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Quantitative analysis of fucosylated glycoproteins
by immobilized lectin-affinity fluorescent labelingt

Ziyuan Gao, ©2°' Sufeng Chen, Jing Du,® Zhen Wu,® Wei Ge,*" Song Gao, © ¢
Zeyang Zhou," Xiaodong Yang," Yufei Xing,? Minhua Shi,? Yunyun Hu," Wen Tang,"
Jun Xia,® Xumin Zhang,® Junhong Jiang*® and Shuang Yang (& *®

Human biofluids are often used to discover disease-specific glycosylation, since abnormal changes in
protein glycosylation can discern physiopathological states. Highly glycosylated proteins in biofluids
make it possible to identify disease signatures. Glycoproteomic studies on saliva glycoproteins showed
that fucosylation was significantly increased during tumorigenesis and that glycoproteins became
hyperfucosylated in lung metastases, and tumor stage is associated with fucosylation. Quantification of
salivary fucosylation can be achieved by mass spectrometric analysis of fucosylated glycoproteins or
fucosylated glycans; however, the use of mass spectrometry is non-trivial for clinical practice. Here, we
developed a high-throughput quantitative method, lectin-affinity fluorescent labeling quantification
(LAFLQ), to quantify fucosylated glycoproteins without relying on mass spectrometry. Lectins with
a specific affinity for fucoses are immobilized on the resin and effectively capture fluorescently labeled
fucosylated glycoproteins, which are further quantitatively characterized by fluorescence detection in
a 96-well plate. Our results demonstrated that serum IgG can be accurately quantified by lectin and
fluorescence detection. Quantification in saliva showed significantly higher fucosylation in lung cancer
patients compared to healthy controls or other non-cancer diseases, suggesting that this method has
the potential to quantify stage-related fucosylation in lung cancer saliva.

Introduction

Alterations in glycosylation, a well-established hallmark of
tumorigenesis and metastasis, occur on proteins, lipids and
small RNA."* The contribution of aberrant glycosylation to

“Department of Respiratory Medicine, The First Affiliated Hospital of Soochow
University, Suzhou 215006, China. E-mail: jiangjunhong1969@suda.edu.cn

Center for Clinical Mass Spectrometry, College of Pharmaceutical Sciences, Soochow
University, Suzhou 215123, China. E-mail: yangs2020@suda.edu.cn

“Clinical Laboratory Center, Zhejiang Provincial People's Hospital, Hangzhou,
Zhejiang 310014, China

“State Key Laboratory of Genetic Engineering, Department of Biochemistry, School of
Life Sciences, Fudan University, Shanghai 200438, China

“Jiangsu Key Laboratory of Marine Pharmaceutical Compound Screening, Jiangsu Key
Laboratory of Marine Biological Resources and Environment, Co-Innovation Center of
Jiangsu Marine Bio-industry Technology, School of Pharmacy, Jiangsu Ocean
University, Lianyungang 222005, China

‘Department of General Surgery, The Second Affiliated Hospital of Soochow University,
Suzhou 215004, China

<Department of Pulmonary and Critical Care Medicine, The Second Affiliated Hospital
of Soochow University, Suzhou 215004, China

"Department of Gastroenterology, The Second Affiliated Hospital of Soochow
University, Suzhou 215004, China

‘Department of Respiratory and Critical Care Medicine, The First Affiliated Hospital of
Soochow University, Suzhou 215006, China

T Electronic  supplementary  information
https://doi.org/10.1039/d3ra00072a

(ESI) available. See DOI:

6676 | RSC Adv, 2023, 13, 6676-6687

tumor progression is manifested by regulating tumor prolifer-
ation, invasion, metastasis, or angiogenesis.’> Galectin-3 has
been found to promote the formation of the metastatic niche in
lung cancer by binding to metastatic cellular carbohydrates
such as T-antigen.* Direct analysis of lung tumor tissues showed
significant upregulation of high-mannose and galactosylated N-
glycans compared to adjacent non-tumor tissue.® Over-
expression of sialyltransferases (SAT) and 1,3-fucosyl-
transferases (FUT) can modulate sialylation and fucosylation
formation, which fundamentally alters cell surface receptor
functions by inhibiting dimerization and phosphorylation of
epidermal growth factor receptor (EGFR).® Mouse studies have
shown that prolow-density lipoprotein receptor-related protein
1 (LRP1) has distinct N-glycans at each glycosite between the
liver and the brain.” Statistical analysis of the glycosylation
profiles of lung, salivary gland, cervix, and colon clearly revealed
that some glycoproteins and their glycans are tissue-specific.®
This unique glycosylation pattern in lung tissue may be due to
differentially expressed glycoenzymes (glycosyltransferases and
glycosidases) in lung compared to other tissues.
Tissue-specific glycosylation can be found in human bio-
fluids. Recent studies of human tissue and urine/serum have
shown that more than 300 N-glycoproteins are found in lung
and serum, and more than 400 are found in lung and urine.’
Therefore, lung tissue-specific glycosylation present in biofluids

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be identified. Our recent study found that changes in
urinary glycoproteins were associated with lung cancer,*
whereas salivary fucosylation was significantly upregulated in
lung adenocarcinomas (ADC) compared to healthy controls or
non-cancer patients.""'> Glycoform profiling of human salivary
proteins such as zinc-a-2-glycoprotein shows that they contain
fucose (@-1,6)-N-acetylglucosamine (GlcNAc) and fucose (a-1,3)-
N-acetyllactosamine.” Other studies have used lotus tetrago-
nolobus lectin affinity to determine dysregulated fucosylated
glycans in saliva from diseases caused by hepatitis B virus (HBV)
such as chronic hepatitis, cirrhosis, or hepatocellular carci-
noma.' The Human Protein Atlas (HPA) analyzed the salivary
gland-specific proteome' and revealed that salivary gland or
lung tissue shares the same genes as the esophagus, tongue,
thyroid gland and stomach (Fig. 1A and B). These organs can be
a source of proteins that are secreted and circulated into saliva.
Proteomic analysis of lung tissue and saliva showed that sali-
vary proteins and their glycoproteins are also present in lung
tissue,'*™® so it is reasonable to use salivary glycoproteins for
lung-specific disease analysis.

Salivary fucosylation is expected to predict lung tumorigen-
esis and metastasis. Our work found that core and branch
GIcNAc or Gal fucosylation was present in healthy individuals,
but hyperfucosylation was consistently exhibited in the saliva of
lung ADC patients.” Fucosylation increases predominantly
towards complex N-glycan branching, with a slight increase in
fucosylation on high-mannose or hybrid N-glycans. Preliminary
results suggest that fucosylation is proportional to the stage of
lung ADC, so quantification of protein fucosylation may be
a strategy for lung ADC diagnosis. Quantification of protein
glycosylation can be achieved by mass-spectrometry,*** lectin-

Fig. 1
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affinity,*** or metabolic labeling.”® Among these methods,
lectin-affinity can be used for clinical applications of fluorescent
quantification, since multiple lectins are available for specific
enrichment of different linkages for fucosylation and fluores-
cent detection is fast and easy to implement.

There are more than a dozen fucose-specific lectins (FSL)
widely used in fucosylated glycoproteins to enrich for a single or
multiple fucose linkages, such as a1,6-fucose (core), ol,2-
fucose, and a1,3-fucose.* Lectin-based quantification has been
applied to core fucosylation («1,6) of a-fetoprotein (AFP) in
hepatocellular carcinoma,* prostate-specific antigen (PSA) in
prostate cancer,***” or tumor-specific antigens on its glycan
epitopes.”®*® Aleuria aurantia lectin (AAL) and aspergillus oryzae
lectin (AOL) recognize almost all alpha fucose, other FSLs can
specifically target 1,2, 1,3 or 1,6 fucose. For instance, ulex
europaeus agglutinin I (UEA-I) binds with fucosex1-2Galp1-
4GlcNAc,* and lotus tetragonolobus (LTL) binds with Fucol-
3Galp1-4GlcNAc and Fucal1-3GlcNAc motifs.>* Lens culinaris
agglutinin (LCA or LCH) binds with fucosea-1,6GlcNAc (core
fucose).?* Therefore, it is possible to enrich for one or more
fucose moieties using specific lectins. There are several lectins
that have affinity for fucose. They can enrich for different linked
forms of fucose. Detailed information of the lectins with known
fucose specificity shown in Table S2.}

In this study, we used a combination of lectins (AAL, UEA-I,
and LCA) for quantitative analysis of salivary protein fucosyla-
tion. The combination of AAL and LCA enhanced the identifica-
tion of a1,6 fucosylated glycoproteins for better quantification,*
while UEA-I enriched for antennary «1,2 fucosylated glycopro-
teins in tumor cells.*® Lectins are first covalently bound to amine-
reactive beads, while proteins extracted from saliva are labeled
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Xu etal., Celf 2020 (lung tissue)
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Interactive network map of lung and salivary gland enriched genes associated with their respective tissues. (A) A lung interactive network

with 23 tissues in which respiratory related tissues (esophagus, tongue or oral cavity) and glandular tissues (saliva or thyroid) contribute to the
protein composition of saliva. (B) An interactive network of salivary glands with 21 tissues in which the esophagus, stomach, lung can alter protein
composition and abundance in saliva. (C) Proteins identified in whole saliva are present in lung tissue, and saliva contains 66 glycoproteins that
are potential targets of lung cancer. Red nodes represent the number of lung or salivary gland-enriched genes, and orange nodes represent the
number of group-enriched genes. The size of each node represents the number of genes displayed within the node. The interactive network
map is based on the Human Protein Atlas.
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Fig. 2 Schematic diagram of lectin affinity fluorescent labeling quantification (LAFLQ) for quantitative determination of protein fucosylation.
Proteins extracted from saliva are labeled with Alexa Fluor™ 488 (AF488), whose NHS ester reacts with N-terminus or lysine of proteins/
glycoproteins. After quenching AF488 active NHS ester groups, the labeled proteins/glycoproteins were incubated with the lectin-beads.
Glycoproteins bind to the beads via lectin affinity and proteins remain in solution. Unbound proteins or glycoproteins were removed by
centrifugation in a SCSC. Glycoprotein-bound beads were loaded to a 96-well plate for further testing by a fluorescence detector. The relative

abundance of glycoproteins is characterized by fluorescent intensity.

with fluorescein tags (Fig. 2). The lectins and fluorescently
labeled proteins are incubated, and the fucosylated glycoproteins
are bound to the lectin beads. The lectin bound glycoproteins are
placed in a 96-well plate for fluorescence quantification. We can
apply this method to quantify the saliva of patients with lung
ADC at different tumor stages.

Experimental procedures

Chemical and reagents

Lectins (AAL, LCA and UEA-I), binding buffer and elution buffer
were purchased from Vector Laboratories (Burlingame, CA,
USA). AminoLink™ plus resins (beads) and snap-cap spin
column (SCSC) were purchased from Thermo Scientific (Wal-
tham, MA, USA). PNGase F and fucosidase were ordered from
New England BioLabs (Ipswich, MA, USA) and Genovis (Lund,
Sweden). Sodium carbonate, iodoacetamide (IAA), dithio-
threitol (DTT) and urea were purchased from Aladdin Chemical
(Shanghai, China). Sodium cyanoborohydride (NaCNBH;) was
obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphate
buffered saline (PBS) and Tris-HCI were obtained from Beyo-
time Biotechnology (Shanghai, China). Sodium carbonate
(Na,CO3), sodium bicarbonate (NaHCO3), ammonium bicar-
bonate (NH,HCO3) and formic acid were obtained from Sino-
pharm Chemical Reagent Co., Ltd (Shanghai, China). Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP), dimethylani-
line (DMA), 2,5-dihydroxybenzoic acid (DHB) and trifluoroacetic
acid (TFA) were obtained from Macklin Biochemical Co., Ltd
(Shanghai, China). Acetonitrile (ACN) was purchased from
Tedia (Fairfield, OH, USA). Protein inhibitor was purchased
from MedChemExpress (Shanghai, China).
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Saliva collection procedure

All patients in the lung cancer group were histopathologically
confirmed as lung adenocarcinoma, had no history of inflam-
matory diseases or other malignant tumors, and had not
received chemotherapy or radiotherapy. In this study, there was
no statistically significant difference between lung cancer (LC)
and other diseases/healthy control (OD/HC) in terms of gender,
medical history and other factors. All patient samples were
collected according to protocols approved by the Institutional
Review Board (IRB) of the First Affiliated Hospital of Soochow
University, the Second Affiliated Hospital of Soochow Univer-
sity, Dushulake Affiliated Hospital of Soochow University and
Zhejiang Provincial People's Hospital, and written informed
consent was provided to patients in advance. All experiments
were performed in accordance with the Guidelines of Soochow
University. Saliva samples were collected from 50 individuals,
including 25 LC patients, 21 OD patients, and 4 HCs. Saliva
samples were collected in the morning (9-11 am). Patients and
healthy volunteers were asked not to eat, drink, smoke, or use
any oral cleaning products for at least one hour before collect-
ing saliva to minimize the effect of smoking, food, alcohol or
beverages on the final results of the experiment. All subjects
rinsed their mouths 2-3 times with drinking water to ensure
oral hygiene before collection. Collect naturally secreted whole
saliva in a 50 ml centrifuge tube within 10 min in the absence of
stimulation and must remain on ice throughout the procedure.
Saliva samples were centrifuged at 120 00 x rpm for 25 min at 4 °©
C. After discarding the pellet and adding 1/10 volume of 100x
protease inhibitor to the supernatant, samples were stored at
—80 °C until further use.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Protein extraction from saliva

500 pL of the solution containing TCA (trichloroacetic acid, 20%
w/v), acetone (90% v/v), and DTT (20 mM) was mixed with 500
uL of saliva. The mixture was vortexed and allowed to settle
overnight at —20 °C.**** The samples were then centrifugated at
150 00x rpm for 30 min at 4 °C. Discard the supernatant and
collect the pellet, then wash with 200 pL of cold acetone (90%)
and 20 mM DTT, and finally with cold acetone (80%) and 10 mM
DTT. To suspend the pellet in solution, the sample was soni-
cated for at least 5 min before washing with acetone-DTT. The
pellet was placed at —20 °C for 20 min and centrifugated at 150
00x rpm for 5 min at 4 °C. The pellet was collected and dried in
Speed-Vac (~5 min) and stored at —80 °C before further
analysis.

Lectin immobilization on amine-reactive beads

The lectin immobilization procedure was the same as the
protein immobilization for glycan enrichment discussed in
our previous works.***” AminoLink Coupling Resin containing
aldehyde groups was added to react with amines in the protein
samples. Briefly, beads (200 pL) were was placed in a snap-cap
spin-column (SCSC) (volume capacity up to 600 pL) and the
supernatant was removed by centrifugation (3000x rpm, 10-
30 s). The beads were washed with distilled water (DI) (500 uL)
(twice) and further with PBS buffer (500 pL, pH 7.4) (twice).
The lectin (40 pL, 5 pg pL~') was mixed with the beads and
additional 460 pL of binding buffer (pH 10) was added. The
samples were incubated with head-to-toe mixing for 4 h at
room temperature, and followed by the addition of 25 pL
NaCNBH; (1 M) for an additional 4 h. After centrifugation to
remove the supernatant, the lectin-bead was washed with
1x PBS buffer (twice) and then incubated in PBS in the pres-
ence of 50 mM NaCNBH; for 4 h. The active sites of the resin
were then blocked with 1 M Tris-HCI (pH 7.4). The lectin-bead
was finally washed with 1 M Nacl (thrice) and DI water (thrice)
(500 pL). The immobilized lectin was stored in DI water
(500 uL) at 4 °C.

Lectin-affinity fluorescent labeling quantification (LAFLQ)

Proteins extracted from saliva immunoglobulin G (IgG) and
bovine serum albumin (BSA) were labeled with fluorescent dyes,
and the labeling procedure for Alexa Fluor 488 (AF488) NHS
ester was described below. The previously treated solid-phase-
bound lectin was washed with TBS buffer (pH 7.4). For
comparison, two labeling workflows were applied: (A) lectin
binding to proteins followed by fluorescence labeling, termed
lectin-first fluorescent labeling (LF); (B) fluorescent labeling of
proteins followed by lectin affinity of fluorescently labeled
proteins, termed fluorescent-first lectin binding (FF). For the LF
workflow, the extracted salivary proteins were incubated with
AAL, LCA, and UEA-I immobilized beads and a mixture of three
lectins (200 pg lectins, respectively) in 0.5 ml of TBS buffer.
Samples and lectins were incubated overnight at 4 °C. Then
centrifuge at 3000 x g for 1 minute and remove the supernatant.
After five washes with 0.5 ml of DI water, fluorescence binding

© 2023 The Author(s). Published by the Royal Society of Chemistry
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buffer (0.2 M sodium carbonate, 1 M sodium chloride) and
excess AF488 NHS ester were added for labeling (Fig. S1t). The
fluorescent tags were reacted at room temperature for 16 h, then
the excess fluorescent tags were washed with TBS buffer, and
200 pL of fluorescently labeled beads were transferred to a 96-
well plate for fluorescence detection. For the FF workflow, 200
ug of lyophilized salivary protein was first dissolved in fluores-
cence binding buffer to a final concentration of 10 ug pL~". An
excess of AF488 was added and allowed to react for 16 h at room
temperature. The reaction was quenched with an equal volume
of 2 M Tris-HCI (pH 7.5) to inactivate the NHS group, and
purified from unreacted AF488 dye by ultrafiltration centrifuge
dialysis. TBS buffer were added to make up the volume to 300
uL, and centrifuge twice for 20 min at 140 00 x g. Fluorescently
labeled samples were reacted with lectin overnight at 4 °C.
Samples were transferred to a 96-well plate and the fluorescence
was measured by reading excitation/emission (EX/EM) wave-
lengths at 495/519 nm using a multifunctional microplate
reader (Tecan Infinite M1000 Pro; Tecan Group Ltd; Mannedorf,
Switzerland). All measurements were background subtracted
using blank beads.

Serum IgG quantification by turbidimetry

IgG was measured using immunonephelometry using an
IMMAGE 800 turbidity analyzer (Beckman Coulter, Fullerton,
CA) and the kit instructions were strictly followed. Serum
protein electrophoresis and immunofixation electrophoresis
(IF) were performed on agarose gels (Hydrasys and Hydragel;
Sebia; Lisses, France). The immunoglobulin free kappa and
free lambda light chain tests were performed on an
Optilite nephelometer (The Binding Site Group Ltd, Bir-
mingham, UK) according to the manufacturer’s instructions.
The normal reference interval for kappa FLC is
3.3-19.4 mg L7, the reference range for lambda FLC is
5.7-26.3 mg L', and the reference interval for kappa/lambda
ratio is 0.26-1.65.

MALDI-MS analysis of IgG N-glycan

200 pg of IgG (Yuanye Bio-Technology Co., Shanghai) was dis-
solved in DI water (450 pL). N-Glycans were prepared following
our previous procedure (Glycoprotein Immobilization of Glycan
Enrichment (GIG)).**** The dried N-glycans from GIG were
resuspended in 20 puL of 0.2% formic acid (prepared in 50%
ACN) and tested using a Bruker ultrafleXtremeTM matrix-
assisted laser desorption ionization (MALDI)-MS. The MALDI
matrix was prepared by mixing 4 pL of DMA with 200 pL of DHB
(100 pg uL " in 50% ACN, 0.1 mM NaCl). N-Glycans (2 pL) were
spotted on a MALDI plate with 1 puL of MALDI matrix and dried
in air or under vacuum to form crystals. Spectra were acquired
in a positive reflector mode with a mass range of 900-6000 and
a laser power of 50%. A total of 1000 shots were accumulated for
each sample in triplicate. Glycan peak lists were created by
Bruker flexAnalysis software (signal-to-noise = 3). Glycan
composition was determined manually by searching the data-
base in the GlycoWorkbench.*

RSC Adv, 2023, 13, 6676-6687 | 6679
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Results

Efficient quantification of fluorescently labeled glycoproteins
by LAFLQ

To understand whether lectin affinity enrichment or fluorescent
labeling affects the quantification of glycoproteins, we tested
two different schemes, lectin-first (LF) and fluorescence-first
(FF) (Fig. 3). The LF enriched the targeted fucosylated glyco-
proteins using lectins of AAL, LCA and UEA-I (200 pg), followed
by fluorescent labeling using AF488. The purpose of this
scheme was to determine whether labeling on lectin-bound
fucosylated glycoproteins could effectively quantify their abun-
dance. A series of IgG loadings showed that the amount of IgG
was independent of fluorescence intensity (Fig. 3C). This may be
due to the simultaneous labeling of the lectin, which signifi-
cantly increases the background intensity, suppressing the
changes in IgG in the sample. We then first labelled fucosylated

(A) LF
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binding Label
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glycoproteins to prevent lectin labeling (Fig. 3B), and then
enriched fluorescently labeled glycoproteins by lectin affinity.
Quantitative analysis of IgG showed a good correlation between
the amount of IgG and the fluorescence intensity, indicating
that the fluorescent labelled glycoproteins can bind efficiently
to the lectins. Thereafter, the procedure for LAFLQ followed
a fluorescence-first scheme.

Increased lectin immobilization efficiency at higher pH for
better lectin affinity enrichment

The unbound lectins were used in our study, so they were first
immobilized on amine-reactive beads for LAFLQ. To determine
whether the binding buffer could affect lectin immobilization
and further quantification, we tested the reductive amination
conjugation of two basic buffers (Fig. 4A). Our previous studies
found that N-terminal or primary amine can rapidly react with
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Fig. 3 Comparison of lectin-first and fluorescence-first quantification of glycoproteins. (A) Lectin-first (LF): glycoproteins bind to lectins,
removing non-targeted glycoproteins/proteins. Lectin-bound glycoproteins are labeled with a fluorescent reagent (AF488), and excess reagents
are washed away. The labeled glycoproteins are quantified by a fluorescent detector. (B) Fluorescence-first (FF): glycoproteins/proteins are
labelled with a fluorescent reagent (AF488), and excess reagents are quenched and removed by ultrafiltration. The labeled glycoproteins are
specifically enriched by lectin affinity, and other components are removed, followed by fluorescence quantification. (C) Quantification of IgG
using LF (left) and FF (right), where LF quantification showed no linear relationship between fluorescence intensity and IgG quantity due to
concomitant lectin labeling. Conversely, FF quantification showed that the amount of IgG was proportional to the fluorescence intensity,
indicating that lectin affinity was not affected by fluorescent labeling of glycoproteins.
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Fig. 4 Quantification of fucosylated IgG by lectin affinity following fluorescent labeling of glycoproteins. (A) Lectins were immobilized on
aldehyde-functionalized beads by reductive amination. Two binding buffers were tested, including pH 7.4 (1x PBS) and pH 10.0 (100 mM sodium
citrate and 50 mM sodium carbonate). In higher pH buffers, the binding efficiency of the lectin to the beads increased, while the fluorescence
intensity decreased to less than 1/3 when the lectin was immobilized with PBS. (B) Fluorescence intensity of IgG was investigated against different
amounts of 1gG using LAFLQ. Tests were performed in triplicate and a linear fit was obtained with an R? above 0.98. (C) Analysis of N-glycans of
19G by GIG method and MALDI-MS. The most abundant N-glycans are G1F, G2F and GOF, while lower percentages of afucosylated N-glycans are

present in 1gG.

aldehydes at higher pH (=10.0), and the resulting imines can be
rapidly reduced to new amines at lower pH (7-8) in the presence
of NaCNBH;.***® However, both the N-terminus and lysine
reacted with aldehydes at pH 10.0, while only the N-terminus
can be conjugated with aldehydes at pH 7.4 because proton-
ated lysines are below their pI (isoelectric point). After lectin
binding to the beads, IgG interacts with lectin affinity and is
quantified by fluorescence detection. The results showed that
the fluorescence intensity (FI) of lectin-conjugated sample in
PBS was significantly lower than that in sodium citrate-sodium
carbonate. Compared to the reaction in PBS buffer, the fluo-
rescence intensity (FI) was more than 3-fold higher (Fig. 4A).
This result indicates that (a) higher yields of lectin conjugation
is achieved using pH 10 buffer that reacts with the N-terminus
and lysine of the lectin, and (b) higher pH conjugation didn't
impose determinantal effect on lectin affinity. Therefore, we
subsequently performed lectin immobilization using buffer at
PH 10.0.

We further investigated the performance of immobilized
lectins for quantification of fucosylated glycoproteins. IgG

© 2023 The Author(s). Published by the Royal Society of Chemistry

contains fucosylated N-glycans mainly in its CH2 domain, of
which GOF, G1F and G2F are the most abundant species (G =
galactose, F = fucose, 0/1/2 = number of galactose).*"** IgG N-
glycan analysis using GIG showed that G1F was the most
abundant species extracted from IgG, followed by G2F and GOF
(Fig. 4C). Thus, IgG can be used to demonstrate the perfor-
mance of LAFLQ by lectin affinity enrichment of fucosylated
glycopeptides. After AF488 labeling, different amounts of IgG (0,
20, 50, 80, 100 pg) were bound to the same amount of immo-
bilized lectin beads (200 pg). These tests were performed in
triplicate. Each data point for the same IgG amount was from
one test, thus three data points were collected for each IgG load
(Fig. 4B). Our data showed that the amount of IgG was
proportional to the fluorescence intensity. Based on the mean of
triplicated tests, we obtained a least-square linear fit curve and
its equation is as follows,

FI =420 x C+29.06 (1)

where FI = fluorescence intensity, C = protein loading

concentration or amount, R*> =0.98.
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Table 1 Quantification of human serum IgG by turbidimetry and lectin-affinity fluorescent labeling quantification (LAFLQ). Human serum IgG
was measured by turbidimetry, and fluorescence intensity was estimated by egn (1) and compared to LAFLQ measurements

IgG in serum Amount of IgG Calculated fluorescence Measured fluorescence Difference
Patient (ng pL™h (ng) intensity intensity (%)
A 14.0 21.0 117.3 111.3 £ 6.7 5.13
B 13.5 20.0 114.1 1183 £ 7.6 3.51
C 11.9 18.0 104.0 107.0 £ 4.7 2.88

Therefore, we can estimate the loading concentration or
amount of IgG by measuring the fluorescent intensity. We note
that under ideal conditions, the fitted curve should be perfectly
linear; however, at higher concentrations, the fluorescence
intensity tends to saturate, so the curve eventually flattens. In
fact, measurements should be made in the linear range, which
can be extended by using more sensitive fluorescence detectors.

Quantification of serum IgG

To demonstrate the use of LAFLQ for IgG quantification, we
collected three human sera (Table 1). Serum IgG levels are
routinely measured in clinical practice to provide information
on the humoral immune status, such as immunodeficiency,
liver disease, hematological disorder, infection and neoplastic
malignancy.**** Therefore, it is important to quantify fucosy-
lated IgG. In clinical practice, IgG can be measured by enzyme-
linked immunosorbent assay (ELISA), turbidimetry, radial
immunodiffusion (RID), and serum electrophoresis.***” Char-
acterization of serum IgG indicates that its heavy chain has
core-fucosylated complex N-glycans at its N-glycosite.*®* Our
method, LAFLQ, can be used to measure serum IgG since it
contains core fucose.

Once the protein loading concentration or amount (C) is
given, eqn (1) can be used to estimate the theoretical fluores-
cence intensity (FI) of serum IgG. In Table 1, serum IgG
concentration was first determined by turbidimetry, where 1.5
uL of serum was taken and tested in three human sera. The
amount of IgG protein was determined from the IgG concen-
tration and serum volume. Therefore, the theoretical FI is ob-
tained by the calculation of eqn (1). The LAFLQ measured the FI
of serum IgG in these samples. Here, we used AAL lectin instead
of a three-lectin mixture. AAL lectin was successfully used in
analysis to detect IgG fucosylated N-glycans.*® As shown in Table
1, the difference between measurement and calculation was less
than 5.13%, demonstrating the accuracy and usefulness of
LAFLQ for 1gG quantification.

Evaluating the affinity of different lectins for salivary proteins

To verify the binding properties of AAL, LCA and UEA-I lectin to
fucosylated glycans on glycoproteins. We did this by using
different lectins individually to bind fucosylated proteins in
saliva samples. As shown in Fig. 5A, UEA-I lectin alone showed
increased o1,2 fucosylation levels in the lung cancer group
compared with the other two groups, while there were no

(A) UEA-| (8) AAL @ LCA
*
z FC=14 2 .« 2 FC=19
S 600+ S 600 FC=1.5 € 600
= E E
g 400 § 400 > § 400
= 200 = 200 |® = 200-
0 T T T 0 T T T 0 T T
» < N < » <
&‘o &e? & (\“o fz?eg & o‘"o 'z?eg &
S L ¥d & L v S &L %4
& & © 3 & ® SR
& & ;&S N
‘b@ o\' QQ o‘& ‘b@ o\

Fig. 5 Quantitative analysis by LAFLQ using three different lectins bound separately to salivary proteins. (A) Quantitative analysis using UEA-I
lectin, showed significant changes between LC and other groups. (B) Quantitative analysis using AAL lectin. The level of fucosylated glycans was
significantly lower in the OD group than in the remaining two groups. (C) Quantitative analysis using LCA lectin. The level of core fucosylated
chitosan in LC group was significantly higher than that in the other two groups, and showed statistically significant differences.
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significant changes in the healthy control and other disease
groups. This is consistent with our previous finding that saliva
samples from lung cancer patients showed significantly higher
levels of branched fucosylated glycans compared with healthy
controls. As shown in Fig. 5B, using AAL lectin alone showed
significant reductions in overall levels of fucosylated glycans in
the other disease groups compared with the lung cancer group
and healthy controls, and a slight increase in the lung cancer
compared with healthy controls. AAL lectin has affinity for
different fucose linkages, but FI results showed slight difference
from our previous study of fucosylated N-glycan profiles in lung
cancer saliva. Our results show that AAL lectin alone does not
fully bind all the different fucose linkages in saliva. When LCA
lectin was used alone, there was a significant difference between
the lung cancer group and the other two groups (Fig. 5C). It
indicated that the expression level of core fucosylated glycans in
the saliva of the lung cancer group was significantly increased.
This suggests that using a single lectin does not completely
enrich all fucose linkages in saliva. Previous studies have shown
that glycan structures in saliva are hyperfucosylated and
contain more than three fucoses, so we chose to use a mixture of
three lectins to test saliva samples, in order to comprehensively
analyze the changes of fucosylated glycans in saliva. In the
control sample (non-glycated BSA), as expected, a very low
fluorescence was observed (Fig. S2f). It indicated that the
background error for non-glycosylated proteins in complex
samples was small (p < 0.05).

Upregulation of salivary protein fucosylation in lung cancer

To investigate the abundance of fucosylation in salivary glyco-
protein, we used LAFLQ to quantify salivary fucosylation in HC,
OD and LC (Table 2). Saliva samples took into account age and
sex at diagnosis and distribution. To assess whether fucosyla-
tion differs between healthy controls (HC), other diseases (OD),
and lung cancer (LC), we pooled saliva from each class into 3
pooled samples. The fucosylation of salivary glycoproteins was
quantified by LAFLQ in triplicate (Fig. 6A). The fold-change (FC)
between LC and HC was 1.4 and between LC and OD was 1.8, p-
value < 0.05. To investigate the dynamic range of fucosylation
quantification, individual samples from each group were tested
using LAFLQ (Fig. 6B). The overall fucosylation changes of
individual salivary glycoproteins were consistent with pooled
saliva, confirming that fucosylation levels were indeed higher in
LC than in HC or OD. The quantification of fucosylation by

Table 2 Saliva samples from healthy controls (HC), other diseases
(OD) and lung adenocarcinoma (ADC) (LC). Sample collection was
performed in strict accordance with the procedures specified in this
study. (Mean age expressed as mean =+ standard deviation.)

HC OD LC
Demographic N=14 N=20 N =29
Age at diagnosis 49 +17 58 + 16 64 + 10
Age distribution 25-66 26-78 45-82
Male 10 12 20
Female 4 8 9

© 2023 The Author(s). Published by the Royal Society of Chemistry
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LAFLQ was also consistent with our previous studies using MS
quantification.” According to tumor-node-metastasis (TNM)
classification system, the saliva samples were divided into early-
stage lung cancer group (stage I & IT) and advanced lung cancer
group (stage III & IV). Fig. 6D showed that the level of fucosy-
lation in the advanced lung cancer group was significantly
higher than that in the early lung cancer group. Additional
samples will be collected to further validate that fucosylation is
a hallmark of salivary glycoproteins specific to lung cancer,
including patients with gastric, laryngeal and oral cancers.

Discussion

Although saliva is remote from the biofluids secreted by the
lung and its respiratory organs, comparative studies of lung and
saliva proteins have shown that almost all salivary proteins are
present in the lung. We list all proteins identified from lung
tissue and saliva and convert protein accession identity to gene
name.> Caragata et al. identified 2158 proteins from whole
saliva that were also present in those identified from lung tissue
(11 043) (Table S1t) (Fig. 1).**"” Searching GlyGen for potential
glycosylation of each salivary protein revealed that most salivary
proteins are indeed glycosylated (Table S17).”* The salivary
fucosylation was significantly upregulated in lung cancer
patients, not only on core fucose («1,6) but also on antennary
fucoses (21,2 and «1,3)."> These fucosylation changes can be
determined by MAIDI or liquid chromatography (LC) - MS, but
it is desirable to use non-MS approaches to quantify fucosyla-
tion, especially in clinical applications. To achieve this goal, we
developed a novel lectin-affinity fluorescent detection method
specifically targeting fucosylated glycoproteins. The LAFLQ is
achieved through multiple steps including fluorescent labeling
on glycoproteins, lectin affinity enrichment on fucosylated
glycoproteins, and high-throughput fluorescence quantification
on lectin-captured fucoylated glycoproteins.

The lectin-first and fluorescence-first methods suggest that
glycoproteins should first be labeled with fluorophore prior to
lectin affinity enrichment (Fig. 3). These results demonstrate
that (a) labeling of glycoproteins on their lysine or N-terminus
does not adversely affect lectin affinity, and (b) labeling of
glycoproteins after enrichment of fucosylated glycoproteins can
also lead to labeling of lectins. Because labeled lectins are
immobilized on beads, and quantification is measured with
fluorescently labeled molecules, results include fluorescence
intensities from lectins and glycoproteins. An excess of lectin
was used, so the background FI was much higher than that of
glycoproteins. Therefore, lectin-first quantification is not
feasible. In contrast, fluorescence-first scheme does not result
in lectin labeling, so the fluorescence intensity is derived only
from fluorescently-labeled glycoproteins. The LAFLQ is per-
formed in a 96-well plate and can be processed by an automatic
liquid handler, thus providing the capability to process large
numbers of samples simultaneously.

The LAFLQ can be used to quantify fucosylated glycoproteins
in human biofluids. We used a combination or one of AAL, LCA,
UEA-I lectins, which can bind «1,6, «1,2, and «1,3 linked
fucoses.**** Thus, this method can quantify glycoprotein with
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Fig. 6 Expression of salivary protein fucosylation in lung adenocarcinoma is higher than in healthy controls and other diseases, as quantified by
LAFLQ. Each saliva sample was placed in a 96-well well for fluorescence reading, the list of samples is given in Table 2. (A) Fluorescence intensity
of pooled saliva samples, lung cancer (LC) was 1.4 times higher than healthy controls (HC) and 1.8 - more than other diseases (OD). (B) Fluo-
rescence quantification of a single saliva sample with a fold change (FC) of 1.2 between LC and HC and 1.4 between LC and OD. *p-value < 0.05
and **p-value < 0.005. (C) Fucosylation expression increases with cancer stage. N-Glycans were characterized by MALDI-MS. H = hexose (green
or yellow circles), N = HexNAc (blue squares), F = fucose (red triangles).

core or antenna fucoses. IgG is one of the most abundant
fucosylated glycoproteins in serum, and its abundance corre-
lates with humoral immune status. A fast and accurate method
for quantification of serum IgG is ideal for clinical applications.
Our data suggest that serum IgG can be accurately quantified by
fluorescence measurements, so its concentration can be calcu-
lated by the equation. It should be noted that linkage-specific
fucosylation can be enriched by different lectins. As shown in
Fig. 7, salivary glycoproteins were first enriched by UEA-I/TJA-11/

6684 | RSC Adv, 2023, 13, 6676-6687

PTL-II/LAA for o1,2 fucose, then by LTA for a1,3 fucose, and
LCA/PSA for a1,6 fucose. Therefore, LAFLQ can be extended to
quantify linkage-specific fucosylation by fluorescence intensity.

Quantification of LAFLQ in saliva of lung cancer patients
shows potential clinical application in determining cancer
staging. Our previous work has shown that salivary fucosylation
increases with cancer stage, although more patient samples are
needed to further confirm this observation. MALDI-MS analysis
did show that fucosylated N-glycans gradually increased in later

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Sequential quantification of linkage-specific fucosylation of salivary glycoproteins using multiple lectins in series. Mixed sample can
interact with different lectins and elute sequentially to separate al,2-fucose by UEA-I, TJA-II, PTL-Il or LAA from other linkages. The a1,3-fucose
is enriched by LTL and the supernatant is further enriched by LCA or PSA to obtain al,6-fucose. Other linkages are also obtained by AAL or AOL
from non fucosylated glycoproteins or proteins. TJIA-Il = Trichosanthes japonica agglutinin Il; PTL-1I = Psophocarpus tetragonolobus II; LAA =
Laburnum alpinum; LTL = Lotus tetragonolobus; PSA = Pisum sativum agglutinin; AOL = Asperigillus oryzae lectin.

stages with hyperfucosylation of lung metastatic saliva (Fig. 6C).
Our future work will yield an experimentally derived equation
correlating fluorescence intensity with cancer stage, which we
can use to predict lung cancer progression and assist clinical
diagnosis.

Conclusions

Quantification of protein glycosylation in human biofluids
helps identify underlying pathophysiological changes. Since
abnormal changes in glycosylation reflect tumor initiation and
progression, the discovery of cancer-specific glycosylation from
clinical biofluids is critical. Our work has found that salivary
fucosylation is closely associated with lung adenocarcinoma,
and quantitative methods of salivary fucosylation are important
for characterizing lung cancer. Fluorescent labels on lung
cancer-specific fucosylated glycoproteins can quantify the
abundance of salivary fucosylation by exploiting lectin affinity
to enrich linkage-specific fucosylation. Since lung cancer sali-
vary fucosylation is proportional to the tumor malignancy, the
quantification of salivary fucosylation can reflect the stage of
lung cancer. This method can also quantify serum IgG by its
core fucose, as can other protein glycosylation, as long as
appropriate lectins are used. We hope that this method has the
potential to be applied to lung cancer diagnosis.
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