>

20

21

re
2

[
i

26

s

344

. Hashii et al.

of human immunoglobulins. Anny Rev [mmunol 2007, 25:21-
50.

[Mas H. Atsumi T, Fukushima Y et al. Diagnostic value of anti-
agalactosyl 1gG antibodies in rheumatoid arthritis. Clin Rheuna-
ol 2004; 23:218-22.

Raghav SK, Gupta B, Agrawal C, Saroha A, Das RH, Chaturvedi
VP, Das HR. Altered expression and glycosylation of plasma
proteins in theumatoid arthritis. Glycocony | 2006; 23:167-73,
Ellion MA, Ellion HG, Gallagher K, McGuire |, Field M,
Smith KD. Investigation into the concanavalin A reactivity,
fucosylation and oligosaccharide microheterogeneity of alpha
1-acid glycoprotein expressed in the sera of patients with rheu-
matoid arthritis. | Chromatoge B Biomed Sci Appl 1997;
688:229-37,

Rops AL, van den Hoven M], Bakker MA et al. Expression of
glomerolar heparan sulphate domains in murine and human
lupus nephritis. Nephrol Dinl Transplant 2007; 22:1891-902,
Chui D, Sellakumar G, Green R ¢ al Genetic remodeling of
protein glycosylation mr vive induces autoimmune disease, Proc
Natl Acad Sa USA 2001; 98:1142-7.

7 Green RS, Stone EL, Tenno M, Lehtonen E, Farquhar MG,

Marth |D. Mammalian N-glycan branching protects against
sell-recop and infl in auto-

immune disease pathogenesis. Inmnuniry 2007; 27:308-20,

Wada Y. Mass specirometry in the detection and diagnosis of

congenital disorders of glycosylation. Enr | Mass Spectrom

[Chichester, Eng) 2007; 13:101-3,

Faid V, Chirat F, Seta N, Foulquier F. Morelle W, A rapid mass

spectrometric strategy for the characterization of N- and O-gly-

can chains in the diagnosis of defects in glycan biosynthesis,

Prorcomics 2007;: 7:1800-13,

Miyamoto §. Clinical applications of glycomic approaches for

the detection of cancer and other diseases. Curr Opin Mol Ther

2006; B:307-13,

Yuan |, Hashii N, Kawasaki N, lwh §, Kowanishi T, Hayakawa

T, Isotope tag method for quantitative analysis of carhohydrates

v. | Ch wr A

mnale

by liquid chr graphy-mass spec
2005; 1067:145-32

Alvarcz-Manilla G, Warren N1, Abney T, Atwood | 111, Azadi P,
York WS, Pierce M, Ordando R, Tools for glycomics: relative
quantitation  of glycans by isotopic
13CH3L Ghyeolnology 2007; 17:677-87.
Kang P, Mechrel Y, Kyselova Z, Goetz |A, Novotny MV, Com-
parative ghveomic mapping through quantitative permethylation
and stable-isotope labeling. Anal Chenr 2007; 79:6064-73.

permethylation  using

Bowman M]J, Zaia |. Tags for the stable isotopic labeling of

carbohydrates and quantitative analysis by mass spectrometry
Anal Chem 2007; 79:5777 -84,

5 Watanabe-Fukunaga R, Brannan Cl, Copeland NG, Jenkins NA,

Nagata 5. Lymphoproliferation disord d by
defects in Fas antigen that mediates apoptosis. Nature 1992
356:314-7.

Adachi M, Watanabe-Fukunaga R, Nagata 8 Aberramt transerip.
tion caused by the insertion of an carly transposable element in
an intron of the Fas antigen geoe of lpr mice. Proc Narl Acad Sei
USA 1993; 90: 175660,

in mice explai

7 Merino R, Iwamoto M, Fossati L, lzui S, Polyclonal B cell acti.

vation arises from different mechanisms in lopus-prane (NZB x
NEWIF,  and  MRLMpl-Ipe/ipr 199%:
151:6509-16.

mice. | Dbumunol

[

i

37

IR

39

'
o

z

Homma H, Tozawa K, Yasui T, ltoh Y, Hayashi Y, Kohri K.
Abnormal glycosylation of serum IgG in patients with IgA
niephrapathy, Chin Exp Nephrol 2006; 10:180-5,

Hase S, Okawa K, Tkenaka T. Identification of the trimannosyl-
chitobiose structure in sugar moicties of Japanese quail ovo-
mucoid. | Brochem 1982; 91:735-7.

Kubelka V, Altmann F, Kornfeld G, Marz L Structures of the
N-linked oligosaccharides of the membrane glycoproteins from
three lepidopteran cell lines (S(-21, 1ZD-Mb-0503, Bm-N). Arch
Biochem Biophys 1994; 308:148-57,

Natsuka S, Adachi |, Kawaguchi M, Nakakita S, Hase 8, Ichika-
wa A, lkura K. Structural analysis of N-linked glycans in Caenor-
habditis elegans, | Biochem 2002; 131:807-13,

Altmann F. Schwihla H, Staudacher E, Glossl |, Marz L. Insect
cells contain an unusual, membrane-bound beta-N-acetylgluco-
saminidase probably involved in the processing of protein N-gly-
cans. | Biol Cliem 1995; 270:17344-9

Guo §, Sato T, Shirane K, Furukawa K. Galactosylation of
N-linked oligosaccharides by human beta-1,4-galactosyltransfe-
rases 1, I1, 111 IV, V, and V1 expressed in S£9 cells. Glyeobinlogy
20015 11:813-20,

leddi PA, Lund T, Bodman KB er al. Reduced galactosyltransfer-
ase MANA levels are associated with the agalactosy] 1gG found
in arthritis-prone. MRL-lprflpr strain mice. Immunology 1994;
BI484-8.

Cameron I5. Lupus nephritis. | Am Soc Nephrol 199% 10:413-24.
Walport M. Complement. First of two parts. N Engl | Med
204115 344:1058-66,

Walport M]. Complement. Second of two paris. N Engl | Mad
2000; 344:1140-4,

Boitto M. Links between complemem deficiency and apoptosis.
Arthritis Res 20003 3:207-10,

Hanavama R, Tapaka M, Miyasaka K, Aomsa K, Koike M,
Uchiyama Y. Nagata S Autoimmune disease and impaired
uptake of apoptotic cells in MFG-E8-deficient mice. Science
2004; 304:1147-50,

Arason GJ, Steinsson K. Kolka R, Vikingsdottir T, D'Ambrogi
MS, Valdimarsson H. Patients with systemic Jupus erythematosus

5

are deficient in complement-dependent prevention of immune
precipitation. Rhcumatology (Oxford) 2004; 43:783-9.

Cook HT, Botto M. Mechanisms of disease: the complement
system and the g is of sy ic lupus ervthe

Nat Clin Pract Rheumatol 2006; 2:330-7.

Gunnarsson 1, Sundelin B, Heimburger M, Forshid 1, van Vol
lenhoven R, Lundberg 1, Jacobson SH. Repeated renal biopsy in
proliferative lupus nephritis - predictive role of serum Clg and
albuminuria, | Rheumarol 2002; 29:693-9,

Buyon 1P, Tamerius ), Belmont HM, Abramson SB. Assessment
of discase activity and impending flare in patients with systemic
lupus erythematosus. Comparison of the use of complement
split products and conventional measurements of complement.
Arthrits Rheum 1992; 35:1028-37.

Markiewski MM, Lambris |D. The role of complement in
inflammatory discases from behind the scenes into the spotlight
Lne | Pathol 2007: 170:715-27

5 Sturfelt G, The complement ssstem in systemic lupus ervthemat-

osus. Seanad | Rlenenantol 20025 31:129-32.

Holmskov U, Malhotra R, Sim RR, Jensenius 1C. Collectins: col-
lagenous C-type lecting of the innate immune defense system
Turnal Today 1994; 15:67-74,

D 2008 The Authors Journal compilation @ 2008 Blackwell Publishing Ltd, immunoilogy. 126, 336-345




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

7 Was W1, Drickamer K. Hendrickson WA, Structure of a C-type

mannose-binding  protein complexed with an oligosaccharide.
Nature 1992; 360:127-34

Takahashi M, Mori 5 Shigeta S, Fujita T. Role of MBL-associ-
aled serine protease {MASP) on activation of the lectin comple-
ment pathway, Adv Exp Med Biol 2007; 598:93- 104,

Turner MW. Mannose-binding lectin: the pluripotent molecule
of the mnate immune system. [mmnol Today 1996, 17:532-
40

Holimskov U, Malhotra R, Sim RB, Jensenius JC. Collecting: col-
lagenous C-type lecting of the innate immune defense wstem
tromiunal Today 1994; 15:67-74

Thiel S, Vorup-lensen T, Stover €M er al A second serine pro-
tease associated with mannan-binding lectin that activates com.
plement. Nature 1997; 386:506-10.

2008 The Authors Journal compilation € 2008 Blackwell Publ

52

3 Ohsawa |, Ol H,

Lhotta K, Wurmer R, Konig P. Glomerular deposition of man-
nose-binding Jectin in human glomerulonephritis. Nephrol Mial
Tramplant 1999, 14:881-6

Tamano M of al Cryoprecipitate  of
patients with cryoglobulinemic glomerulonephritis contains mol-
ecules of the lectin complement pathway. Clin Dol 2001:
101:59-66,

Trouw LA, Seclen MA, Duijs IM e al Activation of the lectin
pathway in murine lupus nephritis. Mol Tmmunol 2005; 42:731-
40

5 Jorgensen TN, Gubbels MR, Kotzin BL New insights into dis-

ease pathogenesis from mouse lupus genetics. Curr Opm Trmie-
md 2004; 16:787-93.

Lauwerys BR, Wakeland EK. Genetics of lupus nephritis. Lupus
2005; 14:2-12.

g Ltd, immunology, 126, 336345




MINIREVIEW

Trends in Glycoscience and Glycotechnology
Vaol. 20 No. 112 (May 2008) pp. 87-116

Mass spectrometric analysis of carbohydrate heterogeneity
for the characterization of glycoprotein-based products

By N7 EERLORE - MEFMCHTS
"R EE R OISR — R

Nana, Kawasaki*; Satsuki, Itoh; Noritaka, Hashii;
Akira, Harazono; Daisuke, Takakura; and Teruhide, Yamaguchi
National Institute of Health Sciences 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501
Tel: 81-03-3700-9074; Fax: 81-03-3700-9084; E-mail: nana@nihs.go.jp

(Received on February 24, 2008, accepted on May 7, 2008)

Key Words: liquid chromatography/mass spectrometry, glycoprotein, oligosaccharide, glycopeptide

Abstract

Analysis of the carbohydrate heterogeneity of
glycoprotein-based substances is crucial for establishing
the nomenclature and definition of biological substances,
ensuring consistency in the quality of these products,
comparatively assessing the products obtained after the
implementation of changes in the manufacturing process,
and developing biosimilar or follow-on biological
products. Liquid chromatography/mass spectrometry is
recognized as one of the most useful techniques for
analyzing the carbohydrate heterogeneity of glycoprotein
substances. Here, we demonstrate the utility of LC/MS
for analyzing the carbohydrate heterogeneity by using
some representative glycoproteins such as tissue-plasmino-
gen activator, a monoclonal antibody, the follicle-
stimulating hormone, and human chorionic gonado-
tropin. Further, we demonstrate that MS-based glycopro-
tein analysis has potential applications in glycomics.
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A. Introduction

Recent advances in the field of biotechnology have
enabled the development of various proteins, protein
derivatives, and fusion proteins for use as drugs in medi-
cine. Most biotechnological drugs that have been ap-
proved in Japan in 2007 are glycoprotein derivatives; these
drugs include Alglucosidase Alfa, Bevacizumab, Dar-
bepoetin Alfa, and Idursulfase (1). The carbohydrate
moieties present in most glycoprotein derivatives are
known to affect the biological activity of these substances.
Glycan analysis is therefore considered important for the
characterization and evaluation of the quality of drugs.

Analysis of the carbohydrate heterogeneity of
glycoproteins is becoming increasingly important. The
heterogeneity of glycan moieties is a crucial factor to be
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considered for establishing the nomenclature and defini-
tion of glycoprotein-based substances. The International
Nonproprietary Names (INN) committee of the World
Health Organization (WHO) proposes names for new
drugs on the basis of the origins and clinical effects of the
drugs (2). Different names are proposed for drugs contain-
ing different amino acid sequences. Glycoproteins that
contain identical amino acid sequences but comprise
different glycoforms are distinguished from each other by
the use of Greek letters such as alfa and beta. For instance,
epoetins, whose amino acid sequences are identical to that
of human erythropoietin, are assigned different Greek let-
ters on the basis of differences in their glycoforms. As of
2007, the INN had recognized 9 different epoetins and had
assigned them letters from alfa to zeta. The terms *‘epoe-
tin alfa’ and “‘epoetin beta’" are used to refer to epoetins
consisting of the alfa and beta glycoforms, respectively;
these drugs are marketed as different substances in Japan.
However, the degree of glycosylation is known to change
during various manufacturing processes; hence, a method
for comparative assessment of the degree of glycosylation
is required for the development of biosimilar or follow-on
biological products as well as for the implementation of
changes in the processes adopted for the manufacture of
glycoprotein-based products. The establishment of the
general criteria to be considered and of a relevant method
for analyzing carbohydrate heterogeneity is a high-priority
issue related to the manufacture of glycoprotein products
in the United States, European Union, and Japan.

The methods most commonly used for analyzing
the carbohydrate heterogeneity of glycoprotein substances
are high-performance liquid chromatography (HPLC)
with fluorescence detection (3), capillary electrophore-
sis, fluorescence-assisted carbohydrate electrophoresis
(FACE) (4), and high-performance anion-exchange chro-
matography with pulsed amperometric detection
(HPAEC-PAD) (5).Recently, mass spectrometry (MS) has
gained popularity as a method for analyzing the carbohy-
drate heterogeneity of glycoproteins (6). Although MS is
advantageous in that it can provide structural information
in considerable detail, it has limitations with regard to re-
producibility and quantification. Investigations focusing
on these limitations should be performed in order to ex-
tend the applications of MS to the analysis of glycans in
glycoprotein substrates. Here, we demonstrate the utility
of MS, especially liquid chromatography/electrospray
ionization mass spectrometry (LC/ESI-MS) for analyzing
the carbohydrate heterogeneity in glycoprotein-based sub-
stances. Further, we discuss the applications of MS-based
analyses in glycomics.
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B. LC/MS of proteolytic glycoproteins

Peptide mapping is performed to confirm amino
acid sequences and identify posttranslational modifica-
tions for the structural characterization of almost all
recombinant proteins, and it is used to test the quality of
these substances. In recent studies, LC/MS has frequently
been employed for peptide mapping. The MS-based pep-
tide mapping of proteolytic glycoproteins enables not only
the analysis of amino acid sequences but also the detection
of site-specific glycosylation (7-10). As an example of pep-
tide mapping, here, we describe the MS-based peptide
mapping that has previously been performed for tissue-
plasminogen activator (1-PA) (11), which is an an-
ticoagulant, and for a monoclonal antibody (12).
1) t-PA

t-PA is a single-chain glycoprotein consisting of
527 amino acid residues (molecular weight (MW): approx-
imately 70,000). It contains 3 potential N-glycosylation
sites-at Asnll17, Asnl84, and Asnd48-and is attached to
Fuc at Thr6l (Fig. 1) (13,14). The order of domains
present in this protein from the N-terminal end is as fol-
lows: finger, epidermal growth factor (EGF), kringle 1,
kringle 2, and catalytic domains. The single polypeptide is
converted to a heterodimer through plasmin-mediated
cleavage at Arg275-11e276. t-PA is rapidly cleared from
the blood, and high-mannose-type oligosaccharides that
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Fig. 1. Amino acid sequences of {-PA and tryptic peptides T1-T51. Boldface type in-
dicates the peptides identified by the database search analysis with the SEQUEST scarch en-
gine (Thermo Fisher Scientific). Potential N-glycosylation sites are underlined. Thrél is

fucosylated.
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Fig. 2. Mass spectrometric peptide map of tryptic digest of carboxymethylated t-
PA from human melanoma cell (Wako Pure Chemical Industries). (A) Total ion
chromatogram (TIC) obtained by a single MS scan (/m/z 450-2,000) in the positive ion mode.
(B) Mass chromatogram at m/z 366 obtained by MS/MS. LC, Paradigm MS4 system
(Michrom Bioresources); column, L-column (C18, 150 X 0.075 mm, 3 gm, Chemicals Evalu-
ation and Research Institute); flow rate, 300 nl/min; A buffer, 0.1% formic acid/2%
acetonitrile; B buffer, 0.1% formic acid/90% acetonitrile; gradient condition, 2-45% of B
(100 min); MS, LTQ-FT (Thermo Fisher Scientific); electrospray voltage, 1.8 kV (positive

ion mode).

are present at the Asnl17 residues of the kringle | and
EGF domains are involved in its rapid clearance via the
liver (15,16). Site-specific glycosylation analysis as well as
amino acid sequencing is important for the characteriza-
tion of t-PAs. Alteplase, which is marketed worldwide, is
a glycoprotein consisting of an amino acid sequence iden-
tical to that of human t-PA. Two t-PA analogs (mon-
teplase and pamiteplase) that have been genetically modi-
fied in order to prolong their half-life in blood are also
marketed in Japan, and 2 other analogs, namely, reteplase
and tenecteplase, have been approved in the United States
and the European Union (17).

Figure 2A shows a tryptic map of t-PA (derived
from human melanoma cells), as observed in a single MS
scan. Each peak in the map was identified by running the
MS" data that was acquired in a data-dependent manner
through a database search (with 85% amino acid

coverage). Fucosylated T8 (T8+ Fuc), non-glycosylated
T11b, glycosylated T11b (gpT11b), and non-glycosylated
T17 were successfully identified by using the possible
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Wwa(17),
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Fig. 3. Mass spectra of glycopeptide T11b. (A) Deconvoluted mass spectrum acquired
at elution position of glycopeptides T11b (62.22-62.68 min). (B) MS/MS spectrum acquired
from [M+3H]** (m/z 1411.94) as a precursor ion. Carbohydrate structure was deduced
from the fragment pattern. (C) MS/MS/MS spectrum acquired from [peptide+ GleNAc+
2H]** (m/z 1611.3) as a precursor ion. The peptide sequence and glycosylation site were
identified by the database search analysis.

modifications of HexNAc¢ (203 Da) on Asn and dHex (146
Da) on Ser/Thr. The final peptide, i.e., T45, could not be
identified by a database search. However, using the
glycan-distinctive Hex,HexNAc,* ions (m/z 366) that
yielded peaks in the MS/MS, the acquisition positions of
the glycopeptide MS data were mapped (Fig. 2B). The T45
glycopeptides (gpT45) were separated into 4 peaks based
on the number of sialic acid residues present in the glycans
(gpT45-SA0-SA3).

Figure 3A shows the deconvoluted mass spectrum
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of gpTilb. The linkages of Man-5, Man-6, Man-7, and
Man-8 were deduced from the calculated masses of the

predominant ions. Figure 3B shows the MS/MS spectrum
acquired using [M+3H)** (m/z 1411.9) as a precursor
ion; this spectrum suggests that the attachment of Man-5
is determined by the product ions. MS/MS reveals that
peptide fragments attached to the reducing-end GlcNAc
residue generally arise from N-glycosylated peptides. Fur-
ther, MS/MS/MS reveals that these peptide-related ions
yield b- and y-ions via cleavage of the peptide backbone
(18). The peptide sequence can be deduced by running
these fragments through a database search. The ion at m/z
1611.3 in Fig. 3B can be assigned to [peptide + GlcNAc+
2HJ** of T11b. As shown in the MS/MS/MS spectrum
obtained using the peptide-related ion as a precursor (Fig.
3C), the sequence of peptide T11b could be confirmed
from the b- and y-ions arising from the peptide region.

Thus, through the peptide mapping by
LC/MS/MS, it was confirmed that Asn117, 184, and 448
of t-PA were attached to high-mannose-type oligosaccha-
rides, monosialylated, biantennary oligosaccharide, and
bi- and triantennary oligosaccharides containing 0-3 Neu-
Acs, respectively. These results were consistent with those
in previous reports.
2) Monoclonal antibody

Monoclonal antibody-derived biological sub-
stances are being developed globally, and as of November
2007, the INN had named 144 monoclonal antibodies.
Monoclonal antibodies produced in cells such as CHO
cells by biotechnological techniques are now being used as
drugs. These antibodies are categorized on the basis of
their origin as murine, chimeric, humanized, and human-
derived antibodies. In 2007, 3 chimeric antibodies (Basilix-
imab, Infliximab, and Rituximab) and 5 humanized ones
(Tocilizumab, Bevacizumab, Palivizumab, Trastuzumab,
and Gemtuzumab Ozogamicin) were approved in Japan.
The CH; domain in the H-chain of 1gGs is commonly at-
tached to an N-linked oligosaccharide. Since the antibody-
dependent cell-mediated cytotoxicity (ADCC) of most an-
titumor drugs derived from IgGl is influenced by core
fucosylation in the N-linked oligosaccharide attached to
the CH; domain (19), it is necessary to analyze the carbo-
hydrate heterogeneity and to establish a test for glycan
characterization in order to apply monoclonal antibody-
based drugs. The test for glycan characterization could be
replaced with an in vivo assay if the glycan profile is found
10 be strongly associated with the in vivo activity of the
drug. The establishment of a quantitative and qualitative
method for glycan characterization that can be used as an
alternative to animal experiments is crucial for the de-
velopment of glycoprotein-based drugs.
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Relative abundance

Figure 4A shows the tryptic map of a commercially
available monoclonal antibody-based drug. The peak de-
tected at 32 min was assigned to the glycopeptide derived
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Fig. 4. Mass spectrometric peptide map of tryptic digest of the carboxymethylated
monoclonal antibody. (A) TIC obtained by single MS scan (m/z 450-2,000) in the positive
ion mode. (B) Deconvoluted mass spectrum at the elution position of the glycopeptides
(32.57-33.66 min). * Non-glycopeptide signal (C) Representative MS/MS spectrum acquired

from [M+2HJ]** (m/z 1318.04) as a precursor ion.
Analytical condition: see Fig. 2.
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from the H-chain. On the basis of the calculated masses of
the proionated molecules in the deconvoluted mass spec-
trum, the glycans attached to the peptide were predicted to
be Man-5 and biantennary oligosaccharides (Fig. 4B). The
structure of each glvcan was deduced from the corre-
sponding peak in the MS/MS spectra that were acquired
using individual protonated molecules as precursors. The
glycan distribution in IgG, which was determined by per-
forming LC/MS/MS, was identical to that reported previ-
ously (20). Figure 4C shows the MS/MS spectrum ob-
tained for agalactosyl biantennary oligosaccharides as a
representative spectrum that was used for structural
characterization.

C. Glycan profiling

Profiling of the glycans released from glycoproteins
is employed as an alternative method for analyzing the
carbohydrate heterogeneity of glycoprotein-derived sub-
stances. This method provides additional information re-
garding the heterogeneity and structural details of these
substances. It is useful for evaluating the consistency in
the degree of glycosylation among product batches, for
comparatively assessing products obtained by implement-
ing changes in the manufacturing process, and for de-
veloping biosimilar or follow-on biological products. We
demonstrate the applicability of LC/MS using
monoclonal antibodies and the follicle-stimulating hor-
mone (FSH) to glycan profiling.
1) Monoclonal antibody

N-linked oligosaccharides released from the
monoclonal antibody-based product described in the
previous section were analyzed using an LC/MS system
equipped with a graphitized carbon column (21-23).
Figure 5 shows the glycan profile, as determined by per-
forming a single MS scan for the glycans. It is difficult to
distinguish the peptides attached to different glycan
isomers by performing MS-based peptide mapping be-
cause glycopeptide isomers are coeluted. In contrast, LC
permits separation of the liberated glycans on the basis of
their subtle structural differences. Thus, LC/MS of gly-
cans provides additional information regarding the carbo-
hydrate heterogeneity of glycoproteins, including isomers.
On the basis of the masses of the protonated molecules
identified and the fragment peaks arising in the MS/MS
spectra, the carbohydrate structures responsible for the
peaks were predicted as shown in the image inset in Fig. 5.
Table 1 shows the relative peak areas of the glycans, as
were calculated by glycan profiling, using single MS scans
of the released glycans (Fig. 5) and glycopeptides (Fig.
4B). These peak ratios were found to be almost identical,
with the exception of Man-5, whose intensity determined
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Fig. 5. N-linked oligosaccharide profile of the monoclonal antibody product. LC,
nanoFrontier nLC system (Hitachi High-Technologies); Column, Hypercarb (150 % 0.075
mm, §um, Thermo Fisher Scientific); flow rate, 200 nl/min; A buffer, $ mM ammonium
acetate/2% acetonitrile (pH 9.6); B buffer, 5 mM ammonium acetate/80% acetonitrile (pH
9.6); gradient condition, S-50% B (110 min); MS, LTQ-FT; electron voltage, 1.8 kV (posi-
tive ion mode).

Table 1. Peak area ratios of N-linked oligosaccharides and glycopeptides of
monoclonal antibody product
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graafian follicles in the ovaries and enhances sperm de-
velopment in the sertoli cells. Human FSH is composed of
an a-chain consisting of 92 amino acid residues and a §-
chain consisting of 111 amino acid residues. The a-chain
of human FSH is similar to those of the human luteinizing
hormone, human chorionic gonadotropin (hCG), and hu-
man thyrotropin. N-linked oligosaccharides are attached
to 2 sites each on the o and f-chains, and these linkages
are associated with the half-life of FSH in the blood
(15,16). Follitropin Alfa and Follitropin Beta, whose ami-
no acid sequences are identical to that of human FSH, are
approved drugs in Japan; they are produced in CHO cells
by using biotechnological techniques and consist of alfa
and beta glycoforms, respectively. In Japan, Epoeteins
and Agalsidases are also distinguished in terms of the
differences in their glycoform constituents. By performing
glycan profiling, we compared Follitropin Alfa and Fol-
litoropin Beta with regard to the differences in glycosyla-
tion.

The desired proteins were isolated from additives in
the products by performing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Further,
glycan profiling was performed for N-linked oligosaccha-
rides that were obtained in bands on the gel at the position
corresponding to the molecular weight of FSH (Fig. 6) (9).
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Fig. 6. N-linked oligosaccharide profiles of Follitropin Alfa (A) and Beta (B). Ana-

lytical condition: see Fig. 5.
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Most of the glycans identified in both Follitoropin Alfa
and Follitoropin Beta were biantennary oligosaccharides
(containing or lacking sialic acid), and only a slightly
significant difference was noted between the 2 drugs with
regard to the variety in their glycan content. Quantitative
analyses would be required to distinguish these drugs in
terms of the degree of glycosylation. The simple isolation
procedure described above, along with microanalysis,
may facilitate comparative assessments of glycoproteins
for the development of biosimilar or follow-on biological
products.

D. Relative quantification of glycans

Although stable isotope-labeled compounds are
generally used for quantification by MS, it is difficult 1o
obtain isotope-labeled forms of all types of glycans due to
the wide diversity of glycans. However, isotope-labeled
oligosaccharides prepared from glycoprotein standards
could be used for relative quantification during glycan
characterization. We have previously developed a method
for quantitative glycan profiling that involves the use of
deuterium-labeled 2-amino pyridine, which is one of the
common reagents used for glycan derivatization (24). Re-
cently, other research groups have reported alternative
methods involving deuterium labeling (25-27).

The strategy adopted for quantitative glycan profil-
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ing using deuterium-labeled 2-amino pyridine is illustrated
in Fig. 7. Non-deuterium-labeled PA glycans (d-PA gly-
cans) are derived from oligosaccharides that are released
from a sample glycoprotein by tagging the oligosaccha-
rides with non-deuterium-labeled 2-amino pyridine.
Oligosaccharides derived from a glycoprotein standard are
treated with deuterium-labeled 2-amino pyridine to
produce tetra-deuterium-labeled glycans (d.-PA glycans).
A mixture of dg- and di-PA glycans prepared from equal
amounts of glycoproteins is subjected to LC/MS, and the
glycans are detected as paired ions that differ by 4 Da.
Although the dy- and d.-PA glycans are eluted at slightly
different time points, the molecular ratios of individual
glycans released from the sample and standard
glycoproteins are calculated from the peak-area ratios of
the protonated do- and di-glycans. This method was ap-
plied for the differential analysis of N-linked oligosaccha-
rides obtained from human-derived hCG and recombinant
hCG.
1) hCG

HCG is a glycoprotein hormone composed of an
a-chain, which is identical to that of FSH, and a fi-chain
consisting of 145 amino acid residues (28,29). HCG der-
ived from the urine of healthy pregnant women is market-
ed in Japan, and choriogonadotropin alfa, which possess-
es the same amino acid sequence as hCG but different
glycoforms than those of human origin, has been ap-
proved in the United States. N-linked oligosaccharides of
human origin and those obtained from a recombinant
protein were derivatized to dy- and d,-glycans and subject-
ed to relative quantification (24). Both types of hCGs were
predominantly attached to sialylated biantennary oligo-
saccharides, but they differed significantly with regard to
some of their glycan constituents, The mass chromato-
gram obtained for one of the glycans—a monosialylated
biantennary oligosaccharide—is shown in Fig. 8A. Three
predominant isomers were found in the chromatogram.
Figure 8B, C, and D shows the mass spectra obtained for
peaks 1, 11, and 111, respectively. Protonated molecules of
both the d¢- and d.-glycans were found in the mass spectra
of peaks Il and 111, and their peak-area ratios suggested
that these glycans were linked to the human-derived hCG
to a greater extent than they were to the recombinant
hCG. In contrast, only di-PA glycans were found in the
mass spectrum of peak I; this suggested that this isomer
was attached only to recombinant hCG. It is difficult to de-
tect such isomeric differences by performing MS alone or
even LC/MS for glycopeptides. Quantitative glycan profil-
ing could be used in tests for characterizing the glycans in
glycoprotein-based substances.
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Fig. 8. (A) (24) Mass chromatogram of do- and d,-PA monosialylated complex type bian-
tennary. (B)-(D) Mass spectra of peaks (1)-(111), respectively. Intensity of the most intense
ion at each scan is taken as 100%. LC, Magic 2002 HPLC system (Michrom BioResources);
column, Hypercarb (150 x 0.2 mm, § um); flow rate, 2 ul/min; A buffer, 5§ mM ammonium
acetate/2% acetonitrile (pH 8.5); B buffer, 5 mM ammonium acetate/80% acetonitrile (pH
8.5); gradient condition, 5-20% B (20 min), 20-70% B (15 min), 70-95% B (5 min); MS,
TSQ7000 (Thermo Fisher Scientific); electrospray voltage, 1.5 kV (negative ion mode).

E. Application to glycomics

Glycomics is the study of a set of glycans in cells
and tissues. Investigations to identify disease-associated
glycans may lead to the development of more efficient di-
agnostic techniques and drugs, and such investigations are
therefore attracting considerable attention (30-32). The
methodology proposed here for the structural characteri-
zation of glycoprotein-based substances could have appli-
cations in glycomics. Here, we demonstrate the use of
LC/MS for glycomics, simultaneous glycosylation analy-
sis of major serum glycoproteins, and differential analyses
of mice with systemic lupus erythematosus (SLE) and con-
trol mice with regard to the degree of glycosylation in kid-
ney glycoproteins.
1) Simultaneous glycosylation analysis of serum glyco-

proteins

Most proteins in serum are glycosylated, and the
glycan moieties in some glycoproteins are known to be al-
tered in certain diseases. For instance, the Gal content of
N-linked oligosaccharides present in IgG decreases in
patients with chronic articular rheumatoid arthritis
(33-35) and Crohn'’s disease (36). In some types of cancer,
acute-phase proteins, including haptogloblin, undergo
fucosylation and branching (37-42). An LCA-reactive
a-fetoprotein is used as a highly sensitive and specific
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Fig. 9. LC/MS/MS of (tryptic digest of human serum (45). (A) TIC (m/z
1,000-2,000). (B) Mass chromatogram (m/z 204) obtained by the data-dependent MS/MS.
(C) Mass spectra of IgGl (P01857), EEQYN'"STYR; (D) transferrin (P02787)
CGLVPVLAENYN*2K; (E) haptoglobin (P00738), MVSHHN'™LTTGATLINE-
QWLLTTAK; (F) haptoglobin, VVLHPN*'YSQVDIGLIK; (G) «l-antitrypsin (P01009),
YLGNMATAIFFLPDEGK. LC, Paradigm MS4 HPLC system; Column, MonoCap High-
Resolution 750 (750 x 0.2 mm , GL Sciences); flow rate, 2 ul/min; A buffer, 0.1% formic
acid/2% acetonitrile; B buffer, 0.1% formic acid/90% acetonitrile; gradient condition, 5-65
% B (180 min); MS, Qstar pulsar i (Applied Biosystems); electrospray voltage, 1.7 kV (posi-

tive ion mode).

biomarker for the diagnosis of liver cancer (43,44). We
simultaneously analyzed site-specific glycosylation in some
serum glycoproteins by direct injection of tryptic serum
into the LC/MS system (45).

Commercially available human serum (5 ul), from
which most of the albumin had been removed with the use
of an albumin-removal kit, was carboxymethylated and
digested with trypsin. Figure 9A and 9B shows the total-
ion chromatogram (TIC) observed in a single MS scan of
tryptic serum and the mass chromatogram of a carbo-
hydrate-distinctive ion (m/z 204) obtained by performing
a data-dependent MS/MS (7, 46-48). Acquisition of the
glycopeptide’s MS data was confirmed in most of the
peaks appearing in the mass chromatogram. The peptide
moiety of each glycopeptide was deduced by performing a
database search for the fragments that arose in the
MS/MS and/or by comparing the calculated mass with the
theoretical mass of [peptide+ H]* or [peptide + HexNAc
+H]*. Figure 9C-G shows the representative mass spec-

AahTwb(a344), Hail, MWO Y 7R ER
FELC/MS VAFLRLEATAEI LIC kST, MilPDWS
2O F 8 7 T OBA S ROV E —7 (CARHT L 7= (45).
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TFFOTAANT | )% Fig. 9C~G 2= ¥, Fig. 9C i
1eGl HEDATF F EEQYN'®STYR O A A7 FILT,
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tra of glycopeptides in tryptic serum. Figure 9C shows the
mass spectrum of EEQYN'STYR derived from IgGl,
which contains the protonated molecules of agalactosyl,
mono- and digalactosyl biantennary oligosaccharides.
Figure 9D shows the mass spectrum of CGLVPVLAENY
N*2K derived from transferrin. Its major glycan peak was
assigned to disialylated biantennary oligosaccharides, and
the minor peaks were assigned to monosialylated bianten-
nary and trisialylated triantennary oligosaccharides.
Figure 9E and F shows the mass spectra of glycopeptides
derived from haptoglobin. Most of the glycans were deter-
mined to be biantennary and triantennary oligosaccha-
rides, and few were fucosylated glycans. The mass spec-
trum of an al-antitrypsin glycopeptide (YLGN?"
ATIAFFLPDEGK) is shown in Fig. 9G: a disialylated
biantennary oligosaccharide was detected in this glycopep-
tide. The carbohydrate structures predicted in the present
simultaneous analysis were almost identical to those
predicted in previous studies, wherein isolated glyco-
proteins or glycopeptides were subjected to site-specific
glycosylation analyses (20, 49). Advances in analytical
techniques involving LC/MS have enabled site-specific
glycan profiling to be performed without the need for the
purification of individual glycoproteins.
2) Differential analysis of glycans in the kidney glyco-
proteins of mice with SLE and control mice

SLE is an autoimmune disease that is characterized
by chronic and systemic diseases such as kidney failure,
arthritis, and erythema. Murine models of SLE, wherein
the mice naturally develop glomerular nephritis as an SLE-
related condition, are widely used to clarify the pathogenic
mechanisms underlying the development of SLE (50-52).
MRL/MplJ-lpr/lpr (MRL-Ipr) mice, which are commonly
used in murine models of SLE, lack the gene encoding the
Fas antigen that is associated with apoptosis; this results in
the escape of autoreactive lymphocytes into the thymus
and an increase in immune-complex deposition. Mizuochi
et al reported that the serum IgG of MRL-Ipr mice con-
tains elevated amounts of glycans lacking a Gal residue
(53). Further, a mannosidase-11 (oM-I1)-deficient mice
have been reported to suffer from diseases associated with
SLE, including kidney failure (54,55). Changes in the
degree of glycosylation and the content of mannose-bind-
ing lectin may be associated with the development of SLE-
associated diseases in this murine model (56-58). By using
the isotope-tagging method, we compared glycosylation of
proteins in the disordered kidneys of the MRL-lpr mice
with those in the normal kidneys of control mice (59).

N-linked oligosaccharides were isolated from the
kidneys of the MRL-lpr mice affected with glomerular
nephritis and derivatized to de-PA-glycans. A mixture of
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Fig. 10. Rate of perceniage change in d,/d,-glycans (59). Each value is the average
from three biological repeats. The error bars correspond to the standard deviation. LC,
Magic 2002 HPLC system; Column, Hypercarb (150 x 0.2 mm, 5 um); flow rate, 2 ul/min; A
buffer, S mM ammonium acetate/2% acetonitrile (pH 9.6); B buffer, 5 mM ammonium
acetate/80% acetonitrile (pH 9.6); gradient condition, 5-45% B (90 min); MS, LTQ-FT;
electrospray voltage, 2.0 kV (positive ion mode); resolution of FTMS, 50,000.

dy-PA glycans and d,-PA glycans that was prepared from
the kidneys of the control mice (MRL-+/+ ) was subject-
ed to quantitative glycan profiling, The peak-area ratios of
the d,- and d.-glycans are shown in Fig. 10. The differen-
tial analysis performed for the SLE-model mice revealed
an increase in the number of low-molecular-mass glycans
exhibiting a simple structure, such as pauci-mannose-type
oligosaccharides (60-62), and of complex oligosaccharides
lacking Gal residues, accompanied by a decrease in the
number of complex glycans containing multiple Fuc and
Gal residues. These results suggest that the number of N-
glycans synthesized during the early stage of the N-glycan
biosynthetic pathway increases, while that of N-glycans
synthesized during the late stage decreases in mice with
SLE. Our present findings may be attributed to some alter-
ation in the biosynthetic pathway of N-glycans. Such
changes in the degree of glycosylation may induce an aber-
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rant immune response and kidney disorders in mice with
SLE.

F. Issues 1o be addressed in future

We have outlined the glycosylation analysis-related
issues that should be considered for the manufacture of
glycoprotein products, and we have discussed the potential
applications of MS for the characterization, quality test-
ing, and comparative assessment of glycoprotein-based
products. For accurate evaluation of glycoprotein pro-
ducts by MS, it is necessary to clarify the applicability of
MS to glycosylation analysis and to establish relevant
methods for the MS-based analysis of glycosylation. In
particular, a general glycosylation analysis protocol that is
not influenced by the type of mass spectrometer and
software used is required. Furthermore, the harmoniza-
tion of methodologies adopted for MS-based glycosyla-
tion analysis among the United States, European Union,
and Japan would aid drug-discovery research worldwide.
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