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SUMMARY

The growing interest in deubiquitinases (DUBs) as drug targets for modulating critical molecular pathways in

disease is fueled by the discovery of their specific cellular roles. A crucial aspect of this fact is the identifica-

tion of DUB substrates. While mass spectrometry-based proteomic methods can be used to study global

changes in cellular ubiquitination following DUB activity perturbation, these datasets often include indirect

and downstream ubiquitination events. To enrich for the direct substrates of DUB enzymes, we have devel-

oped a proximal-ubiquitome workflow that combines proximity labeling methodology (ascorbate

peroxidase-2 [APEX2]) with subsequent ubiquitination enrichment based on the K-ε-GG motif. We applied

this technology to identify altered ubiquitination events in the vicinity of the DUB ubiquitin-specific protease

30 (USP30) upon its inhibition. Our findings reveal ubiquitination events previously associated with USP30 on

TOMM20 and FKBP8, as well as the candidate substrate LETM1, which is deubiquitinated in a USP30-depen-

dent manner.

INTRODUCTION

Ubiquitin (Ub) constitutes a highly conserved protein found

across all eukaryotic organisms.1 Ub can be activated and cova-

lently attached to a target protein via the successive action of E1,

E2, and E3 enzymes, forming a cascade that culminates in a

post-translational modification. This intricate process plays an

instrumental role in a myriad of cellular functions, encompassing

protein homeostasis, signal transduction, DNA replication, and

transcriptional regulation.2

E3 ligases and deubiquitinating proteases (DUBs) are

specialist enzymes that add and remove covalent Ub modifica-

tions to and from target substrates. Both enzyme families are

essential in the maintenance of Ub homeostasis. This dynamic

SIGNIFICANCE Identifying direct substrates of deubiquitinases (DUBs) remains a significant challenge in the

field of ubiquitin biology. In this study, we combine APEX2-based proximity labeling with enrichment of ubiq-

uitin remnant motifs (K-ε-GG) to define candidate substrates within the native microenvironment of a DUB.

This approach allows for the spatially resolved detection of site-specific deubiquitination events. When

applied to the therapeutic target USP30, a mitochondrial DUB involved in mitophagy, the method success-

fully recovered several known substrates and identified LETM1 as a substrate. This strategy offers a robust

framework for mapping DUB-substrate relationships and enhancing our understanding of ubiquitin-regu-

lated pathways.

Cell Chemical Biology 32, 1–16, May 15, 2025 Crown Copyright © 2025 Published by Elsevier Ltd. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

Please cite this article in press as: Damianou et al., Integrative proximal-ubiquitomics profiling for deubiquitinase substrate discovery applied to USP30,

Cell Chemical Biology (2025), https://doi.org/10.1016/j.chembiol.2025.04.004

http://creativecommons.org/licenses/by/4.0/
mailto:andreas.damianou@ndm.ox.ac.uk
mailto:hannah.jones@ndm.ox.ac.uk
mailto:benedikt.kessler@ndm.ox.ac.uk
https://doi.org/10.1016/j.chembiol.2025.04.004
http://creativecommons.org/licenses/by/4.0/


balance is integral to normal cellular operation and can alter the

fate of Ub-modified proteins.3 Imbalances in the ubiquitination of

proteins have been implicated in various pathological condi-

tions, including cancer and neurodegenerative diseases.4,5

Therefore, the identification of E3 ligase/DUB substrates not

only enriches our understanding of their biological roles but

also opens avenues for the exploration of these enzymes as po-

tential therapeutic targets.6

Several methodologies have been previously employed to

identify potential substrates of E3 ligases. One category involves

fusion techniques, such as UBAITS,7 TULIP,8 and TULIP2,9

which use overexpressed Ub-E3 ligase fusions to trap and purify

ligase-substrate adducts, often under denaturing conditions.

These methodologies have pitfalls, including potential steric hin-

derance of the ubiquitin, and potential degradation of the E3 due

to the conjugated Ub. Another category includes in vitro tech-

niques such as E2-dID, orthogonal Ub transfer,10,11 and microar-

ray assays, which employ engineered enzymes or biotin-labeled

Ub conjugates to target specific substrates.

Finally, UbPOD12 and BioE313 are approaches that use tagged

Ub as a biotinylation substrate for an E3 ligase conjugated to a

proximity labeling enzyme. A drawback of these methods in-

cludes the overexpression of tagged ubiquitin, which may lead

to altered ubiquitination events that are not physiologically rele-

vant. Overall, while applicable to the formation of Ub-substrate

bonds by E3s, these methodologies cannot be applied to study

the breakage of these bonds by DUBs.

Here, we focus on developing a methodology to detect the

substrates of DUBs, with site-specific deubiquitination informa-

tion. Among the most established approaches to identify ubiqui-

tination sites is the enrichment of the Ub remnant motif (K-ε-GG)

left behind at the sites of lysine ubiquitination after protein tryp-

sinization, followed by immunoprecipitation (IP) and subsequent

mass spectrometry analysis.14,15 The application of targeted

knockouts, catalytically inactive mutants or of specific small-

molecule inhibitors, in conjunction with the K-ε-GG technique

can accelerate the identification process of DUB or E3 ligase

substrates from specific alterations observed in the cellular

ubiquitome.

However, the K-ε-GG method comes with limitations. One

notable drawback is that many altered ubiquitination events

may result from downstream secondary effects upon the

reduced activity of a DUB or E3 ligase. While these events

are of interest, they are not all reflective of direct enzyme sub-

strates and activity. In the last decade, innovative proximity la-

beling approaches, such as BioID16 and APEX,17 have been

developed to enhance the identification of proteins within

the microenvironment of a protein of interest. Proximity label-

ing has previously been successfully integrated with phospho-

enrichment strategies to investigate spatially referenced prox-

imity phosphoproteomics.18–20 In this study, we show that the

effective combination of proximity labeling followed by post-

translational modification enrichment can also be applied to

the study of ubiquitination. This allows for the capture of pro-

tein ubiquitination states that are specifically localized to

DUBs/E3 ligases. Application of the technique has the poten-

tial to enhance the resolution and accuracy of substrate iden-

tification of a DUB or E3 ligase upon the perturbation of its

activity.

Ascorbate peroxidase-2 (APEX2) was considered favorable as

a proximity labeling enzyme for this methodology due to the

speed of the biotinylation reaction occurring on the second time-

scale. This labeling snapshot enables the capture of an acute

cellular protein ubiquitination profile upon DUB inhibition/genetic

depletion, without time-dependent convolution from the dy-

namic ubiquitination process. Additionally, APEX2 favors the

biotinylation of tyrosine residues, meaning that it does not inter-

fere with ubiquitination events occurring on lysine residues.

Other proximity labeling approaches, such as BioID and

TurboID, should not be applied to this methodology due to the

long timescale of the labeling reaction and the biotinylation of

lysine residues.

Ubiquitin-specific protease 30 (USP30) was selected as a

model DUB for the development of this methodology due to its

potential as a drug target, with the knockout of USP30 resulting

in increased turnover of mitochondria via mitophagy.21 The pro-

cess of mitophagy could be targeted for multiple therapeutic ap-

plications, such as for the treatment of Parkinson’s disease.21,22

Therefore, further insights into the role USP30 plays in the pro-

cess of mitophagy, and potential biomarkers resulting from its in-

hibition, are highly relevant. Additionally, previous characteriza-

tion of the outer mitochondrial membrane (OMM) localization

of USP30 and ubiquitomics studies of the activity of USP30

enable cross-validation of the proximal ubiquitome of USP30

to existing datasets.22–24

Here, we present the development of a workflow, combining

APEX2 proximity labeling with subsequent K-ε-GG IP to eluci-

date the proximal ubiquitome of a target DUB (USP30), in both

the presence and absence of an USP30 inhibitor, compound

‘‘39,’’ a previously described potent, cell-permeable, and selec-

tive USP30 inhibitor.25–27 The proximal-ubiquitomics methodol-

ogy gives unique insight into the role of USP30 in the process

of mitophagy. Potential direct USP30 substrates are uncovered

through the application of the methodology, and subsequent

validation provides evidence for USP30 enacting on the ubiquiti-

nation state of proteins considered critical to mitochondrial func-

tion and turnover. We focus on validating a previously unde-

scribed potential USP30 substrate—leucine-containing zipper

and EF-hand transmembrane protein 1 (LETM1), an essential

protein described to be involved in mitochondrial ion transport,

regulation of mitochondrial volume, energy metabolism, and

maintenance of mitochondrial morphology.28–31

RESULTS

Proximal-ubiquitomic methodology optimization

Each aspect of the workflow applied in Figure 1 was optimized to

ensure efficient capture of ubiquitinated proteins in the proximity

of USP30 (Figure 2A). This is critical for the adaptation of the

methodology to different systems. In this model USP30-APEX2

system, the conjugated enzymes were stably expressed in

HEK293 cells with a low expression promoter (PGK).32 We

observed a moderate 3.8-fold increase in USP30 expression

as compared to that of its endogenous expression levels

(Figures 2B and S1A). Overexpression of USP30 has previously

been demonstrated not to affect the levels of oxidative phos-

phorylation proteins33 but can reduce the levels of mitophagy.34

The overexpression of any DUB of interest conjugated to APEX2
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may lead to different behavior of the enzyme, meaning it is

important to use this methodology as a substrate discovery plat-

form, with subsequent validations using endogenous levels of

enzyme where possible.

Maintained USP30 activity was confirmed using a DUB activ-

ity-based probe (ABP), consisting of Ub with a propargylamine

warhead and a hemagglutinin tag (HA-Ub-PA). The ∼10 kDa

molecular weight increase of USP30-APEX2 in the presence

of HA-Ub-PA indicates that the active site of USP30 is still

able to bind Ub and the active site cysteine is still reactive

(Figures 2C and S1A). This ABP is broadly reactive with the ma-

jority of cysteine-active DUBs and so can be used to check re-

tained activity if the proximal-ubiquitomics methodology is

applied to other DUBs.35 The maintained localization of

USP30-APEX2 to the OMM was confirmed via TOMM20 co-

localization microscopy (Figure 2D) and digitonin membrane

isolation (Figure S1B).

After confirming that the properties of the DUB-APEX2 conju-

gate are reflective of the endogenous DUB, the APEX2 bio-

tinylation labeling efficiency was optimized, to maximize the cap-

ture of proximal proteins. Incubating cells with a concentration

range of biotin demonstrated that a minimum of 5 mM biotin

was necessary for efficient protein biotinylation (Figure 2E).

Treatment with biotin-phenol up to concentrations of 10 mM

was not found to be cytotoxic (Figure S1C). In previous studies,

biotin incubation with cells was performed for 30 min at 37◦C

with increased incubation not resulting in increased labeling,

indicating that the incubation time is sufficient for full dispersal

of biotin throughout the cells.36 With the maximal biotinylation

conditions, the volume of streptavidin beads then needs to be

optimized to achieve efficient capture of all biotinylated proteins.

By assessing the input, flow-through, and elution of the biotin

streptavidin pull-down, we maximized the capture capacity of

the streptavidin beads for this system with 1 mL of beads/

10 mg of input protein (Figure 2F).

Once proteins proximal to USP30 were biotinylated by APEX2

and pulled down using streptavidin, the ubiquitination sites

of these proteins were enriched for liquid chromatography-tan-

dem mass spectrometry (LC-MS/MS) identification. This was

achieved by trypsinizing the proteins and immunoprecipitating

the K-ε-GG remnant motif that remains after the trypsinization

of proteins reflecting ubiquitination, Neddylation, or ISGylation

sites. However, under most normal physiological conditions,

the source of most K-ε-GG remnant sites is ubiquitination

(>94%).37 Without K-ε-GG pull-down, we did not detect ubiqui-

tination sites in the USP30 proximity labeling (data not shown),

justifying the necessity for a subsequent enrichment step.

The recommended amount of protein material for K-ε-GG

enrichment is 1–2 mg. Measurement of protein/peptide levels

is challenging in the workflow due to interference from the pres-

ence of antioxidants in the lysis buffer. Additionally, proteins

such as streptavidin and trypsin obscure the absolute protein

quantitation after biotinylation elution and the peptide quantita-

tion prior to the K-ε-GG enrichment, respectively. Therefore, ma-

terial for this experimentation was optimized for the system

based on the number of 15 cm plates at confluence used as

starting material. When performing K-ε-GG enrichments without

proximity enrichment, the number of identified K-ε-GG sites

identified can vary greatly, depending on the source material,

experimental conditions, and mass spectrometry methodology

applied.38,39

In the case of the proximal-ubiquitomics workflow presented

here, we saw a linear increase in the number of K-ε-GG

sites with increasing input material, up to 4,000 sites with

10 × 15 cm plates (Figure 2G). However, the coverage of

OMM-localized proteins that were identified as ubiquitinated

Figure 1. Integrated proximal-ubiquitomics methodology workflow

(A) Proximity labeling biotinylates the microenvironment of a DUB/E3 ligase of interest. (B) The cells are lysed. (C) The biotinylated proteins are then pulled down

with streptavidin on the protein level to encompass ubiquitination events proximal to the biotinylation site. (D) Biotinylated proteins are then digested with trypsin,

and ubiquitination events are enriched using a K-ε-GG antibody. Ubiquitinated proteins from the proximity of the enzyme of interest are then quantified by LC-MS/

MS. Figure created using www.biorender.com.
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Figure 2. Optimization workflow for the proximal-ubiquitomics methodology

(A) Scheme of experimental optimization strategy.

(B) Densitometric intensity of HEK293 endogenous USP30 and APEX2-USP30 (n = 3 quantification of separate bands from 1 sample, error bars = SD).

(C) Percentage of endogenous and APEX2-conjugated USP30 labeled by HA-Ub-PA (n = 1).

(D) Immunofluorescence of TOMM20, biotin-phenol (BP), and DAPI staining after USP30-APEX2 biotinylation in HEK293 cells. Scale bars: 50 μm.

(E) Biotin-phenol concentration dependence of USP30-APEX2 biotinylation in HEK293 cells.

(F) Streptavidin pull-down optimization after USP30-APEX2 biotinylation with 5 mM biotin-phenol.

(G) Number of Gly-Gly peptides identified from the proximal-ubiquitomics methodology with different amounts of input material.

(legend continued on next page)
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begins to plateau between 5 and 10 × 15 cm dishes of input ma-

terial (Figure 2H). The increasing number of K-ε-GG sites not

located on the OMM with increasing material input may be repre-

sentative of an increasing background of proteins that are only

infrequently and transiently within the USP30 microenvironment.

Thus, 5 × 15 cm dishes per condition were selected as the

optimal input material for this system to capture ubiquitination

events proximal to USP30.

When applying this methodology to a different DUB and sys-

tem, it is advised to use localization markers or known interac-

tors as a cutoff for material input so as to enrich for proteins

that consistently make up the microenvironment of a DUB.

Where this information is unknown, a limiting amount of material

should be used as input. The abundance of USP30 has been re-

ported to be in the bottom 10% of ∼8,000 proteins identified in a

HEK293 proteome (PaxDB 5.0).40,41 With the use of a low-

expression promoter to mimic endogenous USP30 levels in

this study, large amounts of input material were required for

this model system. This may vary depending on expression

levels of the protein of interest, and subsequently, the amount

of material recovered post streptavidin IP.

After optimization of the USP30-APEX2 system and proximal-

ubiquitomics workflow, experimental conditions to elucidate po-

tential USP30 substrates using compound 39 (Figure S1E)

were optimized. To maximize ubiquitination events in the

proximity of USP30, cells were treated with carbonyl cyanide

3-chlorophenylhydrazone (CCCP) to depolarize the mitochon-

dria and subsequently activate the PINK1/Parkin S65 phos-

pho-ubiquitination pathway. Mitochondrial depolarization condi-

tions have previously been shown to reveal increased OMM

protein ubiquitination events as a consequence of USP30

knockout.24 In this HEK293 USP30-APEX2 system, maximal

S65 phospho-Ub was identified with 10 μM of CCCP cell treat-

ment after 6 h of incubation (Figure S1D).

The concentration of the small-molecule compound 39

required for complete USP30 inhibition in the USP30-APEX2

overexpression system was assessed using the HA-Ub-PA

ABP. After 6 h of cellular incubation, full inhibition of HA-Ub-PA

binding to USP30-APEX2 was identified with 5 μM of compound

39, regardless of the presence of 10 μM CCCP (Figures 2I

and 2J). From this optimization, 10 μM CCCP treatment +/−

5 μM of compound 39 was applied to identify acute ubiquitina-

tion events proximal to USP30 occurring as a consequence of

USP30 inhibition on mitochondria undergoing the process of

mitophagy.

Optimized protocol reveals USP30 proximal ubiquitome

enriched for OMM

The two conditions (CCCP treatment +/− 5 μM of compound 39)

were repeated in quadruplicate, with 5 × T175 flasks pooled per

replicate. Although the method was optimized with 15 cm

dishes, T175 flasks were implemented for this large experiment

(surface area 145 cm2 vs. 175 cm2) to allow for the rapid removal

of H2O2 and subsequent antioxidant washes by standing the

flasks on end. The use of flasks rather than dishes can improve

experimental efficiency where substantial input material is

required. APEX2 biotin labeling was catalyzed by the addition

of H2O2 and quenched with multiple antioxidant washes. After

lysis, 5% of the material was taken for the ‘‘labeled proteome,’’

with the remaining material used as input for the biotin-streptavi-

din pull-down. Equal input and eluate levels for each streptavidin

pull-down were checked by western blot (Figure S1F). From this

pull-down, 10% of eluates were taken for the ‘‘proximitome,’’

and the remaining material was trypsinized and used as

input for the K-ε-GG IP, forming the ‘‘proximal ubiquitome’’

(Figure 3A). Each step represents important information about

the effect of USP30 inhibition as well as providing normalization

data to ensure that ubiquitination events are not altered as a

consequence of perturbed protein abundance or protein prox-

imity to USP30 with compound 39 treatment.

To compare the method of the proxima -ubiquitome to the

classical ubiquitomics workflow, we included a ‘‘labeled ubiqui-

tome’’ (n = 3) with APEX2 biotinylation protein labeling, but

without biotin enrichment by streptavidin. This allowed for the

comparison of ubiquitination events occurring in the whole

cell with those occurring in the proximity of USP30 in the

same system. We also included a control proteome and ubiq-

uitome (n = 4) without APEX2 biotinylation labeling (‘‘normal

proteome’’ and ‘‘normal ubiquitome’’), to assess the effect of

the biotin/H2O2 treatment and subsequent APEX2 biotinylation

reaction on protein and ubiquitination site identification/quanti-

fication (Figure 3A). For reference, definitions of the experiment

and experimental controls detailed in Figure 3A are outlined in

Table 1.

The log2 intensities for all datasets averaged coefficients of

variations (CVs) below 10%. The raw intensities showed higher

CVs for the ubiquitomes compared to the proximitome/pro-

teomes, with CVs for the proximal ubiquitome comparable to

the control ubiquitomes (Figures S2A–S2F). Principal compo-

nent analysis showed clustering of replicates based on the pres-

ence or absence of USP30 inhibition (Figures S2G–S2I).

To examine the effect of APEX2 biotin labeling on the prote-

ome and ubiquitome of USP30-APEX2-expressing HEK293

cells, the labeled proteome was compared to the normal prote-

ome, and the labeled ubiquitome was compared to the normal

ubiquitome. There were significant changes to the intensity of

proteins identified in the proteomes (Figure S3A), with String

analysis42 identifying that the majority of proteins with signifi-

cantly increased intensities upon APEX2 labeling are structural

constituents of chromatin (Figure S3B). This may be attributable

to protein upregulation in response to DNA damage caused by

the H2O2 treatment43 during APEX2 labeling. No Mitocarta

3.044-annotated proteins were altered, indicating that the label-

ing of proteins with biotin does not affect the detection and

(H) Percentage of outer mitochondrial membrane (OMM) Mitocarta 3.0 proteins identified from the proximal-ubiquitomics methodology with different amounts of

input material.

(I) HA-Ub-PA-labeled USP30-APEX after a 6 h incubation of the USP30-APEX2 HEK293 cells with the indicated concentration of compound 39, with and without

10 μM CCCP.

(J) Normalized densitometric quantification of USP30-APEX2 HA-Ub-PA labeling and inhibition after a 6 h incubation of the USP30-APEX2 HEK293 cells with the

indicated concentration of compound 39, with and without 10 μM CCCP (n = 1).
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Figure 3. USP30 proximal ubiquitome enriched for outer mitochondrial membrane proteins

(A) Experimental design to compare the proximal ubiquitome of USP30 +/− compound 39, with its corresponding proximitome, proteome, and ubiquitome. A

control proteome and ubiquitome without APEX2 biotin labeling were also included for comparison.

(legend continued on next page)
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intensity of the proteins anticipated to be proximal to USP30.

There were also significant changes to the intensity of K-ε-GG

peptides identified in the labeled ubiquitome when compared

to the normal ubiquitome, including peptides originating from Mi-

tocarta 3.0-annotated proteins (Figure S3C). The altered ubiqui-

tome as a consequence of APEX2-catalyzed H2O2 biotin labeling

is a limitation of proximity labeling and highlights the importance

of subsequent validation of hits identified with proximal-ubiqui-

tomics in systems lacking the APEX2 biotinylation process.

Proximity labelling of USP30-APEX2 has a high background

due to its exposure to a vast number of cytoplasmic proteins

and the large number of proteins that bind as background during

the streptavidin pull-down. However, proteins that are most

frequently proximal to USP30 will include genuine USP30 inter-

actors, and therefore potential substrates of USP30. OMM pro-

teins are a key example of this, with the fixed positioning of these

proteins likely to increase their USP30-APEX2 biotinylation fre-

quency and, consequently, their LC-MS/MS intensities. Addi-

tionally, previously identified USP30-dependent ubiquitination

events are localized to the OMM, such as TOMM20.21,22,24,45

To ensure the successful enrichment of proteins proximal to

USP30-APEX2, the intensity of proteins annotated in Mitocarta

3.0 as OMM vs. mitochondrial matrix (MM) proteins was com-

pared in the labeled proteome vs. the proximitome (Figures

3B–3D).

Permutation calculations were used to randomize the differ-

ence in X-Y scatter points in Figure 3B with the distribution of

the average differences of the permutations plotted in

Figure 3E. Here, the average difference in X-Y coordinates de-

noted by the red dashed line is within the normal distribution of

the permutations, showing that the identified proteins are

comparably intense between the proximitome and labeled pro-

teome overall. When the same calculations are performed for

the Mitocarta 3.0-annotated OMM proteins (Figures 3C and 3F)

and MM proteins (Figures 3D and 3G), the average differences

denoted by the red dashed line are significantly distinct from

the randomized normal distribution, with the average difference

never occurring in 100,000 permutations. These calculations

show an enrichment of OMM proteins and a reduction of MM

proteins in the proximitome when compared to the labeled pro-

teome. Enrichment of OMM proteins in the proximitome vs. the

labeled proteome was also determined by gene set enrichment

analysis (GSEA) with other ‘‘mitoch’’ terms found to be dimin-

ished in the proximitome when compared to the labeled prote-

ome (Figure S4). This confirms that the proximitome represents

an enrichment of proteins that are situated within the proximity

of USP30.

The enrichment of OMM proteins in the proximitome of

USP30-APEX2 also translates to the proximal ubiquitome of

the protein. The percentage of proteins linked to the OMM based

on Mitocarta 3.0 annotation is doubled in the proximal ubiqui-

tome compared to the control labeled ubiquitome (Figure 3H).

Despite a reduced number of K-ε-GG-modified peptides identi-

fied in the proximal ubiquitome compared to the labeled ubiqui-

tome, over 30% of proximal-ubiquitome peptides were not iden-

tified in the labeled ubiquitome (Figure 3I). This indicates that

proximal-ubiquitomics in this system enriches for a subset of

ubiquitination events from the proximity of USP30, thus narrow-

ing down potential substrates of the DUB.

Application of proximal-ubiquitomics to uncover

substrates of USP30

Following the experimental outline in Figure 3A, the labeled pro-

teome and the proximitome were assessed for protein intensity

alterations occurring as a consequence of USP30 inhibition

(Figures 4A and 4B). Although some proteins were significant

in their alterations (denoted in orange), only 1 protein in the

labeled proteome and no proteins in the proximitome were

increased or decreased more than a log2 fold change >1 with

USP30 inhibition. Minimal changes to the proteome as a conse-

quence of USP30 inhibition or knockout have also been previ-

ously reported in the literature.22,45

While proteins identified in the labeled proteome and USP30

proximitome were not perturbed upon USP30 inhibition, signifi-

cant alterations to ubiquitinated peptide intensities as a conse-

quence of USP30 inhibition were observed in the labeled ubiqui-

tome and proximal ubiquitome (Figures 4C and 4D). Significant

increases in the intensity of ubiquitinated peptides with USP30

inhibition represent potential USP30 substrates. Here, signifi-

cantly increased ubiquitination (>1 log2 difference) is detected

at various sites on 32 different proteins across the labeled ubiq-

uitome and proximal ubiquitome (Figures 4E and 4F). Although

exact ubiquitination sites vary, of the 32 proteins, 5 overlap be-

tween this dataset and two previously reported datasets with

significantly increased ubiquitination events in the case of

USP30 knockout in depolarizing conditions.22,24 Those hits

include TOMM20, FKBP8, VDAC2, VDAC1, and CISD1, all of

which are Mitocarta 3.0 annotated as OMM proteins. Of the 5

hits, 2 are detected as significantly increased with USP30 inhibi-

tion in the labeled ubiquitome out of 25 in total. All 5 are detected

as significantly increased with USP30 inhibition in the proximal

ubiquitome out of 12 proteins in total (Figure 4G), indicative of

the ability of the proximal-ubiquitomics technique to detect

robust alterations occurring as a consequence of a reduction

in USP30 activity across different cell types and experimental

conditions.

The total number of increased ubiquitination events as a

consequence of USP30 inhibition is substantially reduced in

the proximal ubiquitome when compared to the labeled ubiqui-

tome. A greater proportion of increased ubiquitination events

(B–D) The averaged log2 intensity of proteins quantified in the proximitome vs. proteome (with APEX2 biotinylation and CCCP treatment) with Mitocarta 3.0-

annotated OMM proteins or MM proteins in orange.

(E–G) Permutation analysis – the dotted red line denotes the average of the X-Y intensity differences between the proximitome and the proteome of all proteins,

outer mitochondrial membrane (OMM) proteins and mitochondrial membrane (MM) proteins. The distribution shows the randomized averages of these values

over 100,000 permutations.

(H) The number of proteins identified in the biotin-labeled proteome, labeled ubiquitome, proximitome, and proximal ubiquitome vs. the percentage of Mitocarta

3.0 OMM-annotated proteins. Number of proteins taken from all samples in total, after filtering based on valid values as detailed in the STAR Methods section.

(I) The overlap in K-ε-GG peptides identified in the labeled ubiquitome and proximal ubiquitome.
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are OMM in the proximal ubiquitome when compared to the

labeled ubiquitome, whereas a smaller proportion of ubiquitina-

tion events occur on proteins associated with other parts of the

mitochondria (Figure 4H). This finding is reflective of the enrich-

ment of OMM proteins in the proximitome relative to the prote-

ome and demonstrates that the proximal-ubiquitomics method-

ology is enabling the detection of changes in ubiquitination

events occurring in the proximity of USP30.

LETM1 is a USP30 interactor and substrate

The increase in ubiquitination of OMM proteins with USP30 inhi-

bition in the proximal ubiquitome has also been previously re-

ported with USP30 knockout.24 However, the increased ubiqui-

tination of the inner mitochondrial membrane (IMM) protein

LETM1 as a consequence of reduced USP30 activity has not

previously been reported. The increase in LETM1 ubiquitination

with USP30 inhibition was identified in both the labeled ubiqui-

tome and proximal ubiquitome, and so LETM1 was further inves-

tigated as a potential USP30 substrate.

Initially, we sought to validate the proximity of USP30 to

LETM1 using antibody-based proximity ligation assays (PLAs),

allowing for the detection of proteins within a 30–40 nm proximity

via fluorescence. In the absence of a selective USP30 antibody

suitable for immunofluorescence/IP, FLAG-USP30 was overex-

pressed, and PLA was performed both with and without

CCCP. A strong PLA signal confirmed that endogenous LETM1

and FLAG-USP30 are in proximity regardless of the presence

of CCCP (Figure 5A). USP30 has previously been found to

co-immunoprecipitate with TOMM20,45 and the increased ubiq-

uitination of TOMM20 with USP30 knockout in ubiquitomic ex-

periments has previously been validated by western blot.22,24

Therefore, TOMM20 was included as a positive control in exper-

iments investigating LETM1 as a substrate of USP30. Here,

endogenous TOMM20 was also identified as proximal to exoge-

nous FLAG-USP30 by PLA, indicating that the exogenous FLAG-

USP30 was correctly located on the mitochondria and co-local-

ized to the TOMM complex (Figure 5B).

To further explore and increase our confidence regarding the

proximity of USP30 to LETM1, a co-localization experiment

was performed. FLAG-USP30 was overexpressed, and co-local-

ization with endogenous LETM1 was assessed. Endogenous

LETM1 and FLAG-USP30 co-localized, supporting the possibil-

ity that these two proteins could be in the same protein complex

in the presence of CCCP (Figure 5C). To strengthen the validity of

our co-localization findings, we calculated Li’s intensity correla-

tion quotient to quantify the degree of correlation between

LETM1 and USP30 signals, resulting in a value of 0.182, which

is indicative of a positive correlation. The USP30-LETM1 locali-

zation in the presence of CCCP was further validated with co-

immunoprecipitation (coIP) experiments, where the pull-down

of exogenous FLAG-USP30 captured endogenous LETM1 and

the pull-down of endogenous LETM1 captured exogenous

FLAG-USP30 (Figures 5D and 5E).

Additionally, coIP successfully captured endogenous

TOMM20 where endogenous LETM1 was pulled down (Figure

5F). These data collectively support that LETM1 and USP30

are not only proximal to each other but also physically interact,

either directly or indirectly. The interaction between these two

proteins suggests that LETM1 may be a substrate of USP30,

although this does not confirm USP30’s ability to modify

LETM1’s ubiquitination status.

To further investigate, HEK293 cells were transfected with HA-

Ub for 24 h, treated with CCCP and MG132, and the ubiquiti-

nated proteome was purified by HA pull-down in both the pres-

ence and absence of compound 39. Upon the IP of HA-ubiquitin,

LETM1 displayed increased high-molecular-weight laddering in

the presence of compound 39, suggesting increased LETM1

ubiquitination with USP30 inhibition (Figure 6A). This increased

Table 1. Definitions of experimental conditions

Term Definition: LC-MS/MS analysis of - Reason for experiment

Normal proteome a total proteome of USP30-APEX2-expressing HEK293 cells

treated with 10 μM CCCP +/− compound 39,

without APEX2-catalyzed biotin labeling

to assess the effect of APEX2 biotinylation

on the proteome

Labeled proteome a total proteome of USP30-APEX2-expressing HEK293 cells

treated with 10 μM CCCP +/− compound 39, with

APEX2-catalyzed biotin labeling

for normalization, to assess whether compound

39-induced proximal-ubiquitome changes are

also changed on the proteome level

Normal ubiquitome a ubiquitinated protein enrichment (K-ε-GG) of

USP30-APEX2-expressing HEK293 cells treated

with 10 μM CCCP +/− compound 39, without

APEX2-catalyzed biotin labeling

to assess the effect of APEX2 biotinylation

on the ubiquitome

Labeled ubiquitome a ubiquitinated protein enrichment (K-ε-GG) of

USP30-APEX2-expressing HEK293 cells treated

with 10 μM CCCP +/− compound 39, with

APEX2-catalyzed biotin labeling

for comparison of compound 39-induced changes

between the standard ubiquitome workflow to

the proximal ubiquitome workflow

Proximitome a streptavidin enrichment of biotinylated proteins labeled

by APEX2 conjugated to USP30 in USP30-APEX2-expressing

HEK293 cells treated with 10 μM CCCP +/− compound 39

for normalization, to assess whether compound

39-induced proximal-ubiquitome changes are

also changed on the proximitome level

Proximal ubiquitome a streptavidin enrichment of biotinylated proteins labeled by

APEX2 conjugated to USP30 followed by a ubiquitin

enrichment (K-ε-GG) in USP30-APEX2-expressing

HEK293 cells treated with 10 μM CCCP +/− compound 39

the main experimental dataset containing compound

39-induced changes in ubiquitination occurring

in proximity to USP30
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Figure 4. Discovery of USP30 substrate candidates by integrated proximal-ubiquitomics

(A) Labeled proteome volcano plot showing the effect of compound 39 treatment on protein levels in CCCP-treated HEK293 USP30-APEX2 cells with APEX2

biotin labeling.

(B) Proximitome volcano plot showing the effect of compound 39 treatment on protein levels captured from streptavidin pull-down after USP30-APEX2 bio-

tinylation in CCCP-treated HEK293 USP30-APEX2 cells.

(C) Labeled ubiquitome volcano plot showing the effect of compound 39 treatment on peptides with K-ε-GG sites after K-ε-GG peptide enrichment in CCCP-

treated HEK293 USP30-APEX2 cells with USP30-APEX2 biotin labeling.

(D) Proximal-ubiquitome volcano plot showing the effect of compound 39 treatment on peptides with K-ε-GG sites after streptavidin pull-down of USP30-APEX2

biotinylated proteins followed by K-ε-GG peptide enrichment in CCCP-treated HEK293 USP30-APEX2 cells. Volcano plot hits in orange = significant hits

identified after permutation-based false discovery rate (FDR) correction at 5%.

(E and F) Cytoscape string analysis of K-ε-GG peptides that are significantly increased upon compound 39 treatment in CCCP-treated HEK293 USP30-APEX2

cells in the labeled ubiquitome (E) and proximal ubiquitome (F). Circle size is proportional to the log2 difference in K-ε-GG peptide intensity +/− compound 39

treatment, with the largest difference used if multiple peptides originate from the same protein. Red circles denote OMM, and blue circles denote other

(legend continued on next page)
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laddering was also phenocopied with USP30 knockdown

(Figure 6B).

To further validate this ubiquitination signal with an orthogonal

technique, we also performed tandem ubiquitin-binding

entity (TUBE) pull-downs on HEK293 cells treated with CCCP

and +/− compound 39 (Figure 6C). Initially, we assessed the

ubiquitination status of TOMM20 as a positive control, observing

an accumulation of high-molecular-weight bands in the USP30-

inhibited sample (Figure 6D). An increase in high-molecular-

weight bands with TUBE enrichment was also seen with

FKBP8 (Figure 6D), the ubiquitination of which has previously

been reported to increase with USP30 knockout22,24 but has

not previously been validated.

Finally, upon USP30 inhibition, LETM1 exhibited high-molecu-

lar-weight laddering, indicating its increased ubiquitination in the

TUBE-purified ubiquitinated proteome (Figure 6D). Taken

together, altered LETM1 ubiquitination is arising as a direct

consequence of USP30 activity and is not due to an enzyme

scaffolding function or an off-target effect of the inhibitor.

A key function of LETM1 is in the regulation of mitochondrial

morphology.30,31 In order to investigate whether the increased

ubiquitination of LETM1 as a consequence of USP30 knock-

down led to a functional change in LETM1, we carried out lattice

light-sheet microscopy of mitochondria. This approach enabled

us to analyze tens of thousands of mitochondria across condi-

tions providing robust statistics. Knockdown of USP30 using

small interfering RNA (siRNA), however, only resulted in subtle

shifts in mitochondria morphology, with a small increase in sur-

face/volume ratio across the mitochondrial population, owing

to changes predominantly in volume (Figure S5). This is in line

with a previous report of USP30 activity affecting mitochondrial

morphology subtly.47

DISCUSSION

Here, with USP30 as a model system, we have demonstrated

that proximal-ubiquitomics enriches for events occurring in the

proximity of the enzyme leading to a targeted list of positive ubiq-

uitination hits for further validations. USP30 was selected as a

model due to its status as a well-characterized DUB and the

need to validate our methodology. This approach can be readily

adapted to other DUBs of interest with minimal adjustments.

The optimization of the proximal-ubiquitome workflow pre-

sented here demonstrates the utility of combining the techniques

of proximity labeling and ubiquitomic enrichment to elucidate

direct substrates of a DUB in a cellular environment. Where pro-

tein ubiquitination ‘‘ubiquitomics’’ through the enrichment of the

K-ε-GG Ub remnant motif can identify global alterations in the

ubiquitomic state of proteins, it does not distinguish between

direct and downstream ubiquitomic events occurring upon the

perturbed activity of a DUB. The dynamic nature of ubiquitination

events means that capturing and subsequently validating robust

changes directly linked to an enzyme’s activity can be

challenging.

Proximity labeling is often employed to profile protein-protein

interactions, including transient/weak interactions.48 While prox-

imity labeling offers a targeted insight into a protein’s interac-

tions and binding partners, here we demonstrate with APEX2

proximity labeling that the microenvironment of USP30 is not

significantly altered upon inhibition of the enzyme. In this case,

it may indicate that the enrichment of those proteins proximal

to USP30 alone does not inform on substrates of the enzyme it-

self. Additionally, high background in proximity labeling experi-

ments means that the proteins identified in the proximitome

are not exclusively interactors of a protein of interest.49 The po-

wer of applying proximity labeling alone rests where large

changes in protein localization or complexes occur as a conse-

quence of a stimulus.

Both ubiquitomic and proximity labeling studies have limita-

tions for the identification of DUB substrates when applied alone,

but, when combined together, they allow for the capture of ubiq-

uitination events proximal to the enzyme of interest. By using

ubiquitination as a readout, which changes when comparing

an inhibited DUB to a non-inhibited version, or when comparing

a wild-type protein to a catalytic-dead mutant, we gain insight

into site-specific ubiquitination changes linked to the activity of

a DUB. Additionally, by using APEX2 to label both strong and

weakly interacting substrates in the local environment around

our bait protein, we overcome the limitation of IP-based

methods, which typically only capture strong interactions.

This was demonstrated by follow-up experiments exploring

LETM1 as a potentially novel USP30 substrate. LETM1 is an

IMM protein, which is essential50 and is key to multiple mito-

chondrial functions such as the maintenance of mitochondrial

morphology, mitochondrial tubular network assembly, and pro-

ton-dependent calcium efflux from mitochondria.30,31,51–53

Here, upon USP30 inhibition, LETM1 showed increased ubiq-

uitination at K292, which is proposed to be located in the mito-

chondrial intermembrane space.50,53 We were able to detect

the co-localization of LETM1 with USP30 along with an altered

ubiquitination state of LETM1 upon USP30 inhibition and knock-

down. The interaction of USP30 with LETM1, despite their differ-

ential localization, may be originating from various cellular pro-

cesses. One such process includes the proposed role of

USP30 to deubiquitinate proteins that enter the mitochondria,

with USP30 previously found to co-immunoprecipitate with the

TOMM complex.45 Here, we find that LETM1 also co-immuno-

precipitates with TOMM20, indicating that the USP30-LETM1

interaction may occur upon mitochondrial import. However,

this potential import role of USP30 may not be exactly clear as

USP30 substrates are observed here to be predominantly

located on the OMM, consistent with previous studies.22

mitochondrially localized Mitocarta 3.0-annotated proteins. Cytoscape String network based on string confidence score cutoff ≥0.7. Edge width is proportional

to string confidence score.42,46

(G) K-ε-GG sites of the 5 proximal ubiquitome hits that overlap with altered ubiquitination states of proteins with USP30 inhibition/KO reported by Jones et al.22

and Ordureau et al.24

(H) Number of K-ε-GG peptides with significantly increased intensity upon USP30 inhibition (significant hits from student’s t test with permutation-based FDR

correction at 5%, log2 difference >1) identified in the proximal ubiquitome and labeled ubiquitome either in total, with OMM localization, or with other mito-

chondrial localization annotation (‘‘other mito’’) with Mitocarta 3.0 annotation.
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Another possibility for USP30-LETM1 interactions includes

minority mitochondrial outer membrane permeabilization, which

has been found to occur with sublethal cellular stress.54 Alterna-

tively, LETM1 may interact with USP30 during vesicle formation

of the IMM via herneation through the VDAC channels.55 The in-

crease in VDAC1 and VDAC2 ubiquitination upon reduction of

USP30 activity seen both in this study as well as others indicates

that USP30 may interact with VDAC proteins, and therefore may

also be exposed to the IMM during this herneation process.

Further experimentation is needed to fully characterize these

processes in greater molecular detail.

As previously reported, LETM1 is known to play a role in mito-

chondrial morphology, so it was important to assess whether

USP30 knockdown could lead to any morphological changes.

Figure 5. LETM1 as USP30 interactor

(A and B) Proximity ligation assay (PLA) in HEK293 cells. HEK293 cells transiently transfected with FLAG-USP30, with PLA reaction between anti-FLAG antibody

and anti-LETM1 antibody (A) or an anti-TOMM20 antibody (B). Yellow punctate signals represent the reported interactions, and blue signals indicate nuclei. A

single antibody control (none) was included. Scale bar: 50 μm.

(C) Confocal images of HEK293 cells +/− CCCP transiently expressing FLAG-USP30 and endogenous LETM1 protein. Anti-FLAG antibody (red), anti-LETM1

antibody (green), and DAPI (blue) for nuclei visualization. Scale bars: 10 μm.

(D and E) HEK293T cells transiently expressing FLAG-USP30 (D) USP30 was pulled down using an anti-FLAG antibody. (E) LETM1 was pulled down using an anti-

LETM1 antibody.

(F) SH-SY5Y cell LETM1 pull-down using anti-LETM1 antibody.
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Figure 6. LETM1 and FKBP8 deubiquitination are USP30 dependent

(A) HA-ubiquitin pull-down using anti-HA antibody. HEK293T cells transiently expressing HA-Ub treated with 10 μM CCCP +/− compound 39.

(B) HA-ubiquitin pull-down using anti-HA antibody. HEK293T cells transiently transfected with scrambled or USP30 siRNA and treated with 10 μM CCCP.

(C and D) Tandem ubiquitin binding entity (TUBE) pull-down in HEK293T cells treated with 10 μM CCCP +/− compound 39.
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Our data show a marginal increase in the mitochondrial surface-

to-volume ratio, mainly due to changes in volume. This aligns

with a previous report showing that USP30 activity affects mito-

chondrial morphology in a subtle way.47 While this suggests that

USP30 may have a role in shaping mitochondrial structure, at

this stage, we have no evidence that this effect is

LETM1 dependent. Whether USP30 influences mitochondrial

morphology through LETM1 or through a different pathway re-

mains an open question that will require further investigation.

The co-localization of USP30 to the TOMM complex was re-

produced here with TOMM20-USP30 PLA and co-localization,

as well as the previously validated increase in TOMM20 ubiquiti-

nation with reduced USP30 activity. We also confirmed increased

ubiquitination of FKBP8 upon USP30 inhibition, which has been

previously reported but not validated. The TOMM complex is crit-

ical for the import of mitochondrial preproteins,56 and FKBP8 has

been identified as a mitophagy receptor for Parkin-independent

mitophagy.57 The presence of LETM1, TOMM20, and FKBP8 in

the proximal ubiquitome of USP30 increases the likelihood that

they are direct USP30 substrates. Therefore, the proximal-ubiq-

uitomics methodology developed here allows for an advanced

insight into the action of the USP30 upon mitochondrial depolar-

ization and how it may be influencing the mitophagy pathway.

The proximal-ubiquitomics approach builds upon previously

described E3 ligase substrate detection methodologies, over-

coming their limitations and allowing for the identification of spe-

cific ubiquitination events that could be applied as robust

biomarkers of USP30 inhibition. More generally, proximal-ubiq-

uitomics may be applicable more widely, not only for DUBs but

also for E3 substrate discovery. The application of the methodol-

ogy could guide the design of proteolysis-targeting chimeras

(PROTACs), molecular glues, and deubiquitinase-targeting chi-

meras (DUBTACs) with translational potential.

Limitations of the study

A crucial consideration when applying this methodology to a new

target is APEX2 labeling, which is highly dependent on the

expression levels of the bait protein. Elevated DUB expression

may lead to increased background signal, potentially affecting

data quality. To mitigate this, we recommend using a promoter

that drives moderate or low expression levels and rigorously vali-

dating APEX2 labeling through microscopy before proceeding

with further analysis.

While LETM1 was identified as a potential USP30 substrate,

the functional relevance of its deubiquitination by USP30, in

the context of mitochondrial dynamics or metabolism, was not

explored. USP30 is known to regulate mitophagy and mitochon-

drial homeostasis, and LETM1 has roles in mitochondrial ion ex-

change and morphology. However, their interplay remains to be

functionally validated. All experiments were performed in

HEK293 cells, which may not fully reflect the physiological

context of USP30-LETM1 regulation.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GAPDH (GAR1) Invitrogen CAT# MA5-15738

USP30 Atlas antibodies CAT# HPA016952

USP30 MRC PPU CAT# DU 36243

LETM1 Proteintech CAT# 16024-1-AP

Tomm20 (D8T4N) Cell signalling technology CAT# 42406

Flag Sigma Aldrich CAT# F3040

β-actin (8H10D10) Cell signalling technology CAT# 3700

Anti-HA (12CA5) Roche CAT# 11666606001

Ubiquitin (FK1) Sigma-Aldrich CAT# 04-262

FKBP8 Proteintech CAT# 11173-1-AP

S65 Phospho-ubiquitin Cell signalling technology CAT# 62802S

IgG Control (Rabbit-DA1E) Cell signalling technology CAT# 3900S

IRDye® 800CW Streptavidin LICORbio CAT# 926-32230

IRDye® 800CW Goat anti-Mouse

IgG Secondary Antibody

LICORbio CAT# 926-32210

IRDye® 800CW Donkey anti-Goat

IgG Secondary Antibody

LICORbio CAT# 926-32214

IRDye® 680CW Goat anti-Mouse

IgG Secondary Antibody

LICORbio CAT# 926-68070

IRDye® 800CW Goat anti-Rabbit

IgG Secondary Antibody

LICORbio CAT# 926-32211

IRDye® 680CW Goat anti-Rabbit

IgG Secondary Antibody

LICORbio CAT# 926-68071

Chemicals, peptides, and recombinant proteins

DME Medium - high glucose Sigma Aldrich CAT# D6546

Fetal Bovine Serum (FBS) Gibco CAT# 10100147

GlutaMAX Supplement Gibco CAT# 35050061

Poly-D-Lysine Gibco CAT# A3890401

PhosSTOP phosphatase inhibitor Roche CAT# 4906837001

cOmpleteTM, Mini, EDTA-free

Protease Inhibitor Cocktail

Roche CAT# 11836170001

PierceTM DTT (Dithiothreitol) ThermoFisher Scientific CAT# 20290

Iodoacetamide Sigma-Aldrich CAT# A3221

Hydrogen peroxide (H2O2), 30% (wt/wt) Sigma-Aldrich CAT# H1009-100ML

Trifluoroacetic acid Sigma-Aldrich CAT# 91707

Formic acid Sigma-Aldrich CAT# 56302

Biotin-phenol Sigma-Aldrich CAT# SML2135

Sodium ascorbate Sigma-Aldrich CAT# A7631

Trolox Sigma-Aldrich CAT# 238813

Sodium azide Sigma-Aldrich CAT# S2002

Phosphoric acid Sigma-Aldrich CAT# 49685

SDS, 20% Solution, RNase-free ThermoFisher Scientific CAT# AM9820

RIPA Lysis and Extraction Buffer Thermo Scientific CAT# 89901

InstantBlue Coomassie Protein Stain (ISB1L) Abcam CAT# ab119211

L-Glutamine (200 mM) Gibco CAT# 25030149

Eagle’s Minimum Essential Medium Sigma CAT# M2279

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Non-essential amino acids Sigma CAT# M7145

Ham’s F12 Nutrient Mixture Sigma CAT# N4888

Lipofectamine 2000 Transfection Reagent Invitrogen CAT# 11668030

polybrene Sigma Aldrich CAT# TR-1003

blasticidin Gibco CAT# A1113903

Lipofectamine 3000 Transfection Reagent Invitrogen CAT# L3000001

RNAiMAX Transfection Reagent Invitrogen CAT# 13778150

compound 39 Gift from Daryl S. Walter (Evotec) CAS 2242582-40-5

HA-Ub-PA This paper N/A

Phosphate buffered saline (PBS) Sigma Aldrich CAT# D8537

Trizma base Sigma Aldrich CAT# T1503

Tris HCl Roche CAT# 10812846001

MgCl2 Sigma Aldrich CAT# M2670

EDTA Fisher Scientific CAT# BP120-1

Sucrose Alfa Aesar CAT# A15583.36

HEPES Sigma Aldrich CAT# H4034

NaCl Sigma Aldrich CAT# S9888

Digitonin Sigma Aldrich CAT# D141

IGEPAL CA-630 (NP-40) Sigma Aldrich CAT# I3021

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) Sigma Aldrich CAT# C2759

DMSO Alfa Aesar CAT# 32434

Pierce™ High Capacity Streptavidin Agarose Thermo Scientific CAT# 20357

KCl Sigma Aldrich CAT# P9333

Na2CO3 Sigma Aldrich CAT# 223530

Urea Sigma Aldrich CAT# U6504

Biotin Sigma Aldrich CAT# B4501

Glycerol Sigma Aldrich CAT# G2025

Triton-X-100 Sigma Aldrich CAT# T9284

Bovine serum albumin (BSA) Sigma Aldrich CAT# A3059

Tween 20 Sigma Aldrich CAT# P1379

Hoechst 33342 Invitrogen CAT# H3570

IP lysis buffer Pierce Thermo Scientific CAT# 87787

N-Ethylmaleimide Sigma Aldrich CAT# E3876

MG132 Sigma Aldrich CAT# M7449

Tandem Ubiquitin Binding Entity 1 (TUBE 1) Agarose Life Sensors CAT# UM401

MitoTracker® Red CMXRos Cell signaling technology CAT# 9082

16% Formaldehyde (w/v), Methanol-free ThermoFisher Scientific CAT# 28906

Critical commercial assays

Duolink® In Situ Detection Reagents Orange Sigma Aldrich CAT# DUO92007

CyQUANT™ LDH Cytotoxicity Assay Invitrogen CAT# C20300

Pierce™ BCA Protein Assay Kit ThermoFisher Scientific CAT# 23225

PTMScan® HS Ubiquitin/SUMO

Remnant Motif (K-ε-GG)

Cell signaling technology CAT# 59322

Dynabeads™ Co-Immunoprecipitation Kit ThermoFisher Scientific CAT# 14321D

S-Trap™ micro Protifi CAT# C02-micro

S-Trap™ Midi Protifi CAT# C02-midi

MycoAlert detection kit Lonza CAT# LT07-318

Deposited data

LC-MS/MS data This paper - PRIDE PXD054890

Uncropped Western blot This paper - Mendeley Data https://doi.org/10.17632/s7frkxwphg.1
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Cells were incubated at 37◦C, 5% CO2. HEK293 (Homo sapien female) cells were cultured in high glucose DMEM, supplemented with

10% FBS, and 2% L-glutamine. SH-SY5Y (Homo sapien female) cells were cultured in a 1:1 mix of Hams F12 nutrient Mix and EMEM,

supplemented with 15% FBS, 1% Non-Essential amino acids and 2 mM Glutamax. Generally, Low-passage cells (fewer than 20 pas-

sages) were used throughout this study. Additionally, mycoplasma testing was performed routinely (MycoAlert detection kit), and

cells were not maintained in culture for longer than 3 months.

METHOD DETAILS

Plasmid generation

The USP30-APEX2 was expressed using a pLenti-CMV-BsR-PGK-USP30-APEX-2 plasmid synthesized by Vigene Biosciences.

APEX2 was conjugated to the C terminal of USP30, with a glycine/serine flexible linker. Flag-HA-USP30 was a gift from Wade Harper

(Addgene plasmid # 22578; http://n2t.net/addgene:22578; RRID:Addgene_22578).62

Lentiviral packaging

HEK293T cells were plated in a T175 flask and incubated at 37◦C with 5% CO2 until they reached 85% confluency. The cells were

then transfected with pMD2G, psPAX2, and the USP30-APEX2 plasmids using Lipofectamine 2000 according to the manufacturer’s

protocol. After two days of incubation, the supernatants were collected, filtered through a 0.45 μm filter, and subjected to ultracen-

trifugation to concentrate the viral particles.

Cell line generation

1.5×105 HEK293 cells were seeded in a 6-well plate and incubated overnight at 37◦C and 5% CO2. 24 hrs after seeding, USP30-

APEX2 lentivirus with polybrene was added to the HEK293 cells at a concentration of 8 μg/ml and incubated overnight at 37◦C

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HEK293 ATCC® CAT# CRL-1573

HEK293T ATCC® CAT# CRL-3216

SH-SY5Y ATCC® CAT# CRL-2266

Oligonucleotides

siRNA USP30 Dharmacon ON-TARGETplus SMARTpool CAT# L-021294-00-0005

siRNA scrambled Invitrogen CAT# 4390844

Recombinant DNA

pLenti-CMV-BsR-PGK-USP30-APEX-2 Vigene Biosciences Custom made

Flag-HA-USP30 Addgene plasmid (wade harper) CAT# 22578

pMD2G Daniel Ebner Laboratory Addgene plasmid #

12259

psPAX2 Daniel Ebner Laboratory Addgene plasmid #

12260

Software and algorithms

DIA-NN (1.8.1) Steger et al.39 https://github.com/vdemichev/DiaNN

ImageJ NIH https://imagej.net/software/fiji/

Prism (Version 10.1.1 323) Graphpad https://www.graphpad.com/

Image studio lite (version 5.2.5) LICORbio https://www.licorbio.com/

image-studio-lite

Perseus (version 1.6.15.0) Tyanova et al.59 https://maxquant.net/perseus/

R (version 4.3.2) R Core Team https://cran.r-project.org

clusterProfiler package (version 4.10.1)60 Bioconductor https://bioconductor.org/packages/

clusterProfiler

Zen blue (version 3.10.103.01000) ZEISS Microscopy https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

scikit-image (Python) Van der Walt et al.61 https://scikit-image.org/
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and 5% CO2. 24 hrs after lentiviral treatment, the HEK293 cells were trypsinized and seeded into a 100mm dish (All cells were used).

After 8 hours, 5 μg/ml blasticidin was added to both the negative control and the transduced cells. The cells were incubated for

10 days under selection, with the medium being replaced every 3 days.

Transient transfection

For DNA plasmid transfections, cells were seeded in 6-well plates and transfected for 24 hrs using Lipofectamine 3000 Transfection

Reagent (L3000001, ThermoFisher UK) according to the manufacturer’s instructions. The concentration of plasmids used can be

found in the details of each specific experiment.

For siRNA transfection experiments, cells were grown in 6-well plates and transfected for 72 hrs with RNAiMAX Transfection Re-

agent (Invitrogen, 13778-150) following the manufacturer’s protocol. A final concentration of 10 nM was used for the following

Silencer Select siRNAs: control siRNA (4390844) and si-USP30 (Dharmacon ON-TARGETplus SMARTpool).

Compound 39 synthesis

‘compound 39’ (Figure S1E), refers to CAS number 2242582-40-5. The inhibitor was >95% pure as assessed by HPLC analysis.27

HA-Ub-PA ABP labelling

Ubiquitin (Gly76del) with an N-term HA tag and C-term propargylamine (HA-Ub-PA) synthesis and lysate labelling was carried out as

previously described.26 HEK293 expressing USP30-APEX2 were treated with compound 39 for 6 hrs at the concentration indicated in

the figure, washed 3 times in PBS and lysed in 50 mM Tris (pH 7.5), 5 mM MgCl2, 0.5 mM EDTA, 250 mM sucrose and 1 mM DTT with

bead beating. Lysates were then clarified at 600 xg for 10 minutes at 4◦C and supernatant protein was quantified by BCA. HA-Ub-PA

was then incubated with lysate protein (1:100 w/w) for 5 minutes at 37◦C.

Membrane-cytoplasmic cellular fractionation

As previously described,39 fresh HEK293 FRT cell pellets were resuspended in digitonin lysis buffer (50 mM Hepes, pH 7.5, 10 mg/ml

digitonin, 150 mM NaCl) and incubated for 30 minutes at 4◦C with continuous agitation. The sample was then centrifuged at 6,000 xg

for 5 minutes at 4◦C. The resulting supernatant, containing the cytoplasmic fraction, was carefully transferred to a new tube. The pel-

let was resuspended in a buffer containing 0.3% NP-40, 50 mM Hepes (pH 7.5), and 150 mM NaCl, and incubated on ice for 5 minutes.

After centrifugation at 1,500g for 5 minutes, the supernatant, representing the membrane fraction, was collected into a separate tube

and stored at − 20◦C until further analysis.

LDH release cytotoxicity assay

HEK293 cells expressing USP30-APEX2 were grown in a 96 well plate coated with Poly-D-Lysine. Cells were treated with 10 μM

CCCP for 6 hrs and biotin-phenol for 30 minutes (N=3 wells) at the indicated concentrations. Cytotoxicity was measured as LDH

release into the media using the CyQUANT™ LDH Cytotoxicity Assay (Invitrogen) according to the manufacturer’s instructions.

Briefly, 10 μl of lysis buffer per well (provided in the kit) for the maximal LDH activity controls, and 10 μl H2O for all other samples

was incubated at 37◦C for 45 minutes with 5 % CO2. After incubation 50 μl of media from each well was transferred to a new 96

well plate and 50 μl of reaction mixture was added to each well. Following a 30-minute room temperature incubation, 50 μl of

stop solution was added to each well and the absorbance was measured at 490 nm and 680 nm. Biotin treated cytotoxicity was

calculated as a percentage of the maximum LDH activity after subtraction of spontaneous control LDH activity.

Proximal ubiquitomics workflow - APEX2 proximity labelling

HEK293 cells expressing USP30-APEX2 were grown in T175 flasks coated with Poly-D-Lysine to 100% confluency, with 5 x T175

flasks pooled per condition. The medium was then replaced with fresh medium containing 10 μM CCCP, with either 5 μM of com-

pound 39, or DMSO as a control. The cells were incubated at 37◦C and 5% CO2 for 5.5 hours. Following this incubation, proximity

labelling was performed as previously described.36,49,63 Briefly, 2 μM phenol biotin was added to the media, and the cells were incu-

bated for an additional 30 minutes. Subsequently, H2O2 at a concentration of 1 mM was added to the medium for exactly 1 minute.

The cells were then washed four times with Quencher buffer (10 mM sodium ascorbate, 10 mM sodium azide, 5mM Trolox in DPBS),

with each wash involving a 1-minute incubation.

The cells were lysed using lysis buffer (10 ml per 5 x T175 flasks) (RIPA lysis buffer containing 1 mM PMSF, 5 mM Trolox, 10 mM

sodium azide, 10 mM sodium ascorbate, PhosSTOP phosphatase inhibitor and cOmplete Protease Inhibitor Cocktail) and centri-

fuged at 10,000 xg for 10 minutes at 4◦C. At this stage 5% of lysate was taken for the ‘labelled proteome’ and processed for

mass spectrometry analysis using the S-Trap™ micro digestion protocol according to the manufacturer’s instructions, and the re-

maining lysate was incubated with 3.5 mL of streptavidin agarose beads for 1 hour at room temperature. The beads were then

washed with 10 mL of the following buffers in the specified order: twice with RIPA buffer, then with KCl, Na2CO3, 2M Urea, 1%

SDS and finally with 2 times with RIPA buffer.

Biotinylated proteins were eluted in 4 mL of 2x loading dye (100 mM Tris-HCL pH 6.8, 4% SDS, 20 % Glycerol) supplemented with

2 mM biotin and 20 mM DTT by boiling (98◦C) for 10 min. Eluted material was subsequently processed for mass spectrometry anal-

ysis using the S-Trap™ midi digestion protocol according to the manufacturer’s instructions. 10% of eluates from the S-Trap™ clean

up were taken for LC-MS/MS analysis as the ‘proximitome’.
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Proximal ubiquitomics workflow - K-ε-GG immunoprecipitation

The subsequent K-ε-GG immunoprecipitation (IP) was performed according to the manufacturer’s instructions with small differ-

ences. Briefly, lyophilized peptides were centrifuged for 5 minutes at 2000 xg at room temperature. To the dried peptides, 0.5 mL

of 1X IAP bind buffer was added, and the peptides were resuspended mechanically by repeated pipetting. The solution was then

centrifuged for 5 minutes at 10,000 xg at 4◦C and transferred into a new Eppendorf tube.

For each sample, 10 μL of bead slurry was placed into a 1.5 mL Eppendorf tube. The beads were washed four times with 1 mL of

ice-cold PBS. The soluble peptides were then transferred to the beads and incubated on an end-over-end rotator for 2 hours at 4◦C.

Afterwards, the samples were spun down at 2000 xg for 5 seconds to pellet the beads, placed on a magnetic rack for 10 seconds, and

the unbound peptide solution was discarded.

The beads were washed with 1 mL of chilled HS IAP Wash Buffer (1X), resuspended, briefly centrifuged as before, placed on the

magnetic rack for 10 seconds, and the wash buffer was removed. This washing step was repeated three additional times. The samples

were then washed twice with 1 mL of chilled LCMS water. Ubiquitinated peptides were eluted by adding 50 μL of IAP Elution buffer and

incubating at room temperature for 10 minutes with gentle mixing. The elution was repeated once more to ensure complete recovery of

ubiquitinated peptides. Peptides were then purified by C18 and resuspended in 5% DMSO/5% FA for LC-MS/MS analysis.

The input material optimization shown in Figures 2G and 2H follow this USP30-APEX2 proximity labelling workflow with indicated

number of 15 cm dishes as input.

Control proteome, control ubiquitome and labelled ubiquitome

HEK293 cells expressing USP30-APEX2 were grown in 10 cm dishes coated with Poly-D-Lysine to 100% confluency, with 1 x 10 cm

dish used per condition. Cells were APEX2 labelled as detailed for the proximal-ubiquitome for the ‘labelled ubiquitome’. Cells for the

control proteome and control ubiquitome were not APEX2 labelled. Cells were treated with CCCP +/− compound 39, lysed in 500 μL,

clarified and processed using S-Trap™ midi as detailed for the proximal-ubiquitome. Where cells were not APEX2 labelled, 5% was

removed for the control proteome. Remaining peptides were then K-ε-GG immunoprecipitated as detailed for the proximal-

ubiquitome.

Liquid chromatography tandem mass spectrometry - LC-MS/MS

The proximal-ubiquitome was analysed on a timsTOF SCP (Bruker) LC-MS/MS system to maximise sensitivity. The input material

optimization detailed in Figures 2G and 2H was analysed on an Orbitrap Fusion Lumos Tribid (Thermo) LC-MS/MS system. All other

samples were analysed on an Orbitrap Ascend Tribid (Thermo) LC-MS/MS system.

APEX2 proximitome and total proteomics samples were analysed by LC-MS/MS using a Vanquish Neo UHPLC (Thermo) con-

nected to a Thermo Orbitrap Ascend mass spectrometer (Thermo). The Vanquish Neo was operated in ‘‘Trap and Elute’’ mode using

a PepMap Neo trap (185um, 300um x 5mm) and EASY-SPRAY PepMapNeo column (50cmx75um, 1500bar). Tryptic peptides

were trap and separated using a 60 min linear gradient over 60 minutes (from 3 to 20% B in 40 min and from 20 to 35% in

20 min) at 300nl/min flow.

APEX proximitome and total proteomics samples were acquired in DIA mode with some slight changes from previously described

method.27,64 Briefly, survey scans (MS1) were acquired in the Orbitrap over the mass range of 350 – 1650m/z, with a 45k resolution,

maximum injection time of 91 ms, an AGC set to 125% and a RF lens at 30%. MS2 scans were then collected using the tMSn scan

function, with a 40 predefined variable width DIA scan windows64 with a 30K orbitrap resolution, normalized AGC target of 1000%,

maximum injection time set to auto and a 30 % collision energy.

K-ε-GG enriched ubiquitomics samples were analysed by LC-MS/MS using an Ultimate 3000 HPLC coupled to an Orbitrap Ascend

Tribrid or an Orbitrap Fusion Lumos Tribid instrument (Thermo Fisher) using a nano-EASY spray source. Tryptic peptides were loaded

onto an AcclaimPepMap100 trap column (100μm x 2cm, PN164750; ThermoFisher) and separated on a 50cm EasySpray column

(ES903, ThermoFisher) using a 60 min linear gradient from 2 to 35% acetonitrile, 0.1% formic acid and at 250nl/min flow rate.

Both trap and column were kept at 50C. Data were acquired in DIA-mode with 44 variable width windows optimised for GG workflows

as previously described.39 In brief, MS1 scans were acquired in the Orbitrap over the mass range of 350 – 1650m/z, with a 120k res-

olution, maximum injection time of 60ms, an AGC set to 300% and a RF lens at 30%. MS2 scans were then collected using the tMSn

scan function, with a 44 predefined variable width DIA scan windows39 with a 30K orbitrap resolution, normalized AGC target of

2000%, maximum injection time set to auto and HCD stepped collision energy set at 22, 27 and 30 %.

Proximal-ubiquitome samples were analysed using an Evosep One LC system (EvoSep) coupled to a timsTOF SCP mass spec-

trometer (Bruker) using the Whisper 40 samples per day method and a 75 μm x 150 mm C18 column with 1.7 μm particles and an

integrated Captive Spray Emitter (IonOpticks). Buffer A was 0.1% formic acid in water, Buffer B was 0.1% formic acid in acetonitrile.

Data was collected using diaPASEF65 with 1 MS frame and 9 diaPASEF frames per cycle with an accumulation and ramp time of

100 ms, for a total cycle time of 1.07 seconds. The diaPASEF frames were separated into 3 ion mobility windows, in total covering

the 400 – 1000 m/z mass range with 25 m/z-wide windows between an ion mobility range of 0.64–1.4 Vs/cm2. The collision energy

was ramped linearly over the ion mobility range, with 20 eV applied at 0.6 Vs/cm2 to 59 eV at 1.6 Vs/cm2.

Immunofluorescence/Proximity ligation assay

Cells were fixed with 4% paraformaldehyde at room temperature for 10 minutes, followed by three washes with PBS. Next, the cells

were incubated with PBS containing 0.1% Triton-X-100 for 10 minutes at room temperature, followed by a PBS wash for 5 minutes.
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Subsequently, the cells were blocked with 5% BSA in TBST containing 0.1% Tween 20 for 1 hour. Depending on the sample, the cells

were then incubated with the following primary antibodies: ANTI-FLAG® M1 (1:1000) (Sigma Aldrich F3040), LETM1 (1:100) (Protein-

tech, 16024-1-AP), and TOMM20 (1:100) (Cell Signaling, 42406) at 4◦C overnight. After primary antibody incubation, the cells were

washed three times with TBST containing 0.1% Tween 20, incubating with the wash buffer for 5 minutes each time.

For the proximity ligation assay (PLA), the cells were incubated with PLA anti-mouse PLUS and anti-rabbit MINUS Duolink second-

aries, followed by Duolink In Situ Orange Reagents, according to the manufacturer’s protocol (Millipore Sigma).

For immunofluorescence, the cells were incubated with the secondary antibodies (Goat anti-Mouse IgG (H + L), Alexa Fluor

488-conjugated, and Goat anti-Rabbit IgG (H + L), Alexa Fluor 633-conjugated) in 1% BSA in TBST containing 0.1% Tween 20

for 1 hour at room temperature. The cells were then washed three times with TBST containing 0.1% Tween 20, incubating with

the wash buffer for 5 minutes each time. For nuclear staining, the cells were incubated with Hoechst 33342 (1:1000) for 10 minutes

at room temperature, followed by three washes with PBS.

Samples from both PLA and immunofluorescence were imaged using a high-content laser-based spinning disk confocal micro-

scope (Opera Phenix Plus) with a 40x water objective. Images were collected and analyzed using Harmony® imaging and analysis

software.

For colocalisation analysis, the images were processed using ImageJ, and Li’s Intensity Correlation Quotient (ICQ) was calculated

using the Coloc 2 plugin.

Immunoprecipitation

IP-Flag: Cells were washed twice with ice-cold PBS and then lysed in Pierce IP lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl,

1% NP-40, 1 mM EDTA, 5% glycerol, PhosSTOP phosphatase inhibitor, and cOmplete Protease Inhibitor Cocktail). The lysates were

incubated on ice for 10 minutes with periodic mixing and then clarified by centrifugation at 13,000 xg for 10 minutes at 4◦C. The pre-

cleared lysates were incubated with anti-FLAG M2 Magnetic Beads at 4◦C for 4 hours. After washing three times with lysis buffer, the

proteins bound to the anti-FLAG antibody were pulled down by 3X FLAG peptide elution buffer. Both the whole cell lysates and the

pull-down samples were subjected to immunoblotting analysis.

IP-LETM1: Cells were washed twice with ice-cold PBS and then lysed in Pierce IP lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM

NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol, PhosSTOP phosphatase inhibitor, and cOmplete Protease Inhibitor Cocktail). The lysates

were incubated on ice for 10 minutes with periodic mixing and then clarified by centrifugation at 13,000 xg for 10 minutes at 4◦C to

remove cell debris. The pre-cleared lysates were incubated with anti-LETM1 antibody in a dilution of 1:100. The next day, lysates

were incubated with 50uL of Dynabeads™Protein G for Immunoprecipitation and incubated for 30 minutes at room temperature. After

washing three times with lysis buffer, the proteins bound to the anti-LETM1 antibody were eluted by 2X Loading dye and 100mM DTT

elution buffer. Both the whole cell lysates and the pull-down samples were subjected to immunoblotting analysis.

Tandem ubiquitin binding entity pulldown

HEK293 cells were grown in 150 mm dish to 100% confluency, with 1 x 150 mm dish per condition. The medium was then replaced

with fresh medium containing 10 μM CCCP, with either 5 μM of compound 39, or DMSO as a control. The cells were incubated at

37 ◦C and 5 % CO2 for 6 hours. Cells were washed twice with ice-cold PBS and then lysed in Pierce IP lysis buffer (25 mM Tris-

HCl pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol, PhosSTOP phosphatase inhibitor, and cOmplete Protease Inhibitor

Cocktail, 100mM N-Ethylmaleimide (NEM) and 10 μM MG132). The lysates were incubated on ice for 10 minutes with periodic mixing

and then clarified by centrifugation at 13,000 g for 10 minutes at 4◦C to remove cell debris. Supernatant was collected and 10% of

sample was removed as "INPUT" for analysis by Western blotting. Endogenous ubiquitylated proteins were isolated from the soluble

lysate at 4◦C for 12 hrs using 50 μl of packed agarose TUBE (TUBE1, Life sensors, performed according to the manufacturer’s in-

structions). Following four washes in TBST, bound proteins were eluted using reducing and denaturing SDS sample loading buffer

and analysed by Western blot.

Lattice light sheet microscopy of mitochondria

For imaging mitochondria, 8-well glass-bottom IBIDI chambers were coated, and 5,000 cells were seeded on the surface. The next

day, cells were transfected with 10 nM of either Silencer control siRNA or si-USP30, as described above. After 72 hours, cells were

treated with DMSO or 10 μM CCCP for 6 hours. Thirty minutes before the end of the treatment, 100 nM MitoTracker® Red CMXRos

(Cell Signaling, #9082) was added to the cells. Cells and the glass slides were washed and fixed in 1% PFA for 10 minutes before

being washed and placed into PBS. Volumetric images of cells (using a 0.2μm step size) were taken using the Lattice Light sheet

microscope 7 (LLSM7) from Zeiss using the 561nm laser at 5% power with 50ms of exposure.

QUANTIFICATION AND STATISTICAL ANALYSIS

The proximal-ubiquitome, proximitome, labelled proteome, normal proteome and normal ubiquitome were performed in technical

quadruplicate (N=4), the labelled ubiquitome was performed in technical triplicate (N=3). Technical replicates refer to samples

that were grown in separate cell culture flasks and processed separately throughout the experimentation.
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LC-MS/MS data processing

All data were searched library-free with DIA-NN 1.8.139,66 with a Uniprot Homo Sapiens fasta (20,370 entries, retrieved on April 16,

2021). For ubiquitome searches all setting were left as default other than the addition of variable modifications (methionine oxidation,

N-terminal acetylation and K-ε-GG ubiquitin remnant motif, with a maximum of 2 variable modifications allowed). Default search set-

tings include 1 missed Trypsin/P cleavage, with fixed N-terminal methionine excision and fixed cysteine carbamidomethylation. For

proteome and proximitome searches, settings were identical other than the K-ε-GG variable modification. Match-between runs was

enabled for all searches, except for the input material optimization in Figures 2G and 2H.

LC-MS/MS data analysis

For ubiquitome data, peptide level information was extracted from the DIA-NN precursor matrix output. The output was filtered to

remove any non-proteotypic identifications, collapsed to provide peptide level information by summing precursors with different

charge states using R (version 4.3.2),67 and filtered for the UniMod:121 K-ε-GG adduct. For proximitome and proteome data, the

DIA-NN protein groups output matrix was used. All data was imported into Perseus (Version 1.6.15.0),59 log2 transformed, filtered

so that values were present in all replicates for at least 1 condition, median subtract normalised, and imputed using imputeLCMD

k-nearest neighbour (KNN) with a neighbour number of 15. A Perseus two-sample students T-test with permutation-based FDR

set to 5% was applied to extract significant changes as indicated in figures. Principle component analysis at Figures S2G–S2L

was performed in Perseus (Version 1.6.15.0). Coefficients of variation at Figures S2A–S2F were calculated using Graphpad Prism

(Version 10.1.1).

Permutation analysis of proximitome vs. proteome

Permutation analysis was carried out in R to establish the significance of the increased intensity of OMM proteins in the proximitome

vs the proteome, when compared to all proteins and to those in the MM. This was achieved by multiplying the difference of each

protein between the proximitome vs the proteome randomly by either +1 or − 1 100000 times and then plotting the means of the dif-

ferences as a distribution and comparing this to the mean difference of Mitocarta 3.0 annotated OMM proteins, MM proteins and to

the proteins overall.

Gene set enrichment analysis of proximitome vs. proteome

Gene set enrichment analysis (GSEA) was performed in R67 using the clusterProfiler package.60 Genes were pre-ranked based on

log2(fold change proximitome/proteome). Gene Ontology Cellular Component terms were interrogated against the pre-ranked

gene list, providing normalised enrichment scores, leading edge signal scores, and p-values for each term. False discovery rate

(FDR) was calculated using the Benjamini Hochberg (BH) Procedure. Gene sets with FDR < 0.05 were considered significantly en-

riched (as indicated in legends of Figure S4).

Image analysis of mitochondrial morphology using lattice light sheet microscopy

Images were deskewed and deconvolved using a constrained iterative algorithm (set to a level of 10) via the processing panel in Zen

blue (version 3.10.103.01000). This gave an isotropic pixel value of 0.145. Mitochondria were segmented using a custom script that

used a feathering algorithm to pick up on mitochondria outlines. This was in combination with multi-Otsu thresholding and a custom

set of operators (i.e., erosions, closing, and filling of holes) from scikit-image (Python) to enable segmentation and separation of in-

dividual mitochondria.61 Segmented objects <0.005 percentile and >0.995 percentile for mitochondrion surface area were excluded

from further analysis, in order to reduced biases from segmentation artefacts. Separate organelles were given a unique identifier us-

ing the ‘label’ function from scikit-image. Segmented organelles had their geometric parameter measurements extracted (indicated

in the table below) and standardized. Data was visualized with Uniform Manifold Approximation and Projection (UMAP). A gaussian

kernal density estimate was plotted to produce the contour/density map of UMAP points for visualisation of mitochondria distribution

shifts. Violin plots were used to show comparison between conditions for each metric listed below.

Metric analysed Description

Surface area Surface area was calculated by converting segmented mitochondria into a mesh68 then using a custom

script to extract the surface area from sum of the triangle faces (one side) that form the mesh.

Mito volume Quantified by multiplying the number of pixels for each mitochondrion by the volume of a pixel.

Mito area/volume ratio Mito area/volume

Mito complexity Taken from Vincent et al., 2019.69

Mito sphericity (Surface area *1.5)/

Mito compactness (36*pi*volume)/(surface_area**2)

Mito roundness (Surface area*pi*2/3)/6*volume**(2/3))

Euler number Defined as N-H. N is the number of regions of the image (number of connected components of the object)

and H is the number of holes in the image (isolated regions of the image’s background).
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ADDITIONAL RESOURCES

Uncropped Western blot images have been uploaded to Mendeley Data: https://doi.org/10.17632/s7frkxwphg.1 and are publicly

available.
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