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Protein–protein interactions (PPIs) are fundamental to the
structure and function of protein complexes. Resolving
the physical contacts between proteins as they occur in
cells is critical to uncovering the molecular details under-
lying various cellular activities. To advance the study of
PPIs in living cells, we have developed a new in vivo
cross-linking mass spectrometry platform that couples a
novel membrane-permeable, enrichable, and MS-cleav-
able cross-linker with multistage tandemmass spectrom-
etry. This strategy permits the effective capture, enrich-
ment, and identification of in vivo cross-linked products
frommammalian cells and thus enables the determination
of protein interaction interfaces. The utility of the devel-
oped method has been demonstrated by profiling PPIs in
mammalian cells at the proteome scale and the targeted
protein complex level. Our work represents a general ap-
proach for studying in vivo PPIs and provides a solid
foundation for future studies toward the complete map-
ping of PPI networks in living systems. Molecular &
Cellular Proteomics 13: 10.1074/mcp.M114.042630, 3533–
3543, 2014.

Protein–protein interactions (PPIs)1 play a key role in defin-
ing protein functions in biological systems. Aberrant PPIs can

have drastic effects on biochemical activities essential to cell
homeostasis, growth, and proliferation, and thereby lead to
various human diseases (1). Consequently, PPI interfaces
have been recognized as a new paradigm for drug develop-
ment. Therefore, mapping PPIs and their interaction interfaces
in living cells is critical not only for a comprehensive under-
standing of protein function and regulation, but also for de-
scribing the molecular mechanisms underlying human pathol-
ogies and identifying potential targets for better therapeutics.
Several strategies exist for identifying and mapping PPIs,

including yeast two-hybrid, protein microarray, and affinity
purification mass spectrometry (AP-MS) (2–5). Thanks to new
developments in sample preparation strategies, mass spec-
trometry technologies, and bioinformatics tools, AP-MS has
become a powerful and preferred method for studying PPIs at
the systems level (6–9). Unlike other approaches, AP-MS
experiments allow the capture of protein interactions directly
from their natural cellular environment, thus better retaining
native protein structures and biologically relevant interactions.
In addition, a broader scope of PPI networks can be obtained
with greater sensitivity, accuracy, versatility, and speed. De-
spite the success of this very promising technique, AP-MS
experiments can lead to the loss of weak/transient interac-
tions and/or the reorganization of protein interactions during
biochemical manipulation under native purification condi-
tions. To circumvent these problems, in vivo chemical cross-
linking has been successfully employed to stabilize protein
interactions in native cells or tissues prior to cell lysis (10–16).
The resulting covalent bonds formed between interacting
partners allow affinity purification under stringent and fully
denaturing conditions, consequently reducing nonspecific
background while preserving stable and weak/transient inter-
actions (12–16). Subsequent mass spectrometric analysis can
reveal not only the identities of interacting proteins, but also
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cross-linked amino acid residues. The latter provides direct
molecular evidence describing the physical contacts between
and within proteins (17). This information can be used for
computational modeling to establish structural topologies of
proteins and protein complexes (17–22), as well as for gen-
erating experimentally derived protein interaction network to-
pology maps (23, 24). Thus, cross-linking mass spectrometry
(XL-MS) strategies represent a powerful and emergent tech-
nology that possesses unparalleled capabilities for studying
PPIs.
Despite their great potential, current XL-MS studies that

have aimed to identify cross-linked peptides have been
mostly limited to in vitro cross-linking experiments, with few
successfully identifying protein interaction interfaces in living
cells (24, 25). This is largely because XL-MS studies remain
challenging due to the inherent difficulty in the effective MS
detection and accurate identification of cross-linked peptides,
as well as in unambiguous assignment of cross-linked resi-
dues. In general, cross-linked products are heterogeneous
and low in abundance relative to non-cross-linked products.
In addition, their MS fragmentation is too complex to be
interpreted using conventional database searching tools (17,
26). It is noted that almost all of the current in vivo PPI studies
utilize formaldehyde cross-linking because of its membrane
permeability and fast kinetics (10–16). However, in compari-
son to the most commonly used amine reactive NHS ester
cross-linkers, identification of formaldehyde cross-linked
peptides is even more challenging because of its promiscu-
ous nonspecific reactivity and extremely short spacer length
(27). Therefore, further developments in reagents and meth-
ods are urgently needed to enable simple MS detection and
effective identification of in vivo cross-linked products, and
thus allow the mapping of authentic protein contact sites as
established in cells, especially for protein complexes.
Various efforts have been made to address the limitations of

XL-MS studies, resulting in new developments in bioinformat-
ics tools for improved data interpretation (28–32) and new
designs of cross-linking reagents for enhanced MS analysis of
cross-linked peptides (24, 33–39). Among these approaches,
the development of new cross-linking reagents holds great
promise for mapping PPIs on the systems level. One class of
cross-linking reagents containing an enrichment handle have
been shown to allow selective isolation of cross-linked prod-
ucts from complex mixtures, boosting their detectability by
MS (33–35, 40–42). A second class of cross-linkers contain-
ing MS-cleavable bonds have proven to be effective in facil-
itating the unambiguous identification of cross-linked pep-
tides (36–39, 43, 44), as the resulting cross-linked products
can be identified based on their characteristic and simplified
fragmentation behavior during MS analysis. Therefore, an
ideal cross-linking reagent would possess the combined fea-
tures of both classes of cross-linkers. To advance the study of
in vivo PPIs, we have developed a new XL-MS platform based
on a novel membrane-permeable, enrichable, and MS-cleav-

able cross-linker, Azide-A-DSBSO (azide-tagged, acid-cleav-
able disuccinimidyl bis-sulfoxide), and multistage tandem
mass spectrometry (MSn). This new XL-MS strategy has been
successfully employed to map in vivo PPIs from mammalian
cells at both the proteome scale and the targeted protein
complex level.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Bovine cytochrome C (�95% purity)
was purchased from Sigma Aldrich (St. Louis, MO). Amicon Ultra
100-kDa, 30-kDa, and 10-kDa NMWL centrifugal filters were pur-
chased from EMD Millipore (Billerica, MA). LaminA/C antibody was
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Cal-
nexin and GAPDH antibodies were purchased from Santa Cruz Bio-
technology (Dallas, TX). Streptavidin agarose resin, high-capacity
streptavidin agarose resin, HRP-conjugated streptavidin, and Super
Signal West Pico chemiluminescent substrate were purchased from
Thermo Scientific (Rockford, IL). Sequencing-grade trypsin was pur-
chased from Promega Corp. (Madison, WI). Endoproteinase Lys-C
was purchased fromWAKO Chemicals (Osaka, Japan). TPCK-treated
trypsin was purchased from Worthington Biochemical Corp (Lake-
wood, NJ). All other general chemicals for buffers and culture media
were purchased from Fisher Scientific or VWR International (Radnor,
PA).

Synthesis of Azide-A-DSBSO and BARAC—The synthesis and
characterization of the Azide-A-DSBSO cross-linker are described in
Ref. 55. The simplified scheme is depicted in Fig. 1. BARAC reagent
was synthesized as described elsewhere (45).

SDS-PAGE and Immunoblotting Analysis—Protein samples were
separated via SDS-PAGE and either stained using Coomassie Blue or
transferred to a PVDF membrane and analyzed via immunoblotting.
Biotin-conjugated proteins and HB-tagged proteins were detected by
streptavidin-HRP conjugate. Cross-linked and non-cross-linked
Rpn11-HB and HB-Rpt6 were also detected with streptavidin-HRP
conjugate. Lamin A/C, calnexin, and GAPDH were detected using
specific primary antibodies and either rabbit or mouse secondary
HRP-conjugated antibody. Biotin-conjugated peptides were blotted
onto nitrocellulose membrane and detected with streptavidin-HRP
conjugate.

In Vitro Cross-linking, Biotin Conjugation, and Enrichment of Azide-
A-DSBSO Cross-linked Cytochrome C—Azide-A-DSBSO cross-link-
ing of bovine cytochrome C was similar to that described elsewhere
(35). The reaction was quenched with 500 mM NH4HCO3, and sam-
ples were ultracentrifuged on 10-kDa NMWL Amicon Ultra centrifugal
filters to remove excess cross-linker. Various amounts of BARAC
were then reacted with the cross-linked cytochrome C in either phos-
phate or 8 M urea lysis buffer with agitation overnight. The reaction
efficiency for each condition was evaluated via immunoblotting. Fol-
lowing conjugation, excess BARAC was removed by ultracentrifuga-
tion and washed with 25 mM NH4HCO3. Biotin-conjugated cyto-
chrome C was purified through binding to streptavidin beads (15).

In Vivo Azide-A-DSBSO Cross-linking of HEK 293 Cells—HEK 293
cells were grown on DMEM supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Cells were grown to 80%
confluence, trypsinized, washed with PBS, and cross-linked with 2
mM Azide-A-DSBSO in PBS for 1 h with rotation at 37 °C. Following
quenching of cross-linking reactions by the addition of 125 mM gly-
cine, cells were pelleted and stored at �80 °C after removal of the
supernatant. Frozen cell pellets were lysed in 8 M urea lysis buffer and
clarified via centrifugation (15).

Biotin Conjugation and Enrichment Strategy for Azide-A-DSBSO
Cross linked Proteins—Azide-A-DSBSO cross-linked 293 cell lysate
was reacted with varying concentrations of BARAC with agitation
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overnight. The resulting biotin-conjugated lysates were analyzed via
SDS-PAGE and immunoblot analysis to determine the conjugation
efficiency. Bound proteins were reduced with 2 mM tris(2-carboxy-
ethyl)phosphine for 30 min at room temperature and alkylated using
50 mM chloroacetamide in the dark at room temperature for 30 min
prior to overnight digestion with 2% Lys-C (w/w) at 37 °C and sub-
sequent overnight digestion with 2% trypsin TPCK (w/w) at 37 °C. The
Lys-C/trypsin combination is preferred for proteins purified under fully
denaturing conditions to achieve optimal digestion efficiency. Non-
cross-linked peptides were extracted and analyzed directly via LC-
MS/MS, whereas streptavidin-bound peptides were first acid-cleaved
from beads with 20% formic acid, 20% acetonitrile overnight before
LC-MSn analysis.

Biotin Conjugation and Enrichment Strategy for Azide-A-DSBSO
Cross-linked Peptides—In vivo cross-linked proteins in 293 cell ly-
sates were concentrated using 100-kDa NMWL Amicon Ultra centrif-
ugal filters, and the resulting filtrates were then passed through 30-
kDa NMWL Amicon Ultra centrifugal filters. Proteins remaining on
both membranes were reduced with 2 mM tris(2-carboxyethyl)phos-
phine for 30 min at room temperature and then alkylated with 50 mM

chloroacetamide at room temperature in the dark for 30 min prior to
a 3% Lys-C (w/w) overnight digestion at 37 °C and subsequent 3%
trypsin TPCK (w/w) overnight digestion at 37 °C. Digests were col-
lected via centrifugation and reacted with 100 �M BARAC at room
temperature with agitation overnight. The biotin-conjugated peptides
were then enriched using high-capacity streptavidin agarose resin.
Bound peptides were acid-cleaved and then submitted for LC-MSn

analysis.
Affinity Purification of in Vivo Azide-A-DSBSO Cross-linked Protea-

some Complexes and Subsequent Enrichment of Cross-linked Pep-
tides—Stable 293 cell lines expressing an HB tagged proteasome
subunit (Rpn11 or Rpt6) were grown to confluence in DMEM contain-
ing 10% FBS and 1% Pen/strep. The cells were washed with PBS and
cross-linked and quenched as described above. The cells were lysed
in 8 M urea denaturing lysis buffer (15). The cleared lysates were
subjected to HB-tag-based tandem affinity purification, which in-
volved binding to Ni2�-Sepharose beads followed by binding to
streptavidin resins (15). Proteins bound on beads were reduced,
alkylated, and then incubated in 250 �M BARAC with rotation at room
temperature overnight in 8 M urea buffer. After extensive washing,
bound proteins were digested by Lys-C and trypsin (15). The peptides
freed into solution during digestion were subjected to further enrich-
ment through binding to Neutravidin resin for 1 h at room tempera-
ture, and cross-linked peptides were acid-eluted as described. The
enriched cross-linked peptides were then subjected to LC-MSn

analysis.
Analysis of Cross-linked Peptides by LC-MSn—Most of the en-

riched cross-linked peptides were analyzed via LC-MSn using an
LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose,
CA) coupled on-line with either an Eksigent NanoLC system (Dublin,
CA) or an EASY-nLC-1000 (Thermo Scientific, San Jose, CA). A few
cross-linked samples from intact cells were analyzed using an Or-
bitrap Elite mass spectrometer (courtesy of Thermo Scientific Demo
Lab, San Jose, CA) coupled on-line with an EASY-nLC 1000 (Thermo
Scientific). LC-MSn data acquisition and analysis were as described
(20). Only ions with charge of 3� or more in the MS1 scan were
selected for MS2 analysis.

Identification of Cross-linked Peptides via Database Searching—
Because of the similarity between DSBSO and DSSO, the general
data analysis workflow for the identification of DSBSO interlinked
peptides via LC-MSn is the same as the analysis of DSSO cross-
linked peptides (20, 36). Using the Batch-Tag software within a
developmental version of Protein Prospector (v5.10.10, University
of California San Francisco), MS2 and MS3 spectra were searched

against a decoy database consisting of a normal Swiss-Prot data-
base concatenated with its randomized version (SwissProt.
2013.3.1.random.concat with a total of 454,402 protein entries).
Homo sapiens was set as the species (20,501 entries) for analyzing
data from human cells. The mass tolerances for parent ions and
fragment ions were set as �20 ppm and 0.6 Da, respectively. For
Lys-C/trypsin digests, trypsin was set as the enzyme with a maximum
of three missed cleavages allowed. Cysteine carbamidomethylation
was set as a constant modification. Protein N-terminal acetylation,
asparagine deamidation, N-terminal conversion of glutamine to pyro-
glutamic acid, and methionine oxidation were selected as variable
modifications. Similar to DSSO cross-linked peptides, DSBSO cross-
linked peptides display unique and characteristic MS2 fragmentation
patterns corresponding to their cross-linking types. Therefore, three
additional defined modifications on uncleaved lysines and free protein
N termini were chosen: alkene (C3H2O, � 54 Da), sulfenic acid
(C3H4O2S, � 254 Da), and unsaturated thiol (C3H2SO, � 236 Da).
These are modifications resulting from collision-induced dissociation
cleavage of the DSBSO cross-linked peptides. Proteins were identi-
fied with expectation values � 0.01 and a minimum of two unique
peptides (15).

The in-house program Link-Hunter is a revised version of the
previously written Link-Finder program, designed to automatically
validate and summarize cross-linked peptide sequences based on
MSn data and database searching results as previously described (20,
36). In addition to checking MS2 spectra for predicted patterns,
Link-Hunter automatically correlates sequence data from MS3 to MS2

and MS1 parent masses and reports identified interlinked peptides
with two associated sequences.

Interaction Network Mapping and Functional Enrichment Analy-
sis—PPI network graphs resulting from cross-links identified in this
work were generated manually in Excel from the final list of identified
cross-linked proteins. For comparison with known interactions, the
final list of cross-linked interacting proteins was fed into an analysis
pipeline that automatically extracts physical (but not genetic) interac-
tions from BioGRID, MINT, and IntAct using their Web services (15).
Both PPI networks were imported into and visualized by Cytoscape
v2.8.3. Functional enrichment was performed using the DAVID Bioin-
formatics Resources (v.6.7) Functional Annotation Tool (46). Gene
I.D.s were submitted, and the Functional Enrichment Chart with en-
riched Gene Ontology annotations (cellular compartment and biolog-
ical processes) was downloaded. Only high-confidence functional
annotations (false discovery rate � 0.01) were reported.

Mapping Cross-links to 2.5-Å Nucleosome Crystal Structure—The
2.5-Å nucleosome crystal structure (PDB 3AV1) was downloaded
from the Protein Data Bank, and cross-linked residues were mapped
and visualized using PyMOL. Distances were measured from the
amino group of lysine side chains, also using PyMOL.

RESULTS

Developing a New in Vivo XL-MS Platform for Mapping PPIs
in Living Cells—In order to establish a robust in vivo XL-MS
workflow, we have designed and synthesized a novel cross-
linking reagent, Azide-A-DSBSO (Fig. 1). This multifunctional
cross-linker combines the unique features of both enrichable
(i.e. azide disuccinimidyl glutarate) (35) and MS-cleavable (i.e.
DSSO) cross-linkers previously developed in our lab (36).
Azide-A-DSBSO is membrane permeable and has a spacer
length of �14 Å. In addition, it carries a bio-orthogonal azide
tag that functions as an enrichment handle permitting selec-
tive isolation of cross-linked proteins and peptides through
azide-based conjugation chemistry and subsequent affinity
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purification (35). The incorporation of an acid-cleavable site
adjacent to the azide tag facilitates the purification and recov-
ery of cross-linked peptides. Moreover, the integration of two
symmetric sulfoxide groups in the spacer region of Azide-A-
DSBSO results in robust MS-cleavable bonds that enable fast
and unambiguous identification of cross-linked peptides via
MSn analysis (20, 36). Together, these features make Azide-
A-DSBSO an ideal reagent for studying PPIs, especially from
living cells.
There are nine steps in the general Azide-A-DSBSO-based

XL-MS workflow for mapping in vivo PPIs in mammalian cells
illustrated in Fig. 2. As shown, in vivo Azide-A-DSBSO cross-
linking is first carried out in intact human cells (e.g. HEK 293)
(step 1), which are then lysed under fully denaturing condi-
tions (e.g. 8 M urea) to effectively solubilize cross-linked pro-
teins (step 2). To map PPIs on the global scale (path I), the
Azide-A-DSBSO cross-linked proteins in cell lysates are con-
jugated with a biotin-tagged strained alkyne (i.e. BARAC)
through copper-free click chemistry (step 3) (47). The resulting
biotinylated cross-linked proteins are then enriched via bind-
ing to streptavidin resin (step 4). After removal of the non-
cross-linked proteins, bound proteins are directly digested on
beads (step 5). The biotin-tagged cross-linked peptides are
separated from non-cross-linked peptides, as only cross-
linked peptides remain bound to streptavidin beads while

other peptides are released to the supernatant during diges-
tion. The bound cross-linked peptides are eluted from
streptavidin beads by acid cleavage and become the acid-
cleaved products of Azide-A-DSBSO peptides, that is,
DSBSO cross-linked peptides (step 6) for subsequent LC-
MSn analysis (step 7). The presence of an acid cleavage site
in Azide-A-DSBSO not only improves enrichment selectivity,
but also facilitates subsequent MS analysis by serving to
remove the conjugated enrichment handle to yield a smaller
mass tag (�308 Da) on cross-linked peptides. The analysis of
LC-MSn data to identify cross-linked peptides (step 8) is
similar to that described elsewhere (20, 36). Finally, the iden-
tified interlinked peptides can be used to generate an exper-
imentally derived in vivo cross-linked protein–protein interac-
tion network (step 9).
In addition to mapping PPIs in cells at the proteome scale,

the same strategy can be modified to study in vivo PPIs of
protein complexes (Fig. 2, path II). In this workflow, HB-tag-
based tandem affinity purification under fully denaturing con-
ditions is implemented to enable the effective purification of in
vivo cross-linked protein complexes as previously reported
(12–15, 48). This step is crucial for enhancing the sensitivity
and selectivity of subsequent analyses of the selected protein
complexes. As shown in Fig. 2, after in vivo cross-linking of
293 cells stably expressing an HB-tagged proteasome sub-

FIG. 1. Schematic synthesis scheme for Azide-A-DSBSO.
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unit (e.g. Rpn11-HB), affinity purification of cross-linked HB-
tagged protein complexes is carried out through binding first
to Ni2�-Sepharose resins, and then to streptavidin beads
(step 3�). The proteins bound to streptavidin beads are directly
conjugated with BARAC (step 4�), on-bead digested, and
eluted and analyzed via LC-MSn similar to the corresponding
steps in path I (steps 5–9).

Selective Enrichment of Azide-A-DSBSO Cross-linked Pep-
tides—One of the key steps in the Azide-A-DSBSO cross-
linking strategy is the selective enrichment of cross-linked
products. This is achieved by incorporating an affinity tag (e.g.
biotin tag) to Azide-A-DSBSO cross-linked products through
azide-based conjugation chemistry. Although both copper-
catalyzed click chemistry and Staudinger ligation were effec-
tive, they have proven to be technically challenging (35). In
order to develop a more robust methodology, we adopted a
copper-free click chemistry reaction using a biotin-tagged
strained alkyne BARAC (47). The tests using Azide-A-DSBSO
cross-linked standard protein cytochrome C showed that
copper-free conjugation was efficient in both phosphate
buffer and buffers containing 8 M urea (supplemental Fig. S1),
well suited to our goal of capturing protein interactions in
living cells using denaturing buffer. Our results suggest that
relative to other azide-based conjugation chemistry methods
(35), copper-free chemical conjugation is simpler, more effi-
cient, easier in terms of sample handling, and less labor
intensive.

Identification of Azide-A-DSBSO Cross-linked Peptides via
LC-MSn—As described above, LC-MSn analysis was per-

formed on the acid-cleaved products of Azide-A-DSBSO
cross-linked peptides (i.e. DSBSO cross-linked peptides) (Fig.
3). DSBSO is symmetric and contains two sulfoxide groups
that result in four C–S bonds. However, only the two outer
C–S bonds proximal to the cross-linked lysines can be
cleaved during collision-induced dissociation; the two inner
C–S bonds cannot undergo fragmentation because of the lack
of � hydrogens (Fig. 3). Given that the same types of MS-
cleavable C–S bonds are present in both DSBSO and DSSO,
the identification of DSBSO cross-linked peptides by MSn

should be as robust as that of DSSO cross-linked peptides
(36). This is exemplified by a representative MSn analysis of a
DSBSO interlinked peptide (�-�) from in vivo cross-linked 293
cells (Fig. 3). As shown, the cleavage of either of the two
MS-cleavable C–S bonds during MS2 analysis leads to the
physical separation of the two DSBSO cross-linked peptide
constituents, � and �, yielding two characteristic fragment ion
pairs (i.e. �A/�T and �T/�A) (Fig. 3A). These MS2 fragment ions
are composed of single peptide chains with defined mass mod-
ifications (alkene (A) and thiol (T) remnants of DSBSO), which are
then subjected to MS3 sequencing for easy identification by
conventional database searching tools (Fig. 3B) (36). In addition
to MS2 and MS3 data, the MS1 parent ion information is used to
further confirm the identities of cross-linked peptides by match-
ing their measured peptide masses to the theoretical masses of
predicted cross-linked peptides (Fig. 3C). In this representative
example, integration of the MSn data identified the peptide
unambiguously as FANYIDK120VR cross-linked to QK139QA-
SHAQLGDAYDQEIR, describing a new interprotein interaction

FIG. 2. The Azide-A-DSBSO-based in vivo XL-MS platform for mapping PPIs in living cells. Path I: at the proteome scale. Path II: at the
targeted protein complex level. The inset displays structures of Azide-A-DSBSO and BARAC.
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between vimentin and neurofilament medium polypeptide pro-
tein in human 293 cells.

Profiling PPIs from Intact HEK 293 Cells—In order to max-
imize the information acquired on protein interaction inter-
faces from in vivo cross-linked HEK 293 cells, we explored
three different sample preparation strategies, paths I, II, and
III (Fig. 4). Path I describes the direct analysis of cross-
linked cells as illustrated in Fig. 2. As shown in supplemental
Fig. S2, protein cross-linking, BARAC conjugation, and pu-
rification of cross-linked products were as effective for in
vivo cross-linked cells as for standard proteins. Path II
incorporates a subcellular fractionation step before BARAC
conjugation, thus dividing cell lysates into four fractions:
cytosolic, membrane, nuclear, and insoluble fractions. Im-
munoblotting analysis revealed that such subcellular frac-
tionation was still possible under our experimental condi-

tions, although there was a marked decrease in the amount
of proteins in the cytosolic fraction (supplemental Fig. S3).
Nonetheless, BARAC reactions and subsequent purification
were also effective for each subcellular fraction (supplemen-
tal Fig. S3). The third sample preparation strategy (path III)
involved sequential filtration of in vivo cross-linked cell ly-
sates through 100-kDa and then 30-kDa cutoff centrifugal
filters to remove small and non-cross-linked components
(Fig. 4). The two-step filtration was used to recover a wider
range of cross-linked proteins larger than 30 kDa and to
improve the dynamic range of subsequent MSn analysis.
Proteins remaining on the two different membranes were
digested, and the resulting peptides were collected for
BARAC conjugation and streptavidin enrichment of cross-
linked peptides. As shown in supplemental Fig. S3E, biotin-
conjugation and subsequent enrichment were efficient for

FIG. 3. MSn analysis of a representative DSBSO interlinked peptide (�-�) from in vivo cross-linked human 293 cells. A, top: graphic
illustration of characteristic fragmentation of a DSBSO interlinked peptide (�-�) during collision-induced dissociation (CID) in MS2. Bottom: MS1

and MS2 spectra of the representative cross-linked peptide (m/z 869.15524�). In the MS2 spectrum, two pairs of peptide fragments (i.e. �A/�T

(m/z 590.312�/1139.502�) and �T/�A (681.31
2�/1048.002�)) were detected. �A, �A, and KA are alkene modified species (�54 Da); �T and �T are

unsaturated thiol modified species (�236 Da). B, respective MS3 spectra of �A (m/z 590.312�) and �A (1048.00
2�) fragments detected in MS2.

The detection of a series of y and b ions unambiguously identified their sequences as FANYIDKAVR and QKAQASHAQLGDAYDQEIR,
respectively. C, integration of MSn data identified this peptide as a DSBSO interlinked peptide (i.e. [FANYIDK120VR] cross-linked to
[QK139QASHAQLGDAYDQEIR]).
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peptide digests as well, further suggesting the robustness
of copper-free click chemistry using BARAC.
From all of the samples prepared, we identified a total of

938 proteins in our analyses (supplemental Table S1), 584 of
which were identified with at least one cross-linker modified
peptide, amounting to 4812 redundant Azide-A-DSBSO la-
beled peptides, including dead-end, intralinked, and inter-
linked peptides. Functional annotation of the 584 proteins
revealed that they are localized in various cellular compart-
ments and involved in diverse biological processes (supple-
mental Table S2), demonstrating that Azide-A-DSBSO is well
suited for capturing PPIs in cells.

Protein–Protein Interaction Network Mapping—Because of
their unique capability for describing PPI interfaces, only in-
terlinked peptides are reported here (supplemental Table S3).
In this work, 240 unique interlinked peptides were identified,
including 136 intrasubunit and 104 intersubunit interlinks. Us-
ing this data, we established an in vivo PPI network map with
85 protein–protein interactions between 54 proteins (supple-
mental Fig. S4). In comparison to existing PPI databases, 50
novel intra- and intersubunit interactions were identified with
direct physical evidence at specific amino acid residues.
Among them, an interesting one is between two intermediate
filament proteins, NFM and VIME, an interaction confirmed by
seven unique interlinked peptides representing seven unique
K–K linkages (supplemental Table S3). The identification of
interlinked peptides between various domains of NFM and
VIME suggests that extensive interaction interfaces exist be-
tween these two proteins and potentially implicate VIME in-
volvement in the polymerization or regulation of neurofila-
ment proteins in HEK 293 cells. It has been reported that
VIME co-localizes with neurofilament proteins dynamically

during neuronal differentiation, and its co-purification with
NFH and NFL has been observed (49). Given the close
relationship among the three neurofilament subunits NFL,
NFM, and NFH, our findings corroborate well with the
known function of vimentin in the development of neurofila-
ments. In general, identifying intermediate filament protein
interactions from the native cellular environment is a major
challenge, and therefore the ability to capture and directly
identify not only which intermediate filament proteins inter-
act, but at which residues, represents a major step forward
in this area of research.
It is noted that the most abundant interactions identified in

this work resulted from histones and structural proteins (sup-
plemental Table S3), most likely attributed to their abundance
as previously reported (24). In total, we identified 118 unique
cross-linked peptides among the four (H2A, H2B, H3.2, and
H4) core histones, with 47 from H2A-H2B, 13 from H2A-H3.2,
10 from H2B-H4, 8 from H2B-H3.2, 4 from H3.2-H4, and 1
from H2A–H4 pairs. Additionally, we identified 35 unique in-
traprotein interlinked peptides, with 20 from H2B, 11 from
H3.2, 3 from H4, and 1 from H2A (supplemental Table S3).
Based on the known nucleosome crystal structures (PDB
3AV1) (supplemental Fig. S5), the distances between the iden-
tified cross-linked lysines are �26 Å, which is consistent with
other cross-linking studies (23, 36), suggesting that Azide-A-
DSBSO has an ideal spacer length for studying protein struc-
tures. Collectively, these results have demonstrated the fea-
sibility of the Azide-A-DSBSO-based XL-MS strategy for
mapping PPI network topologies from intact cells.

Mapping in Vivo Subunit Interactions of Proteasome Com-
plexes—In order to establish an in vivo XL-MS workflow for
protein complexes (Fig. 2), we next employed the Azide-A-

FIG. 4. Three sample preparation
strategies for analyzing in vivo Azide-
A-DSBSO cross-linked human 293
cells. Biotin conjugation with BARAC on
the protein level (Paths I and II) and on
the peptide level (Path III) for subsequent
enrichment. Path I, BARAC conjugation
after cell lysis; Path II, BARAC conjuga-
tion after cell fractionation (C 	 cyto-
solic; M 	 membrane; N 	 nuclear; I 	
insoluble fractions); Path III, BARAC
conjugation and enrichment of cross-
linked peptides after 100-kDa and 30-
kDa ultrafiltration and digestion.
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DSBSO cross-linking strategy to study interactions of protea-
some complexes. To capture and isolate proteasome inter-
acting proteins, we used 293 cell lines stably expressing an
HB-tagged proteasome subunit (i.e. Rpn11-HB or HB-Rpt6).
We first optimized in vivo cross-linking of HB-tagged protea-
some complexes. As shown in supplemental Fig. S6, in vivo
Azide-A-DSBSO cross-linking of human proteasome com-
plexes and their subsequent HB-tag-based purification were
effective. The BARAC conjugation and enrichment of cross-
linked peptides was carried out after purification of in vivo
cross-linked proteasome complexes as illustrated in Fig. 2
(path II). Fig. 5 illustrates a representative MSn analysis of an
in vivo intersubunit interlinked peptide (m/z 659.82594�) from
human proteasome complexes. MS2 analysis of this peptide
yielded three detectable fragments, �A (m/z 499.272�), �A

(m/z 720.372�), and �T (m/z 811.372�), displaying character-
istic fragmentation of DSBSO interlinked peptides. Together
with MS3 sequencing of �A (m/z 499.272�) and �T (m/z
811.372�) fragments, MSn analysis identified this cross-linked
peptide as NELNAK55VR interlinked to EFLHAQEEVK80R un-
ambiguously, which represents an intersubunit interaction be-
tween proteasome subunits Rpt6:K55 and Rpt3:K80. In total,
MS3 sequencing identified 119 non-redundant cross-linker
modified peptides, 54 of which represent 27 unique inter-
linked peptides (supplemental Tables S4 and S5). Among
them, 22 unique interlinked peptides resulted from inter- or
intrasubunit cross-links between known subunits of the pro-
teasome complex, including 8 unique intersubunit (i.e. �3-
Rpt6, Rpt2-Rpt6, Rpt3-Rpt6, Rpt4-Rpt6, Rpn5-Rpn6, Rpn11-
Rpt6, Rpn5-Rpn9, Rpn2-Rpt6) and 11 unique intrasubunit
interactions (supplemental Tables S4 and S5). In addition to

interactions between proteasome subunits, we identified one
interprotein interlink between HSPA1A and HSP8A and three
intraprotein interlinked peptides from three known protea-
some interacting proteins, HSPA1A, EEF2, and RPS15. In
summary, our results demonstrate that our new XL-MS work-
flow can be generalized to determine protein interaction in-
terfaces of protein complexes in cells.

DISCUSSION

Here we have presented a new and general XL-MS work-
flow based on Azide-A-DSBSO for studying PPIs in living
cells. This new XL-MS workflow differs from existing ap-
proaches by its collective abilities allowing (i) effective protein
cross-linking in vivo to capture authentic protein interactions,
(ii) selective enrichment of cross-linked proteins and peptides
to improve their detection, (iii) simplified and unambiguous
identification of cross-linked peptides by MSn, and (iv) direct
coupling with affinity purification of in vivo cross-linked pro-
tein complexes to study their interactions. In comparison to
existing reagents for in vivo studies (24), the integration of
several unique features (i.e. small size, proper spacer length,
bio-orthogonal affinity handle, robust MS-cleavable bonds,
and acid cleavage site) makes Azide-A-DSBSO a much more
attractive reagent for defining protein–protein interactions in
cells.
Apart from mapping PPIs at the proteome level, we have

successfully coupled the Azide-A-DSBSO-based XL-MS
strategy with HB-tag-based affinity purification to delineate
the in vivo subunit connectivity of human proteasome com-
plexes for the first time. This work expands the utility of
previously developed cross-linking methodologies such as

FIG. 5. MSn analysis of a representative DSBSO interlinked peptide of in vivo cross-linked proteasome subunits. A, MS1 spectrum of
a representative DSBSO interlinked peptide [�-�] (m/z 659.82594�). B, MS2 spectrum of [�-�] (m/z 659.82594�) in which interlinked peptide
[�-�] was separated into fragment ions �A (m/z 499.272�), �A (m/z 720.372�), and �T (m/z 811.372�). MS3 spectra of (C) �A and (D) �T fragment
ions identified them as peptide NELNAKAVR of proteasome subunit Rpt6 and peptide EFLHAQEEVKTR of proteasome subunit Rpt3,
respectively. Integration of MSn data identified this peptide as an intersubunit interlink between Rpt3 and Rpt6. KA, alkene modified lysine; KT,
unsaturated thiol modified lysine.
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the QTAX (quantitative analysis of tandem affinity purified in
vivo cross-linked (x) protein complexes) strategy in studying in
vivo interaction networks of protein complexes beyond the
identification of interacting partners (12, 13). Interestingly,
seven out of eight identified pair-wise interactions corrobo-
rated well with previous in vitro XL-MS studies of yeast
proteasome complexes (19, 20, 36), suggesting that inter-
action similarity exists between orthologs as well as be-
tween in vivo and in vitro proteasome structures. In this
work, we further confirmed the close association between
Rpt3 and Rpt6 through the identification of two interlinked
peptides at their N-terminal (Rpt3:K80-Rpt6:K55) and cen-
tral (Rpt3:K238-Rpt6:K222) regions. In addition, the identi-
fied contacts between the N termini of Rpt6 and Rpn11, as
well as Rpn2, correlate with the electron microscopy struc-
tures of yeast proteasomes in which the N-terminal se-
quences of Rpt3 and Rpt6 form a coil structure for Rpn2 and
the lid subcomplex to attach to the base (50, 51). Moreover,
a novel interaction between �3 and Rpt6 identified here
implies the intimate relationship of Rpt6 and the 20S � ring.
It is worth noting that the identification of these in vivo
proteasome subunit contacts was possible only when HB-
based affinity purification was incorporated into the work-
flow, indicating the necessity of targeted analysis for profil-
ing PPIs of protein complexes in cells. Importantly, our
results have proven the feasibility of the Azide-A-
DSBSO based XL-MS strategy for such targeted analysis,
demonstrating a unique capability that current strategies do
not possess. Although other proteasome components were
captured and identified from affinity purified Azide-A-
DSBSO cross-linked Rpn11-HB or HB-Rpt6 containing pro-
teasome complexes (data not shown), it appears that direct
interactions of protein baits are enriched, as eight of the
interactions identified were directly with Rpt6. Although ad-
ditional baits would be needed to generate a more compre-
hensive in vivo subunit topology map of the proteasome
complex, this would be advantageous when only the direct
binding partner needs to be identified. Collectively, this
work represents a significant step toward a full understand-
ing of the in vivo PPIs of protein complexes.
In summary, we have successfully developed a new, ver-

satile, and general XL-MS workflow for mapping PPIs at both
the proteome scale and the targeted protein complex level,
representing a technological advancement in defining protein
interactions in living systems. In comparison to previous
AP-MS and quantitative tandem affinity purification studies
relying on multiple reciprocal purifications and/or existing PPI
databases for interaction validation and the construction of in
silico interaction network maps (2, 13, 14, 52), our new in vivo
XL-MS strategy allows the identification of direct protein in-
teraction contacts for generating interaction networks exper-
imentally. In addition, this information can be used for deter-
mining protein structural topologies in future studies. In
combination with stable isotope labeling (53) and cross-link-

ing chemistry targeting other residues such as acidic residues
(54), new reagents can be further developed to describe PPI
dynamics in cells. The potential of this technology is enor-
mous, and with improvements in instrumentation and sample
preparation, a vast variety of unexplored biological applica-
tions can be envisioned.
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