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AUTOPHAGIC PUNCTUM

Protein disorder in the regulatory control of 
mitophagy
Sheridan Mikhaila and Scott A. Soleimanpour a,b

aDepartments of Internal Medicine and Molecular & Integrative Physiology, University of 
Michigan Medical School, Ann Arbor, MI 48105, USA; bVeterans Affairs Ann Arbor Health Care 
System, Ann Arbor, MI 48105, USA

ABSTRACT
Mitophagy is a central component of the mitochondrial quality control machin-
ery, which is necessary for cellular viability and bioenergetics. The E3 ubiquitin 
ligase CLEC16A (C-type lectin domain containing 16A) forms a tripartite mito-
phagy regulatory complex together with the E3 ligase RNF41 (ring finger 
protein 41) and the ubiquitin-specific peptidase USP8 (ubiquitin specific pepti-
dase 8), yet CLEC16A structural/functional domains relevant for mitophagy are 
unknown. We identify that CLEC16A contains an internal intrinsically disordered 
region (IDR), which is important for CLEC16A function and stability. IDRs are 
flexible domains lacking fixed secondary structure and regulate an emerging 
number of diverse processes, yet they have been largely unstudied in mito-
phagy. We observe that the internal CLEC16A IDR is essential for CLEC16A 
degradation and is bound by RNF41 to promote CLEC16A turnover. This IDR 
also promotes assembly of the CLEC16A-RNF41-USP8 mitophagy regulatory 
complex. Thus, our study revealed the importance of IDRs in mitophagy via 
the regulation of CLEC16A abundance by RNF41, opening new structural 
insights into mitochondrial quality control.
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Mitophagy, the selective degradation of dysfunctional or excess mitochondria by 
autophagy, is crucial to maintain mitochondrial homeostasis . Impairments in 
mitophagy contribute to numerous diseases, including neurodegenerative dis-
orders, cardiovascular diseases, and diabetes. The diabetes susceptibility gene 
CLEC16A (C-type lectin domain containing 16A) encodes an E3 ubiquitin ligase, 
which regulates PRKN (parkin RBR E3 ubiquitin protein ligase)-mediated mito-
phagy through interactions with the E3 ligase RNF41 (ring finger protein 41) and 
deubiquitinating enzyme USP8 (ubiquitin specific peptidase 8). We sought to 
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describe the previously unexplored structural/functional domains within 
CLEC16A. CLEC16A is predicted to have two intrinsically disordered regions 
(IDRs), which are domains that lack secondary structure but can regulate protein 
stability, interactions, and enzymatic function through protein binding and post-
translational modification, leading to a fixed structure. We recently described that 
CLEC16A contains a C-terminal IDR that stabilizes CLEC16A by inhibiting auto-
ubiquitination. However, the function of this putative internal CLEC16A IDR was 
unknown.

Utilizing several in silico methods, we identified an internal IDR in CLEC16A 
that is enriched in polar and charged amino acid residues, i.e., lysines and 
glutamic acids, which are known to promote intrinsic disorder1. We then 
applied two complementary biophysical methods, i.e., 1H-15N heteronuclear 
single quantum coherence-NMR spectroscopy and far-UV circular dichroism 
spectroscopy, which demonstrated a lack of secondary structure and con-
firmed the presence of an IDR. To understand the function of this internal IDR, 
we initially investigated its effects on CLEC16A stability. Indeed, we observed 
that a CLEC16A mutant lacking the internal IDR was more stable than wild- 
type CLEC16A.

We next sought to determine what features of the internal IDPR are 
necessary for CLEC16A turnover. We hypothesized that the enrichment of 
lysine residues could be a site for CLEC16A ubiquitination and subsequent 
degradation. A CLEC16A mutant bearing lysine-to-arginine (K-to-R) mutations 
within the internal IDR displayed an increase in protein stability. A similar 
observation was made after generating a CLEC16A variant in which the amino 
acid sequence within the internal IDR was randomly shuffled. Interestingly, 
maintaining the position of lysine residues while shuffling the remainder of 
the internal IDPR sequence had no significant effect on CLEC16A stability. 
Taken together, these data suggest that both the enrichment of lysine 
residues and their position within the IDR are vital features to CLEC16A 
stability. Notably, the K-to-R internal IDR mutant did not impair CLEC16A 
autoubiquitination, suggesting other proteins may regulate CLEC16A 
stability.

To evaluate other regulators of CLEC16A turnover, we initially con-
sidered the two CLEC16A binding partners USP8 and RNF41. Previous 
studies have established that USP8 stabilizes RNF41 by removal of 
destabilizing ubiquitin linkages, while RNF41 reciprocally induces USP8 
ubiquitination and its subsequent proteasomal degradation. Similarly, 
we have previously found that CLEC16A stabilizes RNF41, leading us to 
hypothesize that RNF41 participates in a similar reciprocal relationship 
as with USP8 by promoting CLEC16A clearance. Indeed, we observed 
that RNF41 gain-of-function induced CLEC16A turnover, and CLEC16A 
stability was enhanced following RNF41 loss-of-function via overexpres-
sion of a dominant negative RNF41 mutant. RNF41 was unable to 
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induce turnover of CLEC16A mutants lacking the internal IDR, carrying a 
shuffled internal IDR, or possessing K-to-R mutation within the IDR, 
suggesting that RNF41 may act directly on the internal IDR to ubiquiti-
nate and clear CLEC16A. However, RNF41 loss-of-function did not stabi-
lize CLEC16A to the same extent as CLEC16A mutants lacking the 
internal IDR, suggesting there are additional proteins that target 
CLEC16A for turnover.

Assembly of the CLEC16A-RNF41-USP8 mitophagy regulatory complex 
is vital for optimal mitochondrial quality control. Thus, we next tested 
the importance for the CLEC16A internal IDR in the formation of this 
complex. Following deletion or shuffling of the internal IDR, we 
observed a reduction in CLEC16A binding and ubiquitination of 
RNF41. Moreover, mutation of the CLEC16A internal IDR reduced bind-
ing between RNF41 and USP8. We interrogated whether the loss of 
RNF41-CLEC16A binding was due to changes in CLEC16A structure or 
loss of a key RNF41 binding site by individually overexpressing the 
internal IDR alone. Indeed, we found that the individual IDR was suffi-
cient to bind RNF41. Together, these data suggest that the internal IDR 
promotes the assembly of the CLEC16A-RNF41-USP8 complex and is a 
binding site important for the reciprocal control of RNF41 stability.

We identified an internal IDPR within CLEC16A that regulates 
CLEC16A interaction with RNF41 (Figure 1). Given the reciprocal control 
of both CLEC16A and USP8 by RNF41, as well as the known role for 
RNF41 on PRKN proteasomal degradation, our findings potentially posi-
tion RNF41 as a central hub for the orchestration of mitophagy. Future 
studies will be essential to determine the direct impact of RNF41 on the 
mitochondrial quality control pathway. Further, our work implicates 
IDRs as crucial domains in the regulation of CLEC16A-mediated mito-
phagy and adds to previous observations on the importance of IDRs 
within several proteins in the macroautophagy machinery. The presence 
of a putative IDR within USP8 adds yet another unstudied domain that 
may be central in the regulation of the mitochondrial quality control 
pathway. Several questions related to CLEC16A remain, including how 
the opposing functions of the internal IDR (important for CLEC16A 
turnover) and the C-terminal IDR (important for CLEC16A stability) are 
regulated to not only control CLEC16A protein levels but its ubiquitin 
ligase activity and protein-protein interactions. These may also beget a 
closer look at degron motifs within the CLEC16A internal IDR, which 
may be sites for turnover by RNF41 and other unknown regulators of 
CLEC16A stability. These questions will be of high interest in the future 
to determine how CLEC16A stability and function could be harnessed 
for therapeutic approaches to treat the human diseases associated with 
CLEC16A.
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Figure 1. Schema of the contributions of IDRs in the control of CLEC16A-RNF41- 
USP8 complex assembly. Stability of the CLEC16A-RNF41-USP8 complex is essential for 
optimal mitophagy. The CLEC16A C-terminal IDR increases CLEC16A stability by pre-
venting degradative self-ubiquitination. CLEC16A stabilizes RNF41 via non-degradative 
ubiquitination, while RNF41 ubiquitinates and destabilizes CLEC16A by modifying the 
CLEC16A internal IDR. USP8 and RNF41 also participate in reciprocal cross-regulation. 
Overexpression of CLEC16A increases USP8 expression, yet the underlying mechanisms 
of this and the potential importance of the putative USP8 IDR in mitophagy remain 
unknown.
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Abbreviations

ATG3 autophagy-related protein 3
CLEC16A C-type lectin domain containing 16A
IDR intrinsically disordered region
PRKN parkin RBR E3 ubiquitin protein ligase
RNF41 ring finger protein 41
USP8 ubiquitin specific peptidase 8
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