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Abstract

:

Protein purification is essential in life sciences and biomanufacturing. Tag-mediated protein affinity chromatography (AC) enables the preparation of recombinant proteins with medium to high purity. However, traditional AC methods often require expensive resins and additional tag removal steps. Here, we introduce a purification method for proteins with authentic N-termini based on reusable SpyDock-modified epoxy resin and a pH-inducible self-cleavage intein. This method was validated using SpyTag002-fused red fluorescent protein (RFP) and applied to purify three model proteins: glutathione S-transferase (GST), human growth hormone (hGH), and the nanobody caplacizumab, directly from cell lysates. The purified proteins achieved high purities (92–98%) and comparable yields to the commercial His-tag method. The preparation of the SpyDock-modified resin is straightforward, and SpyDock can be easily produced via standard Escherichia coli fermentation processes, making it potentially suitable for industrial-scale applications.
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1. Introduction


Protein purification stands as one of the cornerstones in life sciences and biomanufacturing. Significant efforts have been made to make the process more efficient and economical. Affinity chromatography (AC) is one of the most widely used approaches for purification, leveraging the interactions between proteins and ligands immobilized on chromatography media [1,2,3]. However, in most cases, a tag, such as the classic His-tag [4,5,6], is used. Each affinity tag has its own set of challenges. For instance, the use of His-tag may lead to metal ion leakage and an increased risk of immunogenicity [5]. Moreover, the removal of tags using endopeptidases imposes considerable production costs and delays in time [1].



Recently, the advancement of genetically encoded Spy chemistry, which enables the spontaneous formation of a covalent bond between SpyCatcher and SpyTag with high efficiency and selectivity under mild conditions [7,8], provides new tools for protein purification [9,10]. Two design approaches have been used: immobilizing SpyTag on resins to purify the SpyCatcher-fused protein of interest (POI), or vice versa. In our previous study, we developed a Spy chemistry-based protein purification scheme by chemically synthesizing SpyTag polypeptides directly on Sepharose resin, allowing for the capture of SpyCatcher-fused POI with yields of 3–8 mg/L and a purity exceeding 92% [10]. However, this method involves chemical peptide synthesis and is nonreusable due to the irreversible covalent bond between SpyCatcher and SpyTag [11]. Alternatively, an engineered non-reactive version of SpyCatcher known as SpyDock (containing two major mutations, S49C and E77A) has been developed for immobilization on SulfoLink resin for the purification of SpyTagged POI [9]. This approach has three main limitations: the POI contains an additional SpyTag, the thioether bonds formed between SpyDock and SulfoLink resin are susceptible to oxidation [12,13], and the relatively high price of the Sulfolink resin (45 USD/mL) limits its application for large-scale purification.



In this study, we developed a reliable and straightforward protein purification method using SpyDock-modified resin, which can directly purify a POI from crude cell lysates SpyTag-free (Figure 1). The approach was first validated with SpyTag002-fused red fluorescent protein (RFP) (SpyTag002-RFP) and was then applied to the purification of glutathione enzyme S-transferase (GST) [14], human growth hormone (hGH) [15,16], and the nanobody caplacizumab [17,18] directly from cell lysates. The purity achieved ranged from 92% to 98%, and activity assays confirmed that the method reliably produced proteins with high activity. Compared to previous methods, this approach offers several key advances: (i) it utilizes epoxy resin, a widely used and more affordable resin for protein or enzyme immobilization (18 USD/mL) [10,19]; (ii) the secondary amine bonds formed between SpyDock and epoxy resin are highly stable [12,13]; (iii) the resin is reusable; and (iv) a self-cleavable Mtu ΔI-CM intein is introduced to produce proteins with authentic N-termini [10].




2. Results


2.1. Preparation of SpyDock-Modified Resin


We first prepared SpyDock-modified supports using epoxy resin [10]. The His-tagged SpyDock was overexpressed in E. coli and purified via Ni-NTA chromatography. Immobilization efficiencies of SpyDock under different pH conditions were analyzed (Figure 2A) using a protein concentration of 20 mg/mL. Consistent with previous reports [20,21], the immobilization of SpyDock on epoxy resin was highly pH-dependent. The immobilization efficiency at pH 7.0 was variable, ranging from 40% to 84%, likely due to the random reactions of epoxy resin with proteins under pH 7.0, as epoxy groups preferentially react with sulfhydryl groups at pH 7.5–8.5 or amine groups at pH 9.0–10.0 [20,22]. We extended the pH conditions to 8.0 and 10.0, where the immobilization efficiencies were significantly higher, reaching 63% and 97% within two hours, respectively. These efficiencies further improved to 86% and 99% within 12 h, respectively.



We also examined the immobilization capacity by increasing the SpyDock concentrations at pH 10.0. As shown in Figure 2B, the immobilization efficiencies were 99 ± 0.5% and 88 ± 2% for 60 mg/mL and 100 mg/mL of SpyDock, respectively (Figure S2). Based on these results, we prepared the SpyDock-modified resin by loading 100 mg/mL of SpyDock and allowing the reaction to proceed for 12 h at pH 10.0.




2.2. Capture Capacity and Reusability of SpyDock-Modified Resin Using SpyTag002-RFP


The protein purification scheme using SpyDock-modified resin was evaluated with the fusion protein SpyTag002-RFP. The fusion protein was overexpressed, purified by Ni-NTA chromatography, and loaded onto the resin. The captured efficiencies were 66 ± 10%, 73 ± 0.1%, and 73 ± 5% for inputs of 5, 10, and 30 mg SpyTag002-RFP per mL of SpyDock-modified resin, respectively, comparable to the typical Ni-NTA resin, which ranges from 5 to 40 mg/mL resin [23,24]. The captured protein was eluted with different volumes of ETP buffer (2.5 M imidazole in TP buffer, pH 7.0) relative to the resin, with recovery yields ranging from 50% to 81% (Table S2).



The reusability of the SpyDock-modified resin was subsequently determined because SpyDock and SpyTag do not form a covalent bond [9]. Our results show that the resin maintained more than 75% of its initial capture activity after four cycles (Figure 2D, Figures S3 and S4), indicating that SpyDock-modified resin could serve as a promising alternative for protein purification.




2.3. Purification of Three Model Proteins by SpyDock-Modified Resin from Crude Cell Lysates


We evaluated the SpyDock-modified resin-based purification strategy using three model proteins: GST (an enzyme), hGH (a therapeutic protein), and caplacizumab (a nano-antibody). Each target protein was fused with a pH-inducible C-terminal cleavage intein, Mtu ΔI-CM, at the N-terminus to generate proteins with authentic N-termini [10]. Given the high selectivity of SpyDock and SpyTag, we directly loaded crude cell lysates containing SpyTag002-Mtu ΔI-CM-GST, SpyTag002-Mtu ΔI-CM-hGH, and SpyTag002-Mtu ΔI-CM-caplacizumab onto the modified resin. Following a wash with WTP buffer (0.5 M imidazole in TP buffer, pH 7.0) to remove nonspecifically adsorbed host cell proteins, we induced the Mtu ΔI-CM intein to self-cleave, releasing the target proteins. As illustrated in Table 1, the process achieved yields of 58 ± 4% for GST, 20 ± 5% for hGH, and 15 ± 0.5% for caplacizumab, all with high purities of 98 ± 1%, 92 ± 6%, and 92 ± 2%, respectively.



For comparison, we also performed purification using Ni-NTA resin for each model protein with a His-tag. Following standard procedures, the yields for His-tagged GST, hGH, and caplacizumab were 60 ± 4%, 52 ± 9%, and 49 ± 7%, respectively, with purities of 67 ± 6%, 67 ± 5%, and 50 ± 3% (Figure 3 and Table 1). Although the yields were higher, the purities were much lower, necessitating additional purification steps such as ion exchange, size exclusion chromatography, and protease cleavage to remove the His-tag. These steps often resulted in a yield reduction of 50–80% [25]. Taken together, the SpyDock-modified resin purification method offered higher purity (>90%) and likely comparable yields of the target proteins of high purity, with the added advantage of preserving authentic N-termini.



The biological activities of all three model proteins purified using the SpyDock-modified resin strategy were assessed. As shown in Table 2, the enzyme activity for GST was measured at 12.8 U/mg, comparable to that of the commercial GST (10.3 U/mg) or literature-sourced GST (14.0 U/mg) [26]. The dissociation constant (KD) of hGH was determined to be 6.3 × 10−10 nM, which falls within the range reported in the literature [27,28]. Caplacizumab exhibited an estimated KD value of 0.45 nM using the BLI approach, which was comparable to the previous report [29]. Thus, all the purified proteins demonstrated activity levels compared to commercial samples or were consistent with the previous reports. Overall, we have demonstrated a streamlined protein purification method, which resulted in high-purity proteins with authentic N-termini.





3. Discussion


In this study, we have demonstrated a facile and reliable strategy for obtaining target proteins with a high purity from crude cell lysates using a reusable SpyDock-modified resin. Our scheme achieved a higher purity and a comparable yield compared to the commercial His-tag method [26,30,31,32]. Typically, the His-tag method requires two additional chromatography steps, including ion exchange chromatography and size exclusion chromatography to achieve over 90% purity, which significantly reduces yields [33]. Unlike the His-tag or other purification tags used in Spy&Go [9] and SpySwitch [34], our approach retains the authentic N-terminus of the target protein. Additionally, our approach uses a more cost-effective resin than these approaches. Inteins have been employed in commercial purification methods like the IMPACT (Intein-Mediated Purification with an Affinity Chitin-binding Tag) system for obtaining a target protein with an authentic N-terminus [35,36]; however, this method’s low loading capacity (2 mg/mL resin) limits broader applications [24]. In comparison, our approach uses a smaller SpyTag (1.5 kDa vs. 5.5 kDa) with higher affinity (Kd < 0.1 μM vs. Kd~1.0 μM), resulting in significantly higher resin capacity (22 mg/mL resin) and enhancing its potential for large-scale commercial application. Furthermore, the preparation of the SpyDock-modified resin is straightforward, and SpyDock can be easily produced via standard E. coli fermentation processes [37], making it potentially suitable for industrial-scale application.



This method has much room for improvement, as the yields for model proteins were unexpectedly low, necessitating further optimization. One of the key factors influencing protein yield while using this method is the self-cleavage efficiency of the Mtu intein, which is affected by the residue adjacent to the intein in the target protein, particularly the first residues of the target protein [38,39,40]. For GST, hGH, and caplacizumab, the first amino acids are Met, Phe, and Glu, respectively. Under the pH 6.2 conditions used in the cleavage buffer, Met is more likely to form an interaction with the carbonyl group in the main chain of Asn440. This interaction is believed to accelerate the cyclization of Asn440, thereby enhancing self-cleavage [41,42]. Moreover, extending the incubation time for self-cleavage may be a potential approach to increase protein yield. Another strategy is to employ another variant of the Mtu intein that has been engineered for higher efficiency. For example, recently reported variants such as Mtu ΔI-12 and Mtu ΔI-29 have shown enhanced yields in protein purification [43]. The design of the linker between SpyTag002 and the intein is also important for self-cleavage efficiency. In this study, we used a typical flexible (GGGGS)3 linker. Employing a more rigid linker, such as a PT linker or an EAAAK linker, may create a relatively isolated environment, which could help the Mtu ΔI-CM intein adopt the correct intramolecular conformation and enhance self-cleavage efficiency [38,44]. Additionally, the immobilization conditions of SpyDock on the epoxy resin can still be optimized, such as temperature and chemical agent, which blocks the resin after immobilization.




4. Materials and Methods


4.1. Materials


The strains E. coli DH5α and BL21 (DE3) were obtained from Novagen (Madison, WI, USA), as well as the plasmid pET30a. The restriction enzymes and DNA polymerases were sourced from New England Biolabs (Beverly, MA, USA). The HisTrap HP column and epoxy-activated Sepharose™ 6B were supplied by GE Healthcare (Beijing, China). The commercial glutathione S-transferase (GST) was purchased from SinoBiological (Beijing, China), hGH receptor (hGHR) from Abcam (Cambridge, UK), and human von Willebrand factor (vWF) from Prolytix (TE Huissen, The Netherlands). The GST Activity Assay Kit, primers, DNA sequencing, and synthesis were provided by Sangon (Shanghai, China). The Octet® AR2G Biosensors Kit was acquired from Sartorius (Göttingen, Germany).




4.2. Plasmid Construction


The SpyDock sequence was synthesized by Sangon (Shanghai, China) and then amplified by primers SpyDock-F and SpyDock-R via standard PCR protocol. The plasmid pET30a was amplified by primers BackboneS-F and BackboneS-R. The plasmid pET30a-SpyDock was then constructed using the Gibson assembly [45]. To construct the plasmid pET30a-SpyTag002-GSlinker-RFP, the SpyTag002-GSlinker-RFP cassette was amplified from pET30a-SpyTag-GSlinker-RFP [10] using primers RFP-F and RFP-R. The SpyTag002-Mtu ΔI-CM-hGH DNA fragment was amplified using primers hGH-F and hGH-R from pET30a-Spytag-Mtu ΔI-CM-hGH, digested with Nde I and Xho I, and inserted into the similarly digested plasmid pET30a to generate pET30a-SpyTag002-Mtu ΔI-CM-hGH. The GST and caplacizumab sequences were codon-optimized, synthesized by Sangon Biotech (Shanghai, China), and amplified using standard PCR methods. These sequences then replaced hGH in pET30a-SpyTag002-Mtu ΔI-CM-hGH to generate plasmids pET30a-SpyTag002-Mtu ΔI-CM-GST and pET30a-SpyTag002-Mtu ΔI-CM-caplacizumab, respectively. The plasmids pET30a-GST-His, pET30a-hGH-His, and pET30a-caplacizumab-His for Ni-NTA purification were constructed by replacing the SpyTag-GSlinker-RFP in pET30a-SpyTag002-GSlinker-RFP with GST, hGH, or caplacizumab DNA sequences, respectively. All plasmids were validated by DNA sequencing. The primers used in the study are listed in Table S1.




4.3. Protein Expression and Purification via His-Tag Method


The recombinant proteins were expressed and purified as described [10]. Briefly, E. coli BL21(DE3) strains harboring the expression plasmids for expressing SpyDock, SpyTag002-GSlinker-RFP, GST, hGH, and caplacizumab were inoculated in an LB (lysogeny broth) medium supplemented with 50 μg/mL kanamycin at 37 °C until the OD600 reached 0.4–0.6 separately. A protein expression was then induced with 0.2 mM isopropyl-β-D-thiogalactoside (IPTG) at 18 °C for 20–24 h. Cells were subsequently harvested by centrifugation at 8000 rpm, 4 °C for 15 min.



For the His-tag purification, the harvested cells were resuspended in binding buffer (20 mM sodium phosphate, 500 mM NaCl, 30 mM imidazole pH 7.4) to a final OD600 of 50 and disrupted on ice with an Ultrasonic crasher (Scientz Biotechnology Co., Ningbo, China). The supernatants were isolated after centrifugation and filtered through 0.22 μm membranes. The samples were then purified using an ÄKTA™ pure protein purification system (GE Healthcare, Chicago, IL, USA) with an Ni-NTA column as previously described [10,46]. For comparison with SpyDock-modified resin, a standard elution procedure was employed using 200 mM imidazole as described previously [34].



The proteins were analyzed using 4–20% YoungPAGE® Bis-Tris SDS-PAGE (GenScript, Nanjing, China), followed by staining with Coomassie Brilliant Blue R-250. The purity and quantity of the proteins in all samples were determined densitometrically by using the software ImageJ (Version 1.8.0, NIH, Bethesda, MD, USA), with bovine serum albumin (BSA) as the standard. The eluted proteins were subjected to dialysis against 100 mM PBS, pH 7.0 at 4 °C overnight.




4.4. Immobilization of SpyDock on Epoxy Resin


Immobilization of SpyDock on epoxy-activated Sepharose™ 6B was carried out as previously described [9,19,21]. A 20 mg/mL resin solution of SpyDock was prepared in coupling buffer A (0.1 M sodium phosphate, containing 250 mM Na2SO4, pH 7.0), coupling buffer B (0.1 M sodium phosphate, containing 250 mM Na2SO4, pH 8.0), and coupling buffer C (0.1 M sodium phosphate, containing 250 mM Na2SO4, pH 10.0), respectively. The mixtures were shaken for 24 h. The time of immobilization was determined by analyses of the protein content in the supernatant at various time points from 0 to 24 h, with the supernatants analyzed by SDS-PAGE. The apparent immobilization efficiencies were calculated using the following equation (Equation (1)):


Apparent immobilization efficiency = (Protein loaded − protein in the supernatant after reaction)/Protein loaded × 100%.



(1)







The SpyDock input amount was then further investigated at concentrations of 60 mg/mL resin and 100 mg/mL resin in coupling buffer C at 25 °C for 12 h. The apparent immobilization efficiencies were analyzed by SDS-PAGE. The resulting resin was collected by centrifugation at 1000 rpm for 1 min. The prepared SpyDock-modified resin was then incubated in 1 M ethanolamine solution, pH 8.0, at 37 °C for 12 h to block the excess remaining epoxy groups. After this, the resin was washed with 0.1 M acetate buffer, pH 4 followed by 0.1 M Tris-HCl buffer, pH 8, each containing 0.5 M NaCl, for three cycles. The resin was then stored in TP buffer (25 mM orthophosphoric acid adjusted to pH 7.0 with Tris base) at 4 °C [9].




4.5. Capture Capacity of SpyDock-Modified Resin


The purified SpyTag002-RFP in TP buffer was mixed with SpyDock-modified resin at loadings of 5, 10, and 30 mg/mL resin at 25 °C for 2 h to investigate the capture capacity of the SpyDock-modified resin. After the reaction, the resin was centrifuged at 1000 rpm for 1 min at 4 °C and washed five times with TP buffer. The captured protein was then eluted with ETP buffer (2.5 M imidazole in TP buffer, pH 7.0) [9]. At a concentration of 5 mg/mL resin SpyTag002-RFP, the resin was eluted with 4 × 1.5 resin volumes of ETP buffer. As the SpyTag002-RFP input amount was increased to 30 mg/mL resin, the resin was eluted with 8 × 1.5 resin volumes of ETP buffer.



The capture efficiencies were calculated using the following equation (Equation (2)):


Capture efficiency = (Protein loaded − Protein washed)/Protein loaded × 100%.



(2)







The elution recovery efficiencies were calculated using the following equation (Equation (3)):


Elution recovery efficiency = Protein eluted/Protein captured × 100%.



(3)








4.6. Reusability of SpyDock-Modified Resin


The reusability of SpyDock-modified resin was evaluated by capturing SpyTag002-RFP at a concentration of 5 mg/mL resin and then regenerating the resin as follows [9]. After elution, the resin was regenerated at room temperature by washing with 4 M imidazole in TP buffer pH 7.0 three times, followed by washing with TP buffer. Next, the resin was washed with 6 M guanidine hydrochloride (pH 2.0) three times, followed by washing with TP buffer. Subsequently, the resin was washed with 0.1 M NaOH three times and washed with TP buffer twice before storage in 20% ethanol at 4 °C.




4.7. Protein Purification via SpyDock-Modified Resin


The SpyDock-modified resin (250 μL) was incubated with 400 μL of the E. coli cell lysates containing SpyTag002-Mtu ΔI-CM-POI for 2 h at room temperature. Following incubation, the resin underwent thorough washing with 500 μL WTP (0.5 M imidazole in TP buffer, pH 7.0) five times to remove nonspecifically bound proteins. Subsequently, cleavage of the captured SpyTag002-Mtu ΔI-CM-POI was induced by adding 400 μL of B2 buffer (PBS buffer supplemented with 40 mM Bis-Tris, 2 mM EDTA, pH 6.2) at 37 °C for 3 h. Upon completion, the POI in the supernatant was collected by centrifugation, and the resin underwent further washing with 500 μL of TP buffer five times. The proteins present in the supernatant were subjected to analysis using SDS-PAGE. The target protein yield was calculated using the following equation (Equation (4)):


Target protein yield = (Collected POI)/(SpyTag002-Mtu ΔI-CM-POI) × 100%.



(4)








4.8. Protein Activity Assays


The enzyme activity of GST was assessed by quantifying the formation of GS-DNB resulting from the reaction between reduced glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB), which manifests as an increase in absorbance of 340 nm [47] following the manufacturer’s instructions in the GST Activity Assay Kit. The commercial GST enzyme served as a positive control in the assay.



Kinetics measurements for hGH and caplacizumab were performed via the Biolayer interferometry (BLI) analysis employing the Octet®RED96e (Sartorius, Germany) with AR2G biosensors, adhering to the manufacturer’s guidelines. Briefly, hGHR or vWF was initially immobilized onto the AR2G biosensors. Subsequently, the affinity was evaluated by exposing the biosensors to various concentrations (ranging from 0 to 10 nM) of hGH or caplacizumab as analytes, enabling the determination of dissociation constants (KD).





5. Conclusions


In conclusion, we have presented an efficient and straightforward method for purifying highly pure proteins from crude cell lysates using reusable SpyDock-modified resin. The effectiveness of this approach has been demonstrated with two therapeutic proteins and one nanobody. This study optimized the SpyDock immobilization strategy on epoxy resin, making it adaptable to various commercial carriers. The incorporation of a pH-inducible Mtu ΔI-CM intein enabled the convenient production of high-purity (>90%) POIs with authentic N-termini and high activity. This method presents a simple and generalizable protocol for the purification of proteins, with or without disulfide bonds, making it valuable for both laboratory research and industrial-scale manufacturing.
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Figure 1. Schematic diagram for the protein purification process using SpyDock-modified resin. SpyDock is immobilized on the epoxy resin to prepare SpyDock-modified resin, which then captures the SpyTag fusion proteins from cell lysates. Subsequently, the target protein is released from the resin via intein-mediated self-cleavage, resulting in the purified target protein. Finally, the SpyTag is eluted for regeneration of the SpyDock-modified resin. 
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Figure 2. Analysis of SpyDock-modified epoxy resin for protein purification. (A) The apparent immobilization efficiencies of SpyDock on the epoxy resin under different pH and time conditions. (B) The apparent immobilization efficiencies for varying amounts of input proteins on the epoxy resin modified with SpyDock. (C) Capture capacity of the SpyDock-modified resin. (D) Reusability of SpyDock-modified resin. 
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Figure 3. Purification of GST, hGH, or caplacizumab from cell lysates using the SpyDock-modified resin (A–C) or Ni-NTA resin (D–F). The purity of the eluted proteins was determined by densitometry. T: total pooled elutions. 






Figure 3. Purification of GST, hGH, or caplacizumab from cell lysates using the SpyDock-modified resin (A–C) or Ni-NTA resin (D–F). The purity of the eluted proteins was determined by densitometry. T: total pooled elutions.



[image: Catalysts 14 00651 g003]







 





Table 1. Yield and purity of the three model proteins obtained with crude cell lysates.
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Method

	
Target Protein Yield (%)

	
Purity (%)




	
GST

	
hGH

	
Caplacizumab

	
GST

	
hGH

	
Caplacizumab






	
SpyDock-modified resin

	
58 ± 4

	
20 ± 5

	
15 ± 0.5

	
98 ± 1

	
92 ± 6

	
92 ± 2




	
Ni-NTA

	
60 ± 4

	
52 ± 9

	
49 ± 7

	
67 ± 6

	
67 ± 5

	
50 ± 3











 





Table 2. Specific activities of purified GST, hGH, and caplacizumab.
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	POI
	Specific Activity
	Specific Activity of Commercial Samples
	Specific Activity Reported Before





	GST
	12.8 U/mg
	10.3 U/mg
	14.0 U/mg [26]



	hGH
	6.3 × 10−10 M
	NA 1
	2.2 × 10−10–2.0 × 10−9 M [27,28]



	Caplacizumab
	4.5 × 10−10 M
	NA 1
	3.8 × 10−12 M [29]







1 N.A. indicated not available.
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