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Quantitative proteomics methods are instrumental in
measuring the interplay between protein synthesis and
protein degradation in cells and tissues in different con-
ditions and substantially contribute to the understanding
of control mechanisms for protein homeostasis. Prote-
omics and chemoproteomics approaches enable the
characterization of small molecule modifiers of protein
degradation for therapeutic applications. Here, we re-
view recent developments and applications of mass
spectrometry-based (chemo-)proteomics methods for

the study of cellular homeostasis.

Introduction
Cellular protein homeostasis or proteostasis is the dynamic
equilibrium of concentration, localization and conformation
of all proteins in any given cell. It enables basic cellular func-
tions such as cell division and growth as well as cellular re-
sponse to external stimuli and perturbations and assists cell
differentiation and metabolic changes [5,46]. The interplay
between protein synthesis and degradation governs the con-
centration of each protein in a cell (Fig. 1). Proteostasisis also a
measure of cell health: alteration of this equilibrium is delete-
rious for the cell and, in vivo, has pathological consequences
for tissues and organs called proteinopathies [5,48].

Cellular surveillance mechanisms ensure tight control of
proteostasis and are switched on mainly by signals originated
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by issues with protein folding. In case of excess of misfolded
proteins the heat shock response (HSR) [2] or the unfolded
protein response (UPR) [78] pathways become activated and
not functional proteins are degraded via the Ubiquitin Pro-
teasome System (UPS) or by autophagy [24] (Fig. 1). In the
UPS, proteins destined to degradation are labelled on lysine
residues by multiple units of the 76 amino acid ubiquitin tag.
This process involves multiple steps including activation of
ubiquitin by conjugation to an E1 enzyme (2 enzymes known
in humans), ubiquitin transfer to the E2 enzyme (ca. 35
putative enzymes in humans) and very often the transfer
to an E3 ubiquitin ligase (>500-600 enzymes in humans) is
necessary for attaching ubiquitin to the target protein [29].
Formation of ubiquitin chains by linking ubiquitin mono-
mers through Lys48, signals proteins for destruction by the
proteasome, a multisubunit complex rich in proteases
[19,80]. Ubiquitin modifications of proteins can be removed
by deubiquitinases (DUBs) a family of 80-90 peptidases
which can cleave ubiquitin and process ubiquitin chains.
Ubiquitination and deubiquitination, i.e. the interplay of
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Fig. 1. Main processes which influence cellular proteostasis.
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Production of mRNA (Transcription) and of proteins from mRNA (Translation) as well as removal of RNA and proteins through activation of various pathways
(UPS, UPR and HSR) and degradation machineries (Proteasome and Autophagosome) ensure that proper amount of folded and functioning proteins are present in
the cell. Post-translational modification of proteins as well as protein-protein interactions often contribute to the production of functional proteins.

ubiquitin ligases and DUBs, regulates most protein half-life
and thus is of utmost importance for the maintenance of
cellular proteostasis [36].

Similarly to the UPS regulation of autophagy, a very con-
served cellular mechanism for degradation of cytoplasmic
organelles, is used as quality control mechanism for not
functional or aged cellular components [25,59] (Fig. 1).

The fidelity of the proteome is challenged during develop-
ment and aging, and by exposure to pathogens that demand
high protein folding and trafficking capacity, and hence cells
use stress sensors and inducible pathways to respond to a loss
of proteostatic control. These pathways make use of the
transcription, translation and the protein degradation ma-
chineries available in the cell to react to stimuli and to re-
establish proteostasis. Together, these systems form the so
called Proteostasis Network (PN) [46]. Loss of control or of
capacity of those pathways e.g. by defects in ubiquitin ligases
or DUBs lead to de-regulation of protein stability, increase of
misfolded or misfunctional proteins or protein aggregates or
too rapid disappearance of important cellular factors i.e.
tumor suppressors, and thus cause pathologies [35]. Conse-
quently, modulation of protein degradation has become an
attractive strategy in drug discovery and inhibitors of molec-
ular chaperones [71], inhibitors of E3 ligases [45], of the
proteasome and of deubiquitinases [44], PROteolysis TAr-
getted Chimeras [58,64,79] and molecular switches represent
a rich panel of pharmacological approaches to target or use
the UPS to degrade or stabilize proteins.

To understand proteome homeostasis it is important to
comprehensively characterize protein synthesis and degrada-
tion rates in steady state and upon perturbations and to
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identify mechanisms of regulation. Protein abundances tend
to be poorly correlated to mRNA expression levels [77] since
post transcriptional processing as well as the expression of
non-coding RNAs such as miRNAs and lincRNAs affect the
stability of specific transcripts [67,72] and thus protein syn-
thesis. In addition, protein localization, proteinprotein inter-
actions and post translational modifications influence the
rates of protein degradation [11,12,70].

Quantitative and unbiased measurements of proteome
variation by mass spectrometry (MS) enable direct moni-
toring of cellular proteostasis following physiological sti-
muli, during disease development and after drug treatment
[53,66]. Recent advances in mass spectrometry instrumen-
tation, methods and reagents enabled the quantitative
assessment of proteomes at unprecedented depth, sensitiv-
ity and throughput [1,57]. Dynamic and pulsed stable
isotope labeling techniques can be employed either in
isolation or in combination with isobaric mass tag reagents
for the multiplexed proteome-wide analysis of protein
turnover and degradation rates and to elucidate the effects
of stimuli or compounds on protein synthesis and degra-
dation [20,66,70,81].

In addition, a plethora of proteomics and chemoproteo-
mics techniques to study ubiquitination has emerged and has
been extensively reviewed elsewhere [10,37,38].

Proteomics approaches to measure protein homeostasis based on
metabolic labelling

To measure protein homeostasis and understand dynamic
adaptation to external factors it is fundamental to distin-
guish degradation-based processes from synthesis-based
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alterations of protein levels. Historically, this has been
achieved through pulse-chase experiments measuring the
incorporation of a tracer into proteins in the pulse and the
concomitant loss of this tracer in the chase. Initial tracers
contained radioactive isotopes of carbon, hydrogen or sulfur
incorporated into essential amino acids such as methionine
which were added to the cell cultivation medium (Fig. 2).
The time-dependent increase in incorporated radioactivity
in the protein pool during the pulse and the disappearance
of radioactivity of the protein pool during the chase were
monitored via differential 1D or 2D gel electrophoresis
followed by scintillation spectroscopy for radioactivity mea-
surement and mass spectrometry for protein identification
[15,33] and enabled determination of synthesis or degrada-
tion rates of individual proteins.

Measuring radioactively labelled proteins is a highly sen-
sitive method, but, due to sub-stoichiometric enrichment of
unstable isotopes, the application of the approach is limited

Stable isotope
enriched amino acid

Non-canonical amino-acid

13Cg L-Lysine o
NH2
J\/\ F XY Ny OH
a
Ho2¢” S 35 spme NH,

Radioactive isotope L-azidohomoalanine (AHA)

to situations where individual proteins can be monitored
with high confidence. In complex samples, multiple pro-
teins can be identified even in a single 2D gel spot and
determination of protein synthesis and degradation rates
for individual proteins is highly challenging [26,32]. In
addition, the risk associated with the use of radioactivity
limited the application of these methods. The use of protein
synthesis or protein degradation inhibitors (i.e. cyclohexi-
mide and/or MG132) followed by MS or by immunodetec-
tion, in principle, allows monitoring of the synthesis and
degradation of proteins without the need of a tracer [39].
This latter could be applied almost in proteomic scale in
yeast by using genomic tagging of proteins [11] but also in
human cells by Global Protein Stability profiling [84]. How-
ever, the fact that the use of translation or protein degrada-
tion inhibitors induces cellular stress [55,87] and the
awareness that protein tags as well as ectopic expression
of proteins might influence protein turnover, called out for
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Fig. 2. sotope labelled and chemically modified tracers in kinetic experiments.Schematic representation of how labelled amino acids (radioactive, non-canonic
(AHA\), stable isotope) can be used to monitor protein degradation (a) or protein synthesis dynamics (b). The labelled amino acids are added to the cell culture in
the absence of the unlabeled counterparts (pulse) and will be incorporated in the nascent proteins. Sampling at predetermined time intervals followed by

identification of the labelled proteins allows to monitor protein synthesis kinetics (b). Substitution of the labelled amino acid with the unlabeled one (chase) and
sampling after that, enables to follow the degradation of the labelled proteins with time (a).IFig. 2gr2sotope labelled and chemically modified tracers in kinetic

experiments.

Schematic representation of how labelled amino acids (radioactive, non-canonic (AHA), stable isotope) can be used to monitor protein degradation (a) or protein
synthesis dynamics (b). The labelled amino acids are added to the cell culture in the absence of the unlabeled counterparts (pulse) and will be incorporated in the nascent
proteins. Sampling at predetermined time intervals followed by identification of the labelled proteins allows to monitor protein synthesis kinetics (b). Substitution of the
labelled amino acid with the unlabeled one (chase) and sampling after that, enables to follow the degradation of the labelled proteins with time (a).
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new, less invasive, unbiased methods with high sensitivity
and larger applicability.

The use of stable isotope tracers for metabolic processes was
pioneered by Schoenheimer as early as in 1935 and estab-
lished the concept of continual breakdown and re-synthesis
of proteins as an ongoing metabolic process that truly reflects
““The Dynamic State of Body Constituents” [82]. More recent-
ly the combination of stable isotope labeling of proteins with
mass spectrometry has enabled quantitative proteomics
methodologies [7] such as Stable-Isotope Labelling by Amino
Acids in cell culture, SILAC [61]. By substituting the (essen-
tial) amino acids in the growth medium such as Arginine,
Lysine and Leucine with identical molecules enriched in
stable isotopes of ?H, *C, and '*N the entire proteome over
time becomes ‘“‘heavy’” labelled. Differential analysis of
‘heavy’ vs ‘light’ labelled cell systems has enabled a wide
range of proteomics applications as high resolution mass
spectrometers resolve differentially labelled isotope clusters
of proteolytic peptides and relative signal abundances repre-
sent well the ratios of the corresponding peptides in heavy
and light conditions [60].

SILAC approaches monitoring the rate of incorporation of
isotope labelled amino acids into proteins are more versatile
than radioactive pulse-chase experiments as they can be
performed as pulse- or chase-alone and in combination
and uniquely allow for the sensitive and multiplexed analy-
sis of all quantifiable proteins in the investigated cell system.
To minimize metabolic disturbance induced by cultivating
cells in dialyzed serum with the addition of the labelled
amino acids, purified growth factors or low amounts of
normal serum might be added [31]. The dynamic SILAC
labeling approach introduced by Pratt et al. [63] allows for
the comprehensive analysis of protein turnover in many cell
systems growing in culture [27]. In this approach ‘“heavy”’
isotope labelled cellular proteins are typically transferred to
normal medium for specific time intervals and, thus, the
degradation rates for proteins can be determined by the rate
of decay of heavy labelled peptide signals [27]. This study
also analysed the influence that physical and functional
parameters of proteins have on their turnover rate debunk-
ing previously reported links with molecular weight, isoelec-
tric point and stabilizing or destabilizing N-terminal
residues but showing slower degradation of proteins lacking
a PEST sequence motif or disordered regions. The determi-
nation of translation rates on a proteome-wide scale can be
achieved by a complementary pulsed SILAC approach using
two heavy isotope labels [69]. The accurate determination of
turnover and translation rates in cell culture is facilitated by
the fact that the majority of newly synthesized proteins use
the extracellular, non-limiting, source of amino acid rather
than recycling amino acids from degraded proteins or using
internal stores [17]. It should be noted though that up to
10% of the proteome do not strictly follow the experimental

102 www.drugdiscoverytoday.com

decay model that is generally assumed. In a recent study
many non-exponentially degraded proteins were identified
as subunits of complexes that are produced in super-stoi-
chiometric amounts relative to their exponentially degraded
interaction partners [56].

In order to determine turnover in primary cell systems
that are short lived in culture, accurate determination of
low levels of amino acid incorporation is key to extrapolate
accurate protein half-lives. Recent algorithmic improve-
ments enabled the accurate determination of global pro-
tein turnover in five mammalian primary cells from
different tissue origin [53]. The half-lives of more than
9.600 proteins ranging from a few hours to above 120 days
could be accurately determined. This work represents the
most extensive catalogue of protein turnover in non-divid-
ing cells and further corroborates the previous observation
[17] that subunits of protein complexes tend to have co-
herent turnover. Analysis of proteasome and nuclear pore
complexes suggests that the turnover rates of core compo-
nents are lower than those of regulatory or cargo-interfac-
ing subunits [53]. Pulsed SILAC experiments followed by
biochemical separation of organelles revealed differential
turnover of proteins dependent on protein function and
localization [12]. As turnover rates dictate responsiveness
to metabolic shifts, the proteins with the highest rates of
turnover are expected to be regulatory. Conversely, the
high abundance proteins often have the lowest rates of
turnover and carry out more ‘“housekeeping’’ roles in the
cell. It should be noted though, that these proteins none-
theless consume a large proportion of the energy budget of
protein turnover because of the scale of the flux through
these protein pools [70].

Proteomics-based turnover measurements are not neces-
sarily limited to isolated cell systems. Proteome dynamics
can also be assessed by whole animal metabolic labelling
with stable isotope labelled amino acids [21] or deuterated
water [40].

A number of strategies have been reported combining
dynamic or pulsed SILAC with chemical labeling with iso-
baric mass tags to multiplex turnover experiments (Fig. 3).
Jayapal et al. combined iTRAQ labeling and SILAC with
arginine to measure protein turnover without the assump-
tions of steady-state intracellular protein concentrations by
monitoring both rates of incorporation and loss of the
‘heavy’ SILAC label over time in a pulse-chase experiment
while measuring changes in overall protein levels using non-
arginine-containing peptides [43]. Multiplexing dynamic or
pulsed SILAC experiments with isobaric mass tags typically
follows one out of two fundamental schemes: multiplexing
across time points or multiplexing across different treatment
conditions (Fig. 3a and b). Multiplexing along the time
dimension affords more time efficient experiments and
avoids missing values (Fig. 3a). In a recent report tandem
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Fig. 3. Dynamic SILAC and chemical labelling.

(a) Time dependence and determination of protein half-life: schematic representation of dynamic SILAC labelling. Cells are grown in SILAC light medium and
switched to SILAC heavy medium (or vice versa) to label newly synthesized proteins (nascent proteins). Samples are taken at time intervals (TO, TI, T2) and
analyzed by high resolution mass spectrometry. The plot on the rightillustrates how in the same experiment nascent and mature proteins can be quantified (SILAC
heavy and light) at each time point and thus enabling calculation of protein half-lives.

(b) In a multiplexed SILAC/TMT proteome dynamic experiment, TMT labels can be used to label proteins at different time points from the switch of SILAC medium
(Time-based multiplexing) or different treatment conditions (Condition-based multiplexing). The effect of time or of treatment on the production of newly
synthesized proteins and on the stability of mature proteins can then be monitored by MS based detection of labelled peptides.
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mass tag (TMT)-labeling of ten pulse time-points in a single
experiment allowed recording turnover data in a single mass
spectrometry experiment [85]. Application of the SPS (Syn-
chronous Precursor Selection) fragmentation technique
yielded accurate quantification and consequently the data
showed a high concordance to the standard dynamic SILAC
method while yielding more comprehensive data (6000
proteins on average). The accurate peptide level quantifica-
tion achieved with this approach further revealed isoform
and post-translational modification dependent effects on
protein turnover [85]. In a comparison of protein turnover
in resting versus dividing human fibroblast, time-based
multiplexing of turnover measurements revealed that, for
long-lived proteins, the increase in degradation is the pro-
teostatic measure that quiescent cells adopt to avoid massive
concentration [81].

In contrast to the above techniques ‘“multiplexed pro-
teome dynamics profiling’”’ (mPDP) is designed to enable
the discovery of dynamically synthesis and degradation
mechanisms in cellular systems [66]. This is achieved by
TMT-based multiplexing of different treatment condi-
tions in biological replicates (Fig. 3b). Multiplexing of
dynamic light-to-heavy and heavy-to-light SILAC labelled
samples allows for two biological replicates for each treat-
ment condition to be analyzed in parallel. In one repli-
cate, cells are first grown in light SILAC medium and
switched to the heavy SILAC medium prior to addition
of a compound, whereas in the other replicate heavy
SILAC converted cells are switched to the light SILAC
medium prior to compound addition. Cell samples are
extracted, followed by an optional enrichment step, e.g.
for protein kinases [8]. Protein samples are digested with
trypsin and peptides are labelled with TMT reagents,
mixed, and subjected to multiplexed analysis by mass
spectrometry. Because of the two-way dynamic SILAC
labelling at common time points, this strategy enables
the quantification of multiplexed isobaric signals from
mature proteins, that already existed when the SILAC
labels were swapped, as well as nascent proteins that were
synthesized after the label swap. As light and heavy la-
belled peptide ion signals will have identical intensities,
mature and nascent protein components from both bio-
logical replicates will be identified and quantified to the
same extent. When analyzing small molecule compounds
affecting cellular proteostasis by different mechanisms, it
was found that this approach allows detecting more subtle
effects on protein degradation than conventional dynam-
ic SILAC studies. The approach revealed an unanticipated
mechanism of a targeted degrader of the BET bromodo-
main family, elucidated distinct modes of action of estro-
gen receptor modulators, and provided the first
comprehensive classification HSP9O0 clients based on their
requirement for HSP90 constitutively or during synthesis.
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By combining dynamic SILAC labeling with dimethyl la-
beling of Lysine residues and N-termini, the study further
provided a comprehensive analysis of HSP90 clients in pri-
mary T-cells and classified clients in the presence or absence
of activated TCR pathway [66].

Proteomics approaches to measure protein homeostasis in
combination with chemical enrichment techniques

A technical difficulty associated with the pulsed SILAC ap-
proach is the fact that the newly synthesized proteins are
clearly under-represented compared to existing proteins and,
thus, the detection of the former pool by MS is challenging,
especially for low abundant proteins. The use of non-canoni-
cal amino acids containing small reactive groups amenable to
click-chemistry enables affinity-enrichment of newly synthe-
sized proteins circumventing this sensitivity issue and allows
the detection of nascent proteins after very short pulses
(Fig. 2).

By using the methionine surrogate azidohomoalanine
(AHA) in the cell culture medium followed by biotin attach-
ment with a click reaction and affinity purification on
streptavidin beads, Dieterich et al. identified newly synthe-
sized proteins after pulsed labeling with the modified amino
acid for as short as 2 h [23]. The ease of the recovery with no
apparent bias for methionine content, modification, locali-
zation or expression level of the modified protein makes this
method, called BONCAT for BioOrtogonal NonCanonical
Amino acid Tagging, an attractive alternative to stable iso-
tope labelling [23]. Homopropargylglycine (HPG) is an al-
ternative to AHA as it contains an alkyne instead of an azido
group on the methionine-like structure to allow the biortho-
gonal labelling reactions and has been used successfully for
the time-resolved analysis of protein synthesis and degrada-
tion in mammalian and bacterial cells [9,22,28]. The possi-
bility of attaching a fluorophore to such modified amino
acids enabled the localization of the newly synthesized
proteins in cells [74,86] including primary cells [23] and
has been used in vivo to study protein turnover in murine
tissues after injection of the clickable amino acid directly in
the animal [16].

Besides the fact that this method is blind for the 6% of
the expressed proteome which either does not carry a
single methionine residue or where the only, N-terminal
methionine is removed posttranslationally, the biggest
concern in this approach is that the folding of proteins
and thus their stability might be affected as shown by the
upregulation of HSPs and chaperones in samples labelled
with tagged non-canonical amino acids, [4]. The different
labelling methodologies have specific advantages but also
suffer from specific limitations: the possibility of using
two labelling methods at the same time would gain the
collective method advantages and compensate each
method limitations.
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Combination of BONCAT with pSILAC methods enabled
monitoring protein turnover with highly accurate MS
quantification for a much larger number of proteins com-
pared to the use of the single approaches [4] and is partic-
ularly suitable for accurate determination of short lived
proteins. The combination with SILAC labelling allowed to
control for the effects of the azide modified amino acid in
protein abundancies and in stimulation of heat shock
response and showed that the use of a 30:1 mix of AHA
and Met reduced substantially both biases. McShane et al.
used such a combined SILAC and pulsed AHA labeling
approach to discover that up to 10% of the proteome is
degraded following a non-exponential decay model sug-
gesting that for these proteins degradation is faster when
they are freshly synthesized and decay is slower once these
proteins are fully matured and part of protein complexes
[56]. Pulsed labeling of cells with a chemically modified
lipid precursor and stable isotope enriched amino acids
was recently applied to study the dynamics of post-trans-
lational modification and protein turnover [86] demon-
strating the versatility of approaches combining pulsed or
dynamic amino acid labeling with protein or post transla-
tional modification-specific reporters.

Proteomics approaches to understand mechanism of
action of drugs interfering with protein homeostasis

The elucidation of the biological processes and the identifi-
cation of the molecular players in ubiquitin-mediated protein
degradation, has offered opportunities for pharmacological
intervention to treat several diseases characterized by altered
proteolysis. These endeavors though, have not been straight-
forward because of the lack of classical catalytic pockets in the
various ubiquitin ligases and the fact that most of the activity
is mediated by protein-protein interactions [41]. Most efforts
have been directed against the proteasome, E3 ligases in
virtue of their higher specificity and the DUBs because of
their direct link to disease [58]. Thus far, most success has
come from targeting the proteasome with e.g. Bortezomib
being approved for the treatment of multiple myeloma in
2003 [75] and thalidomide and its second-generation deriva-
tives lenalidomide and pomalidomide, collectively known as
immune-modulatory drugs (IMiDs), used in the treatment of
hematological malignancies [30]. Originally introduced as a
sedative used to prevent nausea during pregnancy in the late
1950s Thalidomide was withdrawn in 1961 due to teratoge-
nicity and neuropathy [73]. In 2010 Ito et al. applied a
chemoproteomics approach performing affinity enrichment
experiments from human HelLa cell extracts with the carbox-
ylic thalidomide derivative FR259625 covalently conjugated
to ferriteglycidyl methacrylate beads and identified CRBN,
the substrate receptor of a Cullin-RING ubiquitin ligase
(CRL4“RBN) complex [42] as the efficacy target. Thalidomide
and its derivatives prevent the CRBN receptor from engaging
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an endogenous substrate [18]. IMiD binding to CRBN further
induces recruitment and degradation of the Ikaros/Aiolos
transcription factors and Casein Kinase 1 alpha (Ckla)
[47,52]. These factors probably represent neo-substrates,
which are exclusively degraded by CRLA“*®Y in the presence
of the drug and molecules with different substituents to the
phthalimide ring have been shown to degrade other proteins
with similar structure motifs [54]. Such molecular glues di-
rected to degrade proteins are of great interest for developing
selective degraders and expression proteomics and proteome
dynamics profiling techniques are invaluable to understand
their specificity.

A related approach that has recently gained traction is
based on bifunctional degraders commonly known as PRO-
teolysis-TArgeting Chimeras (PROTACs) [3,64]. These
molecules are comprised of two ligands, one recruiting
an E3 ligase and the other for engaging the target, that
are connected by a flexible linker. By exchanging either of
the ligands different targets can be degraded and different
E3 ligases can be engaged [14,49,62]. Assessing the selec-
tivity of such molecules is not trivial as both ligands may
bind to more than one protein at relevant doses and whilst
some off-targets may only be bound, others might be
functionally affected and another subset may be degraded
[13,14,66]. Apart from standard biochemical assay panels,
chemoproteomics approaches based on either affinity en-
richment methods [6] or based on structural features such
as Thermal Proteome Profiling [65] or limited proteolysis
(Lip-MS) [68] enable the proteome-wide assessment of li-
gand selectivity (Fig. 4). Expression proteomics or prote-
ome dynamics profiling enlights on the degraded target
proteins and downstream regulation of protein levels, thus
informing on the mechanism of action of the PROTACs
[13,66,83]. Proteome dynamics profiling methods such as
mPDP are of particular value as they enable distinguishing
degradation targets from proteins with reduced synthesis
due to downstream effects (Fig. 4). For example, the TREX
complex adapter protein FYTTD1 regulating mRNA export
from the nucleus was identified by thermal proteome pro-
filing as an off-target of the BET bromodomain inhibitor
JQ1. However, binding of the compound did not lead to
functional consequences. A JQ1-PROTAC, on the other
hand, was found to degrade FYTTD1, thus causing a strong
molecular phenotype due to mRNA accumulation in the
nucleus leading to an almost complete arrest of protein
synthesis [66]. Understanding the total selectivity of the
compounds enables a more comprehensive understanding
of PROTAC-MoA and the amplified contribution of poly-
pharmacology to phenotypic effects due to off-target deg-
radation. The proteomic profiling techniques summarized
in this chapter offer exquisite tools to investigate such
effects and to guide compound optimization for enhanced
selectivity.
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Fig. 4. Proteomics and chemoproteomics approaches to characterize chemical degraders.

The selectivity of the target- and of the E3 ligase- ligand of bifunctional chemical degraders (as PROTACs, molecular glues, IMiDs) can be assessed by a
chemoproteomics approach: the ligand is immobilized on a solid phase used to capture proteins from cell lysate which are subsequently identified by mass
spectrometry. Alternatively, Thermal Proteome Profiling can be used, which measures the change in thermal stability of proteins after treatment of the cells with

the ligand.

The selectivity of the degradation effect induced by the bifunctional molecule is measured by mass spectrometry-based quantification of the changes in expression
levels of all proteins in the cells: in a multiplexed protein dynamic experiment the effect of the chemical degrader on nascent and mature proteins can be

distinguished.

Conclusions

Accurate determination of protein synthesis and degradation
rates at a global scale is absolutely required to understand
regulation of proteostasis under physiological and pathologi-
cal conditions as well as in response to drug treatment. The
combination of different labelling methods with quantitative
mass spectrometry has enabled unbiased studies of protein
homeostasis at the proteome level. Integration of other un-
biased and large scale approaches such as transcriptomics,
ribosome profiling, or metabolomics is necessary to under-
stand mechanism and consequences of changes in protein
homeostasis [50,51].

Monitoring and quantifying changes at the level of the
proteome further reveals selectivity and downstream conse-
quences of drugs which cause protein degradation. In partic-
ular, target and off-target proteolysis induced by chemical
degraders might affect cell homeostasis in a different way
than just inhibiting those proteins. In addition, affinity
ligands present in PROTACs, molecular glues and hydropho-
bic patches might perturb the activity of endogenous E3
ligases or HSPs inducing additional changes in the proteome
then those dependent on the targeted proteins.

Single cell gene expression studies revealed that eukary-
otic cells modify transcriptional burst in relation to cell size

106 www.drugdiscoverytoday.com

to keep a constant concentration of mRNA species [76]. The
mechanisms by which this control is achieved are not
known nor it is clear whether a cell size dependent control
is exerted at the level of global protein homeostasis via i.e.
dynamic translation rates as demonstrated by an imaging
approach [34].

Development and application of proteomic methods at
single cell resolution will enable understanding cell to cell
heterogeneity in controlling protein homeostasis and pro-
vide the ultimate guide for developing safe and efficacious
chemical knockdown-based targeted therapies.
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