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Abstract

:

The two-component system DesK-DesR regulates the synthesis of unsaturated fatty acids in the soil bacteria Bacillus subtilis. This system is activated at low temperature and maintains membrane lipid fluidity upon temperature variations. Here, we found that DesK—the transmembrane histidine kinase—also responds to pH and studied the mechanism of pH sensing. We propose that a helix linking the transmembrane region with the cytoplasmic catalytic domain is involved in pH sensing. This helix contains several glutamate, lysine, and arginine residues At neutral pH, the linker forms an alpha helix that is stabilized by hydrogen bonds in the i, i + 4 register and thus favors the kinase state. At low pH, protonation of glutamate residues breaks salt bridges, which results in helix destabilization and interruption of signaling. This mechanism inhibits unsaturated fatty acid synthesis and rigidifies the membrane when Bacillus grows in acidic conditions.
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1. Introduction


Changes in environmental conditions, like temperature, osmolality, or pH, represent challenges that not only bacteria, but also multicellular organisms, have to face. Several systems have emerged in order to detect and adapt organisms to changing conditions. Nevertheless, the molecular bases of detection and signaling are still obscure for most of the systems.



Temperature changes are detected by thermosensors, which play a crucial role in poikilothermic organisms. The soil bacteria Bacillus subtilis is endowed with the Des pathway, which maintains lipid homeostasis at different conditions. The sensor of the pathway is the transmembrane histidine kinase DesK, which becomes activated at temperatures below 27 °C. It has been demonstrated that the transmembrane domain of DesK senses membrane fluidity changes that occur when temperature decreases. At low temperatures, the plasma membrane becomes more rigid and thicker, triggering an approach of the transmembrane segments (TMS) that generates a relative rotation in the cytoplasmic domain, allowing exposition of the catalytic His188 [1,2]. When His188 is exposed, it becomes autophosphorylated and then it transfers the phosphoryl group to the response regulator, DesR [3,4]. Phosphorylated DesR binds to the desaturase promoter in order to activate its transcription. The desaturase catalyzes the introduction of double bonds into membrane lipids in order to increase the levels of unsaturated fatty acids (UFAs) and recover lipid fluidity [5]. At high temperatures, DesK functions as a phosphatase: it removes the phosphate group from DesR; therefore, the desaturase transcription is terminated and UFA synthesis decreases (Figure 1A, [6]).



Since Bacillus lives in the soil, it is frequently exposed to changing environments with variations in temperature but also variations in pH. The pH of the soil varies in the range from 5.5 to 9 depending on the presence of acidic metabolites derived from organisms, chemicals derived from human activities, as well as the presence of calcite (CaCO3), or gibbsite (Al(OH)3) [7,8].



Here, we tested the biological activity of the thermosensor DesK in the pH range from 5.5 to 9. We found that DesK is inactive at low pH regardless of temperature. This raises the question: how can DesK disregard the cold signal in acidic conditions? We propose that the linker, which links the transmembrane region with the cytoplasmic catalytic domain, functions as a pH sensor and it is able to inactivate DesK at low pH. This suggests that the pH effect overcomes the well-known temperature effect on DesK activation.




2. Materials and Methods


2.1. Strains and Activity Measurements


For beta-galactosidase measurements, the B. subtilis JH642-CM21 cells complemented with plasmids containing DesK variants were grown in Spizizen salts (K2HPO4, 14.8 g/L, KH2PO4, 5.4 g/L, (NH4)2SO4, 2 g/L, tri-Sodium citrate·2H2O 1.9 g/L, and MgSO4·7H2O 0.2 g/L), adjusted to different pH with NaOH or HCl and supplemented with glycerol 0.1%, tryptophan 50 μg/mL, phenylalanine 50 μg/mL, Casamino Acids 0.05%, Lincomycin 25%, Erythromycin 0.1%, Chloramphenicol 5 μg/mL, Kanamycin 5 μg/mL, and Spectinomycin 100 μg/mL. All reagents were purchased from Sigma Aldrich with molecular biology purity. β-galactosidase activity was assayed as previously described [9,10]. The results shown are the average of five independent experiments. Standard deviations are shown with error bars.




2.2. Statistics


For each strain, we compared the β-galactosidase activity measured in Miller units (MU) and performed the ANOVA statistical test to determine whether the differences between the different measurements were statistically significant. In all cases, a non-parametric test was applied with R commander software. In addition, the corresponding comparison tests were performed to determine whether the MU (dependent variable) was significantly different between the different categories of the independent variable for each strain considering a p value less than 0.05.




2.3. Fluorescence Anisotropy


Total lipids from Bacillus cells grown at pH 6 or pH 7.5 were extracted and used to generate unilamellar liposomes [11]. Liposomes were incubated with 0.2 μg/mL DPH (1,6-diphenyl 1,3,5-hexatriene, purchased from Sigma Aldrich, Inc., Brussels, Belgium) for 15 min at 45 °C to allow homogeneous integration of the probe in the bilayer. Fluorescence anisotropy of DPH (defined as the ratio of polarized components to the total intensity by the equation r = III − I⊥/(III + 2I⊥) was used to monitor changes in membrane dynamics and was measured on a Varian Cary Eclipse fluorometer with the following protocol: time-based polarization, digital mode, excitation wavelength of 358 nm, and emission wavelength of 430 nm. Polarization was assessed using a temperature gradient from 22 to 40 °C with a 2 °C increase. Fluorescence anisotropy of non-DPH-labeled control bilayers was used for correction.




2.4. Synthetic Peptides


Synthetic peptides were purchased from GL Biochem Ltd (Shangai-China). Peptides corresponding to the linker sequence KSRKERERLEEK (wild-type) and KSRKERERWEEK (with tryptophan at position 40) were N-terminal–acetylated, C-terminal–amidated, and HPLC-purified. Their mass was confirmed by mass spectrometry. For FTIR experiments, samples were diluted in 10 mM HCl and lyophilized (three times) to remove traces of TFA.




2.5. ATR-FTIR Measurement


Peptides were deposited on a 1-mm-square diamond ATR element fitted to a < Brucker IFS-55FTIR spectrometer. The samples (1 μL) were partially dried under nitrogen flux. Serial measurements were recorded at a 2 cm−1 resolution and averaged in the (4000–900) cm−1 spectral region with a subtracted background. Processing of the spectra (scaling, integration, and vapor subtraction) was made with in-house-made software (Kinetics) running under Matlab. Evolution of the percentage of hydrogen exchange of the peptide amide group was evaluated as a function of deuteration time. Peptides were flushed continuously with D2O-saturated nitrogen on the ATR element. Spectra were recorded every minute (32 scans averaged). The area of the amide II band (around 1545 cm−1), which is sensitive to the deuteration of the amide N-H group, was monitored over time.




2.6. Förster Resonance Energy Transfer (FRET) Measurement


The W-labeled peptide KSRKERERW40EEK was incubated at different pH with liposomes made of 75% DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) and 15% DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), a mixture of zwitterionic and anionic phospholipids, and labeled with dansyl-PE (10%). These reagents were purchased from Avanti Polar Lipids and have a purity higher than 99%. The proximity of the linker peptide to the membrane was studied by Förster resonance energy transfer (FRET). The intensity of the FRET is measured from the maximum emission peak of the dansyl at 515 nm and the Tryptophan emission peak between 335–350 nm. The electrostatic interaction was also checked by the increasing concentrations of KCl, purchased from Sigma Aldrich.





3. Results


3.1. DesK Senses pH


Bacillus subtilis cells were cultivated in a synthetic medium at different pH levels in the range from 5.5 to 9. Cells were not able to grow at pH 5.5 (Figure S1); so, DesK kinase activity was measured in the range of pH 6–pH 9 [9,10]. Strain CM21 is DesK- and contains a single-copy transcriptional fusion of the reporter gene β-galactosidase to the desaturase promoter in the amyE chromosomal locus. This strain was complemented with the plasmid pHPKS, containing a copy of the DesK gene (wild-type DesK or the truncated version, DesKC), allowing the measurement of the in vivo activity of DesK variants. Figure 1A shows that the activity is inhibited below pH 7. On the contrary, the truncated version, DesKC, which lacks the transmembrane domain, is not pH-dependent (Figure 1B). These results suggest that the protein must be anchored or integrated in the plasma membrane to detect pH changes.



We wanted to evaluate whether acidic pH decreases the levels of UFAs, which are the final product of the DesK-DesR pathway. For this, Bacillus cells were grown at 25 and 37 °C and at pH 6 and pH 7.5. Lipids were extracted and fatty acid composition was analyzed by gas chromatography. Figure 2A shows that the levels of UFAs are lower at pH 6 than at pH 7.5, which matches with the decrease in activity measured in Figure 1A. Cells grown at low temperature (25 °C) in acidic conditions (pH 6) (black bars, Figure 2A) synthesize lower levels of UFAs than cells grown at neutral pH. Surprisingly, UFA levels of cells grown at 25 °C (stimulating condition) and acidic conditions (inhibitory) are lower than UFA levels of cells grown at 37 °C at neutral pH (grey bars, Figure 2B), suggesting that acidic conditions hamper activation of the sensor by low temperature, the reported stimulus.



To evaluate whether the inhibition of the DesK-DesR pathway—that occurs in acidic conditions and low temperatures (25 °C), decreasing UFA levels—leads to an increase in the rigidity of the membrane, we carried out the following experiment: Bacillus cells were grown at 25 °C at different pH levels up to OD = 0.6, and their lipids were extracted using the Bligh and Dyer protocol. These lipids were used to prepare unilamellar liposomes by extrusion. These liposomes were incubated with the diphenylhexatriene (DPH) fluorescent probe and used to perform fluorescence polarization assays and measure the micro viscosity of the bilayer [12]. In Figure 2C, we can observe an increase in the anisotropy value in the lipids that come from cells grown at pH 6, which suggests that the lipid core of the membrane is more rigid when Bacillus cells grow in acidic conditions. Taken together, these results imply that there would be no compensatory mechanism to restore fluidity when the DesK-DesR system is turned off in acidic conditions.




3.2. Searching for the pH Sensing Motif


MS-DesK is an engineered minimized DesK variant that has been designed by Cybulski et al. [13]. It has only one chimerical transmembrane segment (instead of the original five) and can activate UFA synthesis at low temperature. To analyze if MS-DesK is sensitive to pH, strain CM21 (DesK- and containing a transcriptional fusion of the reporter gene β-galactosidase to the desaturase promoter) was complemented with the plasmid pHPKS containing the MS-DesK gene. The resulting strain was grown in acidic conditions and the activity of the reporter gene and the levels of UFAs were measured. Figure 3 and Figure S2 indicate that the activity of MS is inhibited in acidic conditions, suggesting that the MS variant contains the region or motif responsible for pH sensing. Given that the truncated cytoplasmic domain is not sensitive to pH variations (Figure 1B), the pH sensor motif cannot reside in this domain, and must be located either in the extracellular tail (N-terminus), in the transmembrane helix, or in the linker region connecting the transmembrane with the cytoplasmic domain of MS. The transmembrane region of MS does not contain pH-sensitive residues in the pH range of our study; nevertheless, both the extracellular tail and the linker region contain residues whose pKa are close to physiological pH and therefore are good candidates to be pH sensors (Figure 3C).



The extracellular tail contains a histidine residue (H5, highlighted in pink in Figure 3C), which is protonated (neutral charged) at pH 6 and deprotonated (positively charged) at pH 7.5. To test whether this residue is the key to pH sensing, it was replaced by a lysine, another basic residue, giving rise to the variant H5K. Since lysine has a pKa around 11, its protonation state will not change in our pH assays, maintaining its positive charge both at pH 6 and pH 7.5. If protonation of H5 were involved in sensing, mutant strain H5K would be insensitive to pH. Figure 3A shows that the activity of the H5K mutant decreases at low pH, meaning that it is sensitive, and suggests that histidine 5 is not the main residue involved in pH detection.



On the other hand, the linker contains several glutamate residues, whose pKa is close to the physiological pH, converting this region into a good candidate to behave as a pH-dependent switching device [14]. Considering an alpha-helix contains 3.6 residues per turn, the distribution of charged residues that can give rise to a salt bridge is critical for helix stabilization [15]. In particular, glutamate and aspartate residues allow the formation of salt bridges with basic residues, like lysine or arginine, when they locate in the same face of the helix (in the register i, i + 3/4). Therefore, we evaluated the ability to respond to the pH of several MS-DesK constructions containing mutations in charged residues of the linker (Table 1).



Linker variant A3 has three positively charged residues (one lysine and two arginine) replaced to alanine; nevertheless coulombic interactions (i, i + 4 and j, j + 4) are maintained. Linker mutant Q3 has three glutamate residues replaced to glutamine, so coulombic interactions (i, i + 4 and j, j + 4) are disrupted. Figure 3A shows that the ability to respond to pH is maintained in variant A3 but disrupted in variant Q3 (Table 1, Figure 3A), suggesting that the pH-sensitivity of DesK could be related to the linker ability to alternate between two possible conformations depending on glutamate protonation: at neutral pH, glutamate residues E36 and E38 are negatively charged, and interact with lysine 32 and arginine 34 in the register i, i + 4 and j, j + 4. These intrahelical coulombic interactions stabilize the helix. At low pH, glutamate protonation breaks coulombic interactions, which results in helix instability. We propose that this dual behavior of the linker (stable vs. unstable) is key to pH sensing.



To test this idea, we designed two mutants in which salt bridge formation within the linker is either hampered or conserved by exchanging the position of glutamate and lysine residues. In the K32E/E36K linker variant, we changed the position of charged residues while keeping the distances that allow the formation of salt bridges (Linker Bridge+ or LB+). LB+ shows higher activity at higher pH and maintains pH regulation, suggesting that the particular position of charged amino acids is not important for pH sensing as long as the salt bridge is formed, stabilizing the helical conformation (Figure 3A). On the other hand, the linker mutant R34E/ E36K/ R37E hampers the formation of both salt bridges, both in the register j + 3 or j + 4 (Linker Bridge- or LB-). LB- is inactive and insensitive to pH, suggesting that coulomb interactions within the linker are needed for activity (Figure 3A, Table 1). In summary, the presence of negative and positive residues in the register i, i + 4 along the linker sequence allows the formation of helix-stabilizing salt bridges at a neutral pH, which seems to be required for pH sensing.




3.3. Low pH Triggers Linker Structural Changes That Turn off Kinase Activity


FTIR spectroscopy provides a key tool to evaluate secondary and tertiary protein structural alterations [16,17]. Replacement of hydrogen by deuterium in the peptide bond is extremely sensitive to environmental variations such as pH, and the kinetics of exchange can be used to detect conformational changes. We designed a peptide with the sequence of the linker in order to study if structural changes occur in this region when pH changes. Hydrogen/Deuterium exchange was measured at different pH (pH 3, 4, 6, 7, and 8) levels. A major decrease of the amide II area (1545 cm−1) is detected between pH 4 and 6. This reflects a drastic increase of the peptide accessibility to the aqueous environment and the unfolding of the structure (Figure 4A). Concomitantly, a shoulder at 1710 cm−1 is the signature of the glutamate protonation. Protonation of acidic residues result in charge neutralization and the breaking of salt bridges and favors a randomization of the structure.



The FTIR study shows that by lowering the pH, the peptide unfolds; however, this unfolding is more pronounced at pH ~4, not at pH 6, when DesK is inhibited in vivo. To explain this discrepancy and to test whether the pKa values of linker acidic residues change in the proximity of a lipid bilayer, in silico assays were carried out. Molecular dynamics simulations of the linker were run in two conditions: one in the bulk solution and the other on the surface of a lipid bilayer, which mimics Bacillus lipid composition [18,19]. The pKa values of glutamate residues were calculated in both systems through constant pH molecular dynamics (Table 2, Figure S3), showing a pKa shift towards higher values when the linker is close to the negatively charged lipid bilayer. Although the negative charge of the membrane surface is in part countered by the cations of the system, the strength of this negative field generates a negative electromagnetic environment, which could destabilize the deprotonated state of glutamates. Stabilization of the protonated form increases the pKa, which could be a mechanism by which glutamate residues get protonated at a higher pH. We propose that glutamate protonation at pH ~6 leads to helix destabilization and inhibition of signaling.



A Förster resonance energy transfer (FRET) assay was carried out to characterize the interaction between the linker and lipid membranes. We designed a peptide that corresponds to the linker region, but in which L40 has been replaced by a tryptophan. As a control, the same replacement was introduced in the protein. Mutant L40 W is active and responds to low temperatures (Figure S4). Liposomes labeled with the fluorescence acceptor dansyl-PE were incubated at different pH levels with the peptide L40 W. Figure 4B,C shows a higher FRET and a lower tryptophan peak intensity at an acidic pH with a transition around pH 5–6. This transition points a drastic change in the distance between the linker and the lipid interphase and shows the proximity of tryptophan to the lipid environment.



The linker-liposome interaction was substantially attenuated at increasing salt concentrations (Figure 4D), confirming the existence of an electrostatic interaction between the linker and the lipid membrane.





4. Discussion


Soil bacteria are frequently exposed to changing environments with variations not only in temperature but also in pH. The DesK-DesR pathway has been shown to be key to adapting Bacillus membranes at low temperatures [20]. The mechanisms reported so far, which have evolved to maintain pH homeostasis, are based on the consumption or expulsion of protons. For example, the F1F0 ATPase proton pump expels protons at the expense of ATP consumption, and several intracellular amino acid decarboxylases that are activated at low pH consume protons during catalysis [21]. These known mechanisms were designed to decrease intracellular proton levels; however, so far, mechanisms that restrict membrane lipid fluidity in response to acidic condition have not been identified.



Here, we found that the activity of DesK, a transmembrane kinase that modulates the levels of unsaturated fatty acids, is tightly controlled by pH. This indicates that DesK is a pH sensor, which adjusts the levels of unsaturated fatty acids according to the extracellular pH. DesK inhibition at low pH results in a decrease of membrane lipid fluidity that may restrict the entrance of substrates. Here, we propose that DesK activity is modulated by pH and identify the linker as the pH sensing motif.



At physiological pH, the positively charged residues of the linker interact with negatively charged glutamate residues and contribute to the generation of a continuous helix from the membrane to the cytoplasm. This helical conformation would favor the kinase-on conformation. At lower pH, linker glutamates get protonated, breaking salt bridges. The resulting destabilized and positively charged linker can interact with the negatively charged membrane to stabilize the unfolded form. We propose that glutamate protonation/deprotonation at the water-lipid interphase may constitute the driving force for the structural reorganization of the linker, which would be transmitted to the catalytic domain to control activity in a pH-dependent fashion.



In vivo data shows that DesK activity is inhibited at pH 6; nevertheless, the pKa of glutamate is 4.3. Molecular dynamics simulations suggest that glutamate residues located close to the water-lipid interphase show a higher pKa as compared to glutamates in bulk solution. This is probably because the electronegative field, generated by negatively charged membrane lipids, destabilizes the deprotonated form of glutamate, shifting the population to a protonated state.



In addition, glutamate protonation may be favored by the fact that protons, due to their positive charge, accumulate at the negative surface of the lipid membrane and decrease the local pH [22]. Bacillus membranes contain a high percentage of anionic lipids (44% phosphatidyl-glycerol and 12% cardiolipin, a diphosphatidyl-glycerol which contributes with two negative charges) [19], conferring a net negative charge to the lipid surface, which attracts protons and lowers the local pH.



We propose that the protonation/deprotonation of acidic residues involved in a salt bridge, which is located near the water-lipid interphase, can be associated with alternative signaling states of DesK. Interestingly, a cluster of positive and negative residues located at the water–lipid interface is also present in different transmembrane proteins, such as the tandem pore K channel (Kcnk1), the transient receptor potential proteins (TRPA1 isoform 2), and the mechanosensitive channel MscL (Table 3), proteins that may be subjected to pH modulation using a mechanism similar to DesK.




5. Conclusions


Our results suggest that Bacillus has developed a mechanism to restr ict the fluidity of its membranes at low pH, which could be a strategy to avoid the influx of substrates and limit growth in adverse conditions. The ability of DesK to adjust its activity according to both temperature and pH illustrates how evolution has tuned up the DesK system to be activated only when it is absolutely required and not detrimental for cell survival. This capability confers B. subtilis’ robustness in harsh conditions, as required for their natural adaptation but also of great interest to engineers in the metabolic and biomedical fields [23].








Supplementary Materials


The following are available online at https://www.mdpi.com/2218-273X/10/8/1183/s1, Figure S1: Bacillus Growth curve at 25 °C, Figure S2: Unsaturated fatty acid content in Bacillus cells expressing MS-DesK, Figure S3: Titration curves of linker glutamate residues, Figure S4: Activities of MS-DesK and MS-DesK L40W.





Author Contributions


Investigation: A.B., D.B.V., J.C.A., M.E.I., J.M.V., D.M.M., S.I.D.; writing—review and editing: A.B., D.B.V., J.C.A., J.M.R., L.E.C.; formal analysis: D.M.M., S.I.D.; conceptualization: J.M.R., L.E.C.; funding acquisition: L.E.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Fondo para la Investigación Científica y Tecnológica-Argentina (FONCYT), grant number PICT 2017-0488, and CONICET PIP 0905.




Acknowledgments


We acknowledge Michel Vandenbranden for discussion and FRET settings, and Roberto Grau for discussions and materials donations.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Inda, M.E.; Almada, J.C.; Vazquez, D.B.; Bortolotti, A.; Fernández, A.; Ruysschaert, J.M.; Cybulski, L.E. Driving the catalytic activity of a transmembrane thermosensor kinase. Cell. Mol. Life Sci. 2019, 1–8. [Google Scholar] [CrossRef]

	



Albanesi, D.; Martín, M.; Trajtenberg, F.; Mansilla, M.C.; Haouz, A.; Alzari, P.M.; De Mendoza, D.; Buschiazzo, A. Structural plasticity and catalysis regulation of a thermosensor histidine kinase. Proc. Natl. Acad. Sci. 2009, 106, 16185–16190. [Google Scholar] [CrossRef] [PubMed]

	



Cybulski, L.E.; Del Solar, G.; Craig, P.O.; Espinosa, M.; De Mendoza, D.; Torregrossa, P.; Buhl, L.; Bancila, M.; Durbec, P.; Schäfer, C.; et al. Bacillus subtilisDesR Functions as a Phosphorylation-activated Switch to Control Membrane Lipid Fluidity. J. Boil. Chem. 2004, 279, 39340–39347. [Google Scholar] [CrossRef] [PubMed]

	



Albanesi, D.; Mansilla, M.C.; de Mendoza, D. The Membrane Fluidity Sensor DesK of. J. Bacteriol. 2004, 186, 2655–2663. [Google Scholar] [CrossRef] [PubMed]

	



Altabe, S.G.; Aguilar, P.S.; Caballero, G.M.; De Mendoza, D. The Bacillus subtilis Acyl Lipid Desaturase Is a Δ5 Desaturase. J. Bacteriol. 2003, 185, 3228–3231. [Google Scholar] [CrossRef]

	



Aguilar, P.S.; Hernandez-Arriaga, A.M.; Cybulski, L.E.; Erazo, A.C.; De Mendoza, D. Molecular basis of thermosensing: A two-component signal transduction thermometer in Bacillus subtilis. EMBO J. 2001, 20, 1681–1691. [Google Scholar] [CrossRef]

	



Rousk, J.; Brookes, P.C.; Bååth, E. Contrasting Soil pH Effects on Fungal and Bacterial Growth Suggest Functional Redundancy in Carbon Mineralization. Appl. Environ. Microbiol. 2009, 75, 1589–1596. [Google Scholar] [CrossRef]

	



Slessarev, E.W.; Lin, Y.; Bingham, N.L.; Johnson, J.; Dai, Y.; Schimel, J.P.; Chadwick, O.A. Water balance creates a threshold in soil pH at the global scale. Nature 2016, 540, 567–569. [Google Scholar] [CrossRef]

	



Spizizen, J. TRANSFORMATION OF BIOCHEMICALLY DEFICIENT STRAINS OF BACILLUS SUBTILIS BY DEOXYRIBONUCLEATE. Proc. Natl. Acad. Sci. USA 1958, 44, 1072–1078. [Google Scholar] [CrossRef]

	



Harwood, C.; Cutting, S.M. Molecular Biological Methods for Bacillus; John Wiley & Sons: Chichester, UK, 1990; ISBN 0471923931 9780471923930. [Google Scholar]

	



Martin, M.; Albanesi, D.; Alzari, P.M.; De Mendoza, D. Functional in vitro assembly of the integral membrane bacterial thermosensor DesK. Protein Expr. Purif. 2009, 66, 39–45. [Google Scholar] [CrossRef]

	



Dawaliby, R.; Trubbia, C.; Delporte, C.; Noyon, C.; Ruysschaert, J.-M.; Van Antwerpen, P.; Govaerts, C. Phosphatidylethanolamine Is a Key Regulator of Membrane Fluidity in Eukaryotic Cells. J. Boil. Chem. 2015, 291, 3658–3667. [Google Scholar] [CrossRef] [PubMed]

	



Cybulski, L.E.; Martin, M.; Mansilla, M.C.; Fernández, A.; De Mendoza, D. Membrane Thickness Cue for Cold Sensing in a Bacterium. Curr. Boil. 2010, 20, 1539–1544. [Google Scholar] [CrossRef] [PubMed]

	



Harms, M.J.; Castañeda, C.A.; Schlessman, J.L.; Sue, G.R.; Isom, D.G.; Cannon, B.R.; Bertrand García-Moreno, E. The pKa Values of Acidic and Basic Residues Buried at the Same Internal Location in a Protein Are Governed by Different Factors. J. Mol. Boil. 2009, 389, 34–47. [Google Scholar] [CrossRef] [PubMed]

	



Marqusee, S.; Baldwin, R.L. Helix stabilization by Glu-. Lys+ salt bridges in short peptides of de novo design. Proc. Natl. Acad. Sci. USA 1987, 84, 8898–8902. [Google Scholar] [CrossRef] [PubMed]

	



Inda, M.E.; Vandenbranden, M.; Fernández, A.; De Mendoza, D.; Ruysschaert, J.-M.; Cybulski, L.E. A lipid-mediated conformational switch modulates the thermosensing activity of DesK. Proc. Natl. Acad. Sci. USA 2014, 111, 3579–3584. [Google Scholar] [CrossRef]

	



Goormaghtigh, E.; Vigneron, L.; Knibiehler, M.; Lazdunski, C.; Ruysschaert, J. Secondary structure of the membrane-bound form of the pore-forming domain of colicin A. An attenuated total-reflection polarized Fourier-transform infrared spectroscopy study. Eur. J. Biochem. 1991, 202, 1299–1305. [Google Scholar] [CrossRef]

	



Minnikin, D.E.; Abdolrahimzadeh, H. Effect of pH on the Proportions of Polar Lipids, in Chemostat Cultures of Bacillus subtilis. J. Bacteriol. 1974, 120, 999–1003. [Google Scholar] [CrossRef]

	



Uttlová, P.; Pinkas, D.; Bechyňková, O.; Fišer, R.; Svobodová, J.; Seydlová, G. Bacillus subtilis alters the proportion of major membrane phospholipids in response to surfactin exposure. Biochim. Biophys. Acta (BBA)-Biomembr. 2016, 1858, 2965–2971. [Google Scholar] [CrossRef]

	



Inda, M.E.; Oliveira, R.G.; De Mendoza, D.; Cybulski, L.E. The Single Transmembrane Segment of Minimal Sensor DesK Senses Temperature via a Membrane-Thickness Caliper. J. Bacteriol. 2016, 198, 2945–2954. [Google Scholar] [CrossRef]

	



Cotter, P.D.; Hill, C. Surviving the Acid Test: Responses of Gram-Positive Bacteria to Low pH. Microbiol. Mol. Boil. Rev. 2003, 67, 429–453. [Google Scholar] [CrossRef]

	



Kundu, A.; Yamaguchi, S.; Tahara, T. Evaluation of pH at Charged Lipid/Water Interfaces by Heterodyne-Detected Electronic Sum Frequency Generation. J. Phys. Chem. Lett. 2014, 5, 762–766. [Google Scholar] [CrossRef] [PubMed]

	



Inda, M.E.; Mimee, M.; Lu, T.K. Cell-based biosensors for immunology, inflammation, and allergy. J. Allergy Clin. Immunol. 2019, 144, 645–647. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 10 01183 g001 550] 





Figure 1. (A) Signal transduction of the Des pathway. A DesK dimer phosphorylates the response regulator when temperature decreases at physiological-basic pH. At high temperatures (37 °C) or with an acidic pH (pH = 6), the protein is inactive. DesKC, a truncated variant lacking the transmembrane domain, activates the system regardless of temperature or pH. DesK monomers are colored in different grey tones. The catalytic domain containing the ATP binding domain is represented by a drop and the cytoplasmic coiled-coil by a cylinder, with the phosphorylate-able histidine by a red dot. Bacillus strain CM21, complemented with plasmids containing the gene coding for wild-type DesK (B) or the truncated version, DesKC (C), were grown at different pH levels at 25 °C. The activity of the reporter gene β-galactosidase was determined every hour. The results shown here correspond to 4 hours of growth at the indicated pH. The activity of DesK is significantly different between pH 6 and pH 7.5, while there are not significant differences for DesKC activity at any pH. Error bars include the standard deviations from at least five independent experiments. 






Figure 1. (A) Signal transduction of the Des pathway. A DesK dimer phosphorylates the response regulator when temperature decreases at physiological-basic pH. At high temperatures (37 °C) or with an acidic pH (pH = 6), the protein is inactive. DesKC, a truncated variant lacking the transmembrane domain, activates the system regardless of temperature or pH. DesK monomers are colored in different grey tones. The catalytic domain containing the ATP binding domain is represented by a drop and the cytoplasmic coiled-coil by a cylinder, with the phosphorylate-able histidine by a red dot. Bacillus strain CM21, complemented with plasmids containing the gene coding for wild-type DesK (B) or the truncated version, DesKC (C), were grown at different pH levels at 25 °C. The activity of the reporter gene β-galactosidase was determined every hour. The results shown here correspond to 4 hours of growth at the indicated pH. The activity of DesK is significantly different between pH 6 and pH 7.5, while there are not significant differences for DesKC activity at any pH. Error bars include the standard deviations from at least five independent experiments.



[image: Biomolecules 10 01183 g001]







[image: Biomolecules 10 01183 g002 550] 





Figure 2. Bacillus lipid bilayer is less fluid in acidic conditions. (A) Bacillus cells were grown at a constant temperature (25 °C) but different pH levels (A); or at a constant pH (7.5) but a different temperature. (B) The unsaturated fatty acid (UFA) content was analyzed by gas chromatography. (C) Bacillus cells grown at 25 °C at different pH levels, and lipids extracted by Bligh and Dyer. These lipids were used to prepare liposomes that were labeled with diphenylhexatriene (DPH). Fluorescence anisotropy of DPH was used to monitor changes in membrane dynamics and was measured on a Varian Cary Eclipse fluorometer. Error bars include the standard deviations from at least five independent experiments. 
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Figure 3. Coulomb interactions in the linker are required for pH sensing. (A) CM21 Bacillus strains expressing different MS-DesK variants were grown at 25 °C and different pH levels. The activity of the reporter gene was analyzed as in Figure 1. Error bars include the standard deviations from at least five independent experiments. There are no significant differences among the kinase activities pointed out with asterisks (*). (B) Drawings show a dimer of DesK and the minimized construction of MS-DesKC. The transmembrane region is represented by grey cylinders, the linker by blue cylinders, and the phosphorylate-able histidine by a red dot. (C) Sequence of the N-terminus, transmembrane segment, and linker of MS-DesK. The H5 is highlighted in pink, the linker motif in purple. The grey rectangle contains the transmembrane region, according to the bioinformatic software SOSUI and the curated database Uniprot (ID code: O34757). 
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Figure 4. (A) Hydrogen/Deuterium exchange in the linker at different pH levels. Amide II area (1545 cm−1) is representative of H/D exchange. The accessibility to deuterium is strongly enhanced at low pH (top to bottom: pH 8, 7, 6, 4, and 3), showing there are more structures able to exchange its hydrogen by deuterium as the glutamates get protonated. The appearance of a small shoulder at 1712 cm−1 is indicative of glutamate protonation. (B) The linker peptide was incubated with liposomes made of 75% DOPG—15% DOPE and labeled with dansyl-PE. Förster resonance energy transfer (FRET) was used to study the proximity of the linker to the membrane. The Tryptophan emission peak shifts towards lower wavelengths at acidic pH levels, which indicates Trp moves to less polar environments. (C) The intensity of the FRET (shown in %) is measured from the maximum emission peak of dansyl at 515 nm. (D) Peptide-liposome samples incubated at pH 5.0 were subjected to different salt concentrations. Salt increase results in lower energy transfer, confirming the electrostatic nature of the interaction. Error bars include the standard deviations from at least five independent experiments. 
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Table 1. Sequence of DesK linker variants.
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	Linker variant
	i 32
	
	j 34
	
	i + 4 36
	
	j + 4 38
	
	
	41
	42





	WT
	K
	S
	R
	K
	E
	R
	E
	R
	L
	E
	E



	A3
	K
	S
	R
	A
	E
	A
	E
	A
	L
	E
	E



	Q3
	K
	S
	R
	K
	Q
	R
	Q
	R
	L
	Q
	E



	Linker bridge+
	E
	S
	R
	K
	K
	R
	E
	R
	L
	E
	E



	Linker bridge−
	K
	S
	E
	K
	K
	E
	E
	R
	L
	E
	E
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Table 2. Glutamate pKas in each Molecular Dynamics system.
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	Residue
	pKa in Bulk Solution
	pKa Close to the Membrane





	Glu 36
	3.64
	5.43



	Glu 38
	3.89
	5.83



	Glu 41
	3.57
	5.59



	Glu 42
	4.18
	5.84
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Table 3. Cluster of charged residues at the junction between transmembrane and cytosolic domains in signaling proteins and channels. Underlined residues can form salt bridges in the register i; i + 3 or i; i + 4.
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	Protein
	i
	
	j
	i + 3
	i + 4
	
	j + 4
	
	
	Organism
	Uniprot ID Code





	DesK
	K
	S
	R
	K
	E
	R
	E
	R
	L
	Bacillus subtilis
	O34757



	BvgS
	K
	R
	A
	E
	R
	A
	L
	N
	D
	Bacillus pertussis
	P16575



	Kcnk1
	E
	E
	Q
	K
	Q
	S
	E
	P
	F
	Mouse
	O08581



	MscL
	R
	K
	K
	E
	E
	P
	A
	A
	A
	Escherichia coli
	P0A742



	TRPA1.2
	R
	F
	K
	K
	E
	Q
	M
	E
	Q
	Chimpanzee
	H2R465



	Osm9
	E
	L
	W
	R
	A
	Q
	V
	V
	A
	Rabbit
	Q9XSM3
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