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NUCLEI OF HELA CELLS INTERACTOMES UNRAVEL A NETWORK OF GHOST PROTEINS
INVOLVED IN PROTEINS TRANSLATION

Tristan Cardon, Michel Salzet*, Julien Franck* and Isabelle Fournier*

Université de Lille, Inserm, U1192 - Laboratoire Protéomique, Réponse Inflammatoire et

Spectrométrie de Masse (PRISM), F-59000 Lille, France

SUMMARY

Ghost proteins are issued from alternative Open Reading Frames (ORFs) and are
missing a genome annotation. Indeed, historical filters applied for the detection of
putative translated ORFs led to a wrong classification of transcripts considered as non-
coding although translated proteins can be detected by proteomics. This Ghost (also
called Alternative) proteome was neglected, and one major issue is to identify the
implication of the Ghost proteins in the biological processes. In this context, we aimed
to identify the protein-protein interactions (PPls) of the Ghost proteins. For that, we re-
explored a cross-link MS study performed on nuclei of Hela cells using cross-linking
mass spectrometry (XL-MS) associated with the HaltOrf database. Among 1679 cross-
link interactions identified, 292 are involving Ghost Proteins. Forty-Four of these Ghost
proteins are found to interact with 7 Reference proteins related to ribonucleoproteins,
ribosome subunits and zinc finger proteins network. We, thus, have focused our
attention on the heterotrimer between the RE/poly(U)-binding/degradation factor 1
(AUF1), the Ribosomal protein 10 (RPL10) and AItATAD2. Using |-Tasser software we
performed docking models from which we could suggest the attachment of AUF1 on
the external part of RPL10 and the interaction of AItATAD2 on the RPL10 region
interacting with 5S ribosomal RNA as a mechanism of regulation of the ribosome.
Taken together, these results reveal the importance of Ghost Proteins within known

protein interaction networks.
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1. INTRODUCTION

Advances in mass spectrometry (MS) instrumentation and bioinformatics tools
have led to an exponential increase of MS-based proteomics strategy performances. It
is now possible to get the identification and relative quantification of more than
10,000 proteins in 100 min as recently published by Meier et al.[1]. These MS-based
shot-gun strategies were also extended to structural characterization of the identified
proteins. Various approaches were proposed over the past 15 years in proteomics for
measuring protein-protein interactions (PPls). Among these are the affinity capture [2],
proximity labeling methods such as Apex [3,4], BiolD [5-7] and Virotrap [8]; and the
cross-linking mass spectrometry (XL-MS) [9]. XL-MS is advantageously non-targeted,
providing a global onset for systems biology. However, all these strategies rely on
protein database interrogation. Therefore, only referenced proteins can be identified
[10,11]. This is a clear limitation for discovery if the databases are not complete. Public
databases are built on both measured proteins and predicted ones. Predicted proteins
are deduced from genome information accordingly to well-defined rules of annotation
but are not all experimentally validated. The rules used for predicting protein
sequences include the number of codons, the type of sequence and the Kozak context,
which predicts the ribosome binding capacity on an mRNA [10,12-14]. Indeed, only the

longest open reading frame (ORF) (so-called reference ORF, RefORF) or protein-coding



sequences (CDSs) is considered per transcript in the databases (e.g. Ensembl [15] and
GENCODE [16]), other ORFs being excluded from annotation [17]. In particular, short
ORFs (sORFs) or small ORFs (smORFs) that do not respect the 100 codons (300
nucleotides) cut-off rule or the Kozak code, alternative ORFs (AlItORF) remain
unannotated. However, the proteome is more complex than initially expected and
with recent advances in the field of genomics and MS-based proteomics with the high
throughput sequencing technologies, it has been shown that traditional computational
genome annotation algorithms have underestimated the number of coding sequences
leaving out alternative promotors [18], alternative splicing [19], alternative
polyadenylation [20] and ribosomal frameshifting [21]. There is, thus, a major
challenge for genome annotation to reference all these new ORFs which are left out
despite leading to proteins presenting biological activities. One difficulty, is to be able
to distinguish in this rising number of ORFs, the ORFs which are translated into
functional proteins (such as microproteins, micropetides or SEPs) from the small ORFs
that are randomly present but not translated. The smORFs/sORFs/AltORFs are often
distinguished from the RefORFs because they are shorter size leading to the translation
of small proteins (<30kDa). In average proteins translated from AItORFs are 57 amino
acids in size, when by contrast the RefORFs proteins are 344 amino acids [22-26].
Importantly, these microproteins are not proteoforms of annotated proteins but have
a different primary structure. Different computational approaches were used to
identify these novel coding ORFs and create new databases including the predicted
"alternative" transcripts (HaltORF [27], OpenProt [23], smProt [28]). The proteins
issued from these AItORFs are called Ghost or Alternative Proteins (AltProts).
Interestingly, proteomics has largely contributed to experimentally evidence and
validate the existence of AltProts. Indeed, RefProts and AltProts were both detected
from various studies by bottom-up [29,30] and top-down [31,32] proteomics.
Interestingly, these proteins were identified within the 15% of proteomics data
remaining unmatched after database interrogation despite a good quality MS/MS

spectra; thus bridging the gap between experimental and predicted data.

If the discovery of these AltProts was definitively a revolution in the approach to

systems biology, there is a clear unmet goal to find out the functions of these proteins.



Absolute quantification by stable isotope-labelling and parallel reaction monitoring
(PRM) was used to determine the levels of the two MIEF1 gene translational products,
the reference MiD51 and the alternative MiD51 (AltMiD51) proteins, in two human
cells lines and human colon tissues. This study has revealed a twofold higher
expression of AltMiD51 compared to MiD51 [22] reinforcing the conviction that
AltProts are major players in the regulation of biological systems. Studies have, indeed,
demonstrated that AltProts can be important regulators in many fundamental events
such as DNA repair [33], RNA decapping [34] , calcium homeostasis metabolism [35],
mTor signaling pathway [36], muscle performance [37], myoblast formation [38] and
mitochondria fission [22]. Recently, it was shown that unannotated Heat Shock Protein
[39] and Cold Shock Protein [40] were identified in E. coli by means of MS based
proteomics. Specific AltProts were also found to be involved in physiopathological
mechanisms including cancer and Spinal Cord Injury [30,32,41]. One step forwards the
function of AltProts, is the identification of their interactome, by measuring PPI to
gather information on the signaling pathways they are involved in [42]. Several studies
have recently highlighted the adequacy of large scale interactomics XL-MS method as a
discovery tool for new interactions [43,44]. In this context, we were willing to re-
explore, using the HaltOrf database [27], a dataset of XL-MS from Hela cells nuclei
previously published by Heck group [44]. This has lead us to demonstrate the ability of

XL-MS technique to discover previously unrevealed AltProt-RefProt interactions.

2. MATERIAL AND METHODS

2.1. Ghost Protein Databases

The study was carried out using HaltORF database named
"HS_GRCh38_altorf _20170421". This database is derived from the predicted H.
Sapiens alternative proteins (release hg38, Assembly: GCF_000001405.26) which
contains 182,709 entries. This database is a computer compilation of all putative

proteins from noncoding regions of mRNA and ncRNA. Additional online databases

such as "Ensembl" (https://www.ensembl.org) and ref Seq
(https://www.ncbi.nlm.nih.gov/refseq) were also used to trace back the origin of the

identified AltProts after HaltORF data interrogation. The AltProts originate from either



the 5 'and 3' UTR parts or from +2 or +3 reading frame shifts in the CDS of mature RNA;
not following the Kozak frame despite the presence of a START and STOP codon. The
HaltORF database was used in combination with the conventional RefProts database

obtained from "UNIPROT".

2.2. Cell culture

The cells used in the analysis are derived from the Hela line (ATCC). To
summarizethe protocol described in the publication by F. Liu and al. (“Proteome-wide
profiling of protein assemblies by cross-linking mass spectrometry”) [44], the cells are
cultured in modified Dulbecco's Eagle environment with 10% fetal calf serum and 1%
penicillin-streptomycin up to 80% confluence. The cells were then harvested by
trypsinization and washed three times with PBS. After separation in the lysis
membrane buffer and centrifugation, only the remaining nuclei were kept for the XL-
MS. This nuclei fraction was then cross-linked with DSSO (1mM) with a 100 fold excess
of cross-linker with respect to the protein quantity. The cross-linked proteins were
then reduced, alkylated and digested by Lys-C/Trypsin mixture. The resulting cross-
linked peptides were desalted on a Sep-Pak C18, dried and further enriched using SCX

as previously described [44].

2.3. Cross-link Workflow

Data were extracted from the Chorus data repository (https://chorusproject.org)
project I.D. number 890 and re-analyzed using Proteome Discoverer 2.2 (PD2.2) with
the XLinkX node [45]. Interrogation of data was performed accordingly to the following
workflow: first spectra were selected and DSSO was defined as cross-linker
(characteristic mass 158.003765 Da). Then the workflow was divided into two paths.
The first is dedicated to the cross-link identifications using the XLinkX Search as
parameters Precursor Mass Tolerance: 10 ppm, FTMS fragment: 20 ppm, ITMS
Fragment: 0.5 Da, search (database compiled AltProt + RefProt) and the validation
was performed using percolator with a FDR set to 0.01. The second path is the total

protein identification using SequestHT considering the following parameters: Trypsin



as enzyme, 2 missed cleavages, methionine oxidation as variable modification, DSSO
hydrolyzed and carbamidomethylation of cysteins as static modification, Precursor
Mass Tolerance: 10 ppm and Fragment mass tolerance: 0.6 Da. The validation was
performed using Percolator with a FDR set to 0.01. A consensus workflow was then
applied for the statistical arrangement. A de-isotope and TopX filter were used to
determine the m/z-error with a selectivity around 10% FDR. The protein-protein
interaction identifiers were displays in the xiNET software (http://crosslinkviewer.org)
[46] and Cytoscape3.7.1 allowing for visualization of the partners and the number of

recurrences of the same interaction.

2.4. Modeling and prediction of interactions:

Structure modeling of Ghost Proteins (AltProts) and Reference Proteins (RefProts),
were performed with the |-Tasser software [47] when protein structures were not
available on Protein Data Bank (PDB) [48]. For both RefProts and AltProts the most
stable models (C-Score between -5 and +2) were retained. Within the set of best
predictions, only models which are in line with the distances expected for the DSSO
cross-linker were considered and further examined. The prediction of protein-protein
interactions were performed with the ClusPro software [49]. The RefProt was
identified as a receiver and the AltProt as a ligand. The interaction model was carried
out by docking the ligand on the receiver without cross-link restriction. ClusPro then
generates multiple interaction models ranked in the order of stability. The selected
models are still part of the Top5 "balanced" models taking into account the best
compromise of stability. The selected interactions were then recreated with Chimera
[50] to measure the distance between the atoms observed during the cross-link. The
model is split between the ligand and the receptor to form two independent chains,
the lysines found to be involved in interactions on PD2.2 and xiNET were then
designated in order to identify the distance between the two points of the model. For
example, the AltProt AItATAD2 model was generated from its amino acid sequence
since it was never previously described the structural data could not be predicted by
sequence homology and nature of these amino acids. The model was thus generated

by I-Tasser with a C-Score of -3.66 in accordance with recommendations [-5; 2]. It was



observed that, AItATAD2 has a secondary structure composed of 4 alpha helices
generating a tubular tertiary structure. Similarly, the AUF1 reference protein had no
experimental model and needed to be carried out on I-Tasser. The generated model
has a C-Score of -2.81 in agreement with the recommendations [-5; 2]. The second
RefProt in interaction with AItATAD2, RPL10, has a public model which was obtained
on PDB (reference number: 5aj0) [51]. The structure of RPL10 was performed by cryo
electron microscopy. RPL10 is found in interaction with several ribosome proteins,
forming the 60S subunit. In this model we also found the presence of several
messengers and ribosomal RNAs. Thus, from this model, RPL10 could be isolated in
order to generate the AItATAD2-RPL10 interaction. However, once this interaction has
been obtained, the entire 60S ribosome model is used to correlate the position of

AItATAD2 and to hypothesize the function.

3.  RESULTS

3.1. Ghost Proteins revealed in nuclei of Helas cells by XL-MS

Reprocessing of the PPIs from the nuclei of Helas cells by XL-MS, revealed 1679 cross-
link interactions (Supp. Data 1). Each of these interaction was determined with a
minimum score of 20 and a cross-link workflow with FDR of 0.01, limiting the number
of false positives. Among these 1679 cross-link interactions, 292 were found to involve
Ghost Proteins (Supp. Data 1, colored Ghost Proteins) including 4 Ghost-Ghost
proteins interactions (Table 1). In order to get a visual interpretation, the protein
networks were generated under xiNET. To ease the data mining, it was possible to
separate the interactions of two, three or more partners. Our interest is to focus on
networks involving more than three partners thus facilitating the understanding of the
involved signaling pathways. One of the most important network identified was
highlighted, which represents the observed interactions between ribonucleoproteins,
ribosome subunits, zinc finger proteins, in which RefProts and AltProts interact each
other’s (Figure 1). 44 Ghost Proteins in interaction with 7 ribonucleoproteins are
observed in this specific network, reflecting the importance of Ghost Proteins in such
interactions. Each Ghost Protein is identified by an "IP_" accession number and can be

correlated to its transcript number and its associated gene (Table 1). This type of



annotation facilitates the identification of the RefProts associated with the mRNA
presenting the translated AltProts. We were specifically interested in the networks
where Ghost proteins interact with at least two RefProts. Among these, the ghost
protein AItATAD2 was found to be in interaction with the RE/poly(U)-
binding/degradation factor 1 (AUF1) and the Ribosomal protein 10 (RPL10).

3.2. Comparison of the identified networks for RefProts versus RefProts/AltProts.

To assess the influence of the AltProts on the identified cross-links and the protein
networks, the identified interactions were compared with the interrogation of the
RefProt database alone and with the combined RefProt/AltProt databases (Figure 2).
This comparison shows that a large part of identified interactions are found both after
using RefProts database alone and using the combined RefProts/AltProts database
(yellow) and correspond to RefProts. It is also observed that a large number of protein
interactions are added when the AltProt database is considered which is expected
since the AltProt database is larger in size than the RefProt one (green). Finally, a non-
negligible portion of RefProts that were identified with the RefProt database alone are
not observed anymore when using the combination of the two databases (red). From
these data, two main features are derived. The first is that in few cases, proteins
initially identified as RefProts become attributed to AltProts by combination of the two
databases. The second is that some of the RefProts identified are no longer observed
with the combined database interrogation (Figure 3A). This highlight two important
issues. One, is that somehow the current bioinformatics tools seems not to be well-
suited to such large databases as the combination of RefProt/AltProt. Indeed the
AltProt database has 182,709 entries when the RefProt is only 42,335 entries. In that
situation, some of the RefProts fail to pass the FDR threshold. The second is that
because some RefProts and AltProts can share a part of their amino acid sequences
making proper identification of one or the other difficult. Indeed, if the peptides
considered for the identification are only in the common region to the two proteins,
and because the AltProt sequences are much smaller by comparison to the RefProts
one, the identification weight in favour of the AltProts due to better sequence

coverage. The representation of the number of interaction identified per score range



(Figure 3B) shows that interaction that were identified with both databases
(RefProt/AltProt) are more confident that those identified only with one of the
database (RefProt). These not surprisingly correspond to the proteins that are involved
in larger network (Figure 3A) and identified with a larger number of peptides and
interaction. The others (only identified in one interaction) present a relative similar
score range. This correspond to proteins identified by only a single interaction.
However, in general (Figure 3) the addition of the AltProt database bring a lot new
information to the picture. To assess the veracity of the identify interactions, we have
extracted some MS/MS spectra corresponding to the network involving the AItATAD2
protein. Figure 4 provides examples of MS/MS spectra for two different interactions.
For each interaction the CID and the ETD spectra are displayed with the proteins ID,
the amino acid sequences and the cross-link sites. More MS/MS spectra can be found
in the Supp. Data 2. The first interaction presented (Figure 4A) is an interaction
between an AltProt and a RefProt which was identified with a score of 40.04. The CID
spectrum mainly provides the exact mass of the two peptide chains after the CID
cleavage of the DSSO. The annotation of the ETD spectrum show that both cleavages in
the two peptide chains are observed and enable confident attribution of the cross-link
site. The second example (Figure 4B-C) presents a case for which an interaction of the
Q14103-4 (HNRNPD) RefProt is truly identified but the identification fails to provide
the interacting partner with confidence. Indeed, this protein is found to interact with
either an AltProt (IP_128579.1) (Figure 4B) or a RefProt (Q8TF62 i.e. ATP8B4) (Figure
4C) with scores passing the threshold (>20) on the two cases. Again, CID spectra
provide the exact mass of the 2 peptide chains after CID cleavage of the cross-linker.
The careful examination of the ETD spectra show that only 2-3 fragmentations (only 1
for the AltProt) are observed for the peptide chain which is not confidently identified.
Despite the two proteins have no sequence homology (Figure 4D) the peptide
MFMVDTKR (MwWmono=1026.50 Da) of the AltProt with an oxydation of Methionine
(+16) has the same molecular weight as the DLDDKYFK peptide (MWmono=1042.50 Da)
of the RefProt. In that case, because no specific fragments are found by ETD on that
peptide chain the interacting peptide is only identified by its exact mass. Since the
AltProt sequence is much shorter than the RefProt, this positively weight on the

identification score in favor of the AltProt (33.81) and lead to its preferential



identification. Except for these rare cases, most interaction were found to be
trustworthy. For example, Figure 5 presents the MS? spectra for the AItATAD2-RPL10
interaction. Here, the presence of fragments in the two peptides chains give better

reliability to the identification.

3.3. AItATAD2 Partners

AItATAD?2 is found in the CDS with a +2 ORF frame shift and presents a sequence of 139
amino acid residues for a theoretical molecular weight of 17,077 Da (Figure 6). The
structure of this Ghost Protein, was predicted by I-Tasser, based on its amino acid
sequence (Figure 7). The model with the best C-score was retained and used when
performing docking by ClusPro2.0 (Figure 7). AItATAD?2 is observed to interact with
ARE/poly(U)-binding/degradation factor 1 (AUF1) and Ribosomal proteins (RPL10), two
RefProts described in the literature to be involved in different signaling pathways.
Docking was carried out between the AItATAD2-RPL10 and AItATAD2-AUF1 proteins,
the Ghost Protein being always designated as the ligand of the refprot due to their size
difference. For the refprot RPL10 and AUF1 the models were known from previous
experiments thanks to structural studies and were retrieved from PDB. The in-silico
interaction between AIATAD2 and RPL10 mainly shows, two binding sites for
AItATAD2 on RPL10 (Figure 7A). The first binding sites is in the cavity of RPL10 and the
second one at the periphery as part of the top 5 best electrostatic structures. These
two models were chosen in the best generated models but also taking into account the
molecular distance derived from the XL-MS using the DSSO cross linker which is <50A.
Similarly, the interaction between AItATAD2 and AUF1 gave two possible interaction
sites between the partners i.e. one with the best electrostatic characteristics and the
second with the best hydrophobic parameters and considering the distance XL-MS
imposed by the cross-linker (Figure 7B). Finally, AItATAD2 is observed in interaction
with these two refProts by fixing different regions. When assembling the docking of
AtlIATAD2-AUF19RPL10, AItATAD2-RPL10 and AItATAD2-AUF1 by "Match Making" of
Chimera, the simultaneous fixation of AItATAD2 and AUF1/RPL10 was found to be

feasible (Figure 7C) resulting in a possible hetero-dimer biological active complex.
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4. DISCUSSION

AltORFs were shown to lead to the translation of AltProts as demonstrated by their
observation in the large scale proteomics data [30-32] when using appropriate
databases. Very interestingly, the AltProts are also evidenced in the large scale XL-MS
data and are found to be interacting with their RefProts counterparts. Observing the
AltProts in their interacting network is definitely an approach to get closer to the
function of these proteins. Indeed, large scale approach such as XL-MS will provide a
global picture for many of these novel proteins without the requirement of developing
antibody for each of these proteins as required by the antibody-based strategies. The
PPIs highlighted for AItATAD2 is a good example. We have describe an interaction of
AItATAD2 with both RPL10 and AUF1XL-MS. AUF1 is a heterogeneous nuclear
ribonucleoprotein D (hnRNPD) which was among the first identified ARE-specific
binding proteins (AUBPs) [52]. The AUBPs are complexes of proteins which are
involved in the regulation of the AU-rich element (ARE) containing mRNAs. One of the
limitations of the experiment here is the possible correlation between a found
interaction and the time at which this interaction takes place. Here, XL-MS exhibits a
global picture of the protein interaction network in the cell, not enabling to determine
when an interaction occurs. As a result, the graphical representation obtained on
xiNET gives a common interaction between the three proteins but fails to clarify if they
are all together interacting at the same time. To access this information, one would
need to phase the cells and performed XL-MS time course analyses. Therefore, several
interpretations to this trimer interaction can be advanced. The first one is related to an
independent interaction between AItATAD2-RPL10 and AItATAD2-AUF1. The
AItATAD2-RPL10 interaction observed by XL-MS using DSSO is confirmed by 3D protein
modeling and docking of AItATAD2 on RPL10. RPL10 structure was extracted via the
online public model on PDB: 5aj0 from the study of Behrmann E. et al [51]. The docking
performed on ClusPro highlights several possible fixation sites of AItATAD2 on RPL10;
however, only two of them are redundant and in line with the distance limits imposed
by the DSSO cross-linker. The first model attaches AItATAD2 at the periphery of RPL10,
far from the region fixing the 5S ribosomal RNA. However, it has been shown that

RPL10, by its external location on the ribosome, allows the grouping of the subunits
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and the formation of an active ribosome. Moreover, its interaction with the 60S
ribosomal export protein NMD3 would also be responsible for the migration of the
peri-ribosome from the nucleus to the cytoplasm [53]. Thus, in this case the RPL10
interaction with AItATAD2 can be directly involved in this peri-ribosome migration. The
second model locates AItATAD2 within the ribosome, and more precisely within the
region of RPL10 interacting with the 5S ribosomal RNA. In that case, the protein could
be involved in the regulation of the binding of the 5S ribosomal RNA (Figure 8). A
previous study by cryoelectron microscopy (cryoEM) has demonstrated that the
interaction of RPL10 participates in the ribosome constitution, integrating the proteins
RPL5 and RPL11. However, it was shown that RPL10 was not essential for the ribosome
formation and functionality. The attachment of AItATAD2 on RPL10 could explain
RPL10 regulation function by blocking the 5S rRNA binding site. Another hypothesis is
the possible cooperation of the interacting partners with the formation of a co-
interaction between RPL10, AItATAD2 and AUF1. In this scenario, the interaction of
AUF1 and RPL10 is not without consequence. Indeed AUF1, was previously described
to have a dual function. It is an initiator of the mRNA degradation but as well a protein
fixing to the ARE regions of the 3'UTR. On the other hand, RPL10 role is opposite to
AUF1. RPL10 is involved in the ribosome assembly and, thus, in the regulation of the
translation of mRNAs into proteins (Figure 9). The co-interaction of AItATAD2 with
AUF1 and RPL10 could be the first description of a regulation of the expression of the
Ghost proteins resulting from non-coding regions such as the 3'UTR. Since Ghost
proteins were not considered before, this could explain why this mechanism was not
demonstrated before. Finally, we could hypothesize that the formation of the hetero-
trimer, with the attachment of AUF1 on the external part of RPL10, could be involved
in @ mechanism of regulation of the ribosome. In this case, the RNA5S would fix onto
the 60S subunit of the ribosome and activate the transcription. This mechanism would
regulate ribosome activation by recruitment of AItATAD2 at the periphery of RPL10 via
AUF1 leading to a fine regulation of protein translation. Recently, the so-called Ghost
Protein "Nobody", derived from the non-coding RNA: LINC01420/LOC550643, was
shown to be involved in the mRNA decapping signaling pathway by interacting with the
decapping proteins 4 (EDC4) by multiple techniques including APEX (ascorbate

enzymes peroxidase), Photo-cross-link and co-immunoprecipitation [34]. In summary,
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this study confirms the involvement of Ghost Proteins in the regulation of mRNA
expression. The demonstration of an interaction between AltProts and RefProts is a
first clue demonstrating their effective role and function in cells. Ghost Proteins are

active compounds actively participating to the cell regulation as the RefProts [30].

The proteomic community must widen its field of view to a world, going against the
known Kozak dogma of the expression of the proteins, but existing and influencing the
known and described models of today. Demonstrating the interaction of these
proteins and their involvement in the signaling pathways within the cells is an
important step forwards in understanding their functions. Herein, we demonstrate
that the XL-MS non targeted large scale approach is useful in this demonstration by
revealing the importance of the Ghost Proteins within the interaction networks of
RefProts. Although various developments remain to be performed to improve cell
interactomic inclusive to AltProts. As demonstrated here for a few percentage of
proteins, the size of the total database used by aggregating the AltProt (182,709
entries) to the RefProt (42,335 entries) database, show some limitations of the actual
interrogation tools due to the size of this database. Moreover, due to the important
number of sequence in this total database and in the cases where only few fragments
are observed for one of the peptide chains there is a not unneglectable probability that
different peptides match with the same exact mass. This clearly highlight the
importance, for such large scale data using such large database for interrogation, to be
more stringent on the identification of the interaction and yet to manually check the
MS/MS spectra corresponding to the interaction of interest. In general the rate of false
positive interactions remain more elevated in the XL-MS approach and confident
identification can only be obtained if strictly respecting specific guidelines as reported
by t lacobucci C. et al [54]. However, despite these few limitations, it is clear that large
scale interactomics of AltProt will open the way to more complete systems biology

pictures [43,55].
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TABLE AND FIGURE LEGENDS

Table 1: Identification of inter-cross-links Ghost Proteins, with a maximum identification score
of 50.91 and a minimum of 26.54 these identifications are found among the RefProt-RefProt /

Ghost Proteins interactions.

Table 2: List of AltProt-RefProt interactions identify in the network (color code is the same as
in Figurel). For each AltProt the transcript number and gene name from Ensembl database
associated with the RNA is given. Each interaction observed in the subdivisions of Figure 1 is

identified.

Figure 1: Interaction network obtained from the XL-MS experiments using a
RefProt/AltProt database for data interrogation issued from the combination of the
RefProt (Uniprot) and the AltProt (HaltProt) databases. 44 AltProts are found in the
network to be interacting with 10 ribonucleoproteins, 3 zinc finger proteins and 2
ribosomal proteins. The network is subdivided into 7 fractions allowing the annotation

of AltProts and RefProts in interactions (see Table 2).

Figure 2: Cytoscape description of the interaction map obtained from XL-MS data. Data
analysis comparison for the RefProt or the combined RefProts/AltProts databases
using DyNet apps. In green are the nodes and edges found using the combined
RefProts/AltProts databases, in red the identification specific to the RefProt database
and in yellow identifications obtained with both the RefProt and the combined

RefProts/AltProts databases

Figure 3: Identified interaction obtained from XL-MS data by data interrogation with
the RefProt database alone or the combination of the RefProts/AltProts databases (A)
Global mapping of all interactions. Red indicates interactions identified with the
RefProt database alone, green with the combined RefProt/AltProt alone and yellow
with both RefProt and RefProt/AltProt Databases (B) Distribution of the identification

scores for each cross-link as a function of the number of identified interaction.
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Figure 4: MS/MS spectra (CID and ETD) with their annotation for identified interaction
between RefProt and AltProt. CID/ETD MS? spectra of the identified interaction of (A)
the RefProt Q14103-4 (HNRNPD) with the AltProt IP_297459.1, (B) the RefProt
Q14103-4 (HNRNPD) with the AltProt IP_128579 and (C) the RefProt Q14103-4
(HNRNPD) with the RefProt Q8TF62 (ATP8B4). (D) Sequences alignment of the RefProt
Q14103-4 (HNRNPD) and the AltProt IP_128579 showing that the 2 proteins do not

share sequence homology.

Figure 5: CID/ETD MS? spectra and their annotation of the identified interaction
between AItATAD?2 and this interacted protein RPL10.

Figure 6: Focus on AItATAD2 protein (A) In the interactome network, AItATAD2 is
observed to be in interaction with 2 different partners (B) AItATAD2 amino acid
sequence and schematic representation of its sequence location in the mature RNA.
AItATAD2 is found in the CDS with a +2 ORF shift (C) Nucleic acid sequence encoding
AItATAD2 within the ATAD2 mRNA.

Figure 7: 3D modeling of the interactions between AItATAD2 and the RefProts AUF1 or
RPL10. (A) Models predicted by ClusPro2.0 for the AItATAD2/RPL10 interaction. These
two models are part of the TOPS5 predictions and are in agreement with the distance
restrictions imposed by the XL-MS. Surface modeling was also performed to manually
control the likelihood of the result (B) Predicted models and 3D surface presentations
for the AItATAD2/AUF1 interaction selecting predictions with the highest scores in
good agreement with XL-MS (C) 3D model of the co-interaction between AUF1-
AItATAD2-RPL10. 3D modeling was used to check that AUF1 and RPL10 are not

confused in space.

Figure 8: Implementation of AItATAD2 on the 3D modeling of RPL10 and ribosome 60S
obtained by cryoEM (A) AItATAD?2 is found to be interacting at the periphery of RPL10,
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thus meeting no other subunit of the 60S ribosome or 55 rRNA (B) On the second
position AItATAD?2 is observed in the space used by the 55 rRNA. However AItATAD2
does not merge with the position of other subunit of the ribosome 60S. This confirms

the ability of AItATAD?2 to get into this position.

Figure 9: Schematic representation of the different hypothesized configurations for the
co-interaction of RPL10-AItATAD2 and AUF1. All these steps could sequentially exist at
different time point to regulate the transcription and the translation. (A) AItATAD2 in
internal position on RPL10 prevents the binding of the ribosomal RNAS5S. A decrease in
binding of RNA5S on the 60S subunit of the ribosome leads to a decrease in the protein
translation. (B) AItATAD2 at the outer position on RPL10 allows the formation of the
RPL10-AItATAD2-AUF1 complex. In this configuration the RNASS can fix onto the 60S
subunit of the ribosome and activate the transcription. This mechanism would regulate
ribosome activation by recruitment of AItATAD2 at the periphery of RPL10 by AUF1
leading to a fine regulation of protein translation. (C) Lastly the interaction of the
RPL10-AItATAD2-AUF1 complex takes place in the 3'UTR region and leads to the
recruitment of the sub-unit 60S at the ARE to activate the translation of AltProts

present in this region.

Supplementary data 1: Reprocessing of the protein-protein interactions in the nuclei
of Helas cells by XL-MS-MS method, revealed 1679 cross-link interactions .Each of
these interactions determined with a minimum score of 20 and a cross-link workflow
with FDR of 0.01, limiting the number of false positives. Among these 1679 cross-link

interactions, 292 involved Ghost Proteins (in green)

Supplementary data 2: Examples of CID/ETD MS? spectra and their annotation of
various identified interaction between either RefProts and AltProts or RefProts and
RefProts. AltProts interaction identified are not found to be less confident than
RefProts ones.
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Score Proteinl PepPosl PepSeql LinkPos1  Protein2 PepPos2 PepSeq2 LinkPos2

50.91 IP 243260.1 5 APRPGNWKWQRR 8 IP_202369.1 28 VGNKSR 4

28.74  IP_222735.1 61 RENKVCVSTWQK 4 IP_093889.1 46 QRAKS 4

28.73  IP_145224.1 2 TIKTKHMIK 5 IP_177042.1 8 LTSRKR 5

26.54 IP_210743.1 24 GGLKTSRDSR 4 IP_138860.1 1 MPATDGKCK 7
Table 1
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_ NM_001144756.1 neuropeptide FF receptor2 NPFFR2
. Ribonucleoprotein 1P 1669111 NM_014109.3 ATPase family, AAA domain containing 2 ATAD2
2

[] Other RefProt

1P_066105.1 NM_001002912.4 127254 glutamaterich 3 ERICH3
1P_135883.1 XR_427728.1 102724275

1P_1349281 NM_014594.1 30832 Zinc finger protein354C 2ZNF354C
1P_263009.1 NR_028337.1 400624 long intergenic non-proteincoding RNA 1973 LINCO1973
1P_257296.1 NM_001160423.1 10642 insulin like growth factor 2 mRNA binding protein 1 IGF2BP1

RBMX
1P_094161.1 NM_001204.6 bone morphogenet
1P 249315.1 NM_018146.2 RNA methyltransferase like 1

.| 1P_303885.1 NM_001163280.1 27336 HIV-1 Tat specific factor 1 HTATSF1

1P_210711.1 NM_022658.3 homeobox C8
1P_226921.1 NM_001281734.1 zinc finger FYVE-type containing 1
IP_146439.1 NM_001002255.1 smallubiquitin-like modifier4
1P 0861411 NM_032208.2 ANTXR cell adhesion molecule 1
1P_124600.1 NR_034075.1 THAP9 antisense RNA 1
1P_214370.1 NM_001286262.1 t-complex 11like 2
1P_118616.1 NM_2147113 prolinerich 27
1P_250819.1 NM_198154.1 Transmembrane protein 95
1P_155900.1 NM_019042.3 Pseudouridylate synthase 7 homolog
1P_174099.1 NM_0142902 tudor domain containing 7
1P 0972411 NM_022817.2 iod circadianregulator2

1P_150105.1 NM_000535.5 postmeiotic segregation increased 2
I NM_000381.3 midline 1
1 NM_000046.3 Arylsulfatase B

VDAC2 I A I voltage dependent anion channel 2 I

1P_233089.1 NM_001194998.1 22995 centrosomal protein 152 CEP152
1P_270709.1 NM_003437.3 7695 Zinc finger protein136 INF136
1P_297440.1 NM_001256944.1 1183 chloride voltage-gated channel 4 CLCNG
1P_154990.1 NM_001287054.1 7586 zinc fingerwith KRAB and SCAN domains 1 ZKSCAN1
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RefProt ANXA2 | I annexinA2 |
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1P_123086.1 NM_001166373.1 55016 ‘membrane associated ring-CH-type finger 1 MARCH1
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1P_094777.1 NM_001039538.1 4133 microtubule associated protein 2 MAP2
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i : b IP_166911.1 29028 ATPase family, AAA domain containing 2 ATAD2

®
» ® o ° & sTARTcodon [I] Reference protein
[l sTOPcodon [] Alternative protein

+2

|  aratan2

mRNA

AAAAA

. N 5 CDS 3

C

ATGGTGGTT AGCAGCTTGGAGCTGCACAACCA CTGTCCAGTGACTTCCT AGCACATCGGCCGG. AGAAA ACCACAGCCAAAGCGGGCG. STCATCAGTTAAGGAAGTTGAA ACCTACCACCGGACACGTGCTITAAGATCTTTGAGAA AAGATGCACAGAA
TTCTTCAGATTCTAGTTTTGAGAAGAATGTGGAAATAAC! c—oAccAAmoc‘rAATchAcoc ATTITACAAGGC AGTTGECCAGACA GE AGGCTCATAA A A A AAGAAGAGCAC AGAG AAG ACA AA GTGATTCCAGTTACTU GOTCATTGAG GECTA CAAAC ATCOTTCAAAGTAC AG AAC ACTTACATGAAG ATAATGOTC ATGTTOAAGTGC CTCGAAGTTGTAGE ATTAGAAGTCOTTATAGTOS
TGTAAACCAGTCCATGCTGTTTGACAAACTTATAACTAACACTGCTGAAGCTGTACTTCAAAA AATGGATGACATGAAGA AGATGCGTAGACAGCGAATGAGAGA ACTTGAA GACTT TTTAATCAAACAGAAGAAAGCAATCTTAATATGTACACAAGAGGAAAACAGAAAGATATTCAAAGAACTGATCGAAGAAACA ACTGATAATCAAGAAGGCAGTGTCGAGTCATCTGAAGAGEE
GACCAAGAACATGAAGATGATCGTC TGAA TGATGATGATGACGATGATGATGATGATGATGATGATGAAGATGATGA AGATGAAGAAGATGE GAGAATCAGAAGCGATATTATCTTAGACAGAGA AA AGCTACTGTTTACTATCAGGCTCCATTY - AGAAAGCCCAACATATTTTATAGTGGCCCAGCTTCTCCTGCAAGACT
AAGATACCGATTATCTTCCGCAGGACCAAGAAGTCCTTACTGTAAACGA ATGA ACAGGCGAAGGC ATGCAATCCACAGTAGTGACTCGACTTCATCTTCCTCCTCTGAAGATGA ACAGCACTTT AA TCGTAATAGGGCTATCAATAGGTGCCTCCCACTAAATTTTCGGAAAGATG AATTAA AAGGC ATTTATAAAGATCGAATGA AAATTGGA GCAAGCCTTGCCGATCT
TGATCCAATGCAACTACATTCTTCAGTACGATTTGATAGTGTTGOTGACCTOTCTAATCATATA TAAAAGAGATGG' TTCCATTACTTTATCCAGAAGTCTTTGAAAA ATTTAAAATTCAACCCCCAAGAGGTTGTTTGTTTTATG CCTGGAACTGGAAAGACTCTGGT GAGCACTTGCCAA GGGATAAAAGAGTAGCATTTTTCATGAGGAAAGG
TGCTGATTGTCTAAGTAAATGGGTAGGAGAATCTGA AAGACAGCTACGATTGCTGTTTGATCAGGCCTATCAGATGCGCCCATCAATTATITITITTIGACGA AATTGA’ TCCAGTACGGT TCAGATTCACAGTTCTATTGTITCCACCCTGCTAGCTCTTATGGATGGATTGGACA GCAGAGGGGA AATTGTGGTCATTGGTGCTACGA ACAGGCTAGATTCTATAGATCC
TGCTTTACGAA( TTTGATAGAGAATTCCTCTTT. AAGAGGCTCGAAAAGAGATTCTAAAGATTC TTGGAATCCCAAACCACTGGACACATTTTTAGAAGAGCTAGCAGAA A ACTGTGTTGGATACTGTGGAGC AGATATTAAATCAATATGTGCTGA AGCTGCTTTATGTGCTTTACGACG A CCCACAGATCTATACCACTAGTGAGAAACTGC

TGAAGAT(

AGTTGGATCTCTCTTCAATTAATATCTCAGCTAAGGATTTCGAGGTAGCTATGCA AAAGATGATACCAGCCTCCCAA AGAGCTGTGAC ATCACCTGGGCAGGC ACTGTCCACCGTTGTGAA ACCACTCCTGCAAA ACACTGTTGACA AGATTTTAGAA GCCCTGCAGAGAGTATTTCCACATGCAGA ATTCAGAAC AA ATAA AAC ATTAGACTCAGATATTTCTTGTCCTCTGCTAGA AAGTGACTTGGCTT
ACAGTGATGATGATGTTCCATCAGTTTATGAAAATGGACTTTCTCAGA AATCTTCTCATAAGGC AAAAGACAATTTTAATTTTCTTCATTTGAATAGA AATGCTTGT TGTCTTT AGAATATTGATAGTAGGAGAACCAGGATTTGGGC AAGGTTCTCACTTGGCACCA GCTGTCATTCATGCTTTGGA AA AGTTTACTGTATATACATTAGACATTCCTGTTCTTTTTGGAGTTAGT
ACTACATCCCCTGAAGAAACATGTGCCCAGGTGATTCGTGAAGCTA AGAGAACAGCACC AAGTATAGTGTATGTTCCTCATATCCACGTGTGGTGGGAA ATAGTTGGACC GAC ACTTAAA GCCAC ATTTACCACATTATTACAGA ATATTCCTTCATTTGCTCCAGTTTTACTACTTGCAACTTCTGACA AACCCCATTCCGCTTTGCCAGAA GAGGTGCA AGAATTGTTTATCCGTGATTATGGAGAGATT
TTTAATGTCCAGTTACCGGATAAAGAAGAACGGACA AAATTTTTTGAAGATTTAATTCTAAAACAAGCTGCTAAGCCTCCTATATCAAAA AAGA AAGCAGTTTTGCAGGCTTTGGAGGTACTCCCAGTAGC ACC ACCACCTGAGCCAAGATCACTGACAGC AGAAGAAGTGA AACGACTAGAAGAAC AAGAAGA AGATACATTTAGAGAACTGAGGATTTTCTTAAGA AATGTTACACATAGGCTTGCT
ATTGACAAGCGATTCCGAGTGTTTACTAAGCCTGTTGACCCTGATGAGGTTCCTGATTATGTCACTGTAATAAA GCAACC AATG GACCTTTCATCTGTAATCAGTAAA ATTGATCTACACAA GTATCTGACTGTGAAA GACTATTTGAGA GATATTGATCTAATCTGTAGTAATGCCTTAGAATACA ATCCAGATAG AG ATCCTGGA GATCGTCTTATTAGGCATAGA GCCTGTGCTTTAAGAGATACTGCCT
ATGCCATAATTAAAGAAGAACTTGATGAAGACTTTGAGCAGCTCTGTGAAGAAATTCAGGAATCTAGAA AGAA AAGAGGTTGTAGCTCCTCCAAATATGCCCCGTCTTACTACCATGTGATGCCA AAGCA AA ATTCCACTCTIGTTGGTGATAAA AGATCAGACCC AGAGC AGA ATGAA AAGCTAA AGAC ACCGAGTACTCCTGTGGCTTGCAGC ACTCCTGCTCAGTTGAAGAGGAAAATTCGCAAAA
AGTCAAACTGGTACTTAGGCACCATAAAAAAGCGAAGGAAGATTTX AAGGATGATAGCCAGAATGCCATAGATCACAA AATTGAGAGTGATACAGAGGAAACTCAAGACACA AGTGTAGATCATAATGAGACCGGA AACACAGGAGAGTCTTCGGTCG AAGA AAATGAAA AACAGCA AAATGCCTCTGAAAGCAA ACTGGAATTGAG AA ATAATTCAAATACTTGTAATATAGAGAATG
AGCTTGAAGACTCTAGGAAGACTACAGCATGTACAGAATTGAGAGACAAGATTGCTTGTAATGGAGATGCTTCTAGCTCTCAGATAATACATATTTCTGATGAA AATGAAGGA AA AGAA ATGTGTGTTCTGCGAATG ACTCGA GCTAGA CGTTCCCAGGTAGA ACAGCAGC AGCTCATCACTGTTGAAA AGGCTTTGGCAATTCTITCTCAGCCTACACCCTCACTTGTTGTGGATCATGAGC GATTAAAA
AATCTTTTGAAGACTGTTGTTAAAAAAAGTCAAAACTACAACATATTTCAGTTGGAAAATTTGTATGCAGTAATCAGCC AATGTATTTATCGGCATCGCAA GGACC ATGATAA AACATCACTTATTCAGAAA ATGG AGC AAGAGGTAGA AAACTTCAGTTGTTCCAGATGA
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Graphical abstract

Schematic representation of the Ghost protein AItATAD2 interaction found in the XL-MS data. ALtATAD2-RPL10 interaction would be involved to
in the formation of the 60S ribosome and it’s binding of 5S rRNA. Moreover, the co-interaction of AUF1-AItATAD2-RPL10 is hypothesized to play
arole in the possible regulation of the expression of the AltProts in the 3'UTR region of the mRNAs.
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