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Introducing non-canonical amino acids (ncAAs) by engineered orthogonal pairs of aminoacyl-tRNA synthetases and tRNAs has proven to be a highly useful tool for the expansion of the genetic code. Pyrrolysyl-tRNA synthetase (PylRS) from methanogenic archaeal and bacterial species is particularly attractive due to its natural orthogonal reactivity in bacterial and eukaryotic cells. However, the scope of such a reprogrammed translation is often limited, due to low yields of chemically modified target protein. This can be the result of substrate specificity engineering, which decreases the aminoacyl-tRNA synthetase stability and reduces the abundance of active enzyme. We show that the solubility and folding of these engineered enzymes can become a bottleneck for the production of ncAA-containing proteins in vivo. Solubility tags derived from various species provide a strategy to remedy this issue. We find the N-terminal fusion of the small metal binding protein from Nitrosomonas europaea to the PylRS sequence to improve enzyme solubility and to boost orthogonal translation efficiency. Our strategy enhances the production of site-specifically labelled proteins with a variety of engineered PylRS variants by 200–540%, and further allows triple labeling. Even the wild-type enzyme gains up to 245% efficiency for established ncAA substrates.
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INTRODUCTION
Genetic code expansion (GCE) has proven to be a major tool for adding new chemistries to the biological world (Liu and Schultz, 2010; Chin, 2017; Mukai et al., 2017). In this regard, amino acids with non-proteinogenic functional groups can be used to elucidate enzyme functions (Groff et al., 2009; Minnihan et al., 2011; Baumann et al., 2019), to tailor protein properties (Agostini et al., 2017; Li et al., 2019) or to encode proteins with functions not known to nature (Drienovská et al., 2018; Burke et al., 2019). A straightforward strategy to achieve this functionalization is to engineer aminoacyl tRNA synthetase (aaRS)/tRNA pairs, which enable the ribosomal incorporation of non-canonical amino acids (ncAAs) in response to a reprogrammed codon. These aaRS/tRNA pairs form the essential parts of orthogonal translation systems (OTSs). The most commonly used approach for this site-specific peptide and protein modification is stop codon suppression (often targeting the amber stop codon). Here, the ncAA is incorporated in response to an in-frame stop codon placed at a predefined position in the protein coding sequence, ribosomally expressed either in vivo or in vitro (Liu and Schultz, 2010; Chin, 2017; Mukai et al., 2017).
The majority of all engineered aaRS variants to date are derived from the Methanosarcina mazei/barkeri pyrrolysyl-tRNA synthetases (MmPylRS/MbPylRS) or the Methanocaldococcus jannaschii tyrosyl-tRNA synthetase (MjTyrRS). The archaeal origin and therefore distant phylogeny constitute the reason for their orthogonality in bacterial cells and consequential easy implementation as OTSs. PylRS/tRNAPyl pairs from the species of Methanosarcina are a particularly attractive choice for GCE due to their orthogonal reactivity in both bacterial and eukaryotic cells (Liu and Schultz, 2010; Chin, 2017; Mukai et al., 2017). Since its discovery, the PylRS system has been engineered to incorporate over 100 ncAAs (Wan et al., 2014; Dumas et al., 2015). In the beginning, mainly longer aliphatic pyrrolysine (Pyl) analogs and later also Phe and His analogs could be inserted into recombinant proteins (Wang et al., 2012; Xiao et al., 2014). Recently, this has been significantly extended to Trp analogs (Tseng et al., 2020) and small aliphatic side chain containing ncAAs (Koch et al., 2021).
PylRS-based OTSs now enable the incorporation of all types of side chains into proteins: Small/short, large, bulky, long aliphatic, small-aliphatic, aromatic, polar, polarizable, ionizable, neutral, hydrophobic, hydrophilic including various bioorthogonal chemical functionalities along rarely used elements (fluorine or boron) and chemical entities (Baumann et al., 2016). The variety of examples indicate that the PylRS binding pocket can be engineered to accommodate almost every substrate and therefore opens up opportunities to focus on the remaining obstacles in the field of GCE. One of these is the low efficiency of ribosomal ncAA incorporation caused by the comparatively low aaRS enzyme activity, ultimately leading to low yields of target protein (O’Donoghue et al., 2013; Exner et al., 2017).
On the contrary, OTSs based on other aaRS scaffolds can already produce target proteins at wild-type level (Hauf et al., 2017; Schwark et al., 2018). To some extent, the low efficiency can be compensated by supplying more ncAA to the growth medium. The standard is 1 mM, but often higher concentrations of up to 10 mM of in-house synthesized or purchased ncAA are used, pushing the cost of unnatural protein production up (Liu et al., 2018; Willis and Chin, 2018; Galindo Casas et al., 2020). Many efforts have been made to progressively increase protein production. These include optimization of the OTS plasmid copy number and promotor strength of the aaRS and/or tRNA genes (Chatterjee et al., 2013), engineering tRNAPyl (Fan et al., 2015), directed evolution of the aaRS (Bryson et al., 2017), optimization of the sequence context surrounding the target codon (Pott et al., 2014), host cell engineering (Lajoie et al., 2013) and engineering parts of the translational machinery (e.g., elongation factor TU) (Park et al., 2011). All these strategies have been effective in increasing the ncAA containing target protein yield, which, however, still remains below the levels of recombinant production without concurrent ncAA modification.
Enabling the incorporation of new ncAAs commonly requires mutations in the aaRS active site. Since most mutations are destabilizing, this can have substantial effects on the overall protein stability, leading to a lower abundance of correctly folded enzyme and promoting protein aggregation (Tokuriki et al., 2008a; Tokuriki and Tawfik, 2009). With the aforementioned alterations impacting enzyme stability, it has been proposed that aaRS scaffolds with high thermostability provide better starting points for enzyme engineering efforts (Grasso et al., 2021). Unfortunately, most thermophilic enzymes with the necessary stability to tolerate these mutations experience low catalytic activity at standard cultivation conditions for commonly used hosts cells (e.g., E. coli) (Sarmiento et al., 2015). Understandably, the majority of application-driven aaRS engineering efforts have been directed towards substrate specificity—to allow incorporation of new ncAAs and genetic encoding of chemical functionalities. Surprisingly, there are no studies in which the physico-chemical properties of PylRS are rationally modified, to determine if poor protein folding and low solubility are major bottlenecks for OTS efficiency in vivo. A classical approach to increase the production of soluble and active recombinant proteins is to genetically fuse a well-folding, highly soluble protein domain to the N- or C-terminus of the target (Esposito and Chatterjee, 2006; Zhou and Wagner, 2010; Paraskevopoulou and Falcone, 2018). To our knowledge, this approach has not been tested for improving PylRS-based OTS performance.
Besides serving as our model substrate, the attractiveness for Sac incorporation into peptides and proteins stems from the introduction of a biorthogonal functional group (i.e., an alkene tag) and its small size compared to e.g., pyrrolysine (Pyl) derivatives equipped with the same functional group. To date, Sac presents one of the smallest non-aromatic ncAAs which can be genetically encoded via the PylRS system. Moreover, it is a low-cost substrate with high pH-, temperature- and aqueous-stability (Kodera et al., 2002; Exner et al., 2017). Installed into peptides and proteins, Sac enables a variety of straightforward bioorthogonal protein conjugation reactions (Boutureira and Bernardes, 2015). Early GCE studies have revealed low in vitro solubility of the PylRS enzyme (Kavran et al., 2007). The low solubility is predominantly caused by the hydrophobic N-terminal domain which is essential for recognition, binding and charging of tRNAPyl in vivo (Herring et al., 2007). Subsequent works revealed improvements stemming from N-terminal mutations and/or exchange of the N-terminal domain of MbPylRS by the more soluble counterpart of MmPylRS, creating a chimeric aaRS enzyme (Bryson et al., 2017; Owens et al., 2017). These studies clearly indicate that there is potential for OTS improvement besides optimizing the enzymatic recognition and activation of substrates. Assuming that other components such as intracellular ncAA and orthogonal tRNA abundance are not limiting, poor recombinant aaRS solubility would translate into a lower fraction of active enzyme and concomitant lower OTS efficiency.
Our strategy targets the N-terminus for alteration and our proposed working mechanism is shown in Figure 1. The active site and surrounding shell residues of the aaRS enzyme remain unaltered, facilitating transfer of successful findings to other enzymes. We selected a set of solubility-tags (Table 1), fused them to the N-terminus of a MbPylRS enzyme variant previously engineered for the incorporation of S-allyl-l-cysteine (Sac, 1, Figure 2; Exner et al., 2017) and subsequently screened for improved efficiency. The generality of our findings was assessed using other engineered PylRS systems, increasing the production of site-specifically modified target proteins per amount of non-natural amino acid supplied.
[image: Figure 1]FIGURE 1 | Proposed mechanism of how the SmbP-tag helps to provide more catalytically active MbPylRS in vivo, increasing yield of ncAA-modified target protein.
TABLE 1 | List of fusion tags used for solubility enhancement of MbSacRSa with brief descriptions, molecular weight (MW) and references.
[image: Table 1][image: Figure 2]FIGURE 2 | Overview of ncAAs used in this study (1-9) and the natural PylRS substrate (10): S-allyl-l-cysteine (Sac, 1), S-propargyl-l-cysteine (2), o-(2-nitrobenzyl)-l-tyrosine (ONBY, 3), (O-methyl-l-tyrosine (O-methyl-l-tyr, 4), O-tert-butyl-l-tyrosine (O-tert-butyl-l-tyr, 5), Nε-tert-butoxycarbonyl-l-lysine (BocK, 6), Nε-allyloxycarbonyl-l-lysine (AllocK, 7), Nε-((2-azidoethoxy)carbonyl)-l-lysine (AzidoK, 8) and Nε-propargyloxycarbonyl-l-lysine (ProK, 9), Pyrrolysine (Pyl, 10).
MATERIALS AND METHODS
Plasmid Vector Construction
All plasmids were assembled by Golden Gate cloning and confirmed by DNA sequencing. Plasmids harboring the OTS (aaRS/tRNAPyl) were constructed by cloning the target aaRS gene into the pTECH vector (Bryson et al., 2017) (a gift from D. Söll and David R. Liu, Addgene plasmid #104073). Trx- and NusA-tag genes were amplified from chromosomal E. coli DNA. Fh8-and SmbP-tag DNA sequences were codon optimized and synthesized (GeneArt, Thermo Fisher Scientific). InfB (1-21)-, 10xD- and 10xR-tags were introduced upstream of the MbSacRS gene via PCR amplification with the tag encoded in the forward primer overhang. Other tags were amplified from the research group’s internal plasmid database. Reporter plasmids were constructed in a previous work (Hauf et al., 2017).
Analysis of sfGFP Expression by Intact Cell Fluorescence
For the small-scale expression of reporter constructs, E. coli BL21 (DE) cells were used. Electrocompetent cells were transformed with the orthogonal translation system and reporter plasmids. LB agar plates contained 1% glucose and corresponding antibiotics. Single colonies were used for inoculation of 2 ml LB (in 14 ml tubes) with 1% glucose and antibiotics and grown to saturation overnight. Assays were conducted in 96-well plate format. Cultures were added to each well at 1:100 dilution in ZYP-5052 auto induction medium to a final volume of 100 μL supplemented with antibiotics and ncAAs. Cells were grown in black μ-plates (Greiner Bio-One) covered with a gas permeable foil (Breathe-Easy®, Diversified Biotech) with orbital shaking for 24 h at 37°C. For endpoint measurements (Tecan M200), the foil was removed and fluorescence measured (fixed gain = 85). Excitation and emission wavelengths for fluorescence measurements were set to 481 and 511 nm, respectively. For OD600 measurements, 50 µL of ZYP-5052 medium was introduced into clear 96-well μ-plates and 50 µL culture added. Fluorescence values were normalized to the corresponding OD600 data. Relative fluorescence was normalized to the highest value. The data (incl. standard deviation) represents the mean of three biological replicates.
Protein Expression
For expression of the SUMO-sfGFP variants, E. coli strain BL21 (DE) was used in 50 ml ZYP-5052 medium supplemented with 2 mM Sac and appropriate antibiotics. The expression medium was inoculated with a starter culture (1:100). Shake flasks were incubated for 20 h at 37°C, 200 rpm. Cells were harvested by centrifugation and stored at −80°C or directly used for protein purification.
Protein Purification
Harvested cell pellets were resuspended (50 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, pH 8.0) and lysed by high-pressure homogenization (M-110L Microfluidizer, Microfluidics). After centrifugation (18,000 g, 60 min, 4°C), cleared lysates were loaded onto equilibrated Ni-NTA columns and purified via a peristaltic pump (Pharmacia Biotech, Stockholm, SE). After washing with 10 column volumes of resuspension buffer, elution buffer (50 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, pH 8.0) was applied to elute the his-tagged target proteins. The first 2 ml (covering the dead volume) were discarded. The eluate was collected in 2 ml fractions. After taking SDS samples, fractions were pooled and dialyzed in cellulose film tubings against 1 L buffer (50 mM sodium phosphate, 300 mM NaCl, pH 8.0) for at least 1.5 h with three buffer changes. Concentrations of purified reporter proteins were determined by measuring the sfGFP chromophore absorption at 488 nm.
Analysis of Soluble and Insoluble Protein Fractions
E. coli strain BL21 (DE) was used in 2 ml ZYP-5052 medium supplemented with 2 mM Sac (to match target protein expression conditions) in 14 ml round bottom tubes (Falcon, Corning Life Sciences) and appropriate antibiotics. The expression medium was inoculated with a starter culture (1:100) and incubated for 20 h at 37°C, 200 rpm. 80 µL of culture were normalized to OD600 = 6 via dilution and absorption measurements with an Ultrospec 6300 pro spectrophotometer (Amersham Biosciences). Cells were harvested by centrifugation and lysed with B-PER® Bacterial Protein Extraction Reagent (Thermo Scientific) according to protocol, with addition of phenylmethanesulfonyl fluoride (1 mM final). Lysed cells were centrifuged (15,000 g, 5 min, RT) and the supernatant isolated (soluble protein fraction). The precipitate (insoluble protein fraction) was resolved (50 mM Tris-HCl, 7.5 M Urea, pH 8) with the same volume as the initial lysis buffer. Afterwards, soluble and insoluble protein fractions were combined with 5x SDS loading dye (80 mM Tris pH 6.8, 10% SDS, 12.5% glycerol, 4% (v/v) β-mercaptoethanol, 0.2% (w/v) bromophenol blue) and 5 µL samples were used for 15% acrylamide gels. PageRuler Prestained Protein Ladder or PageRuler Unstained Protein Ladder (both Thermo Scientific) were used. Electrophoresis was performed at 80 V for 60 min and afterwards at 120 V with SDS running buffer (190 mM glycine, 25 mM Tris, 3.5 mM SDS). Gels were stained with Coomassie solution overnight and destained with dH2O prior to documentation.
ESI-MS
Intact protein mass measurements of purified SUMO-sfGFP variants were performed by electrospray LC-MS on a Waters H-class instrument with a Waters Acquity UPLC protein BEH C4 column (300 Å, 1.7 μm, 2.1 × 50 mm, gradient at a flow rate of 0.3 ml/min: A: 0.01% formic acid in H2O; B: 0.01% formic acid in MeCN. 5–95% B 0–6 min). Mass analysis was conducted with a Waters Xevo G2-XS QTof analyzer (positive mode, cone voltage = 40 kV). Raw data were analyzed employing the maximum entropy deconvolution algorithm and plotted with Origin.
RESULTS
Choice and Comparison of Fusion Tags
To address the intrinsic solubility problem of the widely used PylRS scaffold, we focused on the Methanosarcina barkeri enzyme (MbPylRS), whose solubility is even lower compared to MmPylRS (Kavran et al., 2007). We intentionally chose an engineered enzyme and not the wild-type, as we assumed that if aaRS solubility/folding are major bottlenecks for in vivo function, the beneficial effects should be more pronounced for relatively inefficient enzyme variants. The chosen variant is a double mutant reported to yield 0.6 mg (per liter of bacterial culture) enhanced green fluorescent protein modified with Sac at a single site (Exner et al., 2017). Its two active site mutations C313W:W382S crucial for activation of the ncAA and two additional beneficial N-terminal mutations T13I:I36V (identified previously, cf. Supplementary Figure S5) were introduced into the codon-optimized MbPylRS sequence (leading to the MbSacRS variant). Mutation Y349F was also included by default, as it is known to generally enhance aminoacylation (Yanagisawa et al., 2008). This construct forms the reference OTS of this study.
We chose to test nine common protein fusion partners with diversity in size and physico-chemical properties (Table 1). We assumed that by keeping the sequence of the aaRS enzyme unaltered, the ncAA specificity and activation kinetics are maintained. To evaluate the efficiency of the OTS, we used a superfolder GFP (sfGFP)-based fluorescence readout. In this well-established methodology, the signal intensity of intact cells is directly correlated to the amount of produced protein. The reporter construct contains a stop codon replacing the R2 codon (sfGFP(R2 amber)) or three stop codons replacing the codons of R2, N39 and K101 (sfGFP(3x amber)), respectively. These reporters were co-expressed with the OTS using E. coli BL21 (DE3) as a widely used microbial production strain. With a RF1 positive strain (prfA+), amber suppression competes with the endogenous translation termination machinery. This leads to the formation of truncation products when the activity of the OTS in vivo is too low to supply sufficient amounts of ncAA-charged orthogonal tRNA.
Comparing MbSacRS as reference to nine fusion proteins with solubility tags shows that all constructs except for Fh8-MbSacRS are functional in vivo (Figure 3). This is evident from increased fluorescence intensities in presence of ncAA supplementation. The best performing construct has an N-terminal SmbP-tag (9.9 kDa in size), followed by the InfB (1–21) and 10xD-tag.
[image: Figure 3]FIGURE 3 | OTS efficiency comparison of 10 different MbSacRS constructs measured via intact cell fluorescence of E. coli BL21 (DE3) expressing the sfGFP(R2 amber) construct. Reporter signal stems from stop codon suppression in presence (+Sac = 2 mM) or absence of ncAA supplementation (−Sac).
Given the increased protein production efficiency, we next aimed to check if even higher improvements could be achieved by using multiple tags. We chose to combine tags with a different mode of action, being InfB (1–21) on the one hand and SmbP, GB1 and 10xD on the other. Unfortunately, no synergistic effects could be observed (Figure 4A). After screening for the effect of different tags, we set out to characterize the performance of the three best constructs in detail. Wild-type sfGFP served as reference for maximum recombinant protein production. Based on fluorescence intensities, the overall efficiency for the suppression of one in-frame amber stop codon reaches around 56% (Figure 4B). This level of performance is very high especially for a PylRS system, far exceeding commonly reached levels for stop codon suppression at this position (Bryson et al., 2017; Exner et al., 2017). This encouraged us to evaluate if even more than one in-frame stop codon could now be efficiently suppressed. The best aaRS construct (SmbP-MbSacRS) was co-expressed with a sfGFP gene containing three in-frame stop codons. Protein production reached the same level as the untagged starting enzyme (MbSacRS) achieved for suppression of a single stop codon (Figure 4B). Co-expression of untagged MbSacRS did not lead to a detectable suppression of three stop codons.
[image: Figure 4]FIGURE 4 | Comparison of OTS efficiency for MbSacRS fusion constructs measured by the fluorescence of intact E. coli BL21 (DE3) cells. (A) Best-performing solubility tags were tested alone and in combination. (B) Comparison of fusion constructs to the untagged starting enzyme. Reporter constructs for the suppression of one or three stop codons were sfGFP(R2 amber) and sfGFP(3x amber), respectively. Wild-type sfGFP without an in-frame stop codon was included as benchmark. Endpoint measurements in presence (+Sac = 2 mM) or absence of ncAA supplementation (−Sac).
Analytics of Sac Incorporation
To confirm the microtiter-scale intact cell fluorescence assays, the reporter constructs were expressed in bacterial cells in shake flasks and subsequently purified to determine target protein yields. This is the key metric for OTS performance and reflected by corresponding ratios between full-length target protein and truncation products. The reporter construct with an N-terminal His6-SUMO-tag allows simultaneous purification of both protein species. Cells carrying the improved SmbP-MbSacRS OTS were likewise used to produce the positive control (wild-type sfGFP without an in-frame stop codon), to maintain a similar metabolic burden for E. coli cells. Addition of the ncAA to these cells had a negligible effect on the fluorescence signal (data not shown). The presence of Sac in the target protein was confirmed via electrospray ionization mass spectrometry (ESI-MS) (Figures 5A,B). Obtained purified protein yields for the different setups are in good agreement with data from the fluorescence assays (Table 2).
[image: Figure 5]FIGURE 5 | (A,B) Deconvoluted ESI-MS spectra of SUMO-sfGFP(R2Sac) produced in E. coli BL21 (DE3). (A) Reporter co-expression with SmbP-MbSacRS. Expected protein mass of SUMO-sfGFP(R2Sac): 40,194.9 Da. Observed mass: 40,196 Da. (B) Co-expression with untagged MbSacRS. Expected mass of SUMO sfGFP(R2Sac): 40,194.9 Da. Observed mass: 40,196.1 Da. Expected mass of SUMO truncation product: 12,372.8 Da. Observed mass: 12,372 Da (A and B). (C,D) SDS-PAGE analysis of purified SUMO-sfGFP(R2Sac) protein produced via co-expression of (C) SmbP-MbSacRS and (D) unmodified MbSacRS. Sample abbreviations: Whole cell extract of induced culture (Ind), soluble cellular lysate (Lys), liquid chromatography flow-through (FT), column wash of bound protein (W), eluate fractions (F1-3/4), protein ladder (M), full-length product (FLP), truncation product (TP).
TABLE 2 | Purified yields of ncAA-modified target protein as measure for OTS efficiency with 2 mM sac provided in the growth medium.
[image: Table 2]The difference in reporter protein production is clearly visible by the naked eye (Supplementary Figure S4). Suppression of a single amber codon yielded purified protein amounts equivalent to about 40% of wild-type, highlighting the improved performance of the SmbP-tagged PylRS enzyme. Using ESI-MS, almost no truncation products were detected for purified samples obtained with this co-expression setup (Figure 5A). This also strongly emphasizes the higher efficiency of this PylRS construct. Increased amounts of full-length target protein are further evident from SDS-PAGE analysis when compared to the starting aaRS (Figures 5C,D). For the challenging construct with three in-frame amber stop codons, SDS-PAGE analysis indicates incorporation of three Sac moieties, but also reveals a predominant formation of truncation products (Supplementary Figure S2). This follows our expectations, as the amount of truncation product increases with the number of suppressed stop codons (Hauf et al., 2017). The relatively low amount of full-length, triple-modified target protein led us to switch to a C-terminally His-tagged version for selective purification. MS analysis confirmed the incorporation of Sac at three positions (Supplementary Figure S1).
To evaluate the robustness and transferability of our findings, we decided to incorporate Sac into two other sequence contexts and protein structures. First construct is the blue chromoprotein from the coral Acropora millepora (amilCP, also a beta barrel in structure as sfGFP) where Sac was incorporated into the sequence context of an N-terminal tag (6-R11-1) evolved for highly efficient amber suppression (Figure 6A) (Pott et al., 2014). To evaluate Sac incorporation in a different context of overall protein structure, we employed the PDZ3 domain of postsynaptic density protein-95 (PSD-95) (Figure 6B).
[image: Figure 6]FIGURE 6 | SDS-PAGE analysis of Sac incorporation into amilCP 26.7 kDa, (A) and PDZ 11.7 kDa, (B). The gels show samples of the soluble whole cell lysates of induced cultures produced with 2 mM Sac supplementation (+) and without (−), respectively.
Analysis of PylRS Solubility
To confirm that the SmbP-tag increases the abundance of soluble enzyme in the cytoplasm of E. coli, we analyzed the soluble and insoluble cell fractions for SmbP-MbSacRS and MbSacRS expression via SDS-PAGE (Figure 7). For analytical reasons, we included an aaRS production setup with strong overexpression to facilitate detection. Accordingly, the aaRS gene was transferred into a pET plasmid vector with a strong T7 promotor. SmbP-MbSacRS is clearly overproduced in soluble form, whereas untagged MbSacRS is hardly detectible in the corresponding cellular fraction. In the same fashion, the aaRS co-expression setup was analyzed. For the lpp promotor driving aaRS production, clear overproduction of SmbP-MbSacRS in the soluble cell extract fraction is visible; just a small band is detectable in the corresponding insoluble fraction.
[image: Figure 7]FIGURE 7 | SDS-PAGE analysis of the soluble (SF) and insoluble (ISF) protein fractions of whole cell lysates. Left half: aaRS co-expression setup (driven by lpp promotor) as used for ncAA incorporation. Right half: aaRS overproduction setup driven by the strong T7 promoter. Calculated molecular weights: SmbP-MbSacRS = 57.5 kDa (black arrow), MbSacRS = 47.6 kDa (red arrow).
Transferability of Tag Effects to Other PylRS Variants
To investigate the generality of our N-terminal tagging strategy, we equipped different MbPylRS variants with the SmbP-tag. Paired with the corresponding engineered enzyme, we tested the following ncAA substrates in a concentration dependent manner to gain detailed information about the OTS performance in vivo. First candidate was a MbPylRS variant engineered for incorporation of ONBY (Arbely et al., 2012). ONBY is a versatile photocaged tyrosine used for light-controlled protein activation. The aaRS enzyme has two glycines among a total of four catalytical domain mutations (L270F:L274M:N311G:C313G). It further allows genetic encoding of bulky, reversibly photoswitchable azobenzene amino acids (Luo et al., 2018). The SmbP-tag drastically improved protein production for ONBY (320%, Figure 8A). Mutations of aaRS active sites can result in an increased catalytic promiscuity (Wang et al., 2012). This is especially true for the hydrophobic amino acid binding pocket of PylRS, which is scarce in specific substrate interactions. Due to the enlarged binding pocket, we considered and confirmed the double glycine mutations to allow the accommodation of other ncAA substrates (Supplementary Figures S6, S7). We further investigated PylRS variants evolved for activation of a small substrate 4 (Figure 8B) and 2 (used as handle for the site specific azide-alkyne HUISGEN cycloaddition reaction, Supplementary Figure S8), respectively (Takimoto et al., 2011; Liu et al., 2018). Gratifyingly, increased protein yields were reached (200–490%) upon aaRS tagging.
[image: Figure 8]FIGURE 8 | Concentration dependent unnatural protein production for different combinations of SmbP-MbPylRS/MbPylRS co-expression and ncAAs. Endpoint measurements for ncAA concentrations of 0.05, 0.1, 0.3, 0.6, 1, 2, and 5 mM.
Revealing the transferability of our approach to other engineered MbPylRS variants encouraged us to test if even the wild-type enzyme could profit from our N-terminal tagging strategy. The ncAAs BocK (6), AllocK (7), AzidoK (8), and ProK (9) were screened in a concentration-dependent manner. Like 2, AzidoK and ProK are commonly used as handles for the site specific and bioorthogonal azide-alkyne HUISGEN cycloaddition reaction but possess longer side chains. All four ncAAs are established PylRS substrates with BocK more efficiently activated and charged to tRNAPyl compared to the other three. Protein production reached 170% (0.1 mM BocK) and 220% (0.6 mM AllocK) (Figure 8C), 245% (0.6 mM AzidoK) and 120% (2 mM ProK) (Figure 8D), highlighting that even the wild-type enzyme profits from the SmbP-tag.
Impact of Active Site Mutations
Most natural enzymes are marginally stable at physiological temperatures. Recently, this has been specifically shown for MbPylRS (Hu et al., 2020). Enzyme active site residues are inherently unfavorable for overall protein stability and mutations which drastically change the size and/or physico-chemical properties will likely aggravate this destabilization (Tokuriki et al., 2008b). To investigate our hypothesis that this holds true for the mutations enabling Sac incorporation (via MbSacRS and its impactful C313W:W382S mutations), we created two control variants of the enzyme. The mutations for these constructs targeted the polar active site residues N311 and C313. These residues are most frequently chosen for PylRS engineering as they are responsible for the recognition of the native pyrrolysine substrate and have also proven to create a range of enzymes with new ncAA substrate recognition (Wan et al., 2014).
The first control construct (where the SmbP-tag should have little to no effect) possesses the PylRS mutations N311A and C313A. The second construct (where mutations should severely destabilize the enzyme and therefore render the tag most effective) is the corresponding glycine double mutant, which was also used for ONBY incorporation (see above). Our assumptions were confirmed since no improvements could be detected for the SmbP-tagged double alanine mutant (Figure 9A and Supplementary Figure S9). In contrast, protein production with the double glycine construct increased markedly, by 450% (2 mM ncAA). This gain is comparable to the MbSacRS improvement (540%, 1 mM Sac, cf. Figures 9B,D). Accepted by both enzyme variants, 5 was a suitable substrate for this comparison.
[image: Figure 9]FIGURE 9 | Concentration dependent unnatural protein production for different combinations of SmbP-MbPylRS/MbPylRS co-expression and ncAAs. Endpoint measurements for ncAA concentrations of 0.05, 0.1, 0.3, 0.6, 1, 2 and 5 mM.
DISCUSSION
To test our initial hypothesis that the low solubility of engineered MbPylRS can be remedied, a set of genetically encoded solubility tags derived from diverse organisms with diversity in size and physico-chemical properties was tested for improved protein production (i.e., overall OTS performance). Due to the inherent complexity of the protein folding process in vivo, it is difficult to predict which amino acid position, small terminal tags or protein fusions will affect target protein solubility and activity a priori (Cheng and Patel, 2004; Esposito and Chatterjee, 2006; Zhou and Wagner, 2010). We assumed that by keeping the sequence of the aaRS enzyme unaltered, the ncAA specificity and activation function should be maintained. The InfB (1-21)-tag is the smallest fusion partner (0.8 kDa) tested herein, known in literature to increases expression levels rather than the solubility of proteins. Strikingly, even small modifications (e.g., His6-tags for aaRS purification) were previously shown to reduce the in vivo activity of engineered MbPylRS variants (Lammers et al., 2014). In contrast, we found that most of our MbPylRS fusion constructs were highly active (Figure 3). The N-terminal SmbP-tag even boosts the performance of wild-type (120–245%) and especially engineered MbPylRS systems (200–540%), therefore delivering more protein for the amount of ncAA supplied (Figure 8). Combining more than one tag did not lead to additional improvements, indicating that the activity increasing effects of the tags are non-additive (Figure 4A). Our collected data on single and combined tags do not reveal a clear pattern to rationalize the observed effects. Improvements in ribosomal ncAA incorporation could arise from enhanced aaRS expression levels, folding, solubility and combinations thereof. Three of the initially chosen tags reduced the efficiency compared to unmodified MbSacRS, highlighting that the aaRS scaffold is sensitive to certain terminal modifications. Albeit the multi-faceted nature of protein folding and solubility, previous studies have shown benefits of fusion partners which are highly robust towards thermal and chemical unfolding (like GB1 Gronenborn et al., 1991). Moreover, it should be noted that both on nucleotide and amino acid level, the N-terminal sequence plays an important role for the initiation and efficiency of protein synthesis, which could promote changes in aaRS expression levels (Verma et al., 2019).
The robustness of ncAA incorporation was additionally assessed with the Sac incorporation into two additional sequence contexts and protein structures. First, the blue chromoprotein from the coral Acropora millepora where we incorporated Sac into the sequence context of an N-terminal tag (6-R11-1) evolved for highly efficient amber suppression (Pott et al., 2014). With flanking glycine residues, this small region would be expected to be unstructured and solvent-exposed (Figure 6A). To evaluate Sac incorporation in a different context of protein structure, we employed the PDZ3 domain of PSD-95 (Figure 6B). PDZ domains are of special interest as they represent highly abundant protein-protein interaction modules. These structural domains are found in the proteins of a variety of signal transduction complexes in multiple organisms (bacteria, yeast, plants and viruses). Taking the mouse genome as an example, they can be found 928 times (Doyle et al., 1996; Lee and Zheng, 2010). Sac was successfully incorporated at position F325, a location previously used for ncAA installation and part of the peptide ligand binding pocket (Baumann et al., 2019). The results of Sac incorporation into amilCP and PDZ are consistent with the previous sfGFP results (Figure 5). There is clearly more target protein production in the system with the SmbP-tagged aaRS, in the case of the chromoprotein amilCP even visible in the harvested bacterial cells by the naked eye (Supplementary Figure S3).
To further evaluate our hypothesis that the improved performance stems from more soluble MbPylRS, we performed a solubility analysis of cells which express the OTSs (Figure 7). When expressed with a strong T7 promotor, SDS-PAGE showed that most of the engineered aaRS with and without tag resides in the insoluble fraction. It is thus likely inactive in vivo, for instance present in bacterial inclusion bodies. The corresponding soluble fractions, however, displayed distinct differences in aaRS abundance. SmbP-MbSacRS is clearly overproduced in soluble form. In contrast, MbSacRS co-expression generates only a small detectible band in both fractions, indicating a relatively low functional aaRS production level. Based on the solubility results, it seems plausible that the SmbP-tag protects PylRS from pathways towards irreversible protein aggregation in vivo. Therefore, the tagged MbPylRS does not become removed from the folding/misfolding equilibrium. Comparing the findings of the two aaRS promoter systems, it is noteworthy to mention that the total abundance of soluble SmbP-MbSacRS appears comparable. This indicates that despite large differences in promoter strength, similar levels of soluble SmbP-MbSacRS are produced within the cell.
Assessing the transferability of our approach, several MbPylRS variants including the wild-type were fused to the SmbP-Tag (Figure 8). The performance of ONBY (2) incorporation via genetic code expansion was drastically improved, strikingly even though two second-shell mutations (L270F:L274M) were omitted. Not in direct contact to the ncAA substrate, we had chosen to focus just on the glycine double mutant. It is conceivable that the two side chain truncations are key for opening up the ncAA binding pocket towards accommodation of the bulky photocaged moiety. The impact of the N-terminal tag on aaRS efficiency and the obtained protein production (even at low supplied ncAA concentrations) was astonishing. The activity of SmbP-MbPylRS(N311G:C313G) towards several ncAAs emphasizes the role of reducing the size of side chain moieties within the PylRS pocket. Similar observations were made upon rationally engineering the enzyme’s substrate tolerance via a double alanine mutation (Supplementary Figures S6, S7) (Wang et al., 2012).
Further investigation of PylRS variants evolved for activation of the small substrate 3 (Figure 8B), and 2 highlighted the detrimental effects of active site mutations. The SmbP-tag drastically increased the performance of these OTSs. Even the wild-type MbPylRS profits from the tag, reaching up to 245% protein production. The efficiency observed for the tagged MbPylRS with BocK as ncAA substrate supplied at very low concentrations is noteworthy. Almost half of the maximum protein production is already reached at 0.1 mM BocK (Figure 8C). This is one order of magnitude below the commonly used ncAA concentration and far from quantities used in the majority of studies, where up to 10 mM ncAA are required to reach satisfactory protein production yields (Liu et al., 2018; Willis and Chin, 2018; Hu et al., 2020). Comparing the genetic encoding of BocK and Sac, it is remarkable that the engineered SmbP-MbSacRS system can achieve even higher target protein yields. Substrate titration revealed that the very low efficiency of the starting enzyme can be boosted to even surpass the wild-type enzyme performance for an excellent, established substrate (Figures 8C, 9D).
Lastly, the impact of active-site mutations in regard to OTS performance was elucidated (Figure 9). For this purpose, two aaRS variants were constructed containing two mutations which should either stabilize (N311A:C313A) or destabilize (N311G:C313G) the enzyme and therefore alter the OTS performance accordingly. It is known that changing polar/charged residues in the active site to alanine often enhances the stability of enzymes, but in most cases also leads to a decrease in catalytic activity (Beadle and Shoichet, 2002). In contrast, the introduction of glycine disrupts the secondary structure elements in most soluble proteins, due to its high backbone flexibility (Imai and Mitaku, 2005). Taken the MmPylRS crystal structure as homology model and the transferability of active site mutations between MmPylRS and MbPylRS as basis, both mutation sites (N311 and C313) are part of the same β-sheet. They come in close contact with the ncAA substrate (<5 Å in PDB ID 3QTC; note that MbPylRS could not be crystallized thus far). Placing two glycines into this defined secondary structure element should perturb the folding and stability of the enzyme given the conformational flexibility of the smallest amino acid residue and the different backbone torsion angle preferences (Imai and Mitaku, 2005). Removal of the N311 and C313 side chains should profoundly destabilize the local secondary and subsequently overall aaRS structure. Substrate 5 was used as model substrate in these experiments. This ncAA has been shown to work well as a structural reporter in NMR spectroscopy, but due to low protein yields of the PylRS system initially reported, only the use of a MjTyrRS-based system in bacterial cells proved applicable (Chen et al., 2015). The protein yield reported for a similar reporter construct paired with the M. mazei double alanine mutant was 2 mg/L (Wang et al., 2012). On the basis of our reporter, protein yields exceed 15 mg/L (note that this is estimated for a supply of 1 mM ncAA in contrast to 5 mM in the original publication).
Our comprehensive data for a set of ncAA and aaRS enzyme pairs strongly supports our working hypothesis that intracellular folding and solubility of engineered PylRS enzymes easily becomes a bottleneck for orthogonal translation - besides the kinetics of ncAA binding, activation and charging to the cognate tRNA. Our findings show that the expression level and solubility of these enzymes are important parameters that should not be neglected when optimizing cells for the production of ncAA-modified unnatural proteins. In the light of previous reports and the reaction pathway towards charged tRNA, it was remarkable to see that even the attachment of large fusion partners did not abolish the in vivo function of the orthogonal pair, with the N-terminal aaRS domain primarily involved in tRNA recognition and binding.
CONCLUSION
In this study, we rationally approached the low intrinsic protein solubility of PylRS enzymes and its impact on the production of ncAA-modified unnatural proteins. Altogether, we could demonstrate that the classic method of obtaining more soluble and active enzymes via fusion partners can be transferred to OTS engineering. Notably, this strategy to enhance aaRS performance (up to 540%) in vivo does not involve changes in the catalytic domain or active site. Our findings suggest that engineered enzymes with drastic active site changes particularly benefit from rescue by solubility tags. The tag appears to remediate the destabilizing effects of active site mutations initially introduced to allow genetic encoding of new ncAAs. This explains why the observed improvements are higher for engineered aaRS variants than for the wild-type enzyme. The improvements of the latter case highlight that the archaeal enzyme can be tailored for functional expression in recombinant hosts. Concomitantly, the fidelity of the ncAA incorporation system is preserved, as we do not detect increased background suppression. The most potent tag was shown to enhance the soluble expression of the enzyme, which is most likely the cause of the increased efficiency observed. We thus envision the transfer of this approach to more PylRS-based systems used in vivo or in vitro, where it could substantially boost the efficiency of unnatural protein production. Additionally, a generally increased aaRS activity and robustness could enable the engineering of enzymes able to activate new classes of ncAA substrates. It is reasonable to assume that many aaRS variants with suitable residues in the active site (generated by mutations) remain hidden to us due to insufficient aaRS stability/activity for detection by screening systems. Our approach could help to find these hidden variants. Additionally, the increased amount of obtained soluble MbPylRS could finally facilitate the crystal structure elucidation of this enzyme.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
NK carried out the experiments. NK and TB designed and NK generated genetic constructs. NK, TB, and NB analyzed the data. NK wrote the original draft and did the graphic visualization of the manuscript, NK, TB, and NB performed review and editing. NK identified and designed the solubility tag strategy, TB and NB did the supervision and project management. All authors have given approval to the final version of the manuscript.
FUNDING
This research was supported by internal funds of the Biocatalysis Group at the TU Berlin and by the Canada Research Chairs Program (Grant No. 950-231971). We acknowledge support by the German Research Foundation and the Open Access Publication Fund of TU Berlin.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We are very grateful to Philipp Ochtrop (Leibniz-Forschungsinstitut für Molekulare Pharmakologie, Hackenberger Group) for his support in ESI-MS measurements. We would like to thank Prof. Christian Thomsen, President of the Technical University of Berlin, for support.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2021.807438/full#supplementary-material
REFERENCES
 Agostini, F., Völler, J. S., Koksch, B., Acevedo‐Rocha, C. G., Kubyshkin, V., and Budisa, N. (2017). Biocatalysis with Unnatural Amino Acids: Enzymology Meets Xenobiology. Angew. Chem. Int. Ed. 56, 9680–9703. doi:10.1002/anie.201610129
 Arbely, E., Torres-Kolbus, J., Deiters, A., and Chin, J. W. (2012). Photocontrol of Tyrosine Phosphorylation in Mammalian Cells via Genetic Encoding of Photocaged Tyrosine. J. Am. Chem. Soc. 134, 11912–11915. doi:10.1021/ja3046958
 Baumann, T., Exner, M., and Budisa, N. (2016). Orthogonal Protein Translation Using Pyrrolysyl-tRNA Synthetases for Single- and Multiple-Noncanonical Amino Acid Mutagenesis. Adv. Biochem. Engineering/Biotechnology 162, 1–19. doi:10.1007/10_2016_37
 Baumann, T., Hauf, M., Schildhauer, F., Eberl, K. B., Durkin, P. M., Deniz, E., et al. (2019). Site‐Resolved Observation of Vibrational Energy Transfer Using a Genetically Encoded Ultrafast Heater. Angew. Chem. Int. Ed. 58, 2899–2903. doi:10.1002/anie.201812995
 Beadle, B. M., and Shoichet, B. K. (2002). Structural Bases of Stability-Function Tradeoffs in Enzymes. J. Mol. Biol. 321, 285–296. doi:10.1016/S0022-2836(02)00599-5
 Boutureira, O., and Bernardes, G. J. L. (2015). Advances in Chemical Protein Modification. Chem. Rev. 115, 2174–2195. doi:10.1021/cr500399p
 Bryson, D. I., Fan, C., Guo, L.-T., Miller, C., Söll, D., and Liu, D. R. (2017). Continuous Directed Evolution of Aminoacyl-tRNA Synthetases. Nat. Chem. Biol. 13, 1253–1260. doi:10.1038/nchembio.2474
 Burke, A. J., Lovelock, S. L., Frese, A., Crawshaw, R., Ortmayer, M., Dunstan, M., et al. (2019). Design and Evolution of an Enzyme with a Non-canonical Organocatalytic Mechanism. Nature 570 (7760), 219–223. doi:10.1038/s41586-019-1262-8
 Chatterjee, A., Sun, S. B., Furman, J. L., Xiao, H., and Schultz, P. G. (2013). A Versatile Platform for Single- and Multiple-Unnatural Amino Acid Mutagenesis in escherichia Coli. Biochemistry 52, 1828–1837. doi:10.1021/bi4000244
 Chen, W.-N., Kuppan, K. V., Lee, M. D., Jaudzems, K., Huber, T., and Otting, G. (2015). O-tert-Butyltyrosine, an NMR Tag for High-Molecular-Weight Systems and Measurements of Submicromolar Ligand Binding Affinities. J. Am. Chem. Soc. 137, 4581–4586. doi:10.1021/jacs.5b01918
 Cheng, Y., and Patel, D. J. (2004). An Efficient System for Small Protein Expression and Refolding. Biochem. Biophysical Res. Commun. 317, 401–405. doi:10.1016/j.bbrc.2004.03.068
 Chin, J. W. (2017). Expanding and Reprogramming the Genetic Code. Nature 550, 53–60. doi:10.1038/nature24031
 Costa, S. J., Almeida, A., Castro, A., Domingues, L., and Besir, H. (2013a). The Novel Fh8 and H Fusion Partners for Soluble Protein Expression in Escherichia coli: A Comparison with the Traditional Gene Fusion Technology. Appl. Microbiol. Biotechnol. 97, 6779–6791. doi:10.1007/s00253-012-4559-1
 Costa, S. J., Coelho, E., Franco, L., Almeida, A., Castro, A., and Domingues, L. (2013b). The Fh8 Tag: A Fusion Partner for Simple and Cost-Effective Protein Purification in Escherichia coli. Protein Expr. Purif. 92, 163–170. doi:10.1016/j.pep.2013.09.013
 Davis, G. D., Elisee, C., Newham, D. M., and Harrison, R. G. (1999). New Fusion Protein Systems Designed to Give Soluble Expression inEscherichia Coli. Biotechnol. Bioeng. 65, 382–388. doi:10.1002/(sici)1097-0290(19991120)65:4<382::aid-bit2>3.0.co;2-i
 Doyle, D. A., Lee, A., Lewis, J., Kim, E., Sheng, M., and MacKinnon, R. (1996). Crystal Structures of a Complexed and Peptide-free Membrane Protein-Binding Domain: Molecular Basis of Peptide Recognition by PDZ. Cell 85, 1067–1076. doi:10.1016/S0092-8674(00)81307-0
 Drienovská, I., Mayer, C., Dulson, C., and Roelfes, G. (2018). A Designer Enzyme for Hydrazone and Oxime Formation Featuring an Unnatural Catalytic Aniline Residue. Nat. Chem 10, 946–952. doi:10.1038/s41557-018-0082-z
 Dumas, A., Lercher, L., Spicer, C. D., and Davis, B. G. (2015). Designing Logical Codon Reassignment - Expanding the Chemistry in Biology. Chem. Sci. 6, 50–69. doi:10.1039/c4sc01534g
 Esposito, D., and Chatterjee, D. K. (2006). Enhancement of Soluble Protein Expression through the Use of Fusion Tags. Curr. Opin. Biotechnol. 17, 353–358. doi:10.1016/j.copbio.2006.06.003
 Exner, M. P., Kuenzl, T., To, T. M. T., Ouyang, Z., Schwagerus, S., Hoesl, M. G., et al. (2017). Design ofS-Allylcysteine In Situ Production and Incorporation Based on a Novel Pyrrolysyl-tRNA Synthetase Variant. ChemBioChem 18, 85–90. doi:10.1002/cbic.201600537
 Fan, C., Xiong, H., Reynolds, N. M., and Söll, D. (2015). Rationally Evolving tRNAPylfor Efficient Incorporation of Noncanonical Amino Acids. Nucleic Acids Res. 43, e156. doi:10.1093/nar/gkv800
 Galindo Casas, M., Stargardt, P., Mairhofer, J., and Wiltschi, B. (2020). Decoupling Protein Production from Cell Growth Enhances the Site-specific Incorporation of Noncanonical Amino Acids in E. coli. ACS Synth. Biol. 9, 3052–3066. doi:10.1021/acssynbio.0c00298
 Grasso, K. T., Yeo, M. J. R., Hillenbrand, C. M., Ficaretta, E. D., Italia, J. S., Huang, R. L., et al. (2021). Structural Robustness Affects the Engineerability of Aminoacyl-tRNA Synthetases for Genetic Code Expansion. Biochemistry 60, 489–493. doi:10.1021/acs.biochem.1c00056
 Groff, D., Thielges, M. C., Cellitti, S., Schultz, P. G., and Romesberg, F. E. (2009). Efforts toward the Direct Experimental Characterization of Enzyme Microenvironments: Tyrosine100 in Dihydrofolate Reductase. Angew. Chem. Int. Ed. 48, 3478–3481. doi:10.1002/anie.200806239
 Gronenborn, A. M., Filpula, D. R., Essig, N. Z., Achari, A., Whitlow, M., Wingfield, P. T., et al. (1991). A Novel, Highly Stable Fold of the Immunoglobulin Binding Domain of Streptococcal Protein G. Science 253, 657–661. doi:10.1126/science.1871600
 Hansted, J. G., Pietikäinen, L., Hög, F., Sperling-Petersen, H. U., and Mortensen, K. K. (2011). Expressivity Tag: A Novel Tool for Increased Expression in Escherichia coli. J. Biotechnol. 155, 275–283. doi:10.1016/j.jbiotec.2011.07.013
 Hauf, M., Richter, F., Schneider, T., Faidt, T., Martins, B. M., Baumann, T., et al. (2017). Photoactivatable Mussel-Based Underwater Adhesive Proteins by an Expanded Genetic Code. ChemBioChem 18, 1819–1823. doi:10.1002/cbic.201700327
 Herring, S., Ambrogelly, A., Gundllapalli, S., O'Donoghue, P., Polycarpo, C. R., and Söll, D. (2007). The Amino-Terminal Domain of Pyrrolysyl-tRNA Synthetase Is Dispensable In Vitro but Required for In Vivo Activity. FEBS Lett. 581, 3197–3203. doi:10.1016/j.febslet.2007.06.004
 Holmgren, A. (1985). Thioredoxin. Annu. Rev. Biochem. 54, 237–271. doi:10.1146/annurev.bi.54.070185.001321
 Hu, L., Qin, X., Huang, Y., Cao, W., Wang, C., Wang, Y., et al. (2020). Thermophilic Pyrrolysyl-tRNA Synthetase Mutants for Enhanced Mammalian Genetic Code Expansion. ACS Synth. Biol. 9, 2723–2736. doi:10.1021/acssynbio.0c00257
 Imai, K., and Mitaku, S. (2005). Mechanisms of Secondary Structure Breakers in Soluble Proteins. Biophysics 1, 55–65. doi:10.2142/biophysics.1.55
 Kavran, J. M., Gundllapalli, S., O'Donoghue, P., Englert, M., Soll, D., and Steitz, T. A. (2007). Structure of Pyrrolysyl-tRNA Synthetase, an Archaeal Enzyme for Genetic Code Innovation. Proc. Natl. Acad. Sci. 104, 11268–11273. doi:10.1073/pnas.0704769104
 Koch, N. G., Goettig, P., Rappsilber, J., and Budisa, N. (2021). Engineering Pyrrolysyl-tRNA Synthetase for the Incorporation of Non-canonical Amino Acids with Smaller Side Chains. Int. J. Mol. Sci. 22, 11194. doi:10.3390/ijms222011194
 Kodera, Y., Suzuki, A., Imada, O., Kasuga, S., Sumioka, I., Kanezawa, A., et al. (2002). Physical, Chemical, and Biological Properties of S-Allylcysteine, an Amino Acid Derived from Garlic. J. Agric. Food Chem. 50, 622–632. doi:10.1021/jf0106648
 Lajoie, M. J., Rovner, A. J., Goodman, D. B., Aerni, H.-R., Haimovich, A. D., Kuznetsov, G., et al. (2013). Genomically Recoded Organisms Expand Biological Functions. Science 342, 357–360. doi:10.1126/science.1241459
 Lammers, C., Hahn, L. E., and Neumann, H. (2014). Optimized Plasmid Systems for the Incorporation of Multiple Different Unnatural Amino Acids by Evolved Orthogonal Ribosomes. ChemBioChem 15, 1800–1804. doi:10.1002/cbic.201402033
 Lee, H.-J., and Zheng, J. J. (2010). PDZ Domains and Their Binding Partners: Structure, Specificity, and Modification. Cell Commun. Signal. 8, 8. doi:10.1186/1478-811X-8-8
 Li, J. C., Nastertorabi, F., Xuan, W., Han, G. W., Stevens, R. C., and Schultz, P. G. (2019). A Single Reactive Noncanonical Amino Acid Is Able to Dramatically Stabilize Protein Structure. ACS Chem. Biol. 14 (6), 1150–1153. doi:10.1021/acschembio.9b00002
 Liu, C. C., and Schultz, P. G. (2010). Adding New Chemistries to the Genetic Code. Annu. Rev. Biochem. 79, 413–444. doi:10.1146/annurev.biochem.052308.105824
 Liu, J., Cheng, R., Wu, H., Li, S., Wang, P. G., DeGrado, W. F., et al. (2018). Building and Breaking Bonds via a Compact S‐Propargyl‐Cysteine to Chemically Control Enzymes and Modify Proteins. Angew. Chem. Int. Ed. 57, 12702–12706. doi:10.1002/anie.201806197
 Luo, J., Samanta, S., Convertino, M., Dokholyan, N. V., and Deiters, A. (2018). Reversible and Tunable Photoswitching of Protein Function through Genetic Encoding of Azobenzene Amino Acids in Mammalian Cells. ChemBioChem 19, 2178–2185. doi:10.1002/cbic.201800226
 Malakhov, M. P., Mattern, M. R., Malakhova, O. A., Drinker, M., Weeks, S. D., and Butt, T. R. (2004). SUMO Fusions and SUMO-specific Protease for Efficient Expression and Purification of Proteins. J. Struct. Func Genom 5, 75–86. doi:10.1023/B:JSFG.0000029237.70316.52
 Minnihan, E. C., Young, D. D., Schultz, P. G., and Stubbe, J. (2011). Incorporation of Fluorotyrosines into Ribonucleotide Reductase Using an Evolved, Polyspecific Aminoacyl-TRNA Synthetase. J. Am. Chem. Soc. 133, 15942–15945. doi:10.1021/ja207719f
 Mukai, T., Lajoie, M. J., Englert, M., and Söll, D. (2017). Rewriting the Genetic Code. Annu. Rev. Microbiol. 71, 557–577. doi:10.1146/annurev-micro-090816-093247
 O'Donoghue, P., Ling, J., Wang, Y.-S., and Söll, D. (2013). Upgrading Protein Synthesis for Synthetic Biology. Nat. Chem. Biol. 9, 594–598. doi:10.1038/nchembio.1339
 Owens, A. E., Grasso, K. T., Ziegler, C. A., and Fasan, R. (2017). Two‐Tier Screening Platform for Directed Evolution of Aminoacyl-tRNA Synthetases with Enhanced Stop Codon Suppression Efficiency. ChemBioChem 18, 1109–1116. doi:10.1002/cbic.201700039
 Paraskevopoulou, V., and Falcone, F. (2018). Polyionic Tags as Enhancers of Protein Solubility in Recombinant Protein Expression. Microorganisms 6, 47. doi:10.3390/microorganisms6020047
 Park, H.-S., Hohn, M. J., Umehara, T., Guo, L.-T., Osborne, E. M., Benner, J., et al. (2011). Expanding the Genetic Code of Escherichia coli with Phosphoserine. Science 333, 1151–1154. doi:10.1126/science.1207203
 Pott, M., Schmidt, M. J., and Summerer, D. (2014). Evolved Sequence Contexts for Highly Efficient Amber Suppression with Noncanonical Amino Acids. ACS Chem. Biol. 9, 2815–2822. doi:10.1021/cb5006273
 Rathnayaka, T., Tawa, M., Nakamura, T., Sohya, S., Kuwajima, K., Yohda, M., et al. (2011). Solubilization and Folding of a Fully Active Recombinant Gaussia Luciferase with Native Disulfide Bonds by Using a SEP-Tag. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1814, 1775–1778. doi:10.1016/j.bbapap.2011.09.001
 Sarmiento, F., Peralta, R., and Blamey, J. M. (2015). Cold and Hot Extremozymes: Industrial Relevance and Current Trends. Front. Bioeng. Biotechnol. 3, 148. doi:10.3389/fbioe.2015.00148
 Schwark, D., Schmitt, M., and Fisk, J. (2018). Dissecting the Contribution of Release Factor Interactions to Amber Stop Codon Reassignment Efficiencies of the Methanocaldococcus Jannaschii Orthogonal Pair. Genes 9, 546. doi:10.3390/genes9110546
 Smith, J. C., Derbyshire, R. B., Cook, E., Dunthorne, L., Viney, J., Brewer, S. J., et al. (1984). Chemical Synthesis and Cloning of a Poly(arginine)-Coding Gene Fragment Designed to Aid Polypeptide Purification. Gene 32, 321–327. doi:10.1016/0378-1119(84)90007-6
 Takimoto, J. K., Dellas, N., Noel, J. P., and Wang, L. (2011). Stereochemical Basis for Engineered Pyrrolysyl-tRNA Synthetase and the Efficient In Vivo Incorporation of Structurally Divergent Non-native Amino Acids. ACS Chem. Biol. 6, 733–743. doi:10.1021/cb200057a
 Tokuriki, N., Stricher, F., Serrano, L., and Tawfik, D. S. (2008a). How Protein Stability and New Functions Trade off. Plos Comput. Biol. 4, e1000002–37. doi:10.1371/journal.pcbi.1000002
 Tokuriki, N., Stricher, F., Serrano, L., and Tawfik, D. S. (2008b). How Protein Stability and New Functions Trade off. Plos Comput. Biol. 4, e1000002. doi:10.1371/journal.pcbi.1000002
 Tokuriki, N., and Tawfik, D. S. (2009). Stability Effects of Mutations and Protein Evolvability. Curr. Opin. Struct. Biol. 19, 596–604. doi:10.1016/j.sbi.2009.08.003
 Tseng, H.-W., Baumann, T., Sun, H., Wang, Y.-S., Ignatova, Z., and Budisa, N. (2020). Expanding the Scope of Orthogonal Translation with Pyrrolysyl-tRNA Synthetases Dedicated to Aromatic Amino Acids. Molecules 25, 4418. doi:10.3390/molecules25194418
 Vargas-Cortez, T., Morones-Ramirez, J. R., Balderas-Renteria, I., and Zarate, X. (2016). Expression and Purification of Recombinant Proteins in Escherichia coli Tagged with a Small Metal-Binding Protein from Nitrosomonas Europaea. Protein Expr. Purif. 118, 49–54. doi:10.1016/j.pep.2015.10.009
 Verma, M., Choi, J., Cottrell, K. A., Lavagnino, Z., Thomas, E. N., Pavlovic-Djuranovic, S., et al. (2019). A Short Translational Ramp Determines the Efficiency of Protein Synthesis. Nat. Commun. 10, e5774. doi:10.1038/s41467-019-13810-1
 Wan, W., Tharp, J. M., and Liu, W. R. (2014). Pyrrolysyl-tRNA Synthetase: An Ordinary Enzyme but an Outstanding Genetic Code Expansion Tool. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1844, 1059–1070. doi:10.1016/j.bbapap.2014.03.002
 Wang, Y.-S., Fang, X., Wallace, A. L., Wu, B., and Liu, W. R. (2012). A Rationally Designed Pyrrolysyl-tRNA Synthetase Mutant with a Broad Substrate Spectrum. J. Am. Chem. Soc. 134, 2950–2953. doi:10.1021/ja211972x
 Willis, J. C. W., and Chin, J. W. (2018). Mutually Orthogonal Pyrrolysyl-tRNA Synthetase/tRNA Pairs. Nat. Chem 10, 831–837. doi:10.1038/s41557-018-0052-5
 Xiao, H., Peters, F. B., Yang, P.-Y., Reed, S., Chittuluru, J. R., and Schultz, P. G. (2014). Genetic Incorporation of Histidine Derivatives Using an Engineered Pyrrolysyl-tRNA Synthetase. ACS Chem. Biol. 9, 1092–1096. doi:10.1021/cb500032c
 Yanagisawa, T., Ishii, R., Fukunaga, R., Kobayashi, T., Sakamoto, K., and Yokoyama, S. (2008). Multistep Engineering of Pyrrolysyl-tRNA Synthetase to Genetically Encode Nɛ-(o-Azidobenzyloxycarbonyl) Lysine for Site-specific Protein Modification. Chem. Biol. 15, 1187–1197. doi:10.1016/j.chembiol.2008.10.004
 Zhou, P., and Wagner, G. (2010). Overcoming the Solubility Limit with Solubility-Enhancement Tags: Successful Applications in Biomolecular NMR Studies. J. Biomol. NMR 46, 23–31. doi:10.1007/s10858-009-9371-6
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Koch, Baumann and Budisa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-807438-g005.gif





OPS/images/fbioe-09-807438-g006.gif





OPS/images/fbioe-09-807438-g003.gif
P27





OPS/images/fbioe-09-807438-g004.gif
Reltve fucreicance ¥l >
B e e

V74
&S -

P,
s e

/o

e

o ,;/:f
SN





OPS/images/fbioe-09-807438-g009.gif





OPS/images/fbioe-09-807438-g007.gif





OPS/images/fbioe-09-807438-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Efficient Unnatural Protein Production by Pyrrolysyl-tRNA Synthetase With Genetically Fused Solubility Tags		Introduction

		Materials and Methods		Plasmid Vector Construction

		Analysis of sfGFP Expression by Intact Cell Fluorescence

		Protein Expression

		Protein Purification

		Analysis of Soluble and Insoluble Protein Fractions

		ESI-MS





		Results		Choice and Comparison of Fusion Tags

		Analytics of Sac Incorporation

		Analysis of PylRS Solubility

		Transferability of Tag Effects to Other PylRS Variants

		Impact of Active Site Mutations





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Efficient Unnatural Protein
Production by Pyrrolysyl-tRNA
Synthetase With Genetically
Fused Solubility Tags





OPS/images/fbioe-09-807438-g001.gif





OPS/images/fbioe-09-807438-g002.gif





OPS/images/fbioe-09-807438-t002.jpg
Reporter construct

SIGFP wild-type

SfGFP(R2 amber)
SIGFP(R2 amber)
SGFP(3x amber)

aaR$ construct

‘SmbP-MbSacRS
SmbP-MbSacRS
MbSacRS

‘SmbP-MbSacRS

Protein
yield (mg L™)°
402
162
Te
08

"The amount of protein is given in mg per liter of bacterial culture after purification and

dialysis.





OPS/images/fbioe-09-807438-t001.jpg
Abbreviation

InfB (1-21)

10xD

10xR

GB1

Fh8

SmbP

SUMO

Trx

NusA

Full name and description

First 21 nucleotides of the E. coli InfB gene encoding translation initiation factor IF-2. The mRNA
secondary structure in the transiation initiation region is weak, promoting ribosomal binding and high
translation efficiencies

Ten aspartate residues: A polyanionic tag. The repulsive electrostatic interactions caused by the
negative charge of the peptide tag are expected to enhance solubilty and to faciltate correct protein
folding by delaying protein aggregation

Ten arginine residues: The improvement in protein solubilty is attributed to the repuisive electrostatic
interactions between similarly charged tags or protein stretches, which prevents aggregation and allows
sufficient time for correct folding

Immunoglobulin-binding domain B of protein G from group G Streptococcus: This domain possesses
high thermal stability with a melting temperature (T,,) of 87°C.in vitro and completely reversible thermal
denaturation, indicating excellent folding and solubilty of the tag

Fasciola hepatica antigen: 8 kDa calcium binding protein from the parasite Fasciola hepatica. Known to
improve solubilty of difficult-to-express recombinant target proteins upon fusion

Small metal-binding protein from Nitrosomonas europaea: A monomeric protein characterized by a
series of 10 repeats of a seven amino acid motif with an unusually high number of histidine residues. Its
unique sequence without homology to other proteins in current databases is considered to be a metal
scavenging motif with an important role in cellular copper management

Small ubiquitin-related modifier: 100 AA residue protein which modulates protein structure and function
by covalent modification of target proteins in eukaryotes. Well documented enhancer of recombinant
protein expression and solublity

E. coli thioredoxin: A small, ubiquitous protein with a dithiol-disulfide in an exposed active center.
Thioredoxin facilitates reduction of various proteins through the reversible oxidation via cysteine thiol-
disulfide exchange

E_ coli N-utiization substance A: Predicted and found to enhance cytoplasmic solubity of target
proteins in E. col using a statistical solubility mode!

aThe MbSacRS fusion partner is 419 AA (47.5 kDa) in size.

Mw
(kDa)
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