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site-specific immobilization of
PNGase F via spy chemistry†

Liang Zhang, ‡a Wenhui Wang,‡b Yueqin Yang,c Xiang Liu,bd Wenjie Zhu,b

Lingrui Pi,b Xin Liu *b and Song Wang*a

Protein N-glycosylation plays a critical role in a wide range of biological processes, and aberrant N-

glycosylation is frequently associated with various pathological states. For global N-glycosylation

analysis, N-glycans are typically released from glycoproteins mediated by endoglycosidases, primarily

peptide N-glycosidase F (PNGase F). However, conventional N-glycan release by in-solution PNGase F is

time-consuming and nonreusable. Although some immobilization methods can save time and reduce

the enzyme dosage, including affinity interaction and covalent binding, the immobilized PNGase F by

these traditional methods may compromises the immobilized enzyme's stability and biofunction.

Therefore, a new approach is urgently needed to firmly and steadily immobilize PNGase F. To meet this

demand, we have developed a spontaneous and site-specific way to immobilize PNGase F onto

magnetic nanoparticles via Spy chemistry. The magnetic nanoparticles were synthesized and modified

with SpyTag as a solid surface. The PNGase F fused with SpyCatcher can then be site-specifically and

covalently immobilized onto this solid phase, forming a firm isopeptide bond via self-catalysis between

the SpyTag peptide and SpyCatcher. Importantly, the immobilization process mediated by mild spy

chemistry does not result in PNGase F inactivation; and allows immobilized PNGase F to rapidly release

various types of glycans (high-mannose, sialylated, and hybrid) from glycoproteins. Moreover, the

immobilized PNGase F exhibited good deglycosylation activity and facilitated good reusability in

consecutive reactions. Deglycosylation of clinical samples was completed by the immobilized PNGase F

as fast as several minutes.
1. Introduction

N-Glycosylation is a major and conserved posttranslational
modication in eukaryotes, with over half of all proteins
undergoing N-glycosylation.1 N-glycans can affect the function
of modied proteins by inuencing folding, half-life, and
protein–protein interactions, thereby playing a role in various
physiological events, including development, immunity, auto-
phagy, and neurogenesis.2 Furthermore, aberrant glycosylation
is involved in disease development and progression.3 Thus,
efficient analysis of N-glycans and elucidation of N-glycan
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biological function is important to understand their role in
physiological and pathological processes. To date, many
analytical techniques, including NMR,4 capillary electropho-
resis,5 liquid chromatography,6 and mass spectrometry,7 have
been developed to efficiently analyze N-glycans. However, in the
workow of global N-glycosylation analysis, N-glycan removal by
endoglycosidases, mainly peptide N-glycosidase F (PNGase F)
with overnight incubation; prior to instrumental analysis is the
main rate-limiting step. Traditional digestion methods require
prolonged reaction times due to limited digestion efficiency.

There are many ways to shorten the reaction time, including
microwave irradiation,8,9 high pressure-cycling technology
(PCT),10 and enzyme immobilization.11,12 Among these strate-
gies, immobilizing PNGase F onto a solid surface, especially the
surface of magnetic particles, offers a straightforward and
promising solution to shorten the incubation time, enhance
protein stability and reduce enzyme consumption.12–15 Many
method have been employed to immobilize enzymes onto
particle surfaces, including absorption, affinity interactions,
and covalent immobilization.16 To efficiently immobilize
PNGase F, affinity interaction of the special tag coexpressed
from fused protein and reactive groups modied on the surface
of solid materials, including the hexahistidine – nickel,9 GST –
RSC Adv., 2023, 13, 28493–28500 | 28493
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GSH,17 and CBM – cellulose18 is the traditional way to immo-
bilize PNGase F. However, the affinity interaction is derived
from noncovalent forces such as hydrogen bonds, van der
Waals forces, electrostatic bonds, and hydrophobic interac-
tions, and the partial interactions may dissociate in the harsh
deglycosylation environment. To construct more stable PNGase
F conjugates, covalent linkages were reacted on functional
groups from protein with modied reactive groups on the
surface of solid phases, including amine,19 carboxyl,20,21 epoxy,22

cyanate ester,23 vinyl azlactone,24 and thiol–ene groups.25

Although the covalent immobilization of PNGase F can be
achieved by the above reaction, the protein active domain and
biofunction may be compromised and even inactivated aer
immobilization by these nonspecic reactions. Hence, site-
selective and covalent protein conjugations are challenging
since there are many free active groups in one protein chain. In
a previous study, site-selective and covalent immobilization of
PNGase F was mediated by an acyl transfer reaction between the
glutamine tag of PNGase F and a free amine group on magnetic
particles mediated by microbial transglutaminase.12 To further
simplify the immobilization method without additional
enzymes or chemical agents, spontaneous, covalent, and site-
specic immobilization mediated by the SpyTag/SpyCatcher
protein–ligase system was introduced to immobilize PNGase F.

The SpyTag/SpyCatcher protein–ligase system (spy chem-
istry), engineered from Streptococcus pyogenes, forms a cova-
lent and stable isopeptide bond via self-catalysis between an
aspartic acid residue of the SpyTag peptide (AHIVMV-
DAYKPTK) and a lysine residue of the SpyCatcher domain
(PDB: 4MLI), withstanding harsh conditions such as a wide
range of pH, temperatures, and detergents.26–28 Importantly,
this spy chemistry is spontaneous, which can also minimize
nonspecic protein immobilization as this reaction is highly
efficient and specic.29,30 With these intriguing features, Spy
chemistry, since it was reported in 2012,28 has been used in
many applications, including protein ligation and protein
immobilization in solid materials, including hydrogels,31

agarose,27 silica,32 gold nanoparticles,33 and magnetic nano-
particles.34,35 Therefore, Spy chemistry is an excellent
approach to immobilize PNGase F, minimizing the risk of
PNGase F inactivation in traditional covalent immobilization
processes.

Although the immobilization of PNGase F has been widely
studied, the spontaneous immobilization of this enzyme has
yet to be conducted. In this trial, PNGase F was spontaneously,
site-specically, and covalently immobilized onto magnetic
nanoparticles based on Spy chemistry. Fe3O4/SiO2 particles
were synthesized and decorated with a reactive carboxyl group
for SpyTag incorporation. Then, the modied magnetic
particles can covalently and spontaneously immobilize the
coexpression of SpyCatcher-PNGase F via Spy chemistry
without additional enzymes or chemical agents. The immo-
bilized SpyCatcher-PNGase F exhibited identical deglycosyla-
tion activity as its soluble counterpart, and showed good
thermostability and reusability. Finally, immobilized
SpyCatcher-PNGase F was employed in clinical samples to
analyze its applications.
28494 | RSC Adv., 2023, 13, 28493–28500
2. Materials and methods
2.1. Materials and reagents

Escherichia coli BL21 (DE3) competent cells, Escherichia coli
DH5a competent cells, 2 × AceTaq Master Mix, and 2 ×

Phanta Max Master Mix were purchased from Vazyme (Nanj-
ing, China). T4 liagese, Nde I, Nhe I, and corresponding
buffers were purchased from Takara (Beijing, China). BCA
Protein Assay Kit was bought from Beyotime Biotechnology
(Shanghai, China). High Affinity Ni-charged resin FF and
columns were obtained from GenScript (Nanjing, China).
Ferric chloride hexahydrate (FeCl3$6H2O), sodium acetate
(NaAc), ethylene glycol, ammonium hydroxide (NH4OH), car-
boxyethylsilanetriol sodium salt (CES), Tetraethyl orthosili-
cate (TEOS), isopropanol, N,N-dimethylformamide (DMF),
succinic anhydride, IgG, Ribonuclease B (RNase B), trans-
ferrin, porous graphitic carbon (PGC), cellulose microcrystal-
line (MCC), imidazole, acetonitrile (ACN), dimethyl sulfoxide
(DMSO), triuoroacetic acid (TFA), N-methylmorpholine,
methylamine hydrochloride, formic acid, acetic acid (HAc), 1-
butanol, methyl alcohol, 2-aminobenzamide (2-AB), sodium
cyanoborohydride (NaBH3CN), ethanol, and isopropyl-b-D-
thiogalactopytanoside (IPTG) were purchased from Merck
KgaA (Darmstadt, Germany). SpyTag peptide was purchased
from Nanjing Peptide Biotech (Nanjing, China). The template
DNA of PNGase F and SpyCatcher were obtained from labo-
ratory storage. Human Serum was obtained from the school
Hospital of Wuhan Sports University. All aqueous solutions
were puried by a Milli-Q purication system (Merck, MA).
2.2. Preparation and characterization of magnetic
nanoparticles

Themagnetic nanoparticles modied with carboxyl groups were
synthesized using a hydrothermal approach in the following
steps.36 Firstly, FeCl3$6H2O (1.35 g) and NaAc (3.6 g) were dis-
solved in 40 mL ethylene glycol and mixed under vigorous
stirring for 2 h. Then, the mixture was sealed in a Teon-lined
stainless-steel autoclave and heated at 200 °C for 8 h. Aer
cooling to room temperature, the black products (magnetic
nanoparticles, MNP) were washed alternately with ethanol and
deionized water 5 times and dried at 60 °C for 12 h. Secondly,
the black magnetic nanoparticles were dispersed into a mixture
of ethanol, deionized water, NH4OH, and TEOS through ultra-
sonication, and the mixture was vigorously stirred at room
temperature to produce the core–shell structured magnetic
nanoparticles. Aer a 12 h reaction, the magnetic nanoparticles
were separated with an external magnet and washed sequen-
tially with deionized water and ethanol. Thirdly, 60 mg of
magnetic nanoparticles was dispersed into isopropanol through
ultrasonication and continuously stirred. The solution was then
added dropwise with 300 mL of CES and constantly stirred for
24 h to obtain carboxyl-modied magnetic nanoparticles.
Fourthly, the carboxyl-modied particles were stirred with 10%
succinic anhydride in DMF solution under N2 protection for 3 h
at room temperature, to introduce carboxyl groups to the
surface. Finally, SpyTag peptides were further modied onto
© 2023 The Author(s). Published by the Royal Society of Chemistry
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magnetic nanoparticles by EDC/NHS methods in previous
studies.8,9 The corona structure of produced functionalized
MNP was conrmed by transmission electron microscopy
(TEM). Meanwhile, the MNP surface modication was
conrmed by X-ray photoelectron spectroscopy (XPS) and
dynamic light scattering (DLS).

2.3. Construction and expression of SpyCatcher-PNGase F

The gene encoding for SpyCatcher from Streptococcus pyo-
genes was used as the template and was amplied by PCR
using specic primers (Table S1†). The PCR products were
cloned into pET-28a-PNGase F vector between Nde I and Nhe I
sites, resulting in plasmids encoding PNGase F proteins with
an N-terminal SpyCatcher fusion. The constructed plasmids
were transformed into E. coli DH5a competent cells and
selected on Luria-Bertani (LB) agar plates containing
50 mg L−1 kanamycin, followed by bacterial culture and
plasmid extraction. The recombinant plasmid was conrmed
by sequencing and then transformed into E. coli BL21 (DE3)
competent cells for the recombinant protein expression
(SpyCatcher-PNGase F).

The cells were induced with 0.1mM IPTG in LBmediumwith
0.05 mg L−1 kanamycin at 200 rpm at 16 °C for 16 hours. The
induced cells were harvested by centrifugation at 8000 rpm and
disrupted by high-pressure homogenizers to release expression
proteins. The induced proteins were puried by Ni-charged
resin according to the manufacturer's instructions and stored
at −20 °C.

2.4. Spontaneous immobilization of SpyCatcher-PNGase F

The MNP@SpyTag (1 g) was resuspended in 1 mL tris-buffered
saline (TBS, 50 mM tris–HCl, 150 mM NaCl, pH 7.0) contain-
ing 0.5 mg puried SpyCatcher-PNGase F. The two compo-
nents were incubated at 4 °C for overnight under continuously
shaking. In parallel, control MNP lacking SpyTag modication
were also incubated with SpyCatcher-PNGase F under iden-
tical conditions. To eliminate nonspecic protein adsorption
onto MNP@SpyTag, the MNP@SpyTag were separated by
a magnet and subsequently washed three times with PBS
buffer containing 0.5% (v/v) Tween 20. Finally, the immobi-
lized SpyCatcher-PNGase F was separated by the use of
a magnetic eld and resuspended in PBS buffer before further
analysis. The amounts of SpyCatcher-PNGase F immobilized
on MNP were calculated using the BCA method by measuring
the initial and nal amount of soluble proteins in the
solution.

2.5. Enzymatic activity of PNGase F

According to reported methods,13 to ensure molar equivalence
(66.7 mM) for further N-glycan release, the standard glyco-
proteins were dissolved in deionized water in 1 (RNase B), 10
(IgG), and 5.33 (transferrin) mg mL−1

nal concentrations,
respectively. 10 mL of each sample was diluted with 10 mL
deionized water and heat-denatured with 3 mL denaturing
buffer (5% SDS and 400 mM DTT) for 10 min. Aer cooling on
ice, 3 mL 500 mM sodium phosphate and 3 mL 10% NP40 were
© 2023 The Author(s). Published by the Royal Society of Chemistry
added to the solution. The reaction was started by adding 4 mL
free PNGase F or immobilized SpyCatcher-PNGase F (protein
per mL, 0.4 mg mL−1, respectively) in the mixer at 1000 rpm
incubated at their optimal temperature for 2, 5, 10, and
40 min. Finally, the reaction was stopped by heat-
denaturation or separated by a magnet. The protein samples
were separated in 8–16% sodium dodecyl sulfate-
polyacrylamide gel at 120 V for approximately 2 h to 3 h.
Gels were stained with Coomassie Brilliant Blue R250 and
destained in 30% (v/v) ethanol and 10% (v/v) acetic acid
overnight. The human serum was detected by BCA method to
measure the concentration of the whole proteins and then
treated with free PNGase F or immobilized PNGase F as
mentioned above.

2.6. N-Glycans purication

The released N-glycans were puried using PGC Solid Phase
Extraction (SPE). Briey, PGC SPE was washed sequentially with
5 mL of ACN, 3 mL of 80% ACN in H2O with 0.1% TFA (v/v), and
3 mL of 5% ACN in H2O with 0.1% TFA (v/v). The samples were
mixed with 1 mL of 5% ACN in H2O with 0.1% TFA (v/v) and
loaded onto PGC SPE. The column samples were owed
through the column at a rate of no faster than 1 drop per
second, followed by washing 3 mL of 5% ACN in H2O with 0.1%
TFA (v/v). Finally, the N-glycans were eluted with 1 mL of 50%
ACN in H2O with 0.1% TFA (v/v) into a clean tube and dried
using Speed Vap.

2.7. Analysis of N-glycan with UPLC

To detect N-glycans with UPLC, 2-AB was employed to label N-
glycan. 2-AB and NaBH4CN were dissolved in 20 mL of DMSO/
acetic acid (7/3, v/v) at 0.7 and 2.0 M concentrations,
respectively. The mixtures were added to the dried N-glycans
and incubated at 65 °C for 2 h, following by purication with
MCC cartridges. Briey, MCC cartridges were washed
sequentially with 5.0 mL of H2O, and 3.0 mL of 1-butanol/
ethanol/H2O (4 : 1 : 1, v/v/v). The derivated mixture was mixed
with 1 mL of 1-butanol/ethanol/H2O (4 : 1 : 1, v/v/v) and
loaded onto the MCC column. The samples were slowly
owed through the column, followed by washing with 3.0 mL
of 1-butanol/ethanol/H2O (4 : 1 : 1, v/v/v). The labeled N-
glycans were eluted with 1.0 mL of ethanol/H2O (1 : 1, v/v),
and dried using Speed Vap for further use. The 2-AB deriva-
tives were analyzed using a UPLC analytical system (Shi-
madzu, Nakagyo-ku, Kyoto, Japan) equipped with RF-20A
uorescence detector. The 2-AB labeled samples were loaded
onto an ACQUITY UPLC BEH Amide column (100 mm ×

2.1 mm i.d., 1.7 mm particle size, Waters, Milford, USA) at 40 °
C using a binary gradient. A linear decreasing gradient of
solvent B (95% ACN with 50 mM ammonium formate, pH 4.4)
from 70% to 50% was used to elute samples at a ow rate of
0.1 mL min−1, using 5% ACN with 50 mM ammonium
formate, pH 4.4 as Solvent A. The excitation/emission wave-
lengths were 324/417 nm for 2-AB derivatives. The enzymatic
activity in the experiment was evaluated by quantifying the
peak areas of N-glycans.
RSC Adv., 2023, 13, 28493–28500 | 28495
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3. Results and discussion
3.1. Synthesis of the magnetic nanoparticles

Immobilization of proteins on magnetic nanoparticles (MNP) is
a convenient and effective approach to separate immobilized
proteins from the reaction. Herein, the MNP was synthesized as
a typical core–shell structure consisting of three domains: an
Fe3O4 core, a SiO2 middle shell, and a surface-modied carboxyl
corona. The carboxyl was further graed with SpyTag to
immobilize the spycatcher protein spontaneously. The surface
elemental prole of theMNP was examined by XPS analysis, and
Fe 2p, O 1s, Si 2p, C 1s, and N 1s at binding energies of
approximately 710.5, 532.4, 103.3, 284.6, and 400.1 eV were
obtained for each step of the fabrication processes, respectively
(Fig. 1). Primordially, the obtained elements of iron and oxygen
conrmed the presence of Fe3O4 at binding energies of 710.5 eV
and 532.4 eV. Then, the survey scan conrms the presence of
silicon and elevated contents of carbon and oxygen aer TEOS
and CES modication at binding energies of 103.3 eV, 284.6 eV,
and 532.4 eV, respectively. Meanwhile, the binding of TEOS and
CES was also supported by a drastic decrease in the intensity of
the characteristic Fe 2p peaks, indicating that all MNP in the
composite was fully decorated. The graed peptides were
signicantly conrmed by the presence of nitrogen at binding
energy of 400.1 eV. The overall obtained element analysis
corroborated the successful synthesis of SpyTag-modied MNP.
Moreover, the zeta potentials of bare MNP, MNP@COOH, and
MNP@SpyTag were also measured (Table S2†). The zeta
potential of bare MNP was found to be approximately 9.8 ±

0.8 mV, which is consistent with previous results.37 Aer coating
TEOS and CES on the surface of MNP, they exhibited
a decreased zeta potential of −22.1 ± 0.6 mV because of the
existence of surface COOH and OH groups.37,38 Meanwhile, the
zeta potential of MNP@SpyTag underwent signicant changes
Fig. 1 Schematic illustrates steps of magnetic nanoparticle preparation

28496 | RSC Adv., 2023, 13, 28493–28500
due to the amino acids with a positive charge from SpyTag,
which increased to −0.2 ± 0.2 mV. Based on the above XPS and
zeta potential results, it is obviously demonstrated that the
surface of MNP has been successfully modied with SpyTag.
Characteristic TEM images of modied MNP are shown in
Fig. 1C. The observed sizes of the MNP were approximately
871.5 ± 88.2 nm, consistent with the result of a hydrodynamic
diameter (Dh) in dynamic light scattering (DLS) (Table S2†).
Thus, a robust magnetic nanoparticle platform was established
for spontaneous enzyme immobilization.
3.2. Expression and activity of SpyCatcher-PNGase F

In this work, SpyCatcher was subcloned into the N-terminus of
PNGase F for intracellular production of the fused proteins
(Fig. S1†). The polypeptide chain at the N-terminus is compa-
rably far from the active domain of PNGase F (PDB ID: 1PNF),
and (Gly4Ser)3 was introduced as a exible linker, allowing the
catalytic centre to remain readily accessible.39 The successfully
constructed plasmid was transformed into the expression strain
BL21 (DE3), and the expression of the fused protein was
induced by IPTG. The protein expression was conrmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, Fig. 2), which showed an intense protein band at 52
kDa, consistent with the combined molecular mass of PNGase F
(35 kDa), exible linker (2 kDa), and SpyCatcher (15 kDa).40 In
contrast to His-tagged PNGase F, which is mainly expressed in
inclusion bodies,9 approximately 40% of SpyCatcher-PNGase F
can be expressed in the supernatant and directly puried by
affinity interaction, owing to the hydrophilic amino acids of
SpyCatcher which can improve the solubility of the coexpressed
proteins.

It is a traditional way to verify the activity of PNGase F by
monitoring the pronounced mobility shi in gel shi assays.
Three standard glycoproteins, RNase B, IgG, and transferrin,
(A) and analysis by XPS (B) and TEM (C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SDS-PAGE analysis of the expression of SpyCatcher-PNGase F.
Lanes M, 1–5: molecular weight standards, purified protein, total
bacterial protein, bacterial protein induced with IPTG, soluble protein,
and inclusion protein, respectively.
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were used to analyze the deglycosylated activity of PNGase F.
RNase B is a typical high-mannose glycoprotein that contains
a single N-glycosylation site at Asn,34 with a molecular weight of
approximately 15 kDa.41 IgG contained a single N-glycosylation
site (its heavy chain, 50 kDa) occupied by complex N-glycans.42

Transferrin is attached to highly sialylated N-glycans with
a molecular weight of approximately 80 kDa.43 The activities of
SpyCatcher-PNGase F were identied with these three standard
glycoproteins as substrates, using traditional overnight 37 °C
digestion conditions.13 As shown in Fig. 3, the bands of degly-
cosylated substrates treated with similar amounts of enzymes
were signicantly shied, indicating that SpyCatcher-PNGase F
has the same deglycosylated activity as commercial PNGase F.
3.3. Characterization of immobilized SpyCatcher-PNGase F

To verify the conjugation of SpyTag and SpyCatcher-PNGase F,
mixing free SpyTag and SpyCatcher-PNGase F in TBS solution
led to the spontaneous formation of a covalent complex that
was stable against heat-denatured conditions in SDS solution.34

The molecular mass of this complex (53 kDa) was slightly larger
Fig. 3 SDS-PAGE analysis of RNase B (A), IgG (B), and transferrin (C) dige
P: digestion by commercial PNGase F, lane S: digestion by recombinant
PNGase F.

© 2023 The Author(s). Published by the Royal Society of Chemistry
than that of SpyCatcher-PNGase F (52 kDa), conrming that
SpyTag was able to efficiently react with SpyCatcher-PNGase F
under mild conditions (Fig. S2†). Furthermore, the conjugation
of SpyTag/SpyCatcher manifested high selectivity and strong
resistance against harsh washes or interference of nonfusion
protein; conjugation of SpyCatcher-PNGase F from crude cell
lysates could also be directly carried out by incubating
MNP@SpyTag, bypassing protein purication processes. Due to
these merits, SpyCatcher-PNGase F was spontaneously immo-
bilized under mild conditions, avoiding the risk of PNGase F
inactivation. In this study, we rstly performed simultaneous
purication and immobilization of SpyCatcher-PNGase F from
the culture supernatant. However, the protein concentration
experienced minimal changes in this process (data not shown),
rendering the quantication of the immobilized SpyCatcher-
PNGase F challenging. To facilitate a more straightforward and
efficient assessment of the amount of immobilized SpyCatcher-
PNGase F, SpyCatcher-PNGase F was rstly puried using the
affinity interaction between its co-expressed His-tag and Nickel
resin. Subsequently, the puried protein was immobilized onto
MNP@SpyTag. The spontaneously conjugated PNGase F
amount was determined to be 61.5 ± 9.0 mg protein per g
magnetic nanoparticles using the BCA method. To the best of
our knowledge, this is the rst platform for covalent, site-
specic, and spontaneous immobilization of PNGase F.

The activity of immobilized SpyCatcher-PNGase F was also
identied using the above three standard glycoproteins as
substrates using traditional overnight 37 °C digestion condi-
tions. As shown in Fig. 3, the band of deglycosylated substrates
treated by similar amounts of enzymes was also signicantly
shied, indicating that immobilized SpyCatcher-PNGase F has
the same deglycosylated performance as in-solution
SpyCatcher-PNGase F. Meanwhile, the released N-glycans from
RNase B, IgG, and transferrin were labelled with 2-AB and
separated by UPLC. The retention times and peak areas of the
each glycan peaks, released by both SpyCatcher-PNGase F and
immobilized SpyCatcher-PNGase F, were remarkably consistent
(Fig. S3†), demonstrating that the immobilized enzyme
sted by PNGase F. Lane M: protein marker; lane N: glycoproteins; lanes
SpyCatcher-PNGase F; lane I: digestion by immobilized SpyCatcher-
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Fig. 4 The thermal stability (A) and release efficiency (B) of the relative fluorescent intensity of the average of the Hex5HexNAc4Neu5Ac2 from
transferrin by SpyCatcher-PNGase F and immobilized SpyCatcher-PNGase F. The amount of N-glycan under optimal deglycosylation was set as
100%. Each result was repeated three times.
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possesses the capacity to release the completeness of N-glycan
identical to the native enzyme without structural release bias.
These results proved that the immobilized SpyCatcher-PNGase
F have the performance to completely deglycosylate different
kinds of glycoproteins as in-solution SpyCatcher-PNGase F.

Immobilization of SpyCatcher-PNGase F onto magnetic
particles is a practical approach to improve its stability. The
activities of the enzymes were evaluated by quantifying the peak
areas of 2-AB-labelled Hex5HexNAc4Neu5Ac2 from transferrin.
As shown in Fig. 4A, the optimal reaction temperature of
immobilized SpyCatcher-PNGase F showed a higher activity at
52 °C compared to the optimal reaction temperature of in-
solution SpyCatcher-PNGase F (42 °C). The thermal stability of
the immobilized enzyme allows for greater yields at compara-
tively high temperatures. In addition, the deglycosylation
kinetics of SpyCatcher-PNGase F and immobilized SpyCatcher-
PNGase F were also investigated using a series of reaction times
(2, 5, 10, and 40 min) with continuous stirring as previously
described,13 and the results (Fig. 4B) showed somewhat
different release characteristics for the two digestion tech-
niques. With the use of immobilized SpyCatcher-PNGase F,
Fig. 5 The reusability of immobilized SpyCatcher-PNGase F. Each
result was repeated three times.

28498 | RSC Adv., 2023, 13, 28493–28500
a steeper increase in deglycosylation was obtained, and the
release efficiency of immobilized SpyCatcher-PNGase F reached
its maximum approximately 10 min incubation time, while the
same level was reached at its optimal condition in only 40 min
by in-solution digestion.

Furthermore, the bond between SpyCatcher-PNGase F and
magnetic nanoparticles mediated by Spy chemistry enables the
immobilized SpyCatcher-PNGase F to be reused multiple times.
As depicted in Fig. 4B, the release efficiency of immobilized
SpyCatcher-PNGase F reached half of its maximum value aer
a 5 minute incubation at 52 °C. Consequently, this specic
condition was selected to assess the enzyme's reusability. As
shown in Fig. 5, the immobilized SpyCatcher-PNGase F exhib-
iting a relative 78.5% deglycosylated activity aer the h reuse
(Fig. 5). This indicates the high reusability of immobilized
SpyCatcher-PNGase F. The negligible decrease in released N-
glycan in each experiment may be due to the inevitable loss of
Fig. 6 UPLC analysis of N-glycans released from human serum in-
solution SpyCatcher-PNGase F and immobilized SpyCatcher-PNGase
F. N-Acetyl glucosamine (HexNAc), blue -; fucose (DeoxyHex), red
;, mannose (Hex), greenC; galactose (Hex), yellowC, and sialic acid
(Neu5Ac), purple A.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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magnetic particles or aggregation during the reapplication
process.12,13

It is concluded that immobilized SpyCatcher-PNGase F
possesses effective thermostability and reusability. Moreover,
the natural attribution of immobilized PNGase F on magnetic
nanoparticles can be easily removed from the reaction mixture
assisted by magnetic partitioning, without affecting the rest of
the workow process.
3.4. The application of immobilized SpyCatcher-PNGase F

While the deglycosylation of standard glycoproteins by immo-
bilized SpyCatcher-PNGase F appeared easy to achieve, clinical
samples, human serum, were employed to determine its prac-
tical application. Human serum N-glycans are considered
specic markers, and alteration in the serum N-glycan prole
are related to ageing or various diseases.44,45 Therefore, N-glycan
proles of clinical samples were used to evaluate the activity of
immobilized SpyCatcher-PNGase F. As shown Fig. 6, the reten-
tion time and relative intensities of each N-glycan released by
immobilized SpyCatcher-PNGase F were almost the same as
those of free SpyCatcher-PNGase F, indicating that the immo-
bilized SpyCatcher-PNGase F mediated by Spy chemistry
possesses the same deglycosylation activity as its free counter-
part. Therefore, these ndings suggest that immobilized
SpyCatcher-PNGase F can be practically implemented to release
N-glycans from numerous clinical samples, exhibiting compa-
rable performance to the free enzyme.
4. Conclusion

This study presented a novel approach for immobilizing
PNGase F onto magnetic nanoparticles via spy chemistry. This
approach allows for spontaneous, site-specic, and covalent
immobilization of SpyCatcher-PNGase F onto magnetic nano-
particles modied with SpyTag. The presence of hydrophilic
amino acids in SpyCatcher facilitates the expression of PNGase
F in the supernatant and its oriented immobilization onto the
solid phase containing SpyTag, resulting in the immobilization
of 61.5 ± 9.0 mg of SpyCatcher-PNGase F onto 1 g of SpyTag-
modied magnetic nanoparticles. Notably, the immobilization
process using Spy chemistry did not cause inactivation of the
enzyme, allowing the immobilized SpyCatcher-PNGase F to
exhibit good thermal stability and enzymatic activity. Further-
more, aer ve use cycles, the immobilized enzyme retained
78.5% activity. In summary, the results suggest that the spon-
taneous, covalent, and site-specic immobilization of
SpyCatcher-PNGase F via Spy chemistry can be applied to many
solid materials and has promising practical applications in N-
glycan analysis.
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