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The application of long-chained peptides (+30 aa) and relatively short proteins (<300 aa) has experienced an increasing interest in recent years. However, a reliable production platform is still missing since manufacturing is challenged by inherent problems such as mis-folding, aggregation, and low production yields. And neither chemical synthesis nor available recombinant approaches are effective and efficient. This in particular holds true for disulfide-rich targets where the correct isomer needs to be formed. With the technology Numaswitch, we have now developed a biochemical tool that circumvents existing limitations and serves as first production platform for pepteins, hard-to-be-produced peptides and proteins between 30 and 300 amino acids in length, including disulfide-rich candidates. Numaswitch is based on bifunctional Switchtag proteins that force the high-titer expression of pure inclusion bodies and simultaneously assist in the efficient refolding of pepteins into functional pepteins. Here, we demonstrate the successful application of the Numaswitch platform for disulfide-containing pepteins, such as an antimicrobial fusion peptide, a single-chain variable fragment (scFv), a camelid heavy chain antibody fragment (VHH) and the human epidermal growth factor.
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1 INTRODUCTION
Bacteria are simple and cost-effective hosts for the recombinant production of peptides and proteins. Peptides are conventionally defined as molecules consisting of 2–50 amino acids (Friedberg et al., 1947) while polypeptides composing of more than 100 amino acids are classified as proteins (Kim et al., 2015). Here, the term “pepteins” refer to peptides and small proteins made of 30–300 amino acids, a class of polypeptide chains whose importance in many biological functions and cellular processes was not recognized until recently (Su et al., 2013; Storz et al., 2014). Today, Escherichia coli-based expression systems are used successfully in many biopharmaceuticals productions (Walsh, 2018). Among other post translational modifications, disulfide bond formation plays a crucial role for folding into the native state and hereby often influences stability, function, and activity (Bulleid, 2012). Production of disulfide bonds containing peptide and protein-derived bioactive compounds, such as antimicrobial peptides, growth factors, antibody fragments or nanobodies have been difficult using E. coli-based expression systems as the cytoplasm of E. coli has a reducing environment, preventing the formation of disulfide bonds (Bessette et al., 1999; Gaciarz et al., 2017). Several systems and procedures have been developed to optimize the formation of cysteine bridges, including modified E. coli host cells for enhanced oxidative folding in the cytoplasm or the translocation to the oxidative environment of the E. coli periplasm (de Marco, 2009; Salinas et al., 2011; Berkmen, 2012; Lobstein et al., 2012; Manta et al., 2019). In both cases, native disulfide bond formation relies on the correct de novo disulfide bond formation or the subsequential isomerization to the correct isomer. Despite successful examples, many of such targets tend to accumulate as insoluble aggregates and are forming incomplete or wrong disulfide bonds, resulting in low overall production yields (Teilum et al., 1999; Bhatwa et al., 2021). The formation of inclusion bodies (IBs, insoluble protein aggregates) in E. coli is currently considered as obstacle since the refolding of unfolded IBs to functional proteins is regarded as inefficient. Advantages, such as high-titer expression, easy separation from host cell proteins, resistance to proteolytic degradation, the possibility to express toxic targets and others, however, have made inclusion bodies already a versatile strategy for diverse industrial applications (Singhvi et al., 2020; Bhatwa et al., 2021). To this end, we developed the production platform Numaswitch (Nguyen et al., 2021) that grants access to the described advantages of IBs and simultaneously solves the problem of the inefficient refolding step. Numaswitch is based on bifunctional Switchtag proteins which are derived from a family of exoproteins being present in Gram-negative bacteria (Linhartova et al., 2010).
The bifunctionality of Switchtags relies on Ca2+ binding domains, so called GG repeats that are characterized by non-apeptides with the consensus sequence GGXGXDXUX (X: any amino acid, U: large, hydrophobic amino acid), that bind Ca2+ with µM affinities (Lecher et al., 2012). GG repeats are typically part of type 1 secretion substrates (T1SS) i.e., the protein Hemolysin A (Kanonenberg et al., 2018). Inside the cytoplasm of E. coli (low Ca2+ concentration of ∼100 nM), Switchtags and T1SS are rather unfolded proteins and prone to aggregation. After secretion to the surrounding by a dedicated type 1 secretion complex, where the Ca2+ concentration is ∼ mM, the binding of Ca2+ converts T1SS into folded, stable, and functional proteins. Here, the applicability of the Switchtags for the production of four disulfide bond-containing pepteins was studied demonstrating that the Numaswitch approach is a powerful tool for folding of these biomolecules efficiently into the correct and functional conformation.
2 MATERIALS AND METHODS
2.1 Cloning, expression and IB preparation
The DNA sequence encoding for Switchtags pepteins fusion including Dermaseptin-Thanatin (DS-THA), the camelid heavy chain antibody fragment (VHH), the single-chain variable fragment (scFv, anti-tubulin clone F2C) and the human epidermal growth factor (hEGF) (Supplementary Tables S1, S2) were cloned into a pBAD plasmid. Expression was carried out by high cell density fermentation in E. coli BL21 using arabinose induction in an extended fed batch approach. For IB preparation cells were disrupted by pressure homogenization (LM-20, Microfluidics). IBs were washed with buffer (10 mM Tris/HCl pH 7.3, 10 mM NaCl, 2 mM EDTA). Numacut TEV protease (https://numaferm.com/product/) was sourced in appropriate amounts (Numaferm GmbH, Germany).
2.2 Renaturation of IBs and Numacut TEV protease cleavage
Switchtag peptein fusion IBs were solubilized in guanidinium hydrochloride (GuHCl, 6 M) or Urea (8 M) (1:4-8, w/v). Protein concentrations were determined by UV/Vis spectroscopy at 280 nm using the calculated molecular weights and extinction coefficients (ProtParam, Expasy). Renaturations were performed in Tris/HCl or HEPES-based buffer (pH 8, 20 mM, 10 mM CaCl2, 0.5 mM EDTA) adjusting the protein concentration to 1.1–1.7 mg/ml. Numacut TEV protease was added in a molar ratio of 1:25-50 and cleavage reactions were incubated at RT for 3–24 h.
2.3 Purification from cleavage reactions and mass analysis
Purifications of hEGF, VHH and scFv by ion exchange (IEX) chromatography and/or immobilized metal affinity chromatography (IMAC) were carried out using the ÄKTA™ pure chromatography system. The cleavage reactions of VHH and scFv were cleared by centrifugation and filtration (0.45 µm). Negative mode IMAC (Cytiva, HisTrap™ FF) was performed in 50 mM Tris/HCl pH 8.0, 10 mM CaCl2 to separate the Switchtags and Numacut TEV protease (carrying both His6-tags) from VHH and scFv, respectively. Elutions of VHH and scFv in the flow through fractions were monitored by UV absorbance at 280 nm, pooled, concentrated and buffer exchanged to TBS (50 mM Tris-HCl, pH 8, 150 mM NaCl) by ultrafiltration (Millipore, Amicon Ultra-15, 3 kDa cut-off). hEGF cleavage reaction was cleared by filtration (0.45 µm) before loaded on IEX column (Cytiva, HiTrap Capto Q ImpRes) pre-equilibrated in 20 mM Tris/HCl pH 8.0. hEGF was eluted by using a gradient of NaCl (0–500 mM). Elution signals were monitored by UV absorbance at 280 nm. Remaining Switchtag impurities were removed from target by negative mode IMAC (Cytiva, HisTrap™ FF) in 20 mM Tris/HCl pH 8.0. hEGF containing flow through fractions were pooled, concentrated by ultrafiltration (Sartorius, Vivaspin 15R, 2 kDa cut-off) and buffer exchanged to PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4) by gel filtration (Cytiva, PD-10 Sephadex G-25). The cleavage sample of DS-THA was supplemented with 3 M urea, 5% acetonitrile (ACN) and acidified by addition of 0.1% trifluoro acetic acid (TFA). Separation was carried out by RP FLASH chromatography (BGB, Scorpius Cyano (CN), 100 Å, 30 µm) using the BUCHI Pure C-850 Flash/Prep chromatography system. DS-THA was purified using a linear water/acetonitrile gradient supplemented with 0.1% TFA. DS-THA containing fractions were pooled and lyophilized. RP-HPLC analyses were performed (Alliance QDa detector, Waters, ZORBAX 300SB-C18 column, 4.6 × 250 mm, 5 μm, Agilent) with a water/acetonitrile gradient supplemented with 0.1% TFA. Elutions signals of DS-THA were monitored by UV absorbance at 205 nm, respectively. Mass analyses of hEGF, VHH, scFv and DS-THA were performed by UPLC/MS (BioAccord, ACQUITY RDa, Waters) using BioResolve RP mAb Polyphenyl (450 Å, 2.7 μm, 2.1 × 50 mm) or ACQUITY UPLC CSH C18 column (130 Å, 1.7 µm, 2.1 mm × 100 mm) with a water/acetonitrile gradient supplemented with 0.1% formic acid.
2.3.1 Functional studies
2.3.1.1 Minimal inhibitory concentration (MIC) assay for DS-THA
A 0.5 mM solution of DS-THA was prepared in 0.01% acetic acid and serials of 2-fold dilutions were prepared in a 96-well plate. Cell cultures were diluted to the required number of cells with 1.6 × 106 CFU/ml for E. coli and B. subtilis in Mueller Hinton Broth medium. Lyophilized peptides were dissolved in MOPS (10 mM, 120 mM NaCl2, 10 mM CaCl2) buffer, adjusted to 2 mM after protein determination by UV/VIS spectroscopy at 280 nm, and 10 µl of the serial diluted peptide solutions were added to 90 µl of the respective culture in the 96-well plate giving final peptide concentrations of 0.1–50 µM. As a control, 90 µl of each of the cultures was mixed with 10 µl of 0.01% acetic acid. The 96-well plates were incubated for 24 h at 37°C and the optical density at 595 nm was measured. The MIC corresponds to the lowest measured concentration where the growth was inhibited by ≥ 95% compared to the control without antimicrobial peptide.
2.3.1.2 mCherry binding assays for VHH
Binding of VHH to monomeric fluorescent protein mCherry (provided by Nanotag Biotechnologies GmbH) was tested. VHH was mixed with a 2-fold molar excess of mCherry in TBS-buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl). After 1 h incubation on ice, mixture was cleared by centrifugation (20,000xg, 5 min, RT) and the supernatant analyzed via Size exclusion chromatography (SEC). SEC analysis was performed monitoring the absorption at 280 nm on an Agilent Bio SEC-5 column (5 μm, 300 Å, 4.6 × 300 mm) in TBS-buffer (0.2 ml/min flow rate).
2.3.1.3 Target engagement assays for hEGF
Target engagement assay (Catalog ref., 86-0006P-2742AG) for hEGF was carried out by Eurofins DiscoverX Corporation (Fremont, United States of America). Evaluations of potency and efficacy (Emax) of hEGF compounds for the human EGFR (ErbB1) receptor in stably transfected U2OS cells were determined in a PathHunter Receptor Tyrosine Kinase (RTK) cell-based assay. Pre-incubated U2OS cells were incubated in presence of different hEGF dilutions and response induction of ErbB1 receptor was measured by chemiluminescent signal detection. The efficacy and compound concentrations were fitted in a dose response curve for determination the half maximal effective concentration (EC50). Measurements were conducted in duplicates.
2.3.1.4 Detection of tubulin in COS-7 cells by Atto 647 conjugated scFv
250 µg recombinantly produced anti-tubulin scFv (F2C) was labeled with an Atto 647 NHS ester (ATTO-TEC, cat. No. AD 647-31) according to the manufacturer´s protocol. The degree of labelling (DOL, dye-to-protein ratio) was determined to be 1.5. Excess dye was removed by desalting the conjugate with a gravity flow column (Cytiva, Cat. No 17085101). For epifluorescence imaging, COS-7 cells were fixed in 4% paraformaldehyde (PFA) (w/v) for 30 min at room temperature (RT). Cells were blocked and permeabilized in PBS containing 10% normal goat serum (v/v) and 0.1% Triton-X 100 (v/v) for 15 min at RT. Fluorescently labeled scFv anti-tubulin Atto647 was diluted 1:500 in PBS containing 3% normal goat serum and 0.1% Triton-X 100 (v/v). The cells were incubated in this staining solution for 1 h at RT and subsequently washed 3 times for 5 min with PBS. To stain the nucleus, DAPI (0.4 μg/l) was included in one of the PBS washing steps. Cover slips were mounted on glass-slides using Mowiol solution, dried at 37 °C and imaged.
3 RESULTS
3.1 Expression and renaturation of Switchtag peptein fusion IBs
Expression of the antimicrobial adhesive fusion peptide DS-THA, the camelid heavy chain antibody fragment (VHH), the anti-tubulin single-chain variable fragment (scFv) and human epidermal growth factor (hEGF) as Switchtag fusion proteins was carried out as E. coli BL21 high cell density fermentations in an extended fed-batch approach. Expression yields of 10–19 g per liter fermentation broth were reached (Table 1). All Switchtag peptein fusion proteins were expressed quantitatively as IBs (Figure 1) demonstrating the functionality of Switchtags as IB-tags. Remarkably, all Switchtag fusion proteins could be refolded in the presence of Ca2+ and the renaturation efficiencies were as high as 90% (Table 1). Subsequently, the Switchtags were cleaved-off quantitatively and traceless from the pepteins by Numacut TEV protease, yielding native pepteins without any non-desired amino acids left (Figure 1).
TABLE 1 | Characteristics of Switchtag-based production for the disulfide bond containing pepteins.
[image: Table 1][image: Figure 1]FIGURE 1 | SDS-PAGE analysis (Coomassie-stained) of Switchtag peptein fusion proteins from solubilization to the cleavage reaction. Arrows indicate the Switchtag peptein fusion proteins after solubilization from IBs (S) and the refolding step (R) and the Switchtags after protease cleavage (C). Target signals were marked (∗) and found for all pepteins.
3.2 Purification of target pepteins
The pepteins VHH, scFv, and hEGF were purified by applying an ion exchange (IEX) chromatography and/or immobilized metal affinity chromatography (IMAC) (for details see Supplementary Figures S1–S4). DS-THA was purified via reversed phase (RP) FLASH chromatography from the crude cleavage reaction. Production yields of pepteins were calculated to be 1.1–4.5 g/l reaching ≥95% purity, respectively (Table 1).
3.3 Identification of oxidation state
The purified pepteins were analyzed by RP-HPLC/MS to identify their oxidation states (Table 2, Supplementary Figure S5). In case of VHH and DS-THA, the determined masses correspond to the oxidized stage proving the presence of the disulfide bridge. For scFv, a mass of −2 Da compared to the fully reduced protein was measured indicating the presence of an intermediate isomer. Treatment with the oxidizing reagent Cu-phenanthroline yielded the fully oxidized mass (Kobashi, 1968) (Supplementary Figure S6). In case of hEGF containing six cysteine residues, mass spectrometry demonstrated the presence of the fully oxidized peptein.
TABLE 2 | Oxidation state analysis of the produced pepteins.
[image: Table 2]3.4 Functional characterization
Analysis of the antimicrobial activity of DS-THA was carried out by determining the minimal inhibitory concentration (MIC) for E. coli and B. subtilis. For both microorganisms MIC values of 1.6 µM were determined, being consistent with previous reported values (Chen et al., 2021; Dash and Bhattacharjya, 2021) and demonstrating the production of functional target (Supplementary Figure S7). After co-incubation of VHH, a single chain antibody fragment with binding affinity towards the fluorescent protein mCherry (Wang et al., 2021), the quantitative formation of VHH-mCherry heterodimers was observed by size exclusion chromatography (SEC) analysis (Supplementary Figure S8), proving the functional fold of VHH. Activity of the recombinantly produced anti-tubulin scFv was analyzed by epifluorescence imaging (Nizak et al., 2003). Tubulin was detected in COS-7 cells using the recombinantly produced scFv (Supplementary Figure S9) demonstrating the functionality of scFv. hEGF activity was evaluated in an EGFR human receptor tyrosine kinase (RTK) cell-based assay. hEGF showed a potency (EC50) and efficacy (Emax) which are in line with the reference standard of hEGF (Table 3, Supplementary Figure S10).
TABLE 3 | Results of hEGF activity assay.
[image: Table 3]4 DISCUSSION
Pepteins are hard-to-be-produced biomolecules, and neither chemical synthesis nor available expression strategies are serving as reliable and efficient manufacturing strategies, in particular for disulfide-containing targets (Miranda and Alewood, 1999; Huang et al., 2012). The application of E. coli is hindered by i.e. the reducing environment of the cytoplasm and, despite important developments in this context, like improved oxidative folding or translocation into the periplasm, aggregation and the formation of wrong isomers are causing low production titers (Singhvi et al., 2020; Bhatwa et al., 2021). In this study, we successfully applied bifunctional Switchtag proteins to evaluate their potential to produce disulfide-containing pepteins.
Switchtag proteins induce the aggregation of pepteins as inclusion bodies with all beneficial features, like high expression titers, high initial purity grades, accessibility of toxic pepteins and the synthesis accuracy of ribosomes (>99.99%). After being extracted and solubilized, Switchtags assist in the refolding step taking place in a biochemical reaction containing Ca2+ at mM concentration. Here, the binding of Ca2+ to the GG repeats induces the quantitative refolding of Switchtags and water-soluble, stable Switchtag peptein fusions are formed. Switchtags act as solubility tags acting chaperon-like and preventing intermolecular interactions of fused pepteins. Aggregation and/or precipitation of fused pepteins are prevented and pepteins are kept soluble. This is important, since it allows the time-dependent folding of pepteins along the thermodynamical energy landscape reaching finally the native state. Switchtags enable the efficient refolding of unfolded pepteins being produced as inclusion bodies and assist in the folding step as bifunctional tag. In particular, for disulfide-containing targets, keeping them soluble and counteracting intermolecular interactions allows auto-oxidation and/or the application of redox shuffle systems allowing the formation of the correct isomer (lowest thermodynamic energy level).
Since proteogenic impurities being present in the IB samples are not efficiently refolded, the refolding step represents a purification step yielding highly pure Switchtag peptein fusions (see Figure 1, Lanes S compared to R). In addition, prior to refolding when the pepteins are still unfolded, the IBs can be washed by i.e., detergents or organic solvents removing process related impurities like endotoxins quantitatively (data not shown).
The presence of disulfide bonds in antimicrobial peptides, like DS-THA is often involved in modulating the activity (Ramamoorthy et al., 2006; Castro et al., 2011; Dash and Bhattacharjya, 2021). Furthermore, expression of antimicrobial peptides, like DS-THA, in recombinant systems is often difficult, due to the toxicity towards the expression hosts. The Switchtag approached, grants access to these kinds of disulfide bond containing compounds, where cytoplasmic expression usually is no option. Nanobodies, such as VHH, can be produced in E. coli, for example in combination with a SUMO tag (Wang et al., 2021). The refolding of functional VHH demonstrates that the Numaswitch approach is applicable in case of proteins with distinct, maybe even, complex conformations. In case of hEGF, where incomplete formation of disulfide bonds or the formation of wrong isoforms is a challenge, (Chang et al., 1995; Chang et al., 2001), Switchtags enable the production of fully-oxidized, functional molecules. Importantly, the application of Switchtags is not limited to dedicated E. coli strains or expression hosts as it can be regarded as biochemical toolbox.
If Switchtag peptein fusion proteins are expressed as IBs, the Numaswitch approach is applicable and the IBs can be efficiently and functionally refolded in the presence of Ca2+. Cytoplasmic expression of scFv or hEGF usually reaches production yields of up to 30 mg or 250 mg per liter fermentation broth, respectively, and rely on the use of solubility tags, redox shuffle system or systems like CyDisCo for production and disulfide formation (Ma et al., 2016; Shams et al., 2019; Kim et al., 2021). The application of shuffle strains with an oxidative cytoplasmic environment is especially hindered by slow growth rates and low titers in combination with limited upscalabilitly (Lobstein et al., 2012). The obtained production yields, to the best of our current knowledge, are the highest achieved so far.
Current efforts focus on the production of larger proteins (>300 aa) with complex tertiary structures (i.e. enzymes, antibodies) in industrial-relevant scales. However, first data indicate that refolding efficiencies, hence the production yields of target proteins decrease with larger protein sizes attached to the Switchtag clearly drawing out limitations of the Numaswitch technology (unpublished data). To addess this challenge we develop Switchtag proteins which can be used for these kind of proteins and act Ca2+-independent or in the presence of alternative ions (unpublished data). For this, alternative proteins of the huge RTX familiy are analyzed which comprises more than 1,000 members (Linhartova et al., 2010). Such Switchtags would not only grant access to a broader class of proteins, but also be applicable for candidates that are instable or non-functional in the presence of Ca2+ ions.
In this study the Numaswitch technology was successfully used to produce peptein candidates ranging from 50 to 265 amino acids clearly demonstrating its potential of being an efficient and universal platform for peptide (2−50 aa) (Nguyen et al., 2021) and peptein (30−300 aa) production. For the first time, the advantages of IBs get accessible by solving the major bottleneck; Switchtags ensure the efficient and reliable refolding of IBs into functional pepteins. Since the expression of IBs and the biochemical refolding step is reliable and efficient, production processes can be established within weeks making Numaswitch a versatile and scalable production platform compared to chemical synthesis and alternative bioprocesses.
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