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Abstract

To characterize the structures of N-glycans derived from human serum, we report a strategy that
combines microchip electrophoresis, standard addition, enzymatic digestion, and matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS). We compared: (i) electrophoretic
mobilities of known N-glycans from well-characterized (standard) glycoproteins through standard
addition, (ii) the electrophoretic mobilities of N-glycans with their molecular weights determined
by MALDI-MS, and (iii) electrophoretic profiles of N-glycans enzymatically treated with
fucosidase. The key step to identify the sialylated N-glycans was to quantitatively neutralize the
negative charge on both a2,3- and a.2,6-linked sialic acids by covalent derivatization with
methylamine. Both neutralized and nonsialylated N-glycans from these samples were then reacted
with 8-aminopyrene-1,3,6-trisulfonic acid (APTS) to provide a fluorescent label and a triple-
negative charge, separated by microchip electrophoresis, and detected by laser-induced
fluorescence. The methylamidation step leads to a 24% increase in the peak capacity of the
separation and direct correlation of electrophoretic and MALDI-MS results. In total, 37 unique N-
glycan structures were assigned to 52 different peaks recorded in the electropherograms of the
serum samples. This strategy ensures the needed separation efficiency and detectability, easily
resolves linkage and positional glycan isomers, and is highly reproducible.
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Introduction

Nearly two decades ago, the first link between changes in glycosylation and the onset and
development of cancer was established.1=* These altered patterns in glycosylation can be
expressed on serum proteins as an immunological response, on acute-phase proteins
synthesized by the liver and secreted into the blood, and on membrane-bound proteins of
tumor cells which may be shed into the blood stream. Consequently, identification and
reliable quantitation of glycans derived from serum samples may lead to non-invasive
analytical methods for cancer diagnostic and prognostic measurements. An important step
towards developing accurate screening methods is to determine which glycans are impacted
most by the disease and how the glycan profile changes during early stages and progression
of the disease. Consequently, we need to accurately quantify changes in the glycosylation
profile and to demonstrate if what is measured actually correlates to a disease state.

Mass spectrometry (MS) methods effectively track alterations in glycan profiles associated
with various cancers, including breast cancer,>=9 ovarian cancer,10-12 prostate cancer,13-14
hepatocellular carcinoma,® colon cancer,1® pancreatic cancer,1’-18 and esophageal
adenocarcinoma.1® These MS-based methods are well-suited for structural characterization
of unknown glycans and high-throughput analysis of known glycan structures, but do not
readily distinguish among the structural isomers of various glycans. On the other hand,
capillary-29-27 and microchip-based?8-32 electrophoresis provide sufficient separation
efficiency to easily resolve glycans and their positional and linkage isomers,25-29.:31
Moreover, electrophoretic-based methods have been used to characterize N-glycans from
therapeutic and immunological proteins,24-26:33 to diagnose liver disease noninvasively,30:34
and to compare N-glycan profiles from control groups and patients with esophageal
adenocarcinoma32 and ovarian cancer.3®

However, reliable methods are still needed to identify N-glycans resolved by capillary
electrophoresis (CE). One method to identify N-glycan structures in CE separations is to
compare the electrophoretic mobilities of unknown samples and purified standards.21:36-37
Although this strategy is straightforward, availability of well-characterized glycan standards
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is limited. Full enzymatic sequencing allows comprehensive structural determination of N-
glycan mixtures,25-26:34.38-39 ht is both time and labor intensive, especially when sample
complexity is high. Another method is glucose unit (GU) analysis*®-43 where an
oligoglucose ladder is used as a migration standard. A GU value is calculated from the
migration time of the N-glycan of interest relative to the migration times of the leading and
trailing oligoglucose peaks. GU values of known and unknown structures are then compared
to identify the unknown structure. However, as discussed below, fluctuations between
migration times of standards and unknowns can lead to misidentification. More recently,
some N-glycan structures have been identified by direct hyphenation of CE with MS through
electrospray ionization (ESI).44-47 With CE-MS, we are not yet able to resolve structural
isomers with sufficient sensitivity to identify the same serum N-glycans reported here. This
shortfall in separation efficiency is due, in part, to a mismatch in optimum buffer
compositions for CE and MS and band-broadening attributed to the ESI interface.

To identify N-glycans derived from serum samples, we correlate here various sets of data
from microchip electrophoresis and MALDI-MS. The first step is to ensure the N-glycans
separated by microchip electrophoresis vary systematically with their hydrodynamic
volumes. Because terminal sialic acid (N-acetylneuraminic acid) residues carry a negative
charge and are present in many glycan structures, we want to neutralize this additional
charge prior to fluorescent labeling of the samples with 8-aminopyrene-1,3,6-trisulfonic acid
(APTS).48 Often, sialic residues can be neutralized by methylamidation*? and other
chemical modifications, e.g., permethylation,59-51 to prevent their dissociation from glycan
structures and improve detection sensitivity during MS analysis. Here, we adapt a similar
strategy to neutralize the charge of both a2,3- and a.2,6-linked sialic acids by covalent
derivatization with methylamine. Consequently, the methylamidated N-glycans carry solely
the triple-negative charge from the APTS label, so their migration order is based purely on
their hydrodynamic volume (or size).

With N-glycans from several well-characterized (standard) glycoproteins, we confirmed that
the electrophoretic mobility varied systematically (mostly linearly) with the molecular
weight determined by MALDI-MS of derivatized N-glycans. N-Glycan structures from other
common glycoproteins were assigned by correlating electrophoretic mobilities with
molecular weights and relevant information from previous reports for fibrinogen,>2
immunoglobulin G,26:53-55 riponuclease B,°® haptoglobin,>” lactoferrin,8 and a-1-acid
glycoprotein.*9:59 With this suite of 36 N-glycan standards, we used standard addition to
identify a majority of the structures in the electropherograms of the serum samples. For
peaks without a corresponding standard N-glycan, the MALDI-MS data provided insight as
to whether a particular N-glycan could be present in the sample. Additionally, unique
isomers were assigned to individual peaks in the electropherogram by comparing our results
with structures and intensities reported in the literature and the migration order of known
sialic acid isomers. To resolve or confirm several ambiguous assignments, we treated the
samples with fucosidase to differentiate between fucosylated and non-fucosylated structures.
In total, we assigned 37 distinct N-glycan structures to 52 different detectable peaks from
the serum samples, which include some positional and linkage isomers.
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Experimental Section

Materials

We purchased the following materials: high-purity 8-aminopyrene-1,3,6-trisulfonic acid
(APTS) from Beckman Coulter, Inc.; 2,3-sialyllactose and 2,6-sialyllactose from Carbosynth
Ltd.; peptide-N-glycosidase F (PNGase F) of Chryseobacterium menigosepticum (EC
3.2.2.18) from Northstar BioProducts; a(1-2,3,4,6) fucosidase (bovine kidney; GKX-5006
kit) from ProZyme, Inc.; haptoglobin from Abcam; human a-1-acid glycoprotein (AGP),
human fibrinogen, human immunoglobulin G (1gG), bovine lactoferrin, and bovine
ribonuclease B (RNase B) from Sigma-Aldrich Co.; and activated carbon and amino (NH2)
micro-spin columns from Harvard Apparatus. All other chemicals were purchased from
Sigma-Aldrich Co. Human serum samples were purchased from BioreclemationlVVT and
also obtained from an experimental drug trial from patients with late-stage recurrent ovarian
cancer.0 The sample collection was approved through institutional review board-approved
clinical protocols (HOG-Breast120 and HOG-Gyn062).

Preparation of N-Glycan Samples

N-Glycans were enzymatically cleaved from standard and serum glycoproteins with PNGase
F and purified.35 For methylamidation of sialic acids on N-glycans,*® we modified the
protocol to minimize sample loss and maximize purity. Dried samples of sialyllactose (0.5
ug) and N-glycans derived from serum and standard glycoproteins were dissolved in 5 pL of
dimethyl sulfoxide (DMSQO) containing 2 M methylamine hydrochloride and 1 M 4-
methylmorpholine. Subsequently, 5 uL of 100 mM (7-azabenzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP) in DMSO was added to
these samples. The reaction proceeded for 60 min under ambient conditions and was
quenched with 240 pL of an 85:15 acetonitrile (ACN)/H20 solution, and the N-glycans were
purified with amino (NH2) micro-spin columns. Briefly, micro-spin columns were
conditioned with three 300-pL aliquots of a solution composed of H2O/ACN/TFA (95:5:0.1)
and equilibrated with three 300-pL aliquots of the 85:15 ACN/H20 solution. The samples
were loaded onto the columns, the columns were centrifuged, the sample solution was
collected in microcentrifuge tubes and reloaded onto the columns, and the entire process was
repeated. The samples were washed with two 200-pL aliquots of the 85:15 ACN/H20
solution and finally eluted with 300-pL of a 20:80 ACN/H20 solution. Samples requiring no
further treatment or derivatization were labeled with APTS%8 by established procedures?® to
impart a negative charge for electrophoresis and a fluorescent tag for detection.

N-Glycan Treatment with a Non-Specific Fucosidase

Several samples of methylamidated N-glycans derived from serum, IgG, and haptoglobin
were enzymatically treated with a fucosidase prior to electrophoretic analysis. These
samples were first dissolved in 2 pL of a 5% reaction buffer from the GKX-5006 kit (sodium
citrate phosphate, pH 6.0) and then incubated with 8 pL of a.(1-6) fucosidase enzyme at

37 °C for 48 h. After incubation, the samples were purified by solid-phase extraction on
activated carbon columns, vacuum dried, and then labeled with APTS.
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Fabrication and Operation of Microfluidic Devices

MALDI-MS

The microfluidic devices were fabricated in glass substrates?%35 and had a serpentine
channel with a 22-cm separation length and asymmetrically tapered, 180° turns (Figure
1b).51 To minimize electroosmotic flow and prevent sample adsorption, the microchannels
were coated with linear poly(acrylamide). Samples were introduced into the analysis
channel by standard and modified pinched injections?%:62 and detected by laser-induced
fluorescence with excitation from the 465-nm line of an argon ion laser (Melles Griot, Inc.).
Peak areas and migration times were extracted from the electropherograms by fitting the
peaks with a Gaussian function in OriginPro 2015.

For MALDI-MS analysis,2 the samples were interrogated in positive-ion mode by an
Applied Biosystems 4800 MALDI-TOF/TOF mass spectrometer in the m/z range from 1500
to 5000. Spectra were acquired from a total of 1000 laser shots for each sample, spotted in
triplicate. Spectra were baseline corrected, filtered, and converted to text files in Data
Explorer 4.0. The data were normalized by expressing the intensity of each glycan ion as a
percentage of the total intensity for all glycans in the spectra. N-Glycan structures and
expected masses were drawn and calculated, respectively, with GlycoWorkBench software.

Results and Discussion

Neutralization of the Charge on a2,3- and a2,6-linked Sialic Acids by Methylamidation

N-Glycans often contain terminal sialic acids, N-acetylneuraminic (NeuAc) or N-
glycolylneuraminic acid (NeuGc). After enzymatic release and purification of N-glycans, the
charge on both a2,3- and a.2,6-linked sialic acids was neutralized by covalent derivatization
with methylamine (Figure 1a). Following this derivatization step, the electrophoretic
migration order of the glycans is based on their hydrodynamic volume. Without derivation,
the electrophoretic mobilities of similarly sized N-glycans can vary dramatically if one or
more sialic acids with their associated charges are present. To evaluate the methylamidation
reaction, 2,3-sialyllactose and 2,6-sialyllactose were used as model compounds and were
analyzed by positive-ion mode MALDI-MS (Figure S1a-b in Supporting Information) and
microchip electrophoresis (Figure S1c in Supporting Information). The results from this
reaction are indicative of quantitative derivatization of both a.2,3- and a.2,6-linked sialic
acids. The reaction is also carried out under mild reaction conditions, i.e., pH 8 and ambient
temperatures, which further minimizes undesired byproducts.

Microchip Electrophoresis of Methylamidated N-Glycans

For electrophoretic analysis and fluorescence detection, the methylamidated N-glycan
structures must be compatible with subsequent labeling of the reducing end GIcNAc with 8-
aminopyrene-1,3,6-trisulfonic acid (APTS).#8 Chemical derivatization to neutralize the
charge of sialic acids** and fluorescent tagging with APTS are both quantitative and, as
shown here, can be used in combination. All samples in this study were analyzed in 50 mM
HEPES buffer (pH 6.8) with the microfluidic device shown in Figure 1b with a 22-cm long
separation channel that was operated at 1250 V/cm.
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Our derivatization strategy is illustrated through electrophoretic analysis of 2,3-sialyllactose
and 2,6-sialyllactose and N-glycan samples derived from RNase B, fibrinogen, and human
serum. After the samples were treated with methylamine and labeled with APTS, the
electrophoretic separations provided excellent resolution between linkage isomers, e.g., 2,3-
sialyllactose and 2,6-sialyllactose (Figure S1c), and positional isomers, e.g., mannose 7 and
8 isomers (Figure S2c in Supporting Information). In the separation of N-glycans from
fibrinogen (Figure S2a—b in Supporting Information), the shift to longer migration times and
switch in migration order are dramatic for N-glycans with one and two sialic acids.

Note that the high-mannose structures do not have sialic acids, but were subjected to the
same amidation reaction as a control. Because the methylamidation reaction did not impact
analysis of the N-glycans from RNase B, these glycans were spiked into all samples prior to
analysis and used as a migration reference to manually align electropherograms to minimize
migration time variation from small fluctuations in temperature, buffer composition, and
separation conditions. Initially, we tested an oligoglucose ladder as an internal standard and
intended to calculate glucose units for the N-glycans derived from serum. However, for
reasons unknown to us, addition of the oligoglucose ladder to the serum N-glycan samples
resulted in irreproducible, random shifts in migration times in the electropherograms that
could not be corrected with internal standards. Because accurate glucose units could not be
calculated, we were not able to compare our results to other reported data.

Human serum contains a variety of N-glycan structures, both sialylated and non-sialylated
(neutral). After being labeled with APTS, each N-glycan gains a -3 charge, in addition to
any native charge present from sialic acids. For non-methylamidated N-glycans with sialic
acids, this variation in the number of charges on each N-glycan adds complexity to
electropherogram (Figure 2a), in which there are a large number of peaks corresponding to
structures with one to four or more sialic acids, all migrating in the window from 67 to 72 s.
Without extensive enzymatic digestion and analysis of the native serum N-glycans,
deconvolution and assignment of structures in the electrophogram are difficult. After
neutralization of the native charge by methylamidation, structures with one or more sialic
acids shift to longer migration times, effectively inverting the migration order (Figure 2b) of
these sialylated structures. Structures not containing sialic acids (neutral structures) are not
affected by the methylamidation reaction, which results in consistent migration times before
and after this derivatization step, as indicated in Figure 2. In addition to a migration order
that correlates directly with hydrodynamic volume, the shift of sialylated structures to longer
migration times also expands the migration window without a loss in separation efficiency.
This larger window contributes to an increase in peak capacity from 85 peaks to 105 peaks,
an increase of 24%.

Correlation of Hydrodynamic Volume (Size) and Molecular Weight

After covalent derivatization of N-glycan samples with methylamine, the negative charge on
the sialic acids is neutralized, and after fluorescent labeling with APTS, all N-glycan
structures have the same effective charge (i.e., -3 from APTS at pH 6.8). Consequently, the
migration order of the N-glycans is based solely on their hydrodynamic volume (size).
Additionally, the change in mass of the glycan structures after derivatization with
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methylamine, i.e., 13 Da for each sialic acid, does not significantly influence the
electrophoretic mobility. Figure 3 shows the correlation of average electrophoretic mobility
and molecular weight of methylamidated N-glycans that were derived from immunoglobulin
G and human serum that are either neutral or contain = 1 sialic acids. For N-glycans with
more than one structural isomer, the average electrophoretic mobility of these isomers is
plotted. To spot-check proper alignment of the data in Figure 3, we compared the
electrophoretic mobilities of the peaks with the largest areas in the electropherograms with
the molecular weights of the most intense peaks in the MALDI spectra. Table S1 in the
Supporting Information lists the N-glycan structures under consideration and their relative
intensities and peak areas. To calculate the estimated electrophoretic mobilities, the data in
Figure 3 were fitted with linear regressions, and the fit parameters are reported in Table S2
in the Supporting Information.

Similar, but separate, linear trends are observed for bisected and non-bisected N-glycans.
The bisected structures have a smaller hydrodynamic volume and, consequently, a higher
electrophoretic mobility than a non-bisected structure of similar molecular weight. This
unique correlation between electrophoretic mobility and molecular weight can help identify
whether an unknown structure is bisected. Underivatized N-glycans with one or more sialic
acids do not exhibit similar correlations due to considerable variation in the charge on these
structures. Because electrophoretic separations easily resolve small differences in the
hydrodynamic volumes of N-glycans, structural isomers of both bisected and non-bisected
structures can be readily separated, which is difficult with MS-based analysis. Also, as seen
in Figure 3, fucosylated and nonfucosylated N-glycans with similar molecular weights have
comparable electrophoretic mobilities. Several derivatization strategies®*>7:63-65 have been
employed for the separation of sialic acid isomers with MS analyses, but isomers with other
monosaccharides remain beyond the scope of current non-MS"-based techniques.

Structural Identification of Serum N-Glycans

We identified the structures shown in Figure 4 through a multi-step process. We compared
the electrophoretic mobilities of N-glycans from standard glycoproteins through standard
addition. These standard glycoproteins included fibrinogen, lactoferrin, AGP, IgG,
haptoglobin, and RNase B. We also analyzed the same serum samples by MALDI-MS to
determine what structures were present and their relative intensities. The electrophoretic
mobilities of the methylamidated N-glycans were then correlated with molecular weights of
N-glycans determined by MALDI-MS. To help resolve ambiguous assignments, 19G,
haptoglobin, and serum samples were enzymatically treated with a fucosidase, and
electropherograms prior to and after enzymatic treatment were compared.26:52:55-56

Fibrinogen,2 1gG,26:53-55 and ribonuclease B°® have been previously characterized in
substantial detail which allowed for a relatively simple assignment of structures reported in
the literature to peaks in our electropherograms. Haptoglobin,>’ lactoferrin,%8 and AGP49:59
proved to be more complicated sources of N-glycan structures to identify in serum due to
less rigorous enzymatic studies and large, multiply sialylated structures. Electropherograms
from these glycoproteins were analyzed by comparing reported structures and intensities, if
available, for each glycoprotein to electropherograms and MALDI-MS spectra for the same
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samples. Haptoglobin and AGP also contained several structures with multiple possible
isomers. Because each glycan is labeled with a single fluorophore, the relative peak areas in
the electropherograms can be compared quite reliably. However, the relative intensities of
MALDI-MS data are not quantitative and could not be directly compared to the peak areas
of the electropherograms (see Table S1 in the Supporting Information for a comparison of
the relative intensities). After a library of structures from each glycoprotein was generated,
the electrophoretic mobilities of N-glycans from these glycoproteins were matched to peaks
from the serum sample.

Further structural assignments were refined through the use of fucosidase-treated 1gG. Due
to the presence of several sets of peaks that were identified as containing both fucosylated
and nonfucosylated N-glycans, the enzyme fucosidase was used to further separate these
structures and definitively assign structures to each peak. IgG was used as a simple analog of
serum to optimize reaction conditions and confirm expected peak shifts. For serum samples,
peaks corresponding to fucosylated structures and their de-fucosylated forms were
monitored for their relative peak area reductions and increases, respectively. If the peak
behavior was in agreement with behavior of a fucosylated N-glycan, the structural
assignment remained unchanged. Conversely, if the peak area did not decrease after
enzymatic treatment, neighboring peaks were monitored, and in some cases, the structural
assignment was revised.

Figure 4 shows the culmination of these structural assignments with an annotated
electropherogram, which has been separated into non-fucosylated structures (Figure 4a) and
fucosylated structures (Figure 4b) for clarity. The numbered peaks correspond to peaks that
have been identified as being comprised of both fucosylated and non-fucosylated structures
with mobilities similar enough that we could not distinguish them. Enzymatic treatment with
fucosidase resulted in a decrease in the peak area, but a portion of the peak remained after
treatment. Also, in several instances, structures are shown with core fucosylation. These
structures may be fucosylated on the antennae; however, the standards, e.g., 19G, used to
determine peak position have only core fucosylation. In total, 37 unique structures were
assigned to 52 different peaks, which include positional and linkage isomers of the 37
unique structures.

Conclusion

In conclusion, we demonstrated that the charge on a2,3- and a.2,6-linked sialic acid
containing N-glycans can be effectively neutralized by covalent derivatization with
methylamine prior to fluorescent labeling with APTS. These modifications allowed the
structures of serum N-glycans to be identified by comparing the electrophoretic mobilities
from microchip electrophoresis and molecular weights of structures identified in the same
samples by MALDI-MS analysis. Because both methylamidation and fluorescent labeling
reactions are quantitative, electrophoretic analysis of serum samples can be used to
determine quantitative differences among specific N-glycans structures from patients with
cancer and disease-free individuals. More importantly, structural identification of N-glycans
that change as a function of disease-state is necessary for biomarker discovery and
validation.
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N-Glycans are attached to protein backbones through N-acetylglucosamine (GIcNAc; blue
square) and often contain terminal N-acetylneuraminic acids (NeuAc or sialic acids; purple
diamond). (a) After N-glycans are extracted from blood serum samples with PNGase F
(cleaved), the sialic acids are neutralized by covalent derivatization with methylamine, and
the reducing end of GIcNAc is labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS;
derivatized). Other symbols represent mannose (green circle), galactose (yellow circle), and
fucose (red triangle). These samples are analyzed on (b) a microfluidic device that has a
serpentine channel with a separation length of 22 cm and two asymmetrically tapered 180°

turns with taper ratio 3.
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Figure 2.

Electropherograms of (a) native and (b) methylamidated N-glycans derived from serum
samples. The methylamidated N-glycans with neutralized sialic acids shift to longer
migration times (lower electrophoretic mobilities) compared to the native N-glycans. A
region of peaks that overlaps between the two separations from 80 and 96 s indicates many
of these peaks correspond to non-sialylated N-glycans because their migration times are
unaffected by the neutralization reaction. The electric field strength was 1250 V/cm, the
separation length was 22 cm, and the samples were labeled with APTS. The y-axis is in
arbitrary units of fluorescence.

Anal Chem. Author manuscript; available in PMC 2017 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mitra et al.

Page 14

= ® = fucosylated
2.1- O o nonfucosylated
Y Eg®
o I T &
~ = o
& %
R, L = & bisected
T nonbisected o=
S ]
o
= 1.7 4
3 ¥ e
= =
* e
L —
1200 1600 2000 2400

molecular weight (Da)

Figure 3.
Variation of average electrophoretic mobility (Hep) with molecular weight for

methylamidated N-glycans derived from IgG and serum. Electrophoretic mobilities from the
separations can be compared to the molecular weight of N-glycan structures that have been
neutralized by methylamidation or do not contain sialic acids. Bisected structures have
higher mobilities than non-bisected structures of similar molecular weight, whereas
fucosylated and nonfucosylated structures of similar molecular weight have similar
mobilities. Underivatized N-glycans that contain = 1 sialic acids do not exhibit the same
correlation between electrophoretic mobility and molecular weight. Error bars are +o for n =
3 replicate injections.
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Figure4.
Electropherogram labeled with (a) non-fucosylated and (b) fucosylated N-glycans derived

from serum. N-glycan structures were identified by matching their electrophoretic mobilities
with known N-glycans and correlating their electrophoretic mobilities with molecular
weights determined by MALDI-MS. Known N-glycans were derived from fetuin,
haptoglobin, a-1 acid glycoprotein, lactoferrin, immunoglobulin G, and ribonuclease B.
Peaks 6, 13, and 16 are identified as containing both fucosylated and non-fucosylated
structures. The electric field strength was 1250 V/cm, the separation length was 22 cm, and
the samples were labeled with APTS. The y-axis is in arbitrary fluorescence units. See
Figure 1 for definitions of monosaccharide symbols.
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