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The recent patent expirations of erythropoietin (EPO) have promoted the development of biosimilars. Two
and one biosimilar EPO products were approved in 2007 in Europe and in 2010 in Japan, respectively.
Glycosylation heterogeneity of EPO is very complex, and its pattern has a large impact on its in vivo activ-
ity. In this study, glycoform profilings of biosimilar and innovator EPO products were performed using
LC/ESI-MS. Glycoforms of EPO were detected within the range of m/z 1700-3600 at the 10*~16* charge
states. The charge-deconvoluted spectra showed complex glycoform mass profiles at 28,000-32,000 Da,
and most of the observed peaks were assigned to the peptide (18,236 Da) + glycans with the composi-
tions of NeuAcio-14HexpsHexNAc,Fucs (nn=16-26) with or without some O-acetylations (+42 Da) and
attachment of NeuGc for NeuAc or oxidation (+16 Da). Analysis of de-N-glycosylated EPO showed the
distributions of O-glycans of NeuAc;_yHex;HexNAc; and site occupancy. Each EPO product showed a
characteristic glycoform profile with respect to sialylation, glycan size, O-acetylation of sialic acids and
O-glycosylation. Analysis of darbepoetin suggested that glycans of darbepoetin were highly sialylated
and O-acetylated. LC/ESI-MS was shown to be useful to evaluate the similarity of the glycoform profiles

of EPO.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Erythropoietin (EPO) is a glycoprotein hormone produced pri-
marily by renal peritubular interstitial cells, and promotes the
differentiation and development of red blood cells in the bone
marrow [1-3]. The cDNA for EPO has been cloned {4,5], and
recombinant human EPO products have been used for severe ane-
mia therapy. EPO consists of 165 amino acid residues with three
N-glycosylation sites at Asn24, Asn38, and Asn83, and one O-
glycosylation site at Ser126. The N-linked glycans are bi-, tri-
and tetra-antennary glycans, which typically terminate with sialic
acid residues [6-8]. Asn38 and Asn83 contain mainly tetraanten-
nary glycans with 0-3 N-acetyl lactosamine (LacNAc) structures,
whereas Asn24 contains bi-, tri-, and tetra-antennary glycans
with or without LacNAc structures [9-12]. The O-linked glycans
were monosialyl trisaccharide and disialyl tetrasaccharide [6-8].
Because of the variable glycan structures, the product of EPO exists
as a complex mixture of isoforms with different glycan structures
attached. Glycans in EPO play roles in the in vitro and in vivo
biological activities of EPO, the half-life of EPO in blood circula-
tion, and the biosynthesis, secretion and stability of EPO [13-17].

* Corresponding author. Tel.: +81 3 3700 9074; fax: +81 3 3700 9084.
E-mail address: harazono@nihs.go.jp (A. Harazono).

0731-7085/$ ~ see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jpba.2013.04.031

Isoforms having higher sialic acid content show higher in vivo
activity, and longer in vivo half-life. Sialylation of the pretermi-
nal galactose residues is required for preventing rapid clearance by
hepatocytes, and tetraantennary N-glycan chains prevent EPO from
renal clearance. The ratio of tetraantennary to biantennary glycans
has a positive correlation with the in vivo activity of EPO [14]. On
the other hand, O-linked glycan has no essential role in the invivo
or in vitro biological activity [16,17]. The recent patent expira-
tions have promoted the development of biosimilars. Two and one
biosimilar EPO products have been approved in Europe and Japan,
respectively (Table 1). Because the structures and profiles of glycans
attached to EPO have a large impact on its bioactivity, it is cru-
cial to evaluate the similarity of the glycosylation profiles between
biosimilar and innovator EPO products [18-20]. It is important to
develop a set of methods to characterize the glycan heterogeneity
[21].

Sialic acid analysis, and isoelectric focusing and capillary zone
electrophoresis [18,20] have often been utilized for the evalua-
tion of sialylated glycoproteins. Sialic acid analysis provides the
contents of NeuAc and NeuGc, but does not give information on
the glycan structures and glycoform distributions. It has been sug-
gested that sialic acid content is insufficient for predicting the
in vivo biological potency of recombinant EPO, and that examina-
tion of the branching structures and number of LacNAc repeats per
N-glycan is also important for similarity/comparability evaluation
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Table 1
Epoetin products in Japan, Europe, and the USA.
Product name INN Approval Cell Comment
Innovator
Epogen/Procrit epoetin alfa USA June 1989 CHO
Espo? Japan January 1990
Eprex/Erypo? EU
Epogin?® epoetin beta Japan January 1990 CHO
NeoRecormon EU July 1997
Biopoin epoetin theta EU October 2009 CHO
Eporatio
Biosimilar
Epoetin alpha BS injection [JCR]? epoetin kappa Japan January 2010 CHO Biosimilar to Espo
Binocrit A EU August 2007 CHO Biosimilar to Eprex/Erypo
Epostin alfa Hexal®
Abseamed
Silapo® epoetin zeta EU December 2007 CHO Biosimilar to Eprex/Erypo
Retacrit

2 Products tested in this study.

in glycosylation [22]. Isoelectric focusing and capillary zone elec-
trophoresis provide charge isoform profiles based on the number
of the attached sialic acid residues, but no information is avail-
able other than sialylation. Analysis of released glycans can provide
information about the structure of glycans and its distribution
[23,24]. However, the contents of the attached glycans and infor-
mation about the glycoforms could not be elucidated. The glycan
structures and their heterogeneity within individual EPO prod-
ucts are so complex that it has proven difficult to evaluate the
differences in glycan profiles between samples. Analysis of gly-
copeptides provides not only information about the structure and
distribution of the glycans, but also information about glycosylation
sites. Due to the complex microheterogeneity, use of glycopeptide
analysis for similarity evaluation is still challenging. Recently, gly-
coform profiling of biopharmaceuticals has been performed using
mass spectrometry [25-27]. Mass spectrometric glycoform analy-
sis can provide the masses of the glycoforms, which suggest the
monosaccharide compositions of total attached glycans, and their
distribution patterns, although it does not give information about
the individual glycan structures and glycosylation sites. Mass spec-
trometry coupled to capillary electrophoresis has been shown to
be a suitable analysis technique for the characterization of EPO
glycoforms [28,29]. Meanwhile, MALDI TOF MS in comparison to
ESI MS generally show lower resolution and accuracy in the higher
mass range due to formation of adducts with salts, lower purity
of available high-molecular-weight calibration standard, and/or
fragmentation of glycan chain, such as loss of sialic acid residues
[30,31]. Each of these methods has its own pros and cons; however,
mass spectrometric glycoform analysis has the advantages of high
sensitivity, provision of the mass information of total modifications,
and fewer sample preparation steps. Due to the extreme complex
glycosylation heterogeneity of EPO, glycoform profiles using mass
spectrometry have not been shown to understand its characteris-
tics just by looking. In this study, we performed mass spectrometric
glycoform profiling using LC/ESI-MS to reveal the characteristics of
glycoform profiles of innovator and biosimilar EPO products, and
an erythropoietin analog, darbepoetin.

2. Materials and methods
2.1. Materials
Three innovator EPO products, Espo (epoetin alpha) from Kyowa

Hakko Kirin Co., Ltd. (injection, 30001U), Epogin (epoetin beta)
from Chugai Pharmaceutical Co., Ltd. (injection, 3000 1U) and Eprex

(epoetin alpha) from Janssen-Cilag, Ltd. (injection, 3000 IU); three
biosimilar products, epoetin alfa BS [JCR] (epoetin kappa) from Kis-
sei Pharmaceutical Co., Ltd. (injection, 1500 IU), epoetin alfa Hexal
from Hexal AG (injection, 30001U), and silapo (epoetin zeta) from
Stada Arzneimittel AG (injection, 30001U); and one erythropoie-
tin analog, NEPS (darbepoetin alpha) (injection, 15 p.g) were used
for this study. Glycopeptide N-glycosidase F (PNGase F; Flavobac-
terium meningosepticum expressed in Escherichia coli; EC 3.5.1.52)
was purchased from Roche Diagnostics, and a-sialidase (Arthrobac-
ter ureafaciens; EC 3.2.1.18) was from Sigma-Aldrich Co. LLC. All
other reagents were of the highest quality available commercially.
Milli-Q water was used in the preparation of samples and buffer
solutions.

2.2. Glycoform profiling using LC/ESI-MS

2.2.1. Sample preparation

EPO products were diluted to 1500 [U/ml with 10 mM ammo-
nium acetate, supplemented with 4 volumes of cold acetone, and
kept at —20°C for 2 h. The samples were centrifuged at 15,000 x g
for 10 min at 4 °C. The supernatant was removed, and the pellet was
dissolved in water. Aliquots of 60 IU were subjected to LC/ESI-MS.
A 15 pg/ml aliquot of darbepoetin was treated in the same way.

2.2.2. Enzymatic digestion with ¢-sialidase

Acetone-precipitated EPO products (500IU) were dissolved in
50 ul of sodium acetate buffer (10mM, pH 5.5). This solution was
incubated with 1U of at-sialidase for 72 h at 37°C.

2.2.3. Enzymatic digestion with PNGase F

Acetone-precipitated EPO products (5001U) were dissolved in
50 ul sodium phosphate buffer (10 mM, pH 7.2) containing 5 mM
ethylenediaminetetraacetic acid. This solution was supplemented
with 1U of PNGase F (1U was defined as 1 wmol/min), and incu-
bated for 72h at 37°C.

2.24. LC/ESI-MS analysis and data processing

A system of HPLC (Paradigm MS4, Michrome BioResources Inc.)
and MS (Qstar Elite, AB Sciex Pte., Ltd.) equipped with a nanoESI
ion source was used. The EPO sample was loaded onto a MonoCap
C18 for Trap (0.2 mm x 150 mm; GL Sciences Inc., Tokyo, Japan) on
the valve, and desalted twice using 20 pl of 0.1% trifluoroacetic
acid. Then, the valve was switched, and the trap column was
inversely connected on-line in a series with the analytical col-
umn. LC/ESI-MS was performed under the following conditions:
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Fig. 1. Glycoform profiling of EPO A using reversed-phase LC/ESI-QTOF-MS. (A) Extract ion current chromatogram of m/z 1700-3600. (B) Integrated mass spectra at
18.7-20.0 min. (C) Deconvoluted spectrum. Deduced monosaccharide compositions of glycoforms are shown by the number (number of NeuAc residues) and color (compo-
sitions other than NeuAc). Peaks corresponding to O-acetylation of sialic acids (42 Da higher mass) and NeuGc for NeuAc or oxidation (16 Da higher mass) were also detected.
(D) The range of m/z 29,870-30,100 was magnified. Overlapping peaks were resolved by curve-fitting. (E)-(I). Deconvoluted spectra at 18.7-18.9, 18.9-19.0, 19.0-19.2,

19.2-19.5, and 19.5-20.0 min, respectively.

column, MonoCap C18 fast-flow column (0.1 mm x 250 mm; GL
Sciences Inc.); eluate A, 0.1% formic acid; eluate B, 0.1% formic
acid/acetonitrile; gradient conditions, 0-2min 10% B, 2-22 min
10-80% B; flow rate, 0.5 pl/min; nanospray voltage, 2400V; m/z
range, 1000-4000. In order to obtain the glycoform profiles, the
mass spectra throughout the entire elution period were integrated,
and then deconvoluted using the Bayesian Protein Reconstruct tool
in the BioAnalyst ver. 1.1 software package with the following
parameters: mass range, 20,000-40,000; mass step, 1; S/N=0; m/z
range, 1700-3600; adduct, proton,; iteration, 50. In the case of de-
sialylated or de-N-glycosylated EPO, the mass range and m/z range
were changed accordingly. In order to obtain the peak intensity, a
commercial curve fitting software package, PeakFit ver.4.11 (Systat
Software Inc., San Jose, CA) was used against the deconvoluted mass
spectrum. Text files containing a list of mass values and intensity
values were imported to PeakFit software. The initial peak loca-
tion was determined by the Autofit Peaks I Residuals option, and
then manually for minor peaks. Then, peak fitting was performed
without smoothing and baseline-subtraction. Mass spectrometric
glycoform analysis was performed under repeatability condmons
(2 days, 2 repllcates) (n= 4) for each EPO product.

3. Results and discussion
3.1. Mass spectrometric glycoform profiling of EPO product A

EPO products were analyzed by LC/ESI-MS to obtain mass
spectrometric glycoform profiles. As a representative example,
the data of innovator EPO product A (EPO A) are shown in
Fig. 1. EPO A was eluted for 18.7-20.0min, as indicated by the
extracted ion current chromatogram at m/z 1700-3600 (Fig. 1A),
and detected at an m/z about 1700-3600 with the 10*-16"* charge
states (Fig. 1B). The charge-deconvolved mass spectrum showed

many peaks at 28,500-32,000 Da, and the different mass values,
such as 365 Da (HexHexNAc) and 291 Da (NeuAc), suggested gly-
cosylation heterogeneity (Fig. 1C). Most of these peaks could be
assigned to the peptide (18,235.7 Da)+ glycans with the compo-
sitions of NeuAc;1-14Hexp3HexNAc Fucs (n=16-24) [28]. These -
findings are consistent with the reports that attached N-glycans
of recombinant human EPO were of core-fucosylated bi-, tri-,
and tetra-antennary complex-type and highly capped with sialic
acids, and that O-glycans were disaccharides of GalGalNAc with
one or two sialic acids [6-8]. To show the glycoform assignment

clearly, these peaks were annotated using tags, in which the num-

ber and color indicated the number of the NeuAc residues and

+ monosaccharide compositions other than NeuAc of total attached

glycans, respectively. Here, glycoforms with three of the core-
fucosylated tetraantennary N-linked glycans without LacNAc and
one of O-glycan gave the neutral monosaccharide compositions,
Hexy;HexNAcjgFucs and 14 of the maximum attachable number
of NeuAc. Peaks with 42 Da higher mass were also observed, and
this may indicate O-acetylation of sialic acids. The small peaks with
~16Da higher mass, which were not completely resolved, might
indicate the attachment of NeuGc for NeuAc and/or the oxidation
of the protein portion. It should be noted that if there were only
a few percent of O-acetylation in sialic acids or a few percent of
NeuGc contents, glycoforms with these modifications would be
observed at about 10% of the glycoforms without modification,
because molecules have 11-14 sialic acid residues. Since almost all
peaks could be assigned based on the masses of the glycan moiety,
the peptide portion would be highly homogeneous.

In ESI-MS, each glycoform produces a series of peaks with mul-
tiple charge states in the spectrum resulting from the electrospray
ionization process. In order to obtain their original mass infor-
mation, they have to be deconvoluted into zero-charged masses.
Deconvolution parameters could affect the mass spectrometric



68 ' A. Harazono et al. / Journal of Pharmaceutical and Biomedical Analysis 83 (2013) 65-74

glycoform profiles. It is well known that relatively high artifact
peaks will appear at half and twice the molecular mass in decon-
voluted mass spectra. Noise peaks and peaks unrelated to EPO in
the mass spectra might cause artifact peaks in deconvoluted mass
spectra. The glycan structure can affect the pattern of charge state
distribution. Thus, the entire set of EPO ions at m/z 1700-3600 was
used for deconvolution, and the range for the resultant masses was
set to be 20,000-40,000 Da to prevent the peaks at half and twice of
the molecular masses. Although the mass spectra were extremely
complex, the Bayesian Protein Reconstruct tool successfully gave a
probable pattern of deconvoluted mass spectra.

Multiple O-acetylation on NeuAc made the mass spectra com-
plicated. Glycoforms with one less NeuAc (—291 Da) and one more
HexHexNAc (+365 Da) had 74 Da higher masses, and glycoforms
with two O-acetylations had 84 Da higher masses. These peaks
overlapped each other. In order to show the glycoform pattern
objectively, relative peak intensity should be determined. Because
the Bayesian Protein Reconstruct tool provides the peak intensity
only for the major glycoform peaks, but not for the minor peaks
or overlapping peaks, we used a commercial curve fitting soft-
ware package, PeakFit ver. 4.11, to calculate the peak intensity
(D). The relative peak intensities were summarized in Table 2, as
described below. The glycoforms of NeuAc;,Hex,; HexNAcigFucs
(29,596.9 Da) were taken as 100 (%).

The glycoforms of EPO were slightly separated by HPLC accord-
ing to the number of sialic acids and the size of glycans.
Deconvoluted mass spectra during 18.7-18.9,18.9-19.0,19.0-19.2,
19.2-19.5, and 19.5-20.0 min (Fig. 1E~I) indicated that glycoforms
with fewer sialic acids eluted much earlier, and then the glycoforms
with larger glycans eluted slightly earlier. O-Acetylation seemed to
have little effect on the retention times. The deconvoluted mass
spectra from short elution periods showed minor glycoforms such
as O-acetylation and NeuGc or protein oxidation more clearly.

3.2. Comparison of mass spectrometric glycoform profiles
between EPO products

Mass spectrometric glycoform profiling of 3 innovator products
(EPO A, B, and C) and 3 biosimilar products (EPO A’, (', and C")
was performed under the same conditions as used for the profil-
ing of EPO A, and representative deconvoluted mass spectra are
shown in Fig. 2A-F (Fig. 2A is the same as Fig. 1C). Here, EPO
A’ is a biosimilar product developed using EPO A as a reference
product, and EPO C' and EPO C” are biosimilar products devel-
oped using EPO C as a reference product. Almost all the observed
peaks could be assigned as glycoforms with monosaccharide com-
positions NeuAcg_14Hexp3HexNAcyFucs (n=16-26) as described
in Fig. 1, except for the unusual peaks in EPO C’ (described below).
All the EPO products showed different glycoform profiles.

In EPO A, the number of sialic acids attached to one molecule
ranged from 11 to 14, and the glycoforms with 12 and 13 sialic
acids were most abundant. O-Acetylations of NeuAc were observed.
EPO A’ showed lower sialylation compared to EPO A; the number
of attached sialic acids ranged from 9 to 14, with the glyco-
forms having 11 and 12 sialic acids being most -abundant. The
wide range of glycoforms having a mass of 365 Da (HexHexNAc
unit) indicated that EPO A’ contained more LacNAc structures.
In Epo B, the number of attached sialic acids ranged from 10 to
14, and the glycoforms with 12 and 13 sialic acids were most
abundant. The glycoforms with 14 sialic acids were relatively abun-
dant than in the other products. No O-acetylation was observed.
Attachment of NeuGc and/or oxidation was observed more fre-
quently than in the other products. EPO C showed glycoform
profiles similar to EPO A, but its level of sialylation was slightly
lower and there were a few more of glycoforms with lower mass.
The glycoforms with 12 sialic acids were most abundant and

the number of glycoforms with 14 sialic acids was very low. O-
Acetylation was observed most among the EPO products used
in this study. In the EPO (', unusual peaks (27,973, 28,338 and
28,704 Da) were observed in the lower mass region. It is known
that EPO C' contains high-mannose-type glycans with mannose
6-phosphate modification at Asn24 [32]. If one of the N-linked gly-
cans were high-mannose-type glycans, then the maximum number
of attached sialic acids would be 10, as calculated from the two
tetrasialo-tetraantennary glycans for N-linked glycan and disialy-
lated GalGalNAc for O-linked glycan. Taking this information into
account, the monosaccharide compositions of these peaks were
suggested to be NeuAc;gHexyo+nHexNAcCspFucaMan6P (n=0-2)
[29]. These findings also suggested that the monosaccharide com-
positions of high-mannose-type glycan were HexsHexNAc, M6P.
Although NeuAcjzHexy7.,HexNAcs4,Fucs (n=0-2) also had the
same mass, the data from a-sialidase digestion supported the
former monosaccharide compositions (described below). When the
glycoforms containing high-mannose-type glycan were excluded,
the number of attached sialic acids ranged from 11 to 14, and the
glycoforms with 12 and 13 sialic acids were most abundant. Rela-
tively higher O-acetylation was observed. In EPO C”, the number of
attached sialic acids ranged from 10 to 14, the glycoforms with 11
sialic acids were most abundant, and there were few glycoforms
with 14 sialic acids. There were few glycoforms with O-acetylation
and NeuGc and/or oxidation.

All EPO products were analyzed 4 times under repeatabil-
ity conditions, and the relative intensity of glycoform peaks and
standard deviations are summarized in Table 2. It is important
that glycoforms with the same mass or the same monosaccharide
compositions were a mixture of different isomers with differ-
ent patterns of branching, addition of LacNAc, sialylation, and
site-specificity, and that the compositions of these isomers were
characteristic to the products. Therefore, the overall pattern of gly-
coform profiles would be important for the evaluation of similarity.
The relative standard deviations of the relative peak intensities
were around or less than 10% for major-to-moderate glycoforms.
Despite the complex data processing, such as deconvolution and
curve fitting, glycoform profiling using LC/ESI-MS showed a certain
level of analytical repeatability. The distributions of the number of
sialylations per molecule were calculated, and are also shown at
the bottom of Table 2. The highest frequency of 14 sialylated gly-
coforms was observed in EPO B and EPO C'. The calculated average
number of sialylations was 12.5,11.7,12.3, 12.0, 12.3, and 11.4 for
EPO A A, B, C, C, and C”, respectively.

3.3. Comparison of mass spectrometric de-sialylated glycoform
profiles between EPO products

Since the glycoform profiles of EPO were highly complex,
profiling of de-sialylated EPO was performed to confirm the
monosaccharide compositions of the asialo-glycan structures and
their distribution (Fig. 3). The profiles showed the distribution
with respect to branching of N-glycan and addition of LacNAc
structures. Almost all peaks were assigned to monosaccharide
compositions, Hexp.3HexNAc,Fucs; n=16-24 or 25 in EPO A, EPO
B, EPO C and EPO C’, and n=16-27 in EPO A’. The most abun-
dant de-sialylated glycoforms were n=19 in EPO A, EPO B, EPO
C, and EPO (, but n=21-22 in EPO A, and n=19-20 in EPO
C”, respectively. If EPO was attached by three core-fucosylated
tetraantennary glycans without LacNAc for N-linked glycan and
GalGalNAc for O-linked glycan, the monosaccharide composi-
tions of total glycans were HexyyHexNAc;gFucs (26,101.9 Da).
Peaks lower than this value indicated less branching, and peaks
higher than this indicated more LacNAc structures. Unusual peaks
(25,059, 25,425 and 25,790 Da) were observed only in EPO (. These
were assigned to the composition Hex;g.+,HexNACy5.,Fuc, Man6P
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Table 2
Summary of glycoform profiles of innovator and biosimilar EPO products in Japan and Europe.
Deduced monosaccharide compositions of glycoforms Calculated Relative peak intensity (%)?
mass (Da)
NeuAc Man6P Hex HexNAc dHex O-Acetyl EPO A EPO A’ EPOB EPOC EPOC EPO C"
0 0 0 0 (4] 0 18,235.7
10 1 20 15 2 0 27,9734 69.8 +£ 54
1 28,0154 206 £ 2.0
2 28,0574 215+ 13
3 28,099.5 175 £ 1.1
4 28,1415 9.0 £ 0.8
10 1 21 16 2 0 28,338.7 516 £ 2.6
1 28,380.7 142 £ 08
2 28,422.8 128 + 24
10 1 22 17 2 4] 28,704.0 17.8 £ 2.0
10 19 16 3 0 279184 50+ 0.1 448 + 49
1 27,960.5 29+16
9 20 17 3 0 27,9925 28+06
10 20 17 3 0 28,283.8 183 £ 2.9 146 £ 0.9 922+ 69
11 20 17 3 0 28,575.0 8.6 £ 0.7 246 £ 15 311 %24 236+ 13 416+ 1.3 110.5 £ 8.8
1 28,617.0 59+ 03 5.6 + 0.6 10.0 + 1.0
2 28,659.1 14.0 +£ 2.0
3 28,701.1 13+ 00
12 20 17 3 4] 28,866.3 55+ 1.1 143 £ 09 69.8 +5.4 55+ 0.1
1 28,908.3 183+ 1.8
2 28,950.3 259 + 3.0
9 21 18 3 0 28,357.8 04 +03
10 21 18 3 0 28,649.1 50.3 + 2.7 16.5 £ 0.9 90.2 £ 28
11 21 18 3 0 28,940.3 19.7 £ 1.1 63.7 + 3.7 549 + 4.6 56.7 £ 3.2 167.2 + 133
1 28,9824 0.6 + 0.3 0.4 + 0.0 18.0 £ 1.1
2 29,024.4 228 +28
3 29,066.5 92+ 14
4 29,108.5 7.2+ 09
12 21 18 3 0 29,2316 419+ 19 249 + 4.8 714 £ 1.0 40.1 £ 34 112.2 £ 6.0 60.1 £ 3.5
1 29,273.6 7.5+ 06 157+ 25 322+ 1.1 36+ 1.1
2 29,315.7 6.5 + 0.8 40.1 £55 328+ 1.7
3 29,357.7 187 %16 59+12
4 29,399.7 19.0 + 2.8
5 29,4418 52+12
13 21 18 3 0 29,522.9 75+ 1.1 30.6 + 3.6 39.2 £ 4.7
1 29,564.9 34+08
2 29,606.9 9.6+ 06 258 +£22
3 29,649.0 2.1+ 04 6.0+ 1.5
4 29,691.0 25£02
9 22 19 3 0 28,7232 258 +25
10 22 19 3 0 29,0144 63.8 + 3.8 10.7 £ 1.1 59.7 + 5.0
1 29,056.5 91+ 18
11 22 19 3 0 29,305.7 26.1 £ 09 90.7 + 5.0 452 +29 727 £ 49 163.8 + 12.5
1 29,347.7 6.9+ 06 15.7 £ 1.7 283+ 19 16.6 + 4.4
2 29,389.7 24402 30.7 £ 3.5
3 29,4318 103+ 19
12 22 19 3 0 29,596.9 100.0 £ 0.0 100.0 + 0.0 100.0 = 0.0 100.0 + 0.0 100.0 + 0.0 100.0 = 0.0
1 29,639.0 222+£08 421 +03 237 +09 50+ 03
2 29,681.0 159 £ 1.6 57.0 £ 3.5 209 + 2.0
3 29,723.0 42 +£07 300+ 16 36+06
4 29,765.1 208 + 1.3
13 22 19 3 0 29,888.2 108.1 = 4.1 481+ 79 130.0 + 6.5 655+ 44 924 +11.7 306+7.0
1 29,930.2 234+ 05 28+03 225+ 05 269 £33
2 29,9723 206+14 445 + 3.8 357+ 44
3 30,0143 105+ 1.5 30.5 + 3.7 175+ 2.0
4 30,056.3 81+ 1.1 343+ 28
5 30,098.4 19.7 £ 5.5
14 22 19 3 0 30,179.4 273 +36 68.9 + 8.4 153 + 2.0 333 £ 48
1 30,2215 3.6+06 9.3+ 2.1
2 30,263.5 9.7 £ 08 195 + 3.2
3 30,305.6 51+07 149+ 08
4 30,347.6 54+13 . 162 £33
10 23 20 3 0 29,379.8 727 £ 2.6 6.6 +£ 0.7 30.0 + 4.2
1 29,421.8 92423 52+ 1.0
11 23 20 3 0 29,671.0 220+ 10 138.7 £ 4.8 308 +23 506 + 1.4 1323 £ 6.0
1 29,7130 92+ 16 96+ 1.3 214+ 35 119+35
2 29,755.1 28 +£03 158+ 1.9
3 29,797.1 73+ 1.0
12 23 20 3 0 29,9623 764 £ 1.9 1256 + 114 63.8 &+ 2.0 720 £ 6.9 63.7 £ 5.2 113.7 £ 59
1 30,004.3 25.1 £ 3.1 89 +22 314+ 34 209 + 2.8 124+ 1.0
2 30,046.3 158 £ 1.7 446 + 45 16.0 £ 1.2
3 30,088.4 4.5+ 0.6 18.6 + 5.6 38402
4 30,1304 16.6 + 6.4
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Table 2 (Continued)
Deduced monosaccharide compositions of glycoforms Calculated Relative peak intensity (%)?
mass (Da)
NeuAc  Man6P Hex  HexNAc  dHex  O-Acetyl EPOA EPO A EPO B EPOC EPO C' EPO C”
13 23 20 3 0 30,2535 843 +£3.9 727 +£69 819425 437 +1.2 76.8 £ 6.5 445 +93
1 30,295.6 217 £ 2.1 170 £ 2.1 26.0 + 4.0
2 30,3376 150+ 08 316 £3.1 29.4 + 5.1
3 30,3796 8.0+ 038 198 +1.8 175 £ 06
4 304217 112 £ 08
14 23 20 3 0 30,5448 236+36 86434 426 + 6.1 77+10 333 +38
1 30,586.8 34+03 119+ 1.8
2 30,6288 53+ 05 164 +£ 1.6
10 24 21 3 0 29,745.1 69.8 + 7.5
11 24 21 3 0 30,0363 159+ 13 1313 £ 4.7 18.1 + 1.0 340 + 3.7 86.6 + 4.8
1 30,0784 6.8+ 1.0 198 £33 134+ 1.8 105 + 2.1
2 30,1204 85+ 30
12 24 21 3 0 303276 56.0 + 1.2 1449 + 14.2 422 +3.0 498 +2.7 385 +53 1111+ 77
1 30,369.6 189 %15 99 +21 195 £ 0.7 16.7 + 1.8 115 +20
2 30,4117 110+ 15 200+ 1.1 142 + 3.1
3 30,453.7 33+04 143 + 42 .
4 30,495.7 92+03
13 24 21 3 0 30,6189 62,1 £3.2 89.6 + 10.8 589 + 2.2 351+£19 66.6 + 4.9 60.5 + 4.7
1 30,660.9 14.0 + 09 92425 221 +£14
2 30,7029 10.7 £ 04 193 +08 26.2 £5.2
3 30,7450 3.7+03
14 24 21 3 0 30910.1 16.2 34 193 £ 3.2 286 4.7 255+ 2.8
1 30,952.1 1.6 £ 0.2 31x11
2 30,994.2 14+02 13.0 £ 34
10 25 22 3 0 30,1104 53.8 + 4.5 1.7 £ 04
11 25 22 3 1] 30,401.7 93+ 10 1142 + 83 9.8 £ 05 128 + 1.9 494 + 4.1
1 30,4437 29408 103 £ 1.2 57 +£07
2 30,485.7 22+03 32+£08
12 25 22 3 Q 30,6929 339+ 14 1475 + 106 251+23 32114 147 £ 3.1 88.0 + 6.1
1 30,735.0 9.1+1.0 120+ 2.1 75+14 7.7 +36
2 30,7770 114+ 55
3 30,819.0 : 44 + 04
13 25 22 3 0 30,984.2 403 +1.3 1002 £9.2 35.1 £ 09 182 +2.7 393 + 4.2 524 + 4.0
1 31,026.2 6.1+1.0 5608 ES 86+07
2 31,0683 48 + 1.6 118 £ 09 143 +£23
3 31,1103 14+0.1 +
14 25 22 3 0 31,2754 10.1 £1.3 24.2 + 8.1 184 +£23 6.8 + 06 146 £ 1.5
1 31,3175 52+13
2 31,3595
.10 26 23 3 (] 30,475.8 6.9+ 0.0
1 26 23 3 (¢] 30,767.0 90.8 + 5.7 49 +03 27.1 £40
1 30,809.0 6.7 £ 0.1 29+ 11
12 26 23 3 0 31,0583 164 + 1.0 1285 £ 5.7 116+ 1.0 151+ 14 9.7 £3.1 48.0 + 3.7
1 31,1003 37403
2 31,1423 23+04
13 26 23 3 0 31,3485 172 +1.0 101.1 £ 6.3 173+ 1.0 130+ 1.1 378+ 18
1 31,3916 15+01 7.6 £ 0.6 3.0+£07
14 26 23 3 0 31,6408 3108 360+ 1.6 9.9 + 1.3 6.5+ 1.1 5.0+ 08
1 31,682.8
2 31,7248 07 £02 49 £ 0.1
11 27 24 3 0 31,1323 66.4 + 2.6 05 + 0.1
12 27 24 3 0 31,4236 944 + 34 14 +04
13 27 24 3 0 31,7149 9.1+05 854 +5.2 84+ 07 111 +23 8.7 £ 0.7 283+10
1 31,756.9 133 +3.1
14 27 24 3 0 32,006.1 6.7+19 21+01
11 28 25 3 0 31,497.7 418 £ 4.1
12 28 25 3 0 31,7889 54.8 + 14.5
13 28 25 3 0 32,080.2 274 +£5.7
Distribution of glycoforms based on the sialylation (%) EPOA EPO A EPOB EPOC EPOC EPO C"
NeuvAc Mé6P
10 1 0.0 0.0 0.0 0.0 133 0.0
9 0.0 1.0 03 0.0 0.0 0.0
10 0.0 128 49 0.0 0.0 17.0
11 111 306 175 276 2.7 40.7
12 389 318 295 449 36.6 289
13 404 204 326 258 345 13.1
14 9.6 35 15.2 1.8 129 03
Calculated average no. of NeuAc per molecule 125 11.7 123 120 123 114

2 Peak intensity of glycoform NeuAc;,Hex,sHexNAcoFucs was considered 100%.

The most abundant glycoforms are shown in bold.
Glycoforms with NeuGe and/or oxidation were not included.

Differences between calculated mass and observed mass were within 3 Da (data not shown).
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Fig. 2. Comparison of mass spectrometric glycoform profiles of innovator and biosimilar
A’ is a biosimilar product to EPO A, and (E) EPO C' and (F) EPO C” are biosimilar products

Mass (x10,000 Da)

(n=0-2), which would be derived from the glycoforms with
NeuAcjgHexag+nHeXNACy5.nFuc,Man6P (n=0-2). These findings
agreed with the data of glycoform profiling.

In the de-sialylated glycoforms, peaks with 42 Da higher mass
were not detected. This indicated the increase of 42 Da mass was
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due to O-acetylation of sialic acid. Peaks with 16 Da higher mass
were detected at higher levels before digestion in all samples. This
finding would have been due to oxidization of the protein portion
during a-sialidase digestions, because the intensities of these peaks
increased over time (data not shown). This suggested that one easily
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Fig. 3. Comparison of mass spectrometric de-sialylated glycoform profiles of innovator and biosimilar erythropoietins. (A-F) Innovator products EPO A, B and C, and biosimilar
products EPO A/, C', and (", respectively. Peaks with 16 Da higher masses would be due to oxidation of the protein portion during a-sialidase digestion.
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Fig.4. Comparison of mass spectrometric O-linked glycoform profiles of innovator and biosimilar erythropoietins. (A)-(F) Innovator products EPO A, B and C, and biosimilar
products EPO A’, ', and C”, respectively. Peaks with 16 Da higher masses would be due to oxidation of the protein portion during PNGase F digestion.

oxidizable site may be preserit in the erythropoietin structure. In
order to determine the contents of NeuAc and NeuGe, sialic acid
analysis would be needed. It is interesting that peaks with 32 Da
higher mass were more obvious in EPO B. This may suggest that
EPO B might be more susceptible to oxidation.

3.4. Comparison of mass spectrometric O-glycoform profiles
between EPO products

Because O-glycosylation of the EPO is thought to have little effect

on EPO efficacy, it is important to reveal how O-glycans partici-
pated in the total glycoform profiles. Thus, profilings of O-glycoform
were conducted after PNGase F digestion (Fig. 4A-F). Since EPO
has only one O-glycosylation site at Ser126, this profile showed
microheterogeneity at this site. As shown, the compositions of O-
glycans were NeuAc;-,HexHexNAc in all EPO products. Except for
EPO C”, O-glycoforms with two sialic acids were more abundant
than those with one sialic acid. Among these, EPO C had relatively
lower sialylation on its O-glycan, and EPO C’ had the highest level
of sialylation. On the other hand, O-glycoforms with one sialic acid

were more abundantin EPOC”, and, furthermorg, molecule without

O-glycosylation was observed.

O-acetylation of sialic acids was also found at O-glycans in EPO
A,A’,C,C"and C”, and the levels of O-acetylation seemed to correlate
with those in total glycoforms. Although peaks with 16 Da higher
mass were frequently detected in all samples, most of these would
not have been due to NeuGc, but rather to oxidation of the protein
portion during PNGase F digestions, as observed in the sialidase-
treated samples.

3.5. Mass spectrometric glycoform profiling of a
hyperglycosylated EPO analog, darbepoetin

Darbepoetin is an EPO arfalog that was developed by site-
directed mutagenesis to introduce two additional N-glycosylation

sites for longer serum half-lives [33]. Darbepoetin was ana-
lyzed by LC/ESI-MS, and the deconvoluted mass spectrum
is shown in Fig. 5A. There were many peaks differing by
42Da due to heavy O-acetylation. Almost all peaks could
be assigned to the peptide (18,176.6Da)+glycans with the
compositions of NeuAc;g.2HexXpss HexNAcy Fucs (n=29-32) with
0-13 O-acetylations. Glycoforms containing five tetrasialo-
tetraantennary glycans with core-fucosylation; and one disialy-
lated HexHexNAc yield a total monosaccharide composition of
NeuAcz;HexzgHexNAc3iFucs. The most abundant glycoform was
NeuAcz;HexszgHexNAcsFucs, and this suggested that glycans of
darbepoetin were highly branched and sialylated. A de-sialylated

- glycoform profile is shown in Fig. 5B. This showed that heterogene-

ity in the asialo-glycan compositions was relatively low compared
with that in EPO. The O-glycoform profile is not shown because
one N-glycan site of darbepoetin has been reported to be resis-
tant to PNGase F digestions [30]. Darbepoetin has not only two
more N-glycans but also higher sialylation and extremely high O-
acetylation of sialic acids. These findings agreed with the reports
that darbepoetin has a large number of tetrasialylated glycans
(tetraantena, triantena and biantenna with LacNAc) and a high level
of O-acetylation of sialic acids [34]. LC/ESI-MS can be applied to
more glycosylated glycoproteins.

4. Summary

For glycoform profiling and similarity/comparability evalua-
tion of glycoprotein pharmaceuticals, it is important to detect
and understand how the glycan structures or substructures, which
would affect the efficacy and safety, change. Recently, MS of intact
glycoproteins was considered as useful analytical tools for evalua-
tion of glycan heterogeneity. In this study, we investigated the use
of LC/ESI-MS to characterize and compare glycoforom profiles of
innovator and biosimilar EPO products. Glycoform profiling using
LC/ESI-MS successfully revealed the characteristics of innovator
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Fig. 5. Mass spectrometric glycoform profile of darbepoetin, an erythropoietin analog. (A) Total glycoform profile. (B) De-sialylated glycoform profile.

and biosimilar EPO products commercially available in Europe and
Japan. Each product showed a characteristic pattern of glycoforms
on the sialylation, asialo-glycan size, degrees of O-acetylation and
addition of NeuGc for NeuAc or oxidation of the protein portion,
and O-glycosylation. The most abundant number of sialic acid
residues was 13, 12, 13, 12, 12, and 11 in EPO A, A, B, C, C’ and
C”, respectively. EPO A showed some O-acetylation in sialic acid
residues. EPO A’ showed glycoforms with higher masses overall,
indicating the presence of more LacNAc structures. EPO B showed
higher sialylation, and the proportion of glycoforms with 14 sialic
acid residues was higher than the others. EPO C showed a glyco-
form pattern similar to EPO A, but lower sialylation and higher
O-acetylation. EPO C’ showed relatively higher sialylation in the
total glycoforms and O-glycoform, and the proportion of glyco-

forms with 14 sialic acid residues was relatively high. EPO (" also

contained a small amount of glycoforms with high-mannose-type
glycan containing M6P. There were very few glycoforms with 11
or less sialic acid residues, except for M6P-containing glycoforms
that had 10 sialic acid residues. EPO C” showed lower sialylation,
and glycoforms having 14 sialic acid residues were very few. EPO
C” contained slightly more LacNAc structures. Although all the EPO
products used in this study were produced using CHO cells, they
showed a variety of glycoform profiles. All tested biosimilar prod-
ucts showed considerably different glycoform profiles from their
innovator products. This indicates that it is very difficult to develop
biosimilar products with similar glycan profiles as innovators in
the case of highly heterogeneous biopharmaceuticals. In ordet to
ensure the safety and efficacy of such products, it will be neces-
sary to plan optimal strategies to evaluate the influences in the
differences in the glycan profile on the safety and efficacy through
pre-clinical tests, clinical trials and other means.

In the previous study, Taichrib et al. conducted glycoform
profiling of EPO using CE-TOF MS [29]. They evaluate gly-
coform profiles using relative peak areas of selected intact
erythropoietin isoforms and clearly distinguished commercial EPO
products, preproduction preparations on the basis of the combined

information on the antennarity, the sialoform, and the acetylation
of the observed isoforms. Here, we performed glycoform char-
acterization using the deconvoluted spectra derived from entire
mass spectrum obtained by LC/ESI-MS. It is straightforward and
easy to understand characteristics and patterns of glycoforms. Our
data indicate that deconvoluted spectrum-based glycoform pro-
filing is also available even for extremely complex glycoproteins.
Mass spectrometric glycoform profiles showed a certain level of
repeatability. Mass spectrometric glycoform profiling might be
useful for the characterization of glycoform profiles during the
development stage, evaluation of lot-to-lot glycoform heterogene-
ity, comparability between products before and after a change in
the manufacturing process, the similarity between biosimilar prod-
ucts and their reference products, and monitoring of glycoform
profiles during manufacturing processes.
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Abstract Asini Corii Collas (ACC; donkey glue) is a
crude drug used to promote hematopoiesis and arrest
bleeding. Because adulteration of the drug with substances
from other animals such as horses, cattle, and pigs has been
found, we examined PCR methods based on the sequence
of the cytochrome b gene for source species identification.
Two strategies for extracting DNA from ACC were com-
pared, and the ion-exchange resin procedure was revealed
to be more suitable than the silica-based one. Using DNA
extracted from ACC by the ion-exchange resin procedure,
PCR methods for species-specific detection of donkey,
horse, cattle, and pig substances were established. When
these species-specific PCR methods were applied to ACC,
amplicons were obtained only by the donkey-specific PCR.
Cattle-specific PCR detected as little as 0.1 % admixture of
cattle glue in the ACC. These results suggest that the
species-specific PCR methods established in this study
would be useful for simple and easy detection of adulte-
ration of ACC.
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article (doi:10.1007/s11418-013-0790-z) contains supplementary
material, which is available to authorized users.
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Introeduction

Asini Corii Collas (ACC; donkey glue) is a crude drug
made of dry skin, bone, tendons, and ligaments of donkeys
(Equus asinus) by decoction, degreasing, and concentration
according to the Japanese standards for non-Pharmaco-
poeial crude drugs (non-JP crude drug standards) 2012 [1].
The main component is collagen. ACC has mainly been
used in Kampo formulas such as Choreito and Unkeito in
Japan, used for promoting hematopoiesis and arresting
bleeding.

ACC is mainly produced in Shangton, China. In the
Chinese Pharmacopoeia as well as in the non-JP crude drug
standards, it is specified as being made of dry skin derived
from donkeys [2]. However, adulteration with skins or
bones from other animals such as horses, cattle, and pigs
has been found [3, 4], because ACC is relatively expensive.
Under these circumstances, the establishment of a method
of discriminating the animal origin of ACC was needed.
Several spectroscopy-based methods have been reported
[5-71; however, these methods have not reached the stage
of practical application due to sample-processing
variability.

Along with advances in DNA sequence technology,
various methods for species identification of feed or pro-
cessed food have been developed [8]. DNA-based
authentication is one of the methods for identifying the
animal source of ACC, but DNA extraction from ACC is
considered to be difficult because its DNA is severely
degraded during processing. In recent years, however, Lv
et al. [3] succeeded in the extraction and detection of
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severely degraded DNA from ACC. Furthermore, they
reported a PCR method for authentication of ACC using
SINESs (short interspersed nuclear elements) [4]. A SINE is
a kind of retroposon, which is a short repetitive sequence
with a length of about 300 bp, and has more than 10° total
copies per haploid genome [9]. The method of donkey
DNA detection using SINE consists of two PCR steps: the
first PCR is based on the equine-specific ERE-1 region
[10], and the second is based on the horse-specific satellite
DNA region [11]. From donkey DNA, a PCR product
should be generated by the first PCR, but not by the second.
However, this method allows only indirect detection of
donkey DNA, and cannot distinguish whether animal glues
are derived from a mixture of donkey and horse or from
100 % horse. Although mitochondrial DNA has fewer copy
numbers (several thousands) compared with those of SINE,
it is widely used in species determination of animal meat
and processed food; it has also been useful for assessing the
evolutionary relationship between different species [12~
14]. Furthermore, it can distinguish donkey from other
animals including its close relatives, the horse [15]. In this
study, we developed a more effective method of extracting
DNA from ACC with reference to the method reported by
Lv et al., and established a PCR method for source species
identification of ACC based on the sequence differences of
the cytochrome b gene in the mitochondrial DNA of sev-
eral common mammals.

Materials and methods
Materials

ACC and cattle glue were purchased from Shandong
Donge E-jiao Co. of Shandong Province.

A donkey hair sample was kindly provided by Hamura
Zoo, Japan, with the aid of Dr. Sugita-Konishi. Meat
samples from a horse, cow, and pig were purchased from
local supermarkets or internet-based store. Their origins
were identified by DNA analyses. One sample of each of
these animal species was used in this study.

DNA extraction

Before DNA extraction, each side of solid glue samples
was irradiated with UV light for 2 h in order to avoid a
false-positive result due to the external DNA on the sample
surfaces.

DNA extraction was done using a silica-membrane
column (QIAquick spin column; Qiagen) according to the
report of Lv et al. [3], and using an ion-exchange resin
column (Qiagen Genomic tip 20/G or 100/G; Qiagen) with
reference to the method for examining genetically modified
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foods (Ministry of Health, Labour and Welfare, Japan)
[16].

For scale-up DNA preparation using the Genomic tip
100/G, 5 g solid glue was ground into powder and trans-
ferred into a 50-mL centrifuge tube with 16 mL of G2
buffer (Qiagen), 10 puL. of RNase (100 mg/mL), and
200 pL of Proteinase K (20 mg/mL). After incubating the
tube for 2 h at 50 °C with occasional shaking, the tube was
centrifuged for 15 min at 6,000g at 4 °C.The supernatant
was transferred into a 15-mL tube, and centrifuged again
for 5 min at 10,000g at 4 °C.After equilibration of the
Genomic tip 100/G with 4 mL of QBT buffer (Qiagen), the
supernatant was applied to the tip and allowed to pass
through the resin by gravity flow. The tip was then washed
with 22 mL of QC buffer (Qiagen), and DNA was eluted
with 5 mL of QF buffer prewarmed to 50 °C.The eluted
DNA was precipitated by adding 3.5 mL of isopropanol,
and centrifuged for 15 min at 10,000g at 4 °C. The pellet
was washed with 5 mL of 70 % ethanol, and centrifuged.
After drying the pellet at 65 °C, the pelleted DNA was
suspended in 100 pL of distilled water, and stored at —
20 °C until use.

DNA extraction from hair and meat samples was per-
formed using Genomic tip 20/G according to the manu-
facturer’s protocol.

For the comparison of DNA extraction methods, PCR
was performed as reported by Lv et al. [3], using Ass-up/
down primers.

Species-specific PCR

Multiple sequences of cytochrome b genes of donkeys,
horses, cattle, and pigs were obtained from DDBJ/EMBL/
Genbank, and the PCR primers listed in Table 1 were
designed on the basis of the sequences specific to each
animal species. A schematic of each primer is shown in
Fig. S1. In designing the EaCytB-f primer, adenine (A), the
fifth nucleotide from the 3’ end, was substituted for thy-
mine (T) to enhance the specificity for donkey against the
other three species [17].

PCR amplification was performed in a 25-pL reaction
mixture containing 12.5 pL of Ampdirect Plus (Shimadzu),
0.75 U of Ex Taq Hot Start Version (Takara), 0.4 uM each
of forward and reverse primer, and 5 ng (hair or meat
samples) or 50 ng (glue sample) of template DNA.
Amplification was conducted in a DNA Engine thermal
cycler, PTC-200 (Bio-Rad) with the following conditions:
94 °C for 4 min; 35 cycles of 94 °C for 30 s, 60 °C (for
donkey, horse, and cattle detection) or 64 °C (for pig
detection) for 30 s, and 72 °C for 10 s; 72 °C for 2 min.
PCR products were electrophoresed on a 4.5 % NuSieve
GTG Agarose gel, stained with GelRed Nucleic Acid Gel
Stain (Biotium). The amplicons were purified using
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