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Due to the complexity of bioactive ingredients in biological samples, the screening of target proteins is a
complex process. Herein, a feasible strategy for directing protein immobilization on silica magnetic beads
for ligand fishing based on SpyTag/SpyCatcher (ST/SC)-mediated anchoring is presented. Carboxyl
functional groups on the surface of silica-coated magnetic beads (SMBs) were coupled with SC using the
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxysulfosuccinimide method,
named SC-SMBs. The green fluorescent protein (GFP), as the capturing protein model, was ST-labeled and
anchored at a specific orientation onto the surface of SC-SMBs directly from relevant cell lysates via ST/SC

Keywords: N . . . . . .
EDJZI/Sulfo—NHS self-ligation. The characteristics of the SC-SMBs were studied via electron microscopy, energy dispersive
SpyTag/SpyCatcher spectroscopy, and Fourier transform infrared spectroscopy. The spontaneity and site-specificity of this

unique reaction were confirmed via electrophoresis and fluorescence analyses. Although the alkaline
stability of ST-GFP-ligated SC-SMBs was not ideal, the formed isopeptide bond was unbreakable under
acidic conditions (0.05 M glycine-HCI buffer, pH 1—6) for 2 h, under 20% ethanol solution within 7 days,
and at most temperatures. We, therefore, present a simple and universal strategy for the preparation of
diverse protein-functionalized SMBs for ligand fishing, prompting its usage on drug screening and target
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Drug screening

finding.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The identification of target bioactive ingredients from crude
extracts and complex matrices, including biological samples, is
laborious and time-consuming. This is due to the wide range of
dynamic contents in metabolites and bioactive macromolecules,
which typically require additional enrichment and/or purification
steps [1]. Numerous advanced screening methods have emerged in
the past decades [2,3], including ligand fishing, where a protein is
immobilized onto the surface of a magnetic bead and used to screen
complex matrices [4—11]. After immobilizing a bait protein, the
resulting stationary phase can be used to specifically capture the
target bioactive ingredients from complex matrices through a
simple incubation, relying on the affinity of ligand-protein binding.
Considering the solid-liquid separation procedure after capture,
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silica-coated magnetic beads (SMBs) [4—9] are suitable carriers for
ligand fishing. The advantage of magnetic beads is that magnetic
separation is gentle and non-destructive to the captured target
protein, thereby fully preserving its activity. Meanwhile, the surface
of SMBs can be easily modified with various functional groups
[4,5,7], such as carboxyl [10] or amine groups [11], which are very
useful for conjugating a particular protein with suitable cross-
linking agents [7] (e.g., glutaraldehyde [4,5] and carbodiimide [5]).
However, these chemical conjugations can result in proteins being
immobilized stochastically, if not controlled by external factors
such as pH [12]. Furthermore, while the majority of these immo-
bilizations are carried out straightforwardly under mild conditions
[4,5], some require multiple steps [13—16] to acquire higher site-
specificity. Immobilization using bioaffinity-specific interactions,
such as the avidin-biotin system [17], His-tag system [18], and
protein A/protein G system [19], also offers gentle conditions in
addition to target-specific protein immobilization. However, in this
case, most of these reactions are noncovalent and reversible, which
can result in protein loss under certain circumstances. Another
problem is that distinct purification procedures must be designed
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for the diverse capturing proteins used, where the entire purifica-
tion process is tedious and time-consuming.

Recently, a novel self-ligating system, the SpyTag/SpyCatcher
(ST/SC) system, has attracted considerable interest [20—22].
Howarth and co-workers [20,23] split and engineered the second
immunoglobulin-like collagen adhesin domain of fibronectin-
binding protein, which originated from Streptococcus pyogenes,
into two peptide fragments, ST and SC. Once mixed, the reactive
Asp117 in ST (13 amino acids long) spontaneously forms an iso-
peptide bond with the reactive Lys31 in SC (116 amino acids long),
as promoted by Glu77 in SC. It was found that the isopeptide bond
formed was covalent, irreversible, and chemically stable as a typical
amide bond [24]. The bond formation process was not only efficient
but also nearly quantitative under diverse reaction conditions, such
as a broad range of pH values (5—8), temperatures (4—37 °C),
buffers, redox environments, and non-ionic detergents [20]. Most
importantly, the ST/SC system is fully genetically encoded, and the
reaction will still occur efficiently at the locations where ST or SC is
embedded [20,25] as long as there are no steric hindrances. To date,
the bioconjugation between ST and SC has been observed to be site-
specific in vitro using cells from various species [26]. It was also
confirmed that ST/SC-mediated anchoring retained a precise spatial
orientation [27,28].

Considering that the ST/SC self-ligating system is carried out
under mild conditions, and the formed isopeptide bond results in
an oriented protein immobilization and is much more stable than
noncovalent binding, we designed a simple strategy for directed
protein immobilization on SMBs using ST/SC-mediated anchoring
for ligand fishing. The SC protein was expressed, purified, and
immobilized onto the surfaces of carboxyl SMBs using the 1-ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride/N-
hydroxysulfosuccinimide (EDC/Sulfo-NHS) [29] method. The SC-
SMBs were characterized via scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive spec-
troscopy (EDS), and Fourier transform infrared (FT-IR) spectros-
copy. Green fluorescent protein (GFP) was chosen as a model that
represented active capturing protein, with a SpyTag label at its N-
terminus (ST-GFP). Subsequently, the fusion protein ST-GFP was
expressed, directly captured from crude cell lysate supernatants,
and immobilized in a specific orientation onto SC-SMBs, resulting
in ST-GFP@SC-SMBs. The lysine-selective binding specificity of SC-
SMBs to ST-GFP was examined via comparison with that of bovine
serum albumin (BSA)-SMBs. The alkaline stability, acidic pH sta-
bility, storage stability, and temperature stability of ST-GFP@SC-
SMBs were also evaluated.

The strategy of this uniquely oriented covalent self-ligating re-
action can avoid potential issues in covalent immobilization and/or
bioaffinity-specific interactions, resulting in the increased
capturing capacity of protein-functionalized SMBs. In addition, this
strategy took advantage of the universality of SC-SMB modules,
which could directly and selectively bind ST-labeled capturing
proteins from cell lysates, avoiding the need for purification pro-
cedures in preparing capturing proteins for immobilization. Since
SC is the only protein that needs to be purified, its purification
procedure and coupling process to SMBs can be easily standardized
and scaled up. These advantages simplify the preparation process of
protein-functionalized magnetic beads and guarantee their opti-
mum capturing capacity and reusability for ligand fishing in drug
discovery, target finding, and other similar applications. To the best
of our knowledge, this is the first report of a ST/SC-mediated
anchoring as applied to the preparation of protein-functionalized
SMBs for ligand fishing. In addition, the stability of the prepared
protein-functionalized beads using this strategy was evaluated in
detail, and the specificity of the bioconjugation between SC and ST-
GFP was first investigated using BSA in this study.
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2. Materials and methods
2.1. Materials

The plasmid pET30a(+)-6x His-SC, pET28a(+)-6x His-ST-GFP,
and the competent Escherichia coli (E. coli) strain BL21(DE3) were
obtained from our laboratory. NaHPO4-12H,0, NaH,PO4-2H,0,
CaCly, NaCl, HCl, NaOH, and ethanol were purchased from Sino-
pharm (Beijing, China). EDC, Sulfo-NHS, kanamycin sulfate, agar,
isopropyl-p-D-thiogalactopyranoside (IPTG), imidazole, glycine, 2-
(N-morpholino)ethanesulfonic acid (MES), BSA, SDS-PAGE prepa-
ration kit, Bradford reagent, and carboxyl-SMBs (300 nm in diam-
eter) were purchased from Sangon Biotechnology (Shanghai,
China). A 0.1 M phosphate-buffered saline solution (PBS, pH 7.4)
was prepared with 29 mg/mL Na;HPO4-12H,0, 2.965 mg/mL
NaH,PO4-2H,0, and 8.766 mg/mL NaCl in distilled water, and the
pH was adjusted to 7.4 by 1.0 M HCI. PBS (0.02 M) was prepared
with 5.8 mg/mL Na,HPO4-12H,0, 0.593 mg/mL NaH,PO4-2H50,
and 29.22 mg/mL NaCl in distilled water, and the pH was adjusted
to 7.4 by 1.0 M HCI. HisTrap™ HP 5 mL columns were obtained from
GE Healthcare (Pittsburgh, PA, USA). Amicon® Ultra-15 centrifugal
filter devices were purchased from Merck Millipore (Darmstadt,
Germany).

2.2. Instruments and conditions

Cell disruption was performed using a JY92-IIDN cell disruption
ultrasonic homogenizer (Scientz Biotechnology, Ningbo, China). An
AKTA Purifier-FPLC System (GE, Boston, MA, USA) was utilized for
protein purification. A magnetic shelf (Sangon Biotechnology,
Shanghai, China) was used to separate the magnetic beads from the
liquid suspension. Bradford assay results were measured at 595 nm
using a SpectraMax® M5 multi-mode microplate reader (Molecular
Devices, Sunnyvale, CA, USA). An S-4800 field emission scanning
electron microscope (Hitachi, Tokyo, Japan) with an accelerating
voltage of 3 kV and a JEM-1200EX transmission electron micro-
scope (JEOL, Tokyo, Japan) with an accelerating voltage of 100 kV
was used to observe the morphologies of the beads. An EMAX
7593-H energy-dispersive X-ray spectrometer (Horiba, Kyoto,
Japan) was used for the elemental analyses. FT-IR spectra were
obtained using a Nicolet 6700 FT-IR spectrometer (Thermo, Wal-
tham, MA, USA) from the wave numbers 4000 to 400 cm™~ . Fluo-
rescence observations and images were obtained using a CKX53
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Fig. 1. SDS-PAGE analysis of the reaction between the purified His-tagged SpyCatcher
(SC) and SpyTag-green fluorescent protein (ST-GFP) (n = 2). Lanes 1 and 2: purified
His-tagged SC; lanes 3 and 4: purified His-tagged ST-GFP; lanes 5 and 6: the reaction
product between the purified His-tagged SC and ST-GFP.
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inverted microscope (Olympus, Tokyo, Japan) with a CKX3-RFA
fluorescence illuminator.

2.3. Construction of the expression strains

The plasmids pET30a(+)-6x His-SC and pET28a(+)-6x His-ST-
GFP were independently transformed into competent E. coli strain
BL21(DE3) via a CaCl,-mediated heat shock method [30]. The cells
were spread onto Luria-Broth (LB)-Kan plates (kanamycin 50 pg/
mL) and incubated at 37 °C for 16 h. Positive clones were chosen via
colony PCR and were further confirmed via DNA sequencing. The
positive transformants were denoted as BL21-SC and BL21-ST-GFP,
respectively.

2.4. Induced expressions of recombinant proteins

One positive BL21-SC colony from the screening plate was
inoculated into a tube containing 5 mL of LB-Kan medium. The tube
was shaken at 180 r/min at 37 °C for 12 h, then 1 mL of this over-
night culture was placed in 100 mL of LB-Kan medium and incu-
bated at 37 °C for 2—3 h until the ODggo reached 0.6. Afterward,
1 mL of this culture was taken as the uninduced control for the
detection of recombinant protein expression via SDS-PAGE with
Coomassie staining.

IPTG (100 mM stock solution) was added to the cultures at a
final concentration of 0.40 mM, and the conical flasks were shaken
for a further 10 h at 180 r/min at 37 °C. The optimal induction
conditions for the expression of ST-GFP were 0.40 mM IPTG (final
concentration), 180 r/min at 30 °C for 12 h.

One milliliter of the above culture was taken as the post-
induction sample for the detection of recombinant protein
expression via SDS-PAGE with Coomassie staining. The remaining
culture was centrifuged at 8,000 g for 5 min at 4 °C, the supernatant
was decanted, and then the pellet was resuspended in 5 mL of
binding buffer (0.02 M PBS, 5 mM imidazole, pH 7.4) and stored at
4 °C until use.

2.5. Purification of His-tagged SC and ST-GFP

The bacterial suspension was sonicated at 300 W with 2-s action
periods and 4-s intervals for 20 min in an ice-water bath. The
resulting lysate was then clarified via centrifugation at 10,000 r/
min for 10 min at 4 °C. The supernatant was recovered and filtered
through a 0.22-um filter as the cell lysate supernatant before
further purification.

COCH

rd

EDC/Sulfo-NHS
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The whole purification process was performed on an AKTA Pu-
rifier. The supernatant was loaded onto a 5 mL HisTrap™ HP col-
umn, with a loading volume of 2 mL each time. Next, the column
was washed with binding buffer until the absorbance at 280 nm
reached a steady baseline (approximately 10 column volumes),
proceeding with five column volumes of wash buffer (0.02 M PBS,
30 mM imidazole, pH 7.4). The His-tagged proteins were eluted
with the elution buffer (0.02 M PBS, 500 mM imidazole, pH 7.4)
using a linear gradient of imidazole (30—400 mM imidazole, 0.02 M
PBS, pH 7.4). The eluted proteins were dialyzed with gentle stirring
in 0.1 M PBS (pH 7.4) at 4 °C for 6 h each time, three times in total.
After imidazole was removed, the dialyzed protein was further
concentrated using Amicon® Ultra-15 centrifugal filter devices. The
concentrates were collected in 10 mL centrifuge tubes, and the
protein concentrations were measured using the Bradford assay
with BSA as a standard. The purified proteins were further analyzed
via SDS-PAGE and were stored at —20 °C until use.

2.6. Coupling of magnetic beads with His-tagged SC

Carboxyl superparamagnetic SMBs (0.3 pm, 25 mg) were
washed three times with an activation buffer (0.1 M MES, 0.5 M
NadCl, pH 6.0), and then suspended in a 2 mL-microcentrifuge tube
in the same buffer (750 pL). Meanwhile, 50 mg/mL EDC and 50 mg/
mL Sulfo-NHS stock solutions were prepared with the activation
buffer. EDC (250 pL) and Sulfo-NHS stock solutions (250 pL) were
added to the carboxyl magnetic bead suspensions and were incu-
bated at room temperature (25 °C) for 15 min. The beads were
separated from the solution using a magnetic shelf. Next, 1 mL of
purified His-tagged SC protein was mixed with the activated
carboxyl magnetic beads and incubated at 4 °C for 16 h under
continuous shaking. After magnetic separation of the beads, the
supernatant protein solutions were removed using a pipette and
were stored at 4 °C for further concentration measurements. The
residual unreacted carboxyl groups on the beads were neutralized
with 1.5 mL of blocking buffer (1 M glycine, pH 8.0) under gentle
shaking for 30 min. The supernatant was discarded, and the beads
were washed again with blocking buffer. Thereafter, the beads were
rinsed with preservation buffer (0.1 M PBS, pH 7.4) three times and
finally stored at 4 °C in the same buffer (1 mL). Meanwhile, 0.5 mg/
mL BSA was coupled with an equal quantity of activated carboxyl
magnetic beads via the same procedure for subsequent compara-
tive analyses.

As the volume of protein solution did not change before and
after coupling, the coupling efficiency (CE) was calculated

COOH

W’ SpyCatcher

@ Giycine
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' Magnetic bead

Fig. 2. Schematic representation of the preparation of SC-coupled magnetic beads.
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according to the following equation:

CBefore — CAfter
CBefore

CE = x 100% 1)

Where cpefore represents the protein concentration before coupling,
and cageer i the protein concentration after coupling.

The relative coupling efficiency (RCE) was calculated according
to the following equation:

(CBefore - CAfter) x V

MBeads

RCE (mg/g) = (2)

Where cpefore represents the protein concentration before coupling,
Cafter 1S the protein concentration after coupling, V is the added
volume of the protein solution, and mgeaqs is the weight of the
magnetic beads used in grams.

Characterization studies of SC-SMBs were also performed. The
surface morphologies of the beads were observed using SEM and
TEM. Their EDS were analyzed using an EMAX. The FT-IR spectra of SC
protein, SMBs, and SC-SMBs were obtained via FT-IR spectrometry.

2.7. Oriented immobilization of ST-GFP to the coupled magnetic
beads

After evenly mixing, 500 pL of SC-SMBs suspended in the
preservation buffer were transferred into another tube and kept in
reserve, serving as blank control for subsequent fluorescence ana-
lyses. The supernatant of the remaining SC-SMB suspensions
(500 pL) was removed, and the beads were incubated with 1 mL of
cell lysate supernatant containing His-tagged ST-GFP under mod-
erate shaking at room temperature (25 °C) for 12 h. Subsequently,
the beads were rinsed with 0.1 M PBS (pH 7.4) three times and
stored in the preservation buffer (500 pL) at 4 °C. In parallel, the
BSA-coupled magnetic beads (BSA-SMBs) were also incubated with
1 mL of His-tagged ST-GFP cell lysate supernatant and underwent
the same rinsing procedure and preservation conditions. After be-
ing rinsed with preservation buffer for three times, these beads
were analyzed via fluorescence microscopy.

2.8. Stability measurements

The alkaline stability of the ST-GFP-conjugated SC-SMBs (ST-
GFP@SC-SMBs) was investigated by measuring the concentration of

Fig. 3. Scanning electron microscopy (SEM) image of a SC-coupled silica-coated
magnetic bead (SMBs).
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the proteins detached from the beads after treatment with various
concentrations of sodium hydroxide solutions for 2 h. The acidic pH
stability of ST-GFP@SC-SMBs was determined by measuring the
concentration of the proteins detached from the beads after
treatment with 0.05 M glycine-HCl buffer at different pH values for
2 h. Storage stability was also determined by measuring the con-
centration of the proteins detached from the ST-GFP@SC-SMBs
every day upon storage in 20% (V/V) ethanol solution for 7 days.
The effect of temperature on the stability of ST-GFP@SC-SMBs in
0.1 M PBS (pH 7.4) was also tested by measuring the concentration
of the proteins detached from the beads after immersion in a water
bath at different temperatures (4, 25, 37, 45, 55, and 65 °C for 2 h,
and 100 °C for 10 min).

2.9. Statistical analyses

One-way analysis of variance was performed to determine the
statistical significance of the differences between the groups. Sta-
tistically significant differences compared with the control group
were indicated as “P < 0.05, “P < 0.01, and “*"P < 0.001. Statistically
significant differences between the two contrasting experimental
groups were identified as ¥ for P < 0.05, *# for P < 0.01, and *## for
P < 0.001. All statistical analyses were performed using the ob-
tained data (n > 3) in Origin, Version 2018 (OriginLab, North-
ampton, MA, USA).

3. Results and discussion
3.1. Expression and purification of His-tagged SC and ST-GFP

Two elution peaks emerged during the linear gradient elution
of His-tagged SC (Fig. S1), so the fractions were collected and

Spectrum 1

Fig. 4. SEM image and results of energy dispersive spectroscopy (EDS) studies of a SC-
SMB. (A) The surface of the bead within the marked analysis region. (B) Corresponding
EDS spectrum of a SC-SMB.
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Fig. 5. Fourier transform IR spectra of the (a) purified His-tagged SC, (b) SMBs, and (c)
SC-SMBs.

further analyzed via SDS-PAGE. The results showed that the sec-
ond elution fraction was the purified His-tagged SC (Fig. S2). The
purification process for His-tagged ST-GFP was similar to that of
SC, and the results were demonstrated via SDS-PAGE (Figs. S3
and S4).

SC-SMB

BSA-SMB -, _
+ ST-GFP 4

SC-SMB
+ ST-GFP
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3.2. Confirmation of the spontaneous reaction between SC and ST-
GFP

One hundred microliters of the purified His-tagged SC (0.53 mg/
mL) and 100 pL of the purified His-tagged ST-GFP (0.19 mg/mL)
were mixed and incubated at room temperature for 12 h. The
samples were then analyzed via SDS-PAGE (Fig. 1). A clear band of
45 kDa in lanes 5 and 6 were observed (marked by black arrows),
indicating that a protein complex close to the expected molecular
weight of the SC/ST-GFP complex was formed. As the molar ratio of
SC to ST-GFP was 6.27:1, the bands of ST-GFP protein disappeared
(marked by white arrows), while a small amount of unreacted SC
remained. These results demonstrated that there was indeed a
spontaneous reaction [31] between SC and ST-GFP.

To further prove that the bioconjugation between SC and ST-GFP
is specific to the cell lysate supernatant, BL-21-SC, and BL-21-ST-
GFP cell lysate supernatants were mixed in equal volumes after the
optimal induction conditions were applied. The SDS-PAGE results
(Fig. S5) demonstrated that the clear bands of 45 kDa in lanes 5 and
6 were observed again (marked by black arrows), indicating that
the SC/ST-GFP complex was successfully formed. Meanwhile, by
comparison with cell lysate supernatants before mixing, the bands
of ST-GFP protein disappeared (marked by white arrows) in lanes 5
and 6, so did those of SC. The results demonstrated that SC and ST-
GFP could specifically ligate to each other even when cell lysate
supernatants were used. A further test using purified SC mixed with
the BL-21-ST-GFP cell lysate supernatant was conducted, and the
SDS-PAGE results (Fig. S6) demonstrated that the purified SC could

Grayscale GFP

50 um

Fig. 6. Fluorescence microscopy images of the different protein-coupled magnetic beads with or without ST-GFP treatment (color, grayscale, GFP). (A—C) Purified His-tagged SC-
coupled magnetic beads without ST-GFP treatment (SC-SMBs). (D—F) Bovine serum albumin-coupled magnetic beads treated with ST-GFP (BSA-SMBs + ST-GFP). (G—I) Purified His-

tagged SC-coupled magnetic beads treated with ST-GFP (SC-SMBs + ST-GFP).
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also specifically capture and ligate ST-GFP from the cell lysate su-
pernatant. We then assessed whether the specificity of the reaction
was based on lysine-selectiveness by mixing BSA with the purified
ST-GFP overnight (12 h), as numerous lysines exist at various po-
sitions within the BSA structure [32]. The SDS-PAGE results (Fig. S7)
revealed that no new protein complex was formed in the mixture of
BSA and the purified ST-GFP, indicating that the specific bio-
conjugation between SC and ST-GFP was based on lysine-
selectiveness, which may explain the high specificity of this reac-
tion (in vivo and in vitro) [26].

3.3. Characterization of the SC-coupled magnetic beads

We applied this unique self-ligating system to the oriented
immobilization of the GFP protein onto SMBs. The first step for this
was the preparation of the universal module SC-SMBs, the process
of which is shown in Fig. 2.

SEM (x 100,000 magnification) and TEM (x40,000 magnifica-
tion) were performed to characterize the morphology of the SC-
coupled magnetic beads. As illustrated by the SEM image in
Fig. 3, a layer of homogeneous granules covered the surface of the
magnetic bead. Similar results were obtained from the TEM image
of the SC-SMBs (Fig. S8), which demonstrated that there were
clusters of light-colored granules surrounding the beads. To
confirm that the coated granules were indeed proteins, an EDS
analysis of the SC-SMBs was carried out (Fig. 4 and Table S1). As

Journal of Pharmaceutical Analysis 12 (2022) 415—423

shown in Fig. 4B and Table S1, besides elemental Si, Fe, and O,
elemental C and N were also detected in the analysis region
(Fig. 4A), which indicated that the surrounding granules were
proteins, herein considered as purified His-tagged SC.

The FT-IR spectra results (Fig. 5) further proved that the coated
proteins on the magnetic beads were indeed SC. The FT-IR spectrum
of the SMBs without protein showed three intense peaks at
3412.3 cm ™!, 1024.2 cm~, and 633.7 cm~, which were attributed
to the O—H stretching of carboxylic acids, the asymmetric
stretching of the Si—O—Si chain, and the Fe—O stretching vibration
of Fe30y4, respectively. In the FT-IR spectrum of the purified His-
tagged SC, the peak at 2869.9 cm™! represented the symmetric
C—H stretching of a methyl group from hydrophobic amino acids,
such as alanine, valine, leucine, and isoleucine; the peaks found at
1076.8 cm~! and 1158.1 cm ™! were the C—O stretching vibrations of
serine (primary alcohol) and threonine (secondary alcohol),
respectively; and the peak at 861.2 cm™! represented the out-of-
plane C—H bending vibrations of the disubstituted benzene rings
from tyrosine. The peaks at 1158.1 cm~!, 1076.8 cm ™', 861.2 cm ™,
and 633.7 cm~! were preserved in the FT-IR spectrum of SC-SMBs,
indicating that SC proteins were successfully immobilized onto the
surface of SMBs.

The CE of SC to the magnetic beads and that of BSA to the
magnetic beads were 56.60% and 54.24%, respectively; the RCE of
SC to magnetic beads and that of BSA to magnetic beads were
12.00 and 12.80 mg/g, respectively (Table S2).

A
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Fig. 7. Preparation and fluorescence imaging schematic diagram of ST-GFP@SC-SMB. (A) Molecular mechanism of the site-selective binding between SC and ST-GFP. (B) Preparation

and fluorescence imaging of ST-GFP@SC-SMBs.
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3.4. Verification of the oriented immobilization of ST-GFP to the SC-
coupled magnetic beads

The SC-SMBs and BSA-SMBs were mixed with the ST-GFP cell
lysate supernatant for 12 h, respectively. After rinsing, these beads
were observed under bright field (color and grayscale images) and
fluorescence  microscopy (excitation  wavelength  range,
460—495 nm, GFP images) at a 400 x magnification. The results are
presented in Fig. 6. SC-SMBs without ST-GFP treatment served as
the blank control (Figs. 6A—C). Green fluorescence was observed in
the GFP images of the SC-SMBs treated with ST-GFP (SC-SMBs + ST-
GFP) (Fig. 61). In contrast, there was little green fluorescence in the
GFP image of BSA-SMBs treated with ST-GFP (BSA-SMBs + ST-GFP)
(Fig. 6F), indicating that although numerous lysines exist in the BSA
molecule [32], they could not react with the Asp in ST like the Lys31
in SpyCatcher. Therefore, the highly specific lysine-selective reac-
tion between SC and ST-GFP was again corroborated, and the
complete model carrier with fluorescence activity, known as ST-
GFP@SC-SMB, was successfully prepared. The preparation and
fluorescence imaging schematic diagrams of ST-GFP@SC-SMB are
presented in Fig. 7.

3.5. Stability of ST-GFP@SC-SMBs

The alkaline stability of ST-GFP@SC-SMBs was determined
together with that of SC-SMBs from the same batch. Both types of
beads were treated with 0.1, 0.2, 0.3, 0.4, and 0.5 M NaOH for 2 h,
with 0.1 M PBS (pH 7.4)-treated beads serving as the negative
control. After the treated beads were separated magnetically, the
concentrations of the detached proteins were measured using the
Bradford assay. The results are shown in Fig. 8. Specifically, Fig. 8C
shows that the concentration of detached proteins from the NaOH-
treated ST-GFP@SC-SMBs was significantly higher than that from
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the 0.1 M PBS-treated beads (pH 7.4) (P < 0.001). Meanwhile, in
Fig. 8B, the concentration of detached proteins from NaOH-treated
SC-SMBs was higher than that from PBS-treated beads (P < 0.05). By
further comparison of these data, as shown in Fig. 8A, the con-
centrations of detached proteins measured between the PBS-
treated ST-GFP@SC-SMBs and SC-SMBs showed no statistical dif-
ference, while the detached protein concentrations measured be-
tween ST-GFP@SC-SMBs and SC-SMBs at every NaOH-treated
group (0.1-0.5 mol/L) showed significant differences (P < 0.001).
These results demonstrated that the significant differences
(P < 0.001) of the detached protein concentrations between NaOH-
treated ST-GFP@SC-SMBs and SC-SMBs at each NaOH concentration
(0.1-0.5 mol/L) were not caused by PBS treatment (pH 7.4), but the
only difference in the experimental conditions, the NaOH treat-
ment, was the most probable reason behind this. To identify the
cause of protein detachment, an analysis of the alkaline stability of
the complex between SC and ST-GFP was performed. The purified
SC and the purified ST-GFP were mixed overnight (12 h) and then
treated with PBS or NaOH (0.1-0.5 mol/L) solutions of equal volume
for 2 h. The SDS-PAGE results (Fig. S9) showed that both the band of
the SC/ST-GFP complex (45 kDa) and the band of excess SC protein
smeared after NaOH treatment for 2 h, especially when the NaOH
concentration was above 0.2 mol/L. This means that NaOH treat-
ment notably promoted the degradation of the proteins, the
mechanism of which might be the amide hydrolysis promoted by
hydroxide [33—35]. These results demonstrated that NaOH treat-
ment of ST-GFP@SC-SMBs caused the detachment of proteins from
the beads.

The acidic pH stability of the ST-GFP@SC-SMBs was also evalu-
ated. These beads were treated with 0.05 M glycine-HCI buffer (pH
1-6) for 2 h, and the concentration of the detached proteins was
measured using the Bradford assay. It can be observed from Fig. S10
that the amount of detached protein from the glycine-HCI buffer-
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treated beads was barely detectable and was not significantly
different from that of the beads treated with 0.1 M PBS (pH 7.4) (P
> 0.05). Therefore, ST-GFP@SC-SMBs were stable in 0.05 M glycine-
HCI buffers at all acidic pH values from 1 to 6.

The storage stability of the ST-GFP@SC-SMBs in 20% (V/V)
ethanol was also examined. The beads were treated with 20%
ethanol for up to 7 days, with 0.1 M PBS treatment serving as the
negative control. As shown in Fig. S11, the amount of detached
protein detected from beads treated with 20% ethanol was
slightly lower than that from the beads treated with 0.1 M PBS,
but this difference was not significant (P > 0.05). Meanwhile, the
amount of detached proteins detected from beads treated with
20% ethanol on the seventh day was not significantly different
from that on the first day (P > 0.05). Hence, ST-GFP@SC-SMBs
stored in 20% ethanol exhibited acceptable storage stability for
seven days.

The effect of temperature on the stability of ST-GFP@SC-SMBs in
0.1 M PBS (pH 7.4) was also tested. The beads were suspended in
0.1 M PBS (pH 7.4), divided equally, and then incubated in a water
bath at different temperatures (4, 25, 37, 45, 55, and 65 °C for 2 h
and 100 °C for 10 min). As shown in Fig. S12, there was no signif-
icant difference between the amount of detached protein from the
4 °C group and that of the other groups (P > 0.05). This means that
the ST-GFP@SC-SMBs were stable at most temperatures from 4 to
100 °C. However, considering that protein denaturation might
occur at high temperatures, the activity of the immobilized protein
was not guaranteed above 37 °C. An operating temperature within
4—37 °C was therefore recommended.

4. Conclusion

In this work, we provided a simple and feasible strategy for the
oriented covalent immobilization of proteins onto carboxyl-SMBs
directly and selectively from crude cell lysates, which was attrib-
uted to the unique self-ligating capability of the ST/SC system. The
reaction between SC and ST-GFP was confirmed to be spontaneous
and lysine-selective. Although the alkaline stability of ST-GFP@SC-
SMBs was not ideal, the isopeptide bond formed was unbreakable
in a 0.05 M glycine-HCl buffer (pH 1-6) for 2 h, which was deemed
suitable as a potential elution reagent in ligand fishing applications.
The excellent stability of ST-GFP@SC-SMBs in a 20% ethanol solu-
tion for 7 days demonstrated that 20% ethanol was applicable as a
storage reagent for the beads. Despite its good temperature sta-
bility, the use of ST-GFP@SC-SMBs within the temperature range of
4—-37 °C is recommended.

The bioconjugation between ST and SC was proven to be spe-
cific. However, additional non-specific interactions may still exist
during ligand or protein fishing experiments. To reduce this, trun-
cated SC sequences [23] can be used, and sequences of both ST and
SC can be optimized.

Overall, this preparation method is universal and applicable for
various capturing proteins (e.g., receptors, enzymes, antibodies,
etc.) that can be genetically encoded and ST-labeled, showing great
potential in ligand fishing for applications such as drug discovery
and target finding.
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