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Abstract

The study of protein glycosylation in biological fluids and tissues has substantial medical
importance, as changes in glycan structures have now been associated with a number of diseases.
Quantification of glycomic-profile changes is becoming increasingly important in the search for
disease biomarkers. Here, we report a highly reproducible combination of a glycomic sample
preparation/solid-phase derivatization of glycoprotein-derived N-linked glycans with their
subsequent microchip-based separation and mass-spectrometric (MS) measurements. Following
our previously-described reductive pB-elimination for O-linked glycans with ammonia-borane
complex to reduce N-linked structures, the N-linked alditol structures are effectively methylated in
dimethylformamide medium to avoid artefacts in MS measurements. Reversed-phase microfluidic
liquid chromatography (LC) of methylated N-linked oligosaccharide alditols resolved some
closely related structures into regular retention increments, aiding in their structural assignments.
Optimized LC gradients, together with nanospray MS, have been applied here in the quantitative
measurements of N-linked glycans in blood serum, distinguishing breast cancer patients from
control individuals.
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Introduction

Biomolecular mass spectrometry (MS), namely the matrix-assisted laser desorption/
ionization (MALDI)! and electrospray ionization (ESI), has preceded many important
developments in proteomics, lipidomics, glycomics, and other “-omics” fields of the life
sciences. Glycosylation, the most common protein modification (present on at least 50% of
the proteins in the human proteome), participates in many critical biological functions,
including immune responses, cell development, cellular differentiation and adhesion, and
even host-pathogen interactions. Modern bioanalytical techniques have supported a further
important area of study: aberrant changes in glycosylation. Alterations to the usual glycomic
profile of humans have been associated with several different cancers, including breast,3-
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prostate,6;7 liver,82 and ovarian,!%!! and unusual glycan ratios could be recorded for these
diseases.

The quest for potential glycan biomarkers now demands the development of highly-sensitive
and reproducible sample preparation, separation, and MS methods to observe the often-times
subtle, yet significant, changes to the overall glycomic profile. In contrast to the well-
developed protocols in proteomics, where the MS analyses are relatively facile, due to the
ease at which peptides and proteins ionize, glycan solutes lack a basic site that permits
ionization with a comparable efficiency.!? Increasing the sensitivity of MS measurements
has thus been a key area of research in glycomics.

Methylation of glycans, originally developed in 1964 by Hakomori,!3 has been refined by
many researchers over the years. The method developed by Ciucanu and Kerek!# (later
updated by Ciucanu and Costello!) is practiced in numerous laboratories, offering several
analytical advantages. Methylation results in an increased yield of ionization, thus increasing
the overall MS sensitivity by up to 20 times,'® while methylated glycans are rendered
neutral, allowing the simultaneous detection of both neutral and acidic structures in the
positive-ion mode. It also stabilizes these molecules, minimizing in-source and post-source
decay processes. Tandem MS analyses are also improved through more predictable
fragmentation patterns and increased cross-ring cleavage reactions.!7:18

However, the traditional slurry-based method of methylation often falls short of the
requirements of many biological samples where many glycan entities are expected to be
present at low-picomole to femtomole levels. The problems associated with these methods,
including oxidative degradation and “peeling” reactions, when analyzing minute quantities
of sample, were overcome through the development of the solid-phase methylation methods,
19320 allowing the analysis of trace-level constituents in such samples.

Improving the overall ion yield is only one aspect in the overall analysis of glycans. When
present with other sample constituents, methylated glycans may still suffer from a
competitive ionization in the ion source of a mass spectrometer, hindering the observation of
many trace-level analytes that may be present. Perhaps the most effective approach to
minimize the adverse effects from competitive ionization is the use of a separation technique
prior to the final MS analysis. Separation of glycans has been accomplished by many
different methods, including porous-graphitized carbon,!9:21-31 hydrophilic interaction
chromatography,32-37 normal-phase chromatography,*#-43 and high-performance anion-
exchange chromatography.*4-47 Given the advantages of methylation and the availability of
new separation media, it is somewhat surprising that only a few detailed reports exist for the
LC-MS analysis of methylated glycans.*8:4°

Here, we report yet another alternative, namely the development of a method for a chip-
based, reversed-phase LC-MS analysis of methylated N-glycan alditols derived from the
glycoproteins present in human blood serum. The enzymatically-released N-linked glycans,
derived from glycoproteins in a 1-pL aliquot of human blood serum, were first reduced to
alditols quickly and efficiently using a protocol based on our previously-reported method for
the reductive p-elimination of O-linked oligosaccharides with ammonia-borane complex.>?
Alditols were then solid-phase methylated in dimethylformamide and subjected to a
microchip-based reversed-phase LC. The method was then applied to N-linked glycan
samples derived from the sera of 15 Stage IV breast cancer patients and 15 cancer-free
control patients. The resulting data were analyzed by single-variable analysis of variance
(ANOVA) and receiver operating characteristics (ROC) procedures to implicate certain N-
linked glycans as potential biomarkers for breast cancer.
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Experimental

Materials

Empty spin columns, graphitized carbon, and Cg microspin columns were obtained from
Harvard Apparatus (Holliston, MA). Sodium hydroxide beads, model glycoproteins, trypsin
(proteomics grade), methyl iodide, f-mercaptoethanol, formic acid (FA), and ammonia-
borane complex were acquired from Sigma-Aldrich Co. (St. Louis, MO). Water, chloroform,
sodium phosphate, dimethylformamide (DMF), and trifluoroacetic acid (TFA) were
products of EMD Chemicals, Inc. (Gibbstown, NJ) while acetonitrile (ACN) and methanol
originated from J.T. Baker (Phillipsburg, NJ). Sodium dodecylsulfate (SDS) was purchased
from Bio-Rad Laboratories (Hercules, CA). PNGase F, used to release N-linked glycans
from proteins, was acquired from Associates of Cape Cod, Inc. (East Falmouth, MA). The
MALDI matrix, 2,5-dihydroxybenozic acid, was received from Alfa Aesar (Ward Hill, MA)
and Nonidet P40 was purchased from Roche Diagnostics (Indianapolis, IN)

Blood Serum Samples

Blood samples were collected from cancer-free female volunteers and female patients
diagnosed with late-stage breast cancer by a clinical team according to an institutional
review board-approved clinical trial. The samples were age-, race-, and sex- matched.
Venous blood samples were acquired during the morning fasting state, with minimal stasis,
into evacuated tubes. After at least 30 min, but within 2 h, the tubes were centrifuged at 20
°C for 12 min at 1200 g. The serum samples were stored at -80 °C, in plastic vials, until
needed.

N-linked Glycan Release and Purification

The N-linked glycans derived from the model glycoprotein, bovine fetuin, and human blood
serum samples were liberated in a similar manner. A 1-pug/pL stock solution of bovine fetuin
was prepared in a 10 mM sodium phosphate buffer (pH = 7.5). A 2-uL aliquot of the fetuin
solution or a 1-pL aliquot of human blood serum (after centrifugation at 16,000 g for 10 min
at 4 °C) was transferred to a clean microcentrifuge tube and a 1-uL aliquot of trypsin (1 pg/
pL) was added. Tryptic digestion, used to increase solubility of the serum proteins described
later in the procedure, was allowed to proceed for 1 h at room temperature. To terminate the
digestion and to induce further denaturation and reduction of disulfide bonds, a 30-uLL
aliquot of a solution composed of 0.11%/0.11% SDS/p-mercaptoethanol in a 10 mM sodium
phosphate buffer (pH = 7.5) was added and the samples were incubated at 60 °C for 1 h.
After cooling the samples to room temperature, 3.6 uL. of a 10% Nonident P40 solution were
added, resulting in a final concentration of 1.0%. After allowing the solutions to equilibrate
for 5-10 min at room temperature, a 2-uL aliquot of PNGase F (diluted 1:10) was added and
the samples were incubated for 18 h at 37 °C.

The recovery and purification of the released glycans were accomplished using a two-step
solid-phase extraction procedure. First, C;g microspin columns (Harvard Apparatus,
Holliston, MA) were employed to remove proteins, peptides, and other hydrophobic
components. The columns were first washed with 400 pL of an 85%/25%/0.1% ACN/water/
TFA solution three times, followed by 400 puL of a 95%/5%/0.1% water/ ACN/TFA solution
three times, prior to the application of the sample. The centrifuge tubes were washed with
100 pL of a 95%/5%/0.1% water/ACN/TFA solution twice to minimize sample losses and
each wash was added to the appropriate microspin column. The columns were then
centrifuged at 1,000 rpm for 1 min and the samples were reapplied two additional times.
After the final centrifugation, the media were washed twice with 100 pL of a 95%/5%/0.1%
water/ACN/TFA solution to ensure a maximum recovery of the N-linked glycans, which
were not retained by the stationary-phase medium. Following C;g purification, the glycan-
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containing solutions were further purified by employing graphitized-carbon microspin
columns (Harvard Apparatus, Holliston, MA). These spin columns were prepared for use as
previously described for the Cg microspin columns and the samples were passed through
the media a total of three times, each time for 1 min at 2,000 rpm. Salts were removed by
washing the media with 200 puL of a 95%/5%/0.1% water/ACN/TFA solution twice. The
glycans were then eluted with two 200-pL aliquots of a 25%/75%/0.1% ACN/water/TFA
solution. The samples were then vacuum-centrifuged to dryness.

N-linked Glycan Reduction

After vacuum centrifugation and solvent evaporation, the N-linked glycans were reduced to
alditols using a procedure based on our previously-published protocol for B-elimination of
O-linked glycans.>®>! An aqueous solution of 10 pg/uL. ammonia-borane complex was
prepared, a 10-pL aliquot was added to each N-glycan sample, and the samples were
incubated for 1 h at 60 °C. Next, the samples were allowed to cool to room temperature and
any remaining ammonia-borane complex was destroyed by the addition of three 1-uL
aliquots of acetic acid, added every 30-45 min. The resulting borane salts were then
removed as their methyl esters by the addition of three 100-pL aliquots of methanol,
followed by vacuum centrifugation.

Spin-column Methylation

Reduced N-linked glycan samples were methylated using a static solid-phase methylation
procedure. (Our previous solid-phase methylation procedures utilized flow (generated by
either a syringe pump!? or by centrifugation2?) of the reaction mixture over the beads. In
this approach, to increase the reaction time, flow was not utilized.) Briefly, spin-column
reactors (Harvard Apparatus, Holliston, MA) were loaded with sodium hydroxide beads
suspended in ACN. Each reactor was then thoroughly washed with DMF. The dried N-
linked glycan samples were resolubilized in 100 pL of a solution composed of 70%/25%/5%
DMF/methyl iodide/water, loaded onto the solid-phase reactors, and allowed to react
statically for 15 min. The samples were then centrifuged at a low speed (ca. 600 rpm) and an
additional 25-pL aliquot of methyl iodide was added to each sample. Next, each sample was
reapplied to its reactor for an additional 15-min reaction period. Following a second
centrifugation, the reactors were washed twice with 100-uL aliquots of ACN. The
methylated N-linked glycan alditols were recovered by performing liquid/liquid extraction
using 300 pL of chloroform and a repeated washing with 1 mL of 0.5 M NaCl followed by
HPLC-grade water.

MALDI Analysis

To quickly optimize the N-linked glycan-reduction protocol and the subsequent DMF-based
solid-phase methylation procedure, bovine fetuin-derived N-linked glycans were analyzed
by MALDI-TOF MS. The samples were resuspended in 2.0 uL. of an 80/20%/0.1% water/
methanol solution and a 0.5-pL aliquot of each sample was spotted on a standard MALDI
target and dried. A 0.5-pL aliquot of the matrix solution (10 mg/mL 2,5-DHB in a 75%/25%
water/methanol solution with 1 mM sodium acetate to ensure that the glycan alditols were
ionized as sodiated molecules) was added and dried under vacuum. The samples were
analyzed utilizing an Applied Biosystems 4800 MALDI TOF/TOF mass spectrometer
(Applied Biosystems, Inc. Framingham, MA). For the N-linked glycans derived from bovine
fetuin, the instrument was operated in the positive-ion reflectron mode and 2000 laser shots
were applied.
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LC-tandem MS

The liquid-chromatographic analyses conducted in this study utilized an Agilent ChipCube
LC-MS interface (Agilent Technologies, Inc., Palo Alto, CA) and an Agilent 1200 Series
nano-pump system (Agilent Technologies, Inc., Palo Alto, CA). The LC system included
two pumps: a binary capillary-flow pump, used for loading the samples, and a nano-flow
gradient pump for nano-flow separations. The mobile phases were degassed with a vacuum
degasser and the samples were injected via an autosampler. A liquid-chromatographic chip,
featuring a 40-nL trapping column and a 75 um x 150 mm separation column, containing
Cig (5 um StableBond Zorbax) particles as both the trapping and separation medium, was
used. LC separations were performed using a linear gradient from 30-60% mobile phase B
over 40 min at a flow rate of 250 nL/min. Mobile phase A consisted of 97%/3%/0.1% water/
ACN/formic acid with 0.5 mM sodium acetate, while mobile phase B was composed of
97%/3%/0.1% ACN/water/formic acid with 0.5 mM sodium acetate. The same mobile
phases were used for both the capillary and nano-flow pumps. The methylated N-linked
glycan alditols were resolubilized in 4 pL of an 80%/20% water/methanol solution and a 1-
pL aliquot, corresponding to the equivalent of only 0.25 pL of blood serum, was injected
and loaded using the capillary-flow pump set at 20% mobile phase B. The capillary pump
flow rate was set at 2 uL/min for loading and washing the samples. The total volume for the
injection/wash cycle was 6 pL (1 pL of injected peptides, followed by 5 uL of 20% mobile
phase B).

The separated glycans were detected and characterized using a Bruker Daltonics (Bruker
Daltonik GmbH, Bremen, Germany) ultra-high capacity ion-trap mass spectrometer.
Continuous electrospray ionization was accomplished by applying a spray voltage of 1750
V. Standard “enhanced” mode was used for the ordinary MS analyses, while “ultrascan”
mode was used for tandem MS investigations. An m/z range from 300-1800 was scanned in
this study.

Data Analysis

The MALDI data were analyzed using Data Explorer (version 4.6), a software tool included
with the 4800 ABI operating software. Data acquired by LC-MS were exported as mzXML
files using Data Analysis, a feature included with the instrument's operating software, and
further processed using a modified version of ProteinQuant,>2 a software tool developed in
our laboratory for the quantification of proteomic data. Briefly, the N-linked glycan solutes,
many of which were observed with multiple charge states, were identified and verified using
both tandem MS and retention-time data. These data were included as a text file for
ProteinQuant. Normalization was performed by dividing the sum of the chromatographic
peak areas for each charge state observed for a particular glycan by the sum of the total peak
areas for all charge states for the observed N-linked glycans. (See Table 1 for the glycans
concerned with this study.) Normalized chromatographic peak areas were statistically
analyzed first by a single-factor Analysis of Variance (ANOVA) test using Microsoft Excel.
Data were considered statistically significant if the resulting P-values were less than 0.05,
indicating that the probability that the differences were not statistically significant was <
5%. If the P-value was less than 0.05, the data were subjected to a receiver operating
characteristics statistical treatment using Origin 8 (OriginLab Corporation, Northampton,
MA).

Results and Discussion

For our previous glycomic analyses, we have relied on MALDI-MS to record glycomic
profiles.3:¢ For these types of analyses, the N-linked glycans were first liberated from their
proteins by PNGase F, purified by C;g and graphite solid-phase extraction procedures,
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methylated and mass-spectrally analyzed. In the work we are presenting here, we have
added an extra dimension to the analysis: nano-flow LC and the several key modifications
that were required to our procedure in order to generate reliable data. Following N-glycan
release and purification, but prior to their methylation, N-glycans were reduced to their
corresponding alditols using ammonia-borane complex to eliminate anomericity at their
reducing end, resulting in a single chromatographic peak. (If non-reduced structures were
subjected to nano-flow LC, the different anomeric configurations were easily separated,
resulting in two well-resolved chromatographic peaks for a single structure.) Next, the N-
linked glycan alditols were methylated. In our previous work, we have used DMSO as the
reaction medium.!%:20 However, when we attempted to methylate N-glycan alditols in
DMSO, we also observed a regeneration of the closed-ring structure.!> Additionally, we
observed a series of satellite peaks, separated by 30 Da, caused by a reaction between
DMSO and methyl iodide.5? Chromatographically, both of these side reactions would lead
to multiple peaks for just a single analyte. Therefore, we have developed a methylation
procedure using DMF as the reaction media to eliminate the side reactions in which DMSO
may participate. After their methylation, the analytes were subjected to a chip-based, nano-
flow reversed-phase LC. In this study, the separations were conducted using the Agilent
ChipCube interface where all of the components (trapping and separation columns, valves
and fluidic connections, and an ESI emitter) of the traditional nano-flow LC set-up were
integrated onto a single microfluidic device. This configuration reduces manual connections
and dead volumes, improving MS sensitivity.>* Following nano-flow LC, methylated N-
glycan alditols were subjected to ESI-based MS analyses.

Glycan Reduction using Ammonia-borane Complex

During the separation of native glycans, the a and  anomeric configurations may often-
times complicate evaluations. First, the anomers may be resolved chromatographically into
two peaks for just one glycan. Previous reports suggest that the § isomer is typically the
more highly-retained analogue,> perhaps because this form does not suffer from a steric
hindrance and is free to interact with the stationary phase more strongly. If not totally
resolved, the chromatographic peak width may increase,? lowering the separation
effectiveness. Therefore, it is plausible to eliminate anomerocity by a reduction or reductive
amination.

Initially, reductive amination with a subsequent methylation was investigated in this work.
However, when anthranilic acid was used as the reductive amination agent, the level of
partial methylation was approximately 40%, most likely due to steric hindrance effects (data
not shown). Ethanolamine was then tested and, while lower levels of partial methylation
were obtained (approximately 20%), the results were still not acceptable (data not shown). A
traditional reduction protocol, using 0.1-1 M NaOH and 1 M sodium borohydride was tried
next. This protocol resulted in the desired partial methylation levels of less than 10%, but it
required extensive desalting which resulted in substantial sample loss (data not shown).

The unsatisfactory results obtained with the above-described procedures led us to the
development of a reduction method for N-linked glycans that provides both efficient
methylation and minimal sample handling and transfer steps. Reduction with ammonia-
borane complex was subsequently examined. The use of this reagent did not require
extensive clean-up, leading to satisfactory signal intensities. It only exhibited partial
methylation levels of approximately 5%. Further, the reduction yields were found to be
quantitative, as judged by the corresponding MALDI-MS spectra. In these spectra, if a non-
reduced analogue of a glycan was present, an ion would be seen for a species 16 Da lower
than the reduced methylated mass. However, such an ion was not observed. Just a weak
signal for a species 14 Da smaller, due to a partial methylation, than the signal
corresponding to the reduced and completely-methylated analyte was observed. Satisfactory
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reduction conditions were found with a 10-pL aliquot of 10 pg/pL. ammonia-borane
complex and a subsequent incubation at 60 °C for 1 h. Lower temperatures could be used,
however, such as incubating at 10 °C overnight.

Optimization of DMF Solid-phase Methylation Conditions

While effective at quickly methylating glycan samples, the previously used
dimethylsulfoxide (DMS0)!4 may cause two adverse side reactions.!3:33 Therefore, for a
better quantitation, a modification to our previously-published spin-column methylation
protocol20 was further introduced, aiming to minimize the side reactions, as their
reproducibilities on a sample-to-sample and a day-to-day basis were not known. As shown
in Figure 1a, the regeneration of the closed-ring, or native glycan structure, can occur during
the methylation of glycan alditols in DMSO.!3 Two distinct mass-spectral peaks for a single
glycan structure, separated by 16 Da, arose from this side reaction. Moreover, these two
different structures can be chromatographically resolved. The second problem results from a
reaction between DMSO and methyl iodide, ultimately producing iodomethyl methyl ether.
33 This ether was reactive towards hydroxyl groups and produced a series of satellite ions
separated by 30 Da (see Figure 1a). Once again, this series of structures could result in
distinct chromatographic artefactual peaks. Both of these problems, as illustrated in Figure
1b, can easily be remedied by performing the methylation reaction in another suitable
medium, in our case, in DMF.

Several solid-phase reaction parameters required optimization to obtain a spectrum similar
to that shown in Figure 1b. In contrast to DMSO, where no or only trace levels of water are
needed, higher concentrations of water were required for an efficient DMF solid-phase
methylation. Higher concentrations of water were needed to solubilize the glycans in DMF,
a medium possessing a lower solvent polarity index scale value (6.4) than DMSO (7.2).
Therefore, increased concentrations of water elevated the total solvent polarity of the water/
DMF solution and increased the solubility of glycans, resulting in more intense mass-
spectral peaks and the detection of lower-abundance N-linked glycans.

To optimize the concentration of water in the DMF-reaction solution for the methylation of
N-linked glycan alditols, the N-linked glycans derived from a total of 100 pg of fetuin were
first methylated in DMSO to act as a “control” for the reduced N-linked glycans methylated
in DMF. The fetuin-derived N-linked glycans methylated in DMSO were derivatized in a
single reaction to account for any variations in the quantities side-reaction products due to
performing multiple reactions times. The N-linked glycans methylated in DMSO, equivalent
of 1 pg of fetuin, were added to the same amount of reduced N-linked glycans methylated in
DMEF prior to the liquid/liquid extraction. The relative intensities (the peak area for each N-
linked glycan alditol methylated in DMF divided by the peak area of the corresponding
glycan methylated in DMSO) for the reduced glycans methylated in DMF were calculated
from the corresponding MALDI-MS spectra. At lower concentrations of water, 1% or less,
low relative intensities (approximately 0.05, as previously defined in this section) were
observed. The relative intensity increased from approximately 0.05 at 1% water to nearly 0.7
at 2.5% water. Further increases in the water concentration to 5% and 7.5% resulted in the
relative intensities of 0.99 and 0.97, respectively. However, at 10% water, a decrease in the
relative intensity was observed. This decrease in signal could be due to the “collapse” of the
NaOH beads caused by the water or the methyl iodide may not have been as soluble as
needed at higher water concentrations. All analyses were performed in triplicate. Based on
these results, it was determined that 100 pL of a solution composed of 70%/5%/25% DMF/
water/methyl iodide represented optimum conditions. Based on the 0.99 relative intensity of
reduced glycans methylated in DMF to those derivatized in DMSO, these experiments also
suggest that little, if any, sample loss occurs.
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An advantage of methylation in DMSO is the fast kinetics of the reaction, as demonstrated
by the finding that 12-18 samples can be solid-phase methylated in 20 min.20 In contrast, the
kinetics of methylation in DMF are significantly slower so that the “spin and recycle”20
approach to solid-phase methylation may not be so effective and the samples must be
methylated using a static approach, allowing the reaction solution to remain in contact with
the NaOH beads for an extended period of time. Therefore, the reaction time also required
optimization. An acceptable reaction time was deemed as a time that minimized a partial
methylation and was determined by dividing the signal intensity of the partially-methylated
structure by the sum of the peak intensities of the partially-methylated structure and its
completely-methylated analogue. Comparable reactions were performed for 5, 10, 15, 20,
30, and 40 min. At the midpoint time (2.5, 5, 7.5, 10, 15 and 20 min, respectively), samples
were centrifuged, a second 25-pL aliquot of methyl iodide was added, and the samples were
reapplied to the reactors. When the reaction was allowed to proceed for only 5 min, the
observed partial methylation for the biantennary-disialylated N-linked glycan derived from
bovine fetuin was quite high, nearly 30% (data not shown). As the reaction time was
lengthened to 10 and 15 min, the partial methylation levels fell to 20% and 15% (data not
shown), respectively. When the reaction time was further increased to 30 min, the partial
methylation was less than 10%, typically around 7-8% (data not shown). No further
decreases in the partial-methylation level were observed by increasing the reaction time to
40 min (data not shown). Therefore, a 30-min reaction time was used in all subsequent
experiments. Identical results were obtained for all N-linked glycans associated with bovine
fetuin.

The overall modified method proved to be both highly sensitive and reproducible. The
analyses using an aliquot as small as 100 nL. of human blood serum could be performed and
the resulting spectra were essentially identical to the signals that we have generated in the
past using much larger starting volumes of serum. (ca. 10 pL), in terms of the structures
detected and their normalized peak intensities. (Here we define normalized peak intensity as
the intensity of each peak divided by sum of all of the intensities for all N-linked glycans)
The reproducibility of the method was determined by reducing and methylating ten aliquots
(1 pL each) of a single sample of human blood serum, followed by interrogation by
MALDI-TOF-MS. Using the set of N-linked glycans previously reported and using the same
normalization technique,2 the average of the RSDs for all of the observed N-linked
structures methylated in DMF was calculated as 9.8% To judge the spot-to-spot variation of
the MALDI analysis, one sample of N-linked glycans derived from the glycoproteins in a 1
pL-aliquot of human blood serum was resuspended in 5 pL of a 50%/50% water/methanol
solution and spotted 5 times (each spot was 0.5 pL). After normalization of the resulting
spectra, the average of the RSDs for all N-linked structures was calculated to be 5.2%.

LC-MS Behavior of Glycans Derived from Blood-serum Samples

The investigation into the chromatographic and mass-spectrometric behavior of methylated
N-glycan alditols was accomplished using a chip-based LC-MS system. In these
experiments, ten replicate injections of a single sample of N-linked glycans derived from
human blood serum, each consisting of the equivalent of 0.25 pL of blood serum, were run
and resulted in the confident identification of approximately 20 N-linked glycans. When this
pool of N-linked glycans was simplified into their specific subclasses (i.e. high-mannose,
complex-type, fucosylated complex-type, etc.), distinct chromatographic trends were
observed, as shown in Figure 2. This figure demonstrates that the retention time increases
linearly as a function of the number of monosaccharides for a specific subclass, as consistent
with a hydrophobic interaction of the heavily methylated solutes with the reversed-phase
medium. When the retention times for glycans in the high-mannose subclass (blue trace in
Figure 2) were plotted as a function of the m/z for the singly-sodiated molecule, an R? value
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of 0.992 was obtained. Similar results were also acquired for the complex-type subclass
(green trace) and the complex-fucosylated subclass (red trace). The retention time vs. m/z
(for singly-sodiated molecules) plots for these subclasses resulted in RZ values of 0.995 and
0.968, respectively. The ability to assign an unknown glycan to a specific subclass based on
its retention time and m/z value could prove useful in its initial characterization and may
provide insights for more targeted and detailed investigations (tandem MS analyses,
enzymatic sequencing, etc.) to definitively assign its carbohydrate composition.

Chromatographically, reduced and methylated N-linked glycans behaved almost ideally,
resulting in well-shaped peaks with acceptable full-width-at-half-maximum peak widths.
These values ranged from 0.7 to 1.2 min for the earliest eluting structures (the Mans high-
mannose type glycan which co-eluted with a glycan at m/z 937.7 possessing composition of
GlcNacyMansFuc) and the most intense ion (a triply-sodiated biantennary-disialylated
glycan), respectively. These earliest eluting N-linked glycans were detected at an average of
14.0 min, while the biantennary-disialylated structure eluted from the column at an average
of 20.2 min. The latest eluting N-linked glycan in this study, a fucosylated triantennary-
trisialylated glycan, exhibited a full-width-at-half-maximum peak width of 0.8 min and
possessed an average retention time of 27.2 min. The peak capacity of a column is a useful
figure-of-merit to determine its efficiency during a gradient elution and is defined as the
number of analytes that may be separated during a chromatographic time frame. For the set
of nonfucosylated, sialylated N-linked glycans, the peak capacity of the reversed-phase LC
chip was calculated to be 58 using the method proposed by Dolan and co-workers.’® LC-MS
of these structures resulted in high ion counts at the chromatographic peak apex. Peak
intensities ranged from approximately 2 x 103 counts (for the Mans glycan) to nearly 2 x
10° counts (for the triply-sodiated biantennary-disialylated glycan).

Large-scale biomedical analyses by MS require highly-reproducible retention times for the
analytes of interest and a stable instrument response over the time course of these analyses.
Ionization efficiency may be altered due to the constantly changing composition of the
mobile phase during a gradient elution in reversed-phase LC-MS. Therefore, to ensure the
observed changes between sample sets are not the result of an altered ionization efficiency,
the retention time for each analyte must remain constant. Furthermore, to ensure the
observed changes are indeed the result of differences in between the sample sets, the overall
instrumental response for each analyte must also be stable and constant over the time the
analyses are conducted. These figures-of-merit were monitored for a time period greater
than 24 h for ten replicate injections, each equivalent to 0.25 pL of blood serum per
injection, for a single N-linked glycan sample. Figure 3a depicts the box-and-whisker plots
for the retention-time reproducibility of three important structures, discussed later,
possessing statistically-significant changes between the control and disease states. In these
plots, the box represents the 25 and 75t percentiles, while the whiskers represent outliers
in the data set. This figure demonstrates that over a total analysis time greater than 24 h, the
retention time reproducibility is acceptable. Generally, RSDs ranged from 1.1% (the latest
eluting glycan) to 4.7% (the earliest eluting glycan). Over the time required for these
analyses, glycans generally eluted within a window of approximately 30 sec, so that the
ionization efficiency should not fluctuate significantly due to changes in the mobile-phase
composition.

The repeatabilities of the intensity and associated normalized chromatographic peak areas
were also monitored during the same set of runs. Normalized chromatographic peak areas
were calculated, as previously described in the Methods section, using the modified version
of ProteinQuant and plotted for the three structures of interest, as they are shown in Figure
3b. These N-linked structures, representative of the larger set, displayed very repeatable
normalized chromatographic peak areas. The structure possessing an m/z value of 937.7
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produced an average normalized chromatographic peak area of 0.034 with an RSD of
0.71%, while the biantennary-monosialylated structure produced an average normalized
chromatographic peak area of 0.51 with an RSD of 0.79%. The fucosylated triantennary-
trisialylated structure resulted in an average normalized chromatographic peak area of 0.085
with an RSD of 0.65%. These results indicate a high repeatability of the normalized
chromatographic peak areas and any observed changes in this value are not due to changes
in instrument behavior over the time course of these analyses, but rather are associated with
the sample itself. Combined, these results suggest chip-based reversed-phase LC-MS of
reduced and methylated N-linked glycans could be used to monitor changes in the blood-
serum glycomic profiles of cancer-free patients and those suffering from late-stage breast
cancer.

In this LC-ESI-MS procedure, glycans derived from blood-serum glycoproteins were
analyzed and in total, 18 different N-linked glycans were confidently identified and
monitored. The structures of these N-linked glycans, shown in Table 1, were determined
through tandem MS data and their LC elution order. While the number of glycan structures
identified through this ESI-based procedure is lower than that identified by MALDI-MS, 12
LC-ESI-MS analysis does offer several advantages. One advantage, and perhaps the most
important, is the repeatability of the normalized chromatographic peak areas associated with
LC-ESI measurements. As was discussed before in this publication, the relative standard
deviations for the ESI-based measurements were generally less than 5% and were often-
times less than 1%, making a highly-precise quantitation possible. Further, the ability to
couple the separation of glycans to ion-trap instruments allows higher levels of MS™ to be
performed, allowing some specific linkage information to be acquired. Finally, ESI allows
investigators to quickly couple LC methods to high-resolution and high-mass accuracy
instruments, such as an ion-cyclotron resonance (ICR) Fourier transform (FT) instrument or
an Orbitrap.!0 These types of instruments may be required to validate unusual glycans, for
example, those possessing phosphate or sulfate moieties.

LC-MS Analysis of Glycans Derived from Blood Sera from Control Patients and Stage IV
Breast Cancer Patients

In this study, a total of 30 N-linked glycan alditol samples (15 cancer-free and 15 late-stage
breast cancer) derived from blood serum glycoproteins were analyzed by nano-flow
reversed-phase LC-MS. The glycans were grouped into their respective subgroups (high-
mannose type, total fucose (including sialic acid), fucose-only (without sialic acid), total
sialic acid (with fucose), and sialic acid-only (without fucose)) as a possible method to
observe alterations in the glycome between the different states-of-health.3:® The results of
this analysis, shown as the notched-boxed plots for each subclass, are depicted in Figure 4a
and b. This figure shows that sum of the normalized chromatographic peak areas for the
high-mannose glycan class did not exhibit significant changes between the two states-of-
health and is further reflected in the P-value of 0.0633. (Only P-values less than 0.05 were
considered significant in this study.) While the high-mannose N-linked glycan class was not
diagnostic of the pathological condition, N-linked glycans with associated fucose units were
indicative of late-stage breast cancer. When the total fucose class, including those with sialic
acid, was compared, a statistically-significant increase in the sum of the normalized
chromatographic peak areas was observed for this class in the late-stage breast cancer
samples. This finding was further validated by the P-value of 0.00376. Similarly, when
fucosylated-only N-linked glycans without sialic acid were analyzed, an increase in their
relative abundance for the late-stage breast cancer samples was also observed, resulting in a
P-value of 5.42 x 104, Interestingly, the total sialic acid class, including those structures
possessing a fucose, did not exhibit a significant change due to the pathological condition, as
reflected in the P-value of 0.883. However, when the sialylated-only N-linked glycans (those
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without a fucose) were considered, a decrease in their relative abundance in the late-stage
breast cancer samples was observed. This particular class of N-linked glycans produced a
statistically-significant P-value of 0.0183. It is interesting that the total sialic acid class of N-
linked glycans, including those with fucose, appeared to be unchanged in terms of the
relative abundance between the two states-of-health. However, as will be discussed later, a
decrease in the relative abundance associated with late-stage breast cancer of at least two
sialylated-only structures, coupled with an increase in the relative abundance of a
fucosylated-sialylated N-linked glycan in the breast cancer samples accounts for this
interesting result. These results are consistent with our previously published MALDI-TOF-
MS study.3

Further investigation into the individual N-linked glycans revealed that five of the 18 N-
linked glycans resulted in statistically-significant changes between the cancer-free control
samples and late-stage breast cancer sample set. Of these five structures, two N-linked
glycans, whose representative extracted-ion chromatograms are presented in Figure 5a and
b, were markedly altered between the two health states. The normalized-chromatographic
peak areas for both of these N-linked glycans, a biantennary-monosialylated structure
(Figure 5a) and a fucosylated triantennary-trisialylated N-linked glycan (Figure 5b) resulted
in P-values less than 0.05. From these representative chromatograms, it appears that the
biantennary-monosialylated N-linked glycan is down-regulated in Stage IV breast cancer,
while the fucosylated triantennary-trisialylated N-linked glycan appears to be up-regulated
under such a condition. This is in good agreement with the previously published results* that
have also implicated the N-linked fucosylated triantennary-trisialylated glycan as a potential
N-linked glycan biomarker for breast cancer through a procedurally different approach. The
insets provide the tandem MS spectra used to validate each structure.

To further validate the results indicated by the representative extracted-ion chromatograms,
notched-box plots were constructed for the N-linked glycans derived from the 15 cancer-free
and 15 Stage IV breast cancer samples (presented as Figure 6a and b). In both of these
examples, the notches do not overlap, indicating that at a 95% confidence,’’ the changes
observed for these structures may be considered statistically significant between the cancer-
free samples and late-stage breast cancer blood-serum specimens. These plots confirm that,
indeed, the biantennary-monosialylated N-linked glycan is decreased in its relative
abundance in late-stage breast cancer, while the fucosylated triantennary-trisialylated N-
linked structure exhibits a dramatic increase in its normalized chromatographic peak area.
This larger set of samples resulted in P-values of 1.98 x 107 for the biantennary-
monosialylated N-linked glycan and 2.82 x 10~ for the fucosylated triantennary-trisialylated
N-linked glycan.

Receiving operator characteristic (ROC) analyses were performed on these 30 blood serum
samples (15 samples for each state-of-health) and area-under-the-curve (AUC) values were
calculated. This test measures the sensitivity, or the true-positive rate, vs. the 1-specificity,
or the false-positive rate. By convention, if the AUC value is less than 0.6, the test is
considered uninformative, while AUC values between 0.6 and 0.7 are considered to be less
informative tests and values between 0.7 and 0.8 are deemed moderately accurate. When
0.8< x <0.9, the tests are thought be accurate and highly accurate tests result in AUC values
greater than 0.9 and a perfectly accurate test receives an AUC value of 1.° Both of these N-
linked glycans resulted in highly-accurate test results with an AUC value of 0.902 for the
biantennary-monosialylated N-linked structure and an AUC value of 0.982 for the
fucosylated triantennary-trisialylated N-linked glycan. (See Figure 7a and b for the AUC
plots for the biantennary-monosialylated and fucosylated triantennary-trisialylated N-linked
glycans, respectively.) These results indicate that the use of reversed-phase chromatography
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coupled to ESI-MS is capable of detecting statistically-significant changes in the N-linked
glycan profiles of blood serum between control and disease states.

The overall results obtained for the analysis of N-linked glycans derived from blood serum
samples acquired from cancer-free individuals and patients diagnosed with late-stage breast
cancer are in good agreement with previously published data. In particular, increased
fucosylation is one of the common alterations associated with cancer and may be the result
of increased levels of sialyl Lewis*, a tetrasaccharide composed of a sialic acid linked 02,6
to a galactose that is linked 1,4 to a GlcNac that also possess an al,3-linked fucose.8
Increased levels of fucosylation have also been reported for liver,7%:%0 pancreatic,6!
colorectal®?, prostate,® and ovarian cancers.®® Specifically, the fucosylated triantennary-
trisialylated N-linked glycan that was significantly elevated in its relative abundance in these
samples has also been observed to be increased by others,* including our laboratory by
MALDI-MS-based profiling.? Interestingly, this particular glycan was found to be decreased
in its relative abundance in the breast cancer cell line MCF-7 after drug treatment by
Herceptin or in combination with Lipoplex.*

Conclusions

In this study, a method was developed to reduce and methylate enzymatically-released N-
glycan analytes. Because of the high concentrations of salts using traditional reduction
methods (1 M sodium borohydride in dilute NaOH), glycans must be subjected to extensive
clean-up procedures, leading to a potential sample loss. In the newly-developed method,
ammonia-borane complex was used as an agent to promote reduction. Excess reagent could
then be removed by evaporation with methanol, minimizing sample handling/transfer steps
and significantly increased both the reproducibility and sensitivity of the ensuing MS
measurements. The subsequent solid-phase methylation was performed statically in 70%/
5%/25% DMF/water/methyl iodide for a total of 30 min. This approach resulted in a highly-
sensitive method, requiring a starting volume of just 1 pL of human blood serum, of which
only a 0.25-pL aliquot was injected for each LC-MS run. A total of 30 human blood serum
samples (15 cancer-free and 15 Stage IV breast cancer) were then analyzed by reversed-
phase LC-MS to search for potential N-linked glycan biomarkers. Statistical analyses
(ANOVA and ROC) were performed, with five N-linked glycans resulting in P-values less
than 0.05. Of these, a biantennary-monosialylated N-linked glycan and a fucosylated
triantennary-trisialylated structure were implicated as potential indicators of late-stage breast
cancer due to their highly-accurate AUC values of greater than 0.9.

Acknowledgments

This work was supported by Grant No. UO1 CA128535-03 from the National Cancer Institute, a component of the
National Institutes of Health, Grant No. GM24349 from the National Institute of General Medical Sciences, U.S.
Department of Health and Human Services, and Grant No. RR018942 from the National Center for Research
Resources, a component of the National Institutes of Health (NIH-NCRR) for the National Center of Glycomics
and Glycoproteomics (NCGG) at Indiana University. We gratefully acknowledge the MetaCyt Biochemical
Analysis Center for the use of the microchip LC-MS instrument. The authors also thank Lacey E. Dobrolecki,
George W. Sledge, Robert J. Hickey, and Linda H. Malkas of the Department of Medicine at the Indiana University
School of Medicine and the Simon Cancer Center in Indianapolis, IN, for kindly providing the samples used in this
study.

References

1. Karas M, Bachmann D, Bahr U, Hillenkamp F. Int J Mass Spectrom Ion Proc 1987;78:53-68.

2. Whitehouse CM, Dreyer RN, Yamishita M, Fenn JB. Anal Chem 1985;57:675-79. [PubMed:
2581476]

Anal Chem. Author manuscript; available in PMC 2011 June 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Alley et al. Page 13

3. Kyselova Z, Mechref Y, Kang P, Goetz JA, Dobrolecki LE, Sledge GW, Schnaper L, Hickey RJ,
Malkas LH, Novotny MV. Clin Chem 2008;54:1166-75. [PubMed: 18487288]

4. Abd Hamid UM, Royle L, Saldova R, Radcliffe CM, Harvey DJ, Storr SJ, Pardo M, Antrobus R,
Chapman CJ, Zitzmann N, Robertson JF, Dwek RA, Rudd PM. Glycobiology 2008;18:1105-18.
[PubMed: 18818422]

5. Kirmiz C, Li B, An HJ, Clowers BH, Chew HK, Lam KS, Ferrige A, Alecio R, Borowsky AD,
Sulaimon S, Lebrilla CB, Miyamoto S. Mol Cell Proteomics 2007;6:43-55. [PubMed: 16847285]

6. Kyselova Z, Mechref Y, Al Bataineh MM, Dobrolecki LE, Hickey RJ, Vinson J, Sweeney CJ,
Novotny MV. J Proteome Res 2007;6:1822-32. [PubMed: 17432893]

7. de Leoz MLA, An HJ, Kronewitter S, Kim J, Beecroft S, Vinall R, Miyamoto S, de Vere White R,
Lam KS, Lebrilla CB. Disease Markers 2008;25:243-58. [PubMed: 19126968]

8. Isailovic D, Kurulugama RT, Plasencia MD, Stokes ST, Kyselova Z, Goldman R, Mechref Y,
Novotny MV, Clemmer DE. J Proteome Res 2008;7:1109-17. [PubMed: 18237112]

9. Ressom HW, Varghese RS, Goldman L, An Y, Loffredo CA, Abdel-Hamid M, Kyselova Z,
Mechref Y, Novotny MV, Drake SK, Goldman R. J Proteome Res 2008;7:603—10. [PubMed:
18189345]

10. Bereman MS, Williams TI, Muddiman DC. Anal Chem 2008;81:1130-36. [PubMed: 19113831]

11. An HJ, Miyamoto S, Lancaster KS, Kirmiz C, Li B, Lam KS, Leiserowitz GS, Lebrilla CB. J
Proteome Res 2006;5:1626-35. [PubMed: 16823970]

12. Mechref Y, Novotny MV. Chem Rev 2002;102:2693—-724. [PubMed: 12175265]
13. Hakomori SI. J Biochem 1964;55:205-08. [PubMed: 14135466]

14. Ciucanu I, Kerek F. Carbohydr Res 1984;131:209-17.

15. Ciucanu I, Costello CE. J] Am Chem Soc 2003;125:16213-19. [PubMed: 14692762]
16. Harvey DJ. Mass Spectrom Rev 1999;18:349-450. [PubMed: 10639030]

17. Morelle W, Faid v, Michalski JC. Rapid Commun Mass Spectrom 2004;18:2451-64. [PubMed:
15384134]

18. Mechref Y, Kang P, Novotny MV. Rapid Commun Mass Spectrom 2006;20:3181-89.

19. Kang P, Mechref Y, Klouckova I, Novotny MV. Rapid Commun Mass Spectrom 2005;23:3421—
28. [PubMed: 16252310]

20. Kang P, Mechref Y, Novotny MV. Rapid Commun Mass Spectrom 2008;22:721-34. [PubMed:
18265433]

21. Karlsson N, Wilson ML, Wirth HJ, Dawes P, Joshi H, Packer NH. Rapid Commun Mass Spectrom
2004;18:2282-92. [PubMed: 15384149]

22. Davies MJ, Smith KD, Hounsell EF. J Chromatogr 1992;609:125-31. [PubMed: 1430038]

23. Davies MJ, Smith KD, Carruthers RA, Chai W, Lawson AM, Hounsell EF. J Chromatogr
1993;646:317-26. [PubMed: 8408434]

24. Barroso B, Dijkstra RGM, Lagerwerf F, van Veelen P, De Ru A. Rapid Commun Mass Spectrom
2002:1320-29. [PubMed: 12112260]

25. Robinson S, Bergstrom E, Seymour M, Thomas-Oates J. Anal Chem 2007;79:2437-45. [PubMed:
17284013]

26. Pabst M, Altmann F. Anal Chem 2008;80:7534—42. [PubMed: 18778038]

27. Pabst M, Bondili JS, Stadlmann J, Mach L, Altmann F. Anal Chem 2007;79:5051-57. [PubMed:
17539604]

28. Stadlmann J, Pabst M, Kolarich D, Kunert R, Altmann F. Proteomics 2008;8:2858-71. [PubMed:
18655055]

29. Harangi J, Gulyas Z, Hajdu I, Makuta M. Chromatographia 2008;68:S97-S100.

30. Ninoneuvo M, An HJ, Yin H, Killeen K, Grimm R, Ward R, German B, Lebrilla CB.
Electrophoresis 2005;26:3641-49. [PubMed: 16196105]

31. Hashii N, Kawasaki N, Itoh S, Hyuga M, Kawanishi T, Hayakawa T. Proteomics 2005;5:4665-72.
[PubMed: 16281179]

32. Ruhaak LR, Huhn C, Waterreus WJ, de Boer AR, Neususs C, Hokke CH, Deelder AM, Wuhrer M.
Anal Chem 2008;80:6119-26. [PubMed: 18593198]

Anal Chem. Author manuscript; available in PMC 2011 June 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Alley et al.

33.

34.
35.

36.

37

39.

40.

41.

42.

43.

44.
45.

46.
47.
48.
49.

50.

51.
52.

53.

54.
55.
56.

57.
58.

59.

60.

61.

62.

Page 14

Zhao J, Qiu W, Simeone DM, Lubman DM. J Proteome Res 2007;6:1126-38. [PubMed:
17249709]

Alpert AJ. J Chromatogr 1990;499:177-96. [PubMed: 2324207]

Alpert AJ, Shukla M, Shukla AK, Zieske LR, Yuen SW, Ferguson MAJ, Mehlert A, Pauly M,
Orlando R. J Chromatogr A 1994;676:191-202. [PubMed: 7921176]

Ikegami T, Horie K, Sadd N, Hosya K, Fiehn O, Tanaka N. Anal BioAnal Chem 2008;391:2533—
42. [PubMed: 18415087]

. Jandera P. J Sep Sci 2008;31:1421-37. [PubMed: 18428181]
38.

Gornik O, Royle L, Harvey DJ, Radcliffe CM, Saldova R, Dwek RA, Rudd P, Lauc G.
Glycobiology 2007;17:1321-32. [PubMed: 17940056]

Maslen S, Sadowski P, Adam A, Lilley K, Stephens E. Anal Chem 2006;78:8491-98. [PubMed:
17165844]

Naka R, Kamoda S, Ishizuka A, Kinoshita M, Kakehi K. J Proteome Res 2005;5:88-97. [PubMed:
16396498]

Wuhrer M, Koeleman CAM, Deelder AM, Hokke CH. Anal Chem 2003;76:833-38. [PubMed:
14750882]

Ridlova G, Mortimer JC, Maslen SL, Dupree P, Stephens E. Rapid Commun Mass Spectrom
2008;22:2723-30. [PubMed: 18677720]

Knuster B, Wheeler SF, Hunter AP, Dwek RA, Harvey DJ. Anal Biochem 1997;250:82-101.
[PubMed: 9234902]

Field M, Papac D, Jones A. Anal Biochem 1996;239:92-98. [PubMed: 8660630]

Simpson RC, Fenselau CC, Hardy MR, Townsend RR, Lee YC, Cotter RJ. Anal Chem
1990;62:248-52. [PubMed: 2305955]

Niederhauser TL, Halling J, Polson NA, Lamb JD. J Chromatogr A 1998;804:69-77.
Corradini C, Corradini D, Huber CG, Bonn GK. Chromatographia 1995;41:511-15.
Delaney J, Vouros P. Rapid Commun Mass Spectrom 2001;15:325-34. [PubMed: 11241762]

Costello CE, Contado-Miller JM, Cipollo JF. ] Am Soc Mass Spectrom 2007;18:1799-812.
[PubMed: 17719235]

Huang Y, Konse T, Mechref Y, Novotny MV. Rapid Commun Mass Spectrom 2002;16:1199-204.
[PubMed: 12112272]

Huang Y, Mechref Y, Novotny MV. Anal Chem 2001;73:6063-69. [PubMed: 11791581]

Mann BF, Madera M, Sheng Q, Tang H, Mechref Y, Novotny MV. Rapid Commun Mass
Spectrom 2008;22:3823-34. [PubMed: 18985620]

Robinson S, Routledge A, Thomas-Oates J. Rapid Commun Mass Spectrom 2005;19:3681-88.
[PubMed: 16287041]

Yin H, Killeen K. J Sep Sci 2007;30:1427-34. [PubMed: 17623422]
Verhaar LAT, Kuster BFM. J Chromatogr 1982;234:57-64.

Dolan JW, Snyder LR, Djordjevic NM, Waeghed TJ. J Chromatogr A 1999;857:1-20. [PubMed:
10536823]

McGill R, Tukey JW, Larsen WA. The American Statistician 1978;32:12-16.

Essentials of Glycobiology. 2nd. Cold Springs Harbor Press; Cold Spring Harbor, New York:
2009.

Comunale MA, Lowman M, Long RE, Krakover J, Philip R, Seeholzer S, Evans AA, Hann HWL,
Mehta AS. J Proteome Res 2006;6:308—15. [PubMed: 16457596]

Yamashita K, Koide N, Endo T, Iwaki Y, Kobata A. J Biol Chem 1989;264:2415-23. [PubMed:
2536709]

Mas E, Pasqualini E, Caillol N, El Battari A, Crotte C, Lombardo D, Sadoulet MO. Glycobiology
1998;8:605-13. [PubMed: 9592127]

Izawa M, Kumanmoto K, Mitsuoka C, Kanamori C, Kanamori A, Ohmori K, Ishida H, Nakamura
S, Kurata-Miura K, Sasaki K, Nishi T, Kannagi R. Cancer Res 2000;60:1410-16. [PubMed:
10728707]

Anal Chem. Author manuscript; available in PMC 2011 June 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Alley et al.

Page 15

63. Saldova R, Royale L, Radcliffe CM, Abd Hamid UM, Evans R, Arnold JN, Banks RE, Hutson R,
Harvey DJ, Antrobus R, Petrescu SM, Dwek RA, Rudd PM. Glycobiology 2007;12:1344-56.
[PubMed: 17884841]

64. Lattova E, Tomanek B, Bartusik D, Perreault H. J Proteome Res 2010;9:1533-40. [PubMed:
20063903]

Anal Chem. Author manuscript; available in PMC 2011 June 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Alley et al.

Page 16

90
80
2 70
2 60
£ 50| Oxidation
2 40 01::8|d|t0|
30
20

10

-
™
=

2785 2809 2833 2857 2881 2905

Mass (m/z)

100
20
80

270

2808.46

Incomplete

R 40 methylation
[y}

30
20
10

% 1

AAAAAS b ARA _ ARAA, ARA,

0 !
2785 2809 2833 2857 2881 2905

Mass (m/z)

Figure 1.

A comparison of solid-phase methylation in (a) DMSO and in (b) DMF. Methylation of N-
glycan alditols in DMSO resulted in the regeneration of the closed-ring structure and a
reaction between DMSO and methyl iodide produced iodomethyl methyl ether that reacted
with glycan hydroxyl groups, generating a series of satellite ions separated by 30 Da. These
reactions were greatly reduced by performing the methylation reaction in DMF. Symbols:
blue square, N-acetlylgluosamine; green circle, mannose; yellow circle, galactose; purple
diamond, N-acetylneuraminic acid (sialic acid); red triangle, fucose.
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Figure 2.

The relationship of retention time vs. m/z for the high-mannose subclass (blue trace), the
complex subclass (green trace), and the fucosylated-complex subclass (red trace) showing a
linear increase in retention time as the number of monosaccharides increases within each
subclass, consistent with a hydrophobic interaction with the stationary-phase medium. The
symbols are the same as those used in Figure 1.
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Figure 3.

(a) Retention-time repeatability of three diagnostic (reduced and methylated) N-linked
glycans derived from human blood serum glycoproteins analyzed by LC-ESI-MS. A total of
10 replicate injections, each consisting of the equivalent of 0.25 pL of human blood serum,
were analyzed by chip-based, reversed-phase LC-MS. Because ESI efficiency may fluctuate
due to changes in mobile-phase composition, the retention time must be constant to ensure
constant instrument performance. The retention time was very reproducible and ionization
should not fluctuate due to mobile-phase composition changes. (b) Normalized
chromatographic peak area repeatability for three diagnostic N-linked glycans derived from
human blood serum glycoproteins analyzed by LC-ESI-MS. A total of 10 replicate
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injections, each consisting of the equivalent of 0.25 pL of human blood serum, were
analyzed by chip-based, reversed-phase LC-MS. The reproducibility of the normalized
chromatographic peak area indicates that changes observed between the sample sets is due
to the samples themselves, not due to changes in the performance of the instrumentation.
The symbols are the same as those used in Figure 1.
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Figure 4.

Changes in the normalized peak areas for different classes of N-linked glycan classes
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between cancer-free and Stage [V breast cancer patients, indicating an increase in
fucosylation (both with and without sialic acid) and a decrease in the relative abundance
sialylated-only glycans in late-stage breast cancer. The symbols are the same as those used

in Figure 1.
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Figure 5.

Representative extracted-ion chromatograms for two statistically different N-linked glycans
between cancer-free samples and Stage I'V breast cancer samples derived from human blood
serum glycoproteins. (a) The extracted-ion chromatogram for a N-linked biantennary-
monosialylated glycan showing a decrease in relative abundance in the late-stage breast
cancer sample and (b) the extracted-ion chromatogram for a N-linked fucosylated
triantennary-trisialylated glycan, showing a significant increase in this N-linked glycan's
relative abundance in the pathological sample. The symbols are the same as those used in
Figure 1.
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Figure 6.

Notched-box plots for 15 cancer-free blood-serum samples and blood-serum samples
acquired from 15 Stage IV breast cancer patients for (a) the biantennary-monosialylated N-
linked glycan derived from human blood serum glycoproteins showing the decrease in
relative abundance for the larger set and (b) the N-linked fucosylated triantennary-
trisialylated glycan derived from blood serum glycoproteins, showing the increase in relative
abundance of this N-linked glycan for the larger set of samples. In a notched box plot, if the
notches do not overlap, the differences in the sample sets may be considered significant with
95% confidence. The symbols are the same as those used in Figure 1.
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Figure 7.

The area-under-the-curve (AUC) plots for (a) the biantennary-monosialylated N-linked
glycan and (b) the N-linked fucosylated triantennary-trisialylated glycan. The normalized
chromatographic peak areas for both glycans resulted in highly-accurate tests, indicating
their ability to accurately predict the state-of-health of the individual. The symbols are the
same as those used in Figure 1.
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Table 1

Glycans identified by chip-based, reversed-phase nano-flow ESI MS with charge state, P-values, and, where
appropriate, area-under-the-curve (AUC) values. In this work, tests that returned an AUC of x > 0.9 were
considered highly accurate, while accurate tests were those where 0.8 < x <0.9, moderately accurate tests were
0.7 <x < 0.8, less informative tests were 0.6 < x < 0.7 and x < 0.6 were uninformative tests
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