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Abstract 

Cationic specificity which follows the Hofmeister series has been established for the 

catalytic efficiency of haloalkane dehalogenase LinB by a combination of molecular dynamics 

simulations and enzyme kinetic experiments. Simulations provided a detailed molecular picture 

of cation interactions with negatively charged residues on the protein surface, particularly at the 

tunnel mouth leading to the enzyme active site. Based on the binding affinities, cations were 

ordered as Na
+ 

> K
+ 

> Rb
+ 

> Cs
+
. In agreement with this result, a steady-state kinetic analysis 

disclosed that the smaller alkali cations influence formation and productivity of enzyme-

substrate complexes more efficiently than the larger ones. A subsequent systematic investigation 

of two LinB mutants with engineered charge in the cation-binding site revealed that the observed 

cation affinities are enhanced by increasing the number of negatively charged residues at tunnel 

mouth, and vice versa, reduced by decreasing this number. However, the cation specific effects 

are overwhelmed by strong electrostatic interactions in the former case. Interestingly, the 

substrate inhibition of the mutant LinB L177D in the presence of chloride salts was seven times 

lower than that of LinB wild type in glycine buffer. Our work provides new insight into the 

mechanisms of specific cation effects on enzyme activity and suggests a potential strategy for 

suppression of substrate inhibition by the combination of protein and medium engineering. 

 

Keywords: Hofmeister effects, molecular dynamics, kinetic experiments, site-directed 

mutagenesis, medium engineering 
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Introduction 

 Ion specific effects play an important role in biochemical and biophysical processes. 

Biological systems usually undergo a significant stress when salt concentrations are varied or 

one ion is replaced by another.
1
 Traditionally, ions have been ordered in the so called Hofmeister 

series according to their ability to salt out proteins.
2, 3

 However, many other processes, including 

enzymatic activity and thermal stability, also exhibit ion specificity.
4
 The emerging view, based 

on molecular simulations and laboratory experiments, is that ion effects are actually a complex 

phenomenon involving local interactions between ions and functional groups at the protein 

surface
5
 as well as ion-ion interactions in the solution.

6
 Ordering cations and anions into separate 

series proved to be a simplification, which may not be always justified.
7, 8

 Nevertheless, in many 

cases formulating Hofmeister series provides a reasonable starting point in attempts to 

understand the fundamental molecular mechanisms. 

 The effects of anions on protein solubility and stability are typically stronger than those 

of cations, at least monovalent ones, while the enzyme activity can be significantly affected by 

both anions and cations.
9, 10

 After all, a basic asymmetry in biology which propels many 

physiological processes is that of the intracellular potassium vs. extracellular sodium 

concentrations. From the interaction point of view, these two monovalent cations differ only 

slightly in size, but the consequences for cellular mechanisms are dramatic.
11

 At the level of 

enzymatic activity, the previously observed differences between effects of Na
+
 vs. K

+
 were more 

subtle, but still important.
12

 It was shown that replacing sodium by potassium enhances 

significantly the enzymatic activity of the HIV protease.
13, 14

 Most recently, the activity of HIV 

protease was studied in the presence of four alkali cations, Li
+
, Na

+
, K

+ 
and Cs

+
, and it was found 

out that the alkali cations can be essentially systematized into a Hofmeister-like series.
15

 The 
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likely origin of this ordering is the fact that smaller alkali cations interact more strongly than the 

bigger ones with the anionic carboxylic groups of the glutamate and aspartate side chains. Of 

particular importance could be a pair of aspartates at the entrance to the active site where more 

strongly bound cations may hamper the binding of a mostly hydrophobic substrate.
14, 15

 The 

strength of this effect is, however, not yet unequivocally established.
16

 

 Haloalkane dehalogenases (EC 3.8.1.5, HLDs) are α/β-hydrolases which cleave the 

carbon-halogen bonds, and thus convert halogenated compounds to the corresponding alcohols, 

halides, and protons.
17

 The reaction accomplished by a catalytic pentad – a nucleophile (Asp), a 

general base (His), a catalytic acid (Asp/Glu), and halide-stabilizing residues (Trp and Trp/Asn), 

proceeds by the nucleophilic attack of the carboxylate oxygen of an aspartate group on the 

carbon atom of the substrate, yielding displacement of the halogen and the formation of a 

covalent alkyl-enzyme intermediate. Subsequently, alkyl-enzyme intermediate is hydrolysed by a 

water molecule activated by a catalytic base (Figure 1). The charge developed on the imidazole 

ring of a catalytic base during the hydrolytic reaction is stabilized by a catalytic acid. The 

catalytic pentad is situated in a deeply buried, predominantly hydrophobic active-site cavity 

connected to the bulk solvent by an access tunnels.
18, 19

 The high importance of the tunnel 

residues for enzymatic activity was previously established by site-directed mutagenesis and 

directed evolution experiments, showing that both enzyme activity and stability can be improved 

by modifying access pathways leading to the enzyme active site.
20, 21

  

The aim of this study was to find out how individual alkali cations interact with the 

enzyme surface, and how this interaction affects the enzymatic activity. The HLD LinB from 

Sphingobium japonicum UT26
22

 was chosen as a model system for our combined computational 

and experimental study. On the computational side, the wild type (wt) LinB in the presence of 
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0.5 M solutions of NaCl, KCl, RbCl, or CsCl was subjected to molecular dynamics simulations. 

The generated trajectories provided spatial distributions of the four alkali cations at the enzyme 

surface. The site located around the tunnel mouth, which serves for substrates and products as a 

gateway to the active site, has been identified as the key region for specific ion effects on the 

activity of LinB. Based on the simulation results, two LinB mutants differing in cationic binding 

at the tunnel mouth were constructed. Together with the wt enzyme, they were functionally 

characterized by steady-state kinetics in aqueous solutions of alkali chloride salts. This combined 

study contributes towards understanding cationic Hofmeister effects on HLDs at a molecular 

level. 

 

Methods 

Computational methods 

Molecular dynamics simulations 

LinB wt in its crystal structure geometry (PDB accession number 1MJ5)
23

 was solvated in 

~11100 SPC/E water molecules. This includes both water molecules from the crystal structure 

and additional randomly placed bulk water molecules. The uncertainty about the protonation 

state of the catalytic histidine (H272), which may change during the enzymatic cycle, led us to 

independent investigation of two scenarios: (i) histidine doubly protonated at both Nε and Nδ 

atoms (i.e., charged) and (ii) histidine singly protonated at the Nδ atom (i.e., neutral). The total 

charge of the investigated enzyme was consequently -10 e in the case (i) and -11 e in the case 

(ii). This charge was compensated by counterions (cations), which were of the same chemical 

nature as those of the added 0.5 M salt (realized by 100 alkali cations and 100 chloride anions 

that replaced randomly selected water molecules in the bulk region). All results presented in the 



 
 

6 
 

main text assume a doubly protonated catalytic histidine; corresponding results for singly 

protonated catalytic histidine are given in the Supplementary Information (SI). The 

parameterization of Na
+
, K

+
, Rb

+
, and Cs

+
 cations (with Rb

+
 sigma parameter interpolated 

between those of K
+
 and Cs

+
) and Cl

-
 was the same as in our earlier studies,

14, 24
 which proved to 

be a reliable choice in combination with the ff03 protein force field
25

 and the SPC/E water 

model.
26

 In the case of LinB mutants – LinB D147N, LinB L177D, and LinB D147N-L177D – 

the computations were started from the final conformation of LinB wt, since the crystal 

structures of these mutants are not known. Systems with mutants were subjects of an identical 

simulation protocol as the LinB wt systems. The exact compositions of all systems are 

summarized in Table S1. 

Calculations were carried out using the Amber 11 program package
27

 according to the 

simulation protocol used in our previous protein studies.
14, 28

 Potential energy of the system was 

first minimized with constrained positions of protein atoms using the steepest descent method in 

order to avoid unfavorable close contacts. The system was then slowly heated up to 300 K with 

volume held fixed and, subsequently, pressure coupling was employed to reach the equilibrium 

density. Equilibration lasted for 2 ns and the data were collected from the subsequent 100 ns 

production runs. All bonds involving hydrogen atoms were constrained using the SHAKE 

algorithm, allowing 2 fs timestep.
29

 The short range non-bonded interactions were cut off at 9 Å 

and smooth particle mesh Ewald (PME) method accounted for the long range electrostatics.
30

 

The Berendsen’s pressure and temperature coupling schemes (with coupling frequency of 1 ps
-1

) 

were introduced.
31

 

 

Analysis of the simulation data 
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In this study a detailed description of ionic distributions at global, as well as local scales 

was essential, since the key region for specific ion effects on the activity of LinB is likely located 

around the tunnel leading to the active site.
23

 Thus, in addition to the spatial distributions of ions 

at the enzyme surface as a whole, the most relevant sites around the tunnel mouth were 

investigated separately in terms of radial and proximal distribution functions. Before 

constructing the ionic distributions, the simulated data were first analyzed in terms of protein 

stability (i.e., root mean square deviation from the initial crystal structure, radius of gyration, and 

preservation of secondary structure elements) and active site stability (i.e., key distances that are 

preserved in vast majority of LinB crystal structures). These properties were monitored on the 

whole 100 ns simulation timescale in order to verify that the simulations provide reasonable 

conformations and no artificially distorted structures (see SI for details).  

 The spatial distribution functions were then calculated as the ratios of the local (spatially 

resolved) density and bulk density of ions, reaching unity far from the protein. Close to the 

protein surface this function can exhibit sharp peaks. In these cases, the spatial regions in the 

vicinity of the surface, where ions occur with significantly enhanced probabilities, were 

visualized by employing isocontours, i.e., cuts through these peaks. It is important to note that by 

integrating the spatial distribution function over the two angular coordinates the standard radial 

distribution function can be obtained. In order to reduce noise, the spatial distribution functions 

were acquired assuming gaussian shapes of ions or atoms with the half-width of 1 Å.
32

  

 

Experimental methods 

Site-directed mutagenesis 
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Mutant recombinant genes for two single point LinB mutants (linB_D147N and 

linB_L177D) and a double point mutant (linB_D147N-L177D) were constructed according to the 

protocol for QuikChange Site-Directed Mutagenesis Kit (Stratagene). The oligonucleotides used 

to introduce mutations in positions 147 and 177 were as follows: D147N (5’-

CCCGAACAGAATCGCGATCTG-3’) and L177D (5’-CTCCCCGGAGACATCCTGCGC-3’) 

plus the reverse complementary ones (substitutions are underlined). Plasmids pUC18 with the 

gene linB or mutant recombinant gene linB_L177D were used as templates for single point 

mutants and double point mutant, respectively. Mutant recombinant genes were subcloned into a 

pAQN vector
23

 using EcoRI and HindIII restriction endonucleases, and a T4 DNA ligase (New 

England BioLabs). The nucleotide sequences were determined commercially (Macrogen). 

 

Protein expression and purification 

The His-tagged enzymes were over-expressed in Escherichia coli BL21 cells using a 

previously described method.
20, 33

 Proteins were purified on a Ni-NTA Superflow Cartridge 

(Qiagen). His-tagged enzymes were bound to the resin in an equilibrating buffer (20 mM 

potassium phosphate buffer, pH 7.5 containing 0.5 M sodium chloride and 10 mM imidazole). 

Unbound and weakly bound proteins were washed out. His-tagged enzymes were eluted by a 

buffer containing 300 mM imidazole. The active fractions were pooled and dialyzed overnight 

against 50 mM potassium phosphate buffer (pH 7.5) and then stored at 4 °C. Protein 

concentration was determined by a Bradford reagent (Sigma-Aldrich). Purity of purified proteins 

was checked by SDS-PAGE. 

 

Circular dichroism spectroscopy 
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Circular dichroism (CD) spectra of enzymes were determined at 37 °C using the Jasco J-810 

spectropolarimeter equipped with the Peltier thermostat (Jasco). Data were collected from 200 to 

260, at 100 nm/min, 1 s response time and 2 nm bandwidth. Spectra were recorded in a 0.1 cm 

quartz cuvette containing 0.25 mg/ml enzyme in 50 mM phosphate buffer (pH 7.5) and 0.5 M 

chloride salts. Each spectrum shown is the average of 5 scans and baseline corrected. CD spectra 

were expressed as the mean residue ellipticity (θMRE): 

θMRE = (θobs . Mw . 100) / (n . c . l) 

where θobs is the observed ellipticity in degrees, Mw is the protein molecular weight, n is number 

of residues, l is cell path length, c is protein concentration and the factor 100 originates from the 

conversion of the molecular weight to mg/dmol. 

 

Isothermal titration calorimetry 

Substrate to product conversion by the action of enzymes was carried out using VP-ITC 

isothermal titration microcalorimeter (MicroCal), by a single injection method. The substrate 1-

iodohexane was dissolved in 100 mM glycine buffer (pH 8.6) containing an appropriate molar 

volume of chloride salts and equilibrated at 37 °C in the sample cell (1.4 ml). The reaction was 

initiated by injecting of 10 µl of 0.5 mg/ml enzyme solution dialyzed overnight against the same 

solution as used for dissolving the substrate. Heat flow (µcal s
-1

) was recorded as a function of 

time. The reaction rate was calculated according to the Equation 1.  

                                                              dQ/dt = -∆HV d[S]/dt                                                      (1) 

In this equation, V is the volume of the sample cell, [S] is the substrate concentration and ΔH is 

the enthalpy of the conversion of substrate to product. This was determined experimentally by 
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titration of the substrate into the sample cell containing the enzyme. The evaluated rate of 

substrate depletion and corresponding substrate concentration were fitted by nonlinear regression 

to kinetic models by using software Origin 6.1 (OriginLab). 

 

Results and Discussion 

Computational 

After performing MD simulations, we first analyzed the stability of LinB wt in various 

salt solutions (0.5 M NaCl, KCl, RbCl, and CsCl) in terms of root mean square deviation from 

the crystal structure (RMSD), radius of gyration (Rg), and secondary structure elements. In all 

investigated systems these parameters showed that LinB wt structure does not deviate 

significantly from the initial crystal structure on the ~100 ns timescale (for details see SI).  

 In recent studies on different proteins,
14, 34

 we demonstrated the usefulness of mapping 

positions of highest occurrence of ions in terms of the spatial distribution function and to divide 

the protein surface into distinct functional areas, to which the ionic affinity is quantified in terms 

of proximal distribution functions and running coordination numbers. Similarly, the overall 

averaged preferences of cations for negatively charged carboxyl groups, backbone carbonyl 

groups, and the rest of the LinB wt surface were displayed in this study. Figure 2 demonstrates 

that sodium possesses the strongest interaction with the protein surface among the investigated 

alkali cations. Sodium binding to the sites placed all over the -10 e charged LinB wt surface 

strongly correlates with the distribution of negatively charged aspartate and glutamate residues. 

Keeping the same isolevel, we show in Figure 2 that the potassium, rubidium, and cesium cations 

interact at the same sites as sodium, albeit more weakly. The clouds of rubidium are slightly 

weaker than those of potassium and most of the cesium clouds are barely detectable at the same 
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isolevel. To further support the claim the equivalence of the cation-binding sites, the same spatial 

distribution function but with unequal isovalues, so that the clouds were roughly of the same 

size, were displayed (see Figure S1 in the Supporting Information (SI)). These spatial 

distribution functions capture graphically very well the inhomogeneous affinities of cations 

toward the LinB wt surface. However, due to the 3D nature of this variable only cuts at certain 

isolevels can be shown, presenting mainly qualitative behavior and changes. For a more 

quantitative evaluation of the cationic affinities to the enzyme surface, the proximal coordination 

numbers were evaluated. Within this analysis, each ion was at each snapshot assigned to the 

closest region at the protein surface. Results presented in Figure 3 show again that sodium binds 

the strongest to LinB wt and that its overall affinity gains mainly from the negatively charged 

carboxyl groups of aspartates and glutamates and, to lesser extent, also from the surface exposed 

carbonyl groups of the backbone and side chains of asparagine or glutamine. The remaining part 

of the surface did not exhibit much of ion affinity, nor specificity. The cation affinity to carboxyl 

and carbonyl groups decreased with the increasing size of the cation. Already potassium binds 

significantly weaker than sodium, while the difference between potassium and rubidium is only 

modest, with cesium distinctly exhibiting the smallest affinity for LinB wt. Finally, when 

compared to simulations of LinB with neutral H272 in the active site (see SI) the results are very 

similar, the magnitude of the cationic effects being only slightly heightened by the increase of 

the negative charge of the enzyme via deprotonating the histidine residue.  

Although the cation binding sites were found all around the LinB wt surface, the previous 

study on LinB points to the fact that changes in cationic affinities around the tunnel mouth 

should be the most important.
20

 Therefore, seven regions near the tunnel mouth where ions occur 

with enhanced probability were denoted as hotspots (Figure 4 and Table S2 in SI). Among the 
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identified hotspots, that labelled as S1 located right above the tunnel mouth was recognized as 

the most likely candidate to exhibit a significant effect on enzymatic activity. To explore and 

quantify the cationic affinities at this region into more detail we employed three complementary 

methods: (i) calculation of radial distribution functions (RDFs) to the S1-forming residues 

(Figure 5a), (ii) calculation of the proximal running coordination number from three Cα atoms 

that form corners of the tunnel mouth (Figure 6), and (iii) determination of the numbers of 

cations along the truncated-cone axis, which begins at the active site and protrudes along the 

tunnel towards the protein surface (Figure S6 in SI). The results essentially support the cationic 

ordering found for global cationic affinities, however, the coordination numbers (i.e., r
2
-weighted 

integrals of the RDFs) to the carboxyl group of D147 are rather similar for all four investigated 

cations (Table S5 in SI).  

To further analyze the cationic binding at the tunnel mouth, two single point mutants 

(LinB D147N and LinB L177D) and a double point mutant (LinB D147N-L177D) that differ in 

the charge at the hotspot S1 were examined. The calculation of RMSD, Rg, and secondary 

structure elements of all studied mutants confirmed their conformational stability in the presence 

of the investigated alkali chloride salts (Figures S8 to S10 in SI). The overall spatial distribution 

functions, the proximal running coordination numbers, and distribution functions for LinB 

mutants differ very little from those for LinB wt (Figures 2 and 3). Both D147N and L177D 

mutations are located at the tunnel mouth and affect only the cationic clouds located nearby. 

Figure 2b shows that the reduced charge at the tunnel mouth of LinB D147N led to 

disappearance of the corresponding cationic cloud right above the tunnel mouth (circled position 

in Figure 4), suggesting a vanishing affinity of all cations to this region (Figure 5b). All other 

cationic clouds remained at their original positions and were of the very same magnitude as for 
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the LinB wt. In contrast, the additional negative residue introduced to the tunnel mouth of LinB 

L177D caused an enhancement of the cationic cloud that disappeared during the previous 

mutation (Figure 2c). Interestingly, this cloud was more pronounced for larger alkali cations than 

sodium, implying that L177D mutation boosted cation affinity, albeit with a weaker cationic 

specificity (Figure 5c). In the case of the double mutant LinB D147N-L177D, that carries both 

above mutations, the mutation D147N was found to be more important than L177D, and thus 

they were not fully compensated locally (Figures 2d and 5d). At larger distances, however, the 

effects of these two mutations tend to compensate each other, as seen from G176 and Q146 

RDFs, explaining why the spatial distribution function copies that of the LinB wt.  

Due to the flexibility of the side chains, the numbers of cations within a spatially fixed 

region in the vicinity of the tunnel mouth, corresponding to the S1 hotspot were additionally 

counted (Figure 6). For LinB wt, Na
+
 binding was the strongest, that of Cs

+
 the weakest, while 

Rb
+
 and K

+
 signals were in-between, close to each other. As observed already from RDFs, 

mutations changing the charge at the tunnel mouth resulted in corresponding changes in the 

strengths of the cationic binding. Additionally, in accord with RDFs observation, ion-specificity 

is preserved for the D147N mutant, while it all but vanishes for the L177D mutant. Moreover, 

the numbers of cations within a truncated cone that starts in the LinB active side and protrudes 

toward the tunnel mouth were counted (Figure S6 in SI). This captures a very interesting feature, 

namely that in most cases cations can reach just the tunnel mouth (at the distance of 12 Å from 

the nucleophile D108 in the active site) although, in the case of L177D mutation, they can even 

penetrate into the tunnel and bind around the distance 6 Å, which is not far from the catalytic 

nucleophile D108. Upon the L177D mutation the tunnel is significantly less hydrophobic, which 

thus increases the probability of cation penetration into the active site. 
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Experimental  

In order to analyze the dependence of the LinB catalytic efficiency on the binding of 

cations to the hotspot S1, the steady-state kinetics of LinB wt and the mutants LinB D147N and 

LinB L177D was assayed in aqueous solutions containing 0.5 M of NaCl, KCl, RbCl, or CsCl. 

The studied single point mutants carry charge-changing mutation at the hotspot S1, resulting in 

different cation binding patterns at the tunnel mouth. Unfortunately, the double mutant LinB 

D147N-L177D could not be characterized experimentally, due to the low protein expression and 

therefore it is omitted from further analysis.  

Before kinetic analysis, we first checked the secondary structures of all studied enzymes 

in the presence of alkali chloride salts by circular dichroism spectroscopy to exclude structural 

changes that would affect enzyme kinetics. No obvious alterations in enzyme conformations 

were observed (for details see Figure S11 in SI). Conversion of the substrate 1-iodohexane to 1-

hexanol was then monitored using isothermal titration calorimetry. The kinetics data of LinB wt 

and LinB D147N were analyzed using a model describing cooperativity and partial substrate 

inhibition (Figure 7a and SI Figure S12).
35

 This type of inhibition results from the formation of a 

triple-substrate enzyme (ESSS) complex that can generate the product, yet with less efficiency 

than a double-substrate enzyme (ESS) complex.
36

 The partiality of LinB L177D substrate 

inhibition could not be determined due to the insufficient solubility of the substrate. Thus, all 

data for this mutant were fitted using an equation describing cooperativity and complete 

substrate inhibition (Figure 7b and SI Figure S12).
35

 Simpler mathematical models for enzyme 

kinetics have also been tested, however, they insufficiently fitted the collected experimental data 

(for details see Figure S13 in SI).  
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The determined steady-state kinetic parameters are presented in Table 1. The mutual 

comparison of all studied LinB variants revealed that even a point charge-changing substitution 

significantly altered the enzyme kinetics. It was shown that substrate inhibition, given by the 

substrate affinity to the ESS complex or low productivity of ESSS, decreases with increasing 

negative charge near the access tunnel mouth. According to the strength of substrate inhibition in 

glycine buffer, the studied enzymes can be ordered as follows: LinB D147N > LinB wt > LinB 

L177D. Moreover, the comparison of LinB L177D with LinB wt revealed a 3.4-fold decrease in 

the catalytic constant (Table 1). This result is in agreement with previous observation that a 

negatively charged residue introduced in the position 177 lowers the catalytic efficiency of 

LinB.
20

  

 The kinetic parameters of all studied enzymes obtained in the presence of alkali chloride 

salts were compared with those measured in the glycine buffer (100 mM, pH 8.6). The 

comparison revealed that the addition of alkali chloride salts did not significantly alter the 

catalytic constant (kcat), the substrate's affinity for the free enzyme (K0.5), or the cooperativity 

(nH) of any of the studied enzymes (Table 1). However, the kinetic constant describing the 

substrate inhibition of enzymes (Ksi) was changed in most of the cases, with the exception of 

LinB D147N. Addition of salts increased the Ksi values of LinB wt and LinB L177D up to 1.5 

and 4.5, respectively (Table 1). For the LinB wt enzyme, the highest increase of Ksi was 

observed in NaCl. The substrate inhibition for LinB L177D most significantly decreased in CsCl. 

Thus, these data indicate that substrate affinity to ESS complex is influenced to different extent 

by individual alkali chloride salts and that this effect becomes stronger with increasing negative 

charge in the tunnel mouth. As a consequence of reduced substrate inhibition, the reaction rate of 

LinB L177D was approximately 1.3 higher in the presence of chloride salts than in a pure 
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buffer (Figure 8). Moreover, the level of hyperbolic substrate inhibition (b value), which was 

observed for LinB wt and LinB D147N, was also salt-dependent (Table 1). In the case of LinB 

wt, the presence of NaCl and KCl led to a 3-fold decrease in the productivity of ESSS complex, 

whereas RbCl and CsCl reduced this productivity less than twice, resulting in a slight decrease of 

enzyme reaction rate (Figure 8). Analogously, the addition of alkali chloride salts to the reaction 

mixture of LinB D147N caused an entire unproductivity of ESSS complex changing the kinetic 

mechanism from partial to complete substrate inhibition. Nevertheless, in terms of influencing 

steady-state kinetic parameters of individual enzymes, a strong cationic specificity was not 

observed.  

 

Conclusions 

Our combined computational and experimental study of the effects of individual alkali 

cations on enzymatic activity allows molecular interpretation of the observed Hofmeister 

ordering. MD simulations provide converged distributions of the four investigated alkali cations 

around the whole protein. The binding sites for all alkali cations are the same but the strength of 

binding was different for individual ions. In agreement with our recent study on HIV protease,
15

 

smaller cations, in particular Na
+
, bind more strongly to negatively charged surface regions than 

the larger alkali cations. This result is also consistent with previous observations that interactions 

of alkali cations with the carboxyl and carbonyl groups at the protein surface correlate with their 

position in Hofmeister series, i.e., Na
+
 > K

+
 > Rb

+
 > Cs

+
.
37

 

Based on MD simulation results, two single point LinB mutants (LinB D147N and LinB 

L177D), exhibiting different cationic binding at the tunnel mouth, were constructed. The steady-

state kinetic analysis of all LinB variants with a substrate 1-iodohexane showed that the 
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enzymatic reaction did not follow a simple Michaelis-Menten kinetics. Instead, the velocity data 

had to be fitted by a more complex kinetic scheme, including also complexes of the enzyme with 

two or three substrate molecules. Interestingly, the population of unproductive ESSS complexes 

was enhanced when a negatively charged aspartate (D147) at the tunnel mouth was mutated to a 

neutral asparagine (N147), while the mutation of a nearby neutral leucine (L177) to an aspartate 

(D177) reduced the substrate binding to the ESS complex. This clearly implies involvement of 

the tunnel mouth in the binding of the third substrate molecule to the enzyme, leading to 

substrate inhibition. The assumption was further supported by the results of the kinetic 

measurement in the presence of inorganic salts, showing the cation-specific effect on the 

substrate inhibition of the studied LinB variants. In agreement with cationic affinities to the LinB 

wt tunnel mouth, both formation and productivity of ESSS complexes was inhibited more 

strongly by Na
+
 and K

+
 than Rb

+
 and Cs

+
. Importantly, this cation specific effect was modified 

by charge-changing mutations at the tunnel mouth, altering the cationic binding. The extent of 

the cationic influence on the formation of ESSS was decreased by introduction of neutral residue 

instead of negative one, and vice versa, increased by introduction of negatively charged residue, 

although with a weaker cationic specificity. It is important to note, that a lower cationic 

specificity was observed in this case not only experimentally, but also computationally. The 

substrate inhibition of the mutant LinB L177D in the presence of chloride salts was 

approximately seven times lower than that of LinB wt in the glycine buffer. Such suppression of 

substrate inhibition implies increased catalytic efficiency of the enzyme at high substrate 

concentration, which is required mainly in industrial biocatalytic processes.  

In conclusion, our integrated experimental and computational study attempts to 

rationalize how the specific cationic effects on LinB activity are connected with the attraction of 
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individual alkali cations to the enzyme tunnel mouth. The obtained results allow us to formulate 

the following conclusions: 

1. The effects of alkali cations on enzyme catalytic parameters were observable and 

specific, but relatively weak. This is likely due to the fact that the cations interact with the 

surface of the protein including the tunnel mouth, but do not penetrate directly inside the 

negatively charged active site. Therefore, cations cannot directly affect the residues involved in 

the catalytic activity. 

2.  The impact of point mutations at the tunnel mouth on cation-specific effects on 

enzymatic catalysis, together with mutation-induced changes in substrate-enzyme binding, affirm 

the significance of the tunnel residues, as has been previously proposed. Tunnels represent very 

important structural feature of HLDs, which plays a crucial role in both substrate binding and 

product release.
22

 Engineering of charges at the tunnel openings in combination with addition of 

salts to the reaction mixture is thus a potential strategy for removal of substrate inhibition at high 

substrate concentrations. 

3. Combination of the facts that the action of alkali cations is outside the active site and that 

a relatively complex kinetic scheme has to be invoked to fit the experimental data warns against 

oversimplified interpretations. The main observation of this work, the fact that cations affects 

enzyme activity by modulation of the substrate inhibition, opens up a possibility for future 

research; namely  the effect of cations on the catalysis of substrates lacking the substrate 

inhibition may be explored.
38
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Table 1: Steady-state kinetic parameters of LinB wt, LinB D147N and LinB L177D in buffer 

and the presence of 0.5 M chloride salts.
*
 

Enzyme Solution kcat (s
-1

) K0.5 (mM) nH Ksi (mM) b 

LinB wt 

Buffer 16.5 0.046 1.3 0.071 0.33 

0.5 M NaCl 16.9 0.050 1.4 0.107 0.10 

0.5 M KCl 16.8 0.047 1.3 0.103 0.12 

0.5 M RbCl 16.7 0.038 1.3 0.085 0.19 

0.5 M CsCl 17.0 0.038 1.3 0.081 0.18 

LinB D147N 

Buffer 16.9 0.040 1.3 0.035 0.02 

0.5 M NaCl 16.9 0.037 1.4 0.035 n.d. 

0.5 M KCl 17.1 0.038 1.4 0.034 n.d. 

0.5 M RbCl 16.7 0.039 1.4 0.039 n.d. 

0.5 M CsCl 17.1 0.038 1.5 0.035 n.d. 

LinB L177D 

Buffer 4.8 0.038 1.3 0.134 n.d. 

0.5 M NaCl 4.0 0.032 1.4 0.474 n.d. 

0.5 M KCl 4.3 0.036 1.3 0.480 n.d. 

0.5 M RbCl 4.4 0.037 1.3 0.443 n.d. 

0.5 M CsCl 4.0 0.032 1.2 0.603 n.d. 

kcat - catalytic constant, kcat = Vlim/[E]; K0.5 - concentration of substrate at half maximal velocity; 

Ksi - substrate inhibition constant; nH - Hill coefficient; b - degree of partial inhibition; n.d. – not 

detected; 
*
All measurements were performed in triplicates at pH 8.6 and 37 °C. All parameters 

had standard errors of less than 10%. Steady-state kinetic parameters were calculated by using 

the equation describing cooperativity and partial substrate inhibition (Eq. 2) and the equation 

describing cooperativity and complete substrate inhibition (Eq. 3). 
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Figure and scheme captions: 

 

Figure 1: A general scheme of the reaction mechanism of haloalkane dehalogeneses. 

 

Figure 2: The spatial distribution function of alkali cations (color coding: Na
+
 green, K

+
 blue, 

Rb
+
 brown, and Cs

+
 pink) around the protein surface. The black bordering-line separates (A) 

LinB wt, (B) LinB D147N, (C) LinB L177D and (D) LinB D147N-L177D. The probability 

clouds are shown at the level of 5-times the average bulk cation density. The enzyme is oriented 

such that the tunnel mouth is situated in the middle of the picture (red circled). 

 

Figure 3: The proximal running coordination numbers (full line, right axis) and their derivatives, 

distribution functions, (dashed line, left axis) of cations from the protein surface, which is further 

divided into carboxyl groups, carbonyl groups and the rest, The black bordering-line separates 

(A) LinB wt, (B) LinB D147N, (C) LinB L177D and (D) LinB D147N-L177D. 

 

Figure 4: Visualization of the tunnel mouth in LinB wt as mapped by Na
+
 funnel-like spatial 

density distribution in the hot-spot S1 (red circled in the central picture). The most occupied 

regions (transparent black clouds) in the close vicinity of the tunnel mount are visualized in the 

central LinB figure. The hot-spot regions S1-S7 are magnified around. 

 

Figure 5: Radial distribution functions (RDFS) of cations to the S1 hot-spot region, formed by 

G176, D147 and Q146 residues. The black bordering-line separates (A) LinB wt, (B) LinB 

D147N, (C) LinB L177D and (D) LinB D147N-L177D. When the mutation L177D was present, 

we added the RDFS to the new carboxyl group at the tunnel mouth (plots for two D177 carboxyl 

oxygens). 

 

Figure 6: Running coordination number of cations to the tunnel mouth for LinB wt, LinB 

D147N, LinB L177D and LinB D147N-L177D. The region in which the spatial density is 

integrated (for 8 Å from the corner opaque-blue points) is visualized in transparent blue on the 

right for (A) top and (B) for side view. 
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Figure 7: The proposed kinetic models explaining the experimental data. (A) Model including 

cooperativity and partial substrate inhibition. (B) Model including cooperativity and complete 

substrate inhibition.
35

 Red arrows depict the reaction steps affected by inorganic salts. 

 

Figure 8: The relative reaction rates of LinB wt, LinB D147N and LinB L177D expressed as a 

percentage of the reaction rate in glycine buffer (pH 8.6, 37 °C) determined at substrate 

concentration 0.15 mM. The reaction rate of LinB wt, LinB D147N and LinB L177D in glycine 

buffer was 8.4 mM s
-1

, 3.4 mM s
-1

 and 2.1 mM s
-1

, respectively. 
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