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Abstract

Capillary electrophoresis with laser induced fluorescence detection (CE-LIF) was employed for
rapid sialic acid speciation, facilitating the quantitative determination of N-glycolylneuraminic
acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac) on glycoproteins. Derivatization of the
sialic acids with 2-aminoacridone (2-AMAC), using classical reductive amination in a non-
aqueous solvent, led to the spontaneous decarboxylation of the sialic acid residues as determined
by CE-LIF and offline mass spectrometric analysis. Modification of both the labeling conditions
to drive the decarboxylation reaction to completion and the CE-LIF parameters to separate the
neutral species by complexation with a neutral coated capillary and borate reversed polarity, led to
a robust platform for the rapid, sensitive and quantitative speciation of sialic acids. The method
can readily be used for quality control of recombinant biopharmaceuticals.
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Introduction

Sialic acids are nine carbon monosaccharides that typically terminate the antennary chains
of both A= and O-glycans via enzymatic addition by a variety of sialyltransferases'—3. \-
acetylneuraminic acid (Neu5Ac) and its hydroxylated form, A/-glycolylneuraminic acid
(Neu5Gc), are the two major sialic acids found in mammals?. Neu5Gc is not expressed in
humans due to the evolutionary loss of the gene encoding the enzyme that converts NeuSAc
into Neu5Gc (CMP-Neu5Ac hydroxylase)®. However, studies have demonstrated the
metabolic incorporation of Neu5Gc into human glycoproteins by both normal and cancerous
tissues due to the dietary availability of Neu5Gc®. Furthermore, it has been shown that
humans possess circulating antibodies against Neu5Gc’~2. As a consequence, glycans
attached to protein therapeutics expressed in cell lines capable of Neu5Gc incorporation into
the attached oligosaccharides have an associated immunogenic potentiall. Therefore,
identification and quantitation of Neu5Gc in therapeutic glycoproteins is of high
importancell,

Methods for the speciation of sialic acids include the analysis of liberated sialic acids by
capillary electrophoresis (CE) and gas (GC) or liquid chromatography (LC) after
derivatization with a chromophore or fluorophore for sensitive detectionl?-15, Mass
spectrometryl4 has also been employed due to the sixteen Dalton mass difference between
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the Neu5Ac and Neu5Gc formst1: 16, For separation methods with optical detection,
derivatization of the sialic acids is routinely accomplished with a neutral dye using reductive
amination, for example, 2-aminacridone (2-AMAC) in DMSO with sodium
cyanoborohydride or 1,2-diamino-4,5-dimethoxybenzene (DMB) in mercaptoethanol and
sodium dithionitel”. Herein, we examined the conditions of sialic acid labeling with 2-
AMAC to improve the yield of the reaction, thus increasing the overall reliability and
sensitivity of the CE-LIF method. Interestingly, during derivatization using classical
reductive amination with 2-AMAC and sodium cyanoborohydride in DMSO/acetic acid, the
sialic acids were observed to spontaneously decarboxylate. The underlying process
governing the derivatization was characterized using CE and offline MS analysis. A
modified labeling method was combined with an optimized CE separation leading to the
rapid, quantitative determination of sialic acid species present on glycoproteins. The
simplicity of the approach allows for straightforward transfer of the method into a
biopharmaceutical quality control analytical environment.

Experimental

Chemicals and reagents

Neu5Ac and Neu5Gc sialic acid standards, 2-aminoacridone (2-AMAC), anhydrous DMSO,
sodium cyanoborohydride (1 M solution in THF), acetic acid and alpha-1-acid glycoprotein
from both bovine and human plasma were all from Sigma Aldrich (St. Louis, MO). Water
and acetonitrile were Thermo Fisher LC-MS Optima Grade (Fair Lawn, NJ).

Sialic acid derivatization

During initial experiments, Neu5Ac and Neu5Gc were derivatized using 2 pL of 0.1 M 2-
AMAC prepared in 85:15 anhydrous DMSO acetic acid, followed by the addition of 2 pL of
1 M sodium cyanoborohydride in THF and incubation at 55 °C for 60 minutes. Later, after
optimization studies, sialic acid derivatization was performed under the same conditions
except that 2-AMAC was prepared in 15% v/v acetic acid.

Sialic acid release

Sialic acids were released from glycoproteins either by acid hydrolysis (2M acetic acid at
80°C for two hours) or by treating the oligosaccharides with sialidase A from Arthrobacter
ureafaciens (Prozyme, Hayward, CA). Glycans were reconstituted in 50 mM ammonium
acetate pH 5.5, and sialidase was added to 10% of the final volume; the reaction mixture
was incubated at 37°C overnight. Released sialic acids were collected by filtration through
prewashed 10 kDa molecular weight cut off filters. The filtrate was reduced to dryness and
then derivatized, as previously described.

Capillary electrophoresis

Capillary electrophoresis was conducted on a PA 800 P/us Pharmaceutical Analysis System
equipped with laser-induced fluorescence detection (488 nm excitation/520 nm emission)
(Beckman Coulter Inc., Brea, CA). The specific capillaries and background electrolytes are
described in the figure legends.

Mass spectrometry

MS analysis was performed in the flow injection mode using 70:30:0.1 methanol, water,
formic acid as mobile phase at 50 pL/min flow rate, delivered by a Waters 2695 Alliance
HPLC (Milford, MA). The injection volume was 10 p.L. Mass spectrometric measurements
were conducted using a Waters LCT ESI-Tof instrument operated in the positive ion mode.
The ESI voltage was 3.2 kV, and the cone and extraction voltages were 30 V and 5V,
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respectively. The lens voltage was adjusted to 180 V, and the desolvation temperature was
100°C. The source temperature was 120°C, and the flow rates of cone gas and desolvation
gas were 50 L/hr and 450 L/hr, respectively.

Results and Discussion

Speciation of sialic acids present on therapeutic glycoproteins is a necessary requirement to
identify the sialic acid forms and to quantitate the amount of non-human sialic acids, such as
N-glycolylneuraminic acid. Herein, we describe the optimization of the reductive amination
conditions necessary for labeling of released sialic acids with 2-AMAC, leading to a rapid
and simple CE-LIF method for quantitative sialic acid speciation.

Sialic acids labeled with 2-AMAC using classical reductive amination spontaneously
decarboxylate

Neu5Ac and Neu5Gc standards were initially derivatized using 0.1 M 2-AMAC solution
containing 85% v/v anhydrous DMSO/15% v/v acetic acid and 1 M sodium
cyanoborohydride (NaBH3CN). CE-LIF separation was performed using a 20 pum ID bare
fused silica capillary with normal polarity, as previously described!8. As shown in Fig. 1(A),
five major peaks were observed, one of which corresponded to excess unreacted 2-AMAC,
which migrated with the electroosmotic flow (EOF). The minor peaks in Fig. 1(A) arise
from low level contaminants in the 2-AMAC dye as revealed in the analysis of a reagent
blank, data not shown. The presence of 4 peaks, rather than 2, suggests potential analyte
degradation or modification of the sialic acids during the derivatization reaction. Such
changes could clearly affect quantitative results. In addition, the experimental
reproducibility was found to significantly decline from injection to injection (Supplementary
Figure S-1). Moreover, the bare fused silica capillary required washing and extensive
equilibration between analyses to maintain the desired EOF1®. The method was clearly not
satisfactory.

To overcome the column re-equilibration issue, the sialic acids were analyzed using a
neutral coated capillary (no EOF) in the reversed polarity mode using same BGE as in Fig.
1(A). In the absence of EOF, peaks 1 and 2, Fig. 1(B) migrated later than peaks 3 and 4,
suggesting that peaks 1 and 2 were neutral species and peaks 3 and 4 were the negatively
charged sialic acids. The neutrality of peaks 1 and 2 could result from the loss of the charged
carboxylic group of the sialic acids. To investigate this possibility, the sialic acids were
heated at 80°C for 60 minutes to promote decarboxylation of the sialic acid residue followed
by analysis with reversed polarity CE-LIF. Fig. 1(C) shows the absence of peaks 3 and 4
after the treatment at 80°C, with increased area of peaks 1 and 2. To demonstrate that peaks
1 and 2 are neutral species, boric acid was next removed from the BGE. As expected, peaks
1 and 2 were no longer observed, Fig. 1(D), as the borate was not present to form the
charged complex and the neutral species would not migrate in the electric field.

MS investigation of sialic acid decarboxylation during 2-AMAC derivatization

Offline mass spectrometry using an electrospray ionization time of flight mass spectrometer
(ESI-Tof MS) was next employed to confirm the identity of peaks 1 and 2 and to examine
various conditions that could affect the decomposition process. Fig. 2(A) shows the mass
spectrum of standard NeuSAc without derivatization. Both the [M+H]* molecular ion and a
sodiated adduct at m/z 332 and 354, respectively, are observed. When the labeling reaction
was carried out with the standard protocol under non-aqueous conditions (0.1 M 2-AMAC
in 85% DMSO0/15% of glacial acetic acid (v/v), overnight labeling at 37°C and 1 M
NaBH3CN), the protonated 2-AMAC-Neu5Ac conjugate and its sodiated adduct appeared at
m/z 504.36 and 526, respectively, Fig. 2(B), corresponding to the mass shift associated with
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the addition of the 2-AMAC fluorophore. However, this conjugate underwent
decomposition during the labeling reaction, as evidenced by the peak at m/z 460, Fig. 2(B),
44 mass units lower than the ion corresponding to [2-AMAC Neu5Ac+H]*. This ion is due
to the neutral loss of carbon dioxide from the sialic acid residue v/a decarboxylation during
the derivatization reaction. The result supports the interpretation of analyte behavior shown
in Fig. 1, wherein using the combination of CE migration under differential conditions
accompanied by offline MS analysis the presence of the decarboxylated sialic derivatives
can be confirmed.

Importantly, Fig. 2(B) shows that labeling of sialic acids using classical reductive amination
by sodium cyanoborohydride in a DMSO/acetic acid solvent system is incomplete, as
indicated by the ions at m/z 332 and 354, corresponding to the native material. The
incomplete reaction occurs even when the dye is used in a 3-fold excess (data not shown). In
contrast, when the sialic acids were labeled with a 50 mM solution of 2-AMAC dissolved in
15% v/v aqueous acetic acid, no unlabeled sialic acid derivative was detected, Fig. 2(C),
indicating that the reaction was complete. To further investigate the labeling mechanism, the
reaction was next repeated under aqueous and anhydrous conditions. Fig. 2(C) clearly shows
that in the presence of water, the decomposition of AMAC-sialic acid conjugate was
complete as only the decarboxylated conjugate (m/z 460) and its corresponding sodiated
adduct (m/z 482) were observed. Fig. 2(B-D) also reveals that the decarboxylated sialic acid
underwent further loss of water, yielding an ion at m/z 442. Conducting the labeling reaction
in 50 mM 2-AMAC prepared in 15% v/v aqueous acetic acid solution and 1 M NaBH3CN
resulted in complete decarboxylation and quantitative labeling of sialic acid as the 2-
AMAC-Neu5Ac neutral conjugate was generated, peak 3 Fig. 2(F). Neither the NeuSAc
conjugate in the electropherogram nor unreacted Neu5Ac in the mass spectrum, Fig. 2(C)
were observed. In comparison, Neu5Ac labeling in 15% v/v acetic acid in DMSO and 1 M
NaBH3CN resulted in only 15% of peak 3 and the intact 2-AMAC-Neu5Ac conjugate, peak
2 Fig. 2(G), electropherogram I. Heating this mixture at 80°C for 1 hour increased the yield
of peak 3 to 36%. The disappearance of peak 2 demonstrates the increased lability of 2-
AMAC-Neu5Ac at higher temperature. A similar yield of 30% of neutral 2-AMAC-Neu5Gc
in 15% v/v acetic acid in DMSO was observed, suggesting identical behavior of both sialic
acids under the same derivatization conditions, Fig. 2(G), electropherogram Il and
Supplementary Figure S-2.

Fig. 2(D and E) show that pretreatment of sialic acids, i.e. exposure to elevated temperatures
commonly used for thermally assisted desialylation with no subsequent derivatization, does
not alter their structure. These data suggest that the native ring conformation of sialic acids
is very stable. However, labeling with 2-AMAC promotes ring opening, resulting in
conjugate lability and subsequent decarboxylation. It is interesting to note that this
decomposition cannot be avoided even if the reaction is carried out under anhydrous
conditions due to the presence of residual trace quantities of water in the non-aqueous
solvent, as determined by KF titration (likely due to trace absorption of atmospheric
moisture). Therefore, to facilitate quantitative speciation of sialic acids released from
therapeutic glycoproteins, methods for analyte stabilization are required. In this case, the use
of aqueous acetic acid solution to promote complete labeling and decarboxylation of the
sialic acid-dye conjugate is recommended. With this approach, quantitation of sialic acids
can easily be achieved through analysis of the decomposition products using CE in reversed
polarity.

Rapid CE-LIF speciation of 2-AMAC labeled sialic acids

Once sialic acids were labeled and quantitatively converted to their neutral forms, the CE-
LIF separation conditions were fine-tuned by optimizing the boric acid concentration (in the
BGE), the electric field and the temperature. Sialic acid speciation analysis using a BGE
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containing 200 mM boric acid proved optimal. Complete baseline resolution between
Neu5Gc and Neu5Ac was achieved at 25°C with 500 V/cm electric field, Supplementary
Figure S-3 (A). The electric field strength was further increased to 600 V/cm by shortening
the length of the capillary, resulting in faster and more efficient separation, Supplementary
Figure S-3 (B). Separation of 2-AMAC derivatized sialic acids was also significantly
influenced by the column temperature due to the strong complexation between boric acid
and the labeled conjugates?. For CE-LIF separations performed at 25°C, Fig. 3, the peak
corresponding to Neu5Gc showed fronting. Increasing the temperature from 25°C to 45°C
resulted in a significant improvement of the symmetry of Neu5Gc peak, (As Neu5Gc: 0.63
at 25°C, 0.88 at 45°C). At elevated temperatures, complexation with borate present in the
BGE leads to more efficient analyte peaks allowing impurities to be separated from the
Neu5Gc peak, Supplementary Figure S-4.

The developed method was sensitive and linear over the range of 1-150 ng/uL, the
correlation co-efficient (R2) being greater than 0.995 for both NeuSAc and Neu5Gc. To
illustrate the application of the analysis, 50 g of human and bovine a-1-acid-glycoprotein
were desialylated using sialidase, derivatized under optimized conditions and analyzed by
CE-LIF. Reproducibility for five replicate injections for both the released bovine and human
sialic acids pools was less than 2% RSD, Table 1. The evaluation of quantitative accuracy is
complicated by the lack of available reference materials and the heterogeneity of
commercially available glycoproteins. The present approach is suitable not only for the
reproducible detection and quantitation of sialic acids, such as NeuSAc and Neu5Gc, but
also O-acetylated sialic acid variants.

Conclusions

A novel CE-LIF separation method was developed to speciate and quantify sialic acids
present on glycoproteins. The results demonstrate that modification of the labeling
conditions can result in the formation of neutral dye-sugar conjugates that can be rapidly
separated using reversed polarity CE-LIF in a coated capillary in the absence of EOF. Mass
spectrometric analysis revealed that the labeling reaction in the presence of water was
complete, whereas in non aqueous solutions, the reaction was incomplete due to the neutral
loss of carbon dioxide, thus limiting the quantitation of sialic acid speciation. The presented
method offers advantage over HPLC based profiling methods using DMB as the fluorophore
as the separation mechanism in our CE method is based on the formation of borate-sialic
acid complexes with minimal interference from the 2-AMAC fluorophore. A problem with
HPLC profiling of DMB labeled sialic acids is the presence of co-eluting DMB impurity
peaks leading to complicated peak annotation and structure assignment.. The described
method can accurately and reproducibly detect and quantify sialic acids in glycoproteins,
and its simplicity has potential for quality control of biotechnology products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Separation of Neu5Ac and Neu5Gc. 10 g of NeuSAc and Neu5Gc were labeled in 0.1 M 2-
AMAC solution in 15% v/v acetic acid in DMSO. (A) Capillary: bare fused silica, total
length: 60 cm, effective length: 50 cm, 20 wm ID, applied field: 500 V/cm, normal polarity.
BGE: 200 mM boric acid buffer, pH 10. (B) Capillary: neutral coated, total length: 60 cm,
effective length: 50 cm, 30 wm ID, applied field: 500 V/cm, reversed polarity. BGE: same as
(A). (C) Separation after heat treatment of the sample. Separation conditions are the same as
(B). (D) Injection of the heat treated sample. Separation conditions are the same as (B) and
(C) except for the BGE: 20 mM ammonium acetate buffer, pH 10. All separations were
carried out at 25°C on a Beckman PA800 A/us Instrument.
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Fig. 2.

Mass spectra and electropherograms of NeuSAc under different labeling conditions: (A)
Neu5Ac solution (10 g/100 L) without labeling; (B) Labeling of 10 g of NeuSAc in 5
pL of 0.1 M 2-AMAC- in 15% acetic acid/85% DMSO and 5 pL 1 M NaBH3CN in DMSO
at 37°C overnight; (C) Labeling of 10 g Neu5Ac in 5 L of 0.05 M aqueous 2-AMAC in
15% acetic acid at 37°C and 5 pL 1 M NaBH3CN in DMSO at 37°C overnight; (D) 10 pg
Neu5Ac in 50 pL of 2 M acetic acid solution, pre-heated at 80°C for 2 hours, then dried and
labeled according to the procedure described in (B); (E) Neu5Ac solution pretreated at 80°C
for 2 hours in 2 M acetic acid; (F) 10 g of Neu5Ac labeled according to the procedure
described in (C), followed by quenching of the reaction by the addition of 50 n.L of water,
and the addition of APTS labeled maltopentaose as internal standard 8; (G) 10 g of
Neu5Ac labeled according to the procedure described in (C), and processed as described in
(F). Electropherogram (I) was acquired before heating, whereas electropherogram (1) was
acquired after incubation at 80°C for 1 hour. Peak 1: unknown, peak 2: 2-AMAC-Neu5Ac
(intact), peak 3: 2-AMAC-Neu5Ac (decomposed).
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Fig. 3.

(A) Optimized CE-LIF separation of the decarboxylated 2-AMAC sialic acid conjugates;
separation conditions as outlined in the text, E = 600 V/cm, and BGE of 200 mM boric acid
pH 10, T = 45°C,
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Table 1

Analytical reproducibility for sialic acids released from a-1-acid glycoprotein from bovine and human plasma.

g Neu5Ge/lmg bovine A1G  pg NeuSAc/Img bovineA1G  pg NeuS5Ac/Img human A1G
Release
1 29.72 34.17 74.77
2 28.31 31.31 74.93
3 25.13 29.91 76.55
4 26.89 29.37 73.78
5 27.49 30.50 75.66
Average 27.51 31.05 75.14
STD 1.70 1.89 1.04
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