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In Brief
Mitochondria are vital organelles
in eukaryotic cells, densely
packed with proteins, of which
most are involved physically in
protein–protein interactions, and
sublocalized over distinct
subcompartments. In this
perspective, the current state of
crosslinking mass spectrometry
(MS) as applied to detail the
interactome and structures of
protein complexes in
mitochondria is highlighted,
thereby placing this approach
also in the context of other MS-
based methods (e.g., affinity
purification–MS and BioID) and
complementary structural
biology approaches such as
cryogenic electron tomography.
Highlights
• Cross-linking mass spectrometry (XL-MS) can be applied in situ in naïve mitochondria.

• In situ XL-MS provides maps for suborganelle interactions and topologies.

• XL-MS can be used to refine structural models of mitochondrial protein complexes.

• XL-MS provides complementary data compared with other MS-based approaches.

• XL-MS provides complementary data compared with cryo-EM and cryo-electron tomography.
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Mitochondrial Proteome Charted by In Situ
Cross-Linking Mass Spectrometry
Johannes F. Hevler1,2 and Albert J. R. Heck1,2,*
Mitochondria are densely packed with proteins, of which
most are involved physically or more transiently in protein–
protein interactions (PPIs). Mitochondria host among
others all enzymes of the Krebs cycle and the oxidative
phosphorylation pathway and are foremost associated
with cellular bioenergetics. However, mitochondria are
also important contributors to apoptotic cell death and
contain their own genome indicating that they play addi-
tionally an eminent role in processes beyond bio-
energetics. Despite intense efforts in identifying and
characterizing mitochondrial protein complexes by struc-
tural biology and proteomics techniques, many PPIs have
remained elusive. Several of these (membrane embedded)
PPIs are less stable in vitro hampering their character-
ization by most contemporary methods in structural
biology. Particularly in these cases, cross-linking mass
spectrometry (XL-MS) has proven valuable for the in-
depth characterization of mitochondrial protein com-
plexes in situ. Here, we highlight experimental strategies
for the analysis of proteome-wide PPIs in mitochondria
using XL-MS. We showcase the ability of in situ XL-MS as
a tool to map suborganelle interactions and topologies
and aid in refining structural models of protein complexes.
We describe some of the most recent technological ad-
vances in XL-MS that may benefit the in situ character-
ization of PPIs even further, especially when combined
with electron microscopy and structural modeling.

Mitochondria are crucial cellular organelles that besides
being instrumental in the generation of most of the cellular ATP
participate in various cellular processes such as apoptosis and
the immune response (1–7). This multifaceted role is supported
by their complex ultrastructure, hallmarked by an elaborate
two-membrane system providing compositionally and func-
tionally distinct subcompartments (Fig. 1A) (8, 9). Mitochondria
are densely packed with proteins, and different proteins and
protein complexes are specifically located in one or more of
these subcompartments or play a role in making connections
in between them. Given the intricate nature of mitochondria as
versatile organelles crucial in diverse cellular processes, it may
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not come as a surprise that several diseases have been linked
to mitochondrial dysfunction, often stemming from de-
ficiencies in mitochondrial enzymes and/or protein complexes,
as reviewed by Javadov et al. and Nunnari et al. (10, 11). By
unraveling the intricacies of these complexes, mass spec-
trometry (MS)–based techniques, such as cross-linking mass
spectrometry (XL-MS), can help to pinpoint aberrations that
underlie such dysfunction, potentially offering insights into a
disease origin (12). To set the stage for this review on in situ
XL-MS, we first concisely describe mitochondrial sub-
compartmentalization and some of the key protein complexes
located in or between these subcompartments.

Mitochondrial Subcompartmentalization

The so-called outer mitochondrial membrane (OMM) en-
capsulates the whole organelle. The OMM hosts important
pore-forming membrane proteins such as the voltage-
dependent anion-selective channels, several protein trans-
locases of the outer membrane enabling the traverse of ions,
small uncharged molecules and mitochondrial precursor pro-
teins, and proteins involved in cellular signaling (e.g., mitofu-
sins). In contrast, the inner mitochondrial membrane (IMM)
forms a tight diffusion barrier for all ions and molecules and
can even be further subdivided into the inner boundary
membrane (IBM) and the cristae membrane (CM) (13, 14). The
IBM is nearest to the OMM, forming functional contact sites,
thereby facilitating the import of ions and molecules via spe-
cific transporters (e.g., protein translocases of the inner
membrane that interact with the OMM porins (15, 16). The CM
are flat or tubulovesicular invaginations of the IMM (17) and
form the principal site of energy conversion as they accom-
modate all protein complexes involved in mitochondrial
oxidative phosphorylation (OXPHOS) (18).
The two-membrane system and the subcompartmentalized

IMM define several functionally distinct compartments. The
intermembrane space (IMS) is the region between the OMM
and IBM, hosting proteins participating in protein import and
folding, signaling events, and transport of molecules (e.g.,
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FIG. 1. Mitochondrial subcompartmentalization and characteristic features of specific mitochondrial proteins and protein complexes.
A, schematic of the mitochondrial subcompartmentalization with illustrative protein complexes indicated. Compartments are defined and
restricted by the outer mitochondrial membrane (OMM) and the functionally divided inner membrane (inner boundary membrane [IBM], cristae
membrane [CM], and cristae junction [CJ]). Aqueous compartments include the intermembrane space (IMS), the intracristal space (ICS), and the
mitochondrial matrix (matrix). Characteristic proteins and protein complexes include the pore-forming membrane proteins like the translocases
of the outer membrane and inner membrane (TOM and TIM), the voltage-dependent anion-selective channel (VDAC), the mitochondrial contact
site and cristae organizing system (MICOS), optic atrophy 1 protein (OPA1), and OXPHOS complexes (CI, CII, CIII, CIV, and CV). B, a cry-
otomogram of a HeLa cell thinned by cryo-FIB milling, showing the ultrastructure of typical mitochondria (adapted from (35) (catalog no.: EMD-
4491). 3D segmentation reveals details about the ultrastructure of two mitochondria and their interaction with the cytoskeleton (blue tube).
Reconstructed membranes (orange and green) show an oval shape, with partially resolved cristae structures forming long tubes with parallel
membranes (scale bar represents 250 nm). OXPHOS, oxidative phosphorylation.
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lipids, ions, and metabolites) (19, 20). Membrane protein
complexes such as the mitochondrial contact site and cristae
organizing system and the optic atrophy 1 protein (OPA1)
connect the CM and IBM by stabilizing narrow openings called
cristae junctions (21, 22). Cristae junctions function as an
additional diffusion barrier, creating the intracristal space,
proposed to be important for signaling events and bio-
energetics (23–25). The innermost compartment, the mito-
chondrial matrix, is enclosed by the IMM. The matrix includes
proteins participating in key biosynthetic pathways (e.g.,
synthesis of fatty acids, amino acids, proteins) as well as
proteins of the tricarboxylic acid (TCA)–Krebs cycle, which
provide electron carriers that are subsequently fed into the
OXPHOS system (26, 27).
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As outlined previously, the function of a mitochondrial
protein is directly linked to the subcompartment it resides in.
Over the last decades, fluorescence microscopy (28, 29), MS-
based techniques, and computational prediction methods (30)
have yielded insights into the localization of many well-known
mitochondrial proteins and protein complexes (31). A
remaining challenge lies within determining the more spatio-
temporal organization of proteins and their interactions, as
several highly dynamic processes maintain the functionality of
mitochondria. While high-resolution fluorescence microscopy
enables the detailed tracking of a handful of proteins at the
time (32), recent technological innovations in the field of MS
have advanced this landscape, facilitating not only the con-
current identification of numerous proteins in spatiotemporal
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context (33) but also revealing insights into their interaction
landscape (34), as described in more detail in the following
sections.

Structural Analysis on Mitochondrial Protein Complexes

Advances in structural biology and microscopy, and most
recently in cryo-electron tomography (cryo-ET), have played a
pivotal role in unraveling mitochondrial ultrastructure (Fig. 1B)
(35, 36). Notwithstanding, the intricate morphology and the
high protein density of a wide variety of distinct proteins
represent a major challenge for cryo-ET (18, 37). Conse-
quently, for multiple protein–protein interactions (PPIs) and
protein complexes found within the two-membrane system,
we still lack solid structural and functional annotations. To
tackle this complexity from an alternative angle, several MS-
based approaches have been developed, aiming at identi-
fying and spatially resolving proteins and their interactions in
mitochondria.
Affinity purification–mass spectrometry (AP–MS) facilitates

the identification of PPIs (38) and has made several seminal
contributions to identifying a protein suborganellar localiza-
tion as well as its interaction partners in mitochondria (39, 40).
The method relies most often on the recombinant expression
of a protein of interest (bait), coupled to an epitope tag (e.g.,
Strep-tag), enabling the subsequent purification of the bait
protein together with its interactors (preys). Alternatively, baits
and respective preys can be enriched using a ligand or an
antibody, coupled to a solid support (41). Limitations of AP–
MS, such as the potential generation of false-positive pro-
tein interactions, occurring during the cell lysis step in sample
preparation and the inability to identify weaker and transient
interactions (42, 43) can be partially overcome by proximity
labeling approaches, such as proximity-dependent biotin
identification (BioID) and ascorbic acid peroxidase (APEX) (44,
45). Both BioID and APEX rely on a dedicated mutated
enzyme that is fused to the protein bait of interest (biotin
ligase; BioID, ascorbic acid peroxidase; APEX) and converts
exogenously supplied biotin, resulting in the covalent bio-
tinylation of proteins that are within close proximity of the
tagged bait protein. Subsequently, biotinylated proteins can
be enriched and identified by MS. When applied to mito-
chondria, BioID and APEX generated comprehensive mito-
chondrial interaction networks, with high subcompartment
resolution (46, 47). Besides being able to detect transient and
weak interactions, the targeted component of BioID and
APEX makes purification of mitochondria (or other subcellular
regions) for the analysis obsolete, thereby avoiding the
detection of artifacts that are sometimes introduced by puri-
fication protocols (48). A disadvantage that all proximity
labeling–based approaches have in common is that they
cannot distinguish between directly interacting proteins and
two proteins that are in close proximity, for example, because
they reside within the same subcompartment. By integrating
proximity labeling with complementary methodologies such
as AP–MS (49) or XL-MS (50), these limitations may be
partially addressed, making this combination of approaches
an effective tool to study PPIs in mitochondria. While both
AP–MS and proximity labeling approaches provide powerful
platforms to interrogate PPIs with high spatial resolution,
gaining insights into the temporal context in which in-
teractions occur remains very challenging. However, the ef-
ficiency and inducibility of APEX labeling makes it a great
candidate to tackle this challenge. Lobingier et al. (33) com-
bined APEX with quantitative proteomics and a system of
spatial references, thereby gaining insights into the spatial
and temporal context of the interaction network of G-protein–
coupled receptors. Such an approach would technically also
be feasible in mitochondria; however, it is limited to proteins
for which prior information about temporal redistributions
exist.
Besides, AP–MS and the proximity labeling approaches,

complexome profiling–MS (CP–MS) provides an alternative
powerful method for the characterization of mitochondrial
protein complexes. CP combines mild separation techniques,
such as native gel electrophoresis, size-exclusion chroma-
tography (SEC), or density gradient centrifugation with quan-
titative MS, enabling the characterization of coeluting proteins,
putatively forming larger protein complexes. CP–MS has
facilitated in-depth investigations of key mitochondrial com-
plexes, including the elucidation of the assembly process for
the respiratory chain complex I. In addition, it yielded insights
into protein complex–related dysfunctions associated with
diseases, as extensively reviewed by Wittig et al. (51) and
Cabrera-Orefice et al. (52). In contrast to AP–MS and the
proximity labeling approaches, CP–MS cannot be performed
in situ as mitochondria have to be solubilized prior to sepa-
ration. To achieve this, mild detergents such as digitonin or n-
dodecyl β-D-maltoside are typically used, preserving most
protein complexes in their near physiological state (53, 54).
Although all separation techniques have advantages and
disadvantages, blue native polyacrylamide gel electrophoresis
(BN-PAGE) has become a robust separation method that
provides great resolution for the analysis of several mito-
chondrial complexes. CP–MS in conjunction with BN-PAGE is
somewhat limited to assemblies that can be separated by
electrophoresis. Consequently, in mitochondria, it has been
mostly used for the characterization of large protein com-
plexes, notably the important family of respiratory chain
complexes.
Cumulatively, although these methods are all conceptually

different, they all enhanced the identification and localization
of PPIs within mitochondria, revealing also numerous new
PPIs (46, 47, 55–58). However, these approaches do not
provide detailed insights into structural features, such as
protein complex topology and interaction interfaces. In addi-
tion, AP–MS and CP–MS are somewhat insensitive to weaker
and transient interactions (41, 42), as these may disassemble
during the analysis.
Mol Cell Proteomics (2023) 22(11) 100657 3
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At the center of this review is another MS-based approach,
namely XL-MS (59–61), which uses chemical crosslinkers to
covalently link interacting proteins. In contrast to AP–MS,
BioID, and APEX, XL-MS is commonly not performed on
intact cells. However, for some organelles, XL-MS can be well
executed in situ, as demonstrated by several groups for intact
naïve mitochondria. In this manner, XL-MS can be used to
provide detailed structural and topological data and elucidate
mitochondrial interaction networks in situ (34, 62–64).
PROBING MITOCHONDRIAL PPIs WITH XL-MS

XL-MS relies on a chemical reagent (crosslinker), which
covalently links two proximal amino acids, enabling the iden-
tification of PPIs. Furthermore, by considering the length of
the cross-link reagent as well as the linked amino acids, dis-
tance restraints are generated that can be used to decipher
protein structure and protein complex topology (65, 66).

Available Cross-Link Reagents

While XL-MS was initially mostly applied to purified proteins
and protein complexes, advances in instrumentation, bioin-
formatics, and cross-linker design led to an increase in XL-MS
studies for the PPI analysis in complex systems, such as
whole organelles and cells (61). To date, a variety of cross-link
reagents have been introduced, typically sharing a similar
basic structural design: a spacer arm connecting two reactive
moieties. The reactive group specifies which amino acids are
targeted, with N-hydroxysuccinimide-reactive moieties tar-
geting primary amines (e.g., between lysine side chains) being
the most frequently used reactive group (67). The spacer arm
affects the spatial resolution and cross-link density, with a
longer spacer increasing the amount of proximal residues and
therefore crosslinkable residues. This is advantageous when
aiming at investigating proximal proteins for a comprehensive
interaction network but somewhat disadvantageous for
retrieving structural information to decipher protein complex
topology (68). Besides differently sized spacer arms, de-
velopments regarding the spacer arm composition signifi-
cantly improved the application of XL-MS in mitochondria. For
instance, implementing affinity handles, such as biotin (e.g.,
Leiker), phosphonic acid (e.g., PhoX), as well as click
chemistry–based enrichable azides or alkynes (e.g., dis-
uccinimidyl bis-sulfoxide, cliXlink) into the spacer arm, can be
used to tackle the low efficiency of the cross-linking reaction
(69) and increase the number of identified cross-linked pep-
tides (70–73). Likewise, improving the membrane permeability
of the reagent (e.g., tBu-PhoX) has been shown to lead to an
increase in the cross-link density in mitochondria (74). Further
improvements were achieved by integrating a labile moiety
(e.g., sulfoxide, disuccinimidyl sulfoxide) into the spacer arm
(75). So called “cleavable crosslinkers” can be cleaved in the
gas phase during MS analysis, breaking a cross-linked pep-
tide into its two entities and thereby facilitating peptide
4 Mol Cell Proteomics (2023) 22(11) 100657
sequencing and cross-link identification. Besides modified
spacer arms, crosslinkers with reactive groups harboring a
specificity beyond lysine–lysine interactions such as 4-(4,6-
dimethoxy[1,3,5]triazin-2-yl)-4-methyl-morpholinium chloride
(76) and sulfosuccinimidyl 4,4′-azipentanoate (77) can improve
the cross-link density in comparison to the most frequently
used N-hydroxysuccinimide-reactive crosslinkers (e.g., dis-
uccinimidyl sulfoxide, BS3) (78, 79).

Selection of a Suitable Crosslinker for the In Situ Analysis of
PPIs in Mitochondria

Given the complexity of mitochondria, the selection of a
suitable membrane-permeable crosslinker prior to MS anal-
ysis is extremely important when seeking to probe PPIs in
situ. Crosslinkers with an enrichment handle or with a gas
phase–cleavable spacer arm can simplify the subsequent MS
analysis, increasing the number of identified crosslinks.
Likewise, cross-link reagents with an alternative amino acid
reactivity are of particular interest for applications in mito-
chondria, as hydrophobic patches of, for example, membrane
proteins that often lack lysine residues can be targeted
(Fig. 2A). Importantly, before each application, cross-linking
conditions need to be carefully optimized (61). It is advis-
able to initially validate chosen cross-link conditions using
SDS-PAGE or BN-PAGE (59, 78) to avoid over crosslinking
and thus the generation of false-positive cross-linked pro-
teins. In practice, multiple cross-linking reagents with varying
spacer arm compositions and residue specificities are often
combined, as each of them comes with certain pros and cons
(34, 62–64). The parallel use of more than one cross-link re-
agent, with different residue specificities, has been shown to
be especially beneficial for the structural characterization of
mitochondrial protein complexes, providing more details on
interaction interfaces (78, 80).

Protein Digestion

After the cross-linking reaction, mitochondria are commonly
disrupted either mechanically (e.g., sonication) or by using
detergents (e.g., Triton X-100, digitonin), and respective sol-
uble proteins are enzymatically digested into peptides,
generating intra cross-linked peptides (linked peptides from
the same protein) and interprotein crosslinks (linked peptides
from two distinct proteins). The majority of produced peptides,
however, consist of linear (not crosslinked) and “monolinked”
(linear peptide captured by only one “war-head” of the cross-
linking reagent, with the other end being hydrolyzed) (69, 81)
(Fig. 2B). Trypsin is typically used for the enzymatic digestion.
Ryl et al. (62) introduced a sequential digestion workflow for in
situ analysis of PPIs in mitochondria, in which tryptic peptides
are additionally incubated with a second protease. To date,
the use of a variety of different proteases as secondary
digestion enzyme (e.g., elastase, AspN, GluC) has helped the
identification of additional cross-linking sites, which were not
accessible when using trypsin alone (82–84).
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Enrichment of Cross-Linked Peptides

Because of the substoichiometric nature of the cross-linking
reaction, linear and monolinked peptides (“background pep-
tides”) are far more frequent and typically more abundant than
cross-linked peptides (70), which significantly obstructs their
MS-based identification of the latter. To alleviate the detec-
tion, cross-linked peptides can be enriched from the back-
ground peptides (Fig. 2C). For complex mitochondrial
samples, this is commonly achieved by chromatographic
methods such as strong-cation-exchange chromatography
(SCX) (34, 64) or SEC (62, 63). SCX separates the typically
doubly charged tryptic background peptides from the higher
charged cross-linked peptides, whereas SEC separates
smaller, linear, and monolinked peptides, from larger cross-
linked peptides. A recently described two-dimensional frac-
tionation workflow, which couples SEC and tip-based high pH
reverse-phase fractionation, seems to further improve the
cross-link identification in complex samples (85). These
separation-based enrichment methods require quite some
input material and also put quite a demand on MS instrument
time, requiring the analysis of multiple fractions. Therefore,
several groups have invested in designing cross-linking re-
agents with an affinity handle, such as a biotin group, a
phosphonate group (PhoX, tBu-PhoX), or a click chemistry–
based enrichable alkyne (cliXlink). Making use of these re-
agents, the cross-linked peptides can be enriched using a
suitable material (e.g., streptavidin, Fe3+-immobilized metal
affinity chromatography), thereby depleting the majority of
background peptides (70, 73, 74, 86), and reducing the LC–
MS analysis to just a single run. Unfortunately, AP does not
separate monolinked peptides from cross-linked peptide
pairs, whereas chromatographic separation methods like SCX
and SEC do enable such a separation. Consequently, an
improvement can be made by combining AP in conjunction
with ion-exchange chromatography or SEC (64).

MS Acquisition and Software Analysis

Following enrichment, cross-linked peptides are subse-
quently subjected to LC–MS analysis for which different data
acquisition strategies (MS2 or MS3 based) have been
described to enable efficient identification (Fig. 2D). In contrast
to classical bottom–up proteomics, where linear peptides are
identified based on their accurate mass (measured on MS1
level) and sequence-specific fragment ions (measured on MS2
level), in XL-MS, two (covalently bound) linear peptides are
cofragmented in the MS2, which significantly complicates the
Mol Cell Proteomics (2023) 22(11) 100657 5
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identification. The cofragmentation and the covalent linkage
often impair an efficient fragmentation resulting in a compro-
mised sequence coverage, hampering cross-link identification
(87, 88). To enhance identification, MS2-based XL-MS acqui-
sition methods commonly utilize multiple collision energies
(collision-induced dissociation/higher-energy collisional
dissociation) or combine complementary fragmentation
methods such as collision-induced dissociation/higher-energy
collisional dissociation with electron transfer dissociation. The
optimal (combination of) fragmentation methods and activation
energies are different for different cross-linker reagents (89–91).
Besides MS2-based acquisition, MS3-based methods were
introduced with the aim to achieve a more comprehensive
sequence coverage (87) enhancing unambiguous identification
of the cross-linked peptides. The introducedMS3methods rely
on the crosslinker harboring a gas phase–cleavable spacer arm
(92), which is targeted in an initial survey scan (MS2) with a
dissociation energy that specifically breaks the crosslinker and
thus enables the individual sequencing of the initially linked
peptides in a subsequent MS3 scan. Although MS3 acquisition
methods hold a great potential formitochondrial XL-MS studies
by simplifying the data analysis (34, 64, 78), they currently do
not yet outperform MS2 methods. As a result of decreased
acquisition speed, and low sensitivity (88, 93), only a small
number of cross-linked peptides (~40%) are selected for sub-
sequent MS3 fragmentation. However, recently, a novel MS3
triggering algorithm was introduced, which significantly en-
hances the selection of cross-linked peptides for MS3 analysis
and subsequently identified crosslinks (94). In the final step,
recorded XL-MS spectra can be analyzed by using various
software suits, such as pLink2 (95), MeroX/StavroX (96, 97), Xi
(98), Kojak (99), and XlinkX (59). Importantly, not all software
solutions can analyze all MS-acquisition strategies or available
cross-link reagents. Therefore, software capabilities should be
cautiously taken into consideration when designing an XL-MS
experiment.

APPLICATIONS OF XL-MS FOR THE IN SITU CHARACTERIZATION OF
PROTEINS AND PROTEIN COMPLEXES IN MITOCHONDRIA

To better understand biological processes within mitochon-
dria, it is essential to untangle the plethora of known and un-
known PPIs present in mitochondria and annotate their
subcompartmental localization. As described previously, in
many structural biology approaches, the in situ characterization
of mitochondrial PPIs remains challenging. Therefore, the
ability of XL-MS to covalently lock proximal proteins and to
provide information regarding the spatial organization of amino
acid residues in situ presents putative advantages. Although,
most cross-linking reagents are not (fully) cell permeable,
having issues in crossing the cell membrane, it has been shown
that several reagents used do enter the mitochondrial (sub)
compartments, when these are carefully isolated intact and
naïve from cells or tissue (62, 64). When probing the in situ
interaction landscape, it is important to ensure the purity and
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integrity of isolated mitochondria. Preparations with unwanted
protein contaminations, for example, stemming from the cop-
urification of endoplasmic reticula or ribosomes can severely
reduce the cross-linking efficiency (100). Disruption of the
mitochondrial structural integrity may cause proteins to
(partially) lose their designated subcompartmental locations,
thereby leading to the loss of PPIs and potentially also to an
increase in non-natural “new” interactions. For this reason,
additional quality control algorithms, like scoring pipelines
developed for AP–MS experiments such as SAINT (101) or
COMPASS (102), are beneficial to provide a metrics for confi-
dence. Routinely, the quality of a proteome-wide XL-MS
experiment (besides conventional false discovery rate calcu-
lations) is controlled by validating observed crosslinks against
experimentally known protein structures. While this works well
for purified protein complexes or less complex samples, this
structure-based validation approach can lead to a significant
underestimation of false positives in proteome-wide XL-MS
studies (103). By implementing a set of four metrices,
Yugandhar et al. (103) recently reported a comprehensive
framework that facilitates the estimation of error rates in
proteome-wide XL-MS experiments. Metrices include the vali-
dation of observed PPIs against databases containing known
interactions along with the confirmation of newly observed in-
teractions with ortholog experimental assays, such as yeast
two-hybrid screening (104) or AP–MS, proximity labeling, or
CP–MS. A vast amount of data (originating from AP–MS, BioID,
APEX, CP–MS, and XL-MS experiments on mitochondria) has
therefore been accumulated and deposited in databases such
as CEDAR (https://www3.cmbi.umcn.nl/cedar/browse), PRIDE
(https://www.ebi.ac.uk/pride/), MitCoM (https://viewer.
complexomics.org/mitcom/), and several publications (39, 40,
46), forming a great resource for the validation of PPIs. Like-
wise, databases such as MitoCarta3 (31) and MitoMiner (105)
provide valuable information and data to validate and enhance
the characterization of identified PPIs.
The purity of mitochondria can be assessed by quantitation

of cytosolic, nuclear, and mitochondrial marker proteins. In
addition, the purity and structural integrity of mitochondria is
often assessed by EM (34, 106) or by using activity assays like
substrate-driven respiration (64) or luciferase-based mea-
surements of ATP production rates (107). Furthermore, other
functional assays such as measuring the ADP stimulation or
the mitochondrial Ca2+-buffering capacities have been per-
formed to test the integrity and activity of the purified mito-
chondria (108). Although functional assays provide direct
evidence about functional integrity, these assays may still be
blind, for observing that part of the isolated mitochondrial
population has lost its structural integrity.

Deciphering the Suborganelle Interaction Landscape in
Mitochondria

So far, several in situ PPI studies for a variety of different
mitochondria have been performed, unraveling comprehensive

https://www3.cmbi.umcn.nl/cedar/browse
https://www.ebi.ac.uk/pride/
https://viewer.complexomics.org/mitcom/
https://viewer.complexomics.org/mitcom/
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networks with novel insights into mitochondrial complex to-
pology. In human andmousemitochondria for instance, XL-MS
identified new interactions within complexes of the respiratory
chain (34, 62), the TCA cycle as well as the mitochondrial
contact site and mitochondrial contact site and cristae orga-
nizing system complex (64). Furthermore, by focusing on PPIs
including proteins with known subcellular localization, XL-MS
can yield detailed information about the relative subcellular
localization for many proteins in the PPI network (109) (Fig. 3A).
Information about interface residues (Fig. 3A), together with

higher spatial resolution of <3 nm compared with BioID
(~10–20 nm) and APEX (~10–15 nm) (44, 110, 111), render XL-
 intra cross-links
XL-MS guided modeling of protein conformation 
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MS especially useful to decipher topologies of protein com-
plexes across two compartments (e.g., IMM matrix, IMS ma-
trix). Illustratively, XL-MS enabled to map the molecular
environment of the IMS interface of the TOM–translocase of
the inner membrane protein import machinery in vitro (112).
Observed crosslinks provided an interaction map of the active
translocase, with novel mechanistic insights regarding the
protein precursor transport across the OMM and IMM. Like-
wise, XL-MS provided new insights into the arrangement of
the OXPHOS complexes in mitochondria of Saccharomyces
cerevisiae. In contrast to mammalian mitochondria, yeast lack
a membrane-bound proton pumping complex I and instead
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possess an IMS (Nde1-2p) and matrix (Nde1p) residing
NADH:ubiquinone oxidoreductase (113, 114). In situ cross-
linking experiments suggested that, although located in the
matrix, Nde1p is tethered to the IMM where it associates with
complex III and IV into a supercomplex (Nde1p–CIII2–CIV2),
comparable to the mammalian respirasome (supercomplex of
complex I, III, and IV [CI–CIII2–CIV]) (63). Beyond deciphering
the structural organization of mitochondrial complexes, XL-
MS was recently applied to understand the mechanistic de-
tails of SS-31, a therapeutic peptide currently undergoing
clinical trials for the use against multiple mitochondrial disor-
ders (115). Observed inter crosslinks identified components
relevant for the ATP production and the 2-oxoglutarate
metabolism as frequent SS-31 interactors, thereby providing
details regarding its mechanism of action and laying the
foundation for follow-up functional studies (116).

Structural Characterization of Mitochondrial Protein
Complexes

Apart from capturing the protein interaction landscape in
mitochondria, XL-MS data provide structural information in
terms of distance restraints than can be used to guide the
structural characterization of proteins and protein com-
plexes using computational modeling (68, 117). Homology
modeling software such as I-Tasser (118), Robetta (119),
and Modeller (120) utilize homologous protein structures as
templates but in addition allow the utilization of crosslinks
as spatial restraints for model building. In contrast, de novo
structural prediction tools, such as AlphaFold2 (121) and
RoseTTA-fold (122), enable the generation of structural
models based solely on the sequence of a protein. How-
ever, for both, de novo or homology modeling approaches,
finding the biological relevant conformation as well as
validation of the retrieved models can be time consuming
and challenging with only having the provided output
scores at hand. Accordingly, intra crosslinks are a valuable
resource to aid the modeling and validation process as well
as to pinpoint toward biologically relevant structural con-
formations (123, 124). Unfortunately, XL-MS does not (yet)
provide atomic-scale resolution, and therefore, modeling
does mostly provide data on for instance the relative
orientation of globular domains within a protein rather than
providing atomic details on secondary and tertiary struc-
tural elements (125). The benefit of sourcing XL-MS data
for the structural characterization of mitochondrial proteins
was recently shown for several heat shock proteins (62)
and the apoptosis-inducing factor 1 (AIFM1) (78). For the
latter, XL restraints were used to guide the modeling of the
full-length protein, including the hitherto structurally unre-
solved N-terminal region (residues 55–124), revealing how
AIFM1 might be N-terminally tethered to the IMM (Fig. 3B).
Inter crosslinks provide information about the arrangement

of proteins within a complex, which can be used to guide or
8 Mol Cell Proteomics (2023) 22(11) 100657
validate structural models (126). These crosslinks are espe-
cially useful for ab initio protein–protein docking (127, 128), as
it simplifies the sampling and scoring of the theoretically
possible conformational spaces (127, 129). Accordingly, inter
crosslinks between cytochrome c oxidase (COX) and AIFM1
were utilized to elucidate active interface residues and sub-
sequently to model the respective COX–AIFM1 complex
(Fig. 3C) (78). The final structural model contradicted direct or
indirect (via Cytc) electron transport between AIFM1 and COX,
excluding a functional role within the active ETC but rather
hinting towards an involvement in OXPHOS biogenesis or
apoptosis. Likewise, inter crosslinks in combination with
protein–protein docking revealed novel insights into the
OXPHOS biogenesis in S. cerevisiae, where Min8 seems to
promote COX subunit 12 assembly into COX (63).
Besides guiding protein–protein docking, cross-linking data

were shown to benefit artificial intelligence–driven de novo
complex predictions (130). Alphafold2-Multimer (131) in
combination with cross-linking data was most recently used
to explore the architecture of the 2-oxoglutarate dehydroge-
nase complex in bovine heart mitochondria (80). Next to its
three catalytically active subunits (E1, E2, and E3), XL-MS
confirmed that the miss-named mitochondrial ribosomal pro-
tein S36 (MRPS36) is actually an ubiquitous fourth member,
exclusive to the eukaryotic 2-oxoglutarate dehydrogenase
complex, as also suggested by a previous study (132). The
generated model highlights how E1, E3, and MRPS36 are
organized with respect to the octahedral E2 core and how all
components assemble into a functional metabolon of over
approximately 3.45 MDa to act as a crucial component of the
TCA cycle. Notwithstanding, experimental cross-linking re-
straints in combination with de novo modeling have only been
used to guide candidate selection for complex prediction and
output validation (80, 130, 133). Most recently, AlphaLink, a
framework directly incorporating crosslinks as additional re-
straints into the AlphaFold2 protein prediction algorithm, was
introduced (134). AlphaLink provides improved model pre-
dictions in respect to the artificial intelligence–only assisted
workflow, potentially enabling the prediction of specific
structural states of protein and protein complexes.
Apart from being a valuable input for the introduced

computational modeling approaches, cross-linking restraints
were used to support the structural analysis of mitochondrial
protein complexes via cryo-EM/tomography (135). XL-MS in
combination with cryo-EM unveiled stoichiometries and
proximity principles of the mammalian pyruvate dehydro-
genase complex (136). Moreover, XL-MS aided the assign-
ment of ambiguous densities obtained from in situ cryo-ET,
deciphering structural details of the cytoskeleton (137) and
the mitochondria–cytoskeleton interface in mammalian
sperm (138). In the latter study, subtomogram averaging
identified ordered protein arrays on the surface of sperm
mitochondria, which guided by XL-MS could be identified to
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consist of glycerol kinase-like proteins anchored on lattices
of voltage-dependent anion-selective channel proteins in the
OMM.

Remaining Challenges and Future Perspectives for the XL-
MS-Based In Situ Characterization of Protein Complexes in

Mitochondria

In this review, we described and highlighted several in situ
XL-MS studies that have contributed toward a deeper un-
derstanding of how the mitochondrial proteome is wired.
Notwithstanding these successes, several challenges remain,
some of them more generic for XL-MS, and others more
specific for the in situ crosslinking of mitochondria.
As mentioned earlier, the substoichiometric reaction effi-

ciencies as well as the impaired MS fragmentation and thus
identification of covalently linked peptides remain major
challenges for XL-MS in general and thus also for in situ cross-
linking studies. Consequently, identification of crosslinks is, as
in many proteomics experiments, highly biased toward the
more abundant proteins, such as those belonging to the
OXPHOS or TCA cycle (Fig. 4) (34, 62, 78). In line, conducting
XL-MS analysis on mitochondria is presently constrained to
using purified mitochondria. This limitation arises because of
the increased complexity when working with intact cells,
which includes the less permeable cell membrane and the
presence of numerous highly abundant complexes in the
cytoplasm (e.g., ribosomes), both of which are likely to impede
the access of cross-linking reagents to mitochondria. To
address these challenges, further optimizations and in-
novations are needed. Developments aiming at improving the
selectivity and fragmentation of cross-linked peptides within
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the mass spectrometer (93, 94), as well as innovative data
analysis strategies (139), may hold potential to increase our
ability to detect crosslinks in situ, especially across a broader
protein abundance range. In addition, the recent development
of a targeted cross-linker delivery methodology enabled the in
situ crosslinking of mitochondria in living cells. Here, func-
tionalized nanoparticles are used to successfully deliver
cross-link reagents into mitochondria, resulting in the identi-
fication of several novel PPIs, which very likely only exist in the
context of an intact cellular environment (140).
Another limiting factor for in situ XL-MS is the diverse pro-

tein complex landscape within mitochondria, whereby certain
proteins can be found across several assemblies, as observed
for the well-characterized respiratory supercomplexes (54).
While cross-link restraints provide information about the
physical interaction for an observed PPI, the identification of
respective assembly state(s) and interaction modules is often
hampered (141). As understanding the exact stoichiometry is
important to guarantee the accurate structural characteriza-
tion and thus functional characterization of protein complexes,
methods aiming at supporting the confident assignment of
complex stoichiometries are needed. A promising, time-
effective, and cost-effective approach involves the combina-
tion of XL-MS with BN-PAGE–based CP–MS. This consoli-
dation not only provided detailed insights into the
macromolecular organization of mitochondrial complexes but
also enabled the generation of assembly-specific cross-link
restraints as recently reviewed (51, 52). Other native-like
separation techniques, such as SEC or density gradient ul-
tracentrifugation, have been used to provide detailed infor-
mation about the composition and abundance of co-occurring
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assembly states of complexes (142, 143). BN-PAGE has the
advantage of providing high resolution and great separation
and can be performed with very small amounts of sample
(~10 μg of protein), which is especially beneficial when
analyzing dysfunctional mitochondria from patient samples for
which usually only very limited amounts are available. SEC
and density gradient ultracentrifugation might also be bene-
ficial for low abundant protein complexes in which scenario
the limited loading capacity of a gel could be a disadvantage.
In addition, the separated protein complexes stay in solution
and are therefore readily available for additional analysis, for
example, by cryo-EM (144), while in the case of BN-PAGE, the
complexes would need to be extracted from the gel pieces.
Besides isolating specific assembly states, combining

APEX with XL-MS (as mentioned earlier in this review) pro-
vides a great tool for retrieving subcompartment specific
crosslinks for PPIs and protein complexes (50, 145). This is
especially useful when interested in the structural analysis of
low abundant proteins and protein complexes residing in
subcellular compartments such as the mitochondrial IMS that
are hard to purify. With no purification possible, low abundant
proteins and protein complexes would likely not be detected
in a proteome-wide XL-MS experiment, but these could be
specifically targeted by using a combined APEX-XL-MS
(APEX-CXMS) approach (50).
Another promising direction of development regards the

(relative) quantification of cross-linked peptides, enabling the
monitoring of changes observed for PPIs between different
states of a system (e.g., drug treatment or a disease state).
First data have already been reported by Chavez et al. (146),
who introduced a stable isotope–labeled crosslink reagent,
used to investigate the dynamic nature of mitochondrial PPIs
within differently aged skeletal muscle tissue (147). Although
less accurate, also label-free quantification strategies can be
applied, that may be performed with all available crosslinkers,
as reviewed (98, 148). For label-free quantification, MS1 sig-
nals of individual cross-linked peptides are integrated over
their chromatographic elution profile. While stable isotope–
labeled crosslinkers are mostly limited to pairwise compari-
sons, the low abundant nature of cross-linked peptides
significantly complicates label-free MS1-based quantification.
Likewise, the lack of automated quantification tools is
restricting the frequent usage of quantitative XL-MS (98).
Introducing novel workflows, for example, utilizing tandem
mass tags for the MS2-based quantitation as demonstrated
recently (149) or performing more targeted MS approaches,
for example, data-independent acquisition (150) or parallel
reaction monitoring (151), could provide alternative promising
approaches toward reliable quantitation of crosslinks.
CONCLUSION

As highlighted in this review, technical advances and new
workflows have made in situ XL-MS a powerful tool to explore
10 Mol Cell Proteomics (2023) 22(11) 100657
and characterize the complex mitochondrial PPI landscape.
Compared with the other MS-based methods for the detection
of PPIs in mitochondria, like AP–MS or BioID, XL-MS is
conceptually quite different as it provides narrowly restricted
distance restraints, which are advantageous for the annotation
of a protein’s subcellular localization. Likewise, distance re-
straints can be leveraged for the structural characterization of
proteins and protein complexes, especially when used in
combination with structural modeling. Current limitations
include the low reaction efficiency, resulting in only a limited
number of detectable crosslinks, mainly observed for the most
abundant assemblies. Nevertheless, the design of innovative
cross-link reagents and workflows already provided valuable
insights into the mitochondrial PPI network with several novel
discoveries. As XL-MS is rapidly gaining attention across
different scientific communities, it is likely that more in-
novations will follow soon, further strengthening the capacities
of XL-MS to study the mitochondrial interactome.
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