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Abstract

Sex-hormone-binding globulin (SHBG) is a liver-secreted glycoprotein and a major regulator of
steroid distribution. It has been reported that the serum concentration of SHBG changes in liver
disease. To explore the involvement of SHBG in liver disease of different etiologies in greater
detail, we developed a sensitive and selective liquid chromatography—mass spectrometry parallel
reaction monitoring workflow to achieve quantitative analysis of SHBG glycosylation micro
heterogeneity. The method uses energy-optimized “soft” fragmentation to extract informative Y
ions for maximal coverage of glycoforms and their quantitative comparisons. A total of 15 N-
glycoforms of two N-glycosites and 3 O-glycoforms of 1 O-glycosite of this low-abundance serum
protein were simultaneously analyzed in the complex samples. At the same time, we were able to
partially resolve linkage isoforms of the fucosylated glycoforms and to identify and quantify
SHBG N-glycoforms that were not previously reported. The results show that both core and outer-
arm fucosylation of the N-glycoforms increases with liver cirrhosis but that a further increase of
fucosylation is not observed with hepatocellular carcinoma (HCC). In contrast, the a-2—-6
sialylated glycoform of the O-glycopeptide of SHBG increases in liver cirrhosis, and a significant
2-fold further increase is observed in HCC. In general, we do not find a significant contribution of
different liver disease etiologies to the observed changes in glycosylation; however, elevation of
the newly reported HexNAc(4)Hex(6) N-glycoform is associated with alcoholic liver disease.
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INTRODUCTION

Glycosylation is a common post-translational modification that regulates many biological
processes including protein folding, stability, immune response, and receptor activation.1:2
The involvement of glycosylation of proteins in various diseases including cancer has been
demonstrated,! and the alteration of glycosylation pathways in the progression of liver
disease of various etiologies to hepatocellular cancer is under investigation in multiple
laboratories.3-6 Changes in the fucosylation,%-2 branching,19-11 galactosylation,12 or
bisected N-glycosylationl3 as well as the increased sialylation of mucin-type O-glycans in
liver diseasel* are well-documented. However, lack of accurate and robust mass
spectrometric (MS) methods for sensitive quantification of the site-specific glycoforms still
limits the exploration of liver diseases.

Sex-hormone-binding globulin (SHBG) is a serum glycoprotein secreted mainly by the liver.
It binds sex hormones with high affinity and regulates their bioavailability.1° Liver diseases
are associated with altered concentration of sex hormones in serum, which is, in part, caused
by altered production of SHBG. The concentration of SHBG in serum was found to be
elevated in liver cirrhosis independent of the etiology.1>-18 In addition, SHBG is a
glycoprotein that contains both N- and mucin-type O-glycosylation.1> Glycosylation of
SHBG does not affect steroid hormone binding,1° but the impact of the O-glycosylation of
SHBG on cellular signaling was reported.20-21 Even though the function of the N-glycans is
not fully understood, Terasaki et al. suggested that aberrant glycosylation of SHBG is
responsible for its elevation in cirrhosis,?? and Brenta et al. suggested that the higher content
ofsialic acid prolongs the half-life of SHBG.23

Quantitative analysis of glycosylation at the glycopepetide level is essential to achieving
resolution of microheterogenity of SHBG glycoforms and protein glycosylation in general.
However, the microheterogeneous glycopeptides are substoi-chiometric compared with
peptides and can have lower ionization efficiency, which introduces analytical challenges.?4
Selective enrichment of glycopeptides from complex sample is often applied prior to mass
spectrometric analysis to increase the abundance of the glycopeptides.2>-27 However, the
information on protein concentration or site occupancy can be lost during the enrichment
process. Selected reaction monitoring (SRM) workflows are commonly used for the
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quantification of proteins due to their high sensitivity and specificity. We®28 and others2%-33
have shown that SRM can be optimized for the quantification of glycopeptides, especially in
samples of reduced complexity. More recently, parallel reaction monitoring (PRM) was
introduced as a quantitative workflow for the analysis of peptides on high-resolution mass
analyzers,3435 but we are not aware of any applications of the PRM workflows to
glycopeptides. Our recent work suggests that adjusted collision induced dissociation (CID)
conditions improve the quantification of glycopeptides36 and allow the analysis of
glycopeptides by data-independent methods.” In this study, we show that the combination of
optimized CID conditions with liquid chromatography—mass spectrometry PRM (LC-MS
PRM) allows the simultaneous quantitative characterization of the N- and O-glycosylation of
SHBG, in one chromatographic run, with high sensitivity and specificity. The optimized
method was applied to a pilot study of the glycosylation changes in liver disease of various
etiologies.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

SHBG purified from human serum was purchased from Lee Biosolutions (Maryland
Heights, MO). Dithiothreitol (DTT) and all of the solvents of LC-MS grade were obtained
from ThermoFisher Scientific (Waltham, MA). lodoacetamide (IAA) was from MP
Biomedicals (Santa Ana, CA). Trypsin Gold (V5280) and ProteaseMax (V2071) were from
Promega (Madison, WI). Rapigest SF was from Waters (Milford, MA). a-2-3,6,8,9
Neuraminidase A (P0722), a-2-3 neuraminidase (P0743), a-1-2 fucosidase (P0724), a-1-
3,4 fucosidase (P0769), and digestion buffers were from New England Biolabs (Ipswitch,
MA). All other chemicals were obtained from Sigma-Aldrich (Saint Louis, MO).

Study Population

We compared SHBG glycoforms in the serum of healthy controls, cirrhotic patients of
hepatitis C (HCV), hepatitis B (HBV), alcoholic (ALD), and nonalcoholic steatohepatitis
(NASH) etiologies and patients with hepatocellular carcinoma. All of the participants were
recruited under protocols approved by the Georgetown University Institutional Review
Board. Serum was isolated within 6 h of blood collection, aliquoted, and stored at —80 °C
until use. To evaluate the performance of the method on liver disease of different etiologies,
we created two pooled samples for each disease category, and each pool represents five
subjects except for one sample from HBYV, which contains the serum from four subjects. All
of the pools were age-matched and had a comparable degree of liver damage, as measured
by the model for end-stage liver disease (MELD) score (Table S1).

Serum SHBG Concentration Measurement by ELISA

Concentration of SHBG in serum was determnined by ELISA using monoclonal antihuman
SHBG antibodies developed in Dr. John G. Lewis’s Steroid & Immunobiochemistry
Laboratory of Canterbury Health Laboratories, Christchurch, New Zealand.3” Experiments
were carried out at room temperature. In brief, each well of a microtiter plate (96) was
coated with 100 zL of protein A purified mouse monoclonal antihuman 1gG2a SHBG
antibody 11F11 (1 wg/mL) in phosphate-buffered saline (10 mM PBS solution, pH 7.4)
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overnight. The following day, the plate was washed by PBST (0.05% Tween-20 in PBS) four
times and blocked with reagent diluent (R&D Systems, Minneapolis, MN) for 1 h. The plate
was then washed as described above, and SHBG standard or diluted serum samples in
RDBT (reagent diluent containing 0.01% Tween-20) were added for a 2 h incubation. After
washing in the same manner, 100 gL of a second SHBG mouse monoclonal 1gG1 antibody
(hybridoma supernatant), 7H9, diluted 1:20 in RDBT, was added to each well and incubated
for 1 h. The plate was washed again, and 100 4L of goat biotinylated anti-mouse 1gG1
antibody (Jackson Immunoresearch, West Grove, PA) diluted in RDBT (1:50 000) was
added to each well for another 1h incubation. A total of 100 zL of strepavidin horseradish
peroxidase (R&D Systems, Minneapolis, MN) diluted 1:200 in RDBT was then added to
each well after another washing procedure. After 40 min of incubation, the plate was washed
again, and each well was supplemented with 100 1 of freshly prepared substrate solution
containing tetramethylbenzidine and hydrogen peroxide. The mixture was incubated for 30
min, and the colorimetric development was quenched by adding 50 z4 of a 2N sulfuric acid
solution to each well. The absorbance at 450 nm was recorded with 600 nm as a reference.

Immunoaffinity Enrichment of SHBG from Human Serum

SHBG was enriched from human serum on a resin conjugated to 11F11 anti-SHBG
antibody.3” An aliquot of serum (100 z4_) was diluted with 500 /L of phosphate buffer (0.1
M disodium hydrogen phosphate containing 0.15 M NaCl, pH 7.0) and incubated overnight
at 4 °C in a Pierce spin column (Rockford, IL) packed with 40 /L of the anti-SHBG resin.
The column was washed three times with 0.5 mL of phosphate buffer followed by one
washing with phosphate buffer containing 0.3 M NaCl. Bound SHBG was eluted with 0.1 M
glycine (pH 2.5) and neutralized with Tris buffer (1.5 M, pH 8.8) immediately after the
elution step. The collected SHBG eluate was further concentrated on an Amicon Ultra
centrifugal filter (MWCO 10K, MilliporeSigma, Burlington, MA). Briefly, the filter was
pretreated with 500 4L of 50 mM ammonium bicarbonate, and the SHBG eluate was
concentrated on the filter to a volume of approximately 50 zL. The retained proteins were
further buffer exchanged by three washes into 50 mM ammonium bicarbonate. To improve
protein recovery, ProteaseMax surfactant (0.003%) was added to the ammonium bicarbonate
buffer in the last wash. The processed samples were stored at —80 °C until further use.

Tryptic Digest and Exoglycosidase Treatment

The samples of enriched SHBG were diluted in 50 mM ammonium bicarbonate buffer,
reduced with 5 mM DTT, and alkylated with 15 mM lodoacetamide, which was quenched
by 5 mM DTT. The samples were digested with Trypsin Gold in a Barocycler NEP 2320
(Pressure BioScience, Medford, MA) for 1 h. ProteaseMax surfactant (0.03%) was added to
the samples to improve the efficiency of digestion. The digests were frozen at —80 °C for 30
min before centrifugation at 160009 for 10 min to facilitate the removal of the surfactant.
The volume of the digested proteins were reduced to approximately 15 gL in a refrigerated
centrivap concentrator (Labconco, Kansas City, MO) and subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis without further
processing.
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For the resolution of glycan linkage, tryptic digests were deactivated at 99 °C for 10 min and
further treated with a-2-3,6,8,9 neuraminidase A or a-2-3 neuraminidase in GlycoBuffer 1
(50 mM sodium acetate, 5 mM CaCl,, pH 5.5) according to the manufacturer’s instructions.
The solutions were acidified to pH 5.5 with 5 mM acetic acid and digested overnight at

37 °C, and the exoglycosidases were deactivated at 70 °C for 10 min. For specific analyses,
the deactivated a—2-3,6,8,9 neuraminidase A digests were further treated with a-1-2 and
a-1-3,4 fucosidases at 37 °C for another 20 h in the same buffer. The digests were then
processed as described above for tryptic digests and analyzed by LC—-MS/MS.

Identification and Quantification of SHBG Clycoforms by LC-MS/MS

We analyzed SHBG standard (Biosolutions) and SHBG enriched from serum to verify the
glycoforms selected for quantification (Table 1). The analyses were done on an Orbitrap
Fusion Lumos connected to a Dionex 3500 RSLC-nano-LC (Thermo Scientific). Samples
were analyzed using a data-dependent mode. The detailed MS and chromatographic
conditions are described in the Supporting Information. All subsequent analyses were
performed in positive-ion mode on a 6600 TripleToF mass analyzer (AB Sciex,
Framingham, MA) coupled with a nanoAcquity chromatographic system (Waters
Associates, Milford, MA) consisting of a UPLC 2G Symmetry C18 TRAP column (5 um,
180 um x 20 mm) and a BEH C18 300 capillary analytical column (1.7 xm particles, 75 ym
X150 mm). Peptide and glycopeptide separation was achieved by a 5 min trapping and
washing step using 99% solvent A (2% acetonitrile containing 0.1% formic acid) at 15
uL/min followed by a 40 min acetonitrile gradient at a flow rate of 0.4 z_/min: 1 min from
1% to 5% solvent B (0.1% formic acid in acetonitrile) and 39 min from 5% to 50% solvent
B. A cleaning gradient at a flow rate of 0.4 zL/min (10 min from 1% to 99% solvent B
followed by a 10 min of isocratic run at 99% solvent B) followed immediately after the
peptide and glycopeptide separation to remove the nonpolar residues of ProteaseMax.
Parallel reaction monitoring with soft fragmentation was used for peptide and glycopeptide
quantification. The CID conditions (CE) were optimized for each N-glycoform to obtain
optimal Y-ion yields for glycopeptide quantification. The MS products of N-glycoforms of
LDVDQALNR and SHEIWTHSCPQSPGNGTDASH peptides as well as O-glycoforms of
the LRPVLPTQSAHDPPAVHLSNGPGQEPIAVMTFDLTKpep-tide were monitored. The
optimized CE for each glycoform is listed in Table S2. Data were acquired on the TripleTOF
6600 system with instrument control and data acquisition performed by the AB Sciex
Analyst software (version1.7.1). Q1 resolution was set to “Open”, and the offset drop from
unit resolution was 0.2. Ahigh-sensitivity MS/MS mode was used to obtain MS/MS spectra
with a resolution of >30 000 (full width at halfmaximum, fwhm), and the accumulation time
was set at 0.1 s. A total of 12 samples from the 6 patient groups, as described in the Study
Population section, were analyzed in duplicate for each sample.

Data Processing and Statistical Analysis

LC-MS data were processed by Multi Quant 2.0 software (AB Sciex) with manual
confirmation. Peak areas were used for peptide and glycopeptide quantification and data
normalization. A selection of specific Y-ions (e.g., loss of one glycan arm) was summed for
the quantification of the N-glycopeptides. The summation of specific backbone fragments (y
or b ions) was used for the quantification of the O-glycopeptides and the unoccupied
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peptide. The details of the MSMS transitions used for the quantification of each glycoform
are listed in Table S2. Relative intensity of each analyte was calculated by normalizing its
peak area to the sum of areas of all targeted peaks at a specific glycosylation site.

One-way analysis of variance (ANOVA) was used to evaluate the difference in the mean
percentage of specific glycoforms among the six patient groups. To determine which pairs of
groups are different, after we reject the null hypothesis from ANOVA, Bonferroni’s
procedure at level 0.05 was performed for multiple testing. All reported p values are two-
sided. Statistical analyses were performed under SAS version 9.4 (SAS Institute, Cary, NC).
Intrasample variation was evaluated by the relative standard deviation (RSD) of analytes
from four replicate analyses of the same sample, and intersample variation was evaluated by
RSD of analytes from duplicate analyses of nine independent samples.

RESULTS AND DISCUSSION
Quantification of SHBG Glycoforms by LC/MS-PRM

Recent studies show that targeted quantification by LC-MS PRM methods achieves
sensitivity and specificity comparable to SRM while acquiring high-resolution full-scan
MS/MS spectra.38 Selected reaction monitoring (SRM) provides high sensitivity and
specificity but requires the preselection and optimization of transitions for the targeted
analyte. In addition, SRM only monitors the selected transitions, which means that it is
harder to identify and resolve background interferences. The post-acquisition selection of
fragment ions in PRM facilitates method development and the availabillity of the full spectra
allows the efficient control of potential interferences. In addition, analysis of the spectra
allows even the discovery of unexpected glycoforms, as we describe below. In this study, we
developed a PRM workflow to quantify simultaneously site-specific glycoforms of two N-
glycopepides and an O-glycopeptide of SHBG. The list of glycans associated with SHBG
and analyzed in our study (Table 1) includes all of the known glycoforms of SHBG2? and a
newly described N-glycoform HexNAc(4)Hex(6) identified in the course of our analyses.

Oxonium ions are the main fragments produced from the N-glycopeptides under CID
condition typical for the analysis of peptides.? We have shown recently that energy
optimized soft CID conditions allow for the sensitive quantification of N-glycopeptides with
improved specificity of detection in complex samples.” Y-ions carrying the peptide
backbone become the major fragments of the N-glycopeptides’ when the collision energy
(CE) is lowered to approximately 50% of the optimal CE for peptide fragmentation. We
optimized the CE for each N-glycoform of SHBG to maximize the Y-ion responses and the
sensitivity of the PRM workflow. In the case of the O-glycoforms, the CE was optimized to
maximize the yield of the YO ion and peptide fragments. However, the sensitivity of
detection was not sufficient even with the optimized CID conditions to allow the reliable
quantification of all the low-abundant glycoforms directly in serum because SHBG, in
addition to its microheterogeneity, is a low-abundance protein (~40 ppm in serum). We
therefore enriched the protein by affinity columns using antihuman SHBG monoclonal
antibody 11F11.37 The affinity enriched SHBG is still a complex sample in which SHBG
represents approximately 1% of the total protein content. However, the enrichment is
sufficient and approximately 2 ng of SHBG (quantified by ELISA) allows the simultaneous
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detection of all the N- and O-glycoforms of SHBG except for the least abundant A2G2
glycoforms (which is detectable but below LOQin some samples).

The precursor masses and the targeted fragments are listed in Table S2. Because isotopically
labeled standards of the glycopeptides are not available, we compared three methods of data
normalization: (1) the integrated peak area was normalized to that of the internal peptide, (2)
the integrated peak was normalized to the sum of all of the targeted peaks across all
peptides, and (3) the integrated peak was normalized to the sum of all targeted peaks at the
specific glycosite. To this end, the affinity isolated SHBG from a healthy control was
digested and analyzed four times. The integrated peak area of each glycoform was
normalized by the three different methods. Our results indicated that the highest
reproducibility was achieved by normalizing each glycoform to the sum of all peaks targeted
at a specific glycosite. Under these conditions, the average RSD across all glycoforms was
8%, which is comparable to a label-free proteomics quantification method (Figure S1). This
data-normalization method was therefore selected for analysis.

A quality control (QC) serum sample was repeatedly used for enrichment and quantification
of the SHBG glycoforms (by LC-MS PRM in duplicate) to check the reproducibility of the
method. Table S3 summarizes the intra-and intersample reproducibility of the measurement
of all glycoforms at the peptide LDVDQALNR. The A3G3S3F of peptide LDVDQALNR is
detectable but below LOQin some samples; its intersample RSD was, therefore, not
calculated. The average intersample RSD across all glycoforms is 13%, which shows that
both affinity isolation and glycoform quantification are reproducible and are not affected by
different background in various batches of isolated SHBG. Similar results were obtained for
peptide SHEIWTHSCPQSPGNGTDASH. The results show that the reproducibility of
quantification of the glycoforms is comparable to the reproducibility of the quantification of
the unoccupied LDVDQALNR peptide with the exception of several low-abundance
glycoforms, the intensities of which were close to the limit of detection (Table S3). Thus,
our LC-MS PRM workflow with optimized “soft” CID achieves reliable quantification of
the glycoforms of SHBG in a complex background, as documented in our comparison of its
glycoforms in liver disease of various etiologies.

Elevated Serum SHBG in Liver Disease

We first examined the serum SHBG by ELISA in serum of cirrhotic patients with hepatitis B
and C viral, alcoholic, and nonalcoholic steatohepatitis etiology as well as HCC patients.
Our ELISA results indicate that the production of SHBG in cirrhotic patients significantly
increases. Cirrhotic patients (grouped ALD, NASH, HBV, and HCV etiology) had SHBG
concentrations that were, on average, 2-fold higher (p < 0.05) than healthy controls and
similar to the HCC patients (p= 0.21; Figure S2A). This is consistent with previous reports
on the elevation of SHBG in liver disease.1>-18 We did not find significant difference among
the groups of cirrhotic patients of various etiology; HBV etiology has an overall lower mean
but high variability (Figure S2B).
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N-Glycosylation Changes of SHBG in Liver Disease

The optimized workflow allowed the quantification of eight N-glycoforms of the peptide
SHEIWTHSCPQSPGNGTDASH and seven N-glycoforms of the peptide LDVDQALNR
across all the partially enriched samples. Fucosylation, sialylation, and branching status of
the glycopeptides of SHBG in cirrhotic and HCC patients were examined. Total fucosylation
(sum of all the fucosylated N-glycoforms at a specific peptide) on LDVDQALNR and
SHEIWTHSCPQSPGNGTDASH was increased over 1.8-fold (o < 0.05) and 2-fold (p <
0.05), respectively, in both cirrhotic and HCC patients compared with healthy controls
(Figure 1A,B). The observed increase in fucosylation was confirmed on all biantennary and
triantennary glycoforms at both N-glycosylation sites (Table S4) by further analysis of the
ratio of specific fucosylated glycoforms to their corresponding nonfucosylated form. The
observed increase of fucosylation in liver cirrhosis is consistent with our results on
fucosylation of other liver-secreted proteins.5.

We observed an approximately 2-fold decrease in the sialylation of the fucosylated
biantennary N-glycoform of LDVDQALNR (A2G2S2F/A2G2SF, p < 0.05) and the
triantennary N-glycoforms of SHEIWTHSCPQSPGNGT-DASH in both cirrhotic and HCC
patients compared with the healthy controls (Figure 1C,D). Further analysis of the individual
glycoforms revealed that sialylation on both fucosylated (A3G3S3F/A3G3S2F) and
nonfucosylated (A3G3S3/A3G3S2) triantennary N-glycoforms of
SHEIWTHSCPQSPGNGTDASH was markedly decreased in the cirrhotic and HCC patients
(Table S4). We did not observe differences between cirrhotic and HCC patients in the
fucosylation or sialylation of the N-glycoforms (Table S4), which implies that liver cirrhosis
might be the major contributor to the observed changes. Differences in the sialylation of the
glycoforms in healthy and cirrhotic groups at the different glycosylation sites indicates that
some of the glycosylation changes are site and glycan specific. A similar degree of
branching was observed in the healthy control, cirrhotic, and HCC patients; this was
examined as the ratio of the sum of triantennary to the sum of biantennary N-glycoforms
(Table S4).

To further investigate whether the changes in fucosylation and sialylation observed in
cirrhotic patients are etiology-dependent, we compared the groups of ALD, NASH, HBYV, or
HCV etiology. Overall, the impact of etiology is relatively minor compared to the change
between the healthy and cirrhotic groups. At both N-glycosylation sites, in all the examined
etiologies, the summation of all the detected fucosylated glycoforms increased significantly
compared to that of the healthy controls (Table S5). Both bi- and triantennary glycoforms
showed a clear trend of elevated fucosylation in all the examined etiologies and the increase
in fucosylation varies by glycoform and glycosylation site (Table S5). The previously
described decreases of sialylation on both N-glycosylation sites were confirmed in all
examined etiologies (Table S5). Figure 2 shows the trends in fucosylation (A2G2S2 on
LDVDQALNR, Figure 2A; A3G3S2 on SHEIWTHSCPQSPGNGTDASH, Figure 2B) and
sialylation (A2G2S2F/A2G2SF on LDVDQALNR, Figure 2C and A3G3S3F/A3G3S2F on
SHEIWTHSCPQSPGNGTDASH, Figure 2D). We did not find significant differences
among the etiologies, which confirms the previously reported, rather uniform changes in the
cirrhotic patients.%”
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Fucose in human N-glycans can be attached to the outer arms by an a—1,2 linkage to
galactose (often terminal) or an a—1,3 or a—1,4 linkage to subterminal GIcNAc; it can be
also attached by a a—1,6 linkage to the innermost GIcNAc (core fucosylation) based on the
activity of specific fucosyltranserases.*! Linkage, especially the core versus outer-arm
fucosylation, is a determinant of interactions and activities; it is, therefore, important to
assign the fucose linkage. Changes of the linkage-resolved fucosylated glycans in the
context of liver disease is an important topic of current research, and several studies
quantifying core fucosylation were already published.4243 Typically, lectin affinity*2 or
endoglycosidase F (or H) digestion*3 were used to achieve quantification of the core fucose.
We take advantage of the limited fragmentation of the glycans under soft CID conditions to
identify Y-ions specific for core and outer arm linkage; this enables simultaneous
quantification of both core and outer-arm fucose, as described below.

We treated the tryptic digest of SHBG with neuraminidase A to remove sialic acid residues
with a—2-3,6,8,9 linkage from all the N-glycopeptides. This allowed us to focus on the
fucose linkage (outer-arm versus core) of the A2G2F and A3G3F glycoforms of both N-
glycopeptides of SHBG at higher sensitivity due to reduction of heterogeneity of the sialo-
forms. 4445 We did not resolve the linkage of outer arm fucose (galactose versus subterminal
GIcNAC) in this study, a topic of research reserved for future research. Figure 3A shows the
MSMS spectrum of A2G2F of LDVDQALNR under optimized soft CID condition. The Y-
ion with m/z1224.03 is one of the major fragments of the N-glycan, which corresponds to
the loss of one GIcNAc-Gal arm (selective fragmentation of the Man-GIcNAc bond). Both
core and outer-arm fucosylation contribute to the formation of this fragment. Y-ion m/z
1151.01 is the characteristic fragment of outer arm fucosylated glycoforms because it results
from the loss of a fucosylated GIcNAc-Gal arm of the N-glycan; the corresponding oxonium
ion was detected at /m/2512.20. Rearrangement of fucoses among antennae during the
fragmentation has been reported, which means that our fucose linkage assignment needs to
be viewed with caution.® In terms of core fucose, Wuhrer’s%6 results and our own data (not
published) indicate that the fucose rearrangement between the core and antennae is minimal.
Thus, we assume in the current study that the characteristic outer-arm fucosylated
glycopeptide fragment results from the outer-arm fucosylation. Fragment 1224.03 has a
higher intensity than fragment 1151.01, suggesting that the fucosylated glycopeptide carries
both core and outer-arm fucose. To prove this, we used specific outer arm fucosidases to
further resolve the linkage isoforms. The desialylated glycopeptide A2G2F of
LDVDQALNR was further treated with fucosidase a—1-3,4 and a—1-2 to completely
remove the outer arm fucose.** Based on the specific outer arm signal, the reaction
completed with at least 95% efficiency, as shown in Figure 3C (Y-ion) and D
(complementary oxonium ion). The fucosylated fragment (Y-ion) detected after the two
outer-arm fucosidases (Figure 3B) represents the core-fucosylated glycopeptide. The results
show that this glycopeptide carries a mixture of core-and outer-arm-fucosylated glycoforms;
similar results were obtained for both peptides (data not shown), and relative quantities of
the forms are discussed below.

To determine the degree of core fucosylation, we evaluated the precursor ion intensities with
(core fucosylation) and without (total fucosylation) fucosidase treatment. We estimate that
the core fucosylated glycopeptide of LDVDQALNR represents 36 + 3% for A2G2F and 5
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+ 1% for A3G3F; core fucosylation represents 36 + 6% of the A3G3F glycoform of
SHEIWTHSCPQSPGNGTDASH. For the determination of the core fucosylation of A2G2F
glycoform of SHEIWTHSCPQSPGNGTDASH we have to use calculation from the
fragmentation spectra due to repeatedly incomplete outer-arm fucosidase digest (for reasons
we could not determine). We estimate the percentage of core fucosylation in A2G2F of
SHEIWTHSCPQSPGNGTDASH by subtracting the non fucosylated Y-ion (/m/21188.15)
from fucosylated Y-ion (/m/z1236.84) based on their molar contributions. The estimated
core fucose is 72%, outer-arm fucose is 12%, and the remaining 16% is resistant to
fucosidase a-1-2 and a—1-3,4 cleavage.

Our results indicate that all of the fucosylated glycoforms of SHBG represent a mixture
ofcore and outer-arm fucose and that the degree of core fucosylation varies by glycoform
and glycosylation site. We thus further investigated whether the degree of outer arm
fucosylation changes in liver disease. Affinity-isolated serum SHBG from healthy and
patient donors were digested with trypsin and a—2-3,6,8,9 neuraminidase A, as described
above. The ratios of the nonfucosylated Y ion (outer arm specific) to the fucosylated Y-ion
of each glycoform was compared among the healthy controls and patients. We do not
observe difference in the degree of outer arm fucosylation between healthy controls and
cirrhosis or HCC patient groups on the A2G2F and A3G3F of LDVDQALNR and A3G3F
of SHEIWTHSCPQSPGNGTDASH (Table S6). Interestingly, there is a trend ofincreased
outer arm fucosylation on A2G2F of SHEIWTHSCPQSPGNGTDASH in all patient groups
(Table S6). The relative intensity of core (Figure 4A) and outer-arm fucosylation (Figure 4B)
(calculated by the molar contribution of the outer arm specific fragments) increases in both
cirrhosis [1.5-fold (P< 0.05) and 1.9-fold (P < 0.05), respectively] and HCC patients [1.6-
fold (p< 0.05) and 1.9-fold (P < 0.05), respectively] compared with healthy controls.
Cirrhosis and HCC patients do not differ in either core or outer-arm fucosylation. The core
and outer-arm fucosylation increase to various degrees in all groups of the cirrhosis patients.
The highest fold change of core and outer arm fucosylation is found in ALD patients [2.2-
fold (P < 0.05) and 1.6-fold (p < 0.05), respectively]; the lowest fold change was detected in
the group of cirrhotics with HCV etiology [1.5-fold (P < 0.05) and 1.4-fold (v < 0.05),
respectively; Table S6]. The fold change of outer-arm fucosylation in all patient donors on
A2G2F of SHEIWTHSCPQSPGNGTDASH is greater than that of core fucosylation, while
similar fold changes of these two linkage isoforms are found on all other targeted
glycoforms (Table S6). Thus, by resolving the linkage of fucosylation, our results reveal that
on this particular glycoform, outer-arm fucosylation is more sensitive than core fucosylation
when the response to liver damage is examined. Taken together, our results provide further
evidence that the protein glycosylation is site-, glycan-, and linkage-specific; a reliable site-
specific quantification method is important to reconstructing the picture of changes in
protein glycosylation.

Detection of a Novel Glycoform of SHBG

The LC-MS PRM workflow allows the identification of unexpected glycoforms thanks to
the predictable retention time of the glycoforms of the same peptide®® and to the availability
of the MS/MS results. We found an unassigned Y-ion with /m/z1232.03 (2+) in the tandem
mass spectra of the desialylated glycopeptide /7/2938.07 (3+), which corresponds to the
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precursor of LDVDQALNR glycopeptide with the glycan composition of
HexNAc(4)Hex(6). The retention time of this glycoform is slightly shorter than the A2G2F
glycoform of LDVDQALNR. We therefore examined the spectra of the SHBG
glycopeptides acquired prior to the neuraminidase A digest and both mono- and di-sialylated
forms of the HexNAc(4)Hex(6) glycoforms of both N-glycopeptides of SHBG were
identified in the SHBG standard. However, their abundance is low (below our MS1 limit of
quantification), which prevents accurate quantitative assessment and is likely the reason why
they were not observed previously.3° Based on the fragments and retention time alignment,
we propose that the strucure is a complex biantennary N-glycan with an extended arm
(Figure 5A).47 The major fragment (loss of an arm at the Man-GIcNAc bond) is consistent
with this assignment, and the fragments 1151.00 (2+) and 1069.97 (2+) represent the loss of
GlcNAc-Gal-Gal and Man-GIcNAc-Gal-Gal, respectively. The corresponding
complementary oxonium ions /m/z528.20 and 690.25 were detected in the low-mass region.
The fragment (2+) results from the loss of the GIcNAc-Gal unit (its complementary
oxonium ion 366.13 is not visible because we used the mass cutoff at 400 Da). Further
confirmation of the structure will require more isolated material. We further examined the
amount of this desialylated glycan in cirrhosis of different etiologies. As shown in Figure
5B, for both N-glycopeptides, the desialylated glycoforms increase in alcoholic cirrhosis but
not in liver disease of other etiologies, which is one of the few examples of etiology-specific
modifications in our study. Additional details of the analysis of this glycoform are listed in
Table S6.

Increased Sialylation of the O-Glycan of SHBG in Liver Disease

In addition to N-glycoforms, we simultaneously quantified O-glycoforms of the peptide
LRPVLPTQSAHDP-PAVHLSNGPGQEPIAVMTFDLTK. The major glycoforms of this
peptide are the core 1 mono- (HexNAc-Hex-Neu5Ac) and di- (HexNAc-Hex-2Neu5Ac)
sialylated structures.3® To quantify their changes, we determined the ratio of the di- to
monosialylated O-glycopeptides, which increases significantly in cirrhotic patients
compared to the healthy control (1.8-fold change, p < 0.05) and further increases in HCC
patients (2-fold change compared to the cirrhotic group, p < 0.05) (Figure 6A). Analysis of
this ratio in different etiology groups revealed that all the groups showed an increasing trend
with NASH (2-fold change, p < 0.05) and HCV groups (2.4-fold change, p < 0.05)
significantly elevated compared to the healthy control (Figure 6B). Increased sialylation has
been described in many cancers;*8:49 however, increased disialylation of the T antigen of the
O-glycopeptide of SHBG in liver disease is reported, to our knowledge, for the first time.
Taken together, our results suggest that liver cirrhosis of HCV etiology increases in the ratio
of di- to monosialylated T antigen more than other etiologies and that a further increase
accompanies the development of HCC.

To determine the linkage of the sialylated glycans, we further treated tryptic digest of SHBG
with a—2-3 neuraminidase (Figure 6). Without enzymatic desialylation, we observe only
HexNAc-Hex-Neu5Ac and HexNAc-Hex-2Neu5Ac as described above (blue line in Figure
6D,E). The appearance of double peaks for each species is due to partial autodeamidation of
the peptide backbone, which we account for in the quantitative result (the areas of both
peaks were added in the quantitative analysis). When the same sample was treated with a
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—2-3 neuraminidase, the peak of HexNAc-Hex-2Neu5Ac (RT and 26.6 min, blue line in
Figure 6E) disappeared, which indicates that one ofthe sialic acids is connected to the
galactose through a—2-3 linkage (pink line in Figure 6E). The detection of the
monosialylated glycoform in Figure 6D (RT 25.6 and 25.9 min, pink line) implies that this is
the product of enzymatic desialylation ofthe HexNAc-Hex-2Neu5Ac with sialic acid likely
linked to GalNAc through an a—2-6 linkage. The nonsialylated peaks (RT 24.8 and 25.2
min, pink line in Figure 6C) appeared after exoglycosidase treatment and come from the
removal of a-2-3 sialic acid linked to galactose on HexNAc-Hex-Neu5Ac. The results
suggest that the increase in HexNAc-Hex-2Neu5Ac is likely related to a—2-6 sialyation of
the GalNAc. In addition, our results indicate that the relative intensity of HexNAc-Hex-
Neu5Ac decreases from healthy control to cirrhosis and HCC patients, while that of
HexNAc-Hex-2Neu5Ac increases in patient donors (data not shown), suggesting that the
increased HexNAc-Hex-2Neu5Ac might result from further sialylation of HexNAc-Hex-
Neu5Ac. Among the 6 a—2-6-sialyltransferases (ST6GalNAc I-V1), ST6GalNAc-1 and
ST6GalNAc-11 have been shown to sialylate the T and Tn antigens.>%-52 Studies by Marcos
and his colleagues®® further demonstrate the primary role of ST6GalNAc-11 involved in the
sialylation of the T antigen. Thus, the observed elevation of a—2-6 sialylation in our study is
likely related to the altered activity of ST6GalNAc-11. Alteration of sialylation is a hallmark
of cancer, and hyper-sialylation, along with over-expression, up-regulation, or both, of
sialyltransferase activity was described in many cancers.59:53:54 The up-regulation of
ST6GalNAc-11 is associated with shorter survival in human colorectal carcinomas® and
with the metastasis of breast cancer.%8 In the current study, we observed an increase of
disialylated T antigen of SHBG in the liver disease progression to HCC. These results
suggest a potential prognostic role of sialyltransferase ST6GalNAc-1I and disialylated T
antigen in the development of HCC.

CONCLUSIONS

We have developed a sensitive LC-MS PRM method for the quantification of N- and O-
glycopeptides of SHBG and applied the workflow to a serologic study of SHBG glycoforms
in liver disease. We use an optimized “soft” fragmentation technique to extract informative
Y-ions for the quantification of the N-glycopeptides. The method achieves the simultaneous
quantification of 15 N-glycoforms of two peptides and 3 O-glycoforms of a peptide of this
low-abundance (microgram per milliliter) serum protein in a limited amount of the liquid
biopsy (25 gL of human serum). At the same time, we achieve partial resolution of linkage
isoforms of the fucosylated glycoforms, identify a N-glycoform of SHBG that was not
previously reported, and show its increase in cirrhosis of alcoholic etiology. The results
show that both core and outer-arm fucosylation increase in liver cirrhosis; however, we do
not observe further increase of the fucosylated N-glycoforms of SHBG in HCC. In contrast,
the a—2-6 sialylated glycoform of the O-glycopeptide of SHBG increases in liver cirrhosis,
and we observe a significant additional 2-fold increase of this glycoform in HCC. In
summary, we report for the first time an LC-MS PRM workflow for the simultaneous
quantification of the N- and O-glycoforms of SHBG. The workflow allows the quantification
of the glycoforms in complex background and has general applicability to glycoforms of
other proteins. The site-specific quantitative analysis achieves partial resolution of linkage
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isoforms with resolved core and outer-arm fucosylation based on specific fragmentation
confirmed by exoglycosidase digests.
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Refer to Web version on PubMed Central for supplementary material.
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Fucosylation and sialylation of SHBG in liver disease. (A, B) Total fucosylation change at
the specified peptide. (C) Sialylation change on LDVDQALNR measured as the ratio of
A2G2S2F to A2G2SF. (D) Sialylation change on SHEIWTHSCPQSPGNGTDASH
measured as the ratio of A3G3S3 + A3G3S3F to A3G3S2 + A3G3S2F. H, healthy control;
CIR, cirrhotic patients; HCC, hepatocellular carcinoma patients. Asterisks indicate p< 0.05
by one-way ANOVA with the Bonferroni procedure.
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Figure2.

Glycoform-specific fucosylation and sialylation in liver cirrhosis of various etiologies.
Comparison of changes in the groups of healthy controls (H) and cirrhosis of ALD, NASH,
HBYV, and HCV etiologies. (A) Fucosylation change on LDVDQALNR measured as the
ratio of A2G2S2F to A2G2S2. (B) Fucosylation change on
SHEIWTHSCPQSPGNGTDASH measured as the ratio of A3G3S2F to A3G3S2. (C)
Sialylation change of LDVDQALNR measured as the ratio of A2G2S2F to A2G2SF. (D)
Sialylation change on SHEIWTHSCPQSPGNGTDASH measured as the ratio of A3G3S3F
to A3G3S2F; Asterisks indicate p < 0.05 by one-way ANOVA with the Bonferroni
procedure.

J Proteome Res. Author manuscript; available in PMC 2019 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yuan et al.

Intensity

Page 19
3 A
1500 LDVDQALNR . 1224.03(2) »
= 939.98 (2) . A
1000 d g .
Y L
500 : 1151.01 (2) 1
512.20 (1) A 889.72 (3)
0 L - . . e . L | | S
500 600 700 800 900 1000 1100 1200 1300
Mass/Charge, Da P
b B
Sk, @: - a1-3,4 Fucosidase; a1-2 Fucosidase 2
2e4{ @: +a1-3,4 Fucosidase; a1-2 Fucosidase : =
1ed]
A
0
lz C
4ed il
]
L ]
2ed.; B
0
631 D
4e31 -
2e3+
1" 12 13 14 15 16 17 18 19
Time, min
Figure 3.

Resolution of linkage of the fucosylated glycopeptide LDVDQALNR. (A) MSMS spectrum
of the fucosylated biantennary glycoform of LDVDQALNR. (B-D) extracted ion
chromatograms (XIC) of the glycopeptide treated with neuraminidase A alone (blue) or
neuraminidase A followed by a-1-3,4 and a-1-2 fucosidases (pink). (B) Fucosylated
fragmentm/z 1224.03(2+). (C) Nonfucosylated fragment m/z 1151.01.03(2+). (D) Oxonium
ion m/z 512.20 (1+) specific for outer-arm fucose. Blue square, GIcNAc; green circle, Man;
yellow circle, Gal; red triangle, Fuc.
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(A) Core and (B) outer-arm fucosylation of the A2G2F glycoform of
SHEIWTHSCPQSPGNGTDASH in liver disease. Serologic measurements in the following
groups: H, healthy controls; CIR, cirrhotic patients; HCC, hepatocellular carcinoma patients.
Asterisks indicate p < 0.05 by one-way ANOVA with the Bonferroni procedure. Blue square,
GIcNACc; green circle, Man; yellow circle, Gal; red triangle, Fuc.
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Figure5.

(A) Identification and (B) quantification of the HexNAc(4)Hex(6) N-glycoform of SHBG in
cirrhosis of different etiologies. (A) MS/MS spectrum and proposed structure of the
HexNAc(4)Hex(6) glycoform of LDVDQALNR. (B) Serologic quantification of the
glycoform at both Nglycopeptides of SHBG in healthy controls (H); cirrhosis of ALD,
NASH, HBV, and HCV etiologies; and hepatocelular carcinoma (HCC). Asterisks indicate p
< 0.05 by one-way ANOVA with the Bonferroni procedure. Blue square, GIcNAc; green
circle, Man; yellow circle, Gal.
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Figure 6.
Increased a-2-6 sialylation of the T antigen on the O-glycopeptide of SHBG in liver

disease. (A) Ratio of the HexNAc-Hex-2Neu5Ac to HexNAc-Hex-Neu5SAc in pooled serum
samples of cirrhotic and HCC patients. (B) Ratio of the HexNAc-Hex-2Neu5Ac to HexNAc-
Hex-Neu5Ac in healthy controls (H) and cirrhotic patients of ALD, NASH, HBV, and HCV
etiologies. (C-E) XIC of the two glycoforms of peptide
LRPVLPTQSAHDPPAVHLSNGPGQEPIAVMTFDLTK before (blue) and after (pink) a-2—
3 neuraminidase. (C) HexNAc-Hex, (D) HexNAc-Hex-Neu5Ac, and (E) HexNAc-
Hex-2Neu5Ac carrying glycopeptides. Asterisks indicate p < 0.05 by one-way ANOVA with
the Bonferroni procedure. Yellow square, GalNAc; yellow circle, Gal; purple rhomboid,
Neu5Ac. Pound signs indicate original peptide, and asterisks indicate auto deaminated
peptide LRPVLPTQSAHDPPAVHLSDGPGQEPIAVMTFDLTK.
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