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Abstract: Many proteins have been found to operate in a complex with various biomolecules such
as proteins, nucleic acids, carbohydrates, or lipids. Protein complexes can be transient, stable or
dynamic and their association is controlled under variable cellular conditions. Complexome profiling
is a recently developed mass spectrometry-based method that combines mild separation techniques,
native gel electrophoresis, and density gradient centrifugation with quantitative mass spectrometry
to generate inventories of protein assemblies within a cell or subcellular fraction. This review
summarizes applications of complexome profiling with respect to assembly ranging from single
subunits to large macromolecular complexes, as well as their stability, and remodeling in health
and disease.
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1. Introduction

The function of many proteins often requires stable or dynamic associations with other
biomolecules, e.g., proteins, nucleic acids, carbohydrates or lipids in order to form large
macromolecular assemblies. Protein complexes can be transient or stable and frequently
need additional factors for the coordinated assembly of individual subunits into mature and
functional macromolecular entities [1,2]. Conserved interaction sites allow for competitive
docking of different proteins. This enables proteins to bind to various interaction partners
at the same binding site forming unique complexes with differing functions [3]. Alteration
of cellular conditions induced by stress or availability of substrates (e.g., nutrients and
oxygen) requires dynamics of protein interactions [3,4]. Therefore, the formation and
remodeling of protein complexes need to be controlled. Altered stability and dynamics
of protein complexes is often associated with disease development and progression [1,5].
Studies on protein function or malfunction in a disease state employ interaction proteomics
to identify components involved in the molecular mode of action and to gain deeper insight
into pathomechanisms [1]. Targeted interaction proteomics may involve affinity enrichment
protocols that rely on antibodies [6,7], affinity tags [8–10], or in cell biotin labeling [11]
coupled to quantitative mass spectrometry. The advantage of using targeted strategies
is an enrichment of the protein assembly, which enables in depth characterization of its
interacting components. The use of proximity-dependent labeling, e.g., biotin ligase fusion
proteins (BioID), facilitates identification of transient protein interaction events in vivo [12].
High throughput pulldown strategies discover protein–protein interactions and can be
even adapted to the enrichment of protein assemblies with nucleic acids and lipids [13–15].
Although pull down approaches are powerful, widely used, and able to identify even
scarce interaction partners, they are limited to availability of antibodies or the possibility to
use enrichment tags. Furthermore, as enrichment of one protein of interest pulls down a
mixture of different complexes along with itself, it is not possible to distinguish between
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individual complexes formed by the same protein, e.g., assembly intermediates, different
states of complex remodeling, and the impact on additional macromolecular complexes.

Complexome profiling (CP) can overcome these limitations as this untargeted strategy
collects information of the entire interactome within a biological sample without enrich-
ment by specific antibodies or tags [16–18]. Biochemical fractionation from density gradient
centrifugation or native electrophoresis followed by quantitative mass spectrometry are
used to generate protein interaction maps of native protein complexes with additional
information on their native mass, stoichiometry, and recently protein turnover within
protein complexes (Figure 1) [16,19]. Comparison of interaction profiles from a series of
samples in one experiment gathers valuable insights into dynamic processes of protein
complexes. Very popular in studies of the oxidative phosphorylation system (OXPHOS)
complexes in mitochondrial disease, CP was further developed to investigate stable RNA-
protein complexes [20]. This review provides a concise survey on the complexome profiling
method and applications to elucidate composition and dynamics of macromolecular com-
plexes. Additional combinations with stable isotope labeling of amino acids in cell culture
(SILAC) [21] and tandem mass tag labeling (TMT) [22] recently expanded the spectrum of
applications. As comprehensive CP data sets contain more information than addressed in
the initial publication, complexome profiles are rich in untapped accessible data uploaded
to repositories for additional investigations by the scientific community. Several intuitive
bioinformatics tools have become available in recent years, proving themselves to be useful
to analyze interaction networks leading to further insights into the molecular characteristics
of cell function.
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Figure 1. Workflow of complexome profiling. Sample preparation of biological samples include homogenization, subcellular
fractionation, mild solubilization, and separation of native protein complexes by BNE or density gradients. Even fractions
are placed into microtiter plates and digested with trypsin. Peptides are analyzed by quantitative mass spectrometry
using LC- MSMS to gain information on peptide sequence. Data analyses comprise peptide and protein identification and
quantification, hierarchical clustering of proteins with similar migration in the gels or gradients. These abundance profiles
contain comprehensive information on protein complexes, subcomplexes, and super-assemblies.

2. Workflows to Study Composition, Dynamics, and Remodeling of Protein Complexes

Complexome profiling [17,18], protein correlation profiling (PCP) [23], and co-fractionation
mass spectrometry (CoFrac-MS) [3] follow essentially the same strategy and workflow:
Biological samples (e.g., cells, isolated organelles, tissue specimens) are homogenized
and solubilized under mild conditions to maintain native complexes led by separation
in native gels or density gradients (Figure 1). Upon enzymatic digestion of each fraction,
peptides are subsequently analyzed by quantitative mass spectrometry. Identified proteins
with similar appearance within the biochemical fractions are hierarchically clustered and
considered as candidates to form a protein complex (Figure 1).

In general, any biochemical native separation technique in combination with mass
spectrometry is able to generate comprehensive protein-interaction maps. The initial
strategy of protein correlation profiling (PCP) used sucrose density gradient fractionation
to identify new components of human centrosomes [23]. Density gradient centrifugation
is the appropriate choice whenever separation of very large cellular components, e.g.,
cellular organelles, ribosomes, large oligomeric states of protein complexes, lipid rafts, and
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microsomal fractions, are required. Protein profiles with a similar appearance within the
fractions are hierarchically clustered to generate an unbiased interaction survey or sorted
by available information on their sub-organelle affiliation [23–28].

Although very useful for studies on large assemblies of biomolecules, density gra-
dients have inherent low resolution, require a large amount of sample, and it is diffi-
cult to differentiate between co-purification in a fraction or an actual physical protein–
protein interaction.

Depending on the separation resin, size exclusion chromatography (SEC) isolates
protein complexes up to several MDa and is suitable to analyze a broad range of cellular
protein complexes [29–31]. In addition, SEC has the advantage of directly coupling protein
complex separation with native electrospray ionization mass spectrometry [32]. When
working with scarce samples, e.g., patient biopsies or primary cell culture, the sample
amount is limited and not enough for the use of density gradients and SEC based CP [30,33].
Blue native electrophoresis (BNE) overcomes this limitation.

BNE became a very robust and reproducible, micro-scale high resolution separation
method to examine composition of protein complexes in a broad range of samples from
bacterial membranes, soluble subcellular components, and membrane fractions from eu-
karyotic cells to tissue specimens from patients [34]. Standard BN gels cover a mass range
from several kDa to 10 MDa. Whenever large protein complexes and mega-assemblies
are in focus, a special large pore gel enables separation of up to 60 MDa [35]. Lanes of
BNE gels are fixed, stained with Coomassie dye, divided into even slices, and digested
with trypsin (Figure 1). The resolution of complexome profiles increases with the number
of slices and differs between published approaches from manually cut 24, [18], 48 [36],
and 60 [17] gel pieces up to several hundreds of sub-millimeter slices from BN-gels by a
cryo-microtome [37,38]. Using BN gels for CP the complexity of each fraction in the high
molecular mass region is with a few hundred protein identifications considerably lower
compared to the region of individual proteins closed to the electrophoretic front. For this
reason, a short effective gradient of 30–45 min in liquid chromatography-mass spectrometry
(LC-MSMS) runs is suitable to identify the majority of proteins in each fraction. Since a few
years ago, we divide all our BNE lanes into 48 slices and analyze the resulting peptides in
short gradient LC-MSMS runs for approximately one hour each. A standard complexome
analysis of a mitochondrial preparation to investigate assembly defects of a patient takes
approximately 48 h per sample. Thus, the analysis, including control and a second patient,
can be completed within a timeline of one week [36].

The aim of each complexome profiling experiment is to gain information of native
protein complexes and to compare the appearance and abundance of assemblies under dif-
ferent conditions or in disease states. Biological samples for CP range from bacteria [39,40],
yeast [41] or cell culture [4,17–19,21,36,42–51], tissue or organ specimens from patients
and animals [17,19,37,38,52,53] to plants [54–62]. Biochemical preparations of subcellular
fractions (e.g., mitochondria, microsomes) reduce sample complexity for a more in depth
complexome analysis [17,51]. Lysis conditions with low ion strength in solubilization
buffers and mild detergents keep protein complexes in a near native state. Solubilization
protocols including suitable neutral detergents have been described for various kinds of
samples [34,63].

In recent years, further developments on CP (Table 1) included steps in the sample
preparation discussed in the following sub-sections; (1) to enable complex assembly to
be monitored, (2) to improve the sample comparison using SILAC and TMT, to monitor
protein complex, (3) remodeling, (4) turnover and repair, (5) to gain structural information
on complex conformations by applying protein crosslinkers, and (6) to identify RNA-
protein complexes.
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Table 1. Versions of CP methods to examine inventory of protein complexes.

CP Methods Description References

Classic CP Combines BNE, density gradient centrifugation or size exclusion
chromatography with quantitative MS to generate interaction profiles [4,17–19,36–57,59–64]

qDGMS SILAC based comparison of protein complex profiles separated by a
density gradient [26,28]

High-resolution CP Classical CP with sub-millimeter sampling of native gels to enhance
resolution and data depth [37,38]

SILAC-based CP Processes two samples in one BN-gel for comparison [21,65]

Multiplexed CP Introduction of tandem mass tags (TMT) allows processing of
multiple samples [22]

pSILAC CP Uses SILAC as a pulse to investigate protein turnover in complexes [19,66]

Grad-Seq Combines density gradient centrifugation, quantitative MS, and
RNA-seq for the analysis of RNA-protein complexes [20,58,67–69]

2.1. Assembly and Stability of OXPHOS Complexes

Assembly of protein complexes [70] or even further association of several protein com-
plexes require a coordinated process with the help of chaperons also called assembly factors.
In recent years, classical CP became a very popular tool to study the significance of indi-
vidual subunits and assembly factors of the OXPHOS complexes in bacteria [39,40,61] and
mitochondria from mammals [17,21,22,27,28,36,41–50,53,64–66] and plants [54–57,60,62].

TMEM126B was the first assembly factor identified by complexome profiling [17]. Rat
heart mitochondria were solubilized with the mild detergent digitonin and separated by
BNE [34] and also by large-pore BNE [35]. Upon hierarchical clustering an association of
ACAD9, NDUFAF1, ECSIT with one protein of unknown function TMEM126B drew our
attention. Knock down experiments and functional analysis confirmed TMEM126B as an
essential factor for complex I assembly in a complex with the other proteins forming the
mitochondrial complex I assembly factor complex (MCIA). A few years later, patients with
mutations in the TMEM126B gene were identified and assembly defects were characterized
by CP [46,50]. Another approach used CP to elucidate essentially the complete step-wise as-
sembly sequence of mitochondrial respiratory chain complex I in human mitochondria [42].
Upon inhibition of mitochondrial translation by chloramphenicol treatment for several
days, mitochondrial respiratory chain complexes that contain mitochondrial encoded
subunits appeared disassembled. After drug removal a stepwise assembly of complex I
was monitored by recording complexomes of several time points. With increasing time,
it was possible to follow the formation of early building blocks to association of central
modules to final assembly stages until the fully matured complex I and the respiratory
supercomplexes containing complex I, III and IV. Five different subassemblies could be
followed with known assembly factors to complete a matured complex I [42].

In recent years, CP has become a standard tool to study assembly defects in patients
with mitochondrial disorders. Profiles from patients mainly show typical accumulation of
assembly intermediates that can be used for the interpretation of the significance of a sub-
unit, an assembly factor in the assembly pathway or a ribosomal protein [36,44–50,64,71]. In
contrast to the de novo synthesis of OXPHOS-complexes upon treatment with a translation
inhibitor [42], patients with defects in the NDUFA6 [45], NDUFC2 [36], and COX4I1 [43]
showed, under steady state levels, a clear association of stalled assembly intermediates with
other respiratory chain complexes, suggesting that completion of individual complexes is
not a prerequisite for supercomplex formation [48].

2.2. Multiplexing CP

Most initial CP approaches used label free quantification. As all fragments from each
gel lane or density gradients have to be measured in single MS runs, such approaches
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need extensive machine time and the data from several separation gradients have to be
merged. The introduction of metabolic labels in SILAC-based CP allows direct comparison
of protein migration and the abundance of two or three different samples in one native gel
lane [21,65]. Although this duplex approach introduces more complexity in data analysis,
the advantage is a precise annotation of the differences in the complexes between two
different conditions. This strategy determined the co-existence of structurally distinct respi-
rasomes in human cells [21]. Quantitative Density Gradient analysis by Mass Spectrometry
(qDGMS) combines SILAC with the separation of protein complexes in a density gradient
followed by quantitative mass spectrometry. This approach was applied to study human
mitochondrial ribosomes [26]. The advantage in contrast to label free quantification is a di-
rect comparison of two samples in one gradient. Technical bias during sample preparation
making it difficult to identify biological variations can be excluded [26,28].

SILAC-based CP is limited to samples that can be metabolically labeled either in cell
culture or with appropriate isotope containing diet [72]. In addition to metabolic labeling
in cell culture, chemical labeling during sample preparation with tandem mass tags (TMT)
enables multiplexing of up to 16 samples in one CP. This strategy using reporter ions
for quantification was effective in recording the assembly of respiratory chain complexes
after removal of mitochondrial translation inhibitor chloramphenicol in a time dependent
manner [22]. Less reporter ion variation in complexes unaffected by chloramphenicol
treatment illustrated the power of using tandem mass tags in multiplexed CP for research
and diagnostics [22].

2.3. Remodeling

Shifts in availability of substrates, oxygen, and various stresses require cellular adapta-
tion to new conditions. This includes a fast response mechanism on the level of proteins and
complexes such as in signaling pathways and metabolic enzymes or a long term response
on the level of gene expression. CP was recently used to study the molecular consequences
on respiratory complex I during chronic hypoxia in the human leukemia monocytic cell
line THP-1 [4]. This study explored an HIF1-α dependent complex I assembly defect in
response to the degradation of the assembly factor TMEM126B [4]. Another impressive
example of remodeling the whole respiratory chain identified by CP was reported in plant
mitochondria of the European mistletoe (Viscum album) [62]. This obligate semi-parasite
living on branches of trees lacks complex I and exhibits remarkably stable supercomplexes
containing complex III and IV. A differential CP approach on plant leaf mitochondria
identified dynamics of protein complexes in the presence and absence of light to integrate
biochemical processes during day and night [54].

2.4. Turnover of Subunits within Protein Complexes

Protein complex assembly has been frequently studied in cell culture from fast dividing
cell lines or patient fibroblasts [5,73]. All these studies focus on de novo complex assembly
from single subunits to mature complexes. The situation in postmitotic tissues might in
contrast rather reflect an equilibrium stage of turnover with a balance of biosynthesis and
degradation. It is an important question whether a protein complex is built from scratch or
whether there are cellular mechanisms to service protein complexes to maintain function.

Introducing SILAC as a pulse [74] for several hours followed by CP workflow gives
insights into dynamics within protein complexes. This strategy enables the study of
remodeling and repair in protein complexes [19,66]. Of mention in that respect is an
experiment carried out in differentiated mouse myotubes from C2C12 cells (Figure 2).
These myotubes were pulsed for 6 h with SILAC and the turnover of single subunits
within the respiratory chain complex I was studied [19]. This experiment showed that
parts of the peripheral arm of complex I was replaced. Although pulse SILAC (pSILAC)
experiments analyzing total cell lysates detected a general fast turnover of subunits of the
N- and Q- module of complex I [75], here it was clearly shown, that replacement takes
place within a protein complex. In the same study, the matrix protease CLPP could be
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identified as an important component in this complex I maintenance pathway. Cells from
the CLPP knockout mouse were investigated with the same setting of pSILAC-CP. In
contrast to the control, the N-module of complex I showed very low turnover and newly
synthesized intermediates of N-module subunits accumulated as an intermediate [19].
Other subunits of the Q module NDUFA6 and NDUFA7 showed comparable level of
subunit turnover suggesting that CLPP is essential for the service of the N-module in
assembled respiratory supercomplexes.

Figure 2. pSILAC Complexome profiling. Mouse myocytes were differentiated into myotubes and
incubated for 6 h with SILAC medium. Heatmaps (upper panel) show the present light labeled
complex I subunits (left) and the portion of exchanged newly translated heavy subunits (right).
Lower panels indicate the modules of complex I (left) according to Formosa et al. [73] and the
turnover of subunits (right) within the mouse complex I structure [66,76]. These complexome
profiling data originally used in [19] were reanalyzed from PRIDE PRoteomics IDEntifications
(PRIDE) archive database identifier PXD017465 [19,77].

Another component functioning as a service factor is DNAJC30. Patients with defects
in DNAJC30 develop recessive Leber’s hereditary optic neuropathy [66]. Complexome pro-
files from these patients showed comparable abundance of fully assembled supercomplexes
but had low complex I activity. As no assembly defect was detected, and DNAJC30 was
identified to bind to complex I subunits in pull down experiments and complexomes, the
turnover rates of OXPHOS complexes were monitored in several patients. Significant lower
turnover was detected in the direct interaction partner subunits NDUFA6 and NDUFA7 of
DNAJC30. Indeed, these subunits exhibit the highest turnover in wildtype complex I and
located at the peripheral arm spanning the N- and Q-module (Figure 2). It was concluded
that NDUFA6 and NDUFA7 need to be removed before any maintenance can take place
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on complex I. This suggests that DNAJC30 is upstream of CLPP in the service plan of
complex I [66].

2.5. Structural Information of Protein Complex Conformation

Chemical crosslinking MS (XL-MS) enabled structural investigations on various pro-
tein complexes. Crosslinkers used in MS are mainly homo-bifunctional reagents with two
reactive sites to covalently bridge two lysine residues in a close neighborhood to capture a
dynamic interaction and conformation [78]. Various cleavable and non-cleavable spacer
arms with different lengths extended the options to study protein complex conforma-
tions [33]. In-solution crosslinking prior to native separation in CP is a challenge. The
resolution of protein complexes in the native gel decreases with the amount of introduced
cross-linker and results in difficult data interpretation. To use interaction-specific cross-
linkers in CP and to gain information on molecular interaction across protein assemblies the
workflow was recently adapted for in-gel cross-linking MS (IGX-MS) [79]. Cross-linking
in-gel has turned out to be easier to control compared to in-solution and emerged as a pow-
erful strategy that allows compositional and interaction specific distance measurements to
be used for further refining structural models [79]. As a proof of principle, IGX-MS was
applied to measure the state-specific crosslinking of isolated complex I and ATP synthase
from bovine heart mitochondria in a few BN-gel bands. Theoretically, such an approach
is scalable and can give important structural information to all isolated protein–protein
interactions in a BN-gel or other separating techniques [80]. However, it will be still limited
to a subset of protein complexes and focused interests as analysis tools for comprehensive
crosslinking studies in CP are not yet available.

2.6. RNA-Protein Complexes

Most of the CP applications are protein-only approaches. Introduced RNA sequencing
(RNA-seq) in a complexome analysis expand the technique [20]. Gradient profiling by
sequencing and mass spectrometry (Grad-Seq) is a hybrid complexome analysis that
combines density gradient centrifugation with quantitative protein mass spectrometry
with RNA-seq and has the power to quantitatively profile transcripts or non-coding RNA
that co-segregate with proteins. [20,58,67–69].

3. Data Analysis

After mass spectrometry, all slices are analyzed with standard proteomics software
tools such as: MaxQuant, Proteome discoverer, PEAKS [81–83]. In this line the publicly
available MaxQuant software has been used frequently and despite other proteomics
approaches (e.g., pull down analysis, complete proteomes) that use biochemical comparable
fractions and single peptide quantification, many publications on CP use a quantification
value that is independent of the comparable faction protein residents. One prominent value
is the intensity based absolute quantification value (IBAQ) when using MaxQuant [84].
Initially used to spike a standard to calculate absolute protein amounts, IBAQ also serves as
an important quantification value that correlates with the absolute protein abundance [85].
As fractions in CP comprise biochemically different fractions, all quantification values that
compare single peptides and use best peptide value (e.g., the best 3 like in PEAKS), are
not well-fit strategies for BN gel fractions. IBAQ values represent the sum of all peptide
intensities divided by a theoretical number of tryptic peptides of the protein [84]. If a
small protein gives only a few peptides, the divider is also small and theoretically brings
subunits with the same stoichiometry to one level. Inspecting available complexomes
and comparing the IBAQ values, e.g., complex I subunits, however showed that this
approach is not suitable for all proteins. For example, membrane spanning domains have
a general lower amount of identified peptides and also proteins which are difficult to
digest are underrepresented. Nevertheless, IBAQ values can be used to explore portions of
bound proteins, e.g., if an extra factor like the service factor DNAJC30 binds to a subset
of complex I. For SILAC and pSILAC-CP it is very useful that MaxQuant displays IBAQ
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values as light and heavy and enables comparison and calculation of protein turnover
rates [19,66].

Once a protein list is created, quantification values of each protein within the fractions
are used to compare migration behaviors in native gels or sucrose density gradients.
That can be accomblished by using several tools to analyze complexome profiling data
(Table 2). Co-separated complexes with known stoichiometry serve as internal standards
and are used for native mass calibration. The software tool NOVA was developed to
analyze data from complexome profiles. NOVA is an intuitive tool and implements several
hierarchic clustering algorithms, different distance measures (e.g., Euclidean distance,
Pearson distance), and various normalization techniques together with options to generate
2D plots, heatmaps, and search functions [86]. Other proteomics data analysis tools e.g.,
Perseus and proteome discoverer have also been used to analyze complexome profiling
data [17,87].

Table 2. Tools to analyze complexome profiling data.

Software/Database Description References

NOVA Implements cluster analysis, visualization,
native mass calibration and comparison. [16,86]

COPAL COmplexome Profiling ALignment (COPAL)
aligns lanes for comparison of multiple samples [88]

ComPrAn R package to study protein assemblies [28]

CEDAR Online resource of CP data [89]

ComplexFinder Machine-learning based prediction of novel
protein complexes [90]

Furthermore, ComPrAn stands out as an additional tool to analyze complexomes and
was initially developed for qDGMS data [28]. This freely available R-package provides
analysis on peptide-level data, normalization, and clustering tools for protein-level data,
include functions to compare changes of protein complex composition between two SILAC
labeled samples and produce publication-ready figures. Another software to analyze CP is
ComplexFinder. The python-based computational pipe line implements machine learning
to better identify protein complexes whenever multiple complexes with varying protein
composition escape identification by hierarchical clustering [90].

If profiles from serveral sets of experiments need to be compared, the COmplexome
Profiling ALignment (COPAL) tool can be used to merge several profiles from different gel
runs. Using COPAL, it was possible to detect remodeling of mitochondrial complexes in
Barth syndrome [88].

Recently, the complexome profiling Data Resource (CEDAR) repository was installed.
CEDAR includes a storage and information sharing platform to support the reuse of
complexome profiling data [89]. Many researchers also uploaded their mass spectrometry
raw data into the Proteomics Identification database (PRIDE) together with analysis data for
reuse by the scientific community [77]. Most of the CP data contain much more information
than used in the initial publication. Available data in these repositories serve as a gold mine
to discover new protein interactions and to build networks in systems biology investigation.

4. Conclusions

CP has become a very useful tool to study protein complexes, to investigate dynamic
processes of complex assembly, for remodeling, and protein turnover. The implementation
of SILAC and TMT for multiplexing CP enhances speed of analysis and comparison of
multiple samples. Data from in-gel crosslinking MS will give important insights into the
molecular dynamics of protein complexes and conformations in future. Pulse SILAC and
closer studies on posttranslational modifications generate “profiles within profiles” to better
understand protein complex remodeling and maintenance in intact cellular physiology.
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CP has been already used to understand the assembly defects in mitochondrial disorders
and will be very helpful to explore cellular protein networks and the impact of protein
complexes on disease development, progression, and the benefit of treatments.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG), FOR5046 grant
number WI 3728/1-1 and the German Federal Ministry of Education and Research (BMBF, Bonn,
Germany) grant to the German Network for Mitochondrial Disorders (mitoNET, 01GM1906D).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Ralf P. Brandes for helpful discussions and critical reading of this
manuscript. We are grateful to Jana Meisterknecht for her work on figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bergendahl, L.T.; Gerasimavicius, L.; Miles, J.; Macdonald, L.; Wells, J.N.; Welburn, J.P.I.; Marsh, J.A. The role of protein complexes

in human genetic disease. Protein Sci. 2019, 28, 1400–1411. [CrossRef]
2. Ellis, R.J. Molecular chaperones: Assisting assembly in addition to folding. Trends Biochem. Sci. 2006, 31, 395–401. [CrossRef]
3. Bludau, I.; Aebersold, R. Proteomic and interactomic insights into the molecular basis of cell functional diversity. Nat. Rev. Mol.

Cell Biol. 2020, 21, 327–340. [CrossRef] [PubMed]
4. Fuhrmann, D.C.; Wittig, I.; Dröse, S.; Schmid, T.; Dehne, N.; Brüne, B. Degradation of the mitochondrial complex I assembly

factor TMEM126B under chronic hypoxia. Cell. Mol. Life Sci. 2018, 75, 3051–3067. [CrossRef] [PubMed]
5. Signes, A.; Fernandez-Vizarra, E. Assembly of mammalian oxidative phosphorylation complexes I-V and supercomplexes. Essays

Biochem. 2018, 62, 255–270. [CrossRef] [PubMed]
6. Low, T.Y.; Syafruddin, S.E.; Mohtar, M.A.; Vellaichamy, A.; Rahman, N.S.A.; Pung, Y.-F.; Tan, C.S.H. Recent progress in mass

spectrometry-based strategies for elucidating protein–protein interactions. Cell. Mol. Life Sci. 2021. [CrossRef] [PubMed]
7. Gygi, S.P.; Han, D.K.M.; Gingras, A.-C.; Sonenberg, N.; Aebersold, R. Protein analysis by mass spectrometry and sequence

database searching: Tools for cancer research in the post-genomic era. Electrophoresis 1999, 20, 310–319. [CrossRef]
8. Rigaut, G.; Shevchenko, A.; Rutz, B.; Wilm, M.; Mann, M.; Séraphin, B. A generic protein purification method for protein complex

characterization and proteome exploration. Nat. Biotechnol. 1999, 17, 1030–1032. [CrossRef]
9. Vandemoortele, G.; Eyckerman, S.; Gevaert, K. Pick a Tag and Explore the Functions of Your Pet Protein. Trends Biotechnol. 2019,

37, 1078–1090. [CrossRef]
10. Vermeulen, M.; Hubner, N.C.; Mann, M. High confidence determination of specific protein–protein interactions using quantitative

mass spectrometry. Curr. Opin. Biotechnol. 2008, 19, 331–337. [CrossRef] [PubMed]
11. Roux, K.J.; Kim, D.I.; Raida, M.; Burke, B. A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins

in mammalian cells. J. Cell Biol. 2012, 196, 801–810. [CrossRef] [PubMed]
12. Roux, K.J.; Kim, D.I.; Burke, B.; May, D.G. BioID: A Screen for Protein–protein Interactions. Curr. Protoc. Protein Sci. 2018, 91,

19.23.1–19.23.15. [CrossRef] [PubMed]
13. Masuda, A.; Kawachi, T.; Ohno, K. Rapidly Growing Protein-Centric Technologies to Extensively Identify Protein-RNA In-

teractions: Application to the Analysis of Co-Transcriptional RNA Processing. Int. J. Mol. Sci. 2021, 22, 5312. [CrossRef]
[PubMed]

14. Agasid, M.T.; Robinson, C.V. Probing membrane protein-lipid interactions. Curr. Opin. Struct. Biol. 2021, 69, 78–85. [CrossRef]
15. Leisegang, M.S.; Fork, C.; Josipovic, I.; Richter, F.M.; Preussner, J.; Hu, J.; Miller, M.J.; Epah, J.; Hofmann, P.; Günther, S.; et al.

Long Noncoding RNA MANTIS Facilitates Endothelial Angiogenic Function. Circulation 2017, 136, 65–79. [CrossRef] [PubMed]
16. Giese, H.; Meisterknecht, J.; Heidler, J.; Wittig, I. Mitochondrial Complexome Profiling. Methods Mol. Biol. 2021, 2192, 269–285.

[CrossRef] [PubMed]
17. Heide, H.; Bleier, L.; Steger, M.; Ackermann, J.; Dröse, S.; Schwamb, B.; Zörnig, M.; Reichert, A.S.; Koch, I.; Wittig, I.; et al.

Complexome profiling identifies TMEM126B as a component of the mitochondrial complex I assembly complex. Cell Metab. 2012,
16, 538–549. [CrossRef]

18. Wessels, H.J.C.T.; Vogel, R.O.; van den Heuvel, L.; Smeitink, J.A.; Rodenburg, R.J.; Nijtmans, L.G.; Farhoud, M.H. LC-MS/MS as
an alternative for SDS-PAGE in blue native analysis of protein complexes. Proteomics 2009, 9, 4221–4228. [CrossRef]

19. Szczepanowska, K.; Senft, K.; Heidler, J.; Herholz, M.; Kukat, A.; Höhne, M.N.; Hofsetz, E.; Becker, C.; Kaspar, S.; Giese, H.; et al.
A salvage pathway maintains highly functional respiratory complex I. Nat. Commun. 2020, 11, 1643. [CrossRef]

20. Gerovac, M.; Vogel, J.; Smirnov, A. The World of Stable Ribonucleoproteins and Its Mapping With Grad-Seq and Related
Approaches. Front. Mol. Biosci. 2021, 8, 661448. [CrossRef]

http://doi.org/10.1002/pro.3667
http://doi.org/10.1016/j.tibs.2006.05.001
http://doi.org/10.1038/s41580-020-0231-2
http://www.ncbi.nlm.nih.gov/pubmed/32235894
http://doi.org/10.1007/s00018-018-2779-y
http://www.ncbi.nlm.nih.gov/pubmed/29464284
http://doi.org/10.1042/EBC20170098
http://www.ncbi.nlm.nih.gov/pubmed/30030361
http://doi.org/10.1007/s00018-021-03856-0
http://www.ncbi.nlm.nih.gov/pubmed/34046695
http://doi.org/10.1002/(SICI)1522-2683(19990201)20:2&lt;310::AID-ELPS310&gt;3.0.CO;2-M
http://doi.org/10.1038/13732
http://doi.org/10.1016/j.tibtech.2019.03.016
http://doi.org/10.1016/j.copbio.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18590817
http://doi.org/10.1083/jcb.201112098
http://www.ncbi.nlm.nih.gov/pubmed/22412018
http://doi.org/10.1002/cpps.51
http://www.ncbi.nlm.nih.gov/pubmed/29516480
http://doi.org/10.3390/ijms22105312
http://www.ncbi.nlm.nih.gov/pubmed/34070162
http://doi.org/10.1016/j.sbi.2021.03.010
http://doi.org/10.1161/CIRCULATIONAHA.116.026991
http://www.ncbi.nlm.nih.gov/pubmed/28351900
http://doi.org/10.1007/978-1-0716-0834-0_19
http://www.ncbi.nlm.nih.gov/pubmed/33230779
http://doi.org/10.1016/j.cmet.2012.08.009
http://doi.org/10.1002/pmic.200900157
http://doi.org/10.1038/s41467-020-15467-7
http://doi.org/10.3389/fmolb.2021.661448


Int. J. Mol. Sci. 2021, 22, 7809 10 of 12

21. Fernández-Vizarra, E.; López-Calcerrada, S.; Formosa, L.E.; Pérez-Pérez, R.; Ding, S.; Fearnley, I.M.; Arenas, J.; Martín, M.A.;
Zeviani, M.; Ryan, M.T.; et al. SILAC-based complexome profiling dissects the structural organization of the human respiratory
supercomplexes in SCAFIKO cells. Biochim. Biophys. Acta Bioenerg. 2021, 1862, 148414. [CrossRef]

22. Guerrero-Castillo, S.; Krisp, C.; Küchler, K.; Arnold, S.; Schlüter, H.; Gersting, S.W. Multiplexed complexome profiling using
tandem mass tags. Biochim. Biophys. Acta Bioenerg. 2021, 1862, 148448. [CrossRef]

23. Andersen, J.S.; Wilkinson, C.J.; Mayor, T.; Mortensen, P.; Nigg, E.A.; Mann, M. Proteomic characterization of the human
centrosome by protein correlation profiling. Nature 2003, 426, 570–574. [CrossRef] [PubMed]

24. Diedrich, B.; Rigbolt, K.T.; Röring, M.; Herr, R.; Kaeser-Pebernard, S.; Gretzmeier, C.; Murphy, R.F.; Brummer, T.; Dengjel, J.
Discrete cytosolic macromolecular BRAF complexes exhibit distinct activities and composition. EMBO J. 2017, 36, 646–663.
[CrossRef] [PubMed]

25. Woellhaf, M.W.; Sommer, F.; Schroda, M.; Herrmann, J.M. Proteomic profiling of the mitochondrial ribosome identifies Atp25 as a
composite mitochondrial precursor protein. Mol. Biol. Cell 2016, 27, 3031–3039. [CrossRef]

26. van Haute, L.; Hendrick, A.G.; D’Souza, A.R.; Powell, C.A.; Rebelo-Guiomar, P.; Harbour, M.E.; Ding, S.; Fearnley, I.M.; Andrews,
B.; Minczuk, M. METTL15 introduces N4-methylcytidine into human mitochondrial 12S rRNA and is required for mitoribosome
biogenesis. Nucleic Acids Res. 2019, 47, 10267–10281. [CrossRef]

27. Möller-Hergt, B.V.; Carlström, A.; Stephan, K.; Imhof, A.; Ott, M. The ribosome receptors Mrx15 and Mba1 jointly organize
cotranslational insertion and protein biogenesis in mitochondria. Mol. Biol. Cell 2018, 29, 2386–2396. [CrossRef] [PubMed]

28. Páleníková, P.; Harbour, M.E.; Ding, S.; Fearnley, I.M.; van Haute, L.; Rorbach, J.; Scavetta, R.; Minczuk, M.; Rebelo-Guiomar,
P. Quantitative density gradient analysis by mass spectrometry (qDGMS) and complexome profiling analysis (ComPrAn) R
package for the study of macromolecular complexes. Biochim. Biophys. Acta Bioenerg. 2021, 1862, 148399. [CrossRef]

29. Rudashevskaya, E.L.; Sickmann, A.; Markoutsa, S. Global profiling of protein complexes: Current approaches and their
perspective in biomedical research. Expert Rev. Proteom. 2016, 13, 951–964. [CrossRef]

30. Connelly, K.E.; Hedrick, V.; Paschoal Sobreira, T.J.; Dykhuizen, E.C.; Aryal, U.K. Analysis of Human Nuclear Protein Complexes
by Quantitative Mass Spectrometry Profiling. Proteomics 2018, 18, e1700427. [CrossRef]

31. Heusel, M.; Bludau, I.; Rosenberger, G.; Hafen, R.; Frank, M.; Banaei-Esfahani, A.; van Drogen, A.; Collins, B.C.; Gstaiger, M.;
Aebersold, R. Complex-centric proteome profiling by SEC-SWATH-MS. Mol. Syst. Biol. 2019, 15, e8438. [CrossRef]

32. Muneeruddin, K.; Thomas, J.J.; Salinas, P.A.; Kaltashov, I.A. Characterization of small protein aggregates and oligomers using
size exclusion chromatography with online detection by native electrospray ionization mass spectrometry. Anal. Chem. 2014, 86,
10692–10699. [CrossRef]

33. Iacobucci, I.; Monaco, V.; Cozzolino, F.; Monti, M. From classical to new generation approaches: An excursus of -omics methods
for investigation of protein–protein interaction networks. J. Proteom. 2021, 230, 103990. [CrossRef]

34. Wittig, I.; Braun, H.-P.; Schägger, H. Blue native PAGE. Nat. Protoc. 2006, 1, 418–428. [CrossRef]
35. Strecker, V.; Wumaier, Z.; Wittig, I.; Schägger, H. Large pore gels to separate mega protein complexes larger than 10 MDa by blue

native electrophoresis: Isolation of putative respiratory strings or patches. Proteomics 2010, 10, 3379–3387. [CrossRef]
36. Alahmad, A.; Nasca, A.; Heidler, J.; Thompson, K.; Oláhová, M.; Legati, A.; Lamantea, E.; Meisterknecht, J.; Spagnolo, M.; He, L.;

et al. Bi-allelic pathogenic variants in NDUFC2 cause early-onset Leigh syndrome and stalled biogenesis of complex I. EMBO
Mol. Med. 2020, 12, e12619. [CrossRef]

37. Müller, C.S.; Bildl, W.; Haupt, A.; Ellenrieder, L.; Becker, T.; Hunte, C.; Fakler, B.; Schulte, U. Cryo-slicing Blue Native-Mass
Spectrometry (csBN-MS), a Novel Technology for High Resolution Complexome Profiling. Mol. Cell. Proteom. 2016, 15, 669–681.
[CrossRef]

38. Müller, C.S.; Bildl, W.; Klugbauer, N.; Haupt, A.; Fakler, B.; Schulte, U. High-Resolution Complexome Profiling by Cryoslicing
BN-MS Analysis. J. Vis. Exp. 2019. [CrossRef]

39. Versantvoort, W.; Guerrero-Castillo, S.; Wessels, H.J.C.T.; van Niftrik, L.; Jetten, M.S.M.; Brandt, U.; Reimann, J.; Kartal, B.
Complexome analysis of the nitrite-dependent methanotroph Methylomirabilis lanthanidiphila. Biochim. Biophys. Acta Bioenerg.
2019, 1860, 734–744. [CrossRef]

40. Schimo, S.; Wittig, I.; Pos, K.M.; Ludwig, B. Cytochrome c Oxidase Biogenesis and Metallochaperone Interactions: Steps in the
Assembly Pathway of a Bacterial Complex. PLoS ONE 2017, 12, e0170037. [CrossRef]

41. Angerer, H.; Schönborn, S.; Gorka, J.; Bahr, U.; Karas, M.; Wittig, I.; Heidler, J.; Hoffmann, J.; Morgner, N.; Zickermann, V. Acyl
modification and binding of mitochondrial ACP to multiprotein complexes. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864,
1913–1920. [CrossRef]

42. Guerrero-Castillo, S.; Baertling, F.; Kownatzki, D.; Wessels, H.J.; Arnold, S.; Brandt, U.; Nijtmans, L. The Assembly Pathway of
Mitochondrial Respiratory Chain Complex I. Cell Metab. 2017, 25, 128–139. [CrossRef]
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