Cellular and Molecular Life Sciences (2021) 78:5325-5339

https://doi.org/10.1007/500018-021-03856-0 Cellular and Molecular Life Sciences

REVIEW q

Check for
updates

Recent progress in mass spectrometry-based strategies for elucidating
protein—protein interactions

Teck Yew Low'® - Saiful Effendi Syafruddin’ - M. Aiman Mohtar' - Adaikkalam Vellaichamy? -
Nisa Syakila A Rahman' - Yuh-Fen Pung? - Chris Soon Heng Tan*

Received: 5 March 2021 / Revised: 3 May 2021 / Accepted: 14 May 2021/ Published online: 27 May 2021
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract

Protein—protein interactions are fundamental to various aspects of cell biology with many protein complexes participating
in numerous fundamental biological processes such as transcription, translation and cell cycle. MS-based proteomics tech-
niques are routinely applied for characterising the interactome, such as affinity purification coupled to mass spectrometry
that has been used to selectively enrich and identify interacting partners of a bait protein. In recent years, many orthogonal
MS-based techniques and approaches have surfaced including proximity-dependent labelling of neighbouring proteins,
chemical cross-linking of two interacting proteins, as well as inferring PPIs from the co-behaviour of proteins such as the
co-fractionating profiles and the thermal solubility profiles of proteins. This review discusses the underlying principles,
advantages, limitations and experimental considerations of these emerging techniques. In addition, a brief account on how
MS-based techniques are used to investigate the structural and functional properties of protein complexes, including their
topology, stoichiometry, copy number and dynamics, are discussed.

Keywords Affinity purification coupled to mass spectrometry (AP-MS) - Proximity-dependent biotinylation coupled to
MS (PDB-MS) - Cross-linking mass spectrometry (XL-MS) - Co-fractionation mass spectrometry (coFrac-MS) - Thermal
proximity coaggregation (TPCA)

Introduction

The functions of proteins are primarily dictated by their
higher-order structures and their propensity to form a pro-
tein network. Mathematical simulations have imposed an
upper bound of ~ 650,000 protein—protein interactions
(PPIs) among human proteins [1]. Although it has been
demonstrated that artificial intelligence (AI) can predict
the 3D structures and the folding of proteins with excep-
tional accuracy, such advances have not been extended to
the quaternary structures of proteins [2]. Hence, large-scale
investigations of PPIs are mainly performed with two broad
categories of experimental techniques.

The first category of methods, which includes yeast two-
hybrid (Y2H) assay and protein complementation assay
(PCA), comprises assays that monitor binary interactions
of proteins, whereby the physical interaction of a preselected
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bait and a prey protein is evaluated in a pairwise manner.
Each of the pair is genetically fused with different portions
of another split protein and subsequently co-expressed.
When the bait—prey protein pair interacts, the two split
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protein tags resume their assembly and functions, resulting
in gene expression, enzymatic activity or fluorescence that
serve as readouts for reporting the direct interaction of the
selected protein pair [3]. In contrast, the second category
adopts the affinity purification coupled to the mass spec-
trometry (AP-MS) technique or its close variants. In such
methods, a bait-specific antibody or affinity reagent is used
to capture a bait protein from cell lysates, with simultane-
ous purification of its preys in bulk [4]. Titeca et al. named
these two respective approaches as binary and co-complex
technologies [3]. Since copurified proteins in AP-MS are
not known a priori, a subsequent protein identification
step is performed using MS. Thus, the AP-MS technique
has an advantage over binary technologies because it ena-
bles identifying previously unknown interaction partners,
besides offering sensitive, high-throughput and hypothesis-
free assays.

This review discusses recent developments in co-complex
methodologies, with a description of the techniques in the
figures provided. Apart from deciphering the exact compo-
sition of a protein complex or protein network, we believe
that it is equally essential to disentangle other properties of
interacting proteins, such as (i) the topology that relates how
each protein subunit is interconnected to contribute to the
overall shape and relative spatial arrangements of a protein
complex; (ii) the stoichiometry, or the ratio of each con-
stituent protein subunit; (iii) the copy number which refers
to the absolute number of each constituent subunit and (iv)
the dynamics, which pertains to the alterations in the com-
position, topology and stoichiometry or copy number over
time, upon external perturbations, or as a result of changes
in cellular functions [2]. These, too, will be reviewed here
(Table 1).

Affinity purification coupled to mass
spectrometry (AP-MS)

AP-MS is the most widely used high-throughput method for
PPI study. In AP-MS, a bait protein is selectively purified
with specific antibodies or other affinity reagents along with
its potential interacting partners (preys) from a cell or tissue
lysate. This step is followed by identifying and quantifying
these purified proteins by MS. AP-MS experiments are then
repeated with different baits. The combination of bait-prey
pairs from these AP-MS experiments is then statistically
computed to infer the protein network. An AP-MS assay
typically involves several steps comprising (i) incubation of
precleared protein lysate with beads conjugated with the bait
or epitope tag-specific antibodies, (ii) washing procedures
to minimize nonspecific binding, (iii) elution of the puri-
fied complexes, and (iv) identification of the eluted proteins
with MS (Fig. 1). Whereas an ideal co-immunoprecipitation
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experiment characterizes endogenous PPIs using untagged
bait protein expressed at physiological levels, it is usually
limited by the repertoire of antibodies and the low expres-
sion levels of bait proteins. As an alternative, a bait protein
can be created by genetically fusing a gene of interest to
an epitope tag followed by its expression in a chosen cell
line for optimal biological context. Such tags may comprise
short peptides or proteins that are uniquely recognizable by
readily available antibodies. Some examples of these tags
are FLAG, c-myc, HA, polyHis and streptavidin. A com-
prehensive list of epitope tags has been documented by
Vandemoortele et al. [5]. These tags can be fused in single
or multiple copies, as well as in tandem with different tags
for multiple rounds of purifications, namely tandem affinity
purification (TAP).

For proteins lacking suitable antibodies, epitope tagging
provides a general approach for purifying protein complexes;
but with the downside that such tags may interfere with the
functions and solubility of the bait protein. Besides, tran-
sient transfection can enhance the expression of the tagged
baits, hence improving the efficiency and throughput of the
pulldown experiments, but with the caveat that such ectopic
expression may promote misfolding and mis-localization of
the baits, thereby exacerbating background contamination
and spurious interactions. A major challenge in AP-MS is
the copurification of high-abundance, nonspecific-interact-
ing proteins. Therefore, incorporating appropriate controls
that discriminate bona fide interactors apart from nonspecific
binding has become indispensable in AP-MS. Such controls
may constitute the expression of empty vectors for pulldown
experiments or the use of antibody isotypes, knockdown and
knockout of the endogenous baits for co-IPs. Besides, TAP-
tagging, which allows multiple washing and elution steps,
can be used to minimize nonspecific interactions, albeit at
the expense of losing weak and transient PPIs. It is also
noteworthy that quantitative MS and dedicated bioinformat-
ics algorithms such as SAINT, CRAPome and BioPlex can
help differentiate background contamination by identifying
significant differences in protein abundance between the
experiment and the negative controls [6—8].

An interesting application for AP-MS was recently dem-
onstrated by Gordon et al. for elucidating the PPIs for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
that causes the COVID-19 pandemic [9]. In this work, the
authors cloned and expressed 26 of the 29 SARS-CoV-2
proteins carrying 2 X Strep tags in HEK293T cells. This
allowed them to identify 332 high-confidence PPIs between
human proteins and SARS-CoV-2 proteins. In their subse-
quent work, Gordon et al. exploited the AP-MS method-
ology for comparative viral-human PPIs for SARS-CoV-2,
SARS-CoV-1 and Middle East respiratory syndrome coro-
navirus (MERS-CoV) [10]. Subsequently, the authors identi-
fied host proteins that could affect coronavirus proliferation,
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Table 1 (continued)

(5

The current version of TPCA is limited to studying the dynamics of known or predicted

Cons

TPCA permits system-wide profiling of protein complex dynamics, and it requires

Pros

Methods
TPCA

Springer

protein complexes across cellular state and physiological conditions. Need to incorpo-
rate existing interaction data with graph/network clustering algorithms to identify novel

protein complexes [87]

neither antibodies nor epitope tagging [87]

Little preparation time is required. It allows most of the study of protein complexes

in situ and in vivo

TPCA profiling can be rapidly deployed to unravel the assembly state of protein com-

plexes across cellular state, cell type, tissue and physiological conditions to provide

insight into their functions in normal and diseased cells

such as Tom70, a mitochondrial chaperone protein that
interacts with ORF9b-coded protein from SARS-CoV-1 and
SARS- CoV-2.

Proximity-based labelling coupled to mass
spectrometry (PDB-MS)

Proximity-dependent biotinylation coupled to MS (PDB-
MS) involves expressing a bait protein that is genetically
fused to a biotin ligase (BiolD), a horseradish peroxidase
(HRP), or a peroxidase (APEX) [11-13]. The fused enzymes
are capable of catalysing externally added biotins or phe-
nolic biotins into reactive biotin intermediates that subse-
quently diffuse out to biotinylate proteins in the vicinity of
the bait. After biotin-labelling, cells are lysed, and pulldown
is performed using streptavidin or neutravidin, followed by
identification and quantification with MS [12, 13]. The
detailed methodology is described in Fig. 2.

Central to PDB-MS is promiscuous biotinylation, a cova-
lent modification process dependent on the random diffu-
sion of reactive biotin intermediates. However, promiscuous
biotinylation is constrained by distance, as proteins in close
proximity to the bait/enzyme fusion are preferentially bioti-
nylated, but the labelling strength dwindles with increasing
distance. Therefore, it is noteworthy that PDB-MS defines
the neighbourhood surrounding the bait within an “effective
labelling radius” of the enzyme. These neighbouring pro-
teins may constitute the actual physical contacts of the bait
itself, or other proteins that happen to be present in the vicin-
ity of the bait/enzyme fusion. The effective labelling radii
for BirA*, a mutant biotin ligase used in BioID, and APEX,
an ascorbate peroxidase, have been estimated to be ~ 10 nm
and ~20 nm, respectively [14, 15].

Classic BiolD was developed using E. coli-derived
35 kDa BirA* that harbours an R118G mutation that desta-
bilizes the catalytic domain [12]. BirA* catalyzes the con-
version of biotins to form the highly reactive biotinoyl-AMP
intermediates, which dissociate prematurely, diffuse out and
react with the neighbouring lysine residues in a promiscuous
manner [12]. Meanwhile, BioID2 was developed from A.
aeolicus-derived biotin ligase carrying an R40G mutation,
rendering the ligase smaller in size (27 kDa) and catalyti-
cally more active. This resulted in more efficient biotinyla-
tion and minimal mis-localization of the bait [16]. Neverthe-
less, both BiolDs require an incubation period of 12-24 h.
To improve the labelling speed, TurboID and MiniTurbo
were adapted from BirA* ligase, with extensive engineer-
ing at the reactive biotin-5'-AMP binding motif (RBAM)
[17]. Both mutants have enhanced efficiency and speed of
biotinylation in 10 min. By introducing three mutations to
RBAM of B. subtilis BirA*, Ramanathan et al. created a
28-kDa ligase named “BASU” with over 1000-fold faster



Recent progress in mass spectrometry-based strategies for elucidating protein—protein...

5329

é}

S 05e) e ) N &

OAN

[ @M ﬁ
NN 8 . &

\ J
C® W) ——— ;P ' n
’\ AW ‘ Lysis ‘ H 5 Wash and S
- / \ Incubate Incubate with Elute SL=
[CT725<)) with i beads conjugated
N\ 7 YY) Antibody with protein A/G
< brotein of ) =
- rotein o
interest /‘
@Of&% o< 2
e o 1!
% E—
—>
{ " Incubate with Wash and
lﬂ Lysis % Anti-FLAG Elute
Protein of resin
‘; interest "
Epitope tag
(FLAG-tag)

Fig.1 The AP-MS workflow. A A specific antibody can be used
to selectively capture an untagged protein of interest (POI) that
is expressed at physiological levels from the protein lysate. This
untagged POI binds to other protein interactors directly or indirectly.
Subsequently, beads conjugated with protein A/G are added to the
protein mixture to capture the antibodies together with the protein
assemblies. This is then followed by the washing and elution step to

Surface-exposed residue
(Lys/Tyr) reactive to
biotin/biotin phenol

.
Incubate with )

biotin/biotin q }’. @5
phenol \ h

Biotin Ligaée/peroxidase
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Fig.2 The PDB-MS workflow. In PDB, a biotin ligase (BioID), a
horseradish peroxidase (HRP) or a peroxidase (APEX) is genetically
fused to a selected bait protein and expressed in a chosen cell line.
In vivo labelling is achieved by adding biotins (BioID) or biotin phe-
nols (APEX) to the cells, whereby these molecules are converted to
reactive biotin intermediates. These reactive intermediates then dif-

kinetics and over 30-fold increased signal-to-noise ratio
compared to BirA* [18].

Horseradish peroxidase (HRP) can also convert a sub-
strate into free radicals in the presence of H,0, thus cova-
lently label neighbouring proteins on electron-rich amino
acids [19]. However, HRP is mainly used for proximity
labelling in oxidizing environments, such as the extracel-
lular surface, due to its low reactivity in the reducing envi-
ronment [20-22]. Notably, in the enzyme-mediated activa-
tion of radical source (EMARS) method, HRP is fused to a
protein located on the cell surface or an antibody that can
recognize this target protein. At the same time, the substrate
constitutes an aryl azide group that has been conjugated with
biotin and fluorescein tags [23]. Upon the addition of H,O,,

release the POI and its interactors for LC-MS/MS analysis. B For
bait proteins lacking suitable antibodies, the POI can be genetically
fused with an epitope tag, such as FLAG-tag or HA-tag. This bait-
tag fusion construct can then be transfected transiently or stably into
selected cell lines. Subsequently, resins conjugated to anti-epitope tag
antibodies are added so that the POI and its interactors can be selec-
tively enriched

é

—— ﬁ “\

—
Lysis, then Incubate with Wash and -
Streptaviddin-conjugated p Elute ]
beads e
Yy

b

/e

fuse away from the enzyme in a distance-dependent manner to cova-
lently modify lysine (BioID) or tyrosine (APEX) residues located in
close proximity. After performing cell lysis in harsh, denaturing con-
ditions, biotinylated proteins are enriched using resin conjugated with
streptavidin or neutravidin for subsequent quantitative proteomics
analysis

the aryl azide group is activated by HRP to form a nitrene
radical that can attack neighbouring cell surface proteins.
At the same time, the biotin or fluorescein tags allow affin-
ity purification of the labelled proteins with streptavidin- or
antibody-immobilized beads for subsequent MS analysis.
In another HRP-based proximity labelling method, which
is named the “selective proteomic proximity labelling assay
using tyramide” (SPPLAT), the substrate used is a biotin-
tyramide or biotin phenol [24, 25].

APEX is a 27-kDa monomeric ascorbate peroxidase
derived from pea and is active in the reducing environment.
APEX was adapted to catalyse the oxidation of biotin-phenol
to short-lived (< 1 ms) biotin-phenoxyl radicals in the pres-
ence of H,O,, [13]. These radicals can biotinylate tyrosine,

@ Springer
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tryptophan, cysteine and histidine residues. In an APEX
experiment, cells expressing bait/APEX fusion are incubated
with biotin-phenol for 30 min, followed by a 1-min exposure
to H,0, to induce biotinylation. APEX is an efficient enzyme
that can generate sufficient signal-to-noise within a short
period (1 min of labelling time versus 10 min for TurboID;
and 18-24 h for BiolD). As such, it allows a “time-lapse”
analysis of a dynamic interactome at a superior temporal
resolution, rather than a single “long-exposure” image last-
ing several hours. Nevertheless, APEX is limited by its low
catalytic activity and sensitivity, as biotinylation often goes
undetected when APEX is expressed at the physiological
level. To address this, Ting’s lab employed yeast display
evolution to develop APEX2, a soybean-derived peroxidase
that harbours an extra A134P mutation [26]. APEX2 pos-
sesses enhanced labelling efficiency and sensitivity. The
stability and activity of APEX2 were further improved
by Huang et al. by introducing a version of cysteine-free
APEX2 with C32S mutation [27]. The directed evolution
of proximity labelling components is discussed in detail by
Bosch et al. [19].

PDB-MS permits the detection of PPIs among both solu-
ble and membrane proteins, apart from enriching for interac-
tions that are transient, weak, of low abundance or have high
turnover [11, 28, 29]. As PDB-MS biotinylates proteins in
cells, it allows the labelling of fragile complexes or interac-
tions in addition to avoiding post-lysis artefacts. Finally, the
affinity of biotin to streptavidin is probably the strongest
yet reversible biological interaction known. Consequently,
highly stringent conditions for sample denaturing, solubili-
zation, capture, wash and extraction of biotinylated proteins
can be employed to maximize the recovery of hydrophobic
proteins while minimizing nonspecific background con-
taminants. Notwithstanding, PDB-MS has several caveats.
For instance, APEX may react with biotin-phenol and H,0O,
to produce reactive radicals that result in cellular toxicity
[30]. Furthermore, the accessibility and labelling efficiency
of the biotinylating enzyme are locality-dependent, as its
orientation and topology within the protein complex may
impede its performance. The high affinity of the streptavi-
din-biotin interaction may also hinder the recovery of highly
biotinylated proteins. Like AP-MS, PDB-MS suffers from
false positives in the forms of high-abundance background
proteins or artefacts from endogenous biotinylation. Hence,
similar strategies applied in AP-MS to discriminate back-
ground contaminants, such as expression of biotinylating
enzyme alone or fusing the bait to an irrelevant polypeptide,
for instance, Green Fluorescent Protein (GFP), have been
proposed [11].

Recently, Ke et al. designed and evaluated 12 different
biotin-phenol analogues as proximity labelling probes for
APEX2 [31]. Among these probes, the BP5 and BN2 were
found to generate free radicals and conjugates to tyrosine
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residues with high efficiency and selectivity. These two
probes were used to profile the spatiotemporal interactome
of the EGFR signalling component STS1 with a minute
timescale. As a result, they identified endosome markers,
such as HGS, STAM and STAM2, at 10 min of EGF stimula-
tion. This observation is consistent with the discovery that
the endosome contained the highest number of STS1-inter-
acting proteins during the internalization of EGFR induced
by EGF [32]. In a separate study, Zhang et al. evaluated
TurboID, BioID and BioID2 on their ability to identify the
proteome that is proximal to N, which is a nucleotide-bind-
ing leucine-rich repeat (NLR) immune receptors that confer
resistance to Tobacco mosaic virus (TMV) in plants [33].
Consequently, TurboID was found to produce the most effi-
cient levels of biotinylation and that a putative E3 ubiquitin
ligase, UBR7, was discovered to directly interacts with the
TIR domain of N. Many more variants of proximity labelling
methods have been published, such as NEDDylation, PUP-
IT, photoactivable proximity labelling and sortase-mediated
ligation [34-37]. However, due to limitation in space, they
will not be discussed here.

Cross-linking mass spectrometry (XL-MS)

Crosslinking mass spectrometry (XL-MS) lies at the inter-
face of interaction proteomics and structural biology [38,
39]. In- XL-MS, a selected protein or protein complex in
their native states is first chemically crosslinked with rea-
gents that can covalently tether amino acid residues that
are spatially proximal. Crosslinked proteins are then prote-
olyzed, and the resulting peptide mixtures are separated and
analyzed with LC-MS/MS. Subsequent database searching
of the MS data elucidates the sequence of the crosslinked
peptides, in addition to the crosslinked sites (Fig. 3).

Key to XL-MS experiments is the crosslinking rea-
gents, typically small bifunctional molecules carrying
two reactive groups separated by a carbon-chain spacer.
Such bifunctional molecules can react with the respec-
tive side chains of two amino acids and covalently link-
ing them together. Depending on the reactive groups,
these crosslinkers can be classified into (i) amine-reactive
(lysine-targeting), (ii) sulthydryl-reactive (cysteine-target-
ing), (iii) carboxyl-reactive (targeting acidic amino acids)
and (iv) photo-reactive categories, as comprehensively
compiled by Steigenberger et al. [40]. On the other hand,
crosslinkers can also be classified according to the length
of the spacers or the number of functional groups that they
carry. For example, some crosslinkers can carry zero-
length spacers, while homobifunctional crosslinkers har-
bour two identical functional groups; heterobifunctional
crosslinkers carry two different functional groups and tri-
functional crosslinkers have three functional groups. For
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Fig.3 The XL-MS workflow. Chemical crosslinking can be per-
formed in vitro using extensively purified protein assemblies or
in vivo using intact cells. The first step of chemical crosslinking
involves adding a selected crosslinker to the protein mixture or cells.
After chemical crosslinking, crosslinked proteins are digested to yield
peptides. Typically, three types of cross-linked peptides are produced,

the latter, the third functional group (for example, biotin or
phosphonic acid) is usually added as an affinity handle for
enriching crosslinked peptides [41, 42]. Besides, a labile
moiety can be incorporated in the spacer region, rendering
crosslinked peptides cleavable by gas-phase fragmentation
[43, 44]. MS-induced cleavage helps uncouple crosslinked
peptides in MS2 so that the resulting pair of linear pep-
tides can be individually sequenced in MS3, facilitating
spectrum matching.

XL-MS has several favourable attributes. First, crosslink-
ing reagents can covalently connect two or more non-cova-
lently interacting proteins, regardless of the duration and
strength of the interaction. As such, even transient and weak
PPIs can be preserved [45, 46]. MS analysis would subse-
quently confirm the physical proximity and interaction of
the two crosslinked proteins. XL-MS also helps pinpoint
the localities of crosslinked amino acid side chains, thereby
restricting physical interaction sites to certain structural
regions [47]. Given that a crosslinker interconnects two
amino acid residues, a value indicating the distance con-
straint, i.e. the sum of the crosslinker spacer arm length and
the side chain lengths of the two linked residues, can be
calculated to impart an upper bound of the physical distance
[48]. When used in combination with X-ray crystallography,
CryoEM and native MS, such spatial constraint data can
guide molecular modelling, construct connectivity map for
determining subunit topology and map the dynamic behav-
iour of the protein complex [49-51].

Chemical crosslinking has primarily been performed on
highly purified, overexpressed protein complexes to over-
come the low efficiency of crosslinking and minimize the
search space during spectrum matching [52—-54]. Due to the
increasing sensitivity of MS, it is now possible to crosslink
protein complexes before (in vivo XL) or after (on-beads
XL) affinity purification. Better still, with only endogenous
expression, the native structures and physiological interac-
tions of protein complexes can be preserved, as exemplified
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i.e., the mono-linked peptides, the loop-linked peptides and the cross-
linked peptides, among the many unlabelled peptides and unreacted
crosslinkers. Due to the heterogeneity, the total pool of proteolyzed
peptides is subjected to fractionation to enrich cross-linked peptides,
subsequently mass-analysed by LC-MS/MS

by the protein phosphatase 2A (PP2A) study [49, 55].
Recently, chemical crosslinking has also been employed in
a proteome-wide manner for cell lysates, intact cells or orga-
nelles, to simultaneously monitoring PPIs and their spatial
information for the whole proteome [56-58].

Considerable advances have been made in XL-MS with
respect to crosslinking chemistry, sample preparation, cross-
link enrichment, MS technology and tools for data analy-
sis and visualization [47]. These advances mainly address
sample and data complexity [59]. A major limitation of
XL-MS pertains to the low efficiency (~ 1-5%) of crosslink-
ing reagents, which often results in marginal crosslinks,
where only the top 20-30% of proteins are detected [54,
60, 61]. It should also be noted that the crosslinking reac-
tion time may be relatively long (~30 min). Excessively
long reaction time may result in large, crosslinked protein
aggregates. Crosslinking reactions tend to produce four het-
erogeneous classes of crosslinks comprising (i) unreacted
peptides, (ii) mono-links or dead-end links, (iii) loop-links
and (iv) crosslinks [61, 62]. Only crosslinked and mono-
linked peptides provide useful spatial information but
are also the lowest in abundance. Strong cation exchange
(SCX) or size exclusion chromatography (SEC) is often
used to enrich these low-abundant crosslinks [63, 64]. Apart
from that, affinity chromatography can be used to enrich
crosslinked peptides harbouring trifunctional, affinity-tagged
crosslinkers [41, 42, 65]. One way to expand the number
and coverage of crosslinks is by applying alternative modes
of crosslinking, for instance, by using carboxyl-targeting
reagents. Such crosslinkers provide complementary spatial
information to those obtained from the more commonly
adopted lysine targeting chemistry [54]. Further, since a
crosslinker covalently connects two linear peptides, this
gives rise to a hybrid dipeptide that can dramatically expand
the search space during spectra matching [66, 67]. This is
because all theoretically possible peptide pairs in the protein
database would need to be considered. One solution to this
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‘n-square problem’ is to apply MS-cleavable crosslinkers in
an MS2-MS3 strategy, whereby interpretation of mass spec-
tra can be substantially simplified due to the availability of
linear peptides and characteristic peaks. However, this gain
inevitably comes at the expense of duty cycles and identi-
fication rates.

By combining PDB-MS (with an effective labelling
radius of 10-20 nm) and XL-MS (with a spatial constraint
of ~1 nm), Liu et al. recently demonstrated that it is not only
possible to define the neighbouring proteins of a single bait
protein located at the human nuclear envelope interactome,
but also to identify crosslinked peptides which originated
from 109 literature-curated physical PPIs of 14 nuclear enve-
lope proteins [68]. In another study, Courouble et al., by
combining hydrogen—deuterium exchange MS (HDX-MS)
with XL-MS, elucidated the structural dynamics of the
SARS-CoV-2 full-length nsp7:nsp8 complex [69]. These
complementary techniques validate the interaction surfaces
from the published three-dimensional heterotetrameric crys-
tal structure of the nsp7:nsp8 complex and suggest that the
nsp7:nsp8 heterotetramer can dissociate into a stable dimeric
unit.

Co-Fractionation coupled to mass
spectrometry (coFrac-MS)

Spatiotemporal co-behaviour of biomolecules, such as co-
expression or co-localization, has been proposed to imply
functional or physical interactions [70]. Likewise, polypep-
tide constituents from the same assembly tend to co-migrate
in the same analytical column under native conditions.
Hence, proteins sharing similar co-fractionation profiles
may suggest apparent co-localization [71]. This correlating
relationship was initially exploited for organellar proteomics
using density gradient centrifugation for biochemical frac-
tionation, but this concept was extrapolated to interaction
proteomics, giving rise to CoFractionation-MS (coFrac-MS)

fractionation by liquid
chromatography

—>
Co-fractionation
of protein
complexes

— y
Lysis of samples (s }

in non-denaturing
&

conditions
Intact protein
complexes

Biological samples

fractionation by blue native
gel electrophoresis

Fig.4 The coFrac-MS workflow. Samples are lysed in mild condi-
tions to preserve the integrity of protein complexes, separated under
native or near-native conditions using column chromatography or
native gel electrophoresis into fractions. Each fraction is then individ-
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[72-76]. In CoFrac-MS, protein complexes in cell lysates
are extensively fractionated under non-denaturing conditions
with chromatographic or electrophoretic techniques. Each
fraction is then proteolyzed, analyzed with LC-MS/MS, fol-
lowed by identifying and quantifying its proteome composi-
tion. Subsequently, the fractionation profiles of individual
protein complex subunits can be constructed. Since subunits
of intact complexes tend to co-fractionate, protein complexes
can be bioinformatically predicted from these data using the
correlations between fractionation profiles as a feature of
central importance.

As preserving the intactness of protein complex is vital,
coFrac-MS workflows typically start with rapid cells/tissue
lysis under refrigerated, native conditions, with minimal
dilution [77]. This is followed by extensive biochemical/
biophysical separation of the protein complexes in native,
non-denaturing states, whereby each fraction is subsequently
subject to quantitative MS analysis. The abundance for each
identified protein can then be captured from MS|1 intensities,
spectral counts or reporter ion intensities and computed to
construct a co-elution profile reflecting the abundance of
individual proteins across fractions. Finally, the co-elution
profiles for co-fractionating proteins are correlated, matched
and scored to detect and build the network for binary PPIs
(Fig. 4).

One defining feature of coFrac-MS is the biochemical/
biophysical separation schemes used for resolving protein
complexes in native or near-native conditions. Size-exclu-
sion chromatography (SEC), ion-exchange (IEX) and hydro-
phobic interaction chromatography (HIC) are commonly
used for co-fractionating soluble protein complexes accord-
ing to their sizes, charges and hydrophobicity [75, 76, 78,
79]. With SEC, the separation of complexes is performed
at near-native conditions, i.e., at neutral pH and physiologi-
cal salt concentration, but is limited by its resolution [80].
Meanwhile, IEX (ion exchange) separation relies on ionic
interaction. A variety of IEX materials, including SCX
(strong cationic exchange), WCX (weak cationic exchange),
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ually subjected to quantitative, bottom-up LC-MS/MS analysis. With
the assistance of dedicated computational algorithms, the abundance
of each protein is then plotted as co-migration profiles across frac-
tions to construct an interactome network
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SAX (strong anionic exchange) and WAX (weak anionic
exchange) with differing charge properties, resolution and
strength are commercially available. However, the presence
of salt in the IEX mobile phases may disrupt native PPIs
[81]. Conversely, high salt content is used to enhance the
adsorption of hydrophobic protein surfaces to the solid sup-
port in HIC, and complexes are eluted upon decreasing salt
gradient [82]. Apart from soluble complexes, it has been
demonstrated that with mild or non-denaturing detergents,
it is possible to co-fractionate membrane-bound complexes,
for instance, the mitochondrial membrane-bound complexes
using BN-PAGE [83, 84]. Since coFrac-MS potentially
identifies thousands of PPIs in one experiment, the roles of
dedicated algorithms are equally critical for delineating all
possible combination of binary protein matrixes based on
co-migration profiles. As reviewed in detail by Salas et al.,
such algorithms apply a variety of mathematical approaches
comprising correlational metrics, co-apex measures; mutual
information; Jaccard index and Euclidean distance [81].
The merits of coFrac-MS lie in its high throughput and its
ability to provide global identification and quantification of
native protein complexes in one setting. Furthermore, it can
be operated without genetic manipulation and overexpres-
sion, thereby inferring endogenous, physiologically relevant
interactome [3]. Besides, coFrac-MS combined with quan-
titative proteomics can delineate the relative distribution of
a protein in multiple co-elution features. Thus, the stoichio-
metries and dynamics of a target protein within different
co-isolated complexes can be simultaneously elucidated
[83]. Nevertheless, there are caveats that we must consider
in experimental design. Similar to AP-MS, false positives
constitute a significant problem in the form of chance co-
elution. This can be minimized by adopting high-resolution
separation methods or combining multiple orthogonal sepa-
rations, apart from more rigorous bioinformatic analyses.
In an interesting application, Mallam et al. applied
CoFrac-MS in the form of SEC separation to analyze two
equivalent cell culture lysates that served as a control and an
RNase A-treated sample [85]. Upon fractionation, proteins
in each fraction are identified with MS to build a proteome-
wide protein co-elution profile for each condition. Following
that, the authors evaluated the profiles from both samples
to detect the elution shift of proteins upon RNase A treat-
ment, which implies RNA—protein association. These elution
shifts are then cross-referenced with known protein com-
plexes to identify RNP complexes. As a result, co-Frac-MS
allowed Mallam et al. to identify 1428 protein complexes
that associate with RNA. Meanwhile, using SEC- or IEC-
based separation combined with MS, Moutaoufik et al. gen-
erated mitochondrial interaction maps of human pluripotent
embryonal carcinoma stem cells (ECSCs) and differentiated
neuronal-like cells (DNLCs) [86]. The resulting PPI net-
works contain 6,442 interactions from ~ 600 mitochondrial

proteins, revealing the dynamics of mitochondrial interac-
tions during neuronal differentiation. Furthermore, they also
demonstrated that C200rf24 is a respirasome assembly fac-
tor important for respiratory chain activity.

Thermal proximity coaggregation (TPCA)

Thermal Proximity Coaggregation (TPCA) is a relatively
recent and unconventional approach for proteome-wide
profiling of protein complex dynamics [87]. It exploits
the phenomenon that interacting proteins co-aggregate
after heat-induced denaturation and co-precipitate. As a
result, they have a high similarity in their thermal solubil-
ity compared to non-interacting proteins. The assembly
state of known protein complexes can be inferred from the
similarity or changes in protein thermal solubility to iden-
tify those modulated across cellular states or physiological
conditions. To simultaneously monitor the dynamics for
hundreds to thousands of protein complexes, proteome-
wide quantification of protein thermal solubility is deter-
mined using quantitative MS, similar to that of thermal
proteome profiling [88], which employs isobaric TMT
(tandem mass tag) reagents to simultaneously quantify
protein solubility across ten different temperatures from
CETSA (Cellular Thermal Shift Assay) experiments [89]
(Fig. 5).

Current implementation of TPCA utilizes the CETSA
protocol [90] to denature proteins and extract the solu-
ble fraction, followed by TPP for proteome-wide quan-
tification of protein solubility [91]. When the thermal
solubilities of proteins are plotted against increasing tem-
peratures, the so-called melting curve of proteins can be
constructed to visualize TPCA signature across cell types
or conditions. The similarity in protein thermal solubil-
ity between pairs of proteins across multiple temperatures
can be quantified using measures like Euclidean distance
[87] and Pearson’s correlation [92]. Statistical significance
of observed similarities and changes in thermal solubility
between pairs of proteins are estimated through a boot-
strapping approach using random pairs of proteins to
establish random background distribution [87].

Using TPP and CETSA protocols, data for TPCA analy-
sis can be obtained from both cell lysate and intact cells.
In the former, cells are first lysed before heat denatura-
tion, while in the latter, intact cells are first heated before
cell lysis. In the first proof-of-concept work demonstrating
TPCA can be used to identify protein complexes modu-
lated across cell types, cellular states and cellular condi-
tions, protein complexes were observed to exhibit much
stronger TPCA signature (i.e. co-aggregating) in data from
intact cells than from cell lysate. As the first proof-of-con-
cept experiment, TPCA was performed to identify protein
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Fig.5 The TPCA workflow. TPCA can be performed on intact cells
or cell lysate. Lysed samples are first divided into an equal amount of
aliquots and subjected to heat treatment with an increasing tempera-
ture gradient. Heat treatment induces denaturation and coaggregation
of interacting proteins, which then co-precipitate. Upon centrifuga-

complexes modulated across different cell types, cellu-
lar states and cellular conditions [87]. The final results
showed that protein complexes obtained from intact cells
exhibited a higher level of co-aggregation (stronger TPCA
signature) than those originated from cell lysate [87]. This
observation suggests the integrity of protein complexes
might have been compromised after cell lysis. Notably, for
many protein complexes that exhibit TPCA signature only
in intact cells, they are often associated and likely depend-
ent on subcellular scaffolds like chromatin and membrane
for structural stability, which is probably absent in cell
lysate. Taken together, these observations suggest TPCA
will be valuable for studying protein complexes in situ,
particularly for weak-binding protein complexes that easily
dissociate after cell lysis. Importantly, TPCA can reveal
the subcomplex organization of megacomplexes like the
nuclear pore complex and the proteasome [87, 92]. Also, it
has been reported that phosphorylation can affect the ther-
mal solubility of protein through modulating PPIs, sug-
gesting the ability to identify phosphorylation-dependent
protein complexes [93]. Interestingly, similar to CETSA
and TPP, it has also been shown that TPCA analysis can
be extended to in vivo specimens such as tissues and blood
samples [87, 94].

TPCA for system-wide profiling of protein complex
dynamics has the advantages of requiring neither antibod-
ies nor epitope tagging. It requires little preparation time

@ Springer

intensity

intensity

_ . 0 JL () B W
Spin down v Supernatnat is ‘
aggregated aspirated )
) proteins o= \\]
/
v/
TMT—IabeIIingl
il Protein A
[ reporter ions
|
S i
m/z — ! N
+ Protein B LC-MS data — i —
reporter ions analysis T 7} \ /|
S \_l
L

m/z
TMT-based peptide
quantitative MS

tion, the supernatant consisting of soluble proteins from different
temperature treatment is retrieved for isobaric TMT-labelling and
quantitative LC-MS/MS analysis. The abundance of each soluble
proteins identified and quantified is then plotted against the tempera-
tures to generate the “protein melting curve”

compared to existing methods, and most importantly, per-
mits the study of protein complexes in situ and in vivo. The
current version of TPCA could be deployed to study the
dynamics of known or predicted protein complexes across
cellular states and physiological conditions efficiently, but
need to incorporate existing interaction data with graph/
network clustering algorithms to identify novel protein
complexes. Nevertheless, Hashimoto et al. recently demon-
strated novel protein—protein interactions could be inferred
among the small set of viral proteins using only TPCA data
[95]. Large-scale human interactome projects and integra-
tive data analysis have uncovered many novel but function-
ally uncharacterized protein complexes. TPCA profiling can
be rapidly deployed to unravel the assembly state of these
protein complexes across cellular state, cell type, tissue
and physiological conditions to provide insight into their
functions in normal and diseased cells. The thermal protein
solubility of proteins can be rapidly generated across spe-
cies, and with data now available over 13 species ranging
from human to archaea species. Thus, we envision that the
TPCA analysis approach could be widely adopted to study
protein complexes and protein interactions across the tree
of life [96-98].



Recent progress in mass spectrometry-based strategies for elucidating protein—protein... 5335

Current challenges

Despite being capable of wholesale copurification and detec-
tion of PPIs, the MS-based co-complex strategy is plagued
with problems, particularly concerning the limited recovery of
transient and low-affinity PPIs and false positives originating
from high abundant proteins as backgrounds. Among these
co-complex techniques, XL-MS can confirm the direct inter-
action of two interacting proteins due to the presence of inter-
protein crosslinks. On the other hand, AP-MS can capture and
identify direct and indirect binding partners of bait proteins.
In comparison, both coFrac-MS and TPCA rely on correlation
algorithms to infer PPIs from co-localization and coaggrega-
tion data of proteins. As such, they too, do not provide direct
evidence of physical interactions. Therefore, PPI data derived
from these methods should preferably be followed up meticu-
lously using orthogonal methods, apart from validation with
targeted MS or SWATH-MS.

To discriminate signal from noise, it is necessary for
high-throughput PPI investigations to refer to the so-named
"gold standards", databases containing curated and unequivo-
cal interactions [8, 99]. However, it is noteworthy that gold
standard databases are assembled from different experiments
and techniques, each with a unique set of biases [100]. This
is because PPIs can be context-specific and transient. Single
datasets, which are typically generated by a single technique,
can disagree with gold standards. These variabilities may
reflect actual biological differences, or technical biases. There-
fore, gold-standard databases may fail to support the subset of
interactions that are missing due to experimental conditions
or technical limitations.

Although a common aim of the abovementioned techniques
is to tease apart qualitatively the exact composition of protein
complexes, additional information gained from these experi-
ments may further elucidate the structural and functional prop-
erties of identified PPIs. This additional information encom-
passes the topology and the quantitative measurement of the
stoichiometry, copy number and dynamics of these identified
protein complexes [101]. As of now, MS-based proteomics and
structural biology have increasingly merged with MS-based
methods progressively used to complement structural biology
tools [102]. The topology of a protein complex relates how
each protein subunit is interconnected to contribute to the over-
all shape and relative spatial arrangements of a complex. Cur-
rently, XL-MS and several dedicated structural MS techniques
such as native MS, hydrogen/deuterium (H/D) exchange and
hydroxy radical foot-printing have been employed to unravel
protein complex topology. Notably, XL-MS can yield valuable
data on the spatial constraint, subunit connectivity and direct
PPIs at a proteome-wide scale. Meanwhile, the determination
of stoichiometry and copy number within a protein complex
with biological MS has been chiefly accomplished using native

MS and absolute quantification using peptide-based MS. Nota-
bly, the determination of these two values using peptide-based
MS measurement is highly dependent on knowing the concen-
trations of each constituent in the complex under study. This
means that MS-based absolute quantification, which entails
spiking in known and quantified reference peptides for external
or internal calibration, is required to accurately determine the
concentration of proteins [101].

Future perspectives

Contemporary development in chemical and synthetic biol-
ogy has further enriched the toolbox to disentangle protein
networks. One promising area is click chemistry, which pos-
sesses exceptional biorthogonality, efficiency and selectivity
has been increasingly adopted in proteomics, particularly for
probing new protein synthesis and post-translational modi-
fications [103]. Meanwhile, a synthetic biology tool, named
genetic code expansion, enables site-specific incorporation
of unnatural amino acids (UAAs) into a protein of interest
(POI) by exploiting amber codon suppression. A TAG stop
codon is practically first introduced to the target gene at the
target locale, followed by transient transfection of a tRNA
complementary to this stop codon (tRNA(;,), the UAA, and
an orthogonal aminoacyl tRNA synthetase.

By combining both technologies, Smits et al. genetically
encoded a UAA, i.e., p-azido-L-phenylalanine, a phenyla-
lanine analogue containing a clickable azide group, which
serves as a small handle for selectively enriching the POI
using copper-free click chemistry [104]. Relative to the
traditional epitope tags, this small handle is less likely to
interfere with the localization, solubility and functions
of the POI. Besides, the incorporation of UAA carrying
photo-reactive groups such as aryl azides, benzophenones
and diazirines has been reported for proximity-dependent
labelling and stabilizing in vivo transient PPIs’ covalent cap-
ture [105]. Recently, bifunctional UAAs, such as DiZASeC,
containing both clickable handles and photo-crosslinker side
chains, have also been reported [106]. These bifunctional
UAAs enable a POI and its physiological protein interactors
to be “locked” in vivo via covalent crosslinking upon UV-
irradiation, thus preventing their dissociation by subsequent
cell lysis and proteolytic digest. The tryptic peptides are then
reacted with click chemistry reagents so that only peptides
harbouring the UAA are labelled and affinity-purified for
MS analysis.
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