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Figure 1. Establishment of a cell culture model system for proximity labeling of proteasomes. (a) Schematic representation of proteasome with the
substructures containing subunits fused to biotin ligase highlighted in color (shown in 2 shades of blue and green for 20 S and 19 S proteasome,
respectively). (b) Upper panel, immunoblot of BirA* fusion proteins performed on lysates from HEK293T cells stably transfected with PSMA4-BirA*-
FLAG, PSMC2-BirA*-FLAG or BirA*-FLAG-PSMD3 following 24 hr incubation with (+tet) or without (—tet) tetracycline. Lower panel, streptavidin-HRP blot
following induction of BirA* fusion proteins with tetracycline and supplementation of biotin for 24 hr. Amido Black or Ponceau stainings were used as
loading control. HRP: horseradish peroxidase. (c) Immunofluorescence analysis of PSMA4-BirA*-FLAG cell line 4 days after seeding without addition of

Figure 1 continued on next page
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Figure 1 continued

any substance (-tet -bio), with addition of only tetracycline for 4 days (+tet bio) or with addition of both tetracycline for 4 days and biotin for 1 day (+tet
+ bio). Scale bar = 20 pm. (d) Level of enrichment of proteasome components measured by ProteasomelD in the context of the proteasome structure.
Enriched proteins are depicted in different shades of red according to the log2 fold enrichment vs. BirA* control. Scale bar = 10 nm. The proteasome
structure depicted was obtained from the PDB:5TOC model of the human 26 S proteasome Chen et al., 2016 and rendered using Chimera (Pettersen
et al., 2004). (e) Enrichment level comparison for proteasome components achieved in 3 different cell lines of ProteasomelD. Enriched proteins are
depicted in the same color code as in panel a. and according to the log2 fold enrichment vs. BirA* control. n=4 biological replicates.

Bartolome et al. eLife 2024;13:RP93256. DOI: https://doi.org/10.7554/eLife.93256 30f 20


https://doi.org/10.7554/eLife.93256

Biochemistry and Chemical Biology

Streptavidin

merged

a. PSMA4-BirA* PSMC2-BirA* BirA*-PSMD3
4
i 198
'
PSMA4
: 20S C-term
4
19S 10 nm
b. PSMC2-BirA* BirA*-PSMD3
- tet -bio + tet -bio + tet +bio - tet -bio + tet -bio

+ tet +bio

Figure 1—figure supplement 1. Further characterization of PSMC2-BirA*,BirA*-PSMD3 expressing cell lines. (a) Schematic representation of
proteasome structure with the biotin ligase-fused to N- or C-termini of the respective bait proteins highlighted in color. Scale bar = 10 nm. The

proteasome structure depicted was obtained from the PDB:5TOC model of the human 26 S proteasome Chen et al., 2016 and rendered using Chimera

(Pettersen et al., 2004). (b) Immunofluorescence analysis of PSMC2-BirA*-FLAG and BirA*-FLAG-PSMD3 HEK293T cell lines 4 days after seeding

without addition of any substance (-tet -bio), with addition of only tetracycline for 4 days (+tet bio) or with addition of both tetracycline for 4 days and
biotin for 1 day (+tet + bio). Scale bar = 20 um.
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Figure 1—figure supplement 2. Optimization of BiolD workflow and ProteasomelD cell lines evaluation. (a) Scheme of optimized BiolD protocol.
The original protocol by Mackmull et al., 2017 was optimized by (i) acetylation of lysines on streptavidin prior to pull-down; (i) replacement of trypsin
by LysC for on-bead digestion. Following on-bead digestion, two sequential elutions with ammonium bicarbonate (AmBic) and acetonitrile (ACN) /
trifluoroacetic acid (TFA) are performed and eluates are further digested off-beads with trypsin. (iii) Peptides from AmBic and ACN/TFA eluates are

Figure 1—figure supplement 2 continued on next page
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Figure 1—figure supplement 2 continued

then analyzed by Data Independent Acquisition (DIA) mass spectrometry. (b) Representative base peak chromatograms of AmBic elutions obtained
from the original (upper panel,) and modified (lower panel) BiolD protocol. The replacement of trypsin with LysC together with the acetylation of
streptavidin drastically reduces the contamination by streptavidin-derived peptides. (c) Quantification of streptavidin in AmBic elutions obtained from
the original (T: trypsin) and modified (LT: LysC followed by trypsin) BiolD protocol. Streptavidin quantification was based on iBAQ values (Cox and
Mann, 2008) obtained label free mass spectrometry analysis. Two representative replicates (R1, R2) are shown for each condition. (d) Bar plots of the
number of identified protein groups and biotinylated peptides obtained using the original vs. optimized BiolD protocols. Data were obtained from cell
lines expressing PSMA4-BirA* (light blue dots) or BirA* (black/white dots). The number of identified protein groups was obtained from AmBic samples,
while the number of biotinylated peptides was derived from ACN/TFA samples. n=4 biological replicates, error bars indicate standard deviation of
the mean. (e) Principal component analysis (PCA) of ProteasomelD cell lines samples based on the abundance of all proteins identified by label-free
mass spectrometry. The smaller dots represent individual samples and the larger dots the centroids of each age-matched group. Ellipses represent
95% confidence intervals. The percentage of variance explained by the first two PC axes is reported in the axis titles. (f) MA plots of proteins enriched
by streptavidin pull-down and analyzed by DIA mass spectrometry from different cell lines. Highlighted in color are proteasome members or assembly
factors and activators. Data were obtained from n=4 biological replicates.
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Figure 1—figure supplement 3. Plasmid map for construct PSMC2-BirA*.
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Figure 2. Validation of ProteasomelD. (a) Comparison of expression levels of PSMA4-BirA* (lanes marked by star) and its endogenous counterpart
(lanes marked by arrowhead), following 24 hrincubation with (+tet) or without (—tet) tetracycline. Ponceau S staining was used as loading control. (b) Size
exclusion chromatography (SEC) analysis of lysates from HEK293T cells stably expressing PSMA4-BirA* following 24 hr incubation with tetracycline. SEC
fractions were analyzed by DIA mass spectrometry and elution profiles were built for each protein using protein quantity values normalized to the sum
of quantities across all fractions. Depicted are elution profiles of PSMA4 (proteasome subunit, blue) and BirA* (biotinylating enzyme, dashed line). The
peaks corresponding to different proteasome assemblies were assigned based on the elution profiles of other proteasome components. (c) Immunoblot
for proteasome subunits PSMA4 (left panel), PSMC2 (right panel), and FLAG tag (middle panel) of cell lysates separated by native PAGE from PSMA4-
BirA* and BirA*-Ctr cell lines with and without tetracycline addition. Tet = tetracycline, 30S=indicates position of proteasome structures containing one
core and 2 regulatory particles, 26S=indicates position of proteasome structures containing one core and 1 regulatory particle, 20S=indicates position
of proteasome structures consisting of only single core particle. (d) Biotinylated lysines identified by ProteasomelD. All the residues within a 10 nm
radius of the PSMA4 C-terminus are highlighted in cyan. Red color indicates the C-terminus of PSMA4 where BirA* is fused (not present in the structure),
and the identified biotinylated lysines are depicted in orange. Only the structure of the modified subunit is depicted with a surface model and all the
other subunits are depicted as helix-loop structures. Biotinylated residues were obtained from the ACN fraction of PSMA4-BirA*. The proteasome
structure depicted was obtained from the PDB:5TOC model of the human 26 S proteasome (Chen et al., 2016) and rendered using Chimera (Pettersen
et al., 2004). (e) Proteasome activity assay performed on lysates from cell lines expressing different BirA* fusion proteins, following 24 hr incubation
with (+tet) or without (—tet) tetracycline. Equal amounts of protein extracts were incubated with proteasome substrate LLVY-7-Amino-4-methylcoumarin
(AMC) and substrate cleavage assessed by fluorimetry. n=3 biological replicates, error bars indicate standard deviation of the mean, paired t-test.

Figure 2 continued on next page
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Figure 2 continued

(f) Cycloheximide-chase experiment on c-Myc stability. PSMA4-BirA*cells were incubated with 50 pg/ml cycloheximide (CHX) for the indicated times in
the presence or absence of MG132 (20 uM) and tetracycline (1 pg/pl). Cells lysates were then prepared for western blot analysis of steady-state levels of
c-Myc.Tet=tetracycline, CHX = cycloheximide.
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Figure 2—figure supplement 1. ProteasomelD cell line validation. (a) Densitometric quantification of immunoblot depicted in Figure 2a. Ponceau
staining was used as loading control for normalization. n=3 biological replicates, error bars indicate standard deviation of the mean. (b) Size exclusion
chromatography (SEC) analysis of lysates from HEK293T cells stably expressing PSMA4-BirA* following 24 hr incubation with tetracycline. SEC fractions
were analyzed by DIA mass spectrometry and elution profiles were built for each protein using protein quantity values normalized to the sum of
quantities across all fractions. Depicted in the upper panel are the elution profiles of 20 S proteasome components. The lower panel depicts the
elution profile of BirA*. The perpendicular dashed line depicts a cut off for fully assembled proteasome complexes. (c) Densitometric quantification

Figure 2—figure supplement 1 continued on next page
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Figure 2—figure supplement 1 continued

of immunoblot depicted in Figure 2f. Ponceau staining was used as loading control followed by band intensity normalization to zero hour, untreated
samples (which were set to 1). Tet = tetracycline, CHX = cycloheximide. (d) Immunoblot comparing the levels of K48 ubiquitylated proteins from PSMA4-
BirA* cells treated with (+tet) or without (-tet) tetracycline. Afterwards, expression of PSMA4-BirA* was verified by blotting against BirA* and PSMA4.
Ponceau staining was used as loading control. (e) ROC curve of the classifier used to define ProteasomelD enriched proteins. (f) Bar plots comparing the
levels of enrichment obtained in ProteasomelD experiment for members of the UPS network not identified in previous interaction studies. Enrichment
levels were normalized to the levels detected in BirA* control cell line which was set to 1. Protein quantities were derived from DIA mass spectrometry
data. Data are shown as mean + standard error from n=4 biological replicates. (g) Differences in enrichment score (compared to BirA* control) between
proteins of the 20 S proteasome, known PIPs, first neighbors of known PIPs and other enriched proteins. The enrichment scores were obtained from DIA
mass spectrometry data from n=4 biological replicates. p-values were derived from Wilcoxon rank sum test: *** p<0.001, ** p<0.01, n.s. p>0.05.
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Figure 3. ProteasomelD identifies known proteasome interactors. (a) Schematic depiction of the classifier algorithm used to unbiasedly define proteins
enriched by ProteasomelD. The classifier is based on an ‘Enrichment score’ obtained by combining the average log?2 ratio and the negative logarithm of
the g value from differential protein abundance analysis performed vs. BirA* control line. (b) Distribution of enrichment scores calculated by the classifier

algorithm for proteasome subunits (set of true positives) and mitochondrial matrix proteins (set of true negatives). The dashed vertical line indicates
the enrichment score cut-off to define ProteasomelD enriched proteins at FPR <0.05. (c) MA plot of proteins enriched by streptavidin pull-down and

analyzed by DIA mass spectrometry. Highlighted in color are proteasome members, assembly factors and activators, and other proteins significantly
enriched in ProteasomelD (FPR <0.05). n=4 biological replicates.(d) Comparison of co-elution profiles obtained by SEC-MS and proteins enriched

in ProteasomelD. Pearson correlation values were calculated between PSMA4 and all the other proteins quantified in SEC-MS (n=4680). Correlation
values were compared between proteins significantly enriched in PSMA4-BirA* vs. BirA* and all the other proteins quantified in the ProteasomelD
experiment. *** p<0.001 Wilcoxon Rank Sum test with continuity correction. (e) Upset plot showing overlap between ProteasomelD enriched proteins

and previous studies that investigated proteasome interacting proteins (PIPs). Different subsets of overlapping proteins are highlighted in color framed

boxes. (f) Bar plots comparing the levels of enrichment obtained in ProteasomelD experiment for proteasome activators, assembly factors and known

Figure 3 continued on next page
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Figure 3 continued

PIPs. Enrichment levels were normalized to the levels detected in BirA* control cell line which was set to 1. Protein quantities were derived from DIA
mass spectrometry data. Data are shown as mean * standard error from n=4 biological replicates.(g) Network analysis of 608 interactors of PSMA4-
BirA* obtained by ProteasomelD. Identified proteins were filtered for significance by a cutoff of log2 fold change >1 and Q value <0.05 in relation to
BirA* control. Nodes representing identified proteins that are known PIPs or members of ubiquitin proteasome system (UPS) (left network) or identified
protein and their first interacting neighbor are known PIPs or members of UPS (right network) are highlighted in red color. Edges represent high
confidence (>0.7) protein-protein interactions derived from the STRING database (Snel et al., 2000).
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Figure 4. ProteasomelD identifies known and novel endogenous proteasome substrates. (a) Scheme of ProteasomelD workflow in HEK293T cells
including proteasome inhibition by MG132. PSMA4-miniTurbo expression and incorporation into proteasomes is achieved by 4-day induction with
tetracycline. Proteasome inhibition is achieved by addition of 20 uM MG132 4 hr before cell harvesting. Biotin substrate for miniTurbo is supplied 2 hr
before cell harvesting. D: day; hr: hour; Tet: tetracycline; Bio: biotin. (b) Enriched proteins from ProteasomelD cells treated with proteasome inhibitor
MG132 compared to vehicle control. The subset of proteins enriched exclusively upon MG132 treatment are highlighted in dark blue. Data were
obtained from n=4 biological replicates. (c) Profile of proteins exclusively enriched upon MG132 treatment of ProteasomelD cells (pie chart). Identified
proteins are represented by proteasome/ubiquitin related proteins, known proteasome substrates and potential previously unidentified substrates.
The number of proteins identified by this approach for which previous studies showed increased ubiquitylation upon proteasome inhibition is shown in
the lower bar plot. (d) Bar plots comparing the levels of proteasome activators and ubiquitin, and known proteasome substrates following streptavidin
enrichment from different cell lines and following proteasome inhibition by MG132. Protein quantities were derived from DIA mass spectrometry data.
mT: miniTurbo control cell line; A4-mT: PSMA4-miniTurbo cell line; I: proteasome inhibition by MG132. Data are shown as mean + standard error from
n=4 biological replicates. (e) Distribution of log2 fold changes following MG132 treatment for candidate and known proteasome substrates identified
by ProteasomelD. The fold changes are compared to the other identified proteins using total proteome (left) or ProteasomelD data (right). *** p<0.001
Wilcoxon Rank Sum test with continuity correction. (f) Bar plots comparing the levels of three potential novel proteasome substrate proteins following
streptavidin enrichment from different cell lines and following proteasome inhibition by MG132. Protein quantities were derived from DIA mass
spectrometry data. mT: miniTurbo control cell line; A4-mT: PSMA4-miniTurbo cell line; I: proteasome inhibition by MG132. Data are shown as mean

+ standard error from n=4 biological replicates. (g) Cycloheximide-chase experiment on stability of 3 potential novel proteasome substrate proteins.
HEK293T cells were incubated with 50 ug/ml cycloheximide (CHX) for the indicated times in the presence or absence of MG132 (20 uM). Cell lysates
were then prepared for western blot analysis of steady-state levels of c-Myc, ARMC6, BRAT1, and TIGD5. c-Myc was used as a positive control as it is a
well known proteasome substrate. Densitometric quantification of the bands from the assay are shown in bar plots. For quantification, bands were first
normalized to GAPDH as a loading control and subsequently normalized to zero hour, untreated samples (set to 1). CHX = cycloheximide.
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Figure 4—figure supplement 1. Validation of PSMA4-miniTurbo cell line and application of ProteasomelD for detecting endogenous and PROTAC-
induced proteasome substrates. (a) Immunoblot of miniTurbo fusion proteins performed on lysates collected from HEK293T cells stably transfected

with PSMA4-miniTurbo-FLAG or miniTurbo-FLAG following 4 days of incubation with (+tet) or without (—tet) tetracycline. Immunoblot against GAPDH
was used as loading control. (b) Streptavidin-HRP immunoblot following induction of miniTurbo fusion proteins with tetracycline and supplementation

Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued

of biotin for 2 hr. Immunoblot against GAPDH was used as loading control. (c) Streptavidin-HRP immunoblot following induction of miniTurbo fusion
proteins with tetracycline and supplementation of biotin for indicated times. For the sample used as negative control biotin supplementation was
omitted (-biotin). Ponceau staining was used as loading control. Bar plots on the left depict densitometric quantification of the immunoblot. Samples
were normalized to the band intensity of PSMA4-BirA* sample not supplemented with biotin (untreated sample). (d) MA plot of proteins enriched

by streptavidin pull-down and analyzed by DIA mass spectrometry from PSMA4-miniTurbo and miniTurbo control cell lines. Data were obtained from
n=4 biological replicates. (e) Comparison of log2 fold changes for streptavidin-enriched proteins from PSMA4-BirA* and PSMA4-miniTurbo compared
to their respective controls. Proteins significant (Q value <0.05) and displaying a log2 fold change >0 in both comparisons were considered for the
analysis. (f) ROC analysis of the classifier used to define ProteasomelD (PSMA4-miniTurbo) enriched proteins. (g) Distribution of enrichment scores

for PSMA4-miniTurbo enriched proteins. Calculated by the classifier algorithm for proteasome subunits (set of true positives) and mitochondrial
matrix proteins (set of true negatives). The dashed vertical line indicates the enrichment score cut-off to define ProteasomelD enriched proteins at
FPR <0.05. (h) Immunoblot for K48 ubiquitylated proteins from PSMA4-miniTurbo cells treated with 20 pM MG132 for 4 h. As a negative control the
same cell line was treated in the same way with DMSO only. Ponceau staining was used as loading control. (i) Principal component analysis (PCA)

of ProteasomelD data obtained from cell lines expressing PSMA4-miniTurbo and control (miniTurbo), and PSMA4-miniTurbo following exposure to
proteasome inhibitor MG132. The smaller dots represent individual samples and the larger dots the centroids of each group. Ellipses represent 95%
confidence intervals. The percentage of variance explained by the first two principal components (PC) axes is reported in the axis titles. n=4, biological
replicates. (j) Cycloheximide-chase experiment on stability of 3 potential novel proteasome substrate proteins. PSMA4-BirA*cells were incubated with
50 pg/ml cycloheximide (CHX) for the indicated times in the presence or absence of MG132 (20 pM) and tetracycline (1 pg/pl). Cell lysates were then
prepared for western blot analysis of steady-state levels of c-Myc, ARMCé, and BRAT1 and TIGD5. c-Myc was used as a positive control as it is a well
known proteasome substrate. Tet = tetracycline, CHX = cycloheximide. (k) Principal component analysis (PCA) of ProteasomelD data obtained from
cells expressing PSMA4-miniTurbo exposed to the proteasome inhibitor MG132 and/or the PROTAC KB02-JQ1. The smaller dots represent individual
samples and the larger dots the centroids of each group. Ellipses represent 95% confidence intervals. The percentage of variance explained by the first
two principal components (PC) axes is reported in the axis titles. n=4, biological replicates.
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Figure 5. ProteasomelD identifies PROTAC-induced proteasome substrates. (a) Scheme of ProteasomelD workflow in HEK293T cells including
proteasome inhibition by MG132 and treatment with PROTAC KB02-JQ1. The experimental design is analogous to the one depicted in (Figure 4A)
with the additional PROTAC treatment achieved by addition of 10 uM KB02-JQ1 12 hr before cell harvesting. D: day; h: hour; Tet: tetracycline; Bio:
biotin. (b) Volcano plot of proteins enriched by streptavidin pull-down and analyzed by DIA mass spectrometry from PSMA4-miniTurbo cells treated

with KB02-JQ1 PROTAC molecule (P) and PSMA4-miniTurbo cells treated with both PROTAC molecule (P) and MG132 proteasome inhibitor (I). Cut offs
for enriched proteins: log2 fold change >1 and Q value <0.05. n=4, biological replicates. Enrichment of BRD containing proteins is highlighted in violet
boxes. (¢) Bar plots comparing the levels of BRD-containing proteins following streptavidin enrichment from PSMA4-miniTurbo expressing cells exposed
to the proteasome inhibitor MG132 and/or the PROTAC KB02-JQ1. mT: miniTurbo control cell line; A4-mT: PSMA4-miniTurbo cell line; I: proteasome
inhibition by MG132; P: PROTAC (KB02-JQ1). Data are shown as mean + standard error from n=4 biological replicates.
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Figure 6. Establishment of a mouse model for in vivo ProteasomelD. (a) Design of a mouse model for ProteasomelD. The lox-STOP-lox cassette

was excised from the Rosa26 locus by crossing with a mouse line expressing the Cre recombinase under the control of an ubiquitous CMV promoter
(Nagy, 2000). CAG: CAG promoter (Miyazaki et al., 1989), TRE: tetracycline-regulated element; rtTA3: reverse tetracycline-dependent transactivator
A3 (Dow et al., 2014). Panel created with BioRender.com, and published using a CC BY-NC-ND license with permission. (b) Bodyweight curves of

the experimental animals. The body weight for each mouse was normalized to its value at day 1 of the experiment (set to 1). (c) MA plots of proteins
enriched by streptavidin pull-down and analyzed by DIA mass spectrometry from different mouse organs. Highlighted in color are proteasome
members, assembly factors and activators, and other proteins significantly enriched in ProteasomelD (FPR <0.05). n=4 mice per experimental group.

(d) Network analysis of overlap of significantly enriched proteins in ProteasomelD from HEK293T cells expressing PSMA4-BirA* and mouse organs
(significant in at least one organ). Nodes colored in red indicate proteasome members, PIPs or proteins belonging to the UPS networks. The proteins
selected for validation by co-immunoprecipitation are highlighted in green. Edges represent high confidence (>0.7) protein-protein interactions derived
from the STRING database (Snel et al., 2000). (e) Cells expressing either GFP, IGBP1-GFP or TAGLN2-GFP were used for co-immunoprecipitation using
GFP-trap. The elutions from GFP-trap were analyzed by immunoblot using antibodies against PSMA4 or GFP.

© 2024, BioRender Inc. Figure 6A was created using BioRender, and is published under a CC BY-NC-ND license. Further reproductions must adhere to

the terms of this license.
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Figure 6—figure supplement 1. ProteasomelD mouse model validation and optimization. (a) Immunoblots of PSMA4 protein performed on tissue
lysates collected from ProteasomelD mice fed with regular chow or doxycycline containing food for 10 and 31 days and submitted to 3 daily biotin
injections. Ponceau staining was used as loading control and for normalization of densitometric quantification of corresponding immunoblots. No
Dox = mice fed with regular chow, 10d Dox = mice fed with doxycycline containing food for 10 days, 31d Dox = mice fed with doxycycline containing
food for 31 days. Error bars indicate standard deviation from n=3-4 mice per condition. (b) Anti-FLAG immunohistochemistry analysis of tissues from
ProteasomelD mice fed with regular chow (left) or doxycycline containing food (right) 31 days and submitted to 3 daily biotin injections. Scale bar

Figure 6—figure supplement 1 continued on next page
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Figure 6—figure supplement 1 continued

indicates 20 pm. Dox = mice fed with doxycycline containing food; no Dox = mice fed with regular chow. (c) Plot showing comparison of enrichment
levels (in log2 fold change) of proteasome subunits and strong PIPs achieved in ProteasomelD mice fed with regular chow or doxycycline containing
food for 10 and 14 days and submitted to 3 or 7 daily biotin injections respectively. (d) Principal component analysis (PCA) of the tissue samples from
ProteasomelD mice, based on the abundance of all proteins identified by label-free mass spectrometry. The smaller dots represent individual samples
and the larger dots the centroids of each age-matched group. Ellipses represent 95% confidence intervals. The percentage of variance explained by the
first two PC axes is reported in the axis titles.
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