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Abstract:



Despite the significant advances in the field of protein engineering, general design principles to improve organic cosolvent resistance of enzymes still remain undiscovered. Previous studies drew conclusions to engineer enzymes for their use in water-miscible organic solvents based on few amino acid substitutions. In this study, we conduct a comparison of a Bacillus subtilis lipase A (BSLA) library—covering the full natural diversity of single amino acid substitutions at all 181 positions of BSLA—with three state of the art random mutagenesis methods: error-prone PCR (epPCR) with low and high mutagenesis frequency (epPCR-low and high) as well as a transversion-enriched Sequence Saturation Mutagenesis (SeSaM-Tv P/P) method. Libraries were searched for amino acid substitutions that increase the enzyme’s resistance to the water-miscible organic cosolvents 1,4-dioxane (DOX), 2,2,2-trifluoroethanol (TFE), and dimethyl sulfoxide (DMSO). Our analysis revealed that 5%–11% of all possible single substitutions (BSLA site-saturation mutagenesis (SSM) library) contribute to improved cosolvent resistance. However, only a fraction of these substitutions (7%–12%) could be detected in the three random mutagenesis libraries. To our knowledge, this is the first study that quantifies the capability of these diversity generation methods generally employed in directed evolution campaigns and compares them to the entire natural diversity with a single substitution. Additionally, the investigation of the BSLA SSM library revealed only few common beneficial substitutions for all three cosolvents as well as the importance of introducing surface charges for organic cosolvent resistance—most likely due to a stronger attraction of water molecules.
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1. Introduction


Conventional directed evolution studies typically report between 6 and 12 beneficial amino acid substitutions after screening of a few thousand clones [1]. However, this resembles only a small fraction of all potentially beneficial positions, which makes it difficult to deduce general design principles for the rational engineering of currently not systematically studied, complex properties. One such property is an enzyme’s resistance to organic solvents. The capability of routinely performing biocatalysis in organic solvents would be a groundbreaking improvement in chemical production processes, e.g., by directly applying hydrophobic substrates as solvents, simplifying downstream processing or shifting the reaction equilibrium into the desired direction [2,3,4,5,6], and thereby would unify the two quite separated worlds of catalysis (chemo- and biocatalysis). Given that the protein sequence space is huge (e.g., an enzyme with 100 amino acids can theoretically exist as 1.27 × 10130 natural variants), the existence of enzymes that perform well in organic solvents seems likely. As organic solvents rarely occur in most ecosystems, there is, if at all, only a very limited evolutionary pressure on enzymes to adapt to an optimum efficiency in their presence.



In aqueous solutions, enzymes typically are structurally stabilized by the interplay of hydrophobic interactions, hydrogen bonds, electrostatic interactions, van der Waals forces, and disulfide bridges [7,8,9,10]. Additionally, a key feature of an enzyme is the hydration shell that maintains both its flexibility and catalytic activity [11,12,13,14,15]. As non-natural solvents, organic solvents can remove the essential water layer and/or disrupt the above-mentioned interactions and therefore have a negative influence on enzyme structure, function, and solubility [3,5]. While hydrophobic, water-immiscible organic solvents are less detrimental and have even been reported to be consistent with proper enzyme folding and activity [16,17], experimental results and molecular dynamic simulations suggested that polar, water-miscible organic solvents tend to penetrate into the enzyme’s essential water layer or strip it off [13,18,19,20,21]. In addition to disturbing the interaction between the enzyme surface and surface-bound water, polar organic solvents can interfere with enzymatic activity directly in the active site: For instance, dimethyl sulfoxide (DMSO) was reported to act as an inhibitor by interacting with the catalytic heme iron in the active site of cytochrome P450 BM-3 monooxygenase from Bacillus megaterium [22,23,24].



Up to now, a multitude of studies has been reported that utilize protein engineering approaches to overcome the limited applicability of enzymes in organic cosolvents. Examples mainly include hydrolases and oxidoreductases, but also transferases and lyases. A more detailed overview on this topic was recently published by Stepankova et al. [25]. Furthermore, the analysis of the three-dimensional structure of 29 organic solvent-stable lipases revealed that surface charge can contribute to organic solvent resistance by exclusion of the organic solvent molecules from interacting with the enzyme’s surface [26]. Despite these successes, our limited knowledge of structure function relationships in the presence of organic cosolvents may yet guide future protein engineering campaigns through directed enzyme evolution, which remains the preferred choice to identify beneficial amino acid substitutions. However, directed evolution studies rarely report more than a dozen beneficial amino acid substitutions, which would be essential to deduce general design principles for the rational engineering of cosolvent resistance.



In a previous study, we described the statistical analysis of 3000 mutations in the lipase gene bsla, which were generated using three state of the art random mutagenesis methods (error-prone PCR with low and high mutagenesis frequency (epPCR-low and epPCR-high) and Sequence Saturation Mutagenesis (SeSaM-Tv P/P); 1000 mutations each) [27]. Furthermore, a systematic investigation of the same enzyme to ionic liquid resistance [28] and detergent tolerance [29] using a site-saturation mutagenesis (SSM) library (termed BSLA SSM library) [28] was reported. This BSLA SSM library covers the natural single substitution diversity of BSLA (in total 181 positions; i.e., all possible BSLA variants that can be generated by single amino acid substitutions). It was generated in 181 SSM experiments followed by extensive sequencing and site-directed mutagenesis (SDM) to ensure full coverage of all single substituted BSLA variants. The current study advances beyond the statistical analysis of individual libraries and compares the three random mutagenesis libraries to the entire possible single substitution diversity provided by the BSLA SSM library for their ability to promote organic cosolvent resistance. We chose to investigate BSLA resistance in three water-miscible organic cosolvents with different relative permittivities [30,31,32]: 1,4-dioxane (DOX; apolar), 2,2,2-trifluoroethanol (TFE; polar protic), and DMSO (polar aprotic). Hence, this approach addresses the following fundamental protein engineering questions: (1) What is the potential that natural single substitution diversity—represented by the BSLA SSM library—provides to improve organic cosolvent resistance? (2) How capable are state of the art random mutagenesis methods in exploring this potential? (3) Can we derive general design principles to improve organic cosolvent resistance and thus guide future directed enzyme evolution experiments?




2. Results


The results section displayed below is organized in six parts that cover the comparison of both library generation methods, the quantity and identity of the single substitutions, and their respective repercussions for the cosolvent resistance of the resulting enzymes. Section 2.1 analyzes the residual activity of wild type BSLA (BSLA WT) as a reference for the generated enzyme variants. The following Section 2.2 visualizes the beneficial single substitutions of BSLA for each cosolvent and identifies those substitutions that positively affect resistance to multiple or all three cosolvents. Section 2.3 quantifies the beneficial substitutions for each of the diversity generating methods and all cosolvents, whereas Section 2.4 categorizes and quantifies the beneficial substitutions into buried and surface-exposed ones. In Section 2.5, a visualization of common and unique beneficial substitutions for each cosolvent is provided. The final Section 2.6 delivers a deeper analysis into the identity of amino acids that influence cosolvent resistance.



2.1. Selection of Organic Cosolvent Concentrations for BSLA SSM Library Screening


In order to determine suitable conditions for the screening of the BSLA SSM library, each of the three water-miscible organic cosolvents (DOX, TFE, DMSO) was tested at different concentrations using BSLA WT. Cosolvent concentrations resulting in a residual BSLA WT activity of ~30% were chosen for the screening assay (see Table 1).



Table 1. Organic cosolvent concentrations and residual activity of wild type Bacillus subtilis lipase A (BSLA WT) under screening conditions.







	
Organic Cosolvent

	
c (M) (% v/v)

	
RWT (%)

	
σ (%)






	
DOX

	
2.6 (≈ 22)

	
31

	
9.6




	
TFE

	
2.9 (≈ 12)

	
30

	
12.0




	
DMSO

	
8.4 (≈ 60)

	
29

	
10.5








c: Cosolvent concentration during the incubation step of the BSLA activity assay. RWT: Residual activity of BSLA WT. σ: True standard deviation values for BSLA WT in the respective organic cosolvents. DOX: 1,4-dioxane. TFE: 2,2,2-trifluorethanol. DMSO: dimethyl sulfoxide.








After screening of the BSLA SSM library in both the presence and absence of the given cosolvent concentration, the residual activity of each BSLA variant (RV) and BSLA WT (RWT) was determined. Beneficial variants were defined based on the true standard deviation as described in the Material and Methods section.




2.2. Overview of Beneficial Substitutions


In this study, beneficial substitutions are defined as amino acid exchanges leading to significantly higher residual activity of the BSLA variant compared to BSLA WT (defined in more detail in the Materials and Methods section). An overview of all beneficial amino acid substitutions that improve the resistance of BSLA to the three water-miscible organic cosolvents DOX, TFE, and DMSO is given in Figure 1. This allows the comparison between the full natural single substitution diversity—represented by the BSLA SSM library—and three previously generated random mutagenesis libraries (epPCR-low, epPCR-high, and SeSaM) (Figure 1a–c). Figure 1d provides an overview of all common beneficial substitutions for two or three of the cosolvents.


Figure 1. Beneficial amino acid substitutions for improving the organic cosolvent resistance of BSLA to (a) DOX; (b) TFE and (c) DMSO. The BSLA WT sequence as well as beneficial substitutions found in the BSLA SSM library (SSM) and three random mutagenesis libraries (error-prone PCR with low and high mutagenesis frequency (epPCR-low and epPCR-high) and Sequence Saturation Mutagenesis (SeSaM)) are given. The figures are divided in two parts with BSLA amino acid positions 1–95 shown in the upper panel and 96–181 shown in the lower panel, respectively. Common beneficial substitutions (d) within the BSLA SSM library for improving resistance to more than one organic cosolvent are shown in different combinations (DMSO & DOX/DMSO & TFE/DOX & TFE/DOX, TFE, DMSO). Color-coding represents different amino acid categories as defined in the Material and Methods section: purple: aromatic amino acids (F, Y, W), black: hydrophobic amino acids (A, V, L, I, M), green: polar amino acids (S, T, N, Q), red: charged amino acids (D, E, H, K, R), blue: special amino acids (G, C, P). The location of the respective amino acids is indicated by X (surface exposed residue) and B (buried residue).
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2.3. Number of Beneficial Amino Acid Substitutions


Table 2 summarizes the total number of beneficial amino acid substitutions that improved organic cosolvent resistance. Substitutions were identified after screening of the BSLA SSM library and three random mutagenesis libraries (epPCR-low; epPCR-high, SeSaM). The number of different beneficial substitutions after the screening of two and of all three random mutagenesis libraries is given to evaluate the complementarity and diversity of the three random mutagenesis methods.



Table 2. Number of beneficial substitutions generated by BSLA SSM (site-saturation mutagenesis), epPCR-low, epPCR-high, SeSaM, and theoretical combinations.







	
Diversity Generation Method

	
DOX

	
(%)

	
TFE

	
(%)

	
DMSO

	
(%)






	
BSLA SSM

	
159

	
(100)

	
181

	
(100)

	
371

	
(100)




	
epPCR-low

	
12

	
(8)

	
15

	
(8)

	
27

	
(7)




	
epPCR-high

	
14

	
(9)

	
21

	
(12)

	
35

	
(9)




	
SeSaM

	
16

	
(10)

	
15

	
(8)

	
40

	
(11)




	
epPCR-low + SeSaM

	
22

	
(14)

	
24

	
(13)

	
54

	
(15)




	
epPCR-high + SeSaM

	
26

	
(16)

	
28

	
(15)

	
60

	
(16)




	
epPCR-low + epPCR-high

	
17

	
(11)

	
24

	
(13)

	
43

	
(12)




	
epPCR-low + epPCR-high + SeSaM

	
27

	
(17)

	
30

	
(17)

	
65

	
(18)










The lowest number of beneficial substitutions was obtained for DOX, followed by TFE and DMSO. Five to eleven percent of all possible single substitutions (i.e., 159–371 of 3439 possible substitutions) contribute to improved cosolvent resistance. For DOX, the residual activity of BSLA was raised up to 76% by single amino acid substitution (Figure S1, Supplementary Materials), whereas for resistance to TFE and DMSO, the maximum residual activity was 85% and 76%, respectively. In the case of the three random mutagenesis methods, only 7%–12% of all beneficial substitutions identified by SSM were discovered. Screening of two random mutagenesis libraries increases the number of beneficial substitutions—especially when the SeSaM method is combined with any of the epPCR methods. The combination of two epPCR methods, however, only slightly increases the absolute number of beneficial substitutions. Combining the results obtained from all three random mutagenesis libraries results in the discovery of only 17%–18% of all beneficial substitutions. Similar trends were observed when looking only at the numbers of beneficial positions (see Table S1, Supplementary Materials). In contrast to beneficial substitutions, the term beneficial positions refers to positions with at least one beneficial amino acid substitution (i.e., a position with ≥2 different beneficial amino acid substitutions is counted as one beneficial position).




2.4. Location of Beneficial Amino Acid Substitutions in the BSLA 3D Structure


The beneficial amino acid substitutions were categorized into those located at the enzyme surface (termed exposed) or those buried by other amino acids as described in the Materials and Methods section (Table 3).



Table 3. Location of beneficial amino acid substitutions within BSLA that improve organic cosolvent resistance to DOX, TFE, and DMSO.







	
Organic Cosolvent

	
Diversity Generation Method

	
Location of Beneficial Substitutions in BSLA




	
Exposed

	
(%)

	
Buried

	
(%)






	
DOX

	
SSM

	
138

	
(87)

	
21

	
(13)




	
epPCR-low

	
10

	
(83)

	
2

	
(17)




	
epPCR-high

	
12

	
(86)

	
2

	
(14)




	
SeSaM

	
14

	
(88)

	
2

	
(12)




	
TFE

	
SSM

	
152

	
(84)

	
29

	
(16)




	
epPCR-low

	
13

	
(87)

	
2

	
(13)




	
epPCR-high

	
19

	
(90)

	
2

	
(10)




	
SeSaM

	
14

	
(93)

	
1

	
(7)




	
DMSO

	
SSM

	
275

	
(74)

	
96

	
(26)




	
epPCR-low

	
18

	
(67)

	
9

	
(33)




	
epPCR-high

	
27

	
(77)

	
8

	
(23)




	
SeSaM

	
31

	
(78)

	
9

	
(22)










In BSLA WT 71% of the amino acids are surface-exposed. In relation to this, 74%–87% beneficial substitutions detected in the BSLA SSM library were located in a surface-exposed position, with the side chain directed to the surrounding medium. When comparing the three random mutagenesis libraries to the full single substitution diversity, the location of beneficial substitutions obtained by epPCR-low, epPCR-high, and SeSaM differ only slightly for all three organic solvents. A very similar trend was observed when only the positions of beneficial substitutions were considered (i.e., a position with ≥2 different beneficial amino acid substitutions was counted as one beneficial position; see Table S2, Supplementary Materials).




2.5. Common Beneficial Substitutions for Different Organic Cosolvents


The entirety of beneficial BSLA substitutions provided by the BSLA SSM library causing resistance to each of the three tested cosolvents led us to ask which beneficial substitutions are common for several or even for all three cosolvents (Figure 2).


Figure 2. Common beneficial substitutions in BSLA for three water-miscible organic solvents. The total number of beneficial substitutions for resistance to each of the three cosolvents is given in the center of the circles. The number of common beneficial substitutions for more than one cosolvent is given in the circles’ overlapping areas.
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In total, 47–81 substitutions contribute to improved resistance against two cosolvents with the cosolvent pair DOX/DMSO sharing the highest number of beneficial substitutions. Twenty-one substitutions were found to be beneficial for resistance to all three cosolvents. A more detailed view considering the location of common beneficial substitutions (surface-exposed or buried; Table S3 in Supplementary Materials) revealed that in more than 92% of all cases, common beneficial substitutions were located at the enzyme’s surface. In particular, all of the 21 beneficial amino acid substitutions common for all three selected organic cosolvents were surface-exposed. A deeper investigation into the chemical nature of these common beneficial substitutions revealed that substitutions to charged and polar amino acids occurred most frequently at surface-exposed positions (Table S3 in Supplementary Materials). Due to the low number of common beneficial substitution at buried positions, no significant trend for any amino acid category was observable.




2.6. Occurrence of Beneficial Substitutions


A detailed analysis of the chemical characteristics of beneficial amino acids from each library (BSLA SSM library and the three random mutagenesis libraries) (Figure S2, Supplementary Materials) was conducted to gain a better picture of which beneficial amino acids were introduced most frequently by substitution. For DMSO, the five most frequent beneficial substitutions are R > K > E > Q > G, which corresponds to 37% of all generated beneficial substitutions. For TFE, 38% of beneficial substitutions are covered by R > K = W > F > D. Finally, for DOX, the five most beneficial substitutions are K > R > Q > F > I = H, which sum up to 52% of all beneficial substitutions. The primary type of beneficial amino acid substitutions are those to the positively charged amino acids (K and R; see Figure 3). Indeed, R is the predominant beneficial substitution for resistance to DOX in all three random mutagenesis libraries (see Figure S2; Supplementary Materials), which corresponds to the findings of the BSLA SSM library. Most of the aforementioned trends, however, cannot be observed in the three random mutagenesis libraries. Several of the most prominent beneficial substitutions of the BSLA SSM library were not obtainable by any of the three random mutagenesis methods (e.g., Q and F for DOX; W, F, and D for TFE; Q for DMSO; Figure S2, Supplementary Materials). Moreover, some substitutions that were frequent in the random mutagenesis libraries were not found among the five most prominent beneficial substitutions of the BSLA SSM library (e.g., T for DOX; S, I, and P for TFE; S, T for DMSO; Figure S2; Supplementary Materials). This illustrates that random mutagenesis methods fail in providing a representative picture of the full single substitution diversity to improve BSLA.


Figure 3. Number of beneficial substitutions to charged amino acids for resistance to DOX (a), TFE (b) and DMSO (c). Numbers are based on the findings of the BSLA SSM library. Information about substitutions to all remaining amino acids is available in the Supplementary Materials (Figure S2).
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In parallel to investigating the newly introduced amino acids, the amino acids of BSLA WT they were replacing were identified (Figure S3, Supplementary Materials). The five most frequently occurring amino acids within BSLA WT are G > V = N > L > S (48% of all amino acids). BSLA WT does not contain cysteine (Figure S4, Supplementary Materials). The BSLA SSM library results indicate that the amino acids G, N, V, and L are among the five most frequently replaced amino acids in BSLA mutants with improved resistance to DMSO as well as to DOX (Figure S3a, (i), Supplementary Materials). For TFE, the three amino acids L, V, and N were substituted most frequently (Figure S3e, Supplementary Materials).



BSLA shows a strong preference for specific amino acids to be replaced for improving organic cosolvent resistance. Among the variants with improved resistance to DMSO, 82% of all N in BSLA WT were replaced by a different amino acid. Interestingly, 80% of all R were also replaced, although R was also the primary beneficial amino acid substitution (Figure S2 (i), Supplementary Materials). Moreover, 75% of all F, A, and M were replaced as well. Among the improved variants to DOX, 75% of all F and M occurring in BSLA WT were replaced, while for resistance to TFE, 75% of all M were substituted. A comparably low frequency of replacement was observed in DMSO for P (25%), I (30%), and E (33%), in DOX for P (0%), Q (17%), and K (27%), and in TFE for G (17%), I (20%), and S (31%).





3. Discussion


Enzyme resistance to water-miscible organic solvents such as DOX, TFE, and DMSO clearly represents a desirable trait for many applications. Defining general design principles for the rational engineering of such properties, however, requires comprehensive knowledge about beneficial amino acid substitutions. Most directed evolution studies report the effects of few beneficial amino acid substitutions and omit the vast majority of possible but undetected beneficial amino acid exchanges. In this report, we compared a library containing all beneficial single amino acid exchanges of Bacillus subtilis lipase A (BSLA SSM library) to three state of the art random mutagenesis libraries (epPCR-low, epPCR-high, SeSaM) in order to answer the following three questions: (1) What is the potential that the total single substitution diversity represented by the BSLA SSM library provides to improve cosolvent resistance? (2) How capable are state of the art random mutagenesis methods in exploring this potential and (3) can we derive general design principles to improve cosolvent resistance to guide future directed enzyme evolution experiments?



3.1. Comparison of Multiple Mutagenesis Methods to Address Question (1) and (2)


Given that naturally occurring enzymes are adapted to environments occurring in nature (which usually do not contain organic cosolvents), it is not surprising that up to one in ten single amino acid substitutions in BSLA lead to improved organic cosolvent resistance. This ratio explains why beneficial substitutions were identified in previous directed evolution campaigns after the screening of only a few thousand clones [25,33]. However, our study clearly indicates that random mutagenesis methods fail to detect the vast majority (>88%) of the theoretically possible single substitution diversity that would be beneficial for resistance to the three selected organic cosolvents. The investigated random mutagenesis libraries (epPCR-low, -high, and SeSaM-Tv P/P) allow only the identification of a small fraction of all obtainable beneficial substitutions. Despite the fact that these shortcomings of random mutagenesis methods are commonly known [1,27] and accepted, this study is the first to quantify this phenomenon in the example of organic cosolvents. A more suitable approach to overcome the limitation of a single random mutagenesis method could be the combination of two different methods as shown in Table 2. The SeSaM-Tv P/P method was optimized to generate a complementary bias to the often transition-biased epPCR-based methods and to introduce subsequent mutations (>30%), which cannot be achieved by conventional epPCR approaches [27,34]. By performing different rounds of directed evolution utilizing epPCR and SeSaM-Tv P/P in alternating order, a larger pool of beneficial substitutions (up to 16% using the epPCR/SeSaM-Tv P/P combination vs. just up to 12% using epPCR only; Table 2) could be accessed. For instance, the combination of two different methods including epPCR has successfully proven to increase the stability of a lipase [35]. Nonetheless, even combining the diversity of all three random mutagenesis methods could increase the substitution rate to a maximum of 18% of all possible beneficial single substitutions (Table 2). This illustrates that state of the art random mutagenesis methods, as used in standard directed evolution campaigns, are quite limited in accessing the total single substitution diversity that nature offers.




3.2. General Design Principles Derived from the BSLA SSM Library to Address Question (3)


As a general trend, substitutions to charged amino acids comprise the highest fraction of beneficial amino acid substitutions in the BSLA SSM library. They are primarily located in surface-exposed positions, which is in accordance with previous findings stating that amino acid residues located at the protein surface mediate solvent resistance [25,35]. This is highlighted by the fact that all of the 21 common beneficial substitutions that improve resistance to DOX, TFE, and DMSO are located at the enzyme’s surface and mainly involve substitutions to charged and polar amino acids. This may imply that introducing charged residues could lead to the formation of new salt bridges that stabilize the enzyme in the presence of organic cosolvents. However, a detailed analysis of the enzyme’s three-dimensional structure indicates that this may not be the mechanism responsible for organic cosolvent resistance in BSLA. The loss of the salt bridge in BSLA WT between R107 and D144 in fact increased organic solvent resistance while simultaneously maintaining the enzyme’s stability in mutants of BSLA in this study. Beneficial substitutions at position D144 comprised mutations to F, W, I, G, T, and K for DMSO, to F, I, and K for DOX, and to F for TFE. None of these substitutions could sustain this salt bridge. In fact, the substitution D144K would even invert the charge at position 144. In silico introduction of the latter mutation using the FoldX method proposes that R107 compensates for the missing salt bridge by forming a hydrogen bond with the backbone of R142, which does not occur in BSLA WT. Therefore, both the charged side chains of R107 and the newly introduced K144 are available for other interactions. These might involve a stronger interaction of water with the enzyme’s surface. Water-miscible organic cosolvents tend to remove the enzyme’s essential water layer which renders it inactive [3,5,13]. For instance, it was reported that DMSO when applied as a cosolvent denatures a protein by solvation of non-polar amino acid side chains on the enzyme’s surface through methyl groups of the cosolvent [36]. Introduction of charged residues would assist in tightly binding water molecules to the enzyme. This would exclude cosolvent molecules from interacting with the surface and prevent the enzyme from denaturation and/or deactivation. In this respect, the observation made in this study is consistent with previous studies reporting the importance of introducing polar and charged amino acids [33,37,38] to increase resistance to water-miscible organic solvents. Similar trends were observed when the three-dimensional structures of 29 organic solvent-stable lipases were analyzed [26]. On the contrary, the replacement of surface charges by hydrophobic amino acids has been proposed previously to increase organic solvent resistance [2]. Indeed, a stability increase was reported for α-lytic protease in 84% dimethylformamide after surface charge substitution by hydrophobic amino acids [39]. However, Dror et al. illustrated that the introduction of a hydrophobic amino acid—while increasing an enzyme’s stability—simultaneously can reduce its activity in the presence of polar organic cosolvents [35]. A comprehensive structural analysis of the BSLA SSM library confirmed that in most cases a newly introduced, surface-exposed charge either (1) broke a preexisting salt bridge (see example above); (2) was introduced at a location distant from preexisting charges or (3) introduced a charge in proximity to an existing salt bridge. In all three cases, this leads to an increase of the local (positive or negative) charge on the enzyme’s surface. For all newly introduced charged residues capable of forming salt bridges, an additional analysis for other possible beneficial substitutions at the given position was conducted. In many of these cases, other beneficial substitutions incapable of forming salt bridges (e.g., substitutions to aromatic or hydrophobic amino acids) were detected (Figure 4).


Figure 4. Analysis of newly introduced charged residues for the formation of salt bridges. All beneficial substitutions to surface-exposed, charged amino acids found in the BSLA SSM library were analyzed for their ability to form salt bridges as described in the Materials and Methods section. Surface color represents the results of this analysis: red: catalytic triad residues (S77, D133, H156); blue: substitutions to charged amino acids that most likely lead to the formation of a salt bridge; green: remaining substitutions to charged amino acids (this includes charged amino acids that are too distant from oppositely charged amino acids to form salt bridges and positions at which substitutions to amino acids other than charged ones were possible as well; i.e., at these positions, the formation of a salt bridge is either impossible or one of several options to increase cosolvent resistance). All remaining residues of BSLA are colored in grey.
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These findings lead to the conclusion that introducing charges does not necessarily stabilize the protein by forming salt bridges. Such salt bridges are important elements in stabilizing enzymes in aqueous solutions and they certainly participate in the stabilization of enzymes in water/organic cosolvent systems as well. However, in the present study we illustrate that the formation of salt bridges may be of minor importance for increased resistance to water-miscible organic solvents after the introduction of charged amino acids in BSLA. It is more likely that the majority of the introduced charges act in a water-attracting way to prevent cosolvent molecules from interacting with the enzyme. For example, the formation of new hydrogen bonds between residues on the enzyme’s surface was observed in organic cosolvent-stable enzyme variants in previous studies, [33,35,40]. Such hydrogen bonds could be established between surface residues (e.g., after the substitution to polar or charged amino acids) as well as with water molecules. A molecular dynamics simulation of Fusarium solani cutinase in five organic solvents of different polarity showed that—independent of the organic solvent—water clusters are preferentially formed in certain areas of the enzyme’s surface [18]. Future molecular dynamics simulations of improved BSLA variants in water/cosolvent systems will reveal if this is also the case for BSLA and if possible water clustering areas overlap with the location at which surface charges that do not form salt bridges were introduced (green areas in Figure 4). This may ultimately enable the identification of the underlying molecular principles for protein stabilization in organic cosolvents. In the absence of such molecular understanding and based on the results presented in this study, random mutagenesis might not be the ideal way to improve organic cosolvent resistance of enzymes. Designing smart libraries (e.g., enriched in enzyme variants with substitutions to charged amino acids at surface-exposed positions) could represent a more suitable approach until our molecular understanding allows us to deduce general design principles.





4. Materials and Methods


4.1. Generation of the BSLA SSM Library and Random Mutagenesis Libraries


A detailed description of the BSLA SSM library generation was reported in our previous studies [28,29]. Briefly, a library of 3620 unique variants (20 amino acids × 181 positions) was generated by site-saturation mutagenesis (SSM) and site-directed mutagenesis (SDM). In this report, the term BSLA SSM library refers to the combined mutant libraries (SDM and SSM) which encode the full natural diversity of BSLA with single amino acid exchanges (termed natural single substitution diversity). A coverage of 100% was confirmed by extensive sequencing.



The generation of the three random mutagenesis libraries was described before [27]. Error-prone PCR (epPCR) was performed using two different concentrations of MnCl2 (0.1 mM and 0.3 mM) to obtain a library with high mutagenesis frequency (epPCR-high, ~4 aa per sequence) and low mutagenesis frequency (epPCR-low, ~1 aa per sequence). Additionally, a transversion-enriched Sequence Saturation Mutagenesis (SeSaM-Tv P/P) experiment was performed in accordance with a protocol described before [27,34] in order to obtain a third random mutagenesis library. Single clones of each library were randomly picked and sent for sequencing. For each random mutagenesis library, 1000 mutations were analyzed and compared to the BSLA SSM library.




4.2. Amino Acid Categorization


For graphical presentation, amino acids were grouped into different categories according to their chemical properties: Aromatic amino acids (F, Y, W), hydrophobic amino acids (A, V, L, I, M), polar amino acids (S, T, N, Q), and charged amino acids (D, E, H, K, R). The remaining amino acids (G, C, P) were combined in a category termed special.




4.3. BSLA SSM Library Expression in 96-Well Plates


Cultivation of BSLA SSM library variants was performed as previously described [28]. Briefly, three wild type (WT) clones and one empty vector clone (controls) alongside 92 clones of the BSLA SSM libraries were incubated in 150 mL of a modified auto-induction medium [41] (see Supplementary Materials) supplemented with ampicillin in a 96-well plate (V-bottomed, polystyrene MTP, Greiner Bio-One, Frickenhausen, Germany) for 16 h (37 °C, 70% humidity, 900 rpm). After centrifugation of the expression culture (4000 g, 20 min, 4 °C, Eppendorf 5804R/5810R, Eppendorf, Wesseling, Germany) the supernatant containing the secreted BSLA was used for activity measurements.




4.4. MTP-Based p-Nitrophenyl Butyrate (pNPB) Assay for BSLA Activity Measurement


BSLA activity measurements were performed as described previously [28]. BSLA converts pNPB to p-nitrophenolate upon hydrolysis, which was detected photometrically at 410 nm. In each well, 90 µL of triethanolamine (TEA) buffer (50 mM, pH 7.4) was added to 10 µL of culture supernatant and freshly prepared substrate solution (100 µL) containing pNPB (0.5 mM) and acetonitrile (10% (v/v)). Acetonitrile was present in all reactions to provide pNPB solubility and thus to ensure reliable activity measurements. Absorption measurement at 410 nm was performed at room temperature for 8 min in a microtiter plate reader (Tecan infinite M200Pro, Tecan Group Ltd., Männedorf, Switzerland). A 96-well plate only containing BSLA WT was used to determine the assay’s apparent standard deviation. Additionally, a 96-well plate exclusively containing empty vector (EV) controls was measured. These blanks were subtracted for the determination of the true standard deviation.




4.5. Optimization of Screening Conditions in Organic Solvents


In this study, 1,4-dioxane (DOX), 2,2,2-trifluoroethanol (TFE), and dimethyl sulfoxide (DMSO) were used as water-miscible organic cosolvents. The three cosolvents are characterized by a wide range of polarity (see Table S4, Supplementary Materials). Different concentrations of the cosolvent in TEA buffer (50 mM, pH 7.4) were prepared. Organic cosolvent concentrations for BSLA SSM library screening were chosen to ensure a residual BSLA WT activity of ~30%. Similar values have proven to be a good compromise between the enzyme’s resistance on the one hand and reliably determining the enzyme’s activity compared to BSLA WT in a previous study [28]. The pH of the incubation mixture (BSLA lipase, TEA buffer, organic cosolvent) and the pH of the reaction mixture were measured and pH shifts of less than 0.22 pH units were observed.




4.6. Screening of the BSLA SSM Library in the Presence of the Three Organic Cosolvents


In each well of a DOX-resistant polypropylene MTP (flat-bottomed, Greiner Bio-One, Frickenhausen, Germany), 10 µL of culture supernatant was incubated with 90 µL of the organic cosolvent (concentration in Table 1) for 2 h at room temperature on an MTP shaker (1000 rpm, Microtiter shaker TiMix 5, Edmund Bühler GmbH, Hechingen, Germany). For each well, the supernatant was incubated in the presence and absence of organic cosolvent (DOX, TFE or DMSO). Freshly prepared pNPB substrate solution (100 µL) was added and the absorption at 410 nm was measured at room temperature for 8 min (Tecan infinite M200Pro, Tecan Group Ltd., Männedorf, Switzerland). The BSLA activity (WT or variant) in the presence of organic cosolvent was divided by the activity without DOX, TFE, or DMSO to yield the residual BSLA activity (equation in Supporting Materials).



Beneficial positions were defined as positions harboring at least one substitution leading to residual activity (Rv) that was significantly higher (beyond 3σ) than the wild type activity (RWT) (Rv ≥ RWT + 3σ; σ: true standard deviation of the screening system). Visual representations of all generated beneficial variants were created by means of the WebLogo 3 server: http://weblogo.threeplusone.com/ [42].




4.7. Computational Methods


The classification into surface-exposed and buried amino acid residues was done based on solvent accessible surface calculations of amino acids residues. The solvent-accessible surface was calculated for each residue with the BIOVIA Discovery Studio software package [43] using a water probe with a radius of 1.5 Å and a cutoff of <5% maximum solvent accessibility for buried residues based on the chain A of the BSLA X-ray crystal structure (PDB ID: 1I6W) [44].



For the analysis of charged amino acid residues, every histidine was considered as potentially positively charged. Structural models of BSLA variants were constructed in YASARA Structure version 13.9.8 [45] using the YASARA-FoldX plugin [46,47]. A FoldX mutation run including rotamer search exploring alternative conformations (3 independent runs) of mutation and the surrounding side chains below 6 Å distance from the mutated residue was performed during the FoldX energy minimization employing a probability-based rotamer library. Stabilization energy calculation were computed with FoldX version 3.0 Beta [47] using standard settings. The starting coordinates for the FoldX in silico mutagenesis experiment were taken from the X-ray crystal structure of the chain A of BSLA WT (PDB-code: 1I6W) [44]. Oppositely charged residues with their Cβ distance <8–10 Å were considered as “potentially salt-bridge-forming” to ensure satisfaction of geometric distance and direction criteria [48] for potential salt-bridges. For all beneficial substitutions to charged amino acids potentially forming salt bridges, non-charged beneficial substitutions at the same position were also analyzed. The surface representation of this salt bridge analysis was generated using PyMOL [49].





5. Conclusions


In this work, we presented a quantitative comparison of organic cosolvent (DOX, TFE, DMSO) resistant BSLA mutants detected in a BSLA SSM library (representing the entire single amino acid substitution diversity) and three state of the art random mutagenesis libraries. In summary, the BSLA SSM library demonstrates that 5%–11% of all possible single substitutions contribute to improving cosolvent resistance. The three random mutagenesis methods, however, generated only 7%–12% of this fraction. Furthermore, the comprehensive analysis of the BSLA SSM library revealed that there is no easy way of protein engineering to simultaneously enhance enzyme resistance to different types of water-miscible organic cosolvents. Although a considerable amount of beneficial mutations was found to improve BSLA resistance to DOX (apolar), TFE (polar protic), or DMSO (polar aprotic) individually, only a fraction of them was common for all three cosolvents. This illustrates that even when the entire single substitution diversity of a protein is available, our understanding of its organic cosolvent resistance still remains incomplete. Hence, it seems counterintuitive to deduce general design principles from only a few amino acid exchanges as it is commonly done in random mutagenesis-based directed evolution campaigns. Yet, the analysis of the BSLA SSM library provides valuable insights into the role of surface-exposed charged amino acid residues for the resistance to organic cosolvents. A structural investigation revealed that this is due to the attraction of water rather than to the formation of new salt bridges. Thus, the introduction of charges at the enzyme’s surface could be a reasonable strategy to promote resistance to water-miscible organic solvents and may assist future protein engineering studies to improve biocatalysis in organic cosolvents.








Supplementary Materials


The following are available online at www.mdpi.com/2073-4344/7/5/142/s1. Auto-induction medium, definition of residual activity (equation). Table S1: Number of beneficial amino acid positions in BSLA generated by SSM, epPCR-low, epPCR-high, SeSaM and theoretical combinations, Table S2: Location of amino acid positions within BSLA with at least one beneficial substitution improving organic cosolvent resistance to DOX, TFE, and DMSO, Table S3: Number, category and location of common beneficial amino acid substitutions and positions for resistance to more than one organic solvent, Table S4: Relative permittivity of DOX, TFE, and DMSO, Figure S1: Distribution of residual activity of beneficial BSLA variants for three organic cosolvents, Figure S2: Number of beneficial amino acid substitutions, Figure S3: Numbers of replaced amino acids, Figure S4: Amino acid distribution of BSLA WT.
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