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Abstract Extracellular superoxide dismutase (EC-SOD),
the major SOD isoenzyme in biological fluids, is known to
be N-glycosylated and heterogeneous as was detected in
most glycoproteins. However, only one N-glycan structure
has been reported in recombinant human EC-SOD pro-
duced in Chinese hamster ovary (CHO) cells. Thus, a
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precise N-glycan profile of the recombinant EC-SOD is not
available. In this study, we report profiling of the N-glycan
in the recombinant mouse EC-SOD produced in CHO cells
using high-resolution techniques, including the liberation of
N-glycans by treatment with PNGase F, fluorescence
labeling by pyridylamination, characterization by anion-
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exchange, normal and reversed phase-HPLC separation,
and mass spectrometry. We succeeded in identifying 26
different types of N-glycans in the recombinant enzyme.
The EC-SOD N-glycans were basically core-fucosylated
(98.3% of the total N-glycan content), and were high
mannose sugar chain, and mono-, bi-, tri-, and tetra-
antennary complex sugar chains exhibiting varying degrees
of sialylation. Four of the identified N-glycans were
uniquely modified with a sulfate group, a Lewis™ structure,
or an x-Gal epitope. The findings will shed new light on
the structure-function relationships of EC-SOD N-glycans.

Keywords Chinese hamster ovary cells - Extracellular
superoxide dismutase - N-Glycans - Pyridylamination -
SOD3

Abbreviations

CBB Coomassie brilliant blue
CHO Chinese hamster ovary
dHex deoxyhexose

ESI electrospray ionization
Fuc fucose

FUT fucosyltransferase

Gal galactose

GlcNAc N-acetylglucosamine
GnT N-acetylglucosaminyltransferase
GU glucose units

Hex hexose

HexNAc  N-acetylhexosamine
HPLC high performance liquid chromatography
IT ion-trap

Le* Lewis™

Man mannose

MS mass spectrometry
NeuAc N-acetylneuraminic acid
NP normal phase

PA pyridylaminated
PNGase F  peptide N-glycanase F
RP reversed phase
Introduction

Superoxide radicals are formed in the greatest amounts during
the metabolism of molecular oxygen. Superoxide is dismutated
to hydrogen peroxide and oxygen by superoxide dismutases
(SODs, EC 1.15.1.1), of which three isoenzymes have been
identified in mammals. Copper-zinc SOD (Cu,Zn-SOD;
SOD1) occurs in the cytosol [1], the intermembrane space of
mitochondria [2], and the nucleus [3]. Manganese SOD (Mn-
SOD; SOD?2) is localized in the mitochondrial matrix [2, 4].
Extracellular SOD (EC-SOD; SOD3) is secreted into the
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extracellular space such as into the plasma, lymph, cerebro-
spinal fluid, and seminal plasma [5, 6], where it catalyzes the
same enzymatic reaction as Cu,Zn-SOD [5, 7].

EC-SOD has a tetrameric structure, and shows affinity
for heparin and other sulfated glycosaminoglycans [5, 8],
and it is known that the major fraction of the enzyme in the
body exists anchored to heparan sulfate proteoglycans in
the tissue interstitium and on cell surfaces [9]. EC-SOD is
known to be the only glycosylated SOD isoenzyme in
mammals [5, 10], whereas naturally glycosylated Cu,Zn-
SOD is known to be present in fungi [11, 12] and yeast
[13]. A specific biological function of the N-glycan on EC-
SOD has not been clearly identified yet [14].

It is well known that the glycosylation of proteins is the
most common post-translational modification and has a
strong effect on many of their functions, including cellular
localization, turnover, protein quality control, and biologi-
cal activities [15, 16]. Because the biosynthetic pathway
involved in the construction of glycans comprises sequen-
tial and competitive steps involving glycoenzymes (glyco-
syltransferases and glycosidases), the glycan structure,
when finally assembled on a glycoprotein, generally
exhibits heterogeneity, reflected by the formation of a
mixture of glycosylated variants, so called glycoforms. This
heterogeneity is predicted to contribute to the functional
diversity of individual glycoproteins. Although EC-SOD
has a single N-glycosylation site [5, 10], the complex core-
fucosylated biantennary sugar chain has only been identi-
fied in the case of recombinant human EC-SOD produced
in CHO cells [10]. Thus, it is unclear whether or not the
recombinant EC-SOD contains glycoforms. In order to
understand the EC-SOD function, especially structure-
function relationships related to its N-glycan, it is important
to obtain a precise N-glycosylation profile of the enzyme.

In this study, we report N-glycosylation profiling of
recombinant mouse EC-SOD produced in CHO cells using
a variety of high-resolution techniques. We were able to
identify a total of 26 major N-glycans in the recombinant
mouse EC-SOD. They include one of the most predominant
structures, a disialylated complex core-fucosylated bianten-
nary sugar chain, previously reported to be present in
recombinant human EC-SOD [10], and 25 additional types
of N-glycans previously not revealed to be present in the
recombinant enzyme. We also report the homology model-
ing of mouse EC-SOD.

Materials and methods

Standard pyridylaminated (PA)-oligosaccharides

The structures of and abbreviations for the authentic PA-
oligosaccharides used in this study are listed in Supple-
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mentary Table S1. The authentic oligosaccharides were
obtained as follows: PA-[2,2]bi, PA-[2,2]biF, PA-[2,(2,4)]
triF, PA-[(2,6),(2,4)]tetraF, PA-M3, and PA-MS5SA from
Takara Bio Inc. (Shiga, Japan); PA-M3F, PA-[2,0]monoF,
PA-[0,2]monoF, PA-ag[2,2]biF, PA-[2,2]biF-aG1, and PA-
[2,2]biF-aG2 from Seikagaku Biobusiness Corp. (Tokyo,
Japan); PA-(xG),[2,2]biF was prepared from a purified
porcine Na'/K'-ATPase; PA-ag[2,(2,4)]triF was prepared
by digestion of PA-[2,(2,4)]triF with Streptococcus pneu-
monia ((1,4)-galactosidase (Prozyme, San Leandro, CA);
PA-ag[(2,6),2]triF was enzymatically synthesized from PA-
ag[2,2]biF by reaction with UDP-GIcNAc catalyzed by N-
acetylglucosaminyltransferase V (GnT-V) [17] overex-
pressed in COS-1 cells; and PA-[(2,6),2]triF was synthe-
sized from PA-ag[(2,6),2]triF by reaction with UDP-Gal
catalyzed by a bovine milk (31,4-galactosyltransferase
(Calbiochem-Novabiochem International Inc., La Jolla,
CA, USA). The structures of PA-(xG),[2, 2]biF, PA-ag|[2,
(2,4)]triF, PA-ag[(2,6),2]triF, and PA-[(2,6),2]triF were
verified by normal and reversed phase HPLC analyses,
combined with successive exoglycosidase digestions and
by MS analysis (data not shown).

Preparation of recombinant mouse EC-SOD produced
in CHO cells

The expression and purification of the recombinant mouse
EC-SOD were carried out as described previously [18].

Gel electrophoresis

The purified recombinant mouse EC-SOD was subjected to
SDS-PAGE under reducing conditions on a 12% gel
according to the method of Laemmli [19], and protein
bands were visualized by CBB staining.

Preparation of PA-N-glycans from recombinant mouse
EC-SOD

The purified recombinant mouse EC-SOD (100 pg) was
lyophilized, dissolved in 200 pl of alkylation buffer
consisting of 7 M guanidine hydrochloride, 10 mM
EDTA, and 0.5 M Tris-HCI buffer, pH 8.5, reduced with
10 mM DTT, S-carbamoylmethylated with 20 mM
iodoacetamide, and then dialyzed against water. The
dialyzed sample was again lyophilized, dissolved in
50 ul of 10 mM sodium phosphate buffer, pH 7.2,
deglycosylated with 5U of PNGase F at 37°C for 24 h,
and then deproteinated with 150 pl of ice-chilled ethanol.
The supernatant, containing the liberated N-glycans, was
evaporated, lyophilized, and then pyridylaminated by
reductive amination [20]. Excess reagents were removed
by phenol-chloroform extraction [21] and cation-exchange

chromatography [22], followed by further purification by
normal phase HPLC [23].

Preparation of a desialylated PA-N-glycan fraction

A one-tenth aliquot of the total PA-N-glycan fraction of the
purified recombinant mouse EC-SOD was dissolved in
50 pl of 100 mM ammonium acetate buffer, pH 5.0, and
then digested with 2 U/ml of Arthrobacter ureafaciens
sialidase (Nacalai Tesque, Kyoto, Japan) at 37°C for 24 h.
The reaction was terminated by boiling for 3 min, followed
by centrifugation at 20,000 g for 5 min. The resulting
supernatant was used as the desialylated PA-N-glycan
fraction for structural analysis.

HPLC for structural analysis

Weak anion exchange HPLC was performed at 30°C on a
TSKgel DEAE-5PW column (0.75x7.5 cm. Tosoh,
Tokyo, Japan) at a flow rate of 0.8 ml/min. The solvents
used were (A) aqueous ammonia, pH 9.0, and (B) 1 M
ammonium acetate buffer, pH 9.0. The column was
equilibrated with 100% solvent A and, after sample
injection, solvent A was held at 100% for 0.5 min, and
then solvent B was linearly increased to 14% in 17.5 min
and then to 100% in 12.5 min. Fluorescence was
monitored using excitation and emission wavelengths of
310 and 380 nm, respectively.

Reversed phase HPLC was performed at 30°C on a
Cosmosil 5C;g-P column (0.46% 15 cm. Nacalai Tesque) at
a flow rate of 1 ml/min. The solvents used were (A) 20 mM
ammonium acetate buffer, pH 4.0, and (B) the same buffer
containing 0.5% 1-butanol. The column was equilibrated
with 5% solvent B and, after sample injection, solvent B
was linearly increased to 100% in 70 min and then held at
100% for 5 min. Fluorescence was monitored using
excitation and emission wavelengths of 320 and 400 nm,
respectively.

Normal phase HPLC was performed at 40°C on a
TSKgel Amide-80 column (3 um, 0.46% 15 cm. Tosoh) at a
flow rate of 1 ml/min. The solvents used were (A) 100 mM
triethylamine acetate buffer, pH 7.3, containing 90%
acetonitrile and (B) 100 mM triethylamine acetate buffer,
pH 7.3, containing 20% acetonitrile. The column was
equilibrated with 5% solvent B and, after sample injection,
solvent B was linearly increased to 75% over 40 min.
Fluorescence was monitored using excitation and emission
wavelengths of 310 and 380 nm, respectively.

The structures of the PA-oligosaccharides were deter-
mined by two-dimensional (2D) mapping [24, 25]. The
retention time of each PA-oligosaccharide is given in
glucose units (GU) based on the elution times of PA-
isomaltooligosaccharides.
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Exoglycosidase digestions

PA-oligosaccharides were digested in a volume of 20 pl for
16 h at 37°C using the following enzymes: Streptococcus
pneumonia [3-galactosidase (Prozyme), specificity for
p(1-4)Gal, 0.1 U/ml in 50 mM sodium acetate buffer,
pH 5.6; jack bean [3-galactosidase (Seikagaku Biobusiness
Corp.), specificity for (3(1,4/3/6)Gal, 2 U/ml in 50 mM
sodium citrate buffer, pH 3.6; Streptomyces sp.142 «-
fucosidase (Takara Bio Inc.), specificity for o«(1-3/4)Fuc,
0.2 mU/ml in 50 mM potassium phosphate buffer, pH 6.0;
jack bean [3-N-acetylhexosaminidase (Seikagaku Biobusi-
ness Corp.), specificity for 3(1-2/3/4/6)HexNAc, 2 U/ml in
50 mM sodium citrate buffer, pH 5.0; bovine kidney «-
fucosidase (Sigma-Aldrich, ST. Louis, MO), specificity for
«(1-2/3/4/6)Fuc, 0.5 U/ml in 50 mM sodium phosphate,
pH 5.5; jack bean a-mannosidase (Seikagaku Biobusiness
Corp.), specificity for «(1-2/3/6)Man, 2 U/ml in 50 mM
sodium citrate buffer, pH 5.0, containing 2 mM ZnCl,; and
green coffee bean o-galactosidase (SIGMA-Aldrich), spec-
ificity for o(1-3/4/6)Gal, 4 U/ml in 50 mM sodium
phosphate buffer, pH 6.5, in the presence of 0.1% of D-
galactonic acid y-lactone as a 3-galactosidase inhibitor.

Methanolysis of sulfated PA-N-glycans

A sulfated PA-N-glycan was lyophilized and then subjected
to methanolysis with 50 ul of 50 mM HCI dissolved in
anhydrous methanol at 37°C for 3 h [26]. After concentra-
tion to dryness three times with 50 ul of anhydrous
methanol, the product was re-N-acetylated with acetic
anhydride in a saturated sodium bicarbonate solution for
30 min on ice. The reaction mixture was adsorbed to
Dowex 50 W-X2 (H'-form. Muromachi Kagaku Kogyo,
Tokyo, Japan), eluted with 2.5% aqueous ammonia, and
then evaporated to dryness. The sample was dissolved in
water and then used for structural analysis.

Separation of sialylated and sulfated PA-N-glycans

Acidic glycans were found not to be separated with high
resolution under our standard reversed phase HPLC conditions
described formerly. Because of their negative charges, acidic
glycans are generally not retained well with a reversed phase
HPLC column compared with neutral glycans, and provide
broad ambiguous peaks and a bad separation on reversed phase
HPLC. The use of one of the classic ion-pair reagents,
triethylamine, was found to improve retention and separation
of acidic glycans on reversed phase HPLC. Thus, we used
another reversed phase HPLC condition for separation and
collection of acidic glycans as follows. The separation of
sialylated and sulfated PA-N-glycans was performed at 30°C
on a Cosmosil 5C;g-P column (0.46x 15 cm. Nacalai Tesque)
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at a flow rate of 1 ml/min. The solvents used were (A) 20 mM
tricthylamine acetate buffer, pH 4.0, and (B) the same buffer
containing 1% 1-butanol. The column was equilibrated with
2.5% solvent B and, after sample injection, solvent B was
linearly increased to 80% in 70 min and then held at 80% for
5 min. Fluorescence was monitored using excitation and
emission wavelengths of 320 and 400 nm, respectively.

Electorospray ionization MS analysis

Mass spectra of PA-oligosaccharides were obtained on a
Finnigan LCQ Deca XP ion-trap mass spectrometer
(ThermoFischer Scientific, Waltham, MA) equipped with
a nanoESI device (AMR, Tokyo, Japan) connected to a
Paradigm MS4 pHPLC system (Michrom BioResources
Inc., CA) equipped with a Magic C18 column (0.2x5 cm.
Michrom BioResources Inc.), as previously described [27].

Homology modeling of mouse EC-SOD

Homology modeling was performed using the Modeller
9v7 software program [28]. The crystal structure of human
EC-SOD [29] (PDB code 2JLP) was used as a template for
the modeling. The disulfide-bonding pattern of mouse EC-
SOD was obtained from the UniProt database [30]. N-
Glycans on Asn-97 [31] were modeled with GlyProt (http://
www.glycosciences.de/glyprot/) and a figure was prepared
using Pymol software (http://www.pymol.org/).

Results

Preparation of PA-N-glycans from recombinant mouse
EC-SOD

In order to determine the precise N-glycan profile in the
recombinant mouse EC-SOD, we purified it from condi-
tioned medium of CHO-EK cells, which were stably
producing and secreting the recombinant protein [18]. SDS-
PAGE analysis of the purified enzyme fraction gave two
bands corresponding to molecular weights of 33 K and 35 K
(Supplementary Fig. S1). Both materials were confirmed to
be mouse EC-SOD subunits [32]. N-Glycans in the
recombinant mouse EC-SOD were released by cleavage
with PNGase F and the reducing ends of the liberated N-
glycans were pyridylaminated. The resulting PA-N-glycans
were used for the structural analyses described below.

The core structure of PA-N-glycans in recombinant mouse
EC-SOD

To unequivocally determine the N-glycan structures, an
aliquot of the total PA-N-glycans obtained was desialylated
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Fig. 1 Separation of desialy-
lated PA-N-glycans derived
from recombinant mouse EC-
SOD. a. Reversed phase HPLC
elution profile of the desialy-
lated PA-N-glycans. A total of
nine peaks, denoted as G1 to G9
and indicated by arrows, were
detected. b. G4 in panel A was
further separated by normal
phase HPLC. A total of three
peaks, denoted as G4-1 to G4-3
and indicated by arrows, were
detected. ¢. Elution profile of
G7 in panel A on normal phase
HPLC. A total of five peaks,
denoted as G7-1 to G7-5 and
indicated by arrows, were
detected. Peaks at 1-3 min in
panels B and C were due to
contaminating materials

by treatment with Arthrobacter ureafaciens sialidase, and
then the digested products were separated by reversed
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phase (RP) HPLC (Fig. 1a), the PA-oligosaccharides being
separated according to their oligosaccharide structure. A
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Fig. 2 Two-dimensional map of the core structures of the PA-N-
glycans derived from the recombinant mouse EC-SOD. The elution
profile of each PA-N-glycan on normal and reversed phase HPLC is
expressed in glucose units (GU) based on the elution times of PA-
isomaltooligosaccharides and plotted on the map. The circles indicate
the positions of the peaks. Xs indicate the positions of the standard
PA-oligosaccharides (Table S1). NP, normal phase; RP, reversed phase

total of nine major peaks (G1-G9) was obtained, each of
which was further separated by normal phase (NP) HPLC,
the PA-oligosaccharides being separated based on molecu-
lar size. As shown in Fig. 1b and ¢, G4 and G7 were further
separated into three and five major peaks, respectively,
designated as G4-1, G4-2, G4-3, G7-1, G7-2, G7-3, G7-4,
and G7-5, by NP-HPLC. The elution positions of these PA-
N-glycans on RP- and NP-HPLC are summarized in Fig. 2
in the form of a two-dimensional (2D) map. From the

positions on the map corresponding to authentic PA-
oligosaccharides (Table S1), G1, G4-1, G4-2, G4-3, G6,
G7-1, G7-2, G7-3, G7-5, and G9 were determined to be
PA-M5A, PA-[0,2]monoF, PA-[2, 2]bi, PA-[(2,6),2]triF, PA-
[2, 2]biF-aG1, PA-[2,0]lmonoF, PA-[2, 2]biF-aG2, PA-[2,2]
biF, PA-[(2,6),(2,4)]tetF, and PA-[2,(2,4)]triF, respectively.
These structures were also confirmed by MS analysis
(Table 1). The structures of G2, G3, G5, G7-4, and G8
were determined by the 2D-mapping technique combined
with appropriate linkage-specific exoglycosidase diges-
tions, chemical treatment, and MS analysis as follows.

Structures of G2 and G3

G2 and G3 were determined to be C2 epimerization
products of G4-3 and G7-3, respectively. The results are
shown in Supplementary Fig. S2 and Doc. S1.

Structure of G5

G5, which had the composition HexsHexNAc,dHex,-PA
(Table 1), was sequentially digested with linkage-specific
exoglycosidases in the following reaction order: Ist
Streptococcus pneumonia (3(1,4)-galactosidase, Streptomy-
ces spl42 of(1,3/4)-fucosidase, and 2nd Streptococcus
pneumonia ((1,4)-galactosidase (Fig. 3a). A single residue
was removed at each step, indicating the presence of one
Lewis™ (Le*) structure with a fucose linked via an of1-3)
linkage to GIcNAc (the presence of a Fuc residue renders
the Gal residue resistant to cleavage). The elution positions

Table 1 Mass analysis of PA-

N-glycans derived from the re- Peak Mass Determined composition
combinant mouse EC-SOD
Observed Calculated
Gl 1313.5 (H") 1313.5 (H") HexsHexNAc,-PA
G7-1 1500.5 (H") 1500.6 (H") Hex4HexNAcsdHex;-PA
G4-1 1500.7 (H") 1500.6 (H") Hex4HexNAcsdHex;-PA
G6 1703.7 (H") 1703.7 (H") Hex4HexNAcydHex;-PA
G7-2 1703.6 (H") 1703.7 (H") Hex4HexNAcydHex;-PA
G4-2 1719.6 (H") 1719.7 (H") HexsHexNAcy-PA
G7-3 1865.6 (H") 1865.7 (H") HexsHexNAc,dHex;-PA
G3 1865.8 (H") 1865.7 (H") HexsHexNAcydHex;-PA
G8 1967.5 (Na") 1967.7 (Na") (HSO;);HexsHexNAc,dHex;-PA
G5 2011.7 (H") 2011.8 (H") HexsHexNAcydHex,-PA
G7-4 2027.7 (H") 2027.8 (H") HexgHexNAc,dHex;-PA
G9 2230.7 (H) 2230.8 (H") HexgHexNAcsdHex -PA
G2 2230.6 (H") 2230.8 (H") HexgHexNAcsdHex -PA
G4-3 2230.7 (H) 2230.8 (H) HexgHexNAcsdHex;-PA
G7-5 2595.7 (H") 2595.9 (H") Hex;HexNAcesdHex,-PA
Sda 2549.5 (Na") 2549.8 (Na") NeuAc,(HSO3);HexsHexNAc,dHex -PA
S4b 3758.0 (H) 3760.4 (H") NeuAc,Hex,HexNAcgdHex-PA
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on the map of the digested products were shifted to
positions corresponding to authentic PA-oligosaccharides
PA-[2,2]biF-aG2 and ag[2,2]biF after digestion with the «-
fucosidase and the 2nd 3-galactosidase, respectively. Thus,
the structure of G5 was determined to be PA-[2,2]biF with
one Le* structure on the Manx(1-3) arm of the complex
core-fucosylated biantennary sugar chain.

Structure of G7-4

G7-4, which had the composition HexcHexNAc,dHex;-PA
(Table 1), was sequentially digested with the 1st Strepfo-
coccus pneumonia (3(1,4)-galactosidase, green coffee bean
«(1,3/4/6)-galactosidase, and 2nd Streptococcus pneumonia
B(1,4)-galactosidase (Fig. 3b). A single residue was

4 Fig. 3 Analyses of G5, G7-4, and G8 by exoglycosidase digestions or

methanolysis. a. Map of G5. Circles indicate the elution positions of
G5 and its digests. Solid arrows indicate the direction of change in the
elution positions on digestion with a 31,4-galactosidase. The dotted
arrow indicates the direction of change in the elution position on
digestion with an «1,3/4-fucosidase. b. Map of G7-4. Solid arrows
indicate the direction of change in the elution positions on digestion
with a (31,4-galactosidase. The dotted arrow indicates the direction of
change in the elution position on digestion with an «1,3/4/6-
galactosidase. ¢. Map of G8. Circles indicate the elution positions of
G, its digests, and methanolysates. Thin and thick arrows indicate the
directions of the changes in the elution positions on digestion with the
Streptococcus pneumonia and jack bean (3-galactosidases, respective-
ly. The dotted arrows indicate the directions of the changes in the
elution positions after methanolysis. Xs indicate the positions of the
standard PA-oligosaccharides (Table S1). NP, normal phase; RP,
reversed phase. The contributions of monosaccharide units to GU
values on normal phase HPLC are as follows. [3-Galactose ca. 0.7-0.9
GU; Lewis-type a-fucose ca. 0.7 GU; and «-galactose ca. 0.7 GU.
The assignment was made according to the decrease in the NP-GU
value observed on the removal of a monosaccharide unit by
exoglycosidase digestion from the standard PA-oligosaccharide
(data not shown)

removed at each step, indicating the presence of one «-
Gal residue linked to a Galf3(1-4) residue. The elution
positions on the map of the digested products were shifted
to positions corresponding to authentic PA-oligosaccharides
PA-[2,2]biF-aG1 and ag[2,2]biF after digestion with the «-
galactosidase and the 2nd [-galactosidase, respectively.
Thus, the structure of G7-4 was determined to be PA-[2,2]
biF with one «-Gal epitope on the Mano(1-6) arm of the
complex core-fucosylated biantennary sugar chain.

Structure of G8

G8 exhibited an m/z at 1967.5, corresponding to [(HSO3),.
HexsHexNAc,dHex;-PA + Na]" (Table 1), suggesting that
G8 was a sulfated N-glycan. To determine the core structure
of G8, the molecule was subjected to methanolysis. The
methanolyzed product was eluted at the same position as
authentic PA-oligosaccharide PA-[2,2]biF as shown on NP-
and RP-HPLC analyses (Fig. 3c, and Supplementary Fig.
S3A and B). It has been reported that jack bean 3(1,4/3/6)-
galactosidase catalyzes the hydrolysis of the Galf31-4
(HSO3-6)GIcNAc structure, whereas such a structure is
resistant to the action of Streptococcus pneumonia (3(1,4)-
galactosidase [26, 33]. As shown in Fig. 3c, when G8 was
digested with Streptococcus pneumonia [3-galactosidase,
the molecular size of the digested product was decreased by
0.64 NP-GU, indicating that one galactose residue bound to
the unsulfated GIcNAc residue was hydrolyzed. On the
other hand, a decrease in GU was observed, corresponding
to the removal of two galactose residues (1.33 NP-GU), on
the digestion of G8 with jack bean [3-galactosidase,
indicating again that this glycan contained a sulfated
GlcNAc residue. To confirm the position of the sulfate
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group, linkage-specific exoglycosidase digestion and meth-
anolysis were combined with 2D-mapping (Fig. 3c). G8
was digested with Streptococcus pneumonia 3-
galactosidase and then subjected to methanolysis. The
elution position of the product on the map was shifted to
a position corresponding to authentic PA-oligosaccharide
PA-[2,2]biF-aG2, indicating that the sulfate residue was
linked to a GIcNAc residue on the Manx(1-3) arm of the
complex core-fucosylated biantennary sugar chain. The
determined core structures of the PA-N-glycans derived from
the recombinant mouse EC-SOD are shown in Supplemen-
tary Table S2. The determined core structures of PA-N-
glycans were used as standard PA-oligosaccharides in the
following analyses.

Acidic character of PA-N-glycans derived
from recombinant mouse EC-SOD

To confirm the pattern of NeuAc substitution of the PA-N-
glycans, the total PA-N-glycans were separated by DEAE-
HPLC without desialylation (Fig. 4a). The PA-N-glycans
were separated into neutral (N), mono- (S1), di- (S2), tri-
(S3), and tetra-sialyl (S4) fractions. After desialylation with
Arthrobacter ureafaciens sialidase, each fraction was
separated by RP-HPLC, as shown in Fig. 4b. A total of
20 major PA-N-glycan peaks were separated and collected,
followed by further separation by NP-HPLC. Peaks N2,
N3’, N4, S1-2, S1-3, S1-4, and S2-3 were further separated
into two to four peaks, designated as N2a, N2b, N2c, N3’a,
N3’b, N4a, N4b, N4c, N4d, S1-2a, S1-2b, S1-2¢, S1-3a,
S1-3b, S1-4a, S1-4b, S1-4c, S1-4d, S2-3a, and S2-3b, by
NP-HPLC (data not shown). The elution positions of these
separated PA-N-glycans on RP- and NP-HPLC were 2D-

0 1 2 3 4
v v Vol v
[]
g
8 8
5 »
g 5
o 3
o [T
2
[TH
N sisz s s ‘

0 3 6 9 12 15 18 21 24 27 30

Retention time (min)

Fig. 4 Weak anion-exchange and reversed phase HPLC of PA-N-
glycans derived from the recombinant mouse EC-SOD. a. PA-N-
glycans were separated into five fractions (N, S1, S2, S3, and S4) by
DEAE-HPLC. The numbered arrows indicate the elution positions of
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mapped, and compared with those obtained for the pre-
determined core structures (Table S2 and Fig. 5), and then
their acidic characteristics were examined. Because a
sulfate residue itself has an acidic nature, sulfated PA-N-
glycan S4-2 was further analyzed by MS to determine its
precise acidic characteristics. The total S4 fraction (Fig. 4a)
was separated into two major peaks, S4a and S4b, by RP-
HPLC (Supplementary Fig. S4) and then analyzed by MS.
As shown in Table 1, the compositions of S4a and S4b
were determined to be NeuAc,(HSOj3);HexsHexNAc,d-
Hex;-PA and NeuAcsHex;HexNAcgdHex;-PA, respective-
ly. Accordingly, S4a was found to be a disialylated and
monosulfated complex core-fucosylated biantennary sugar
chain. The 26 different types of N-glycans identified in this
study are summarized in Table 2.

Discussion

In the present study, we were able to identify 26 major
types of N-glycans that are expressed in recombinant mouse
EC-SOD. The disialylated complex core-fucosylated bian-
tennary sugar chain was found to be the predominant N-
glycan (55.7% of the total N-glycan content, Table 2, S2
[2,2]biF) in the recombinant mouse EC-SOD, a finding that
is consistent with previously reported results for recombi-
nant human EC-SOD [10]. Furthermore, 25 additional
types of N-glycans were found to be present in the
recombinant mouse EC-SOD. The N-glycans in the
recombinant mouse EC-SOD were found to be basically
core-fucosylated (98.3% of the total N-glycan content,
Table 2), indicating that the EC-SOD is one of the most
efficient target proteins [34] for the reaction catalyzed by

T T T
10 20 30 40 50 60 70 80
Retention time (min)

the standard PA-N-glycans with the corresponding numbers of sialic
acid residues. b. After desialylation by treatment with Arthrobacter
ureafaciens sialidase, each fraction was further separated by reversed
phase HPLC. The separated peaks are indicated by arrows
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Fig. 5 Two-dimensional maps of PA-N-glycans derived from the
recombinant mouse EC-SOD. Maps of the core structures of PA-N-
glycans separated into the N fraction (a), S1 fraction (b), S2 fraction
(¢), S3 fraction (d), and S4 fraction (e), respectively, in Fig. 4a. The

«l,6-fucosyltransferase (FUT8) [35], the only known
enzyme that is able to catalyze the core-fucosylation
reaction. Regarding GlcNAc branch formation, mono-, bi-
, tri-, and tetra-antennary complex sugar chains were found
to be present in percent ratios of 1.1, 87.2, 10.7, and 0.4,
respectively. Thus, a typical biantennary sugar chain was
the most predominant, bulky tri- and tetra-antennary sugar
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circles indicate the positions of the peaks. Xs indicate the positions of
the pre-determined core structures of PA-N-glycans in the recombinant
mouse EC-SOD (Table S2)

chains being the second most abundant N-glycans in the
recombinant mouse EC-SOD (Table 2). The presence of tri-
and tetra-antennary sugar chains indicates that the EC-SOD
is also the target protein for the reactions catalyzed by GnT-
IV [36] and GnT-V [17], and that these bulky high-
branched N-glycans might have functions that are different
from that of the typical biantennary sugar chain. For
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Table 2 Determined structures of PA-N-glycans derived from the recombinant mouse EC-SOD
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Peak Structure Abbreviation Ratio (%)
(Neutral)
G1 M5A 0.6
G4-1 [0,2]moF 0.1
G4-2 [2,2]bi 0.2
G4-3 [(2,6),2]triF 0.2
4 A2
Sﬁ"‘ ab .
G6 D8 [2,2]biF-aG1 0.3
p2
4 p2 6
G7-1 ‘ﬁi}ﬁ.ﬁ;ﬁ [2,0)moF 0.3
a3 B4
2
Se4 ab
G7-2 o-m‘” [2,2]biF-aG2 0.5
p4 p2
4 p2 6
G7-3 w& [2,2]biF 43
ad  f4
B4 p2
4 B2 G
G7-4 w& (0G)1[2,2]biF 0.1
pa B2
(Monosialo)
ab
S1G4-1 mﬁﬁim $1[0,2]moF 0.3
pd p2
4 62
6,
S1G4-2 of DEHE-P S1[2,2]bi 0.5
B4 p2
S1G4-3 S1[(2,6),2]triF 0.7
S1G6 S1]2,2]biF-aG1 0.4
A4 B2 8
S1G7-1 SA S1[2,0lmoF 0.4
Oad pa
2
S1G7-2 0 i Pa S1[2,2]biF-aG2 0.8
B 2
A4
OHO:S o6 .
S1G7-3 {4 23 A S1[2,2]biF 21.6
B4 B
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3 p4 B2
6
a6
S1G7-4 - b PA S1(aG)[2,2]biF 0.6
S2G4-2 S2[2,2]bi 0.4
S2G4-3 S2[(2,6),2]triF 2.2
2
ab
S2G5S %4‘” S2(Le%)[2,2]biF 0.7
pé
S2G7-3 S2[2,2]biF 55.7
S2GY9 S2[2,(2,4)]triF 0.7
S3G4-3 S3[(2,6),2]triF 5.2
S3GY S3[2,(2,4)triF 1.7
(Tetrasialo)
% PA
S4G7-5 ciah S4[(2,6),(2,4)]tetF 0.4
pa- P
(Sulfo)
(HSO3);G8 S2(HSO3)4[2,2]biF 1.1

example, our previous study revealed that the formation of
a 3(1-6)GIcNAc branch, which is catalyzed by the action of
GnT-V, in the N-glycan at Asn-772 in matriptase makes the
protein more resistant to tryptic digestion, compared to the
control matriptase with no (3(1-6)GIcNAc branching [37],
indicating that 3(1-6)GlcNAc-branch formation contributes
to the stability of the protein. Similar proteolytic stability of

O Gal . Man . GleNAe A Fuc ONBUA(

the EC-SOD modified with a (3(1-6)GlcNAc-branched N-
glycan is a distinct possibility and, if so, the enzyme may
have a longer half-time in the plasma than the enzyme with
the typical biantennary sugar chain. We further examined
the acidic character of EC-SOD N-glycans, 93.4% of the N-
glycans being found to be modified through mono-, di-, tri-,
or tetra-sialylation (Table 2), though the type of sialyl-
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linkages such as sialyla2-6Gal or sialyla2-3Gal could not
be determined in this study because of the limitation of the
sample amount. In addition, in a small fraction of the total
N-glycan content (2.5%, Table 2), four types of N-glycans
were found to be uniquely modified with a sulfate group, a
Le® structure, or an «-Gal epitope (Table 2, S2(HSO3);[2,2]
biF, S2(Le™);[2,2]biF, S1(xG),[2,2]biF, and (xG);[2,2]biF).

Concerning the significance of N-glycosylation in EC-
SOD, Edlund et al. previously constructed a non-
glycosylated form of recombinant human EC-SOD by
site-directed mutagenesis at its potential N-glycosylation
site of Asn-89, which was substituted with a GIn residue,
and compared the properties of the product, including
enzyme activity, heparin binding, solubility, and plasma
clearance in vivo, with those of the wild-type recombinant
human EC-SOD [14]. Although they concluded that no
specific biological role for the EC-SOD N-glycan could be
clearly elucidated, small but distinct differences in heparin
binding affinity and the plasma clearance rate in vivo
between the mutant and the wild-type EC-SODs were
detected. The mutant enzyme showed a slightly higher
binding affinity to heparin and a slightly more rapid
turnover rate in vivo compared to the wild-type enzyme,
suggesting that the N-glycosylation in EC-SOD could alter
its function in at least these two EC-SOD properties. In the
primary sequence of EC-SOD, the N-glycosylation site is
located near the central part, distant from its heparin-
binding domain, which is at the C-terminal end [38].
Antonyuk et al. quite recently succeeded in determining the
first crystal structure of the recombinant human EC-SOD at
a resolution of 1.7A, and presented simulated docking
models of heparin and collagen binding to EC-SOD [29].
They proposed, in their calculated docking models, that the
two grooves formed by the tetramer interface of the EC-
SOD were probable binding sites for heparin and collagen,
and the Asn-89 N-glycosylation sites were located on the
surface of the tetramer at the ends of each groove, offering
a probable explanation for why the heparin binding affinity
was different between the non-glycosylated and glycosy-
lated recombinant EC-SODs in the previous study [14]. Our
own structural modeling of the mouse EC-SOD tetramer
showed that the Asn-97N-glycosylation sites [31] are
located on the surface of the protein with the attached N-
glycans exposed to the solvent (Fig. 6), a situation that
would reasonably contribute to increasing the solubility of
the enzyme in an aqueous environment, and that is
consistent with the reported reduction in the solubility of
the non-glycosylated human recombinant EC-SOD [14]. It
is assumed that the EC-SOD protein face to which the N-
glycan is attached would always be exposed to the outer
solvent, and would not to be used in the formation of the
inside subunit-subunit interface of the EC-SOD tetramer.
This suggests that the EC-SOD N-glycans may play a role
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in the efficient assembly of the enzyme subunits into the
tetramer by arranging each subunit in the correct orientation in
an aqueous environment. Due et al. interestingly reported that
EC-SOD purified from the human aorta is present as two
distinct quaternary structures, a major population of a
tetrameric EC-SOD and a minor population of an octameric
enzyme, the latter of which is estimated to comprise about
1% of the total enzyme content [39]. They found that the
EC-SOD octamer shows an increased affinity for heparin
binding and an increased conformational stability, as
assessed by denaturant-induced unfolding, as compared to
those of the tetrameric enzyme, indicating that the formation
of an octameric structure of EC-SOD induces changes in the
properties of the enzyme. The involvement of EC-SOD N-
glycans in the formation of the EC-SOD octamer has not
been examined. It would be worth examining whether the
EC-SOD N-glycans are responsible for the octamer forma-
tion and/or the resulting changes in the enzyme properties.
It is well known that EC-SOD is expressed at high levels
in the lungs and vessels [40—42]. Studies on mice lacking
EC-SOD indicated that the enzyme plays multiple roles in
various pathophysiologic conditions, including the protec-
tion of the lungs against hyperoxia [43], reduction of
angiotensin-2-induced hypertension [44], and acceleration
of neovascularization [45]. In addition, Yao et al. quite
recently reported that EC-SOD plays a role in protecting the
lungs against emphysema induced in mice by cigarette
smoking or elastase treatment, which is attributed to a

Fig. 6 Structural model of mouse EC-SOD. A structural model of the
mouse EC-SOD tetramer was constructed based on the crystal
structure of human EC-SOD [29] (see Materials and Methods). The
structure is shown as a ribbon model, and the subunits are colored
green, cyan, magenta and yellow, respectively. N-Glycans attached to
Asn-97 are shown as a stick model
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reduction in the extent of oxidative fragmentation of the
extracellular matrix (ECM) in the lungs [46]. We previously
reported that Fut8 knockout (Fut8'") mice exhibit
emphysema-like changes in the lungs that appear to be
partly due to a lack of core-fucose in the TGF-31 receptor,
which consequently results in marked dysregulation of
TGF-1 receptor activation and signaling, causing a failure
to control ECM homeostasis by down-regulating matrix
metalloproteinases (MMPs) [47]. In the present study, EC-
SOD was found to be an efficient target protein for the
core-fucosylation reaction catalyzed by FUT8. The EC-
SOD in Fut8”~ mouse lungs is predicted to be naturally
present as a non-core-fucosylated form. It would be of
interest to compare the enzyme properties of the core-
fucosylated and non-core-fucosylated EC-SODs, and to
determine whether or not the non-core-fucosylated EC-
SOD contributes to any extent to the development of the
emphysema-like changes in Fut8'~ mice.

In summary, a variety of high-resolution techniques
permitted us to identify a total of 26 major N-glycans
expressed in the recombinant mouse EC-SOD produced in
CHO cells. They comprise the most predominant structure,
the disialylated complex core-fucosylated biantennary sugar
chain, and 25 additional types of glycans, a high mannose
sugar chain, and mono-, bi-, tri-, and tetra-antennary
complex sugar chains exhibiting varying degrees of sialyla-
tion, which were all clearly shown to be present in the
recombinant EC-SOD. Since EC-SOD has a single N-
glycosylation site, the enzyme can be present in at least 26
kinds of glycoforms in its monomeric state. Each N-glycan
identified in the recombinant mouse EC-SOD may have a
distinct function as to the properties of EC-SOD, including
enzyme activity, heparin binding, proteolytic stability, olig-
omeric structure formation and so on. This possibility awaits
further evaluation in the future. We believe that the N-
glycosylation profile of the recombinant mouse EC-SOD
will be beneficial for elucidating the structure-function
relationships of EC-SOD N-glycans.
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