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Abstract

N-Glycolyineuraminic acid (NeuGc), an acidic nine-carbon sugar, is produced in several animals, such as cattle and mice. Since human cells
cannot synthesize NeuGe, it is considered to be immunogenic in humans. Recently, NeuGe contamination was reported in human embryonic stem
cells cultured with xenogeneic serum and cells, suggesting that possibly NeuGc may harm the efficacy and safety of cell therapy products. Sialic
acids have been determined by derivatization with 1,2-diamino-4,5-methylenedioxybenzene (DMB) followed by liquid chromatography/mass
spectrometry (LC/MS) and liquid chromatography/tandem mass spectrometry (LC/MS/MS); however, the limited availability of cell therapy
products requires more sensitive and specific methods for the quality test. Here we studied the use of nano-flow liquid chromatography/Fourier
transformation ion cyclotron resonance mass spectrometry (nanoL.C/FTMS) and nanoL.C/MS/MS for NeuGe-specific determination at a low
femtomole level. Using our method, we found NeuGce contamination of the human cell line (HL-60RG cells) cultured with human serum. Our
method needs only 2.5 x 10° cells for one injection and would be applicable to the determination of NeuGe in cell therapy products.
© 2007 Elsevier B.V. All rights reserved.

Keywords: N-Glycolylneuraminic acid; Nano-flow liquid chromatography; Fourier transformation ion cyclotron mass spectrometry; Cell therapy products

1. Introduction synthesize NeuGc due to mutation of the cytidine monophos-
pho (CMP)-N-acetylneuraminic acid (NeuAc) hydroxylase gene
[10,11], NeuGc is considered to be antigenic and to induce
immunoreaction in humans [4,12,13].

Advances in biotechnology and cell culture techniques make
it possible to administer human and animal cells directly to
patients as cell therapy products. In cell therapy and tissue
engineering, human embryonic stem (ES) cells are expected to
be useful for the treatment of many diseases. Recently, it was
reported that NeuGc is incorporated into ES cells from human
and mouse feeder cells and cultivation media containing xeno-
geneic serum, such as fetal calf serum (FCS) [14,15]. Since

* Corresponding author. Tel.: +81 3 3700 9074; fax: +81 3 3700 9084. NeuGe is a foreign component in humans, it s feared that NeuGe

E-muil address: nana@nihs.go.jp (N. Kawasaki). may harm the efficacy and safety of cell therapy products. To

Sialic acids are a family of acidic nine-carbon sugars found
in the non-reducing terminal of N-linked and O-linked oligosac-
charides of glycoproteins and glycolipids [1,2]. There are more
than 30 members with different substitutions on the amino
group at carbon 5 and on hydroxyl groups at carbons 4, 7,
8 and 9 [2-8]. N-Glycolylneuraminic acid (NeuGc), a 5-N-
glycolylated sialic acid, is produced in several animals, such
as cattle, horses, mice and rats [9). Since human cells cannot

0021-9673/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10.1016/j.chroma.2007.05.062
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assess the adverse effects of NeuGe, it is necessary to quantify
NeuGec in cell therapy products.

Sialic acids have been determined by labeling with
1,2-diamino-4,5-methylenedioxybenzene (DMB) followed by
conventional high-performance liquid chromatography (HPLC)
with fluorescent detection [16-20]. The femtomole level of sialic
acid can be determined by fluorescent detection [19]. The use
of liquid chromatography/mass spectrometry (LC/MS) and lig-
uid chromatography/tandem mass spectrometry (LC/MS/MS)
has more advantage in the identification of sialic acid species
[18,20-22]. The derivatization of sialic acids with DMB has
advantages of good separation of NeuGc from NeuAc in chro-
matography and enhancement of ionization efficiency in MS.
However, more sensitive and specific methods are desired
for the quality control of cell therapy products, since in
many case only a low number of cell products, approxi-
mately 1 x 10% to 1 x 108, should be available for gquality
tests.

In this study, we studied the use of nano-flow liquid chro-
matography/Fourier transformation ion cyclotron resonance
mass spectrometry (nanoLC/FTMS) and LC/MS/MS to achieve
the sensitive and specific determination of NeuGc. The poten-
tial of the method for quality testing of cell therapy products
was evaluated using substrain of human promyelocytic leukemia
HL-60 cells (HL-60RG cells) as model cells. Using this
method, we determined NeuGc in membrane fractions from HL-
60RG cells cultured with FCS, human serum and serum-free
medium.

2. Experimental
2.1. Materials

NeuGc and NeuAc were purchased from Nacalai Tesque
(Kyoto, Japan). FCS and normal human serum were purchased
from Dainippon Sumitomo Pharma (Osaka, Japan). RPMI1640
medium and ASF104 medium were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and Ajinomoto (Tokyo, Japan),
respectively.

2.2. Cell culture

Substrain of human promyelocytic leukemia HL-60 cells
(HL-60RG cells, JCRB Cellbank, Osaka, Japan) was cultured in
RPMI1640 medium supplemented with 10% FCS, 100 unit/ml
of penicillin and 100 pg/ml of streptomycin under a humidi-
fied atmosphere of 95% air and 5% CO, at 37 °C. HL-60RG
cells were replaced at 2 x 103 cells/100 mm dish in RPMI1640
medium supplemented with 10% FCS or 10% normal human
serum, and in serum-free ASF104 medium. The media were
replaced four times, and semi-confluent growth cells were har-
vested.

2.3. Fractionation of the membrane fraction

The cells were washed in phosphate buffer saline (PBS)
supplemented with protease inhibitors (protease inhibitor mix

solution, Wako, Tokyo, Japan) three times. The washed cells
(1 x 105) were suspended in 100 ! of 0.25 M sucrose/10 mM
Tris—HCI buffer (pH 7.4) containing protease inhibitors, and
sonicated at 4 °C for 30s, two times (40W, Bioruptor UCW-201,
Tosyoudenki, Kanagawa, Japan). After the nuclei were removed
by centrifugation at 4 °C, 450 x g for 10 min, the mitochon-
dria and lysosome fractions were removed by re-centrifugation
at 4°C, 20,000 x g for 10 min. The membrane fractions were
precipitated by ultracentrifugation at 4°C, 100,000 x g for
60min. The membrane fractions were washed in 100l of
150 mM ammonium acetate buffer (pH 7.4) and recovered by
re-ultracentrifugation.

2.4. Derivatization of NeuGc and NeuAc with DMB reagent

The membrane fractions were sonicated in 250 wl of H,O
and then incubated with 250 ul of 4 M acetic acid (final con-
centration, 2 M) at 80 °C for 3 h. The released sialic acids were
passed though a solid-phase extraction cartridge (SepPak C-18,
Waters, Milford, MA, USA) with 2 ml of H,O, dried under vac-
uumn, and resolved in 50 pl of HyO. The solution was incubated
with DMB according to the manufacturer’s instruction (Takara,
Tokyo, Japan), and the reaction mixture was applied on a solid-
phase extraction cartridge (Envi-Carb C, Supelco, Bellefonte,
PA, USA). Afier washing the cartridge with 2.5ml of 5mM
ammonium acetate (pH 9.6) for desalting, the DMB-labeled
sialic acids were eluted with 3ml of 45% acetonitrile/5 mM
ammonium acetate (pH 9.6). The collected fraction was freeze
dried.

2.5. nanoLC/FTMS

DMB-labeled sialic acids were separated by HPLC using
Paradigm MS4 (Michrom BioResource, Auburn, CA, USA)
equipped with a reversed-phase C18 column (Magic C18,
50mm % 0.1 mm, 3 wm, Michrom BioResource, Auburn, CA,
USA). Elution was achieved using 0.1% formic acid/2% ace-
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Fig. 1. EIC at m/z 426.13-426.17 and m/z 442.12-442.16 obtfiined by SIM (m/z
400-450) of DMB-NeuGc and DMB-NeuAc in the positive ion mode.
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Fig. 3. Calibration curves of DMB-NeuGe (r=0.9998) and DMB-NeuAc
(r=0.9995).

tonitrile (pump A) and 0.1% formic acid/80% acetonitrile (pump
B) with a linear gradient of 10-90% of B in 30min at a
flow rate of 750 nl/min. On-line MS and MS/MS were per-
formed using an Fourier transformation ion cyclotron resonance
(FT)ion trap (IT) type mass spectrometer (LTQ-FT, Thermo-
Electron, San Jose, CA, USA) equipped with a nanoelectrospray
ion source (AMR, Tokyo, Japan). DMB-NeuAc and DMB-
NeuGc were determined by selected ion monitoring (SIM) in
the positive ion mode. The analytical conditions were set to
200°C for capillary temperature, 1800 eV spray voltage, m/z
400-450 scan range, and 35% collision energy. The automatic
gain control (AGC) value, which is adjusted for the amount
of imported ions for FTMS, was set to 5 x 10*. Maximum
injection times, which are the adjusted times of imported ions,
for ITMS and FTMS, were set to SO and 1250 ms, respec-
tively.

2.6. Method validation

The linearity of the signal intensity peak area of DMB-
NeuAc and DMB-NeuGc was assessed by injections of
0.0078-500pmol DMB derivatives. Correlation coefficients
were calibrated using a least-squares linear regression model.
The detection limit (DL) and the quantification limit (QL) were
calculated using the formulas DL=3.3 x o/slope (o: average
of noise on chromatograph) and QL =10 x o/slope, respec-
tively. Accuracy and precision were determined by measuring
three samples, where NeuGc spiked at the concentration of
50fmol to the membrane fraction of cells cultured in serum-
free medium which contains no NeuGc before the derivatization
of NeuGc with DMB. Accuracy was calculated by compari-
son of the mean peak area and the calibration curve. Precision
was estimated by relative standard deviation (RSD) from three
samples.
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Fig. 4. Detection of DMB-NeuGc in the membrane fractions of HL-60RG cells
(2.5 x 10%) cultured with 10% FCS. (A) EIC at m/z 442.12-442.16 obtained by
SIM. (B) Typical MS spectrum of peak a. (C) MS/MS spectrum of (M + HJ*
(m/z 442.145) acquired from around peak a.

3. Results and discussion
3.1. Analysis of NeuGc and NeuAc by nanoLC/FTMS

It was reported that DMB-NeuGe yielded its dehydrated ion
(m/z 424) together with molecular ion (m/z 442) by MS in the
positive ion mode [18,21]. To control the dehydration of molec-
ular ion in the ion trap device, AGC value, which regulates the
amount of ions trapped into ion trap device, was set to 5 x 10*
(default value, 5 x 10°). This value was also useful for the detec-
tion of molecular ion of DMB-NeuAc.

Using the AGC value at 5 x 10*, SIM (m/z 400-450)
was carried out in the positive ion mode. When a mix-
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Fig. 5. Detection of DMB-NeuAc in the membrane fractions of HL-60RG cells
(2.5 x 10%) cultured with 10% FCS. (A) EIC at m/z 426.13—426.17 obtained by
SIM. (B) Typical MS spectrum of peak b, (C) MS/MS spectrum of M +H]*
(m/z 426.150) acquired from around peak b.

ture of DMB-NeuGc and DMB-NeuAc (2 pmol each) was
subjected to nanoLC/MS, two peaks appeared at 14 min
(peak a) and 15min (peak b) on the extracted ion chro-
matogram (EIC) at m/z 426.13-426.17 and m/z 442.12-442.16
(Fig. 1). '

As shown in Fig. 2A, the m/z values of molecular ions around
14 min (m/z 442.145) suggest the elution of DMB-NeuGe in
peak a. The structure of the DMB derivative at peak a was con-
firmed by the product ion spectra acquired from [M + H)* (m/z
442.145) as a precursor ion (Fig. 2B). Product ions missing two
and three molecules of HyO were found at m/z 406 and 388
in MS/MS spectra. Ions losing three H,O and glycoly! groups
(m/z 313), cross-ring fragment ion (m/z 229) and fragment ion
yielded by loss of formaldehyde (m/; 283) were also formed by
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Fig. 6. Levels of (A) NeuGc and (B) NeuAc in the membrane fraction of HL-
60RG cells (2.5 x 10%) cultured with 10% FCS, 10% human serum (HS) and
serum-free medium. Values are the means 4 SD (n=3).

MS/MS (Fig. 2E). The fragment pattern of the MS/MS spectrum
from [M + H]* (m/z 442.145) was consistent with that of DMB-
NeuGc in the previous report [21]. Fragments at m/z 406 and
388 are DMB-NeuGc characteristic ions, which could be used
for specific determination of DMB-NeuGc. Likewise, peak b
was identified as DMB-NeuAc by molecular ions (m/z 426. 150)
and their product ions (m/z 390, 372, 313, 283 and 229) formed
by MS/MS of [M + H]* (m/7426.150) as a precursor ion (Fig. 2C
and D).

Calibration curves were prepared by the injection of
DMB-NeuGc and DMB-NeuAc from 0.0078 to 500 pmol.
The linearity of DMB-NeuGec and DMB-NeuAc was con-
firmed in the range of 0.0078-50pmol with the regres-
sion equations of Y=1.31 x 10X — 9028.5 (r=0.9998) and
Y=2.03 x 106X — 21548.0-(r=0.9995), respectively (Fig. 3).
DL and QL of DMB-NeuGc were 8.6 and 26.3 fmol, and those
of DMB-NeuAc were 5.6 and 16.9 fmol, respectively. The use of
FT/MS gave an accuracy of 92.4% by eliminating contaminants
by using accurate m/z values. The precision of this method for
NeuGc was 7.3%. Compared to the former method, in which
a micro or semi-micro column and the quadrupole mass spec-
trometer were used for the detection of picomole levels of DMB
derivatives, SIM by using nanoLC/FTMS achieved the specific
detection of DMB-derivatized sialic acids at a lower level. The
method using nanoLC/FTMS and nanoLC/MS/MS allows not
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only the determination of DMB-derivatives with similar sensi-
tivity as the fluorescence detection but also the identification of
sialic acid species.

3.2. Quantification of NeuAc and NeuGc in membrane
fraction of HL-60RG cells

Using HL-60RG cells as model cells, the potential of this
method for the quantification of NeuGc on the cell membrane
was evaluated. The membrane fraction from cells (1 x 10°) cul-
tured with 10% FCS was prepared by ultracentrifugation. Sialic
acids were released by treatment with 2 M acetic acid at 80 °C
for 3 h and derivatized with DMB. DMB derivatives (2.5 x 103
cells) were subjected to nanoLC/MS and nanoLC/MS/MS in
SIM mode. As shown in Fig. 4A, some peaks appeared in
EIC at m/z 442.12-442.16. Based on the retention time as well
as the m/z value of molecular ion (m/z 442.145), peak a that
appeared at 14 min was assigned to be a peak of NeuGce (Fig. 4B).
Fig. 4C shows the MS/MS spectrum acquired from [M +H]*
(m/z 442.145) as precursor. The NeuGce-characteristic ions at
m/z 406 and 388 together with other product ions at m/z 313, 283
and 229 clearly indicate the presence of NeuGc in the membrane
fraction of HL-60RG cells. In the EIC at m/z 426.13-426.17, the
single peak was observed at 15 min (Fig. 5A). The molecular ton
at m/z 426.150, and product ions at m/z 390, 372, 313, 283 and
229 acquired at 15.13 min suggest that DMB-NeuAc is eluted in
peak b (Fig. 5B and C). The levels of NeuGc and NeuAc in the
membrane fraction from HL-60RG cells (2.5 x 10? cells) cul-
tured with 10% FCS were 55.4 4.6 fmol and 13.5 £ 0.6 pmol,
respectively (Fig. 6) ,

After the cultivation of HL-60RG cells with human serum
for 10 days (medium was changed four times), NeuGc and
NeuAc were determined by the proposed method. Fig. 7A
shows the EIC at m/z 442.12-442.16 obtained by nanoLC/MS.
In spite of cultivation in human serum, an obvious peak still
appeared at 14 min. Molecular ion (m/z 442.145) and NeuGc-
characteristic product ions found in the MS/MS spectrum
acquired from the molecular ion clearly indicate the presence of
NeuGc in the membrane fraction (Fig. 7B and C). The levels of
NeuGe and NeuAc in cells (2.5 x 10%) cultured in 10% human
serum were 29.2 + 2.4 fmol and 21.0 £ 1.4 pmol, respectively
(Fig. 6).

In contrast, no significant peaks appeared in EIC at m/z
442.12-442.16 when HL-60RG cells were cultured in serum-
free medium for 14 days (medium was changed four times).
The level of NeuAc in cells cultured in serum-free medium was
20.5 + 1.6 pmol (Fig. 6).

As shown in Figs. 4A and 7A, there are many different
molecules detected at m/z 442.14-442.16 in the cells, which
makes it difficult to determine a small amount of NeuGc in the
membrane fraction by the low-resolution mass spectrometry.
The DMB-NeuGc-specific detection was achieved by acquisi-
tion of both the accurate mass by FTMS and the characteristic
product ions arisen from DMB-NeuGc by MS/MS.

Our method needs only 2.5 x 10% cells for one injection
and is applicable to the determination of NeuGc in cell ther-
apy products. The incorporation of dietary NeuGc into human
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Fig. 7. Detection of DMB-NeuGe in the membrane fractions of HL-60RG cells
(2.5 x 10%) cultured with 10% human serum. (A) EIC at m/z 442.12-442.16
obtained by SIM. (B) Typical MS spectrum of peak a. (C) MS/MS spectrum of
{M + H]* (m/z 442.145) acquired from around peak a.

serum has been reported by Tangvoranuntalul et al. [23], which
has raised concerns about NeuGc contamination of cell ther-
apy products through cultivation with human serum. Although
using our method, we demonstrated the existence of NeuGc in
human cells cultured with human serum, NeuGc could not be
detected in human cells cultured in serum-free medium in which
no NeuGec exists. These results suggest the difficulty of avoiding
NeuGc contamination of cell therapy products during the man-
ufacturing process. Further study to assess the immunogenicity
of incorporated NeuGc is necessary to ensure the safety and
efficacy of cell therapy products, and our method is useful for
the sensitive and quantitative analysis of NeuGc in cell therapy
products.
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