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Abstract
Glycosylation is one of the most common post-translational modifications of proteins and has
been shown to change with various pathological states including cancer. Global glycan profiling of
human serum based on mass spectrometry has already led to several promising markers for
diseases. The changes in glycan structure can result in altered monosaccharide composition as well
as in the linkages between the monosaccharides. High-throughput glycan structural elucidation is
not possible due to the lack of a glycan template to expedite identification. In an effort toward
rapid profiling and identification of glycans, we have constructed a library of structures for the
serum glycome to aid in the rapid identification of serum glycans. N-Glycans from human serum
glycoproteins are used as a standard and compiled into a library with exact structure (composition
and linkage), liquid chromatography retention time, and accurate mass. Development of the library
relies on highly reproducible nanoLC/MS retention times. Tandem MS and exoglycosidase
digestions were used for structural elucidation. The library currently contains over 300 entries with
50 structures completely elucidated and over 60 partially elucidated structures. This database is
steadily growing and will be used to rapidly identify glycans in unknown biological samples.
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INTRODUCTION
Glycosylation is one of the most common post-translational modifications in proteins. It has
been estimated that over 50% of human proteins are glycosylated1. The glycans serve
important structural roles by participating in protein folding, enhancing protein solubility,
attaching proteins to cell membranes, protecting proteins from degradation and mediating
many important biological functions2–5. Changes in glycosylation have been linked to
various pathological states including cancer, atherosclerosis, rheumatoid arthritis, Chron's
Disease, and inflammation making them important targets for analysis2, 6–10. Alteration of
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the glycan structures can take on several forms including different monosaccharide
compositions, changes in connectivity (sequence), and most interestingly, changes in the
types of linkages between monosaccharides. The ability to monitor these changes
quantitatively and specifically can make monitoring of glycosylation a valuable diagnostic
tool by providing greater sensitivity and specificity. Indeed, glycomics, the characterization
of the glycan constituents of a biological system, is rapidly emerging as a new paradigm for
biomarker discovery8, 9, 11–13.

Despite the advancements in glycan analysis, structural elucidation remains a complicated
and difficult task. The variation in size, polarity, and linkage configuration can yield a
dizzying array of structures. Glycans can vary in size from disaccharide to complex
carbohydrates; additionally, each monosaccharide can differ in linkages, potentially forming
1012 distinct structures from as few as six monosaccharides8, 14, 15. Furthermore, there is
glycan heterogeneity at the site of covalent attachment to the protein meaning a particular
site of glycosylation may have a number of different glycans associated with it (site- or
micro-heterogeneity). The result is a collection of `glycoforms' associated with each
glycoprotein further complicating the analysis13, 16. Uncovering the glycome has been
described as a bigger challenge than the genome or proteome not only because of the many
variations among glycans, but also because carbohydrate synthesis is not under direct
genetic control resulting in no relationship between their synthesis and the organism's
genome17, 18.

High throughput structural elucidation is therefore not likely with current technology.
However, rapid structural identification is a possibility if the glycome is finite and not as
large as previously estimated. Recent studies from this group developed a theoretical N-
glycan library for serum19. Based on this library, it was estimated that there are about 330
distinct compositions in the serum N-glycome. A further study on isomer separation of N-
glycans in serum show that there are, on average, about five isomers for each composition20.
Given these results, it may be concluded that there could be as few as 1600 distinct
structures in the serum N-glycome, and far smaller than the possible chemical combinations.

To this end, several databases and libraries21–24 have been developed to encourage high-
throughput glycan identification. Most of these, however, contain structures from previously
published studies and are not suitable for specific glycan identification in unknown samples.
Glycosuite database contains most of the published N-linked and O-linked glycans including
native and recombinant sources, tissues, and cell lines21. Glycan structures are cross-
referenced to Swiss-Prot/TrEMBL as well as pubMed when available, unfortunately
retention time is not offered. The Consortium for Functional Glycomics provides a database
with information containing glycan structures, glycan binding proteins, as well as glycosyl
transferases. Their efforts provide an “integrated-systems approach to understanding the
structure-function relationship of glycans”22. EUROCarbDB offers databases and
bioinformatic tools enabling research groups to upload their data to share with others23. The
most pertinent is Glycobase by Rudd and co-workers, which boasts a fully automatable
technology platform with more than 350 N-glycan structures including 117 present in the
human serum glycome. Here, glycans are 2-aminobenzamide labeled separated by HILIC
and annotated/measured with glucose units24, 25 to identify structures.

In this study, we have constructed a serum N-glycome library that allows matching of
nanoLC retention times and accurate masses to rapidly identify exact glycan structures. The
library facilitates rapid structure identification from unknown samples providing
comprehensive analysis of underivatized N-linked human serum glycans. There are
currently no databases that focus on fully annotating the human serum N-glycome with
retention times and on-line mass spectrometry detection. We chose a porous graphitized
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carbon (PGC) stationary phase as it provides superior isomer separation and unique
retention times for individual isomers26, 27. On-line mass spectrometry detection allows for
greater confidence in our glycan assignments. A two-part approach was used to build up the
library, consisting of identifying known structures and `de novo' sequencing for unknown
compounds. The use of serum glycoprotein standards provided some previously
characterized structures. Structures were determined and confirmed through sequential
exoglycosidase digestions. Also, knowledge of the N-glycan synthesis and biological
pathway allowed for the refinement of some structural assignments. Our library is composed
of native glycans found in human serum separated by porous graphitized carbon (PGC)
whose structural assignments are supported with MS/MS analysis and exoglycosidase
digestions.

MATERIALS and METHODS
Materials and Chemicals

Glycoprotein standards IgG, IgM, Transferrin, alpha-1-acid glycoprotein, alpha-2-
macroblobulin, and human serum were obtained from Sigma-Aldrich (St. Louis, MO);
alpha-1-antitrypsin, and IgA were obtained from EMD Chemicals (Gibbstown, NJ); alpha-1-
antichymotrypsin was obtained from Athens Research and Technology (Athens, GA); and
complement component 3 was obtained from Genway Biotech, Inc. (San Diego, CA).
Exoglycosidase alpha 2–3 neuraminidase, alpha 1–6 mannosidase, alpha 1–2,3 mannosidase,
and beta-N-Acetyl glucosaminidase were obtained from New England Biolabs (Ipswich,
MA). All other reagents were of analytical or HPLC grade.

Reduction and Purification
N-linked glycans were released from protein standards using PNGase F obtained from New
England Biolabs (Ipswich, MA), with glycoprotein starting material ranging from 100–
500μg. The released N-glycans were reduced using sodium borohydride from Sigma-
Aldrich (St. Louis, MO) according to the protocol previously reported by our laboratory20.
N-glycans were cleaned up via a two-step solid phase extraction (SPE) procedure using C8
cartridges from Suppelco (Bellefonte, PA) and graphitized carbon cartridges from Alltech
Associated (Deerfield, Il). C8 cartridges were conditioned with 6mL acetonitrile (ACN) and
6mL nanopure water. The glycan digest was loaded onto the cartridge and the flow-through
was collected and loaded on pre-conditioned graphitized carbon cartridges then washed with
6 mL of nanopure water. N-Glycans were eluted in 20% ACN in water (v/v) and 0.05%
Trifluoroacetic acid (TFA) in 40% ACN in water (v/v), dried down, then reconstituted in 20
L of nanopure water.

MALDI FT-ICR MS and HPLC-Chip/TOF MS Analysis
Reduced and purified glycans were first analyzed using an IonSpec HiRes MALDI FT-ICR
MS (IonSpec, Lake Forest, CA) equipped with a 355nm pulsed Nd:YAG laser and 7.0 Tesla
Magnet. The sample was spotted on a stainless steel MALDI plate with equal volume of
DHB matrix made up of 0.05mg/mL DHB in 50% ACN in nanopure water as previously
described28. Glycans were identified within a 5 ppm accurate mass criterion. The N-glycan
samples were analyzed in positive and negative ion modes. Tandem MS via collision-
induced dissociation (CID) was then performed for selected peaks.

NanoLC MS analyses were performed using the Agilent 6200 Series HPLC-Chip/TOF MS
equipped with a microwell-plate auto sampler, capillary sample loading pump, nano pump,
HPLC-Chip Cube interface, and the Agilent 6210 TOF LC/MS. Oligosaccharides were
separated using the Agilent HPLC-Chip II comprised of a 40nL enrichment column and a 75
μm × 43mm separation column both packed with graphitized carbon stationary phase. The
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system consists of a capillary and nanoflow pump both operating with a binary solvent
system consisting of A, 0.1% formic acid in 3% ACN in water and B, 0.1% formic acid in
90% ACN in water. Samples were loaded onto the HPLC-Chip at concentrations ranging
0.6–25 g with the capillary pump delivering 0.1% formic acid in 3% ACN in water at 4μL/
min with a 2μL sample injection. The nano pump delivered the 45-minute gradient used to
separate oligosaccharides with a flow rate of 0.3μL /min. The samples were eluted with the
following gradient: 0%B, 0–2.5 minutes; 0 to 16%B, 2.5–20 minutes; 16 to 44%B, 20–30
minutes; 44 to 100%B, 30–35 minutes; and 100%B, 35–45 minutes. This procedure was
followed by equilibration at 0%B, 45.01–65 minutes. Data was acquired in positive ion
mode and calibrated with internal calibrant ions covering a wide mass range (ESI-TOF
Tuning Mix, Agilent Technologies, Santa Clara, CA). Glycans were identified within a 20
ppm accurate mass criteria using the Molecular Feature Extractor algorithm included in the
Mass Hunter Qualitative Analysis Software (Version B.03.01, Agilent Technologies). The
software identified individual compounds by considering expected charge states based on a
predicted isotopic distribution. The deconvoluted glycan mass, retention time (at the
maximum compound height), and abundance (in summed ion counts) were extracted.

Separation of N-Glycans with off-line HPLC
N-Glycans were separated off-line with an Agilent Hewlett-Packard Series 1100 HPLC
system using a Hypercarb PGC column (Thermoquest, Hypersil Division) with the
dimensions 100mm × 2.1 mm. The oligosaccharides were eluted with a solvent system
consisting of nanopure water, A, and ACN, B, with a flow rate of 0.250 mL/min. 80
fractions were collected in intervals of 0.5 minutes over the 60-minute gradient, with the last
10 minutes reserved for column reconditioning. The collected fractions were dried and
reconstituted in 10uL of nanopure water then analyzed by MALDI FT-ICR.

Exoglycosidase Digestion
To determine the linkage between monosaccharides, exoglycosidase digestions were
performed following an established protocol outlined by Zhang, et al29. The buffer was
prepared by adding glacial acetic acid to a 0.1M ammonium acetate solution until the pH
reached 6.5. Specific enzymes require different pH values and care was taken to ensure that
the proper pH values were obtained. Exoglycosidase digestion reactions were optimized
according to the enzyme activity and amounts of glycan used. When developing the method,
enzyme reactions were tested over various time points to confirm the linkage specificity of
the enzyme and to ensure complete digestion. The digestion was carried out in a 37 C water
bath with 3μL of buffer, 1μL of sample and 0.5μL of enzyme. Digestion times vary
depending on the enzyme as outlined by previous studies29. After each digestion the sample
was cleaned using Millipore ZipTip C18 pipette tips (Millipore Corporation, Billerica, MA)
to remove the enzyme. Each was then dried down and reconstituted in nanopure water for
analysis. For sequential exoglycosidase digestions, after the first digestion, the reaction was
checked using MALDI FT-ICR and the next enzyme was added to the solution and the
digestion was continued.

RESULTS AND DISCUSSION
The glycan library was constructed from the native N-glycans of the most abundant
glycoproteins in human serum. The proteins were chosen because they possess
predominantly N-glycans that provide good coverage of all N-glycan types including high
mannose, complex, and hybrid. Furthermore, many of these proteins have been extensively
studied in literature with several glycan structures already elucidated30–32. The known
glycan structures were identified and characterized and provided the initial core structures of
the library. Glycans were first profiled by MALDI MS and then separated by nanoLC MS.
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MALDI MS provided a rapid profile of the glycan compositions and their relative glycan
abundances for the specific proteins. NanoLC MS was then performed on the same samples
to separate the components into individual compounds as well as provide retention times and
mass spectra.

Release of glycans from glycoprotein IgM with compositional profile by MALDI MS
The analysis of glycans from a single protein standard is illustrated with IgM, where the N-
Glycans were released using the protocol described in the Experimental Section. MALDI
FT-ICR MS was used to obtain a glycan composition profile where sodiated ions were
produced. This MALDI MS spectrum provided confirmation that the release was successful
and yielded the types of glycans (complex, hybrid, high mannose) associated with each
glycoprotein. In addition, the MALDI MS profile provides semi-quantitative information
regarding the relative abundances of the released glycans, which proved valuable for
subsequent analyses. Figure 1A shows the positive mode MALDI FT-ICR MS profile of the
released glycans from the IgM glycoprotein in the 20% ACN SPE fractions. In the spectrum
all three types of N-glycans are observed supporting previous analyses of this
glycoprotein30. Tandem MS via CID was performed to confirm the composition of the
glycans as well as provide information pertaining to the connectivity of the monosaccharides
(sequence) allowing for greater confidence in assignments. An example fragmentation
profile via CID for the reduced fucosylated neutral oligosaccharide at m/z 1811.6 [M+Na]+

with the composition 5Hexose (Hex), 4N-acetyl hexosamine (HexNAc), 1Fucose (Fuc) is
shown in Supplementary Figure 1. The fragmentation profile is consistent with the proposed
composition of the glycan based on mass accuracy.

Negative ion mode glycan mass profiles were also obtained by MALDI FT-ICR MS as
shown in Figure 1B, which demonstrates an increased detection of anionic oligosaccharides.
The negative ion mode is used to detect sialylated glycans from the 40% ACN fraction as
sialic acid residues are readily deprotonated, and are not suppressed, as they would be in the
positive mode by neutral species33, 34. The abundant peaks are labeled with their putative
structures based on compositional assignments employing accurate masses and supported by
tandem MS.

NanoLC MS characterization of glycan isomers in IgM
MALDI MS of a mixture of glycans provides a rapid composition profile but provides little
to no information regarding the isomers. For nanoLC/MS analysis, the MALDI samples
were diluted by nearly five-fold and analyzed via nanoHPLC-Chip/nanoESI/TOF MS (Chip-
TOF). Glycans were separated with a PGC stationary phase incorporated into an HPLC-
microchip, as described previously20. The chip is found to have high sensitivity,
reproducibility, and effective isomer separation35–38. A further consequence of the
separation is minimized suppression effects during ionization resulting in new potential
compositions not observed with MALDI MS39. The effects of increased sensitivity and
decreased suppression effects are observed when comparing the analyses of N-glycans from
IgM between MALDI FT-ICR MS and nanoLC/TOF MS. Figure 2 shows the base peak
chromatogram of the reduced N-glycans from IgM with the most abundant peaks labeled
with their putative structures based on accurate mass. Approximately 30 distinct glycan
compositions were identified in the MALDI MS profile from the 20% and the 40% ACN
fraction for IgM. For the Chip/TOF MS analysis, the two fractions were combined and
analyzed to yield 47 distinct glycan compositions. The additional 17 compositions identified
are a result of minimized suppression effects resulting from the nanoLC separation as well
as the increased sensitivity of the HPLC-Chip/nanoESI/TOF MS instrument over the
MALDI MS analysis. From the nanoLC analysis, 120 compounds are observed due to the
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detection of isomers associated with each glycan composition. The additional compounds
detected include hybrid, fucosylated, and sialylated type glycans.

In cases where structures have many isomers, the structural assignment becomes
increasingly complicated. Assigning glycan structures is further complicated by the
separation of anomers. The reducing end can have the anomeric oxygen in alpha or beta
form. Therefore, each compound bears two anomers40, 41. Because separation on PGC is so
effective, anomers are separated, potentially doubling the number of peaks. A
comprehensive structural assignment is significantly complicated by the presence of
anomeric peaks. To eliminate this ambiguity, the reducing ends were reduced using sodium
borohydride, which converts the aldehyde to an alditol. Taking the simple example of the
composition 4Hex, 4HexNAc, and 1Fuc, having two isomers, Supplementary Figure 2A
yields an EIC (extracted ion chromatogram) with four peaks, or two sets of doublets.
Reduction of the mixture yields two overlapping peaks as shown in Supplementary Figure
2B. Interestingly, the anomers often resolve more easily than the positional and linkage
isomers.

Overlaying nano LC/MS data from all the samples results in a global glycan pool. Shown in
Figure 3 is the BPC (base peak chromatogram) overlay of seven chromatograms
representing seven different glycoproteins. For simplicity, the BPC from each glycoprotein
is represented by its own color with the abundant compositions and putative structures
labeled. Many peaks have multiple glycans eluting at the same time. Also, note there are
smaller peaks that exist between the major peaks throughout the chromatogram representing
the lower abundant species. The TOF MS instruments inherently boast 5 orders in-spectrum
dynamic range allowing for the detection of low abundant compounds in the presence of
major components. This provides another advantage during the nanoLC MS analysis
allowing the detection of the most abundant glycans in the presence of the minor
components.

Because Figure 3 only labels the most abundant compounds, Supplementary Figures 3A and
B zoom in and highlight the lower abundant species. We find that high mannose glycans
elute earlier, which is highlighted in Supplementary Figure 3A, followed by complex bi-
antennary and hybrid glycans. Finally, acidic glycans and complex type glycans with three
or more antennae elute. Supplementary Figure 3B highlights the elution of the larger and
anionic glycans, where we observe tri- and tetra-sialylated species. These elution trends are
consistent with previous studies in our laboratory20, 26 and in other laboratories42.

Chromatograms can be overlaid to rapidly determine identical structures from different
proteins. Due to the high retention time reproducibility as shown previously26, 27,
compounds that are highly overlapped and have the same accurate mass are the same
structures. Retention times under these rigorous conditions can be reproducible to within 2.0
seconds27. Given this criteria and a similar one for accurate masses, we can determine the
structures that are common to different proteins. We find several isomers that are common
to the majority of the glycoproteins, and others that are unique to only one. For example, one
of the most abundant glycans for all the proteins corresponded to m/z 822.31 [M+2H]+2,
5Hex and 4HexNAc. This glycan composition was found in several isomers with the most
abundant isomer corresponding to a retention time of 19.4 minutes ±3.0 seconds. The
structure was determined to be the well-known bi-antennary complex type glycan structure
and corresponds to entry 48 in Supplementary Table 131.

In any LC/MS analysis, unwanted fragmentation can cause problems by complicating
analysis. This problem is more common with oligosaccharides, which fragment more readily
than, for example, peptides. While fragmentation has been minimized to less than 5%, but
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more commonly less than 1%, it may still present a problem when identifying the minor
components. To ensure that the proper molecular ions are assigned, EICs of compounds are
inspected for larger co-eluting compounds that may be fragmenting to yield the smaller
species. A simple test is to examine the mass spectrum at a given time point for any smaller
related species that are co-eluting. If these two compounds have identical retention times
there is a possibility that the smaller one could be a fragment. This examination helps
eliminate false structural assignments due to any in-source fragmentation.

Structure Elucidation with enzymatic reactions
For structure analyses, there are two types of glycans: those with previously characterized
structures and those with unknown structures. Glycans with known structures require the
identification of a few residues with their linkages to confirm. Unknown structures require
de novo characterization of entire structures, although, the entire exercise is facilitated by the
conserved structure in the core region. Therefore, even de novo analyses require only a
limited number of glycosidase reactions. Furthermore, each product glycan can be tested to
determine whether it matches in retention time and accurate mass to a previously identified
structure, so that structure elucidation simply requires only one or two exoglycosidases.
Additionally, once a structure is characterized, its unique retention time and mass can be
used to identify the same structure from other protein sources.

The first step in either process is to isolate the compound of interest through the use of an
off-line HPLC system with a porous graphitized column and a fraction collector. Although
complete isolation is desirable, it is not necessary if the structures differ in compositions.
Because the PGC stationary phase is better at separating isomers than oligomers, compounds
that differ in size by one or two residues may prove more difficult to separate than isomers
with different linkages. In this case, the mass spectrometry analysis is ideal, as it
complements the isomer-specific data obtained through the chromatographic separation.
HPLC fractions are first analyzed by MALDI MS to determine the different compositions
present in the fraction. This mixture is then analyzed by Chip TOF MS to determine the
number of isomers present in the fraction. The mixture is then reacted with specific
exoglycosidases monitored by MALDI MS and Chip TOF MS. Similar methods have been
published with greater detail from this laboratory28, 43.

The annotation of a glycan structure using these techniques is shown in the example of m/z
814.29 [M+2H]+2, which corresponds to 4Hex, 4HexNAc, and 1Fuc. Based on the nanoLC
MS, this composition consists of two major isomers, which are abundant in IgG and shown
in Figure 4A. The putative structure of this composition is bi-antennary with a terminal
galactose and a terminal N-Acetylglucosamine. The uncertainty is in the linkage of the
galactose and its position on the terminus i.e. the 1–3 or 1–6 antennae. The schematic, inset
in Figure 4A, summarizes the exoglycosidase digestion strategy needed to elucidate the
structure. The mixture was separated further by HPLC to isolate one compound. Figure 4B
shows an EIC of m/z 814.3 [M+2H]+2, obtained from HPLC separation (fraction 23) and
analyzed by Chip TOF MS (retention time 21.6 minutes).

The compound was first treated with a general β-N-acetylglucosaminidase followed by an α
1–3 mannosidase. Figure 4C shows an EIC of m/z 631.7, which correlates to the loss of a
HexNAc and Hex, confirming the respective products from these enzymes. The results
indicate that the galactose is attached to the α 1–6 antenna and not the α 1–3 antenna. The
same compound was also treated with an α 1–6 mannosidase (data not shown). The result
showed no mass shift or reaction confirming the results. The corresponding mass spectra are
shown. The most abundant ions are those for the doubly charged except for the product in
Figure 4C where the singly charged is also abundant. The same experiments were performed
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on the other isomer on Figure 4A and it was found to be the isomer with the galactose on the
1–3 antenna.

For additional verification the distinct tandem MS for these two positional isomers is shown
in Figure 4D. Although the isomer-specific tandem MS profiles appear to be very similar
there are significant differences between them. In particular the earlier eluting isomer has a
major ion at 203.1 Da representing a free HexNAc monosaccharide. In the spectrum of the
later eluting isomer this peak is hardly expressed. Additionally, each isomer has its own
preferred fragmentation pathway with different intensities for their monosaccharide losses.
For example, the earlier eluting isomer has 1261.4 with higher intensity where the later
eluting isomer has 1257.4. The differences in their fragmentation profiles confirm these two
compounds as distinct isomers.

For some of the structures, the enzymes can be applied directly to the glycan mixture to
obtain structural information. Figures 5A shows the BPC chromatogram of the glycans
released from the protein transferrin. The mixture was treated with α2–3 sialidase, and the
resulting base peak chromatogram in Figure 5B, shows peaks that decrease after the
reaction. The extracted ion chromatogram shows more clearly the affect of the glycosidase.
Figure 5C and D, are the EICs for m/z 1113.40 [M+2H]+2, before and after α2–3 sialidase
treatment, respectively. This mass corresponds to the composition 5Hex, 4HexNAc, and
2NeuAc. Figure 5C shows two isomers for the di-sialylated bi-antennary species. Peak
labeled I in Figure 5C corresponds to the more abundant species and II is the less abundant
species. After digestion with the α2–3 sialidase, peak II disappears while peak I remains
untouched. The results indicate that both sialylated residues in I are linked α2–6 while both
sialic acid groups in II are α2–3 linked. We are able to conclude this because there is no
change in the mono-sialylated EIC after the sialidase digestion. If one sialic acid were left
attached we would expect an increase in the mono-sialylated EIC. The reaction mixture also
includes the mono-sialylated homolog. Figure 5E and F, show the EIC for m/z 967.85 [M
+2H]+2, before and after α2–3 sialidase treatment, respectively. This composition
corresponds to 5Hex, 4HexNAc, and 1NeuAc. The EIC shows two isomers that are not fully
chromatographically resolved and were identified as bi-antennary mono-sialylated glycans.
After treatment with the α2–3 sialidase, there is no change in the abundance of either. This
result leads to the conclusion that both isomers have an α2–6 linked sialic acid. Reaction of
the mixture with a non-specific sialidase diminishes these two peaks (data not shown).

Application of Library to Rapidly Identify Structures in Unknown Samples
The library is a continual work in progress with an established group of abundant structures
that can be identified rapidly. The glycans from the selected group of proteins number in
excess of 350 structures. The 200 most abundant are listed in Supplementary Table 1. There
are approximately 55 complete structures and over 60 nearly complete with only one or two
linkages missing.

To identify a structure in an unknown mixture, the accurate mass and retention times for that
compound are used. Tandem MS is also available but would require significant
programming, which is outside the scope of this manuscript. Future publications will
address identification of glycans using isomer-specific tandem MS.

The utility of this library is illustrated with N-glycans released from an unknown serum.
Figure 6A shows the EIC of m/z 741.28 (z=2), corresponding to 4 Hex, 4 HexNAc, from
human serum with seven major isomers matching this composition. Three isomers are
highlighted in Figure 6A (III, IV, and V) that can be identified based on accurate mass and
retention time from the structure library. Figure 6B–E shows the EICs for m/z 741.28 [M
+2H]+2, from different glycoprotein standards, IgG, IgA, Complement C3, and anti-
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chymotrypsin, respectively. Based on the accurate mass and the chromatogram retention
time, it is observed that V (RT 18.5 min) is found as the most abundant isomer in IgA, but it
is not found in any of the other proteins. This structure was determined to be a hybrid type
and was validated with tandem MS. The other two compounds (III and IV- RT 20.6 minutes
and 21.3 minutes, respectively) are abundant in serum and found in several of the proteins
including IgG, Complement C3, and anti-chymotrypsin eluting at 20.6 and 21.3 minutes.
These structures were determined via exoglycosidase digestions from previous experiments
and can be matched in this unknown sample via their unique retention time and accurate
mass. The main isomer from IgA elutes at 18.5 minutes and is not observed in any of the
other glycoproteins analyzed. This figure demonstrates the excellent retention time
reproducibility across different samples and illustrates how specific glycan structures can be
identified over several samples. This example clearly demonstrates the goal of this library,
where we use previously characterized glycan structures to accurately identify isomers. This
same treatment can be applied on a larger scale to rapidly identify glycan structures based on
their accurate mass and unique retention time.

CONCLUSION
An N-glycan library was developed based on the most abundant proteins in serum. Despite
the small number of proteins, a large number of oligosaccharides' structures were obtained.
Furthermore, despite the large number of structures there were large structural correlations
between the glycans of different proteins. We propose that an extensive library can be
readily developed for any biological systems based on a small number of proteins. The
library includes glycan structures, accurate masses, unique retention times, and protein
sources. The most abundant glycan structures were readily identified based on knowledge of
the conserved biological processes and confirmed with tandem MS and exoglycosidase
digestions. The lower abundant structures are more difficult to fully elucidate without
enrichment. In these cases partial structures are offered in the database. With this library, we
are able to quickly identify glycan structures based on their unique retention time and
accurate mass. The limitations of full structural elucidation are a function of the difficulty in
fully separating and isolating isomers for sequential exoglycosidase mapping and the limited
commercial availability of specific exoglycosidases.

Although the nanoLC has been shown to be exceptionally reproducible, to account for any
major retention time shifts, a pool of glycan standards can be used to calibrate the system.
Because the elution order of isomers will not change, it is possible to simply realign
retention times according to their shift. This will enable users to adjust library retention
times making this library widely applicable for those with similar LC/MS systems.

This library provides a powerful template for rapid N-glycan structure identification in
unknown samples. Our laboratory is employing the library to rapidly identify the most
abundant glycan structures in biological samples, including serum, milk, and saliva samples.
Any new structures identified are included in the growing database. The library's
applicability extends to several fields involving rapid glycan analysis and identification.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1A.
MALDI MS N-Glycan Profile of IgM in Positive Ion Mode. This spectrum shows the
released N-glycans from the glycoprotein IgM with representation from all three glycan
types: high mannose, complex, and hybrid. Sodiated ions are predominately produced.
Putative structures are presented based on glycan composition. Blue squares represent N-
Acetyl glucosamine, green circles represent mannose, yellow circles represent galactose,
purple diamonds represent sialic acid, and red triangles represent fucose.
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Figure 1B.
MALDI MS N-Glycan Profile of IgM in Negative Ion Mode. This spectrum shows the
increased detection of sialylated N-glycans from IgM. Deprotonated ions are predominately
produced.
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Figure 2.
Base Peak Chromatogram of Glycans from IgM. NanoLC/MS Chromatogram of N-Glycans
from IgM with glycan compositions labeled for the most abundant peaks. Isomer separation
allows for the detection of isomers associated with each compound as well as the detection
of more compounds due to decreased competition during ionization.
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Figure 3.
Global Glycan Pool. Chromatogram overlay of N-glycans from seven glycoproteins where
each color represents a different glycoprotein. Abundant compositions from some of the
major peaks have been labeled.
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Figure 4.
A: Extracted Ion Chromatogram for m/z 814.29 [M+2H]+2 showing two isomers associated
with that composition. B: EIC of m/z 814.29 [M+2H]+2 after off-line HPLC fractionation to
isolate one isomer. C: EIC of m/z 631.74 [M+2H]+2 after sequential exoglycosidase
digestion. Mass spectrum for each chromatogram is inset.
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Figure 5.
A: Base Peak Chromatogram (BPC) of Transferrin N-Glycans before enzyme digestion. B:
BPC of Transferrin N-Glycans after alpha 2–3 sialidase digestion. C: EIC of m/z 1113.40
[M+2H]+2 before digestion. D: EIC of m/z 1113.40 [M+2H]+2 after digestion. E: EIC of m/z
967.85 [M+2H]+2 before digestion. F: EIC of m/z 967.36 [M+2H]+2 after digestion.
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Figure 6.
A–E: EICs of m/z 741.28 [M+2H]+2 from different protein sources, serum, IgG, IgA,
complement C3, and anti-chymotrypsin.
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