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Proteome-wide analysis of the thermal stability of proteins 
offers new ways of asking and answering questions in biol-
ogy and drug discovery1,2. For instance, does the thermal 

proteome stability of organisms coincide with extrinsic stress 
conditions such as high temperature? If so, to what extent is that 
related to differences in the intrinsic properties of the proteins (that 
is, sequence) or the cellular environment? Even within single cells, 
vital biological processes may take place at different temperatures, 
as exemplified by a recent report suggesting that mitochondria in 
human cells operate at close to 50 °C (ref. 3). This poses the ques-
tion whether protein thermal stability had to be engineered for such 
local ‘over-heated’ environments. One might also ask whether and 
how mutations affect the stability of proteins in cells, and there are 
open questions as to why intrinsically disordered proteins can be 
very thermostable (such as in the case of tau protein) but are overall 
less thermostable than structured proteins1. How functional order 
can be achieved in a molecularly crowded cell is also an intense 
area of research, and phase transitions are emerging as an impor-
tant concept4,5. Such phase transitions might be mediated by many 
factors, including posttranslational modifications or the degree of 
disordered protein structure, both of which may be measured by 
thermal proteome profiling (TPP). The literature also shows that 
TPP has great potential for measuring protein–protein6–8, protein–
metabolite9,10 and protein–drug interactions2,11. Broad empirical 
information on the thermal stability of proteins may be of substan-
tial interest for protein engineering purposes and biotechnology in 

general. Even though rapid progress has been made along many of 
these lines, this emerging field would benefit from the availability of 
high-quality TPP reference data. Therefore, the authors of this study 
joined forces to create an atlas of thermal proteome stability across 
13 model organisms that can be explored using an online R Shiny 
App and ProteomicsDB12,13. We derive characteristics of protein 
thermal stability and illustrate the use of the resource on a number 
of examples addressing several of the aforementioned topics.

Results
Meltome atlas across the tree of life. The atlas (Fig. 1) encom-
passes 77 data sets from 13 species including six prokaryotes (five 
bacteria and one archaeon) that live between 4 and 70 °C and 
seven eukaryotes covering yeast, worm, fish, fly, plant, mouse and 
human. The atlas contains melting characteristics for ~48,000 
nonredundant proteins and the human chapter contains TPP data 
for 13,000 proteins from 14 cell lines, primary cells, tissues and 5 
body fluids (Supplementary Tables 1 and 2). Thermal profiles were 
generated by heating cells (43 data sets) or lysates (34 data sets), 
removing the precipitate by centrifugation, digesting the soluble 
fraction using trypsin, encoding each temperature-specific pep-
tide pool by stable isotopes (tandem mass tags, TMTs), combining 
samples across all temperatures, separating the peptides by off-line 
liquid chromatography and subjecting each fraction to online liq-
uid chromatography–tandem mass spectrometry (LC–MS/MS),  
peptide and protein identification as well as quantification 
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(Methods). We refer to melting temperatures (Tm, for proteins that 
show at least 50% precipitation) or area under the (melting) curve 
(AUC) values (available for all proteins). We note that TPP is not 
equivalent to temperature-dependent unfolding but the combina-
tion of unfolding and precipitation in cells or lysates. Therefore, 
TPP data may not be directly comparable to data from biophysical 
methods that measure the thermal stability of isolated proteins (see 
Seashore-Ludlow et al.14 for a recent perspective on the challenges 
of TPP). Examples for thermal profiles of individual proteins are 
shown in Supplementary Fig. 1. Melting curves of all proteins can 
be explored in an R Shiny App (http://meltomeatlas.proteomics.
wzw.tum.de:5003) or by following hyperlinks in tables deposited 
in the PRIDE/proteomeXchange repository (data set identifier 
PXD011929). The TPP data for human proteins are also available 
in ProteomicsDB13. Replicate analysis showed that Tm and AUC 
measurements were generally well reproducible (Supplementary 
Fig. 2). An inter-laboratory comparison using human K562 cells 
also showed that the TPP method is robust as the median of all 
proteins had Tm and AUC values within 0.5 °C and 3%, respec-
tively, between replicates measured in the same laboratory and no 
worse than 2.3 °C for Tm and 10% for AUC between laboratories 
(Supplementary Fig. 2).

The width of the distribution of protein Tm values of the differ-
ent species ranged from 9 °C in zebrafish (Danio rerio) to 20 °C for 
Escherichia coli (90% range; Fig. 2a). All eukaryotes showed a sub-
stantial gap between their optimal growth temperature (OGT) and 
the temperature at which proteins begin to precipitate (that is, the 
cold side of the Tm distribution). In contrast, for all but one bacterial 
species, the OGT was close to the cold side of the Tm distribution, 
and these species do not grow well or at all at even slightly higher 
temperatures than their OGTs15. Oleispira antarctica presents a spe-
cial case. In its natural habitat, the bacterium lives at 2–4 °C, but 
it can grow between 1 and 25 °C. The peak of its Tm distribution 
(40 °C) is similar to that of Caenorhabditis elegans (OGT of 20 °C). 
This is noteworthy as it may indicate that most proteins on earth 
are stable to at least 30 °C. This may be supported by the fact that 
most enzymes can operate at temperatures much lower than their 
optima and that even cold-adapted enzymes usually have tempera-
ture optima of >20 °C (ref. 10).

Global gene ontology analysis of the thermally most unstable 
proteins within or across species did not reveal strong associa-
tions to cellular processes or molecular functions. There was also 
no global association of thermal stability for essential genes as has 
been suggested before (Supplementary Fig. 3)1. Instead, we found 
that certain particularly unstable proteins serve vital cellular func-
tions, the loss of any of which alone or in combination could lead 
to cell death. Examples for such proteins that have Tm values as low 
as 44–46 °C in human A549 lung cancer cell lysate (Supplementary 
Table 2) include members of the mitochondrial protein synthesis 

machinery (the translation elongation factor, Tm = 45 °C) and sev-
eral important metabolic enzymes such as glutaminase (Tm = 44 °C), 
dihydrofolate reductase (Tm = 44 °C) and methionine aminopep-
tidase 1 (Tm = 46 °C). We also analyzed the loss of bulk protein by 
heat-induced precipitation using lysates of human K562 leukemia 
cells (Supplementary Fig. 4). After just 3 min at 44 °C, ~10% of the 
total protein had already precipitated, offering a compelling hypoth-
esis for why humans die of hyperthermia-associated multiple organ 
failure if the core body temperature rises above 42 °C.

For the purpose of the subsequent analysis, we defined four cat-
egories of thermal stability. We distinguish proteins with low Tm 
(AUC < 0.35), medium Tm (AUC 0.35–0.65), high Tm (AUC > 0.65) 
and nonmelters (no Tm). The proportions of thermally stable or 
unstable proteins varied between species or cell types (Fig. 2b and 
Supplementary Fig. 5) with Drosophila melanogaster having par-
ticularly few nonmelting proteins and Picrophilus torridus showing 
a rather large proportion of thermally unstable proteins. Because 
Thermus thermophilus grows optimally at 70 °C, a larger proportion 
of its proteins is more heat stable than for most other species. This 
was also observed for C. elegans, the reasons for which are currently 
unclear. Human body fluids stood out in that they are dominated by 
nonmelting proteins. We attribute this to their high general solubil-
ity, in part due to often extensive glycosylation. We note again that 
a limitation of TPP is that it cannot measure if a protein thermally 
denatures but remains soluble.

Factors affecting thermal proteome stability. Some enzymes such 
as DNA polymerase from Thermus aquaticus are very heat stable 
as purified proteins. This alone demonstrates that amino acid 
sequence and structure are important determinants of thermal sta-
bility. However, it has also been shown that the complex molecular 
environments of cells play a role6. To extend previous investiga-
tions, we compared the thermal profiles of proteins in cells versus 
lysates using E. coli (OGT 37 °C) and T. thermophilus (OGT 70 °C) 
as examples (Fig. 3a). The median Tm values of proteins from both 
species are >30 °C apart, and many proteins show differences 
between cells and lysates. Reasons for the latter may include the loss 
of membranes during lysis; the disruption of protein complexes; the 
presence of osmoprotectants; and the dilution of proteins, cofactors 
or solutes, to name a few. We then prepared separate lysates from 
the two species and mixed them in equal quantities before heating  
(Fig. 3b). The median Tm values for both species were nearly iden-
tical to the ones obtained from the separate lysate experiments 
(Spearman’s r = 0.75 for E. coli and r = 0.83 for T. thermophilus), 
showing that the mere presence of proteins from one species did not 
substantially influence the melting behavior of proteins from the 
other. The lysate data were much more tightly correlated (Fig. 3b)  
than the cell versus lysate experiment (Fig. 3a), indicating that the 
cellular context does have an effect on protein stability. In a third 
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Fig. 1 | Meltome atlas. Schematic representation of the workflow used to compile the melting characteristics of proteins from 13 model organisms.
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experiment, we expressed a subset of T. thermophilus proteins in 
E. coli cells and observed again that the Tm values of proteins from 
both species were largely unaffected (Fig. 3c). Together, this shows 
that protein sequence/structure is one dominant determinant of 
absolute thermal protein stability but that the cellular environ-
ment has a substantial influence too. Indeed, by comparing TPP 
experiments on human cells and lysates in parallel, it has been 
shown that proteins can show differences depending on cellular 
localization11. The many TPP experiments assembled here sub-
stantially expanded the scope of such analysis. For example, TPP 
data for intracellular proteins identified in human body fluids 
(as the result of cell shedding from, for example, blood vessels or 
glandular ducts; see Fig. 3d) showed that protein concentration 
also plays a role. For the 25 cases shown, it is apparent that these 
proteins are generally more soluble in body fluids than in cells on 
heating (that is, have substantially higher AUC values). It therefore 
appears that these proteins are unable to aggregate because their 
individual protein concentrations are very low. They can also not 

coaggregate with other proteins despite high overall protein con-
centration in the body fluids because the latter proteins generally 
do not precipitate on heat treatment. A further possibility is the 
presence of aggregation-suppressing emulsifiers such as lecithins 
in human milk16. We found many examples of coaggregating pro-
teins that are part of protein complexes2,8. Upon comparison of 
the TPP behavior of the Arp2/3 complex in zebrafish and human 
(Fig. 3e and Supplementary Fig. 6 for the CCR-NOT complex), it 
appears that protein complexes are conserved in how tightly they 
are assembled even though their absolute Tm values are substan-
tially different. We analyzed this more systematically for Homo 
sapiens, Mus musculus, D. rerio, the EcoCyc database, E. coli, yeast 
and D. melanogaster17–20, which confirmed that codenaturation of 
protein complex subunits is often conserved even across distantly 
related species. As observed by Tan et  al. for human cells8 and 
Mateus et al. for E. coli11, this approach recovered more complexes 
for experiments performed with intact cells than with lysates 
(Supplementary Fig. 6).
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As reported before1,11, there was a statistically highly significant 
negative association between the length of proteins and their ther-
mal stability (Fig. 4a). We found this association consistently in 
almost all data sets but point out that the correlations are generally 
weak and the effect sizes are very small (Supplementary Fig. 7).  
Therefore, for proteins within one species, the association of 
Tm and length has little predictive value. In contrast, correlat-
ing the mean protein length with the mean Tm values across bac-
terial species showed a clearer association (Pearson r = −0.59, 
P = 0.22) and a larger effect (slope of −1.04, Fig. 4b). Albeit not 
statistically strong, this is interesting because producing larger 
proteins is one of the few ways for bacteria to generate proteins 
with advanced structures, but the data across species indicate 
that life at higher temperatures comes at the cost of the need to 
restrict protein size. In line with this, increased compactness and 
the truncation of solvent-exposed loops are among the factors 
that may render proteins extremely thermostable21. We found 
no such association for the eukaryotic species, all of which live 
at ambient temperature (Fig. 4b). For E. coli, Leuenberger et  al.1 
had shown that protein abundance correlated with thermal stabil-
ity. We observed the same overall trend in most of our data sets, 
and the effect was more pronounced in nonmelting proteins, 
a group that the Leuenberger study did not consider (Fig. 4c,  
mouse bone marrow derived cells, see Supplementary Fig. 8). But 
again, the correlations are very weak (average Pearson r = 0.16 for 
Tm and r = 0.17 for AUC) and the effect sizes are very small (average 
slope of 0.74 for Tm and 0.03 for AUC), so that protein abundance 
cannot be considered a good predictor of thermal stability.

We next considered amino acid composition and found that  
T. thermophilus proteins have a substantially lower cysteine content 
than other species. For most other amino acids, no clear associa-
tions were observed. However, when grouped by certain properties, 
we found that proteins of the thermophile T. thermophilus contained 
far fewer polar amino acids than those of the mesophile E. coli  
(Fig. 4d), corroborated by a similar observation for Geobacillus 
stearothermophilus versus Bacillus subtilis (Supplementary Figs. 9 
and 10). Conversely, T. thermophilus proteins had a slightly higher 
frequency of hydrophobic amino acids (Fig. 4e), in line with the 
previous observation that, for example, increasing hydrophobic 
interactions in the core leads to more stable structures22–25. Even 
though there were clear differences in the frequency of helical, loop 
or strand structures between bacteria and eukaryotes, their relative 
proportions were nearly identical between bacteria even though 
their OGTs differed by >50 °C (Fig. 4f). Notably, loops and disor-
dered regions are far more prevalent in the proteins of eukaryotic 
species than in prokaryotes (Fig. 4g). We therefore assessed whether 
the extent of disordered regions in human proteins may be a pre-
dictor of thermal stability in situ. Previous work using lysates has 
shown that proteins with large proportions of disordered regions 
are often thermally unstable and exhibit similar melting behavior 
as structured proteins1. Our TPP data for human proteins cor-
roborated this observation for whole cells (Supplementary Fig. 11),  
and our AUC stability classification allowed us to extend this analy-
sis to nonmelting proteins. Against this trend, nonmelters were 
most strongly enriched in disordered regions (Fig. 4h). Nonmelting 
proteins exhibited a bimodal distribution in terms of disordered 
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structure. Gene ontology analysis revealed that nonmelters with  
little disordered structure were strongly enriched in transmem-
brane-domain-containing proteins, proteins with extracellu-
lar domains, glycosylated proteins, secreted proteins with signal  

peptides and proteins containing disulfide bonds, all of which pro-
vide a rationale for why these proteins do not precipitate at higher 
temperatures. In contrast, heat-stable but highly unstructured 
proteins were strongly enriched in nuclear proteins and proteins  
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annotated to be phosphorylated (Supplementary Table 3). The 
group of highly disordered proteins contained tau, which is 
almost entirely disordered and well known to be heat resistant  
(Fig. 4i)26. In contrast, the spliceosomal protein IK (protein Red, 
both from U937 cells) is also a largely disordered protein but 
showed a Tm of about 47 °C. We can conclude that there is a more 
complex relationship between disorder and thermal protein stabil-
ity than previously appreciated.

Our experiments suggest that protein stability is, in large 
parts, an intrinsic property of proteins encoded in their primary 
sequence. But is this property conserved evolutionarily between 
different species; that is, do proteins maintain their stability as 
they evolve? To test this hypothesis, we compared relative protein 
stabilities across all 13 species by computing correlations between 
the AUCs of orthologous proteins (Methods). Hierarchical clus-
tering of the correlation coefficients (Supplementary Fig. 12) 
approximately recovered the known phylogenetic relationship 
between the analyzed species, with two broad clusters for bac-
teria/archaea and eukaryotes. The eukaryotic subcluster mostly 
followed the species tree of eukaryotes from yeast to mammals, 
with the highest correlation observed between mouse and human 
(r = 0.62), as would be expected by the relatively small evolution-
ary distance between the two species. These findings suggest that 
protein stability is at least partly a conserved property but contin-
ually decreases as the sequences (and the environmental pressures 
shaping them) diverge.

Meltome atlas of human cell types. The human meltome data sets 
comprise three primary cell types, colon cancer spheroids and ten 
commonly used cell lines (Supplementary Table 1). To identify  

potential cell-type-specific differences, we compared proteins for 
which melting points were determined across all cell types. We 
observed clustering of replicates and an overall concordant melting 
behavior (Supplementary Fig. 5c). Next, we devised a strategy to 
identify proteins with specifically higher or lower melting points in 
individual cell types. We tested 7,278 proteins for which Tm could 
be estimated in at least three different cell types (Methods) and 
observed clusters of proteins that show a cell-type-specific melting 
characteristic (Supplementary Fig. 5d). We found that many (statis-
tically significantly) cell-type-specifically destabilized proteins had 
altered genotypes (Fig. 5a). It is not clear to what extent this may be 
generalized, but, in line with previous results, we observed lower 
thermal stability of the proteins BCR and ABL1 in K562 cells, which 
are functionally characterized by the fusion of the two genes. The 
fusion protein is also highly unstable in primary cells from patients 
with chronic myelogenous leukemia27. We also found the protein 
underlying Huntington’s disease (huntingtin, HTT) to be both very 
unstable and decreased in abundance in these cells compared to 
all other cell types28. HTT was recently found to harbor a disrup-
tive in-frame insertion in K562 cells29, and one might speculate if 
this alteration may explain its decreased stability and abundance. 
Similarly, we found ubiquitin carboxyl-terminal hydrolase 15 
(USP15) to be specifically and strongly destabilized in Jurkat cells 
in which it was found to harbor multiple single nucleotide variants 
and deletions30. Tubulin-tyrosine ligase-like protein 12 (TTLL12) 
was found to be mildly destabilized in K562 cells and is reported to 
harbor a missense single nucleotide variant in this cell line29. While 
we and others have reported that thermal stability is not gener-
ally associated with protein degradation rates1,6,31, these observa-
tions provide some basis to speculate that even small changes to a  
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particular protein sequence (and structure) can destabilize a pro-
tein and that accumulation of such events or larger genetic lesions 
may have detrimental effects on protein thermal stability.

Conversely, for (statistically significant) cell-type-specifically 
stabilized proteins, we observed that they typically participate in 
cellular processes that are highly active in these cell types (Fig. 5b).  
For example, glutaminase was specifically stabilized in Jurkat and 
primary T  cells. This enzyme is activated by ADP (potentially 
stabilized by binding ADP) and converts glutamine to glutamate. 
This might reflect an enhanced metabolism of glutamine within  

T lymphocytes that is required for, as an example, glutathione syn-
thesis32. Along the same lines, we observed that proteins of the 
glycolysis pathway (but not the citric acid cycle) were more stable 
than other proteins in cancer cell lines but not in primary cells 
(Supplementary Fig. 13), possibly reflecting a stabilizing effect by 
the bound glycolytic metabolites. The mitochondrial heat shock 
protein HSPD1 was more stable in colon cancer spheroids than in 
other cell types, and one might hypothesize that a high HSP cargo 
load may stabilize the protein. This is consistent with reports show-
ing that chaperones become more thermostable when active11.  
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The observation in colon cancer spheroids also agrees with the gen-
eral finding that high chaperone activity in, for example, colon can-
cer is associated with poor colorectal cancer prognosis33.

We observed that all members of the CDK activating kinase 
(CAK) complex (CDK7, CCNH, MNAT1) coaggregated and exhib-
ited higher thermal stability in K562 cells and, to a lesser extent, in 
Jurkat cells (Fig. 5b). The activity of this complex is regulated by 
phosphorylation and has been linked to transcriptional addiction in 
T cell acute lymphoblastic leukemia34. One might speculate that the 
higher thermal stability of the complex is a consequence of higher 
activity and thus reflects a stronger dependence of cells on its activ-
ity to drive transcription of genes they are addicted to (for example, 
MYC or RUNX1). In line with this hypothesis, we observed that the 
large subunit of RNA polymerase II (POL2RA) exhibited a simi-
lar pattern of melting points across cell types as the CAK complex 
(Fig. 5b), and it has previously been shown that POLR2A activity 
is correlated with thermal stability6. Since the catalytic activity of 
the complex is implemented by the CDK7, we hypothesized that 
cells with higher thermal stability of the CAK complex would show 
increased sensitivity to CDK7 inhibitors. Indeed, melting points of 
CDK7 collected in this study and reported IC50 values of antiprolif-
erative activity of the covalent CDK7 inhibitor THZ1 in different 
cell types34 correlated well (R2 = 0.8, Fig. 5c) indicating that the drug 
may also be effective in other leukemias such as chronic or acute 
myeloid leukemia. Although not investigated here, this indicates 
that extending TPP to post-translational protein modifications such 
as phosphorylation, acetylation or glycosylation beyond individual 
proteins35 may be a promising future line of research.

Thermal protein stability in the mitochondrial respiratory 
chain. It has been suggested that mitochondria in human cells are 
physiologically maintained at close to 50 °C and that some resident 
enzymes, notably in complexes II, III and IV, have maximal activity 
between 46–50 °C (ref. 3). This may not be surprising as a substan-
tial amount of energy is heat dissipated at the site of respiration in 
mitochondria as a result of proton leakage. However, this implies 
that steep thermal gradients must exist on the subcellular level, pre-
venting thermal damage to the overall mitochondrial and cellular 
proteome, and that the proteins exposed to the heat must be suf-
ficiently stable. And indeed, while mitochondrial proteins were not 
substantially more stable than others, members of the respiratory 
chain showed robustly higher Tm values, particularly in primary 
T  cells (median Tm of 60 °C; Fig. 6a and Supplementary Fig. 14). 
To follow up, we measured respiration rates of intact and permea-
bilized human embryonic kidney 293 (HEK293) cells at different 
temperatures (Methods). The respiration rate of intact cells, rely-
ing on functional upstream glycolytic enzymes, rapidly declined at 
temperatures above 42 °C. In contrast, permeabilized cells that were 
externally supplied with substrates for the respiratory chain had 
close to normal respiration rates at 46 °C (Fig. 6b, Supplementary 
Table 4 and Supplementary Fig. 15), supporting the hypothesis that 
proteins of the respiratory chain may have evolutionarily adapted to 
higher local temperatures by increasing their thermal stability.

Meltome atlas and drug discovery. TPP has proved valuable for 
target identification and measuring drug–target engagement in 
cells2,36. One contribution of the current study to this field is that it 
broadly defines the proteins that are amenable to TPP drug profil-
ing experiment today (Fig. 6c and Supplementary Fig. 16). Of the 
671 annotated human drug targets, 1,265 potential drug targets and 
2,242 disease-related proteins37,38, 318 (929, 1,413) were detected in 
cell-based TPP experiments (285/872/1,357 in lysate-based experi-
ments). For 56, 103 and 132 of these, respectively, no Tm could be 
determined (59/108/365 for lysates), confining these proteins to an 
AUC analysis or making a TPP drug assay difficult. The remain-
ing 264 (826/1,281) proteins in cells and 226/764/992 in lysates are, 

in principle, amenable to TPP, but there is as of today no way of 
predicting which proteins would show a drug-induced stabiliza-
tion or destabilization effect and how strong the effect might be. 
As improvements are made to the technology—for example, intact 
membrane protein extraction procedures—the number of pro-
teins amenable to TPP profiling may continue to rise in the future. 
The fact that our atlas provides melting characteristics of a large 
number of proteins can help to configure drug–target engagement 
assays for selected proteins that may be read out by western blotting 
or mass spectrometry.

As an example, we examined the interaction of the lysine- 
specific histone demethylase 1A (KDM1A) with tranylcypromine. 
The primary use of the drug is to treat depression by way of inhibiting 
monoamine oxidases A and B. The molecule also inhibits KDM1A by 
covalently binding to FAD, a cofactor of KDM1A, and is currently in 
clinical trials as a combination therapy with all-trans retinoic acid for 
the treatment of acute myeloid leukemia (www.clinicaltrials.gov). TPP 
analysis in several human cell types revealed Tm values between 48 °C 
in K562 cells and 52 °C in hepatocytes (Fig. 6d). We next performed 
two-dimensional TPP experiments (that is, varying temperature and 
drug dose39) in THP1 cells (Fig. 6e). It is apparent that the choice 
of temperature is a compromise: if the temperature is too low (here 
44 °C), it is difficult to measure a stabilizing effect because the protein 
has not yet melted. If the temperature is too high (here 60 °C), measur-
ing the interaction is also compromised because almost all of the pro-
tein has already precipitated. Dose-dependent TPP experiments are 
ideally performed at a temperature higher than the Tm of the protein 
to maximize the measurable effect (here 52 °C). As a second example, 
we investigated targets of the antibiotic trimethoprim in E. coli. (Fig. 
6f and Supplementary Fig. 17). The difference of ~4 °C between the 
melting curves of the protein FolA (dihydrofolate reductase) in the 
presence or absence of trimethoprim identified FolA as a target. We 
note that it is generally required to perform drug-centric TPP experi-
ments in replicates to be able to interpret such rather subtle shifts in 
Tm values. Again, the value of the data assembled in the meltome atlas 
is that it provides guidance for selecting an appropriate temperature 
range for a TPP experiment for a particular protein.

Discussion
We have accumulated melting characteristics of tens of thousands 
of proteins across 13 organisms from different parts of the tree of 
life. The scope of the study has enabled an in-depth investigation 
of the relationships between protein stability, protein sequence, 
protein function and protein–protein interactions. Mining the 
atlas revealed that protein thermal stability not only correlates 
with the OGTs at which different species thrive, but also reflects 
particular physiological and pathological molecular contexts. The 
analysis uncovered new factors governing protein thermal sta-
bility and showed that disordered proteins fall into two distinct 
classes. For human cell lines, we observed that differences in 
thermal stability reflected the difference in activity of biological 
processes. We also showed that some proteins of the respiratory 
chain are consistently more thermally stable, in line with locally 
higher temperatures. We anticipate TPP will continue to be useful 
in drug discovery, notably for small molecule target deconvolu-
tion and target engagement measurements, and we demonstrated 
that the data can be used to set up such experiments efficiently. 
The TPP data reported here will likely motivate others to extend 
investigations in the context of drug discovery, protein engineer-
ing and basic biology research. To foster such further use, all data 
are available via the proteomeXchange consortium and can be 
explored online using an R Shiny App and ProteomicsDB13,40.
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Methods
Experimental design. In our study we aimed to create a comprehensive atlas of 
protein melting behavior derived from organisms living in different environmental 
niches and temperature conditions. For this purpose, we melted proteomes of 
different organisms starting from their OGT and extending this up to 30 °C 
above OGT. For some species (O. antarctica, Arabidopsis thaliana, C. elegans, 
Saccharomyces cerevisiae and D. rerio) for which we did not observe melting 
behavior beyond 10 °C above OGT, we adjusted the melting range as specified  
in Supplementary Table 1 to cover the whole melting range of the organism.  
All temperature points were encoded with TMT-10 reagents and measured on  
LC–MS/MS. The TMT ion intensity was then used for curve fitting along the 
melting gradient (see next for details). Detailed information on experimental 
design and reagents are collected in the Life Sciences Reporting Summary 
published alongside the presented work.

Organism growth and lysis conditions. Conditions for cell and organism growth 
and lysis are summarized in Supplementary Table 1. Briefly, all microorganisms (O. 
antarctica RB-8, B. subtilis 168, E. coli K12 MG1655, Geobacillus stearothermophilus 
NCA 26, P. torridus DSM 9790, T. thermophilus HB27) were obtained from the 
DSMZ (German Collection of Microorganisms and Cell Cultures) and cultured 
according to their recommendations. P. torridus medium was adjusted to pH 0.7 
using sulfuric acid. Full medium for T. thermophilus HB27 was prepared using 
Aqua Purania water (TSI). B. subtilis, E. coli, G. stearothermophilus and T. 
thermophilus were grown overnight in 250 ml of full medium while shaking at 
180 r.p.m. P. torridus was cultured in 100 ml of medium for 2 d, shaking at 50 r.p.m. 
O. antarctica culture (2L) was harvested 7 d after inoculation (15 °C, 120 r.p.m.). 
After cultivation, bacterial cultures were washed twice with ice-cold PBS. P. 
torridus was the only exception being washed with 50 mM sodium acetate (pH 4.6) 
to prevent cell lysis. For lysis, bacterial cell pellets were resolubilized in ice-cold 
PBS containing 0.5% Nonidet P-40 (Sigma) and protease inhibitors, and sonicated 
on ice for 15–20 min (frequency 0.5 s, amplitude 30%) using an ultrasonic 
processor UP200S (Hielscher Ultrasonics). B. subtilis was additionally passaged 
three times through a french pressure cell press (American Instruments Company 
Inc.). Bacterial cell lysates were then centrifuged for at least 30 min (21,000 relative 
centrifugal force (rcf), 4 °C).

Seedlings of A. thaliana ecotype Columbia-0 (Col-0) were grown for 7 d 
under continuous light conditions at 22 °C on Murashige and Skoog (½ MS) 
plates. Frozen plant material was homogenized with a Tissuelyzer (Qiagen) 
and stored at −80 °C. Mouse liver tissues were frozen in liquid nitrogen and 
disrupted into powder before lysis. Subsequently, the tissue was lysed in  
ice-cold PBS with 0.5% NP-40 and protease inhibitors by four cycles of  
snap-freezing in liquid nitrogen and cleared by centrifugation for 20 min  
at 20,000 rcf and 4 °C.

Mixed populations of C. elegans wildtype N2 (var. Bristol) were grown for 5 d 
at 20 °C on nematode growth medium agar plates with E. coli OP50 as food source. 
The nematodes were washed five times with M9 buffer before lysis. After the 
primary bead-beating procedure, worms were lysed in PBS containing 0.5% NP-40 
and protease inhibitors.

Zebrafish endothelial (Zendo) cells41 were cultured in Leibovitz L15 
glutamax medium (Gibco) complemented with 14% fetal calf serum, 7.5 mM 
calcium chloride, 50 U ml−1 penicillin, 0.05 mg ml−1 streptomycin and 10 mg ml−1 
gentamycin. They were cultured at 27 °C without CO2 supply. Before collection, 
cells were washed twice in ice-cold PBS, followed by mechanical detachment.  
Cells were centrifuged for 5 min at 1,200 r.p.m., resuspended in PBS containing 
protease inhibitors and lysed by five freeze–thaw cycles. The lysate was cleared  
by centrifugation for 10 min at 20,000 rcf and 4 °C.

S. cerevisiae strain BY4741 (EuroSCARF) was cultured to the exponential 
growth phase at 30 °C in synthetic defined medium. The synthetic defined medium 
contained per liter: 6.7 g of yeast nitrogen base (Difco, B/C Biosciences), 20 g of 
glucose, 20 mg of adenine, 20 mg of arginine, 20 mg of histidine, 60 mg of leucine, 
230 mg of lysine, 20 mg of methionine, 300 mg of threonine, 20 mg of tryptophan 
and 20 mg of uracil. The cells were collected by centrifugation at 3,000 rcf for 
4 min, washed with MilliQ and stored at −20 °C until further processing. Pellet 
corresponding to 50 optical density (OD) was resuspended in 600 µl of ice-cold 
PBS containing protease inhibitors. In addition, 500 µl of 425–600 nm acid-washed 
glass beads (Sigma) was added. S. cerevisiae was lysed by bead beating for ten 
cycles (30 s on/30 s off). The lysate was cleared by centrifugation for 10 min at 
20,000 rcf and 4 °C.

Drosophila melanogaster SII cells were cultured at 28 °C in complete Schneider’s 
Drosophila medium containing 10% FBS and washed with PBS before lysis. Cells 
were lysed with PBS containing 0.5% NP-40 and protease inhibitors by four snap-
freezing cycles in liquid nitrogen and the lysates were cleared by centrifugation for 
20 min at 20,000 rcf and 4 °C.

Human cell lines were grown in recommended culture media. For thermal 
profiling of proteins in lysates, cells were washed in PBS and lysed either in PBS 
or PBS containing 0.5% NP-40 by four snap-freezing cycles in liquid nitrogen, 
and cleared by centrifugation for 20 min at 20,000 rcf and 4 °C. For thermal 
profiling of proteins in intact cells, cultures were washed in PBS, heated to the 
designated temperatures, lysed either in PBS or PBS containing 0.5% NP-40 by 

four snap-freezing cycles in liquid nitrogen and cleared by centrifugation for 
20 min at 100,000 rcf and 4 °C.

Thermal profiling and protein digestion. TPP was performed as previously 
described2. Briefly, protein concentrations were determined by the Bradford Assay 
(Coomassie Protein Assay Kit, Thermo Fisher Scientific).

Lysates from all microorganisms, A. thaliana, C. elegans, D. melanogaster and 
mouse liver tissue were adjusted to 2 mg of protein per ml, divided into 100-µl 
aliquots and heated up in a PCR cycler (Flex Cycler 2, Biometra) at different 
temperatures for 3 min, then cooled to 25 °C for 5 min and placed on ice. Samples 
were ultracentrifuged at 100,000 rcf for 20 min at 4 °C. The protein concentration 
of the supernatants was estimated as above (Coomasie Protein Assay Reagent, 
Thermo Fisher Scientific) and stored at −80 °C until further analysis. For all 
in-gel digested samples, volumes corresponding to 50 µg of protein in the lowest 
temperature point were subjected to reduction (10 mM DTT, 45 min, 37 °C) and 
alkylation (55 mM chloroacetamide, 30 min, room temperature, in the dark). 
Samples were mixed with NuPAGE LDS sample buffer, denatured for 5 min 
at 96 °C and allowed to run 1 cm into a LDS–PAGE gel, leaving single bands, 
which were then cut out and placed in a drilled 96-well plate. Remaining solvent 
was removed by centrifugation at 1,000 r.p.m. for 1 min. The gel was destained 
with 100 μl of 50 mM TEAB in 50% ethanol for 2 h at room temperature and 
subsequently for 1 h at 50 °C. Gel pieces were dehydrated by adding 100% ethanol 
for 10 min at room temperature and washed with 100 μl of 5 mM TEAB for 20 min 
at room temperature. For digestion, 20 μl of 10 ng µl−1 trypsin in 5 mM TEAB 
was added and incubated for 15 min at 4 °C. Remaining trypsin was removed by 
centrifugation and the digestion was performed overnight at 37 °C by adding 20 μl 
of 5 mM TEAB. The next day, peptides were acidified with 5 μl of 5% formic acid 
(FA) and extracted in three steps. In the first and second extraction, 20 μl of 1% FA 
were added and incubated for 30 min at room temperature. In the last extraction 
step 20 μl of 60% acetonitrile (ACN) in 0.1% FA were added and incubated for 
30 min at room temperature. Eluted peptides were dried twice with 30 and 20 μl 
ACN for 15 min at room temperature and stored at −20 °C until further processing.

Protein concentration in D. rerio and S. cerevisiae lysates was determined by 
the BCA protein assay kit (Thermo Fisher Scientific), adjusted to 2 mg ml−1 and 
divided in ten 100 µl aliquots. Heat treatment was performed in a PCR cycler (T100 
thermal cycler, Bio Rad) for 3 min, cooled down to 25 °C for 3 min and afterward 
placed on ice. For Zendo cells, a temperature range from 34 to 63.7 °C was chosen, 
for S. cerevisiae, a temperature range of 37 to 64 °C was chosen. Precipitate was 
removed by ultracentrifugation at 100,000 rcf for 1 h at 4 °C. Volume corresponding 
to 100 µg of protein at the lowest temperature point was taken. Samples were 
reduced and alkylated for 15 min in the dark at 37 °C (6 M urea, 10 mM TCEP 
and 40 mM CAA in 50 mM TEAB (pH 8.5)). Samples were further diluted with 
3 volumes of 50 mM TEAB and trypsin was added (1:100 protease:protein ratio). 
Predigestion was performed for 2 h at 37 °C. A second overnight digestion step 
was performed by adding trypsin (1:100 protease:protein ratio). Digestion was 
stopped by acidifying to pH 2 by adding FA. Samples were centrifuged at 20,000 rcf 
for 10 min at 4 °C before they were desalted using 1-cm3 Sep-Pek SPE cartridges 
(Waters). Briefly, cartridges were washed three times with 1 ml of ACN followed 
by washing three times with 1 ml of 0.1 M acetic acid. Samples were loaded and the 
flow-through was passed through the cartridges again. Cartridges were washed 
three times with 1 ml of 0.1 M acetic acid and the peptides were eluted using three 
times 250 µl of 0.1 M acetic acid/80% ACN. Samples were dried in a Thermo Savant 
SPD SpeedVac (Thermo Fisher Scientific).

TMT stable isotope labeling. TMT labeling for all in-gel digested samples was 
conducted as previously described and the TMT-126 channel was used for the 
lowest temperature in each experiment42. Briefly, protein digests were dissolved 
in 16 μl of 50 mM HEPES (pH 8.5) and mixed for 10 min at 20 °C. TMT reagent, 
dissolved in 100% anhydrous ACN, was added to each vial to a final concentration 
of 10.7 mM. Samples were incubated with shaking at 400 r.p.m. on a thermomixer 
for 1 h at 20 °C. The reaction was stopped by adding hydroxylamine to final 
concentration of 0.4% and incubating for 15 min at 20 °C and 400 r.p.m. on the 
thermoshaker. After TMT labeling, samples were combined and acidified using 
20 µl of 10% FA. Samples were desalted on 50-mg Sep-Pak tC18 solid-phase 
extraction cartridges (Waters; wash solvent, 0.1% FA; elution solvent, 60% ACN  
in 0.1% FA).

Protein digests from D. rerio and S. cerevisiae were dissolved in 40 µl of 
50 mM HEPES (pH 8.5) and mixed for 10 min at 20 °C. TMT reagents were 
dissolved in 42 µl of 100% anhydrous ACN, after which 10 µl of this solution 
was added to the peptides. Labeling was performed for 1 h at 20 °C while 
shaking at 400 r.p.m. The reaction was stopped by adding hydroxylamine to a 
final concentration of 0.4% and incubating for 15 min at 20 °C and 400 r.p.m. 
Subsequently, samples were pooled and acidified to pH 2 using FA. Samples were 
desalted using 1-cm3 Sep-Pak SPE cartridges as described before. After desalting 
samples were dried using SpeedVac.

Peptide fractionation before LC–MS/MS analysis. All sample pools except 
for human, D. rerio and S. cerevisiae were fractionated on a Trinity P1 column 
(Thermo Fisher Scientific) using a Dionex Ultimate 3000 high-performance 
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liquid chromatography (HPLC) System (Dionex Corporation) as previously 
described43. Samples (100 µg) were loaded onto the column in Trinity solvent A 
(10 mM ammonium acetate in water, pH 4.7) and separated using 45 min gradient 
of 0–100% Trinity solvent B (10 mM ammonium acetate in 95% ACN, pH 5.4) 
at a flow rate of 250 µl min−1. During separation, 32 fractions (1 min each) were 
collected. Samples from microorganisms were pooled into eight fractions and 
dried down in a SpeedVac, whereas samples from eukaryotic species were dried 
down without pooling. All human samples were fractionated via hydrophilic 
strong anion exchange (hSAX) chromatography as previously described44,45. 
Briefly, an equivalent of 200 µg protein digest was reconstituted in hSAX solvent 
A (5 mM Tris-HCl, pH 8.5) and separated using a Dionex Ultimate 3000 HPLC 
System (Dionex) equipped with an IonPac AG24 guard column (2 × 50 mm2) and 
an IonPac AS24 strong anion exchange column (2 × 250 mm2, Thermo Fisher). 
Samples were loaded onto the column and washed at a flow rate of 250 µl min−1 
using 100% hSAX solvent A for 2 min and subsequently separated by increasing 
hSAX solvent B (5 mM Tris-HCl, pH 8.5, 1 M NaCl) from 3–27% in 24 min and 
to 40% in 13 min. After washing the column for 10 min at 100% hSAX solvent B, 
it was equilibrated with 100% hSAX solvent A. During separation, 40 fractions 
(1 min each) were collected. Afterward, fractions were acidified with 5 µl of neat FA 
and less-complex early and late fractions were pooled with more complex fractions 
eluting in the middle of the gradient. The resulting 24 fractions were desalted using 
self-packed StageTips (three disks, diameter 1.5 mm, C18 material, 3 M Empore; 
wash solvent, 0.1% FA; elution solvent, 0.1% FA in 50% ACN). Eluted fractions 
were frozen, dried down in a SpeedVac and stored at −20 °C until LC–MS analysis.

Sample pools from D. rerio and S. cerevisiae were fractionated using high pH 
reverse-phase HPLC fractionation using a Kinetex 5u EVO C18 100 A column 
(Phenomenex) on a HPLC 1200 system (Agilent) operating at a flow rate of 
200 μl min−1. Briefly, dried pellet was reconstituted in 20 µl of buffer A (10 mM 
NH4OH, pH 10) and injected. Samples were first loaded on the column at a flow 
rate of 20 μl min−1 for 2 min. Peptides were eluted stepwise using the following 
gradient: 2–12% buffer B (10 mM NH4OH/90% ACN, pH 10) in 6 min, 12–35% 
buffer B in 47 min, 35–55% buffer B in 7 min, 55–100% buffer B in 3 min, 0–100% 
buffer A in 9 min and 100% buffer A for 31 min. A total gradient time of 105 min 
was used. Fractions corresponding to 1 min of gradient time were collected on a 
1260 infinity fraction collector (Agilent). Only fractions eluting after 8 min were 
collected. These fractions were concatenated in 15 fractions for Zendo cells and ten 
fractions for S. cerevisiae. All the fractions were dried down using SpeedVac and 
stored at −80 °C until further use.

TPP of drugs. For the two-dimensional TPP of tranylcypromine (TCP) 
(Selleckchem) in lysate, THP1 cells were washed twice using PBS, resuspended 
in ice-cold PBS supplemented with protease inhibitor and snap-frozen in liquid 
nitrogen. Following five freeze–thaw cycles, cells were Dounce homogenized with 
20 strokes and centrifuged at 100,000 rcf (20 min, 4 °C). Protein concentration 
was determined by Bradford assay. The lysate was adjusted to 2 mg of protein 
per ml and 100 µl of THP1 cell lysate per condition (ten concentrations at five 
temperatures) were incubated for 20 min at 25 °C with either vehicle (ddH2O) 
or tranylcypromine (0.1, 0.3, 1, 3, 10, 30, 100, 300 and 1,000 µM) before samples 
were heated for 3 min to the target temperatures (44, 48, 52, 56 or 60 °C). After 
incubation for 3 min at room temperature and 6 min on ice, aggregated proteins 
were pelleted at 100,000 rcf (20 min, 4 °C).

For the melting curve based TPP of the dihydrofolate reductase inhibitor 
trimethoprim (Sigma-Aldrich) E. coli cells were washed twice with PBS 
supplemented with 0.4% NP-40 and lysed by sonication. Protein concentration 
was determined via Bradford assay, and the bacterial cell extract was distributed 
into aliquots with a final protein concentration of 2 mg ml−1. The cell extract  
was incubated with 25 µM trimethoprim or vehicle (DMSO) for 30 min at  
room temperature and heated to the target temperatures (37.0, 39.9, 43.0, 
46.6, 50.2, 53.8, 57.4, 61.0, 64.1 or 67.0 °C) for 3 min and cooled down on ice 
for 10 min previous ultracentrifugation (>100,000g, 20 min, 4 °C) to pellet 
aggregated proteins.

For subsequent protein digestion, 80 µl of the supernatants were dried down 
and resuspended in 6 M urea in 40 mM Tris-HCl (pH 7.6). After reduction 
(10 mM DTT, 30 °C, 30 min) and alkylation (50 mM chloroacetamide, room 
temperature, 30 min, in the dark), samples were diluted to 1.2 M urea using 
40 mM Tris-HCl (pH 7.6) and digestion was performed overnight at 37 °C and 
500 r.p.m. using trypsin (Promega, 1:50 enzyme:substrate ratio). Digests were 
acidified by addition of neat FA to 1% and desalted using a Sep-Pak C18 96-well 
plate (Waters) (wash solvent, 0.1% FA; elution solvent, 0.1% FA in 50% ACN). 
TMT labeling was conducted as described before, combining samples treated with 
increasing TCP concentrations and heated to the same temperature in one TMT-
10plex experiment. High pH reversed phase tip fractionation was performed as 
previously described42. Briefly, an aliquot of each sample pool corresponding to 
40 µg of initial protein input was resuspended in 0.1% FA, and desalted (wash 
solvent, 0.1% FA; elution solvent, 0.1% FA in 50% ACN) and fractionated (wash 
solvent, 25 mM NH4COOH, pH 10; elution solvents, 25 mM NH4COOH (pH 10) 
in 7.5, 10, 12.5, 15, 20, 25 and 50% ACN) using self-packed StageTips (five 
disks, diameter 1.5 mm, C18 material, 3 M Empore). The sample flow-through 
was combined with the 25% ACN eluate and the 7.5% ACN with the 50% ACN 

fraction, resulting in a total of six fractions that were dried down and stored at 
−20 °C until LC–MS measurement.

LC–MS/MS analysis. Here, 1 µg of each Trinity or hSAX fraction was 
resuspended in 0.1% FA in water and injected into an Ultimate 3000 RSLCnano 
System (Thermo Fisher Scientific) coupled to a Q-Exactive Plus or Fusion 
Lumos Tribrid mass spectrometer (Thermo Fisher Scientific; see Supplementary 
Table 1 for details). Peptides were delivered to a trap column (75 µm × 2 cm, 
packed in house with 5 µm C18 resin, Reprosil PUR AQ, Dr Maisch), washed 
for 10 min at a flow rate of 5 µl min−1 in loading solvent (0.1% FA in water) and 
separated on the analytical column (75 µm × 45 cm, packed in house with 3 µm 
C18 resin, Reprosil Gold, Dr Maisch) applying a flow rate of 300 nl min−1 and 
using a 90 min gradient of 2–80% solvent B (LC solvent A, 0.1% FA, 5% DMSO; 
LC solvent B, 0.1% FA, 5% DMSO in ACN). DMSO as solvent additive was used 
to boost the nESI signal of peptides46. The Q-Exactive Plus was operated in  
data-dependent acquisition and positive ionization mode. Full-scan MS1  
spectra were acquired from 360 to 1,300 m/z, at 60,000 resolution, using an 
automatic gain control (AGC) target value of 3 × 106 (Q-Exactive) or 4 × 105 
(Lumos) charges and a maximum injection time (maxIT) of 10 ms. Up to 
25 precursor ions were allowed to be selected for fragmentation. Dynamic 
exclusion was set up to 25 s. MS2 spectra were acquired at 30,000 resolution  
with a fixed first mass of 100 m/z and using an AGC target value of 2 × 105 
charges and a maxIT of 50 ms.

For the meltome analysis of D. rerio and S. cerevisiae, 1 µg of peptide was 
dissolved in 10% FA and injected on an ultra-HPLC 1290 system (Agilent) 
coupled to a Q-Exactive HF-X mass spectrometer (Thermo Fisher scientific). 
Peptides were trapped (Dr Maisch Reprosil C18, 3 µm, 2 cm × 100 µm) before 
being separated using an analytical column (Agilent Poroshell EC-C18, 2.7 µm, 
50 cm × 75 μm). Trapping was performed for 5 min in buffer A (0.1% FA) at 
a flow rate of 0.005 ml min−1. The following gradient was used for separation: 
12–42% buffer B (80% ACN + 0.1% FA) in 95 min, 100% buffer B for 2 min 
followed by 100% buffer A for 11 min. The flow was split to generate a final flow of 
300 nl min−1. The Q-Exactive HF-X was operated in a data-dependent acquisition 
mode with positive ionization. Full MS spectra were acquired from 375–1,500 m/z 
at 60,000 resolution, using an AGC target value of 3 × 106 charges and a maximum 
injection time of 20 ms. A maximum of 12 precursors were allowed to be 
fragmented. A dynamic exclusion of 18 s was used. MS2 fragmentation spectra 
were obtained with a fixed first mass of 120 m/z at 45,000 resolution, using an 
AGC target of 1 × 105 and a maximum injection time of 85 ms. Fragmentation was 
performed using higher-energy collisional dissociation (HCD) at a normalized 
collision energy (NCE) of 32.

MS measurements for samples from the two-dimensional proteome profiling 
using TCP were performed on a Fusion Lumos Tribrid mass spectrometer 
(Thermo Fisher Scientific) as described above with following modifications: a 100-
min linear gradient from 6 to 34% LC solvent B in LC solvent A was applied. Full-
scan MS1 spectra were obtained using an AGC target value of 4 × 105 charges and 
a maxIT of 20 ms. MS2 spectra for peptide identification were obtained in the ion 
trap in rapid scan mode via sequential isolation of up to ten precursors (isolation 
window 0.7 m/z, AGC target value of 2 × 104, maxIT of 100 ms, dynamic exclusion 
of 90 s) and fragmentation via CID (NCE of 35%, activation Q of 0.25). For TMT 
reporter quantification, each peptide precursor was fragmented again, followed by 
the synchronous selection of up to ten of most intense peptide fragments in the ion 
trap and further fragmentation via HCD using a NCE of 55%. MS3 spectra were 
recorded in the orbitrap at 50,000 resolution (scan range 100–1,000 m/z, charge 
dependent isolation window from 1.3 (2+) to 0.7 (5–6+) m/z, AGC of 1.2 × 105 
charges, maxIT of 120 ms).

LC–MS/MS measurements of E. coli samples of the trimethoprim experiment 
were performed on an Ultimate 3000 RSLCnano System coupled to the Q-Exactive 
Plus instrument as described before.

Peptide and protein identification by database searching. Peptide and protein 
identification and quantification were performed using MaxQuant (v.1.5.5.1) 
with its embedded Andromeda search engine. Spectra were searched against 
the SwissProt canonical databases downloaded for all analyzed organisms and 
supplemented with common contaminants. Trypsin/P was selected as proteolytic 
enzyme and up to two missed cleavage sites were allowed. Carbamidomethylation 
of cysteine was set as fixed modification, and oxidation of methionine and 
N-terminal protein acetylation as variable modifications. TMT10 was specified 
as label within a reporter ion MS2 (meltome data) or MS3 (two-dimensional 
thermal profiling data) experiment type. The mass tolerance of precursor ions 
was set to ±5 ppm and of fragment ions to ±20 ppm for orbitrap and 0.5 Da for 
ion trap spectra. Results were adjusted to 1% peptide spectrum match and 1% 
protein false discovery rate employing a target-decoy approach using reversed 
protein sequences.

Inference of protein melting points. Protein melting points were determined by 
fitting sigmoidal curves to relative protein abundances using the TPP ‘R’ package 
as described previously2. First, relative abundances were obtained by normalizing 
absolute TMT reporter intensities with the reporter intensity corresponding to the 
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lowest temperature channel. Then, melting curves with three free parameters a, b 
and plateau of the form

f Tð Þ ¼ 1� plateau

1þ e�
a
T�bð Þ þ plateau

were fitted numerically to the relative abundances as a function of temperature 
T. In this model, f(T) is by definition fixed to one at the lowest temperature. The 
Tm is defined as the temperature at which the inferred melting curve first hits a 
relative protein abundance of 50% compared to the lowest temperature data point 
(defined as 100%); that is, f(Tm) = 0.5. To allow comparisons between proteins 
without defined Tm, such as nonmelters, protein melting behavior was additionally 
quantified using the AUC. The AUC was computed by numerical integration of 
the melting curve between the lowest and highest measured temperature points 
for the respective species. All proteins with assigned Tm were characterized as 
melters and the remaining proteins without Tm values we classified as nonmelters. 
All melters with AUC < 0.35 were called low-Tm melters, those with AUC > 0.65 
were named high-Tm melters and the remaining melting proteins were called 
medium-Tm melters.

Computation of absolute protein abundance. Absolute protein abundance was 
estimated from adjusted MS1 intensities as described previously31. Briefly, first, the 
relative contribution of the lowest temperature channel to the overall MS1 intensity 
(which contains all isobaric TMT channels) was estimated as the fraction of its 
TMT reporter intensity among the sum of all MS2 reporter intensities. The MS1 
intensity of the protein was then multiplied by this fraction, and divided by the 
number of theoretically observable peptides to obtain the iBAQ (intensity-based 
absolute quantification) as described previously47.

Functional enrichment analyses. Gene ontology and UniProt sequence feature 
annotations for functional enrichment/depletion analyses were obtained from 
DAVID48 and tested for significant differences between groups using the Fisher Exact 
test. P values were corrected for multiple testing using the Benjamini–Hochberg 
procedure (see also the Statistical analysis section).

Prediction of protein structural features from sequence. For the comparison 
of melting points to structural features of the protein, secondary structure 
and disordered residues were predicted from protein primary sequence using 
PredictProtein49. For quantitative and categorical comparisons of structural features 
to protein stability, the absolute number of residues predicted with a certain 
secondary structure (helix, strand, coil) or disorder assignment (disordered, not 
disordered) was normalized by overall protein length. The tabular data underlying 
the plots presented in the manuscript can be found at proteomeXchange (data set 
identifier PXD011929).

Melting point comparisons between different species. Melting points of 
orthologous proteins were compared between different species based on the 
KEGG Orthology database50 obtained via UniProt. For all orthologs of each pair of 
species, the Pearson and Spearman correlation coefficients of the AUCs of protein 
melting curves were estimated. To correct the correlation coefficients for spurious 
correlations arising from bias in the AUC distributions such as bimodality, the 
correlation coefficient for each species pair was corrected by randomly shuffling 
the data and computing a correlation coefficient 10,000 times and then subtracting 
the 99th percentile of this random background distribution from the correlation 
coefficient computed on the actual data.

Construction of genomic libraries of T. thermophilus for expression in E. coli.  
Genomic DNA of T. thermophilus HB27 was isolated with the MasterPure 
DNA Purification Kit (Epicentre) from overnight cultures and fragmented with 
a Hamilton Microliter no. 710 syringe (Hamilton Bonaduz) into fragments 
of roughly 40 kilobasepairs in length. These fragments were then used as 
inserts to construct a pCC1FOS fosmid library in EPI300 T1R cells using the 
CopyControl Fosmid Library Production Kit (Epicentre). From these libraries, 
288 clones carrying fragments of the T. thermophilus genome (estimated genome 
coverage of 4.6-fold) were selected and cultivated in deep-well plates (1 ml of 
LB medium + 12.5 µg ml−1 chloramphenicol per well, 37 °C, 150 r.p.m.). After 
2 d of cultivation, the cells were pooled and washed twice in ice-cold PBS with 
centrifugation steps in-between (4,500 r.p.m., 4 °C). Cells were stored as pellets 
at −20 °C.

Oxygen consumption in intact and permeabilized HEK293 cells. Respiration 
of HEK293 cells was measured in a high-resolution respirometer (OROBOROS 
Oxygraph-2k) containing two individual glass chambers. Oxygen concentration 
was automatically calculated by the DatLab software (v.7.0.0.2) depending on 
barometric pressure and the solubility factor of the buffer. Oxygen calibration 
at air saturation was performed every day. Data were recorded using DatLab. 
For respiration measurements, intact HEK293 cells or HEK293 cells that 
were permeabilized with the detergent α-tomatine for accessing the activity 
of the different respiratory chain complexes were used. Cells were suspended 

in mitochondrial respiration medium (Mir05) and prepared according to the 
manufacturer’s instructions (Gnaiger E 2000). Intact and permeabilized cells 
were applied into separate glass chambers together with the different substrates, 
uncouplers and inhibitors. Intact HEK293 cells were left for some minutes until 
respiration was stable. Glucose (5 mM) was applied to activate glycolysis and 
mitochondrial respiration. After oxygen consumption reached a stable level 
again, the protonophore carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP) was titrated in 0.5-µM steps until maximal respiratory capacity was 
reached. Subsequently, the complex III inhibitor Antimycin A (1 µg ml−1) was 
added to inhibit the respiratory chain and obtain nonmitochondrial respiration, 
which was subtracted from the different respiratory values during data evaluation. 
Permeabilized cells were treated with substrates for complex I and II (5 mM 
pyruvate, 2 mM malate, 5 mM succinate) to induce leak respiration of the cells. 
After oxygen consumption levels reached a stable plateau, 5 mM ADP were applied 
evoking maximal coupled respiration. Concomitantly, the protonophore FCCP was 
titrated in 0.5 µM steps until the maximal respiratory capacity was reached. The 
application of antimycin A (1 µg ml−1) resulted in nonmitochondrial respiration, 
which was subtracted from the different respiratory values during data processing.

Statistical analysis. Unless otherwise noted, data are presented as mean ± s.d. 
Statistical significance was calculated by standard unpaired one- or two-
way analysis of variance (ANOVA) with Bonferroni posttest correction, by 
nonparametric two-sided Wilcoxon–Mann–Whitney or by the Kruskal–Wallis 
and Dunn’s post hoc tests. Multiple testing corrections were carried out using 
the Benjamini–Hochberg or Bonferroni procedures. P < 0.05 was considered 
statistically significant. Further details regarding statistical analysis are described 
below the respective figures.

Reproducibility analysis. The reproducibility of TPP experiments was assessed at 
three levels and the results are summarized in Supplementary Fig. 2.

 (1) Reproducibility of LC–MS/MS analysis. TMT-labeled digests of S. cerevisiae 
and D. rerio were split into three aliquots and each was measured by nanoLC–
MS/MS on a Q-Exactive HF-X mass spectrometer in the Utrecht laboratory. 
The replicates R1, R2 and R3 for these species represent identical samples.

 (2) Reproducibility of the TPP workflow. The European Molecular Biology 
Laboratory (EMBL) and OmicScouts (OS) laboratories performed at least 
two independent workflow replicates of the human samples and these were 
measured on the same nanoLC–MS/MS instrument. The replicates R1, R2, 
…, Rn for the human samples represent TPP workflow replicates. The Tech-
nical University of Munic (TUM) laboratory performed two independent 
workflow replicates of all microorganisms (E. coli, E. coli on cells experiment, 
E. coli Arctic Express, T. thermophilus, T. thermophilus on cells experiment, 
O. antarctica, B. subtilis, G. stearothermophilus, P. torridus) and further 
eukaryotic species (A. thaliana, C. elegans, D. melanogaster, M. musculus liver 
tissue). The two workflow replicates R1 and R2 were measured on the same 
microLC–MS/MS instrument. In addition, workflow replicate R1 was also 
measured on a nanoLC–MS/MS instrument (denoted R3).

 (3) Inter-laboratory reproducibility. Aliquots of the same batch of human K562 
cells were distributed across the TUM, EMBL and OS laboratories. Two inde-
pendent workflow replicates using the same conditions for thermal profiling 
(on cells) were performed in each laboratory. Equipment and conditions for 
sample digestion, TMT labeling, prefractionation and LC–MS/MS analysis 
were performed according to the respective internal laboratory protocols.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Supplementary Information is available in the online version of this manuscript. 
The mass spectrometry raw files, peptide and protein identification search 
engine output files and files showing the melting curves for all proteins have been 
deposited with the proteomeXchange consortium via the PRIDE partner repository 
under the project name ‘Meltome atlas—thermal proteome stability across the tree 
of life’ and the data set identifier PXD011929.
The melting curves for all proteins are also available in the online R Shiny App 
http://meltomeatlas.proteomics.wzw.tum.de:5003/. The human meltome data are 
also available at https://www.proteomicsdb.org. Files containing data sources for 
main text figures can be downloaded from https://figshare.com/account/home#/
projects/75567. Source data for Figs. 2–6 are presented with the paper.

Code availability
Code for data analysis is available for download at Bioconductor:  
https://bioconductor.org/packages/release/bioc/html/TPP.html.
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