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Abstract

Post-translational modifications of proteins can have a major role in disease initiation and
progression. Incredible efforts have recently been made to study the regulation of glycoproteins
for disease prognosis and diagnosis. It is essential to elucidate glycans and intact glycoproteins to
understand the role of glycosylation in diseases. Sialylated N-glycans play crucial roles in
physiological and pathological processes; however, it is laborious to study sialylated glycoproteins
due to the labile nature of sialic acid residues. In this study, an integrated platform is developed for
the analysis of intact glycoproteins and glycans using a chemoenzymatic approach for
immobilization and derivatization of sialic acids. N-Glycans, deglycosylated proteins, and intact
glycoproteins from heart tissues of wild type (WT) and transverse aortic constriction (TAC)
mouse models were analyzed. We identified 291 unique glycopeptides from 195 glycoproteins;
the comparative studies between WT and TAC mice indicate the overexpression of extracellular
proteins for heart matrix remodeling and the down-regulation of proteins associated with energy
metabolism in cardiac hypertrophy. The integrated platform is a powerful tool for the analysis of
glycans and glycoproteins in the discovery of potential cardiac hypertrophy biomarkers.
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Glycosylation is an important protein modification which modulates a variety of biological
functions.! It is therefore important to investigate glycoproteins and quantitate their relative
abundance from a complex biological specimen to understand their roles in health and
disease. Glycoproteins that anchor carbohydrates on their asparagine residues (N-X-S/T,
where X is any amino acid except P) are highly decorated on the cell membrane or they are
secreted to the extracellular space. Tissue glycoproteins carry tissue-specific information
that can be used as a gauge to survey the status of diseased tissues. While determination of
proteins has been reported routinely, glycoproteomic analysis of N-linked glycan (or N-
glycan) structures faces enormous challenges due to their diversity arising from complex
non-template-based biosynthesis.23 A high-throughput platform may be beneficial for
studying complex glycans and glycoproteins in biological specimens.

The identification of protein glycosylation relies on various capture strategies for specific
enrichment of glycans or glycopeptides. By oxidation of glycans that remain conjugated to
proteins, glycoproteins are chemically immobilized on a solid support while other molecules
remain in solution.# This method is highly specific for the enrichment of N-linked
glycopeptides. Yet, the structures are altered due to oxidation on cis-diol groups of N-
glycans. To identify intact glycopeptides, glycoproteins are directly digested with trypsin in
combination with different enrichment practices such as lectins,® boronic acid functionalized
porous silica,® or titanium dioxide.” In addition, the complex biological specimen likely
consists of labile residues of sialic acids, which can be partially or completely lost during the
sample preparation or mass spectrometry (MS).8 To mitigate loss of sialic acids for accurate
quantitative analysis, derivatization is often required during sample preparation.8-10
Chemical modifications such as carbodiimide or esterification can efficiently label sialic
acids; 1112 however, reaction in solution creates challenges for sample cleanup by virtue of
the similar properties between chemical compounds and labeled glycans. Sialic acid
esterification on solid phase using hydrazine chemistry can be accomplished; yet, hydrazone
hydrolysis in buffer triggers sample loss.13

We recently developed a technique that immobilizes proteins on a solid support for
derivatization of sialic acids before release of N-glycans.141> The aldehyde groups on resin
capture primary amines of proteins via a reductive amination reaction. The resin is designed
with submicrometer-sized pores that remarkably increase the density of amine-reactive
groups, thereby maximizing the efficiency of protein immobilization. Derivatization of
carboxylic acid residues on glycoproteins becomes expedient because reagents can be
removed through washing, ultimately ameliorating overall yield without sample loss.
Likewise, sialic acids can be chemically modified so that they are stable in MS analysis by
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electrospray ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI).15 The
derivatization of glycans can not only enhance their ionization, but also appreciably improve
the signal of their MS" ions upon fragmentation.10 Since derivatization utilizes carboxylic
acid groups by carbodiimide coupling, the C-termini as well as aspartic acid (Asp) or
glutamic acid (Glu) residues are also modified; thus, they can be employed to label the
proteins using stable isotope tags for quantitative proteomic analysis. We used this approach
for extraction of N-glycans in serum!® and the quantitative analysis of sialic acid using
isotope labeling.1 However, proteins and glycoproteins on resin have not been utilized for
global proteomics and intact glycoproteomics.

In this study, we established an integrated platform for analysis of N-glycans, global
proteins, and intact glycoproteins using MS. The platform is entitled integrated glycoprotein
immobilization for glycoprotein and glycan analysis (iGIG). Analysis of intact
glycopeptides requires information on glycan composition and amino acid sequence. To
establish glycan and peptide database, we first immobilized glycoproteins on resin for
release of N-glycans after sialic acid stabilization; the deglycosylated proteins were further
digested with trypsin. For analysis of intact glycopeptides, the immobilized glycoproteins
were directly digested using trypsin after sialic acid modification without release of N-
glycans. The intact glycopeptides were analyzed by liquid chromatography—electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS), and the resulting spectra were
searched against a matching database of N-glycans and deglycopeptides. To quantitate the
relative abundance in different samples, glycopeptides were labeled using p-toluidine (pT)
and iTRAQ (isobaric tags for relative and absolute quantitation). The iGIG method was
applied for quantitative analysis of N-glycans, proteins, and glycoproteins from hypertrophic
mouse hearts.

EXPERIMENTAL PROCEDURES

Mouse Transverse Aortic Constriction Model

Cardiac hypertrophy induced by pressure overload was produced by constricting the
transverse aorta as described by Takimoto et al.18 Male mice (age 12 weeks, 25-30 g) were
subjected to transverse aortic constriction (TAC). Briefly, mice were anesthetized and
placed supine on a 37 °C heating pad. An incision was made at the suprasternal notch, and a
7.0 silk suture was passed under the aorta. Then a needle of 27-gauge was placed next to the
aortic arch, the suture was tied around the needle and the aorta, and the needle was removed.
The chest was closed, and the animal was allowed to recover. Sham-operated mice [wild
type (WT)] underwent the same procedure without aortic constriction. Four weeks after
TAC surgery, echocardiographic analysis was conducted to confirm the overload in TAC
mice.1® Mice were sacrificed by cervical dislocation. Hearts were removed, weighed, and
flash-frozen until protein extraction. In this work, we collected tissues from six control and
six TAC mice. The protocol was approved by the Johns Hopkins Medical Institutions
Animal Care and Use Committee.
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Protein Immobilization and Derivatization

The flowchart is illustrated in Figure 1. Proteins were extracted from mouse heart tissues
with freshly added protease inhibitor in RIPA buffer (1x PBS, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 2 mM EDTA, and 50 mM NaF). The protein extract was
centrifuged at 16 000g for 30 min; the supernatant was exchanged by 1x PBS buffer using
desalting column (Zeba; Life Technologies). Protein concentration was estimated by Nano-
drop (Thermo Scientific). Same amounts of proteins (TAC vs WT) were conjugated on
beads (Aminolink resin) by glycoprotein immobilization for glycan extract (GIG).1°
Amounts of 4 mg of total proteins per sample were immobilized on beads via reductive
amidation using 500 pL of 1x PBS buffer. After blocking the active aldehyde sites on beads
(50 mM NaCNBH3 in 1 M Tris—HCI; 30 min), pT was added for derivatization of sialic acid
at room temperature for 4 h with mixing (42.8 mg of pT in 400 pL of 1 M HCI, 40 pL of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and 25 uL of concentrated HCI).15
The beads were washed with 10% formic acid, 10% ACN (0.1% TFA), 1 M NaCl, and DI
water (500 pL; 3x),10.15

Release of N-Glycans and Deglycopeptides from Beads

N-Glycans were cleaved from the immobilized glycoproteins (one-quarter of the beads ~ 1
mg of proteins) by 4 uL of PNGase F with 40 pL of 500 mM sodium phosphate (pH 7.5) in
356 pL of DI water followed by incubation at 37 °C for 2 h (Figure 1). N-Glycans were
eluted with 500 pL of 80% ACN in 0.1% TFA (2x) after Carbograph cleanup.1” Samples
were dried in a SpeedVac (Savant SPD; Thermo Scientific) for MALDI-MS analysis
(Shimadzu Resonance Axima). Beads were washed subsequently with 10% ACN and DI
water (500 pL; 3x) before reduction with 10 mM TCEP (tris(2-carboxyethyl)phosphine
hydrochloride) in 8 M urea/0.2 M NH4HCO3 (pH 8.0) (500 uL) (1 h at 37 °C), followed by
alkylation (50 pL of 200 mM iodoacetamide; 30 min). The beads were centrifuged, and
proteins on beads were digested with 50 pL of trypsin (0.5 pg/uL) in 450 pL of 2 M urea/0.2
M NH4HCO3 overnight at 37 °C with mixing. Peptides were purified by C18 cartridge
(Waters Corporation; Milford, MA) and eluted with 500 pL of 60% ACN (0.1% TFA) twice.

To quantitate N-glycans and proteins in TAC compared to WT, the proteins extracted from
six mice (WT or TAC) were pooled to generate two replicates (4 mg x 2). Each replicate
consists of 1.33 mg of protein from individual heart tissue. N-Glycans from WT and TAC
were analyzed by MALDI-MS; deglycoproteins were further digested with trypsin. For
quantitation, 4-plex iTRAQ (Sciex; Framingham, MA) was applied to label peptides using
protocols described in a previous study.® The iTRAQ-labeled peptides were purified by
C18 and fractionated by basic reversed-phase liquid chromatography (RPLC) for LC-ESI-
MS/MS analysis.

Intact Glycopeptides

The immobilized glycoproteins (three-quarter of the beads &~ 3 mg; Figure 1) were directly
digested using 150 pL of trypsin in 350 pL of 2 M urea/0.2 M NH4HCO4 after reduction
(TCEP) and alkylation (IAA) and incubated at 37 °C overnight with mixing. The released
glycopeptides were labeled by 4-plex iTRAQ (two WTs and two TACs) after C-18 cleanup.
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The iTRAQ-labeled glycopeptides (50 ug) were also separated into 24 fractions by basic
RPLC for LC-MS analysis.

Peptide LC-MS

Each peptide fraction (~1 pg) was further separated using a Dionex Ultimate 3000 RSLC
nano system with a 75 um x 50 cm Acclaim PepMap100 RSLC column protected by a 2 cm
guarding column (Thermo Scientific). Deglycopeptide MS/MS spectra were directly
searched using the SEQUEST search engine [Thermo Proteome Discoverer 1.4.0.288 (PD)]
against the NCBI Mus musculus database (306977; download Aug 2014). MS/MS spectra of
intact glycopeptides were matched to the spectra of N-glycans and deglycopeptides using
recently designed GPQuest software.19

Peptide Search in Proteome Discoverer

Carbamidomethylations of cysteine residues were set as fixed modification; oxidation of
methionine and deamidation of asparagine were set as variable modifications. pT on C-
termini, aspartic acids, and glutamic acids was set as variable modifications. The mass
tolerance of the precursor is 10 ppm, while the mass tolerance of fragment ions is 20 ppm.

RESULTS AND DISCUSSION

Overview of the iGIG Platform

iGIG consists of analysis of glycans, deglycopeptides, intact glycopeptides, and spectra
search (Figure 1). The immobilized glycoproteins and their glycans can be chemically or
enzymatically derivatized without sample loss. Common analytical challenges are
eliminated by iGIG for removal of reagents compared to traditional chromatographic
purification, i.e., pT and EDC. Using iGIG, reagents or chemical compounds are completely
washed off beads by extensive rinsing using a variety of solutions. N-Glycans are
specifically cleaved off beads by PNGase F; subsequently, the deglycoproteins remaining on
beads are digested with trypsin for peptide analysis. A database is then established from the
MS-based results of N-glycan and deglycopeptide analysis. Meanwhile, the intact
glycoproteins are digested with trypsin without release of N-glycan. iGIG is a powerful
approach for the quantitative identification of deglycopeptides and intact glycopeptides with
sialic acid and isobaric labeling. It is therefore a high-throughput method for analysis of N-
glycoproteins in complex biological specimens.

Protein Conjugation and Digestion Using iGIG

It is ideal to only conjugate protein N-termini to aldehyde groups on beads. Proteins usually
contain primary amines at N-termini and lysine residues (K). Lysines are basic amino acids
with a pl at 9.74; thus, they may be protonated at pH below their p1.20 Slightly different
from our previous protocol, reductive amination was performed at a pH less than 9.0, e.g.,
7.4 in 1x PBS. Under such conditions, lysine residues are most protonated so that reductive
amination on lysine could be minimized. To determine whether the immobilized protein on
beads can be digested by trypsin, we compared digestion of fetuin in solution versus iGIG.
Seven of the most abundant fetuin peptides are identified from both methods (Supporting
Information Table 1). (Note: no carbodiimide coupling was conducted for in-solution
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digestion due to the protein precipitation in this condition.) Amidation could occur at any
carboxylic acid; consequently, acidic peptides, i.e., Glu (E) and Asp (D), are labeled by pT
along with sialic acid residues. Because of the hydrophobicity of pT, the modified peptides
have a prolonged retention time on C18 compared to their unmodified counterparts.

Fetuin peptides show minimally missed cleavage despite chemical modifications, indicating
efficiently tryptic digestion on beads. Tandem MS spectra in Figure 2 depict the mass
fingerprint of HTFSGVASVESSSGEAFHVGK. In solution, we observed 8 b-ions and 11 y-
ions (Figure 2A); in iGIG, all eight b-ions and y;—Yyg ions have the same m/z, while ions
from y7 to yy; are shifted by the mass of one pT (Figure 2B). This data indicates that tryptic
digestion is negligibly affected by protein coupling on beads. The N-glycans were released
before trypsin digestion (iGIG); thus, N-glycosites can be determined by deamidation on
Asn residues within the N-X-S/T motif, e.g., LCPDCPLLAPLNDSR. Although iGIG could
miss glycopeptides that are located between the protein N-terminus and the first lysine or
arginine, our result provides evidence that iGIG can be employed for analysis of N-
glycosites in addition to N-glycans.

Profiling of N-Glycans of Hypertrophic Heart

As described previously, a hypertrophic heart can be constructed by TAC. It is noteworthy
to investigate protein glycosylation in overload-induced hypertrophy since studies have
shown that the cellular concentrations of nucleotide donors for glycosyltransferases, e.g.,
UDP-GIcNAc, became elevated in response to pressure overload.?1:22 Recent studies
suggested that sialylated glycans were up-regulated during the progression of cardiac
hypertrophy.23 To profile and differentiate N-glycans in TAC, iGIG was first applied to
analyze N-glycans in the pathological left ventricle of hypertrophic heart (LVH). To
estimate the quantity of N-glycans, we spiked 1 uL of 25 uM DP7 (maltoheptaose) to the
samples and analyzed them by MALDI-MS/MS.

Global N-glycans are up-regulated in TAC tissues compared to normal tissue. Figure 3
shows the relative abundance of N-glycans in WT (Figure 3A) and hypertrophic heart
(Figure 3B) (quantitative comparison based on peak area is given in the Supporting
Information). Consistently, five high oligomannoses (Man5—-Man9) have the same order of
magnitude increase in their relative abundance, except Man5, which is upregulated by ~3-
fold in TAC compared to WT. This observation is in agreement with previous reports that
oligomannoses were prominently up-regulated in heart failure.24 We observed significant
overexpression of fucosylated and sialylated N-glycans in TAC. Particularly, the complex
N-glycans that are fucosylated are significantly up-regulated. In TAC tissues, the
fucosylated N-glycans, e.g., FN, FN2, FN2H, and FN2H2, are the dominant species in the
lower molecular range, while these glycans were much less or negligibly expressed in
cardiac hypertrophy. For large molecules (m/z > 2000 Da), the sialylated N-glycans,
particularly Neu5SAc, are substantially increased in TAC tissues. In normal tissue, the most
abundant sialic acids, such as FN2H2G or N2H2G2, are approximately at the same level as
Man7 or Man9; other sialic acids have much lower concentrations, e.g., FN2H2S2,
FN2H2SG, and FN2H2G2. Hypertrophic cardiomyopathy (HCM) tissue has a high
abundance of complex N-glycans in which the majority is coincidently fucosylated, e.g.,
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FN2H2S2, FN2H2SG, and FN2H2G2. Interestingly, we found considerable increase of
N2H2S2 in TAC compared to the WT mice. The list of N-glycans in the Supporting
Information was used for MS1 spectra match.

Analysis of Deglycopeptides
Proteins and deglycoproteins were digested with trypsin on resin for identification, and they
were isobarically labeled for quantitation using ESI-MS/MS. Quantitative analysis of
proteins in TAC versus WT is given in the Supporting Information. We identified 3593
unique proteins from 15 148 unique peptides. A total of 142 proteins are up-regulated at
least 1.5-fold in TAC tissue compared to WT, accounting for 3.95% of the total proteins
given in the Supporting Information; 19 proteins are down-regulated (0.67-fold as cutoff) in
TAC tissue compared to WT, or 0.53% among total proteins in given the Supporting
Information. We categorized the identified proteins with regards to cellular component and
biological processes, and the results are summarized in the Supporting Information.

The regulated proteins are found in a variety of cellular components. Among 3593 unique
proteins, 878 proteins are cytoplasmic. Quantitative analysis of proteins show that 68
proteins are highly up-regulated in TAC, including Lama4, Lama5, Adam17, Insr, Myh7,
Sgcb, Nrap, and Hp. Eighty-one proteins are localized to the extracellular matrix (ECM), in
which several glycoproteins (Col12al, Actal, Emilinl, Itghl, Itgh2, Mfap4, Postn, Fnl, and
Lgals3bp) are overexpressed in TAC. The regulation of protein expression in TAC could
provide insight on analysis of signaling pathways in cardiac hypertrophy. However, since all
glycoproteins have been deglycosylated on beads by PNGase F, the specific glycosite and
intact glycopeptide information is lost. To fulfill those goals, we further investigated the
intact glycopeptides, i.e., peptides with preserved N-glycans.

Intact Glycopeptides ldentified by GPQuest

Intact glycopeptides were analyzed by using recently developed software, GPQuest,19 in
combination with a database of N-glycans and deglycopeptides (Supporting Information).
GPQuest is MATLab-based software for intact glycopeptide analysis. It uses precursor mass
matching (PMM) with or without iTRAQ as search algorithms. Modifications of peptides or
glycans are integrated in the software. False discovery rate (FDR) is also incorporated to
improve identification accuracy. Glycan and peptide databases are required to identify intact
glycopeptides. The N-glycan database, determined by MALDI-MS/MS data, consists of 68
N-glycans; the peptide database, quantitatively identified by ESI-MS/MS, uses 15 148
unique peptide sequences. In addition, 10 oxonium ions have been selected, in which 204.08
Da is set as “essential oxonium ion” and at least two oxonium ions are matched in the
spectra. Top 10 peaks are selected for matching b- and y-ions with one and/or two charges.

Glycopeptides and Glycoproteins in Cardiac Hypertrophy

We identified 291 unique glycopeptides from 195 unique glycoproteins. As shown in Figure
4A, these glycoproteins are located at different cellular components, including cytoplasm
(91; 68 up, 1 down, 22 no change), extracellular matrix (25; 21 up, 1 down), nucleus (16; 10
up), plasma membrane (39; 30 up), mitochondrion (1), and others (24; 18 up). Among them,
97 glycoproteins are classified according to their roles in signaling pathways, including
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enzyme (43; 34 up and 1 down), GPCR (3 up), growth factor (1 up), ion channel (1 up),
kinase (10; 7 up), peptidase (9; 6 up), phosphatase (1), transcription regulator (3), translation
regulator (1 up), transmembrane receptor (6 up), and transporter (19; 13 up and 1 down)
(Figure 4B).

We compared the fold-change of deglycopeptides and glycopeptides in TAC (Supporting
Information); the comparative results are given in Supporting Information Table 8. A total
of 26 unique glycoproteins are found highly regulated in TAC (>1.5-fold). Several findings
are manifest: (a) 31 out of 60 (52%) glycopeptides consist of sialic acids. Derivatization is
indispensable for identification and quantitation; (b) intact glycopeptides are differently
regulated in contrast to deglycopeptides; (c) all glycopeptides have an NXS or NXT motif.
To confirm whether the N-glycosite of the identified peptide has an N-glycosite, we used a
Uniprot database (M. musculus) to match known N-linked glycosites; (d) the same
glycosylated peptide could possess different glycoforms; for example, RF[89INGSVSFFR
of Mfap4 has six glycans; (e) quantified intact glycopeptides indicate changes of peptide
substrate and glycan, while deglycosylated peptides only reveal the overall change of the
same peptide; () potential glycosites are detected, such as TNAANLSEAK of Nrap. This
protein has been reported as a potential glycoprotein marker in human plasma, even though
Uniprot does not specify whether it has any glycosites.2>

DIFFERENTIAL PROTEIN EXPRESSION IN CARDIAC HYPERTROPHY

Hypertrophic cardiomyopathy is a primary disease of the myocardium and a genetic cardiac
disease caused by a variety of mutations in genes such as those encoding sarcomeric
proteins.2% It is a pathological hypertrophy of heart as a result of enlarged cardiomyocyte
size, heart weight, and fibrosis. It also engenders contractile dysfunction and heart failure.
HCM is most often diagnosed during infancy or adolescence and is the second most
common form of heart muscle disease.2’ Studies over the last decades revealed that
mutations of sarcomere genes may contribute to cardiac hypertrophy.28-30 Quantitative
analysis of proteins and their glycosylation could be beneficial for the molecular level of
understanding on the pathological mechanisms in HCM. On the basis of global and
glycoprotein analysis, we proposed pathways to elucidate myocardial protein abnormalities
in cardiac hypertrophy (Figure 5). Briefly, extracellular matrix proteins are overexpressed
upon pressure overload. These proteins aggregate in the extracellular matrix, ultimately
leading to fibrosis. Consequently, pressure overload activates various membrane protein
receptors which transduce downstream signals, followed by activation of secondary
messengers in the cytoplasm. The signal is further transduced by nuclear factors to control
the expression of genes involved in pathological hypertrophy.

Remodeling of ECM Proteins

Matrix remodeling is a key factor that governs the physiological process during hypertrophic
progression. The ECM provides physical support to the tissue and plays an important role in
the regulation of cellular function. Accumulation of ECM proteins leads to the formation of
fibrotic lesions. We found that TAC mice exhibit excess myocardial fibrosis (Figure 5), a
well-known cause of diastolic dysfunction and diastolic heart failure.3! For example, the
extracellular glycoproteins including periostin (Postn) and laminin (Lama2) are substantially
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up-regulated in TAC mice. Likewise, the dynamic cytoskeletal remodeling also occurs in
response to pressure overload. Our data confirms that the expression of several actin binding
proteins and other cytoskeletal glycoproteins is highly up-regulated in the TAC tissues,
which includes a-actin (Actal), fibronectin 1 (Fnl), skeletal muscle LIM protein, and
capping protein (actin filament). These observations are consistent with the previous
discoveries.32-34 TAC mice are also associated with elevated levels of fibrillar collagens
(Collal, Col2al, and Col12al) and cell binding collagens (Col6a2, Col4a2, and Col4al).
Together with collagens, we found an up-regulation of proteins that stabilizes collagen
fibers, e.g., Lox1 and 3 (lysyl oxidase 1 and 3). Lox mediates cross-linking of collagen
fibrils, leading to the formation of stiff collagen.3® Evidence from both experimental and
clinical studies exhibits that excess Lox is associated with increased collagen cross-linking
and stiffness. The up-regulation of Lox indicates increased cross-linking and stiffness of
collagen, resulting in an underperforming heart.

Regulation of Protein Receptors

G protein coupled receptors and adrenergic receptors play crucial roles in pressure overload
induced hypertrophic signaling.3® Integrins are cell-surface receptors that mediate the cell—
ECM adhesion and convert extracellular biomechanical stress into intracellular biochemical
signals.3 Integrins can interact with mechanical stimuli to regulate expression of tissue
myosin heavy chain (Myh).38 For example, the myosin heavy polypeptide 7 (Myh7) is
significantly increased in TAC (Supporting Information Table 7) and it is associated with
the proliferation rate of fibroblasts which is attributed to an increase in left ventricular
muscle mass.3? The protein level of integrins increases during the compensatory phase of
cardiac response to pressure overload. Particularly, Itgh1bp2 is known to interact with
melusin, a muscle-specific protein, to prevent cardiac failure in response to mechanical
stimuli.*% A receptor for intercellular adhesion molecules (ICAMSs), Itgb2 is known to
contribute to skeletal muscle hypertrophy in mice.?! The levels of vitronectin and
galectin-3-binding protein (Lgals3bp) were also found to be up-regulated in TAC tissues.
Lgals3bp also promotes intergrin-mediated cell adhesion in cardiac hypertrophy.42

Activation of Kinases in TAC

Angiotensin Il (Angll) is a well-known agonist of cardiac hypertrophy. It is known to
stimulate epidermal growth factor receptor (EGFR) activation and vascular smooth muscle
cell hypertrophy. It was found that Angll can induce tyrosine phosphorylation of insulin
receptor substrates (Insr), and it ultimately activates insulin signaling pathways.#344 Insulin
receptor coordinates the regulation of cardiac heart size, metabolism, and contractility. Our
data shows substantial increase of insulin receptor substrate (Supporting Information Table
7), indicating regulation of insulin pathway in hypertrophic heart.

Transcription Factor

Several transcription factors were found to be up-regulated in TAC, e.g., cardiac ankyrin
repeat domain 1 (Ankrdl), transcription elongation factor (Supt5), transcription intermediary
factor 1-f (Trim28), and Tudor domain-containing protein 3 (Tdrd3). Ankrd1 mutations
were observed in HCM#° and play an enigmatic role in heart development and disease.
Consistent with previous findings, we found an overexpression of fetal protein-atrial
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natriuretic factor (ANF) in hypertrophic heart, which is a potential biomarker for early
detection of hypertrophic heart.

Energy Metabolism

Metabolic dysregulation in the heart occurs in response to chronic metabolic and
hemodynamic stress causing contractile dysfunction. In response to a prolonged pressure or
volume overload, alterations occur in myocardial fatty acid, glucose, and glycogen
metabolism.6 This is associated with down-regulation of fatty acid oxidation, TCA cycle,
and oxidative phosphorylation proteins (Figure 5). For example, Atp5h, Cox, Ndufa, Sdhc,
and Cpt2 proteins were found to be down-regulated in the TAC hearts. These findings are
consistent with the earlier observations of heart failure or cardiomyopathy.4’

CONCLUSION

This study describes an integrated platform (iGIG) for the analysis of N-glycans and intact
N-glycoproteins from hypertrophic heart. Glycopeptide derivatization has been
demonstrated on the immobilized glycoproteins. iGIG captures N-termini of proteins and
successfully digests peptides on solid phase. N-Glycans and deglycopeptides are
quantitatively identified by enzymatic digestion and mass spectrometry, and the intact
glycopeptides are further quantitatively analyzed by spectrum precursor matching.

Analysis of N-glycans and proteins in the pathological left ventricular hypertrophic heart in
response to transverse aortic constriction exhibits substantial overexpression of global N-
glycans and proteins associated with matrix remodeling and fibrosis. N-Glycans that are
sialylated and/or fucosylated are highly up-regulated in TAC tissues; ECM and associated
proteins are overexpressed in TAC. Fetal proteins are reactivated and play a critical role in
controlling calcium regulated sarcomeric contraction through their interactions with actin
and the troponin complex. Atrial natriuretic factor is up-regulated in TAC tissues and it is a
potential biomarker for early detection of cardiac hypertrophy. Conversely, many
mitochondrial proteins that are associated with TCA cycle and oxidative phosphorylation are
down-regulated in TAC. The regulated glycoproteins and proteins have been found to be
associated with hypertrophic cardiomyopathy in the structural network of the myocyte.

The identification of intact glycopeptides could be further improved by HPLC separation of
N-glycans, pre-enrichment of glycoproteins, and different fragmentation methods. The
glycopeptide matching is based on N-glycan and peptide databases; therefore, increased
identification of N-glycans can be achieved by chipLC separation.#8 HCD fragmentation
generates good signals for glycosidic fragments, but peptides fragmented by HCD have
weak signals. Electron-transfer dissociation (ETD) fragmentation should yield better
fragments for both glycans and peptides.#® In addition, enrichment of glycoproteins using
lectin could enhance the detection of low abundance of glycopeptides to significantly
improve their identification.>0
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Figure 1.
Schematic flowchart for analysis of glycoproteins and glycans using an integrated

glycoprotein immobilization for glycopeptide and glycan (iGIG). Tissue is sonicated in lysis
buffer (RIPA) for protein extraction. Aminolink resin is functionalized with aldehydes for
conjugation of the extracted proteins via reductive amination. Sialic acids and acidic amino
acids are derivatized via carbodiimide coupling. One-quarter of the proteins are used for
identification of N-glycans and deglycopeptides; three-quarters of the proteins are directly
digested for analysis of intact glycopeptides. N-Glycans are cleaved off the resin using
PNGase F, and the remaining deglycoproteins are digested with trypsin. The intact
glycopeptides are quantitated using iTRAQ and fractioned for LC-ESI-MS/MS. N-
Glycopeptides are searched by precursor match using a database of N-glycans and
deglycopeptides.
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Figure2.

MS/MS spectra of the abundant peptides from bovine fetuin serum. Fetuin peptides are
digested using trypsin via (A) in solution and (B) iGIG. Peptides that contain E or D, such as
HTFSGVASVESSSGEAFHVGK, can be modified by p-toluidine on iGIG; thereby, the
retention time differs between the native (42.27 min) and the modified peptide (65.68 min).
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Figure 3.

MALDI-TOF-MS profiles of the extracted N-glycans using glycoprotein immobilization for

glycan extraction (GIG). (A) WT and (B) transverse aortic constriction (TAC) of mice heart

tissues using iGIG. An amount of 1 L out of 40 pL of glycan extraction is analyzed using a

Shimadzu Axima Resonance MALDI-MS.
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Regulation of glycoproteins in hypertrophic heart and their functions. Quantitative analysis

is performed using iGIG and iTRAQ-LC-MS/MS.
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Figureb5.

Schematic of myocardial protein abnormalities in hypertrophic heart. The diagram depicts
how mechanical activation of various hypertrophic stimuli via different receptors activates
various downstream signaling cascades leading to hypertrophy. Components of the -
adrenergic (B-AR), a-adrenergic (a-AR), and G protein coupled receptor (GPCR) pathways
activate protein kinases (PKA, PKG) and MAP kinases. These pathways are involved in
inducing fetal proteins (ANP, Tpm2) expression, overexpression, and modification of
extracellular matrix proteins (laminin, collagen, fibronectin, LOX), regulatory thin-filament
proteins (Actal, MYLs), and profibrotic pathways which impact myofilament stiffness and
contractile function in hypertrophic cardiomyopathy.
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