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Cells organize their actions partly through tightly con-
trolled protein-protein interactions—collectively termed
the interactome. Here we use crosslinking mass spec-
trometry (XL-MS) to chart the protein-protein interactions
in intact human nuclei. Overall, we identified �8,700
crosslinks, of which 2/3 represent links connecting dis-
tinct proteins. From these data, we gain insights on inter-
actions involving histone proteins. We observed that core
histones on the nucleosomes expose well-defined inter-
action hot spots. For several nucleosome-interacting
proteins, such as USF3 and Ran GTPase, the data al-
lowed us to build low-resolution models of their binding
mode to the nucleosome. For HMGN2, the data guided
the construction of a refined model of the interaction
with the nucleosome, based on complementary NMR,
XL-MS, and modeling. Excitingly, the analysis of cross-
links carrying posttranslational modifications allowed
us to extract how specific modifications influence
nucleosome interactions. Overall, our data depository
will support future structural and functional analysis of
cell nuclei, including the nucleoprotein assemblies they
harbor. Molecular & Cellular Proteomics 17: 2018–
2033, 2018. DOI: 10.1074/mcp.RA118.000924.

Many biological processes in cells involve tightly regulated
noncovalent interactions between proteins. Highly stable in-
teractions functionalize molecular machines, such as the ri-
bosome or proteasome, and provide more complex and effi-
cient behavior than the sum of the individual parts (1, 2).
Protein kinase A on the other hand, which interacts with its
different substrates through signal transduction cascades,
represents a prime example of more transient protein-protein
interaction. Both stable and transient interactions can be reg-
ulated by additional co-factors and/or posttranslational mod-
ifications (PTMs)1, providing an additional level of complexity
to the cellular interactome. The sheer number of proteins
involved, and the complexity introduced by PTMs, makes

interactome studies challenging. Nevertheless, these studies
are important as the fundamental understanding of the prin-
ciples that regulate protein-protein interactions (PPIs) can
open the way to elucidate biochemical mechanisms that gov-
ern basic cellular functions. Different approaches have been
developed to chart the cellular protein interaction network.
Notably, affinity purification of tagged proteins coupled with
mass spectrometry (AP-MS) for the identification of the bait
protein and its interactors has successfully been used to
dissect the composition of various protein assemblies present
in cellular lysates (3–5). This method allows sampling the
interaction profile of soluble protein complexes while preserv-
ing the PTMs that could be required to maintain the complex
integrity. Recent approaches rely on the proximity-dependent
labeling of proteins localized in the vicinity of a specific bait
protein fused to enzymes able to generate a reactive biotin
protein label (6–8). The biotinylation allows for efficient isola-
tion and identification by mass spectrometry of the potential
bait interactors. While these methods can be applied to insol-
uble proteins, they still rely on the engineering and exogenous
expression of the fusion protein that may not entirely preserve
the function and/or the endogenous interaction profile of the
bait protein.

An alternative approach to map PPIs, which in recent years
has seen more traction, is crosslinking mass spectrometry
(9–12). For this methodology homo bifunctional chemicals are
mostly used that integrate two amine reactive groups (e.g.
NHS-esters) separated by a spacer arm of a specific length.
The spacer arm together with the flexibility of the amino acids
captured by the amine reactive groups imposes a distance
constraint between those amino acids, providing useful infor-
mation about protein structure and the model of protein com-
plexes. As such, chemical crosslinking coupled with mass
spectrometry (XL-MS) has been used extensively to gain
structural insights on reconstituted protein complexes. How-
ever, recently, the methodology has expanded its reach to

From the ‡Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and Utrecht Institute for Pharma-
ceutical Sciences; §Netherlands Proteomics Centre, and ¶NMR Spectroscopy Research Group, Bijvoet Center for Biomolecular Research,
University of Utrecht, Padualaan 8, 3584 CH, Utrecht, The Netherlands

Received June 19, 2018, and in revised form, July 17, 2018
Published, MCP Papers in Press, July 18, 2018, DOI 10.1074/mcp.RA118.000924

Research

los

2018 Molecular & Cellular Proteomics 17.10
© 2018 Fasci et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

This is an open access article under the CC BY license.

https://orcid.org/0000-0002-1668-0253
https://orcid.org/0000-0002-2405-4404
http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.RA118.000924&domain=pdf
http://creativecommons.org/licenses/by/4.0/


dissect PPIs at a broader proteome-wide level due to ad-
vances in crosslinking reagents, mass spectrometry, and data
analysis. To illustrate, technological advances in chemistry,
for instance, with the introduction of MS cleavable and/or
affinity-tagged crosslinkers (13–16), dedicated search algo-
rithms (17–21), and chromatography (22, 23) have led to in-
creased efficiency in the identification of crosslinked peptides
from complex mixtures. Fueled by these advances, XL-MS
has recently been used to study the architecture and compo-
sition of very large and complex purified or reconstituted
protein complexes (24–30) as well as to characterize PPIs at
the proteome level (17–19, 31–35). Despite these recent ac-
complishments, proteome-wide XL-MS experiments are still
challenging and have so far reached the most abundant pro-
teins and protein complexes. The high complexity of the
samples in combination with the relatively low abundance of
crosslinked peptides makes the identification of these latter
peptides difficult (9).

Here we set out to analyze proteome-wide PPIs in the
human cellular nucleus by XL-MS, aiming to enhance the
crosslinking efficiency while preserving the cell nuclear envi-
ronment. Our strategy started with the treatment of isolated
nuclei with the MS-cleavable crosslinker disuccinimidyl sulf-
oxide (DSSO), followed by several sample fractionation steps
both at the protein and at the peptide level and analyzed by
mass spectrometry. Using this approach, we identified overall
8,710 unique crosslinks with a false discovery rate (FDR) of
1%. Between two independent biological replicates we find
�58% overlap. To illustrate the potential and novelty of our
resource, we zoom in to various parts, revealing among others
structural information on endogenous PPIs, including on the
binding mode of many known and novel nucleosome-inter-
acting proteins. Moreover, our approach allowed us to dissect
PPIs of histone H1. Finally, the identification of crosslinks
between different proteins carrying PTMs sets the basis to
investigate PTM-dependent PPIs in the cell nucleus to shed
light on the regulation of nuclear activities.

EXPERIMENTAL PROCEDURES

Cell Culture and Intact Nuclei Isolation—U2OS cells (ATCC, Ma-
nassas, VA) were cultured in Dulbecco’s modified Eagle’s medium
(Lonza, Basel, Switzerland) supplemented with 10% fetal bovine se-
rum (Lonza) and 1% penicillin/streptomycin (Lonza). For both the

biological independent unfractionated and fractionated nuclear prep-
arations, the cells collected at different times were washed twice with
ice cold PBS, scraped in PBS, and counted, then resuspended at a
concentration of 2 million cells/ml in the following buffer: 25 mM

HEPES, pH 7.5; 50 mM NaCl; 5 mM KCl; 10 mM iodoacetamide;
protease inhibitors (Roche, Basel, Switzerland); and 10 �M MG132.
The cells were incubated for 20 min on ice. Then digitonin was added
at a final concentration of 40 �g/ml, and the suspension passed 80
times through a dounce tissue grinder (pestle B) (Sigma) and subse-
quently centrifuged 10 min at 400 g. The pelleted nuclei were washed
once in resuspension buffer and then crosslinked.

Recombinant Protein Expression, Native Gel and Western Blot-
ting—HeLa mononucleosomes were purchased from Epicypher
(Durham, NC) (#16-0002). Recombinant RCC1 and Ran-E70A were
purchased from Abcam (Cambridge, United Kingdom) (#ab90625 and
#ab90203).

For the native electrophoresis analysis of the nucleosome-Ran-
RCC1 complex, 1.5 �g of mono-nucleosomes were incubated for 15
min at room temperature with 4 molar excess of recombinant Ran
and/or RCC1 and then mixed 1:1 in Native Gel sample buffer. Each
sample was loaded and run onto a Criterion TGX 4–15% gel (Bio-
Rad) in the absence of SDS. For Western blotting, each sample was
loaded and run onto a Criterion XT 4–12% gel (Bio-Rad). The proteins
were then transferred onto nitrocellulose, the membrane blocked for
1 h with 5% BSA in TBS supplemented with 0.1% Tween 20, and the
antibody staining performed according to the manufacturer instruc-
tions. The following primary antibodies were used in this study: anti-
heterogeneous nuclear ribonucleoprotein K (hn-RNPK) (3C2) (Ab-
cam), anti-Histone H3 (Cell Signaling Technology, Danvers, MA),
anti-Lamin A/C (Clone 14) (BD biosciences, Franklin Lakes, NJ), anti-
Calnexin (C5C9) (Cell Signaling Technology), and anti-Ubiquitin (clone
FK2) (Enzo Life Sciences, Zandhoven, Belgium).

Crosslinking and Detergent Fractionation—The nuclei samples
were crosslinked in resuspension buffer with DSSO obtained from
Thermo Fisher Scientific (Waltham, MA). The crosslinker solution was
prepared fresh in DMSO to obtain a stock concentration of 10 mM and
applied to the resuspended nuclei (4 million nuclei/ml) at a final
concentration of 250 �M unless otherwise stated. The estimated
amount of protein crosslinked each time was 12 mg. The nuclei were
crosslinked for 10 min at room temperature and the reaction stopped
by adding 1 M Tris, pH 8, to a final concentration of 50 mM; then the
nuclei were pelleted. For the unfractionated nuclei, the total nuclear
fraction was obtained, collecting the supernatant after the nuclei were
lysed in 50 mM Tris, pH 8, 2% SDS, then heated at 95 °C for 3 min,
sonicated, and centrifuged for 30 min at 20,000 g. For the fractionated
nuclei, the Triton X-100 nuclear soluble and insoluble fractions were
obtained by resuspending the crosslinked nuclei first in 50 mM Tris,
pH 8; 150 mM NaCl; 5 mM EDTA; 50 mM iodoacetamide; 1% TX100;
protease inhibitors (Roche); phospho-stop (Roche); and 10 �M

MG132. The solution was incubated on ice 15 min and centrifuged for
30 min at 20,000 g. The supernatant was used as TX100 soluble
fraction, while the pellet was resuspended in 50 mM Tris, pH 8, 2%
SDS; heated at 95 °C for 3 min; sonicated; and centrifuged for 30 min
at 20,000 g. The supernatant represented the TX100 insoluble frac-
tion. All the protein samples were quantified using the BCA protein
Assay Kit (Thermo Fisher Scientific). All the in vitro crosslinking ex-
periments were performed three times with 2 mM final concentration
of DSSO for 15 min at room temperature.

Proteolytic Digestion—To remove the detergents, all the protein
samples were subjected to acetone precipitation. Then the pellets
were resuspended in 50 mM AMBIC, 8 M urea, reduced by addition of
DTT at a final concentration of 15 mM for 1 h at room temperature, and
alkylated for 2 h at room temperature in the dark by addition of
iodoacetamide at a final concentration of 50 mM. Alkylation was then

1 The abbreviations used are: PTMs, post-translational modifica-
tions; AP-MS, affinity purification coupled with mass spectrometry;
bHLH, basic loop-helix-loop; BioID, proximity-dependent biotin iden-
tification; CID, collision-induced dissociation; cryo-EM, cryo electron
microscopy; DSSO, disuccinimidyl sulfoxide; ETD, electron transfer
dissociation; EThcD, electron-transfer/higher-energy collision disso-
ciation; FDR, false discovery rate; NBD, nucleosomal-binding do-
main; NHS, N-hydroxysuccinimide; NMR, nuclear magnetic reso-
nance; NPC, nuclear pore complex; PPIs, protein-protein interactions;
PRIDE, proteomics identifications database; UV-PD, ultraviolet pho-
todissociation; RMSD, root-mean-square deviation; XL-MS, cross-
linking mass spectrometry.
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stopped by addition of thiourea at a final concentration of 150 mM.
The samples were digested in two rounds. In the first round, the
samples were digested with Lys-C at an enzyme-to-protein ratio of
1:50 (w/w) at 37 °C for 4 h. In the final round, the samples were diluted
four times in 50 mM AmBic and further digested with trypsin at an
enzyme-to-protein ratio of 1:100 (w/w) at 37 °C for 16 h. The digested
samples were desalted using Sep-Pak C18 cartridges (Waters, Mil-
ford, MA), dried, and stored at �80 °C for further use.

The samples deriving from the in vitro crosslinking reaction were
digested following the same urea workflow, but desalted with the
Oasis HLB 96-well �Elution Plate (Waters) before MS analysis.

Strong Cation Exchange (SCX) Chromatography—The SCX sepa-
ration was performed as previously described (19, 22). Briefly, the
desalted digests were resuspended in 10% formic acid and loaded
onto a Zorbax BioSCX-Series II column (0.8-mm inner diameter,
50-mm length, 3.5 �m). SCX solvent A consisted of 0.05% formic
acid in 20% acetonitrile, and solvent B consisted of 0.05% formic
acid, 0.5 M NaCl in 20% acetonitrile. The SCX gradient was as follows:
0–0.01 min (0–2% B); 0.01–8.01 min (2–3% B); 8.01–14.01 min
(3–8% B); 14.01–28 min (8–20% B); 28–38 min (20–40% B); 38–48
min (40–90% B); 48–54 min (90% B); and 54–60 min (0% B). We
collected 50 fractions for each sample that were desalted with an
Oasis HLB 96-well �Elution Plate (Waters), dried, and stored at
�20 °C before further use.

Mass Spectrometry—The late desalted SCX fractions from the
crosslinked nuclear samples and the digested in vitro crosslinked
complexes were analyzed by LC-MS/MS using an Agilent 1290 Infin-
ity System (Agilent Technologies, Santa Clara, CA) in combination
with an Orbitrap Fusion (Thermo Fisher Scientific). Reverse phase
chromatography was carried out using a 100-�m inner diameter 2-cm
trap column (packed in-house with ReproSil-Pur C18-AQ, 3 �m)
coupled to a 75-�m inner diameter 50-cm analytical column (packed
in-house with Poroshell 120 EC-C18, 2.7 �m) (Agilent Technologies).
Mobile-phase solvent A consisted of 0.1% formic acid in water, and
mobile-phase solvent B consisted of 0.1% formic acid in 80% ace-
tonitrile. A 120-min gradient was used and start and end percentage
buffer B adjusted accordingly for each SCX fraction to maximize the
samples separation. For the MS/MS experiment, we selected the ten
most abundant precursors and subjected them to sequential CID-
MS/MS and ETD-MS/MS acquisitions. All spectral data were ac-
quired in the Orbitrap mass analyzer. For the MS scans, the scan
range was set to 300–1,500 m/z at a resolution of 60,000, and the
automatic gain control target was set to 1e6. For the MS/MS scans,
the resolution was set to 30,000, the automatic gain control target
was set to 1e5, the precursor isolation width was 1.6 Da, and the
maximum injection time was set to 120 ms. The CID normalized
collision energy was 30%; the charge-dependent ETD reaction time
was enabled; and the ETD automatic gain control target was set to
1e5.

For bottom-up analysis of the noncrosslinked nuclear samples or
the in vitro reconstituted protein complexes, the isolated nuclei or
recombinant proteins were processed as described above and in-
jected for a single-shot LC-MS/MS analysis using the same LC-MS
setup.

Data Analysis—Proteome Discoverer 2.2 (beta, version 2.2.0.196)
was used for data analysis with the XlinkX (beta, version 0.1.3) nodes
integrated (36). The processing workflow was set up with the follow-
ing nodes. The built-in nodes ‘Spectrum Files’ and ‘Spectrum Selec-
tor’ were used to extract the MS2 scans, together with a precise
precursor m/z and charge. To extract precursor intensity information,
we added the built-in node “Minora feature detection.” The following
crosslinking workflow consists of the following nodes. The “XlinkX
Detect” node performs diagnostic peak detection specific for the
used labile crosslinker DSSO (13, 36). The following “XlinkX Filter”

nodes only filters out all MS2 scans for which no diagnostic peak set
was detected. The remaining MS2 scans were identified with the
dedicated crosslink peptide search engine “XlinkX Search” node, for
which the following settings were used: Uniprot human protein data-
base from January 2016 containing 42,150 proteins, protease trypsin
(full), two allowed missed cleavages, precursor mass tolerance of 10
ppm, fragment mass tolerance of 20 ppm, carbamidomethyl on C as
static modification, oxidation on M as variable modification, and
where appropriate acetylation or ubiquitination on K were also set as
variable modification. The results from the search were FDRs cor-
rected to 1% using the “XlinkX Validator” node, which utilizes a
specific set of crosslink peptide spectral features and machine learn-
ing to define the cutoff as developed for peptide spectral matches in
Percolator (37). We used Percolator version 1.3 as provided with the
release of Proteome Discoverer 2.2 and included a set of 47 values
calculated individually for each fragmentation spectrum as features
(described in supplemental Table S6). The features themselves were
inspired by the standard set of features used by Percolator but
elaborated on for XL-MS data. Alterations for this more complex
environment included: splitting of features for the individual peptides
(e.g. the standard feature “number matches” is calculated for each
peptide individually), inclusion of cleavable crosslinking specific fea-
tures (e.g. likelihood score for detecting the reporter ions as “reporter
score”), inclusion of new features (e.g. “PTM score A,” denoting the
accuracy of pinpointing the lysine where the crosslink is detected),
and retention of a number of features (e.g. “Delta mass”). This minimal
set for XL-MS data was derived from a much larger set of features
that was culled by recursive feature elimination (38), giving insight into
the collection of features providing the best separation of false and
true positives and consequently the best possible means of obtaining
results at 1% FDR. The final node is the “Crosslink Consensus” node
where individual crosslink spectral matches were grouped in those
cases where they represent the same peptide sequence and modifi-
cation state. The workflow described above was used also for the
analysis of the in vitro crosslinked samples using databases gener-
ated from the protein sequences obtained from the bottom-up anal-
ysis of the recombinant protein samples. The bottom-up proteomics
files to calculate the proteins copy numbers were analyzed with
MaxQuant (version 1.5.5.0) (39) using the database described above
and with Perseus (version 1.5.5.0) using the proteomic ruler plugin
(40). The standard searching parameters were used: protease trypsin,
two allowed missed cleavages, precursor mass tolerance of 4.5 ppm,
fragment mass tolerance of 20 ppm, and carbamidomethyl on C was
set as static modification, oxidation on M, acetylation on K, methyl-
ation on K and R, and N terminus acetylation were set as variable
modifications. FDR was set to 0.01 for PSM FDR, protein FDR, and
site decoy fraction.

For 3D protein structure prediction, we utilized I-Tasser (41, 42).
The structure of the bHLH domain of USF3 (amino acids 18–69) was
generated through I-Tasser providing PDB: 1AN4 as template. To
predict the structure hn-RNPK KH2 domain, we uploaded the protein
sequence corresponding to amino acids 144 to 209 (Uniprot ID:
P61978) and selected the models with the best score. To sample the
interaction space of nucleosome-interacting proteins through DisVis
(61), we defined the nucleosome (PDB: 1EQZ) as fixed chain and
USF3-bHLH (generated through I-Tasser), the hn-RNPK KH2 domain
(generated through I-Tasser). As input for the calculation, we provided
five interlinks between USF3-bHLH and the nucleosome and two
interlinks between the hn-RNPK KH2 and the nucleosome. The den-
sity maps obtained represent the position of the scanning chain that
satisfies the highest number or restraints provided. The models of the
HMGN2-nucleosome complex were constructed by docking an en-
semble of 1,000 HMGN2 conformations (either the extended nucleo-
somal-binding domain (NBD), residues 9–51, or full-length) to the
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nucleosome (PDB: 2PYO) using HADDOCK (43). The HMGN2 con-
formations were randomly selected from the 50% most expanded
structures from a pool of 10,000 conformations, generated according
to a statistical coil model using FlexibleMeccano (44). The nucleo-
some structure was modified in case of full-length HMGN2 by ex-
tending the DNA by one turn on each end and adding the missing
histone tails according to their conformation in PDB 1KX5. Docking
was guided by: (i) ambiguous interaction restraints between HMGN2
R22, S24, R26, and L27 and the acidic patch, based on NMR and
mutagenesis data; (ii) ambiguous interaction restraints between
HMGN2 K35, K39, K41, and K42 and the DNA close to the H2A C
terminus, based on NMR and mutagenesis data; (iii) unambiguous
interaction restraints according to the XL-MS data (11 for the ex-
tended NBD and 26 for full-length HMGN2). For the full-length model,
crosslinks to H2A K5, H2B K3/K7, and H3 K4 (the most N-terminal
positions) as well as crosslinks between HMGN2 K81 and H2B K11/
K117 (incompatible with the majority of K81 crosslinks) were ex-
cluded. In the rigid body stage of HADDOCK, 10,000 solutions were
calculated, of which 1,000 out of the best 2,000 structures, according
to the HADDOCK score, were further refined by semi-flexible anneal-
ing and subsequent refinement in explicit solvent. The final best 200
solutions, according to HADDOCK score, were used for analysis and
display. All the crosslinking maps were generated with xiNET (45). All
the interaction networks were generated with Cytoscape (46).

Experimental Design and Statistical Rationale—The XL-MS analysis
was performed on two independent biological replicates (the deter-
gent-fractionated and the unfractionated nuclear sample). The two
nuclei preparations were obtained at different times. The following
SCX desalted fractions from the two biological replicates were ana-
lyzed with the described XL-MS workflow:

- Detergent fractionated nuclear sample (Insol and Sol): fractions
Insol- 17 to 38 and reinjected Insolbis/or Th- 17 to 38 from the TX100
insoluble material and fractions Sol- 17 to 37 and reinjected Solbis-
17 to 37 from the TX100 soluble material.

- Unfractionated nuclear sample (Tot): fractions Tot- 25 to 38 and
reinjected Totbis- 17 to 38.

Crosslinks identified in both the unfractionated and fractionated
nuclear datasets and crosslinks-defining interactions observed in
both the unfractionated and fractionated nuclear dataset were used
for the analysis unless otherwise stated. Novel PPIs defined by cross-
links observed in one nuclear dataset were not considered in the
analysis.

Each in vitro complex reconstitution and in vitro crosslinking ex-
periment was performed three times. All the blots and native gel
scans displayed in the study are representative of three independent
experiments.

RESULTS

A Crosslinking Strategy Preserving Endogenous Nuclear
Protein-Protein Interactions—We hypothesized that the large
transporters, such as the nuclear pore complexes, embedded
in the nuclear envelope could expedite diffusion of the cross-
linking reagent DSSO into the nucleus, enabling crosslinking
of the nuclear proteins in their natural environment (Fig. 1A).
To test whether DSSO indeed diffuses into the nucleus, we
isolated intact nuclei from human U2OS cells by mechanical
rupture, coupled with soft centrifugation (supplemental Fig.
S1) and treated them with the crosslinking reagent. The
strongly shifted band on the SDS-Page gel toward the high
molecular weight region demonstrates that this is indeed the
case (supplemental Fig. S2A). Importantly, DSSO was effec-

tive in crosslinking proteins inside the intact nuclei already at
low concentrations (supplemental Figs. S2B and S3A), high-
lighting the efficiency of the diffusion and reaction. By using
our earlier introduced XlinkX-based workflow (36), in the LC-
MS/MS data acquired from these samples, 3,936 unique
crosslinks could be identified at an FDR of 1% (supplemental
Fig. S2C; supplemental Table S1). More than 2,300 of these
crosslinks connected peptides originating from distinct pro-
teins (interprotein crosslinks or interlinks), while the remaining
crosslinks mapped different regions of the same protein or
protein oligomers (intraprotein crosslinks or intralinks). The
higher ratio of interlinks over intralinks detected compared
with previous studies reflects the way the crosslinking re-
action is carried out. The intact nuclei display organized struc-
tures like chromatin and high internal protein concentration,
thus the crosslinking reagent can more effectively react with
the side chains of lysines from distinct polypeptide chains.
However, �40% of the detected proteins were not clearly
assigned as nuclear (supplemental Fig. S2D). This is expected
given the simple strategy adopted to isolate the nuclei, which
leaves the endoplasmic reticulum, and its associated ribo-
somes, largely connected to the nucleus and could result in
the co-isolation of other cellular organelles like mitochondria.
To further increase the depth of our XL-MS analysis and to
obtain a better separation between the nuclear chromatin
fraction from the nuclear soluble and other subcellular
fractions, we next performed detergent fractionation of
the crosslinked nuclei. After the DSSO reaction, we lysed the
nuclei in a buffer containing 1% Triton X-100 to release the
nucleoplasma and to solubilize the proteins associated with
the endoplasmic reticulum and the nuclear membrane. The
Triton X-100 insoluble fraction containing chromatin was fur-
ther solubilized in a buffer containing sodium dodecyl sulfate
(SDS) to maximize protein extraction (Fig. 1B). As expected,
histone proteins were largely detected in the Triton X-100
insoluble fraction (supplemental Fig. S3A). From the acquired
mass spectrometry data of both the soluble as well as the
insoluble fractions, we identified 7,095 unique crosslinks at an
FDR of 1% (Fig. 1C; supplemental Table S2). Of these, 4,606
connected peptides originated from distinct proteins. As an-
ticipated, the fraction of identifiable nuclear crosslinks in-
creased to 85% in the insoluble fraction. To uncover the depth
our crosslinking methodology is reaching, we calculated the
protein copy numbers from the nuclear proteome from the
combined fractions using the proteomic ruler approach (40)
and transferred the copy numbers from the second set to the
detected crosslinks. As expected, the crosslinked dataset
does not completely reach the full depth of the nuclear pro-
teome but, excitingly, is delving already close to halfway in the
dynamic range of the proteins copy number down to �1.5e4
proteins per cell (supplemental Fig. S3B). At this level, we are
starting to observe crosslinks between components of the
spliceosome (estimated copy numbers 6e5–2e6, seven cross-
links), the Ku heterodimer (estimated copy numbers � 2.5e5–
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5e5, nine crosslinks), the NPC (estimated copy numbers �

9e3–1.6e5; 22 crosslinks), down to the condensins complex
(estimated copy numbers � 1.2e4–1.8e4; eight crosslinks)
(supplemental Fig. S4). We next evaluated the overlap be-
tween the fractionated and unfractionated nuclear samples.
Both samples derive from two independent nuclear prepara-
tions but differ in terms of the analytical workflow only in the
application of the detergent fractionation. As mentioned, the
detergent fractionation achieves a far greater depth of analy-
sis; however, the two datasets also provide insight into the
variability of the crosslinking data in terms of uncovering PPIs.
The unfractionated dataset consists of 3,936 crosslinks, of
which a remarkable 58% (or �2,300) are also in the fraction-
ated dataset (Fig. 1D). A subset of crosslinks identified in only
one of the two samples was still defining PPIs shared between
the two datasets and thus included in the subsequent analysis
(supplemental Table S3). The merged crosslinking dataset
defines over 850 PPIs, of which 778 have not been previously
reported, while the others have been previously annotated in
the IntAct (47) or in the CORUM (48) databases (Fig. 1D).

Validation on Available High-Resolution Structures—We
validated our results mapping a subset of crosslinks onto

available high-resolution structures of nuclear complexes (Fig.
2 and supplemental Fig. S4). As the maturation of the 60S and
40S ribosomal particles occurs in the nucleus and our data-
sets include crosslinks involving ribosomal proteins and ribo-
some maturation factors, we evaluated the agreement to the
DSSO-imposed distance constraint for these crosslinks. As
the data analysis software has no a priori knowledge that this
complex will be used for validation and the detected cross-
links span the full dynamic range in terms of precursor inten-
sities, this represents an excellent validation model. For the
pre-60S ribosomal particle, a well-resolved cryo-EM structure
is available that we here used for validation. Of the 87 cross-
links identified from both datasets, 35 (3 interlinks and 32
intralinks) could be mapped onto the cryo-EM structure of the
yeast pre-60S ribosome; PDB: 3JCT (Figs. 2A and 2B). The
other 52 crosslinks lacked the homologous sequence on
the yeast complex or were within regions of the complex
where the structural details are not sufficiently resolved in the
available PDB structure. Out of 35 crosslinks, we could map
on the structure, 34 satisfied the 28 Å C�-C� distance con-
straint of DSSO. Thus, of all crosslinks mapped on the struc-
ture, 97% were within the expected distance constraints,

FIG. 1. Crosslinking mass spectrometry (XL-MS) based strategy to investigate assemblies and interactions of nuclear proteins. (A)
The MS-cleavable crosslinker DSSO diffuses inside the cell nucleus, possibly through the nuclear pore complex, facilitating efficient
crosslinking of the nuclear proteins. (B) U2OS nuclei were isolated and crosslinked. After detergent fractionation, the proteome is digested and
the crosslinked peptides are enriched by using strong cation exchange chromatography. The crosslinked peptides are analyzed by LC MS/MS,
and by making use of the cleavable crosslinker efficiently identified using the XlinkX PD nodes. (C) Pie chart indicating the total number of
unique crosslinks at an FDR of 1%. Unique intralinks are unique crosslinks between peptides derived from the same protein/gene. Unique
interlinks connect peptides from distinguishable proteins/genes. The bar charts indicate the nuclear crosslinks identified in the TX100 insoluble
and soluble fraction. (D) The top panel displays a Venn diagram indicating the overlap between unique crosslinks identified in the independent
biological replicates of the fractionated and unfractionated nuclei samples. The bar chart below indicates the PPIs reproducibly identified in
both these XL-MS datasets. In dark brown are indicated the PPIs annotated in the IntAct (47) and/or in the CORUM (48) databases.
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providing validation for our XL-MS approach. We also vali-
dated a subset of crosslinks between the components of the
histone octamer. From both datasets, we identified 243
unique crosslinks (200 interlinks and 43 intralinks) involving
the different histone variants, of which 177 connected regions
of the histone tails. The crosslinks that could be included in
the analysis involved residues in the folded region of the
histone octamer and residues of the histone tails closest to
the folded regions. Since the nucleosome contains two copies
of each histone protein and this could lead to ambiguities for
the crosslinks assignment, we mapped all the possible Lys-
Lys linkages and displayed the crosslinks defining the short-
est distance between all the possible combinations. From the
21 crosslinks that could be mapped on the histone octamer
structure, 76% fall within the set constraint (Figs. 2C and 2D).
The crosslinks exceeding the maximal DSSO distance in-
volved residues of the histone tail regions.

To illustrate the potential of our XL-MS data resource, we
will zoom in in the next section on interactions involving
histone-binding proteins with the aim to gain structural in-
sights on the interaction with the nucleosome.

Interaction Hotspots on the Nucleosome—The PPIs identi-
fied involving histones are defined by 1,017 interlinks. To
extract detailed insights in the nucleosome PPIs, we gener-
ated a Lys-reactivity map to highlight the residues on the core
histones that were involved in interprotein crosslinks (Fig. 3A).
The resulting heat maps display both the frequency of inter-

links normalized for the number of lysine present in each
histone, as well as the median intensity of the crosslinked
peptides. This provides insight into the region of the protein
most accessible to interact and can help guide the identifica-
tion of specific domains engaged in nucleosome PPIs. We
noticed that, as expected, a relevant fraction of the identified
interlinks mapped at the flexible and more exposed (49) his-
tone tails. In particular, Lys5 of histone H2B and Lys4, 18, 23,
and 27 of histone H3 are the residues on the histone N-ter-
minal tails found to be engaged in the highest number of
interprotein crosslinks (Fig. 3A). Importantly, the histone H3
N-terminal tail was extensively crosslinked to the linker his-
tone H1 in agreement with the proximity of these proteins in
the context of the chromatin fiber (50). More remarkable,
about 25% of the identified interprotein crosslinks occurring
between the nucleosome and its binding proteins were lo-
cated at the �-helical C-terminal region of histone H2B (Figs.
3A and 3B). This H2B C-terminal �-helix is in close proximity
to the nucleosome acidic patch (Fig. 3B), a negatively charged
region involved in nucleosome-nucleosome interactions (49)
and required to establish interactions between the nucleo-
some and chromatin-binding proteins (49, 51–55). Impor-
tantly, many of the proteins found crosslinked to lysines ad-
jacent to this region were previously reported to engage the
acidic patch, including the HMGN family proteins and com-
ponents of chromatin-remodeling complexes CHD4 and
BAZ1B. The heat maps based on the crosslinks median pre-

FIG. 2. Validation of the identified crosslinks onto available high-resolution structures. Crosslinks satisfying the DSSO distance
constraint (28 Å) were indicated in red (interlinks) and blue (intralinks), while crosslinks exceeding the maximum DSSO-imposed distance
constraints are in cyan. (A) Crosslinks mapped onto the cryo-EM structure of the structurally homologue yeast pre-60S ribosome (PDB: 3JCT).
In yellow are indicated the ribosomal proteins and light blue the ribosome maturation factors. (B) C�-C� distance distribution for the crosslinks
mapped onto the pre-60S complex. A total of 97% crosslinks fall within the set constraint. (C) Crosslinks mapped on the X-ray structure of the
homologue chicken histone octamer (PDB: 1EQZ). Histone H2A is indicated in yellow, H2B in pink, H3 in light blue, and H4 in green. The histone
tails are indicated in purple. (D) C�- C� distance distribution for the crosslinks mapping on the nucleosome. The crosslinks violating the DSSO
distance constraint map to the histone tails regions and can also be explained by higher order structures.
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cursor intensity values reveal a slightly different lysine reac-
tivity profile on the nucleosome. Of note, Lys85 of histone
H2B and Lys8, 12, 16, 20, 31, and 77 of histone H4 are
engaged in a few albeit abundant interlinks. This may hint at a
specific stronger binding mode on the nucleosome for this

subset of proteins, although we cannot exclude that the high
abundance for this subset is a consequence of the possibly
better ionization efficiency of these peptides. H2B Lys85 is
located close to a DNA contact point (Fig. 3B), suggesting that
this residue can react only with the crosslinker when it is not

FIG. 3. Defining interaction hot spots on the nucleosome. (A) Heat maps indicating the residues in each core histone engaged in interlinks
with proteins other than the core histones. The red heat maps displays the frequency of interlinks normalized for the number of lysines present
in the corresponding histone protein occurring between the specified lysine and proteins other than the core histones, including histone H1.
The blue heat maps are generated calculating the median crosslink precursor intensity for the interlinks occurring between the specified lysine
and proteins other than the core histones, including histone H1. The tails are indicated in red, and the �-helices indicated by the blue rods.
(B) X-ray structure of the nucleosome (PDB: 1EQZ) highlighting the crosslinking hot spots. The red dots indicate the position of lysines engaged
in a high number of interlinks. The purple dots indicate the position of lysines engaged in interlinks with high intensity. Histone H2A is indicated
in yellow, H2B in pink, H3 in light blue, and H4 in green. (C) X-ray structure of the nucleosome (PDB: 1EQZ) indicating the region of the
nucleosome involved in the establishment of interactions with protein partners. In yellow is highlighted the position of the nucleosome acidic
patch, in light blue the region around the dyad, and in light green the lateral surface close to the H4 N-terminal tail. (D) Overlay of the model
of the dimeric bHLH domain of USF3 (yellow), with the X-ray structure of the bHLH domain of USF1 (light blue) (PDB: 1AN4). (E) Crosslinking
map defining the interaction between USF3 (amino acids 1–700) and the nucleosome. The blue box indicates the bHLH domain. (F)
Visualization of the accessible interaction space of the bHLH domain of USF3, with the nucleosome (PDB: 1EQZ). The interaction space is
defined by five interprotein crosslinks mapping between the structured regions of the nucleosome and the bHLH domain of USF3.
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in close contact with the DNA (e.g. during histone deposition
or after the action of chromatin remodelers that promote
histone variant exchange (56, 57)). On histone H4 Lys 8, 12,
16, and 20 are located at the N-terminal tail, and thus ex-
posed. Lys31 and 77 together with Lys79 of histone H3 are
located at the lateral surface of the nucleosome (Fig. 3B).
Interestingly, we found that both the transcription factors
USF3 and YY1 are engaged in interprotein crosslinks with
some of these residues. Both proteins were found crosslinked
with H4 Lys20, 31, and 77, with H3 Lys79, and with Lys5, 108,
and 121 of histone H2B. USF3 belongs to the basic loop-
helix-loop (bHLH) superfamily of transcription factors, a group
of proteins conserved from yeast to humans and involved in
critical developmental processes (58). Members of this family
(e.g. c-Myc, Max, MyoD) contain the bHLH domain responsi-
ble of the recognition of consensus DNA sequences through-
out the genome. While previous studies have shown that
members of this family can interact with nucleosomal DNA
(59), structural information on how this interaction takes place
is lacking. Modeling of the structure of the USF3 bHLH do-
main shows it resembles the previously described structure of
the closely related USF1 bHLH domain (60) (Fig. 3D). We next
applied the DisVis tool (61) to map the interaction surface
between the bHLH domain of USF3 and the nucleosome
providing as restraints the crosslinks that mapped on the
structured regions of the nucleosome (Figs. 3E and 3F). The re-
sulting model demonstrates that USF3 interacts with the
peripheral surface of the nucleosome (Figs. 3E and 3F), thus
establishing contact with the DNA with the H3-H4 tetramer
and likely with the histone H2B N-terminal tail.

Nucleosome Interactions Regulated by Posttranslational
Modifications—Histone proteins are known to be densely
decorated with functionally relevant PTMs. These PTMs can
alter the chromatin structure and regulate gene expression
(62, 63). When we searched for crosslinks carrying PTMs, one
of the most abundant modifications observed was acetylation
of histone H3 on Lys23 (H3-K23Ac) (supplemental Table S4).
Thus, we analyzed this subset of crosslinks to dissect the
chromatin interaction landscape of H3-K23Ac. The involved
peptides carrying the acetylation on Lys23 were crosslinked
to other peptides through Lys18 of histone H3. Unfortunately,
but not surprisingly, we did not identify some of the known
readers of histone tail acetylated lysines (Fig. 4A), such as the
bromo-domain containing proteins BRD2 and BRD4, as these
are low abundant and below the detection limit of our ap-
proach (supplemental Fig. S3B). Still, our XL-MS data did
reveal new potential interactors contacting the modified his-
tone tail.

We next searched our datasets for crosslinks carrying the
Gly-Gly remnant of ubiquitin modification on the Lys side
chain. From the potential protein-protein interaction identified
when the ubiquitin modification was included (supplemental
Table S4), we highlight the interactions found for the hn-
RNPK, which contains three K-homology domains responsi-

ble for the interaction with RNA and single strand DNA (64,
65). This protein was exclusively found to be crosslinked to
the nucleosome when the Gly-Gly remnant was included in
the search (Fig. 4B, lower panel). Hn-RNPK can act both
as transcriptional co-activator or repressor and plays a role in
the transcriptional regulation of p53 after DNA damage (66,
67). Remarkably, Lys166 localized on the KH2 domain of
hn-RNPK was found engaged on an intralink with Lys34 (Fig.
4B, top panel). However, when we searched the crosslinked
peptides allowing the Gly-Gly ubiquitin remnant as variable
modification the same residue was found crosslinked with the
core histone proteins (Fig. 4B, lower panel). The residue mod-
ified by ubiquitin was Lys168, which suggests that preferen-
tially Lys168 ubiquitin-modified hn-RNPK is localized onto the
chromatin. Since this interaction is detected in the SDS sol-
uble fraction, it cannot be validated with co-immunoprecipi-
tation as the components cannot be brought into solution
while preserving the interaction. Consequently, to validate this
finding we analyzed through Western blotting the hn-RNPK
levels in the TX100 soluble and insoluble fractions derived
from U2OS nuclei and could detect a slower migrating form of
hn-RNPK in the chromatin fraction (Fig. 4C). Since the nuclei
were prepared in the presence of the cysteine alkylation rea-
gent iodoacetamide to prevent the ubiquitin removal by the
deubiquitinating enzymes (supplemental Fig. S5), we next
compared the hn-RNPK levels in the chromatin fraction ob-
tained from nuclei isolated with or without iodoacetamide.
Distinctively, the hn-RNPK band profile changed in the chro-
matin fraction prepared without iodoacetamide, suggesting
that the slow migrating band detected is ubiquitin-modified
hn-RNPK (Fig. 4D). To gain structural insights on the interac-
tion between hn-RNPK and the nucleosome, we generated a
model of the KH2 domain and located the lysines mapped
with XL-MS (Fig. 4E, left panel). Both lysines appeared solvent
accessible, and Lys168 was located on a predicted loop
region. The scanning of the nucleosome surface to map the
interaction with the KH2 domain of hn-RNPK with the DisVis
tool providing two interlinks as restraints revealed that the
KH2 domain of hn-RNPK engages the nucleosome in a region
close to the acidic patch (Fig. 4E, right panel).

Locating the Binding Regions of Nucleosome-Interacting
Proteins—Furthermore, the distance constraints provided by
our XL-MS data, yield topological information on how proteins
like Ran GTPase and HMGN2 engage with the nucleosome.
Ran is a GTPase responsible for nucleocytoplasmic transport
that also binds chromatin to regulate spindle formation during
mitosis (68). RCC1 is the nucleotide exchange factor of Ran,
and both proteins can interact with chromatin in a nonmutu-
ally exclusive manner (68). A high-resolution structure of
RCC1 interacting with the nucleosome is available, and it
allowed proposing a model of the interaction of Ran with the
RCC1-nucleosome complex (69). However, this model does
not explain how Ran establishes contacts with the nucleo-
some. Since in our crosslinking experiments on intact nuclei
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we found Ran crosslinked the nucleosome (Fig. 5A, top), we
next reconstituted the interaction to gain structural insights on
this complex. The native gel electrophoresis coupled with MS
analysis of the recombinant proteins confirmed that both Ran
and, to a higher extent RCC1, interact with the nucleosome
(Fig. 5B). However, when we performed in vitro crosslinking
experiments to map the interaction space, we could detect
crosslinks between Ran and the nucleosome only in the pres-
ence of RCC1 (Fig. 5A, bottom). The histone H4 N-terminal tail
was extensively crosslinked to Ran, and two crosslinks were
detected between Ran and RCC1 (Fig. 5A, bottom). Most of
the crosslinks satisfied the DSSO-imposed distance con-
straint when mapped onto a model of the complex while the
crosslinks mapping on the histone H4 satisfied the distance
constraint only if we would allow the tail to extend toward Ran
(Fig. 5C). This finding together with the previous observation
that Ran interacts with the H3-H4 tetramer (68) demonstrates

that the protein interacts with the lateral surface of the nucleo-
some, i.e. away from the acidic patch that RCC1 is already
occupying. In addition, our result does not exclude the pos-
sibility that the N-terminal tail of histone H4 contribute to this
interaction establishing contacts with Ran (Fig. 5D).

We also probed the interaction surface between HMGN2
and the nucleosome. This intrinsically disordered protein be-
longs to the High Mobility Group N (HMGN) protein family and
binds the nucleosome through a conserved NBD (70) and
regulates nucleosome dynamics and affects chromatin orga-
nization (70). The complementation of available NMR and
mutagenesis data defining the HMGN2-nucleosome interac-
tion (71) with the crosslinks identified allowed us to obtain a
better defined and more comprehensive model of the inter-
action between an extended NBD of HMGN2 and the nucleo-
some compared with using NMR and mutagenesis data only
(Figs. 5F and 5G). We next attempted to apply the distance

FIG. 4. Characterization of PTM-regulated protein-protein interactions. (A) Overview of the proteins found crosslinked to histone H3
carrying acetylation at Lys23. (B) Crosslinking maps of hn-RNPK representing the interactions identified with and without ubiquitylation of
Lys168. The interlinks (in red), the intralink (in blue), and the ubiquitylation site (in orange) are indicated. (C) Western blotting of the TX100
nuclear soluble or insoluble (chromatin) fraction obtained from nuclei purified in the presence of the cysteine alkylator iodoacetamide. The
arrow indicates modified hn-RNPK. (D) Western blotting of the chromatin fraction obtained from U2OS nuclei purified with or without the
cysteine alkylator iodoacetamide. The arrow indicates the band corresponding to modified hn-RNPK. (E) The left panel displays the model of
the KH2 domain of hn-RNPK generated with I-Tasser indicating the ubiquitylated Lys168 (orange). The right panel displays the accessible
interaction space of the KH2 domain of hn-RNPK with the nucleosome (PDB: 1EQZ) generated with the DisVis tool.
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constraints provided by the crosslinks to guide the construc-
tion of a model of the full-length HMGN2 engaging the nucleo-
some. In the wide range of HMGN2 conformations, that are
equally compatible with the crosslinking data, the C-terminal
regulatory domain of HMGN2 is close to the linker DNA and
dyad (Fig. 5H). This reinforces and validates the suggestion by
Kato et al. that nucleosome binding positions the C-terminal
domain correctly for interference with histone H1 (72, 73). In
addition, proximity to the H3-tail may explain the modulation
of H3 PTMs by HMGN2 (73). The dynamic binding mode of
HMGN2 may reflect the ability of the protein to engage the
nucleosome in the context of the different chromatin states
co-existing in the cell nucleus. Importantly, the above exam-
ples demonstrated that such hybrid approaches (e.g. NMR
complemented by XL-MS) can aid the development of atom-
istic structural models of interactions.

The Crosslinking Observed Nuclear Interaction Network—
The XL-MS dataset included 646 unique intralinks and 1,493
unique interlinks involving nuclear proteins (supplemental Ta-
ble S5; Fig. S6A). We considered “nuclear” links if the inter-
links contained at least one peptide deriving from proteins
annotated as nuclear based on the recently described Cell
atlas database (74). These interprotein crosslinks defined
�630 potential PPIs. We constructed a protein interaction
network with the unique PPIs identified (supplemental Fig.
S6A; Table S5). The defined 715 nodes represent the different
proteins containing inter- and intralinks, and the 636 edges
correspond to interactions mapped by the interprotein cross-
links. As expected, the major hubs of the network, or highly
connected nodes, are represented by the nucleosome and by
the linker histone H1 (including the variants H1.1, H1.2, H1.3,
H1.4, H1.5), displaying the highest number of interactions
identified (supplemental Fig. S6A). Other hubs were formed by
the HMGNs, the heterogeneous ribonucleoproteins and
NPM1 all known to be quite abundant in the nucleus and
involved in many PPIs (supplemental Fig. S6A). Interestingly,
a fraction of the interactions displayed in the network oc-
curred across subcellular compartments (supplemental Fig.

S6B). Notably, 20% of the interactions were nucleus-cytosol/
plasma membrane, 6% nucleus-mitochondria and 4% nucle-
us-endoplasmic reticulum. This result is in line with the mul-
tiple subcellular localization reported for many proteins but
could also be partly influenced by contamination with other
subcellular compartments during our nuclei isolation.

Digging down into the crosslinking observed nucleosome
interactome, we classified the proteins found crosslinked to
core histone proteins or the linker histone H1 (Figs. 6A and
6B). As expected, the most highly represented groups were
formed by nuclear proteins annotated with the terms “nucleic
acid binding” and “transcription factor” (defining more than
half of the proteins) (Fig. 6B). We built a protein interaction
network with the subset of interlinks involving individual his-
tone proteins (Fig. 6A). More than 130 proteins were found
crosslinked with the core histone proteins (i.e. the nucleo-
some hub), albeit that also more than 100 proteins were
connected with histone H1 variants (Fig. 6A). The majority of
the nucleosome-interacting proteins were found crosslinked
to histone H2B (Fig. 6A). Despite the important role of the
nucleosome acidic patch in establishing contacts with
nucleosome interactors, this unbalance in interlinks can read-
ily be explained by the position of the H2B N terminus in
relation to the chromatin fiber (75), providing a higher degree
of accessibility for the reactive groups of DSSO. In contrast,
the N-terminal tail of histone H4 displays substantially less
crosslinks with nonnucleosomal proteins, potentially due to
involvement of this tail in internucleosomal interactions with
neighboring H2A-H2B dimers to maintain compact chromatin
(49, 54). This notion is confirmed by the higher number of
interlinks detected between the N-terminal tail of histone H4
and histones H2A and H2B (supplemental Table S3). Histone
H3, the core histone with the longest N-terminal tail is found
crosslinked to several nonnucleosome proteins (Fig. 6A). As
this histone interacts primarily with the linker DNA and histone
H1 through its N-terminal tail (54) (supplemental Figs. S7A
and S7B), interlinks with other proteins are preferentially de-
tected on the lateral surface of the nucleosome. Notably, a

FIG. 5. Defining structural models of nucleosome-interacting proteins using XL-MS complemented by other structural biology data
and modeling. Binding mode of Ran and HMGN2 to the nucleosome. (A) Crosslinking maps of the identified unique interlinks between Ran
and the core histone proteins from intact nuclei (top) and in vitro (bottom) crosslinking experiments. (B) Native electrophoresis analysis of
mono-nucleosomes incubated with or without 4 molar excess of recombinant Ran E70A GDP and RCC1. The bands indicated by the arrow
were excised and analyzed through bottom-up MS. (C) Crosslinks form panel A mapped onto the model of the Ran-RCC1-nucleosome
complex. The model was generated superimposing the structure of the nucleosome (PDB: 1EQZ) and the structure of the Ran-RCC1 complex
(PDB: 3GJ0 overlaid over PDB: 1I2M) onto the structure of the RCC1-nucleosome complex (PDB: 3MVD). In cyan are indicated the interlinks
that map on the histone H4 N-terminal tail. RCC1 is in blue, and Ran is in magenta. (D) Model of the Ran-RCC1-nucleosome complex. The
dotted green line indicates the histone H4 N-terminal tail. RCC1 is in blue, and Ran is in magenta. (E) Crosslinking map of the identified unique
interlinks between HMGN2 and the core histone proteins from crosslinking of intact nuclei. (F) Ensembles of 200 models of the extended NBD
of HMGN2 bound to the nucleosome without (left) and with (right) XL-MS obtained crosslinks imposed during docking. The heavy atom
backbone RMSD over the ensemble of 200 solutions for each HMGN2 residue is plotted on the right. Position of crosslinked lysines indicated
by the arrows. (G) Detailed view on the extended NBD on the nucleosome surface, taken from a structure close to the ensemble average.
Important side chains for the acidic patch or DNA interaction are shown in sticks, spheres indicate the C� positions of crosslinked lysines,
crosslinks are indicated as teal lines. (H) Four models of the full-length HMGN2 bound to the nucleosome. Crosslinks with violations � 3 Å are
indicated as in panel G. Crosslinks from HMGN2 K81 either place the this region close to H3 tail (top left), the proximal linker DNA (top right),
the dyad (bottom left), or the distal linker DNA (bottom right).
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FIG. 6. Snapshot of the histone interaction network. (A) Interaction network of the proteins found crosslinked to the nucleosome and
histone H1 variants. Different color of each edge connecting the nucleosome hub indicates which histone variant is found crosslinked to each
protein: H2B (blue), H3 (orange), H2A (purple), H4, (green), more than one histone (red). (B) Bar chart representing the functional analysis of the
proteins from panel A crosslinked to the core histones and to histone H1 variants. (C) Venn diagram displaying the limited overlap between
histone H2B interactors (other than core histone proteins) identified through XL-MS with the interactors reported in studies applying AP-MS
(76) and BioID (77). Clearly all three methods show very limited overlap, whereby the BioID and AP-MS studies were even done on the same
cells and by the same group.
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subset of proteins was found crosslinked exclusively to the
histone H2A.Z variant and histone H1.0 variant (Fig. 6A). While
the presence of shared interactors between the different his-
tone variants cannot be excluded, this finding still demon-
strates that XL-MS can aid the identification of histone-vari-
ant-specific interactions.

Since a comparison between XL-MS and other approaches
to map PPIs has not been attempted before, we next focused
on histone H2B interactors and evaluated the overlap of the
histone interaction profile obtained with XL-MS with AP-MS
(76) and BioID (77). Both the AP-MS and the BioID studies
employed the expression of exogenous tagged histone H2B
in HEK293 cells on top of the endogenous histone back-
ground. While a comparable number of interactors was ob-
served between XL-MS and AP-MS, more interactors were
reported in the BioID study (Fig. 6C), possibly due to the fact
that BioID can identify both direct interactors and the sur-
rounding environment of the bait protein (77). The overlap
between each of these three methods is marginal. We were
not surprised to observe little overlap between the XL-MS and
the AP-MS (Fig. 6C) as the latter is mostly suited for the
detection of soluble PPIs and consequently samples a more
restricted interaction space (76). The small overlap between
XL-MS and BioID/AP-MS can also originate from the different
cell lines used for the studies (U2OS for XL-MS and HEK293
for BioID/AP-MS) together with differences in sample prepa-
ration, with a SDS solubilization step, and protein precipita-
tion in the XL-MS workflow may have led to such unexpected
differences in the interaction profiles. Moreover, the cell-en-
gineering step required for BioID could have introduced a bias
on the interactors detected, influencing the fraction of nucleo-
some free or engaged in high-order chromatin structures
present in the cell. Despite these differences, the ability of all
these methods to identify different subset of previously re-
ported histone interactors let us conclude that XL-MS is suc-
cessful in the identification of histone interactors and provides
a complementary readout to other technologies in the explo-
ration of the histone interaction space. But more generally, all
three methods still require further improvements to come to a
much needed higher overlap in charting protein-protein inter-
action landscapes.

DISCUSSION

XL-MS experiments have so far been mostly applied to
characterize the architecture of purified complexes or recon-
stituted recombinant complexes (24, 28, 29). More proteome-
wide XL-MS studies have been challenging due to the inability
to obtain a deep sampling of the cellular PPIs. Here we
describe a strategy to apply XL-MS to the cell nucleus that
maximizes crosslinking efficiency, while preserving the cellu-
lar environment. The crosslinking of intact nuclei coupled with
sequential detergent fractionation and the crosslinks search
with the Proteome Discoverer integrated XlinkX software (19,
36) allowed the overall unambiguous identification of over

�8,700 crosslinks at an FDR of 1% and down to a reliable
depth of �1.5e4 copies per cell (defined here as the first
quartile of the detected copy numbers). The validation of
our XL-MS data was carried out through mapping of a
subset of crosslinks onto available high-resolution struc-
tures of nuclear complexes and through the validation of the
interaction of several nucleosome-interacting proteins. In
addition, the XL-MS data revealed an overview of chromatin
associated PPIs and for the proteins engaged in a high
number of crosslinks also provided structural details of
specific protein-protein interactions. Notably, we provide/
refine structural models of the interaction of USF3, HMGN2
and Ran to the nucleosome.

The ability to search through XlinkX for crosslinks carrying
PTMs allowed the identification of additional crosslinked pep-
tides harboring at least one PTM. While the road to charac-
terize PTM-dependent PPIs is still very challenging due to the
transient nature of such interactions, further often hampered
by the low stoichiometry of PTMs, through the identification of
the interaction between hn-RNPK and the nucleosome poten-
tially regulated by ubiquitin, we demonstrate that XL-MS can
be harnessed to investigate how PTMs regulate PPIs.

Despite the potential of XL-MS studies in the characteriza-
tion of endogenous PPIs, there are still limitations that com-
plicate the application of this technology for proteome-wide
interactome studies. The major challenge is represented by
the ability to identify and filter out nonspecific interactions and
by challenges in validating novel observed PPIs. Performing
the analysis on crosslinks defining PPIs observed across bi-
ological replicates can help in the identification of genuine
specific interactions. However, if crosslinking is performed
after cell lysis even reproducible crosslinks could reveal non-
specific interactions due to protein mislocalization occurring
upon cell disruption. To take this into account, our approach
relied on a gentle lysis protocol to keep the cell nuclei intact
while preserving as much as possible the native nuclear en-
vironment. This approach aimed to reduce contamination
across cellular compartments to decrease the number of non-
specific interactions identified compared with other nuclear
lysate preparations. Regarding the validation of XL-MS data,
while the mapping of crosslinks onto available resolution
structure represent a reliable test to validate crosslinks, the
orthogonal validation of novel PPIs especially if detected in
fractions that are not soluble in physiological buffer conditions
like chromatin remains problematic. These interactions are
difficult to validate endogenously with classic biochemical
methods like co-immunoprecipitation. A solution around this
problem is the attempt to in vitro reconstitute the interaction
under study; however, this is labor intensive and can be limited
by the ability to recombinantly express the proteins involved in
the interaction or by the absence of co-factors or adapter pro-
teins needed to stabilize the interaction. While there is a long
way to go to establish a method for the statistical validation of
interactions from proteome-wide XL-MS studies, the integration
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with other quantitative mass spectrometry approaches has
been shown to be beneficial (78) if the analysis is focused on
specific protein targets obtained with similar experimental
setup.

Despite these challenges, our findings demonstrate that
XL-MS can contribute to the investigation of endogenous
PPIs and at the same time, for the proteins displaying an
extensive crosslinking profile, provide complementary insight
into their regulation complete with distance constraints allow-
ing for mapping of the subunits into models as has been
demonstrated previously in many crosslinking MS publica-
tions. The application of more targeted approaches for the
identification of interactors of endogenous proteins (i.e.
through specific enrichment) will help to overcome the limita-
tions of XL-MS for the investigation of cellular PPIs. Moreover,
further increases in data acquisition rates and proteome
depth are to be expected as newer generations of MS plat-
forms with higher sequencing rates and novel hybrid fragmen-
tation techniques (e.g. EThcD and UV-PD) (79–81) become
more routinely available. As such, our work sets the basis to
tackle the next challenges in the XL-MS field: the character-
ization of transient PPIs and their regulation by the different
PTMs.

It has been clearly stated that the future in structural biology
is hybrid (82), whereby the structural models are defined by
combination of methods, such as NMR, X-ray crystallogra-
phy, and electron microscopy. Here, we show by using our
nuclear XL-MS dataset in conjunction with NMR, X-ray crys-
tallography and electron microscopy data that XL-MS repre-
sents a clear valuable pillar to this hybrid future in structural
biology.
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