ACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by UNIV OF DURHAM

What is hidden behind Schiff base hydrolysis? Dynamic
covalent chemistry for precise capture of sialylated glycans
Yuting Xiong, Xiuling Li, Minmin Li, Haijuan Qin, Cheng Chen, Dongdong Wang,

Xue Wang, Xintong Zheng, Yunhai Liu, Xinmiao Liang, and Guangyan Qing
J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.0c01970 « Publication Date (Web): 03 Apr 2020
Downloaded from pubs.acs.org on April 4, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 16

oNOYTULT D WN =

Journal of the American Chemical Society

What is hidden behind Schiff base hydrolysis? Dynamic
covalent chemistry for precise capture of sialylated glycans

Yuting Xiong, "+ Xiuling Li,"+ Minmin Li,"# Haijuan Qin,¥ Cheng Chen," Dongdong Wang," Xue
Wang,” Xintong Zheng, Yunhai Liu,* Xinmiao Liang*" Guangyan Qing*
fCAS Key Laboratory of Separation Science for Analytical Chemistry, Dalian Institute of Chemical Physics, Chinese

Academy of Sciences, 457 Zhongshan Road, Dalian 116023, P. R. China

tJiangxi Province Key Laboratory of Polymer Micro/Nano Manufacturing Devices, East China University of Technology,
418 Guanglan Avenue, Nanchang 330013, P. R. China

SResearch Centre of Modern Analytical Technology, Tianjin University of Science and Technology, Tianjin 300457, P. R.
China

+These authors contributed equally

ABSTRACT: The aberrant expression of sialylated glycans (SGs) is closely associated with the occurrence, progression, and
metastasis of various cancers, and sialylated glycoproteins have been widely used as clinical biomarkers for cancers. However,
identification and comprehensive analysis of SGs is exceptionally complex, which urgently need innovative and effective method to
capture SGs from biosample in prior to MS analysis. Here, we report that a novel dynamic covalent chemistry strategy based on
Schiff base hydrolysis can be applied for the precise capture of the SGs. The prepared Glucopyranoside-Schiff base-modified silica
gel displays extraordinary enrichment selectivity (even at the ratio of 1:5000 with interference), high adsorption capacity (120
mg-g!), and satisfying enrichment recovery (95.5 %) towards sialylated glycopeptides, which contributes to a highly specific,
efficient, mild and reversible SG capturing approach that can remarkably promote the development of glycoproteomics and sialic
acid sensing devices, and can be considerably promising in cancer biomarker discovery. Meanwhile, the facile hydrolysis
characteristic of our Schiff base material completely subverts conventional knowledge of enrichment materials, the chemical stability
of which is usually regarded as a prerequisite. Importantly, we find an exciting story hidden behind the Schiff base hydrolysis reaction,

which demonstrates the unique advantage of dynamic covalent chemistry in glycoproteomics and biomolecule sensing.

INTRODUCTION

Life runs on carbohydrates. Glycans, carbohydrate chains that
are attached to the cell surface in the form of dense glycocalyx
(Figure 1la), participate in and regulate a wide range of
biological processes, including cell signaling, cell proliferation
and migration.!” N-acetyl-neuraminic acid (Neu5Ac, a type of
sialic acid), is typically found at the outmost location of
glycans.** Due to this prominent position and ubiquitous
distribution, sialylated glycans (SGs) widely participate in
physiological and pathological processes, such as tumour
development and metastasis, pathogen infection, immune
response and evasion.%” Abnormal expression of SGs is a
hallmark of the onset and progression of various cancers.??
Moreover, the prevalence of one linkage form of SG over other
linkages could help in determining the type of cancer. A study
presented that human prostate cancer and gastric cancer exhibit
an obvious increase in the expression of a-2,3-linked SGs.!%!!
To date, more than 20 glycoproteins have been approved as
clinical cancer biomarkers by the US FDA, and the majority of
them are sialylated.!!3

In addition, SGs play important roles in immune response
and infection of human viruses.!# For examples, SGs and high-
mannose glycans on the envelop protein (GP120) of HIV-1
shield the virus from immune surveillance.!>¢ Cell surface SGs
with a specific linkage also function as receptor determinants
and mediate the entry of the Influenza viruses'” and the Middle
East respiratory syndrome coronavirus (MERS-CoV).!8
Therefore, the sialylation analyses, including the tasks of
defining the sialylation sites and intact glycan structures, and
deciphering their roles in the related bio-process, will facilitate
the elucidation of the functions of glycoproteins or cells,® the
discovery of novel disease biomarkers and drug targets,!>131°
and the development of antivirus drugs or vaccines.?

However, the extremely low abundance of many SGs, the
strong interference from their counterparts, the dynamic nature
of protein sialylation, the heterogeneity of glycan structures and
the abundant linkage isomers pose a huge obstacle for the
sialylation analysis.*?!?2 Advances in mass spectrometry
(MS)-based glycomics and glycoproteomics strongly rely on
highly efficient and robust methods to capture the SGs from
complex biosamples.?*> To date, hydrazide chemistry, a
mainstreaming enrichment method based on covalent bonding,
have been applied in glycoproteomic studies, which has a
higher coverage for glycosylation sites?*> compared with other
methods. However, the irreversible destruction of glycans
arising from the violent oxidation conditions leads to the loss of
information of the glycan structures, which is the most valuable
resource.?® In order to obtain intact glycan information, various
affinity strategies, such as lectin affinity,”” boronic acid
affinity,’®? hydrophilic interaction liquid chromatography
(HILIC),?*3! and titanium dioxide’??*? were developed. But their
glycosylation site coverage and enrichment selectivity are not
satisfying, the problems will be more difficult for the capture of
cell-surface glycoproteins.3*33 Therefore, there is an urgent and
long-standing interest to develop innovative and effective
capture methods for SGs to study protein glycosylation.33-38

In sharp contrast to the static affinity and irreversible
covalent bonding strategies, dynamic covalent chemistry that
deals with the reversible formation/cleavage of covalent bonds
or the exchange of molecular components under equilibrium
control,*# arouses our great interest for its potential in the
reversible glycan capture. Here we report an interesting finding
that the hydrolysis reaction of dynamic imine bond (Schiff base)
can be used to specifically capture SGs. As shown in Figure 1b,
the Glucopyranoside-Schiff base-modified silica gel material
(abbreviated as Glu-Schiff base@SiO,) was prepared by
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conducting an imine-formation reaction between 4-
formylphenyl-D-glucopyranoside ~ and  (3-aminopropyl)-
trimethoxysilane—modified silica gels (Scheme S1 in
Supporting Information (SI)). The grafting percentage of Glu-
Schiff base on SiO, was determined to be approximately 9 % in
weight (Figure S1 in SI).

Figure 1. Significance of sialylated glycans (SGs) and the material
design for the precise capture of SGs. (a) Mammalian cell surface
is covered with a dense layer of glycocalyx (including
glycoproteins, glycolipids, and glycoconjugates). In particular, the
sialic acid-rich glycans are highly expressed on the cancer cell
surfaces. The binding of these glycans with selectins on platelets
and endothelial cell surfaces promotes the cancer cells to spread or
metastasise. (b) Schematic illustration of a highly efficient
capturing strategy for sialic acid or SGs based on the Schiff base
hydrolysis reaction. Chemical structure of N-acetyl-neuraminic
acid (Neu5Ac), a typical sialic acid, is shown using as purple 4.

Benefiting from reversible covalent bonding and formation
of unique SG—precursor amine complex, as well as an ordered
self-assembly of the starting reagent Glu that further facilitates
the hydrolysis reaction (Figure 1b), the Glu-Schiff base@SiO,
material displays extraordinary sialylated glycopeptide (SGP)
enrichment selectivity for both model protein sample and
human serum, as well as high adsorption capacity and recovery
towards the SGPs. The excellent performance of the material
could not be explained by the typical HILIC mechanism simply.
Moreover, the easily hydrolytic characteristic of our material
subverts conventional knowledge of enrichment materials, in
which the stability of the material is usually regarded as a
prerequisite. Thus, a detailed analysis that discloses an
intriguing story hidden behind the Schiff base hydrolysis is
introduced in a step-wise manner by us.

RESULTS AND DISSCUSSION
SGP enrichment from model protein samples

First, the prepared Glu-Schiff base@SiO, were filled in
micro solid phase extraction (SPE) columns. The enrichment
selectivity of the material for SGPs was evaluated in a
microscale SPE protocol*! (Figure 2a, Table S1 in SI) by using
the tryptic digestion of bovine fetuin (a standard glycoprotein)
mixed with different molar ratios of bovine serum albumin
(BSA) interference (e.g., 1:200 and 1:5000) as model protein
samples. An optimum enrichment protocol was built by using
85% acetonitrile (ACN)/H,O containing 1% formic acid (FA)
as a peptide loading solution, 80% ACN/H,0 containing 1% FA
as a washing solution and ammonia solution (10 % NH;-H,0)
as an elution solution, respectively, the detailed optimization
processes are described in Figure S2 in SI. It is worth noting
that, in this protocol, the glycopeptides adsorbed on the material
surface were eluted with 10 % NH;-H,O, which is completely
different from the traditional glycopeptide elution procedures
where the mixed solution of acetonitrile and water was usually
used as the elution solution.?”#? Based on the special protocol,
38 glycopeptide signals were identified by MS from the tryptic
digestion of fetuin mixed with 200-fold BSA interference
(Figure S3 in SI), and most signals belonged to the SGPs (Table
S2 in SI). To our surprise, when a 5000-fold BSA interference
was introduced, the identified number of the glycopeptides
remained at the comparable level, 30 glycopeptides containing
21 SGPs (Figure 2b and Table S2 in SI) were identified by
comparing the m/z value with that obtained in our previous
works,*4 which was far superior to two commercial materials
(ZIC-HILIC and Sepharose, as shown in Figure S4 and S5 in
SI). Interestingly, we even identified 6 unknown glycopeptide
signals (marked with red stars in Figure 2b) from the trace
impurities in BSA,* illustrating the ultra-strong enrichment
capacity of our material.

SGP enrichment from human serum

Furthermore, human serum was employed as an example*® to
assess the enrichment performance of Glu-Schiff base@SiO; in
a complex biosample. Triplicate parallel experiments of
glycopeptide enrichment were performed by using 100 pg of
proteins extracted from human serum each time. Based on a
similar optimized protocol described above, 283, 323 and 295
glycosites were identified in the three replicates (Figure 2¢ and
Table S3 in SI), respectively. The localization of the N-
glycosylation site was determined by a mass increase of 0.984
Da on the consensus sequence (N-X-S/T) (X7#P) after PNGase
F deglycosylation. A false discovery rate of 1% was set for
peptide identification and glycosylation site location. In
addition, a dataset analysis (Figure 2d) reveals substantial
overlapping between the identified glycopeptides among these
replicates. In addition to the number of the identified glycosites,
the glycopeptide enrichment selectivity also is a crucial
parameter, which is defined as the ratio of the identified
glycopeptides to the total number of peptides detected by the
MS. An average enrichment selectivity of approximately 77 %
was obtained for the analysis of the human serum sample.
Moreover, the enrichment condition of our material was mild,
and intact structural information of the glycans could be
retained in comparison with the hydrazide chemistry method.

SGP adsorption capacity and recovery evaluation

The adsorption capacity of our material towards a standard
SGP (CAS: 189035-43-6) was 120 mg-g™! (Figure S6 in SI),
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which was substantially higher than those of the commercial
ZIC-HILIC (10 mg-g ') and Sepharose (10 mg-g!) (Figure 2¢).
The value (120 mg-g™') was also higher than those of two
control materials Phenyl-Schiff base@SiO, (without B-D-
glucopyranoside unit) (20 mg-g™') and NH,@SiO, (without
phenyl B-D-glucopyranoside) (10 mg-g™!), their chemical
structures are shown in Scheme S1 in SI. From the perspective
of surface wettability, the Glu-Schiff base@SiO, surface was
highly hydrophilic with a water contact angle (CA) of 20 + 2°,
which remarkably improved the approachability of the material
surface for SGPs through hydrophilic interaction. While, the
CAs of the Phenyl-Schiff base@SiO, and NH,@SiO, surface
were 71 £ 2° and 60 + 2° (Figure S7in SI), respectively. These
CA data indicated that the role of f-D-glucopyranoside in the
Glu-Schiff base@SiO, material was very essential, and the
hydrophilic SGPs were inclined to approach the highly
hydrophilic Glu-Schiff base@SiO, surface.
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Figure 2. Sialylated glycopeptide (SGP) enrichment with the Glu-
Schiff base@SiO, material. (a) The enrichment strategy based on a
micro solid phase extraction protocol. (b) Mass spectrum (MS) of
glycopeptides enriched with the Glu-Schiff base@SiO, obtained
from the tryptic digestion of fetuin and BSA at a molar ratio of
1:5000. Glycopeptides are marked with red stars or their glycan
structures: blue M : GIcNAc, green @ : mannose, yellow @ :
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galactose, and purple 9 : Neu5Ac. (¢) Glycopeptide enrichment
from human serum with the Glu-Schiff base@SiO,. Number of
glycosites and the corresponding enrichment selectivity identified
by MS. (d) Venn diagram of the identified glycopeptides from three
replicated experiments. (e) Comparison among the adsorption
capacity of ZIC-HILIC, Sepharose, NH,@SiO,, Phenyl-Schiff
base@SiO, and Glu-Schiff base@SiO, towards a standard SGP
(CAS: 189035-43-6). (f) Recovery of Glu-Schiff base@SiO,
material-based enrichment method towards two SGPs [m/z:
983.7892 (3+) and 1475.0836 (2+)], obtained from three parallel
MS measurements.

Moreover, the high SGP adsorption capacity under the
loading condition and the strong desorption ability under the
ammonia elution endowed the Glu-Schiff base@SiO, material
with an additional merit of satisfactory controllability for the
SGP adsorption and desorption, contributing to a high recovery.
Here, the recovery is defined as the ratio of the released
glycopeptide to the total glycopeptide loaded onto the
enrichment materials. The Glu-Schiff base@SiO, material
exhibited a high recovery rate of 95.5% towards two typical
SGPs (Figure 2f and Table S4 in SI), which was comparable to
the recovery rate obtained by the hydrazide chemistry method.*’
The merit makes our material particularly suitable for the
capture and analysis of SGPs, which will facilitate a series of
interesting applications in sialic acid sensing, cell surface
sialylation profiling,* tumour cell sorting,!! and early diagnosis
of various cancers.'?!3

Neu5Ac-triggered Schiff base hydrolysis

An interesting question arises, why does the Glu-Schiff
base@SiO, material show the ultra-strong affinity towards
SGs? To answer this question, two model molecules, Neu5Ac
(the outmost molecule of  SGPs) and 4-
[(phenethylimino)methyl]phenyl-D-glucopyranoside
(abbreviated as Schiff base A in Figure 3a, Scheme S2 in SI)
that is the core component of the Glu-Schiff base@SiO,
material, were introduced. The Schiff base A was hydrolyzed
slowly® into phenylethanamine (PEA) and 4-formylphenyl B-
D-gluco-pyranoside (abbreviated as B) in water (Figure S9a—9¢
in SI). When an equimolar Neu5Ac was added, remarkable
changes in "TH NMR spectra and strong exothermic response (33
ucal-s!) were observed (Figure S9d and S10 in SI), which
indicated that Neu5Ac triggered Schiff base A hydrolysis®® and
strong interactions®! between NeuSAc and the hydrolysates
might occur.

A stable SG—precursor amine complex produced upon the
Schiff base hydrolysis

To identify the reaction products of the Schiff base hydrolysis
in the presence of NeuSAc, a separation procedure was
conducted on a home-made Click TE-Cys hydrophilic
column.>> As shown in Figure 3b, the sharp peak at retention
time of 11 min was observed and identified to be 4-
formylphenyl B-D-glucopyranoside (B) by analyzing the
retention time and '"H NMR spectrum (Figure S11 and S12 in
SI). A new peak at 17.5 min gave a m/z value of 431.2032, as
shown in Figure 3¢ [(M+H"), the corresponding formula was
calculated as CjoH3oN,Oo with a molecular weight (mw) of
430.2], which attracted our special attention. Furthermore, in
the MS/MS spectrum (the inset of Figure 3c), two ions at m/z
274.0917 and 122.0962 were determined from the characteristic
fragment of NeuS5Ac (mw: 309.2) and from the PEA (mw:
121.1), respectively. This implied that a NeuSAc-PEA complex
might be produced upon the Schiff base hydrolysis reaction.
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The chemical structure of the possible PEA-Neu5Ac complex
was further characterised using 'H, 1*C and 'H-3C COSY NMR
spectra (Figure S13 and S14 in SI). The *C NMR spectra
(Figure 3f) show that all characteristic peaks of both PEA
(Figure 3d) and Neu5Ac (Figure 3e) were still observed. In
particular, the tag group phenyl could be observed clearly, as
indicated by the amplified 'H-3C COSY NMR spectrum
(Figure 3g). Nevertheless, some carbons that belong to either
PEA or Neu5Ac display evidential changes in chemical shift,
the most obvious changes are contributed from C-1, C-2, C-3,
and C-7 of NeuSAc and C-10, C-11, and C-12 of PEA (Figure
31).
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Figure 3. A stable SG—precursor amine complex produced upon
the Schiff base hydrolysis. (a) Schematic illustration of the
hydrolysis reaction of Schiff base A and the core topic of this
study—what happened to the Schiff base A when it encountered
NeuSAc in aqueous solution. (b) High performance liquid

chromatography (HPLC) diagram of the reaction product of the
Schiff base hydrolysis based on a home-made semi-preparative
liquid chromatography column (Click TE-Cys). Solvent gradient: a
linear gradient of 90%—50% acetonitrile over 20 min at a flow rate
of 3 mL-min~'. (c) MS and MS/MS (the inset of ¢) of the PEA—
Neu5Ac complex. (d—f) *C nuclear magnetic resonance (NMR)
spectra of PEA (d), NeuSAc (e) and PEA-Neu5Ac complex (). (g)
TH-13C COSY NMR spectra of the PEA-Neu5Ac complex
(Solvent: D,O and temperature: 20°C). (h) Chemical structure of a
possible binding mode between PEA and NeuSAc, and the
assignment of each C atom and H proton is shown in the NMR
spectra. (i) A possible binding model of PEA-Neu5Ac complex
obtained by quantum chemistry calculation (Gaussian, density
function theory (DFT) at 6-311g level), water was set as the
solvent. Electrostatic force and hydrogen bonding interactions are
indicated by orange and green dashed lines with different lengths,
respectively.

Based on the above results, the formation of the PEA—
Neu5Ac complex was confirmed (Figure 3h), and their binding
model was verified by a quantum chemistry calculation
(Gaussian) (Figure 3i and Figure S15 in SI). The complexation
relied on the strong attractive electrostatic force between the
positively charged amine in PEA and the carboxylic acid in
Neu5Ac. Meanwhile, two sets of hydrogen bonds formed
between the amine in PEA and the —OH at C-7 position and the
carbonyl of the acetyl group in Neu5Ac, which further
strengthened the complexation. Note that the complexation was
highly efficient, because most PEA interacted with Neu5Ac to
form a stable complex, only a small amount of free PEA was
found in the chromatogram of the products (amplified peak
around 4.5 min in Figure 3b).

In addition, the acidic role of Neu5Ac in the Schiff base
hydrolysis was studied by using octanoic acid as an alternative
of NeuSAc. ITC and MS results revealed that the hydrolysis of
Schiff base A also occurred upon the addition of octanoic acid
(Figure S16a in SI). But, the stable complex between octanoic
acid and the released PEA was not observed in the MS (Figure
S16b in SI). This result indicated that the acidity of Neu5Ac
played a key role for the hydrolysis, ¥ and formation of the
PEA-NeuSAc complex indeed relied on multiple interactions
between the released PEA with multiple groups of NeuSAc.
This also reflected the high specificity of the Schiff base
material toward the NeuSAc.

Furthermore, to better mimic the SGs, NeuSAca(2-
3)GalpMP glycoside (abbreviated as NGg), a sialylated
disaccharide, was selected as the model glycan to study the
Schiff base hydrolysis and the corresponding formation of the
complex. The binding model of PEA and NGg (Figure S17-S19
in ST) was found to be consistent with PEA-Neu5Ac binding.
And, the core structure remained the high-affinity binding of
the NeuSAc unit in NGg with the hydrolysate PEA of the
Schiff-base A. Based on these analyses, we presumed that the
formation of this core binding structure (Figure 3h) was the key
factor for the high affinity of the Glu-Schiff base@SiO,
material to SGPs.

Self-assembly property of the hydrolysates

The NeuSAc-triggered hydrolysis of the Schiff base A
produced two products, the PEA-Neu5Ac complex, and 4-
formylphenyl B-D-glucopyranoside (B). Interestingly, we
found that B had a strong self-assembly capacity in water,**
which would promote the hydrolysis reaction,® and facilitate
the complexation of the hydrolysate PEA with NeuSAc.
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Figure 4. Self-assembly of 4-formylphenyl B-D-glucopyranoside
(B). (a) High-resolution MS spectrum of the reaction mixture, a
series of periodic MS signals are observed. (b, c) Atomic force
microscopy (AFM) images of the mica surface after a deposition
process of the reaction mixture of Schiff base A and Neu5Ac (b) or
the individual B solution (c, 5 mM), and the corresponding section
profiles of AFM images along the green lines. (d) Optical
responsive curves of B molecule at different concentrations in HyO
monitored by a Corning® Epic® system. (¢) Concentration-
dependent responsive curve; plots were generated using the
response values at 30 min. Inset shows a detection mechanism of
the system. (f) A possible stacking model of the B molecule, n—n
stacking between adjacent phenyl rings is indicated by grey
electronic clouds, while hydrogen bonds are indicated by green
dashed lines with different lengths. (g, h) Small angle X-ray
diffractometer (XRD) spectra of the freeze-dried sample collected
from the self-assembled B solution (g) or from the reaction mixture
of Schiff base A and NeuSAc (h). Sample amount: 30 mg, XRD
spectra were recorded in the range of 26=5-30° at a scan rate of
0.05 °/s.
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Specifically, a series of regular MS peaks with a same m/z
difference value of approximately 142 (with two positive
charges, mw difference = 142 x 2, corresponding to B
molecule) were observed in a m/z range from 900 to 1700
(Figure 4a), by analyzing the reaction mixture using high-
resolution MS, implying that B might form a series of self-
assembled aggregations.’® Subsequently, a piece of freshly
cleaved mica was immersed in the reaction mixture, allowing
the self-assembly to deposit on the mica surface. The self-
assembly produced a large number of long ribbons with an
average height of 20 nm (Figure 4b and Figure S20a in SI), as
observed by atomic force microscopy (AFM). Similarly,
individual B (5§ mM) could also self-assemble into a similar
ribbon-like structure (Figure 4c and Figure S20b in SI). Then,
the aggregation assay procedure was conducted to detect the
formation of self-assembly on the surface of a biosensor using
a label-free Corning® Epic® technology (Figure 4d). The
addition of B led to a large change in the refractive index of the
sensor,>” which showed a clear dose-dependent response at 30
min, giving a critical aggregation concentration of 1.25 mM in
H,O (Figure 4e and Figure S21 in ST). "H NMR titration (Figure
S22 in SI) further validated the self-assembled behaviour.>®

Quantum chemistry calculation (Gaussian, DFT) describes a
possible stacking model of four B molecules (Figure 4f). In the
model, four phenyl groups align along the X-axis via n—7
stacking, and two glucopyranoside groups from the 1% B and
the 3" B interact with each other through multiple hydrogen
bonding interactions. The multiple sharp peaks in the small
angle X-ray diffractometer (XRD) spectrum of the self-
assembly from the individual B (Figure 4g) demonstrated the
long-range molecular packing and high crystallinity of the self-
assembly.” Compared with the individual B, although the
crystallinity of the newly born B in the hydrolysis reaction
mixture decreased, the aggregation remained ordered (Figure
4h). The self-assembled structure might contain multiple
stacking modes.

A possible reaction mechanism

Based on the above results, a possible reaction mechanism
was proposed to elucidate what was hidden behind the Schiff
base hydrolysis, as illustrated in Figure 5. The tag group phenyl
represented a silica gel surface. First, Schiff base A was
synthesised through a nucleophilic addition between PEA and
B, and the subsequent elimination of a water molecule, in an
anhydrous ethanol under a mild alkaline condition with
triethylamine.®® When the Schiff base A was dissolved in water,
the hydrolysis reaction occurred slowly to generate PEA and B,
which represented the intrinsic nature of the dynamic imine
bond.®! Upon addition of the hydrophilic NeuSAc or SG, the
hydrophilic interaction drove these components to approach the
hydrophilic surface®? of the Schiff base material. Such sufficient
contact further activated the hydrolysis reaction of Schiff base
A. On the one hand, the released PEA could form a stable
complex with NeuSAc or SG through strong electrostatic force
and multiple hydrogen bonding interactions, which in turn
promoted the hydrolysis reaction. On the other hand, the newly
born B exhibited a strong self-assembly ability, and the
occurrence of the self-assembly accelerated the hydrolysis
reaction. These two driving forces together facilitated the
decomposition of imine bonds of Schiff base A, thus resulting
in a rapid kinetic reaction.
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Figure 5. A possible reaction mechanism presenting the high
affinity of the Glu-Schiff base@SiO, towards NeuSAc residue or
SG. In this study, a phenyl ring was introduced as a tag to mimic
the SiO, microsphere, and for the convenience of structural
characterisation.

Due to the supports of two sets of hydrogen bonding
interactions and the strong electrostatic force, the PEA—Neu5Ac
complex formed on the silica gel surface could not be destroyed
and eluted by the conventional gradient elution readily. This
finding explained the ultra-strong retention behavior of SG on
the material surface. As a consequence, the PEA—Neu5Ac
complex could be destroyed with 10 % NH;-H,O through an
amine exchanging reaction, thus the released NeuSAc could be
detected by MS.

Tracking the hydrolysis reaction using >N isotope labelled
PEA

An BN isotope labelled PEA (denoted as "N-PEA) was
selected as the reactant to prepare the Schiff base A’, and the
chemical shift variation of the N atom in PEA was monitored
by N NMR in DMSO-d,.% Figure 6a shows the "N NMR
spectrum of the Schiff base A’. According to the result of
quantum chemistry calculation, the signal at 324 ppm is
assigned to C=N, and the other signal at 84 ppm is assigned to
the -NH-CH(OH)- of an intermediate product of the Schiff
base A’ hydrolysis.® The free N-PEA exhibited a
characteristic N signal at 24 ppm (Figure 6b). When the Schiff
base A’ was mixed with an equimolar amount of NeuSAc, the
initial characteristic signals corresponding to the Schiff base A’
disappeared, and a new signal appeared at 119 ppm (Figure 6c¢).
In addition, the purified "N-PEA-Neu5Ac complex (obtained

through a HPLC separation process) also exhibited a
characteristic signal at 119 ppm in the "N NMR spectrum
(Figure 6d), which was consistent with the signal observed in
the reaction mixture. The results clearly illustrated the
occurrence of the Schiff base hydrolysis and the formation of
the PEA—NeuS5SAc complex.

The configurational differences between the PEA—NeuSAc
complex and the PEA—NeuS5Ac mixture

To prove the necessity of the Schiff base hydrolysis reaction,
their configurational differences were investigated through
surface enhanced Raman spectroscopy (SERS) by utilizing the
4-mercapto-phenyl boronic acid (MPBA)-modified silver
nanoparticle (AgNPs) as both a Raman reporter and a NeuSAc
acceptor.® As the SERS spectrum of MPBA-modified AgNPs
shown in Figure 6f, the peaks at 1585 cm™! and 1574 cm™! are
ascribed to the totally symmetric vibrational mode and non-
totally symmetric vibrational mode of the benzene ring of
MPBA, respectively.®® For MPBA-modified AgNPs, the
intensity ratio of the peak at 1585 cm™! to the peak at 1574 cm~
! (I;s85/11574) was approximately 0.998. When the PEA-Neu5Ac
complex solution (10 mM) were incubated with MPBA-
modified AgNPs, the SERS peak intensity at 1585 cm™!
decreased slightly (red line in Figure 6f), giving an I;sgs/Iis74
ratio of 0.969. In contrast, the addition of the PEA-Neu5Ac
mixture (10 mM) led to an obvious decrease of the peak at 1585
cm! (blue line). Moreover, the I;sgs/l;574 ratio decreased to
0.915, which indicated that a larger number of NeuS5Ac
molecules were captured by MPBA.

Kataoka et al. point out that phenylboronic acid has two
binding patterns with Neu5Ac.®” The major binding pattern
relies on the covalent bonding between phenylboronic acid and
cis-diols at the C-7 and C-8 positions of the majority of NeuSAc
with the help of the intramolecular coordination bond from the
amide group, which was adopted by the binding between
MPBA and the PEA-Neu5Ac mixture (as shown in Figure 6h),
companied by a relatively larger decrease in the Raman signal
ratio.

In addition, the aforementioned analyses on the structure of
PEA—NeuSAc complex clearly indicated that the C-7 OH and
the amide group of NeuS5Ac participated in the complexation
with PEA. Because the C-7 OH was occupied in the PEA-
NeuS5Ac complex, only a labile binding of MPBA with the
NeuS5Ac unit of the PEA-NeuSAc complex was achieved
through the minor binding pattern that involved cis-diols at the
C-8 and C-9 positions (Figure 6i). This result was consistent
with the small variation in the Raman signal ratio. Moreover, a
new Raman peak appeared at 648 cm™' only when the PEA-
NeuS5Ac complex was introduced (Figure 6g), which was
assigned to the stretching vibrations of C—N and C—C bonds in
PEA.%® This finding indicated that, compared with the PEA—
Neu5Ac mixture, the PEA component from the PEA—Neu5Ac
complex was much closer to the AgNPs surface due to the
intensive binding between PEA and Neu5SAc.

TH-13C COSY NMR spectra provided additional evidence for
the configurational difference between the PEA-NeuSAc
complex and their mixture (Figure S23 in SI) in D,O. Moreover,
1SN NMR spectra (Figure 6¢) indicated that the N signal (at 119
ppm) of the PEA-NeuSAc complex was remarkably different
from that observed from the PEA—NeuSAc mixture (at 36 ppm).
By taking the results of the SERS, 'H-!3C, '’N NMR spectra
and other evidence (Figure S24-26 in SI) together, we
concluded that the Schiff base hydrolysis reaction upon
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encountering NeuSAc could produce a highly stable PEA-
NeuS5Ac complex, which could not be accomplished by the
direct mixing of PEA and NeuSAc.
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Figure 6. Investigation of the configurational difference between
the PEA-NeuSAc complex and the PEA—Neu5Ac mixture. (a—e)
15N NMR spectra of Schiff base A (a), PEA (b), reaction mixture
(c), the PEA—NeuS5Ac complex (d) and the PEA—NeuSAc mixture
(e) in DMSO-d; at 20 °C (sample amount: 20 mg). (f, g) Amplified
Raman spectra of 4-mercaptophenyl boronic acid (MPBA)-
modified silver nanoparticles (AgNPs) surface before (black) and
after being incubated with the solution of PEA-NeuSAc complex
(red) or PEA-Neu5Ac mixture (blue) (concentration: 10 mM,
solvent: water). The inset of (f) shows the comparison among the
Raman intensity ratios of the peak 1585 cm™! to 1574 cm™'. (h, 1)
Schematic illustration of the possible binding modes of the 4-
MPBA-modified AgNPs surface interacted with PEA-Neu5Ac
mixture (h) or PEA—Neu5Ac complex (i). The core binding groups
are indicated by the green and yellow circles.

CONCLUSIONS

In summary, we reported a Schiff base hydrolysis—based
dynamic chemistry strategy for the SG-specific capture. This
strategy is remarkably different from the conventionally static
binding affinity strategies. The formation of the PEA-NeuSAc
complex is highly stable and cannot be destroyed by increasing
the solvent polarity. Benefiting from this feature, SGPs can be
easily and efficiently isolated from non-modified peptides, thus
contributing to a highly specific SGP enrichment method, the
presented enrichment performance is comparable to the
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mainstream hydrazine chemistry method. Importantly, the
glycans structure information remains intact due to the mild
elution process with an ammonia solution. Thus, it is
confidently believed that this method is considerably promising
in the fields of glycoproteomics and glycobiology.’ By using
the method, more novel SGPs and sialylation sites could be
identified efficiently from complex biosamples, thus largely
deepening the understanding of SG-related cellular biological
events, especially cancers and immune response.?

From the perspective of material sciences, our design
strategy breaks the classical knowledge for enrichment
materials, in which the chemical stability of the materials is
usually regarded as the premise. In contrast, the Glu-Schiff
base@SiO, material functions as a self-sacrificed reagent. The
adsorption of SGs triggered the Schiff base hydrolysis reaction,
only through which the PEA-Neu5Ac complexes could be
generated. This study discloses the necessity of the Schiff base
hydrolysis reaction and illustrates the considerable potential of
the dynamic covalent chemistry strategy in the capture of target
biomolecules.® The chemoselectivity and specificity of the
capturing method might be improved remarkably due to the
inherent merits of the chemical reaction.*
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