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Abstract Human alpha-1-antitrypsin (α1AT) is a glycopro-
tein with protease inhibitor activity protecting tissues from
degradation. Patients with inherited α1AT deficiency are trea-
ted with native α1AT (nAT) purified from human plasma. In
the present study, recombinant α1AT (rAT) was produced in
Chinese hamster ovary (CHO) cells and their glycosylation
patterns, inhibitory activity and in vivo half-life were com-
pared with those of nAT. A peptide mapping analysis employ-
ing a deglycosylation reaction confirmed full occupancy of all
three glycosylation sites and the equivalency of rAT and nAT

in terms of the protein level. N-glycan profiles revealed that
rAT contained 10 glycan structures ranging from bi-antennary
to tetra-antennary complex-type glycans while nAT displayed
six peaks comprising majorly bi-antennary glycans and a
small portion of tri-antennary glycans. In addition, most of
the rAT glycans were shown to have only core α(1-6)-fucose
without terminal fucosylation, whereas only minor portions of
the nAT glycans contained core or Lewis X-type fucose. As
expected, all sialylated glycans of rAT were found to have
α(2-3)-linked sialic acids, which was in sharp contrast to
those of nAT, which had mostly α(2-6)-linked sialic acids.
However, the degree of sialylation of rAT was comparable to
that of nAT, which was also supported by an isoelectric
focusing gel analysis. Despite the differences in the glycosyl-
ation patterns, both α1ATs showed nearly equivalent inhibi-
tory activity in enzyme assays and serum half-lives in a
pharmacokinetic experiment. These results suggest that rAT
produced in CHO cells would be a good alternative to nAT
derived from human plasma.
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Introduction

Glycosylation is a key co- and/or post-translational modifi-
cation, which adds a glycan to a polypeptide. More than
60 % of protein therapeutics is glycoproteins containing
glycans, which play crucial roles in protein folding, thera-
peutic efficacy, in vivo half-lives and immunogenicity.
Mammalian cells have become the predominant expression
system for the production of therapeutic glycoproteins due
to the structural similarity of their glycans with those of
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humans. Among them, Chinese hamster ovary (CHO) cells
have been most widely used since human tissue plasminogen
activator produced in CHO cells was first approved in 1986
[1]. Currently, CHO cells have become the most important
industrial cell line due to its many advantages. First, owing to
their long and wide-ranging history of use, safety issues
pertaining to their therapeutic application were clearly defined
to meet the demands of regulatory authorities. Second, serum-
free media and adaptation techniques were well developed,
both of which minimize the use of animal-derived substances
in the manufacturing processes. Third, cutting-edge technolo-
gies for the construction of recombinant cell lines and large-
scale fed-batch suspension cultures have enabled the high-
yield production of glycoproteins, with more than 10 g/liter of
antibody production reported [2]. Fourth, compared to other
mammalian cell lines such as murine myeloma SP2 and NS0,
CHO cells have more ‘human-like’ glycosylation profiles. For
example, minimal levels of the terminal galactose-α(1-3)-
galactose (α-Gal) antigen, which can cause IgE-mediated
anaphylaxis as reported in a murine myeloma cell-derived
glycoprotein [3], were barely detected (less than ~0.2 %) in
glycoproteins produced in CHO cells [4].

Alpha-1-antitrypsin (α1AT) is an inhibitor of serine pro-
teases, especially neutrophil elastase, which degrades con-
nective tissue in the lung. Therefore, if α1AT is not
available, neutrophil elastase is free to break down elastin,
resulting in respiratory complications such as emphysema.
Its deficiency is a disorder inherited in an autosomal co-
dominant fashion, which leads to the chronic destruction of
lung parenchyma. Since the mid-1980, patients with α1AT
deficiency have been treated with α1AT concentrates, which
raised the levels of α1AT in the blood and tissues, thus
slowing the progression of emphysema. Currently, all ap-
proved α1AT products are manufactured from large pools of
human plasma through purification processes, which in-
clude pathogen reduction steps. As a result, they have con-
siderable differences, and their activities range from 0.6 to
1 mg active α1AT per milligram of protein with less than
40 % plasma protein impurity levels [5]. Because this man-
ufacturing process uses human plasma, there are risks of
various infections, short supplies and batch-to-batch varia-
tions which originate from the different physicochemical
properties of the starting donor pools. A good alternative
manufacturing method for solving these problems would be
the production of recombinant protein. Recombinant expres-
sions of α1AT have been reported in various hosts, includ-
ing Escherichia coli [6], Saccharomyces diastaticus [7], and
Aspergillus niger [8]. These proteins, produced in bacteria,
yeast and fungi, cannot be used for therapeutic purposes
because either there is no glycosylation or their glycosyla-
tion patterns are significantly different from those of
humans. Recently, Blanchard et al. expressed α1AT in a
novel human neuronal cell line without the problem of

different glycosylation patterns [9]. Diverse glycan structures
ranging from bi- to tetra-antenna structures were observed,
and most of them were found to be core α(1-6)-fucosylated
together with some portion of the Lewis X epitope. Unfortu-
nately, high portions of neutral glycans (11 %) and glycans
lacking the terminal capping of sialic acids (41 %) were
observed [9], which would lead to a reduced in vivo half-life.

In the present study, we produced recombinant α1AT
(rAT) in a CHO cell, which is a widely used and validated
cell line. Its sialic acid content, glycosylation pattern, bio-
logical activity and in vivo half-life were analyzed for a
comparison with those of native α1AT (nAT) purified from
human serum.

Materials and methods

Materials

Peptide-N-glycosidase F (PNGase F), graphitized carbon
column (Carbograph) and nAT were purchased from New
England Biolabs (Ipswich, MA, USA), Alltech (Lexington,
MA, USA), and Calbiochem (Now Merck, Darmstadt, Ger-
many), respectively. All of the exoglycosidases were bought
from Prozyme (San Leandro, CA, USA) except for almond
meal fucosidase (QA-Bio, Palm Desert, CA, USA). Bioti-
nylated Maackia amurensis lectin (MAA) and Sambucus
nigra (SNA) were obtained from Ey Laboratories (San
Mateo, CA, USA) and Vector Laboratories (Burlingame,
CA, USA), respectively. Aspergillus oryzae lectin (AOL)
purchased from Tokyo Chemical Industry (Tokyo, Japan)
was biotinylated using a biotin protein labeling kit from
Roche (Manheim, Germany). Trypsin and 18O-water
(H2

18O) were acquired from Promega (Madison, WI,
USA), and Cambridge Isotope Laboratories (Andover,
MA, USA), respectively. Solvents including HPLC-grade
water and acetonitrile were purchased from Burdick and
Jackson (Muskegon, MI, USA). Native α1AT purified from
human plasma was purchased from Calbiochem. The other
chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA) unless stated otherwise.

Recombinant expression in Chinese hamster ovary cells

The gene-encoding α1AT protein was amplified from the
human cDNA clone hMU001448 (21C Frontier Human
Gene Bank, KRIBB, Daejeon, Korea) by a polymerase
chain reaction (PCR) using forward (5′-CCC TCC TCG
AGA ATG CCG TCT TCT GTC TCG) and reverse (5′-
GGG CCC GCG GCC GCA GTT ATT TTT GGG TGG G)
primers. The PCR product was subcloned into the Xho I and
Not I sites of the pAV1 vector, resulting in the expression
vector pAV1-rAT. Chinese hamster ovary (CHO)-K1 cells
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were grown in Isocove’s Modified Dulbecco’s Medium
supplemented with 10 % FBS at 37°C in a 5 % CO2

humidified incubator. Cells were grown to 80–90 % conflu-
ence and transfected with pAV1-rAT using polyethylenei-
mine (Polyscience Inc., Warrington, PA, USA) according to
the manufacturer’s instructions.

Purification of rAT

The culture supernatant was diluted with an equal volume of
buffer A (20 mM sodium phosphate, pH 8.0) and was
applied to a Q-Sepharose FF column (GE Healthcare, Pis-
cataway, NJ, USA) equilibrated with the buffer A. The
column was washed with equilibration buffer and eluted
with a linear gradient (70–400 mM) of sodium chloride in
the buffer A. Fractions containing rAT protein were pooled
and directly loaded onto a AT select column (GE Health-
care) equilibrated with buffer B (50 mM Tris–HCl, pH 7.5,
150 mM NaCl). The rATwas eluted with a 0–0.5 M gradient
of a MgCl2 solution. The pooled fractions were concentrated
using Vivaspin 20 (GE Healthcare) and dialyzed against
phosphate-buffered saline (PBS).

Gel electrophoresis and lectin blot

The nAT and rAT sizes were compared by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) after partial and full deglycosylation using vary-
ing amounts (0, 5, 12.5 and 25 NEB unit) of PNGase F
for an occupancy analysis. First, five μg of glycoprotein
samples were denatured in 10 μl of a denaturing buffer
(0.5 % SDS, 40 mM DTT) by boiling for 5 min. After
cooling to room temperature, the denatured glycoprotein
solutions were incubated in 20 μl of G7 reaction buffer
(50 mM sodium phosphate, pH 7.5) containing 1 % NP-
40 with PNGase F for 5 min. After boiling for 5 min to
stop the deglycosylation reaction, the resulting solutions
were applied to SDS-PAGE. For a determination of the
charged status, isoelectric focusing (IEF) was carried out
in 1.0 mm Novax® IEF gels in the pH range of 3 to 7
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. Lectin blot analyses were per-
formed as described previously [10]. Briefly, 2 μg of
nAT and rAT were subjected 8 % SDS-PAGE and then
transferred to a PVDF membrane. After a blocking step
using 3 % bovine serum albumin, the membranes were
incubated with biotinylated-MAA (1 μg/ml), -SNA
(0.8 μg/ml) and –AOL (0.3 μg/ml). As a secondary
reagent, horseradish peroxidase-conjugated streptavidin
(Millipore, Billerica, MA, USA) was used. After exten-
sive washing steps, the resulting membrane was visual-
ized using ECL Western blot detection reagents (GE
Healthcare).

Analysis of tryptic peptides and glycosylation sites

The conversion of glycosylated Asn into 18O-tagged Asp by
PNGase F was carried out as previously described [11] with
slight modifications. Briefly, 50 μg of dried protein samples
were dissolved in 80 μl of 50 mM of an ammonium bicar-
bonate buffer containing 0.1 % of RapiGest (Waters, Milford,
MA) and 10 mM of DTT. The solution was incubated for
30 min at 60 °C with a subsequent addition of 9 μl of 150 mM
iodoacetamide and incubation again in the dark for 30 min.
Then, 1 μg of trypsin was added and this was incubated
overnight at 37 °C. Next, after the addition of Pefabloc SC
(Roche) and further incubation for 2 h, the mixture was dried.

The dried peptide samples were dissolved in mobile phase
A for Nano-LC/ESI-MS/MS. Peptides were identified using
MS/MS with a nano-LC-MS system consisting of a Nano
Acquity UPLC system (Waters, Milford, MA, USA) and a
LTQ-FT mass spectrometer (ThermoFinnigan, USA)
equipped with a nano-electrospray source. An autosampler
was used to load 4 μL aliquots of the peptide solutions onto
a C18 trap-column (5 μm, 300 μm×5 mm; Waters). The
peptides were desalted and concentrated on the column at a
flow rate of 5 μL/min. The trapped peptides were then back-
flushed and separated on a 100-mm home-made microcapil-
lary column consisting of C18 (Aqua; particle size 3 μm)
packed into 75-μm silica tubing with an orifice i.d. of about
6 μm. The mobile phases, A and B, were composed of 0 and
100 % acetonitrile, respectively, and each contained 0.1 %
formic acid. The LC gradient began with 5 % B for 5 min and
was ramped to 15 % B over 5 min, to 50 % B over 35 min, to
95 % B over 5 min, and remained at 95 % B over 5 min and
5 % B for another 5 min. The column was re-equilibrated with
5 % B for 15 min before the next run. The voltage applied to
produce an electrospray was 2.2 kV. In each duty circle of
mass analysis, one high-mass resolution (100,000) MS spec-
trum was acquired using the FT-ICR analyzer, followed by
five data-dependent MS/MS scans using a linear ion trap
analyzer. For the MS/MS analysis, normalized collision ener-
gy (35 %) was used throughout the collision-induced dissoci-
ation (CID) phase. All MS/MS spectral data were manually
analyzed for peptide identification.

High-performance liquid chromatography (HPLC) analysis
of sialic acids

The sialic acids were released from the α1ATsamples by mild
acid hydrolysis in 0.1 M HCl solution at 80 °C for 1 h. After
cooling to room temperature, the acid hydrolysates were la-
beled using a fluorescence labeling kit using 1,2-diamino-4,5-
methylenedioxybenzene (DMB) (TaKaRa) according to the
manufacturer’s instructions. After centrifugation at
10,000 rpm for 5 min, the aliquots of labeled sialic acids were
analyzed on a Zorbox ODS C18 column (5 μm, 4.6 mm×
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150 mm, Agilent, CA, USA) using a Waters Alliance system
equipped with a Waters 2475 fluorescence detector. Elution
was performed using a mixture of acetonitrile (9 %), methanol
(7 %), and water (84 %) at a flow rate of 0.9 mL/min.
Fluorescence was monitored with excitation and emission
wavelengths of 373 nm and 448 nm, respectively. The con-
centrations of sialic acids in the samples were determined by
using known amounts of sialic acids as a standard.

Release and purification of N-glycan

For the release of glycans, 50 μg of nAT or rAT was
deglycosylated with 500 NEB unit of PNGase F at 37 °C
overnight according to the manufacturer’s instructions. The
released N-glycans were purified by solid-phase extraction
using graphitized carbon resin based on a previously
described method [12]. Briefly, the solutions containing
glycans were absorbed onto a pre-activated graphitized carbon
column. After several washing steps using distilled water, the
glycans were eluted by 25 % (v/v) acetonitrile in water
containing 0.075 % trifluoroacetic acid. Solutions of purified
glycans were dried for further modification and/or analysis.

Solid-phase permethylation and mass spectrometry

Dried glycans were re-dissolved in a mixture of 90 μl
dimethyl sulfoxide (DMSO), 2.7 μl water, and 35 μl iodo-
methane and were then permethylated according to the
solid-phase method as previously described [13, 14]. The
resulting permethylated glycans were resuspended in 4 μl of
a 50 % methanol solution. They were then mixed in equal
volumes with 10 mg/ml 2,5-dihydroxybenzoic acid pre-
pared in 1 mM of a sodium acetate solution. The resulting
mixture was applied onto a MALDI MSP96 polished steel
chip (Bruker Daltonik, GmbH, Bremen, Germany) and
dried in air for matrix-assisted laser-desorption-ionization
time-of-flight (MALDI-TOF) mass spectrometry. Permethy-
lated glycans were analyzed in the reflector positive ion
mode using a Microflex (Bruker Daltonik) while 2-
aminobenzoic acid (AA)-labeled glycans were analyzed in
the linear negative ion mode. All mass spectra were ac-
quired at an acceleration voltage of 20 kV with the method
recommended by manufacturer [13].

HPLC analysis of AA labeled glycans

For detection in the HPLC analysis, purified glycans were
labeled AA as previously described [15] with slight modifica-
tions. Briefly, the labeling reagent was freshly prepared by
dissolving 6 mg of AA in 100 μl 30 % (v/v) acetic acid in a
dimethylsulphoxide solution containing 1 M of sodium cya-
noborohydride. Then, each dried glycan sample was dissolved
in 5 μl of a labeling reagent and incubated in a tightly capped

tube at 37 °C overnight. After cooling, the mixture was diluted
with 1 ml of 96 % (v/v) acetonitrile in water, and excess
labeling reagent was removed using a cyano-SPE cartridge
(Agilent Technologies, Santa Clara, CA) following the manu-
facturer’s instructions. Purified AA-labeled glycans were sep-
arated on a TSK amide-80 (5 μm, 4.6 mm×250 mm) column
(Tosoh Bioscience, Prussia, PA, USA) using the previously
describedHPLC systems with a fluorescence detector (360 nm
excitation and 425 nm emission). Separations were achieved at
a flow rate of 1.0 ml/min using a mixture of solvent A (100 %
acetonitrile) and solvent B (50 mM ammonium formate, pH
4.4). After the column was equilibrated with 30 % solvent B,
the sample was injected and then eluted by a linear gradient to
45% solvent B for 80min. The eluted fractions corresponding
to the glycan peaks were collected and their masses were
identified by mass spectrometry as described above.

Exoglycosidase digestions

Intact or AA-labeled glycans were digested in 20 mM am-
monium acetate pH 5.0 at 37 °C for 16 h using exo-
glycosidase. The following units of exo-glycosidase were
used in a 20 μl reaction: 10 mU Streptococcus pneumonia
α(2-3)-sialidase (Sialidase S™, SPS), 70 mU Salmonella
typhimurium α(2-3/6/8/9)-sialidase (Sialidase T™, STS),
1 mU Streptococcus pneumonia β(1-4)-galactosidase
(SPG), 5 mU bovine testis β(1-3/4) galactosidase (BTG),
5 mU Jack bean β(1-2/3/4/6)-N-acetyl hexosaminidase
(JBH), 5 mU bovine kidney α(1-2/3/4/6)-fucosidase
(BKF), and 20 mU almond meal α(1-3/4)-fucosidase
(AMF). After incubation, the reaction was stopped by boil-
ing for 5 min and the sample was dried for further analysis.

Enzyme assay

The inhibitory activities of α1AT proteins were measured
against human neutrophil elastase (HNE) and porcine pancre-
atic elastase (PPE) (Calbiochem) as previously described [16]
with slight modifications. Briefly, inhibition assays were per-
formed in an assay buffer (20 mM Tris–HCl, pH 8.0, 0.01 %
Tween 80 and 5 mM CaCl2) using N-MeO-succinyl-Ala-Ala-
Pro-Val-p-nitroanilide and N-succinyl-(Ala)3-p-nitroanilide as
HNE and PPE substrates, respectively. Prior to substrate ad-
dition, 10 nM of enzyme was incubated with an equimolar
concentration of rATor nAT (elastase :α1AT01:1) for 30 min
at room temperature. The reaction was then started by the
addition of 1 mM substrate and the resulting product forma-
tion was monitored by the absorbance at 405 nm.

Pharmacokinetic assay

Single-dose pharmacokinetic studies were conducted using
male Sprague–Dawley rats (9 weeks old). α1AT proteins
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(10 nmol/kg dose) were intravenously administered to 3 rats
via the tail vein. Blood samples were collected at the indi-
cated time points after administration. Concentrations of
antitrypsin in serum were determined by a sandwich
enzyme-linked immunosorbent assay using two monoclonal
anti-α1AT antibodies purchased from Medix Biochemica
(Kauniainen, Finland). The detection antibody was biotiny-
lated and recognized by the streptavidin-horseradish perox-
idase conjugate.

Results

Size and charge comparison between rAT and nAT

The size of rAT purified from the culture supernatant of
CHO cells was compared with that of nAT according to the
electrophoretic mobilities in 10 % reducing SDS-PAGE
(Fig. 1a). Both displayed nearly identical mobility levels in
either glycosylated (~55 kDa) or deglycosylated form
(~45 kDa) by PNGase F digestion. When digested partially
with PNGase F, mobility patterns with zero to three N-
glycosylation sites were detected in both proteins, indicating
that the glycosylation sites of rAT produced in CHO cells
are also fully occupied (Fig. 1c). An IEF gel image of the
nAT used in this study exhibits multiple isoforms found in
serum α1AT derived from healthy people (Fig. 1b) [17].

The IEF pattern of rAT also showed the existence of similar
multiple isoforms with the parallel regions, which may
reflect equivalency with those of nAT in terms of the degree
of sialylation. Notably, the intensities of multiple isoforms
of rAT were more evenly distributed in contrast to the
dominant intensities of the major two bands of nAT.

The equivalency of nAT and rAT in terms of the protein
level was also confirmed by a comparison of the tryptic
peptide mapping profiles after glycan removal by PNGase
F (Supplementary Fig. S1). Furthermore, their full occupan-
cies were cross-checked by the PNGase F digestion of the
glycopeptides in 18O water. When PNGase F cleaves the
amide bond between the asparagine of peptide and the
innermost GlcNAc, asparagine is converted to aspartic acid,
resulting in an increase of 1 Da. To discriminate this reaction
from naturally occurring deamidation, PNGase F digestion
was carried out in 18O water, leading to a mass increase of
3 Da. We performed this PNGase F-mediated tagging of the
18O isotope after the addition of a trypsin inhibitor in order
to minimize the C-terminal 18O incorporation catalyzed by
residual trypsin activity [11]. Three peptide sequences with
a mass increase of 3 Da were found in a liquid chromatog-
raphy/tandem mass spectrometry (LC/MS/MS) analysis
(Supplementary Fig. S2-4). The masses of these peptides
were in good agreement with those predicted from the
previously known glycosylation sites (Asn46, Asn83 and
Asn247). In this experiment, the peptide sequences expected
by unoccupied glycosylation were not observed, indicating
the full occupancy of rAT glycosylation.

Different N-glycan profiles of rAT and nAT

The N-glycans released from α1AT proteins by PNGase F
digestion were either labeled with AA for HPLC analysis or
modified by solid-phase permethylation for mass analysis
using MALDI-TOF. Normal-phase HPLC was carried out
using a TSK Amide-80 column, from which the labeled
glycans were eluted mainly based on size, with larger N-
glycans eluted later regardless of their charge (Fig. 2). There
were 10 peaks detected in the HPLC profile of rAT, while
six peaks were found in nAT. These 10 peaks could be
matched well with the 10 peaks detected in the MALDI-
TOF profile of the rAT glycans when considering the order
of size and the corresponding relative intensity levels
(Fig. 3). All of the peaks in HPLC were further character-
ized by mass analyses of the eluted fractions using MALDI-
TOF (data not shown) and sequential exoglycosidase
digestions (Fig. 2). The relative amount of each identified
peak was calculated by integrating the peak area. These are
represented as percentages in Table 1.

A chromatogram of the nAT glycans displayed one dom-
inant major peak and five minor peaks (Fig. 2a), as previ-
ously reported [5]. The first four peaks had bi-antennary
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Fig. 1 Comparison of sizes and charges of nAT and rAT. a 10 % SDS-
PAGE gel of nAT and rAT with/without PNGase F digestion (PNG). b
Isoelectric patterns of nAT and rAT by IEF gel (pH 3–7). c Analysis of
glycosylation occupancy by partial deglycosylation with PNGase F.
Denatured α1ATs were digested in a short time (5 min) with increasing
amounts (0, 5, 12.5 and 25 NEB unit) of PNGase F. ‘n’ indicates the
number of N-glycosylation sites
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glycan structures (91.6 %) constituting a large majority, in
contrast with the tri-antennary structures of the last two
minor peaks (8.4 %). Only small portions (10.2 %) of all
glycan pools were shown to contain fucose residue. On the
other hand, the glycans released from rAT were shown to
have even tetra-antennary glycan structures (13.4 %) as well
as bi- (63.4 %) and tri-antennary (13.4 %) structures. Also,
most of the glycans (94.5 %) contained a fucose residue.
The most dominant peak was fully sialylated bi-antennary
glycan containing a fucose (A2G2FS2, peak 5 in Table 1),
and this was followed by three major peaks of the mono-
sialylated bi-antennary glycan (A2G2FS, peak 3) and fully
sialylated tri- (A3G3FS3, peak 8) and tetra-antennary gly-
cans (A4G4FS4, peak 10).

Comparison of sialic acid contents

Most of the glycans of rAT were found to be capped
with terminal sialic acids in the HPLC profile, while
neutral glycans accounted for only 3.3 %. The average
number of sialic acids attached to one protein molecule
could be calculated from the percentages of N-glycans
with different degrees of sialylation [18]. The equation
applied is as follows:

1 x%A1SA þ 2 x%A2SA þ 3 x%A3SA þ 4 x%A4SA

100

� �
� N

Here, %A1SA, %A2SA, %A3SA and %A4SA stand for the
percentages of mono-, bi-, tri- and tetra-sialylated glycans. The
normalized number is multiplied by N, the number of total N-
glycosylation sites (here, N03). The value obtained for rAT
was 6.73 sialic acids per protein, which was slightly higher
than the value of 6.06 for nAT. This can be explained by the
observed results, in which rAT had more branched structures
containing tetra-sialylated tetra-antennary glycans (10.2 %).

Direct analyses of the sialic acid contents were also carried
out using reverse-phase HPLC of fluorescently tagged sialic
acids released by mild acid hydrolysis (Table 2). Identification
of the sialic acid variants including N-acetylneuraminic acid
(Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) were
achieved by comparing the retention times with reference
compounds (Supplementary Fig. S5). One mol of rAT was
shown to have 5.42 mol of Neu5Ac and 0.07 mol of Neu5Gc.
Here, Neu5Ac was the dominant sialic acid, constituting
98.7 % compared to the negligible portion of Neu5Gc
(1.3 %). Their sum (5.49 mol), representing the total amount
of sialic acid, was slightly lower than the 5.85 mol of Neu5Ac
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Fig. 2 Normal-phase HPLC profile of AA-labeled glycans. Glycans
obtained from nAT (a) and rAT (b) were separated using a TSK
Amide-80 column mainly based on their sizes. The top profiles display
undigested glycans followed by a series of exoglycosidase digestions
in the lower panels. The exoglycosidases were Streptococcus pneumo-
nia sialidase (SPS), Salmonella typhimurium sialidase (STS), Strepto-
coccus pneumonia galactosidase (SPG), Jack bean N-acetyl
hexosaminidase (JBH), and bovine kidney fucosidase (BKF). The

glycan structures, proportions, compositions and masses of the peaks
indicated by the number in the top panels are summarized in Table 1.
Symbols used for the representation of the glycan structures are those
suggested by the Consortium for Functional Glycomics (http://
www.functionalglycomics.org/). Blue square: GlcNAc, green circle:
mannose, yellow circle: galactose, purple diamond: sialic acid, red
triangle: fucose
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of nAT, which is a different tendency compared to that calcu-
lated from the HPLC glycan profiles. Also, all measured
amounts of sialic acid were slightly lower than the calculated
values, most likely due to experimental losses which occurred
during the sialic acid release and labeling steps.

Linkage analysis of sialic acids and fucoses

The linkage analysis of sialic acids was achieved by
exoglycosidase digestion using Streptococcus pneumonia
sialidase (SPS) and Salmonella typhimurium sialidase
(STS) cleaving sialic acids with the α(2-3)-linkage and
all types of linkages, respectively. Digestions of rAT
glycans using both sialidases generated identical shifts
of the corresponding peaks (Fig. 2b), indicating a simple
α(2-3)-linkage structure as expected from the lack of β-
galactoside α(2,6)-sialyltransferase activity in the CHO
cells [19]. In contrast, the nAT glycans were found to
contain mainly α(2-6)-linked sialic acids, as previously
reported [5]. The most dominant peak (peak 3 in Fig. 2a)
was bi-sialylated glycans with both α(2-6)-sialic acids.
Three minor peaks were bi- (peak 2) or tri-sialylated
glycans (peak 5 and 6) containing only one α(2-3)-sialic
acid and the remaining α(2-6)-sialic acids.

The series of exoglycosidase digestion (sialidase, galac-
tosidase and hexosaminidase) followed by fucosidase easily
found the existence of the terminal Lewis X fucose only in
the tri-antennary glycan (peak 6) of nAT (Fig. 2a), which
was cross-checked by a tandem mass analysis (Supplemen-
tary Fig. S6). In the same series of digestion, the absence of
exoglycosidase-resistant peak in Fig. 2b conversely indi-
cates that all fucosylated glycans of rAT would have a core
α(1-6)-fucose without a terminal fucose. This was further
confirmed by digestion using a bovine kidney fucosidase
(BKF) and an almond α(1-3/4)-fucosidase (AMF) (Fig. 3).
All of the fucoses of rAT glycans were removed not by
AMF and only by BKF, indicating the sole existence of
the core α(1-6)-fucose.

The linkages of sialic acids and fucoses were also
cross-checked by lectin blot assays (Fig. 4). Maackia
amurensis (MAA) and Sambucus nigra (SNA) lectins,
which prefer α(2-3)- and α(2-6)-linked sialic acids,
selectively bind to rAT and nAT, respectively. Aspergil-
lus oryzae lectin (AOL), which is known to have a
preference for core α(1-6)-fucose [13, 20], specifically
binds only to rAT. These patterns of lectin blots were in
good agreement with the results of the linkage analysis
using exoglycosidase digestion.
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Inhibitory activity and in vivo half-life

The inhibitory activity levels of rAT and nAT were evaluated
against two proteases, human neutrophil elastase (HNE) and
porcine pancreatic elastase (PPE). We used chromogenic sub-
strates to monitor the protease activity of 10 nM enzymes with
and without an equimolar concentration of rAT or nAT . Both
α1ATs showed very similar inhibitory activities against HNE
and PPE (Fig. 5a-c). The pharmacokinetic profiles of nATand
rAT were obtained in SD rats after i.v. administration. These
are shown in Fig. 5d. The measured half-life (t1/2) of rATwas
18.5±1.2 h, which was comparable to that of nAT, 17.7±2.6.

Discussion

We expressed human α1AT, a therapeutic glycoprotein cur-
rently used for patients deficient in it, in CHO cells. Its

characterization, especially focusing on the glycosylation pat-
terns, was carefully carried out and compared to that of nAT
derived from human serum. First, their equivalencies in terms
of the protein level were checked by the SDS-PAGE and
peptide mapping experiments. They showed the almost the
same levels of electrophoretic mobility with each other in
SDS-PAGE both before and after the deglycosylation process.
The partial deglycosylation in the SDS-PAGE and peptide
mapping experiment using the PNGase F-mediated tagging
of the 18O isotope confirmed that three glycosylation sites
were fully occupied both in nAT and rAT. Furthermore, a
comparison of the tryptic peptide mapping profiles supported
the equivalency of the deglycosylated rAT and nAT.

The sialic acid contents of nAT and rAT were carefully
analyzed and compared in the present study, as it is known
to be a major factor that determines the in vivo half-life and
is therefore a typical determinant for quality control of
therapeutic glycoproteins. First, the overall charge status
was checked by IEF, as a negative charge of sialic acid leads
to a mobility shift in the gel. The IEF pattern of rAT showed
multiple isoforms similar to those of nAT, suggesting equiv-
alency in the degree of sialylation. The average number of
sialic acids attached to one protein could be obtained
either through a calculation based on the HPLC glycan
profile or by the direct measure of sialic acids released by

Table 1 N-glycan structures and proportions characterized by HPLC and a MALDI-TOF analysis

Peaka Structureb Proportionc Compositiond Masse Deviationsf

nAT

1 A2G2S(α6) 6.4 % H2N2S1(M3GN2) 2431.1 −0.02

2 A2G2S2(α3)(α6) 2.9 % H2N2S2(M3GN2) 2792.7 0.41

3 A2G2S2(α6)2 77.1 % H2N2S2(M3GN2) 2792.7 0.41

4 A2G2 FcS2(α6)2 5.2 % H2N2F1S2(M3GN2) 2966.8 0.44

5 A3G3S3(α3) (α6)2 3.4 % H3N3S3(M3GN2) 3602.7 0.01

6 A3G3 FtS3(α3) (α6)2 5.0 % H3N3F1S3(M3GN2) 3776.5 −0.35

rAT

1 A2G2Fc 3.3 % H2N2F1(M3GN2) 2244.7 0.52

2 A2G2S(α3) 2.9 % H2N2S1(M3GN2) 2431.1 −0.10

3 A2G2 FcS(α3) 16.7 % H2N2F1S1(M3GN2) 2605.7 0.42

4 A2G2S2(α3)2 2.6 % H2N2S2(M3GN2) 2792.3 0.01

5 A2G2FcS2(α3)2 47.9 % H2N2F1S2(M3GN2) 2966.5 0.06

6 A3G3FcS(α3) 1.2 % H3N3F1S1(M3GN2) 3054.5 0.01

7 A3G3FcS2(α3)2 1.1 % H3N3F1S2(M3GN2) 3415.8 0.10

8 A3G3FcS3(α3)3 11.1 % H3N3F1S3(M3GN2) 3776.7 0.16

9 A4G4FcS3(α3)3 3.2 % H4N4F1S3(M3GN2) 4226.5 0.42

10 A4G4FcS4(α3)4 10.2 % H4N4F1S4(M3GN2) 4587.9 0.47

a The peak numbers correspond to those designated in Fig. 2a. b In Ax, number (x) indicates the number of antenna (GlcNAc) on a trimannosyl core;
In Gx or Sx, x represents the number of the attached galactose or sialic acid; Fc and Ft are core α(1,6)-fucose and terminal Lewis X fucose,
respectively; The superscripts α6 and α3 coming after S denote the α(2-6)- and α(2-3)-linkage of sialic acids, respectively. c The proportion of each
peak was calculated from its % area in the HPLC profile. dH hexose, N N-acetylhexosamine, F fucose, S Sialic acid, M mannose, GN GlcNAc;
Here, (M3GN2) represents a trimannosyl core. eMasses were measured by a MALDI-TOF instrument. f Deviations indicate the differences in the
measured masses from the calculated values

Table 2 Sialic acid contents of nAT and rAT

Sample Neu5Ac (mol/mol protein) Neu5Gc (mol/mol protein)

nAT 5.85±0.27 n.d.

rAT 5.42±0.29 0.07±0.01
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mild acid hydrolysis. Direct analysis provided somewhat
lower values for both rAT and nAT compared to the values
based on a calculation possibly due to experimental losses.
Notably, while nonhuman sialic acid Neu5Gc was not
detected in nAT, rAT was shown to contain a very low level

(1.3 %) of Neu5Gc in the direct measurement. However, this
amount only corresponds to 0.07 of Neu5Gc molecules
attached to one rAT molecule. Interestingly, the calculated
number of sialic acids (6.73) for one rATwas slightly higher
than the value (6.06) for nAT, whereas the measured value

AOLMAA SNA
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50

kD

a b

Fig. 4 Comparison of the linkages of sialic acids and fucoses by lectin
blot assays. a The same amounts (2 μg) of nAT and rATwere subjected
to 8 % SDS-PAGE and stained with Coomassie Brilliant Blue. b Lectin
blot analyses were performed using the same amounts of samples.

MAA and SNA bind to α(2-3)- and α(2-6)-linked sialic acid residues,
respectively. AOL binds to fucosylated glycans with strong preference
for the core α(1,6)-fucose residue
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Fig. 5 Inhibitory activity and in vivo half-life. Enzyme activities of
PPE (a) and HNE (b) were monitored in the absence (diamond) or the
presence of nAT (circle) or rAT (square) by the absorbance at 405 nm
for 5 min as described in the Materials and Methods section. Inhibitory
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respectively. c The relative inhibitory activities of rAT (filled bar) were
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(5.49) for rAT was rather low compared to the sialic acid
value of 5.85 for nAT. This disagreement may originate
from the bias in the calculation. However, because these
tiny differences were not significant when considering ex-
perimental errors, it can be concluded that the sialic acid
contents of nAT and rAT were in a comparable range.

In contrast, the glycosylation pattern of rAT was shown to
be quite different from that of nAT in several aspects, includ-
ing the antennary structures, fucosylation, and the linkage of
sialylation. While the glycans of nAT mainly comprised sim-
ple bi-antennary structures (91.6 %) with a minor portion
(8.4 %) of tri-antennary structures, rAT has more well-
branched structures consisting of bi- (73.4 %), tri- (13.4 %)
and tetra-antennary structures (13.4 %). The antennarity of N-
glycan has been reported to be one of crucial factors deter-
mining the serum half-life in erythropoietin (EPO) [21, 22].
Those studies showed that EPO enriched with bi-antennary
glycans (EPO-bi) had a reduced half-life in the rat as com-
pared to usual EPO having a high content of tetra-antennary
glycans. Specifically, Misaizu et al. suggested that the short
half-life of EPO-bi resulted from the rapid clearance from
systematic circulation by renal handling [21]. It was also
reported that the amount of the tetrasialylated tetra-antenary
N-glycans was the major determinant of in vivo half-life [23].
As far as we know, there has been no report on the relationship
between the antennary structures of α1AT and its in vivo half-
life thus far. In the present study, the half-life (18.5 h) of rAT
with well-branched glycan structures containing tetrasialy-
lated tetra-antennary glycans (10.2 %) was shown to be slight-
ly higher than that (17.7 h) of nAT mainly containing bi-
antennary glycans although the differences were within an
error range. This prolonged half-life may solely result from
the presence of tetrasialylated tetra-antennary glycans because
the measured sialic acid content levels were comparable.
Moreover, it is also noteworthy that rATwas observed to have
higher amount of glycans containing exposed galactoses
(asialoglycans) than nAT. The amount of asialoglycan is also
important factor determining in vivo half-life because asialo-
glycoprotein receptor in the liver recognizes the exposed
galactose residues without terminal sialic acid and then causes
removal of the glycoproteins from circulation. Six asialogly-
cans (A2G2F, A2G2S, A2G2FS, A3G3FS, A3G3FS2,
A4G4FS3) of rAT constitute 25.2 % of total glycan amount
compared to one asialoglycan A2G2S (6.4 %) of nAT
(Table 1). This higher percent of asialoglycans would induce
harmful effect on the serum half-life of rAT. Therefore, it can
be speculated that the positive effect caused by well-branced
sialylated glycans of rATwould overcome the negative effect
by higher amounts of asialoglycans and lead to the compara-
ble or slightly higher in vivo half-life.

The linkage analysis results of the sialic acids and fucose
of the rAT glycans represented the typical features of gly-
coproteins expressed in CHO cells. All sialic acids were

shown to have the α(2-3)-linkage, in sharp contrast with
the dominant α(2-6)-linked sialic acids of nAT. Also, most of
the rAT glycans were found to have the core α(1-6)-fucose
without any terminal fucose related to the antigenic epitope.
On the other hand, nAT contained the terminal fucose
(~8 %) of the Lewis X epitope despite the overall low level
of fucosylated glycans.

We observed that rAT expressed in CHO cells had
comparable levels of sialic acid content together with
some portion of tetrasialylated tetra-antennary glycans,
which may be beneficial for in vivo activity. Although
several differences in the glycan profile of rAT were ob-
served, all of them belonged to characteristic features of
glycoproteins produced in CHO cells. Considering the long
and wide usage history of the CHO cell expression system
for therapeutic applications, the observed differences in the
glycan profile are not problematic. Moreover, it was con-
firmed in the present study that rAT had an equivalent in
vitro biological activity and serum half-life. Taken together,
rAT produced in CHO cells would be an excellent therapeu-
tic alternative with great advantages in manufacturing and
safety issues compared to nAT derived from human plasma.
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