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Abstract
With the ever growing repertoire of drugs being developed,
new unbiased methods are urgently needed that allow fast
screening of protein targets and off-targets. Ideally, these
methods are capable of studying target engagement in a
cellular context and provide a link between drug and cellular
phenotype. Mass spectrometry based strategies provide an
excellent way to study drug-target interactions as well as drug
effects in a cellular context with excellent sensitivity and depth.
In order to perform unbiased drug target screening several
methods have been developed over the last years. In this
review, we discuss affinity pull-down approaches to study
direct drug-target interaction, methods which use alterations in
protein stability as a measure for drug binding and the bio-
logical relevance of PTM enrichments to study the effect of
inhibitors on cellular signalling.
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Introduction
An increasing number of small molecule inhibitors are

being approved by the FDA, calling for methods
enabling the dissemination of drug function at a mo-
lecular level. Especially drug target engagement studied
in a cellular context is extremely important as it will
provide a link between drug and cellular phenotype and
could explain possible side-effects or resistance mech-
anisms. Genetic approaches are well suited to identify
novel drug targets and genes which play a role in drug
function and development of resistance [1]. However,
genetic approaches only reveal drug-target interactions
indirectly. A change in drug sensitivity upon mutation or

overexpression of a specific gene merely shows a
possible influence of the gene, but does not prove direct
www.sciencedirect.com
drug-target interaction [2]. The same limitations hold
true for transcriptomic data. Even though the extent of
gene transcription can be determined, the correlation
between mRNA levels and protein abundance is still a
subject of debate [3]. More importantly, both genomics
and transcriptomics lack the ability to determine the
role of often short lived and reversible events like post-

translational modifications (PTMs), protein localisation
and proteineprotein interactions. On the contrary, this
information is retained within proteomics data,
providing essential information on the regulation of
cellular signalling during drug treatment which might
explain off-targets and side effects and provide clues to
the development of drug resistance which is not caused
by mutations. Shotgun proteomics focusses on proteins
in a discovery-based manner, resulting in an unbiased
representation of the phenotype and molecular land-
scape [4]. Recent advances made in the proteomics

field, such as the development of the Orbitrap mass
analyser and Fusion Tribrid instruments, have made it
possible to measure and quantify the proteome with
high accuracy and great depth. By using optimised
sample preparation, fractionation and enrichment stra-
tegies preceding LC-MS/MS analysis, different aspects
of the proteome can be explored.

In this review, we will list and discuss different ways of
fractionation and enrichment before LC-MS/MS anal-
ysis to study both drug function and perturbation of

cellular signalling induced by small molecule inhibitors,
with a focus on direct drug-target interactions, struc-
tural changes and PTMs (see Figure 1).
Direct drug-target interaction
The classical in-vitro workflow used to identify drug-
target interactions is an affinity-based protein profiling
(AfBPP) approach. This approach is based on a single
specific compound immobilized on a solid support,
which is incubated with a complex cell lysate. After
elution, interacting proteins are detected with LC-MS/
MS analysis (see Figure 2) [5]. These methods are
suitable to screen for both on- and off-targets, to eval-
uate drug specificity (by performing a competition
experiment in which increasing concentrations of free
drug are titrated into the lysates or on cells), and to

detect changes in binding affinity or interactome be-
tween different conditions [6]. Examples of the suc-
cessful implementation of this compound centric
approach are the target profiling of the chronic myeloid
leukaemia drug Dasatinib, originally designed to target
Bcr-Abl and Src [7] and Gefitinib, a first generation
EGFR inhibitor [8] (More examples are listed in
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Figure 1

Overview of discussed topics. Mass spectrometry is a suitable technique to study drug function in complex systems. Moreover, several strategies of
sample preparation preceding MS analysis can be used to focus on a particular part of the proteome. Here, we highlight methods to study drug-induced
effects on the proteome, with the focus on pull downs to study direct drug-target interactions, methods to study structural changes induced by ligand
binding and complex formation and enrichment strategies to study post-translational modifications.
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Table 1). Even though this approach is straightforward,
introduction of a chemical modification, which is
needed to immobilize the compound to a support, might

influence the bioactivity of the small molecule. In
addition, compounds that cannot be chemically immo-
bilised cannot be analysed using a compound centric
approach. An elegant solution to this problem is exem-
plified by approaches like the kinobead [9], mixed in-
hibitor bead (MIB) [10] or HDAC probes [11] in which
a mixture of broad spectrum inhibitors is immobilized
on beads. Using these beads, an entire enzyme class can
be enriched from a complex cell lysate. Similar to a
compound centric approach, these broad-spectrum
binding probes can then be used in a competition

experiment with a free drug. However, in contrast to a
compound-centric approach, these probes are suitable
for high-throughput screening, since it is no longer
necessary to produce a compound-matrix structure for
each individual compound of interest because the same
probe can be used for each experiment [��12]. In
addition, these broad binding probes can be used as
global enrichment tools for enzyme classes of interest.
Several enzyme classes, like kinases or HDACs, are
Current Opinion in Systems Biology 2018, 10:9–18
often low abundant, despite their essential role in
modulating cellular signalling, and therefore difficult to
study using shotgun proteomics. By enriching a subset

of enzymes, rather than profiling the proteome, changes
in protein abundances and alterations of PTMs which
are induced by drug treatment can now be studied in
more depth. Some studies using broad-spectrum kinase
enrichment have claimed a correlation between affinity
and activity [10], however this has recently been
opposed [�13].

A similar method to study low abundant enzymes and
therefore drug function is the use of an activity-based
pull down strategy (ABPs). Here a warhead binds a

class of enzymes based on their specific enzymatic ac-
tivity. The warhead is bound to a fluorescent or radio-
active probe, which can be visualised on a denaturing gel
[14]. With the introduction of MS, ABPs tags were re-
designed, in which the reactive group is combined
with an affinity tag like biotin. This allows the inter-
actors to be purified and subsequently analysed from
complex samples, an approach which is called activity-
based protein profiling (ABPP) (see Figure 2) [15].
www.sciencedirect.com
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Figure 2

Overview of discussed pull down approaches to study direct drug-target interactions. An inhibitor immobilised on an affinity handle can be used to purify
direct interactors from a complex lysate, which are subsequently analysed with MS. This approach can be used to identify both on- and off-targets. An
alternative approach is the use of a broad-spectrum binding probe, which can be used to study an entire enzyme class, or in a competition assay
combined with a free drug to determine drug selectivity.
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Like broad-spectrum binding probes, as described,
ABPPs can be used as a global enrichment strategy to
study regulation of low abundant, but crucial, enzymes,
or in a competition experiment with a free drug.
Theoretically, an ABPP probe can be made for every

enzyme class, for example methyltransferases [16],
proteases [17] hydrolases [18] and kinases [9,10,19,20]
(summarised in Table 1). Out of all enzyme classes,
kinases are of special interest as they have been impli-
cated in many human diseases [21], therefore several
different approaches have been developed to study this
enzyme class. Despite enriching the same proteins,
these methods all use slightly different methodologies,
making them partially complementary [22]. In either
method, a consecutive PTM enrichment makes it
possible to study modifications determining the regu-
lation of the enzyme with high confidence [23].
Structural changes as evaluation of drug-
target interaction
Besides affinity based chemical proteomic approaches,
other techniques can be used to measure drug target
www.sciencedirect.com
engagement. Drug-target interactions will cause
changes in structure and stability of the target protein,
thereby changing its behaviour, which can be detected
using limited proteolysis, chemical modifications or
thermal denaturation (see Figure 3).

Limited proteolysis: DARTS and LiP-MS
In the Drug Affinity Responsive Target Stability assay

(DARTS), a low concentration of broad specificity pro-
tease (e.g. thermolysin or Pronase) is added to cell
lysate, which causes partial proteolysis at exposed re-
gions of the proteins [24]. When a protein binds to a
ligand or compound, this protein might be stabilized and
protected from proteolysis, giving rise to a distinct
proteolytic pattern of peptides. By comparing the in-
tensity of proteins on a denaturing gel or the intensity of
peptides by MS, proteins which are stabilized by the
compound can be identified [25,�26].

An improvement of this technique is to combine the
partial proteolysis with a tryptic digestion step and
subsequently measure these peptides using MS [27].
Current Opinion in Systems Biology 2018, 10:9–18
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Table 1

Literature overview of pull down approaches. Table of literature describing pull down approaches. Listed are affinity matrix: single or
multiple (i.e. single inhibitor/compound or library immobilised on stationary phase), enzyme class targeted by the probe, a description of
the design of the affinity or activity compound used for pull down and predicted targets, if listed in the respective paper.

Affinity matrix Enzyme class Affinity/Activity compound Known/predicted targets Reference

Single Kinase Dasatinib c-Src; c-Abl [7]
Single Kinase Gefitinib EGFR [8]
Single Methyltransferase 3-Deazaneplanocin A (DzNeP) S-adenosyl-L-homocysteine

hydrolase (SAHH); EZH2
[61]

Single Lipase Orlistat Fatty acid synthase (FAS) [62]
Single E3 ligase complex Thalidomide [63]
Single PARP1/2 family XAV939 Wnt pathway [6]
Single Kinase MLN8237 Aurora A Kinase (AKA) [64]
Single Kinase PF-6274484; PCI-32765;

Inhibitor 5a, 7b; Afatinib
EGFR; BTK [65]

Single Kinases (ATP probe) Lysine in the ATP pocket [20]
Single Proteases Active site cysteine or serine [17]
Single Glycoside hydrolases 2-deoxy-2-fluoroxylobioside [18]
Single Methyltransferases S-adenosyl-L-homocysteine (SAH) core [16]
Single Serine hydrolases TAMRA-fluorophosphonate (FP-TAMRA) [66]
Multiple Methyltransferases 12 small molecules containing tetrazole

library (Gn; n = 1–12)
DNMT 1 [67]

Multiple HDACs SAHA, givinostat [11]
Multiple Kinases (CTx-0294885) Multiple kinase inhibitors [68]
Multiple Kinases (kinobeads) Several inhibitors; beads [9,12,19]
Multiple Kinases (MIBs) Several inhibitors; multi-column [10]
Multiple Metalloproteases Probe library of succinyl Hx scaffolds

(HxBPyne probes)
[69]

a Inhibitor 5: (R,E)-1-(3-(4-Amino-3-(4-phenoxyphenyl)-1H-pyrazolo [3,4-d]pyrimidin-1-yl)piperidin-1-yl)but-2-en-1-one.
b Inhibitor 7: (E)eN-(4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-yl)-4-(dimethylamino)but-2-enamide.

12 Pharmacology and drug discovery
This allows proteins to be measured on the proteome-
wide level, instead of only detecting high abundant
proteins using gel-based strategies. Others have used
the same approach but focussed the MS analysis on the
peptide level, called limited proteolysis mass spec-
trometry (LiP-MS) [28,�29]. By comparing the in-
tensity of specific peptides in the limited proteolysis
condition versus a trypsin-only control, the exact region
in which a structural change occurs can be determined.

A limitation of DARTS or LiP-MS is the possible labo-
rious optimization of the partially proteolytic conditions
for every experiment. In addition, it might be difficult to
detect the proteolytic protected peptides in the com-
plex background of unaffected peptides, although this
could be circumvented using fractionation. Further-
more, limited proteolysis is only applicable to soluble
proteins due to the native extraction conditions.

An attractive and straightforward alternative is called
Pulse Proteolysis [30,31]. In Pulse Proteolysis, the lysate

is shortly incubated with a broad specificity protease in
the presence or absence of a ligand and at different
concentrations of denaturant. By only shortly incubating
the lysate with protease, folded proteins will be unaf-
fected while unfolded proteins will be digested. Sub-
sequently, the lysate is analysed on a gel and by
Current Opinion in Systems Biology 2018, 10:9–18
comparing the intensities of the bands at different
denaturant concentrations, a conclusion can be made
concerning the stability of the protein. Bands of interest
can then be subjected to in-gel digestion and identified
using mass spectrometry. This technique can also be
used to measure the stability of membrane proteins
[32].

Chemical modification: SPROX and SMTA
An alternative method of determining protein structure
and stability is Stability of Proteins from Rate of
Oxidation (SPROX) [33,34]. In SPROX, hydrogen

peroxide induced oxidation of globally protected
methionine residues at increasing concentrations of
chemical denaturant is used as a measure for stability.
The addition of chemical denaturant will unfold the
protein, making previously protected methionine resi-
dues susceptible for oxidation. By MS-based quantifi-
cation of the rate of oxidation at increasing
concentration of denaturant, a conclusion can be made
on the stability of the protein in either the presence or
absence of drugs [35e37]. Subsequently, it is possible to
measure binding affinity and domain-based stabiliza-

tion. A limitation of this technique is the sole applica-
tion to proteins containing protected methionine
residues. In addition, SPROX needs a large amount of
input material. Lastly, SPROX is not amendable to
www.sciencedirect.com
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Figure 3

Structural changes as evaluation of drug-target interactions. Overview of the different principles to evaluate protein-drug target engagement effects. In
limited proteolysis a broad specificity protease is used to cleave exposed regions of the protein. This altered digestion pattern is detected using
denaturing gel in DARTS, after which the protein can be identified using MS. In LiP-MS the limited proteolysis step is followed by total digestion using
trypsin and detection using MS. In TPP, the ligand stabilizes the protein against thermal denaturation, which can be detected by a shift in melting curve.
This method can be used to identify drug-ligand interactions on a protein level. Similarly, in SPROX the rate of unfolding due to a chemical denaturant is
determined by oxidizing exposed methionine residues by hydrogen peroxide. This method is able to gain detailed information of the structural changes
due to protein–protein interactions on a peptide level.
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membrane proteins, where the chemical induced

denaturation is limited due to the lipid bilayer. To in-
crease the scope of SPROX to peptides which do not
contain methionine residues, s-methyl thioacetimidate
(SMTA) can been used, which causes amidination of
buried lysine residues [38]. Since SPROX and SMTA
protocols target different amino acids, they are compli-
mentary, thereby improving the effectiveness of this
technique [38].

Temperature based: CETSA and TPP
When a protein is subjected to high temperatures, it will
start to irreversibly unfold, revealing the hydrophobic
core and precipitate. However, when a ligand or com-
pound is bound, the protein stabilizes and the melting

point of the complex increases. Consequently, an
increased melting point of a protein is indicative of
complex formation. In the Cellular Thermal Shift Assay
(CETSA), aliquots of lysate or intact cells, which are
treated with a drug or vehicle, are subjected to a range of
temperature points after which the remaining soluble
protein amount is determined using western blot
[39,�40]. Drug-target interactions can be detected by a
difference in protein intensity in vehicle versus drug
conditions. The limitation of this method lies in the
antibody based detection, as it requires prior knowledge
www.sciencedirect.com
of the target to be analysed as well as the availability of

specific antibodies for the target.

In order to deal with these limitations and to allow full
proteome probing, this technique has been combined
with quantitative MS, called thermal proteome profiling
(TPP) [41]. The use of TMT 10 plex for ten different
temperature points makes it possible to measure a
complete melting curve in a single LC-MS/MS run. A
big advantage of temperature based profiling is that it
can be used on both intact cells and lysates. When drug
treatment is performed on intact cells, the cellular

environment remains intact. Therefore, it might be
possible to not only detect the direct target of the
compound but also downstream processes due to (in)
activation of the target protein.

However, this method has some limitations. Firstly, TPP
does not achieve peptide level resolution, when
compared to LiP-MS, therefore it is difficult to deter-
mine thermal sensitivity of a specific protein domain.
Also, in the original protocol, only soluble proteins were
analysed while insoluble proteins, such as membrane

proteins, were removed before analysis. Later however,
it was shown that by adding a mild detergent to the lysis
buffer membrane proteins are solubilized, making them
Current Opinion in Systems Biology 2018, 10:9–18
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amendable for analysis [42]. Furthermore, some proteins
do not show thermal stabilization due to ligand binding,
limiting the detection of target engagement effects of
these proteins. Lastly, the huge amount of data gener-
ated by measuring the whole proteome at the different
temperature points can make it difficult to extract
valuable information.

Numerous variations on TPP exist. Savitski et al. [41]
developed a TPP-concentration range assay, which can
be used to measure the affinity between ligand and
proteins. Becher et al. [��43] developed 2D-TPP, in
which they combined 12 temperature points with 5
different drug concentrations. The 2D-TPP assay is
more sensitive and can be used to directly measure af-
finities of stabilized proteins. Lastly, Leuenberger et al.
[��44] combined the possibilities of TPP with LiP-MS,
which they used to measure thermostability on a pro-
teomic scale with domain-level resolution. Recently,

Tan et al. [45] developed a variant of TPP which they
called thermal proximity coaggregation, which can be
used to monitor intracellular protein complex dynamics.
Table 2

Literature overview of PTM enrichment strategies. Many
different approaches of PTM enrichment have been developed
over recent years. The method of enrichment is largely deter-
minded by the type of PTM, although different approaches are
possible, allowing for different applications. A large body of
literature exist on the topic, therefore a small sample of PTM
enrichment approaches described in literature are listed here as
a starting point of further exploration of the desired topic.

Post-translational
modification

Method of enrichment Reference

Phosphorylation (pTyr) immunopurification [70]
Ubiquitination immunopurification [71,72]
SUMOylation IMAC and

immunopurification
[73,74]

Lysine and arginine
Methylation

immunopurification [75,76]

Lysine acetylation immunopurification [77,78]
O-GlcNAcylation immunopurification [79]
Phosphorylation (pHis) Immunopurification [80]
Cysteine oxidation Affinity purification [81,82]
ADP-ribosylation PARP/PARG inhibitors

combined with
affinity-purification

[83,60]

Glycosylation Leptin magnetic
bead array (LeMBA)

[84]

O-GlcNAcylation biotin alkyne probe
combined with
click-chemistry

[85,86]

Glycosylation Boronic acid purification [87]
Ubiquitination ThUBD [88]
Phosphorylation

(pSer, pThr)
Fe3+-IMAC [89]

Phosphorylation
(pSer, pThr, pTyr)

TiO4 chromatography;
pY antibodies

[90]

Phosphorylation
(pSer, pThr)

TiO4 chromatography [91]
Post-translational modifications
Many small molecule inhibitors that are being devel-
oped target enzymes that catalyse post-translational
modification (PTMs) of effector proteins. A multitude
of possible PTMs affect protein function in terms of
turnover, activity, localisation and complex formation,
thereby changing a variety of signalling pathways in the
cell [46]. Therefore, it is equally important to study
direct compound-target interactions as well as the in-
direct effects of drugs on the PTM landscape upon drug
exposure, during treatment and upon development of

drug resistance. Peptides carrying PTMs have low stoi-
chiometry compared to their unmodified counterpart,
making enrichment before MS analysis a recommended
step. PTM enrichments have been developed for several
different PTMs, using various approaches [��47]. A
large body of literature exists on enrichment techniques
(a selection has been listed in Table 2), therefore this is
not further addressed in this review.

The analysis of PTMs can be used to answer a variety of
biological questions in the study to discover drug func-

tion. First of all, the discovery based MS approaches are
able to determine both direct on-target [48,49], as well as
off-target effects [50]. For example, differences in
phenotype and additive effect upon treatment with two
MEK inhibitors, targeting the same pathway, could be
explained by resolving drug induced changes on a PTM
level [51]. In addition to detecting immediate effects,
changes on a PTM level induced by long-term treatment
can explain drug resistance development. For example,
the study of the phospho-proteome of a Lapatinib
resistant breast cancer cell line led to the discovery of

altered signalling pathways responsible for the acquired
Current Opinion in Systems Biology 2018, 10:9–18
resistance, in addition to genetic mutations and changes
in protein expression [52]. Lastly, since PTMs can
determine the activity or function of a protein, they can
be used as a biomarker. By integrating data of phospho-
proteomes combined with information on responses,
mutation and other metadata, a phospho-proteomic
signature reveals hallmarks of disease related signalling
[53]. Subsequently, a prediction can be made about the

drug response in a specific patient, which can play a role
in the determination of the type of treatment.

Some general challenges in PTM enrichment have been
described, of which some excellent reviews have been
written [��47]. A major technical challenge is the large
amount of starting material often necessary. Increased
enrichment specificity and MS sensitivity are necessary
to perform larger scale, high-throughput experiments
and/or to perform analysis on clinical material [54]. In
addition, some modifications, like cysteine oxidation,

are highly unstable, so sample handling should be opti-
mised to preserve these PTMs. In addition to specific
enrichment, MS/MS settings can be optimized, fitted to
www.sciencedirect.com
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the PTM in question, to get the best quality data [�55].
Different fragmentation methods (HCD [56], ETD
[57], EtHCD [58], or a combination of techniques
[59,60]) are available for optimal fragmentation of
(labile) PTMs. These methods allow both the high
confidence sequence determination as well as reliable
site localization of modified peptides.
Outlook
MS based methods are able to provide detailed knowl-
edge which advances our understanding of unexplored
cellular signalling pathways, creating opportunities to
resolve drug function. MS-based technology can find

novel drug targets, determine off-targets or show an
unknown potential in an alternative application than a
drug was designed for. Furthermore, proteome wide
screening of biological systems can result in under-
standing of resistance development against an inhibitor
or can reveal useful biomarkers. Despite its potential,
clinical application of MS technology is still in an early
phase. MS experiments are time consuming when
analytical depth is required, moreover, a great part of the
scientific community does not have access to MS
facilities.

Over the last decades, exciting technical advances in the
MS field have made it possible to reach further in the
proteome than ever before. The current challenge,
however, is the vast amount of data produced, risking
the true meaning of it to be lost. Therefore, it is
important to focus the data acquisition by combining
different analytical tools with MS analysis in order to
reduce complexity and extract the most useful infor-
mation from separate parts of a proteome. For this pur-
pose, existing protocols can be altered to make them
compatible with MS. Although several examples already

exist in literature, more development needs to be done
for chemical strategies to be implemented into MS
based research. Ultimately, the right combination of
inventive methods coupled together with the extensive
reach of MS analysis will bring the most unambiguous
answers to biological challenges.
Conflict of interest
The authors declare no conflict of interest.

Acknowledgements
SL acknowledges support from the Netherlands Organization for Scientific
Research (NWO) through a VIDI grant (project 723.013.008).

References
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Cacace E, Kritikos G, Typas A: Chemical genetics in drug
discovery. Curr Opin Syst Biol 2017, 4:35–42.
www.sciencedirect.com
2. Palmer AC, Kishony R: Opposing effects of target over-
expression reveal drug mechanisms. Nat Commun 2014, 5:
1–8.

3. Vogel C, Marcotte EM: Insights into the regulation of protein
abundance from proteomic and transcriptomic analyses. Nat
Rev Genet 2012, 13:227–232.

4. Altelaar AFM, Munoz J, Heck AJR: Next-generation prote-
omics: towards an integrative view of proteome dynamics.
Nat Rev Genet 2013, 14:35–48.

5. Kawatani M, Osada H: Affinity-based target identification for
bioactive small molecules. MedChemComm 2014, 5:277.

6. Huang SA, Mishina YM, Liu S, Cheung A, Stegmeier F,
Michaud GA, Charlat O, Wiellette E, Zhang Y, Wiessner S, et al.:
Tankyrase inhibition stabilizes axin and antagonizes Wnt
signalling. Nature 2009, 461:614–620.

7. Shi H, Zhang CJ, Chen GYJ, Yao SQ: Cell-based proteome
profiling of potential Dasatinib targets by use of affinity-
based probes. J Am Chem Soc 2012, 134:3001–3014.

8. Brehmer D, Greff Z, Godl K, Blencke S, Kurtenbach A, Weber M,
Mu S, Klebl B, Cotten M, Daub H: Cellular targets of Gefitinib
cellular targets of Gefitinib. Cancer Res 2005, 65:379–382.

9. Bantscheff M, Eberhard D, Abraham Y, Bastuck S, Boesche M,
Hobson S, Mathieson T, Perrin J, Raida M, Rau C, et al.:
Quantitative chemical proteomics reveals mechanisms of
action of clinical ABL kinase inhibitors. Nat Biotechnol 2007,
25:1035–1044.

10. Duncan JS, Whittle MC, Nakamura K, Abell AN, Midland AA,
Zawistowski JS, Johnson NL, Granger DA, Jordan NV, Darr DB,
et al.: Dynamic reprogramming of the kinome in response to
targeted MEK inhibition in triple-negative breast cancer. Cell
2012, 149:307–321.

11. Bantscheff M, Hopf C, Savitski MM, Dittmann A, Grandi P,
Michon AM, Schlegl J, Abraham Y, Becher I, Bergamini G, et al.:
Chemoproteomics profiling of HDAC inhibitors reveals se-
lective targeting of HDAC complexes. Nat Biotechnol 2011, 29:
255–268.

12
��

. Klaeger S, Heinzlmeir S, Wilhelm M, Polzer H, Vick B, Koenig P-
A, Reinecke M, Ruprecht B, Petzoldt S, Meng C, et al.: The target
landscape of clinical kinase drugs. Science (80- ) 2017, 358.
eaan4368.

Using Kinobeads the authors screened 243 clinically available kinase
inhibitors for their selectivity. They mapped the “druggable” kinome
showing off-targets and their potential and quality.

13
�

. Ruprecht B, Zecha J, Heinzlmeir S, Médard G, Lemeer S,
Kuster B: Evaluation of kinase activity profiling using chemi-
cal proteomics. ACS Chem Biol 2015, 10:2743–2752.

In this paper different kinase pull down methods were evaluated for
their application to study activity of respective kinases. The authors
showed that the assumption that kinases are pulled down as a function
of their activity should be made with caution.

14. Evans MJ, Cravatt BF: Mechanism-based profiling of enzyme
families. Chem Rev 2006, 106:3279–3301.

15. Xiao Y, Wang Y: Global discovery of protein kinases and other
nucleotide-binding proteins by mass spectrometry. Mass
Spectrom Rev 2016, 35:601–619.

16. Horning BD, Suciu RM, Ghadiri DA, Ulanovskaya OA,
Matthews ML, Lum KM, Backus KM, Brown SJ, Rosen H,
Cravatt BF: Chemical proteomic profiling of human methyl-
transferases. J Am Chem Soc 2016, 138:13335–13343.

17. Fonovi�c M, Verhelst SHL, Sorum MT, Bogyo M: Proteomics
evaluation of chemically cleavable activity-based probes. Mol
Cell Proteomics 2007, 6:1761–1770.

18. Hekmat O, Kim YW, Williams SJ, He S, Withers SG: Active-site
peptide “fingerprinting” of glycosidases in complex mixtures
by mass spectrometry: discovery of a novel retaining b-1,4-
glycanase in Cellulomonas fimi. J Biol Chem 2005, 280:
35126–35135.

19. Médard G, Pachl F, Ruprecht B, Klaeger S, Heinzlmeir S, Helm D,
Qiao H, Ku X, Wilhelm M, Kuehne T, et al.: Optimized chemical
Current Opinion in Systems Biology 2018, 10:9–18

http://refhub.elsevier.com/S2452-3100(18)30006-4/sref1
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref1
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref2
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref2
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref2
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref3
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref3
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref3
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref4
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref4
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref4
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref5
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref5
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref6
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref6
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref6
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref6
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref7
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref7
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref7
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref8
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref8
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref8
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref9
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref9
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref9
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref9
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref9
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref10
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref10
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref10
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref10
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref10
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref11
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref11
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref11
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref11
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref11
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref12
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref12
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref12
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref12
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref13
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref13
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref13
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref14
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref14
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref15
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref15
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref15
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref16
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref16
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref16
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref16
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref17
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref17
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref17
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref17
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref18
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref18
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref18
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref18
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref18
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref19
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref19
www.sciencedirect.com/science/journal/24523100


16 Pharmacology and drug discovery
proteomics assay for kinase inhibitor profiling. J Proteome
Res 2015, 14:1574–1586.

20. Patricelli MP, Szardenings AK, Liyanage M, Nomanbhoy TK,
Wu M, Weissig H, Aban A, Chun D, Tanner S, Kozarich JW:
Functional interrogation of the kinome using nucleotide acyl
phosphates. Biochemistry 2007, 46:350–358.

21. Wu P, Nielsen TE, Clausen MH: Small-molecule kinase in-
hibitors: an analysis of FDA-approved drugs. Drug Discov
Today 2016, 21:5–10.

22. Lemeer S, Zörgiebel C, Ruprecht B, Kohl K, Kuster B: Comparing
immobilized kinase inhibitors and covalent ATP probes for
proteomic profiling of kinase expression and drug selectivity.
J Proteome Res 2013, 12:1723–1731.

23. Gridling M, Ficarro SB, Breitwieser FP, Song L, Parapatics K,
Colinge J, Haura EB, Marto JA, Superti-Furga G, Bennett KL,
et al.: Identification of kinase inhibitor targets in the lung
cancer microenvironment by chemical and phosphoproteo-
mics. Mol Canc Therapeut 2014, 13:2751–2762.

24. Lomenick B, Hao R, Jonai N, Chin RM, Aghajan M, Warburton S,
Wang J, Wu RP, Gomez F, Loo JA, et al.: Target identification
using drug affinity responsive target stability (DARTS). Proc
Natl Acad Sci 2009, 106:21984–21989.

25. Morretta E, Esposito R, Festa C, Riccio R, Casapullo A,
Monti MC: Discovering the biological target of 5-epi-sinu-
leptolide using a combination of proteomic approaches. Mar
Drugs 2017:15.

26
�

. Yang Z, Kuboyama T, Tohda C: A systematic strategy for
discovering a therapeutic drug for Alzheimer’s disease and
its target molecule. Front Pharmacol 2017, 8:1–13.

This paper nicely shows all the steps used in the evaluation of natural
medicines against Alzheimers disease. The authors showed the added
potential of DARTS in the determination of the mechanism of action of
the active metabolites.

27. Lomenick B, Jung G, Wohlschlegel JA, Huang J: Target identi-
fication using drug affinity responsive target stability
(DARTS). In Current protocols in chemical biology; 2011:
163–180.

28. Feng Y, De Franceschi G, Kahraman A, Soste M, Melnik A,
Boersema PJ, De Laureto PP, Nikolaev Y, Oliveira AP, Picotti P:
Global analysis of protein structural changes in complex
proteomes. Nat Biotechnol 2014, 32:1036–1044.

29
�

. Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T,
Kogadeeva M, Picotti P, Meissner F, Mann M, et al.: L-arginine
modulates T cell metabolism and enhances survival and anti-
tumor activity. Cell 2016, 167:829–842. e13.

In this paper, the authors studied the proteome and metabolome of
human naïve T cells following activation. They found a central role for L-
arginine, which controls glycolysis and mitochondrial activity. Using
LiP-MS they found L-arginine interactors, ranging in function from
mRNA splicing to DNA repair. It shows the added benefit of LiP-MS
besides proteomics and metabolomics to determine the effects of li-
gands on the cell.

30. Chang Y, Schlebach JP, VerHeul RA, Park C: Simplified pro-
teomics approach to discover protein-ligand interactions.
Protein Sci 2012, 21:1280–1287.

31. Park C, Marqusee S: Pulse proteolysis: a simple method for
quantitative determination of protein stability and ligand
binding. Nat Methods 2005, 2:207–212.

32. Schlebach JP, Kim MS, Joh NH, Bowie JU, Park C: Probing
membrane protein unfolding with pulse proteolysis. J Mol Biol
2011, 406:545–551.

33. West GM, Tang L, Fitzgerald MC: T. . hermodynamic analysis of
protein stability and ligand binding using a chemical modification-
and mass spectrometry-based strategy, vol. 80; 2008:
4175–4185.

34. Strickland EC, Geer MA, Tran DT, Adhikari J, West GM,
Dearmond PD, Xu Y, Fitzgerald MC: Thermodynamic analysis
of protein-ligand binding interactions in complex biological
mixtures using the stability of proteins from rates of oxida-
tion. Nat Protoc 2013, 8:148–161.
Current Opinion in Systems Biology 2018, 10:9–18
35. Liu F, Meng H, Fitzgerald MC: Large-scale analysis of breast
cancer-related conformational changes in proteins using
SILAC-SPROX. J Proteome Res 2017, 16:3277–3286.

36. Xu Y, Wallace MAG, Fitzgerald MC: Thermodynamic analysis
of the geldanamycin–Hsp 90 interaction in a whole cell lysate
using a mass spectrometry-based proteomics approach.
J Am Soc Mass Spectrom 2016, 27:1670–1676.

37. Geer MA, Fitzgerald MC: Characterization of the Saccharo-
myces cerevisiae ATP-Interactome using the iTRAQ-SPROX
Technique. J Am Soc Mass Spectrom 2016, 27:233–243.

38. Xu Y, Falk IN, Hallen MA, Fitzgerald MC: Mass spectrometry-
and lysine amidination-based protocol for thermodynamic
analysis of protein folding and ligand binding interactions.
Anal Chem 2011, 83:3555–3562.

39. Molina DM, Jafari R, Ignatushchenko M, Seki T, Larsson EA,
Dan C, Sreekumar L, Cao Y, Nordlund P:Monitoring drug target
engagement in cells and tissues using the cellular thermal
shift assay. Science (80- ) 2013, 341:84–88.

40
�

. Almqvist H, Axelsson H, Jafari R, Dan C, Mateus A,
Haraldsson M, Larsson A, Molina DM, Artursson P, Lundbäck T,
et al.: CETSA screening identifies known and novel thymi-
dylate synthase inhibitors and slow intracellular activation of
5-fluorouracil. Nat Commun 2016, 7:1–11.

Here, the authors reported the first compound library screening of
intracellular interactions. They found both known interactors of thymi-
dylate synthase but also found novel targets.

41. Savitski MM, Reinhard FBM, Franken H, Werner T, Savitski MF,
Eberhard D, Molina DM, Jafari R, Dovega RB, Klaeger S, et al.:
Tracking cancer drugs in living cells by thermal profiling of
the proteome. Science (80- ) 2014:346.

42. Reinhard FBM, Eberhard D, Werner T, Franken H, Childs D,
Doce C, Savitski MF, Huber W, Bantscheff M, Savitski MM, et al.:
Thermal proteome profiling monitors ligand interactions with
cellular membrane proteins. Nat Methods 2015, 12:1129–1131.

43
��

. Becher I, Werner T, Doce C, Zaal EA, Tögel I, Khan CA,
Rueger A, Muelbaier M, Salzer E, Berkers CR, et al.: Thermal
profiling reveals phenylalanine hydroxylase as an off-target
of panobinostat. Nat Chem Biol 2016, 12:908–910.

In this paper the authors nicely show the added sensitivity of 2D TPP
when compared with regular TPP. This approach allowed the direct
estimation of compound affinities. Also, they found novel interactors
with panobinostat, which could not be detected using conventional
TPP.

44
��

. Leuenberger P, Ganscha S, Kahraman A, Cappelletti V,
Boersema PJ, Von Mering C, Claassen M, Picotti P: Cell-wide
analysis of protein thermal unfolding reveals determinants of
thermostability. Science (80- ) 2017:355.

Here the authors showed the added benefit of combining 2 techniques:
LiP-MS together with thermal sensitivity. They evaluated domain-wide
melting points of proteins and also determined the characteristics of
a protein which make them thermally stable.

45. Tan CSH, Go KD, Bisteau X, Dai L, Yong CH, Prabhu N,
Ozturk MB, Lim YT, Sreekumar L, Lengqvist J, et al.: Thermal
proximity coaggregation for system-wide profiling of protein
complex dynamics in cells. Science (80- ) 2018, 346:1–11.

46. Beltrao P, Bork P, Krogan NJ, Van Noort V: Evolution and
functional cross-talk of protein post-translational modifica-
tions. Mol Syst Biol 2013, 9:1–13.

47
��

. Doll S, Burlingame AL: Mass spectrometry-based detection
and assignment of protein posttranslational modifications.
ACS Chem Biol 2015, 10:63–71.

This extensive review provides a clear overview of recent advances
made in the field of PTM enrichment combined with MS.

48. Hu C-W, Hsu C-L, Wang Y-C, Ishihama Y, Ku W-C, Huang H-C,
Juan H-F: Temporal phosphoproteome dynamics induced by
an ATP synthase inhibitor citreoviridin. Mol Cell Proteomics
2015, 14:3284–3298.

49. Zhu D, Hou L, Hu B, Zhao H, Sun J, Wang J, Meng X: Crosstalk
among proteome, acetylome and succinylome in colon
cancer HCT116 cell treated with sodium dichloroacetate. Sci
Rep 2016, 6:1–12.
www.sciencedirect.com

http://refhub.elsevier.com/S2452-3100(18)30006-4/sref19
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref19
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref20
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref20
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref20
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref20
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref21
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref21
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref21
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref22
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref22
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref22
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref22
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref23
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref23
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref23
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref23
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref23
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref24
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref24
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref24
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref24
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref25
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref25
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref25
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref25
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref26
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref26
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref26
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref27
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref27
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref27
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref27
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref28
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref28
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref28
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref28
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref29
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref29
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref29
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref29
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref30
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref30
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref30
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref31
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref31
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref31
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref32
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref32
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref32
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref33
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref33
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref33
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref33
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref34
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref34
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref34
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref34
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref34
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref35
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref35
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref35
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref36
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref36
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref36
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref36
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref37
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref37
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref37
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref38
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref38
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref38
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref38
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref39
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref39
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref39
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref39
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref40
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref40
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref40
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref40
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref40
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref41
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref41
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref41
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref41
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref42
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref42
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref42
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref42
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref43
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref43
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref43
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref43
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref44
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref44
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref44
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref44
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref45
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref45
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref45
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref45
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref46
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref46
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref46
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref47
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref47
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref47
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref48
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref48
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref48
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref48
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref49
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref49
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref49
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref49
www.sciencedirect.com/science/journal/24523100


MS based strategies for drug studies Mulder et al. 17
50. Kim J-Y, Welsh EA, Fang B, Bai Y, Kinose F, Eschrich SA,
Koomen JM, Haura EB: Phosphoproteomics reveals MAPK
inhibitors enhance MET- and EGFR-driven AKT signaling in
KRAS-mutant lung cancer. Mol Cancer Res 2016, 14:
1019–1029.

51. Stuart SA, Houel S, Lee T, Wang N, Old WM, Ahn NG:
A phosphoproteomic comparison of B-RAF V600E and MKK1/2
inhibitors in melanoma cells. Mol Cell Proteomics 2015, 14:
1599–1615.

52. Ruprecht B, Zaal EA, Zecha J, Wu W, Berkers CR, Kuster B,
Lemeer S: Lapatinib resistance in breast cancer cells is
accompanied by phosphorylation-mediated reprogramming
of glycolysis. Cancer Res 2017, 77:1842–1853.

53. Drake JM, Paull EO, Graham NA, Lee JK, Smith BA, Titz B,
Stoyanova T, Faltermeier CM, Uzunangelov V, Carlin DE, et al.:
Phosphoproteome integration reveals patient-specific net-
works in prostate cancer. Cell 2016, 166:1041–1054.

54. Post H, Penning R, Fitzpatrick MA, Garrigues LB, Wu W,
Macgillavry HD, Hoogenraad CC, Heck AJR, Altelaar AFM:
Robust, sensitive, and automated phosphopeptide enrich-
ment optimized for low sample amounts applied to primary
Hippocampal neurons. J Proteome Res 2017, 16:728–737.

55
�

. Ferries S, Perkins S, Brownridge PJ, Campbell A, Eyers PA,
Jones AR, Eyers CE: Evaluation of parameters for confident
phosphorylation site localization using an Orbitrap fusion
Tribrid mass spectrometer. J Proteome Res 2017, 16:
3448–3459.

An essential component of PTM analysis by MS is determining correct
site localisation. In this paper, eight different acquisition methods and
two different bioinformatics approaches to determine the most optimal
method for PTM analysis were compared.

56. Nagaraj N, D’Souza RCJ, Cox J, Olsen JV, Mann M: Feasibility
of large-scale phosphoproteomics with higher energy colli-
sional dissociation fragmentation. J Proteome Res 2010, 9:
6786–6794.

57. Porras-Yakushi TR, Sweredoski MJ, Hess S: ETD outperforms
CID and HCD in the analysis of the ubiquitylated proteome.
J Am Soc Mass Spectrom 2015, 26:1580–1587.

58. Yu Q, Shi X, Feng Y, Kent KC, Li L: Improving data quality and
preserving HCD-generated reporter ions with EThcD for
isobaric tag-based quantitative proteomics and proteome-
wide PTM studies. Anal Chim Acta 2017, 968:40–49.

59. Zeng WF, Liu MQ, Zhang Y, Wu JQ, Fang P, Peng C, Nie A,
Yan G, Cao W, Liu C, et al.: pGlyco: a pipeline for the identi-
fication of intact N-glycopeptides by using HCD- and CID-MS/
MS and MS3. Sci Rep 2016, 6:1–10.

60. Bilan V, Leutert M, Nanni P, Panse C, Hottiger MO: Combining
higher-energy collision dissociation and electron-transfer/
higher-energy collision dissociation fragmentation in a
product-dependent manner confidently assigns proteome-
wide ADP-ribose acceptor sites. Anal Chem 2017, 89:
1523–1530.

61. Tam EKW, Li Z, Goh YL, Cheng X, Wong SY,
Santhanakrishnan S, Chai CLL, Yao SQ: Cell-based proteome
profiling using an affinity-based probe (AfBP) derived from 3-
deazaneplanocin A (DzNep). Chem Asian J 2013, 8:
1818–1828.

62. Yang PY, Liu K, Ngai MH, Lear MJ, Wenk MR, Yao SQ: Activity-
based proteome profiling of potential cellular targets of orli-
stat - an FDA-approved drug with anti-tumor activities. J Am
Chem Soc 2010, 132:656–666.

63. Teratogenicity T, Ito T, Ando H, Suzuki T, Ogura T, Hotta K,
Imamura Y, Yamaguchi Y, Handa H: Identification of a primary
target of thalidomide teratogenicity. Science (80- ) 2010, 327:
1345–1351.

64. Su Y, Pan S, Li Z, Li L, Wu X, Hao P, Sze SK, Yao SQ: Multiplex
imaging and cellular target identification of kinase inhibitors
via an affinity-based proteome profiling approach. Sci Rep
2015, 5:1–10.

65. Lanning BR, Whitby LR, Dix MM, Douhan J, Gilbert AM, Hett EC,
Johnson TO, Joslyn C, Kath JC, Niessen S, et al.: A road map to
www.sciencedirect.com
evaluate the proteome-wide selectivity of covalent kinase
inhibitors. Nat Chem Biol 2014, 10:760–767.

66. van Esbroeck ACM, Janssen APA, Cognetta AB, Ogasawara D,
Shpak G, van der Kroeg M, Kantae V, Baggelaar MP, de
Vrij FMS, Deng H, et al.: Activity-based protein profiling re-
veals off-target proteins of the FAAH inhibitor BIA 10-2474.
Science (80- ) 2017, 356:1084–1087.

67. Zhu B, Ge J, Yao SQ: Developing new chemical tools for DNA
methyltransferase 1 (DNMT 1): a small-molecule activity-
based probe and novel tetrazole-containing inhibitors. Bioorg
Med Chem 2015, 23:2917–2927.

68. Zhang L, Holmes IP, Hochgräfe F, Walker SR, Ali NA,
Humphrey ES, Wu J, De Silva M, Kersten WJA, Connor T, et al.:
Characterization of the novel broad-spectrum kinase inhibi-
tor CTx-0294885 as an affinity reagent for mass
spectrometry-based kinome profiling. J Proteome Res 2013,
12:3104–3116.

69. Sieber SA, Niessen S, Hoover HS, Cravatt BF: Proteomic
profiling of metalloprotease activities with cocktails of active-
site probes. Nat Chem Biol 2006, 2:274–281.

70. Abe Y, Nagano M, Tada A, Adachi J, Tomonaga T: Deep
phosphotyrosine proteomics by optimization of phospho-
tyrosine enrichment and MS/MS parameters. J Proteome Res
2017, 16:1077–1086.

71. Kim W, Bennett EJ, Huttlin EL, Guo A, Li J, Possemato A,
Sowa ME, Rad R, Rush J, Comb MJ, et al.: Systematic and
quantitative assessment of the ubiquitin-modified proteome.
Mol Cell 2011, 44:325–340.

72. Rose CM, Isasa M, Ordureau A, Prado MA, Beausoleil SA,
Jedrychowski MP, Finley DJ, Harper JW, Gygi SP: Highly
multiplexed quantitative mass spectrometry analysis of
ubiquitylomes. Cell Syst 2016, 3:395–403.

73. Lamoliatte F, Caron D, Durette C, Mahrouche L, Maroui MA,
Caron-Lizotte O, Bonneil E, Chelbi-Alix MK, Thibault P: Large-
scale analysis of lysine SUMOylation by SUMO remnant
immunoaffinity profiling. Nat Commun 2014, 5.

74. Lamoliatte F, McManus FP, Maarifi G, Chelbi-Alix MK, Thibault P:
Uncovering the SUMOylation and ubiquitylation crosstalk in
human cells using sequential peptide immunopurification.
Nat Commun 2017, 8.

75. Wu Z, Cheng Z, Sun M, Wan X, Liu P, He T, Tan M, Zhao Y:
A chemical proteomics approach for global analysis of lysine
monomethylome profiling. Mol Cell Proteomics 2015, 14:
329–339.

76. Guo A, Gu H, Zhou J, Mulhern D, Wang Y, Lee KA, Yang V,
Aguiar M, Kornhauser J, Jia X, et al.: Immunoaffinity enrich-
ment and mass spectrometry analysis of protein methylation.
Mol Cell Proteomics 2014, 13:372–387.

77. Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M,
Walther TC, Olsen JV, Mann M: Lysine acetylation targets
protein complexes and Co-Regulates major cellular func-
tions. Science (80- ) 2009, 325:834–841.

78. Svinkina T, Gu H, Silva JC, Mertins P, Qiao J, Fereshetian S,
Jaffe JD, Kuhn E, Udeshi ND, Carr SA: Deep, quantitative
coverage of the lysine acetylome using novel anti-acetyl-
lysine antibodies and an optimized proteomic workflow. Mol
Cell Proteomics 2015, 14:2429–2440.

79. Lee A, Miller D, Henry R, Paruchuri VDP, O’Meally RN,
Boronina T, Cole RN, Zachara NE: Combined antibody/lectin
enrichment identifies extensive changes in the O-GlcNAc
sub-proteome upon oxidative stress. J Proteome Res 2016,
15:4318–4336.

80. Fuhs SR, Meisenhelder J, Aslanian A, Ma L, Zagorska A,
Stankova M, Binnie A, Al-Obeidi F, Mauger J, Lemke G, et al.:
Monoclonal 1- and 3-phosphohistidine antibodies: new
tools to study Histidine phosphorylation. Cell 2015, 162:
198–210.

81. Duan J, Gaffrey MJ, Qian W-J: Quantitative proteomic char-
acterization of redox-dependent post-translational modifica-
tions on protein cysteines. Mol Biosyst 2017, 13:816–829.
Current Opinion in Systems Biology 2018, 10:9–18

http://refhub.elsevier.com/S2452-3100(18)30006-4/sref50
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref50
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref50
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref50
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref50
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref51
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref51
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref51
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref51
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref51
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref52
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref52
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref52
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref52
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref53
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref53
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref53
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref53
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref54
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref54
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref54
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref54
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref54
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref55
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref55
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref55
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref55
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref55
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref56
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref56
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref56
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref56
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref57
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref57
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref57
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref58
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref58
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref58
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref58
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref59
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref59
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref59
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref59
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref60
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref60
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref60
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref60
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref60
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref60
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref61
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref61
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref61
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref61
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref61
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref62
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref62
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref62
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref62
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref63
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref63
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref63
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref63
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref64
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref64
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref64
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref64
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref65
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref65
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref65
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref65
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref66
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref66
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref66
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref66
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref66
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref67
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref67
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref67
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref67
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref68
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref68
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref68
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref68
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref68
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref68
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref69
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref69
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref69
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref70
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref70
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref70
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref70
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref71
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref71
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref71
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref71
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref72
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref72
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref72
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref72
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref73
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref73
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref73
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref73
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref74
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref74
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref74
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref74
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref75
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref75
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref75
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref75
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref76
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref76
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref76
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref76
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref77
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref77
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref77
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref77
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref78
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref78
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref78
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref78
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref78
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref79
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref79
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref79
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref79
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref79
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref80
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref80
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref80
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref80
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref80
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref81
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref81
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref81
www.sciencedirect.com/science/journal/24523100


18 Pharmacology and drug discovery
82. Guo J, Gaffrey MJ, Su D, Liu T, Camp DG, Smith RD, Qian WJ:
Resin-Assisted enrichment of thiols as a general strategy for
proteomic profiling of cysteine-based reversible modifica-
tions. Nat Protoc 2014, 9:64–75.

83. Martello R, Leutert M, Jungmichel S, Bilan V, Larsen SC,
Young C, Hottiger MO, Nielsen ML: Proteome-wide identifica-
tion of the endogenous ADP-ribosylome of mammalian cells
and tissue. Nat Commun 2016, 7:1–13.

84. Choi E, Loo D, Dennis JW, O’Leary CA, Hill MM: High-
throughput lectin magnetic bead array-coupled tandem mass
spectrometry for glycoprotein biomarker discovery. Electro-
phoresis 2011, 32:3564–3575.

85. Dehennaut V, Slomianny M-C, Page A, Vercoutter-Edouart A-S,
Jessus C, Michalski J-C, Vilain J-P, Bodart J-F, Lefebvre T:
Identification of structural and functional O-linked N-acetyl-
glucosamine-bearing proteins in Xenopus laevis oocyte. Mol
Cell Proteomics 2008, 7:2229–2245.

86. Kupferschmid M, Aquino-Gil MO, Shams-Eldin H, Schmidt J,
Yamakawa N, Krzewinski F, Schwarz RT, Lefebvre T: Identifi-
cation of O-GlcNAcylated proteins in Plasmodium falcipa-
rum. Malar J 2017, 16:485.
Current Opinion in Systems Biology 2018, 10:9–18
87. Chen W, Smeekens JM, Wu R: A universal chemical enrich-
ment method for mapping the yeast N -glycoproteome by
mass spectrometry (MS). Mol Cell Proteomics 2014, 13:
1563–1572.

88. Gao Y, Li Y, Zhang C, Zhao M, Deng C, Lan Q, Liu Z, Su N,
Wang J, Xu F, et al.: Enhanced purification of ubiquitinated
proteins by engineered tandem Hybrid ubiquitin-binding do-
mains (ThUBDs). Mol Cell Proteomics 2016, 15:1381–1396.

89. Ruprecht B, Koch H, Medard G, Mundt M, Kuster B, Lemeer S:
Comprehensive and reproducible phosphopeptide enrich-
ment using iron immobilized metal ion affinity chromatog-
raphy (Fe-IMAC) columns. Mol Cell Proteomics 2015, 14:
205–215.

90. Sharma K, D’Souza RCJ, Tyanova S, Schaab C, Wi�sniewski J,
Cox J, Mann M: Ultradeep human phosphoproteome reveals a
distinct regulatory nature of tyr and ser/thr-based signaling.
Cell Rep 2014, 8:1583–1594.

91. Thingholm TE, Jørgensen TJD, Jensen ON, Larsen MR: Highly
selective enrichment of phosphorylated peptides using tita-
nium dioxide. Nat Protoc 2006, 1:1929–1935.
www.sciencedirect.com

http://refhub.elsevier.com/S2452-3100(18)30006-4/sref82
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref82
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref82
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref82
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref83
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref83
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref83
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref83
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref84
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref84
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref84
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref84
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref85
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref85
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref85
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref85
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref85
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref86
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref86
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref86
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref86
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref87
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref87
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref87
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref87
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref88
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref88
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref88
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref88
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref89
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref89
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref89
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref89
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref89
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref90
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref90
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref90
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref90
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref90
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref91
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref91
http://refhub.elsevier.com/S2452-3100(18)30006-4/sref91
www.sciencedirect.com/science/journal/24523100

	Proteomic tools to study drug function
	Introduction
	Direct drug-target interaction
	Structural changes as evaluation of drug-target interaction
	Limited proteolysis: DARTS and LiP-MS
	Chemical modification: SPROX and SMTA
	Temperature based: CETSA and TPP

	Post-translational modifications
	Outlook
	Conflict of interest
	Acknowledgements
	References


