation.

Mitophagy rates in MEFs was assessed using Mtphagy Dye 
(Dojindo, mt02) as previously described [85]. MEFs were 
incubated with media supplemented with 100 nM Mtphagy 
dye for 7.5 h prior to flow cytometry analysis. Cells were 
stained with DAPI, then analyzed on the LSR Fortessa flow 
cytometer. Mtphagy signal was measured with excitation at 
488 nm and emission at 710 nm. TMRE (Anaspec, AS-88061) 
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.

β-cell mass, glucose, and insulin measurements

β-cell mass was calculated as previously described [83]. 
Intraperitoneal glucose tolerance test/IPGTT, insulin toler-
ance test/ITT, and serum insulin measurements were obtained 
as described previously [86,87]. Pancreatic hormone content 
was analyzed via ELISA (Mercodia, 10–1281-01) following 
acid ethanol extraction as previously described [87]. Static 
glucose-stimulated insulin secretion in Min6 cells was per-
formed as previously described, and insulin was measured by 
ELISA (Mouse Ultrasensitive Insulin ELISA; ALPCO, 80- 
INSUMSU-E10) [88].

Respirometry

Oxygen consumption rates were measured in isolated 
islets using the XF96 Flux Analyzer (Seahorse Bioscience) 
according to the manufacturer’s protocol. Briefly, 20 dis-
persed islets were seeded per well of a Seahorse flux plate 
that was pre-treated with Cell-Tak (Corning, CB40240), 
and islets were allowed to adhere overnight. Cells were 
then incubated for 1 h at 37°C in atmospheric CO2 in pH 
7.4 unbuffered RPMI1640 (Gibco, 11,875–119) with 
1.67 mM glucose (Thermo Fisher Scientific, D16-1). 
Islets were first stimulated with high glucose (16.7 mM) 
and then FCCP (5 µM; Millipore Sigma, C2920) for oxy-
gen consumption and extracellular acidification analyses. 
Oxygen consumption rates were normalized to total pro-
tein content, which was measured by MicroBCA (Pierce, 
23,235).

RNA and DNA isolation, gene expression, and mtDNA 
analyses

RNA isolation and reverse transcription was performed as 
previously described [6,89]. DNA was isolated using the 
DNeasy kit (Qiagen, QIA69504) per the manufacturer’s pro-
tocol. Gene expression by quantitative RT-PCR and relative 
mtDNA:nuclear DNA ratios were measured as previously 
described [6,89].
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Transmission electron microscopy

Isolated islets were washed 2x in PBS and fixed overnight in 
2.5% glutaraldehyde (Sigma, G5882) in water at 4°C and 
pelleted in 2% agarose (VWR International, MPN605). 
Agarose plugs were washed in 0.1 M cacodylate buffer (pH 
7.2; CB; Electron Microscopy Sciences, 11,653), stained for 1 h 
on ice with 1.5% K4Fe(CN)6 (Sigma, 455,989) + 2% OsO4 
(Sigma, 201,030) in 0.1 M CB, washed in 0.1 M Na2+ acetate 
(Millipore Sigma, 127–09-3), pH 5.2, and en bloc stained in 
2% uranyl acetate (Electron Microscopy Sciences, 22,400) in 
0.1 M Na2+ acetate, pH 5.2 for 1 h. The plug was embedded in 
a BEEM Capsule (Ted Pella Inc, 130-B) and polymerized for 
24 h at 70°C. Sections were cut with a diamond knife, and 
post-stained with 4% uranyl acetate and Reynolds’ lead citrate 
(Electron Microscopy Sciences, 22,410–01). Images were cap-
tured on a JEOL JEM-1400 transmission electron microscope. 
Images were blinded and the percentage of mitochondria with 
distorted cristae per high-power field was scored as previously 
described [6].

Immunostaining and colocalization analysis

Mitochondria localization studies were performed on immu-
nostained MEFs grown in chamber slides, prepared as pre-
viously described [11]. Z-stack images were taken with a an 
IX81 microscope (Olympus) with an ORCA Flash4 CMOS 
digital camera (Hamamatsu), and deconvolved using the 
nearest-neighbor algorithm (CellSens; Olympus). Object- 
based colocalization analysis was performed using 
JaCOP [90].
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