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Abstract

Glycosylation is the most common post-translational modification of serum proteins, and changes
in the type and abundance of glycans in human serum have been correlated with a growing num-
ber of human diseases. While the glycosylation pattern of human serum is well studied, little is
known about the profiles of other mammalian species. Here, we report detailed glycosylation pro-
filing of canine serum by hydrophilic interaction chromatography-ultraperformance liquid chroma-
tography (HILIC-UPLC) and mass spectrometry. The domestic dog (Canis familiaris) is a widely
used model organism and of considerable interest for a large veterinary community. We found sig-
nificant differences in the serum N-glycosylation profile of dogs compared to that of humans, such
as a lower abundance of galactosylated and sialylated glycans. We also compare the N-glycan pro-
file of canine serum to that of canine IgG - the most abundant serum glycoprotein. Our data will
serve as a baseline reference for future studies when performing serum analyses of various health
and disease states in dogs.
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Introduction Serum is an easily sampled body fluid that contains a high con-

The domestic dog (Canis familiaris) is a widely used animal model
for a variety of human diseases like Alzheimer’s, cancer, Duchenne
muscular dystrophy (Shearin and Ostrander 2010; Barthélémy et al.
2012; Head 2013; Villarnovo et al. 2017; Gustafson et al. 2018) as
well as for the experimental infection of human pathogens
(Binhazim et al. 1993; Cerri et al. 1994). Dogs are commonly uti-
lized in toxicology studies (Selvaraj et al. 2017; Sun et al. 2018)
and, furthermore, there is a large veterinary interest surrounding the
diagnosis and treatment of canine diseases.

© The Author(s) 2018. Published by Oxford University Press.

centration of glycoproteins. Changes in the type and abundance of
serum N- and O-glycans have been associated with a variety of dif-
ferent pathological states (Vanderschaeghe et al. 2009; Blomme
et al. 2011; Xia et al. 2013; Saldova et al. 2014; Kirwan et al.
2015). Thus, glycans are attractive as a potential new class of diag-
nostic biomarkers. While there is in-depth understanding of human
serum glycosylation, the literature on serum glycosylation profiles in
other mammalian species is more limited. Multiple studies have ana-
lyzed N-glycan structures derived from IgG isolated from various
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mammals and shown significant species-specific differences in the type
and abundance of the observed N-glycans (Hamako et al. 1993; Raju
et al. 2000; Adamczyk et al. 2014). However, studies addressing the
composition of total serum N-glycomes in non-human mammals are
needed, especially for animals widely used as model organisms.

Several studies have extensively characterized the N- and
O-glycosylation of proteins in human blood serum using both mass
spectrometry- and high/ultraperformance liquid chromatography (H/
UPLC)-based workflows (Ruhaak et al. 2008; Aldredge et al. 2012;
Xia et al. 2013; Saldova et al. 2014; Yabu et al. 2014; Stockmann
et al. 2015). The most abundant glycoprotein in human serum is
immunoglobulin G (IgG), which carries a variety of N-glycan structures
in its Fc region. These structures are predominantly complex biantenn-
ary glycans containing zero, one or two terminal galactoses (Kobata
2008). Other than the immunoglobulins, all major serum glycoproteins
such as transferrin, a2-macroglobulin, a1-antitrypsin, al-acid glycopro-
tein, C3 complement and haptoglobin are synthesized in the liver
(Miller and Bale 1954). Their hepatocyte-derived N-glycans generally
dominate the total N-glycosylation profile of human serum (Aldredge
et al. 2012). These N-glycans are frequently sialylated multiantennary
structures (Vanderschaeghe et al. 2009; Blomme et al. 2011). Hence,
the most abundant N-glycan in healthy human serum is a disialylated
glycan A2G2S2 (Stockmann et al. 2015) (Figure 1; for a description
of the glycan nomenclature see legend Table SI). In comparison to N-
glycans, human serum O-glycans are structurally less complex. About
90% of the total O-glycan pool is comprised of core 1 (T antigen;
Galp1-3GalNAc), monosialylated core 1 (NeuSAca2-3Galp1-3GalNAc)
and disialylated core 1 (NeuSAco2-3Galp1-3(NeuSAco2-6)GalNAc)
structures, with monosialylated core 1 being the most abundant
O-glycan in healthy human serum by far (Xia et al. 2013; Yabu et al.
2014).

Here, we present the N-glycosylation profiling of healthy dog
serum using hydrophilic interaction chromatography (HILIC)-UPLC
and mass spectrometry as well as the analysis of both N- and
O-glycans by matrix-assisted laser desorption/ionization time-of-flight

A 100 7 ‘

100

Relative abundance

mass spectrometry (MALDI-TOF MS). We show that there are
marked differences in the abundance and structural composition of
serum N-glycans from dogs in comparison to those of humans. Our
study aims to provide a baseline dog serum N-glycome that can serve
as an initial reference point for investigation of serum glycosylation
changes in canine disease.

Results

Characterization of canine serum N-glycans

We performed HILIC-UPLC experiments in combination with
fluorescence or mass spectrometry detection to analyze enzymati-
cally released canine serum N-glycans. Glycan structures in the
HILIC-UPLC profile (Figure 2A; Table SI) were assigned based on
the susceptibility of individual glycans to sequential and individual,
non-sequential exoglycosidase digests (Figure S1, Figure 3), based
on their m/z values in the LC-ESI MS run (Table SI; due to the simi-
larity of the HILIC columns used for UPLC and LC-ESI MS separ-
ation, N-glycans eluted at very similar relative retention) and on
known mammalian N-glycosylation pathways. We assessed the
coefficient of variation for the employed labeling method and subse-
quent analysis by HILIC-UPLC to be less than 15% for all peaks
but one (Figure S2). We also investigated the impact of biological
variation by analyzing the sera of five healthy dogs using the same
method. As shown in Figure S3, all five biological replicates yielded
highly similar spectra with very little variance.

N-glycan structures were additionally determined by total mass
using MALDI-TOF MS of permethylated N-glycans in positive
mode and by ion mobility LC-ESI MS of unlabeled glycans in nega-
tive mode (Figure 2B; Table SII; Table SIII). All three strategies
yielded very similar and complementary information about the
N-glycans of canine serum. The most abundant N-glycan compris-
ing about 50% of the total glycan pool is the biantennary A2G2S2
glycan, followed by FA2G2 (~13%). As evident in Figure 3C, the
majority of the N-glycans contain one or more terminal sialic acids
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Fig. 1. (A) HILIC-UPLC profiles of enzymatically released and procainamide-labeled N-glycans from human (blue, top) and canine (green, bottom) blood serum.
(B) HILIC-UPLC profile of N-glycans released from canine IgG. IgG was purified using Protein G from canine serum. Glycan structures are annotated following
the nomenclature outlined by the Consortium for Functional Glycomics (CFG). The inset in B shows the monosaccharide symbols.



Glycosylation analysis of canine blood serum

827

A 19T HiLic-uPLC 3!
- L
= LN ]
] ¥
— -
— - § g
l 1} a-Gal epitope:
b _ ¥
= : “
- S o ‘4 B
3 = ? [N ] .: e 9
R Y oael v
[ =] . n.- * ™
'E m g [ L] s
@ - e t 4y
g : L - :
. 'R L]
— ¥ ¥ (N ]
= M . 'y
= [ N L]
i e multiantennary
07
R e R B es—————
q 5 6 7 8 9 10 11 12 13 14 15 16 17
minutes
B %" MALDI-TOF Ms
: L
] LY
T .
-
g -
8 -
o
-
'g — -
_g \°: [N ]
@ S~ '.' *e e
g - :
s 4 &1 1 L PR £ 'l
© ] e i 2809.4 13 v
@ i M . u 3 4 s ¥ b
o [ ] Py - . . c.- - ]
—] oy 1835.9 (N ' .0 3602.8
i ¥ % . 20700 . a< 3027.5
. 2431.2 .
5 . 2040.0 2635. 2966.5
- 1579.8
0 1 i N | " N M ala
B e e ————————
1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000/
m/z

Fig. 2. N-glycosylation profile of canine serum. (A) HILIC-UPLC profile of procainamide-labeled N-glycans released from dog serum. See also Table Sl. Glycan
structures were confirmed by exoglycosidase digestions (Figure S1). (B) MALDI-TOF MS spectrum of enzymatically released and permethylated N-glycans from
canine serum. See also Table Sll. All molecular ions are [M+Na]*. Monosaccharide codes as in inset Figure 1B.

(both Neu5SAc and Neu5Gc) — most of them are o2-6 linked
(Figure S1). Additionally, we find evidence for the presence of the
immunogenic «l1-3-linked galactose (a-Gal) epitope (Figure 2A,
inset; Figure S1).

In order to compare the total canine serum N-glycome to that of
IgG - the most abundant serum glycoprotein, we purified IgG from
canine serum using Protein A and Protein G magnetic beads and
analyzed the N-glycans (Figure 1B). We note that the choice of
either Protein A or Protein G for IgG purification does not impact
the resulting N-glycan profile. Canine IgG predominantly carries
N-glycans with zero, one or two terminal galactoses with FA2 being
the most abundant N-glycan (~67%, Table S1). Interestingly and
somewhat contrary to what has reported previously
(Adamczyk et al. 2014), we do not find any evidence — neither by
mass spectrometry nor by HILIC-UPLC - for the presence of any
bisecting N-glycans in canine serum and canine IgG.

been

The N-glycosylation profiles of dog and human serum
are significantly different

The most expected difference of the canine and human serum N-glycomes
is the presence in dog serum of the two well-known glycan epitopes

that humans are usually not capable of generating — a-Gal and
Neu5Gc (Figure 2A). A2G2S2 is the dominant glycan structure in
both human as well as canine serum N-glycan profiles (Figure 1A).
However, while the canine N-glycan profile has a large abundance
of FA2, humans show a higher diversity of additional glycan struc-
tures with significant abundance.

We aimed to highlight differences in serum glycosylation between
the two species by analyzing the abundance of three glycan classes
(core fucosylation, terminal B-galactoses and terminal sialic acids;
Figure 3). The relative abundance of each glycan class in the total
pool of serum N-glycans was determined by exoglycosidase digestion
of healthy canine (z = §) and healthy pooled human (n = 4) serum.
Compared to human serum, canine serum contains significantly more
core fucosylated glycans (29% vs. 24%) and significantly fewer gly-
cans carrying terminal galactoses and sialic acids (14% vs. 20%; 75%
vs. 87%). The higher abundance of core fucosylated glycans can likely
be explained by the intensity of the FA2 glycan peak in canine serum.

Analysis of canine serum O-glycans by MALDI-TOF MS

Additionally, we performed O-glycosylation profiling of canine
blood serum by MALDI-TOF MS and MS/MS. Samples were
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treated with PNGase F to remove the N-glycans followed by O- change in response to physiological changes brought on by healthy

glycan release via reductive elimination and subsequent permethyla- aging, lifestyle choices and disease. The hope is that glycans may
tion. The most abundant O-glycan in canine serum is the monosialy- one day be informative diagnostic biomarkers. To date, much of the
lated core 1 structure Neu5Ac;Gal;GalNAc; (m/z 895.5), followed work on serum glycomics has been performed with human blood
by the disialylated core 1 structure NeuS5SAc,Gal,GalNAc; (m/z and less is known about the composition of the serum glycome from
1256.6; Figure 4). We were also able to identify masses that corres- other mammals. In this study, we defined the N-glycosylation and
pond to mono- and disialylated core 2 structures (m/z 1344.7 and O-glycosylation profiles of healthy dog serum.

mlz 1705.1). These results are similar to what has previously been Compared to the human serum N-glycome, the abundance of
reported for O-glycosylation of human serum (Xia et al. 2013; fucosylated, biantennary, agalactosylated FA2 glycan was signifi-
Yabu et al. 2014), except that we did not find any evidence for the cantly more prominent in dogs (Figure 1A). It has previously been
presence of the T antigen. Further, we also did not see peaks corre- reported that the main contributor of FA2 abundance in human ser-
sponding to O-glycans containing Neu5Ge. um is IgG (Clerc et al. 2016). It has also been shown that canine

and human IgG Fc glycosylation differ with respect to FA2 abun-
dance, with about 50% of dog IgG N-glycans consisting of FA2

Discussion compared to 20% in humans (Adamczyk et al. 2014). Our analysis
In recent years numerous studies have described the repertoire of of canine IgG (Figure 1B) shows an even higher abundance of FA2
glycans that circulate on glycoproteins in serum and how they (67%). This observation might account for most of the differences
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Fig. 3. Quantification of glycan classes of canine and human serum N-glycans. Representative HILIC-UPLC spectra of canine (left) and human (right) serum
N-glycans are shown. The relative abundances of glycans containing core fucosylated (red; A, D), free terminal p-galactoses (yellow; B, E) or sialic acids (pink;
Neu5Ac and Neu5Gc — C, Neu5Ac — F) were determined by quantification of spectra before and after digestion with Fucosidase O, p1-4 Galactosidase and
Neuraminidase, respectively. The bar graphs compare the relative abundances of dog (D) and human (H) serum. The error bars show mean + SD from the ana-
lysis of n =5 (canine serum samples; see Figure S3) and n = 4 (pooled human serum samples) biological replicates. Significances were determined by perform-
ing an unpaired t-test (fucosylation, P = 0.0481; galactosylation, P = 0.0016; sialylation, P= 0.0002).
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between the total serum N-glycan profiles for these two mammals.
We also observe a lower abundance of N-glycans with terminal
galactoses in canine serum. Galactosylation of plasma glycoproteins
has been connected with blood clearance due to binding to the asia-
loglycoprotein receptor, which recognizes exposed galactose and N-
acetylgalactosamine residues (Weigel 1994). The lower abundance
of galactosylated N-glycans in canine serum could hint towards
slight differences in blood glycoprotein homeostasis between
humans and dogs.

Moreover, we observe interesting differences in the occurrence of
two types of sialic acid, NeuSAc and Neu5Ge. Prior studies on IgG
from different mammalian species have revealed different patterns
of Neu5SAc and Neu5Ge occurrence. For example, human and
chicken IgG have been reported to exclusively contain NeuSAc,
whereas rhesus monkey, cow, sheep, goat and horse IgG contain
only Neu5Gc. In organisms such as dogs, guinea pigs, rats and rab-
bits, IgG contains both NeuSAc and NeuSGce (Raju et al. 2000).
Our analysis of total canine serum N-glycosylation is in accordance
with the prior IgG data, with both Neu5Ac and Neu5Gc being
observed. Interestingly however, our O-glycan analysis of canine
serum (Figure 4) shows no evidence of Neu5Gc in any of the
observed O-glycan structures.

In summary, this study, helps to establish a baseline serum
N-glycosylation profile for dogs, and sets the stage for further study
of how the glycome of this model organism responds to physio-
logical changes due to health and disease.

Materials and methods

Human and canine serum samples

Canine blood serum samples were obtained from five healthy beagle
dogs (one female and four males), which were housed at the TRS
Laboratories Inc. (Athens, GA). Pools of healthy human serum were
obtained from Innovative Research Inc., Sigma-Aldrich, Corning
and VWR Scientific. Serum samples were stored at —20°C.

Purification of IgG from canine serum

IgG was purified from canine serum using either Protein A or
Protein G magnetic beads according to the manufacturers’ instruc-
tions (New England Biolabs).

N-glycan release and labeling with procainamide

Rapid release of N-glycans from serum or IgG was performed using
Rapid PNGase F (New England Biolabs) as recommended by the
supplier. A 5 pL aliquot of serum (20 pg IgG) was mixed with 3 uL
of water and 2pL of Rapid PNGase F buffer (New England
Biolabs). The mixture was incubated at 70°C for 10min. 1pL
Rapid PNGase F was added and the mixture was incubated for
5 min at 50°C, followed by 10 min at 90°C.

Following deglycosylation, released glycans were directly labeled
with procainamide in the same tube. Stock solutions of procainamide
(550 mg/mL. DMSO) and sodium cyanoborohydride (200 mg/mL
H,0) were kept at —20°C and thawed prior to use (reagents remained
stable for several weeks and numerous freeze/thaw cycles). Fresh
labeling solution was prepared by adding one volume of acetic acid to
eight volumes of procainamide stock solution. Acidified procainamide
(9 uL) was added to each deglycosylation reaction, followed by 12 pL
of the sodium cyanoborohydride stock solution. The samples were
incubated for 45 min at 65°C.

After labeling, acetonitrile was added to the glycan-labeling-
mixture to a final concentration of 85%. Using a vacuum manifold,
the samples were cleaned-up using HILIC plates (SNS-HIL, The
Nest Group Inc.). The plates were activated with 50 mM ammonium
formate, pH 4.4 for 15 min and equilibrated with 90% acetonitrile/
10% 50 mM ammonium formate, pH 4.4. Samples were loaded to
the plates, washed 10 times with 90% acetonitrile/10% 50 mM
ammonium formate, pH 4.4 and fluorescently labeled glycans were
eluted in 100 pL 50 mM ammonium formate, pH 4.4.

HILIC-UPLC of fluorescently labeled N-glycans

The procainamide-labeled N-glycans were analyzed by HILIC-
UPLC with fluorescence detection on a Waters Acquity H-class
instrument composed of a binary solvent manager, a sample man-
ager and a fluorescence detector. Glycans were separated using an
Acquity BEH Amide Column (130 A, 1.7 pm, 2.1 mM X 150 mM;
Waters) with 50 mM ammonium formate, pH 4.4 as solvent A and
acetonitrile as solvent B. The separation was performed using a lin-
ear gradient of 70-53% solvent B at 0.56 mL/min for 25 min.
Fluorescence was measured using an excitation wavelength of
310 nm and a detection wavelength of 370 nm. Data acquisition,
processing and analysis was performed using Empower 3 software
(Waters). Glucose units were assigned using a procainamide-labeled
dextran ladder and a fifth-order polynomial distribution curve.
Glycan structures were assigned by exoglycosidase sequencing of the
labeled glycan pool as well as by LC-ESI MS profiling.

Exoglycosidase digestion of released glycans

Digestion of released glycans with a panel of recombinant exoglyco-
sidases was performed to quantify the abundance of individual gly-
can classes (e.g., those carrying core fucoses) as well as to confirm
glycan structures via sequential digestion. Glycans were digested
with «2-3,6,8 Neuraminidase, «2-3 Neuraminidase, «ol-2,4,6
Fucosidase O, f1-4 Galactosidase, f-N-Acetyl-Glucosaminidase, o1-
2,3,6 Mannnosidase, a1-3,4,6 Galactosidase (all from New England
Biolabs) according to the manufacturer’s instructions, then extracted
using a 96-well hydrophobic polyvinyl fluoride (PVDF) protein-
binding membrane plate as recommended (Merck Millipore).

LC-ESI MS of N-glycans

LC-ESI MS profiling of procainamide-labeled glycans was per-
formed using an UltiMate 3000 UHPLC (Thermo Fisher Scientific)
equipped with an 8 pL fluorescent cell coupled to a LTQ Velos Pro
(Thermo Fisher Scientific) mass spectrometer (see Supplementary
methods). Unlabled glycans were also analyzed ion mobility LC-ESI
MS analysis using an Agilent 6560 ion-mobility Q-TOF mass spec-
trometer fitted with a JetSpray electrospray ion source and operated
in negative ion mode (see Supplementary methods).

Glycan release and permethylation

For glycomics experiments, N-linked glycans were first released
from serum using Rapid PNGase F (New England Biolabs) as
described in methods. They were separated from the serum proteins
using a Sep-Pak C18 cartridge (50 mg; Waters). Cartridges were
conditioned sequentially with methanol, 5% acetic acid, 1-propanol
and 5% acetic acid. A 200 pL volume of 5% acetic acid was added
to the Rapid PNGase F-digested serum sample and loaded onto the
column. The column was washed with 1 mL of 5% acetic acid. The
flow-through and wash fraction containing released N-glycans were
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collected, pooled, lyophilized and permethylated. De-N-glycosylated
proteins were eluted from the column using sequential elutions of
20%, 40% and 100% 1-propanol. Elution fractions were pooled
and lyophilized. O-glycans were then released by reductive -elimin-
ation as described previously by using 55 mg/mL NaBH, in 0.1 M
NaOH (Stansell et al. 2011). N- and O-glycans were permethylated
using sodium hydroxide as described previously (Stansell et al.
20135; Panico et al. 2016) and then subjected to MALDI-TOF MS
and MS/MS analysis.

MALDI-TOF MS analysis of permethylated N- and
O-glycans

MALDI-TOF MS and MS/MS data on permethylated glycans was
acquired in reflectron positive ion mode using an UltraFlex II
MALDI-TOF mass spectrometer (Bruker). Lyophilized samples were
resuspended in 10 pL of 75% methanol of which 1 pL was mixed in
a 1:1 (v/v) ratio with 2,5-dihydrobenzoic acid (DHB; 10 mg/mL in
50% methanol) as a matrix. Spectra were acquired using
flexControl (Version 3.4; Bruker). At least 20000 laser shots were
acquired and accumulated per sample over a mass range of
500-6000Da for N-glycans and 500-2000Da for O-glycans.
Spectra were processed using mMass (Version 5.5.0; (Strohalm et al.
2008)). Glycan structures were assigned both manually and with the
help of GlycoWorkbench (Damerell et al. 2015).

Supplementary data

Supplementary data is available at Glycobiology online.
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