
   
 

   
 

Ion-combination specific effects driving enzymatic activity of halophilic Alcohol 1 

Dehydrogenase 2 from Haloferax volcanii in aqueous ionic liquid solvent 2 

mixtures 3 

Alexandra Schindl,*a,b,c,d,e M. Lawrence Hagen,a Christof M. Jäger,f,a Andrew C. 4 

Warden,g Mischa Zelzer,b Thorsten Allers,c Anna K. Croft*h 5 

 6 
aSustainable Process Technologies group, Department of Chemical and Environmental Engineering, University of 7 
Nottingham, Nottingham NG7 2RD, United Kingdom 8 
bSchool of Pharmacy, University of Nottingham, University Park Campus, Nottingham NG7 2RD, United Kingdom 9 
cSchool of Life Sciences, University of Nottingham, Queen’s Medical Centre, Nottingham NG7 2UH, United 10 
Kingdom 11 
dSchool of Molecular and Cellular Biology, University of Leeds, Leeds LS2 9JT, United Kingdom 12 
eAstbury Centre for Structural Molecular Biology, Faculty of Biological Sciences, University of Leeds, Leeds 13 
LS2 9JT, United Kingdom 14 
fData Science and Modelling, Pharmaceutical Sciences, R&D, AstraZeneca Gothenburg, Pepparedsleden 1, SE-15 
431 83 Mölndal, Sweden 16 
gCSIRO Environment, Commonwealth Scientific and Industrial Research Organization (CSIRO), Research and 17 
Innovation Park, Acton, Canberra, ACT, 2600, Australia 18 
hDepartment of Chemical Engineering, Loughborough University, LE11 3TU, United Kingdom 19 
 20 

Abstract 21 

 22 

 23 

Biocatalysis in ionic liquids enables novel routes for bioprocessing. Enzymes derived 24 

from extremophiles promise greater stability and activity under ionic liquid (IL) 25 
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influence. Here, we probe the enzyme Alcohol Dehydrogenase 2 from the halophilic 26 

archaeon Haloferax volcanii in thirteen different ion combinations for relative specific 27 

activity and analyse the results against MD simulations of the same IL systems. We 28 

probe the ionic liquid property space based on ion polarizability and molecular 29 

electrostatic potential. Using radial distribution functions, survival probabilities and 30 

spatial distribution functions of ions we show that cooperative ion-ion interactions 31 

determine ion-protein interaction, specifically, strong ion-ion interactions equate to 32 

higher enzymatic activity if neither of the ions interact strongly with the protein surface. 33 

We further demonstrate a tendency for ions interacting with the protein surface to be 34 

least detrimental to enzymatic activity if they show a low polarizability and a small range 35 

of molecular electrostatic potential. We also find that the IL ion influence is not 36 

mitigated by the surplus of negatively charged residues of the halophilic enzyme. This 37 

is shown by free energy landscape analysis in root mean square deviation and distance 38 

variation plots of active site gating residues (Trp43 and His273) demonstrating no 39 

protection of specific structural elements relevant to preserving enzymatic activity. On 40 

the other hand, we observe a general effect across all IL systems that a tight binding 41 

of water at acidic residues is preferentially interrupted at these residues through the 42 

increased presence of potassium ions.  43 

Overall, this study demonstrates a co-ion interaction dependent influence on allosteric 44 

surface residues controlling the active/inactive conformation of halophilic Alcohol 45 

Dehydrogenase 2 and the necessity to engineer ionic liquid systems for enzymes that 46 

rely on the integrity of functional surface residues regardless of their halophilicity or 47 

thermophilicity for use in bioprocessing.48 

  49 
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Introduction 50 

 51 

Environmentally benign routes to replace existing chemical processes are a high 52 

priority to achieve a sustainable and circular economy. Enzymes can be deployed as 53 

biocatalysts for the synthesis of pharmaceuticals, biofuels, fine chemicals, and other 54 

industrially relevant molecules. [1, 2] Biocatalytic processes are often less energy 55 

demanding, as well as polluting than traditional chemical synthetic processes since 56 

they function under temperatures and pressure below the boiling point of water, they 57 

are selective and have good specificity towards substrate and product, and the 58 

catalysts themselves are renewable. [3, 4] To ensure good uptake of biocatalytic 59 

solutions into industry, however, drawbacks such as catalyst instability, difficulties with 60 

dissolution of/access to substrates, and product recovery need to be addressed.  61 

The use of ionic liquids (ILs), solvents that are composed of ions yet are liquid at 62 

temperatures below < 100 °C, have shown great promise in enhancing biocatalytic 63 

outcomes. [5, 6] There are now many studies highlighting how enzyme stability can be 64 

improved through the application of ILs, [7, 8] the advantages conferred by 65 

improvements in solubility mediated by the tunability of solvation properties of the ILs 66 

[9, 10], and how ILs allow for novel mechanisms for product recovery. [11, 12] 67 

Combined with the process advantages of ILs, [13] these solvents are attractive to 68 

further expand the breadth of chemistries available to bioprocessing. However, exact 69 

mechanisms for the interaction between ionic liquid ions and proteins remain not fully 70 

understood and finding an adequate system wherein a given biocatalyst remains stable 71 

and soluble remains challenging. For this, biocatalysts derived from extremophilic 72 

organisms are of substantial interest as they remain functional under harsh conditions, 73 

such as high temperatures, [14] extreme pH [15] or salinity, [16] without being 74 

specifically engineered. Hence, extremozymes (enzymes derived from extremophiles) 75 

act as promising initial candidates for enzyme engineering where challenging reaction 76 

conditions are necessary.  77 

To maximise the scope of biosynthetic outcomes, a combination of approaches can be 78 

beneficial. Bioprocesses harnessing the inherent properties of halophilic proteins are 79 

so far scarce, with the most successful example combining ionic liquids and halophilic 80 

cellulases in the saccharification of pretreated lignocelluloses. (For examples see: [17-81 

23]. Studies of a halophilic protease from Salinivibrio sp., [24] a halophilic 82 

phenylalanine dehydrogenase from Natranaerobius thermophiles [25] and an 83 
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engineered halophilic malate dehydrogenase [26] found ionic liquid systems wherein 84 

the enzyme showed increased activity compared to the free enzyme. Halophilic 85 

organisms thrive in high salt environments and have adapted their proteins to 86 

intracellular molar concentrations of salt. Main structural adaptations are an excess of 87 

negatively charged residues located at the protein surface and a reduction of aromatic 88 

hydrophobic residues in the core, [27, 28] however the exact mechanism how 89 

increased salt tolerance is conferred remains unclear. Halophilic proteins might thus 90 

be expected to be an existing match to avoid problems with ionic liquid compatibility 91 

that are seen in mesophilic enzymes. 92 

 93 

This study focuses on the industrially significant enzyme alcohol dehydrogenase, here 94 

from the archaeal species Haloferax volcanii (HvADH2). The archaeal enzyme has 95 

been previously found to exert a preference for haloalkaliphilic conditions (4 M KCl, 96 

pH 10) when catalysing the oxidative conversion of alcohol substrates to ketones or 97 

aldehydes, and slightly acidic (pH 6) for the catalysis of the reductive reaction [29]. It 98 

exhibits a remarkable thermoactivity with a maximum at 90 °C and its binding pocket 99 

can accommodate bulky substrates. [30] Under bioprocess conditions, pH can be 100 

controlled to allow for the tuning of the reaction equilibrium in favour of the desired 101 

product. Glycine-KOH buffer has been routinely used to characterise HvADH2. [29] 102 

The same buffer conditions have been used to characterise enzymatic activity in a 103 

range of organic solvents and the enzyme demonstrated remarkable resilience, 104 

specifically in dimethyl sulfoxide and methanol. [31] Commercially, the use of co-105 

solvents is a necessity for certain reactions to afford maximum yields and in this case, 106 

if sparingly water-soluble ketones are to be used as substrates, they are indispensable. 107 

Substitution of organic co-solvents with ionic liquids that can be more easily recycled 108 

and endure higher temperatures therefore has good potential for industrial adaptation.  109 

A broad range of different IL ions acting as co-solvent additives were investigated and 110 

are depicted in Figure 1.  With regards to MD simulations, these ions represent a wider 111 

physicochemical space to study interactions between surface residues and biocatalyst 112 

structure and ionic liquid ions than has been to date reported in literature. [32-51] 113 

We report here both experimental results and extensive molecular dynamics 114 

simulations that together shed light on some of the key interactions and considerations 115 

needed when using ionic liquid co-solvents, including specific complexities of halophilic 116 

systems. 117 
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 118 

 
Figure 1. Structures of ionic liquid ions used in this work. Cation classes comprise phosphonium, 

ammonium, sulfonium and imidazolium ions (blue). Anions comprise halides, bistriflimides, sulfonic 
acids, phosphatidic acids and carbonic acids (red). 

 119 

Results and Discussion 120 

Selection of ionic liquids 121 

To effectively probe ion-protein interactions we selected a range of ions and ion 122 

combinations according to the two ion descriptors, polarizability and the range of the 123 

molecular electrostatic potential (MEPrange). Both have been shown to be of great 124 

importance to IL ion behaviour in solution, at surfaces, and in directly influencing 125 

reaction kinetics. [25, 52, 53] Ion descriptor combinations are depicted in Figure 2. 126 

Anions were selected based on their increasing polarizability, starting with monatomic 127 

anions [Cl]- and [I]-, followed by [MeSO4]-, [(MeO)2OPO]-, [Bitartrate]-, [MeOEtSO4]- and 128 

[NTf2]- in this order. Anions were then combined with different cations diverging in their 129 

polarizability and/or MEPrange. Cations included two imidazolium cations ([DiMIM]+ and 130 

[BMIM]+), hydroxyl-functionalised cations ([Tetrakis]+ and [Choline]+), sulfonium based 131 

small hydrocarbon cations ([Me3S]+ and [Me3SO]+), and phosphonium or nitrogen 132 

based cations with medium-to-long alkyl chains ([N1,1,1,4]+, [N1,1,8,8]+, [P4,4,4,4]+ and 133 

[P6,6,6,14]+). Through these combinations we have covered a majority of the descriptor 134 
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space.  A detailed description of these combinations is given in the SI, Ionic liquid 135 

descriptor space. 136 

  137 

 
Figure 2. Normalised ion descriptors ‘Polarizability’ and ‘MEPrange’ from anions and cations calculated 

with Empire show descriptor distribution across ions. Anions are followed by their respective cations 

to show descriptor combinations across ion pairs.  
 138 

Activity of HvADH2 in aqueous ionic liquid solvent systems 139 

Initially, ion-protein interactions were determined by measuring the effect of added ILs 140 

on enzyme activity. The relative specific activity of HvADH2 was assayed by monitoring 141 

the formation of NADPH using UV spectroscopy. Assays containing ILs were 142 

compared to native conditions measured in a Glycine-KOH buffer at pH 10 containing 143 

4 M KCl at 50 °C. Glycine-KOH buffer was used to make up IL-aqueous mixtures for 144 

experimental assays, since it has been routinely used in previous studies. [29, 31] 145 

These results were compared with MD simulations incorporating the enzyme in 146 

aqueous solution with added KCl and ionic liquid of the corresponding concentration 147 

to be able to focus the analytic comparison on the specific effects of different ILs. Those 148 

comparisons demonstrate good agreement between systems showing a high/low 149 

enzymatic activity and IL ion interaction trends observed for survival probability and 150 

radial distribution from MD simulations, presented below. The salt content of 4 M KCl 151 

and pH 10 was not varied for MD simulations.  152 
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Ionic liquid concentrations of 25 mM, 150 mM and 750 mM were assayed for 153 

[Me3S]+[MeSO4]-, [Tetrakis]+[Cl]-, [Choline]+[Cl]-, [DiMIM]+[MeSO4]-, [Me3S]+[NTf2]-, 154 

[N4,1,1,1]+[(MeO)2OPO]-, [P6,6,6,14]+[NTf2]- and [Me3S]+[I]-. Ionic liquids 155 

[Choline]+[Bitartrate]-, [BMIM]+[MeOEtSO4]-, [N1,1,8,8]+[MeSO4]-, [P4,4,4,4]+[Cl]- and 156 

[Me3SO]+[I]- were not soluble at a concentration of 750 mM as well as IL [P4,4,4,4]+[Cl]- 157 

at a concentration of 150 mM and hence were not measured at these concentrations. 158 

For a detailed composition of mixtures see SI, Preparation of ionic liquid mixtures. 159 

Results of spectrophotometric assays are shown in Figure 3. The activity results for 160 

HvADH2 are consistent with studies reporting inhibitory effects by imidazolium ions on 161 

ADH enzymes. [54, 55] Sulfonate ions [MeSO4]- and [MeOEtSO4]- are herein found to 162 

be detrimental for HvADH2 activity too, despite reports of improvements on conversion 163 

rates for ADHs in [MTEOA]+[MeSO4]-, [AMMOENGTM100]+[MeSO4]- and 164 

[AMMOENGTM102]+[EtSO4]-, as well as [EMIM]+[MeSO3]- and [Tris-(2-OH-Et)-165 

MAM]+[MeSO4]-, respectively.  [56, 57]  Sulfonium based ions on the other hand appear 166 

compatible with HvADH2, since HvADH2 showed the highest tolerance in ionic liquids 167 

[Me3S]+[MeSO4]- and [Me3S]+[I]-, consecutive only to an exceptional activity increase 168 

of ~ 150 % in [P6,6,6,14]+[NTf2]-. Thus, additional concentrations were measured for 169 

these three IL systems. This revealed that enzymatic activity in [Me3S]+[MeSO4]- and 170 

[P6,6,6,14]+[NTf2]- does not follow a continuous decrease with increasing ionic liquid 171 

concentration. Activity in [Me3S]+[MeSO4]- plateaued between 150 mM and 300 mM, 172 

albeit activity was decreased for both compared to the lower concentrations of 25 mM 173 

and 75 mM, and activity diminished to below 10 % at 600 mM [Me3S]+[MeSO4]-. 174 

Despite the formation of an emulsion for all concentrations, the enzymatic activity in 175 

[P6,6,6,14]+[NTf2]- also followed a non-continuous concentration dependence. Enzymatic 176 

activity decreased between 25 mM and 75 mM but increased at 150 mM compared to 177 

75 mM and increased further at 300 mM, where enzymatic activity was highest. In 178 

comparison with [Me3S]+[MeSO4]-  and [P6,6,6,14]+[NTf2]-, enzymatic activity decreased 179 

continuously with increasing concentration for [Me3S]+[I]-. Another water immiscible IL, 180 

[BMIM]+[NTf2]- has been previously reported to enhance enantioselectivity of an ADH 181 

by lowering the concentration of substrate in the aqueous phase. [58] Similarly, 182 

equilibria for the oxidative reaction of ADH2 might be most ideal at a concentration of 183 

~ 300 mM IL. Multiple studies have found ADH activity enhanced at very low IL 184 

concentrations of different ions but dropping particularly rapidly at higher 185 

concentrations. [57, 59] A study on a zinc finger protein proposed a transition point in 186 
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water structuring, affecting electrostatic interactions and residence times of ions at the 187 

protein surface and consequentially, the secondary structure of the protein. [42, 60, 188 

61] The same mechanism could underlie the observed increase in activity for 189 

[P6,6,6,14]+[NTf2]-, and could also help explain the non-linear decrease in activity in 190 

[Me3S]+[MeSO4]- at 300 mM.  As such, a molecular-level insight is likely to prove 191 

valuable in teasing out these possibilities but will require a comparison of different 192 

concentrations of IL. 193 

 194 
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Figure 3. Relative specific activities of HvADH2 in buffer (blue) and in ionic liquid mixtures (orange-

hues) of (A) three concentrations (25 mM, 150 mM and 750 mM) for all ionic liquid mixtures 

(duplicates, error bars indicate estimated standard deviations) and (B) five concentrations (25 mM, 

75 mM, 150 mM, 300 mM and 600 mM) for the three best performing ionic liquid mixtures (triplicates, 

error bars indicate standard deviations) are shown. At the lowest concentration of 25 mM 
[Me3S]+[MeSO4]- showed no adverse effect on the relative specific activity of HvADH2. Enzymatic 

activity was above 80 % for [Choline]+[Cl]-, [P4,4,4,4]+[Cl]-, [P6,6,6,14]+[NTf2]-, [Me3SO]+[I]- and [Me3S]+[I]- 

at 25 mM, above 50 % for [Me3S]+[NTf2]- and [N4,1,1,1]+[(MeO)2OPO]- and was reduced to above 10 % 

for [DiMIM]+[MeSO4]-, [BMIM]+[MeOEtSO4]- and [N1,1,8,8]+[MeSO4]-. [Tetrakis]+[Cl]- inhibited enzymatic 

activity exclusively at all concentrations measured. 

 195 

MD Simulations 196 

The protein surface introduces higher ordering of molecules within the solvation 197 

shell and K+- COO- interaction mediates solvent structure  198 

First, we investigated the influence of molar concentrations of K+ and Cl- on the 199 

solvation of the protein, in particular, on negatively charged residues. We used radial 200 

distribution functions (RDFs) and spatial distribution functions (SDFs) to characterize 201 

the solvent structure surrounding the protein within a 10 Å cutoff. The spatial 202 

structuring of water and ions surrounding HvADH was calculated over a simulation 203 

time of 120 ns after the systems had equilibrated (total simulation time 200 ns). We 204 

observe that K+ ions disrupt the solvation shell around surface COO- functionalities, 205 
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while solvated K+ ions associate directly and in a prolonged fashion to internal COO- 206 

functionalised residues.  Interactions of potassium ions and water with Glu and Asp 207 

residues are summarised in Table 1, and exemplify the strong organisation imparted 208 

by the protein surface.  209 

 210 
Table 1. Average association distances (peaked) between carboxylic acid residues (COO-), K+ and H2O 211 
in Angstrom [Å], abstracted from radial distribution functions (SI Figure S1): K+ and H2O around Glu and 212 
Asp residues, H2O around Gln and Asn, K+ and H2O (K+-OW) and between K+ ions (K+-K+). 213 
Interaction 1st assoc. dist. 

Å 
2nd assoc. dist. 

Å 
3rd assoc. dist. 

Å 
4th assoc. dist. 

Å 
COO- – K+  2.7 3.7-4.3 4.3 – 6.0 – 

COO-– H2O 1.5 – 2.1 2.9 – 3.1 3.3 – 4.1 4.1 < 

K+ – H2O 2.9 3.3 4.5 – 6.5 – 

K+ – K+ 3.5 – 5.3 5.7 – 6.3; 6.5 – 7.3 7.9 – 8.5 – 

H2O – H2O 2.5 5.1 – 7.1 – – 

 214 

At the protein surface as well as in bulk solvent we find a distinct first solvation shell 215 

for OW- OW, indicating greatest probability between water molecules at ~ 2.5 Å, which 216 

is followed by a second broader and less pronounced shell, peaking at ~ 5.5 Å (SI 217 

Figure S1). A slight reduction of the first association distance is observed closer to the 218 

protein surface. A study in the context of a system of free-floating aspartic acid 219 

molecules by Lenton et al. found a disappearance of the second coordination shell at 220 

higher concentrations of KCl, indicating that the tetrahedral structure of water was 221 

disrupted. [62] Other crystallographic observations support this and show, that surface 222 

acidic residues disrupt pentagonal water networks in the hydration shell. [63] Contrary 223 

to this, analysis of the solvent structure and its interaction with the protein surface from 224 

crystallised halophilic glucose dehydrogenase suggested higher complexity in the first 225 

and second solvation shell, which is reflected in a most ordered arrangement of 226 

pentagonal rings of water molecules around distinct sites. [64] However, crystallising 227 

conditions might distort solvation shells and ion coordination. Compared to the profile 228 

found by Lenton et al. in low salt, the second peak for OW- OW found in this study is 229 

farther removed from the protein surface by ~ 1 Å, but conversely is still present, unlike 230 

in Lenton’s profile for high salt. These discrepancies suggest that the presence of the 231 

protein surface aids conservation of higher complexity in the water structure even at 232 

distances of up to 25 Å from the surface. 233 
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The here observed ion hydration at the protein surface differs from literature-reported 234 

ion hydration around individual amino acids. [62] Lenton et al. observed two peaks in 235 

the RDF plot for K- OW, whereas we find three peaks, indicating a split of the first peak 236 

into two solvation shells due to the presence of the protein surface. We also find a 237 

higher ordering into better defined shells of K+ arrangements at the protein surface 238 

(15 Å) compared to the profile of K+- K+ within 100 Å, as can be inferred from a 239 

smoother profile for the latter, and a greater dispersion of K+ ions close to the protein 240 

surface (< 10 Å) (SI Figure S1).  241 

The RDF between potassium and carboxylate groups of Asp/Glu residues determined 242 

in this study (SI Figure S1 and S2) matches the same positions for all three 243 

coordination shell peaks as found in a study by Warden et al., constituting sodium ions 244 

in various salts at the surface of an engineered halo-tolerant carbonic anhydrase. [65] 245 

The RDF profile of O1- K of free-floating aspartic acid from the Lenton et al. study on 246 

the other hand shows only one pronounced peak in both low and high salt conditions 247 

with diverging profiles at greater distances, highlighting the influence of the presence 248 

of the protein surface on structural arrangements of smaller molecules. Finally, RDF 249 

distances between OW and C4/C5 of Asp/Glu, respectively, match solvation shells 250 

found at protein surfaces reported in literature. [66] However, we observe an increase 251 

in probability for the first coordination shell at ~ 2 Å compared to non-halophilic CALB 252 

[66] as well as at non-acidic surface residues of HvADH2, see SI Figure S2. This 253 

observation fits with literature which suggests that the carboxylic side chains of Asp 254 

and Glu residues have pKa values of 4.0 and 4.4 in 0.0 M salt respectively, which in 255 

high salt (5 M) rise to 4.9 (Asp) and 5.3 (Glu), thereby increasing the strength of the 256 

hydrogen bond between water and Asp/Glu. [62] This is supported by crystal structures 257 

that show increased water binding for halophilic proteins with an average of 1.9 water 258 

molecules per residue, compared to an average of 1.2 in mesophilic proteins. [16] 259 

However, it was pointed out that under crystallizing conditions salt exclusion and 260 

improved water binding is expected, suggesting a misrepresentation of native 261 

conditions. [67]  262 

Our study suggests increased water binding takes place at charged residues when 263 

compared to uncharged, polar residues on the protein surface of HvADH2. All 264 

237 negatively charged residues (17 % of total HvADH2 residues), except one Glu per 265 

monomer, are located on the surface of the homo-tetramer, facilitating the possibility 266 

of increased water content over the whole protein surface. Indeed, visualisation of the 267 
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calculated probability densities around charged residues (Figure 4), and around 268 

uncharged residues (SI Figure S3) indicate coordination of water structure by K+ at the 269 

protein surface regardless of charge. For instance, coordination of water around 270 

Thr1073 by K+ demonstrates these site-specific influences particularly well (SI Figure 271 

S3). However, the solvation shell around uncharged residues is less tightly bound than 272 

that surrounding negatively charged residues, as can be seen by comparing 273 

visualisations in Figure 4 and SI Figures S3 and S4, and RDFs in SI Figure S2. K+ ions 274 

specifically interrupt the solvation shell around negatively charged residues, i.e. ‘pull’ 275 

water molecules from the negatively charged surface without necessarily directly 276 

associating with the surface themselves (Figure 4; B and SI Figure S4; A,B,C), albeit 277 

not in all cases (Figure 4; D, E and SI Figure 4; D), and rarely replace water molecules 278 

in a direct interaction (Figure 4; A,C). The presence of high charge density salts is 279 

presumed to cause electronic repulsion of solutes and enhance the ‘hydrophobic 280 

effect’, [68-70] which comes at the cost of loss of configurational flexibility/a higher 281 

entropic penalty, leading to a highly ordered structure of the solvent at non-polar solute-282 

water interfaces. [71] For polar and water-soluble solutes, the relative contributions of 283 

electronic repulsion and the hydrophobic effect are less well understood. However, 284 

fully water-solvated states, as observed in salting-out conditions will be disfavoured 285 

due to the large entropic penalty. As mentioned above, calculated solvation profiles of 286 

water around mesophilic proteins show much less water content in the first (< 2 Å) and 287 

second (< 3 Å) solvation shells. Taken together, our findings suggest that the presence 288 

of K+ ions around negatively charged residues ‘breaks’, or rather, mediates the 289 

solvation shell, and, through the increased number of acidic residues, allows a 290 

cumulative effect to off-set salting-out conditions through localised ion association. The 291 

highly structured water shell surrounding the protein is thereby disrupted and the 292 

protein is allowed greater flexibility in high salt conditions. 293 

The observed direct interaction (~ 2.7 Å) between K+ ions and specific, buried Glu 294 

residues (Figure 4; A) is established over a prolonged time. Moreover, the very same 295 

K+ ions stay associated to Glu1292 in monomer D, as well as its equivalent in 296 

monomer A, Glu245, over the whole trajectory, see SI Figure S5. These K+ ions in turn 297 

coordinate water molecules, which stay associated for about half the trajectories before 298 

being exchanged (SI Figure S5). Corresponding residue Glu594 in monomer B does 299 

not coordinate a K+ at all over the course of the trajectory, while Glu943 in monomer C 300 

interacts multiple times with different potassium ions but is unable to capture one. By 301 
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comparison, acidic surface residues exchange their K+ frequently (every few fs). This 302 

frequent exchange is underpinned by the Lenton et al. study where the interaction 303 

strength between potassium and the side-chain carboxylate oxygen decreases with 304 

increasing salt. However, the coordination numbers stay the same, suggesting a higher 305 

surface mobility on part of the cations. [62] We found, that in the native HvADH2 306 

system the decay of K+ around Glu and Asp is slower by approximately a factor of 4 307 

compared to its decay around positively charged residues (SI Figure S11), thus 308 

indicating a prolonged interaction between K+ ions and acidic residues. However, we 309 

have no comparison to low salt conditions. Interestingly, sodium ions around 310 

carboxylate groups of amphiphilic micelles were shown to bind preferentially over 311 

potassium ions with a ratio of 2.75:1 within the first hydration shell. [72, 73] This could 312 

serve as a possible explanation why halophilic archaea preferentially accumulate 313 

potassium over sodium intracellularly to combat osmotic pressure in high salt 314 

environments. [74] Sodium ions may rigidify protein structure similarly to micelles. [73] 315 

Water has a similar short permanence time (survival probability) around negatively or 316 

positively charged residues, indicating that the dynamics (mobility) of the water 317 

network is not altered by the prolonged presence of K+ ions at carboxylate groups (SI 318 

Figure S11). 319 

Taken together our findings demonstrate an increased presence of water molecules at 320 

negatively charged residues, which are coordinated by a stark elevated presence of 321 

K+ ions at carboxylate groups. This suggests a mechanism where K+ ions serve to 322 

displace water molecules without necessarily directly interacting with negatively 323 

charged residues, however, thereby offsetting any order solvent structure of water at 324 

the protein surface in high salt, which would trap the enzyme. 325 

 326 
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Figure 4. Plotted RDFs and visualised SDFs of K+(blue mesh or solid) and H2O (orange mesh or 

solid) molecules surrounding carboxylic acid residues in the native HvADH2 system. (A) Direct 

association of K+ to COO- occurs. Directly associated K+ at 2.7 Å may account for the distance of the 

second hydration shell of H2O around COO- at 2.9-3.1 Å consistent with the distance between K+ and 
H2O in their first hydration shell at 2.9 Å. (B) Neither K+ nor H2O associate directly. Hydration of COO- 

is established by the fourth association distance of H2O at > 4.1 Å, since H2O molecules get pulled 

towards the associated K+ ions. (C) Direct association of water to COO- at 1.5-2.1 Å may account for 

the second coordination shell of K+ around COO- at 3.7-4.3 Å, in concordance with the first hydration 

shell of H2O around K+ of 2.9 Å. (D) No direct association takes place. K+ ions either strip H2O 

molecules partially from COO- residues or are themselves removed behind a water barrier. (E) Direct 

association of water in its second hydration shell at 2.9 Å to COO- may associate K+ ions according 

to the fourth association distance between H2O and K+ at 4.5 Å. 

 327 
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Cooperative ion- ion interactions increase or decrease interaction with protein 328 

residues and compare to relative activities from experimental assays 329 

After inferring solvent interactions specific to halophilic proteins, we investigate the 330 

influence of IL ion pairing specific interactions on solvent- and IL- protein interactions. 331 

Spatial correlations and residence time of ions and water around protein residues in 332 

ionic liquid solutions were studied through RDFs and survival probability (SP) analysis. 333 

SP allows an estimate on how long molecules remain in proximity to another. SP 334 

between anions and respective cations, their individual SPs at the protein surface as 335 

well as RDFs between ions and their individual RDFs around the protein surface allow 336 

an estimate on how the interaction between ions influences the interaction of individual 337 

ions with the protein surface. A generalised summary of our findings is depicted in 338 

Figure 5. Plotted RDFs and SPs of IL ions are shown in SI Figures S6, S8 and S9.  339 

 340 

First, the influence of IL ions on the spatial correlations and residence times of K+/ Cl- 341 

ions and the solvation shell around HvADH2 were evaluated by RDFs and SPs 342 

analyses. Compared to the native system, SP of K+ ions around acidic residues is 343 

decreased in all IL systems and increased for all ILs around basic residues, except for 344 

hydroxy-functionalised ILs, where it is slightly decreased (SI Figure S14). RDFs of K+ 345 

ions in IL systems show the same profile as the native system, but g(r) values are 346 

increased for all ILs around negatively charged residues and slightly increased around 347 

basic residues (SI Figure S12), while Cl- ions are slightly removed from basic as well 348 

as acidic residues (SI Figure S13). Taken together this indicates that all IL systems 349 

influence the dynamics of K+ around charged residues leading to faster dynamics and 350 

a greater total number of K+ surrounding negatively charged residues, while mitigating 351 

dynamics between K+ and positively charged residues. SP of H2O around acidic as 352 

well as basic residues is decreased for all IL systems (SI Figure S15). RDFs of H2O 353 

are decreased for all systems around acidic residues, around K+ ions and between 354 

H2O molecules (SI Figure S10). In this, the dynamics of H2O are altered in all IL 355 

systems similarly, becoming generally faster, and molecules become more dispersed.  356 

 357 

Regarding ionic liquid ions our results are summarised as follows: SP of anions around 358 

cations declined with hydrophobicity, steric bulkiness and charge localisation, in the 359 

order: [P6,6,6,14]+[NTf2]- > [N1,1,8,8]+[MeSO4]- > [P4,4,4,4]+[Cl]- > [BMIM]+[MeOEtSO4]- >  360 
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[N4,1,1,1]+[(MeO)2OPO]- > [Me3S]+[NTf2]- > [DiMIM]+[MeSO4]- > [Choline]+[Bitartrate]- > 361 

[Tetrakis]+[Cl]- > [Me3S]+[MeSO4]- > [Me3S]+[I]- ~ [Me3SO]+[I]- > [Choline]+[Cl]-.  362 

RDFs of anions around cations decline in this order: [P6,6,6,14]+[NTf2]- > 363 

[N1,1,8,8]+[MeSO4]- > [Me3S]+[NTf2]- > [DiMIM]+[MeSO4]- > [N4,1,1,1]+[(MeO)2OPO]- > 364 

[Me3S]+[MeSO4]- > [BMIM]+[MeOEtSO4]- > [Choline]+[Bitartrate]- > [Me3S]+[I]- ~ 365 

[Me3SO]+[I]- > [Choline]+[Cl]- > [Tetrakis]+[Cl]- > [P4,4,4,4]+[Cl]-.  366 

SPs of cations around HvADH2 decline in the following order: [BMIM]+ > [Tetrakis]+ ~ 367 

[P4,4,4,4]+ > [N1,1,8,8]+ > [N4,1,1,1]+ > [DiMIM]+ > [P6,6,6,14]+ > [Choline]+ ([Cl]-) > [Choline]+ 368 

([Bitartrate]-)  > [Me3S]+ ([NTf2]-) > [Me3SO]+ ([I]-) ~ [Me3S]+ ([I]-) >  [Me3S]+ ([MeSO4]-) 369 

and SPs of anions decline as follows: [I]-([Me3S)]+ > [I]- ([Me3SO)]+ > [NTf2]- ([Me3S]+) > 370 

[MeSO4]- ([Me3S)]+ > [MeSO4]- ([DiMIM]+) > [MeSO4]- ([N1,1,8,8]+) > [MeOEtSO4]- > 371 

[Bitartrate]- > [(MeO)2OPO]- > [NTf2]- ([P6,6,6,14]+) > [Cl]- ([Tetrakis]+ ~ [P4,4,4,4]+ ~ 372 

[Choline]+). 373 

Literature reports, through dielectric measurements, that in solvated ionic liquids 374 

solvent-assisted ion pairs are much more common than direct contact ion pairs or 375 

aggregates. [75, 76] We observe for ions that have a ‘strong’ interaction with another, 376 

reflected in a high SP (close to 1) and a high RDF (probability of finding a molecule at 377 

a certain proximity), a co-joined interaction with the protein surface, which modulates 378 

the overall interaction with protein residues, while the influence of individual ions on 379 

the protein surface is greater for ions that share a low SP (close to 0) and low RDF 380 

with one another. For example, while the strong hydrophobic interaction between 381 

[P6,6,6,14]+ and [NTf2]- (high SP and RDF) shields the anion from the protein surface, the 382 

comparatively decreased interaction with the cation [Me3S]+ allows [NTf2]- to strongly 383 

interact with positive residues and the protein surface. This is demonstrated in SI 384 

Figure S6, for comparison see systems [P6,6,6,14]+[NTf2]- and [Me3S]+[NTf2]-. The strong 385 

interaction between [P6,6,6,14]+ and [NTf2]- matches a much higher relative specific 386 

activity. By comparison, SP between [MeOEtSO4]- and [BMIM]+ is the highest (decays 387 

to ~ 0.3, see SI Figure S8) of all non-emulsion-forming systems (RDF is lower because 388 

only ion pairs, and not micro-heterogenic aggregates, [77] are formed), but because 389 

both ions interact strongly with the protein surface ([BMIM]+ highest SP of all presented 390 

ions, [MeOEtSO4]- highest RDF of all presented ions, see SI figures S9 and S6 391 

respectively), their synergistic effect on the protein appears to be detrimental, since a 392 

greatly diminished relative activity (< 5 U/mg [%] at 150 mM) is observed for this 393 

system. Small anions of hydrophilic ILs were shown to interact as mediators between 394 
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water molecules and cations, which are to some extent expelled and form clusters 395 

similar to micelles. [78] We find this to be in agreement with our systems 396 

[DiMIM]+[MeSO4]- and [Me3S]+[MeSO4]- forming small ion patches, with system 397 

[Me3S]+[I]- and [Me3SO]+[I]- forming loose ion pairs and for [P4,4,4,4]+[Cl]- where cations 398 

form bigger patches and occasionally interact strongly with chloride ions (lowest RDF, 399 

3rd highest SP, see SI Figure S8). The formation of multi-ion structures is driven by 400 

entropic forces, since apolar domains minimise the disturbance of the H-bond network 401 

of the water molecules. This surfactant effect gets stronger, the longer the cationic alkyl 402 

chain and this can affect the stability and activity of proteins positively through 403 

suppression of protein-protein interactions, preventing aggregation. [79] However, if 404 

coulombic interactions between ions are strong and moreover if such ions are 405 

substituted with hydrophobic tails, strong dispersion forces are observed. [79] While 406 

this does not have immediate implications for proteins if these ion clusters are located 407 

in bulk solvent, it is likely that such ions are expelled from the hydrogen bond network 408 

at interfaces and may act as surfactants for solvated proteins. We find this to be the 409 

case for systems [N1,1,8,8]+[MeSO4]-, [P4,4,4,4]+[Cl]-, [DiMIM]+[MeSO4]- and 410 

[N4,1,1,1]+[(MeO)2OPO]-, which form small patches all over the protein surface as 411 

observed from MD simulations. These systems show a decreased enzymatic activity, 412 

while [P6,6,6,14]+[NTf2]-, which forms one big patch which interacts only localised with 413 

the protein surface as observed in MD simulations, see SI Figure S19, increases 414 

activity. Increased activity could here be attributed to suppression of protein-protein 415 

interactions and this particular IL might be well suited for bioreactor formulation. [80] 416 

RDF profiles of ions around HvADH2 diverge from each other in terms of distance and 417 

magnitude of solvation shells and are detailed in SI Figure S6. Anions intruding onto 418 

the protein surface below 1.9 Å are: [MeOEtSO4]- > [Bitartrate]- > [MeSO4]- ~ 419 

[(MeO)2OPO]- > [NTf2]-([Me3S]+) and cations intruding below 1.9 Å are: [Tetrakis]+ > 420 

[Choline]+([Bitartrate]-) > [Choline]+([Chloride]-) > [N1,1,8,8]+. 421 

Taken together it is difficult to say that ions of matching polarizability and MEPrange 422 

have a positive impact on enzyme activity. While this is true for [P6,6,6,14]+ [NTf2]-, 423 

[Choline]+[Chloride]-, [Me3S]+[I]- and [Me3SO]+[I]-, the ion pairings [DiMIM]+[MeSO4]- 424 

and [Tetrakis]+[Chloride]-, having also similar polarizability and MEPrange, are 425 

detrimental to enzymatic activity. Their functional groups enable them to specifically 426 

interact with the protein via p-p stacking or hydrogen-bond interactions as observed in 427 

MD simulations, see SI figure S19. Having similar polarizability and MEPrange is also 428 
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non-beneficial for [N1,1,8,8]+[MeSO4]-, where the surfactant effect of [N1,1,8,8]+ draws 429 

[MeSO4]- to the surface of the protein, rather than removes it, as is seen for the system 430 

of unmatching polarizability and MEPrange, [Me3S]+[MeSO4]-, which shows good 431 

enzymatic activity. 432 

 433 

 
     

IL pair Start of RDF 
coordination 

shell 
[Cation / Anion] 

[Å] 

Highest observed 
g(r) 

[Cation / Anion] 

RDFs ranked* SPs ranked~ 
 

[P6,6,6,14]+[NTf2]- 2.2 / 2.2 0.4 / 0.4 1 1 
[Me3S]+[I]- 2.0 / 2.5 0.7 / 3.1 9 11 
[Me3SO]+[I]- 2.0 / 2.5 0.7 / 3.0 10 12 
[Me3S]+[NTf2]- 2.0 / 1.8 0.9 / 3.5 3 6 
[P4,4,4,4]+[Cl]- 1.9 / 2.0 2.0 / 0.5 13 3 
[Choline]+[Cl]- 1.4 / 2.0 1.2 / 0.5 11 13 
[Me3S]+[MeSO4]- 2.0 / 1.5 0.7 / 2.1 6 10 
[Tetrakis]+[Cl]- 1.3 / 2.0 2.0 / 0.5 12 9 
[N4,1,1,1]+[(MeO)2OPO]- 1.8 / 1.5 1.4 / 2.4 5 5 
[DiMIM]+[MeSO4]- 1.9 / 1.5 1.2 / 3.3 4 7 
[N1,1,8,8]+[MeSO4]- 1.9 / 1.5 1.3 / 3.1 2 2 
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[Choline]+[Bitartrate]- 1.3 / 1.3 1.1 / 2.8 8 8 
[BMIM]+[MeOEtSO4]- 1.9 / 1.0 1.9 / 3.9 7 4 

* RDFs between anions and cation - 1 equals highest g(r)  
~ SPs between anions and cations - 1 equals highest/longest 

 

Figure 5 and Table 2. Summary of the general trend of ion-protein and ion-ion interaction inferred 

from RDFs and SPs and observations from trajectories. Negatively charged residues and anions 
(triangles) are shown in red, positively charged residues and cations (squares) in blue. Tabulated 

values are taken from SI figures S6 and S8. (A) Anions and cations of ionic liquid [P6,6,6,14]+[NTf2]- 

form one big hydrophobic patch that occasionally interacts with a part of the protein surface. (B+C) 
[Me3S]+ and [Me3SO]+ cations and [I]- anions interact as loose ion pairs. [I]- ions paired with [Me3S]+ 

associate slightly more to charged residues than [I]- ions paired with [Me3SO]+, but interaction to 

uncharged surfaces is the same for both systems. (D) [NTf2]- ions in this pairing show the second 

highest RDF value around basic residues of all IL ions and because [NTf2]- anions and [Me3S]+ cations 
form ion patches, RDF values for [Me3S]+ are increased for this system in comparison to when [Me3S]+ 

is paired with [I]- or [MeSO4]-. (E) Although the interaction between [P4,4,4,4]+ and [Cl]- is long-lived 

(third highest SP of all ions), it is a rare encounter (lowest RDF of all ions). [P4,4,4,4]+ ions form 

hydrophobic patches that associate all over the protein surface, while [Cl]- are mostly excluded, but 

associate to positive residues in a distinct shell. (F+H+L) Hydroxyl-functionalised ions [Choline]+, 

[Tetrakis]+ and [Bitartrate]- intrude below the solvation shell and interact with counter-charged protein 

residues. The association of ions to residues increases with an increased number of OH groups. 

[Choline]+ [Bitartrate]- interact as ion pairs, while [Choline]+ and [Tetrakis]+ interact as loose ion pairs 
with [Cl]- ions (RDF slightly higher between [Choline]+ [Cl]-, SP slightly higher for [Tetrakis]+[Cl]-). (G) 
[Me3S]+ is mostly paired with two [MeSO4]-. With the exception of hydrophobic ILs, ions of this system 

associate least to the protein surface (overall low RDF). (I+J+K) Ions of the systems 

[N4,1,1,1]+[(MeO)2OPO]-, [DiMIM]+[MeSO4]- and [N1,1,8,8]+[MeSO4]- form ion patches. The anion intrudes 

below the solvation shell around positively charged residues. While the sulfonate ions draw their 

respective cations slightly closer to the protein surface, the RDF of [(MeO)2OPO]- to protein is overall 

lower compared to [MeSO4]- in both systems, while the RDF of [N4,1,1,1]+ to protein is increased 

compared to [DiMIM] and [N1,1,8,8]+. The system [N4,1,1,1]+[(MeO)2OPO]- is also the only system where 
anions and cations show almost equal RDF profiles, with the exception of the sytem [P6,6,6,14]+[NTf2]-. 

 434 

Interaction of IL ions with active-conformation-gating residues and co-factor 435 

coordination is prevalent for all IL systems. Highly dynamic and highly static IL 436 

ion interactions match higher activity in experimental assays 437 

In a separate step we focus on the influence of IL ions on extremophilic ADH-specific 438 

structural elements and investigate ion pairing specific interactions with activity-439 

conferring residues. Flexibility of the tetramer and the tendency for unfolding in ILs was 440 

analysed by inspecting free-energy landscapes (FELs) of the different IL systems. 441 

FELs represent the conformational space the enzyme adopts during simulation. A 442 
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higher number of separated minima indicates greater flexibility, but if the barrier 443 

between minima is low, it is an indication of a transition into non-native and possibly 444 

non-active states. The native system of ADH2 descends into multiple local higher 445 

energy minima before occupying the final lowest minimum. The second lowest 446 

minimum is separated via a higher energy bridge and local minima from the lowest 447 

minimum, indicating a stabilisation of the structure followed by structural 448 

rearrangements into higher energy states before its final descend. All IL systems force 449 

HvADH2 into non-native states (SI Figure S16). The general trend shown by the native 450 

system is preserved for all IL systems except for [Me3SO]+[I]-, and is best preserved 451 

by [Me3S]+[MeSO4]-. ILs can be grouped into those preventing ADH2 from visiting 452 

stabilising minima before its final descend ([Choline]+[Bitartrate]-, [DiMIM]+[MeSO4]-, 453 

[BMIM]+[MeOEtSO4]-, [P4,4,4,4]+[Cl]-, [P6,6,6,14]+[NTf2]-, [Me3SO]+[I]-) and those that show 454 

a broadening and an increased number of throughs of local minima ([Me3S]+[MeSO4]-455 

, [Tetrakis]+[Cl]-, [Choline]+[Cl]-, [Me3S]+[NTf2]-, [N1,1,8,8]+[MeSO4]-, 456 

[N4,1,1,1]+[(MeO)2OPO]-, [Me3S]+[I]-). The former appear to trap HvADH2 in non-native 457 

states and latter appear to de-stabilise the native state. 458 

Protein conformations from final minima were inspected for the interaction between 459 

residues determining the active/inactive conformation of the enzyme. Work from 460 

Klinman et al. identified residues (Trp49 and Phe272) within a thermophilic ADH 461 

(htADH) from B. stearothermophiles to be involved in a p-stacking interaction that has 462 

direct effect on the active site microenvironment. [81] These residues are not directly 463 

located at the proteins’ active site but on the surface, connecting homo-monomers. 464 

Upon closer inspection of the HvADH2 structure, a similar p-stacking interaction was 465 

found between residues Trp43 and His273, albeit within the same monomer (Figure 6 466 

and SI Figure S17). This interaction was found to correlate to the open, or inactive, 467 

state of HvADH2 in the native system and appears to stabilise the apo-enzyme. MD 468 

simulations were started with three of the four subunits having NAD+ bound and over 469 

the course of the trajectory NAD+ dissociated from two of the three subunits, whereby 470 

only one subunit expelled the cofactor completely (monomer C). Figure 6 shows the 471 

inactive conformation of monomer A from which dissociation of NAD+ takes place at 472 

the beginning of the trajectory. Both vanguard residues Trp43 and His273 are involved 473 

in guiding the cofactor through p-stacking out of the binding pocket. In a first step 474 

His273 pulls the ribose-ring of NAD+ out of the immediate vicinity of the catalytic zinc, 475 

followed by a take-over of NAD+ by Trp43 through the interaction with the pyridinium 476 

https://doi.org/10.26434/chemrxiv-2023-l4psd ORCID: https://orcid.org/0000-0001-5330-150X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-l4psd
https://orcid.org/0000-0001-5330-150X
https://creativecommons.org/licenses/by-nc/4.0/


   
 

   
 

ring of NAD+. NAD+ is then passed back to His273 via the ribose-ring and released into 477 

an outer cavity on the surface of the nicotinamide binding domain (NBD), where it stays 478 

for the rest of the trajectory. After NAD+ is expelled, residues His273 and Trp43 assume 479 

the p-stacking interaction, which stays undisturbed until the end of the trajectory. In 480 

comparison, monomer D remains as a holo-enzyme during the whole simulation and 481 

residues Trp43 and His273 assume the structural arrangement shown in SI Figure 482 

S17; B.  483 

 484 

 
Figure 6. Residues Trp43 and His273 in monomer A of the native HvADH2 system jointly coordinate 

NAD+ out of the binding pocket. Coordination starts at around 10ns, and expelling the co-factor is 

complete after around 20ns. However, Pi-stacking between vanguard residues is only established at 

around 100ns. (A) NAD+ is coordinated in the vicinity of the nicotine binding domain (NBD) (iceblue) 

in close proximity to the catalytic zinc, which is located in the substrate binding domain (SBD) 

(mauve). (B) NAD+ has been expelled from the catalytic cleft and residues Trp43 and His273 have 

assumed the p-stacking interaction. 

 485 

The change in distance between the two vanguard residues was analysed and plotted 486 

over the course of the trajectory of the native system and compared to IL containing 487 

systems. Results are shown in SI Figure S18. The change in distance of the residues 488 

in the native system reflects the dissociation of NAD+ for monomer A, where 489 

rearrangements are greatest in the beginning of the trajectory until expulsion of NAD+, 490 

when the p-stacking interaction fixates the distance between Trp43 and His273 for the 491 

rest of the trajectory. For monomer D change in distance between Trp43 and His273 492 

remains roughly constant throughout the trajectory. 493 
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All ionic liquids studied directly interfere/coordinate with Trp43 and/or His273 and/or 494 

NAD+ (within 7 Å). Coordination of IL ions and changes in bond distance between 495 

residues Trp43 and His273 are shown for all systems in SI Figure S18. Systems 496 

wherein ions associate for a prolonged time to vanguard residues or NAD+ correlate 497 

with lower relative activity from activity assays. [Tetrakis]+ cations, for example, 498 

coordinate throughout the trajectory to NAD+ and stay associated up to a third of the 499 

trajectory (~ 60 ns) (SI Figure S19). The longest interaction was found for [N4,1,1,1]+ 500 

cations, which interacted with Trp43 for > 100 ns within monomers A and D (SI Figure 501 

S19). Contrary to this, distance mapping between sulfonium ions and vanguard 502 

residues showed high mobility for [Me3SO]+ and [Me3S]+ in the systems paired with [I]-503 

. These ions were found in frequent proximity (> 10 Å) to vanguard residues and the 504 

catalytic zinc, however direct coordination was less frequent and lasted below 10 ns, 505 

as is shown in Figure 7. However, [Me3S]+ showed also a 100 ns long interaction with 506 

Trp43 in the system wherein it is paired with the anion [NTf2]-, highlighting again the 507 

influence of relative anion-cation interaction strengths on ion-protein interactions. 508 

 509 
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Figure 7. Distances between IL cations (blue) and anions (red) and gating residue Trp43 are 

depicted, and plotted over the course of the trajectory. Cartoon representation show tetrameric 

HvADH2 in ILs [Me3S]+[MeSO4]- (top), [Me3S]+[I]- (middle) and [Me3S]+[I]- (bottom). Plots 

demonstrate the difference in interaction of cation [Me3S]+ within the different systems and its 

dependence on its counter-ion. 

https://doi.org/10.26434/chemrxiv-2023-l4psd ORCID: https://orcid.org/0000-0001-5330-150X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-l4psd
https://orcid.org/0000-0001-5330-150X
https://creativecommons.org/licenses/by-nc/4.0/


   
 

   
 

 510 

ILs compromise structural integrity of protein salt bridge networks  511 

The total number of intra-protein salt-bridges of the tetramer with an O- N distance cut-512 

off of 3.2 Å was calculated for the native system and IL systems. All ILs lead to an 513 

increase in the total number of salt-bridges, (Table 2), but native salt-bridges are not 514 

necessarily conserved, (SI data). This suggests an interruption of the native salt-bridge 515 

network in all IL systems and a distortion of the secondary and tertiary structure of 516 

HvADH2. This finding is consistent with a MD study on lactalbumin in different 517 

concentrations of [BMIM]-[BF4]+, which found an increase in numbers of salt bridges 518 

with increasing concentration of IL, and an increased strength of the salt bridge bond. 519 

[47] However, while their study finds increased rigidity through the increase in salt 520 

bridges, also reflected in a restrained RMSD, we find decreased rigidity of the protein 521 

backbone, reflected in a less restrained RMSD (SI Figure S21). Inter-subunit salt 522 

bridges have been shown to be increased for halophilic proteins when compared to 523 

mesophilic counterparts [82-84] and it was suggested that oligomerisation acts as a 524 

stabilisation mechanism in extremophiles. [67] Interruption of native salt bridges is 525 

therefore likely to have a different effect on the halophilic salt bridge network, than on 526 

the mesophilic one. If oligomerisation via a tertiary structure-stabilising mechanism of 527 

halophilic proteins is matched to a specific level of ionic strength, breaking of salt 528 

bridges conferring oligomerisation due to varying ionic strength will also lead to a 529 

disintegration of tertiary structure. We find an increase in backbone RMSD, which 530 

suggests greater flexibility of the tetrameric and tertiary structure. 531 

 532 
Table 3. Number of total protein residue salt bridges calculated by VMD from MD simulations of HvADH2 533 
within the native system in high salt (4 M KCl) in comparison to IL systems. 534 

System Total intra-protein salt-
bridges (increasing order) 

Native (4 M KCl) 313 

[N4,1,1,1]+ [(MeO)2OPO]- 319 
[Tetrakis]+ [Cl]- 322 

[Choline]+ [Bitartrate]- 322 

[Me3S]+ [NTf2]- 322 

[Me3SO]+ [I]- 322 

[P4,4,4,4]+ [Cl]- 327 

[N1,1,8,8]+ [MeSO4]- 329 

[Me3S]+ [I]- 333 
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[BMIM]+ [MeOEtSO4]- 335 

[Me3S]+ [MeSO4]- 336 

[P6,6,6,14]+ [NTf2]- 340 

[DiMIM]+ [MeSO4]- 351 

 535 

Conclusion 536 

A combination of experimental assays and analysis of MD simulations has provided 537 

insight into the hydration and ionic interaction of halophilic HvADH2 in both salt and 538 

ionic liquid solutions. We observe tight binding of hydration water around carboxylic 539 

acid residues, consistent with previous reports, [62, 63, 85, 86] in addition to a selective 540 

breaking of water structure induced by the coordination of potassium around carboxylic 541 

acid residues. Breaking of polygonal water networks by acidic residues has been 542 

reported previously, wherein it was suggested that solvation-stabilisation, i.e. a 543 

preferential binding of water to acidic residues over water-water interaction lends 544 

halophilic proteins their solubility in high salt. [63] Our results show that water structure 545 

is specifically broken at carboxylic acid residues coordinating potassium, whereas 546 

water structure is unbroken around polar residues, despite potassium coordination. In 547 

addition, the water network remains unbroken and no potassium coordination occurs 548 

around positively charged and apolar surface residues. In support of the previously 549 

proposed solvation-stabilisation model, [67] we propose that the specific ionic 550 

interaction of potassium to tightly hydrated carboxylic acid residues is responsible for 551 

maintaining protein flexibility in high salt concentrations. Our findings suggest that 552 

carboxylic acid residues recruit water molecules to solvate the protein, while at the 553 

same time their coordination of potassium prevents a ‘trapping’ of the protein within a 554 

hydration shell.  555 

 556 

We further find that the increase in negatively charged residues of halophilic protein 557 

surfaces cannot protect enzymatic activity from the influence of IL ions. Unlike 558 

potassium interacting specifically with carboxylated residues, IL ions interact with the 559 

protein surface depending on both their physico-chemical properties and their inter-ion 560 

interactions. Depending on the function of the halophilic protein, IL ions might be 561 

generally more or less detrimental. Halophilic cellulases for example stay mainly 562 

unaffected [87] and these then have an advantage to be deployed as biocatalysts in 563 

preference to mesophilic cellulases, within a given set of ionic liquids favourable to 564 
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dissolving the relevant substrates. For enzymes such as dehydrogenases that have a 565 

less robust catalytic mechanism, which depends very much on the integrity of their 566 

quaternary structure (the HvADH2 homo-dimer is around two thirds less active than 567 

the homo-tetramer under native conditions) [29] and for which the active and inactive 568 

conformations rely on the functionality of specific residues located on the surface of 569 

the protein, a fine-tuning of IL ions is required in the same way for halophilic as well as 570 

non-halophilic proteins.  571 

 572 

Our results demonstrate that cooperative ion-ion interactions determine ion-protein 573 

interactions and can be related to enzymatic activity. Strong inter-ion interactions, as 574 

is the case for [P6,6,6,14]+[NTf2]-, can be harnessed to favour biocatalytic processes. 575 

Here, phase separation means the protein is mainly excluded from the hydrophobic 576 

patch of the IL, whilst maintaining the advantages of either a reservoir of dissolved 577 

hydrophobic substrate or removal of hydrophobic products from the solvent to push 578 

the reaction equilibrium in the favoured direction. While this system led to the highest 579 

observed enzymatic activity, it is comprised of ions with highest polarizability and a 580 

high MEPrange. As a general trend however, a low polarizability and a low MEPrange of 581 

ions seems to be less detrimental to enzymatic activity of HvADH2. Systems 582 

[Me3S]+[MeSO4]-, [Me3S]+[Iodide]-, [Choline]+[Cl]-, [Me3SO]+[Iodide]- and [P4,4,4,4]+[Cl]-, 583 

showing low polarizability, rank best in terms of enzymatic activity behind the superior 584 

system [P6,6,6,14]+[NTf2]-. This latter system is hydrophobic and interacts only little with 585 

the protein surface. However, another explanation could be anion diffusion. Anion 586 

diffusion was shown to be slowed down in bulk-like regions of high polarizability [52]. 587 

Hence, the high polarisability and bulk-like properties of [P6,6,6,14]+ could lead to an 588 

altered dynamic of [NTf2]-. Unfortunately, no further systems here investigated were 589 

comprised of both ions showing high polarizability. However, when [NTf2]- is paired 590 

with the minimally polarized cation, [Me3S]+, enzymatic activity is decreased, despite a 591 

strong ion-ion interaction, and presence of [NTf2]- at the protein surface is increased. 592 

A weak interaction between ions appears to be favourable where both ions act in favour 593 

of protein activity either by themselves or in combination, as is the case for ILs 594 

[Me3S]+[MeSO4]-, [Me3S]+[I]- and [Me3SO]+[I]-. This suggests, that small, highly 595 

dynamic cations with low polarisability and small charge-dense anions can help 596 

preserve catalytic activity in our system. In addition, the atomic structure of the ions 597 

plays an equally important role. The presence of the planar structure of the minimally 598 
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polarisable cation [DiMIM]+ lead to a 5-fold decrease in enzymatic activity when 599 

compared to the tetrahedral structure possessing and comparably low polarisable 600 

cation [Me3S]+, when both are paired with [MeSO4]-. Further, when [MeSO4]- is paired 601 

with the highly polarisable cation [N1,1,8,8]+ enzymatic activity is similarly impaired. 602 

Finally, ion-water interactions negatively affected protein-water interactions in all IL 603 

systems and hydroxy-functionalised ILs did not stabilise the surrounding water 604 

network. Indeed, hydroxy-functionalised systems performed worst of all ILs when 605 

multiple functionalised groups were present, with only [Choline]+[Cl]- performing well. 606 

This may be due to increased protonation/deprotonation events at the protein surface 607 

[88] or may be a more general outcome for all ILs due to ion type dependent alignment 608 

of water at interfaces. [89] 609 

 610 

Taken together, our data highlights the tuneability of the influence of ions on protein 611 

activity depending on co-ion interaction. The same anion or cation may exhibit a 612 

different influence on the protein when paired with a different co-ion, mainly depending 613 

on the strength of ion-ion interaction. The quality of ion-ion interactions in turn depends 614 

on polarizability and the resulting molecular electrostatic potential. We find that, for 615 

halophilic proteins, ions with low polarizability are better suited to maintaining activity, 616 

however, ion structure and ion-ion interactions need to be taken into account. 617 
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 648 

Materials and Methods 649 

 650 

Reagents and culture conditions. All chemical reagents, unless stated otherwise, 651 

were purchased as analytical grade from Sigma-Aldrich. All restriction enzymes were 652 

purchased from New England Biolabs. Standard molecular cloning techniques were 653 

used. PCR amplification used Q5® Hot Start High-Fidelity DNA Polymerase. H. 654 

volcanii strains were grown at 45 °C on complete (Hv-YPC) or Cas-amino acids (Hv-655 

Ca) agar or broth as described previously. [90] Isolation of genomic and plasmid DNA 656 

as well as transformation of H. volcanii strains were carried out as described 657 

previously. [91, 92] 658 

 659 

Plasmid construction. All primers were designed using MacVector Version 14.5.2 660 

(MacVector, Inc.) and synthesized by Eurofins MWG, Germany. All plasmids were 661 

confirmed by sequencing. Construction of expression-plasmid pTA1205 for 6xHis-662 
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ADH2 expression and deletion-plasmids pTA1229 and pTA1230 for the deletion of 663 

adh1 and adh2 genes, respectively, were described previously. [29] 664 

 665 

Strain construction. H. volcanii Dadh1, Dadh2, DtnaA and DgabT1 mutant strains 666 

were generated using previously described gene knock-out systems [91, 93]. H. 667 

volcanii strain H1895 (DpyrE2, Nph-pitA, Dmrr, DhdrB, Cdc48d-Ct, DpilB3C3, [94]  was 668 

the source strain for generating the expression strain H2974 (DpyrE2, Nph-pitA, Dmrr, 669 

DhdrB, Cdc48d-Ct, DpilB3C3, Dadh1, Dadh2, DtnaA, DgabT1. Deletions were 670 

confirmed using Colony Hybridisation and Southern blot. The H. volcanii strain H2974 671 

was transformed with pTA1205 to obtain strain H3094 (DpyrE2, Nph-pitA, Dmrr, DhdrB, 672 

Cdc48d-Ct, DpilB3C3, Dadh1, Dadh2, DtnaA, DgabT1) for overexpression of 6xHis-673 

ADH2.  674 

 675 

Protein expression and purification. An overnight starter culture (5 ml) was diluted 676 

(1:100) at OD600 ~ 0.1 into 5ml and again grown until OD600 ~ 0.1. Cultures were diluted 677 

1:100 in 50 ml and incubated for 24 h at 150 rpm until an OD600 of ~ 0.5 was reached. 678 

Cultures were then diluted (1:50) into 333 ml YPC broth and induced with 0.1 g 679 

tryptophan and incubated at 150 rpm until an OD600 of ~ 1.2- 1.5 was reached 680 

(24- 36 h). Cells were harvested by centrifugation and the resultant pellet was either 681 

frozen for later use or resuspended in 5 ml wash buffer (20 mM HEPES, pH 7.5, 2 M 682 

NaCl). Cells were disrupted by sonication on ice (~ 3x 30 s at 6 W) until the lysate 683 

appeared clear. After centrifugation (48000x g for 30 min, 4 °C) the supernatant was 684 

filtered and loaded onto a HisTrap HP (GE Healthcare) immobilised metal-chelate 685 

affinity chromatography (IMAC) column pre-charged with NiSO4 (0.2 M) at a flow rate 686 

of 0.5 ml/min using loading buffer (20 mM HEPES, pH 7.5, 2 M NaCl, 20 mM 687 

imidazole). Elution buffer (20 mM HEPES, pH 7.5, 2 M NaCl, 50 mM EDTA) was 688 

applied to the IMAC column to obtain 2 ml fractions. Fractions were assayed 689 

spectrophotometrically for alcohol dehydrogenase activity. Selected fractions were 690 

pooled and then dialysed and concentrated using Viva Spin columns (Sartorius) using 691 

3 M Glycine-KOH buffer, pH 8. Purified protein samples were analysed by SDS-PAGE 692 

and protein concentration was determined using the Bradford protein assay dye 693 

reagent (Bio-Rad Laboratories GmbH, Germany). 694 

 695 
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Activity assays. Relative specific activity was assayed spectrophotometrically by 696 

monitoring the increase in absorbance of the cofactor NADPH at 340 nm using an 697 

Epoch2 Microplate spectrophotometer (Biotek) with UV-transparent 96-well plates. 698 

The reaction mixture routinely contained ethanol (100 mM), NADP+ (1 mM) and 699 

enzyme sample (~ 450 nM) and 50 mM Glycine-KOH, pH 10.0 buffer containing 4 M 700 

KCl. Experiments were carried out at 50 °C for 20 minutes.  701 

 702 

Ionic Liquids. Ionic liquids used for experimental activity assays as well as MD 703 

simulations are summarised in SI, Table S1. For activity assays [Me3S]+[MeSO4]-, 704 

[Tetrakis]+[Cl]-, [Choline]+[Cl]- and [Choline]+[Bitartrate]- were purchased from Acros 705 

Organics. [DiMIM]+[MeSO4]- and [P6,6,6,14]+[NTf2]- were purchased from Fluka. 706 

[Me3S]+[NTf2]- was purchased from Solvent Innovation. [BMIM]+[MeOEtSO4]-, 707 

[N1,1,8,8]+[MeSO4]- and [N4,1,1,1]+[(MeO)2OPO]- were donated by the Sustainable 708 

Process Technologies (SPT) group at University of Nottingham. [P4,4,4,4]+[Cl]- was 709 

purchased from QUILL. [Me3SO]+[I]- and [Me3S]+[I]- were purchased from Sigma 710 

Aldrich. All ionic liquids were used as received without further purification. 711 

 712 

Characterisation of HvADH2 activity in ILs. All ionic liquid mixtures were made up 713 

in 50 mM Glycine-KOH, pH 10.0 buffer containing 4 M KCl, unless stated otherwise. 714 

Oxidative reactions of HvADH2 were assayed using 1-ethanol (100 mM) and NADP+ 715 

(1 mM) in aqueous ionic liquid mixtures. For a detailed composition of mixtures see SI. 716 

 717 

Protein Sequences and Structures. The protein sequence of HvADH2 was retrieved 718 

from the National Centre for Biotechnology (NCBI) database with deposit number 719 

ELY36761.1. Homology models were built using Swiss-Model, [95-99] Phyre2, [100] 720 

and I-TASSER. [101, 102] Models were assessed via structural alignment (BLAST) 721 

and Visualisation (PyMOL). The best model was selected based on the preservation 722 

of conserved residues of the catalytic triad coordinating the catalytic zinc (CYS-89, 723 

CYS-92, CYS-95 and CYS-103). Following this, the homology model from I-TASSER 724 

with the highest C-score (1.62) was chosen to build the tetrameric structure using 725 

BIOVIA Discovery Studios Visualizer. [103] The tetrameric structure of TADH from 726 

Thermus Sp. Atn1 was retrieved from the protein data bank (RCSB) with the deposit 727 

reference 4cpd, and was used as a template to superimpose the monomeric model 728 

built by I-TASSER to obtain coordinate positions of the four homo-tetramer units. The 729 
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geometrically cleaned-up structure was then validated by PROCHECK. [104] The 730 

obtained Ramachandran plot reported the dihedral angles at 74.7 % in the most 731 

favoured region, 20.1 % in the allowed region, 2.8 % in the generously allowed region 732 

and 2.4 % in the disallowed region (see SI Figure S20). The model was then used to 733 

create necessary topology files and was processed with AMBER18 (Assisted Model 734 

Building with Energy Refinement), [105] as described below, to run MD simulations. 735 

From 200 ns MD time the root mean square deviation (RMSD) was calculated for 736 

backbone atoms to validate the model stability during simulation (SI Figure S21). 737 

 738 

Molecular Dynamics Simulation and Preparation. The protonation states of amino 739 

acid side chains of the I-TASSER HvADH2 model were adjusted to pH 10 conditions 740 

using the H++ server. The software suite used for running all simulations was 741 

AMBER18, [105] whereby xLEaP, antechamber and parmchk were used as 742 

preparatory programs, pmemd.cuda 9.2 was used to run simulations and cpptraj was 743 

used to transform obtained trajectories for visualisation. The forcefield leaprc.ff14SB 744 

was used for non-coordinating protein residues and the Zinc Amber forcefield (ZAFF) 745 

[106]  was used for Zn2+ coordinating residues, whereby CY4 and HD2 parameters 746 

were applied for catalytic residues and CY1 parameters were chosen for structural 747 

residues. 748 

A recent study by Daronkola et al. found that unoptimized anion-cation parameters for 749 

the interaction of potassium with acetate applied in the Amber-GAFF force fields can 750 

misrepresent activity derivatives varying with concentration. [107] They found that 751 

contact-shared ion pairs (CIPs) are overestimated, while solvent-shared ion pairs 752 

(SIPs) are slightly underestimated. RDF values produced in their study with their newly 753 

chosen scaling factor showed the same peak position, but coordination numbers were 754 

overall lower for potassium around acetate compared to the amber scaling factor. They 755 

still found an increased proximal number density for K+ ions and H2O molecules around 756 

halophilic proteins when compared to their mesophilic counterparts. Use of the amber 757 

GAFF force field for the present study thus presents a limitation to quantitation that we 758 

acknowledge in the context of this finding. We have thus presented comparative data 759 

rather than quantitative, to ensure that our findings remain representative. 760 

 761 

Ionic liquid structures were built in Avogadro [108]  and structures were optimised with 762 

xLEaP using the forcefield leaprc.gaff with amber parameters sourced from 763 
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frcmod.ionsjc_tip4pew. Antechamber was used to calculate RESP charges, whereby 764 

the total charge of each ion was reduced by applying a factor 0.8 to all atomic charges 765 

of the individual ions according to evidence suggested in literature. [109] Packmol was 766 

used to assemble molecules for simulations in variable numbers reflecting different ion 767 

concentrations. [110] Molecule numbers were calculated according to 768 

Nion=NA*cion(mol/l)*V(l), where Nions is the number of ions, NA is the Avogadro number 769 

(6.022*1023), cion the concentration of the ion and V the volume. The protein structure 770 

was placed in a quadratic box (100x100x100 Å) and neutralised by adding K+ and Cl- 771 

ions using xLEaP. Following neutralisation, ionic liquid molecules were inserted to a 772 

concentration of 150 mM (a total number of 80 ion pairs) using packmol. In a final 773 

preparation step, the box was solvated with a minimum distance of 2 Å between water 774 

molecules using the TIP3P [111] water model in xLEaP and K+ and Cl- ions were added 775 

to a concentration of 4 M (total number was around 1800) using the addionsrand 776 

command.  777 

Long-range electrostatic interactions and non-bonded interactions were modelled 778 

using the particle-mesh Ewald method for periodic boundaries with a cut-off of 10 Å. 779 

The first energy minimisation run (50,000,000 steps, steepest descent algorithm for 780 

the first 20,000,000 steps, then switched to conjugate gradient algorithm) was 781 

performed only on water with a restrain force of 10 kcal/mol to all other molecules. This 782 

was followed by a first heating step of 10 ps to 323.1 5K applied to water molecules 783 

and a restrain force of 10 kcal/mol to all other molecules. The overall system was 784 

integrated to a temperature isotherm using the Berendsen thermostat with a close 785 

coupling of 0.5 ps. A second minimisation step was performed and applied to all atoms 786 

using no restraints, followed by a second heating step of the whole system for 0.25 ns 787 

under NPT conditions (constant volume in periodic boundaries, Berendsen thermostat) 788 

and a subsequent density equilibration step applying Langevin dynamics for 2.5 ns 789 

under NTP conditions (constant pressure in periodic boundaries) with restrain forces 790 

of 10 kcal/mol to the protein. Molecular dynamics production run simulations were 791 

subsequently run with unrestrained systems for between 150 and 200 ns. 792 

 793 

Analysis of MD Simulations. Trajectories were visualised using VMD. [112] The 794 

physical parameters RMSD, [113, 114] SP [115] and RDFs were calculated using 795 

python package MDAnalysis [116, 117]. Principle component analyses on Ca atoms 796 

to obtain eigenvalues and eigenvectors were calculated using GROMACS [118, 119] 797 
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and the first two eigenvectors, PC1 and PC2, which describe > 55 % of the structural 798 

transitions of the overall protein for every system were used to construct free energy 799 

landscapes. Post analysis of the molecular dynamics data was graphically represented 800 

with Matlab and python packages (MDAnalysis, matplotlib, numpy). TRAVIS was used 801 

to calculate SDFs, [120] which were visualised in VMD with isovalues 10 for water and 802 

3 for potassium. 803 

 804 

Calculations of local properties and descriptors. The molecular electrostatic 805 

potential range (MEPrange) and the polarizability for IL cations and anions were 806 

calculated using the Cepos Insilico software packages EMPIRE. [121] Cube files were 807 

obtained through eh5cube.sh off the EMPIRE wavefunction output file and visualised 808 

in VMD with isovalues of ~ 0.02 e Å-3.809 

 810 
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