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40

Adaption to environmental conditions is reflected by protein adaptation. In particular, 41 proteins of extremophiles display distinctive traits ensuring functional, structural and 42 dynamical properties under permanently extreme physical and chemical conditions. While it 43 has mostly been studied with approaches focusing on specific proteins, biophysical 44 approaches have also confirmed this link between environmental and protein adaptation at 45 the more complex and diverse scale of the proteome. However, studies of this type remain 46 challenging and often require large amounts of biological material. 47

We report here the use of nanoDSF as a tool to study proteome stability and solubility 48 in cell lysates of the model halophilic archaeon Haloarcula marismortui. Notably, our results 49 show that, as with single halophilic protein studies, proteome stability was correlated to the 50 concentration of NaCl or KCl under which the cells were lysed and hence the proteome 51 exposed. This work highlights that adaptation to environmental conditions can be 52 experimentally observed at the scale of the proteome. Still, we show that the biochemical 53 properties of single halophilic proteins can only be partially extrapolated to the whole 54 proteome. 55

In cellulo biochemical and biophysical properties of proteins result from a complex 59 interplay of factors: temperature, pH, ionic force, water activity, interactions with other 60 biomolecules, crowding, etc. While the cell may control some of these factors to preserve 61 protein functions, physical and chemical conditions of the environment can drastically alter 62 protein behaviours. In particular, in extreme environments, organisms thrive under 63 permanent extreme conditions and their proteins face considerable physical and chemical 64 challenge. However, it is now clear that protein adaptation is tightly associated with 65 environmental adaptation, especially for extremophiles [START_REF] Reed | Protein Adaptations in Archaeal Extremophiles[END_REF][START_REF] Singh | Microbial 542 Versatility in Varied Environments: Microbes in Sensitive Environments[END_REF]66 Ando et al. 2021). Notably, comparative studies between homologous proteins of organisms 67 isolated from various environments are useful for assessing the degree of adaptation of an 68 organism to various conditions [START_REF] Coquelle | Gradual Adaptive Changes of a Protein Facing 450 High Salt Concentrations[END_REF][START_REF] Dick | Trading off stability against activity in 459 extremophilic aldolases[END_REF]). However, protein traits 69 associated with adaptation to extreme conditions and their consequences on function, 70 stability, solubility or dynamics have mostly been shown with model enzymes which do not 71 reflect the complexity and the diversity of the proteome.

72

While in silico approaches highlight global sequence biases in extremophiles associated 73 with protein adaptation as revealed by in vitro studies of specific proteins [START_REF] Kozlowski | Proteome-pI: proteome isoelectric point database[END_REF]74 Avagyan et al. 2020;[START_REF] Panja | Protein stability governed by its structural 519 plasticity is inferred by physicochemical factors and salt bridges[END_REF], only few approaches have been used to experimentally 75 assess protein adaptation at the scale of the proteome. In particular, in vivo neutron scattering 76 have allowed quantitative observation of the intracellular dynamics of proteins [START_REF] Zaccai | Molecular dynamics in cells: A neutron view[END_REF], 77 further stressing the link between proteome properties, environmental adaptation and 78 cellular fitness [START_REF] Zaccai | Ecology of Protein Dynamics[END_REF] as exemplified with thermophiles and psychrophiles (Tehei et al. 79 2004), piezophiles [START_REF] Martinez | High protein flexibility and reduced hydration 505 water dynamics are key pressure adaptive strategies in prokaryotes[END_REF]) and halophiles [START_REF] Vauclare | Molecular adaptation and salt stress response of 572 Halobacterium salinarum cells revealed by neutron spectroscopy[END_REF][START_REF] Vauclare | Surviving salt fluctuations: stress and recovery 575 in Halobacterium salinarum, an extreme halophilic Archaeon[END_REF]. However, 80 this technique remains complex and requires large amounts of biological material. 81

Here we show that differential scanning fluorimetry (DSF), and especially label-free 82 nanoDSF, represents a trackable approach to assess protein adaptation to environmental 83 conditions at the scale of the proteome. This biophysical technique measures intrinsic 84 fluorescence of tryptophan and light scattering as a proxy for, respectively, protein stability 85 and solubility over a temperature gradient and allows experimental determination of 86 apparent protein melting temperature (T m ). Among the many applications of nanoDSF, it has 87 been extensively used for screening of chemical conditions (buffer and ligands) favoring 88 protein stability or solubility, making it useful for structural studies of specific proteins (Niesen 89 et al. 2007;[START_REF] Phillips | The Combined Use of the Thermofluor Assay and ThermoQ 522 Analytical Software for the Determination of Protein Stability and Buffer Optimization as an 523 Aid in Protein Crystallization[END_REF]. In contrast, system-wide uses of DSF, such as thermal 90 proteome profiling (TPP) [START_REF] Savitski | Tracking cancer drugs in living cells by 535 thermal profiling of the proteome[END_REF][START_REF] Mateus | Thermal proteome profiling: unbiased assessment 508 of protein state through heat-induced stability changes[END_REF][START_REF] Sridharan | Target Discovery Using Thermal Proteome 545 Profiling[END_REF], 91 thermal proximity coaggregation (TPCA) [START_REF] Tan | Thermal proximity coaggregation for system-wide 557 profiling of protein complex dynamics in cells[END_REF] or Cellular Thermal Shift Assay 92 (CETSA) [START_REF] Tan | Assessing the Efficacy of Mdm2/Mdm4-Inhibiting 554 Stapled Peptides Using Cellular Thermal Shift Assays[END_REF][START_REF] Dai | Horizontal Cell Biology: Monitoring Global Changes of 456 Protein Interaction States with the Proteome-Wide Cellular Thermal Shift Assay (CETSA)[END_REF]) use full or lysed cells rather than purified proteins or 93 complexes. However, to our knowledge, these approaches have mostly been limited to drug 94 interaction screening and have never been used to measure general biophysical properties of 95 a proteome. In this study, we used the model halophilic archaea Haloarcula marismortui to 96 prove the usefulness of nanoDSF to highlight the link between proteome and environmental 97 adaptations. 98

Halophilic microorganisms require high concentrations of salt in their environments to 99 achieve optimal growth and thrive in hypersaline environments such as the Dead Sea, the 100 Great Salt lake or the Lake Natron. Among them, halophilic archaea from the Halobacteria 101 class often display the highest salt-tolerance and salt-dependency. H. marismortui was H. marismortui malate dehydrogenase (MDH) enzyme was produced and purified as 153 previously described [START_REF] Bonneté | Stability against denaturation mechanisms in 424 halophilic malate dehydrogenase "adapt" to solvent conditions[END_REF]. 154

L -1 NaCl, 78g.L -1 MgCl 2 •6H 2 O, 500mg.L -1 CaCl 2 •2H 2 O, 125mg.L -1 MnCl 2 , 5g.L -1 , NaBr 137 580mg.L -1 , 10g
155 Characterization of H. marismortui proteome and MDH by differential scanning 156 fluorimetry 157 158

Cell lysates extracts were centrifugated at 20,000 g for 15 minutes and the supernatant 159 (soluble fraction of cell lysate) was loaded in Prometheus™ NT.48 capillaries. Thermal 160 denaturation curves were determined by measurements of protein intrinsic fluorescence. This 161 analysis was performed using label-free, native differential scanning fluorimetry (nanoDSF; 162 apparatus: Prometheus NT.48, NanoTemper). The tryptophan residues of the proteins in 163 proteome extracts were excited at 280 nm and the fluorescence intensity was recorded at 330 164 and 350 nm. Excitation power was set at 80 or 100%. The temperature of the measurement 165 compartment increased from 20 to 95 °C at a rate of 2°C per minute. Light scattering was also 166 measured as a way to detect aggregation events during heating. For renaturation assays, after 167 final temperature reached it immediately decreased back to 20°C at the same rate of 2°C per 168 minute. 169 H. marismortui MDH was diluted in various salt solutions to the same final protein 170 concentration (5ng.mL -1 ). To investigate proteome dependency on salt in an extreme halophilic microorganism, 174 we used nanoDSF to measure the stability and aggregation state of proteins contained in 175 soluble fraction of H. marismortui cells lysed in various NaCl and KCl solutions. After 176 centrifugation, the supernatant was loaded in the capillaries, hence limiting the sample to the 177 fraction of the proteome that remains soluble in the corresponding salt conditions. 178 Detailed data measured by the Prometheus NT.48 (NanoTemper) are given in Fig. S1. 179 Like single protein studies with nanoDSF, as described in application notes of the 180 manufacturer [START_REF] Martin | Prometheus: the platform for analyzing protein 503 stability and thermal unfolding of proteins[END_REF], first derivative of ratio of 350/330nm fluorescence and first 181 derivative of light scattering were easier to interpretate and compare between salt conditions 182 than any of the other measurements (350 and 330 fluorescence respective signals, derivatives 183 or not, 350/330nm ratio, light scattering). Thus, thermal denaturation and aggregation curves 184 for the proteins contained in the capillaries were obtained. In spite of the fact that the sample 185 contained numerous types of proteins, peaks of fluorescence ratio and light scattering 186 derivatives, respectively associated with main unfolding and aggregation events, could be 187 reproducibly observed. In particular, harvesting cells at various OD 600 during the exponential 188 phase had little effect on denaturation curve shape and peak position, which was linearly 189 correlated to salt concentration, either NaCl or KCl (Fig. S2). 190

To assess dependency of peak position on biological material abundancy, the lysates 191 were diluted by various factors, while remaining in 4M KCl, and and thermal denaturation and 192 aggregation curves were compared (Fig. S3). Height of aggregation peaks was very sensitive 193 to dilution factor as no clear peak could be observed when lysates were diluted 10 times. 194 Denaturation peaks were less sensitive to dilution factor as they could still be recognized at 195 higher dilutions but with decreasing sharpness and resolution. Moreover, dilution slightly 196 shifted the horizontal position of the peak but to a lower extent than changing salt 197 concentration did in the previous experiment. Nonetheless, little difference was observed in 198 the thermal denaturation profile when with a dilution factor of 2. 199

To compare behaviour of H. marismortui proteome to a single halophilic protein used 200 as control, thermal denaturation and aggregation curves were obtained with both cell lysates 201 and purified MDH enzyme from the same organism (Fig. 1a and Fig. 1b). For both samples, 202 increasing concentration of NaCl or KCl delayed thermal denaturation. However, while MDH 203 of H. marismortui reached its peak stability at 4.0M NaCl, proteome stability continued to be 204 stabilized by higher concentrations of NaCl. In contrast, no denaturation peak could be 205 obtained with E. coli lysates in similar conditions, even at lowest salt concentrations (Fig. S4). 206

Unlike denaturation curves, aggregation curves presented one or two peaks of first 207 derivative of light scattering at more constant temperatures, around 70-75°C for cell lysed in 208 most conditions and always at temperatures higher than the ones associated with peak 209 denaturation event. Sharpest and most-recognizable peaks happened at high concentrations 210 of NaCl or KCl, depending on the experiment (Fig. S2) Aggregation peak at concentration of 211 salt below 3M was observed only once. 212

As with denaturation, no aggregation peak could be observed when the capillaries 213 were loaded with E. coli lysates under any salt concentration (Fig. S4), showing that the peaks 214 could not be a product of the salt only. Even less conditions allowed observation of 215 aggregation peaks with the purified H. marismortui MDH as they could only be clearly 216 observed with NaCl and at concentrations above 4.0M. (Wright et al. 2002). 358 Concerning the enzymatic activity, various intracellular enzymes of Halaorchaea, such 359 as 3-hydroxy-3-methylglutaryl-coenzyme A reductase [START_REF] Bischoff | 3-Hydroxy-3-methylglutaryl-coenzyme A reductase from 417 Haloferax volcanii: purification, characterization, and expression in Escherichia coli[END_REF] or NAD + -360 dependent DNA ligase [START_REF] Poidevin | Biochemical characterisation of LigN, an NAD + -526 dependent DNA ligase from the halophilic euryarchaeon Haloferax volcanii that displays 527 maximal in vitro activity at high salt concentrations[END_REF], both from of H. volcanii, were shown to 361 be more active in KCl. In contrast, it has been shown that extracellular proteinases of 362 Halobacterium salinarum, which are exposed to a NaCl-rich extracellular environment, display 363 enhanced activity with NaCl rather than KCl [START_REF] Norberg | Proteolytic Enzymes from Extremely Halophilic Bacteria[END_REF]. 364

Nevertheless, our results show that soluble fraction of proteome in cell lysate of the 365 extremely halophilic archaea H. marismortui does not behave identically to one of its purified 366 proteins and is more efficiently stabilized by KCl rather than NaCl. In contrast to the enthalpy-367 dominated stabilization of its MDH, proteome of H. marismortui could be for example 368 stabilized by a combination of entropic and enthalpic effects. Because of the specificities of 369 each particular enzyme, the link between protein adaptation and environment adaptation 370 should be highlighted with global, proteome-wide approaches rather than single protein 371 studies. 372

Moreover, this work confirms that reduced proteome resilience, and presumably 373 lowered protein stability [START_REF] Tehei | Adaptation to extreme environments: 560 macromolecular dynamics in bacteria compared in vivo by neutron scattering[END_REF], observed with cells of H. salinarum stressed with 374 low salt conditions [START_REF] Vauclare | Surviving salt fluctuations: stress and recovery 575 in Halobacterium salinarum, an extreme halophilic Archaeon[END_REF]) can be directly explained by the effect of lower 375 intracellular accumulation of KCl on proteome behaviour rather than accumulation of small 376 molecular weight compounds or by a change in protein expression. In spite of the fact that nanoDSF was developed for simpler systems, salt-dependency 380 of H. marismortui could successfully be established and compared to those of a purified 381 enzyme from the same organism. While both were stabilized by increasing salt concentration, 382 H. marismortui proteome, unlike its MDH, was more efficiently stabilized by KCl, the 383 physiological intracellular salt of Halobacteria, than by NaCl, the dominant salt in most 384 hypersaline environments. Since properties of single proteins may not reflect those of the 385 global proteome from which they originate, biophysical approaches like the one proposed 386 here may help understanding the link between protein adaptation and adaptation to an 387 environment. 388

This work represents, to our knowledge, the first attempt to assess stability of large 389 fractions of the proteome of extreme halophiles using nanoDSF. This technique shows enough 390 sensitivity to observe both denaturation and aggregation peaks in such complex samples in 391 various conditions. Comparative analysis using this technique may support interpretation of 392 other biophysical measurements such as neutron scattering. Moreover, this technique could 393 be used with cell lysates from other organisms to compare their biophysical and biochemical 394 traits in relation to the physical and chemical conditions of their relative environments. In 395 particular, it may unravel specific traits at the proteome level unseen with single-protein 396 studies in thermophiles, psychrophiles, acidophiles or alkaliphiles. NanoDSF analysis of H. marismortui cells harvested at various OD 600 values (A) and values of proteome melting temperature (T Pm ), defined as the temperature associated with the peak of first derivative of ratio of 350/330nm fluorescence (B). Abnormal values occasionally happening close to the end of the experiment were excluded. Relation between salt concentration and T Pm was fitted for each experiment with a linear regression. r 2 values are indicated. Data was obtained with larger steps in salt concentrations than in Fig. 1, except for the first column (DO 1.104) which was derived from this figure. NanoDSF analysis of cell lysates of non-halophilic Escherichia coli in various salt conditions. On the left, the color scales are the same than those used in Fig. 1 and Fig. 2. On the right a different color scale was used to improve contrast.
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  was cultivated aerobically at 37°C under mild agitation. Initial stocks 135 were purchased at the DSMZ-German Collection of Microorganisms. Composition of medium 136 was 208g.

  Haloferax volcanii have been shown to be more stabilized by NaCl than by 357 KCl

  supported by the French National Research Agency in the framework of 400 the Investissements d'Avenir program (ANR-15-IDEX-02), through the funding of the "Origin 401 of Life" project of the Univ. Grenoble-Alpes. 402 403 IBS acknowledges integration into the Interdisciplinary Research Institute of Grenoble 404 (IRIG, CEA).

  Fig. S1 Details of nanoDSF analysis of H. marismortui cell lysatesValues of 350 and 330nm fluorescence and their first derivatives, of 350/330 ratio and light scattering measured on soluble fractions of H. marismortui cells lysates upon a 20-95°C temperature increase at various NaCl and KCl concentrations. Thes data correspond to those presented in Fig.1(OD 600 = 1.104).

  Fig. S2 Reproducibility of nanoDSF analysis of H. marismortui cell extracts

  Fig. S2 Effect of dilution on thermal denaturation and aggregation curves of H. marismortui lysates Final concentration of KCl was always 4M, only lysates were diluted.

  

  .L -1 yeast extract, pH adjusted to 7.5 with addition of 10M NaOH after 138 dissolution. 139 E. coli was cultivated was cultivated aerobically at 37°C under stronger agitation and 140 cells were pelleted in exponential phase. 141 142 Preparation of proteome extracts 143 144 2mL of a culture in mid or late exponential phase was centrifugated at 20,000 g for 15 145 minutes. Supernatant was discarded by aspiration and pellet was resuspend in 1mL of 146 solutions of various KCl or NaCl concentrations. Cells were then lysed by sonication or by 147 making them go back and forth several times through a 0.6mm diameter needle using a 148 syringe, taking advantage of the inner fragility of halobacterial cells. 149 150 MDH protein production and purification
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Extremophiles