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Abstract

Human serum glycan profiling with mass spectrometry (MS) has been employed to study several

disease conditions and is demonstrating promise for e.g. clinical biomarker discovery. However,

the low glycan ionization efficiency and the large dynamic range of glycan concentrations in

human sera hinder comprehensive profiling. In particular, large glycans are problematic because

they are present at low concentrations and prone to fragmentation. Here we show that, following

liquid chromatographic separation on graphite columns, the sub-ambient pressure ionization with

nanoelectrospray (SPIN)-MS can expand the serum glycome profile when compared with the

conventional atmospheric pressure electrospray ionization (ESI)-MS with a heated capillary inlet.

Notably, the ions generated by the SPIN interface were observed at higher charge states for 50%

of the annotated glycans. Out of a total of 130 detected glycans, 34 were only detected with the

SPIN-MS, resulting in improved coverage of glycan families as well as of glycans with larger

numbers of labile monosaccharides.

Over the past few years, there has been a surge of reports discussing the potential of

glycomics as a tool for identifying biomarkers useful for detecting disease states.1–8 Success

is in part attributable to method improvements leading to increased sensitivity and richer

glycan profiles.9–13 Greater coverage of the glycome fills in previously undetected glycan

species, allowing the discovery of new glycan networks involved in disease. Glycan

biomarker network analysis leads to glycan diagnostic panels rather than individual glycans,

resulting in higher degrees of specificity and sensitivity.14–16

Many of the candidate cancer biomarkers identified are large sialylated and fucosylated (tri-

and tetra- antennary) N-glycans and members of families differing by one monosaccharide.8

Besides their relatively poor ionization efficiency, the large glycans are particularly difficult

to analyze due to labile sialic acid and fucose monosaccharides. To stabilize the labile

monosaccharides, increase the ionization efficiency and simplify their fragmentation

analysis, many research groups chemically modify the glycans by methylation17 or

permethylation.7, 12, 18

Human serum and plasma glycan profiling has evolved from a discovery methodology to a

high-throughput operation. Earlier serum profiling methods involved offline fractionation

and MALDI ionization19 while more recent efforts have also incorporated sample depletion

and on-line liquid chromatography.20 Tandem mass spectrometry is often incorporated for

composition annotation verification and large scale structural elucidation.21 Subsequent

LCMS N-glycan structural library generation are made possible by combining LC elution
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times and glycan structural information.22 However, the comprehensiveness of the serum

glycan profiles varies greatly (18–113 glycan compositions) due to amount of starting

material, challenges in sample preparation and instrument sensitivity (see Table S1,

supplementary information).

Recently we described the sub-ambient pressure ionization with nanoelectrospray (SPIN)

interface,23 capable of improving the MS sensitivity when compared to the conventional

heated capillary interface. The SPIN interface eliminates the losses associated with the ion

transfer into the first vacuum chamber of the mass spectrometer24–31 by facilitating the

ionization at sub-ambient (e.g. 10–40 Torr) pressures. The ions are then efficiently captured

by a dual ion funnel32 and transferred into the sub-Torr region of the mass spectrometer.

With sufficiently low flow rates (e.g., 50 nL/min), the SPIN interface can deliver 50% of the

analyte molecules as gas-phase ions into the sub-Torr region of the mass spectrometer.33

Here we show that the SPIN interface can improve the coverage of human serum glycome

when compared to the conventional heated capillary ESI interface. The increased sensitivity

provided by the SPIN source results in a greater number of analytes detected and more ions

selected for fragmentation and ultimately identified by MS/MS. We demonstrate improved

coverage of glycan families, especially glycans with large numbers of labile

monosaccharides. A number of large glycans were also detected with sensitivity gains much

larger than the 5–10 fold increase typically observed with the SPIN interface, as well as a

shift to higher glycan charge states.

EXPERIMENTAL

Sample Preparation

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise

specified. N-glycans were enzymatic released and purified by the method developed by

Kronewitter et al.,11 with the following modifications. Briefly, the PNGase F reaction was

performed in 50 mM sodium phosphate buffer at pH 5.5. Aliquots of 100 μL human serum

samples (Sigma-Aldrich, St. Louis, MO) were reduced and heat denatured with

dithiothreitol for 2 minutes at 95 °C. The samples were cooled and digested in a microwave

reactor (CEM Discover, Matthews, NC) at 20 W for 40 min with 2uL PNGase F purified

from Flavobacterium meningosepticum (New England BioLabs, Ipswich, MA). The proteins

were precipitated with the addition of 80% ethanol and chilled to −80°C for 60 minutes. The

samples were centrifuged at 15,000 rpm for 30 minutes to isolate the supernatant. The

supernatant was extracted and dried. The samples were reduced with sodium borohydride

for 60 min at 60°C in 1M sodium borohydride. The glycans were desalted and enriched on

an automated Gilson GX-274 ASPEC liquid handler (Middleton, WI) with serial C8

(Discovery 500 mg, Sigma-Aldrich, St. Louis, MO) and graphitized carbon cartridges

(Carbograph 150 mg, Alltech Associates, Inc., Deerfield, IL). Elution of the glycans from

column was performed with 10%, 20%, and 40% acetonitrile solutions. The 40% fraction

contained 0.05% TFA. The three fractions were collected and pooled together prior to LC/

MS.

HPLC

Solvents A and B consisted of 0.1% formic acid (Sigma-Aldrich, St. Louis, MO) in

deionized water (Barnstead Nanopure Infinity System, Dubuque, IA) and 0.2%

trifluoroacetic acid (Sigma-Aldrich) in acetonitrile (Fisher Scientific, Pittsburgh, PA),

respectively. An Agilent 1100 Series LC pump (Santa Clara, CA) was used to provide a 100

min linear gradient of solvent A up to 50% solvent B at 300 nL/min. The LC system was

controlled with the LCMSNet automated control software. Graphitized carbon LC columns

were prepared in-house by slurry packing 3-μm Hypercarb particles (Thermo Fisher,
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Madison, WI) into a 45-cm long and 75-μm-i.d./360-μm-o.d. fused silica capillary tubing

(Polymicro Technologies, Phoenix, AZ).

Mass Spectrometry

Electrospray emitters were fabricated by chemically etching sections of 10-μm-i.d./150-μm-

o.d. fused silica capillary tubing (Polymicro Technologies) as previously described.34 Mass

spectra were acquired on an Agilent 6538 QToF mass spectrometer modified with a dual-ion

funnel interface. A gate between the high- and low-pressure ion funnels allowed for easy

exchange between a conventional heated capillary nanoESI interface and a SPIN interface

without venting the instrument. Aliquots of the same sample were analyzed by HPLC/MS

with ionization by both sources. Thermal energy for evaporation was provided by heating

the conventional nanoESI inlet at 120°C. The temperature at the emitter tip in the SPIN

source reaches ~55°C when the CO2 inlet chamber is heated at 160°C (typical operating

temperature). The electrospray was operated at 1900 V with the conventional source and at

2300 V in the SPIN source. Different geometries and distances to the counter-electrode

results in the larger voltage used for the SPIN source. To increase the confidence in glycan

identifications, additional analyses were carried out with CID fragmentation enabled for ions

exceeding 75k counts and a collision energy of E = −4.8 + 3.6V/(100Da). The spray stability

in the SPIN interface was improved compared to that in the previous design35 by an

additional CO2 sheath flow supplied around the emitter through a section of 200-μm-i.d./

360-μm-o.d. fused silica capillary tubing (Polymicro Technologies) connected through a tee.

Commercial instruments employ a similar approach at atmospheric pressure to deliver

sheath gas around the ESI emitter.

Data Processing

Data was deisotoped using a glycan averagose16 in DeconTools,36 followed by internal mass

calibration. Viper37 was used to find the LC/MS features (isomers, fragments, and charge

states were counted as different features). Charged species with poor isotope fit scores or

intensities below the limit of detection (3σ above the noise level) were not reported by the

software. The glycans were then selected using the Glycolyzer16 with less than 10 ppm error

and each assignment was manually validated by visually reviewing each isotopic profile.

RESULTS AND DISCUSSION

A comparison of glycan coverage by ESI- and SPIN-MS analyses of human serum is

presented as a grid in Figure 1. The main grid indexes correspond to the number of hexose

(H, left index: 3–12) and that of N-acetylglucosamine monosaccharides (N, top index: 2–7)

in the glycan structure. Each element of the main matrix is an embedded matrix, whose

indexes correspond to the number of fucose (F, left index: 0–5) and that of sialic acid

monosaccharides (S, top index: 0–4). To make the matrix easier to read, we included

standard symbols38 at the bottom of the header columns (○ = mannose, ⋄ = galactose, ⟐ =

fucose) and at the right of the header rows (■ = N-acetylglucosamine, ★ = sialic acid). Each

square in the matrix corresponds to a glycan composition, while the shaded regions

correspond to compositions outside the search library.19 This representation provides

additional information compared to Venn diagrams by categorizing glycans into families

based on the number of H and N monosaccharides in their structure.

CID fragmentation validated 39 glycans in both ESI-MS and SPIN-MS, which are marked

by ( ) in Figure 1. These glycans are part of 18 glycan families as described above. For

example, 6 out of 12 possible glycan compositions in the H5N4 family (block located at row

5, column 4) were validated by glycan diagnostic ions from MS/MS spectra. Additional 24

glycans, indicated by (✖) in Figure 1, were selected for CID fragmentation during the SPIN-
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MS analyses only. Most of the additional glycans extend the coverage of the same glycan

families. For example, two extra glycans were validated in the H5N4 family; a significant

extension of MS/MS validation (from 3 to 8 glycan compositions) can be observed in the

H6N5 family. MS/MS validation by glycan diagnostic ions was obtained for three additional

families (H9N2, H6N4, and H7N6); this was especially auspicious for H6N4 family, where 4

glycans (H6N4F0S1, H6N4F2S1, H6N4F3S1, and H6N4F3S2) were selected for fragmentation.

The 92 glycans detected in both ESI-MS and SPIN-MS experiments were indicated by gray

squares ( ) in Figure 1. The glycans detected only in ESI-MS (4) and SPIN-MS (34)

experiments were marked with black (■) and orange ( ) squares, respectively. Out of the

total of 130 glycans identified based on isotope distribution and exact mass (less than 10

ppm), 63 were validated by diagnostic ions in MS/MS spectra. The increase in glycome

coverage and in the number of ions selected for fragmentation can be explained by a 5–10

sensitivity gain already demonstrated for ionization with the SPIN vs. the conventional ESI-

MS interface.23, 35 Thus, many glycan ions with signal just below the fragmentation

threshold in ESI-MS experiments will surpass it in SPIN-MS experiments.

The glycan with composition H6N4F3S1 (2533.91 Da) provides an interesting case

demonstrating how the increased sensitivity of the SPIN-MS experiments can improve the

glycome coverage as well as glycan identification confidence. The bottom panel of Figure 2

compares the MS spectra (average of 40 scans) measured during the SPIN-MS (orange

trace) and ESI-MS (black trace) experiments; note that the intensity scale is 50 times larger

for the SPIN-MS (left, orange) than for the ESI-MS (right, black) data. Even though the

presence of the analyte is clear in both SPIN and ESI data, the deconvolution software was

not able to confidently assign the corresponding peaks in the ESI data. In this particular

case, by switching from the ESI to the SPIN interface, the signal improved by almost two

orders of magnitude, allowing the glycan to not only be confidently deisotoped in data

processing, but also selected for fragmentation. The top panel of Figure 2 shows the MS/MS

spectrum of H6N4F3S1 measured during the SPIN-MS experiment. This is the only case

where an analyte not reported in the ESI data set had a large enough intensity to be selected

for fragmentation in the SPIN-MS experiment. While the intensity gains are certainly

helpful, they are also analyte dependent and will require additional research to understand

and predict.

Several additional factors can augment the confidence in the identification of the 67 low

abundant glycans not selected for fragmentation. We use composite information comprised

of exact mass (10 ppm), high resolution (40,000), glycan relationships (monosaccharide

mass differences) and isotope profiles (glycan averageose and fit scores). Furthermore,

many of the same glycans were reported in similar samples analyzed on various platforms in

other laboratories;7, 8, 10, 16, 21 grid views summarizing the corresponding glycan coverage

mapped to the current working library are provided as supplementary information (Figures

S1–S7). In addition, our sample preparation and liquid chromatography setup specifically

targets the N-glycan separation and enrichment. Applying strict, multifaceted criteria for

assignments decreases the probability for false positive assignments. Our confidence in

glycan assignments increases when tandem mass spectra confirm parts of the glycan family.

The coverage of many glycan families (H4N3, H4N4, H4N5, H5N4, H5N5, and H6N5) was

broadly validated by fragmentation data, with a small percentage of glycans identified by

exact mass and isotope distribution only. For example, 8 out of 10 glycan compositions were

validated by fragmentation in the H5N4 family, increasing the confidence in the

identification of the two extra glycans (H5N4F3S1 and H5N4F2S2) that did not pass the

fragmentation threshold. In several other families (H4N2, H5N2, H6N3, H6N4, and H10N2)

the percentage of glycans validated by fragmentation is close to 50%.
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In the H7N6 family only two glycans were validated by fragmentation, while 13 other

glycans were detected at relatively low concentration. Figure 3 shows the MS spectra

corresponding to the largest glycan (4121.49 Da) identified in this family (H7N6F4S4).

Because of the significantly larger signal-to-noise ratio, the deconvolution software was able

to identify and assign the SPIN-MS profile (orange trace) based on the isotope distribution,

but not the ESI-MS profile (black trace). In this particular case, the SPIN interface provided

an increase in sensitivity of >20-fold.

Glycans from selected families (H6N6, H7N3, and H7N5) did not pass the fragmentation

threshold; however, each family is well represented with all the identified glycans clustered

together. Less confidently annotated glycans appear isolated in Figure 1 (see for example

families H5N7, H6N7, and H7N7). Although detection by both ESI-MS and SPIN-MS (see

for example H6N7F4S1, H7N7F2S2, and H7N7F4S2) improves identification confidence, the

annotation certainty remains low.

The charge state distribution of analyte ions detected in ESI-MS experiments depends on

various experimental parameters, some of which were associated with changes in analyte

conformation:39 solvent composition,40–43 analyte basicity,44–46 gas-phase reactions,47, 48

temperature,49–52 and presence of additives.53–57 A shift to higher charge states is often

highly desirable because it offers increased sensitivity and mass range, in particular with

high resolution platforms.

A notable shift to higher charge states was observed for many glycans observed by SPIN-

MS vs. ESI-MS. Figure 4 compares averaged mass spectra corresponding to the glycan with

the composition H7N6F4S3 observed by ESI-MS (black traces) and SPIN-MS (orange

traces). The top panel shows that similar signal intensity for the 3+ charge state were

measured for both interfaces, while the bottom panel demonstrates more than 10-fold signal

increase in SPIN-MS for the 4+ charge state. In this particular case, the 4+ charge state in

the ESI-MS data was missed by the automated data processing due to poor signal quality in

individual spectra.

The shift to higher charge states occurred mostly for large glycans within the H6N4, H6N5,

and H7N6 families. By adding the glycan compositions only detected by SPIN-MS (34), we

conclude that almost half of the total number of glycans detected in these experiments (63

out of 130) were detected with higher charge states. Figure 5 plots the maximum charge

state reported for each of the glycans detected in ESI-MS ( ) and SPIN-MS (▽)

experiments as a function of their molecular mass, emphasizing the glycans detected with at

least one extra charge ( ). We should note that even for the glycans reported with similar

but multiple charge states, the relative contribution of higher charge states to the overall

charge envelope was larger in SPIN-MS vs. ESI-MS data.

The early stages of electrospray ionization at atmospheric pressure and in the sub-ambient

pressure environment are expected to be very similar, with only minor changes in droplet

evaporation and temperature profiles. Additional charging of the ions after initial production

in the SPIN interface is unlikely. Also, with glycans as analytes, increased charging cannot

be explained by analyte conformation changes such as protein unfolding. Thus, the larger

contribution of higher charge states in the SPIN-MS data can most likely be attributed to the

additional time and likelihood of atmospheric pressure ion-molecule processes for the ESI

interface. The difference between the ion residence times in the two ion sources is primarily

in time spent at atmospheric pressure and inside the heated capillary. Gas-phase reactions,

specifically in-source proton transfer reactions with e.g. solvent clusters and trace gas phase

components, can reduce the charge state of analytes;47, 48 because the SPIN source operates

at lower pressures and the residence time is much shorter, the probability of such reactions is
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greatly reduced. A preferential loss of higher mobility species during the transfer from

atmospheric pressure into the first vacuum chamber of the mass spectrometer through a

standard heated capillary inlet was recently demonstrated;58 this bias is effectively

eliminated in the SPIN interface because the ion funnels provide efficient ion focusing prior

to any conductance limiting aperture.

CONCLUSIONS

We compared the conventional ESI heated capillary inlet and SPIN interfaces for the

analysis of human serum glycans and we demonstrated the SPIN interface expanded the

coverage by >25%, while increasing the confidence in the glycan identifications. Our results

indicate that the charged species MS detected from conventional electrospray ionization may

be somewhat modified due to e.g. ion-molecule processes during the longer time at higher

pressure, as well as during transfer through a heated capillary interface. We improved the

coverage of large sialylated and fucosylated N-glycans, of possible interest for future

biomarker candidate identification efforts.8 Additionally, nearly 50% of the glycans were

detected with significant abundances in higher charge states, which could be used to

improve the quality of tandem MS measurements and increase the mass range for their

detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
N-Glycan coverage in human serum by both SPIN and ESI ( ), SPIN only ( ), ESI only

(■) and glycans selected for fragmentation by both SPIN and ESI ( ) and SPIN only (✖).
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Figure 2.
Increased sensitivity in SPIN ( ) vs. ESI (—) data (bottom) allows H6N4F3S1 (2533.91

Da) to be selected for fragmentation (top). Theoretical isotopic distribution provided as bar-

graph and putative glycan structure provided as inset.
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Figure 3.
Mass spectra of H7N6F4S4 (4121.49 Da) demonstrating a factor of more than 20 increase in

sensitivity for SPIN ( ) vs. ESI (—) data. Both traces are averages of 5 spectra.

Theoretical isotopic distribution provided as bar-graph and putative glycan structure

provided as inset.
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Figure 4.
Mass spectra of H7N6F3S4 (3975.43 Da) demonstrating a shift to higher charge states in

SPIN ( ) vs. ESI (—) data. Theoretical isotopic distribution provided as bar-graph and

putative glycan structure provided as inset.
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Figure 5.
Highest charge states of glycans detected by ionization with conventional ESI ( ) and

SPIN (▽) interfaces, emphasizing glycans detected with larger charge states in the latter

( ).
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