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Abstract

Recently, our group reported the expression of recombinant human erythropoietin in goat milk (rhEPO-milk) as well as in the mam-
mary epithelial cell line GMGE (EPO-GMGE) by cell culture using the adenoviral transduction system. N-Glycosylation characteriza-
tion of rhEPO-milk by Normal-Phase HPLC profiling of the fluorophore, 4-aminobenzoic acid-labeled enzymatically released N-glycan
pool from rhEPO-goat milk, combined with MALDI, ESI-MS and LC/MS, revealed that low branched, core-fucosylated, N-glycans
predominate. The labeled N-glycans were separated into neutral and charged fractions by anion exchange chromatography and the
charged N-glycans were found to be mostly a2,6-monosialylated with Neu5Ac or Neu5Gc in a ratio of 1:1. Unlike the N-glycans from
rhEPO produced in CHO cells, where the glycans are multiantennary highly sialylated, core-fucosylated oligosaccahrides, or even in the
goat mammary gland epithelial cell line cultured in vitro in which multiantennary, core- and outer-arm fucosylated, monosialylated N-
glycans are the most abundant species, a large proportion of the N-glycans from rhEPO-milk were monosialylated, biantennary, anten-
nae mostly terminating with the more unusual GalNAc–GlcNAc motive and without outer-arm fucosylation. These findings, emphasiz-
ing the difference in the N-glycan repertoire between the rhEPO-milk and EPO-GMGE, are consistent with the principle that
glycosylation is cell-type dependent and that the cell environment is crucial as well.
� 2007 Elsevier Inc. All rights reserved.
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The large-scale production of recombinant biopharma-
ceutical glycoproteins in the milk of transgenic animals is
becoming more widespread due to the very promising eco-
nomic production processes [1]. To date several proteins
have been expressed in the milk of transgenic animals in
quantities ranging from a few micrograms to several grams

per liter. Some examples are: human lactoferrin in mice [2]
and cows [3]; a1-antitrypsin [4] and C1 inhibitor [5] in rab-
bits; human anti-thrombin [6] and human tissue-type plas-
minogen activator [7,8] in goats; human Factor VIII [9] and
human Protein C [10] in pigs; human a-glucosidase in mice
[11] and rabbits [12] and human erythropoietin in rabbits
[13] and pigs [14]. However, the functionality and specific-
ity of mammary gland glycosylation is, as yet, incompletely
understood in comparison with other mammalian cell lines.
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Human erythropoietin (hEPO) is a glycoprotein hor-
mone with three potential N-glycosylation sites at
Asn-24, -38, and -83, and one O-glycosylation site at
Ser-126. The glycosylation on hEPO is essential for
in vivo activity [15], as the unglycosylated hormone
shows full in vitro but no in vivo biological activity
[16]. Thus, the system for the production of biologically
active EPO requires the biosynthetic machinery of mam-
malian cells like Chinese hamster ovary (CHO)1 cell cul-
tures, able to assemble the necessary tetrasialylated
tetraantennary N-glycans to maintain the half life of
the protein [17,18].

Recently, our group has expressed hEPO in the milk of
mice and goats (Capra hircus) by adenoviral transduction
of the mammary secretory epithelial cells [19,20]. An aden-
oviral vector, carrying the hEPO cDNA, allowed the
expression of the recombinant glycoprotein at levels over
2 g/L in goat milk. However, the milk-derived recombinant
hormone (rhEPO-milk), showed a lower molecular weight,
more basic isoforms and a very low in vivo hematopoietic
activity compared to the described homologous rhEPO
produced in CHO cell cultures, presumably due to differ-
ences in the glycosylation of rhEPO produced in milk com-
pared to that produced in CHO cell line [20]. Moreover, we
have also established a continuous, non-transformed epi-
thelial cell line (GMGE) from primary culture of goat
mammary gland and expressed rhEPO in this system
(EPO-GMGE). The recombinant protein expressed in
GMGE cells showed an N-glycosylation pattern that sig-
nificantly differed from that of the classical CHO-EPO,
with core- and outer-arm fucosylation and low sialic acid
content. The glycoprotein showed a reduced hematopoietic
activity [21].

The aim of the present study was to characterize the N-
glycosylation of hEPO, as a glycoprotein model, expressed
in the milk of goats to compare with that already reported
for the same glycoprotein expressed in vitro in the goat epi-
thelial mammary cell line, GMGE and the classical CHO
cells system.

Materials and methods

Production of EPO in goat milk

rhEPO was expressed in goat milk by adenoviral transduction and
purified from the skimmed milk pool from three nuliparous 1-year-old
Toggenburg goats milked on days 32–38 after the induction of lactation
[20]. The purity was greater than 99% as judged by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS–PAGE) with silver staining.

SDS–PAGE and Western-blotting assay

SDS–PAGE analysis was performed as described by Laemmli [22] in
12% polyacrylamide gels. Proteins were transferred to nitrocellulose filters
(Schleicher and Schuell, Dassel, Germany) using a semidry electroblotter.
After incubation with a monoclonal antibody (mAb) antiEPO-horseradish
peroxidase (HRP), conjugated signals were visualized with the 3,3 0-
diaminobenzidine tetrahydrochloride detection reagent (Sigma, St. Louis,
MO).

In vivo hematopoietic activity

The rhEPO hematopoietic activity was evaluated by the increase of
reticulocyte numbers in B6D2F1 mice. At least six mice per experimental
group were used. Mice were subcutaneously injected with 8, 10 or 12 lg of
rhEPO samples. Four days post-injection, blood samples were collected
and diluted with brilliant cresyl blue (1%, v/v) for reticulocyte counts. Ten
fields per sample were counted. The relative hematopoietic activity of the
inoculated dose was analyzed by regression for each sample using the 0 lg
dose as the baseline control. Biological activity in milk-derived hEPO was
analyzed by ANOVA comparing the effect of the three dose levels and the
baseline control.

Proteolytic digestion and mass spectrometry analysis

N-Deglycosylated protein (50 lg) was digested with sequencing-grade
trypsin (Promega, MA) at an enzyme/substrate ratio of 1/50 at 37 �C for
4 h. Digestions were stopped by adding aqueous trifluoroacetic acid (TFA)
(1%, v/v). The proteolytic digest was separated by liquid chromatography
(AKTA Basic, Amersham Pharmacia Biotech, Sweden) equipped with a
splitter (LC-Packings, Netherlands) in a 0.3 · 100 mm PepMap column
(LC-Packings, Netherlands). The column was equilibrated in solvent A
(H2O, 0.05% TFA) and the digest was eluted with a linear gradient of
Solvent A and solvent B (acetonitrile, 0.05% TFA) from 0 to 80% over
100 min.

Mass spectrometric analysis of peptides

A hybrid quadrupole orthogonal acceleration tandem mass spec-
trometer (QTOF-2) from Micromass (Manchester, UK) fitted with a Z-
spray nanoflow electrospray (ESI) ion source was connected online with
the HPLC system described above. The mass spectrometer was operated
with a source temperature of 80 �C and a drying gas flow of 50 L/h. The
capillary and cone voltages were 3500 and 35 V, respectively. To acquire
the liquid chromatography-mass spectrometric (LC/MS) and LC-MS/MS
spectra, the first quadrupole was used to select automatically the precursor
ion within a window of 4–5 Th. Argon was used as the collision gas. Data
acquisition and processing were performed using a MassLynx system
(version 3.5). The mass accuracy was below 100 ppm.

Oligosaccharide identification using lectin binding assays

The ‘‘DIG Glycans Differentiation Kit’’ (Roche, Germany) was used
to identify specific carbohydrate motives. After separation on 12% SDS–
PAGE, the glycoproteins (1 lg each) were bound to Immobilon mem-
branes (Millipore, USA). The membranes were incubated at 25 �C for 1 h

1 Abbreviations used: 4ABA, 4-aminobenzoic acid; BHK, baby hamster
kidney; CHO, Chinese hamster ovary; GMGE, goat mammary gland
epithelium; DEAE, diethylaminoethyl; dHex (deoxy-hexose (fucose);
DHB, dihydroxybenzoic acid; DMB, 1,2-diamino-4,5-methylene-dioxy-
benzene; DSA, Datura stramonium lectin; EPO, erythropoietin; ESI,
electrospray ionization; Fuc, fucose; Gal, galactose; GalNAc, N-acetylga-
lactosamine; GlcNAc, N-acetylglucosamine; GNA, Galanthus nivalis

lectin; h, human; Hex, hexose; HexNAc, N-acetyl-hexose; HPLC, high-
performance liquid chromatography; HRP, horseradish peroxidase; LC/
MS, Liquid chromatography-mass spectrometry; MAA, Maackia amur-

ensis lectin; mAb, monoclonal antibody; MALDI, matrix-assisted laser
desorption/ionization; MS, mass spectrometry; m/z, mass to charge ratio;
NBT, nitro blue tetrazolium; Neu5Ac, N-acetylneuraminic acid; Neu5Gc,
N-glycoylneuraminic acid; NP, normal-phase, NP-40, Nonidet P-40;
PAGE, polyacrylamide gel electrophoresis; PNGase, peptide-N4-(N-
acetyl-b-D-glucosaminyl) asparagine amidase; Q, quadrupole; rh, recom-
binant human; SDS, sodium dodecylsulfate; SNA, Sambucus nigra lectin;
TFA, trifluoroacetic acid; TIC, total ion current; TOF, time-of-flight.
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with specific lectins that were digoxigenin-labeled. Afterwards, the filters
were immersed in a solution containing polyclonal anti-digoxigenin anti-
body conjugated with alkaline phosphatase for another hour. The staining
reaction was carried out in nitro blue tetrazolium (NBT)/X-phosphate
solution without shaking.

N-Glycans releasing, fluorophore labeling and normal-phase (NP)

HPLC separation

rhEPO from goat milk was enzymatically deglycosylated with peptide-
N4-(N-acetyl-b-D-glucosaminyl) asparagine amidase (PNGase F) and the
N-glycans recovered as described elsewhere [20,21]. Lyophilized oligo-
saccharides were labeled with 4ABA and resolved on a TSK Amide-80
column 4.6 · 250 mm; TosoHaas, Japan) [23].

Anion-exchange (diethylaminoethyl, DEAE) HPLC

4ABA-labeled oligosaccharides were separated into neutral and acidic
fractions on a BioSep-DEAE-PEI column (7.6 · 100 mm; Phenomenex,
San Juan, Puerto Rico). The mobile phase consisted of a gradient, formed
from a solution of 20% (v/v) acetonitrile in 10 mmol/L ammonium ace-
tate, pH 6.5 (solvent A), and a solution of 20% (v/v) acetonitrile in
250 mmol/L ammonium hydroxide (solvent B). The flow rate was 0.8 mL/
min and fluorescence detection was carried out using an excitation
wavelength of 290 nm and emission wavelength of 355 nm.

Determination of N-acetyl- and N-glycolylneuraminic acid

Neuraminic acids were released by hydrolysis in 2 M acetic acid at
80oC for 3 h (50 lg EPO/ 200 lL) and converted into fluorescent deriva-
tives with 1,2-diamino-4,5-methylene-dioxybenzene (DMB). Briefly, 200 ll
of DMB solution (7 mM, containing 1.4 M acetic acid, 0.75 mM b-
mercaptoethanol and 18 mM sodium dithionite) was added to 200 lL
hydrolysate and then heated at 50 �C for 2.5 h in the dark. After cooling
on ice, 10–20 lL was used for HPLC analysis. HPLC analysis was carried
out on a reversed-phase C-18 column (255 · 46 mm, Phenomenex, USA).
The fluorescence detection was carried out using an excitation wavelength
373 nm and emission wavelength of 448 nm. Elution was performed using
acetonitrile:methanol:water (9:7:84, v/v/v) at a flow rate of 1 mL/min.

Mass spectrometry of the 4ABA-labeled N-glycans

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-

TOF) mass spectrometry

Positive ion MALDI-TOF mass spectra were recorded with a Micro-
mass TofSpec 2E reflectron-TOF mass spectrometer (Micromass, Man-
chester, UK) fitted with delayed extraction and a nitrogen laser (337 nm).
The acceleration voltage was 20 kV; the pulse voltage was 3200 V; and the
delay for the delayed extraction ion source was 500 ns. Samples were
prepared by adding 0.5 lL of an aqueous solution of the sample to the
matrix solution (0.3 lL of a saturated solution of 2,5-dihydroxybenzoic
acid (DHB) in acetonitrile) on the stainless steel target plate and allowing
it to dry at room temperature. The sample/matrix mixture was then
recrystallized from ethanol.

Electrospray mass spectrometry (ESI-MS)

Nano-electrospray mass spectrometry was performed with a Waters-
Micromass quadrupole-time-of-flight (Q-Tof) Ultima Global instrument.
Samples in 1/1 (v/v) methanol:water were infused through Proxeon
(Proxeon Biosystems, Odense, Denmark) nanospray capillaries. The ion
source conditions were: temperature, 120 �C; nitrogen flow 50 L/h; infu-
sion needle potential, 1.2 kV; cone voltage 100 V; RF-1 voltage 180 V.
Spectra (2 s scans) were acquired with a digitization rate of 4 GHz and

accumulated until a satisfactory signal:noise ratio had been obtained.
Masses were measured to 0.1 Da.

Negative ion MS/MS

Negative ion MS/MS data were recorded with the Waters-Micromass
Q-Tof Ultima Global mass spectrometer as above. For MS/MS data
acquisition, the parent ion was selected at low resolution (about 3 Th mass
window) with the collision cell voltage set appropriately for the mass of
the parent ion; typical values were 70–120 V for singly charged and 20–
50 V for doubly charged ions. Other voltages were as recommended by the
manufacturer. Argon was used as the collision gas. Instrument control,
data acquisition and processing were performed with a MassLynx data
system (Version 4).

LC-electrospray ionization (ESI) MS

Glycans were analyzed using an LC Packings Ultimate HPLC system
equipped with a Famos autosampler (Dionex, Leeds, UK) interfaced with
a Q-Tof Ultima Global mass spectrometer (Waters Micromass, Man-
chester, UK). Chromatographic separation was achieved using a 2 · 250-
mm microbore NP-HPLC TSK gel Amide-80 column with the same
gradient and solvents as used with the standard NP-HPLC but at a lower
flow rate of 40 ll/minute. The mass spectrometer was operated in positive
ion mode with 3-kV capillary voltage and cone voltage 30 V, 60-mm RF
lens, source temperature 100 �C, desolvation temperature 150 �C, cone gas
flow 50 l/h, desolvation gas flow 450 l/h, TOF survey scan time 1 s, mass
range m/z 50–2300. Spectra were acquired and processed with MassLynx
software, version 4.0. The masses in Table 2 and the spectra in Fig. 6 were
processed with MaxEnt 3 software incorporated into MassLynx to convert
[M+2H]2+ ions to their singly charged counterparts.

Results

rhEPO expressed in goat milk and its hematopoietic activity

rhEPO-milk from goats showed less heterogeneity with a
narrower molecular weight range and a slightly higher
migration on SDS–PAGE gels than the glycoprotein from
CHO-EPO (Fig. 1A and B). The in vivo hematopoietic activ-
ity assay showed that the rhEPO-milk had a lower activity
than the homologous CHO-EPO. Significantly, doses of
8 lg of CHO-EPO exhibited more hematopoietic activity
than large doses (10–12 lg) of rhEPO-milk (Fig. 1C).

Protein characterization

No changes in the protein backbone were observed by
mass spectrometric analysis of the tryptic digestion products
from N-deglycosylated rhEPO-milk. The disulfide bonds
between Cys 7–161 and 29–33 were confirmed. In addition,
this experiment revealed that the three potential N-glycosyl-
ation sites (Asn 24, 38 and 83) were occupied while Ser 126
(O-glycan) was only partially occupied (Table 1).

Glycosylation analysis

Lectin binding assays and sialic acid content

Complex type structures were detected in the rhEPO-
mik using the specific binding lectins digoxigenin-labeled
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assay. The strong signal by incubation with Datura stramo-

niun lectin (DSA) indicates a large proportion of complex-
type N-glycans. The faint signal by Galanthus nivalis lectin
(GNA) suggests that oligomannosides were not present in
significant amounts. Differential binding by Sambucus

nigra (SNA) and Maackia amurensis (MAA) lectins indi-
cated that sialic acids were mostly a2,6-linked to the oligo-
saccharide terminal antennae in the rhEPO-milk, in
contrast to the reference CHO-EPO where the sialic acid
was predominantly a2,3-linked (Fig. 2).

Analysis of sialic acid content by reversed-phase HPLC
(as DMB-derivatives) of the N-glycans from rhEPO-milk
showed the presence of N-acetyl- and N-glycolylneuraminic
acids in a 1:1 ratio, capping the oligosaccharide chains, in
contrast to the major presence of Neu5Ac linked to the
non-reducing terminal arms in glycans from reference
CHO-EPO (Fig. 3).

HPLC N-glycan profiles of rhEPO-milk
N-Glycans from rhEPO-milk were enzymatically

released by PNGase F and labeled with 4-aminobenzoic

acid. Most of N-glycans eluted at low retention times indi-
cating a high proportion of low branching and low sialylat-

Fig. 1. (A and B) Homogeneity analysis of rhEPO purified from goat milk. Samples 1: CHO-EPO; 2: rhEPO-milk; 3: N-deglycosylated rhEPO-milk (A)
12% SDS–PAGE rhEPO-milk (B) Western-blotting of (A) developed using monoclonal anti-EPO conjugated to HRP. (C) In vivo hematopoietic activity
assay of CHO-EPO and rhEPO-milk at a range of doses. Samples were subcutaneously inoculated into B6D2F1 normocytic mice, the reticulocytes were
counted after 4 days. The figure shows the mean and SD from three experiments.

Table 1
ESI-MS of the trypic digestion of N-deglycosylated rhEPO-milk

Peptides/(glyco)peptidesa m/z exp. m/z cal. Z

5LICDSR10 155LYTGEACR162 808.37 808.38 2
15YLLEAK20 736.41 736.41 1
21EAEDITTGCAEHCSLNEDITVPDTK45 897.04 896.41 3
46VNFYAWK52 464.24 464.24 2
54MEVGQQAVEVWQGLALLSEAVLR76 842.78 842.78 3
77GQALLVDSSQPWEPLQLHVDK97 787.40 787.08 3
98AVSGLR103 602.36 602.33 1
104SLTTLLR110 803.47 803.50 1
117EAISPPDAASAAPLR131 733.38 733.39 2
132TITADTFR139 462.75 462.74 2
144VYSNFLR150 449.73 449.74 2

a Peptide 5L–10R to 155L–162R confirmed the existence of an inter
disulfide bond between Cysteins 7 and 161, while peptide 21E–45K
confirmed the disulfide bond between Cysteins 29 and 33. The glycopep-
tides 21E–45K and 77G–97K enclosed the three N-glycosylation sites in
which the N residues were changed to D following the enzymatic
deglycosylation. The peptide 117E–131R was found at the expected m/z

value suggesting a very low O-glycosylation event.
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ed structures probably of the biantennary type N-glycans
(Fig. 4A). Anion exchange separation gave two fractions
of which the charged one is more abundant (Fig. 4B). Each
fraction was further resolved by NP-HPLC (Fig. 4C) giving
similar patterns suggesting similar populations of neutral
and sialyated N-glycans.

Mass Spectrometric characterization of rhEPO-milk

N-glycans

The 4ABA-derived N-glycans neutral and charged frac-
tions from anion exchange HPLC were analyzed by mass
spectrometry. MALDI-MS, ESI-MS (direct infusion) and
LC-ESI-MS gave constituent monosaccharide composi-
tions as listed in Table 2.

The MALDI-TOF MS spectrum in the positive mode of
the neutral fraction (Fig. 5A) gave the [M+Na]+ ions. The
three most abundant ions with m/z 2012.7, 1971.7
and 1930.6 were assigned to the monosaccharide
composition Hex3HexNAc6dHex, Hex4HexNAc5dHex
and Hex5HexNAc4dHex, respectively. The HexNAc con-

tent of these N-glycans suggested variable numbers of lac-
tosediamine (GalNAc–GlcNAc) antennae in addition to
the classical Gal–GlcNAc present in CHO-EPO. The
charged fraction was analyzed by negative ion ESI-MS
resulting in the [M-2H]2� ions (see Fig. 5B). The com-
pounds found were similar to those identified in the neutral
fraction but were mostly monosialylated with Neu5Ac or
Neu5Gc. Evidence of disialylation was observed for N-gly-
cans with compositions Hex3HexNAc6(NeuAc)2 (m/z

1211.7), and Hex3HexNAc6dHex(NeuAc)2 (m/z 1284.7).
The same fractions were also analyzed by LC-MS (see

Table 2). Fig. 6A and B show the combined spectra of
the DEAE neutral and charged fractions, respectively.
Disialylated N-glycans were not found by LC-MS probably
due to stronger retention in the LC column.

Collision induced fragmentation spectra of the most

abundant species

Neutral N-glycans

The ESI-MS/MS spectrum (see [24]) of the most abun-
dant neutral 4ABA-labeled N-glycan ([M-H]� ion at m/z

1988.7, (Hex3HexNAc6dHex) corresponding to the
MALDI and LC-MS ions at m/z 2012.7 ([M+Na]+) and
1991.0 ([M-H]�), respectively, is shown in Fig. 7A. The
nomenclature used for describing the fragment ions is that
proposed by Domon and Costello [25]. The base ion at m/z

465, corresponded to HexNAc2+59 mass units (1,3A3).
Other fragment ions at m/z 262 (HexNAc+59, 1,3A2) and
m/z 202 (B1) were characteristic of HexNAc at non-reduc-
ing terminals. The absence of signals at m/z 179 (Hex) and
365 (Hex–HexNAc) confirm that there are no antennae
ending with Gal–GlcNAc in this compound. Additionally,
an ion at m/z 469 can be attributed to the Z1 ion (Fuc-Glc-
NAc-4ABA), from the oligosaccharide-reducing end.
Hence, the N-glycan can be deduced to be a core-fucosylat-
ed biantennary glycan with two N,N 0-diacetyllactosedi-
amine antennae. The compound with composition
Hex5HexNAc4dHex (MALDI-MS [M+Na]+ m/z-1930.6
and LC-MS [M+H]+ m/z-1909.0) showed fragment ions
at m/z 424 (1,3A3) and 179 (C1) consistent with a bianten-
nary structure bearing two Gal–GlcNAc arms (spectrum
not shown).

Charged N-glycans

MS/MS analysis from the ion at m/z 1147.5 [M-2H]2�

Hex3HexNAc6dHexNeuGc from ESI-MS and LC-MS
[M+H]+ m/z 2298.1 gave fragment ions at m/z 202 and
306, which were assigned to HexNAc (GlcNAc or
GalNAc) and Neu5Gc, respectively. The ion at m/z 465
was indicative of the structure HexNAc-HexNAc+59,
(1,3An) for the non-reducing terminal, typical of a Gal-
NAc–GlcNAc antenna, confirming the presence of the lac-
tosediamine motif. Moreover, no ion at m/z 424 suggested
the absence of Gal–GlcNAc-containing arms in this N-gly-
can. The strong ion signal at m/z 712 could be assigned to a
single Neu5Gc residue capping one GalNAc–GlcNAc

Fig. 2. Results of Lectin binding assays. The ‘‘DIG Glycans Differenti-
ation Kit’’ was used to identify specific carbohydrate motives. (A) Datura

stramonium lectin (DSA): recognizes Gal(b1,4)-GlcNAc in complex and
hybrid N-glycans; (B) GNA: recognizes terminal mannose, a1,3-, a1,6- or
a1,2-linked; (C) MAA: recognizes a2,3-linked sialic acid and (D) SNA:
recognizes a2,6-linked sialic acid. CHO: CHO-EPO; Milk: rhEPO-milk.
Fetuin (Fet), Carboxypeptidase Y (Carb) and Transferrin (Trans) were
used as positive controls.
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Fig. 3. Sialic acid analysis of DMB-labeled sialic acids. CHO-EPO showed almost solely Neu5Ac whereas equal amounts of Neu5Ac and Neu5Gc were
detected in rhEPO-Milk.

Fig. 4. 4ABA labeled N-glycan separation by normal phase and anion exchange HPLC. (A) rhEPO-milk N-glycans separation by NP-HPLC. (B) rhEPO-
milk N-glycans separated by anion exchange chromatography (DEAE-HPLC). (C) NP-HPLC Amide-80 profiles of fractions 1 and 2 from the DEAE
separation.
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Table 2
Relative monosaccharide composition of 4ABA labeled N-glycans from rhEPO-milk calculated by mass spectrometry analysis (MALDI-MS [M+Na]+,
ESI-MS [M-2H]2� and LC-MS [M+H]+

MALDI-MS fraction 1 ESI-MS fraction 2 Monosaccharide composition LC-MS fraction 1 LC-MS fraction 2
m/z [M+Na]+ m/z [M-2H]2� m/z [M+H]+ m/z [M+H]+

Found Calc. Found Calc. Hex HexNAc dHex Neu5Ac Neu5Gc Found Calc. Found Calc.

1606.7 1606.1 3 4 1 1584.6 1584.6
— 936.4 3 4 1 1 0 — 1875.7
— 944.4 3 4 1 0 1 1891.7 1891.7

1809.7 1809.7 3 5 1 1787.7 1787.7
— 1037.9 3 5 1 1 0 — 2078.8
— 1045.9 3 5 1 0 1 — 2094.7

2012.7 2012.7 3 6 1 1990.7 1990.7
1139.5 1139.4 3 6 1 1 0 2281.9 2281.8
1147.4 1147.4 3 6 1 0 1 2297.8 2297.8

2158.3 2158.1 3 6 2 2136.8 2136.8
— 1212.4 3 6 2 1 0 — 2427.9
— 1220.4 3 6 2 0 1 2443.9 2443.9

2418.8 2418.9 3 8 1 2397.0 2396.9
1342.5 1342.5 3 8 1 1 0 2688.0 2688.0
1350.5 1350.5 3 8 1 0 1 2704.0 2704.0

1565.6 1565.6 4 3 1 — 1543.6
— 915.8 4 3 1 1 0 — 1834.7
— 923.8 4 3 1 0 1 — 1850.7

1768.7 1768.6 4 4 1 1746.6 1746.7
— 1017.4 4 4 1 1 0 2037.7 2037.7
— 1025.4 4 4 1 0 1 2053.7 2053.7

1971.7 1971.7 4 5 1 1949.7 1949.7
1118.9 1118.9 4 5 1 1 0 2240.8 2240.8
1126.9 1126.9 4 5 1 0 1 2256.8 2256.8

2028.6 2028.7 4 6 0 — 2006.7
1147.4 1147.4 4 6 0 1 0 — 2297.8
1155.0 1155.4 4 6 0 0 1 — 2313.8

2377.8 2377.9 4 7 1 2355.9 2355.9
1322.0 1322.0 4 7 1 1 0 2647.0 2647.0
1330.0 1330.0 4 7 1 0 1 2663.0 2663.0

1784.6 1784.6 5 4 0 — 1762.6
— 1025.4 5 4 0 1 0 2053.8 2053.7
— 1033.4 5 4 0 0 1 2069.8 2069.7

1930.6 1930.7 5 4 1 1908.7 1908.7
1098.4 1098.4 5 4 1 1 0 2199.8 2199.8
1106.4 1106.4 5 4 1 0 1 2215.8 2215.8

2133.8 2133.8 5 5 1 2111.8 2111.8
1200.0 1199.9 5 5 1 1 0 2402.9 2402.9
— 1207.9 5 5 1 0 1 — 2418.9

2336.8 2336.8 5 6 1 2314.9 2314.9
1301.5 1301.5 5 6 1 1 0 2605.9 2606.0
1309.5 1309.5 5 6 1 0 1 2621.9 2622.0

2742.8 2743.0 5 8 1 2721.0 2721.0
— 1504.5 5 8 1 1 0 — 3012.1
1512.6 1512.5 5 8 1 0 1 — 3028.1

1889.6 1889.7 6 3 1 — 1867.7
1077.6 1077.8 6 3 1 1 0 — 2158.8
— 1085.8 6 3 1 0 1 2174.8 2174.8

2093.0 2092.7 6 4 1 2070.0 2070.0
1179.4 1179.4 6 4 1 1 0 — 2361.8
— 1187.4 6 4 1 0 1 — 2377.8

2295.7 2295.8 6 5 1 2273.8 2273.8
1281.0 1281.0 6 5 1 1 0 2565.0 2564.9
1289.0 1289.0 6 5 1 0 1 2580.9 2580.9

2701.8 2702.0 6 7 1 2679.9 2680.0
1484.0 1484.0 6 7 1 1 0 — 2971.1
1492.1 1492.0 6 7 1 0 1 2987.1 2987.1

2660.9 2661.0 7 6 1 2638.9 2639.0
1463.5 1463.5 7 6 1 1 0 2930.0 2930.1
1471.5 1471.5 7 6 1 0 1 2946.0 2946.1

(continued on next page)
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antenna. The [D-18] ion from the upper antenna without
Neu5Gc would give also a signal at 712, suggesting sialyla-
tion probably occurring at the lower arm. Thus, Hex3Hex
NAc6dHexNeuGc is a monosialylated (N-Glycolyl) core-

fucosylated biantennary structure having GalNAc–Glc
NAc branches on each antenna (Fig. 7B). Similar fragmen-
tation pattern was observed for Hex3HexNAc6dHexNeuAc
(ESI-MS [M-2H]2� m/z 1139.5) but 16 mass units less for

Fig. 5. Mass spectra of DEAE fractions 1 and 2 from goat milk N-glycans. (A) MALDI-TOF-MS, positive mode, [M+Na]+ ions, neutral fraction. (B)
ESI-MS, negative mode, [M-2H]2� ions of the charged fraction. N-Glycan structural assignments based on the monosaccharide composition from the
experimental m/z values are represented by a single letter code as follows: Hexose:H; HexNAc:N; dHex:F; NeuAc:Sa and NeuGc:Sg.

Table 2 (continued)

MALDI-MS fraction 1 ESI-MS fraction 2 Monosaccharide composition LC-MS fraction 1 LC-MS fraction 2
m/z [M+Na]+ m/z [M-2H]2� m/z [M+H]+ m/z [M+H]+

Found Calc. Found Calc. Hex HexNAc dHex Neu5Ac Neu5Gc Found Calc. Found Calc.

2619.8 2619.9 8 5 1 2598.0 2597.9
1443.0 1443.0 8 5 1 1 0 2889.1 2889.0
— 1451.0 8 5 1 0 1 — 2905.0
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those ions bearing sialic acid, i.e., 290 and 696 instead of
306 and 712, respectively (spectrum not shown).

MS/MS results confirmed that the most abundant oligo-
saccharides from the charged fraction were core-fucosylat-
ed biantennary structures with atypical GalNAc–GlcNAc
disaccharide in each antenna, singly capped with one
Neu5Ac or Neu5Gc residue. Although no evidence of
a1,3-Gal-Gal terminating antennae was observed in the

MS/MS spectra of the major species, composition data
from some low abundance compounds having high hexose
content was suggestive of the presence of this motive. In
addition a-galactosidase digestion of the neutral 4ABA-
labeled N-glycans showed some minor peaks shifting to
lower retention times indicating the presence of a1,3-Gal-
Gal motives (results not shown). A schematic representa-
tion of the most abundant N-glycans is shown in Fig. 8.

Fig. 6. LC-MS of DEAE fractions 1 and 2 from goat milk N-glycans. (A) Combined electrospray spectrum of the N-glycans from DEAE fraction 1. (B)
Combined electrospray spectrum of the N-glycans from DEAE fraction 2. The spectra were recorded in the positive mode as [M+H]+ ions. N-Glycan
structural assignments based on the experimental m/z values are represented by the single letter code described in Fig. 5.
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Fig. 7. CID-MS spectra of the most abundant N-glycans from the neutral (A) and charged (B) fractions, respectively. The nomenclature used to describe
the fragment ions is that proposed by Domon and Costello [25]. Ions retaining the charge on the non-reducing terminus are named A (cross-ring), B, and C
(glycosidic), whereas ions retaining the charge on the reducing terminus are X (cross-ring), Y and Z, as outlined. (A) ESI-MS/MS of compound
Hex3HexNAc6dHex. (B) ESI-MS/MS of compound Hex3HexNAc6dHexNeuGc. The symbols for the glycan structures are as follows: GlcNAc, black
square; GalNAc, black diamond; Man, white circle; Gal, white diamond; Fuc, diamond with a dot inside; Neu5Ac, black star; Neu5Gc, open star. The
angle of the lines linking the monosaccharide symbols denotes the linkage positions thus: -, 1,4-linkage; /, 1,3-linkage; n, 1,6-linkage; j, 1,2-linkage. Dotted
line, a-linkage; solid line, b-linkage.
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Discussion

The polypeptide backbone of active EPO (MW 34 kDa) is
built up from 165 amino acids with an average carbohydrate
content of about 40%. The three N-glycosylation sites (Asn-
24, Asn-38 and Asn-83) and one O-glycosylation site at
Ser-126 are generally occupied. The N-glycans but not the
O-glycans are essential for EPO hematopoietic activity. N-
Glycosylation of urinary EPO [26–28], as well as the recom-
binant protein expressed in CHO [27–32] and baby hamster
kidney (BHK) cells [33,34] has been fully characterized. The
CHO recombinant form showed complex mixtures of sialy-
lated bi-, tri-, tri 0- and tetraantennary core-fucosylated com-
plex N-glycans with mainly Gal–GlcNAc chains, a2,3-linked
Neu5Ac and minor amount Neu5Gc [29]. N,N 0-Lactosedi-
amine or hybrid-type chains have only been observed before
in a BHK cell preparation [33].

rhEPO was expressed at levels of about 2 g/L in the milk
of goats that had undergone adenoviral transduction of the
mammary epithelial cells. The goat mammary gland was
able to synthesize and reproduce most of the EPO post-
translational modifications, including disulfide bond for-
mation. However, the milk-derived recombinant hormone
showed a lower molecular weight and N-glycan HPLC pro-
file that indicated remarkable differences when compared
to those already reported CHO-EPO [15] and GMGE-
EPO [21] using the same fluorophore and separation
conditions. In vivo biological (hematopoietic) activity of
rhEPO-milk from goats displayed very low activity, even
at doses higher than those normally used in this assay. This
result suggested that even though the mammary gland cor-

rectly synthesizes the recombinant protein; do not repro-
duce the native glycosylation pattern.

The N-glycosylation analysis of rhEPO-milk showed that,
although asialo biantennary N-glycans terminating with
Gal–GlcNAc antennae were present, antennae containing
the unusual GalNAc–GlcNAc moieties predominated. Also,
the charged N-glycans were mainly a2,6- monosialylated
with Neu5Ac or Neu5Gc present in a ratio of 1:1 correspond-
ing to a significant increase in terminal Neu5Gc. Only a low
amount of disialylated species (Hex3HexNAc6(NeuAc)2 and
Hex3HexNAc6dHex(NeuAc)2) were detected. Mostly,
N-glycans were core-fucosylated, without evidence of
outer-arm fucosylation. Additionally, the presence of gly-
cans with a1,3-Gal-Gal linkages was detected but in very
low proportion. High-mannose glycans, if present at all,
were also in very low abundance. The N-glycan population
from rhEPO expressed in goat milk was less heterogeneous
than rhEPO expressed in the mammary goat epithelial cell
line GMGE cultured in vitro, even when using the same aden-
oviral transduction protocol [21].

The relatively high abundance of glycans carrying the
GalNAc–GlcNAc epitope is consistent with the glycosyla-
tion of glycoproteins found in the milk of other species.
Native bovine milk glycoproteins, such as CD36, contain,
in addition to high-mannose and hybrid-type glycans,
bi-, tri- and tetraantennary complex-type N-glycans some
of which contain the GalNAc–GlcNAc non-reducing ter-
minal antennae instead of the classical Gal–GlcNAc
groups. Some of these GalNAc–GlcNAc groups were
capped with a2,6-linked Neu5Ac [35]. Similarly, N-glycans
from bovine a-lactoalbumin comprises a family of neutral

Fig. 8. A schematic representation of the most abundant neutral and charged N-glycans from rhEPO-milk. Above, a multi-structure proposition of the
highly represented biantennary N-glycans. Below, the relative composition in terms of Hex, HexNAc, dHex, Neu5Ac and Neu5Gc.
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and sialylated oligosaccharides with and without fucose
having, in a number of cases, GalNAc instead of Gal.
One of the most abundant N-glycans (Hex3HexNAc6dHex)
from these two glycoproteins is an asialo, core-fucosylated
biantennary oligosaccharide with two GalNAc–GlcNAc-
containing antennae [35,36]. Monosialylated N-glycans,
mainly of composition Hex4HexNAc5dHexNeu5Ac and
Hex3HexNAc6dHexNeu5Ac, are also present, with
Neu5Ac but not Neu5Gc, terminating the antennae. Sev-
eral other glycoproteins from bovine milk have also been
reported to contain the GalNAc–GlcNAc epitope [37,38].

Attachment of GalNAc to GlcNAc has been thought to
be controlled by an N-acetylgalactosaminyltransferase act-
ing in competition with a b1,4-galactosyltransferase on ter-
minal GlcNAc-containing oligosaccharides [38,39]. Even
though no glycan-dependent function has been reported
for the GalNAc–GlcNAc non-reducing terminals present
in bovine milk glycoproteins, it has been postulated that
the occurrence of such structures in milk is associated with
high a-lactalbumin concentrations during the lactation.
This protein is responsible for lactose biosynthesis and reg-
ulates the use of UDP-GalNAc by bovine milk b1,4-galac-
tosyltransferase in transferring GalNAc to biantennary
acceptor glycopeptides [40]. Additionally, an N-acetylga-
lactosaminyltransferase, which transfers GalNAc from
UDP-GalNAc to N-glycan chains ending in GlcNAc and
responsive to a-lactalbumin in lactating bovine mammary
gland, has been described [41].

Koles et al. [5,42] recently studied the glycosylation
and influence of lactation parameters of recombinant
human C1 inhibitor (rhC1INH) expressed in the milk of
transgenic rabbits. A broad repertoire of N-glycans, con-
sisting of high-mannose, hybrid and complex-type oligo-
saccharides was reported. Complex-type N-glycans
predominate, mostly monosialylated, core-a1,6-fucosylat-
ed and/or outer-arm a1,3-fucosylation (Lewis X). Sialyla-
tion level decreased with the progress of lactation
independent of glycoprotein expression levels in accor-
dance with earlier data reported for a few native human
and bovine milk glycoproteins [43,44]. Recombinant prep-
arations of human anti-thrombin expressed in the milk of
transgenic goats have been reported by Edmunds et al.
[6] and Zhou et al. [45] to contain GalNAc–GlcNAc epi-
topes and to show variable relationships between protein
expression and glycosylation. Goats expressing high levels
of hAnti-thrombin (12.5 g/L) showed less heterogeneity
in the N-glycan profiles than animals with low levels of
expression. In those with high expression the most abun-
dant species was the monosialylated core-fucosylated bian-
tennary N-glycans with low amounts of Neu5Gc and
GalNAc, whereas low expressing animals (0.09 g/L)
showed increased amounts of these two monosaccharides.
Moreover, induced lactation decreased the amount of
monosialylated N-glycans containing Neu5Gc, fucosylated
biantennary with one GalNAc substitution on galactose.
All these features probably account for the absence or very
low abundance of high-mannose N-glycans, the high level

of GalNAc compared to galactose and the equal amounts
of Neu5Ac and Neu5Gc in our preparation of rhEPO
expressed in goat milk at a level of 2 g/L.

Interesting was the quite different picture observed ear-
lier when expressing hEPO in the mammary gland epithe-
lial cells cultured in vitro [21]. Glycans in this system were
mainly multiantennary complex oligosaccharides having
Gal–GlcNAc and GalNAc–GlcNAc terminating antennae,
with a high degree of core- and antennae-fucosylation
together with a1,3-Gal-Gal terminal units. Most of the
charged N-glycans were monosialylated with Neu5Ac with
minor amounts of Neu5Gc. Thus, the mammary gland epi-
thelial cells cultured in vitro efficiently assemble multianten-
nary N-glycans and sialylate them only with Neu5Ac. The
difference in glycosylation observed in the milk is likely to
be due to changes in the regulation of the glycosidases/gly-
cosyltransferases during lactation, corroborating the cell-
type and environment glycosylation dependence.

In conclusion, therefore, it could be assumed that when
the mammary gland secretes a protein into the milk the
final glycosylation is dependent on the regulation of its gly-
cosidases/glycosyltransferases enzymatic activities during
lactation that inhibit the synthesis of multiantennary
N-glycans, a property that seems to be shared by different
species such as rabbits and goats, regardless of the protein
which is being synthesized, the number of potential glyco-
sylation sites or the glycosylation pattern in its native host.
These aspects were confirmed by the similarities in N-glyco-
sylation patterns of the recombinant forms of C1 inhibitor
(rabbit), human anti-Thrombin (goat), and human EPO
(goat). The glycosylation processing similarities were even
more apparent within the same species as illustrated with
recombinant anti-thrombin and EPO in goat milk.
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