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Figure 5. Identification of glycopeptide 15. (A) MS/MS spectrum acquired from the molecular ion [M + 4H]* (m/z1111.5) of glycopeptide
15in Figure 2A. (B) MS/MS/MS spectrum acquired from the most intense ion (m/z 1414.4) in the MS/MS. (C) MS/MS/MS/MS spectrum
acquired from the product ion (m/z 1346.3) in the MS/MS/MS of glycopeptide 15, and amino acid sequence deduced from the results
of database search analysis. (D) Deduced oligosaccharide structure.
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Figure 6. Identification of glycopeptide 17. (A) MS/MS spectrum acquired from the molecular ion [M + 3H]** (m/z 1564.0) of glycopeptide
17 in Figure 2A. (B) MS/IMS/MS spectrum acquired from the most intense ion (m/z 1515.4) in the MS/MS. (C) MS/MS/MS/MS spectrum
acquired from the product ion (m/z 1315.0) in the MS/MS/MS of glycopeptide 17, and amino acid sequence deduced from the results
of database search analysis. (D) Deduced oligosaccharide structure.
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possible modification at Asn with HexNAc (203.1 u) and with
dHex + HexNAc (349.1 u), seven glycopeptides were success-
[ully sequenced with a high cross-correlation score (charge +1,
Xcorr > 1.5; charge +2, Xcorr > 2.0; charge +3, Xcorr > 2.5;
charge +4, Xcorr > 3.0). Figure 4C shows the MS/MS/MS/MS
spectrum acquired rom glycopeptide 8 (precursor ion: [peptide
+ HexNAc + 2H|*", m/z 906.2). The databasc search analysis
resulted in Leu™-Lys™® in p-glutamy) wranspeptidase 1 (y-
GTP1) (charge +2, Xcorr: 4.12) (Table 1). The linkage of GlcNAc
at Asn®" in the N-glycosylation consensus sequence, Asn-Thr-
Thr, was suggesied by the good agrecement between the
experimental b/y-ion pattern and the predicted pattern.

The MS/MS/MS/MS spectrum acquired lrom [peptide +
HexNAc + 2HJ* (m/z 1346.3, glycopeptide 15) is shown in
Figure 5C. This peptide was identified as HisV2-Arg'™ in low-
density lipoprotein receptor-related protein 2 (LRP2, megalin)
(charge +2, Xcorr: 2,82). The b- and y-ion pattern suggested
the linkage of GlcNAc at Asn'™ in the N-glycosylation con-
sensus sequence, Asn-Lys-Ser.

Figure 6C shows the MS/MS/MS/MS spectrum acquired
from another expected Le*-conjugated glycopeptide (glycopep-
tide 17; precursor ion: {peptide + HexNAc + 2HPY, m/z1315.0).
Database search analysis revealed that this peptide could be
TyrH - Arg!™ in the cubilin precursor (charge +2, Xcorr: 2,02)
(Table 1). It was also suggested that the linkage position of
GlcNAc was Asn'® in the N-glycosylation consensus sequence
of Asn"""-’l‘yr-Ser'"z'.

Glycopeptides 2, 10, 12, and 14 werc also successfully
identified as Asn®"¥-Lys™ in cadherin 16 (glycosylation site:
Asn®?; charge +1, Xcorr: 1.52), Ser®-Lys®? in alanyl (mem-
brane} aminopeptidase (glycosylation site: Asn%5; charge +2,
Xcorr: 1.53), Asn*-Arg™ in p-GTP1 (glycosylation site: Asn™,
charge +1, Xcorr: 1.78) and Val***-Lys* i LRP2 (glycosylation
site: Asn™™; charge +2, Xcorr: 1,79), respectively. Additionally,
we deduced that glycopeptides 1, 3-6, 13, and 20 could be
Le*-conjugated glycopeptides from tolerable scores (charges
+1 and +2 Xcorr > 1.30) (Table 1). Alf identilied or probable
glycopeplides conlained consensus sequences ol N-linked
oligosaccharides.

By the present method, three glycoproteins were identified
as proteins carrying multiple Le-conjugated oligosaccharides—
namely, y-GTP1 (glycosylation site: Asn™ and Asn™®; glyco-
peptides 8, 12 and 13), LRP2 (glycosylation site: Asn'"7, Agn'67,
Asn'™ and Asn*™%; glycopeptides 5, 6, 14, 15 and 20), and a
cubilin precursor (glycosylation site: Asn'™, Asn'™?, glycopep-
tides 1 and 17). Only one glycopeptide was sequenced, but it
was deduced that cadherin 16, dipeptidase 1, H-2 class |
histocompatibility antigen, and K—K alpha precursor (H2-K(k)),
and alanyl (membrane) aminopeptidase could be the Le¥-
conjugated glycoprotcins.

The sequences of the Le‘-conjugated glycopeptides were
confirmed by an additional LC~MS/MS of deglycosylated
peplides prepared by PNGascF-treatment. Because of the
deamination of Asn residues by PNGase F treatment, we sel
the m/z values of [peptide + nH + 0.984 u monoisotopic
mass|"* (n = 2-5) as precursor ions on the MS/MS, By this
conventional method, 8 peptides that were sequenced by our
method were identified as shown in Table 1. Morcover, two
peptides which could not be sequenced by our method were
also identified as His*™™-Lys®™ in LRP2 (glycopeptide 9), and
Val¥1%-Lys™ in the meprin A # subunit precursor (endopepti-
dase-2, glycopeptides 18, 21 and 22). On the other hand, four
glycopeptides that were sequenced by our method were not
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identified by the conventional method. Using both methods,
we [ailed in the sequencing of four glycopeptides.

Structural Analyses of the Oligosaccharides in the
Le*-Conjugated Glycopeptides. The carbohydrate structures of
the LeX-conjugated glycopeptides were deduced from the
fragment patterns and mdlecular masses obtained by the first
run using FTICR-MS. The structural assignment of glycopeplide
8 is shown in Figure 4A and B. The carbohydrate composition
was estimated o be 3dHex SHex SHexNAc from the molecular
mass of the carbohydrate moiety (calculated molecular mass
of the glycan moiety: 2281.850). The fragment ions at m/z
1681.0 and m/z 1425.6 in Figure 4A were assigned to Y, and
Yua?", which arose from [M + 2H]*" (m/z 1661.8) by the
dissociation of two molecules of the Lewis-molifs. The presence
of B,* (m/z 512) in both Figure 4A and B also suggested the
binding ol two Lewis-molifs. The Y;** lurther yielded |Hex +
2HexNAcl (mlz 569.1), Yynn®t (inlz 1190.3) and Yas®* (miz
1263.2) on the MS/MS/MS, which suggested the presence of
bisecting GleNAc. The fucosylation of reducing-end GleNAc¢ was
proven by the detection of Yy 2% ([peptide + HexNAc + 2H)*,
miz906.2) and Y,** (peptide 4+ dHex + HexNAc + 2H]*, m/z
979.0). Consequently, the glycan of glycopeptide 8 was char-
acterized as a bisected and core-fucosylated oligosaccharide
carrying two molecules of Le*-motils (Figure 4D). The possibil-
ity of the deduced structure was confirmed by the good
agreement between the experimental mass (2281.850) and the
theoretical mass (2281.845) (Table 1).

Figure 5A and B show the assignments of the carbohydrate
moicely in the glycopeptide 15. The predominant ion (m/z
1414.4) in the MS/MS spectrum was assigned (o [M — HexNAc
+ 3HIPY (Ya* or Vo). This Ya** (Yy*) ion yielded the B,*
(m/z512.3) by MS/MS/MS, suggesting the presence of only one
molecule of (he Lewis-motif. The presence of Yy ** (m/z
1346.3), Yi42** (in/z 1447.0) and Y;** (m/z 1520.2) suggested
the fucosylation at the reducing end of GlecNAc. The presence
of bisccting GleNAc was deduced from the detection of the ion
[Hex + 2HexNAc)* (m/z 569.3) and Yy, (milz 1630.4).
From these fragments, the oligosaccharide structure was
characterized as a bisccted and core-lucosylated oligosaccha-
ride carrying one molecule of the Le*-motif (Figure 5D).

The deduced carbohydrate structure of glycopeptide 17 is
indicated in Figure GD. In the MS/MS spectrum, the fragments
at m/z 1515.4 and m/z 1393.5 were assigned (o [M ~ dHex +
3HP (Vi or Ys™) and [M — dHex — Hex — HexNAc + 3H|3*
(Y,*), respectively (Figure GA). The detection of Byt (m/z512.3)
in both the MS/MS and MS/MS/MS spectra revealed the
binding of two Le*-motifls (Figure 6A and 6B). The presence of
bisecting GlcNAc was suggested by the detection of the ion
[Hex + 2HexNAc|* (m/z 569.2), Y, 342" (nlz 1599.7) and
Yas* " (m/21672.1) in the MS/MS/MS spectrum (Figure 6B),
The ions Y, #* (fpeptide + HexNAc + 2H]**, m/z 1315.0)
and Y,** ([peptide + dHex + HexNAc + 2H]?*, m/z 1388.1)
revealed the fucosylation at the reducing end of GIcNAc. We
also found the presence of a distinctive ion of the Lewis y (LeY)
motil, (Fucal ~2)Gal#l —4(Fucal -3)GlcNAc, at m/z658.3 in the
MS/MS spectrum. To determine whether N-linked oligosac-
charides contained the LeY-motif, N-linked oligosaccharides
were released from mouse kidney proteins and treated with
al—-2 fucosidase, Then the glycan profiles of the fucosidase-
wreated and -untreated oligosaccharides were compared by LG/
MS. No change was lound in the mass spectrometric glycan
profiles between the two samples, but the fragment (im/z 658)
was still detected in the MS/MS spectra of the enzyme-treated
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glycopeptide 17 (data not shown). These results suggest the
absence of al-2 fucose on the glycopeptides. Consequently,
we assigned the glycans ol glycopeptide 17 to a bisected and
core-fucosylated oligosaccharide carrying two Le*-motifs (Fig-
ure 60)).

The oligosaccharide structures of other Let-conjugated gly-
copeptides were deduced from their B- and Y-type ions as well
as the molecular masses obtained by FIICR—MS in the same
manner (Table 1 and Figure 7). The most common structure
was a bisected and fucosylated complex-type biantennary
oligosaccharide carrying two Le'-motifs (glycopeptides 1-5, 8,
10, 12, 14, 17, 20 and 21}, A bisccted and core-fucosylated
complex-type biantennary oligosaccharide carrying one ic*-
moltil was found in glycopeptides G, 13, and 15. A bisected and
core-fucosylated complex-type triantennary oligosaccharide
carrying three Le*-motifs was found in glycopeptides 9 and 18,
The oligosaccharide structure of the glycopeptide in glycopep-
tide 22 was a triantennary carrying two Le®-motils. Al experi-
mental molecutar masses of the deduced glycopeptides were
identical to their theoretical masses (Table 1).

Discussion

Several glycan-epitopes, including Lewis antigens, HINK-1,
and polysialic acid, have been widely shown to be involved in
the physiological functions of glycoproteins and certain dis-
cases. Some olignsaccharide-related antigens are being used
as diagnostic markers ol tumars in a clinical stage."*** How-
ever, only a few proteins are known to carry the glycan-
epitopes. To understand the physiological roles of the glycan-
epitopes and 1o develop more effective diagnostic markers, we
need methods that altow for the identilication of targel proteins
carrying the glycan motil of interest. Glycan-cpitopes are often
detected by two-dimensional (2D)-clectrophoresis in combina-
tion with lectin or immuno-blotting. The stained spots are
subjected Lo in-gel tryptic digesiion followed by protein
identification by MS/MS and database scarch analysis. There
are still problems in this procedure with the verification of
the glycan structure in the identified protein. In addition,
the procedure cannot be employed on hydrophobic mem-
branc proteins having a high molccular weight.

In the present study, all proteins in the mouse kidney were
digested into peplides, and the fucosylated glycopeptides were
enriched by lectin-affinity chromatography. The resulting fu-
cosylated glycopeplides were subjected to two different runs
of L.C=MS" In the first run, the clution positions of Les-
conjugated glycopeptides in the tryptic peptide map were
located based on the presence of Le*-molif-distinctive ions. We
picked out the product ion spectra of expected Le*-conjugated
glycopeptides from the elution positions and carefully assigned
the peptide + HexNAc, peptide + (dHex)HexNAc, and peptide
fragment. Then the fucosylated glycopeptides were subjected
to a second run in which the peptide-related ions were set as

- precursor ions. We successlully identified y-GTPI, LRP2, and
the cubilin precursor as Le'-conjugated glycoproteins by
sequencing of 2-5 glycopeptides. Although only one glyco-
peptide was sequenced, cadherin 16, dipeptidase 1, H2-—-K(k)
and alanyl (membrane) aminopeptidase were characterized as
Let-conjugated glycoproteins based on the good agreement
between the experimental and theoretical masses of glycopep-
tides and their fragment pauerns. Some of these were mem-
brane proteins with high molecular masses over 400 kDa, the
identilication of which might have been difficult by 2D-
clectrophoresis with Western blouing.

research articles

Carbohydrate structures of the identified glycopeptides were
deduced from the accurate molecular masses as well as
fragment patterns obtained by the first run. We confirmed that
all glycopeptides contained a bisccted and core-fucosylated
oligosaccharide carrying onc or two molecules of Led-motifs
al the N-linked oligosaccharide consensus sequence. Our model
tissuc was a mouse kidney in which we had previously
confirmed the presence ol Lewis x [Galff 1 —4(Fucal —3)GIcNAc]
and/or y [(Fucal =2)Galf1 -4 (Fucal - 3)GleNAc) motils as well
as the absence of Lewis a [GalB1=3(Fucal-4)GleNAc) or b
[(Fucal =2)Galf 1 —=3(Fucal -4)GleNAc) motifs,™ In this study,
the LeY-distinctive ions, (2dHex + Hex + HexNAc)* (im/ z 658),
werce found in all MS/MS spectra of Lewis-conjugated peptides.
However, treatment of « 1-2 fucosidase led to no change in
the mass spectrometric glycan profile, suggesting the absence
of the Le¥-motil. Recently, several groups have reported the
internal migration of fucose residues in the ESI-CID of
underived or derived carbohydrates,™ ™ Fucose residues are
transferred between hranches in liberated N-linked oligosac-
charides by the ESI-CID.* OQur finding suggests that the
rearrangement of fucose residues also occurs by the ESI—-CID
of glycopeptides. This phenomenon makes it difficult to deduce
the oligosaccharide structure from only the fragmentation
pattern, A simultancous usc of lecting and/or antibodies would
be crucial for the identification of the desired glycoproteins.

y-Glutamyl transpeptidase | is associated with glutathione
salvage, metabolism of endogenous medialors such as leukol-
rienes and prostaglandins. The attachment of Le®-conjugated
oligosaccharide to mouse y-GTP 1 has alrcady been demon-
strated by Yamashita et al. ™! They determined the carbohydrate
structures by the purification of y-GTP 1 and the sequential
exoglycosidase digestion in combination with methylation
analysis. The oligosaccharide structures deduced from the MS/
MS and MS/MS/MS spectra were in good agreement with those
they reported. Furthermore, we revealed the heterogeneity of
glycosylation on Asn™?,

Dipeptidase 1 is a glycosylphosphatidylinositol-anchored
membrane glycoprotein. This protcin is highly expressed in
the kidney and small intestine and plays an important role
in the degradation of cysteinyl-glycine, a glutathione pro-
duced by the removal of the glutamyl group from y-glutamyl
cysteinyl-glycine by y-GTP.** The present study is the first
report on the oligosaccharide structures of a mouse renal
dipeptidase.

Cubilin, which is highly expressed in the renal proximal
tubules, is a 460 kDa membrane glycoprotein consisting of 27
CUB (complement components Clr/Cls, Uegl, and bone
morphogenic protcin-1) domains. Cubilin is an endocylic
receptor for intrinsic factor vitamin B12, albumin, apolipopro-
Lein A-l, receplor-associaled protcin, immune globulin light
chain and high-density lipoprotcin.™ These factors bind to
cubilin through their CUB domains. The Le-conjugated ofi-
gosaccharides we found were all located on Asn'™2 and Asn!a®
in the CUBI12 domain (Figure 8).

Low-density lipoprotein receptor-related protein 2, a high
molecular weight membrane protein (520 kDa), is an endocytic
receptor for several ligands, vilamin-binding proteins, apoli-
poproteins, hormones and enzymes. Cubilin and LRP2 are
coexpressed in the renal proximal tubules and are associated
with wibular protein reabsorption, vitamin metabolism and
calcinm homeostasis. Low-density lipoprotein receplor-related
protein 2 consists of four ligand-binding sites containing
cysteine-vich complement-type repeats and epidermal growth
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Figure 7. MS/MS and the MS/MS/MS spectra of glycopeptides 1-6, 9, 10, 12-14, 18 and 20—22, and deduced oligosaccharide structures.
Boxed values are peptide-related ions. (A) MS/MS spectrum of the molecular ion (m/z 1136.4) of glycopeptide 1. (A’) MS/MS/MS spectrum
of the predominant ion (m/z 1448.2) of (A). (B) MS/MS spectrum of glycopeptide 2 (m/z 1170.8). (B’) MS/MS/MS spectrum of the ion (m/z
1499.3) in (B). (C) MS/MS spectrum of glycopeptide 3(m/z1152.5). (C’) MS/MS/MS spectrum of the ion (m/z1472.5) in (C). (D) MS/MS spectrum
of glycopeptide 4 (m/z 1294.2). (D’) MS/MS/MS spectrum of the ion (m/z 1685.0) in (D). (E) MS/MS spectrum of glycopeptide 5 (m/z 1226.0).
(E’) MS/MS/MS spectrum of the ion (m/z 1582.6) in (E). (F) MS/MS spectrum of glycopeptide 6(m/z 1123.4). (F) MS/MS/MS spectrum of the
ion (m/z 1428.4) in (F). (G) MS/MS spectrum of glycopeptide 9 (m/z 1156.9). (G’) MS/MS/MS spectrum of the ion (m/z 1318.5) in (G). (H)
MS/MS spectrum of glycopeptide 10 (m/z 1100.8). (H’) MS/MS/MS spectrum of the ion (m/z 1297.1) in (H). (1) MS/MS spectrum of glycopeptide
12 (m/z1238.1). (I') MS/MS/MS spectrum of the ion (m/z 1673.6) in (1). (J) MS/MS spectrum of glycopeptide 13 (m/z 1135.5). (J°) MS/MS/MS
spectrum of the ion (m/z 1600.3) in (J). (K) MS/MS spectrum of glycopeptide 14 (m/z 1163.5). (K’) MS/MS/MS spectrum of the predominant
ion (m/z 1380.8) in (K). (L) MS/MS spectrum of glycopeptide 18 (m/z 1482.6). (L') MS/MS/MS spectrum of the predominant ion (m/z 1433.9)
in (L). (M) MS/MS spectrum of glycopeptide 20 (m/z 1558.1). (M’) MS/MS/MS spectrum of the predominant ion (m/z 1509.8) in (M). (N)
MS/MS spectrum of glycopeptide 21 (m/z 1279.2). (N’) MS/MS/MS spectrum of the predominant ion (m/z 1263.5) in (N). (O) MS/MS spectrum
of glycopeptide 22 (m/z 1387.5). (O') MS/MS/MS spectrum of the predominant ion (m/z 1825.5) in (O). White circle, galactose; gray circle,
mannose; black square, N-acetylglucosamine; gray triangle, fucose.
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Figure 8. Location of Le*-conjugated oligosaccharides on cubilin and LRP2. CUB, C1r/C1s, Uegf, and bone morphogenic protein-1;

LDLa, Low-density lipoprotein receptor domain class A.

lactor (EGF) precursor homology domains, which are associ-
ated with pH-dependent ligand dissociation. A previous study
demonstrated the linkage of high-mannose-type and bi- and
triantennary complex-type oligosaccharides bearing core fucose
and bisecting GlcNAc. But there have been no reports on the
presence of Le*-conjugated oligosaccharides in rat kidney
LRP2.%% Interestingly, all of the Le*-conjugated oligosaccharides
we found were located in the EGF precursor homology domains
(Asn'7, Asn'%6, Asn'™ and Asn*""), Furthermore, heterogene-
ity of glycosylation on Asn'"""" was observed (Figure 8).

The cadherin 16, H2—K(k) protein and alanyl (membrane)
aminopeptidase (aminopeptidase N) were also identified as Le*-
conjugated glycoproteins. Cadherin 16 is a kidney-specific
cadherin that is associated with Ca’'-dependent cell-cell
adhesion.* The H2—K(k) protein, which is a mouse-specific
histocompatibility antigen (H-2 antigen), is involved in (he
presentation of foreign antigens to the immune system. Alanyl
(membrane) aminopeptidase (aminopeptidase N) is a trans-
membrane protein that is expressed predominantly in intestinal
mucosa and kidney tissue.”>% It was reported that this enzyme
is involved in several biological events such as tumorigenesis
and immune system.*” These proteins were unknown to be Le*-
conjugated proteins.

Using the present method, we successfully identified 14 Le*-
conjugated glycopeptides (12 peptides). Some peptides were
found to be glycosylated with different Le*-conjugated oli-
gosaccharides (glycopeptides 5 and 6; glycopeptides 12 and 13).
In most cases only a peptide carrying a major oligosaccharide
was identified as a Le*-conjugated glycopeptide. Minor Le'-
conjugated glycopeptides were not subjected to MS/MS/MS
in the first run because they were less intense. Such minor
glycopeptides might be identified by an additional run in which
the glycopeptides identified in the first run are excluded. In
addition, our method tended to fail in the identification of
glycopeptides having high molecular mass (>4500 Da), glyco-

peptides detected as triply charged ions, and glycopeptides
containing triantennary oligosaccharides. These glycopep-
tides yielded a smaller number of peptide-related ions, which
was insufficient for further CID, and database search analysis
resulted in false-positive proteins, for example, a peptide not
containing N-glycan consensus sequences. Using a conven-
tional approach that included LC-MS/MS ol the PNGase
F-treated wryptic digest, we found two additional Le*-expected
peptides. One was a high molecular mass peptide (3002 Da)
containing a triantennary oligosaccharide, and the other was
a peptide detected as sodium adducts in our method. The
conventional approach has the advantage of peptide sequenc-
ing, but does not allow confirmation of the Lewis-motif in the
oligosaccharide. Unlike the classical glycomic approaches that
are used for the comprehensive analysis of glycopeptides, our
method locused only on Lewis-conjugated glycopeptides. Ac-
cordingly, it could be applicable to the identification and
screening of glycoproteins carrying target glycan-motifs,
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Many glycoproteins and glycosaminoglycans are approved for clinical use. Carbohydrate moieties in bio-
pharmaceuticals affect not only their physicochemical properties and thermal stability, but also their reactivity
with their receptors and circulating half-life. Modification of glycans is one target of drug design for enhance-
ment of efficacy. Meanwhile, there have been reports of serious adverse events caused by some carbohydrates. It
is crucial to maintain the constancy of carbohydrate moicties for the efficient and safe use of glycosylated bio-
pharmaceuticals. On the other hand, for scientific, safety-related, and economic reasons, changes in the manu-
facturing process are frequently made cither during the development or after the approval of new biopharma-
ceuticals. Furthermore, the development of biosimilar glycoprotein products has been attempted by ditlerent
manufacturers. Changes in pharmaccutical manufacturing processes possibly cause alteration of glycosylation
and raise concerns about alteration of their quality, safety, and efficacy. In this review we provide some current
topics of glycosylated biopharmaceuticals from the viewpoints of efficacy, safety, and the manufacturing process

Vol. 32, No. 5

and discuss the significance of glycosylation analysis for development of biopharmaccuticals.

Key words  glycoprotein; glycosaminoglycan; biopharmaceutical; elficacy; safety: manufacturing process

{. INTRODUCTION

Many biological molecules containing carbohydrates are
approved tor clinical use in Japan (Table ). In the beginning,
most therapeutic glycoconjugates were naturally occurring
glycoproteins and glycosaminoglycans (GAGs) derived from
human and healthy animal tissucs, such as gonadotropins
from human urine, and heparins from the porcine intestine.
Recombinant glycoproteins, including erythropoietin and tis-
sue plasminogen activator (tPA), have been developed as
copics of native human glycoproteins since the early 1990s in
Japan. In many cases their carbohydrate moicties were differ-
ent from the original human ones. Carbohydrate moicties in
glycoproteins affects not only their physicochemical proper-
ties and thermal stability but also their rcactivity with their
receptors and circulating half-lifc.” Modification of carbohy-
drate moieties is one target of drug design to enhance the ef-
ficacy of the original ones. Meanwhile, there have been re-
ports from around the world of serious adverse events caused
by carbohydrate-related drugs. For the cfficient and safe usc
of glycoprotein/GAG products, it is necessary to maintain the
structures and heterogeneity of carbohydrate moietics in gly-
cosylated biopharmaceuticals.

On the other hand, carbohydrate moictics in biotechnol-
ogy-derived drugs arc variable when the manufacturing
process is changed. For scientific, safety-related and cco-
nomic reasons, it has become common for companies to
change the manufacturing process for their approved prod-
ucts. Furthcrmore, biosimilar glycoprotein products, which
arc manufactured by different companics, have been develop-
ing in many regions.™* One of the main issues for the devel-

# To whom correspondence should be addressed.  c-mail: nana@ nihs.go.jp

Table 1. Glycosylated Biopharmaccuticals in Japan

Origin

Japanese accepted name

Granulocyte-colony
stimulating fuctor

Granulocyte macrophage
colony-stimulating factor

Interferon

Erythropoetin
Monoclonal antibody

Receptor

Follicle stimulating
hormonc
Gonadotropin

Factor VII

Factor VIII
Thrombomodulin
Urokinase
Pro-urokinase
Tissuc-plasminogen
activator

Enzymes

Heparins

Hyaruronate
Chondroitin sulfate

L.enograstim

Miritmostim

Interferon Alfa (NAMALWA), Interferon Alfa
(BALL-1), Interleron Beta, Interferon Beta-la,
Interferon Gimma-nl

Epoctin Alfa, Epoctin Beta, Darbepoctin Alfa
Ibritumomab Tiuxetan, Basiliximab, Infliximab,
Rituximab, Cetuximab, Gemtuzumab
Ozogamicin, Palivizumab, Tocilizumab,
Trastuzumab , Bevacizumab, Adalimumab
Etancrcept

Follitropin Alfa, Follitoropin Beta

Human Menopausal Gonadotropin, Human
Chorionic Gonadotropin, Scrum Gonadotropin
Eptacog Alta (Activated)

Oclocog Alfa, Rurioctocog Alfa
Thrombomodulin Alfa

Urokinase

Nasaruplase

Alteplase, Monteplasc, Pamiteplase

Kallidinogenase, Agalsidase Alfa, Agalsidase
Beta, Alglucosidase Alfa, Alglucerase,
Idursulfase, Imiglucerase, Laronidase,
Galsulfase

Heparin Sodium, Heparin Caleium, Parnaparin
Sodium, Dalteparin Sodium, Enoxaparin
Sodium, Reviparin Sodium

Sodium Hyaruronate

Chondroitin sulfate

1 2009 Pharmaccutical Society of Japan
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opment of biosimilar products is how to assure the similarity
ol carbohydrate moictics between the biosimilar products
and the reference products,

In this revicw we provide some current topics ol glycosy-
lated biopharmaccuticals in terms of cfficacy, safety, and
manufacturing process and discuss the significance of glyco-
sylation analysis in the development of biopharmaccuticals.

2. ROLE OF CARBOHYDRATES ON EFFICACY

Glycosylation in some biopharmaceuticals is crucial for
their biological activity. Lysosomal storage discases are char-
acterized by deficiencies of lysosomal cnzymes that degrade
the glycoconjugates, such as mucopolysaccharides and gly-
colipids, and consequent cellular damages by their accumu-
lated metabolites. For use in cnzyme-replacement therapy
against lysosomal storage diseases, several recombinant gly-
coprotein products have been approved, namely agalsidase
alfu and agalsidase beta for Fabry’s discase, alglucosiduse
alfu for Pompe’s disease, and laroniduse, idursulfase, and
gulsulfuse for mucopolysaccharidosis 1, 11, and VI, respce-
tively.” ® These drugs contain N-linked oligosaccharides at-
tached to mannose 6-phosphate (M-6-P), and the secreted en-
zymes are transported to an acidified prelysosomal compart-
ment through the M-6-P receptor.™'” The carbohydrate
residuc is essential lor lysosomal targcting and to cxhibit
complete enzyme activity in lysosomes. fmiglucerase is an
analog of human f-glucocerebrosidase, which is used for the
treatment of Gausher’s disease. This glycoprotein is pro-
duced by rccombinant DNA technology and exoglycosidase
treatment to exposc mannose residues in N-linked oligosac-
charides. The carbohydrate modification facilitates incorpo-
ration of this drug into macrophages through mannosc-bind-
ing receptors.'” These recombinant lysosomal enzymes have
achieved dramatic therapeutic cffects against the lysosomal
storage diseascs.

Several human glycoprotein analogs whose carbohydrates
arc modified to enhance their cfficacy have been developed
in recent years. Erythropoictin is a glycoprotein containing
three N-glycans and one O-glycan, and sialylation on its non-
reducing ends is closely associated with its circulating half-
life.'"? Darbepoetin alfa is an erythropoictin analog to which
two additional NV-glycans are attached by replacement of five
amino acid residues.'”” The modification of glycosylation
prolongs the half-time of this analog compared to its native
form. Similar genctic engineering for improvement of half
lives has been successfully attempted in antithrombolytic
drugs. T-PA consists of finger, epidermal growth factor
(EGF), kringlel, kringle2 and catalytic domains, and threc
N-glycans. FHigh-mannose type oligosaccharides at the
kringlel domain and EGF domain arc related to the short
circulation half-lifc of t-PA.'"" Extension of half-life in
blood has been achieved by eliminating the kringlel domain
from human -PA and replacing one amino acid residue
(paniiteplase).” These improvements have contributed to re-
ducing the frequency and dose of administration.

Recombinant monoclonal antibodies, which have been
successfully used in the treatment of cancers and immune
diseases, might be the next target of drug design by glyco-en-
ginecring. Several anti-tumor monoclona! antibodies that
contain a constant region derived from immunoglobulin
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(1g) G have antibody-dependent cellular ¢ytotoxicity (ADCC),
and removal of a fucose (Fuc) residue from N-linked
oligosaccharides at the constant region causes the enhance-
ment of ADCC.'"'" A non-fucosylated IgG-derived antibody
is expected to improve the therapeutic effects of these anti-
tumor pharmaceuticals.

Glycosylation has also been used for the site-selective
modification of proteins with polyethylene glyco! (PEGyla-
tion)."™ In the GlycoPEGylation method, sialic acid cova-
tently substituted with polycthylene glycol (PEG) can be en-
zymatically transferred to O-glycans at serine or threonine
positions in proteins produced in Escherichia coli. This strat-
cgy has overcome the problems of the previous PEGylation,
which provided a hetcrogencous mixture of PEG positional
isomers. There is increasing interest in utilization and modi-
fication of glycans in the development of biopharmaceuti-
cals,

3. IMPACT OF CARBOHYDRATES ON SAFETY

Some glycans have caused serious adverse events in clini-
cal stages. Heparin is a highly sulfated GAG composed of a
disaccharide unit, Bt-4 linked o-p-glucosamine and @-p-
iduronic acid or B-n-glucuronic acid (averaging 2.5 sulfatc
groups per disaccharide). In 2007—2008, a serious adverse
event associated with hieparin sodium, including over eighty
deaths, occurred in the United States (US)."” Over-sulfated
chondroitin sulfate (OSCS), which consists of fully sulfated
B1-3 linked a-p-N-acetylgalactosamine (GalNAc) and a S-b-
glucuronic acid unit, was identified as the contaminant in the
heparin  sodium that had caused hypersensitivity reac-
tions.*™2" It has been reported that OSCS activated the kinin-
kallikrein system and induced generation of C3a and C5a,
potent anaphylatoxins derived from complement proteins.
The contaminated heparin sodium was distributed to at least
twelve countries and raised concern about a shortage of he-
parin products. For ensuring the safety of heparin products,
pharmacopoeias in Japan, the US and EU immediately
amended their heparin sodium monograph to confirm the ab-
sence of OSCS by 'H-NMR and/or capillary electrophoresis
(Fig. 1A). This adverse event has left concerns about the
safety of GAGs and motivated the development of a sensitive
and selective analytical method for GAGs products all over
the globe (Fig. I B).

An alternative concern for a carbohydrate-related adverse
event is immunogenicity of nonhuman glycan motifs. The
galactosc-al,3-galactose (Gal(ar1-3)Gal) motif is known as
one of the major problems in the transplantation of organs
from pigs to humans.”” Mouse myeloma cell lines, which are
often uscd for production of recombinant glycoproteins, also
expresses the Gal(a1-3)Gal motif in N-linked oligosaccha-
rides. Recently, a high prevalence of hypersensitivity reac-
tions was reported in patients who had been injected with ce-
iximab, which is produced in mouse myeloma cells.” This
chimeric mousc-human antibody is attached to N-linked
oligosaccharide containing the Gal(ct1-3)Gal motif at the Fab
region.™" It is reported that IgE antibodies against the
Gal(a1-3)Gal motif had been present in serum before ther-
apy, and these antibodies caused hypersensitive rcactions
after cetuximab treatment. Another immunogenic nonhuman
glycan is N-glycolylncuraminic acid (NeuGc), a sialic acid.*
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Since Varki ef al. reported the incorporation of NeuGe into
human embryonic stem (ES) cells through the animal serum
and the feeder layer, contamination of cell therapy products
with NeuGce has become a serious issue in clinics.™ These
reports imply the significance of glycan analysis in recombi-
nant glycoprotein products and risk assessment of nonhuman
glycans.

4. ALTERATION OF CARBOHYDRATES BY CHANGES
IN EXPRESSION SYSTEM AND MANUFACTURING
PROCESS

In addition to recombinant technology using mammalian
cells, a transgenic technique has been also focusing on large-
scale production of therapeutic glycoproteins.”’®  Anti-
thrombin I is an anticoagulant factor, and a freeze-dried
preparation of human antithrombin 11 has been approved for
treatment of disseminated intravascular coagulation and
thrombogenic tendencics. In 2006, the European Mecdicine
Agency (EMEA) authorized the marketing of antithrombin
alfa, a recombinant human antithrombin 1l produced from
the milk of transgenic goats. Detailed structural analysis re-
vealed that these two glycoproteins were structurally identi-
cal except for a difference in glycosylation.’” An alternative
approach for the large-scale and low-cost production of bio-
pharmaceuticals is the use of transgenic plants.”! Plant cells
express nonhuman glycans, such as Fue (o1-3) N-acetylglu-
cosamine (GlcNAc), xylose (Xyl) (S1-2) GlcNAc and Gal
(B1-3) GlIcNAc at the reducing-end of complex-type M-
linked oligosaccharides. Currently, plant glyco-cngineering,
including modification of glycosyltransferases, is developing
to overcome limitations in the production of glycoprotein
products.*”

For various scientific, safety-related and cconomic rea-
sons, changes in manufacturing processes for biopharmaceu-
ticals are often attempted during the development phase and
after marketing authorization. Meanwhile recombinant gly-
coprotein products that have been claimed to be similar to a
reference medical product alrcady authorized (biogeneric/
biosimilar/follow-on biologics) have been approved by differ-
ent manufacturers. The changes in the manufacturing process
possibly cause the alteration of glycosylation in the glycopro-
tein products and conscquent changes in quality. efficacy and
safety. The first biosimilar glycosylated pharmaceutical, epo-

etin alfa, was approved in the EU recently. According to the
Japanese guidelines for the biosimilar products, the appli-
cants have lo submit some efficacy and safety study data but
not all if they can show the data on structural properties and
physicochemical/biological similarity between the authorized
and biosimilar products. Onc of the challenging issues in the
development of biosimilar glycoprotein products is a com-
parison of glycosylation between the authorized products and
the new entry biosimilar products.

Using some epoetin products. we have studied the possi-
bility of several analytical methods for comparison of the
glycosylation between closely related biopharmaceuticals.
Commercially available epoetin products (products A—D)
were clectrophoresed, and N-linked oligosaccharides were
released from bands at 30kDa by an in-gel glycopeptidase F
digestion (Fig. 2A). The resulting oligosaccharides were re-
duced with NaBH, and subjected to L.C/MS, In Fig. 2, /nser-
national nonproprietary names (INN) of epoetins contained
in the products A—C and D are tentatively named as epoetin
o and f3, respectively. Products A and B are marketed in
country X, while products C and D are manufactured and
distributed in country Y. Figure 2B shows the total ion chro-
matograms of N-linked oligosaccharides released from four
e¢poetin products, and the mass spectra acquired from the
most intense peaks (peak z,_,) are shown in Fig, 2C. The m/z
values of the most intense ions (m/z 1226.8) and a series of
triply charged ions with m/z 14 spacing pattern reveal that the
most abundant glycan in epoetin products are a tetrasialyl fu-
cosylated-tetraantennary oligosaccharide in common but
there are tangible differences in acetylation of sialic acids be-
tween products A—C (epoetin @) and product D (epoctin f3)
(Fig. 2C). Even among epoetin ¢ products there were some
significant differences, such as the non-fucosylated oligosac-
charides that were found in epoetin o products in country X
(products A and B) but not in country Y (product C). The
latest analytical technology allows us.to evaluate the similar-
iy o}i;‘llwhe glycosylation of closely related biopharmaceuti-
cals.”'

5. CONCLUSION
As described above. glycosylation in most biopharmaceu-

ticals affects their efficacy and safety, and the glycosylation
is dependent on the manufacturing process and the expres-
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Fig. 2. Glycosylation Analysis of Epoetin Products

(A) SDS-PAGE images. Sample: lane 1, product A; lane 2, product B; lane 3, product C; lane 4, product D. (B) N-glycan profiles of products A-—D acquired by LC/MS in the
negative ion mode. (C) Mass spectra of peaks 2, . Product: A, an epoetin a product manufactured/distributed by company a in country X; B, an epociin a product manufactured
by company a and distributed by company b in country X; C, an epoetin e product manufactured/distributed by company ¢ in country Y: D, an epoctin 3 product manufactured/dis-
tributed by company d in country Y. /NN of products A—C, and D are tentatively named as epoetin a and epoetin 3, respectively. Symbols: @, Man; O, Gal; B, GIcNAc; A, Fuc:
@, NeuAc. * Bands of epoctins. LC: instrument, nanoFrontier nLC system (Hitachi High-Technologies Corporation); column, graphitized carbon (0.075 <150 mm, ThermoFisher
Scientific); flow rate, 200 nl/min; bufler A, 5 ma ammonium acetate with 2% acetonitrile (pH 9.6); buffer B, 5 my ammonium acetate with 80% acetonitrile (pH 9.6); gradient con-
dition, 5—35% B (110 min). MS: instrument, LTQ-TF (ThermoFisher Scientific); electron voltage, 2.0kV (negative ion mode).

sion system. Physicochemical and biological characterization
of such glycosylation is crucial at various stages, namely the
development of new biotherapeutic glycoproteins, the estab-
lishment of changes in the manufacturing process, and the
development of biosimilar products. Appropriate glycan test-
ing must be adopted if the carbohydrate moiety influences
safety and efficacy of the pharmaceutical. Furthermore, an in
vivo assay could be replaced by the glycan test if the glycan
profile is strongly associated with in vivo activity. Advances
in analytical techniques for carbohydrate moieties are ex-
pected to facilitate the development of biopharmaceuticals.
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Introduction

Summary

Changes in the glycan structures of some glycoproteins have been
observed in autoimmune diseases such as systemic lupus erythematosus
(SLE) and rheumatoid arthritis. A deficiency of »-mannosidase I, which
is associated with branching in N-glycans, has been found to induce SLE-
like glomerular nephritis in a mouse model. These findings suggest that
the alteration of the glycosylation has some link with the development of
SLE. An analysis of glycan alteration in the disordered tissues in SLE may
lead to the development of improved diagnostic methods and may help to
clarify the carbohydrate-related pathogenic mechanism of inflammation in
SLE. In this study, a comprehensive and differential analysis of N-glycans
in kidneys from SLE-model mice and control mice was performed by
using the quantitative glycan profiling method that we have developed
previously. In this method, a mixture of deuterium-labelled N-glycans
from the kidneys of SLE-model mice and non-labelled N-glycans from
kidneys of control mice was analysed by liquid chromatography/mass
spectrometry. It was revealed that the low-molecular-mass glycans with
simple structures, including agalactobiantennary and paucimannose-type
oligosaccharides, markedly increased in the SLE-model mouse. On the
other hand, fucosylated and galactosylated complex type glycans with high
branching were decreased in the SLE-model mouse. These results suggest
that the changes occurring in the N-glycan synthesis pathway may cause
the aberrant glycosylations on not only specific glycoproteins but also on
most of the glycoproteins in the SLE-model mouse. The changes in glyco-
sylation might be involved in autoimmune pathogenesis in the model
mouse kidney.

Keywords: isotope-tagging method; liquid chromatography/multiple-stage
mass spectrometry; systemic lupus erythematosus

. . . . 8
(.\runncmhryum( antigen 1n colon cancer.” Furthermore,

an increase in  biantennary oligosaccharides lacking

Glycosylation is one of the most common post-transla-
tional modifications'* and contributes to many biological
processes, including protein folding, secretion, embryonic
development and cell-cell interactions.” Alteration of
glycosylation is associated with several diseases, including
inflammatory responses and malignancies;' © for instance,
significant increases in fucosylation and branching are
found in ovarian cancer and lung cancer.” Additionally, the
carbohydrate  structure changes from type | glycans
(Galp1-3GlaNAC) to type I glycans (Galp1-4GalNAc) in

336 © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd

galactose (Gal) was found on immunoglobulin G (IgG) in
systemic lupus erythematosus (SLE) and rheumatoid

s 9
arthritis,” " and agalactoglycans are used for the early

diagnosis of rheumatoid arthritis,'?

Systemic lupus erythematosus is an autoimmune disease
characterized as chronic and as a systemic disease, with
symptoms such as kidney failure, arthritis and erythema. In
addition to the known changes in glycosylation on IgG,
there have been several reports on the association between
glycosylation and inflammation in SLE and rheumatoid

Immunology, 126, 336-345



Differential analysis of N-glycan in the kidney in a SLE mouse model

arthritis."*"* A deficiency of x-mannosidase 11 (3M-I1),
which is associated with branching in N-glycans, has been
found to induce human SLE-like glomerular nephritis in a
mouse model.'® Green et al. reported that branching struc-
tures of N-glycan in mammals are involved in protection
against immune responses in autoimmune disease patho-
genesis.'” Although there is no direct evidence that alter-
ation of glycosylation is the upstream event in the
pathogenesis of SLE, these findings suggest that changes in
the glycan structure may be involved in the inflaimmatory-
related autoimmune disorder. Glycosylation analysis may
lead to the development of improved diagnostic methods
and may help to clarify the carbohydrate-related patho-
genic mechanism of inflammation in SLE.

Mass spectrometry (MS) and liquid chromatography/
mass spectrometry (LC/MS) are the most prevalent
strategies for identifying disease-related glycans in glyco-
mics.'" 2" Aberrant glycosylations in some disease samples
have been found by comparing mass spectra or chroma-
tograms between normal and disease samples; however,
because of the tremendous heterogeneities of the sugar
moiety in glycoprotein as well as the low reproducibility
of LC/MS, accurate quantitative analysis is difficult using
MS and LC/MS alone. To overcome these problems, we
previously developed the stable isotope-tagging method
for the quantitative profiling of glycans using 2-amino-
pyridine (AP).*' After the glycans are released from sam-
ple and the reference glycoproteins are derivatized to
pyridyl amino (dy-PA) glycans and to tetra-deuterium-
labelled pyridyl amino (d4-PA) glycans, respectively, a
mixture of both dy-PA and d;-PA glycans was subjected
to LC/MS, and the levels of individual glycans were calcu-
lated from the intensity ratios of dg-glycan and d,-glycan
molecular ions (Fig. 1a). Recently, alternative isotope-
tagging methods using deuterium-labelled compounds,
such as 2-aminobenzoic acid its derivatives, and perme-
thylation, have been proposed by other groups.”>*' All of
these studies prove the utility of isotope-tagging methods
for the quantitative analysis of glycosylation.

In the present study, we used the isotope-tagging method
to analyse changes in N-glycosylation in the disordered kid-
ney in an SLE mouse model. We used an MRL/Mp]-lpr/lpr
(MRL-lpr) mouse which lacks the Fas antigen gene.”**’
The MRL-Ipr mouse is known to naturally develop SLE-like
glomerular nephritis and is widely used in SLE studies.
MRL/Mp]J-+/+ (MRL-+/+) mice were used as controls.

Materials and methods

Materials

The kidneys of the SLE-model mice (MRL-Ipr) and con-
trol mice (MRL-+/+) (n = 3) were purchased from Japan
SLC, Inc. (Hamamatsu, Japan). Thermolysin (EC
3.4.24.27), originating from Bacillus thermoproteolyticus
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Figure 1. (a) Quantitative glycan profiling using the stable isotope-
tagging method and liquid chromatography/mass spectrometry (LC/
MS). (i) sample = control, (ii) sample > control, (iii) sample < con-
trol. (b) Total ion chromatogram obtained by a single scan (m/z
700-2000) of the dy-glycan and d,-glycan mixture.

Rokko, was purchased from Daiwa Kasei (Shiga, Japan).
Glycopeptidase A (PNGase A) was obtained from Sei-
kagaku Kogyo Corporation (Tokyo, Japan). Non-deute-
rium-labelled 2-aminopyridine (dg-AP) and deuterium-
labelled “2-aminopyridine (ds-AP) were purchased from
Takara Bio (Otsu, Japan) and Cambridge Isotope Labora-
tories (Andover, MA), respectively.

Sample preparation

Mouse kidneys were filtered using a cell strainer (70 pm;
BD Biosciences, San Jose, CA) and contaminating blood
cells in the kidney cells were burst in 140 mm NH,CI-Tris
buffer (pH 7-2). The surviving kidney cells were washed
three times with phosphate-buffered saline containing a
mixture of protease inhibitors (Wako, Tokyo, Japan) and
dissolved in guanidine-HCI buffer (8 M guanidine-HClI,
0:5 m Tris-HCI, pH 8:6) containing a mixture of protease
inhibitors by vortexing at 4°. The protein concentration
was measured using a 2-D Quant Kit (GE Healthcare
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Bio-Sciences, Uppsala, Sweden). The protein solution
(200 pg proteins) was incubated with 40 m dithiothrei-
tol at 65° for 30 min. Freshly prepared sodium iodo-
acetate (final concentration, 96 my) was added to the
sample solution, and the mixture was incubated at room
temperature for 40 min in the dark. The reaction was
stopped by adding cystine (6 mg/ml in 2 & HCI) in an
amount equal to the amount of dithiothreitol. The solu-
tion containing carboxymethylated proteins was diluted
in four times its volume of H.O, and the mixture was
incubated with 0-1 pg of thermolysin at 65° for 1 hr,
After terminating the reaction by boiling, the reaction
mixture was diluted in four times its volume of 0-2 n
acetate buffer. The N-linked glycans were released by
treatment with PNGase A (1 mU) at 37° for 16 hr and
were desalted using an EnviCarb C cartridge (Supelco,
Bellefonte, PA).

Labelling of N-glycans with dy-AP and dg-AP

Glycans released from the SLE-model mouse cells were
incubated in acetic acid (20 ul) with 12:5 a1 dy-AP at 90°
for 1 hr. Next, 33 M borane-dimethylamine complex
reducing reagent in acetic acid (20 pl} was added to the
solution and the mixture was incubated at 80° for 1 hr.
Excess reagent was removed by evaporation, and dy-PA
glycans were desalted using an EnviCarb C cartridge, con-
centrated in a SpeedVac and reconstituted in 20 pl of
5 my ammonium acetate (pH 9:6). Glycans released from
the control mouse were labelled with de-AP in a similar
manner. The resulting d,-PA glycans were combined with
do-PA glycans, which were prepared from an equal
amount of proteins.

Ou-line liquid chromatography/inass spectrometry

The sample solution (4 pl)} was injected into the LC/MS
system through a 5-pl capillary loop. The dy-PA and
dy-PA glycans were separated in a graphitized carbon col-
umn (Hypercarb, 150 X 0-2 mm, 5 pm; Thermo Fisher
Scientific, Waltham, MA) at a flow rate of 2 ul/min in a
Magic 2002 LC system (Michrom Bioresources, Auburn,
CA). The mobile phases were 5 ma ammonium acetate
containing 2% acetonitrile (pH 9-6, A buffer) and 5 mu
ammonium acetate containing 90% acetonitrile (pH 96,
B buffer). The PA-glycans were eluted with a linear gradi-
ent of 5-45% of B buffer for 90 min.

Mass spectrometric analysis of PA glycans was per-
formed using a Fourier transform ion cyclotron reso-
nance/ion trap mass spectrometer (FT-ICR-MS, LTQ-FT;
Thermo Fisher Scientific) equipped with a nanoelectro-
spray ion source (AMR, Tokyo, Japan). For MS, the
clectrospray voltage was 2.0 kV in the positive ion mode,
the capillary temperature was 200°, the collision energy
was 25% for MS" experiment, and the maximum injection

times for FT-ICR-MS and MS" were 1250 and 50 milli-
seconds, respectively. The resolution of FT-ICR-MS was
50 000, the scan time (m/z 700-2000) was approximately
0-2 seconds, dynamic exclusion was 18 seconds, and the
isolation width was 3-0 U (range of precursor jons & 1-5),

Results

Quantitative profiling of kidney oligosaccharides in
the SLE-model mouse

The recovery of oligosaccharides from whole tissues and
cells is generally low because of the insolubility of the mem-
brane fraction and possible degradation of the glycans. To
improve the recovery of N-glycans from kidney cells, whole
cells were dissolved in guanidine hydrochloride solution,
and all proteins, including membrane proteins, were
digested into peptides and glycopeptides with thermolysin.
The N-glycans were then released from the glycopeptides
with PNGase A, which is capable of liberating N-linked
oligosaccharides even at the N- and/or C-terminals of
peptides.  The N-linked oligosaccharides from the
SLE-model mice and control mice were labelled with dy-AP
and d,-AP, respectively. The mixture of labelled glycans
derived from an equal amount of proteins was subjected to
quantitative glycan profiling using LC/MS".

Figure 1(b) shows the total ion chromatogram obtained
by a single mass scan (m/z 700-2000) of the glycan
mixture in the positive ion mode. Although the MS data
contain many MS spectra derived from contaminating
low-molecular-weight peptides, the MS/MS spectra of oli-
gosaccharides could be sorted based on the existence of
carbohydrate-distinctive ions, such as HexHexNAc™ (m/z
366) and Hex(dHex)HexNAc* (m/z 512). The mono-
saccharide compositions of the precursor ions were calcu-
lated from accurate m/z values acquired by FT-ICR-MS.
Oligosaccharides found at 25-27 min were assigned to
low-molecular-mass glycans consisting of dHexy, Hex, 4
HexNAc, (dHex, deoxyhexose; Hex, hexose; HexNAc,
N-acetylhexosamine). High-mannose-type glycans, which
consist of Hexs_jpHexNAc,, were located at 20-28 min;
complex-type glycans (dHex,_;Hexs.sHexNAc,¢) were
found at 21-27 min. Figure 2(a) shows the relative inten-
sities of the molecular ions of N-glvcans in the SLE-
model mouse, which may correspond roughly to the
levels of individual N-glycans. More than half of all
glycans were complex-type oligosaccharides, and the most
prominent glycan was dHexyHexsHexNAc;.  Man-9
(HexgHexNAcy) was the second most common oligo-
saccharide. Nearly one-quarter of the glycans were low-
molecular-mass glycans, and dHex,HexsHexNAc; was the
third most abundant glycan in the SLE-model mouse.
The rate of percentage change in individual glycans
between the SLE-model mice and control mice was caleu-
lated from the intensity ratio of dg-glycan and d,-glycan
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molecular ions (Fig. 2b). The significant changes found in
many glycans are described below.

Increased oligosaccharides in the SLE-model mouse

Figure 3(a,b) show the mass and MS/MS spectra of the
most increased glycan, which showed a notable increase
in the SLE-model mouse. Based on 11/z values of molecu-
lar ions and differences of 1:00 U in m/z values among
monoisotopic ions, the intense ion (m/z 973-40) and its
neighbour ion (m/z 977-43) were assigned to [M+H]" of
dy-PA dHex,Hex,HexNAc,, and d,-PA dHex,Hex,Hex-
NAc,, respectively (Fig. 3a). The intensity ratio of these
ions suggested that the level of dHex,Hex,HexNAc,
increased 3-6-fold in the SLE-model mouse. The structure
of this oligosaccharide was estimated to be a core-fucosy-
lated trimannosyl core lacking a Man residue from the
successive cleavages of Man (Ys: m/z 815), Man (Y, m/z
653), GlcNAc (Yy: m/z 450) and Fuc (Y, m/z 304)
(inset in Fig. 3b). Such a defective N-glycan is known as
a paucimannose-type glycan, and is rarely found in verte-
brates. All paucimannose-type glycans, such as dHex,
HexyHexNAc, (a core-fucosylated trimannosyl core) and
Hex;HexNAc, (a non-fucosylated trimannosyl core) were
increased in the SLE-model mouse. Furthermore, a two-
fold increase was found in Hex;HexNAc, (Man-4).

Figure 4 shows the molecular ratios of individual
N-glycans between the SLE-model mice and control mice.
A remarkable increase (3-5-fold) was also found in

dHex,Hex;HexNAc,, which is assigned to a core-fucosy-
lated biantennary oligosaccharide lacking two non-reduc-
ing terminal Gal residues; its non-fucosylated form
(Hex;HexNAc,y) was also increased 1-8-fold in the SLE-
model  mouse. In  other complex-type  glycans,
dHex,HexyHexNAcy (1), which is assigned to a bianten-
nary oligosaccharide lacking one molecule of Gal,
increased 1-6-fold. Interestingly, a significant decrease was
found in dHex,Hex,;HexNAc, (2), a positional isomer of
dHex,HexyHexNAc, (1); this might have been caused by
galactosylation on either GleNAc-Manz1-3 or GleNAc-
Manxz1-6. In contrast, no change was found between
fucosylated and non-fucosylated oligosaccharides, nor
between bisected and non-bisected oligosaccharides.

A significant increase was found in some high-
mannose-type oligosaccharides, such as HexsHexNAc,
(Man-5;  + 137%) and HexgHexNAc. (1) (Man-6;
+ 136%), while Hex;HexNAc, (1,2) (Man-7) and a posi-
tional isomer of HexgHexNAc, (1) [Hex,HexNAc, (2)]
remained unchanged in the SLE-model mouse. A slight
increase was found in HexgHexNAc, (Man-8; + 116%)
and Hex gHexNAc, (possibly assigned to Man-9 plus Glc;
+ 116%).

Decreased oligosaccharides in the SLE-model mouse

The mass spectrum of the most decreased glycan is shown
in Fig. 5(a). Based on differences of 0-5 U in m/z values
among monoisotopic ions, molecular ions at m/z 1180-97
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and 1182:98 are estimated to be [M + 2H]*' of dy-PA
and d,-PA dHex;HexsHexNAcs (1), respectively. The
intensity ratio of dy : d; glycans suggests that this glycan
in the SLE-model mouse was decreased to 47% of the
amount found in the control mouse. Figure 5(b) shows
the MS*™ spectra of dy-PA dHex;HexsHexNAcs (1) (pre-
cursor ion, m/z 1180-97). The fragment ion at m/z 512 in
MS/MS (i) and MS/MS/MS (ii) spectra, which corre-
sponds to dHex,Hex;HexNAc,", suggests the attachment
of two Lewis motifs on the side chains of the glycan. The
presence of dHex,HexNAc,PA' (m/z 446) and
dHex,Hex,HexNAc;PA* (m/z 1015) reveals the linkages
of a core fucose and a bisecting GlcNAc. Based on these
fragments, this decreased glycan is estimated to be a
Lewis-motif-modified, core-fucosylated and bisected bi-
antennary oligosaccharide (inset in Fig. 5).

As shown in Figs 2(b) and 4, oligosaccharides lacking
one molecule of Gal with and without bisecting Glc-
NAc [dHex,Hex,HexNAc; (2) and dHex,Hex,;HexNAc,
(1)) were decreased to 48% and 55%, respectively. A
significant decrease was also found in other monogalacto-
biantennary oligosaccharides, such as dHex,Hex,Hex
NAc, (2) (a Lewis-motif-modified, core-fucosylated
monogalacto-biantennary) and dHex,Hex;HexNAcs (1)
(a Lewis-motif-modified core-fucosylated and bisected
monogalacto-biantennary).

The oligosaccharides, non-reducing ends of which are
fully galactosylated, were decreased in the SLE-model
mouse.  For  example, monofucosyl biantennary
dHex;HexsHexNAc, (1) and (2) were decreased 59% and
75%, respectively, The di-, tri- and tetra-fucosylated oli-
gosaccharides, dHex,HexqHexNAcg (1), dHexsHexqHex-
NAcs (1,2) and dHex;Hex(HexNAcs (1,2), which were
estimated to be tri- and tetraantennary forms, were
also significantly decreased. These results show that
oligosaccharides with a complicated structure, such as
high branching oligosaccharides and di- and tri-fucosylated
oligosaccharides, were decreased in the SLE-model mouse.

Discussion

Using the isotope-tagging method, we demonstrated
aberrant N-glycosylation on the kidney proteins of a SLE-
model mouse. We found increases in low-molecular-mass
glycans with simple structures, including paucimannose-
type glycans, agalacto-biantennary oligosaccharides, Man-5
and Man-6, and decreases in glycans which have a compli-
cated and diverse structure, such as digalacto-biantennary
oligosaccharides and highly fucosylated glycans (Fig. 4). An
increase in agalacto-biantennary oligosaccharides on IgG
has been reported in the sera of patients with autoimmune
diseases, including SLE, rheumatoid arthritis and IgA
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