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SUMMARY

Eukaryotic mRNA has long been considered monocistronic, but nowadays, alter-
native proteins (AltProts) challenge this tenet. The alternative or ghost proteome
has largely been neglected and the involvement of AltProts in biological pro-
cesses. Here, we used subcellular fractionation to increase the information about
AltProts and facilitate the detection of protein-protein interactions by the identi-
fication of crosslinked peptides. In total, 112 unique AltProts were identified, and
we were able to identify 220 crosslinks without peptide enrichment. Among
these, 16 crosslinks between AltProts and Referenced Proteins (RefProts) were
identified. We further focused on specific examples such as the interaction be-
tween IP_2292176 (AltFAM227B) and HLA-B, in which this protein could be a po-
tential new immunopeptide, and the interactions between HIST1H4F and several
AltProts which can play a role in mRNA transcription. Thanks to the study of the
interactome and the localization of AltProts, we can reveal more of the impor-
tance of the ghost proteome.

INTRODUCTION

Since 2011 considerable efforts have been made to shed light on unreferenced proteins also called the

ghost proteome; in various biological contexts.1–5 This ghost proteome, being a part of the total protein

landscape, points to proteins not referenced in conventional databases like UniProt6 and RefSeq.7 Such

ghost proteins, called alternative proteins (AltProts) or proteins coded by small open reading frames

(smORFs),8 were identified to be translated from regions of mRNA molecules described as non-coding,

e.g. 30 and 50 UTR, reading frame shifts3 or involve all kinds of non-coding RNA (ncRNA)9 (Figure 1).

AltProts have the particularity of having an average size of less than 100 amino acids,10 likewise their se-

quences, despite being derived from a mRNA coding for a referenced protein (RefProt), have a completely

different amino acid sequence, suggesting a different biological function. AltProts are estimated at 450,000

potential sequences,3,11 compared to 79,038 RefProt sequences (Uniprot-01.2022), hence a five times

larger proteome than currently considered. The ghost proteome is thus also a potentially rich source of bio-

markers of major interest for the understanding of pathophysiology and it has already been studied on

endometrial cancer12 and breast cancer,13 and on glioblastoma.14,15 Indeed, ghost proteins, physiologi-

cally present in cells, can be impacted by mutations, which might impact the signaling pathways in which

they are involved.15 However, although AltProts have been identified in a wide variety of contexts and espe-

cially in cancer, their functions often remain enigmatic.16,17 Studies on AltProts are often limited as case-by-

case, complex and costly biomolecular studies to obtain functional protein information are lacking.18–20

Few untargeted strategies have enabled the identification of the molecular function of a protein in a single

analysis. Bioinformatics tools, including linking protein functional information through networks and gene

ontology (GO) analysis, are powerful tools for this purpose.21 Such tools allow to redraw the signaling path-

ways and group together RefProts belonging to the same biological process, molecular function, or cellular

localization, increasing the information about the cellular mechanism. Such information can be obtained

through databases holding information on protein-protein interactions (PPIs) such as STRING,22

BioGrid,23 and IntAct24 allowing them to be applied to a large-scale protein analysis such as a bottom-

up approach by chromatography coupled tomass spectrometry analysis (LC-MS/MS) of RefProts. However,

similar PPI data are for AltProts are currently largely unknown and AltProts remain largely understudied as

baits for identifying PPIs.
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Figure 1. Schematic representation of the translation of AltProts coded from AltORFs

Top panel: translations of RefProts at the CDS region. Middle panel: AltProts translated from 50 AND-30 UTRs and
CDS +2, +3 frames. Bottom panels: AltProts encoded from a lncRNA.
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One interesting approach to obtain PPI data involving AltProts is based on the use of crosslinkers com-

bined with analysis by mass spectrometry (XL-MS). This hypothesis-free strategy, when applied to a com-

plex mixture such as a cell extract, fixes actual PPIs present and allows us to identify new interactions of a

bait protein. When processing XL-MS data, one may search for AltProts by using a database holding

AltProt sequences. XL-MS has been applied for the structural analysis of purified proteins and to identify

interactions in purified protein complexes. However, XL-MS holds some limitations when applied to the

large-scale exploration of cellular PPIs, the main ones being the low number of crosslinked peptides that

get identified compared to non-crosslinked peptides and the identification of cross-linked peptides

because of their complex spectra. To increase the identification of the former, enrichment workflows

can be implemented. Such enrichment depletes non-crosslinked (or free) peptides upon sample fraction-

ation, which is generally carried out by size exclusion chromatography (SEC) or cation exchange chroma-

tography (SCX). However, despite a significant increase in the identification rate of crosslinked peptides,

such approaches require a rather large amount of material (minimum 60 million cells25 or 2 mg of pro-

tein.26 Other strategies that are currently emerging are generally based on the use of customized cross-

linkers (non-commercial), often tri-functional, allowing targeted enrichment of crosslinked peptides by the

functionalized third arm of the molecule. However, these customized crosslinkers also require large quan-

tities of biological material.
2 iScience 26, 105943, February 17, 2023
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In an era where mass spectrometry-based proteomics aims to study proteomes at the single-cell level or is

applied to clinical samples of limited quantity, we came up with a strategy to increase the identification of

crosslinked peptides while using relatively small amounts of material. Our strategy is based on the decom-

plexation of the sample. Considering that a limiting factor of XL-MS analysis without enrichment is the (too)

high signal intensity of free peptides, we have chosen to divide the cell into different fractions. Thus, from a

reasonable number of cells (3 million cells), we separate the proteome into membrane, cytoplasm, nuclear,

chromatin, and cytoskeleton proteomes. This strategy was chosen as it has a double advantage: it allows us

to increase the number of identified crosslinked peptides without prior peptide fractionation and it pro-

vides information on the cellular localization of the identified AltProts. Very little information exists on

the subcellular location of AltProt, yet, in some targeted studies, it was reported that AltProts could

have a different location compared to the RefProt originating from the same mRNA. Another example

shows a co-localization with the associated RefProt, for the cooperation or co-regulation of the gene via

its AltProt.27 The use of this strategy allows us to ‘‘kill two birds with one stone’’ to optimize the detection

of interactions involving AltProt to assign signaling pathways in a non-targeted way and to provide infor-

mation on the possible localization of AltProt in the cell.

Thus here, we propose the use of subcellular fractionation to increase the identification rate of crosslinked

peptides and simultaneously provide information on the cellular localization of identified AltProts. As such,

cellular functions of AltProts can be assessed in a non-targeted way, which is expected to increase our un-

derstanding of the ghost proteome.

In this study, we propose the use of subcellular fractionation in order to increase the rate of identification of

crosslinked peptides all by providing information on the localization of AltProt in the cell. This is to highlight

the functions of AltProt in a non-targeted way and to progress in the understanding of the ghost proteome.
RESULTS

In cellulo crosslinking, subcellular fractionation, and protein digestion

Overview of the workflow used

As the function of the vast majority of AltProts predicted from OpenProt Database3 remains unknown, as

mentioned earlier, we used crosslinking mass spectrometry to characterize AltProts in a non-targeted way.

To obtain more information on AltProts on a large scale and to optimize the identification of crosslinked

peptides, we set up a workflow combining in cellulo crosslinking with subcellular fractionation and analysis

by nLC-MS/MS. Additionally, to confirm the presence of crosslinked proteins SDS-PAGE was used and

Western blotting to confirm the efficiency of subcellular fractionation (Figure 2A). Finally, the generated

data were integrated to identify AltProts, their partners, and the signaling pathways they are involved in.

For crosslinking, we used in cellulo DSSO treatment on replicates of 3E6 immortalized human ovarian cells

(T1074-ABM). Following crosslinking and quenching, subcellular protein fractionation was used to extract

five different protein fractions corresponding to cytoplasm (Cyt), membrane-bound (Memb), nuclear (Nuc),

chromatin-bound (Chr), and cytoskeletal (Ske) proteins.

Characterization of the crosslink reaction

Protein crosslinking was visualized by SDS-PAGE Figure 2B. The formation of protein complexes by crosslinking

prevents the migration of these complexes in the separation gel (12% acrylamide). As a result, intense protein

staining is observed between the stacking and separation gels, even with protein staining in the wells at the

entrance of the stacking gel pointing to the formation of protein complexes that are so large that they cannot

enter the stackinggel (4%acrylamide). Note that this was only observedwhenanalyzing crosslinked samples and

for the positive control of crosslinking reaction (BSA). In crosslinking sample, a ‘‘blur’’ of migration can be

observed, this could be formed by smallest structures like intra-protein crosslinks and small(er) protein com-

plexes. Interestingly, almost complete protein crosslinking is found formost of the analyzed subcellular fractions,

except for the chromatin fraction where a clear band is observed in the separation gel that is also present in the

non-crosslinked control, pointing to a protein that is not affected (or only slightly) by the crosslink used.

Evaluating the efficiency of the subcellular fractionation

The efficiency of the subcellular fractionation procedure was evaluated on non-crosslinked cells. To deter-

mine if we were able to extract known-location proteins. Five protein markers were selected according to
iScience 26, 105943, February 17, 2023 3



Figure 2. Description of the general workflow used

(A) The first step included harvesting and in celullo crosslinking, followed by subcellular fractionation and SDS-PAGE to confirm the crosslinking reaction.

Additionally, Western blotting was employed to verify subcellular fractionation. Finally, nLC-MS/MS analysis and crosslinking network revision were

performed.

(B) Coomassie blue stained SDS-PAGE: each crosslinked subcellular fraction was compared to a non-crosslinked fraction. BSA crosslinked or not was used as

controls. Red arrows display the crosslinked signals.

(C) Western blot signals obtained from each fraction. HSPA1A signal is present in the cytoplasm fraction. For calreticulin, signals are observed at chromatin,

cytoskeleton and a more intense signal at the membrane-bounded fraction. SP1 is observed at nucleus and cytoskeleton. Histone H3 is found in chromatin

and cytoskeleton. Cytokeratin 18 is found at Nucleus and cytoskeleton. These results correspond to the ones found in UniProtKB, COMPARTMENTS, and the

literature.
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their subcellular location and already tested by the kit’s vendor, HSPA1A for the cytoplasm, calreticulin for

the membrane-bounded proteins, SP1 for the nucleus, Histone H3 for the chromatin, cytokeratin 18 for the

cytoskeleton. To verify the subcellular location UniProtKB was used as a reference. In Figure 2C the band

corresponding to HSPA1A is clearly observed in the cytoplasmic fraction, and additionally, a weak signal is

found in the cytoskeletal fraction. According to UniProt: P0DMV8, HSPA1A can be found in the cytoplasm

and at the cytoskeleton, which correlates with the signals observed in the blot. At UniProt, calreticulin (Uni-

Prot: P27797) is referenced in the membrane of several organelles. Furthermore, it has been described in

the chromatin28 and cytoskeleton.29 SP1 (UniProt: P08047) was annotated to reside in the nucleus and in the

cytoplasm. Here, we observed two strong signals in the nucleus and the cytoskeleton, the latter can be ex-

plained by the fact that in mitosis SP1 can be redirected toward the microtubules.30 For histone H3, two

signals can be observed: in the chromatin and cytoskeleton fractions. According to UniProt: P68431, this

protein can be found in the nucleus and at chromosomes, according to the mitosis process, during the

cell division chromatin is in contact with the microtubule and can explain why histone H3 is also identified

in cytoskeleton fraction. Signals for cytokeratin 18 were observed in the nuclear and cytoskeleton fraction,
4 iScience 26, 105943, February 17, 2023



Figure 3. Subcellular fractionation analysis

(A) Venn diagram displaying the distribution of reference proteins identified in the different subcellular fractions.

(B) Bar chart showing the number of RefProts identified (red), the number of RefProts indexed in STRING (blue), and the number of RefProts that contain the

GO term of the localization corresponding to the fraction where it was found.

(C) Bar chart displaying the number of AltProts identified in at least two replicates in the same subcellular compartment.
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while UniProt: P05783, annotates this protein in the cytoskeleton and nucleus, and sometimes in the cyto-

plasm. Even if the power of compartment separation is still limited, by this method we can obtain a first view

of the cellular compartments repartition of the protein. Therefore, we will be able to propose a cellular

localization to the AltProts identified by this methodology.

Identification of RefProts

The MS/MS data from the crosslinked samples were analyzed by Proteome Discoverer V2.5 using Sequest

HT.31 We initially focused on the RefProts (databased Uniprot 02-2022) and could identify 4,753 unique

RefProts, of which 2,557 were identified in the cytoplasmic fraction, 2,731 in the membrane, 2,808 in the

nucleus, 1,794 in the chromatin fraction and 2,781 in the cytoskeleton, with a high number of proteins

shared by different fractions (Figure 3A). The fraction in which more compartment-specific identifications

were found was the membrane fraction (538), followed by the cytoskeleton (375), cytoplasm (369), nucleus

(344), and chromatin fraction (127). A gene ontology (GO) cellular component enrichment analysis was per-

formed using the STRING app32 at ClueGO33 Figure 3B. In general, and as expected, the number of in-

dexed proteins in STRING is less than the ones identified. Moreover, the number of proteins that possess

the GO term for the compartment in which it was identified is very low for the chromatin and cytoskeleton

fractions.

Identification and characterization of AltProts

Following a similar approach as for the RefProts, AltProts were identified, now using the OpenProt data-

base. A total of 112 AltProts were identified in at least two replicates in the same subcellular compartment

(Figure 3C). The highest number of AltProts (44) was found in the membrane-bound fraction, followed by

cytoplasmic AltProts (41), 30 in the nucleus, 25 in the chromatin fraction, and eight in the cytoskeletal frac-

tion. Of note, 24 AltProts were identified in two or more cellular compartments. With the ability to separate

subcellular proteins we can propose information about localization for the AltProts identified. Such infor-

mation is important as the function of a protein depends, amongst others, on the cellular compartment or

organelle where it is localized, as this provides the necessary physiological context, aiding the functional

characterization of AltProts. Further analyses showed that 88.3% of the identified AltProts originate from

non-coding RNAs (ncRNA), 5% from miscellaneous RNAs (misc_RNA), 3.3% from a frameshift in the

mRNA CDS, and 1.7% from each of the 30 and 50 UTR mRNA regions (Figure 4A). Considering the distribu-

tion of the molecular weights of the identified AltProts, more than 5% of the AltProts have molecular

weights below-30 kDa (Figure 4B). In Table S1, the complete description of the AltProts, protein Blast re-

sults, and the unique peptide identified in MS/MS corroborate by NextProt Peptide uniqueness checker.34

The OpenProt database holds information on the prediction of protein domains in AltProts, made possible

by comparisons with RefProt sequences and domain annotations made with algorithms like InterProScan.35
iScience 26, 105943, February 17, 2023 5



Figure 4. AltProts properties

(A) RNA type distribution found among the 112 AltProts identified.

(B) Molecular weight distribution of the AltProts identified.

(C) Predicted protein domain distribution of the AltProts, retrieved from the OpenProt database.
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Domains describe a structural or functional entity that is typically evolutionary conserved among orthologs.

Of the 112 AltProts identified, 17.9% do not have any annotated protein domain (Figure 4C), while the in-

termediate filament protein domain was themajor domain found (18.8%), with beta-tubulin and actin family

domains also identified. This points to the fact that some AltProts might function as structural proteins.

Other retrieved protein domains relate to ribosomal proteins, translation and elongation factors and chap-

eronins, and an RNA recognition motif. Further, a great heterogeneity was observed, represented by the

‘‘Other’’ section (Figure 4C) which does not allow a proper breakdown into different domains, yet repre-

sents 20.5% of the AltProts identified.

In summary, our results show that our methodology provides robust information about AltProts. For

instance, IP_596971 found in the membrane-bound fraction possesses a major histocompatibility complex

(MHC) class I signature domain which is usually found at the cell membrane. Along the same line, IP_566083

identified in the same fraction has a transmembrane transport protein domain. Another example is

IP_775646, identified in the cytoplasmic fraction, possessing a ribosomal protein domain (Table S1).

Crosslink network analysis

Next, the XlinkX algorithm36 implemented to PD2.5 was used to identify the crosslinked peptides and build

protein interaction maps. A total of 220 crosslinks (see Table S2) were identified without targeted cross-

linked protein or peptide enrichment. Among these 220 crosslinks, 16 crosslinks were found involving an

AltProt. Themembrane fraction had the highest number of identified crosslinks (88, Figure 5A), which could

be explained by DSSO first reacting with surface-exposed membrane proteins upon its administration to

cells. A PPI network was generated in Cytoscape37 (Figure 5B), where RefProts are identified in interaction

with some AltProts. Several inter-protein crosslinks were found multiple times next to intra-protein cross-

links. In total, 16 AltProts were found to interact with RefProts (see Table S3).

To attribute functions of an AltProt from this list of PPIs, we retrieved the known interactions from STRING,

BioGrid, and IntAct database and included the identified crosslinked interactions (Figure 5C). We observed

(green lines) that 10 interactions were already described. These interactions found were: H3F3A-H2AFJ,

ITGA5-ITGB1, YWHAZ-YWHAQ, PHB-PHB2, EMC2-EMC8, COX7B-COX4I1, ATP5A1-ATP5F1, PDIA6-

PLEKHO1, HLA-B-B2M, and B2M-HLA-A.

For the RefProts that did not present referenced STRING interaction, an enrichment has been performed to

expand the network (Figure S1). With this expanded network a molecular function GO term enrichment

analysis was performed with the ClueGO App from Cytoscape. For the resulting network (Figure 6), the
6 iScience 26, 105943, February 17, 2023
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Figure 5. Crosslinking network analysis

(A) Total crosslink identification distribution in each subcellular location.

(B) Raw crosslink network in which AltProts are marked in orange and RefProts are marked in blue.

(C) Crosslinked network enriched by the STRING interactions (gray lines) retrieved between these crosslinked (red dash

lines) RefProts. Green lines highlight the PPIs already described in molecular interactions databases.
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interactions between AltProts and RefProts were displayed along the GO terms enriched. The AltProts

IP_2292176, which was found crosslinked to HLA-B, and IP_2284785, crosslinked to HLA-A, were linked

to antigen processing and presentation of peptide antigens via MHC class I (GO:0002474). IP_789671,

crosslinked with RALA, and IP_620377, crosslinked with ARIH2, appear to be related to the regulation of

mitochondrial outer membrane permeabilization involved in the apoptotic signaling pathway

(GO:1901028). IP_295919, crosslinked to PDIA4, and IP_614697, crosslinked to CANX may participate in

the response to ER stress (GO:0034976). IP_136846 was identified crosslinked to LGALS1 in the membrane

fraction is not annotated by a GO term, but LGALS1 is known to bind wide array carbohydrates and regu-

lating apoptosis, cell proliferation, and differentiation.38 As a final example, IP_627699 was found cross-

linked to H3F3A, which possesses an STRING interaction with ORC1. ORC1 was also found crosslinked

to IP_557247. Also, IP_2331010, IP_672441, IP_709097 and TAF4B were crosslinked to HIST1H4F, which in-

teracts with ORC1, H3F3A, SIRT6 and CENPN. These PPIs hint that these five AltProts can be involved in

mRNA transcription by RNA polymerase II (GO:0042789), protein-DNA complex subunit organization

(GO:0071824), DNA dealkylation involved in DNA repair (GO:0006307), or DNA replication-independent

chromatin assembly (GO:0006336).
Structural modeling of selected interactions

Since AltProts remain ill-studied, no specific antibodies are available for their monitoring in cells by immu-

nofluorescence or for co-immunoprecipitation to confirm observed interactions with other proteins. Our

objective is to set up a large-scale analysis method to identify the best signaling pathway actors to then

carry out targeted characterization studies, using molecular biology to overexpress and tag the proteins

of interest. Thus, in a non-targeted study context, coupled with the use of XL-MS.

We decided to confirm the probability of the interactions observed by analyzing 3Dmodels of AltProts with

unguided interaction docking between the two partners. The structures of the AltProts were predicted with

I-Tasser39 and the interactions with ClusPro.40 The RefProt, of which the structure was predicted by Alpha-

Fold41 was used as a receptor of the AltProt (smaller in structure). In this way, we could confirm the inter-

actions observed upon XL-MS by measuring the distance of the predicted interactions with a mean of

21.13 Å (Figure S2), which agrees with the distances described in the literature for DSSO, being from

5.3 Å42 to 30 Å.43
DISCUSSION

AltProts remain infrequently studied and, currently, no methodology allows for the characterization of

these proteins in a non-targeted way. Here, we proposed a methodology based on the identification

of AltProts by mass spectrometry including XL-MS to identify their interaction partners, which allows us

to place AltProts in signaling pathways, amongst others. This makes it possible to assign possible

functions to yet uncharacterized proteins and it also adds such proteins to cellular pathways. Moreover,

by using fractionating cells, we also proposed an intracellular localization dimension whilst allowing us

to increase the number of identified crosslinks. One major advantage of our workflow is the drastic

reduction of the amount of material needed. Indeed, here, we used 3E6 cells, whereas previous

studies, which used or did not enrichment methods, started from at least 5E7 cells.25 Cell fractionation

reduces the complexity of the sample and therefore increases the identification of crosslinked peptides

whose signals are often masked by those of free peptides. This study also reminds the fact that

AltProt may be involved in the development of pathology, but like RefProt they are also present in

a physiological context with involvement in signaling pathways and functions, in the same way as

RefProts.

We first evaluated the efficiency of the subcellular protein fractionation kit used by Western blotting

using compartment known proteins. With the RefProts identified, a gene ontology (GO) cellular

component enrichment was performed. Both the signals observed in the blots and the identified

GO terms seem to suggest that due to the intrinsic principle of the subcellular fractionation kit, which
8 iScience 26, 105943, February 17, 2023



Figure 6. GO molecular function enrichment network generated with ClueGO in Cytoscape

GO enrichment was generated from the accession numbers of Figure S1. AltProts are marked in orange and RefProts in blue. Enriched GO terms are

displayed as hexagons. Crosslinks are marked in red dashed lines.
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is based on centrifugation and supernatant removal, some remnant proteins from previous superna-

tants could be transferred to the last fraction (cytoskeleton). This increased the number of ‘‘non-specific

proteins’’ identified in this fraction to 414 over the total 2781 (Figure 3B). However, one must consider

that the cytoskeleton is the scaffold structure of the cell and the transport path of a large number of

proteins, and one may thus identify proteins from other compartments in transit or in contact with the

cytoskeleton.

Another advantage of subcellular fractionation is that onemay attribute a cellular compartment to AltProts.

Most AltProts were found identified in the membrane and nucleus fractions. Also, three AltProts were iden-

tified in all five cellular fractions. IP_623199 is 236 amino acids long (26.79 kDa) and coded from a lncRNA of

the KRT8P25 gene. IP_774693 contains 75 residues (8.68 kDa) and coded from a lncRNA transcribed from

the TUBAP2 gene. And, finally, IP_790379, 42 amino acids long (4.38 kDa) translated from a lncRNA of the

AL161932.1 gene. This might point to AltProt dynamism and mobility in the cell, explaining the identifica-

tion in all compartments in case that is not an artifact link to contamination between the fractions, this could

be further confirmed by a targeted approach like fluorescence microscopy of these AltProts fused to Green

Fluorescent Protein (GFP).

The vast majority of the identified AltProts originated from lncRNAs and a small fraction from mRNAs (Fig-

ure 4A). For a long time, lncRNAs were believed to act as transcriptional and post-transcriptional regulators

without any coding potential.44 Nowadays, and also given our data, this concept is clearly shifting.

One approach to infer functions of AltProts is based on the domains that are found in their sequence. Inter-

estingly, one-third of the here retrieved protein domains are involved in translation. This correlates with

previous observations16 in which we have shown that the AltProt AltATAD2 can interact with the RPL10
iScience 26, 105943, February 17, 2023 9
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region interacting with 5S rRNA and may thus be a mechanism of the regulation of the ribosome. It is also

noteworthy that 17% of the identified AltProts have no known domain region (Figure 4C). The small size, 10

to 30 kDa for more than half of these proteins (Figure 4B), also suggests numerous functions like enzyme

and protein inhibition or ligand/receptor interaction, such as the function of endogenous peptide and

neuropeptide.45,46

Crosslinking mass spectrometry has been used since the early 2000s.47 As of 2015, XL-MS has been used to

identify PPIs in a large-scale manner.36 As the vast majority of the AltProt functions is unknown, a PPI un-

targeted approach can be the first way to appoint functions to AltProts, by the guilt-by-association

concept. Our methodology, which does not involve any peptide enrichment step (SCX or SEC) and con-

sumes a small number of cells (3E6), allowed us to identify 220 and 16 crosslinks between AltProts and

RefProts (Figure 5B&C). While these numbers appear not very high, according to the workflow used,

they are acceptable, and already allow the future exploration of several targets.

From the previously described interactions found (10 PPIs), H3F3A (H3 histone family member 3A) and

H2AFJ (H2A histone family member J) are part of the nucleosome complex in which the DNA is wrapped

and arranged. Integrin alpha-5 (ITGA5) and Integrin beta-1 (ITGB1) are part of the integrins family. This

family of proteins serves as cell-matrix adhesion receptors. Specifically, the Integrin alpha5beta1 binds to

the fibronectin Arg-Gly-Asp motif. This interaction has been identified by high-resolution X-ray diffrac-

tion protein crystallography.48 YWHAZ and YWHAQ are part of the 14-3-3 family of proteins that mediate

signal transduction by binding to phosphoserine-containing proteins and are involved in multiple

signaling pathways. The interaction between them has been identified multiple times by affinity

capture-MS and co-fractionation.49–51 Prohibitins are a family of proteins that contain a stomatin/prohib-

itin/flotillin/HflK/HflC domain. Moreover, PHB and PHB2 act as a frame in different cellular processes.

The PPI between both has been observed in different types of experiments such as proximity label-

MS,52 co-fractionation,53 and affinity capture-MS.54 The ER membrane protein complex comprises nine

subunits and its main function is the insertion of transmembrane domains in protein biosynthesis. The

interaction between the subunits two (EMC2) and eight (EMC8) has been demonstrated by cryo-electron

microscopy (EM).55 Cytochrome c oxidase is a 13mer inner mitochondrial transmembrane enzyme. It is

the final complex of the electron transport chain, and its main function is the reduction of molecular ox-

ygen to water. The interaction between the subunits COX7B and COX4I1 has been proven by cryo-EM56

and XL-MS.57 The human mitochondrial ATP synthase complex produces ATP from ADP in the presence

of a proton gradient, generated by the electron transport chain. From this complex, ATP5A1 and ATP5F1

have been found interacting by XL-MS.57 Protein Disulfide Isomerase Family A Member 6 (PDIA6) is a

member of the disulfide isomerases. These proteins catalyze the arrangement of disulfide bridges result-

ing in protein folding. The Pleckstrin Homology Domain Containing O1 protein (PLEKHO1) has been

described to be a regulator of the cytoskeleton by its interaction with actin capping proteins. Even

though the crosslink between these two proteins was already described.57 The MHC class 1 complex

is comprised of a light chain, named beta-2 microglobulin (B2M); and a heavy chain. The heavy chain be-

longs to the human leukocyte antigens (HLA) proteins which comprise HLA-A and HLA-B. These 2 inter-

actions, B2M-HLA-A58 and HLA-B-B2M,59 have been identified by X-ray diffraction protein

crystallography.

Among the PPIs found by XL-MS, IP_2292176 (AltFAM227B), which is predicted to be translated from the

50UTR +2 ORF, giving rise to a protein of 67 amino acids (7.68 kDa), was found crosslinked to HLA-B. Upon

modeling this AltProt and docking with HLA-B, we observed 20.11 Å between the two crosslinked lysines

(Figure 7A), which fits with the crosslinking range described for DSSO. HLA-B is part of the MHC class 1 and

oversees the presentation of antigenic peptides of 8-13 residues that are recognized by CD8+ T cells

driving antigen-specific immune response. Due to the importance of this system for tumor-derived anti-

gens, informatics tools have been developed to predict the binding of peptides to this class of proteins

and one of them is NetMHC-4.0,60 this tool is based on a machine-learning algorithm that predict the ca-

pacity of binding to a protein and peptide sequence based on this size and amino acid constitution, giving

the possibility to predict interaction for AltProt not referenced in other tools based on databases identifi-

cation. The results obtained using the complete sequence of the AltProt divided in 8-14-mers were pre-

dicted as weak binding for the alleles HLA-B1502, HLA-B1503, HLA-B1517, HLA-B4001, HLA-B4002 and

HLA-B5701. The peptide with the strongest interaction was built in I-TASSER and docking was performed

in ClusPro. The distance obtained between the crosslinked residues was 16.72 Å, which validates the PPI
10 iScience 26, 105943, February 17, 2023



Figure 7. IP_2292176 (AltFAM227B) predicted models docked to Alpha-Fold HLA-B model

(A) displays the interaction of HLA-B and the complete IP_2292176. The distance between the two Lys residues involved at

the crosslink is of 20.11 Å.

(B) Interaction between the peptide with the predicted strongest interaction (DKKESMANYPRL) and HLA-B.
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found by XL-MS (Figure 7B). This allows us to make several hypotheses. This AltProt in the cell can be

degraded and exposed to the surface by the MHC class I system to be presented as an antigen. This hy-

pothesis makes AltProts potential new immunopeptides, which in the case of pathologies such as cancer

can be therapeutic targets.61,62 A second hypothesis is that the AltProt binds the MHC-I molecule, inhibit-

ing the presentation of other immunopeptides. The fact that this interaction was found in an XL-MS study

without the enrichment of crosslinked peptides could indicate that this PPI is sufficiently represented in the

studied cells. The study of AltProt in the antigenic presentation and the immune response is an axis still very

poorly explored in which the identification of a new specific target has a strong potential for therapy, the

AltProts are in this context a potential source of new targets not yet exploited.

The interactions found for HIST1H4F, for which we observed crosslinking to three AltProts and TAF4B, is

noteworthy. The interaction of HIST1H4F with TAF4B is not referenced in STRING, but interactions with

other subunits of the TATA-binding protein-associated factors (TAFs), TAF1 and TAF6L, are. As such, we

may hypothesize that TAF4B indirectly interacts with HIST1H4F. TAFs are part of transcription factors

that regulate RNA polymerase II transcription, which is the most flexible transcription system controlled

by modified histones (acetylation), transcription factors, and chromatin structure.63 The AltProts that

were crosslinked to HIST1H4F were IP_2331010 (AltKDM4C, 30UTR +2 ORF), IP_672441 (AltRPS15AP10,

ncRNA), and IP_709097 (AltAC123769.1, ncRNA). These interactions were found in the cytoplasmic, nu-

clear, and membrane-bound fraction, respectively. According to the COMPARTMENTS subcellular local-

ization database,64 HIST1H4F is found experimentally in the nucleus and cytosol, moreover, a GO term

linked to the membrane is referenced in UniProt (P62805). This could indicate that these AltProts might

be involved inmRNA synthesis or in the interaction between the TAFs and the histones. Another interaction

was found involving another histone; H3F3A and IP_627699 (AltSLC41A3, +3 ORF mRNA CDS). A crosslink

was found between IP_557247 (AltMRRFP, ncRNA) and ORC1, which is a crucial protein in the initiation of

DNA replication by the interaction with MYST histone acetyltransferase 265 and has annotated STRING in-

teractions with the TAF family. ORC1 is also involved in transcription silencing.66 These findings could indi-

cate that these AltProts play a role in gene transcription.

In conclusion, we here described a methodology based on subcellular fractionation and crosslinking mass

spectrometry to increase our knowledge of the thus far neglected alternative or ghost proteins. We were

able to localize some alternative proteins and infer possible functions of some of these proteins as they

were crosslinked to reference proteins. Our large-scale untargeted approach has set some bases for future

research to confirm and validate the hypothesized functions of AltProts described above. Moreover, it ap-

pears interesting to employ this methodology to compare pathological to homeostatic cell states and

identify disrupted pathways involving AltProts.
Limitations of the study

Our study has some limitations and the first one is related to the limited spread of the concept of alter-

native (ghost) proteins, resulting in a lack of information and established methodologies to unravel the

function of such proteins. Secondly, by employing a detergent and microcentrifugation-based subcellular

fractionation kit, cross-contamination of cellular fractions can be an issue. Hence, a more efficient tech-

nique for subcellular fractionation, like gradient-based ultracentrifugation could be employed to
iScience 26, 105943, February 17, 2023 11



ll
OPEN ACCESS

iScience
Article
determine the location of AltProts and generate a finer fractionation. Additionally, given the huge data-

base used (OpenProt), a manual check of the MS/MS spectra associated with the interaction of interest

must be done. Such large databases call for more stringent analyses on (crosslinked) peptide identifica-

tions.67 Finally, often key for the success of XL-MS is to reduce the complexity of the sample prior to LC-

MS/MS analysis. Thus, employing enrichable crosslinkers like tert-Butyl Disuccinimidyl Phenyl Phospho-

nate (tBu-PhoX) and alkyne-A-DSBSO; could help to identify more crosslinked peptides. However,

despite these limitations, it is clear that searching for PPIs of AltProts is opening the way to more com-

plete systems biology.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell lines

d METHOD DETAILS

B Cell culture

B In cellulo chemical cross-linking

B Protein subcellular fractionation and western blotting

B Enzymatic digestion

B NanoLC-MS/MS analysis

B Shotgun data analysis

B Crosslink data analysis

B Modeling and prediction of interactions between AltProts and RefProts

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.105943.

ACKNOWLEDGMENTS

This research was supported by funding from I-SITE, Institut National de la Santé et de la Recherche Méd-
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled 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 have been deposited to the ProteomeXchange Consortium via

the PRIDE68 partner repository with the dataset identifier PXD035764.

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.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

This study used a human immortalized ovarian epithelial cell line (SV40) (Applied Biological Materials; fe-

male; in this study referred to ovarian cells).
METHOD DETAILS

Cell culture

SV-40 cells were cultured in Prigrow I medium with 10% fetal bovine serum and 100 U/mL penicillin-strep-

tomycin in a humidified air incubator at 37 �C under an atmosphere of 5% CO2. The cells were harvested by

trypsinization, centrifugated at 1000 rpm for 5 min and washed three times with DPBS and aliquoted.
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In cellulo chemical cross-linking

A 50 mM stock solution of disuccinimidyl sulfoxide (DSSO) was prepared by dissolving 1 mg DSSO in

51.5 mL dry DMSO. Three million ovarian cells were resuspended in 200 mL of DPBS. The crosslinking reac-

tion was performed with a final concentration of 2 mM of DSSO, at 37 �C and under gentle end-over-end

stirring. The reaction was quenched after 1 h by adding 10 mL of 500 mM Tris-HCl pH 8.5 and gentle stirring

for 30 min.
Protein subcellular fractionation and western blotting

In cellulo crosslinked cells (3E6) were pelleted and the supernatant was discarded, leaving the cells as dry as

possible. Thermo Scientific Subcellular Protein Fractionation Kit for Cultured Cells was employed to sepa-

rate five different protein cell compartments. Cytoplasmic, membrane, nuclear, chromatin-bound and

cytoskeletal proteins were extracted according to the manufacturer’s instructions. To confirm the crosslink-

ing reaction, 10 mL of proteins was mixed with 2x Laemmli buffer and loaded on a 4-12% SDS-PAGE gel.

Proteins were migrated for 15 min at 70 V and then for 90 min at 120 V in Tris-Glycine-SDS buffer. After

migration, the gel was stained with PageBlue Protein Staining Solution (Coomassie blue) for 1 hr. The

gel was decolorated by washing with water and visualized in an Invitrogen iBright system. The decolorated

gel was transferred onto a 0.45 mm nitrocellulose membrane in a tank transfer system for 2 hr at 290 mA in

Towbin buffer (5 mM Tris, 192 mM glycine, 20% Methanol and 0.01% SDS). The transferred membrane was

blocked with 5% milk powder containing 0.1% TBS-Tween-20 and incubated at 4 �C overnight with specific

primary antibodies against Cytokeratin 18 (Dako, M7010), SP1 (Santa Cruz Biotechnology, sc-420), Histone

H3 (Santa Cruz Biotechnology, sc-517576), Hsp70 (Abcam, ab2787), and Calreticulin (Abcam, ab2908). The

matched HRP Anti-Rabbit (Abcam, ab6721) and Anti-Mouse (Jackson Immuno Research, 115-035-146) sec-

ondary antibodies were used to visualize proteins by incubation at room temperature for 1 h. The mem-

branes were scanned by the Invitrogen iBright Imaging Systems (Thermo Fisher Scientific).
Enzymatic digestion

Filter Aided Sample Preparation (FASP) was performed in a 50 KDa cut-off Amicon filter. The resulting frac-

tions were transferred to the Amicon filter, concentrated by centrifugation (14,000 g x 15min), and 100 mL of

denaturing buffer (8 M Urea, 100 mM Tris-HCl, pH 8.5) was added. Reduction was performed by adding

100 mL of 100 mM Dithiothreitol (DTT) in denaturing buffer at 56 �C for 40 min. Alkylation was done by add-

ing 100 mL of 50 mM Iodoacetamide in denaturing buffer at room temperature (RT) for 30 min in the dark.

For sequential digestion, 40 mL of 40 ng/mL Trypsin/Lys-CMix, Mass Spec Grade was added to the filter and

incubated at 37 �C overnight followed by 25 mL of 40 ng/mL Chymotrypsin, Sequencing Grade at RT and for

4 h. The resulting peptides were then acidified with 0.1%TFA and vacuum dried.
NanoLC-MS/MS analysis

Dried samples were resuspended in 20 mL of 0.1% TFA and desalted on a ZipTip with C18 resin, following

the manufacturer’s instructions. The samples were then vacuum-dried and resuspended in 20 mL of aceto-

nitrile (ACN)/0.1% FA (2:98, v/v). Five microliters of peptides were separated with a nanoAcquity (Waters)

chromatography equipped with a C18 precolumn (180 mm3 20 mm, 5 mmDP, Waters) and BEA C18 analyt-

ical column (25 cm, 75 mm ID, 1.7 mL DP, Waters) using a gradient of ACN from 5% to 20 % in 100 min, from

20% to 30% in 20 min and then to 90% for 20 minat 300 nL/min. A Thermo Scientific Q-Exactive mass spec-

trometer was used for MS acquisition. The instrument was set to acquire the ten most intense precursors in

data-dependent acquisition mode, with a voltage of 2.2 kV. The survey scans were set at positive mode,

with a resolving power of 70,000 at FWHM (m/z 400), a scan range of 300 to 1,600 m/z, AGC target of

3x106 and stepped NCE of 21, 24 and 30. For MS/MS, 1 microscan was obtained at 35,000 FWHM and dy-

namic exclusion was enabled. The instrument was set to perform MS/MS only from >+2 and <+8 charge

states.
Shotgun data analysis

RAW data obtained by nanoLC-MS/MS analysis were analyzed using Sequest HT in Proteome Discoverer

V2.5 (Thermo Scientific) with the following processing and consensus parameters: trypsin and chymotrypsin

as enzymes, two missed cleavages, methionine oxidation and N-terminus acetylation as variable modifica-

tions, carbamidomethylation of cysteines as static modification, minimum peptide length of 6 amino acids,

minimum precursor mass tolerance: 10 ppm and fragment mass tolerance: 0.02 Da.
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For RefProts, the protein database used was Homo sapiens UniProtKB v.2022_02 reviewed and unre-

viewed. Validation of Sequest results was performed using Percolator with a strict FDR set to 1%. A

consensus workflow was then applied for the filtering and results reporting. At the consensus step, the pep-

tide validation for PSM and peptides was established between 0.01 and 0.05 FDR with a minimum peptide

length of six. The minimum number of peptide sequences for a protein was selected as two. Finally, at the

Protein FDR Validator validator, the target FDR was set as 0.01.

For AltProts, the protein database used was Homo sapiens OpenProt v1.6 database which contains

RefProts and predicted AltProts detected in mass spectrometry experiments with at least one unique pep-

tide leading to a total of 184,706 sequences. Validation of Sequest results was performed using Percolator

with a strict FDR set to 1%. At the consensus step, the peptide validation for PSM and peptides was estab-

lished between 0.01 and 0.05 FDR. Peptide confidence set at high with a minimum peptide length of six.

The minimum number of peptide sequences for a protein was selected as one. Finally, at the Protein

FDR Validator, the target FDR was set as 0.01. The Identified AltProts were Blasted against the non-redun-

dant protein sequences. Finally, the peptides identified as unique peptides by Sequest HT were also

corroborated by hand (Figure S3) and at NextProt Peptide uniqueness checker tool.
Crosslink data analysis

The obtained data were analyzed using the XlinkX algorithm of the Heck Lab (Utrecht, Netherland) at Pro-

teome Discoverer V2.5 (Thermo Scientific). DSSO (158.0037 Da) was defined as the crosslinker. The protein

database used was the Homo sapiens OpenProt v1.6 database which contains RefProts and predicted

AltProts detected in mass spectrometry experiments with at least one unique peptide leading to a total

of 184,706 sequences. First, protein identification was made by Sequest HT considering the following pa-

rameters: Trypsin/LysC and Chymotrypsin as enzymes, maximum two missed cleavages, peptide length

from 6 to 150, precursor mass tolerance of 10 ppm and fragment mass tolerance as 0.02 Da. The dynamic

modifications included were methionine oxidation, cysteine carbamidomethylation, N-terminus acetyla-

tion, DSSO amidated, hydrolyzed and Tris form. The validation was performed using Target decoy PSM

validator with FDR set between 0.01 and 0.05. The XlinkX detections had the following parameters: precur-

sor mass tolerance of 10 ppm, FTMS fragment of 20 ppm, ITMS fragment of 0.5 Da. The validation was per-

formed with XlinkX/PD Validator set to 0.05.

At the consensus step, the peptide validation for PSM and peptides was established between 0.01 and 0.05

FDR. Peptide confidence set at high with a minimum peptide length of six. The minimum number of pep-

tide sequences for a protein was selected as one. Finally, at the XlinkX consensus validator, the Crosslink

Spectrum Match FDR threshold was 0.05 and the Cross-link FDR threshold of 0.05. and a minimum score

of 20.

The protein-protein interactions were manually checked (Figure S4), to eliminate the crosslink spectrum

matches that involved N-terminal residues (N=6). The Crosslinking network was displayed in Cytoscape

3.9.1. The protein identifiers were STRINGify using BioGrid, STRING, and IntAct app at Cytoscape, to verify

existing interaction between the proteins displayed. For the identifiers that did not have any retrieved inter-

action, the expand network command was employed to add 3 protein interactors. The functional analysis

employing biological process GO terms was performed at ClueGO app. The specificity of the network was

set at medium +1 and GO term fusion was enabled. The resulting network was fused to the STRINGified

network and the Organic yFiles Layout Algorithm was selected as layout.
Modeling and prediction of interactions between AltProts and RefProts

Structural models of AltProts were generated with I-TASSER (Iterative Threading ASSEmbly Refinement).

Reference protein models were downloaded from the AlphaFold Protein Structure Database. AltProts

models with C-score between -5 and +2 (most stable) generated by I-TASSER were considered for pro-

tein-protein interaction (PPI) prediction, which were generated by ClusPro. The RefProts were assigned

as receptors and the AltProts as ligands. The docking interactions were generated without the crosslink in-

fluence. The resultingmodels were ranked by stability order and displayed by YASARA view. Using the data

obtained fromXlinkX, the distance between the lysine residues involved in the AltProt-RefProt crosslink was

measured and displayed in the model.
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For the interactions retrieved between AltProts and HLA family proteins, NetMHC was employed to iden-

tify if the AltProt or the identified peptide could bind to MHC proteins. The sequence of the AltProt inter-

acting to the HLA was submitted and the length of the peptide was set between 8-14 amino acids. HLA-A or

HLA-B alleles were selected respectively to each case. Strong binders were delimited by a% Rank below 0.5

and weak binders between 0.5 and 2% Rank. The results were filtered in which weak or strong binding was

predicted. The modeling and docking of the peptide and the HLA protein were performed as described

above.
QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate the difference between the Sequest HT Scores from RefProts and AltProts identified by at least

one peptide (Figure S5). We employed the total nuclear extraction identifications (the most abundant frac-

tion). A t-test with a significance P-value of 0.05 was used. We represented this difference using a boxplot,

where the centerline of the boxplot indicates the median Sequest HT Score, the box edges represent the

25th and 75th percentiles, black squares represent the average, and each whisker extends to the most

extreme data point that is not an outlier. Statistical analysis and boxplot were performed in OriginPro

2022b.
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