
1 

 

Molecular Basis for the Adaptive Evolution of Environment Sensing by H-NS Proteins 1 

 2 

Xiaochuan Zhao,a# Umar F. Shahul Hameed,b# Vladlena Kharchenko,c# Chenyi Liao,a Franceline 3 

Huser,c Jacob M. Remington,c Anand K. Radhakrishnan,c Mariusz Jaremko,b Łukasz Jaremko,b* 4 

Stefan T. Arold,c,d* Jianing Lia* 5 

 6 

a. Department of Chemistry, The University of Vermont, Burlington, VT, USA 05405. 7 

b. King Abdullah University of Science and Technology (KAUST), Computational Bioscience 8 

Research Center (CBRC), Biological and Environmental Science and Engineering (BESE), 9 

Thuwal, 23955-6900, Saudi Arabia 10 

c. King Abdullah University of Science and Technology (KAUST), Biological and Environmental 11 

Science and Engineering (BESE), Thuwal, 23955-6900, Saudi Arabia  12 

d. Centre de Biochimie Structurale, CNRS, INSERM, Université de Montpellier, 34090 13 

Montpellier, France 14 

 15 

# contributed equally 16 

* Correspondence to: JL (jianing.li@uvm.edu), STA (stefan.arold@kaust.edu.sa) or LJ 17 

(lukasz.jaremko@kaust.edu.sa) 18 

 19 

 20 

 21 

  22 

mailto:lukasz.jaremko@kaust.edu.sa
mailto:stefan.arold@kaust.edu.sa
mailto:jianing.li@uvm.edu


2 

 

ABSTRACT  23 

The DNA-binding protein H-NS is a pleiotropic gene regulator in gram-negative bacteria. 24 

Through its capacity to sense temperature and other environmental factors, H-NS allows 25 

pathogens like Salmonella to adapt their gene expression to their presence inside or outside 26 

warm-blooded hosts. To investigate how this sensing mechanism may have evolved to fit 27 

different bacterial lifestyles, we compared H-NS orthologs from bacteria that infect humans, 28 

plants, and insects, and from bacteria that live on a deep-sea hypothermal vent. The 29 

combination of biophysical characterization, high-resolution proton-less NMR spectroscopy and 30 

molecular simulations revealed, at an atomistic level, how the same general mechanism was 31 

adapted to specific habitats and lifestyles. In particular, we demonstrate how environment-32 

sensing characteristics arise from specifically positioned intra- or intermolecular electrostatic 33 

interactions. Our integrative approach clarified the exact modus operandi for H-NS–mediated 34 

environmental sensing and suggests that this sensing mechanism resulted from the exaptation 35 

of an ancestral protein feature. 36 

 37 

 38 
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INTRODUCTION 45 

The histone-like nucleoid-structuring (H-NS) protein is a central controller of the gene 46 

regulatory networks in enterobacteria (1). H-NS inhibits gene transcription by coating and/or 47 

condensing DNA; an environment-sensing mechanism allows H-NS to liberate these DNA 48 

regions for gene expression in response to physicochemical changes (2-4). H-NS preferentially 49 

binds to AT-rich sequences, which enables its dual role in (i) the organization of the bacterial 50 

chromosome and (ii) the silencing of horizontally acquired foreign DNAs (5-8). The latter 51 

mechanism allows bacteria to assimilate foreign DNAs, which, however, are only expressed as 52 

a last resort in case of acute threats or stresses (8). Thus, H-NS plays a crucial role in the 53 

adaptation, survivability, and antibiotic resistance of bacteria. Given the growing threat of 54 

multidrug resistance, H-NS has attracted increasing research interest, with a particular focus on 55 

elucidating the molecular mechanisms of adaptive evolution (9-11). 56 

H NS possesses two dimerization domains (site1, residues 1-44; site2, resides 52-82; 57 

the numbering of Salmonella typhimurium is adopted throughout the text), and a C-terminal 58 

DNA-binding domain (DNAbd, residues 93-137) that is connected through a flexible region 59 

(linker, residues 83-92) to site2 (Fig. 1) (5,12-15). The combination of site1 ‘head-to-head’ 60 

dimers with site2 ‘tail-to-tail’ dimers allows H-NS to multimerize (Fig. 1B). These H-NS 61 

multimers form a superhelix that recapitulates the structure of plectonemic DNA, offering a 62 

mechanism for a stable concerted DNA coating by H-NS that results in gene silencing (14). 63 

However, other modes of DNA association by H-NS were also proposed (16). 64 

In a previous study, we showed that site2 of S. typhimurium H-NS is the primary 65 

response element to temperature changes (17). Site2 unfolds at human body temperature, 66 

allowing the linker-DNAbd region to associate with site1 to adapt an autoinhibited conformation 67 

incapable of binding to DNA. Salinity and pH can also influence the stability of site2 dimers, and 68 

hence may also affect gene repression by H-NS (17,18). Thus, the sensitivity of H-NS to 69 

temperature and other physiochemical changes allows human pathogens such as 70 

S. typhimurium, Vibrio cholerae, and enterohaemorrhagic Escherichia coli to sense when they 71 

enter a homothermic host and adapt their gene expression profiles accordingly.  72 

To date, studies to elucidate environment sensing of H-NS were almost exclusively 73 

conducted with proteins from two model systems, S. typhimurium (e.g. (9,20-22)) and E. coli 74 

(e.g. (18,23-27)), both of which infect humans. Yet, H-NS orthologs are also present in 75 

enterobacteria that do not have warm-blooded hosts, raising the question of what biological role 76 

H-NS plays in these species. Answering this question requires to determine the structural basis 77 

for environment-sensing in H-NS orthologs with drastically different lifestyles. However, the 78 
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molecular dynamics and multidomain composition of H-NS hamper conventional structural 79 

analysis. Therefore, we combined large-scale molecular simulations and spectroscopic 80 

approaches to elucidate how environment-sensing by H-NS may have adapted in different 81 

species. This multidisciplinary approach yielded an atomic-level understanding of how H-NS 82 

orthologs evolved specific residue substitutions to adapt environment-sensing to their bacterial 83 

habitats, and may open new avenues for strategies to combat antibiotic resistance. 84 

 85 

RESULTS 86 

To investigate the adaptation of environment-sensing by H-NS, we searched for representatives  87 

of H-NS–containing bacteria that have diverse lifestyles. Accordingly, we selected four H-NS 88 

orthologs from ~3000 H-NS-like sequences available in the Uniprot database: 1) H-NSST from S. 89 

typhimurium. This bacterium is a pathogen of mammals and uses temperature-sensing to adapt 90 

to a presence inside the warm-blooded host. 2) H-NSEA from Erwinia amylovora, which is a plant 91 

pathogen that infects apples and pears. Hence, temperature is not a reliable differentiator 92 

between free-living and host-based states. 3) H-NSBA from Buchnera aphidicola. This bacterium 93 

is an obligate endosymbiont of aphids, and has no free-living forms. 4) H-NSIL from Idiomarina 94 

loihiensis, which is a free-living bacterium from a deep-sea hydrothermal vent which produces 95 

large heat gradients. H-NSEA and H-NSBA share more than 60% sequence identity with H-NSST, 96 

whereas H-NSIL is only 40% identical to H-NSST (Figure 1A, Supplementary File 1A).  97 

  98 

The site1 dimer is markedly more stable than the site2 dimer in the H-NS orthologs. H-99 

NSST site1 and site2 form homodimers to enable H-NS multimerization in a head-to-head/tail-to-100 

tail fashion (Figure 1B) (14). In concert with the DNA interaction of the individual domains, this 101 

homo-oligomerization is required for tight DNA binding and hence gene repression. In our 102 

previous study, we showed that only H-NSST site2 dimers unfold and dissociate within a 103 

biologically relevant temperature range, whereas site1 dimers remain unaffected (17). The 104 

higher stability of the site1 dimer of H-NSST is explained by a substantially larger contact surface 105 

between the two monomers (ca. 3,300 Å2 compared to ca. 850 Å2 for site1 and site2, 106 

respectively, according to PDBePISA (28)). 107 

To investigate whether this mechanism is conserved in other H-NS orthologs, we built 108 

homology models for H-NSEA, H-NSBA, and H-NSIL using the crystal structure of the H-NSST 109 

site1-site2 fragment as a template (PDB ID: 3NR7) (14). Next, we constructed a tetrameric 110 

model as a minimal representation that conserves all features of the H-NS multimer. This 111 

tetramer contained two full-length H-NS monomers (residues 1-137, with templates PDB IDs: 112 
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3NR7 and 2L93) and two partial monomers, truncated before site2 (residues 1-52) (Figure 1C). 113 

To probe differences in environmental responses of the orthologs, we first used conventional 114 

full-atom molecular dynamics (MD). We simulated all four tetramers (a ~100,000 atom system; 115 

see Methods) for 200 ns at three different conditions (0.15 M NaCl, 293 K; 0.50 M NaCl, 293 K 116 

/ 20 ˚C; or 0.15 M NaCl, 313 K / 40 ˚C) (Supplementary File 1B). 117 

The tetramer simulations at 0.15 M NaCl and 293 K produced a lower residue fluctuation 118 

level in site1 (local root-mean-square fluctuation, RMSF 0.4 to 1.9 Å) than in site2 (local RMSF 119 

0.5 to 4.4 Å) for all four orthologs (Supplementary File 1C). The higher stability of the site1 120 

dimer is explained by the generally higher number of nonpolar contacts than in the site2 dimer 121 

(Figure 2-figure supplement 1). These contacts involved conserved hydrophobic amino acid 122 

residues, notably L5 (or I5) and L8 of α1, L14 of α2, and L23, L26, V36, and V37 (or I37) of α3 123 

(Figure 2). Our in silico mutant stability prediction analysis corroborated qualitatively the 124 

importance of hydrophobic residues for stabilising the site1 dimer, in particular of L5, L8, L23 125 

and L26 (Supplementary File 1D and 1E).  126 

These interactions remained formed in all site1 dimers in our tetramer simulations (at 127 

0.15 M NaCl at 293 K) and tetramer simulations at higher salinity (at 0.50 M NaCl at 293 K) or 128 

higher temperature (at 0.15 M NaCl at 313 K). Hence, we found that the stability of the site1 129 

dimers resulted mainly from strong and conserved nonpolar packing. Indeed, recombinantly 130 

expressed site1 fragments of all four orthologs formed ~15 kDa dimers in size exclusion 131 

chromatography–multi-angle light scattering (SEC-MALS). These dimers were stable within the 132 

temperature range relevant for environment sensing (aggregation temperature, Tagg > 37 ˚C; 133 

Figure 2-figure supplement 2). We concluded that the mechanism observed for H-NSST — 134 

where site1 remains stable, and the site2 stability is affected by the environment — is 135 

conserved in H-NSEA, H-NSBA, and H-NSIL. 136 

 137 

Variations in the site2 sequence alter the sensing sensitivity of H-NS orthologs. 138 

Compared to site1 dimers, site2 dimers harbor fewer nonpolar contacts, only involving residues 139 

L58 (or I58), Y61 (or F61), M64 (or A64), I70, and L75 (or I75) (Figure 2). Hence, while site1 140 

dimerization was largely maintained by nonpolar packing, site2 dimerization was strongly driven 141 

by electrostatic interactions from selective salt bridges. MD simulations revealed that these salt 142 

bridges were in a dynamic equilibrium between forming, breaking, and rearranging. These salt 143 

bridges were either formed in cis, within the site2 monomer (e.g., E52-R56 and R62-E63 in H-144 

NSST) or in trans, between two monomers in the site2 dimer (e.g., R54-D71’, R54-E74’ and K57-145 

D68’ in H-NSST; where the apostrophe denotes residues from the second chain; illustrated in 146 
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Figure 3). In addition to substitutions that delete (E52A in H-NSBA; E63S and D68A in H-NSIL) or 147 

weaken (E63Q in H-NSEA; D71N in H-NSBA) these salt bridges, our simulations showed different 148 

levels of site2 salt bridge stability among orthologs (Figure 3, Supplementary File 1F): (i) The 149 

inter-monomer salt bridge R/K54-E/D74’ was stable in all our simulations at 293 K and 0.15 M 150 

NaCl, but less likely to form at an increased temperature (313 K / 40 ˚C) or salinity (0.50 M 151 

NaCl), suggesting that this salt bridge is involved in environmental sensing (Fig. 3A). (ii) Absent 152 

in H-NSIL, the inter-monomer salt bridge K57-D68’ remained formed during all our simulations of 153 

H-NSST, H-NSEA, and H-NSBA, indicating a ‘housekeeping’ role for the stability of the site2 dimer 154 

in all orthologs except for H-NSIL (Figure 3B).  155 

Our simulations show how specific protein dynamics might modulate the ortholog’s 156 

response to salinity or temperature. For example, we observed increased bending of the α3 157 

backbone (annotated by the black arrow in Fig. 3C) at high temperature (313 K) or high salinity 158 

(0.50 M NaCl) (Figure 3-figure supplement 1). Although α3 bending occurred in all orthologs, 159 

it only significantly affected the site2 dimer of H-NSST by separating R54 from E74’ or D71’, 160 

suggesting that this mechanism contributed to the salt and temperature sensitivity of H-NSST 161 

site2, whereas it was not strong enough to significantly affect site2 stability in other orthologs.   162 

Another example was given by H-NSEA, where an alternative R54-D71’ salt bridge 163 

formed whenever the R54-E74’ contact was broken at 313 K. This alternative R54-D71’ salt 164 

bridge stabilized the H-NSEA site2 dimer at the higher temperature, suggesting that this 165 

compensatory mechanism resulted in a decreased sensitivity to temperature (Figure 3C). H-166 

NSIL provided a final example for a specific response. Compared with the R54-E74’ salt bridge 167 

(Figure 3A), the K57-D68’ salt bridge only varied slightly in all our simulations (Figure 3B). 168 

However, the substitution D68A in H-NSIL supplanted the electrostatic interaction with a 169 

nonpolar interaction, which was broken at 313 K in our simulations (Figure 3D). This effect 170 

suggested that H-NSIL had a reduced sensitivity to salinity, while remaining sensitive to 171 

temperature. 172 

To complement the dynamics of H-NS orthologs from our conventional MD simulations, 173 

we used extensive simulations with umbrella sampling to quantitate the overall site2 stability. 174 

We calculated the potential of mean force (PMF) for site2 dimer dissociation (residues 50-82, 175 

ca. 46,000 atoms) of the four H-NS orthologs for three different conditions (low salinity/low 176 

temperature, high salinity, or high temperature). The site2 monomers were not constrained and 177 

remained structurally flexible during the dissociation process. To ensure convergence in the 178 

PMFs, we employed long windows (54 ns) in simulations totaling 52 µs (details provided in the 179 

SI; see Figure 3-figure supplement 2 for resulting histograms and PMFs along the dissociation 180 
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coordinate). According to the free energy difference between the dimerization and dissociation 181 

states (∆G=Gdimer-Gdissociation), we estimated the energetic impact from increased salinity and 182 

temperature as ∆∆G=∆Ghigh salinity or temperature -∆G293K, 0.15M NaCl (Figure 3E). Notably, high salinity 183 

(0.50 M NaCl) or temperature (313 K) decreased the stability of the H-NSST site2 dimer by 2.2 184 

kcal/mol. H-NSBA displayed a similar sensitivity to temperature but a lower sensitivity to salinity, 185 

which destabilized the dimer by 1.5 kcal/mol. Interestingly, our data indicated that H-NSEA was 186 

only sensitive to salinity, whereas raising the temperature had little impact on the stability of the 187 

H-NSEA site2 dimer. Conversely, H-NSIL only responded to temperature, whereas the increased 188 

salinity did not affect the stability of its site2 dimer (∆G ~ 0 kcal/mol). Collectively, our 189 

conventional MD simulations and PMF calculations suggested how, on the atomic level, 190 

changes in the site2 sequence may alter the sensitivity of the H-NS orthologs to different 191 

environmental changes.  192 

 193 

The autoinhibited H-NS conformation is maintained through dynamic electrostatic 194 

interactions. In a previous study (17), we had shown that melting and dissociation of site2 195 

dimers allow H-NSST to adapt a closed conformation in which the linker-DNAbd fragment 196 

interacts with a negatively charged region on site1 α3 (Figure 4-figure supplement 1A), and 197 

that this auto-inhibitory interaction is incompatible with DNA interactions. However, due to 198 

extensive signal broadening of mainly linker amides exchanging with water, our conventional 199 

proton-detected NMR analysis based on exchangeable amide H/N-observed correlations did not 200 

allow confident mapping of the binding site on the C-terminal region (17) (Figure 4-figure 201 

supplement 1B). Herein, we overcame this limitation by using proton-less 13C-detected NMR 202 

analysis to complete the resonance assignment of the linker-DNAbd fragment (Figure 4 and 203 

Figure 4-figure supplement 1C). These complete carbon chemical shifts allowed us to 204 

elucidate the structural mechanism of H-NSST autoinhibition fully, and, in a second step, to use 205 

this understanding to investigate the existence of this closed conformation in the orthologs. 206 

 We first titrated unlabeled H-NSST site1 (residues 1-57) onto the 13C,15N-labeled H-NSST 207 

C-terminal region (CtST, residues 84-137), comprising the linker (residues 84-93) and DNAbd 208 

(residues 94-137) (Figure 4A and Figure 4-figure supplement 1A). Motif identification from 209 

chemical shifts (MICS) (29) revealed that the interaction promoted the formation of a short type 210 

VIII β-turn in residues 89-92 (MICS confidence coefficient was 0.69). No significantly stable 211 

other motif besides the residual random coil was identified (Figure 4B-C). This sharp turn brings 212 

the positively charged linker sidechains K87, K89, R90, R93 closer to each other than in the free 213 

state, presumably as a result of pairing them with opposite charges on site1 (17) (Figure 4B-C). 214 
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 215 

To further probe the local dynamics of the polypeptide chain, we determined the random 216 

coil index order parameter RCI-S2 based on the fully assigned 13C-resonances for each residue 217 

for the ligand-free and site1-saturated CtST. The dynamics of the well-ordered DNAbd domain 218 

remained unchanged with or without site1 present, in agreement with its only minor involvement 219 

in the auto-association (Figure 4D). Conversely, the linker residues 84-95 were disordered 220 

without regular secondary motifs in the absence of site1 (RCI-S2 < 0.35). Upon addition of site1, 221 

the local dynamics decreased, particularly within the stretch of four amino acids K89-R90-A91-222 

A92 (RCI-S2 > 0.6) that predominantly form the type VIII β-turn according to MICS. Nonetheless, 223 

the overall RCI-S2 of the linker remained low, although experimental conditions resulted in 224 

>99% of ligand saturation of the labeled CtST, demonstrating that the association with site1 did 225 

not substantially restrict the linker’s movements (Figure 4D).  226 

Collectively, our analysis established that the autoinhibitory site1:CtST association was 227 

driven by oppositely charged residues located on site1 and the linker, and involved only a small 228 

region of the DNAbd. The center of this linker region, residues 89–92, rigidified upon binding 229 

and predominantly formed a β-turn conformation. However, the resulting intramolecular 230 

interaction was maintained through ‘fuzzy’ charge-pairing that did not fix the partners into a 231 

structurally stable complex.  232 

 233 

Autoinhibition varies among H-NS orthologs. Having established the detailed autoinhibitory 234 

interactions between site1 and the Ct region in H-NSST, we next examined the H-NS orthologs. 235 

Based on our structural models (initial homology models and models from conventional MD), 236 

the electrostatic surface of the Ct was well conserved across all H-NS orthologs (Figure 5A). 237 

This level of conservation was expected, given that this region is also required for DNA 238 

association (15) — a role that needs to be conserved in all H-NS. Conversely, the site1 surface 239 

that binds to Ct was not conserved across all orthologs. While H-NSEA was similar to H-NSST in 240 

the overall charge distribution, α3 of H-NSBA showed a distinctly basic surface. H-NSIL displayed 241 

an intermediate electrostatic character, with features closer to H-NSST/H-NSEA (Figure 5A). 242 

These findings suggested that the stability of the closed conformation varies across orthologs. 243 

To test this prediction, we carried out in vitro binding experiments using microscale 244 

thermophoresis (MST). 245 

These binding experiments between site1 and Ct confirmed that the strength of the auto-246 

association was similar for H-NSST and H-NSEA (Figure 5B). The auto-association was tenfold 247 

stronger in H-NSIL than in H-NSST, despite a less acidic site1. Hence, autoinhibition in H-NSIL 248 
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might include additional and/or different interactions. Conversely, H-NSBA did not show a 249 

significant capacity for auto-association, as expected from its markedly more basic site1 250 

surface. In agreement, the double H-NSST site1 mutant E34K/E42K (designed to make the 251 

electrostatic site1 surface of H-NSST B. aphidicola-like) dramatically lowered its affinity for H-252 

NSSTCt (Figure 5-figure supplement 1). In addition to the reduced electrostatic 253 

complementarity, H-NSBACt also has a proline residue (P91) in position 3 of the β-turn region, 254 

which is highly unfavorable for this secondary structure element (30). Indeed, at room 255 

temperature, H-NSBACt associated only very weakly with H-NSST site1 (Kd > mM), whereas the 256 

Ct of H-NSEA and H-NSIL bound to H-NSST site1 with a similar affinity than H-NSSTCt (Kds were 257 

31.2 ± 3 µM and 18.2 ± 2 µM, respectively Figure 5-figure supplement 1A, B). Given that all 258 

four Cts display comparable electrostatic surfaces, the loss of affinity for H-NSBACt supported 259 

the importance of the β-turn. Increasing the temperature decreased the self-association strength 260 

2–3 fold in H-NSST and H-NSIL, and more than tenfold in H-NSEA (Figure 5B). It also decreased 261 

the Kd for H-NSBA to values beyond the measurement range. 262 

We concluded that the strength of the autoinhibitory conformation is mostly modulated 263 

by the electrostatic surface characteristics of site1. The Ct is constrained by the requirement to 264 

preserve the overlapping DNA binding surface, but can decrease autoinhibition by disrupting the 265 

β-turn conformation. 266 

 267 

H-NS orthologs show adaptive features in vitro. We next experimentally assessed the 268 

response of the H-NS orthologs to physicochemical changes using dynamic light scattering 269 

(DLS). DLS provides the average hydration radius RH of the particles in solution, and hence 270 

gives a proxy for the tendency of H-NS molecules to form site2-mediated multimers or (still 271 

site1-linked) dimers. Thus, the RH is a convoluted signal of both effects, i.e., the relative strength 272 

of site2 multimerization and of the autoinhibitory conformation (if it exists). We measured the RH 273 

under different salt concentrations and temperatures. As reported previously, H-NSST showed a 274 

clear drop in RH from 10 to 40 ˚C (Figure 6A) (17). The marked decrease of RH for curves at 275 

0.15, 0.25, and 0.50 M NaCl indicated a strong inverse correlation between salinity and site2 276 

stability, in agreement with a key role of salt bridges in stabilizing the site2 dimers.  277 

 All three H-NS orthologs displayed a similar behavior overall, further supporting that the 278 

general mechanism of site2-mediated multimerization and environment sensing was preserved. 279 

However, we noted important differences in the orthologs’ response characteristics (Figure 6A): 280 

(i) Of the four orthologs, H-NSST responded most strongly to salinity and temperature, consistent 281 

with the broken R54-E74’ salt bridge and large site2 RMSF in our high-salinity or high-282 
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temperature simulations. (ii) H-NSEA was less temperature-sensitive and showed weaker 283 

multimerization than the other orthologs. Indeed, our simulations suggested that H-NSEA site2 284 

can rearrange the inter-dimer salt bridge and form either R54-E74’ or R54-D71’ to maintain site2 285 

stability at higher temperatures. (iii) H-NSBA had the highest tendency to multimerize among all 286 

the orthologs tested, which might partly be explained by an absence of the autoinhibitory 287 

conformation. Compared to H-NSST, our PMF calculations showed a slightly higher sensitivity to 288 

temperature and a slightly reduced sensitivity to salinity. Although these tendencies were 289 

apparent in our DLS data, these data were also affected by the fact that H-NSBA required more 290 

than 150 mM NaCl to stay in solution, but H-NSBA nonetheless aggregated at 30 ˚C. (iv) H-NSIL 291 

showed a decreased sensitivity to salinity compared to H-NSST, as suggested by our 292 

computational analysis (i.e., the lack of the site2 K57-D68’ salt bridge, the lack of salt-promoted 293 

free energy changes, and the attenuated electrostatic site1 surface).  294 

 To corroborate these conclusions, we designed several site2 mutants and tested their 295 

effect on protein multimerization using fluorescence anisotropy. To eliminate the influence of the 296 

autoinhibitory site1:Ct interaction, we used H-NS constructs that lacked the Ct (H-NS 1-83). The 297 

normalized fluorescence polarization (NFP) of H-NSST declined between 20 ˚C and ~40 ˚C to a 298 

value of 0.2, indicating that the average particle size decreased with temperature, as observed 299 

in DLS. And as in DLS, increases in salt lowered the NFP, and hence the propensity of the 300 

particles to form site2-linked multimers (Figure 6B). The H-NSST R54M mutant, disrupting the 301 

‘housekeeping’ salt bridges R54-E74’ and R54-D71’, displayed an NFP of 0.2 at all 302 

temperatures and salt concentrations. Thus, this mutant supported the key roles of the R54-303 

mediated salt bridges in H-NS multimerization and environment sensing. To experimentally 304 

assess the role of the K57-D68’ salt bridge in conveying salt sensitivity, we introduced the D68A 305 

‘IL-like’ mutation in H-NSST, and the A68D ‘ST-like’ mutation in H-NSIL. These mutations 306 

abrogated salt sensitivity in H-NSST and introduced salt sensitivity in H-NSIL, as predicted by our 307 

computational analysis (Figure 6B). 308 

Collectively, our experimental observations revealed significant differences in response 309 

to physicochemical parameters, which were in agreement with our predictions based on the 310 

molecular features of the H-NS orthologs. 311 

 312 

CONCLUSION       313 

Environment-sensing through the pleiotropic gene regulator H-NS helps S. typhimurium to adapt 314 

when it is present inside its host mammal. In a previous study, we had shown that an increase 315 

in temperature, and to some extent salinity, dissociates the second dimerization element (site2). 316 
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Melting of site2 produces two effects: firstly, it impedes synergistic DNA binding of H-NS 317 

multimers, and secondly, it allows H-NS to adopt an autoinhibitory conformation where DNA 318 

binding residues on the C-terminal linker-DNAbd fragment (herein abbreviated as the Ct) 319 

associate with the N-terminal site1 dimerization domain (17). In our current study, we confirmed 320 

that site2 is the element that senses changes in physicochemical parameters, and we 321 

uncovered additional aspects of this process. In particular, proton-less NMR fully revealed the 322 

position and dynamics of the Ct residues involved in the autoinhibitory association with site1. 323 

We also showed that the formation of a β-turn in the linker residues 89–91 is associated with the 324 

autoinhibited conformation. The Ct residues critical for autoinhibition cannot reach site1 without 325 

site2 dissociation (Figure 3-figure supplement 2B), confirming that the closed autoinhibited 326 

conformation is mutually exclusive with H-NS multimerization. Our NMR analysis also 327 

demonstrated that this autoinhibition is achieved at a low entropic cost, maintaining a high 328 

flexibility with respect to the exact distribution of the interacting charges on both site1 and the 329 

linker-DNAbd fragment. On the one hand, avoiding the entropic penalty helps the autoinhibitory 330 

interaction to prevail against the competing DNA association. (Of note, the covalent link 331 

between site1 and the Ct will enhance their local concentration and hence their apparent affinity 332 

compared to our measurement based on separate domains in Figure 5B). On the other hand, 333 

the fuzziness of the charge-charge interactions facilitates preserving the capacity for 334 

autoinhibition during bacterial evolution and adaptation. 335 

Based on our refined molecular understanding of S. typhimurium H-NS, we then 336 

investigated environment-sensing of H-NS orthologs from bacteria that infect plants, bacteria 337 

that are endosymbionts of insects, and bacteria that are presumably free-living in or close to a 338 

hydrothermal vent. Across all four orthologs, we observed a conceptually similar response to 339 

temperature and salt, both overall and on an atomic level, where salt bridges play key roles. 340 

This similarity suggests that environment-sensing in H-NS evolved by co-opting an ancestral 341 

feature, namely the relative instability of the simple site2 helix-turn-helix dimerization motif. 342 

However, marked idiosyncrasies in the response of H-NS orthologs suggest that this ancestral 343 

feature was then adapted to fit the current habitat and lifestyle. Thus, our analysis suggests that 344 

environment sensing by H-NS originated from an exaptation followed by adaptation. Our 345 

combined computational and experimental structural analysis allowed us to relate the observed 346 

in vitro features of this adaptation to events on a residual level: in particular, the salt bridge 347 

disposition and stability of site2, and the strength of the autoinhibition governed mostly by the 348 

electrostatics of site1 helix α3.  349 
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 Although other factors inside bacteria can modify the in vitro behaviour of the isolated 350 

protein, it is interesting to consider these idiosyncrasies with respect to the bacteria’s habitats 351 

(Figure 7): 352 

(i) H-NSST had the highest sensitivity to temperature and salt, in agreement with the 353 

critical role of H-NSST in helping Salmonella adapt its gene expression profile depending on if it 354 

is inside or outside a warm-blooded mammal.  355 

(ii) In comparison, we found that the response to temperature was markedly attenuated 356 

in H-NSEA. E. amylovora is the causing agent of fire blight, a contagious disease that mostly 357 

affects apples and pears (31). The reduced sensitivity of H-NS to temperature may reflect the 358 

minor importance of this factor in an environment of ambient temperature in temperate climate 359 

zones.  360 

(iii) B. aphidicola is an intracellular symbiont of aphids that is maternally transmitted to 361 

the next generation via the ovaries (32). B. aphidicola co-evolved with aphids for more than 150 362 

million years, and despite having the highest sequence identity (61%) to H-NSST of all orthologs, 363 

H-NSBA showed the least conserved features among the orthologs tested, indicating that 364 

adaptive evolution was achieved by only minor changes. H-NSBA site2 interactions were 365 

stronger than those of other orthologs, and the features promoting the autoinhibitory form were 366 

compromised. Hence, H-NSBA may provide a stronger and more robust repression of the genes 367 

that it controls. In vitro, H-NSBA was the least stable ortholog tested, and had already started to 368 

aggregate above 30 ˚C, in agreement with the fact that B. aphidicola cannot survive 369 

temperatures of 35˚C for extended periods.  370 

(iv) Despite having a sequence identity least similar to H-NSST (41%), H-NSIL maintained 371 

an overall similar response profile. However, with an aggregation temperature of 45-50 ˚C, H-372 

NSIL was the most heat-stable, especially at low pH and high salinity, as expected for a 373 

thermophilic and halophilic bacterium. Moreover, autoinhibition was tenfold stronger than in 374 

Salmonella H-NS and relatively little affected by heat. The natural environment of I. loihiensis 375 

(hot hydrothermal fluids venting into cold seawater) provides a temperature range from 4 to 163 376 

˚C (33), suggesting that temperature-sensing by H-NSIL is biologically relevant. The attenuated 377 

response of H-NSIL to salinity might reflect the capacity of I. loihiensis to grow in 20 % (w/v) 378 

NaCl medium.  379 

 Our integrative approach provided atomistic insights on how residue-level substitutions 380 

on a protein support adaptation of organisms to different lifestyles.  381 

 382 

MATERIALS AND METHODS 383 
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Using the CHARMM36 all-atom force field, we performed conventional MD simulations of H-NS 384 

tetramers and umbrella sampling of site2 dimers in GROMACS. For DLS and MST, recombinant 385 

protein production and measurements were adapted from (17). However, we fluorescently 386 

labeled site1 for DLS, instead of the Ct. For NMR, 13C,15N-labeled S. typhimurium H-NS84-137 387 

was expressed in minimal M9 media with 5 g/L of U-13C glucose and 1 g/L of 15NH4Cl salt. 388 

Proton and low-γ detected high-resolution NMR spectroscopy was carried out on a 700-MH 389 

Bruker NEO spectrometer equipped with a 5-mm cryogenic 15N,13C-optimized direct detection 390 

TXO probe at 25 oC. Details are shown below.  391 

 392 

1. Computational Methods 393 

1.1 Model preparation: We built our homology model of full-length H-NS (UniprotID: P0A1S2) 394 

based on orthologues in SwissModel (34) with the templates for the dimerization domain (PDB 395 

ID: 3NR7) and the DNA-binding domain (PDB ID: 2L93). The site2 dimer models were initiated 396 

in an anti-parallel configuration, while the tetramer models were constructed according to the 397 

crystal packing (PDB ID: 3NR7). Maestro (Schrödinger, Inc.) was used to construct the full-398 

length model from different domains.  399 

 400 

1.2 Simulation setup: Our simulations were carried out by GROMACS (35) (MD simulations of 401 

tetramers and Potential of Mean Force (PMF) simulations of site2 dimers). All the models were 402 

solvated in a TIP3P water box, with counterions to neutralize the charges and additional NaCl 403 

for the desired salinity. Each tetramer system contains ca. 33,000 TIP3P water molecules, 404 

counter ions, and 150 or 500 mM NaCl, totaling ca. 100,000 atoms in a periodic box 13 x 9 x 9 405 

nm3. All simulations were performed following a minimization, 250 ps equilibration in the NVT 406 

and NPT ensemble with Berendsen temperature and pressure coupling, and a production stage 407 

NPT (293 or 313 K, 1 bar). The CHARMM36 force field (36) was used with the cmap correction. 408 

The particle mesh Ewald (PME) technique (37) was used for the electrostatic calculations. The 409 

van der Waals and short-range electrostatics were cut off at 12.0 Å with switch at 10 Å.  410 

The PMF simulations were carried out with the MD program GROMACS (35) using the 411 

umbrellaing sampling (US) technique. The CHARMM36 force field was also used. Each site2 412 

monomer of the center of mass (COM) distance was chosen as the dissociation pathway and 413 

used for enhanced sampling. After 500 ps equilibrium with the NPT ensemble, initial structures 414 

for windows along the reaction coordinates were generated with steered MD. In the steered MD 415 

simulation, one chain was pulled away along in the direction of increasing the COM distance 416 

with a force constant of k = 12 kcal mol-1 Å-2, until the COM distance reached 25 Å. The windows 417 
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were taken within a range of 0-25 Å. The umbrella windows were optimized at the 0.3 Å interval 418 

to ensure sufficient overlap. There are about 80 windows per simulation, and each window was 419 

simulated with a force constant of 1.2 kcal mol-1 Å-2. All PMF simulations converge in 54 ns per 420 

window (Figure 3-figure supplement 2A). The helicity percentage of initial and final structures 421 

was measured for each window. For all windows, the helicity percentage was approximately 422 

87.5% for the initial models and 85% for the final ones; Figure 3-figure supplement 2B) 423 

 424 

2. Experimental Methods 425 

2.1 Protein production: S. typhimurium H-NS1-57,C21S, H-NS1-57,C21S,E34K,E42K, H-NS1-83, C21S, H-426 

NS1-83,C21S,D68A, H-NS1-83,C21S,R54F, H-NS84-137 and H-NS84-137,K89E,R90E,  were cloned and produced 427 

as described previously (17). E. amylovora (H-NS1-57, H-NS82-134), B. aphidicola (H-NS1-57, H-428 

NS84-135) and I. loihiensis (H-NS1-57, H-NS1-83, H-NS1-83,A68D and H-NS85-138) genes were 429 

individually cloned into pGEX6P-1, expressed and purified as described previously (17). For the 430 

high-resolution nuclear magnetic resonance (NMR) studies the uniformly double 13C,15N-labeled 431 

S. typhimurium H-NS84-137 (with additional GPLG residues before S84) was expressed in minimal 432 

M9 media with 5g/L of U-13C glucose and 1g/L of 15NH4Cl salt. The unlabeled S. typhimurium H-433 

NS1-57 N-terminal domain was expressed and purified as before (17). The final NMR buffer was 434 

50 mM NaCl, 2% (v/v) D2O, 20 mM Bis-TRIS at pH 6.5 and 0.002% NaN3.  435 

 436 

2.2 Dynamic Light Scattering: For DLS measurements, H-NS from Salmonella typhimurium, 437 

Erwinia amylovora, Buchnera aphidicola and Idiomarina loihiensis were expressed as N-438 

terminal mCherry fusion proteins with an N-term His tag in E. coli BL21 using the expression 439 

vector pET28b. The linker sequence SAGGSASGASG was inserted between mCherry and H-440 

NS proteins to avoid steric clashes in the dimer. Bacteria were grown in LB medium, induced 441 

with 1mM IPTG at 25 ˚C overnight. Cells were harvested and resuspended in lysis buffer (50 442 

mM Tris pH8, 500 mM NaCl, 10 mM Imidazole with addition of lysozyme, DNase I and 1% triton 443 

X-100) and lysed by mild sonication. Proteins and bacterial membranes were separated by 444 

centrifugation (30 min, at 15,000 ×g) and the supernatant was applied to Ni-NTA beads 445 

(Qiagen) for 2h. The column was washed thoroughly with 50 mM Tris pH8, 500 mM NaCl, 10 446 

mM Imidazole and protein was then eluted with 50 mM Tris pH8, 500 mM NaCl, 400 mM 447 

Imidazole, 1 mM DTT. After dialysis in 50 mM HEPES pH7.4, 300 mM NaCl, 0.5 mM TCEP, 448 

eluted protein was further purified by ion-exchange chromatography using either MonoQ or 449 

MonoS column (GE) in the same buffer. Protein multimerization was observed in combination of 450 

different salt (150, 250 and 500 M NaCl) and pH (6, 7 and 8) conditions. For this, 100 mM MES, 451 
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MOPS and HEPES buffers were used, with proteins at concentrations ranging from 125 to 500 452 

μM, in a final volume of 100 μL. Dynamic light scattering measurements were performed in 96-453 

well plates (Greiner) using a DynaPro plate reader-II (Wyatt Technologies). A triplicate of three 454 

wells was measured for every sample with 5 acquisitions of 5 s for every well. The machine was 455 

cooled with gaseous nitrogen, with a starting temperature of 5 ℃, followed by an increase to 60 456 

℃ at a ramp rate set so that each well is measured every 1℃. Data were analyzed with 457 

DYNAMICS software (Wyatt Technologies) as Temperature Dependence and exported for 458 

further fitting on Origin software using a Logistic Fit. The presented results are mean values with 459 

standard error mean determined from the triplicate sample. 460 

 461 

2.3 Proton and low-γ detected high-resolution NMR spectroscopy: All NMR measurements 462 

were done on 700 MH Bruker NEO spectrometer equipped with 5 mm cryogenic TXO direct 463 

detection [15N,13C]-optimized probe at 25oC. The sequence specific backbone resonance 464 

assignments of visible H/N correlations on 1H-detected spectra of S. typhimurium H-NS84-137 465 

protein at 200 μM concentration in Apo and H-NS1-57 saturated (1.5 mM) forms were achieved 466 

with classical set of triple resonance experiments, i.e. HNCA, HncoCA, HNCO, HNcaCO, 467 

HNCACB, CBCAcoNH (38) and previously published assignments (39). The 100% complete 468 

sets of Cα, Cβ and C’ resonances for Apo and H-NS1-57 saturated (1.5 mM) forms covering the 469 

entire protein sequence, together with the residues not visible on H/N correlation 1H-detected 470 

experiments (due to amide exchange with water) were achieved with intra-residue 2D (H)CACO 471 

(c_hcaco_ia3d, 16 scans) and (H)CACBCO (c_hcbcaco_ia3d, 32 scans) supported with 472 

sequential (H)CANCO (c_hcanco_ia3d, 96 scans) 13C-detected experiments (40). The low-γ, 473 

13C-detected experiments mentioned above were started with 1H-excitation in order to enhance 474 

the sensitivity and recorded in in-phase and anti-phase (IPAP) mode for the virtual decoupling. 475 

All spectra were processed in NMRpipe and analyzed in CARA and Sparky software. The 476 

random-coil-index order parameters RCI-S2 and secondary motifs, like β-turn, for Apo and H-477 

NS1-57 saturated (1.5 mM) forms were determined from complete lists of Cα, Cβ (except 478 

glycines), N, C’ chemical shifts with the TalosN and MICS programs, respectively. The 479 

significance of chemical shift perturbations (CSPs) was established as follows: We calculated 480 

the combined chemical shift perturbation (CSP) of backbone 13C atoms, i.e. CSP = sqrt(ΔσCα^2 481 

+ ΔσCO^2), and selected the residues that are above the median+1.5*IQR (interquartile range) 482 

as the cut-off (1.5*IQR corresponds to ~2.7*st.dev.) 483 

 484 
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2.4 Microscale Thermophoresis (MST) for protein-protein interactions: H-NS (residue 1-57) 485 

from S. typhimurium and its double mutant (E34K, E42K), E. amylovora, B. aphidicola and I. 486 

loihiensis were individually labeled N-terminally with fluorescent Alexa488-TFP (Thermo 487 

Scientific) and then unlabeled C-term of those proteins and S. typhimurium double mutant 488 

K89E, R90E were titrated against Alexa488 labeled N-term correspondingly and the final results 489 

were plotted as described previously (17).  490 

 491 

2.5 Fluorescence anisotropy to determine protein oligomerization:H-NSST 1-83,C21S and H-492 

NSIL 1-83 was N-terminally labeled with Alexa 488-TFP (Thermo Scientific) (17). 200 µM of 493 

unlabeled H-NSST 1-83,C21S, H-NSST 1-83,C21S,D68A, H-NSST 1-83,C21S,R54F, H-NSIL 1-83 and H-NSIL 1-83, A68D 494 

were added to 1 µM of the corresponding labeled H-NS proteins with the final volume of 25 µl. 495 

The proteins were incubated for 30 mins and then measurements were recorded at a 496 

temperature ranging from 20 to 45 °C with intervals of 5 °C. Measurements were using 497 

black/clear 384 well plate (Corning) with PHERAstar FS microplate reader (BMG Labtech) 498 

installed with a fluorescence polarization filter. The excitation wavelength was 480 nm and 499 

emission was 520 nm. Polarization with a gain of 40 % was used to measure the initial 500 

fluorescence polarization of 1 µM protein. Polarization was calculated using MARS data 501 

analysis software (41). 502 

 503 

Figure Legends 504 

 505 

Figure 1. The sequence, structure, and habitat of selected H-NS orthologs. (A) Sequence alignment of H-506 

NS orthologs (prepared with ESPript 3.0) (19): H-NSST (Salmonella typhimurium; UniprotID: P0A1S2), H-507 

NSEA (Erwinia amylovora; UniprotID: D4I3X2), H-NSBA (Buchnera aphidicola; UniprotID: P57360), and H-508 

NSIL (Idiomarina loihiensis UniprotID: Q5QW35). The color scheme for sequence similarity is: red 509 

background (identical in four orthologs) > red font (similar residues) > black font (totally different). Green, 510 

cyan and yellow frames indicate the site1 (residues 1-44), site2 (resides 52-82) and DNAbd (residues 93-511 

137). (B) Multimer formed by H-NSST. The model was built based on the available experimental structures 512 

(PDB accessions 3NR7 and 2L93). One H-NSST dimer shows site1, site2 and DNAbd colored  as in (A) 513 

(green, cyan and yellow, respectively). (C) The tetrameric H-NSST model we used for MD is shown. The 514 

central dimer has each domain color-coded as in (A) and (B). The truncated site1 of both flanking site1-515 

dimerized chains are shown in magenta and pale orange. (D) Illustration of the environment of the 516 

selected orthologs.       517 

 518 
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Figure 2. Nonpolar and ionic interactions in H-NS site1 and site2 dimers. Hydrophobic contact residues 519 

are shown as sphere models, and polar contact residues as stick models. The two protein chains forming 520 

the dimer are color-coded. The site2 sequence alignment indicates in red the residue sites that potentially 521 

form salt bridges in H-NSST, and in green the residues that form nonpolar contacts in H-NSST. For 522 

additional details see Figure S1. 523 

 524 

Figure 3. Conserved inter-dimer salt bridges observed in MD simulations. (A-B) Violin plots of the 525 

distance between the nearest sidechain nitrogen atom of lysine/arginine and the sidechain oxygen atom 526 

of aspartic/glutamic acid in the salt bridge. Each subplot shows the results obtained at 293 K, 0.15 M 527 

NaCl (left), 313 K, 0.15 M NaCl (middle), and 293 K, 0.50 M NaCl (right). Each “violin” displays the mean 528 

value (the bar in the center of the violin), the range (the stretched line), and the distribution of the distance 529 

(kernel density on the side). As we use the numbering of H-NSST, there are position shifts in H-NSBA and 530 

H-NSIL: R54 to R53, K57 to K56 and D68 to D67 in H-NSBA; R54 to K53 in H-NSIL. (C) Final snapshots of 531 

the R54-E74’ salt bridge in H-NSST and K54-D71’ in H-NSEA. Color scheme of the cartoon: 293 K, 0.15 M 532 

NaCl (green), 313 K, 0.15 M NaCl (red), and 293 K, 0.50 M NaCl (cyan). (D) Final snapshots of the K57-533 

D/A68 contact in H-NSST and H-NSIL. Same color scheme as (C). (E) Free energy changes as a result of 534 

increased salinity or temperature, according to the PMFs calculated from umbrella sampling. 535 

 536 

Figure 4. The atomistic details of H-NS auto-inhibition revealed by high-resolution proton-less low-γ 537 

detected NMR. (A) The 2D CBCACO correlation 
13

C-detected spectra of 200 µM 
13

C,
15

N H-NSSTCt 538 

(orange) and 150 µM 
13

C,
15

N H-NSSTCt saturated 1:10 (molar) with unlabeled 1.5 mM H-NS1-57 (dark 539 

grey). Given a Kd of ~4 µM (17) over 99% of H-NSSTCt are expected to be in the complexed form under 540 

these conditions. The OX axis holds all of the 
13

C,
15

N H-NSSTCt backbone C’ carbonyl chemical shifts 541 

correlated with OY (marked 
13

Cab) where each amino acid stripe crosses with its own Cα and Cβ (linked 542 

by thin dotted lines). (B) Top panel: The 
13

C chemical shift differences as a function of residue number of 543 

H-NS1-57 saturated 
13

C,
15

N H-NSSTCt and apo form. The most marked changes occur in residues K89, 544 

R90, A91, and A92 that predominantly form a β-turn type VIII. (C) Structural model of the H-NSSTCt in 545 

transparent surface representation revealing the backbone as ribbon. The structure is based on PDB ID 546 

2L93, but extended N-terminally in random conformation to represent the full sequence of our construct in 547 

its apo form. All residues experiencing significant 
13

C chemical shift changes upon binding to H-NS1-57 are 548 

marked in magenta on the structure of the H-NSSTCt; positive residues (R+K) are labeled in bold. Bottom 549 

panel: The sequence alignment of the four selected HN-S orthologs highlighting conserved positively 550 

charged linker residues (bold) and residues implicated in binding to site1 (green). (D) Secondary structure 551 

motifs (red: helix; blue: β-sheet; green: β-turn, present only in the complex) and the RCI-S
2
 order 552 

parameter (describing the backbone dynamics) of ligand-free (orange) and saturated (gray) H-NSSTCt are 553 

shown. 554 

 555 
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Figure 5. Modeling and in vitro analysis of autoinhibition and multimerization of H-NS orthologs. (A) Left 556 

and middle panel: Surface representation of site1 of H-NS orthologs (modeled on E. coli H-NS, PDB 557 

accession 1NI8) shown as side and α3 (bottom) view. Right panel: Ct, comprising the linker-DNAbd 558 

fragment, residues 83-137. The top row shows the residues mapped by NMR involved in forming the 559 

auto-inhibitory closed conformation ((17) and this study). Other rows show the electrostatic surfaces, 560 

color-ramped from blue (positive) to red (negative) (calculated and visualized by Pymol). (B) Microscale 561 

Thermophoresis (MST) titrations of unlabeled Ct onto 50 nM of alexa488–labeled site1 at 23 ˚C (red) and 562 

40 ˚C (blue). The dissociation constant Kd is color-coded in red (23 ˚C) and blue (40 ˚C). N.D.: not 563 

determined.  564 

 565 

Figure 6. Temperature and salt dependent oligomerization of H-NS proteins. A) DLS experiments 566 

showing changes in hydrodynamic radius (as a proxy of apparent site2 stability) upon changes in 567 

salinity and temperature. Data in (B,D) are means ± S.D., n = 3. B) Fluorescence anisotropy to 568 

determine oligomerization of H-NS site1-site2 (residues 1-83) and mutants at various salt 569 

concentrations. Unlabeled H-NSST (1-83) was titrated against alexa-488 labeled H-NSST (1-83), 570 

D68A and R54M mutants Unlabeled H-NSIL (1-83) was titrated against alexa-488 labeled H-NSIL 571 

(1-83) and A68D mutant. 572 

 573 

Figure 7. Summary of the most notable adaptations in environment-sensing observed for the H-NS 574 

orthologs.  575 

 576 

Figure 2-figure supplement 1. (A) Comparison of nonpolar contacts of H-NS orthologues 577 

at 293K and 0.15M NaCl, using the last 100 ns in the MD simulations. (B) 578 

The separation distance between residue 42/44 and residue 87/89 (Y axis in Å) versus 579 

time (X axis in nanosecond). The separation distance was measured as the C-C 580 

distance in the tetramer model (within chains B/C, which were modelled as full length 581 

molecules). The color scheme annotates different simulation conditions: 293 K, 0.15 M 582 

NaCl (Green), 293 K, 0.50 M NaCl (Blue), and 313 K, 0.15 M NaCl (Red). For clarity, 583 

we show the smoothed data of two replicas for each system (solid and dash lines 584 

respectively). Since complete unfolding of site2 was not observed in these simulations 585 

(presumably due to the short timescale and the difficulty of sampling), these plots 586 

indicate a minimum separation of 15 to 20 Å between the N and C termini, 587 

demonstrating that site2 has to unfold to allow closer contacts between the termini. 588 

 589 

Figure 2-figure supplement 2. Dimerization and stability of H-NS N-term. A) SEC-MALS 590 

elution profile of H-NSBA (dark green), H-NSEA (fluorescent green), H-NSIL (violet), H-591 

NSST (red), and H-NSST E34K E42K (magenta) in buffer containing 20 mM HEPES pH 592 

7.5 and 150 mM NaCl B) Table showing observed molecular weight and calculated 593 

molecular weight for monomeric protein of H-NS N-term C) Aggregation temperature of 594 

H-NS N-term measured between 20 – 95 ˚C in buffer containing 20 mM HEPES pH 7.5 595 
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and 150 mM NaCl D) Table showing the aggregation temperature of H-NS N-term 596 

proteins. 597 

 598 

Figure 3-figure supplement 1. Representative H-NS monomers (with site2 alignment) 599 

from the final snapshots (at 200 ns) of the tetramer simulations under different 600 

conditions: 293 K, 0.15 M NaCl (green), 293 K, 0.50 M NaCl (cyan), and 313 K, 0.15 M 601 

NaCl (red). To highlight the linker region in α3, we use a pale color for the rest of the 602 

backbone in each protein. This figure shows that while H-NS proteins are mostly 603 

“straight” at 293 K, 0.15 M NaCl (green), bending of α3 is common through all H-NS 604 

orthologs under the high-temperature or high-salinity condition. The most significant 605 

bending is found in H-NSST. 606 

 607 

 608 

Figure 3-figure supplement 2. (A) The umbrella histogram and convergency to simulate 609 

the H-NS orthologs site2 dimer at different simulation conditions: 293 K, 0.15 M NaCl 610 

(Green), 293 K, 0.50 M NaCl (Blue), and 313 K, 0.15 M NaCl (Red). Each PMF subplot 611 

contains a series of 5 curves from 38 to 54 ns/window (4 ns increment), demonstrating 612 

convergence (B) The final average helicity percentage of all windows in Umbrella 613 

Sampling. 614 

 615 

Figure 4-figure supplement 1. The low-γ 13C-detected experiments unveil the molecular 616 

details of highly dynamic and solvent exposed residues elusive for classical 1H-detected 617 

approaches. The panel A shows the 1H-15N HSQC spectrum of 200 µM 13C,15N-labelled 618 

S. typhimurium H-NS84-137 protein in Apo (orange) and H-NS1-57 saturated (1.5 mM) form 619 

(dark gray). The residues that are missing from H/N correlation 1H-detected experiments 620 

are depicted in panel B with black and green mapped on the NMR solution structure of 621 

H-NS91-137 (PDB id 1HNR; the lowest energy structure). The flexible residues of S84-622 

A91 were added together with GPLG artificial residues left after the tag cleavage. The 623 

only tryptophan side chain Hε/Nε imidazole correlation is marked W109 in green. The C 624 

panel presents the overlay of 2D (H)CACO and (H)CANCO 13C-detected experiments 625 

and sequential walk for two regions, G80-A91 marked black and T110-G111 marked green, 626 

that are not detected on A. A complete sequential carbon walk can be done for the 627 

entire protein H-NS84-137 sequence. 628 

 629 

 630 

Figure 5-figure supplement 1. H-NSST C-term binding to H-NS N-term. A)  MST curve for 631 

H-NSST C-term binding to H-NS N-term of all four species and H-NSST N-term double 632 

mutant (E34K/E42K) B) MST curve for C-term mutant (K89E/R90E) binding to H-NSST 633 

N-term. C) Cartoon representation of dimeric H-NSST site1 E34K (magenta stick) E42K 634 

(cyan stick) mutant. D) Electrostatic surface of dimeric H-NSST site1 E34K/E42K mutant 635 

(α3 view) showing the effect of the double mutation. Please compare with the α3 view in 636 

Figure 5A of H-NSST and H-NSBA. 637 

 638 

Supplementary file 1A. The sequence similarity matrix of H-NSST, H-NSEA, H-NSBA, 639 

and H-NSIL 640 

 641 
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Supplementary file 1B. Summary of reported H-NS simulations (MD = unbiased 642 

molecular dynamics simulation; US = umbrella sampling simulations). The CHARMM36 643 

force field (1) with TIP3P water model was used. Total simulation length = 5.7 μs 644 

 645 

Supplementary file 1C. The average RMSF of each helical region in H-NS site1/site2 646 

at different conditions. The average of the last 10 ns out of a total of 200 ns of both 647 

replicas were used. 648 

 649 

Supplementary file 1D. Free energy prediction of mutations by prediction tools 650 

 651 

Supplementary file 1E. Comparison of prediction tools and free energy calculations  652 

 653 

Supplementary file 1F. Statistics of conservative charged contacts in MD simulations 654 

(sidechain N-O distances in Å, averaged over the last 50 ns of two simulation replicas). 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 
 663 

  664 
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