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Abstract

:

Tauopathies, a group of neurodegenerative disorders, are characterized by the abnormal aggregation of microtubule-associated Tau proteins in neurons and glial cells. The process of Tau proteins transitioning from soluble, intrinsically disordered monomers to disease-associated aggregates is still unclear. Investigating these molecular mechanisms requires the reconstitution of such processes in cellular and in vitro models using recombinant proteins at high purity and yield. However, the production of phase-separating or aggregation-prone recombinant proteins like Tau’s hydrophobic-rich domains or disease mutation-carrying variants on a large scale is highly challenging due to their limited solubility. To overcome this challenge, we have developed an improved strategy for expressing and purifying recombinant Tau proteins using the major ampullate spidroin-derived solubility tag (MaSp-NT*). This approach involves using NT* as a fusion tag to enhance the solubility and stability of expressed proteins by forming micelle-like particles within the cytosol of E. coli cells. We found that fusion with the NT* tag significantly increased the solubility and yield of highly hydrophobic and/or aggregation-prone Tau constructs. Our purification method for NT* fusion proteins yielded up to twenty-fold higher amounts than proteins purified using our novel tandem-tag (6xHis-SUMO-Tau-Heparin) purification system. This enhanced expression and yield were demonstrated with full-length Tau (hT40/Tau441), its particularly aggregation-prone repeat domain (Tau-MTBR), and Frontotemporal dementia (FTD)-associated mutant (Tau-P301L). These advancements offer promising avenues for the production of large quantities of Tau proteins suitable for in vitro experimental techniques such as nuclear magnetic resonance (NMR) spectroscopy without the need for a boiling step, bringing us closer to effective treatments for tauopathies.
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1. Introduction


Tauopathies represent a group of neurodegenerative disorders characterized by abnormal Tau protein aggregation in both neurons and glial cells. This heterogeneous group includes nine confirmed members, with Alzheimer’s disease (AD) and Frontotemporal Dementia (FTD) accounting for a large majority of dementia cases globally [1]. The process of Tau proteins transitioning from soluble, intrinsically disordered monomers to disease-associated aggregates (neurofibrillary tangles in AD and amorphous inclusions in FTD) is still unclear and a subject of intense research in the field of neurodegeneration [2,3]. The recently discovered cellular process of liquid–liquid phase separation (LLPS) is suspected to contribute to Tau’s physiological functions as well as phase transitions that result in its aggregation under pathological conditions [4,5,6]. Tau behaves as an intrinsically disordered protein (IDP) [7] in solution, necessitating the use of advanced techniques for its structural characterization, such as nuclear magnetic resonance (NMR) and single-molecule Förster Resonance Energy Transfer (smFRET) spectroscopy [8,9]. These techniques require large amounts of high-quality protein preparations produced and purified from bacterial expression systems.



The production and purification of recombinant proteins at high purity and yield are crucial for academic research and industrial applications [10]. In the pharmaceutical industry, biopharmaceuticals produced and purified as recombinant proteins are taking center stage to curb the growing need for more bioactive products on the market [11]. Similarly, expressed and purified recombinant proteins are used in practically all molecular and structural biology applications such as NMR, X-ray crystallography, cryo-electron microscopy (cryo-EM), and small-angle X-ray scattering (SAXS), which require substantially larger amounts of high-quality protein [12,13]. Consequently, researchers are investing considerable effort into developing enhanced methods for producing and purifying recombinant proteins [14,15]. While the host organism used for recombinant protein expression dictates the purification strategy, the downstream application of the purified protein dictates the choice of expression system used [16,17,18]. Bacterial expression systems are favored when copious amounts of recombinant proteins are required. These systems have proven to be cost effective and easy to handle, and their use follows well-established protocols [19]. However, these systems cannot perform the typical post-translational modifications (PTMs) that are essential to achieving the native and functional states of eukaryotic proteins [20]. Furthermore, removing bacterial endotoxins from samples can be challenging, potentially hindering specific biotechnological applications [21]. Bacterial systems may also struggle to produce soluble proteins, as many proteins with low solubility or aggregating tendencies sequester in bacterial inclusion bodies (IBs) [22,23].



Escherichia coli (E. coli) is the most common host organism used for recombinant protein production [24]. As an expression system, E. coli is easy to manage, cost effective, grows rapidly, and typically produces large quantities of the desired recombinant protein [25]. However, the lack of PTMs characteristic of eukaryotes on expressed recombinant proteins could hamper the proper folding of structural proteins or increase aggregation propensities of hydrophobic regions, especially those residing in IDPs that lack well-defined 3D structures [7,17,26]. E. coli circumvents the toxicity associated with aggregation-prone polypeptides massively produced in its cytoplasm by inclusion body formation [22]. But sequestering expressed recombinant proteins in IBs presents additional challenges in terms of their isolation from contaminating bacterial proteins during purification. These purification strategies involve the recovery of IBs from the insoluble fraction of the bacterial lysate and subsequent solubilization of isolated inclusion bodies using strong denaturants like urea, guanidine hydrochloride, or trifluoroethanol [27,28,29]. Such stringent denaturants influence both the physical and chemical properties of recombinant protein preparations produced with this approach. Additionally, the refolding of denatured proteins often does not reach completion once the denaturant is removed, thereby compromising the effective use of these eukaryotic proteins in their native functional state [30]. On a positive note, adding solubility tags or co-expressing recombinant proteins with molecular chaperones can significantly enhance their solubility [27,31,32].



Several solubility tags have been used to improve the solubility of hydrophobic or aggregation-prone polypeptides to ensure the recovery of expressed recombinant proteins in the lysate supernatant during purification [33]. Small Ubiquitin-like modifier (SUMO) protein, Maltose-binding protein (MBP), and Glutathione-S-transferase (GST) are the three most used tags to increase the solubility of fused proteins of interest produced in bacterial expression systems [34,35,36]. These solubility tags are sometimes used to aid in the purification of the fusion protein or even in downstream applications such as pull-down experiments or antibody-based detection of the tagged protein. However, in most cases, solubility tags are separated from the protein of interest via targeted proteolytic cleavage of a specific recognition site placed between the tag and the protein-coding sequence [37]. Tobacco etch virus (TEV) protease, Thrombin, and SUMO protease (Ulp1) are the three most used proteases in the cleavage of solubility and affinity tags from the purified protein of interest [38,39,40]. A prime example of where a solubility tag played a pivotal role in improving the solubility of IDPs, including full-length Tau and some of its domain constructs, is our newly developed tandem-tag system (6xHis-SUMO-Tau-Heparin) [41]. Despite producing protein preparations of very high purity, the overall yield was limited for use in downstream applications like NMR titration experiments and biophysical protein–protein interaction studies. When Tau proteins are needed in such large quantities, their purification strategy usually involves a boiling step [42], as Tau can survive this harsh treatment because it is an IDP. However, boiling introduces adverse effects such as oxidation and deamination to the sample quality, compromising the use of such preparations in downstream applications involving protein–protein interactions.



The major ampullate spidroin-derived solubility tag (MaSp-NT*), inspired by how spiders produce silk proteins at high concentrations via the sequestration of their aggregation-prone regions in micelle-like structures [14], presents exciting avenues for producing large quantities of aggregation-prone proteins. The MaSp-NT* tag has been successfully used to boost the recombinant expression of aggregation-prone proteins and peptides [43,44], improving expression levels up to 40 fold [45]. To explore the applicability to Tau proteins, we designed MaSp-Tau constructs with a 6xHis tag at the N-terminus of the NT* solubility tag and a TEV cleavage site between the solubility tag and the Tau protein of interest (6xHis-NT*-TEV-Tau). This architecture ensured the formation of micelle-like particles in the bacterial cytosol to shield aggregation-prone regions of Tau proteins but also facilitated the purification of MaSp-Tau proteins in two simple purification steps before and after targeted proteolytic cleavage.



Here, we describe the use of MaSp-NT* solubility tag for the efficient expression and purification of wild-type Tau-hT40 and two of its variants (FTD-associated disease mutant; Tau-P301L and aggregation-prone microtubule-binding region; Tau-MTBR), which might otherwise be difficult to produce at high levels through recombinant methods.




2. Materials and Methods


2.1. Generation of pT7NT* (MaSp) Tau Constructs


2.1.1. Generating MaSp-Tau-hT40 Plasmid


The MaSp-Tau-hT40 expression plasmid (Supplementary Figure S3) was generated via modification of an existing one (pT7NT*-Aβ42, a gift from Dr. Henrik Biverstal, Karolinska Institutet; derived from parent plasmid, pT7NT*-Bri2 113–231 R221E, Addgene plasmid #138134; https://www.addgene.org/138134/, accessed on 9 February 2023) [14,46]. The pT7NT*-Aβ42 plasmid housed an N-terminal 6x His-tag followed by the NT* tag and the coding sequence for Amyloid beta-42 (Aβ42) protein in its multiple cloning site (MCS) under T7 promoter elements (Supplementary Figure S1). Following the manufacturer’s instructions, this plasmid was used as a backbone vector to replace the Aβ42 coding sequence with a gene coding for full-length Tau-hT40 using the HiFi DNA Assembly Cloning kit (New England Biolabs (NEB), Ipswich, MA, USA) with Tau441-MaSp_F and Tau441-MaSp_R primers (Supplementary Table S1). The Tau-hT40-coding DNA fragment was amplified by the polymerase chain reaction (PCR) using the Q5 High-Fidelity DNA polymerase (NEB, Ipswich, MA, USA) kit, with an in-house Tau-hT40-containing plasmid as a template.



After successfully replacing the Aβ42 gene in the MaSp plasmid with the gene coding for Tau-hT40 (Supplementary Figure S2), a TEV cleavage site was inserted between the NT* tag and the Tau-hT40 coding sequence. This was achieved by site-directed mutagenesis (SDM) PCR using the High-Fidelity DNA polymerase kit with Tau441-TEV-MaSp_F and Tau441-TEV-MaSp_R primers (Supplementary Table S1). Unfortunately, the inserted TEV cleavage site was missing a T-nucleotide, resulting in a frame-shift mutation. This was corrected by additional SDM PCR using TFT_insTGGG_F and TFT_insTGGG_R primers (Supplementary Table S1) that inserted a T-nucleotide and three additional G-nucleotides coding for the amino acid Glycine. Following mutagenesis PCR, modified plasmid DNA was used to transform NEB 5-alpha Competent E. coli cells (NEB5α). Luria Bertani (LB) agar with 50 µg/mL Kanamycin antibiotic (Duchefa Biochemie, Haarlem, The Netherlands) was used to select successful transformants. The resulting colonies were inoculated and propagated in LB liquid media to which 50 µg/mL Kanamycin antibiotic was added (LB-Kan). The MN-Nucleospin Plasmid QuickPure kit (Fisher Scientific, Merelbeke, Belgium) was employed to extract plasmids from the liquid cultures, according to the manufacturer’s instructions. Before its use in recombinant protein expression, the MaSp-Tau-hT40 plasmid DNA sequence was verified by Sanger sequencing (Supplementary Figure S4), which was carried out at a Microsynth sequencing facility in Gottingen, Germany.




2.1.2. Generating MaSp-Tau-P301L Plasmid


The MaSp-Tau-P301L plasmid (Supplementary Figure S5) was generated by a single amino-acid substitution of Proline-301 in MaSp-Tau-hT40 to a Leucine via site-directed mutagenesis. The SDM PCR was carried out using the NEB Q5 High-Fidelity DNA polymerase kit with primers MaSp_P301L_F and MaSp_P301L_R (Supplementary Table S1). Treatment of the PCR products with a Kinase, Ligase, and DpnI (KLD) from NEB (Ipswich, MA, USA) ensured enrichment of nascent plasmid DNA housing the P301L mutation. LB-Kan agar plates were then used to select for transformants of NEB5α, and the MaSp-Tau-P301L plasmid sequences were confirmed by Sanger sequencing (Supplementary Figure S6) before their use in recombinant protein expression.




2.1.3. Generating MaSp-Tau-MTBR Plasmid


The MaSp-Tau-MTBR plasmid (Supplementary Figure S7) was generated similarly to MaSp-Tau-hT40 with minor modifications. The NEB HiFi DNA Assembly kit was used to replace the Aβ42 gene in the pT7NT*-Aβ42 plasmid with the coding sequence for Tau-MTBR (residues 225–372 of the full-length Tau441) using MTBR-MaSp_F and MTBR-MaSp_R primers (Supplementary Table S1). The template DNA employed in amplifying the Tau-MTBR coding sequence was a kind gift from Prof. Nicholas Kanaan at the Department of Translational Neuroscience, Michigan State University. Site-directed mutagenesis was used to insert a TEV cleavage site between the NT*tag and Tau-MTBR coding sequence using MTBR-MaSp+TEV_F and MTBR-MaSp+TEV_R primers (Supplementary Table S1). LB-Kan agar plates were employed to select NEB5α transformants, and the MaSp-Tau-MTBR sequence was confirmed by Sanger sequencing (Supplementary Figure S8) following single-colony propagation in LB-Kan liquid media and plasmid extraction, as described in the previous section.





2.2. Expression and Purification of MaSp-Tau Recombinant Proteins


2.2.1. Expression and Purification of MaSp-Tau-hT40


As the MaSp-Tau-hT40 construct was generated from plasmids that were codon-optimized for E. coli expression, recombinant protein production was carried out in E. coli BL21 Star™ (DE3) cells (NEB, Ipswich, MA, USA). Bacterial cells were cultured at 37 °C in Terrific broth (TB) that was prepared in-house and supplemented with 50 µg/mL of Kanamycin antibiotic. We induced expression by adding 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, St. Louis, MO, USA) at OD600 = 1.2, and continued to culture cells for five hours at 30 °C while shaking at 180 rpm. Centrifugation of the bacterial culture at 4500 revolutions per minute (rpm) for 20 min using the Avanti JXN-26 (Beckman Coulter, CA, USA) pelleted the cells prior to their storage at −80 °C.



The purification of MaSp-Tau-hT40 started with resuspending a one-liter bacterial pellet in 100 mL of lysis buffer (50 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA), 1 M NaCl (Sigma-Aldrich, St. Louis, MO, USA), 10 mM MgCl2 (Merck, Darmstadt, Germany), 25 mM Imidazole (Merck, Darmstadt, Germany), 10% Glycerol (VWR, Solon, OH, USA), 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA), 1 µg/mL RNase A (ThermoFisher Scientific, Waltham, MA, USA), 0.5 mM tris(2-carboxyethyl)phosphine (TCEP) (VWR, Solon, OH, USA), 1 mM phenyl-methyl-sulfonyl fluoride (PMSF) (Sigma-Aldrich, St. Louis, MO, USA), 1 mM Benzamidine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), and 2 of Roche complete protease inhibitor cocktail tablets (Merck, Darmstadt, Germany), pH 7.2) using a 50 mL glass homogenizer (Carl Roth, Karlsruhe, Germany). Resuspended cells were then lysed by sonication (5 s on/5 s off, 60% amplitude, 10 min, 4 °C), and the resulting bacterial lysate was centrifuged for 1 h at 40,000× g (4 °C) in the presence of 1 mg/mL DNase I (Sigma-Aldrich, St. Louis, MO, USA). The lysate supernatant was filtered using a 0.45 µm syringe filter (Sarstedt, Numbrecht, Germany), and every step was carefully performed on ice.



An ÄKTA Pure Protein Purification System housed in a cooling cabinet (GE Healthcare, Uppsala, Sweden) was used to load the filtered lysate onto two HisTrap-HP-5 mL columns (Cytiva, Uppsala, Sweden). The HisTrap binding buffer (A) was 50 mM HEPES, 1 M NaCl, 25 mM Imidazole, 1 mM TCEP, pH 7.2. After sample loading, buffer-A was applied to the columns to wash away bacterial chaperones and other contaminants that co-purify with Tau recombinant proteins. Bound proteins were eluted from the column by applying a gradient of elution buffer (B) composed of 50 mM HEPES, 1 M NaCl, 500 mM Imidazole, 1 mM TCEP, pH 7.2. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was employed to analyze the eluates, and fractions containing our protein of interest were pooled together in a sterile 50 mL Falcon tube (Greiner Bio-One, Vilvoorde, Belgium). Recombinant TEV protease enzyme was added to the HisTrap pool (0.15 mg/mL from a 5 mg/mL stock that was expressed and purified in-house) to cleave the N-terminal 6xHis-NT* tag. The protein mixture was immediately transferred to a 12–14 kDa MWCO dialysis membrane (Serva, Heidelberg, Germany) and dialyzed overnight against HisTrap buffer A in a cold room (4 °C).



The following morning, the TEV-digested protein mixture was recovered from the dialysis bag, placed into a fresh Falcon tube, and loaded onto two HisTrap-HP-5 mL columns equilibrated with HisTrap binding buffer A. In this Reverse HisTrap purification step, the cleaved 6xHis-NT* tag and TEV protease enzyme (housed a 6xHis-tag at its N-terminus) were retained onto the column, as the cleaved Tau-hT40 was recovered in the HisTrap flow-through and wash fractions. Further purification steps (including anion exchange, cation exchange, and size-exclusion chromatography) did not improve the purity of the cleaved Tau-hT40 final product. The Reverse HisTrap flow-through and wash fractions were pooled together and dialyzed against Storage buffer (25 mM HEPES, 1M NaCl, 10% Glycerol, and 1mM TCEP) using a 12–14 kDa MWCO dialysis membrane. Ultrafiltration with a 10 kDa MWCO VivaSpin centrifugal filter (Sartorius, UK) was employed to concentrate the dialyzed sample, after which the protein concentration was determined by measuring absorbance at 280 nm (Tau-hT40 molecular weight—45.937 kDa; extinction coefficient—7450) using NanoDropTMOne (ThermoFisher Scientific, Waltham, MA, USA). Purified Tau-hT40 was aliquoted, snap-frozen in liquid nitrogen, and immediately stored at −80 °C. The final yield from one liter of bacterial culture was 25 mg of Tau-hT40 purified protein.




2.2.2. Expression and Purification of MaSp-Tau-P301L


The MaSp-Tau-P301L construct was also produced in E. coli BL21 Star™ (DE3) cells, considering it was a product of MaSp-Tau-hT40 mutagenesis, which was already codon optimized for bacterial recombinant expression. Bacterial cells were cultured at 37 °C in TB growth media containing 50 µg/mL of Kanamycin antibiotic until an OD600 = 1.2 was attained. However, since this FTD-associated mutant version of Tau had a higher propensity to aggregate than the wild type, the recombinant protein was expressed at 20 °C overnight with relatively slow shaking (150 rpm) after induction by 1 mM IPTG. This ensured a slower expression of the MaSp-Tau-P301L to allow time for NT*tag-associated micelle-like particles to form and sequester aggregation-prone Tau-P301L polypeptides as they were being produced by bacterial ribosomes [14].



The purification strategy for MaSp-Tau-P301L followed a similar workflow to that of MaSp-Tau-hT40 with minor modifications. Bacterial lysate from a one-liter pellet was prepared and loaded onto two HisTrap-HP-5 mL columns equilibrated with HisTrap binding buffer A (containing 250 mM NaCl instead of 1 M). Following a washing step with the same buffer, bound proteins were eluted with HisTrap buffer B, which contained a higher concentration of Imidazole. Eluates containing MaSp-Tau-P301L were pooled and dialyzed against HisTrap buffer A in the presence of 0.15 mg/mL of TEV protease enzyme to cleave Tau-P301L from the 6xHis-NT* tag. Purified Tau-P301L was separated from cleaved NT*tag and TEV protease enzyme via a Reverse HisTrap purification step described above for MaSp-Tau-hT40.



Since the majority of cleaved Tau-P301L was recovered from the Reverse HisTrap elution fractions due to nucleic acid contamination, Cation exchange (CIEX) chromatography was employed to overcome this limitation and serve as a final polishing step. All Reverse HisTrap fractions containing cleaved Tau-P301L were pooled together and dialyzed for four hours against CIEX buffer A (25 mM MES buffer, 50 mM NaCl, 10% Glycerol, 1 mM TCEP, pH 5.5). The dialyzed protein mixture was then loaded onto a HiTrap-SP-5mL cation exchange column equilibrated with the same buffer. After a washing step with buffer A, bound proteins were eluted with a salt gradient using CIEX buffer B (buffer A with 1 M NaCl instead of 50 mM NaCl). SDS-PAGE was used to analyze the eluates and fractions containing purified Tau-P301L were concentrated as described above. By measuring absorbance at 280 nm (Tau-P301L molecular weight—45.953 kDa; extinction coefficient—7450), the protein concentration of the final preparation was determined. Purified Tau-P301L was aliquoted, snap-frozen in liquid nitrogen, and immediately stored at −80 °C. The final yield from one liter of bacterial culture was 29 mg of Tau-P301L-purified protein.




2.2.3. Expression and Purification of MaSp-Tau-MTBR


The MaSp-Tau-MTBR construct was also produced at high levels in E. coli BL21 Star™ (DE3) cells, considering it was assembled from plasmids that were codon optimized for bacterial recombinant expression. This shorter Tau domain was expressed and purified the same way as MaSp-Tau-hT40 with additional modifications to account for its aggregation-prone nature. Similar to our observations with other in-house Tau-MTBR plasmids, expressing MaSp-Tau-MTBR for five hours at 30 °C resulted in the sequestration of a fraction of the recombinant protein in bacterial inclusion bodies. The slow expression strategy of MaSp-Tau-MTBR substantially improved the protein’s recovery in the supernatant of the bacterial lysate. This strategy entailed using a lower concentration of the inducer (0.5 mM IPTG) and culturing the cells for 20 h at 16 °C with slow shaking (120 rpm).



MaSp-Tau-MTBR purification involved an additional polishing step (size-exclusion chromatography; SEC) after the HisTrap and Reverse HisTrap purification steps described for MaSp-Tau-hT40 above. Unlike MaSp-Tau-hT40 and MaSp-Tau-P301L, taking the Reverse HisTrap Pool sample through SEC succeeded in separating cleaved Tau-MTBR from its two dominant degradation fragments and the bacterial chaperone DnaK (Hsp70) that co-purifies with this construct. SEC was performed using the Superdex 75 (16/600) column equilibrated with Storage buffer at a constant 1 mL/min flow rate. Isocratically eluted fractions containing pure Tau-MTBR were concentrated by ultrafiltration using the 5 kDa MWCO centrifugal concentrators (Sartorius, Stonehouse, UK). The protein sample was then aliquoted, snap-frozen in liquid nitrogen, and stored at −80 °C. The final yield of purified Tau-MTBR was 41 mg from 1 L of bacterial culture.





2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy


The NMR sample contained 0.4 mM U-[13C, 15N] Tau-MTBR in 20 mM Tris-HCl pH 6.5, 100 mM NaCl, and 6% D2O for the lock. All NMR spectra were acquired at 298 K on a Bruker Avance III HD 800 MHz spectrometer equipped with a TCI cryoprobe for enhanced sensitivity. The experimental set comprised 2D [1H, 15N] HSQC and 3D BEST-HNCACB, BEST-HN(CO)CACB, BEST-HNCO, and BEST-HN(CA)CO spectra. All 3D experiments were acquired with a non-uniform sampling (20–50%) as implemented in TopSpin 3.6 (Bruker). The NMR data were processed in TopSpin 3.6 (Bruker) or MddNMR [47] and NMRPipe [48], and analyzed in CCPNMR [49]. The assignments of N, NH, Hα, Hβ, CO, Cα, and Cβ atoms were obtained from the identification of intra- and inter-residue connectivities in HNCACB, HN(CO)CACB, HNCO, and HN(CA)CO spectra at the 1H,15N frequencies of every peak in the HSQC spectrum. The 1H, 13C, and 15N chemical shifts for backbone atoms of Tau-MTBR have been deposited in the Biological Magnetic Resonance Bank (BMRB) under the accession number 52503.





3. Results


3.1. MaSp (NT*) Plasmids Designed for Improved Expression of Tau Constructs


Generally, most expression plasmids designed for challenging and aggregation-prone proteins have a solubility tag at one or both termini to improve the solubility of the recombinant protein fusion as it accumulates in the cytosol of bacterial cells [45,50]. Such solubility tags usually house an affinity tag that aids in the first purification step of the fusion protein. The solubility tag is then separated from the protein of interest via enzymatic cleavage of a specific recognition sequence inserted between the solubility tag and the protein of interest. The two would then be separated by a reverse affinity purification step where the protein of interest is recovered in the flow-through fraction as the solubility tag is retained on the column [51]. The spidroin-derived solubility tag (NT* tag), however, not only improves the solubility of aggregation-prone polypeptides but also dramatically enhances the expression level of the fusion protein [14]. This enabled the production and purification of difficult Tau constructs at high yields without a boiling step.



The MaSp-Tau constructs were designed purposefully to improve both the solubility and yield of aggregation-prone Tau proteins. We generated MaSp-Tau plasmids for bacterial expression (under the control of a strong T7 promoter) from an existing plasmid designed to improve the expression of another aggregation-prone protein, Aβ42. MaSp-Tau constructs had a 6xHis-tag conjugated to the NT* solubility tag on the N-terminus. The NT* tag facilitated high-level expression and improved the solubility of the Tau proteins but did not participate in affinity purification, hence the need for a 6xHis-tag to drive HisTrap purification of recombinant proteins. TEV protease cleavage sites were inserted between the NT* tag and Tau protein-coding sequences to enable the separation of Tau recombinant proteins from the 6xHis-NT* tag during purification (Figure 1A). The effectiveness of this production and purification strategy was demonstrated using wild-type Tau protein (Tau-hT40), its FTD-associated mutant variant (Tau-P301L), and the aggregation-prone microtubule-binding region (Tau-MTBR) (Figure 1B).




3.2. Expression and Purification of NT* Tau Recombinant Proteins


3.2.1. Expression and Purification of MaSp-Tau-hT40


Tau is a microtubule-associated protein aggregated in several neurodegenerative disorders, collectively referred to as tauopathies [52]. The most common tauopathies are AD and FTD, where different Tau isoforms aggregate as NFTs or amorphous inclusions, respectively, in affected neuronal cells [8]. In the physiological context, six distinct Tau isoforms are generated through alternative splicing of the precursor messenger RNA (pre-mRNA) transcribed from the MAPT gene [53]. The isoforms exhibit variability in the number of N-terminal inserts (N1, N2) and imperfect repeats (R1–R4, constituting its microtubule-binding region, MTBR) in their C-terminal half. The shortest isoform found in the adult human brain has 352 amino acid residues (0N3R), while the longest isoform has 441 residues (2N4R or Tau441 or ht40) [54]. The liquid–liquid phase separation of Tau-hT40 has recently been implicated in fostering its pathological aggregation and has sparked the need for more scientific research in both academic and industrial settings. However, since it behaves as an IDP in solution, Tau-hT40 is studied using solution-based structural techniques such as NMR spectroscopy and SAXS. These techniques often require recombinant protein preparations of high purity and yield, which are not readily produced and purified from bacteria without encountering challenges presented by bacterial inclusion bodies and boiling the bacterial lysate during purification [55]. To circumvent these challenges, we employed the NT* solubility tag to enhance the expression and solubility of the Tau-hT40 recombinant protein.



Recombinant production of Tau-hT40 using the NT* tag substantially enhanced its expression levels and solubility, which in turn improved the yield of NT* Tau-hT40 fusion recovered in the soluble fraction of the bacterial lysate without the need for boiling or solubilization of inclusion bodies (Figure 2). This recovery was evidenced by the fact that MaSp-Tau-hT40 from 1 L of pellets completely saturated a HisTrap-HP-5mL column and required the combination of two such columns to avoid spillage of the recombinant protein in the HisTrap flow-through during sample loading (Figure 2). A one-liter bacterial pellet of MaSp-Tau-hT40 was resuspended in standard lysis buffer supplemented with several protease inhibitors. Growing bacteria in the richer TB media instead of LB media comes with the advantage of producing a higher cell density in the same volume of culture before inducing recombinant protein expression with the addition of IPTG. However, bacterial lysates from cells cultured in TB growth media also produce relatively larger amounts of messenger RNA [56] that co-purify with charged and sticky IDPs like Tau. This explains why RNase A was incorporated into the lysis buffer. Additionally, the NaCl concentration in the lysis buffer was increased by up to one molar to further counter the nucleic acid contamination as well as the levels of bacterial Hsp70 (DnaK) that often elute with Tau proteins during HisTrap purification [57].



The purification of MaSp-Tau-hT40 followed standard immobilized metal-affinity chromatography using Ni2+-charged columns and standard buffers (Binding buffer with low Imidazole and Elution buffer with high Imidazole). Following bacterial cell lysis, the lysate supernatant was loaded onto two HisTrap columns, which enriched the target protein via the 6xHis tag, as untagged bacterial proteins were washed away (Supplementary Figure S9). Elution fractions that contained MaSp-Tau-hT40 were pooled together and supplemented with purified recombinant TEV protease enzyme. Targeted proteolytic cleavage by TEV protease to separate Tau-hT40 from the NT* solubility tag was performed in HisTrap buffer A while dialyzing the protein mixture at 4 °C overnight. This setup allowed ample time for the TEV protease to achieve maximal cleavage while buffer exchanging the protein sample to reduce the Imidazole concentration in preparation for Reverse HisTrap purification. This purification step served to separate the cleaved Tau-hT40 from the uncleaved MaSp-Tau-hT40 fusion protein, the cleaved NT* tag, and the TEV protease enzyme that housed a 6xHis-tag at its N-terminus. Purified Tau-hT40 was collected from the Reverse HisTrap Wash fraction as the other components were recovered in elution fractions (Figure 2 and Figure S10). The final product was relatively pure, with some Tau-hT40 degradation fragments and dimers that could not be eliminated with further purification steps (ion exchange or SEC).




3.2.2. Expression and Purification of MaSp-Tau-P301L


In Tau protein, the P301L mutation is the most prevalent and it is linked to neurodegenerative frontotemporal dementia, accounting for approximately 10–20% of FTD cases worldwide [58]. This mutation has recently been reported only to potentiate but not sufficient to cause the formation of cytotoxic Tau fibrils [59]. The Proline to Leucine amino acid substitution results in a polypeptide chain with relatively higher hydrophobicity and propensity to aggregate when compared to the wild-type protein. This change is also reflected in the protein produced recombinantly using different expression systems. Therefore, extra precautions must be taken to ensure the expressed protein is not sequestered in bacterial inclusion bodies. The NT* solubility tag was designed to curb such limitations during the recombinant production of aggregation-prone proteins using a bacterial expression system.



The MaSp-Tau-P301L expression and purification workflows were similar to those described for MaSp-Tau-hT40 with minor modifications. Recombinant protein expression was carried out in TB growth media, and purification started with resuspending a 1 L bacterial pellet in lysis buffer supplemented with protease inhibitors. This lysis buffer was not supplemented with RNase A and only had 0.25 M NaCl instead of 1 M NaCl. Under these conditions, excessive nucleic acid and DnaK contamination were observed in the HisTrap elution fractions that also contained MaSp-Tau-P301L (Supplementary Figure S11). The nucleic acid contamination caused turbidity in the dialysis bag as TEV protease cleaved the NT* solubility tag from Tau-P301L. The turbidity could be cleared by adding more salt to the protein mixture. Interestingly, the majority of cleaved Tau-P301L was recovered from elution fractions instead of the flow-through and wash fractions of the Reverse HisTrap purification step (Supplementary Figure S12). This observation could also be attributed to the nucleic acid contamination that hindered the passage of cleaved Tau-P301L through the column due to charge interactions. An additional purification step (Cation exchange chromatography; CIEX) was required to separate purified Tau-P301L from nucleic acid contaminants (A260/A280 ratio = 0.56), considering the fact that the cation exchanger was negatively charged and was not a favorable interaction surface for nucleic acids (Supplementary Figure S13). These observations prompted adjustments—like increasing the salt concentration and adding RNase A in the lysis buffer—that were made during the purification of Tau-hT40 and Tau-MTBR. Notably, cation exchange (Figure 3) and other chromatographic separation steps (anion exchange and SEC) did not substantially improve the purity of the final product, as observed during the purification of Tau-hT40.




3.2.3. Expression and Purification of MaSp-Tau-MTBR


The complexity of Tau biology extends beyond its recognized involvement in microtubule polymerization and cytoskeleton structure stabilization to crucial functional roles in regulating axonal transport. In the physiological context, Tau predominantly resides in neuronal axons, where its microtubule-binding domain (Tau-MTBR) mediates tubulin interactions, fostering microtubule assembly, stability, and spacing [60,61,62,63]. Meanwhile, the phase separation of Tau to orchestrate the formation of membraneless organelles further underscores the protein’s versatile nature, providing critical insights into the complex mechanisms contributing to tauopathies. Tau-MTBR is central to the formation of amyloid and amorphous aggregates in various tauopathies. It houses two crucial hydrophobic hexapeptide motifs, which are essential for both the seeding and propagation of Tau aggregates [64,65]. Moreover, the aggregation propensity of Tau is also influenced by the oxidation state of its two native cysteine residues (Cys291 and Cys322) [66], which reside in this repeat domain. Tau-MTBR does not undergo liquid–liquid phase separation in isolation, even under crowding conditions [6]. However, various studies have reported its complex coacervation with polyanions and other chemical compounds with a high negative charge [4,67,68]. This evolving comprehension of Tau’s multifaceted roles, intertwining LLPS and aggregation dynamics, holds the potential to unravel the pathogenic mechanisms of tauopathies and unveil novel therapeutic avenues.



The MaSp-Tau-MTBR expression and purification workflows were also like those described for MaSp-Tau-hT40 with minor modifications. Compared to other in-house expression constructs for this highly hydrophobic and aggregation-prone Tau domain, the presence of the spidroin-derived NT* tag substantially enhanced its expression as well as its recovery in the lysate supernatant (Figure 4). The MaSp-Tau-MTBR slow expression (0.5 mM IPTG, 20 h, 16 °C, 120 rpm) delivered very high expression levels, which estimated to be magnitudes of up to 20 times higher when compared to those expressing other aggregation-prone proteins under identical conditions (Supplementary Figure S14). As described before, HisTrap purification enriched MaSp-Tau-MTBR at the expense of contaminating bacterial proteins (Supplementary Figure S15). Based on the lessons learned during the purification of Tau-P301L, the lysis buffer was supplemented with high levels of salt and RNase A to limit the disturbances caused by nucleic acid contamination. Indeed, no turbidity was observed in the dialysis bag during the TEV-mediated proteolytic cleavage. Additional TEV (0.25 mg/mL) to the HisTrap pool ensured complete digestion of MaSp-Tau-MTBR fusion protein to recover as much of the cleaved final product in the wash fraction of the Reverse HisTrap purification step (Supplementary Figure S16). Finally, the adjustment of adding 1 M NaCl in the lysis buffer and HisTrap buffers did not completely abolish the DnaK contamination from cleaved Tau-MTBR in the Reverse HisTrap Wash fraction (Figure 4). Adding 10 mM TCEP and subjecting the protein mixture to size-exclusion chromatography separated purified Tau-MTBR from DnaK and the two most dominant degradation fragments (Supplementary Figure S17).





3.3. Characterization of Purified Tau-MTBR by Solution NMR Spectroscopy


The expression of the Tau-MTBR construct in a minimal medium supplemented with 15NH4Cl and 13C-labeled glucose as the sole nitrogen and carbon sources, respectively, allows for the preparation of a uniformly [13C, 15N]-labeled protein suitable for biomolecular NMR spectroscopy. The isotopically labeled Tau-MTBR sample exhibits a well-resolved [1H, 15N] heteronuclear single quantum correlation (HSQC) spectrum (Figure 5), with the correct number of resonances corresponding to the backbone amide NH groups and the absence of any minor signals testifying to the high purity of the protein. Thanks to the good quality of the Tau-MTBR sample and its favorable spectral properties, we have obtained near-complete assignments of the protein backbone atoms. Except for the C99 resonance (not observed in this work) and strongly overlapping signals of glycine residues in repetitive PGGG motifs (which could not be unambiguously assigned), we have established full assignments of NH, Cα, Cβ, and CO atoms of Tau-MTBR.



The [1H, 15N]-HSQC spectrum of Tau-MTBR closely resembles that reported for the Tau-MTBR recombinant protein [69]. Small discrepancies in the exact positions of backbone amide resonances can be attributed to differences in the experimental conditions (20 mM Tris-HCl pH 6.5, 100 mM NaCl and 298 K in this work, versus 20 mM sodium phosphate pH 7.4, 100 mM NaCl and 283 K in [69]). The high similarity of the HSQC spectra of the two constructs indicates that the expression/purification strategy presented here does not impair the structural integrity and has no impact on the biophysical properties of the recombinant protein.





4. Discussion


Improving the expression and purification of aggregation-prone IDPs produced recombinantly remains a challenge. Because of their unique properties, these proteins are often difficult to purify. Owing to their significant roles in phase separation, aggregation, and other cellular processes, they are highly sought after but require preparations of high quantity and purity for use in laboratory experiments. This article outlines a way to overcome low yields of aggregation-prone recombinant proteins by using a bio-inspired solubility tag that can boost yields up to twenty-fold. The approach involved using the major ampullate spidroin-derived solubility tag (MaSp-NT*), which shows that the NT* tag not only improves the solubility of Tau constructs but also significantly boosts their production, addressing a crucial bottleneck in tauopathy research. The three Tau variants tested—full-length Tau (hT40/Tau441), the FTD-associated mutant (Tau-P301L), and the highly aggregation-prone microtubule-binding repeat domain (Tau-MTBR)—all benefited from the use of the NT* tag, demonstrating the robustness of the solubility tag and the broad applicability of this method. The NT* tag’s capacity to increase the solubility and yield of aggregation-prone proteins is particularly advantageous for Tau proteins, which are known to form insoluble aggregates [3,59].



Traditional purification strategies for Tau proteins often involve the use of harsh conditions, such as boiling [42] or solubilization from bacterial inclusion bodies [29], thereby jeopardizing protein integrity and, in turn, the downstream applications of the purified protein. The NT* tag works around this by stimulating the formation of micelle-like structures that sequester hydrophobic and aggregation-prone regions, thereby enhancing the solubility and overall yield of such stubborn proteins in the cytoplasm of E. coli. This approach streamlines the purifying process while preserving the protein’s original structure, which is essential for downstream applications such as NMR or SAXS, which require large amounts of Tau protein to study its structure and protein–protein interactions. Solution NMR spectroscopy of Tau-MTBR demonstrated that the recombinant proteins produced and purified using this strategy were of high quality and not impaired in terms of their structural integrity or biophysical properties (Figure 5).



Other solubility tags have been used in the Tau field to improve the solubility of recombinant Tau proteins produced using a bacterial expression system [41,70]. However, the NT* solubility tag has the competitive advantage of enhancing the solubility of recombinant proteins with relatively low solubility and substantially boosting the overall yield of the purified protein. This spidroin-derived NT*tag presents a naturally occurring way of raising the solubility of aggregating proteins that is bio-inspired by how spiders accumulate such aggregation-prone polypeptides in their storage sacs until such a time when they are required as building blocks for spider-silk formation [14]. This method has been applied to three Tau proteins (Tau-hT40, Tau-P301L, and Tau-MTBR), each presenting unique challenges during the production and purification pipeline. Improved production of aggregation-prone variants of Tau protein opens new possibilities for further research into tauopathies’ pathogenic processes, including Tau’s participation in LLPS and its eventual progression to pathological aggregates.



In conclusion, the MaSp-NT* solubility tag represents an effective tool for producing and purifying aggregation-prone proteins such as Tau hydrophobic domains or mutant variants. Its ability to increase solubility and yield while maintaining protein integrity makes it an important tool for studying tauopathies and other IDP-related disorders. This approach makes it easier to produce high-quality recombinant proteins and opens new avenues for research into the molecular underpinnings of protein aggregation and its role in disease pathology. The IDP literature abounds with disease-linked proteins that are difficult to handle. Thus, the example of Tau proteins presented here may also inspire and boost studies related to other vital systems.



As a final note, further development of the NT* tagging method could focus on improving the purification technique to boost purity and eliminate possible contaminants such as nucleic acids. Furthermore, investigating the use of the NT* tag in eukaryotic expression systems may broaden its benefits to proteins that require post-translational modifications for full functionality. Comparative research with alternative solubility tags may also assist in determining the most successful approach for certain proteins or applications.
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Figure 1. (A) Schematic representation of MaSp-Tau constructs housing a 6xHis-NT* tag at the N-terminus and the Tau protein of interest at the C-terminus separated by a TEV cleavage site. The black arrows indicate the TEV protease cleavage site in the TEV recognition sequence [ENLYFQ|S]. The figure was adapted from [44]. (B) Domain architecture of the three Tau proteins produced and purified using MaSp-Tau plasmids. 
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Figure 2. SDS-PAGE gel summarizing the purification of MaSp-Tau-hT40. The black arrow indicates the MaSp-Tau-hT40 fusion protein, the red arrow indicates the cleaved final product, the green arrow indicates the cleaved NT* tag and the blue arrow indicates the TEV protease enzyme eluted from the column during the Reverse HisTrap purification step. Tau-hT40 dimers (16.4%) in the final product are also displayed on the gel image. 
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Figure 3. SDS-PAGE gel summarizing the purification of MaSp-Tau-P301L. The black arrow indicates the MaSp-Tau-P301L fusion protein, the red arrow indicates the cleaved final product, the green arrow indicates the cleaved NT* tag, and the blue arrow indicates the TEV protease enzyme eluted from the column during the Reverse HisTrap purification step. Tau-P301L dimers (14.3%) in the final product are also displayed on the gel image. 
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Figure 4. SDS-PAGE gel summarizing the purification of MaSp-Tau-MTBR. The black arrow indicates the MaSp-Tau-MTBR fusion protein, the red arrow indicates the cleaved final product, the green arrow indicates the cleaved NT* tag, and the purple arrow indicates the DnaK (bacterial Hsp70) contaminant. 
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Figure 5. Assigned [1H,15N]-HSQC spectrum of purified Tau-MTBR. Full backbone amide region (left) and zoom in of the central part (right) annotated with the assignments of the Tau-MTBR backbone amides. The residues of the Tau-MTBR construct used for NMR experiments are labeled consecutively, starting from Lys-2 to Glu-149 (corresponding to Lys-225 and Glu-372 of the full-length Tau441). The asterisks indicate amide resonances of glycines in repetitive PGGG motifs, which could not be unambiguously assigned. The spectra were recorded in 20 mM Tris-HCl pH 6.5, 100 mM NaCl at 298 K. 
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