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SUMMARY

Since the start of mass-spectrometry-based proteomics, proteins from non-
referenced open reading frames or alternative proteins (AltProts) have
been overlooked. Here, we present a protocol to identify human subcellular
AltProt and decipher some interactions using cross-linking mass spectrometry.
We describe steps for cell culture, in cellulo cross-link, subcellular extraction,
and sequential digestion. We then detail both liquid chromatography-tandem
mass spectrometry and cross-link data analyses. The implementation of a single
workflow allows the non-targeted identification of signaling pathways involving
AltProts.
For complete details on the use and execution of this protocol, please refer to
Garcia-del Rio et al.1
BEFORE YOU BEGIN

The protocol described below outlines the detailed steps and resources required for a high

throughput interactomic study of alternative proteins (AltProts). The study of this kind of protein

has been disregarded because mRNA was considered monocistronic. AltProts, also known as ghost

proteins2 or short open reading frames (sORF)-encoded proteins (SEPs),3 are translated from alter-

native open reading frames (AltORFs), such as 30 and 50 UTRs, reading frame shifts or long non-cod-

ing RNAs (LncRNAs). Despite their physiological presence in the cell, studying these proteins has

been difficult due to the absence antibodies and databases that cover this type of proteins. The

number of potential Human AltProts has been estimated to be around 450,000 sequences,4,5 five

times larger than the actual reference proteome available in Uniprot. However, these proteins repre-

sent a vast source of potential physiopathological biomarkers.2,6–10 To overcome this challenge, we

propose a methodology based on cross-linking mass spectrometry (XL-MS), subcellular fraction-

ation, and bioinformatic tools, which enables the retrieval of functional information through network

and gene ontology (GO) analysis.

In this protocol we propose the exploration of AltProt in non-pathological cells, however it can be

adapted to any cell, adaptations in terms of quantity of cells will be expected, especially due to their

size and their cellular content.
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Immortalized human ovarian epithelial cells (SV40) culture

Timing: 4 days

1. Seed immortalized human ovarian epithelial cells (SV40) into 25 cm2 flasks.

a. Thaw a cryogenic vial with immortalized human ovarian epithelial cells (SV40) at 37�C.
b. Transfer the contents of the cryogenic vial to 9mL of completemedium (Prigrow I mediumwith

10% of Hi-FBS and 100 U/mL of Penicillin-Streptomycin).

c. Centrifuge at 100 3 g for 5 min at 20�C.
d. Remove supernatant by pipetting. Wash the cells gently pipetting up and down 5 mL of

Dulbecco’s phosphate-buffered saline (DPBS).

e. Pellet the cells by centrifuging at 100 3 g for 5 min at 20�C and remove the supernatant.

f. Suspend cells with 5 mL of complete medium and thoroughly seed them in a 25 cm2 flask.

g. Incubate cells at 37�C with 5% CO2.

h. Observe the cells in a microscope every day until the cells reach 80%–90% confluency.

Note: A cryogenic vial of immortalized human ovarian cells typically contains 1 million viable

cells in 1 mL FBS /DMSO 10% and is made from cells that are approximately 80%–90%

confluent. Pre-warm all the reagents in a water bath at 37�C, for 20 min.

2. Passage of immortalized human ovarian cells into 75 cm2 flasks.

a. Once the cells reach �80%–90% of confluency, remove the medium and wash the cell with

2.5 mL of DPBS.

b. Detach the cell from the flask using 0.5 mL of 0.05% Trypsin-EDTA (13), phenol red.

c. Incubate for 5 min at 37�C, 5% CO2.

d. Add 1.5 mL of complete medium to inactivate Trypsin.

e. Transfer the cells into a conical centrifuge tube and spin at 100 3 g for 5 min at 20�C.
f. Remove supernatant and wash the cells with 5 mL DPBS.

g. Pellet the cells by centrifuging at 100 3 g for 5 min at 20�C and remove the supernatant.

h. Suspend cells with 10 mL of complete medium and thoroughly seed them in a 75 cm2 flask.

Note: Repeat this step until the desired number of cells are reached with a confluency of

�80%–90%.

Pre-warm all the reagents in a water bath at 37�C, for 20 min.
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Anti-Chicken IgG IgY (IgG) (H + L) (HRP) (1/5000) Jackson Immuno Research Cat# 103-035-155; RRID: AB_2337381

Monoclonal Mouse anti-Cytokeratin 18 (1/1000) Dako Cat# M7010; RRID: AB_2133299

Monoclonal Mouse anti-Histone H3 (1/1000) Santa Cruz Biotechnology Cat# sc-517576; RRID: AB_2848194

Monoclonal Mouse anti-Hsp70 (1/1000) Abcam Cat# ab2787; RRID: AB_303300

Monoclonal Mouse anti-SP1 (1/200) Santa Cruz Biotechnology Cat# sc-420; RRID: AB_628271

Peroxidase AffiniPure Goat Anti-Mouse
IgG (H + L) (1/5000)

Jackson Immuno Research Cat# 115-035-146; RRID: AB_2307392

Polyclonal Chicken anti-Calreticulin (1/200) Abcam Cat# ab2908; RRID: AB_303403

Chemicals, peptides, and recombinant proteins

Acetonitrile Carlo Erba Reagents Cat# 412341

Acrylamide: Bis acrylamide 29:1
(40% solution / electrophoresis)

Euromedex Cat# EU0063-B

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Amersham Protran Western blotting
membranes, nitrocellulose

Merck Cat# GE10600002

Ammonium persulfate (APS), BioUltra,
for molecular biology, R98.0%

Sigma-Aldrich Cat# 09913

Ammonium bicarbonate, BioUltra R99.5% Sigma-Aldrich Cat# 09830

Bovine serum albumin Merck Cat# A3059

Bromophenol blue sodium salt Sigma-Aldrich Cat# B5525

Chymotrypsin, sequencing grade Promega Cat# V1062

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D5879

Disuccinimidyl sulfoxide (DSSO) Thermo Fisher Scientific Cat# A33545

DL-Dithiothreitol (DTT) VWR Life Science Cat# 97063-760

DPBS, no calcium, no magnesium Thermo Fisher Scientific Cat# 14190-094

Fetal bovine serum, qualified,
heat inactivated, E.U.-approved,
South America origin

Gibco Cat# 10500064

Formic acid (for LC-MS) TCI America Cat#F0654

Glycerol, 99+%, extra pure Thermo Fisher Scientific Cat# 10562524

Glycine, 99+%, for analysis Acros Organics Cat# 10358210

Hydrochloric acid 37%, VWR Chemicals Cat# 20252.420

Iodoacetamide (IAA) Sigma-Aldrich Cat# I1149

2-Mercaptoethanol Sigma-Aldrich Cat# M6250

Methanol R98.5%, technical VWR Chemicals Cat# 20903.368

PageBlue� Protein Staining Solution Thermo Fisher Scientific Cat# 24620

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat# 15140122

Prigrow I Medium Applied Biological Materials Cat# TM001

Sodium chloride Fisher Chemical Cat# S/3161/60

Sodium dodecyl sulfate (SDS), UltraPure� Invitrogen Cat# 15525017

SuperSignal� West Dura
Extended Duration Substrate

Thermo Fisher Scientific Cat#34075

Tetramethylethylenediamine (TEMED) Bio-Rad Cat# 1610801

TG-SDS 103 Euromedex Cat# EU0510

Trifluoroacetic acid Sigma-Aldrich Cat# 302031

TRIS biotech grade Interchim Cat# UP031657

Trypsin-EDTA (0.05%), phenol red Gibco Cat# 5300054

Trypsin/Lys-C Mix, Mass Spec Grade Promega Cat# V5073

Tween 20 Sigma-Aldrich Cat# P2287

Urea Ultra-Pure Euromedex Cat# EU0014B

Water, UHPLC-MS Thermo Fisher Scientific Cat# 15339865

Critical commercial assays

Detergent Removal Spin Columns HiPPR� Thermo Fisher Scientific Cat# 88306

Subcellular protein fractionation for cultured cells Thermo Fisher Scientific Cat# 78840

Experimental models: Cell lines

Human Immortalized Ovarian Epithelial Cell line (SV40) Applied Biological Materials Cat# T1074

Software and algorithms

Biological General Repository for
Interaction Datasets (BioGRID)

Oughtred et al.34 RRID:SCR_007393; http://www.thebiogrid.org/

ClueGO Bindea et al.32 RRID:SCR_005748; https://apps.cytoscape.
org/apps/cluego

CluePedia Bindea33 RRID:SCR_015784; https://apps.cytoscape.
org/apps/cluepedia

ClusPro 2.0 Kozakov et al.24 RRID:SCR_018248; https://cluspro.bu.
edu/login.php

Cytoscape 3.9.1 Shannon et al.30 RRID:SCR_003032; https://cytoscape.org

IntAct Orchard et al.35 RRID:SCR_006944; http://www.ebi.ac.
uk/intact

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

I-TASSER (Iterative Threading
ASSEmbly Refinement)

Yang et al.21 RRID:SCR_014627; https://zhanggroup.
org/I-TASSER/

NetMHC - 4.0 Andreatta and Nielsen 2016 RRID:SCR_021651; https://services.healthtech.
dtu.dk/service.php?NetMHC-4.0

OpenProt Protein Database 1.6 Brunet et al.5 https://www.openprot.org/p/ng/Home

OriginPro, Version 2022b OriginLab Corporation RRID:SCR_014212; https://www.
originlab.com/

Proteome Discoverer 2.5 Thermo Fisher Scientific RRID:SCR_014477; https://www.thermofisher.
com/order/catalog/product/OPTON-31040

STRING app Doncheva et al.31 http://apps.cytoscape.org/apps/stringapp

UniProtKB The UniProt Consortium RRID:SCR_004426 https://www.uniprot.org/
uniprotkb?facets=model_organism%3A9
606&query=%2A

XlinkX 2.5 nodes for Proteome Discoverer 2.5 Thermo Fisher Scientific https://www.thermofisher.com/order/
catalog/product/OPTON-31047

YASARA view YASARA Biosciences RRID:SCR_017591; http://www.yasara.org/

yFiles Layout Algorithms yWorks https://apps.cytoscape.org/apps/
yfileslayoutalgorithms

Other

Amicon Ultra-0.5 Centrifugal Filter Unit 50 kDa Merck Cat# UFC505024

BB15 CO2 Incubator Thermo Fisher Scientific Cat# 51023121

ECLIPSE Ts2 inverted microscope Nikon Cat# Ts2-FL

iBright CL750 Imaging System Thermo Fisher Scientific Cat# A44116

LD79 Digital Test-Tube Rotator Labinco Cat# 79000

Mini orbital shaker ClearLine Cat# 060956CL

Mini-PROTEAN� Tetra Handcast System Bio-Rad Cat# 1658003FC

Mini tube rotator Thermo Fisher Scientific Cat# 15534080

Oven 100-800 Memmert Cat# 200718

Refrigerated centrifuge 5804 R Eppendorf Cat# 5805000010

PowerPac 1000 Bio-Rad Cat# 4006038

Trans-Blot Cell Bio-Rad Cat# 20179

TW8 Water Bath Julabo Cat# 9550108

Vacufuge Concentrator System 5301 Eppendorf Cat# 000210

ZipTip with 0.6 mL C18 resin Merck Cat# ZTC18S096
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MATERIALS AND EQUIPMENT
Complete cell culture media

Reagent Final concentration Amount

Hi-FBS (Heat-Inactivated Fetal Bovine Serum) 10% 5 mL

Penicillin/streptomycin 100 U/mL 500 mL

Prigrow I medium N/A Up to 50 mL

Total N/A 50 mL

Store at 4�C up to 1 month.
Tris/HCl 1.5 M

Reagent Final concentration Amount

Tris base 1.5 M 908 mg

HCl Up to pH 8.1 N/A

ddH2O N/A Up to 5 mL

Total N/A 5 mL

Store at 20�C up to 6 months.
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23 Laemmli buffer

Reagent Final concentration Amount

Tris base 125 mM 747 mg

SDS 4% 2 g

Glycerol 20% 10 mL

2-mercapto-ethanol 10% 5 mL

Bromophenol blue N/A 100 mg

HCl N/A Up to pH jj6.8
ddH2O N/A Up to 50 mL

Total N/A 50 mL

Store 500 mL aliquots at �20�C up to 1 year.

2-mercapto-ethanol is seriously irritating and toxic if swallowed or inhaled, so it is advised to handle it in an active fume hood.

4% concentration SDS-PAGE gel

Reagent Final concentration Amount

Acrylamide: Bis Acrylamide 29:1 (40% Solution / Electrophoresis) 4% 1 mL

Tris-HCl (0.5 M) pH 6.8 125 mM 2.5 mL

SDS (10%) 0.1% 100 mL

APS (10%) 0.05% 50 mL

TEMED 0.1% 10 mL

ddH2O N/A Up to 10 mL

Total N/A 10 mL

Once the gel is solid, it can be stored for one week at 4�C keeping it humid.

Invitrogen� Novex� 4%–12% Tris-Glycine Plus, 1.0 mm, Midi Protein Gels (Cat# WXP41220BOX) can be also use.

12% migration SDS-PAGE gel

Reagent Final concentration Amount

Acrylamide: Bis Acrylamide 29:1 (40% Solution / Electrophoresis) 12% 3 mL

Tris-HCl (1.5 M) pH 8.8 375 mM 2.5 mL

SDS (10%) 0.1% 100 mL

APS (10%) 0.062% 62.2 mL

TEMED 0.062% 6.2 mL

ddH2O N/A Up to 10 mL

Total N/A 10 mL

Once the gel is solid, it can be stored for one week at 4�C keeping it humid.

Towbin transfer buffer

Reagent Final concentration Amount

Tris base 25 mM 3.03 g

Glycine 192 mM 14.4 g

Methanol 20% 200 mL

ddH2O N/A Up to 1 L

Total N/A 1 L

Store at 4�C up to 3 months.

103 TBS-T buffer

Reagent Final concentration Amount

Tris base 200 mM 24.23 g

NaCl 1.5 M 87.66 g

Tween 20 1% 10 mL

ddH2O N/A Up to 1 L

Total N/A 1 L

Store at 20�C up to 6 months.
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Denaturing buffer

Reagent Final concentration Amount

Urea 8 M 24 g

Tris base 0.1 M 600 mg

HCl N/A Up to pH 8.5

ddH2O N/A Up to 50 mL

Total N/A 50 mL

Store at 20�C up to 6 months.
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� 50 mM DSSO: 1 mg of DSSO (pre-weighted tube) in 51.5 mL of DMSO.

� 10 mM BSA for cross-linking control: 6.6 mg of BSA in 10 mL of DPBS. Store at 4�C for up to

6 months.

� 13 Tris-Glycine-SDS running buffer: Dilute 100 mL of 103 TG-SDS in 900 mL of ddH2O.

� 13 TBS-T buffer: Dilute 100 mL of 103 TBS-T buffer in 900 mL of ddH2O.

� 5% milk blocking buffer: Dissolve 5 g of powder milk in 100 mL of 13 TBS-T.

� 100 mM reduction buffer: Dissolve 15.4 mg of dithiothreitol (DTT) in 1 mL of denaturing buffer.

� 50 mM alkylation buffer: Dissolve 9.3 mg of iodoacetamide (IAA) in 1 mL of denaturing buffer.

� 50 mM ammonium bicarbonate buffer: Dissolve 197.6 mg of ammonium bicarbonate in 50 mL of

ddH2O.

� 1% trifluoroacetic acid (TFA): Dilute 100 mL of TFA in 10 mL of UHPLC grade water.

� 0.1% TFA: Dilute 1 mL of 1% TFA in 9 mL of UHPLC-MS grade water.

� Mobile phase A: 0.1% formic acid in UHPLC-MS grade water.

� Mobile phase B: 0.1% formic acid in HPLC grade acetonitrile.
STEP-BY-STEP METHOD DETAILS

In cellulo cross-linking

Timing: 3 h

This step consists of detachment, collection of the cells and in-cellulo cross-linking.

1. Cell harvesting

a. Once the cells reach �80%–90% of confluency, remove the medium and wash the cells with

5 mL of DPBS.

b. Detach the cell from the flask using 1 mL of 0.05% Trypsin-EDTA (13), phenol red.

c. Incubate for 5 min at 37�C, 5% CO2.

d. Add 2 mL of complete cell culture media to inactivate Trypsin-EDTA (0.05%), phenol red.

e. Transfer the cells into a centrifuge tube and centrifugate at 100 3 g for 5 min at 20�C.
f. Remove supernatant and wash the cells with 5 mL of DPBS.

g. Pellet the cells by centrifuging at 100 3 g for 5 min at 20�C and remove the supernatant by

aspiration.

h. Repeat the DPBS wash two more times.

i. Count the cells and aliquot to 3 million cells.

j. Pellet the cells by centrifuging at 100 3 g for 5 min at 20�C and aspirate the supernatant.

k. Keep the dry pellet on ice.

Note: In our experience the optimal number of cells is 3 million, this number has to be adapted

and tested for other kinds of cells.

2. Cross-linking reaction.

a. Resuspend 3 million cells in 196 mL of DPBS.

b. Prepare two 10 mM BSA solution as positive and negative control.
6 STAR Protocols 4, 102380, September 15, 2023
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c. Prepare a 50 mM stock solution of disuccinimidyl sulfoxide (DSSO) in DMSO.

d. Add 4 mL of 50 mM DSSO to the suspended cells and positive BSA control (Final DSSO con-

centration of 2 mM).

e. Incubate at 37�C with continuous shaking (10 RPM) for 1 h.

f. To quench the reaction, add 10 mL of Tris-HCl 1.5 M.

g. Incubate for 30 min at 20�C with continuous shaking (10 RPM).

h. Centrifuge at 2,000 3 g for 10 min at 4�C. Remove the supernatant.

i. Wash the cells with 200 mL of ice-cold DPBS.

j. Pellet the cells by centrifuging at 1003 g for 5 min at 4�C and remove as much supernatant as

possible.

Note: It is recommended to use a BSA cross-linking positive control (96 mL of 10 mM BSA).

Negative control is performed using 4 mL of DMSO instead of DSSO. The optimal working final

concentration of DSSO is between 1–5 mM.

CRITICAL: Cross-linkers are moisture sensitive. Prepare these cross-linkers immediately
before use. Use amine-free buffers (PBS, 20mMHEPES, 100mM carbonate/biocarbonate,

or 50 mM borate). Cross-linking reactions (acylation) are favored near neutral pH (pH 6– 9)

and with concentrated protein solutions.
Subcellular protein fractionation of cross-linked and non-cross-linked cells.

Timing: 3 days

The following methodology describes the steps of subcellular protein fractionation after the cross-

linking reaction. This methodology is based on the instructions from the Subcellular Protein Fraction-

ation Kit for Cultured Cells (Thermo Scientific, Cat# 78840). For more details and troubleshooting,

please refer to the manual on Thermo website.

DMSO control of cells are treated according to the same protocol. These controls are key to deter-

mining the experimental subcellular location of the AltProts.

Other subcellular fractionation kits in the market are Abcam’s Cell Fractionation Kit - Standard (Cat#

ab109719) and Cell Signaling’s Cell Fractionation Kit (Cat# 9038). These kits are designed to frac-

tionate the cells in three subcellular fractions which will not decrease the complexity of the samples

as much.

Note: Thaw all buffers using a 20�C water bath. Keep CEB, MEB, and NEB buffers on ice until

use. Use a rotary shaker to avoid clumping of insoluble material during incubations.

CRITICAL: Immediately before use, add Thermo Scientific Halt Protease Inhibitor Cocktail
at a 1:100 dilution into each volume of buffer required. Keep all protein extracts on ice.
3. Subcellular Protein Fractionation of 3 million cells (Figure 1).

a. Lyse the cells by adding 300 mL of Cytoplasmic Extraction Buffer (CEB). Incubate at 4�C for

10 min with gentle shaking (10 RPM).

b. Centrifuge at 2,000 3 g for 5 min. Aspirate by pipetting and immediately transfer the super-

natant (cytoplasmic extract) to a clean, pre-chilled (4�C in ice) 1.5 mL microcentrifuge tube.

c. Resuspend the pellet in 300 mL of ice-cold Membrane Extraction Buffer (MEB). Vortex for 5 s

and incubate at 4�C for 10 min with gentle shaking (10 RPM).

d. Centrifuge at 5,000 3 g for 5 min. Aspirate and immediately transfer the supernatant (mem-

brane extract) to a clean, pre-chilled 1.5 mL microcentrifuge tube.
STAR Protocols 4, 102380, September 15, 2023 7
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Figure 1. Subcellular protein fractionation workflow

Pelleted cells, both cross-linked and non-cross-linked, are resuspended in CEB buffer. After incubation and

centrifugation, the resulting cytoplasmic extract is removed and stored. The remaining pellet is then retaken in

MEB buffer, incubated, and centrifuged to obtain the membrane extract, which is also removed and stored. Next,

the pellet is resuspended in NEB buffer, incubated, and centrifuged to obtain the nuclear extract, which is

similarly removed and stored. The pellet from the previous step is then retaken in CBEB buffer, incubated, and

centrifuged to obtain the chromatin-bound extract, which is also removed and stored. Finally, the remaining pellet is

taken back in PEB buffer, incubated, and centrifuged to obtain the cytoskeletal extract, which is also removed and

stored.
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e. Add 150 mL of ice-cold Nuclear Extraction Buffer (NEB). Roughly vortex (highest vortex setting)

for 15 s and incubate at 4�C for 30 min with gentle shaking (10 RPM).

Note: During the 30-min incubation time, prepare the Chromatin-Bound Extraction Buffer

(CBEB) by adding 15 mL of 100 mM CaCl2 and 9 mL of Micrococcal Nuclease (300 units) in

150 mL of 20�C NEB.

f. Centrifuge at 7,000 3 g for 5 min. Aspirate and immediately transfer the supernatant (nuclear

extract) to a clean, pre-chilled 1.5 mL microcentrifuge tube.

g. Resuspend the pellet in 150 mL of 20�C CBEB. Roughly vortex for 15 s and incubate at 20�C for

15 min with gentle shaking (10 RPM).

h. After incubation, roughly vortex 15 s and centrifuge at 16,000 3 g for 5 min. Aspirate and

immediately transfer the supernatant (chromatin-bound extract) to a clean, pre-chilled

1.5 mL microcentrifuge tube.

i. Add 150 mL of Pellet Extraction Buffer (PEB) to the remaining pellet. Roughly vortex for 15 s

and incubate at 20�C for 10 min with gentle shaking (10 RPM).

j. After incubation, roughly vortex for 15 s and centrifuge at 16,000 3 g for 5 min. Aspirate and

immediately transfer the supernatant (cytoskeletal extract) to a clean pre-chilled 1.5 mL micro-

centrifuge tube.

k. Aliquot 10 mL of each extract for SDS-PAGE and western blotting.

Note: Performing protein quantification employing Thermo Scientific Pierce BCA Protein

Assay (Cat# 23225) is recommended to calculate the correct protein: protease ratio, for

the sequential enzymatic digestion.

Keep the extracts in ice or for long-term storage keep them at �80�C.

4. Cross-linking and subcellular fractionation confirmation.

a. Mix 10 mL of 23 Laemmli buffer with the 10 mL protein aliquot.

b. Load each sample of subcellular protein fraction and BSA on to a 4%–12% SDS-PAGE gel.

c. Migrate the gels for 15 min at 70 V and for 90 min at 120 V in Tris-glycine-SDS buffer.

d. After migration, stain the gels with PageBlue� Protein Staining Solution (Coomassie blue) for

1 h.

e. Destain the gels by discarding the excess staining solution. Rince the gels two times with wa-

ter.

f. Wash the gel for 16 h in an orbital shaker at 60 RPM. Placing a folded Kimwipes Tissue in the

container to absorb excess dye will accelerate the destaining process.

g. Visualize the destained gels using your preferred system (Figure 2A).
Note: Only non-cross-linked samples will continue to the western blot analysis.

CRITICAL: Use onemembrane with the five subcellular protein fractions for one compart-
ment specific primary antibody.
h. Transfer the gels onto a 0.45 mm nitrocellulose membrane. Employ a tank transfer system for

2 h at 290 mA in Towbin buffer.

i. Wash the membranes for 5 min in an orbital shaker three times with 20 mL of 13 TBS-T buffer.

j. Block the membranes for 1 h in an orbital shaker with 20 mL of milk blocking solution.

k. Meanwhile, prepare the primary antibody dilution in milk blocking solution. The concentra-

tion of antibody has been adjusted as following: Cytokeratin 18 (1/1000), SP1 (1/200), Histone

H3 (1/1000), Hsp70 (1/1000) and Calreticulin (1/200).

CRITICAL: Depending on the antibody’s supplier, the dilution of it must be adjusted.
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Figure 2. Cross-linking reaction and subcellular fractionation confirmation

(A) The Coomassie blue stained SDS-PAGE displays each cross-linked subcellular fraction, compared to a non-cross-

linked fraction. BSA cross-linked and not cross-linked are used as controls. Red arrows display cross-linked signals

demonstrating that the reaction takes place.

(B) The subcellular fractionation was confirmed by Western blot with compartment specific markers. The cytoplasm

fraction showed the presence of HSPA1A signal. Calreticulin signal was detected at chromatin, cytoskeleton, and

exhibited a stronger signal at the membrane-bounded fraction. SP1 was observed in the nucleus and cytoskeleton,

while Histone H3 was found in chromatin and cytoskeleton. Similarly, Cytokeratin 18 was detected in the nucleus and

cytoskeleton. These findings are consistent with the results reported in UniProtKB, COMPARTMENTS, and the

literature.
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l. Incubate each membrane for each antibody for 16 h at 4�C in an orbital shaker.

m. After incubation, wash the membrane for 5 min in an orbital shaker three times with 20 mL of

13 TBS-T buffer.

n. Incubate for 1 h with the matched HRP anti-Chicken (1/5000) or anti-Mouse (1/5000) second-

ary antibody.

o. After incubation, wash the membrane for 5 min in an orbital shaker three times with 13 TBS-T

buffer.

p. Perform the horseradish-peroxidase reaction, by preparing the SuperSignal� West Dura

Extended Duration Substrate (1 mL of Luminol/Enhancer Solution and 1 mL of Stable

Peroxide Solution).

q. Incubate the membrane with the substrate working solution for 5 min in the dark.

r. Remove the membrane from the substrate working solution and place it in a plastic sheet pro-

tector.

s. Remove the excess liquid with an absorbent tissue pressing out bubbles.

t. Scan the membranes using the Invitrogen iBright Imaging System or other compatible imag-

ing system (Figure 2B).

i. Mode: Chemi Blots.

ii. Exposure mode: Normal.

iii. After the autoexposure, the exposure time adjusted for each membrane: Cytokeratin 18

(5085 ms), SP1 (30 s), Histone H3 (4106 ms), Hsp70 (8213 ms) and Calreticulin (10 s).

iv. Resolution: 4 3 4.

v. Optical zoom: 13.

vi. Digital zoom: 23.

vii. Focus Level: 220.

viii. Sensitivity: Frame 1:100.
Sequential enzymatic digestion

Timing: 2 days
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The subsequent steps described the filter aided sample preparation (FASP)11 sequential enzymatic

digestion using LysC/Trypsin followed by Chymotrypsin for cross-linked samples. A 50 kDa cut-off

Amicon filter is suggested to eliminate as many as possible non-cross-linked proteins.

5. FASP and sequential digestion

a. Concentrate the five subcellular fractions in the 50 kDa Amicon filter by centrifugation at 4�C
for 15min at 14,0003 g. As a result, a 20 mL protein concentrate will remain as dead volume in

the filter.

b. Add 80 mL of denaturing buffer to the filter and pipette up and down gently inside the filter.

c. Add 100 mL of reduction buffer.

d. Incubate at 56�C for 40 min.
Note:Don’t incubate at 95�C. At above 60�C urea can produce protein carbamylation. Addi-

tionally, the filter could melt.

e. Centrifuge 15 min at 14,000 3 g.

f. Add 200 mL of denaturing buffer and centrifugate 15 min at 14,000 3 g.

g. Repeat step 5e at least two times.

h. Add 100 mL of alkylation buffer.

i. Incubate for 20 min at 20�C in the dark.

j. Centrifugate 15 min at 14,000 3 g.

k. Add 200 mL of ammonium bicarbonate buffer and centrifugate 15 min at 14,000 3 g.

l. Repeat the previous step at least two times.

m. Add Trypsin/Lys-C Mix Mass Spec Grade to the vendor recommended 25:1 protein: protease

ratio (w/w). Incubate for 16 h at 37�C.
n. After incubation, add Chymotrypsin, Sequencing Grade at a 100:1 protein: protease ratio (w/

w). Incubate for 4 h at 20�C.
o. Place the Amicon filter into a new clean tube.

p. Add 50 mL of ammonium bicarbonate buffer and centrifugate 15 min at 14,000 3 g.

q. Repeat the previous step.

r. Discard the Amicon filter.

s. Acidify the filtered peptides with TFA 1% until pH < 7.

t. Vacuum dry the samples in a SpeedVac concentrator and store them at �20�C if needed.

u. The membrane fraction contains a large amount of polymer. It requires the use of a HiPPR�
Detergent Removal Resin column (Thermo Scientific, Cat# 88305) following the vendor’s

protocol to be compatible for MS analysis.

Note: �80�C is recommended for long term sample storage.
NanoLC-MS/MS analysis

Timing: 1 week

The following section describes the parameters used in the nanoLC-MS/MS sample analysis and

shotgun protein interrogation of non-cross-linked samples. We recommend the use of Sequest

HT12 search algorithm at Thermo Fisher’s Proteome Discoverer.

6. NanoLC-MS/MS
a. Resuspend the dried samples in 0.1% TFA.

b. Desalt the peptides using C18 resin ZipTips.
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Figure 3. Settings for MS and MS2 acquisition method

Parameters used for data dependent acquisition method.
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Note: we recommend following the protocol described in the product insert (Merck Cat#

ZTC18S096). Another alternative is to use Affinisep AttractSPE�Tips - C18, 200mL (Cat

#Tips-C18.T1.200.96); Thermo Fisher Pierce� C18 Tips (Cat # 87782), or home-made stage

tips based on C18 membrane.

c. Vacuum dry the desalted peptides.

d. Resuspend in 20 mL of ACN/0.1% FA (2:98, v/v) and then transfer to a clean autosampler vial.

e. Inject 5 mL of sample onto the nanoLC-MS/MS system.

f. Analyze samples on a nanoAcquity (Waters) coupled to a Q Exactive mass spectrometer

(Thermo Fisher Scientific).
ST
i. The injected sample is trapped on a ACQUITY UPLCM-Class Symmetry C18 Trap Column

(100 Å, 5 mm, 180 mm 3 20 mm, 2G, V/M, Waters Part No: 186007496).

ii. The peptides are separated on a ACQUITY UPLC M-Class Peptide BEH C18 Column

(75 mm 3 250 mm, 1.7 mm, 130 Å, Waters Part No: 186007484) with a flow of 300

nL/min.

iii. Mobile phase A is ultrapure water, 0.1% formic acid, while mobile phase B is acetonitrile,

0.1% formic acid.

iv. The eluent gradient is set to go from 5% to 20% of mobile phase A in 100 min, then from

20% to 30% in 20 min, and finally to 90% in 20 min.

v. Settings for MS and MS/MS acquisitions (Figure 3): range is m/z 300–1,600, resolution

70,000 at FWHM (m/z 400), positive mode, AGC target of 3 3 106 and stepped NCE

of 21, 24 and 30.
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MS/MS spectra are acquired using a Top-10 DDA (data-dependent acquisition) method,

with a resolution of 35,000 FWHM. Dynamic exclusion is enabled, and only MS/MS

spectra from peptide ions with charge states between +2 and +8 are selected.
7. Shotgun data analysis of non-cross-linked samples

Note: as previously described, the databased OpenProt5 can be oversized for some

identification nodes, we recommend the use of the limited AltProt database with at least 1 iden-

tification in other MS data or Riboseq analysis.5 According to size limitation we recommend the

use of SequestHT (Thermo ProteomeDiscoverer V2.5) which is not size limited.
Two different databases and consensus steps are employed to analyze AltProts (in a FASTA file

combined AltProt, new isoforms and RefProt) and RefProts alone. The common consensus and

processing parameters are enumerated at 7a. Specific parameters for RefProts (7b) and AltProts

(7c) are displayed below.

a. Analyze the RAW LC-MS/MS data using Proteome Discoverer V2.5 (Thermo Fisher Scientific)

with the Sequest HT search engine.

i. Select LysC-trypsin and chymotrypsin as cleaving enzymes and 2 possible missed cleav-

ages.

ii. Variable modifications: methionine oxidation and protein N-terminus acetylation.

iii. Static modifications: carbamidomethylation of cysteines.

iv. Minimum peptide length: six amino acids.

v. Minimum precursor tolerance: 10 ppm.

vi. PSM and peptide validator: between 0.01 and 0.05 FDR.

vii. Fragment mass tolerance: 0.02 Da.

viii. Validation is done with Percolator using strict FDR = 0.01 and relaxed FDR = 0.05

b. For RefProts identification.

i. Protein database: UniProtKB v.2022_02 reviewed and unreviewed. (77,895 sequences,

downloaded from Uniprot website, 25 feb 2022)

ii. At least two peptides per sequence.

c. For AltProts identification.

i. Protein database: Homo sapiens OpenProt v1.6 (184,706 sequences), containing RefProts

and predicted AltProts detected in mass spectrometry experiments with at least one

unique peptide.

ii. At least one peptide per sequence.

CRITICAL: To eliminate false positives, use protein BLASTP13
The basic parameters of BlastP are preserved (or the automated adaptation for small pro-

tein) and the database used for the comparison is "non-redundant protein sequences".

An AltProt is considered "false positive" if it presents a sequence homology (identity+

coverage) > 80%, ideally no identification should be detected, if an alignment <80% ho-

mology is identified, it should be checked that the peptide/PSM identified inMS is specific

to the AltProt.

Additionally, check the identified PSMs of the AltProt with the NextProt Peptide unique-

ness checker14 tool. Parameters from the NextProt uniqueness tool have been kept un-

changed and the expected result is no sequence homology for the specific peptide of

the AltProt previously identified and tested.
Cross-link data analysis and interaction modeling

Timing: 1 week
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Figure 4. Proteome Discoverer cross-link identification workflow

(A and B) (A) Displays the processing step used to identify cross-links. The parameters used in the Sequest HT are displayed in the (B) panel. (B) The

parameters used at Sequest HT and XlinkX/PD search are displayed.

(C) Shows the consensus step for cross-link identification.
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To identify the cross-links, we employed the XlinkX15–17 node in Proteome Discoverer. Additionally,

the validation of the cross-links can be performed by docking the protein-protein interactions (PPIs)

andmeasuring the distances between the residues involved in each cross-link. Here, we describe the

modeling of the 3D structure of AltProts and docking them to the RefProts to which they were cross-

linked.

8. Cross-linking identification

a. Analyze the RAW LC-MS/MS data using Proteome Discoverer V2.5 (Thermo Fisher Scientific)

with the Sequest HT search engine at the processing step (Figure 4A).
14
i. Protein database: Homo sapiens OpenProt v1.6, which contains RefProts and predicted

AltProts detected in mass spectrometry experiments with at least one unique peptide.

ii. Select LysC-trypsin and chymotrypsin as cleaving enzymes and allow for 2 possible

missed cleavages.

iii. Set minimum peptide length to six amino acids and at least one peptide per sequence.

iv. Set minimum precursor tolerance to 10 ppm.

v. Set fragment mass tolerance to 0.02 Da.

vi. Maximum equal modifications per peptide: 3

vii. Maximum dynamic modifications per peptide: 4

viii. Variable modifications: methionine oxidation and N-terminus acetylation, DSSO ami-

dated, hydrolyzed, and Tris form.

ix. Static modification: carbamidomethylation of cysteines.

b. Set the Target Decoy PSM Validator:

i. Target/decoy selection: concatenated

ii. FDR set between 0.01 and 0.05.
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c. Set a spectrum confidence filter: worse than high.

d. Detect the cross-links using the XlinkX/PD Detect node in Proteome Discoverer V2.5 with the

following parameters (Figure 4B):

i. Set acquisition strategy as MS2.

ii. Set DSSO (158.0037 Da) as cross-linker.

e. Set the following parameters at the XlinkX/PD Search node:

i. Set same parameters as the Sequest HT node.

ii. Precursor mass tolerance of 10 ppm.

iii. FTMS fragment of 20 ppm.

iv. ITMS fragment of 0.5 Da.

f. Set XlinkX/PD Validator to FDR: 0.05.

g. At the consensus step set a peptide validator node with a target FDR for PSMs and peptides

between 0.01 to 0.05 (Figure 4C).

h. Add a Peptide and Protein Filter with the next parameters:

i. Peptide Confidence At Least: High

ii. Minimum Number of Peptide Sequences: 1

i. At the XlinkX/PD Consensus Validator set the cross-link spectrum match (CSM) and cross-link

FDR threshold as 0.05.

j. Perform manual curation of the identified cross-links:

i. Verify the quality of the CSMs. The cross-linking, b and y ions should be visible and describe

the amino acid sequence of the two peptides identified in the CSM. A clear example can be

observed at Garcia-del Rio et al.1

Note: As cross-linking technology has been evolving in the last 20 years, a community-wide

effort has been done to development of methodological standards which are available for

the reader18–20

ii. Eliminate the cross-link spectrum matches that involved N-terminal residues.

CRITICAL: Verify that the peptides identified at the CSMs correspond to the attributed
proteins using the NextProt peptide uniqueness checker tool.
9. Modeling and prediction of interactions between AltProts and RefProts (Figure 5A).

a. Retrieve the AltProts sequences from OpenProt database.

b. Generate the 3D models at I-TASSER (Iterative Threading ASSEmbly Refinement).21
Note: I-TASSER generates five models with the lowest free energy and highest confidence,

and the first model usually has the highest score and better quality. However, lower-ranked

models might have better quality. For more information, visit the I-TASSER server website.

c. Download the Alphafold22 or PDB23 3D structures of the RefProts involved in the cross-links.

d. For RefProt-AltProt docking ClusPro24 tool is used, submit the RefProt as a receptor and the

AltProt as a ligand at the ClusPro protein-protein docking server. Do not use any restraints

in the docking.

e. After the docking is finished, display all the balanced models, and download them. Addition-

ally, download the coefficients for these models.

Note: If you do not have any prior knowledge of what forces dominate in your complex, use

the balanced coefficients models.

f. Open the complex in YASARA25 view and identify the number of the atoms involved in the

cross-linked complex.

g. To verify the cross-linking distance, use the command:
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h. If the distance corresponds to constrains of DSSO, use the following command to label and

join both cross-linked atoms (Figure 5B):
Note: For DSSO, the distances described in the literature are from 5.3 Å26 to 30 Å.27 Other

molecular viewers such as Pymol28 or ChimeraX29 can also be used.

>LabelDisAtomA,AtomB,Format=DIS,Height=0.7,Color=Black,X=0.0,Y=0.0,Z=0.0,bound=Yes
Cross-linking network analysis

Timing: 1 week

For the visualization and gene ontology (GO) enrichment of the network obtained by cross-link iden-

tification, we recommend the use of Cytoscape.30 Additional apps have to be downloaded at

Cytoscape App Store: STRING,31 ClueGO,32 CluePedia33 and yFiles Layout Algorithms.

CRITICAL: Before starting your network analysis, we recommend performing the Cyto-
scape and ClueGo tutorials found on their websites. This will provide you with a general
ure 5. Cross-link interaction modeling workflow and result of the interaction found between H3F3A and the AltProt IP_6276699

Workflow used to generate an interaction model. H3F3A is identified cross-linked to IP_627699 in MS analysis. H3F3A 3D model is obtained from

hafold databased. IP_627699 FASTA sequence is obtained from OpenProt and is used to generate a 3D model at I-Tasser. Then the two models are

cked in ClusPro. Finally, the best interaction model processed, the distances between the cross-linked residues are measured.

3D ribbon model showing the interaction between H3F3A (blue) and IP_627699 (orange). The cross-linked residues are displayed in red and the

tance of the interaction [20.82 Å], confirmed the possible cross-link identification as its fits in the restricted distance of DSSO [5 to 30 Å].
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Figure 6. Cytoscape and ClueGo interface windows

(A) Displays how to import a cross-linking network from a file of identification by Proteome Discoverer 2.5. Additionally, it shows how to label the

columns as target and source nodes during this process.

(B) Presents the control panel of the ClueGo app at Cytoscape. The loading marker square, where to load the query protein list, is highlighted in yellow.
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panorama of the commands, formatting options, and different analyses that can be per-

formed in the software.
10. PPIs network treatment.
a. Export the cross-links identified from Proteome Discoverer 2.5 as an Excel file (Figure 6A).

b. Open the file and split the column description to obtain the gene symbols of the proteins

identified in cross-link.

c. Write in two new columns (Gene A and Gene B) the gene annotations.

d. Import this network from the file to Cytoscape.

i. Assign the source node to the Gene A column and the target node to Gene B column.

e. Select the network (Figure 7A) and STRINGify it (STRING App).

Note: Verify that all RefProt nodes are now STRING nodes. If not (plain gray nodes at Fig-

ure 7B), verify that there are no spaces in the accession numbers or genes. For Cytoscape

a space after the gene/accession creates a duplicate non-referenced node.

f. Once all the RefProts have a STRING node, copy the column of accession numbers, and input

them in the STRING protein query. This step will identify the already described interactions

between the RefProts (Figure 7C).

Note: If there are RefProt nodes that do not have any interactors, select them one by one and

add known interactors in the STRING menu (Figure 7C, bright gray STRING nodes).
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Figure 7. Cross-linking network evolution during the processing steps

(A) Shows a raw cross-linking network after import.

(B) Stringified cross-linking network. Note that the AltProts are not in the STRING format, meaning they are not indexed at string database.

(C) Displays only the interaction between the RefProts without cross-links. The enriched nodes are shown in gray STRING nodes.

(D) After merging B and C, all the interactions are displayed. Formatting is done for the nodes and edges.

(E) Presents a ClueGo enriched network. Only GO term nodes are displayed, the protein nodes are kept hidden.

(F) Resulting network after merging D and E. Combined the information of enriched proteins, query RefProts and AltProt, connected to the GOterm. As

well as the cross-link identified interactions, StringDB and other databased enriched interaction existing between the proteins of the network.
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g. Merge the networks.

Note: The resulting merged network (Figure 7D) will simplify the redundant cross-links. We

recommend formatting this network to visualize the interactions of interest.

h. Cross-validate the RefProt interactions in other databases. We recommend BioGrid34 and

IntAct.35

i. GO term enrichment (Figure 6B).

i. Open ClueGo App.

ii. Select the functional analysis as analysis mode.

iii. Input the whole list of RefProt genes at the load marker list box.

iv. Select the ontologies/pathways to use for the enrichment.

v. Select the specificity of the network.

vi. Enable the GO term fusion.

vii. Run the app.
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j. Merge the ClueGO network (Figure 7E) and the merged STRING network (Figure 7D).

k. At the resulting network (Figure 7F) select the preferred network layout and edit the node’s

properties. We recommend formatting the network in a way that you can obtain the informa-

tion you need.
EXPECTED OUTCOMES

This methodology enables the identification of AltProts, their subcellular localization, and protein-

protein interactions (PPIs) in cell lines. An easy way to verify that a cross-linking reaction has occurred

is by using SDS-PAGE. After a cross-linking reaction, larger protein complexes will be present in the

sample. These larger complexes cannot enter the concentration gel and will be observable at the

top of the wells and some at the interface between concentration and migration gels. Additionally,

the disappearance of some protein bands in the cross-linked sample, compared to a negative cross-

linking control, can indicate that a cross-linking reaction has taken place (Figure 2A). To validate the

subcellular protein fractionation, we recommend using western blotting and compartment-specific

antibodies. The optimal outcome should be that the signal of the antibody is present in just one frac-

tion, but traces of specific markers may appear in other fractions (Figure 2B).

For AltProts identification, an AltProt/RefProt ratio of 5%–10% can be expected. It is always recom-

mended to validate identifications by performing a BLAST search and using the NextProt peptide

uniqueness checker. Additionally, different properties and characteristics of the AltProts identified

can be retrieved from the OpenProt database. Although peptide fractionation using SEC36 and

SCX37 columns can increase the number of cross-links identified, our fast and non-fractionated

method can only be expected to identify a couple of hundred interactions at most. Even a small num-

ber of AltProt-RefProt cross-links is sufficient to infer their possible function or pathway involvement.

This methodology was exemplified in a study of PPIs in immortalized human ovarian epithelial cells

(SV40), and the characterization of the AltProts identified in the cell line.1 In this study, the subcellular

localization of 112 AltProts was observed, and subcellular protein fractionation decreased the

complexity of the cross-linked sample, allowing us to identify a network of 220 cross-links without

peptide enrichment, 16 of which were AltProt-RefProt interactions. Furthermore, the possible

involvement of these AltProts in some cellular processes, such as antigen processing and presenta-

tion of peptide antigen via MHC class I, mRNA transcription by RNA polymerase II, and regulation of

mitochondrial outer membrane permeabilization involved in apoptotic signaling pathway, was

investigated.
LIMITATIONS

The methodology described above has some limitations. The first limitation (I) is related to the lack

of information on AltProts. Still, the concept of alternative proteins has limited spread, and few tools

and databases have been developed for the analysis of this ghost proteome. Therefore, the meth-

odology used here provides us with a snapshot of some possible functions of a limited number of

AltProts. Targeted studies need to be conducted to confirm or expand the information about these

AltProt "hits".

The second limitation (II) is linked to the protein fractionation technique. The kit employed in this

protocol is based on pelleting the non-extracted fraction and removing the supernatant. If the

removal of the supernatant is not optimal, traces of proteins that don’t correspond to the next frac-

tion could remain. Additionally, there is limited information about the buffer composition and deter-

gents employed. To avoid the use of the kit, other subcellular fractionation techniques can be used

(e.g., sucrose gradient), since they are compatible with MS.

The third limitation (III) is the need to decrease the complexity of the cross-linking sample before in-

jection into the nLC-MS/MS system, increasing the detection of cross-linked peptides. For this,
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fractionation techniques like SEC and SCX chromatography or the use of enrichable cross-linkers like

NNP9,38 tBu-PhoX,39 and alkyne-A-DSBSO40 can help identify more cross-linked peptides.
TROUBLESHOOTING

Problem 1

No cross-linking patterns are observed in the SDS-PAGE gels (related to Step 1).
Potential solution

� Verify the BSA positive control. If there is no cross-link in BSA positive control, it means DSSO was

hydrolyzed.

� Avoid buffers that contain primary amines.

� Repeat the cross-linking reaction with a new vial of DSSO. Follow the vendor’s storage and use

recommendations.
Problem 2

No extraction is observed in the SDS-PAGE gels after subcellular fractionation (related to Step 2).
Potential solution

� Verify that the volumes used for the extraction are appropriate (read the vendor’s manual).

� Remove DPBS completely before starting and keep the pellet as dry as possible (according to the

kit manufacturer).

� Increase the incubation times.

� Vortex at the highest setting.

� Add the appropriate volume of Halt Protease Inhibitor Cocktail.
Problem 3

The extracted proteins are not compartmentalized (related to Step 2).
Potential solution

� Vortex longer to disperse completely the cell pellets.

� Increase the incubation times.

� Carefully remove all extracts before proceeding to the next step. Remove the remaining buffer

with a smaller pipette.

� Re-centrifuge sample and remove excess extract.

� Primary antibodies are not specific.

� Verify if the protein selected as compartment-specific is reported in literature to be in other com-

partments.
Problem 4

Urea is not dissolved at the Denaturing solution (related to Step 3).
Potential solution

� Place the solution in an ultrasonic bath and sonicate it for 5–10 min.

� Freeze and thaw the buffer to solubilize the urea.
Problem 5

Presence of polymer traces in the membrane fractions (related to Step 4).
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Potential solution

� Verify by MALDI-MS that all the solutions prepared are not contaminated by polymers.

� Repeat the HiPPR� Detergent Removal Resin protocol and dilute the sample.
Problem 6

No cross-links identified by XlinkX at Proteome Discoverer (related to Step 5).
Potential solution

� If the confirmation of the cross-linking reaction by SDS-PAGE was skipped, there is no certainty

that the cross-linking reaction happened.

� If only cross-link dead ends are found in the sample, perform peptide fractionation (SEC or SCX) of

the samples after the digestion.
Problem 7

Unable to find the lysine residue involved in the cross-link after modeling the interaction in ClusPro

(related to Step 5).
Potential solution

� The cross-linking description found in Proteome Discoverer is based on the sequence found in the

FASTA file. However, some PDB accessions do not present all the amino acids described in the

protein databases. Therefore, we recommend finding the 3D structures in which the residues

involved are present. In UniProt, under the structure menu, we can observe the different 3D

models and coverage for each protein.

� Please note that after docking in ClusPro, the model numbering starts with the receptor, followed

by the ligand protein. To find the position of the ligand residue involved in the cross-link, simply

add the residues of the receptor to the position of the cross-link.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Michel Salzet (michel.salzet@univ-lille.fr).
Materials availability

This study did not generate new unique reagents.
Data and code availability

d The mass spectrometry proteomics data from Garcia-del Rio et al.1 have been deposited to the

ProteomeXchange Consortium via the PRIDE41 partner repository with the dataset identifier

PXD035764, study following this protocol.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.
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