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Abstract

Thermal proteome profiling (TPP) is based on the principle that,
when subjected to heat, proteins denature and become insoluble.
Proteins can change their thermal stability upon interactions with
small molecules (such as drugs or metabolites), nucleic acids or
other proteins, or upon post-translational modifications. TPP uses
multiplexed quantitative mass spectrometry-based proteomics to
monitor the melting profile of thousands of expressed proteins.
Importantly, this approach can be performed in vitro, in situ, or
in vivo. It has been successfully applied to identify targets and off-
targets of drugs, or to study protein—-metabolite and protein—
protein interactions. Therefore, TPP provides a unique insight into
protein state and interactions in their native context and at a
proteome-wide level, allowing to study basic biological processes
and their underlying mechanisms.
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Introduction

The advent of mass spectrometry-based proteomics has transformed
the study of protein biology, by allowing for a global view of the
proteome in its native context (Aebersold & Mann, 2016). This
encompasses, for example, the study of protein abundances (Kim
et al, 2014; Wilhelm et al, 2014), turnover (Schwanhausser et al,
2011), localization (Geladaki et al, 2019), or post-translational
modifications (Potel et al, 2018). Recently, biophysical properties of
proteins have been explored and studied system-wide with proteo-
mics approaches.

Thermal proteome profiling (TPP; Savitski et al, 2014) combines
the principles of the cellular thermal shift assay (CETSA; Martinez
Molina et al, 2013) with multiplexed quantitative mass spectrome-
try-based proteomics (Werner et al, 2012, 2014). CETSA is based on
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the long-standing knowledge that, when heated, proteins denature
and generally become insoluble. With CETSA, the heating and
aggregation can be performed directly in whole cells, and the
soluble protein fraction at each temperature is determined, which
allows for generating an in vivo melting curve. The melting curve
profile is dependent on the context of the protein and can be altered
by interactions with small molecules, such as drugs (Martinez
Molina et al, 2013; Gad et al, 2014; Huber et al, 2014; Chan-Penebre
et al, 2015; Fig 1).

By determining the melting profile of all detected proteins, TPP
was initially developed to find targets and off-targets of drug-like
molecules (Savitski et al, 2014, 2018; Huber et al, 2015; Reinhard
et al, 2015; Becher et al, 2016; Mateus et al, 2016, 2018; Kitagawa
et al, 2017; Azimi et al, 2018; Hu et al, 2019; Sridharan et al,
2019a)—generally, binding of a drug to a protein leads to a thermal
stabilization of the protein (Fig 1). More recently, TPP has been
used to identify metabolite-binding proteins, mapping the proteins
which interact with different nucleotides (Huber et al, 2015;
preprint: Saei et al, 2018; Dziekan et al, 2019; Sridharan et al,
2019b), and unraveling that such interactions can be both promiscu-
ous [e.g., interactions with adenosine triphosphate (ATP)] and very
specific [e.g., interactions with thymidine monophosphate (dTMP)].
Binding to nucleic acids also leads to changes in protein thermal
stability (Becher et al, 2018).

Proteins have also been shown to change thermal stability upon
phosphorylation, illuminating the ability of TPP to capture intracel-
lular signaling. For example, inhibition of the BCR-ABL tyrosine
kinase by dasatinib leads to changes in thermal stability of proteins
of this signaling pathway, including CRKL (Savitski et al, 2014).
More recently, direct measurement of phosphorylated proteins has
shown that these can display a different melting profile compared to
their non-phosphorylated counterparts (Azimi et al, 2018; Huang
et al, 2019; preprint: Potel et al, 2020). Similarly, the redox state of
a protein can also alter its melting behavior (Sun et al, 2019), and
we anticipate that similar stabilization events are yet to be identified
for other types of post-translational modifications.

It was noted early on that kinase inhibitors stabilized not only
their kinase targets, but also their tightly interacting regulatory
subunits, showing that interacting proteins affect each other’s
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Figure 1. Thermal proteome profiling (TPP) provides proteome-wide
information on protein states and interactions.

TPP combines the principles of the cellular thermal shift assay (CETSA) with
multiplexed quantitative mass spectrometry-based proteomics. CETSA is based
on the principle that proteins denature and become insoluble when subjected to
heat. By monitoring the remaining soluble fraction at multiple temperatures,
melting profiles for each detected protein can be obtained. The melting profile
depends on the context of the protein and can be altered by interactions with
small molecules (such as drugs or metabolites), nucleic acids, or other proteins, or
post-translational modifications. CETSA and TPP can be applied in vitro, in situ,
and in vivo.

thermal stability (Savitski et al, 2014). Indeed, subsequent work has
shown that protein complex members tend to have similar melting
curves in vivo, which has been coined as thermal proximity coaggre-
gation (TPCA) and has been used to monitor protein complex
dynamics in their native state in the cell (Becher et al, 2018; Mateus
et al, 2018; Tan et al, 2018). Consistently, when a complex is
broken apart by genetically removing one of its members (gene
knock-out), the other complex members are thermally destabilized
(Mateus et al, 2018).

Hence, systematically monitoring changes in protein thermal
stability can facilitate the understanding of various cell processes,
from that of the downstream effects of drug treatment (Savitski
et al, 2014, 2018; Huber et al, 2015; Reinhard et al, 2015; Becher
et al, 2016; Mateus et al, 2016, 2018; Kitagawa et al, 2017; Azimi
et al, 2018; Hu et al, 2019) to the detailed study of the eukaryotic
cell cycle (Becher et al, 2018; Dai et al, 2018). This approach can be
applied to multiple cellular systems—including lysates, living cells,
tissues, or biological fluids—and extends beyond mammalian
species. The recent application of TPP to bacteria can expedite the
discovery of new antibiotics, by enabling the mapping of the targets
of new compounds and understanding of their resistance mecha-
nisms (Mateus et al, 2018). New antibiotics are urgently needed in
an era in which increasing resistance to existent molecules poses an
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imminent threat to public health (Brown & Wright, 2016; Tacconelli
et al, 2018).

We should emphasize that protein thermal stability is not
correlated with protein stability, which is generally described by the
protein half-life (Becher et al, 2018; Savitski et al, 2018). Neverthe-
less, there are some links between the two, such as that proteins in
complexes have both similar melting curves (TPCA) and similar
turnover (Mathieson et al, 2018) and that protein clients of HSP90
that require the chaperone throughout their lifetime have lower
thermal stability than clients that only require it during synthesis
(Savitski et al, 2018).

Thermal proteome profiling is part of a larger group of recently
developed tools based on proteome stability changes, which include
other methods to study heat-induced protein aggregation (Peng
et al, 2016; Xu et al, 2018), but also methods based on other princi-
ples such as the differential proteolytic access upon ligand binding,
or changes to protein interactions or conformation, termed limited
proteolysis (LiP; Feng et al, 2014; Leuenberger et al, 2017; Schopper
et al, 2017; Piazza et al, 2018), or the inferring of stability of
proteins from rates of oxidation (SPROX; Strickland et al, 2013).
TPP is so far the only method that allows these types of experiments
in living cells. This tutorial is focused on the TPP experimental
setup and its recent developments, the multiple data analysis strate-
gies, the current limitations of the methodology, and possible future
developments.

Thermal proteome profiling experimental setup

In broad terms, a TPP experiment consists of (i) preparation of the
cellular material and induction of perturbation; (ii) heat treatment;
(iii) collection of soluble protein fraction; (iv) mass spectrometry-
based proteomic analysis; and (v) data analysis (Fig 2). Step-by-step
protocols that describe the experiment in detail have been published
(Jafari et al, 2014; Franken et al, 2015). Here, we will highlight the
different choices that can be made at each step and detail recent
modifications that were not included in the published protocols
(Box 1).

Preparation of the cellular material and induction of perturbation
Cellular material

Thermal proteome profiling experiments start by the choice of the
biological system to study, i.e., cell extracts, intact cells, tissues, or
biological fluids (Fig 2; Box 2).

Cell extracts are prepared by lysis, which dilutes cellular contents
(such as proteins, metabolites, and co-factors) and greatly reduces
the normal cell metabolism. Therefore, cell extracts are generally
used to identify direct targets of perturbations (e.g., the protein(s) to
which a drug binds). The extracts can be prepared by mechanical
disruption of cells, for example, by douncing (Sridharan et al,
2019b) or freeze-thaw cycles (Savitski et al, 2014), which can be
further aided by enzymatic digestion of certain cell structures [e.g.,
addition of DNAse to reduce the viscosity of the lysate (Becher et al,
2018), or lysozyme or zymolyase to digest the bacterial or yeast cell
walls (Mateus et al, 2018; Ochoa et al, 2019)]. Care should be taken
when preparing cell extracts to ensure that proteins remain in their
native form—for example, the temperature should not be increased
dramatically, and degradation by proteases should be prevented.

© 2020 The Authors
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Box 1. Nomenclature of different method configurations

Thermal proteome profiling (TPP) is based on the principles of the
cellular thermal shift assay (CETSA) combined with mass spectrometry
(MS)-based proteomics. Therefore, some research groups use the term
MS-CETSA to describe TPP. In this tutorial, the term TPP is used
throughout, since that is the term used in the first publication and
better captures the proteome-wide aspect of the technology (Savitski
et al, 2014).

Some configurations of TPP have gotten specific names to indicate
how the samples are multiplexed for mass spectrometry analysis. The
original TPP approach (Savitski et al, 2014) is now generally termed
temperature range TPP (TPP-TR) to indicate that within the same
mass spectrometry experiment, a range of temperatures is multi-
plexed. During data analysis, these data are represented as melting
profiles for each protein. These types of experiments can be used to
compare multiple conditions (e.g., drug vs. vehicle, or gene knock-out
vs. wild type). However, it is generally less sensitive than the two-
dimensional approach (2D-TPP), since the different conditions are
analyzed in different mass spectrometry runs. TPP-TR is the basis of
thermal proximity coaggregation (TPCA), i.e, that proteins that inter-
act tend to have similar melting curves.

In the compound concentration range TPP (TPP-CCR) approach, also
introduced in the first TPP publication (Savitski et al, 2014), samples
from a single temperature, but from multiple compound concentra-
tions are multiplexed. These data are represented as dose-response
curves and can be used to estimate compound affinity and rank
compounds or targets (Savitski et al, 2014).

An extension of this approach is the 2D-TPP, in which a TPP-CCR
experiment is performed at multiple temperatures (Becher et al,
2016). This broadens the list of possible target proteins, since thermal
stabilization is generally only observed at temperatures close to the
apparent melting temperature (Tm). More recently, this approach has
been extended to discrete conditions (e.g, phases of the cell cycle
(Becher et al, 2018; Dai et al, 2018) or gene knock-outs (Mateus et al,
2018; Banzhaf et al, 2020)—in which there is not a dose-dependent
response, but each condition is compared to a control).

For the latter, protease inhibitors can be added to the lysis buffer.
However, this will prevent observing thermal shifts in these
proteins, and therefore, keeping the lysate at low temperature and
minimizing the experiment time are generally sufficient to guarantee
that proteins are not degraded. The lysates can be clarified by
centrifugation to remove insoluble proteins, such as membrane
proteins and protein condensates (Savitski et al, 2014), although
crude lysates have been successfully used (Savitski et al, 2018;
Sridharan et al, 2019b). The latter allow the study of the whole
proteome in near native conditions (e.g., preserving most protein
complexes and membrane proteins), which has allowed the study of
interactions with molecules that cannot enter intact cells, e.g., ATP
(Sridharan et al, 2019b). The use of detergents to facilitate cell lysis
or to solubilize membrane proteins is not recommended at this
point, since it has been shown to alter the melting point of proteins
(Reinhard et al, 2015)—these can be added after the heat treatment,
as described below.

Intact cells preserve the physiology of the cell allowing the study
of downstream effects of the perturbation (e.g., the (de)activation of
a metabolic pathway, or changes in protein levels, or post-transla-
tional modifications). In theory, any cell type can be used, provided
that the lysis method does not resolubilize the heat-induced insol-
uble protein fraction. To date, the method has been used to profile
bacteria (Peng et al, 2016; Mateus et al, 2018), yeast (Ochoa et al,
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Box 2. Choice of cellular material

The choice of cellular material depends on the aim of the experiment.
Cell extracts can be used if the objective is to identify the protein
targets of a compound (i.e, the proteins to which a compound binds).
Performing the same experiment in intact cells or tissues will provide
not only the direct targets, but also any downstream effects of their
inhibition (i.e., changes in protein abundance or thermal stability that
are the result of the cell responding to the perturbation).

2019; preprint: Viéitez et al, 2019), intracellular parasites (Dziekan
et al, 2019), plant cells (Volkening et al, 2019), or mammalian cells
(Savitski et al, 2014).

Intact tissues can also be used to preserve the in vivo context
of cells (Martinez Molina et al, 2013; Ishii et al, 2017; Perrin et al,
2020). These can either be collected and treated with a perturba-
tion, or be collected after the perturbation is performed in the
whole organism and systematically analyzed (Perrin et al, 2020).
This allows the collection of multiple tissues from a single animal,
which provides a holistic view of the perturbation in the organ-
ism. Biological fluids, such as blood, can also be collected (Perrin
et al, 2020). In the future, these might offer new therapeutic moni-
toring strategies or disease biomarkers.

Perturbation

Thermal proteome profiling can be applied without any perturbation
(other than temperature) to study the melting behavior of proteins
in situ, unraveling diverse properties of cellular systems, such as
that physically interacting proteins have similar melting profiles
(Becher et al, 2018; Mateus et al, 2018; Tan et al, 2018).

More commonly, TPP experiments involve chemical [e.g., drug
(Azimi et al, 2018; Becher et al, 2016; Hu et al, 2019; Huber et al,
2015; Kitagawa et al, 2017; Mateus et al, 2018, 2016; Reinhard et al,
2015; Savitski et al, 2014, 2018); or metabolite (preprint: Saei et al,
2018; Dziekan et al, 2019; Sridharan et al, 2019b)], genetic [e.g.,
gene knock-out (Mateus et al, 2018; Banzhaf et al, 2020)], or enzy-
matic (preprint: Saei et al, 2018) perturbations; or different cell
states [different phase of the cell cycle (Becher et al, 2018; Dai et al,
2018), or growth phase (Mateus et al, 2018); Fig 2]. Some of the
perturbations can be applied in a dose-dependent manner (Becher
et al, 2016) or time-dependent manner (Becher et al, 2018; Dai
et al, 2018) to improve data analysis or facilitate mechanistic under-
standing of the perturbation (Fig 2). Using this approach, it has
been possible to deconvolute drug targets (Savitski et al, 2014,
2018; Huber et al, 2015; Reinhard et al, 2015; Becher et al, 2016;
Mateus et al, 2016, 2018; Kitagawa et al, 2017; Azimi et al, 2018;
Hu et al, 2019) and enzyme substrates (preprint: Saei et al, 2018),
study metabolic shifts (Becher et al, 2018; Dai et al, 2018; Mateus
et al, 2018), or identify protein—protein interactions (Tan et al,
2018).

Heat treatment

The next step in a TPP experiment is subjecting the samples to a
heat cycle [at a single (Dai et al, 2018; Franken et al, 2015) or,
more commonly, multiple temperatures], which is generally
performed in small volumes in a thermocycler, for rapid and
homogenous heat transfer (Fig 2). Usually, samples are heated for
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Figure 2. Thermal proteome profiling (TPP) experimental setup.
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(A) TPP starts by the choice of cellular material to study: cell extracts, intact cells, tissues, or biological fluids, from any domain of life (Archaea, Bacteria, or Eukarya, the latter
including Protista, Fungi, Plantae, or Animalia). (B) A perturbation can then be induced: commonly a chemical (e.g., drug or metabolite), genetic (e.g., gene knock-out or

overexpression, or point mutation in a gene), environmental, or enzymatic perturbation. Some of these can be applied in a dose- or time-dependent manner. (C) Samples are
then subjected to a short heat treatment to induce protein aggregation. (D) The remaining soluble fraction at each temperature is collected after ultracentrifugation or using
multi-well filter plates. (E) Samples are processed using a bottom-up proteomics workflow, generally using isobaric tandem mass tags (TMT). Labeled peptides are combined

and fractionated. (f) Peptides are analyzed by mass spectrometry.

3 min, which was initially shown to be sufficient to induce intra-
cellular protein aggregation (Martinez Molina et al, 2013). The
temperatures should range from a point in which the proteome is
not affected, to a point in which the majority of the proteome
has become insoluble. Therefore, these need to be adjusted
depending on the optimal growth temperature of each organism.
The number of temperatures probed is generally limited by

4 of 11 Molecular Systems Biology ~16: €9232 | 2020

practical terms (e.g., analytical capacity or possible range in the
thermocycler), although 10 or 12 temperatures with an average of
3-5°C between them have generally been used (a range of 30-
50°C). Wider ranges allow the study of larger fractions of the
proteome and better interspecies comparisons (Mateus et al,
2018), while smaller gaps can detect subtler shifts in melting
behavior (Becher et al, 2016).

© 2020 The Authors
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Collection of soluble protein fraction

After the heat treatment, the remaining soluble fraction at each
temperature needs to be extracted (Fig 2). If experiments are
performed with intact cells, the cells need to first be lysed. Similar
approaches to the ones described above in “Preparation of the cellu-
lar material and induction of perturbation” can be used. However,
at this point, mild detergents that do not resolubilize the insoluble
protein fraction can be used [e.g., NP40 (up to 0.8%), or DDM (up
to 1%; Huber et al, 2015; Reinhard et al, 2015; Hashimoto et al,
2018)], which allows monitoring thermal stability shifts in
membrane proteins (Reinhard et al, 2015). Ultracentrifugation is
then used to precipitate the insoluble protein fraction, and gener-
ally, the supernatant (soluble fraction) is collected (Savitski et al,
2014)—the analysis of the insoluble fraction is also possible, an
approach termed target identification by ligand stabilization (TILS),
which is claimed by the authors to increase the sensitivity of the
method but that has not been further explored (Peng et al, 2016).
More recently, the soluble protein fraction has been extracted using
multi-well filter plates at low centrifugation speeds, since the insol-
uble proteins do not traverse the pores of the filter (Mateus et al,
2018; Savitski et al, 2018). This allows the preparation of large
numbers of samples in a benchtop centrifuge and brings TPP to an
automatable format that could allow for high-throughput screens.

Mass spectrometry-based proteomic analysis

Protein samples are then processed using a general bottom-up
proteomics workflow, such as in-gel digestion (Shevchenko et al,
2006), in-solution digestion, filter-aided sample preparation (FASP;
Wisniewski et al, 2009), or single-pot solid-phase sample prepara-
tion (SP3; Hughes et al, 2014, 2019; Fig 2). All of these use a
protease to digest proteins into peptides (commonly trypsin and/or
Lys-C). The abundance of these peptides in each sample is then
quantified by mass spectrometry (Fig 2). Generally, isobaric tandem
mass tags (TMT; Werner et al, 2012, 2014) have been used to multi-
plex samples and increase quantification precision (Savitski et al,
2014). However, isobaric tags for relative and absolute quantitation
(iTRAQ; Ross et al, 2004) have also been used (Huber et al, 2015),
but limit the multiplexing capacity (i.e., fewer temperatures or
compound concentrations can be multiplexed), which will generally
result in longer analysis time. It is possible that other isobaric labels
(Virreira Winter et al, 2018; Thompson et al, 2019) or even label-
free approaches could also be used.

When samples are multiplexed, they can be combined in multi-
ple ways. In the original approach, now termed TPP temperature
range (TPP-TR), samples from the same perturbation are multi-
plexed across the multiple temperatures—i.e., each temperature is
labeled with a unique isobaric tag and each perturbation results in
one sample to be analyzed in the mass spectrometer (Savitski et al,
2014; Fig 2). TPP-TR allows plotting melting profiles, which are
essential for the TPCA approach (co-melting of protein complexes),
or can provide additional information about protein interactions.
For example, the eukaryotic RNA polymerase II (POLR2A/B) shows
a biphasic melting behavior that is only visible in the melting pro-
file, and that reflects the presence of two sub-populations: one with
a higher melting point that is bound to DNA and actively transcribes
it, and one that is less thermostable because it is not bound to DNA.
The latter is more prevalent during mitosis, when there is a general
transcriptional arrest (Becher et al, 2018).

© 2020 The Authors
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When using dose- or time-dependent perturbations, samples
from a single temperature can be combined in the same mass
spectrometry run—an approach termed TPP compound concentra-
tion range (TPP-CCR; Savitski et al, 2014; Franken et al, 2015),
or if multiple temperatures are analyzed sequentially, two-dimen-
sional TPP (2D-TPP; Becher et al, 2016; Fig 2). Recently, the 2D-
TPP approach has been extended to discrete perturbations to
study the human cell cycle (Becher et al, 2018; Dai et al, 2018),
the effect of gene knock-outs (Mateus et al, 2018; Banzhaf et al,
2020), or point mutations (Ochoa et al, 2019; preprint: Peck
Justice et al, 2019; preprint: Viéitez et al, 2019). In the 2D-TPP
approach, melting curves for each protein cannot be obtained,
since the lowest temperature sample (the reference sample for
calculating the remaining soluble fraction at each temperature) is
not present in all samples. However, the sensitivity of the method
is greatly increased (i.e., it is possible to observe smaller thermal
stability effect sizes), since control and perturbation conditions
are compared in the same mass spectrometry run. To obtain a
melting curve profile while combining treatment and control
conditions in the same mass spectrometry run, it is possible to
split the probed temperatures across multiple runs. For this, the
sample from the lowest temperature is included in all runs
(Perrin et al, 2020).

It has also been proposed that samples originating from different
temperatures of the same perturbation can be mixed prior to multi-
plexing (effectively, an empirical approach to determine the integral
of the melting curve), an approach termed proteome integral stabil-
ity alteration (PISA) that has the potential to reduce the number of
samples analyzed in the mass spectrometer, but is likely to be less
sensitive (Gaetani et al, 2019).

The mass spectrometry analysis is generally performed on an
Orbitrap instrument, since it requires resolving 6 mDa mass dif-
ferences when using TMT. Quantification of isobaric tags (TMT or
iTRAQ) requires the fragmentation of the labels to release the
reporter ions that provide the quantification of each condition. If
two peptides are co-isolated for fragmentation, this can lead to a
dampening of the expected fold changes, termed ratio compression
(Savitski et al, 2013). To reduce peptide co-isolation, pre-fractiona-
tion of the samples with an off-line chromatographic separation is
necessary (Savitski et al, 2013, 2018). In addition, MS3 approaches
in which peptide fragments are further selected and fragmented can
be used (Ting et al, 2011; McAlister et al, 2014). The MS3 approach
increases quantification accuracy, but reduces proteome coverage
and precision.

Thermal proteome profiling data analysis

Raw mass spectrometry data processing

The obtained raw mass spectrometry data are processed to identify
and quantify the measured proteins. These steps have been usually
performed by using isobarQuant (https://github.com/protcode/isob;
Franken et al, 2015) together with the Mascot search engine (Matrix
Science) to identify peptides based on a supplied proteome of the
organism used in the experiment (Fig 3A). However, this step can
be performed using any proteomics search engine, e.g., MaxQuant
(Cox & Mann, 2008) or Proteome Discoverer (Thermo Fisher
Scientific).

Molecular Systems Biology 16:€9232]12020 5 of 11
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(A) Raw mass spectrometry data are processed to identify and quantify the measured proteins. (B) Data are then normalized to remove any artifacts introduced during the
experimental procedure (e.g., different amounts of protein in each sample). Depending on the type of experiment performed, different analysis strategies exist as follows: (C, D)
For TPP-TR experiments, (C) melting points or (D) whole melting profiles can be compared between conditions. (E) For TPP-CCR, dose—response curves are fit and targets are
selected if a certain degree of stabilization and a good coefficient of determination are obtained. (F) For 2D-TPP experiments with a dose-dependent setup, a null model
(linear) can be compared to an alternative model (sigmoidal) by comparing the goodness of fit of both models. The false discovery rate (FDR) is inferred by using a
bootstrapping approach. (G) For 2D-TPP with discrete perturbations, a reference condition is selected and fold changes for all other conditions are calculated. To separate
abundance from thermal stability effects, this method integrates the relative log-transformed fold changes measured at the first two temperatures, which are assumed to
solely reflect abundance changes. Then, the log-transformed fold changes are adjusted for the abundance effect and the integral of the log-transformed fold changes at all
temperatures is calculated, which reflect thermal stability changes. In this way, individual perturbations are assigned an abundance and thermal stability score which both

are tested for significant deviation from zero by a bootstrapping approach.

Data normalization

Data generally need to be normalized to remove any artifacts intro-
duced during the experimental procedure (e.g., different amounts of
protein in each sample due to pipetting errors), which could mask
or exaggerate differences between the conditions tested (Fig 3B).
Typically, performing a variance stabilizing normalization (VSN;
Huber et al, 2002; Karp et al, 2010) of the reporter ion intensities
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across replicates of the same treatment conditions but for separate
temperatures is recommended. If treatment conditions are expected
to vary only in few cases, normalization should be performed across
treatment conditions.

Specifically, for TPP-TR analysis, an additional normalization
has been used, since there is a different amount of protein at each
temperature. This uses a fit of the medians of relative fold
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changes per protein profile showing high goodness of fit in each
replicate. Then, the parameters obtained from the best fit of
median values across replicates are used as reference to obtain
normalization coefficients for each replicate. In this way, strong
deviations from the expected melting curve can be moderated
(Savitski et al, 2014; Franken et al, 2015).

Detecting proteins with altered thermal profiles

The most common goal in analysis of TPP datasets is to find
proteins with altered thermal profiles between two or more condi-
tions. These conditions can be control and perturbation (one or
multiple drug doses, or genetic perturbations), samples originating
from different cell types or tissues, or from different physiological
states. The analysis approach to find such affected proteins depends
on the type of TPP experiment performed (TPP-TR, TPP-CCR, 2D-
TPP, or PISA; Box 3).

For TPP-TR experiments, the first proposed analysis strategy
was the comparison of melting points between defined conditions
(Savitski et al, 2014; Franken et al, 2015; Fig 3C). Therefore, melt-
ing point estimate differences obtained per replicate (ATm) are z-
transformed and tested against the null hypothesis of ATm = 0.
However, reducing the measured data to a single parameter
summary statistic comes at the cost of losing sensitivity to detect
proteins that show alterations inaccessible by Tm comparison
(Childs et al, 2019). These include scenarios in which no melting
point can be determined—i.e., a given protein does not reach
50% denaturation in the applied temperature range—or the curve
differences appear in a different region of the curve, e.g.,
POLR2A/B which shows stabilization in G1/S vs. M phase only at
high temperatures, beyond the melting point. Thus, a new strategy
was devised by using of concepts from functional statistics to find
altered thermal protein profiles. For this, two models that try to fit
the observed data per protein are competed (Fig 3D). The null
hypothesis model (1°) fits a smooth function assuming that treat-
ment and control condition follow the same gradually declining
curve. On the other hand, the alternative hypothesis model (u')
fits a smooth function separately for each condition. If the p'
model can explain the variance in the observed data better than
the u® model (while being penalized for being able to use more
model parameters), a given protein will achieve a high F-statistic:
F = (RSS® — RSS')/RSS?, in which RSS represents the residual
sum of squares for either the u® or u' models. By considering that
F-statistics need to be adjusted to meet F-distribution assumptions,
these can be converted into P-values, which can be adjusted for
multiple testing to control false discovery rate (FDR; Childs et al,
2019). Notably, this approach also enables the comparison of
multiple conditions. Alternatively, Lim et al (2018) have suggested
a strategy for TPP-TR analysis based on integrating curve dif-
ferences between treatment conditions.

For the analysis of TPP-CCR experiments, the general strategy
involves using the isobaric ratios to fit parametric dose-response
curves, and accept targets which show a certain degree of stabiliza-
tion compared to the no-drug control (at least 30% or 50%) and
exhibit a coefficient of determination (R?) surpassing 0.8 (Franken
et al, 2015; Lim et al, 2018; Fig 3E).

The analysis of 2D-TPP experiments depends on the experimen-
tal setup: (i) Treatment conditions used represent a concentration
range of a certain treatment, e.g., a small molecule or a tunable
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Box 3. Choice of data analysis method

The analysis of TPP data depends mostly on the type of experiment
performed. For TPP-TR experiments, either melting points (Savitski
et al, 2014; Franken et al, 2015) or whole melting profiles between
different conditions are compared (Childs et al, 2019; Fig 3C and D).
The latter approach is now preferred, since it allows a broader range
of proteins to be analyzed (including those that have atypical melting
behavior).

For TPP-CCR experiments, usually a dose-response curve is fitted and
targets are identified as proteins that show a certain degree of stabi-
lization compared to the no-drug control (e.g., at least 30%), and
exhibit a coefficient of determination (R?) surpassing 0.8 (Franken
et al, 2015; Fig 3E).

For 2D-TPP experiments with a range of concentrations of a
compound, a similar analysis to the TPP-CCR approach can be
applied, but requiring protein thermal stabilization at multiple
temperatures. Recently, a functional analysis that controls the false
discovery rate (FDR) was introduced and is now recommended
(Kurzawa et al, 2019; Fig 3F).

For 2D-TPP experiments with discrete perturbations, each condition is
compared to a reference condition by calculating fold changes. The
changes at the first two temperatures are then used as a proxy for
abundance changes, and thermal stability changes are calculated
using all temperatures after removal of the abundance effects (Becher
et al, 2018; Fig 3G).

perturbation; or (ii) conditions used represent discrete perturbations
without an expected dose-response readout.

For the first setup, the initial proposed analysis strategy was
similar to the TPP-CCR approach, with the extra requirement that
dose-response effects were observed at multiple temperatures for
the same protein (Becher et al, 2016). However, this approach
suffers from the inability to control the FDR at an a priori
chosen level. Thus, a new approach was recently developed that
employs the same functional analysis concepts from the TPP-TR
approach described above (Kurzawa et al, 2019; Fig 3F). This
approach competes two models fitting the obtained data under
either the hypothesis of no treatment-induced stabilization, or
assuming a dose-dependent stabilization by the treatment.
Comparing the goodness of fit of both models, the method
obtains a F-statistic for each protein. Using a parametric boot-
strap approach, the FDR is then inferred for each protein, which
leads to a more sensitive analysis than the originally proposed
method based on fold change and goodness of dose-response fit
cutoffs.

In the case in which discrete perturbations are used, a strategy
that does not assume a continuous response has been developed
(Becher et al, 2018; Fig 3G). First, a reference condition is selected
[e.g., G1/S phase of the cell cycle (Becher et al, 2018) or wild-type
cells (Mateus et al, 2018)] to which all other conditions are
compared and fold changes are calculated. To separate abundance
from thermal stability effects, this method integrates the relative
log-transformed fold changes measured at the first two tempera-
tures, which are assumed to solely reflect abundance changes.
Then, the log-transformed fold changes are adjusted for the abun-
dance effect and the integral of the log-transformed fold changes at
all temperatures is calculated, which reflect thermal stability
changes. In this way, individual perturbations are assigned an abun-
dance and thermal stability score which both are tested for
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significant deviation from zero by a bootstrapping approach, or by
using linear models (Ritchie et al, 2015).

For the PISA approach, which aims at measuring curve integrals
between perturbation and control conditions, a two-tailed Student’s
t-test with subsequent adjustment of P-values for multiple testing
can be performed (Gaetani et al, 2019).

Current limitations of thermal proteome profiling

Despite the continuous development of the TPP methodology,
several limitations still exist. Some of these are intrinsic to the
approach and will be difficult to circumvent. These include the
fact that some proteins require extreme temperature conditions
that are not practical when the rest of the proteome is also to
be monitored [e.g., outer membrane proteins of Escherichia coli
(Mateus et al, 2018)]. Further, some proteins do not perceptibly
change in thermal stability upon ligand binding [e.g., BCR-ABL
upon dasatinib treatment (Savitski et al, 2014)], and therefore, it
is not possible to identify them as perturbation targets. In this
case, it is possible to infer them as targets from the downstream
effects of their inhibition [e.g., thermal stability shifts of proteins
from the BCR-ABL pathway upon its inhibition by dasatinib
(Savitski et al, 2014)]. The development of 2D-TPP has greatly
improved the sensitivity of this method; for example, PAH was
identified as a target of panobinostat, which was not possible
with the TPP-TR approach (Becher et al, 2016).

In contrast, some other limitations will likely be overcome in
the near future, such as the lack of detection of low abundant
proteins. Further, TPP remains a low-throughput approach, due
to the slow nature of mass spectrometry-based proteomics.
Faster and more spectrometry instruments
together with new acquisition modes (Meier et al, 2015, 2018)
are being developed and allow studying the low abundance
region of the proteome. In addition, the possibility of multiplex-
ing up to 16 conditions with isobaric mass tags has been
recently realized with TMTpro reagents (Thompson et al, 2019).
Finally, the cause for the change in melting behavior of proteins
cannot be directly inferred from the data, since altered melting
behavior can arise from multiple effects to a protein—for exam-
ple, interactions with small molecules or proteins, or post-trans-
lational modifications. However, TPP can usually narrow the
region of the proteome that can be further studied with other
methods, and the increasing amount of acquired data might
make it possible to train machine learning algorithms to predict
the root of thermal shifts.

sensitive mass

Outlook

The TPP methodology has been subject to constant refinements
since it was first introduced (Savitski et al, 2014), which have
increased the sensitivity of the methodology. This includes the
addition of a mild detergent to detect thermal shifts in membrane
proteins (Huber et al, 2015; Reinhard et al, 2015), the develop-
ment of the 2D-TPP approach (Becher et al, 2016), and a way to
control for FDR (Kurzawa et al, 2019). The adoption of new
lysis protocols that have expanded the methodology beyond
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mammalian cells (Mateus et al, 2018; Dziekan et al, 2019;
Volkening et al, 2019) and to intact organs of dosed animals
(Perrin et al, 2020), the development of new ways to extract the
soluble protein fraction for large numbers of samples in parallel
(Mateus et al, 2018; Savitski et al, 2018), and new sample prepa-
ration techniques for mass spectrometry (Hughes et al, 2014,
2019) have all contributed to increasing the throughput of the
procedure.

In the future, TPP might be adapted to an even broader range
of applications and might inspire assays for new purposes. Exam-
ples are the deconvolution of enzyme-substrate specificities
(preprint: Saei et al, 2018) and the recent development of solubil-
ity proteome profiling (SPP) for the study of small molecule
effects on proteome solubility (Sridharan et al, 2019b). The latter
was first realized when using the 2D-TPP approach to identify
ATP-binding proteins in cell extracts. In those experiments, some
proteins showed changes at the lowest temperatures, which could
only be explained by ATP-induced changes in protein solubility.
Proteins undergo reversible transition from soluble to insoluble
state to perform vital cellular functions (Brangwynne et al, 2015;
Banani et al, 2017). Multiple factors, such as protein concentra-
tion, metabolites, post-translational modifications, salt concentra-
tion, or temperature, have been shown to influence solubility
status of a few recombinant proteins with minimal understanding
of the cellular mechanisms that drive these transitions (Mitrea &
Kriwacki, 2016). Dysfunction of processes that regulate protein
solubility transitions has been suggested as one of the underlying
causes for pathological protein aggregation disorders (Aguzzi &
Altmeyer, 2016). To this end, the SPP technology enables a
proteome-wide understanding of these solubility transitions by
extracting the soluble proteome in the presence and absence of an
analyte of interest (e.g., metabolites), as well as, in denaturing
conditions (strong detergent for solubilization). SPP makes it
possible to study the influence of cellular factors (metabolites,
enzymes, etc.), as well as drugs on protein phase transition.
Furthermore, it was observed that many proteins that have an
insoluble subpopulation under native conditions solubilize upon
heating (Sridharan et al, 2019b), revealing a classical phase
behavior of weakly interacting polymers (Shin & Brangwynne,
2017). Thus, combination of TPP with SPP will be a useful tool to
study and establish system-wide principles of protein solubility
transition and to provide an unbiased approach to screen drugs
that can prevent aberrant solubility changes.

In summary, TPP is a recently developed tool that provides
proteome-wide information on in vitro, in situ, and in vivo protein
states and interactions. This allows studying the mechanisms of a
wide range of perturbations and offers new insights into basic
biological processes.

Acknowledgements

This work was supported by the European Molecular Biology Laboratory. A.M.
was supported by a fellowship from the EMBL Interdisciplinary Postdoc
(EI3POD) Programme under Marie Sktodowska-Curie Actions COFUND (Grant
number 664726). N.K. was supported by a fellowship of the EMBL International
PhD Programme (EIPP).

Conflict of interest
The authors declare that they have no conflict of interest.

© 2020 The Authors



André Mateus et al

References

Aebersold R, Mann M (2016) Mass-spectrometric exploration of proteome
structure and function. Nature 537: 347 —355

Aguzzi A, Altmeyer M (2016) Phase separation: linking cellular
compartmentalization to disease. Trends Cell Biol 26: 547 — 558

Azimi A, Caramuta S, Seashore-Ludlow B, Bostrom ], Robinson |L, Edfors F,
Tuominen R, Kemper K, Krijgsman O, Peeper DS et al (2018) Targeting
CDK2 overcomes melanoma resistance against BRAF and Hsp90 inhibitors.
Mol Syst Biol 14: e7858

Banani SF, Lee HO, Hyman AA, Rosen MK (2017) Biomolecular condensates:
organizers of cellular biochemistry. Nat Rev Mol Cell Biol 18: 285—298

Banzhaf M, Yau HCL, Verheul |, Lodge A, Kritikos G, Mateus A, Hov AK, Stein F,
Wartel M, Pazos M et al (2020) Outer membrane lipoprotein Nlipl
scaffolds peptidoglycan hydrolases within multi-enzyme complexes in
Escherichia coli. EMBO J https://doi.org/10.15252/embj.2019102246

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

Becher I, Andres-Pons A, Romanov N, Stein F, Schramm M, Baudin F, Helm D,
Kurzawa N, Mateus A, Mackmull MT et al (2018) Pervasive protein
thermal stability variation during the cell cycle. Cell 173: 1495-1507
1418

Brangwynne CP, Tompa P, Pappu Rohit V (2015) Polymer physics of
intracellular phase transitions. Nat Phys 11: 899

Brown ED, Wright GD (2016) Antibacterial drug discovery in the resistance
era. Nature 529: 336 —343

Chan-Penebre E, Kuplast KG, Majer CR, Boriack-Sjodin PA, Wigle TJ, Johnston
LD, Rioux N, Munchhof M}, Jin L, Jacques SL et al (2015) A selective
inhibitor of PRMTS5 with in vivo and in vitro potency in MCL models. Nat
Chem Biol 11: 432437

Childs D, Bach K, Franken H, Anders S, Kurzawa N, Bantscheff M, Savitski
MM, Huber W (2019) Nonparametric analysis of thermal proteome
profiles reveals novel drug-binding proteins. Mol Cell Proteomics 18:
25062515

Cox J, Mann M (2008) MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol 26: 1367 —1372

Dai L, Zhao T, Bisteau X, Sun W, Prabhu N, Lim YT, Sobota RM, Kaldis P,
Nordlund P (2018) Modulation of protein-interaction states through the
cell cycle. Cell 173: 14811494 e1413

Dziekan JM, Yu H, Chen D, Dai L, Wirjanata G, Larsson A, Prabhu N, Sobota
RM, Bozdech Z, Nordlund P (2019) Identifying purine nucleoside
phosphorylase as the target of quinine using cellular thermal shift assay.
Sci Transl Med 11

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

Franken H, Mathieson T, Childs D, Sweetman GM, Werner T, Togel I, Doce C,
Gade S, Bantscheff M, Drewes G et al (2015) Thermal proteome profiling
for unbiased identification of direct and indirect drug targets using
multiplexed quantitative mass spectrometry. Nat Protoc 10: 1567 —1593

Gad H, Koolmeister T, Jemth AS, Eshtad S, Jacques SA, Strom CE, Svensson
LM, Schultz N, Lundback T, Einarsdottir BO et al (2014) MTH1 inhibition
eradicates cancer by preventing sanitation of the dNTP pool. Nature 508:
215-221

© 2020 The Authors

Molecular Systems Biology

Gaetani M, Sabatier P, Saei AA, Beusch CM, Yang Z, Lundstrom SL,
Zubarev RA (2019) Proteome integral solubility alteration: a high-
throughput proteomics assay for target deconvolution. J Proteome Res
18: 4027-4037

Geladaki A, Kocevar Britovsek N, Breckels LM, Smith TS, Vennard OL, Mulvey
CM, Crook OM, Gatto L, Lilley KS (2019) Combining LOPIT with differential
ultracentrifugation for high-resolution spatial proteomics. Nat Commun
10: 331

Hashimoto M, Girardi E, Eichner R, Superti-Furga G (2018) Detection of
chemical engagement of solute carrier proteins by a cellular thermal shift
assay. ACS Chem Biol 13: 14801486

Hu D, Yang C, Lok CN, Xing F, Lee PY, Fung YME, Jiang H, Che CM (2019)
Anti-tumor Bis(N-heterocyclic carbene)Platinum(ll) complex engages
asparagine synthetase as an anti-cancer target. Angew Chem Int Ed Engl
131: 1103011034

Huang JX, Lee G, Cavanaugh KE, Chang JW, Gardel ML, Moellering RE (2019)
High throughput discovery of functional protein modifications by hotspot
thermal profiling. Nat Methods 16: 894 —901

Huber W, von Heydebreck A, Sultmann H, Poustka A, Vingron M (2002)
Variance stabilization applied to microarray data calibration and to the
quantification of differential expression. Bioinformatics 18(Suppl 1):

S96 5104

Huber KV, Salah E, Radic B, Gridling M, Elkins JM, Stukalov A, Jemth AS,
Gokturk C, Sanjiv K, Stromberg K et al (2014) Stereospecific targeting of
MTH1 by (S)-crizotinib as an anticancer strategy. Nature 508: 222 —227

Huber KV, Olek KM, Muller AC, Tan CS, Bennett KL, Colinge |, Superti-Furga G
(2015) Proteome-wide drug and metabolite interaction mapping by
thermal-stability profiling. Nat Methods 12: 1055—1057

Hughes CS, Foehr S, Garfield DA, Furlong EE, Steinmetz LM, Krijgsveld |
(2014) Ultrasensitive proteome analysis using paramagnetic bead
technology. Mol Syst Biol 10: 757

Hughes CS, Moggridge S, Muller T, Sorensen PH, Morin GB, Krijgsveld ] (2019)
Single-pot, solid-phase-enhanced sample preparation for proteomics
experiments. Nat Protoc 14: 68 —85

Ishii T, Okai T, Iwatani-Yoshihara M, Mochizuki M, Unno S, Kuno M,
Yoshikawa M, Shibata S, Nakakariya M, Yogo T et al (2017) CETSA
quantitatively verifies in vivo target engagement of novel RIPK1 inhibitors
in various biospecimens. Sci Rep 7: 13000

Jafari R, AlImqvist H, Axelsson H, Ignatushchenko M, Lundback T, Nordlund P,
Martinez Molina D (2014) The cellular thermal shift assay for evaluating
drug target interactions in cells. Nat Protoc 9: 21002122

Karp NA, Huber W, Sadowski PG, Charles PD, Hester SV, Lilley KS (2010)
Addressing accuracy and precision issues in iTRAQ quantitation. Mol Cell
Proteomics 9: 1885-1897

Kim MS, Pinto SM, Getnet D, Nirujogi RS, Manda SS, Chaerkady R,
Madugundu AK, Kelkar DS, Isserlin R, Jain S et al (2014) A draft map of
the human proteome. Nature 509: 575—581

Kitagawa M, Liao P, Lee KH, Wong J, Shang SC, Minami N, Sampetrean O,
Saya H, Lingyun D, Prabhu N et al (2017) Dual blockade of the lipid kinase
PIP4Ks and mitotic pathways leads to cancer-selective lethality. Nat
Commun 8: 2200

Kurzawa N, Franken H, Anders S, Huber W, Savitski MM (2019) TPP2D: FDR-
controlled analysis of 2D-TPP experiments. http://bioconductor.org/package
s/TPP2D

Leuenberger P, Ganscha S, Kahraman A, Cappelletti V, Boersema P}, von
Mering C, Claassen M, Picotti P (2017) Cell-wide analysis of protein
thermal unfolding reveals determinants of thermostability. Science 355:
eaai’825

Molecular Systems Biology 16:€9232]12020 9 of 11


https://doi.org/10.15252/embj.2019102246
http://bioconductor.org/packages/TPP2D
http://bioconductor.org/packages/TPP2D

Molecular Systems Biology

Lim YT, Prabhu N, Dai L, Go KD, Chen D, Sreekumar L, Egeblad L, Eriksson S,
Chen L, Veerappan S et al (2018) An efficient proteome-wide strategy for
discovery and characterization of cellular nucleotide-protein interactions.
PLoS One 13: e0208273

Martinez Molina D, Jafari R, Ignatushchenko M, Seki T, Larsson EA, Dan C,
Sreekumar L, Cao Y, Nordlund P (2013) Monitoring drug target
engagement in cells and tissues using the cellular thermal shift assay.
Science 341: 8487

Mateus A, Maatta TA, Savitski MM (2016) Thermal proteome profiling:
unbiased assessment of protein state through heat-induced stability
changes. Proteome Sci 15: 13

Mateus A, Bobonis J, Kurzawa N, Stein F, Helm D, Hevler J, Typas A, Savitski
MM (2018) Thermal proteome profiling in bacteria: probing protein state
in vivo. Mol Syst Biol 14: e8242

Mathieson T, Franken H, Kosinski |, Kurzawa N, Zinn N, Sweetman G, Poeckel
D, Ratnu VS, Schramm M, Becher | et al (2018) Systematic analysis of
protein turnover in primary cells. Nat Commun 9: 689

McAlister GC, Nusinow DP, Jedrychowski MP, Wuhr M, Huttlin EL, Erickson
BK, Rad R, Haas W, Gygi SP (2014) MultiNotch MS3 enables accurate,
sensitive, and multiplexed detection of differential expression across
cancer cell line proteomes. Anal Chem 86: 71507158

Meier F, Beck S, Grassl N, Lubeck M, Park MA, Raether O, Mann M (2015)
Parallel accumulation-serial fragmentation (PASEF): multiplying
sequencing speed and sensitivity by synchronized scans in a trapped ion
mobility device. /] Proteome Res 14: 5378 —5387

Meier F, Geyer PE, Virreira Winter S, Cox |, Mann M (2018) BoxCar acquisition
method enables single-shot proteomics at a depth of 10,000 proteins in
100 minutes. Nat Methods 15: 440—448

Mitrea DM, Kriwacki RW (2016) Phase separation in biology; functional
organization of a higher order. Cell Commun Signal 14: 1

Ochoa D, Jarnuczak AF, Vieitez C, Gehre M, Soucheray M, Mateus A, Kleefeldt
AA, Hill A, Garcia-Alonso L, Stein F et al (2019) The functional landscape of
the human phosphoproteome. Nat Biotechnol https://doi.org/10.1038/
$41587-019-0344-3

Peck Justice SA, Qi G, Wijeratne HRS, Victorino JF, Simpson ER, Wijeratne
AB, Mosley AL (2019) Temperature sensitive mutant proteome profiling:
a novel tool for the characterization of the global impact of
missense mutations on the proteome. bioRxiv: 2019.2012.2030.891267
https://doi.org/10.1101/2019.12.30.891267 [PREPRINT]

Peng H, Guo H, Pogoutse O, Wan C, Hu LZ, Ni Z, Emili A (2016) An unbiased
chemical proteomics method identifies Fabl as the primary target of 6-
OH-BDE-47. Environ Sci Technol 50: 11329-11336

Perrin J, Werner T, Kurzawa N, Rutkowska A, Childs DD, Kalxdorf M,
Poeckel D, Stonehouse E, Strohmer K, Heller B et al (2020)

Identifying drug targets in tissues and whole blood with thermal-shift
profiling. Nature Biotechnol https://doi.org/10.1038/s41587-019-0388-4

Piazza I, Kochanowski K, Cappelletti V, Fuhrer T, Noor E, Sauer U, Picotti P
(2018) A map of protein-metabolite interactions reveals principles of
chemical communication. Cell 172: 358 —372 e323

Potel CM, Lin MH, Heck AJR, Lemeer S (2018) Widespread bacterial protein
histidine phosphorylation revealed by mass spectrometry-based
proteomics. Nat Methods 15: 187 —190

Potel CM, Kurzawa N, Becher I, Typas A, Mateus A, Savitski MM (2020)
Impact of phosphorylation on thermal stability of proteins. bioRxiv:
2020.2001.2014.903849 https://doi.org/10.1101/2020.01.14.903849
[PREPRINT]

Reinhard FB, Eberhard D, Werner T, Franken H, Childs D, Doce C, Savitski MF,
Huber W, Bantscheff M, Savitski MM et al (2015) Thermal proteome

10 of 11 Molecular Systems Biology ~16: €9232 | 2020

André Mateus et al

profiling monitors ligand interactions with cellular membrane proteins.
Nat Methods 12: 1129-1131

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK (2015) limma
powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res 43: e47

Ross PL, Huang YN, Marchese |N, Williamson B, Parker K, Hattan S,
Khainovski N, Pillai S, Dey S, Daniels S et al (2004) Multiplexed protein
quantitation in Saccharomyces cerevisiae using amine-reactive isobaric
tagging reagents. Mol Cell Proteomics 3: 1154 —1169

Saei AA, Wells JA, Sabatier P, Beusch C, Chernobrovkin A, Rodin S, Néreoja K,
Thorsell A-G, Karlberg T, Cheng Q et al (2018) System-wide identification
of enzyme substrates by thermal analysis (SIESTA). bioRxiv: 423418
https://doi.org/10.1101/423418 [PREPRINT]

Savitski MM, Mathieson T, Zinn N, Sweetman G, Doce C, Becher I, Pachl F,
Kuster B, Bantscheff M (2013) Measuring and managing ratio compression
for accurate iTRAQ/TMT quantification. / Proteome Res 12: 3586 —3598

Savitski MM, Reinhard FB, Franken H, Werner T, Savitski MF, Eberhard D,
Martinez Molina D, Jafari R, Dovega RB, Klaeger S et al (2014) Tracking
cancer drugs in living cells by thermal profiling of the proteome. Science
346: 1255784

Savitski MM, Zinn N, Faelth-Savitski M, Poeckel D, Gade S, Becher |,
Muelbaier M, Wagner AJ, Strohmer K, Werner T et al (2018) Multiplexed
proteome dynamics profiling reveals mechanisms controlling protein
homeostasis. Cell 173: 260—274 €225

Schopper S, Kahraman A, Leuenberger P, Feng Y, Piazza |, Muller O, Boersema
PJ, Picotti P (2017) Measuring protein structural changes on a proteome-
wide scale using limited proteolysis-coupled mass spectrometry. Nat
Protoc 12: 2391 —-2410

Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, Chen W,
Selbach M (2011) Global quantification of mammalian gene expression
control. Nature 473: 337342

Shevchenko A, Tomas H, Havlis ], Olsen JV, Mann M (2006) In-gel digestion
for mass spectrometric characterization of proteins and proteomes. Nat
Protoc 1: 2856 — 2860

Shin Y, Brangwynne CP (2017) Liquid phase condensation in cell physiology
and disease. Science 357: eaaf4382

Sridharan S, Glinthner |, Becher |, Savitski M, Bantscheff M (2019a) Target
discovery using thermal proteome profiling. In Mass spectrometry-based
chemical proteomics, Tao WA, Zhang Y (eds), pp 267 —291. Hoboken, NJ: Wiley

Sridharan S, Kurzawa N, Werner T, Gunthner I, Helm D, Huber W, Bantscheff
M, Savitski MM (2019b) Proteome-wide solubility and thermal stability
profiling reveals distinct regulatory roles for ATP. Nat Commun 10: 1155

Strickland EC, Geer MA, Tran DT, Adhikari J, West GM, DeArmond PD, Xu Y,
Fitzgerald MC (2013) Thermodynamic analysis of protein-ligand binding
interactions in complex biological mixtures using the stability of proteins
from rates of oxidation. Nat Protoc 8: 148 —161

Sun W, Dai L, Yu H, Puspita B, Zhao T, Li F, Tan JL, Lim YT, Chen MW, Sobota
RM et al (2019) Monitoring structural modulation of redox-sensitive
proteins in cells with MS-CETSA. Redox Biol 24: 101168

Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL,
Pulcini C, Kahlmeter G, Kluytmans J, Carmeli Y et al (2018) Discovery,
research, and development of new antibiotics: the WHO priority list of
antibiotic-resistant bacteria and tuberculosis. Lancet Infect Dis 18:
318-327

Tan CSH, Go KD, Bisteau X, Dai L, Yong CH, Prabhu N, Ozturk MB, Lim YT,
Sreekumar L, Lengqvist | et al (2018) Thermal proximity coaggregation for
system-wide profiling of protein complex dynamics in cells. Science 359:
1170-1177

© 2020 The Authors


https://doi.org/10.1038/s41587-019-0344-3
https://doi.org/10.1038/s41587-019-0344-3
https://doi.org/10.1101/2019.12.30.891267
https://doi.org/10.1038/s41587-019-0388-4
https://doi.org/10.1101/2020.01.14.903849
https://doi.org/10.1101/423418

André Mateus et al

Thompson A, Wolmer N, Koncarevic S, Selzer S, Bohm G, Legner H, Schmid P,
Kienle S, Penning P, Hohle C et al (2019) TMTpro: design, synthesis, and
initial evaluation of a proline-based isobaric 16-plex tandem mass tag
reagent set. Anal Chem 91: 15941 —15950

Ting L, Rad R, Gygi SP, Haas W (2011) MS3 eliminates ratio distortion in
isobaric multiplexed quantitative proteomics. Nat Methods 8: 937 —940

Viéitez C, Busby BP, Ochoa D, Mateus A, Galardini M, Jawed A, Memon D,
Potel CM, Vonesch SC, Tu CS et al (2019) Towards a systematic map of

the functional role of protein phosphorylation. bioRxiv: 872770 https://doi.

0rg/10.1101/872770 [PREPRINT]

Virreira Winter S, Meier F, Wichmann C, Cox J, Mann M, Meissner F (2018)
EASI-tag enables accurate multiplexed and interference-free MS2-based
proteome quantification. Nat Methods 15: 527 —530

Volkening JD, Stecker KE, Sussman MR (2019) Proteome-wide analysis of
protein thermal stability in the model higher plant Arabidopsis thaliana.
Mol Cell Proteomics 18: 308 —319

Werner T, Becher |, Sweetman G, Doce C, Savitski MM, Bantscheff M
(2012) High-resolution enabled TMT 8-plexing. Anal Chem 84:
71887194

© 2020 The Authors

Molecular Systems Biology

Werner T, Sweetman G, Savitski MF, Mathieson T, Bantscheff M, Savitski MM
(2014) lon coalescence of neutron encoded TMT 10-plex reporter ions.
Anal Chem 86: 3594 —3601

Wilhelm M, Schlegl J, Hahne H, Gholami AM, Lieberenz M, Savitski MM,
Ziegler E, Butzmann L, Gessulat S, Marx H et al (2014) Mass-
spectrometry-based draft of the human proteome. Nature 509:

582587

Wisniewski JR, Zougman A, Nagaraj N, Mann M (2009) Universal sample
preparation method for proteome analysis. Nat Methods 6: 359362

Xu M, Moresco JJ, Chang M, Mukim A, Smith D, Diedrich JK, Yates Ill JR, Jones
KA (2018) SHMT2 and the BRCC36/BRISC deubiquitinase regulate HIV-1
Tat K63-ubiquitylation and destruction by autophagy. PLoS Pathog 14:
1007071

@ License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

Molecular Systems Biology 16:€923212020 11 of 11


https://doi.org/10.1101/872770
https://doi.org/10.1101/872770

