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Abstract

:

The effect of initial water activity of MTBE (methyl tert-butyl ether) medium on CALB (Candida antarctica lipase B) catalyzed esterification reaction is investigated using experimental methods and classical molecular dynamics (MD) simulations. The experimental kinetic studies show that the initial reaction rate of CALB-catalyzed esterification reaction between butyric acid and ethanol decreases with increasing initial water activity of the medium. The highest rate of esterification is observed at the lowest water activity studied. MD simulations were performed to gain a molecular insight on the effect of initial water activity on the rate of CALB-catalyzed reaction. Our results show that hydration has an insignificant effect on the structure and flexibility of CALB. Rather, it appears that water molecules bind to certain regions (“hot spots”) on the CALB surface and form clusters. The size of the water clusters at these hot spot regions gradually increase and expand with increasing water activity. Consequently, the surface area of CALB covered by the water molecules also increases. Specifically, our results indicate that a particular water cluster located close to the active site partially cover the binding pocket of substrate at high water activity. As a consequence, the effective concentration of substrate at the catalytic site decreases. Therefore, the reaction rate slows down with increasing water activity, which correlates well with the observed decrease in the experimentally determined initial reaction rate.
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1. Introduction


Organic solvents are nowadays broadly used as a reaction medium for enzyme-catalyzed reactions due to several well-documented advantages such as increasing thermostability of enzymes, limiting side reactions with water, eliminating microbial contamination and shifting the thermodynamic equilibrium in favor of synthesis over hydrolysis [1,2,3,4]. Nevertheless, for some time it has been recognized that the water content of the medium significantly influences the enzyme activity in a non-aqueous medium. Water molecules act as a lubricant for the protein in a non-aqueous medium. Dry enzymes are usually very rigid and addition of a small amount of water (molecules which are mostly associated with the enzyme surface due to limited miscibility with the organic solvent) increases the flexibility of the enzyme in low dielectric solvents. While high water content in the organic medium has generally a decremental effect on enzyme activity. In this way, there exists a delicate balance between having the necessary amount of water to ensure protein flexibility and an excess of water that might lead to conformational changes of the protein resulting negatively affect enzyme activity [5,6].



Several studies have shown that the precise optimal water activity (aw) corresponding to the highest enzyme activity depends on several factors such as enzyme structure, reaction medium, type of enzyme-catalyzed reaction and enzyme formulation. Valivety and co-workers found that lipases with a high degree of sequence homology showed similar activity at a given aw [7]. The optimal water activity for esterification reactions of lipases from Candida rugosa and Candida antarctica in hexane medium (0.53 and 0.75; respectively) differs due to the structural differences between these two enzymes [8]. Hydrolysis of lutein diesters catalyzed by lipase B from Candida antarctica (CALB) and lipase from Mucor miehei is favored at low water activity (<0.2) due to the accumulation of water molecules at the enzyme surface which is independent of the nature of solvent considered in the study(isooctane, toluene, supercritical CO2) [9]. The role of water molecules becomes crucial for the hydrolysis at high water activity, where water molecules adsorbed to the protein surface create hydrophilic microenvironments, which prevent the diffusion of substrate (i.e. ester) molecules to the catalyst resulting in a decrease in enzyme activity [9]. For example, Watanabe and co-workers showed that the equilibrium conversion for the CALB-catalyzed condensation of mannose and lauric acid in four different organic solvents (acetonitrile, acetone, 2-methyl-2-propanol, 2-methyl-2butanol) is higher at lower initial water content [10]. Likewise, the initial reaction rate of the CALB-catalyzed fructose palmitate synthesis decreases with increasing aw in 2-methyl 2-butanol [11]. Since one of the products of condensation is water, according to Le Chatelier’s principle, there may be an increase in hydrolysis of acyl-enzyme complex at high water activity, which results in a decrease of ester synthesis [10]. Similarly, the initial rate of a CALB-catalyzed transesterification reaction is maximum when the water activity is lower than 0.1 in 2-methyl-2-butanol [12]. Although it appears that low water activity is required to ensure a relatively high initial rate, there exist exceptions. For instance, the yield of mono-laurate ester catalyzed by the CALB-displaying Pichia pastoris whole-cell biocatalyst is favored at low water activity, while the trend is different for di-ester synthesis [13].



The interplay between water activity and initial rate becomes even more complex when considering different enzyme formulations. For instance, Secundo and coworkers [14] studied the transesterification reaction of vinylacetate and 1-octanol in toluene, carbon tetrachloride and 1,4-dioxane using different formulations of CALB. The authors compared soluble CALB, CALB lyophilized with either polyethylene glycol or oleic acid and Novozyme 435 (CALB immobilized on acrylic resin). The authors showed that for soluble CALB, the transesterification activity increases with increasing aw, whereas the transesterification activity of the lyophilized CALBs and Novozyme 435 decrease with increasing water activity [14]. Even though there is a vast amount of experimental data, the molecular interpretation of the effects of initial aw of the organic medium on enzyme-catalyzed reactions is limited and therefore it is still a topic of ongoing debate.



The current study is motivated by our previous work, where we have investigated the structure and activity of CALB in different organic media: hexane (HEX), methyl tert-butyl ether (MTBE), tert-butyl alcohol (TBU) and acetonitrile (ACN) at a fixed initial aw of 0.5 [15]. We considered the model enzymatic reaction of the ethyl butyrate synthesis from butyric acid and ethanol [16,17] using a complementary approach that combined experimental and molecular dynamics (MD) simulations. This study provided us with the framework of the current investigation, since we could identify a key parameter from simulations and successfully correlate the enzymatic activity with the free energy of binding of substrate/solvent molecules in the active site of CALB. The focus of the study was to explore the effect of physicochemical properties of solvent on the CALB-catalyzed reaction. The results showed that solvent molecules can act as inhibitors. In particular, TBU as a hydrogen donor/acceptor is prone to bind strongly to the CALB active site and consequently the enzymatic activity decreases. While HEX and MTBE do not bind in the active site of enzyme, the enzyme acts more efficiently in these solvents. However, as discussed above, enzyme activity in a particular organic solvent depends on several factors including water content in the organic medium. Therefore, to address this point, we present here results that provide a molecular insight how initial water activity of MTBE (extensively used in the industry) affects the catalytic activity of CALB employing an interdisciplinary approach that combines experimental techniques and MD simulations.




2. Results and Discussion


The current student focusses on the esterification reaction between ethanol and butyric acid catalyzed by CALB. The reactions were performed in MTBE at different fixed initial water activities. Particularly, we were interested in obtaining a molecular understanding of the interplay between initial water activity and initial rate of the CALB-catalyzed esterification reaction. To achieve this goal, we chose an interdisciplinary approach that combines expertise in enzyme kinetics and biophysics. Experiments were performed to determine the specific activities, and MD simulations were carried out to study structural properties of CALB and adsorption behavior of water and substrate molecules to the enzyme surface at different physicochemical conditions.



2.1. Experimental Results


The synthesis of ethyl butyrate was investigated as a model reaction system using immobilized CALB (Novozyme 435) in MTBE at different water activities. In a series of experiments, we measured the initial reaction rate of the esterification at initial controlled water activities from 0.1 up to 0.9 and determined the specific activity from the measured initial reaction rate by dividing the rate by the amount of catalyst used. As one of the products of esterification reaction is water, aw of the medium during the reaction increases. To allow for a fixed reference of the water activity, we have reported the dependency of initial reaction rate on the initial aw of the medium. The results shown in Figure 1 and listed in Table 1, exhibit that the catalytic activity gradually decreases with increasing initial aw of the organic medium. Since one of the products is water, according to Le Chatelier’s principle, we reasoned that at higher water activity the equilibrium of the reaction will shift towards the hydrolysis (to adjust the effect of change in water activity), and the observed conversion to ester will be lower. However, the decline in the initial reaction rate with increasing water activity cannot be explained by the Le Chatelier’s principle since it predicts changes in concentrations when an equilibrium is disturbed by changing the reaction conditions, which relates to the yield of the reaction.



Rather, the decrease in initial reaction rate might be explained by other factors such as structural changes to CALB in the presence of water molecules, binding of water molecules on the CALB surface (CALBsurface) and/or diffusional limitations of substrate molecules to the active site region of CALB. Such arguments are based on previous reports, where for example, the hydration has a noticeable effect on the stability and flexibility of ubiquitin and cutinase in a non-aqueous medium [5]. At an optimal water activity, the protein structure becomes more native-like which in turn can explain the experimentally observed bell-shaped dependence of the enzymatic rate with varying water activity. Additionally, the optimal water activity also provides the conditions for the stabilization of one enantiomer over another to maximize the enantioselectivity of the enzyme [18]. The water molecules can form large clusters and bind to certain preferred sites or regions on the enzyme surface [19]. Alternatively, the water molecules can form a monolayer surrounding the biocatalyst particles that can prevent substrate molecules from coming into close contact with the enzyme, resulting in low enzymatic activity [9]. To understand the present scenario at a molecular level, we carried out MD simulations, and the results are described in the section below.




2.2. Computational Results


2.2.1. Structure


Figure 2a shows the time averaged root mean square deviation (RMSD) of all heavy atoms of CALB with respect to the crystal structure at different water activities. The RMSD data are below ~1.4 Å for all water percentages and slightly decreases (by ~0.3 Å) with increasing water activity of the MTBE medium. This implies that the overall structure of CALB is stable throughout the simulations and maintained over the entire range of water activities. The variation in RMSD is not statistically significant. To further investigate the structural changes of CALB due to change in water activity of the medium, we have analyzed the radius of gyration (Rg) and the hydrophilic and hydrophobic solvent accessible surface area (SASA) for CALB. Rg shows a much smaller variation at different water activities (Figure 2b). The change in hydrophilic and hydrophobic surface area of CALB (Figure 2c) with increasing water activity is statistically insignificant, implying that the water activity has minimal effect on the surface characteristics of CALB.



In view of the RMSD and Rg data, the global CALB structure does not change significantly with increasing water content in the MTBE medium. This observation (that CALB is stable at different water activities of MTBE medium) is comparable with our previous results showing that the overall CALB structure is stable in: HEX, MTBE, ACN, TBU [15]. The present results indicate that there must be other factors affecting the activity of CALB in MTBE at different water activities that could explain the experimental observations. Consequently, we have examined the behavior of water molecules on CALBsurface and investigated how water molecules interact with CALB at different water activities.




2.2.2. Hydration Level


In order to gain an insight into the behavior of water molecules in the first hydration shell of CALB, we have analyzed the hydration level of CALB at different water activities. The results are shown in Figure 3. Water molecules, whose O atoms are within 3.5 Å and 6 Å of any heavy atom of CALB, are considered to be part of the first and second hydration shell, respectively. These distances correspond to the first and second minimum of the radial distribution function for water molecules around a protein [20]. The number of water molecule(s) in the hydration shell defines the hydration level. Figure 3 shows first a rapid increase in the first hydration level with increasing water activity (up to aw = 0.35) which is followed by a less pronounced increase than observed for aw < 0.35. The result implies that at low water activity most of the water molecules are located in the first hydration shell around CALBsurface. As the water activity of the organic medium increases, the number of water molecules being part of the first hydration shell increases, and the hydration level reaches a saturation point at high water activity. Analysis of the number of water molecules in the second hydration shell shows that most of the water molecules in the system are present in the first and second hydration shells of CALB reflecting the accumulation of water molecules at the protein surface. This results in the formation of clusters of water molecules spanning eventually the first and second hydration shells of CALB a high water activity. Although the analysis of the hydration level provides a first glance of the hydration process, a molecular level understanding of the arrangement and localization of water molecules on CALBsurface are still missing. This will be addressed in the following.



Figure 4a–e shows the average spatial distribution of water molecules on CALBsurface at different water activities. For each system, the localization of water molecules on CALBsurface was obtained by averaging the water occupancy over the last 10 ns of simulations. The spatial distribution map of water molecules indicates an important point that the water molecules have some preferred binding sites at CALBsurface, which is independent of the water activity. This region will be referred to as “hot spot” region in the following discussion. A few such preferred hot spot regions are shown by arrows in Figure 4a–e. Indeed, one can easily understand, by comparing the spatial distribution map of water at different water activities, that at low aw, most of the water molecules present in the system are found on CALBsurface and with increasing water activity, the hot spot regions gradually expand (clearly seen from Figure 4, where the blue area gradually increases). Interestingly, at no point, there is evidence of a complete water monolayer covering CALBsurface. Rather, there are few regions on CALBsurface where the water occupancy is zero even at high water percentage as shown in Figure S1 (Supplementary Materials). This clearly indicates that solvent molecules cover these regions of the CALB surface. This observation is in good agreement with previous studies by Pleiss and co-workers. The authors identified six regions (α-helices α2, α5, α8, α10 and β-strands β1 and β4) of high hydrophobicity that can function as putative membrane interaction sites (studies based on a water-substrate interface system [21]) and three water binding sites at CALBsurface (studies based on water-organic solvent binary mixtures [22]). Our study shows that even at high water activity, these six hydrophobic regions are not covered by water molecules and that the hot spot regions on CALBsurface identified here are comparable with the water binding sites suggested by Kulschewski and Pleiss [22].



In order to specify the hot spot regions at CALBsurface, we have calculated the average number of bound water molecule(s) (nw) for each residue at different water activities. The magnitude of nw reflects the affinity of water molecules to that hot spot region. We found several residues with high nw which indicates multiple water binding sites on CALBsurface (Figure 5). Lys98 (loop 5) and Arg238 (α9) are two such residues with relatively high nw values which signifies that water molecules have a high affinity to the corresponding hot spot regions (hereafter named region I and II, respectively). These two residues located at CALBsurface are distal from the active site pocket (Figure 5). Four more residues are identified as high affinity water binding sites which are part of two hot spot regions near the entrance to the active site pocket; hot spot region III (residue Glu188 (loop 11) and Asp223 (α9)) and hot spot region IV (residue Asp145 (α5) and Lys308 (loop 14)). A few other hot spot regions with high affinity are found near the C-terminal and N-terminal regions of CALB. At high water activity, water molecules form an elaborated or elongated hydrogen bond network that connects water molecules that belong to two different nearby hot spot regions. The number of hot spot regions is independent of the water activity of the medium, and the only difference is the number of water molecules bound in each hot spot region. As the water activity increases, the number of water molecules bound to each hot spot region increases, which is expected from the hydration level analysis (further explained in detail below). However, a common feature is observed for all hot spot regions: each hot spot region is comprised of at least one charged residue (such as negatively charged Glu and/or Asp or positively charged Arg and/or Lys). Water molecules are attracted by the local electrostatic field created by these charged residues, promoting hydrogen bond formation between water molecules and these residues.



We observe that water molecules usually form clusters at the hot spot regions and interact with a group of residues. At low water activity, the hot spot regions are occupied by only a few strongly bound water molecules (low nw) that were also present in the crystal structure. These water molecules maintained their position throughout the entire simulations. The number of water molecules in each cluster gradually increases with increasing water activity of the medium, and for the larger clusters, water molecules undergo rapid exchange with water molecules in the organic medium. However, the time averaged nw value confirms the existence or residence of water clusters on CALBsurface. The cluster formation is described in more detail below for the four regions starting with the hot spot region III, which is the one that is located near to the active site pocket of CALB. At low water activity, only one water molecule is found near the entrance of the active site pocket, and it forms hydrogen bonds with two negatively charged residues Glu188 (loop 11) and Asp223 (α9). These two negatively charged residues point outwards from CALBsurface interact relatively strongly with the water molecule and consequently hold this water molecule tightly in this location. This is shown in Figure 6a. As the water activity increases, additional water molecules bind in the local electrostatic field created by these two residues. Consequently, as shown in Figure 6a–c, the number of water molecules in the hot spot region III increases, as also seen by the increase in the hydration level (Figure 3). In other words, the number of water molecules on CALBsurface gradually increases with increasing water activity. In addition to Glu188 and Asp223, other residues such as Ala275, Ala276, Leu278 also form hydrogen bonds with water molecules via their polar backbone atoms. This set of residues creates a hydrophilic environment (or hydration site) near the active site of CALB, which attracts water molecules to be bound to the hot spot region via hydrogen bond interactions. This is further shown in Figure 7a,b. Similar patterns are seen for the other regions, which are briefly discussed in the following. In hot spot region IV, first water molecules (at low water activity) interact with the negatively charged Asp145 and positively charged Lys308 (Figure S2, Supplementary Materials). As the water cluster size increases (with increasing water activity), other surrounding residues such as Thr159, Glu294, Arg309, Thr158, Gly160 interact with water molecules in the water cluster (Figure S2, Supplementary Materials). Water molecules at hot spot region II near the residue Arg238 (high nw) form hydrogen bond with Arg238 and Asp257/Asp265 at low water activity (Figure S3, Supplementary Materials). As the water activity increases, other residues such as Gln58, Gln231, Arg242, Asp252, Asn264 interact with the additional water molecules bound to that hot spot region (Figure S3, Supplementary Materials). In case of hot spot region I, the side chain of Lys98 is facing towards CALBsurface and proximal to the side chain of Asp126 as well as the backbone of Ser123 (Figure S4, Supplementary Materials). The water molecules in the binding site are anchored by hydrogen bond interactions with the positively charged amino group of Lys98 and side chain of Asp126 and backbone of Ser123 (Figure S4, Supplementary Materials).



The results show that with increasing water activity, the size of the water cluster on CALBsurface gradually increases, and the hot spot regions gradually expand. As a result, the surface area of CALB covered by water molecules also increases. This is confirmed by the analysis of water accessible surface area (WASA) and MTBE accessible surface area (MASA) of CALB. The analysis shows that WASA gradually increases (as shown in Figure 8a) and MASA decreases with increasing water activity (data not shown). Accumulation of water molecules at the hot spot region III is of particular interest since the region is located near the active site pocket and therefore can interfere with the binding of substrate molecules at high water activity. This is seen from Figure 6 and Figure 7. Figure 6 shows that the size of the water cluster at the hot spot region III increases with increasing water activity and eventually at high water activity interferes with the binding of ethanol to the active site. This consequently reduces the probability of substrate molecules reaching the active site. In other words, the effective substrate concentrations are reduced at the active site, which correlates well with the experimentally observed decrease in specific activities with increasing aw (Figure 1 and Figure 8a).



To understand the behavior of the substrate molecules at different water activities, we have performed additional simulations where we placed 12 substrate molecules (6 ethanol and 6 butyric acid) randomly on CALBsurface for the CALB/MTBE system at different water activities. The number of substrate molecules corresponds to the experimental concentration of ethanol and butyric acid. Simulations were carried out for 5 ns, which is sufficient for the equilibration of these systems as shown previously [15]. The average number of substrate molecules (ethanol and butyric acid) on CALBsurface was calculated based on the last 1 ns of the simulations. The results are shown in Figure 8b. The number of substrate molecules on CALBsurface gradually decreases as the water activity in the organic medium increases. As the number of substrate molecules on CALBsurface is relatively low at high water activity, the probability of substrate molecules entering into the active site is reduced at high water activity, which correlates well with the experimental observation that the enzymatic activity of CALB decreases with increasing aw.






3. Methods


3.1. Experimental Procedures


3.1.1. Materials


Immobilized Lipase B from Candida antarctica (Novozyme 435) provided by Novozymes A/S (Bagsvaerd, Denmark) was used in the present work. Butyric acid, ethanol, ethyl butyrate, lithium chloride (LiCl), potassium acetate (CH3COOK), magnesium chloride (MgCl2), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), potassium sulfate (K2SO4) and MTBE were bought from Sigma-Aldrich GmbH (Steinheim, Germany).




3.1.2. Esterification Reactions


To set aw, the reaction medium and immobilized enzyme were pre-equilibrated (in separate containers) overnight with the water vapor of saturated aqueous salt solutions. The salts used for the equilibrations were LiCl (aw = 0.12), CH3COOK (aw = 0.23), MgCl2 (aw = 0.33), Mg(NO3)2·6H2O (aw = 0.53) and K2SO4 (aw = 0.97) [23]. The reaction was started by mixing pre-equilibrated enzyme phase (approximately 10 mg) and organic phase (containing MTBE and reactants) in 4 mL vial. The initial butyric acid and ethanol concentration were 25 mM. Reactions were carried out at in a thermo-shaker at 30 °C and 800 rpm with a working volume of 3 mL. For GC analysis 100 µL samples were withdrawn at regular time intervals (1 min) from the reaction mixture. Two independent sets of experiments were performed for each water activity.




3.1.3. GC Analysis


The Perkin Elmer Clarus 600 GC-FID instrument supplied with a split injector (Skovlunde, Denmark) was used to monitor the amount of ester produced. The samples were injected to a Nukol™ (Sigma-Aldrich) column (15 m length, 0.31 mm i.d., 0.25 µm df) at 200 °C with a split ratio of 1:50. Helium was used as the carrier gas at a flow rate of 0.75 mL/min. Column temperature was set to 50 °C for initial 5 min. The temperature was increased by 50 °C at a rate of 25 °C/min and maintained for 2 min. Finally, the temperature was increased from 100 °C to 175 °C at a rate of 25 °C/min and maintained for 2 min at the final temperature. The detector temperature was maintained at 260 °C.




3.1.4. Kinetic Parameters Estimation


The amount of ester produced was plotted against the reaction time, and the initial reaction rates for the esterification reaction where the conversions were below 10% were determined from the slope of the plot (amount of product produced vs. time) by linear regression. The initial reaction rate (mM·min−1) was divided by the catalyst amount to obtain the specific activity (mmol·min−1·gm−1) (i.e., initial reaction rate/amount of catalyst).





3.2. Molecular Dynamics Simulations


To understand the effect of water activity on the CALB-catalyzed esterification reaction at a molecular level, we have carried out molecular dynamics simulations of CALB at different water activity in MTBE as solvent.



3.2.1. Structure


The crystal structure of CALB (PDB ID: 1TCA) [24] was used as the starting structure for all simulations. The enzyme consists of 317 amino acids forming seven central β-sheets surrounded by ten α-helices. Ser105-His224-Asp187 catalytic triad is located at the bottom of the active site cavity (12 Å depth). The active site is accessible to solvent through a narrow channel of approximately 10 Å × 4 Å width. The protonation state of the ionizable residues was assigned as described previously [15].




3.2.2. System Setup


We have performed several simulations of CALB solvated in MTBE and hydrated with varying numbers of water molecules as listed in Table 1. The systems were prepared as follows: CALB including crystallographic water molecules (286 molecules) was solvated applying the SOLVATE plug-in of VMD. From this solvated system, different numbers of water molecules were selected based on their distance to CALBsurface to achieve different water mole fractions. Water molecules beyond this distance were deleted from the solvated system. These different systems (CALB at various water mole fraction) were placed in a pre-equilibrated solvent cell of MTBE (74 Å × 74 Å × 74 Å), and MTBE molecules within 3 Å of CALB were removed following the procedure described previously [15].




3.2.3. Simulations


Simulations were performed with the NAMD 2.9 software [25] using the CHARMM27 force field [26,27] and the CHARMM35 [28] ether force field for CALB and MTBE, respectively. For the water molecules, the TIP3P model [29] with flexible bonds was used. Atomic RESP point charges for MTBE were computed using the R.E.D. package [30]. The conjugate gradient method was applied to initial configurations for energy minimization, which was followed by 30 ns isothermal-isobaric ensemble simulations at 298K and 1 atm. The first 10 ns of the trajectory were used for equilibration, and the remaining part of the trajectory was used for analysis. The Langevin thermostat and Langevin piston (period of 200 fs with a decay constant of 500 fs) were implemented to control the temperature and pressure, respectively. The damping constant was set to 5 ps−1. The short-range Lennard-Jones potential was evaluated using a 12 Å cutoff in combination with a switching function starting at 10 Å ensuring that the potential smoothly approaches zero at 12 Å. The particle mesh Ewald summation method with a grid spacing of 1 Å was employed to evaluate long-range electrostatic forces every 2 fs. Non-bonded forces were determined using a pair list with a maximum radius of 14 Å. The velocity Verlet algorithm was employed to integrate the equation of motion. The time step used was 1 fs. Periodic boundary conditions were employed in all three Cartesian coordinate directions.




3.2.4. Water activity Calculation


It is challenging to calculate the thermodynamic activity of water in a binary mixture; water/organic solvent. The water activity is expressed by aw = γw(xw)·xw, where γw(xw) refers to the activity coefficient of water in a binary mixture at the water mole fraction xw. In the present study, the bulk xw for all studied MTBE/water systems are less than 0.02 (Table 1) and therefore, γw(xw) is approximated by the water activity coefficient at infinite dilution     γ w ∞    ; as this approach has been successfully used previously [31]. The alchemical free energy perturbation approach [32] is used to determine     γ w ∞    . The thermodynamic activity can be expressed in terms of the difference in chemical potential of the pure state (    μ w °    ) and of a mixture (    μ w    ) as follows:


    k b  · T · ln  x w  ·  γ w  =  μ w  −  μ w °    



(1)




Using Widom’s expression [33] for the chemical potential, Equation (1) becomes:


    k b  · T · ln  x w  ·  γ w  = ∆  G solv  − ∆  G water  +  k b  · T · ln    ρ w     ρ w °      



(2)




where     k b    , T,     ρ w     and     ρ w °     refer to Boltzmann constant, absolute temperature, molar water density in the mixture and molar water density of pure water, respectively. In the limit as     x w  → 0   , Equation (2) becomes:


   ln  γ w ∞  =   ∆  G  solv   − ∆  G  water      k b  · T   + ln    ρ  solv  °     ρ w °      



(3)




where     ρ  solv  °     denotes the molar density of pure organic solvent.    ∆  G  solv      and    ∆  G  water      describe the energy cost for introducing a single water molecule in organic solvent and in water, respectively. To estimate    ∆  G  solv      and    ∆  G  water     , a single water molecule is built in a pure solvent box of MTBE containing 512 molecules and in a pure water box containing 258 molecules, respectively. Prior to the free energy calculation, the system is minimized and equilibrated for 500 ps. The free energy difference between the two states is calculated by defining a new function for the potential energy in terms of the interaction parameter λ. The potential energy is varied as a function of λ from one state (λ = 0) to another state (λ = 1) with increments of δλ equal to 0.0625. The electrostatic interactions involving the outgoing atoms are gradually decoupled as λ changes from 0 to 0.5, and the van der Waals interactions are decoupled as λ changes from 0 to 1 using soft core scaling [34] with a shift parameter of 5 Å2. At each λ value, the system is equilibrated for 10 ps. The production run is performed for 400 ps. The calculated    ∆  G  water      = −6.98 ± 0.07 kcal/mol compares well with    ∆  G  water      calculated by Goncalves et al. [35]. The authors reported a value of −6.7 ± 0.3 kcal/mol by considering the solvation free energy as a combination of creation of a volume for the solvent around the solute and electrostatic and van der Waal interactions between solvent and solute [35].



Water molecules located near a protein surface exhibit different properties than water molecules in a pure bulk phase. These water molecules are often classified as bound water (located closely to the protein surface) and free water (in the bulk phase). In order to calculate the bulk water mole fraction, xw, the simulation cell was divided into two regions: “bulk” and “protein vicinity” region. These two regions are separated by an imaginary boundary with distance Rbound. A water or organic solvent molecule was classified to be in the bulk region when the distance of the oxygen atom of that water molecule or the tertiary carbon atom of that MTBE molecule to the nearest non-hydrogen atom of CALB is greater than Rbound otherwise the molecules were considered to be in the protein vicinity region. To determine Rbound, the average fraction of water molecules to the protein surface (xw(r)) was calculated using the following relation:


    x w   ( r )  =    <   N w   ( r )   >     <   N w   ( r )   >  +  <   N s   ( r )   >      








Nw(r) and Ns(r) refer to the number of water and MTBE molecules, respectively, that are a distance between r − 0.25 Å and r + 0.25 Å away from the protein surface. < ... > denotes time average. xw(r) varies as a function of r and approaches a fairly constant value as r increases (Figure 9). The region, where the variation of xw(r) as a function of r is small (<0.001), is considered to be bulk region, and the corresponding smallest value of r defines Rbound, which is used to evaluate the bulk xw.






4. Conclusions


The present study provides insight into the effect of initial water activity of organic medium on the catalytic activity of CALB at a molecular level. The results show that water clustering on CALBsurface plays an important role that affects the catalytic activity of CALB. For the esterification reaction between butyric acid and ethanol in MTBE, the activity of CALB decreases with increasing aw of the organic medium. The results show further that water molecules have preferred binding sites at CALBsurface (“hot spot”). As the water activity of MTBE increases, more water molecules bind to the hot spot regions, which gradually expand. Consequently, the number of substrate molecules approaching the catalytic site of CALB decreases due to an expansion of the water hot spot regions close to the active site. In other words, the increase in the size of the water clusters at the hot spot region limits the diffusion of substrate molecules to the active site of CALB, which in turn results in a decrease in the enzymatic activity with increasing water activity as confirmed by the experimentally determined initial rates.








Supplementary Materials


The following are available online at www.mdpi.com/2073-4344/7/8/227/s1, Figure S1. The spatial distribution of water occupancy at CALBsurface in MTBE at high water percentage (16.62%) averaged over the last 10 ns of simulation. The contours are shown for the isovalue 0.5. The enzyme is shown as a surface representation and colored white; the active site residue, Ser105, is shown in red, and the spatial distribution of water molecules are shown in blue. In order to give a complete view of the surface, two sides (front and back sides) of the enzyme are shown, Figure S2: Selected part of the hydrogen-bonding network of the hot spot region IV located close to the active site pocket of CALB at water activities (a) 0.18 and (b) 0.54. The network gradually increases with increasing water activity. At low water activity, there are two water molecules, while with increasing water activity more water molecules bind to that hot spot region leading to an increase in cluster size, Figure S3: Selected part of the hydrogen-bonding network of the hot spot region II distal from the active site pocket of CALB at water activities (a) 0.18 and (b) 0.54. The network gradually increases with increasing water activity. At low water activity, there are relatively few water molecules, while with increasing water activity more water molecules bind to that hot spot region leading to an increase in cluster size, Figure S4: The hydrogen-bonding network of the hot spot region I of CALB at water activity 0.54.
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Figure 1. Average specific activity (mM·min−1·mg−1) for the esterification reaction catalyzed by Candida antarctica lipase B in MTBE as a function of initial water activity, aw, of the medium obtained from two sets of independent experiments. 
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Figure 2. Analyses of the structural properties of CALB in MTBE at different water activities. (a) Time-averaged root mean square deviation (RMSD) of CALB with respect to the crystal structure, (b) radius of gyration (Rg) of CALB and (c) hydrophilic and hydrophobic solvent accessible surface areas (SASAs) of CALB in MTBE as a function of water activity, aw. Mean values and standard deviations (error bars) were calculated from the last 10 ns of each simulation performed at a given water activity, aw (Table 1). 
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Figure 3. First and second hydration levels of CALB in MTBE as a function of water activity. Mean values and standard deviations (error bars) were calculated from the last 10 ns of each simulation performed at a given water activity, aw (Table 1). 
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Figure 4. The spatial distribution of water occupancy at CALBsurface calculated for the CALB/MTBE systems at water activities of (a) 0.18; (b) 0.26; (c) 0.33; (d) 0.47 and (e) 0.54 averaged over the last 10 ns of each simulation. The contours are shown for the isovalue 0.4. The enzyme is shown as carton representation and colored white. The active site residue, Ser105, is shown in red, and the spatial distribution of water molecules are shown in blue. Few preferred water binding sites (“hot spot regions”) on CALBsurface are highlighted by an arrow at the different water activities. Noticeable is that the hot spot regions gradually expand with increasing water activity from 0.18 to 0.54. 
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Figure 5. The hot spot regions on CALBsurface are shown at water activity 0.18 (system I) and 0.54 (system V). CALB is shown in surface representation. The residues are colored based on their nw value. The residues with maximum nw value are shown in blue, as the nw decrease the color changes from blue to red via white. The red colors identifies the residues with minimal nw. The active site residue, Ser105, is shown as van der Waals presentation and colored yellow. The active site pocket is shown by an arrow. In order to give a complete view, two sides of CALB (front (left) and back (right)) are shown. Location of few hot shop regions (two near the entrance of the active site pocket (III, IV) and two distal from the active site pocket (I, II) with high affinity are indicated by circles. 
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Figure 6. Selected part of the hydrogen-bonding network of the hot spot region III located closely to the active site pocket of CALB at water activities (a) 0.18, (b) 0.33 and (c) 0.54. The network gradually increases with increasing water activity. At low water activity, there is only one water molecule, while with increasing water activity, more water molecules bind to that hot spot region leading to an increase in cluster size. 
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Figure 7. (a) CALB with bound substrate molecules. (b) Water cluster at hot spot region III at high water activity. CALB is shown in cartoon representation. Substrate molecules (ethanol (E) and butyric acid (BA)) are shown in surface representation and colored red and yellow. Water molecules are shown in surface representation where oxygen and hydrogen atoms are colored red and white, respectively. 
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Figure 8. (a) The water accessible surface area (WASA) of CALB (left y-axis) and experimentally determined specific activity (right y-axis) are shown as a function of water activity, aw. (b) Number of the substrate molecules butyric acid (BA), ethanol and both butyric acid and ethanol (All) at CALBsurface as a function of water activity, aw. 
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Figure 9. The variation of water mole fraction (xw) with distance (r in Å) from CALBsurface. A shell thickness of 0.5 Å was used in the calculations. Data are shown for system I (Table 1). The horizontal dashed line refers to Rbound. 
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Table 1. List of number of water molecules (nw), number of MTBE molecules (nMTBE), mole fraction (xw), bulk mole fraction (bulk xw), initial water activity (aw) and specific activity (mM·min−1·mg−1) for the CALB-catalyzed esterification reaction between butyric acid and ethanol in MTBE at different aw.






Table 1. List of number of water molecules (nw), number of MTBE molecules (nMTBE), mole fraction (xw), bulk mole fraction (bulk xw), initial water activity (aw) and specific activity (mM·min−1·mg−1) for the CALB-catalyzed esterification reaction between butyric acid and ethanol in MTBE at different aw.





	System
	nw
	nMTBE
	xw
	Bulk xw
	aw
	Specific Activity





	I
	54
	1788
	0.029
	0.0007
	0.18
	0.26172



	II
	120
	1788
	0.063
	0.0011
	0.26
	0.22522



	III
	204
	1788
	0.102
	0.0014
	0.33
	0.20815



	IV
	286
	1788
	0.138
	0.0020
	0.47
	0.1422



	V
	354
	1752
	0.168
	0.0023
	0.54
	0.11095
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