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Main text

Nucleotide triphosphates (NTPs) regulate numerous biochemical processes in cells as (co-)substrates,
allosteric modulators, biosynthetic precursors, and signaling molecules'?. Apart from its roles as
energy source fueling cellular biochemistry, adenosine triphosphate (ATP), the most abundant NTP
in cells, has been reported to affect macromolecular assemblies, such as protein complexes** and
membrane-less organelles™®. Moreover, both ATP and guanosine triphosphate (GTP) have recently
been shown to dissolve protein aggregates’. However, system-wide studies to characterize NTP-
interactions under conditions approximating the native cellular environment are lacking, which
limits our perspective of the diverse physiological roles of NTPs. Here, we have mapped and
quantified proteome-wide NTP-interactions by assessing thermal stability and solubility of proteins
using mechanically disrupted cells. Our results reveal diverse biological roles of ATP depending on
its concentration. We found that ATP specifically interacts with proteins that utilize it as substrate
or allosteric modulator at doses lower than 500 nM, while it affects protein-protein interactions of
protein complexes at mildly higher concentrations (between 1-2 mM). At high concentrations (> 2
mM), ATP modulates the solubility state of a quarter of the insoluble proteome, consisting of
positively charged, intrinsically disordered, nucleic acid binding proteins, which are part of
membrane-less organelles. The extent of solubilization depends on the localization of proteins to
different membrane-less organelles. Furthermore, we uncover that ATP regulates protein-DNA
interactions of the Barrier to autointegration factor (BANF1). Our data provides the first
quantitative proteome-wide map of ATP affecting protein structure and protein complex stability
and solubility, providing unique clues on its role in protein phase transitions.

Proteome-wide studies have improved our understanding of protein-metabolite interactions in extracts of
bacteria® and mammalian cells'™". However, most studies utilize cellular lysates containing only the
soluble proteome. To specifically assess the global roles of ATP and GTP under conditions approximating
the native cellular environment, we mechanically disrupted Jurkat cells to obtain ‘crude lysates’ that retain
insoluble proteins, protein condensates, and membrane proteins embedded in lipids'*'®. In these lysates,
we studied the effects of ATP and GTP on protein thermal stability on a proteome-wide scale by combining
the principle of the cellular thermal shift assay'’ with multiplexed quantitative mass spectrometry '®. This
approach termed thermal proteome profiling (TPP) (fig. S1A) monitors how melting curves of proteins
change upon treatment with a single NTP concentration'®'*!?. Further, we used two dimensional TPP (2D-
TPP) to determine the amount of NTP required to alter protein thermal stability (Fig. 1A)".

Comparison of TPP experiments performed at 2 mM ATP or vehicle revealed similar melting point shifts
in crude and gel-filtered lysates (fig. S1B, table S1) confirming that crude lysate is a suitable system for
detecting protein-metabolite interactions. Intracellular ATP concentrations are highly variable in cells (1-
10 mM)*, and GTP levels are approximately 5-fold lower than ATP?'. We found that melting point shifts
induced by 2 mM ATP and 0.5 mM GTP in crude lysate were selective for known ATP and GTP binding
proteins, respectively (fig. S1C, table S2) and were used as maximum concentrations in dose-dependent
studies by 2D-TPP (Fig. 1 A-C). The 2D-TPP analysis uncovered 753 proteins with increased thermal
stability in the presence of ATP, out of the 7549 identified proteins at a 1% false discovery rate (FDR) (fig.
S2, see methods). We determined the affinity of NTP to a protein, as the half-maximal effective
concentrations of protein stabilization (ECso, pECso = -logio(ECso)). The largest and most potently affected
group of proteins that were stabilized by ATP represented annotated ATP-binding proteins (315 proteins),
validating our approach. A small subset of GTP-binding proteins also showed increased thermal stability
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with added ATP (55 proteins) (Fig. 1D and table S3). Moreover, ATP reduced the thermal stability of 151
proteins, which were enriched for RNA binding proteins, including ribosomal proteins (p-value < 0.001),
in line with previous observations in E. coli *.

The 2D-TPP experiment with GTP in crude lysate revealed increased thermal stability for 256 out of 7618
identified proteins, with the two largest groups being GTP- (102 proteins) and ATP- (103 proteins) binding
proteins (Fig. 1E, table S3), whereas 9 proteins showed lower thermal stability. Proteins containing
phosphate binding-loops (P-loops) were stabilized by ATP or GTP, as expected®>. We found that the
residues flanking the Walker-A motif have a substantially more constrained composition in GTP-stabilized
proteins compared to ATP-stabilized ones (fig. S3 A-D). Proteins that were stabilized by both NTPs
included a small subset of kinases and proteins with P-loops (AAA-type ATPases and small-GTPases) (fig.
S3E-H, table S3 and S4). Amongst these were several proteins known to interact with both metabolites,
such as Uridine-cytidine kinase (UCK1 and UCK2), casein kinase (CSNK1A1, CSNK1D, CSNK2AT1) and
succinyl CoA synthetase (SUCLA2 and SUCLG2)**’. Importantly, we identified proteins not previously
reported to have this property, such as, ATP binding cassette super family proteins (ABCE1, ABCF1, etc.),
Caseinolytic peptidase B protein homolog (CLPB), Tyrosine-protein kinase (CSK), RuvB-like ATPase
(RUVBL2), Rab-GTPases (RAB21, RAB10, RAB2A), Ras-related protein R-Ras2 (RRAS2), and
phosphofructokinase (PFKL) (Fig. 1B and C, fig. S3I-J, table S3). In summary, we observed crosstalk
between ATP- and GTP-induced thermal stabilization, confirming previously known ATP/GTP-binding
proteins and uncovering potential new ones, and showed that ATP- and GTP-binding preferences reflect
different sequence constraints on the Walker-A motif flanking residues.

Similar to a recent system-wide study in E. coli*, more than half of the ATP-affected proteins were not
annotated in UniProt as ATP or GTP binders. These proteins required higher ATP concentrations for
stabilization and were enriched for NAD/FAD, DNA, and RNA binding proteins, as well as for components
of annotated complexes and regulatory subunits (Fig. 1D). We observed thermal stabilization of several
NADH dehydrogenases, such as GAPDH, IDH1, IDH2, MDH1, MDH2 and PDHX, which have been
reported to be inhibited by ATP?**!. This may suggest that higher ATP levels in cells could cause feedback
inhibition of these enzymes. Looking specifically at complexes, we observed preferential stabilization of
non-ATP-binding subunits that form complexes with at least one ATP-binding subunit (p-value < 0.001).
This suggests that thermal stabilization of an ATP-binding complex subunit can propagate to proximal non-
ATP-binding subunits. The proteasome provides a case-in-point: the ATP-binding PSMC subunits and the
majority of the non-ATP-binding PSMD subunits of the 19S regulatory particle were stabilized by ATP. In
contrast, the thermal stability of the 20S core particle, which is devoid of ATP-binding subunits, was
unaltered. Comparing the melting curves of proteins by calculating the average Euclidean distance®?, we
observed that both 19S and 20S subunits exhibit significant co-melting behaviors (p < 0.001) that were
different between the particles, indicating that the ATP induced stabilization propagates only to subunits
that are in physical proximity (Fig. 1F). Global analysis revealed that similar melting behaviors of the
stabilized non-ATP binding subunits and the stabilized ATP binding subunits within protein complexes is
a general characteristic of ATP-induced complex stabilization (Fig. 1G and S4).

To investigate whether our observations made in crude lysates are relevant in intact cells, we reduced ATP
levels in Jurkat cells by inhibiting glycolysis and oxidative phosphorylation, using 2-deoxyglucose and
Antimycin-A, respectively (fig. SSA-B)* and compared the thermal stability profiles of untreated and ATP-
depleted cells (Fig. 1H). Indeed, among the 5199 proteins identified, the ATP-binding proteins (279) that
were stabilized by addition of ATP to crude lysates showed the most pronounced thermal destabilization in
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ATP-depleted cells (Fig. 11, table S4). Likewise, protein complex subunits that were stabilized by ATP in
lysate were destabilized in ATP-depleted cells (Fig. 1J and K, table S4). Finally, the proteins that were
destabilized by ATP in lysates showed significant thermal stabilization upon cellular ATP depletion (p-
value < 0.001) (fig. S5C, table S4). Thus, we conclude that our findings with crude lysates reflect
physiologically relevant roles of ATP.

Crude lysate 2D-TPP experiments revealed several proteins that apparently increase in abundance with
higher ATP and GTP concentrations, already at 42°C (e.g., LUC7L, Fig. 1 B and C). This is indicative of
increased solubility rather than thermal stability'*, and supports the recently discovered function of ATP as
a biological hydrotrope, which solubilizes hydrophobic molecules in aqueous solution’. To systematically
assess the role of ATP in proteome solubility, we devised an experimental strategy that we termed Solubility
Proteome Profiling (SPP), which uses multiplexed mass spectrometric analysis to quantify the
concentration-dependent effect of a molecule (e.g., ATP) on the soluble and insoluble populations of
individual proteins, on a proteome-wide scale (Fig. 2A). Briefly, crude cell lysate was divided into 10
aliquots, of which nine were treated with either vehicle or increasing concentrations of ATP (0.1 to 10 mM),
followed by solubilization of membrane- or organelle-bound proteins with the mild detergent NP40. A
tenth, vehicle-treated aliquot was solubilized with the strong detergent SDS (1%). The ratios between the
SDS and NP40 solubilized samples determined for each protein inform on the fractions that exists in an
insoluble vs. a soluble state, where a high ratio suggests a higher insoluble fraction **. By determining the
half-maximal solubilization concentrations (pECsos), our experiments reveal the differential susceptibility
of proteins to solubilization by ATP.

To investigate whether ATP has a prominent role as a biological hydrotrope, we examined the insoluble
proteome. Proteins that were at least 50% more abundant in the SDS-processed vehicle condition compared
to the NP40-processed vehicle condition were defined as part of the insoluble proteome**. It should be noted
that most of these proteins have a soluble subpopulation (Fig. 2B, table S5). We observed ATP dependent
solubilization for 188 proteins out of the 760 proteins that were identified as insoluble in our experiments,
and calculated pECsos for the dose dependent solubilization of these proteins (Fig. 2B, table S5). These data
showed that ATP solubilized almost 25% of the insoluble proteome. Intriguingly, only 23% of the
solubilized proteins were annotated as ATP binders whilst the majority (54%) were annotated as part of
membrane-less organelles (fig. S6A, table S5). Further, we found that proteins exhibited differential
susceptibility for solubilization. For example, proteins such as myosin (MYO1G) which is known to
dissociate from actin in the presence of ATP**, BANF1 and DDX50 were potently solubilized by ATP with
sub-micromolar pECsos, whereas other proteins, such as FBL, NOP56 and EIF3H were only solubilized at
much higher ATP concentrations, (Fig. 2C, fig. S6B, and table S5). Strikingly, the susceptibility of proteins
for being solubilized by ATP depended substantially on their localization in different membrane-less
organelles. For example, proteins annotated as part of nuclear speckles solubilized, on average, at lower
ATP concentrations than proteins annotated as part of the nucleolus (Fig. 2D). In general, the ATP-
solubilized proteins were significantly enriched in disordered regions and had significantly higher
isoelectric points than the rest of the proteome (Fig. 2E, fig. S6 C and D, and table S5). The solubilizing
properties of ATP were mimicked by GTP (fig. S7, table S6), as well as by the non-hydrolysable analog of
ATP (AMP-PNP), (Fig. 2C, fig. S8, and table S7) showing on a proteome-wide scale that ATP hydrolysis
is not the main factor for ATP-mediated solubilization and suggesting that previous findings based on
fluorescently tagged nucleolus markers FBL and NPM1 cannot be generalized**.
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Furthermore, we used TPP to investigate how the addition of 10 mM ATP affected the thermal stability of
solubilized proteins (table S8) and observed a significant trend for thermal destabilization compared to the
vehicle condition (Fig. 2F). This suggests that the ATP solubilized fractions of these proteins tended to
have lower thermal stability than the soluble ones which may be due to distinct interactions or post-
translational modifications in the two populations.

To extend our analysis of the role of ATP on proteome solubility to cells, we again depleted ATP from
Jurkat cells with 2-deoxyglucose and Antimycin-A (Fig. 2G). We identified 107 proteins with decreased
solubility—14% of the insoluble proteome—in the ATP-depleted cells compared to vehicle condition (table
S9, fig. S9A). Since ATP depletion is expected to affect several homeostatic processes, our analysis
primarily sought to assess the changes in solubility in cells of proteins that gained solubility in the crude
lysate system. (Fig. 2G, fig. S9B and C, table S9). In general, proteins solubilized at lower ATP
concentrations in crude lysate had a stronger decrease in solubility upon cellular ATP depletion (Fig. 2H).
For example, FBL, which is solubilized at higher ATP concentrations in crude lysate, showed no decrease
in solubility in cells upon ATP depletion (Fig. 2I). In contrast, DDX50 and BANF1, two proteins that were
solubilized with low concentrations of ATP in crude lysate, displayed decreased solubility following ATP
depletion in cells (Fig. 2I). We thus conclude that the solubilizing effects of ATP are also relevant in cellular
systems.

Following the global analysis, we set out to understand the solubility changes observed in one of the highly
ATP-solubilized protein, Barrier to autointegration factor (BANF1)—which is not annotated to be part of
any membrane-less organelles. BANF1 is a non-specific DNA binding protein which transiently cross-
bridges anaphase chromosomes to promote assembly of a single nucleus®’. We hypothesized that ATP may
affect DNA binding abilities of BANF1 and hence tested if purified BANF (Fig. S10) bound double
stranded DNA in the presence and absence of ATP. We observed that the ability of BANFI1 to interact with
DNA is nearly six times lower in the presence of 10 mM ATP (Fig. 2J). This suggests that ATP solubilizes
BANF1 by preventing its binding to DNA, and thus represents an example of ATP regulating protein-DNA
interactions. ATP depletion is known to cause chromatin compaction **. Our data shows that BANF1 loses
solubility upon ATP depletion, suggesting its interaction with chromatin. This suggests a role of BANF1
in compacting DNA at low ATP levels.

In crude lysates a few proteins became less soluble with increasing ATP concentration, with two prominent
examples being IMPDH1 and NUCKSI, (Fig. 3A, table S5). In both cases, ATP hydrolysis is likely to play
arole, since neither protein decreased in solubility following addition of the non-hydrolyzable ATP analog
AMP-PNP (fig. S8E). ATP was reported to act as an allosteric modulator of recombinant IMPDH1, driving
the formation of a filamentous structure®®, in agreement with our observations on endogenous IMPDHI.
NUCKSI is predicted to be a highly disordered (99%) chromatin associated protein, which is necessary for
DNA repair by homologous recombination®’. Single nucleotide polymorphisms of NUCKS1 have been
linked through genome wide association studies to Parkinson’s, a protein aggregation-related disease*'. The
melting behavior of NUCKS1 in TPP experiments treated with 10 mM ATP followed a striking pattern,
with a sharp increase of soluble protein abundance peaking at approximately 58°C. At higher temperatures
a temperature-dependent decrease of soluble protein was observed, with the melting curve matching that
determined in the vehicle condition (Fig. 3B). This may suggest that the ATP related metabolism induces
NUCKSI to transition into two-phases, which is observed as loss in solubility of the protein. Upon heating,
the NUCKSI1 assembly transitions into a single phase at 58°C, indicative of its critical transition
temperature*”. In contrast, IMPDHI exhibits a more gradual increase in solubility at lower temperatures,
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and shows a substantially higher thermal stability, indicating that the ATP binding™ leads to a more stable
conformation (Fig. 3B). Finally, we asked ourselves if proteins that have insoluble subpopulations under
physiological conditions (without addition of ATP) would in general show some increase in solubility upon
heating. In order to answer that question, we looked specifically at maximal log2 fold changes across the
heating temperatures—calculated using 37°C as reference—observed for melting curves of proteins that
have an insoluble subpopulation in the crude lysate (ratio of SDS/NP40 > 1.5). Indeed, for this group of
proteins we saw a significant increase in the amount of protein that became soluble upon heating (Fig. 3C),
indicating temperature-dependent phase transitions on a proteome-level. These observations suggest that
the combination of thermal stability and solubility could potentially be used to characterize phase transitions
on a system-wide scale.

Together, our TPP, 2D-TPP and SPP data revealed concentration-dependent roles of ATP. At low
concentrations (below 500 uM), ATP mainly acted as a substrate for nucleotide-binding proteins. At
intermediate concentrations (between 1 —2 mM), broad effects of ATP on the stability of protein complexes
were observed. At higher concentrations (greater than 2mM) ATP has solubilizing effects, primarily on
disordered proteins with positive charge that bind nucleic acids such as DNA and RNA (Fig. 4). Our SPP
analysis revealed that ATP serves as a hydrotrope to a substantial fraction of the insoluble proteome that is
enriched for components of membrane-less organelles. These data strongly suggest that ATP regulates
phase separation not only by regulating protein activities®®, but also by directly promoting protein
solubility. Taken together, the ATP-dependency exhibited on a proteome-level suggests that metabolic
fluctuations, such as nutrient deprivation, that affect ATP concentrations in cells, may be sensed as the
altered solubility status of nucleic acid binding proteins. Our data provides a unique map of the
subproteomes affected in their solubility and thermal stability by ATP and will facilitate the discovery of
new ATP-binding proteins, components of membrane-less organelles and regulators of phase separation.
The SPP approach described herein can be applied in future studies to assess the effects of other molecules
and cellular perturbations on protein solubility in different disease-relevant cell types, to study regulation
of aggregation-susceptible proteins and organelles.

Author Contributions

S.S., N.K., M.B., and M.M.S. conceptualized the study, S.S., T.W., M.B., and M.M.S. designed the
experiments, S.S., T.W., L.G., and D.H. performed the experiments N.K., W.H., M.B., and M.M.S.
designed and implemented data analysis strategies, S.S., N.K., M.B. and M.M.S. analyzed the data, S.S.,
N.K., M.B. and M.M.S. wrote the manuscript.

Acknowledgments

We thank Andre Mateus and Life Science Editors for insightful discussions and proofreading of the
manuscript, Natalie Romanov for supplying and helping with protein complex and disorder annotations;
the Proteomics Core Facility at the European Molecular Biology Laboratory (EMBL) for expert help; K.
Remans, J. Scheurich and J. Flock from Protein Expression and Purification Core Facility at EMBL for
help in recombinant expression and purification of BANF1, Friedrich Reinhard and Christina Rau at
Cellzome-GSK for help with the crude lysate protocol and J. Stuhlfauth and N. Garcia-Altrieth at


https://doi.org/10.1101/488163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/488163; this version posted December 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Cellzome-GSK for cell culture; M. Jundt, K. Kammerer, M. Kl6s-Hudak, M. Paulmann, and T. Rudi at
Cellzome-GSK for expert technical assistance.

Competing interests

S.S., T.W., L.T. and M.Ba. are employees and/or shareholders of Cellzome GmbH and GlaxoSmithKline.
The remaining authors declare no competing financial interests.


https://doi.org/10.1101/488163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/488163; this version posted December 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY-NC-ND 4.0 International license.

References

1 Chubukov, V., Gerosa, L., Kochanowski, K. & Sauer, U. Coordination of microbial metabolism.
Nat Rev Microbiol 12, 327-340, doi:10.1038/nrmicro3238 (2014).

2 Buttgereit, F. & Brand, M. D. A hierarchy of ATP-consuming processes in mammalian cells.
Biochem J 312 ( Pt 1), 163-167 (1995).

3 Vetter, I. R. & Wittinghofer, A. Nucleoside triphosphate-binding proteins: different scaffolds to
achieve phosphoryl transfer. Q Rev Biophys 32, 1-56 (1999).

4 Piazza, I. et al. A Map of Protein-Metabolite Interactions Reveals Principles of Chemical
Communication. Cell 172, 358-372 €323, d0i:10.1016/j.cell.2017.12.006 (2018).

5 Milroy, L. G., Grossmann, T. N., Hennig, S., Brunsveld, L. & Ottmann, C. Modulators of protein-
protein interactions. Chem Rev 114, 4695-4748, doi:10.1021/cr400698c (2014).

6 Brangwynne, C. P., Mitchison, T. J. & Hyman, A. A. Active liquid-like behavior of nucleoli
determines their size and shape in Xenopus laevis oocytes. Proc Natl Acad Sci U S A 108, 4334-
4339, doi:10.1073/pnas.1017150108 (2011).

7 Hyman, A. A., Weber, C. A. & Julicher, F. Liquid-liquid phase separation in biology. Annu Rev Cell
Dev Biol 30, 39-58, doi:10.1146/annurev-cellbio-100913-013325 (2014).

8 Jain, S. et al. ATPase-Modulated Stress Granules Contain a Diverse Proteome and Substructure.
Cell 164, 487-498, d0i:10.1016/j.cell.2015.12.038 (2016).

9 Patel, A. et al. ATP as a biological hydrotrope. Science 356, 753-756,
doi:10.1126/science.aaf6846 (2017).

10 Reinhard, F. B. et al. Thermal proteome profiling monitors ligand interactions with cellular
membrane proteins. Nat Methods 12, 1129-1131, doi:10.1038/nmeth.3652 (2015).

11 Huber, K. V. et al. Proteome-wide drug and metabolite interaction mapping by thermal-stability
profiling. Nat Methods 12, 1055-1057, doi:10.1038/nmeth.3590 (2015).

12 Savitski, M. M. et al. Tracking cancer drugs in living cells by thermal profiling of the proteome.
Science 346, 1255784, doi:10.1126/science.1255784 (2014).

13 Becher, I. et al. Thermal profiling reveals phenylalanine hydroxylase as an off-target of
panobinostat. Nat Chem Biol 12, 908-910, doi:10.1038/nchembio.2185 (2016).

14 Savitski, M. M. et al. Multiplexed Proteome Dynamics Profiling Reveals Mechanisms Controlling
Protein Homeostasis. Cell 173, 260-274 e225, doi:10.1016/j.cell.2018.02.030 (2018).

15 Li, Z. F. & Lam, Y. W. A new rapid method for isolating nucleoli. Methods Mol Biol 1228, 35-42,
doi:10.1007/978-1-4939-1680-1_4 (2015).

16 Andersen, J. S. et al. Nucleolar proteome dynamics. Nature 433, 77-83,
doi:10.1038/nature03207 (2005).

17 Martinez Molina, D. et al. Monitoring drug target engagement in cells and tissues using the
cellular thermal shift assay. Science 341, 84-87, doi:10.1126/science.1233606 (2013).

18 Werner, T. et al. lon coalescence of neutron encoded TMT 10-plex reporter ions. Anal Chem 86,
3594-3601, doi:10.1021/ac500140s (2014).

19 Franken, H. et al. Thermal proteome profiling for unbiased identification of direct and indirect
drug targets using multiplexed quantitative mass spectrometry. Nat Protoc 10, 1567-1593,
do0i:10.1038/nprot.2015.101 (2015).

20 Beis, I. & Newsholme, E. A. The contents of adenine nucleotides, phosphagens and some
glycolytic intermediates in resting muscles from vertebrates and invertebrates. Biochem J 152,
23-32(1975).

21 Traut, T. W. Physiological concentrations of purines and pyrimidines. Mol Cell Biochem 140, 1-22

(1994).


https://doi.org/10.1101/488163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/488163; this version posted December 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

under aCC-BY-NC-ND 4.0 International license.

Saraste, M., Sibbald, P. R. & Wittinghofer, A. The P-loop--a common motif in ATP- and GTP-
binding proteins. Trends Biochem Sci 15, 430-434 (1990).

Van Rompay, A. R., Norda, A, Linden, K., Johansson, M. & Karlsson, A. Phosphorylation of
uridine and cytidine nucleoside analogs by two human uridine-cytidine kinases. Mol Pharmacol
59, 1181-1186 (2001).

Rodnight, R. & Lavin, B. E. Phosvitin kinase from brain: activation by ions and subcellular
distribution. Biochem J 93, 84-91 (1964).

Huang, J. & Fraser, M. E. Structural basis for the binding of succinate to succinyl-CoA synthetase.
Acta Crystallogr D Struct Biol 72, 912-921, doi:10.1107/52059798316010044 (2016).

Niefind, K., Putter, M., Guerra, B., Issinger, O. G. & Schomburg, D. GTP plus water mimic ATP in
the active site of protein kinase CK2. Nat Struct Biol 6, 1100-1103, doi:10.1038/70033 (1999).
Becher, I. et al. Affinity profiling of the cellular kinome for the nucleotide cofactors ATP, ADP,
and GTP. ACS Chem Biol 8, 599-607, doi:10.1021/cb3005879 (2013).

Chen, R. F. & Plaut, G. W. Activation and Inhibition of Dpn-Linked Isocitrate Dehydrogenase of
Heart by Certain Nucleotides. Biochemistry 2, 1023-1032 (1963).

Pratt, M. L. & Roche, T. E. Mechanism of pyruvate inhibition of kidney pyruvate dehydrogenasea
kinase and synergistic inhibition by pyruvate and ADP. J Biol Chem 254, 7191-7196 (1979).
Sanwal, B. D. Regulatory mechanisms involving nicotinamide adenine nucleotides as allosteric
effectors. |. Control characteristics of malate dehydrogenase. J Biol Chem 244, 1831-1837
(1969).

Seweryn, E., Banas, T., Berdowska, I., Zielinski, B. & Ceremuga, I. Fluorescence studies on
glyceraldehyde-3-phosphate dehydrogenase from bovine heart muscle. Z Naturforsch C 56,
1166-1168 (2001).

Tan, C. S. H. et al. Thermal proximity coaggregation for system-wide profiling of protein complex
dynamics in cells. Science 359, 1170-1177, doi:10.1126/science.aan0346 (2018).

Munder, M. C. et al. A pH-driven transition of the cytoplasm from a fluid- to a solid-like state
promotes entry into dormancy. Elife 5, doi:10.7554/elLife.09347 (2016).

Becher, I. et al. Pervasive Protein Thermal Stability Variation during the Cell Cycle. Cell 173,
1495-1507 1418, doi:10.1016/j.cell.2018.03.053 (2018).

Kolega, J. & Kumar, S. Regulatory light chain phosphorylation and the assembly of myosin Il into
the cytoskeleton of microcapillary endothelial cells. Cell Motil Cytoskeleton 43, 255-268,
doi:10.1002/(SICI)1097-0169(1999)43:3<255::AID-CM8>3.0.CO;2-T (1999).

Hayes, M. H., Peuchen, E. H., Dovichi, N. J. & Weeks, D. L. Dual roles for ATP in the regulation of
phase separated protein aggregates in Xenopus oocyte nucleoli. Elife 7, doi:10.7554/elife.35224
(2018).

Samwer, M. et al. DNA Cross-Bridging Shapes a Single Nucleus from a Set of Mitotic
Chromosomes. Cell 170, 956-972 €923, doi:10.1016/j.cell.2017.07.038 (2017).

Visvanathan, A. et al. Modulation of Higher Order Chromatin Conformation in Mammalian Cell
Nuclei Can Be Mediated by Polyamines and Divalent Cations. Plos One 8, doi:ARTN e67689
10.1371/journal.pone.0067689 (2013).

Labesse, G. et al. MgATP regulates allostery and fiber formation in IMPDHs. Structure 21, 975-
985, doi:10.1016/j.5tr.2013.03.011 (2013).

Parplys, A. C. et al. NUCKS1 is a novel RAD51AP1 paralog important for homologous
recombination and genome stability. Nucleic Acids Res 43, 9817-9834, doi:10.1093/nar/gkv859
(2015).


https://doi.org/10.1101/488163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/488163; this version posted December 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

41 Irvine, G. B., El-Agnaf, O. M., Shankar, G. M. & Walsh, D. M. Protein aggregation in the brain: the
molecular basis for Alzheimer's and Parkinson's diseases. Mol Med 14, 451-464,
d0i:10.2119/2007-00100.Irvine (2008).

42 Brangwynne, Clifford P., Tompa, P. & Pappu, Rohit V. Polymer physics of intracellular phase
transitions. Nature Physics 11, 899-904, doi:10.1038/nphys3532 (2015).

10


https://doi.org/10.1101/488163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/488163; this version posted December 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Figures and figure legends

A
intact cells crude lysate 2D-TPP
2 protein 1 protein 2
=
e % o
— mechanical 2 g 1.5 , 1.5
/ \ disruption g i v S e
{ ) \ g- § Ly it SO
conc. [NTP] conc. [NTP]
\"'*‘/ 2 o temp. 1
temp. 2
conc. [NTP] dose-response behavior no change
B cLpB csK RUVBL2 RRAS2 Luc7L var2 G cles csk RUVBL2 RRAS2 LUC7L U2AF2
9} I FC
% 10
Y 15
g 41 o 20
S 25
‘N a i o =
NaATP concentration NaGTP concentration
=
]
D E F G S
E5
51 313 =5 16 143 76 150 51 103 102 1 20 9 21 <
o
Es = = 4
p pe rL 19 <
84 Sy | o8
-
Q Q ¥ 7 ? ? 82
Q3 Q3 t G
% 1
2 2 ©
R v, & & O © @& B & & 208 5’ Y <
. \Qb ,\6 X \(\b \‘?j"&e SO & X 96 \b i @b ¢ .&@ . & 8 G Qg
O N LK & N N S & <& A
P S ST O ¥ &
(OIS NP & & 2 _ -
Q O Q &0 non-ATP binding
¥ & ¥ subunit stabilized
by ATP
H I J
) 3 [
intact ATP TPP-TR 5 protein 1 €
cells depletion g . 8 ” -
g . 109 T 10 — 101 —
& ¢§ R e | R |
h 205+ — —
—y ol m m cellysisand S S s5{8706 319 279 5| 8573 133 5]4279 21 4
HE S £ }
P ~ g 1 i ! i measurement 8 temperature (°C) g_ 0 0 0
/ o
/e \ I melting point shift ©
[ ) N B o 5 5
\ / i1} "l o - ! !
\\ / - 4 protein 2 '::
77// cellular ATP levels 2 € . T T T
g ! = O ¥ < % ¢ H O
3 ; NS % » & & P
§ < &\\ 6‘\6 s &%\ &) (X\, & N
Q¥
5 & part of ATP proteasome
5 0 stabilized complex member

temperature (°C)
no change

Fig. 1. Effect of ATP and GTP on proteome thermal stability.

(A) Experimental setup of 2D thermal proteome profiling (2D-TPP) using crude lysate system. Dotted
rectangular box corresponds to one TMT10 experiment.

(B) Heat maps showing relative fold changes (FC) of protein abundance upon treatment with ATP (0.005,
0.05, 0.5 and 2 mM) compared to untreated crude lysate (first column on each plot) with increasing
temperature (y-axis: 42, 44.1, 46.2, 48.1, 50.4, 51.9, 54.0, 56.1, 58.2 and 60.1°C)
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(C) Heat maps showing relative FC of protein abundances upon treatment with GTP (0.001, 0.01, 0.1 and
0.5 mM) compared to untreated crude lysate (first column on each plot) with increasing temperature (y-
axis: 42, 44.1, 46.2, 48.1, 50.4, 51.9, 54.0, 56.1, 58.2, 60.1, 62.4 and 63.9 °C)

(D-E) Distribution of —log10 half-maximal effective concentration (pECso) values of different classes of
proteins as annotated in UniProt stabilized by ATP (D), and GTP (E).

(F) Network diagram showing effect of ATP on proteasome stability. Nodes with green (filled) circles
indicate ATP stabilized subunits, and a red outline for nodes show known ATP binding proteins of the
complex. Edge thickness represents the Euclidean distance between the melting profiles of the different
subunits. Thick lines are indicative of Euclidean distance less than 0.02.

(G) Comparison of Euclidean distances between melting profiles of stabilized ATP binding complex
subunits and non-stabilized non-ATP binding subunits, (left), and between stabilized ATP binding
complex subunits and stabilized non-ATP binding subunits (right) within different complexes.
Significance levels obtained from a Wilcoxon signed-rank test were encoded as *p < 0.05, **p < 0.01,
and ***p < 0.001.

(H) Experimental setup of TPP on cells depleted of ATP by inhibiting glycolysis and oxidative
phosphorylation with a combination of 10 mM 2-deoxyglucose and 1 nM Antimycin-A. Dotted
rectangular box corresponds to one TMT10 experiment.

(I) Changes in melting points of non-ATP binding proteins, ATP binding proteins, and ATP binding
proteins that were stabilized by ATP in the crude lysate experiment upon ATP depletion in cells.
Significance levels obtained from a Wilcoxon signed-rank test were encoded as *p < 0.05, **p < 0.01,
and ***p < 0.001.

(J) Changes in melting points of protein complex subunits stabilized by ATP in the crude lysate
experiment (right), and all other proteins (left) upon ATP depletion in cells. Significance levels obtained
from a Wilcoxon signed-rank test were encoded as *p < 0.05, **p < 0.01, and ***p < 0.001.

(K) Changes in melting points of 19S and 20S proteasome subunits, and all other proteins upon ATP
depletion in cells. Significance levels obtained from a Wilcoxon signed-rank test were encoded as *p <
0.05, **p < 0.01, and ***p < 0.001.
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Fig. 2. Solubility proteome profiling characterizes broad solubilizing effects of ATP on the

proteome
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(A) Experimental setup of solubility proteome profiling (SPP). Cells were lysed by mechanical
disruption and the resulting crude lysate was divided into ten aliquots. Two crude lysate aliquots were
treated with vehicle and eight aliquots with different concentrations of a molecule (e.g. ATP). One vehicle
treated aliquot and eight molecule treated samples were solubilized with a mild detergent (NP40) and the
other vehicle control was solubilized with strong detergent (SDS) All samples were digested with trypsin,
labeled with different TMT10 isotope tags and analyzed by LC-MS/MS, dotted rectangular box
corresponds to one TMT10 experiment. Proteins that showed at least 50% increase in abundance in NP40
processed molecule treatment (at least in one concentration) compared to NP40 processed vehicle, were
fitted with sigmoidal dose-response curves and pECso values were calculated.

(B) Heat map representation of proteome solubility. The grey scale represents the log, ratio between
NP40 and SDS processed vehicle condition. The color scale represents the log, ratio between NP40
processed ATP treated and vehicle treated conditions.

(C) Solubility profiles of BANF1, DDX50, and FBL, following ATP (upper panel) and non-hydrolyzable
ATP (AMP-PNP) (lower panel) treatment, y-axis represents the log, ratio of NP40 processed ATP or
AMP-PNP treated and vehicle treated conditions.

(D) Distribution of —logio half-maximal effective concentration (pECso) values of ATP-solubilized
proteins allocated to different membrane-less organelles. Significance levels obtained from a Wilcoxon
signed-rank test were encoded as *p < 0.05, **p < 0.01, and ***p < 0.001.

(E) 2D density contours of log; fraction disorder vs. average isoelectric points of soluble and insoluble
proteins, and of those solubilized by ATP.

(F) Melting point differences of proteins solubilized by ATP (from SPP data) compared to all other
proteins measured by TPP between 10 mM ATP and vehicle treated crude. Significance levels obtained
from a Wilcoxon signed-rank test were encoded as *p < 0.05, **p < 0.01, and ***p < 0.001.

(G) Experimental setup of SPP in ATP depleted cells. Cells were depleted of ATP by inhibiting
glycolysis and oxidative phosphorylation with two combinations of 2-deoxyglucose (2DG) and
Antimycin-A (AA) (D1: 0.1 nM AA and 1 mM 2DG, D2: 1 nM AA and 10 mM 2DG). The untreated
cells and the cells from the two ATP depleted conditions were divided into two aliquots each, of which
one was solubilized with NP40 while the other using 1% SDS. All samples were digested with trypsin,
labeled with different TMT10 isotope tags and analyzed by LC-MS/MS.

(H) Change in solubility calculated for proteins binned according to their propensity for solubilization
with ATP in crude lysate (pECso x-axis), following ATP depletion in cells. Significance levels obtained
from a Wilcoxon signed-rank test were encoded as *p < 0.05, **p < 0.01, and ***p < 0.001.

(I) Change in solubility of FBL, DDX50, and BANF1 following ATP depletion in cells, measured by
calculating the log, ratios of NP40 processed untreated and ATP depleted conditions.

(J) DNA binding propensity of BANF1 in the presence of ATP. Recombinantly expressed and purified
BANF1 was incubated with biotinylated double stranded DNA in the presence and absence of ATP. The
DNA-bound fraction of BANF1 was pulled down using streptavidin beads and measured using
quantitative mass spectrometry. Rel. DNA bound fraction of BANF1 was calculated as the ratio of
intensity of protein in the presence and absence of DNA to correct for non-specific binding of protein to
beads.
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Fig. 3. Solubility proteome profiling identifies proteins decreasing in solubility upon ATP addition

(A) Solubility profile for IMPDH1 and NUCKSI], fold change (FC) in y-axis represents the ratio of NP40
processed ATP treated and vehicle treated conditions.

(B) Melting curves for IMPDH1 and NUCKS1 from TPP experiments in crude lysates treated with
vehicle (black) or 10mM ATP (red) and corrected for solubility changes at 10 mM ATP using SPP data.

(C) Maximal log2 fold changes observed for melting curves of insoluble versus soluble proteins in
untreated crude lysate. Significance levels obtained from a Wilcoxon signed-rank test were encoded as *p
<0.05, **p <0.01, and ***p < 0.001.
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Fig. 4. Concentration dependent proteome-wide effect of ATP

Density plots of pECsos of ATP-stabilized ATP-binding proteins, complexes, as well as of proteins
solubilized by ATP as measured by 2D-TPP and SPP technologies. Despite a clear difference in the
distributions, there is a substantial overlap, showing that changes in ATP concentrations will have
simultaneous effects on the stability of ATP-binding proteins and complexes as well as on the solubility

of disordered proteins.
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