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Abstract
With the rapid growth of complex heterogeneous biological molecules, effective techniques that are
capable of rapid, characterization of biologics are essential to ensure the desired product
characteristics. To address this need, we have developed a method for analysis of intact glycoproteins
based on high resolution capillary electrophoretic separation coupled to an LTQ-FT mass
spectrometer. We evaluated the performance of this method on the alpha subunit of mouse cell line-
derived recombinant human chorionic gonadotrophin (r-αhCG), a protein that is glycosylated at two
sites and is part of the clinically-relevant gonadotrophin family. Analysis of r-αhCG, using capillary
electrophoresis (CE) with a separation time under 20 minutes, resulted in the identification of over
60 different glycoforms with up to nine sialic acids. High resolution CE/FT-MS allowed separation
and analysis of not only intact glycoforms with different numbers of sialic acids but also intact
glycoforms that differed by the number and extent of neutral monosaccharides. The high mass
resolution of the FT-MS enabled a limited mass range to be targeted for the examination of the protein
glycoforms, simplifying the analysis without sacrificing accuracy. In addition, the limited mass range
resulted in a fast scan speed that enhanced the reproducibility of the relative quantitation of individual
glycoforms. The intact glycoprotein analysis was complemented with the analysis of the tryptic
glycopeptides and glycans of r-αhCG to enable the assignment of glycan structures to individual
sites, resulting in a detailed characterization of the protein. Samples of r-αhCG obtained from a CHO
cell line were also analyzed and briefly shown to be significantly different from the murine cell line
product. Taken together, the results suggest that the CE coupled to high resolution FT-MS can be
one of the effective tools for in-process monitoring, as well as for final product characterization.

Introduction
Biotherapeutics, a class of pharmaceuticals which is primarily comprised of glycoproteins, are
used for a wide variety of clinical indications, including inflammatory and immunomodulatory
disorders, such as rheumatoid arthritis, multiple sclerosis, and cancer. Unlike typical small
molecules, the structural elucidation of biotherapeutics, especially glycoproteins, and their
manufacture and control is a difficult task. First, glycoprotein pharmaceutical agents are
significantly more complex in their structure than small molecules. Second, and more
importantly, while the active pharmaceutical ingredient in a typical small molecule therapeutic
is one or, at most, several forms, a glycoprotein therapeutic can be a mixture of tens or hundreds
or more of individual forms.
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Analysis of intact glycoproteins to survey individual forms in a sample is typically conducted
using isoelectric focusing1. Since the introduction of capillary electrophoresis coupled to mass
spectrometry (CE-MS) in the late 1980s, advances in electrophoretic separations and the
development of accurate high mass resolution MS has greatly improved the characterization
of complex biological molecules, including intact glycoproteins2. High resolution separations
coupled to high resolution MS has the potential to be a powerful tool for the analysis and
quantitation of individual intact glycoforms of glycoproteins. For example, CE-MS can be used
for rapid characterization of glycoprotein properties without the need for laborious sample
preparation3–6. Indeed, Neusuβ and coworkers recently characterized different isoforms of
erythropoietin, including oxidated and acetylated variants of the glycoforms, as well as other
glycoproteins, using a CE/qTOF-MS with a mass resolution of 10,000 to 12,0007–10.

To move beyond composition to specific glycan structures, determination of released glycans
is necessary. Various methods have been applied for the analysis of labeled glycans including
hydrophilic interaction LC11 and capillary electrophoresis12. These separation techniques also
provide quantitative analysis and can be performed in combination with exoglycosidase
digestion, leading to the determination of monosaccharide linkages13, 14. In addition, mass
spectrometry can be applied, with infusion or with separation,15 on a mixture of unlabeled
glycans16, or labeled by, for example, permethylation17, 18. In the case of glycoproteins with
multiple glycosylation sites, the assignment of individual sites is typically performed after
proteolytic digestion followed by LC-MS19.

Due to the potential glycan complexity, we sought to build upon the above studies to (1) develop
a rapid, robust and reproducible CE-FT-MS methodology that is amenable to very high mass
resolution (55,000) of intact glycoproteins while maintaining high throughout; (2) combine
the accuracy and resolution of this technology with glycan and glycopeptides analysis; and (3)
assess the capability of the technology to determine differences between materials derived from
different cell lines. For our studies, we selected the alpha subunit of recombinant human
chorionic gonadotrophin (r-αhCG) 20, obtained from a murine cell line, as a representative
example of a challenging glycoprotein therapeutic. The results of r-αhCG from this cell line
were then compared to a CHO cell line, revealing significant differences It is shown in this
work that the high resolving power of CE/FT-MS allows detection of over 60 glycoforms. The
method is demonstrated to be a powerful tool for profiling of intact glycoproteins.

Experimental
Recombinant-αhCG

Recombinant-αhCG, expressed in a mouse cell line, was obtained from Sigma-Aldrich (St.
Louis, MO). The protein was dissolved in 50 mM ammonium bicarbonate (final protein
concentration 4 µg/µL), aliquoted and stored at −80 °C. Recombinant-αhCG, expressed in a
CHO cell line, was obtained from Feldan Bio (Hamilton, NJ). Due to the large amount of
sucrose and phosphoric acid in the latter sample, the protein required purification. A 50 µg
sample of r-αhCG from the CHO cell line was dissolved in 200 µL of water and desalted using
a Microcon Ultracel YM-3 centrifugal filter device (Millipore, Billerica, MA). The filter was
washed twice with water, followed by 50 mM ammonium bicarbonate solution. The solution
was concentrated to a final volume of 20 µL, leading to an estimated concentration of 2.5 µg/
µL and stored at −80 °C.

Chemicals
See Supplementary Material
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CE-MS System
The home-made CE-MS system, schematically shown in Figure S1, consisted of a 20 cm long,
50 µm i.d., 360 µm o.d., PVA coated separation capillary (Agilent Technologies, Santa Clara,
CA) attached to a pressurized liquid junction interface. The reservoir, containing background
electrolyte at the injection end of the capillary, was fitted with an HPLC PEEK union
(Upchurch, Oak Harbor, WA) to allow sample injection while providing airtight connection
during separation. The second reservoir was connected to one arm of a liquid junction cross
made from a polypropylene block. The additional three arms, were connected to (i) the
separation capillary, (ii) a syringe to allow rapid flushing of the intercross volume and (iii) a
3.5 cm long, 50 µm i.d., 280 µm o.d. stainless steel ESI needle (New Objective, Woburn, MA).
All machined plastic parts of the CE system that came in contact with liquids were made of
highly chemical resistant polypropylene to prevent leaching into the MS. Reservoirs, made
airtight using silicon O-rings, were connected to a chamber pressurized with nitrogen from a
gas cylinder. A needle valve was used to control the pressure, which was monitored using a
digital manometer (model DM8215, MSC Direct, Melville, NY). In a typical experiment, the
pressure was maintained at 10 cm of H2O (~1 kPa), resulting in a flow rate at the ESI tip of
roughly 200 nL/min. Since both reservoirs were maintained at the same pressure, there was no
hydrodynamic flow in the separation capillary. The background electrolyte reservoir was
equipped with a platinum electrode while the ESI voltages was applied directly to the ESI metal
tip. To provide independent control of the separation and ESI voltage, two high voltage power
supplies (CZE1000A, Spellman, Hauppauge, NY) were employed. A 50 MOhm resistor was
added to the ESI electrical circuit to provide sufficient current drain to maintain the ESI voltage
constant.

The CE-MS system was coupled to an LTQ-FT MS (Thermo Scientific) using a PicoView
interface (New Objective) that allowed precise positioning of the ESI tip in front of the MS
orifice. The LTQ-FT MS was operated in the MS only mode using a combination of a low
resolution LTQ MS scan, followed by a high resolution FT scan in a limited mass range
window. The target number of ions in the FT cell was set at 106, and the mass resolution of
the FT MS was estimated to be roughly 55,000 at m/z = 1800.

Intact r-αhCG was separated using 2% acetic acid (pH = 2.5) as the background electrolyte
with 8 kV as separation voltage. Samples were injected hydrodynamically with a height
difference of 10 cm for 30 seconds. The injected amount was estimated to be roughly 100 ng,
i.e. 5 pmol of the intact protein (4 µg/µL). The ESI solution consisted of 2% (v/v) acetic acid
in 20 % (v/v) aqueous/acetonitrile solution.

See Supplementary Material for detailed description of the following methods:
Deglycosylation and Analysis of Released Glycans, Trypsin Digestion of r-αhCG Expressed
in a Murine Cell Line and LC-MS Analysis of r-αhCG Tryptic Digest.

Data Analysis
Accurate masses of intact glycoforms from CE-MS were calculated as follows. First, the r-
αhCG sequence was converted to its elemental composition and corrected for the presence of
5 disulfide bridges, i.e. subtraction of 10 hydrogens. Then, masses of glycoproteins were
generated by adding the elemental composition of individual glycans, followed by calculation
of isotopic distribution using Protein Prospector 21. The mass of the most intense isotope in
the isotopic cluster was used to confirm the correct assignment of a particular structure to the
experimental mass with a mass tolerance of ±50 ppm. Average rather than monoisotopic masses
are reported throughout in the manuscript. A set of in-house developed perl scripts was used
to assign glycan compositions, match glycans to intact protein glycoforms and calculate
theoretical combinations of glycans corresponding to a particular intact protein glycoform.
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Since glycan structures were not determined, glycans are referred to as: HexNAc, Hexose,
Sialic acid (NeuAc) and sulfated glycan (+SO4).

Abundances of individual intact protein glycoforms were estimated from the data acquired
using the linear ion trap with Qualbrowser (Thermo Scientific) based on peak areas derived
from extracted ion electropherograms on the 9+ charge state of m/z values calculated with the
average mass with the mass tolerance of ±0.5 Da. Similarly, abundances of glycopeptides were
determined using the same method but with average masses for the 3+ and 4+ charge states.

Results and Discussion
The aim of this work was to develop a rapid method for profiling intact glycoproteins based
on high resolution capillary electrophoretic separation coupled to high mass resolution FT mass
spectrometer and apply this method to analysis of recombinant human chorionic gonadotrophin
(r-αhCG) produced in a murine cell line. The results are then briefly compared to the
glycoforms produced from a CHO cell line. A second goal was to integrate glycan and
glycopeptide analysis to identify possible glycosylation structures for individual glycoforms.
The power and effectiveness of the CE/MS high resolution method are demonstrated.

Intact Protein Analysis
A CE/MS system was constructed in-house in which the CE was coupled to an LTQ-FT mass
spectrometer using a low-volume pressurized liquid junction interface (Figure S1). The
interface provided rapid analysis, preserved the high resolution of the CE and allowed
independent tuning of the separation and ESI conditions. The high mass resolution of the FT
- MS allowed direct determination of the charge states of ions and accurate mass measurement
of the intact protein glycoforms. To provide high resolution and reproducible separation,
interaction of analytes with the capillary wall was prevented by employing polyvinylalcohol
(PVA) as a permanent capillary coating. The neutral coating also suppressed the electroosmotic
flow. In addition, unlike a dynamic coating, the permanent coating did not require regeneration
after analysis.

In preliminary experiments using CE/LTQ-MS without the FT, in the m/z range of 1000–3000,
it was found that most r-αhCG protein glycoforms were observed in the 8+, 9+ and 10+ charge
states, with the 9+ charge state generally displaying the highest intensity. Based on the results
from these initial experiments, the m/z range was restricted to 1400–2000 upon transfer of the
method to the LTQ-FT-MS. The high resolving power of the FT-MS in the limited mass range
allowed the accurate intact protein mass to be determined without the requirement to analyze
multiple charge states. Restricting the m/z window in the FT-MS had a number of additional
benefits including an increase in the acquisition speed and sensitivity of the analysis.

Figure 1 shows the total ion electropherogram for r-αhCG derived from the murine cell line,
as well as examples of extracted ion electropherograms (EIE) for three different glycoforms.
A background electrolyte consisting of 2% acetic acid (pH=2.5) was found to lead to high
resolution separation by CE in the rapid analysis time of under 20 minutes. The electrophoretic
widths for EIE peaks at half-height were only 12 sec, further demonstrating the resolving power
of CE. Since each peak consisted of multiple isomeric forms, the actual peak widths of
individual species were likely even narrower.

Figure 2A presents an overall separation pattern of CE-MS for r-αhCG in the form of a heat
map to demonstrate the high number of glycoforms that can be observed. The twenty most
intense forms are labeled with their corresponding masses, and the differences in glycan
composition are highlighted using color-coded arrows. Due to the broad dynamic range of the
amounts for individual glycoforms, only the abundant forms can be clearly observed. In order
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to reveal the true complexity of the r-αhCG glycoforms, Figure 2B shows the separation pattern
plotted on a log intensity scale to emphasize lower abundance forms. The individual bands
corresponding to the glycoforms with the same number of sialic acids (listed in the figure) are
connected with a dashed line. The figure also shows the distribution of glycoforms in different
charge states separated by the dotted lines.

Mass measurement by FT-MS allowed direct determination of the exact molecular mass of the
observed glycoforms. Table 1 lists the masses of the 20 most abundant peaks, labeled in Figure
2A, along with a summary of their glycan compositions, relative migration times and relative
peak areas, which will be discussed later. To assign glycan compositions accurately to
individual glycoforms, deglycosylated intact r-αhCG (PNGase F) was analyzed by CE/MS,
leading to an average experimental molecular mass of 10,196 Da, which was within the
expected mass error of the predicted value (data not shown). It should be noted that the
compositions in Table 1 correspond to the sum of glycan structures on the two glycosylation
sites.

Upon comparison of the calculated glycan compositions with the results in Figure 2, it can be
seen that, in agreement with others8, there is a clear separation pattern in terms of the number
of sialic acids per glycoform, as a result of the negative charges provided by the sialic acids.
To illustrate the separation power of capillary electrophoreisis, peaks labeled g and h in Fig.
2A, differing by an addition of one sialic acid and subtraction of a hexose, i.e. ΔM=129 Da,
were found to be baseline separated by CE, see Figures 1B and D. Moreover, glycoforms with
the same number of sialic acids, such as peaks g and l in Figure 2A with ΔM =526 Da,
corresponding to the addition of two hexoses and one HexNAc, could also be resolved, see
Figure 1B and C. Even more interesting is the partial separation of peaks k and l with ΔM=162
Da, which differ by only one hexose8. These examples clearly illustrate the resolving power
of capillary electrophoresis, with separations even for forms of the same charge but small
differences in neutral glycans on the intact protein. Finally, it should be noted that since all
analyzed r-αhCG glycoforms that differed in the number of sialic acids were at least partially
resolved by capillary electrophoresis, the ESI ionization process did not lead to loss of sialic
acid.

Relative Abundance of r-αhCG Glycoforms
Analysis of the relative abundance of individual glycoforms is one of the potential applications
of CE/MS for intact protein profiling. We focused first on evaluation of the reproducibility of
the relative abundance of individual glycoforms since such forms could be easily matched
based on their accurate masses. We evaluated the consistency of glycoform relative
quantitations measurements by comparing peak areas for selected forms determined from the
extracted ion electropherograms. It should be noted that, due to potential differences in
ionization efficiencies of individual glycoforms, the relative peak areas may not correspond
directly to in-solution abundances of glycoforms. In addition, the distribution of the
electrospray charge states for different glycoforms may change with the mass and/or the
number of sialic acids, further complicating quantitative analysis. Thus, samples of intact forms
should be compared on a relative basis, e.g. from batch to batch or within a process.

The CE/MS analysis of the mouse-derived intact r-αhCG glycoforms was repeated 3 times,
and the peak areas of the 20 most intense peaks, using linear ion trap data, were measured and
compared, see Experimental Section. In order to prevent a potential bias during the sample
introduction, all analyses were performed using hydrodynamic injection, and relative run-to-
run comparisons were determined. Finally, repeatability rather than reproducibility, i.e. a
replicate analysis of the same sample, by the same operator, on the same instrument and the
same day, was performed. The results, including the glycoform mass, glycan composition,
relative migration time normalized to the glycoform with the highest intensity, and peak areas
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normalized again to the most intense glycoform, are summarized in Table 1. It can be seen that
the average relative coefficient of variance of the peak areas is less than 10% for all but one
glycoform, a relativity low CV for such an analysis. Moreover, it is expected that further
improvements in sample injection and automation of operation would reduce the CV values
to even lower levels. In addition, inclusion of internal standards would allow direct estimation
of the abundance of a specific glycoforms. Nevertheless, even with the simple experiments
conducted in this work, the variation in quantitation is quite good.

Assuming equal ionization efficiencies, it was estimated, from the sum of all peak areas, that
the 20 highest intensity glycoforms accounted for over 90% of the total amount of the
glycoprotein. The abundance of the additional roughly 40 different glycoforms, representing
the remaining 10%, were not estimated. However, if the abundances of these forms were
distributed uniformly, the average of each species would approximate to less than 1% of the
mass of the total glycoprotein.

Analysis of the Released Glycans
We next examined of individual glycan structures, after enzymatic release, to better understand
the potential structures of the intact glycoforms. The LC-MS/MS analysis of the 2-AB labeled
N-glycan pool (see Supplementary Material) again revealed extensive glycosylation
complexity of r-αhCG expressed in the murine cell line, Figure S2A. The data from the glycan
analysis, including MS/MS spectra and exoglycosidase digestion, was used to construct a list
of structures for the higher as well as the lower abundance glycans (Table S1). The
compositions of many of the species were tentatively assigned as those commonly found in
complex-type glycans of the form HexNAcNHexN+1 with variable numbers of NeuAc.
Fragments were linked to the most likely structure based on the minimum number of bond
cleavages. Interestingly, a number of glycans containing the terminal Gal-α1–3–Gal structure,
an important immunogenic epitope were found. Sulfated glycans as well as pentasialylated
species were also identified. See Supplementary Material for more details.

Glycopeptide Analysis
Since recombinant-αhCG is a glycoprotein with than two glycosylation sites, the analysis of
the intact glycoprotein will determine the overall glycan composition, but not the specific
glycan structures attached to individual sites. Analysis at the glycopeptide level is necessary
to associate a particular glycan with a specific glycosylation site. A theoretical tryptic digest
of r-αhCG revealed that the glycosylation sites were found on two separate tryptic fragments,
allowing a straightforward determination of the glycans associated with a particular site.

A tryptic digest of r-αhCG was analyzed by nano LC-MS/MS in the data dependent mode on
the LTQ MS. Retention times of glycopeptides were first determined by analysis of the
deglycosylated tryptic peptides which generally have similar retention times to the
corresponding glycopeptides in reversed phase LC19. Compositions of glycans associated with
a specific glycosylation site are presented in Table S2, based on the glycopeptide molecular
weight and the list of identified glycans in Table S1. MS/MS spectra of glycopeptides were
analyzed to confirm the assignment of a given glycan structure.

Peak areas for glycopeptides were calculated from extracted ion chromatograms for masses
corresponding to all determined glycans with >1% abundance in Table S2 (a total of 18). The
peak areas were normalized to represent the percent abundance of a specific glycopeptide. As
discussed for the intact glycoprotein, peak areas represent an approximation of the real
abundances of glycopeptides since ionization efficiencies and distribution of charge states will
likely be dependent on the specific glycopeptide. As seen in Table S2, the majority of glycans
can be found on both glycosylation sites, though the differences in abundance can be
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substantial. For example, the glycan with composition HexNAc5Hex8NeuAc represents
roughly 30% of all forms for glycopeptide NVTSESTCCVAK (site N76) but only 2% for
VENHTACHCSTCYYHK (site N102). In addition to the glycopeptides, resulting from the 18
most abundant glycans, potential glycopeptide forms with sulfated or pentasialylated glycans
(Table S2) were searched for; however, these structures were not found, likely due to their low
abundances and low ionization efficiencies.

Analysis of Combined Data
Data from all three levels of analysis, i.e. intact protein, released glycan and glycopeptide, were
next combined to provide a detailed characterization of r-αhCG and to verify data consistency.
This combination increased the information available from the profiling results of the intact
glycoforms. In this analysis, it was assumed that structures identified for the released glycans
were the only species that contributed to the glycoforms of the protein. In order to confirm
compositions of suggested glycoforms, structures of all observed glycans, including those
below 1%, were used to generate a theoretical list of potential protein glycoforms. Assuming
that both glycosylation sites are occupied and that the same glycan could be attached to both
sites, the total number of combinations was calculated. A perl script was written to enumerate
all combinations of glycans and calculate the masses and total glycan compositions
corresponding to all theoretical glycoforms. A total of 528 combinations of the glycans were
calculated. If only one site were occupied, 32 additional glycoforms or a total of 560 were
assumed to be possible. . However, out of all 560 glycoforms, only 286 glycoforms would have
a unique glycan composition that could be distinguished by mass alone. Table S3 lists all
theoretical glycoform compositions and their masses.

Next, the calculated total glycan compositions were compared with the structures of all 60
glycoforms derived from the CE-MS analysis of the intact glycoproteins (Table S3). The
experimentally determined compositions were compared to the list of 560 theoretical structures
derived from observed glycans. It was found that the majority of high intensity protein
glycoforms could indeed be matched to theoretical glycan compositions. For example, the
intact protein glycoform labeled d in Figure 2A, with an average mass of 15,265 Da and total
glycan composition of HexNAc9Hex11NeuAc5, could be associated with a single combination
of glycans HexNAc4Hex5NeuAc2 and HexNAc5Hex6NeuAc3 (Table S1). However, it is
important to note that for many of the intact glycoforms, more than one combination of glycan
structures could to match the total glycan composition. For example, the intact protein
glycoform with a mass of 16,556 Da, peak q in Figure 2A, could be associated with 8 different
combinations of observed glycans with the same total glycan composition of
HexNAc12Hex17NeuAc4. This result is in part due to the complexity of r-αhCG glycosylation
in the murine cell line. Finally, not all observed 60 intact glycoforms could be matched to a
combination of glycans.

In the hope of determining which combination(s) of glycans actually corresponded to observed
glycoforms, when there was more than one possibility, we combined the data obtained from
the CE-MS analysis of the intact r-αhCG forms with site specific glycan information from the
glycopeptide analysis. For example, the r-αhCG glycoform with a glycan mass composition
HexNAc9Hex14NeuAc2 (Figure 2A, band a, mass 14,877 Da) could be matched to two
combinations of glycans: a) HexNAc4Hex6NeuAc and HexNAc5Hex8NeuAc and b)
HexNAc5Hex7NeuAc2 and HexNAc4Hex7. Since the intact glycoform with a molecular mass
of 14,877 Da was one of the most abundant forms, see Table 1, it is expected that the glycans
and glycopeptides associated with this glycoform should be also highly abundant. On the other
hand, since the total relative amount of glycan with the composition HexNAc4Hex7 is below
one percent (Table S1), this glycan was not considered to contribute to the highly abundant
glycoform a in Figure 2A. As a result, a single combination of glycans was considered for the
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site specific assignment in this case. For example, the glycan HexNAc4Hex6NeuAc is likely
present at site N102 because there is a 22% abundance compared to 4.5% on the other site
(Table S2). Similarly, HexNAc5Hex8NeuAc is likely present at site N76 because its relative
abundance is 30% compared to only 1.7% on site N102. Unfortunately, such site specific
glycosylation assignment could only be performed for a limited number of glycoforms because
most of the high abundant forms were associated with more than one combination of glycans.
Nevertheless, the determination of the glycan and glycopeptide compositions provided useful
additional information to the CE/MS profiling of the intact protein glycoforms.

We also briefly examined glycan compositions of low abundant intact protein glycoforms
migrating at longer times in the CE run, suggesting the presence of large numbers of sialic
acids (up to 9) in the intact glycoproteins, see Figure 2B (also Table S3). With only two
glycosylation sites in r-αhCG, one site must, presumably, contain at least 5 sialic acids, if the
total for the the glycoform were 9 sialic acids. Importantly, several structures with 5 sialic acids
were observed in the analysis of released glycans (Table S1). More detailed studies would be
needed to assign additional glycoform structures for this very complex recombinant protein.

Analysis of r-αhCG Expressed in CHO Cell Culture
Having examined the glycoforms of r-αhCG from a murine cell line, we briefly applied CE/
LTQ-FT-MS to characterize intact glycoforms of the same protein expressed in CHO cells. It
was expected that different cell lines and culture conditions could significantly alter the
glycosylation of r-αhCG. Recombinant-αhCG obtained from CHO cells was supplied in a
formulated form containing high concentrations of phosphoric acid and sucrose, substances
that are incompatible with CE analysis. To overcome this sample matrix effect, the protein was
purified from its excipients using molecular weight cutoff filters (see Experimental Section).

The intact forms of the desalted CHO sample were separated and analyzed by CE-MS (Figure
3). We found that the glycosylation of intact r-αhCG produced in a CHO cell line was indeed
far less complex (Figure 3A) than the protein expressed in mouse cells (Figure 1A), as seen in
the smaller number of electrophoretic peaks observed. Using the high mass accuracy of the
FT-MS, compositions of major intact protein glycoforms were determined, see Table 2. The
glycosylation was found to be limited to only several forms primarily differing in the number
of sialic acids. Based on the separation pattern and high mass accuracy, glycoforms with up to
5 sialic acids were derived from the CHO-derived product, in contrast to glycoforms from the
mouse cell line which contained up to 9 sialic acids. The analysis further revealed that CHO
cells derived r-αhCG contained mainly bi- and triantennary glycans, with up to three sialic
acids.

Comparison of the CE-MS profiling for CHO cell derived r-αhCG with those for murine
derived r-αhCG indicates that there are dramatic differences between the two cell lines,
emphasizing the importance of selection of the proper cell line (and conditions) to achieve the
desired glycosylation pattern. Interestingly, based on calculated compositions, one of the high
abundant glycoforms (molecular mass of 12,404 Da) from the CHO cell line could be matched
to the glycan composition HexNAc4Hex5NeuAc2, likely representing a single N-linked glycan
with the other site on the protein unoccupied. This assignment is consistent with the migration
position of this glycoform, as it migrates between the form with two glycans with one sialic
acid (13,373 Da, HexNAc10Hex8NeuAc) and the form with two glycans with two sialic acids
(14,028 Da, HexNAc10Hex8NeuAc2). The results illustrate that intact glycoprotein analysis
by CE-MS can provide a rapid means for profiling changes in glycosylation. In summary, it
was found, as expected, CHO derived proteins have much simpler glycosylation patterns than
those derived from the murine cell culture.
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Conclusions
We have described in this paper the use of high resolution CE/LTQ-FT-MS for the profiling
of the intact glycoforms of r-αhCG produced in a murine cell line, followed by a brief
comparison to the product produced in a CHO cell line. The studies demonstrate that the high
resolution CE/MS method can be rapid and information rich, although the direct assignments
of glycosylation sites might be challenging due to a high number of possible isomeric
structures. Nevertheless, the studies suggest that CE/MS can be an important tool for rapid
assessment of the recombinant product quality either for product release or for in-process
control. In future studies, additional glycoproteins can be examined using this approach with
the FT-MS or an alternative high resolution MS instrument such as the Orbitrap or newer high
resolution qTOFs. Nevertheless, in agreement with other studies7, the effectiveness of the CE/
MS method in its role in glycoprotein characterization has been demonstrated. Finally, high
resolution techniques, as described in this paper, can also play a role in assessing comparability
of a glycoprotein therapeutic a biosimilar to an innovator product22. Unlike analysis using
cIEF, commonly employed for assessment of intact glycoform abundance, CZE can separate
glycoforms not only based on charge but also on size and shape. In addition, while not observed
in this study, CE/MS has the potential to determine glycosylation along with modifications
such as oxidation or protein backbone truncation.
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Figure 1. Demonstration of the high resolution separation of intact r-αhCG derived from a murine
cell line using CE/MS
A) Total ion current, (B)–(D) selected extracted ion electropherograms. See text for more
details.
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Figure 2. CE/MS analysis of r-αhCG produced from a murine cell line
A) Annotation of mass differences between high intensity glycoforms are indicated. High
intensity glycoforms are labeled with a letter (Table 1) and an average molecular weight; B)
log-intensity plot of separation. Numbers indicate the number of sialic acids for the glycoforms.
Dotted lines show approximate boundaries for 8+,9+ and 10+ charge states.
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Figure 3. CE/MS analysis of r-αhCG produced in CHO cells
A) Total ion electropherogram. (B)–(E) extracted ion electropherograms for individual high
level glycoforms. Other conditions as in Figure 2.
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