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Abstract: His-tags are widely used for the purification of recombinant proteins. High-cost carriers
functionalized with nickel ions are commonly required for the selective immobilization of His-
tagged enzymes. In this study, His-tags of varying lengths were fused to the N-terminus of D-
amino acid oxidase (DAO) from Trigonopsis variabilis. The attachment of a His6 tag significantly
improved the solubility of the recombinant DAO expressed in Escherichia coli. By modulating the
tag lengths, a better balance between cell growth and protein solubility was achieved, resulting in a
higher volume activity (His3). Furthermore, the fusion of longer tags (His6 and His9) facilitated the
rapid immobilization of DAOs onto a commercial epoxy carrier without metal bearing, resulting in
more selective immobilization. In conclusion, the modulation of His-tag length was preliminarily
demonstrated as a simple and cost-effective approach to achieve efficient expression, as well as fast
and selective immobilization of DAO.

Keywords: His-tags; recombinant expression; immobilization; D-amino acid oxidase

1. Introduction

His-tags are commonly used for the efficient purification of recombinant proteins
via metal affinity chromatography [1–3]. They are routinely attached to the terminus of
proteins, with the assumption that the fusion will not significantly affect the structure and
function of the target proteins due to their small molecular weight [3]. The fusion position
of His-tags can be varied to improve protein expression and purification [3–6]. D-amino
acid oxidase (DAO) (E.C.1.4.3.3) is an important industrial enzyme, but its recombinant
expression in Escherichia coli has been hindered by its low solubility and cytotoxicity [5].
N-terminal His-tag was found to improve the soluble and active expression of DAO from
Trigonopsis variabilis in E. coli, while its C-terminus analogue did not [5]. Optimal His-tag
length is crucial for the efficient expression and purification of specific proteins [7–10],
while its effects on protein immobilization are less discussed.

In order to enhance the economy and controllability of biocatalytic processes, enzymes
are often immobilized on carriers to facilitate the separation of products and the recycling
of expensive biocatalysts [11–13]. Multiple-point covalent immobilizations are widely em-
ployed with various advantages, such as high stability [14]. However, the immobilization
of enzymes on commonly used epoxy-based carriers can be time-consuming and unse-
lective, leading to undesirable side reactions catalyzed by contaminating enzymes [15,16].
Additionally, purification processes of enzymes are often tedious and time-consuming. To
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achieve one-step immobilization–purification of enzymes, heterofunctional supports have
been developed. The selective immobilization of His-tagged enzymes can be achieved with
heterofunctional supports containing metal ions [17]; however, the cost of these supports is
considerably higher than the beads typically used for immobilization in the industry [18,19].
Thus, it is important to establish a time-saving and cost-effective strategy for the selective
immobilization of enzymes.

In this study, the effects of His-tag lengths on the expression of DAO from Trigonopsis
variabilis were first studied. Then, His-tagged DAOs were immobilized on epoxy-based
carriers to study their effects on protein immobilization (Figure 1).
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2. Material and Methods
2.1. Materials

Isopropyl-β-D-thiogalactopyranoside (IPTG), D-alanine, and pyruvate were pur-
chased from Sigma (St. Louis, MO, USA). Protein marker and T4 DNA ligase were bought
from Thermo Fisher Scientific Inc. (Shanghai, China). KOD-plus DNA polymerase was
bought from Toyobo Biotechnology Co., Ltd. (Shanghai, China). The Plasmid Mini kit,
gel extraction kit, and synthesized oligonucleotides were obtained from Sangon Company
(Shanghai, China). Restriction enzymes came from Solarbio Biotechnology Co., Ltd. (Bei-
jing, China). Epoxy carrier (LX-1000EP, LX-103B) and amino carrier LX-1000EA were kindly
provided by the Lanxiao Company (Shanxi, China).

2.2. Construction of Fusion Genes

DAO was fused with His-tags of different lengths using the PCR method with the plas-
mid pET-DAO as the template. The plasmids pET-DAO and pET-NHDAO-6 (D-amino acid
oxidase fused with N-terminal His6 tag) were reserved in this lab [5]. The forward primers
N-HIS-3 and N-HIS-9 with NcoI restriction site, and the reverse primer DAO-R with HindIII
restriction site were used for the amplification of the fusion genes, abbreviated as NHDAO-
3 (D-amino acid oxidase fused with N-terminal His3 tag) and NHDAO-9 (D-amino acid
oxidase fused with N-terminal His9 tag), respectively. Their nucleoside sequences are as
follows: N-HIS-3, 5′-CATGCCATGGCTCACCATCACAAAATCGTTGTTATTGGTGCCG-
3′; N-HIS-9, 5′-CATGCCATGGCTCATCACCATCACCATCACCATCACCATAAAATCGT
TGTTATTGGTGCCG-3′; and DAO-R, 5′-CCCAAGCTTCTAAAGGTTTGGACG-3′. Each
PCR consisted of 25 cycles at 94 ◦C for 0.5 min, 55 ◦C for 0.5 min, and 68 ◦C for 1.1 min, us-
ing KOD-plus DNA polymerase. The PCR products and the vector pET-28a were digested
with NcoI and HindIII, purified using a gel extraction kit, fused by T4 DNA ligase, and then
transformed into E. coli DH5α. The fused plasmids were extracted and sequenced. The
correct plasmids were then transformed into E. coli BL21(DE3).
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2.3. Cultivation Conditions of Recombinant DAOs

Single clones on Lysogeny Broth (LB) agar plates were inoculated into an LB medium
containing 0.025 g/L of kanamycin. The seed cultures were shaking overnight at 37 ◦C and
200 rpm. Subsequently, 1.0% (v/v) of seed culture was inoculated into a flask containing
50 mL of LB medium. Cells were cultivated at 37 ◦C and 200 rpm until the optical density
at 600 nm (OD600) reached 0.8–1.0, and 0.1 mM of IPTG was added to induce recombinant
protein expression. After shaking at 20 ◦C and 200 rpm for 20 h, the cells were harvested
via centrifugation at 7378× g for 10 min and then washed twice with 100 mM of phosphate-
buffered saline (PBS) at a pH of 7.8.

2.4. Crude Enzyme Preparation

The cell pellets were resuspended in freshly prepared 100 mM of PBS buffer (pH 7.8)
and lysed using ultrasonic disruption in an ice-water bath (400 W, 99 cycles, working for
3 s with an interval of 5 s as one cycle). The supernatants were collected via centrifugation
at 11,644× g and 4 ◦C for 20 min. The supernatant and resuspended precipitation were
analyzed using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).
The protein content was determined based on the Bradford method [20]. Enzyme activity
was determined by measuring the formation of pyruvate product [5]. One unit of enzyme
activity was defined as the amount of enzyme that produced 1.0 µmol of pyruvate per min.
Specific activity was denoted as unit/mg protein of the sample.

2.5. Enzyme Immobilization

The immobilization process was conducted as described before [12,13,21]. The solution
contained 1 M of PBS (pH 8.5), 20 g of epoxy carrier (LX-1000EP), and 700 mg of crude
enzyme in a total volume of 200 mL. The samples were collected at indicated time points
via centrifugation. The immobilized enzymes were resuspended in fresh PBS and shaken
vigorously for 3 min before being collected again via centrifugation. This procedure was
repeated three times to ensure that any enzymes not bonded covalently to the carriers were
properly washed away. The activity and the protein concentration of the supernatants
at different time points were measured. The ratio of residual activity = (total activity of
supernatant/total activity of free enzymes solution used for immobilization) × 100%. The
ratio of activity recovery = (total activity of immobilized enzyme/total activity of free
enzymes solution used for immobilization) × 100%.

2.6. Protein Structure Homology Modeling

Protein structure homology modeling of DAO and NHDAO-6 from Trigonopsis vari-
abilis was conducted using the I-TASSER server “http://zhanglab.ccmb.med.umich.edu/I-
TASSER (accessed on 6 May 2023)” [22]. Given the species origin and catalytic property,
the crystal structure (pdb ID:1C0P) of DAO from Rhodotorula toruloides (RgDAO) with a
high resolution of 1.2 Å was chosen as the template. RgDAO is also widely used in the
industry and frequently employed as a template for investigating the structure of DAO
from Trigonopsis variabilis with a sequence identity of 31.19% [23]. Structural models were
visualized using the PyMOL v2.3.1 software (The PyMOL Molecular Graphics System,
Version 2.0 Schrödinger, LLC, New York, NY, USA).

3. Results and Discussion
3.1. Effect of His-Tag Lengths on Protein Expression

His-tags of varying lengths were added to the N-terminus of DAO via PCR, resulting
in NHDAO-3, NHDAO-6, and NHDAO-9 (Figure 1). The impact of His-tag lengths on
enzyme expression was analyzed through activity assay and SDS-PAGE analysis.

3.1.1. Effect of His-Tag Lengths on Host Cell Growth

The impact of these His-tags on cell growth was found to be significant. In comparison
to the untagged DAO, the cell density of the strain expressing NHDAO-6 was notably

http://zhanglab.ccmb.med.umich.edu/I-TASSER
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lower. The cell densities of NHDAO-3, NHDAO-6, and NHDAO-9 were 4.04, 2.62, and 5.32
(OD600), respectively, which were 75.37%, 48.88%, and 99.25% of the cell density observed
for DAO (Figure 2a). Recombinant expression of DAO in E. coli is usually hindered by its
cytotoxicity since DAO catalyzes the degradation of D-Ala and D-Glu, which are important
components of peptidoglycan [5].

3.1.2. Effect of His-Tag Lengths on Protein Solubility

To assess the effect of His-tag lengths on protein solubility, an SDS-PAGE analysis was
conducted. It was observed that the solubility of DAO initially increased with the length of
the His-tag. NHDAO-6 was expressed as a soluble protein, whereas a significant portion
of DAO or NHDAO-9 was found in the form of inclusion bodies (Figure 2b). Whether
this could be ascribed to the special folding/unfolding patterns or other factors remains
uncertain. A previously reported T15A mutant DAO, where an alanine (Ala) substitution
was introduced at the 15th amino acid residue, exhibited considerably lower solubility
compared to the wild-type DAO [5]. These results suggest that the N-terminus is crucial
for the correct folding of DAO.

3.1.3. Effect of His-Tag Lengths on Enzyme Activity

The high solubility of NHDAO-6 can lead to increased toxicity in the host cell, resulting
in reduced biomass. Therefore, the total and specific activities of the NHDAO-6-bearing
strain were not the highest. This could be alleviated by the addition of extra carbon source
and the implementation of dissolved oxygen control during the fermentation process [5,24].
The highest total and specific activities were observed with the NHDAO-3-bearing strain
(Figure 2a), which could be attributed to the balance between cell growth and protein
solubility, although a large portion of NHDAO-3 was in the form of inclusion bodies.
Consequently, modulating the lengths of His-tags presents a promising approach to enhance
DAO production.

Soluble expression of industrial proteins is important for cost control. Various tags
have been employed to improve the soluble expression of recombinant proteins, and
our results suggest that the specific length of the tag used may serve as an additional
contributing factor [25]. It is worth noting that these results are obtained at a flask scale, and
the best recombinant strain should be chosen via fermentation experiments in a fermentor.
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Figure 2. Effects of His-tag lengths on protein production. (a) Cell density, total activity, and specific
activity of recombinant strains. The error bars represent the standard deviations (SDs) of three
independent cultures of the same construct. (b) Solubility of DAOs fused with His-tags of different
lengths. Lanes 1, 2, 3, and 4 are the soluble fractions of DAO, NHDAO-3, NHDAO-6, and NHDAO-9,
respectively; Lanes 5, 6, 7, and 8 are the insoluble fractions of DAO, NHDAO-3, NHDAO-6, and
NHDAO-9, respectively. Lane M: protein molecular marker of, from top to bottom, 116, 66.2, 45, 35,
25, 18.4, and 14.4 kDa. The arrow indicates the bands corresponding to DAOs.
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3.2. Effect of His-Tag Lengths on Enzyme Immobilization

To explore the effect of His-tag lengths on enzyme immobilization, the crude enzymes
of His-tagged DAOs were immobilized to the commonly used epoxy carrier LX-1000EP
under the same condition.

3.2.1. Effect of His-Tag Lengths on Immobilization Rate

The residual activities of DAOs in the immobilized solution were measured at different
time points. The alteration in residual activities varied among the constructs. After 6 h
of immobilization, the residual activities of DAO, NHDAO-3, NHDAO-6, and NHDAO-9
were 37.47%, 46.55%, 7.23%, and 0.17%, respectively (Figure 3a). These results indicated
that the immobilization rate of DAO increased with the length of His-tag.

3.2.2. Effect of His-Tag Lengths on Immobilization Selectivity

Moreover, the specific activities of NHDAO-9 and NHDAO-6 in liquid decreased dur-
ing the immobilization process, while the values of NHDAO-3 and DAO remained nearly
constant (Figure 3b). This was further confirmed by the SDS-PAGE analysis (Figure 3c). The
bands corresponding to NHDAO-9 could hardly be observed after 6 h of immobilization,
whereas the bands of DAO were still clearly visible at 12 h, suggesting that NHDAO-9 was
selectively adsorbed onto the epoxy carrier.

3.2.3. Effect of His-Tag Lengths on Immobilization Yield

The activity recovery of immobilized NHDAO-9 at 6 h was 37.24%, which was much
higher than the value of 9.29% of DAO (Figure 3d). The activity recovery of NHDAO-9
did not increase at 12 h, while the activity recovery of DAO at 12 h increased to 16.89%,
suggesting that most of NHDAO-9 were immobilized to the carrier at 6 h. These results
indicated that the immobilization rates of DAOs fused with longer His-tags were much
faster than those of untagged DAOs and host proteins, thus contributing to the selective
immobilization of DAOs [26]. The fast and selective immobilization of NHDAO-9 was
further confirmed using the epoxy carrier LX-103B and the amino carrier LX-1000EA from
the same company (unpublished results).

3.2.4. Effect of His-Tag Lengths on Protein Structure

It has been shown that His-tag fusion does not significantly affect the overall structure
of DAO obtained through homologous modeling. However, the shallow buried N-terminal
amide can be pushed out by His-tags with certain lengths (Figure 3e). The N-terminal
amide, with a pKa < 7.5, is deemed one of the most active groups during the reaction
with an epoxy resin [27]. The addition of His-tag might reduce the steric hindrance of
N-terminal amide, facilitating its reaction with the epoxy resin. However, it is not clear
whether His-tag fusion can change the orientation of enzyme immobilization or not.

Epoxy carriers are widely used in biocatalysis due to their excellent adsorption ca-
pacity and stability, but the immobilization processes at room temperature are often time-
consuming (>24 h), which is unfavorable for the immobilization of unstable proteins [11–13].
Single-step purification and immobilization of His-tagged proteins have been previously
studied using surfaces functionalized with nickel (II) ions; however, the cost of these im-
mobilization carriers is relatively higher [18,19]. Selective immobilization of His-tagged
proteins on commercial carriers can be more ideal for cost control. It is generally accepted
that His-tag has minimal or no effect on the biological structure of a target protein. As
we have described, enzymes with a shallowly buried N-terminal amide can be identi-
fied through crystal structure or homologous modeling. Whether the immobilization of
other enzymes on commonly used carriers can benefit from the extension of tags, such as
poly-His, remains uncertain, and further experiments are being conducted in our lab.
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NHDAO-9. (c) SDS-PAGE analysis of the supernatants at different time points. Lanes 1, 2, 3, 4, 5, 6,
and 7 are the supernatants of DAO at 0 h, 1 h, 2 h, 4 h, 6 h, 8 h, and 12 h. Lanes 8, 9, 10, 11, 12, 13, and
14 are the supernatants of NHDAO-9 at 0 h, 1 h, 2 h, 4 h, 6 h, 8 h, and 12 h. Lane M: protein molecular
marker of, from top to bottom, 116, 66.2, 45, 35, 25, 18.4, and 14.4 kDa. The arrow indicates the bands
corresponding to DAOs. (d) Rates of activity recovery of immobilized DAOs at 2 h, 6 h, and 12 h.
The error bars represent the SDs of three independent experiments. (e) Structure of the homology
models of DAO and NHDAO-6. The α-helix is represented by blue spirals, β-sheet is represented by
purple arrows, and light brown ribbons are others. The arrow indicates the N-terminus of DAO.

4. Conclusions

In conclusion, this study primarily demonstrated the soluble expression and rapid,
selective immobilization of DAO from Trigonopsis variabilis by modulating the length of His-
tags. Specifically, the use of a His6 tag enables the soluble expression of recombinant DAO,
while the balance between cell growth and protein solubility can be obtained by His3-tag
fusion, resulting in a higher activity. However, further research is still required to determine
the optimal strain at the fermentor level. Interestingly, longer His-tags facilitate the selective
immobilization of DAO on commercial carriers due to their higher immobilization rate. This
process is time-saving and cost-effective compared with previous reports using expensive
heterofunctional carriers. These findings provide valuable insights for optimizing the use
of His-tags in enzyme expression and immobilization. Further research is necessary to
determine the effects of His-tag length on the catalytic performance of immobilized DAO.
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