1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anal Chem. Author manuscript; available in PMC 2021 January 07.

-, HHS Public Access
«

Published in final edited form as:
Anal Chem. 2020 January 07; 92(1): 782-791. doi:10.1021/acs.analchem.9b03183.

Toward Automatic and Comprehensive Glycan Characterization
by Online PGC-LC-EED MS/MS

Juan Wei', Yang Tang™#, Yu Bai8, Joseph Zaia®, Catherine E. Costello™*, Pengyu Hong'",
Cheng Lin"T

TCenter for Biomedical Mass Spectrometry, Boston University School of Medicine, Boston,
Massachusetts 02118, United States

*Department of Chemistry, Boston University, Boston, Massachusetts 02215, United States

$Beijing National Laboratory for Molecular Sciences, Institute of Analytical Chemistry, College of
Chemistry and Molecular Engineering, Peking University, Beijing 100871, China

'Department of Computer Science, Brandeis University, Waltham, Massachusetts 02454, United
States

Abstract

Despite the recent advances in mass spectrometry (MS)-based methods for glycan structural
analysis, characterization of glycomes remains a significant analytical challenge, in part due to the
widespread presence of isomeric structures and the need to define the many structural variables for
each glycan. Interpretation of the complex tandem mass spectra of glycans is often laborious and
requires substantial expertise. Broad adoption of MS methaods for glycomics, within and outside
the glycoscience community, has been hindered by the shortage of bioinformatics tools for rapid
and accurate glycan sequencing. Here, we developed an online porous graphitic carbon liquid
chromatography (PGC-LC)-electronic excitation dissociation (EED) MS/MS method that takes
advantage of the superior isomer resolving power of PGC and the structural details provided by
EED MS/MS for characterization of glycan mixtures. We also made improvements to
GlycoDeNovo, our de novo glycan sequencing algorithm, so that it can automatically and
accurately identify glycan topologies from EED tandem mass spectra acquired online. The
majority of linkages can also be determined de novo, although in some cases, biological insight
may be needed to fully define the glycan structure. Application of this method to the analysis of
N-glycans released from ribonuclease B not only revealed the presence of 18 high-mannose
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structures, including new isomers not previously reported, but also provided relative quantification
for each isomeric structure. With fully automated data acquisition and topology analysis, the
approach presented here holds great potential for automated and comprehensive glycan
characterization.
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Glycans are the most abundant biopolymers found in nature; they play crucial roles in a
wide range of biological activities. Glycan biosynthesis does not follow genetic blueprints,
and the resultant glycome is often a mixture of glycoforms with varying compositions,
branching patterns, linkages, and stereochemical configurations. Subtle changes in the
structure of a glycan can have a profound impact on its biological functions. For example,
altered distribution between the a-2,3 and a-2,6 sialic acid linkages is associated with
cancer, chronic inflammation, and infectious diseases.12 Changes in glycan expression are
observed in many pathological processes, including tumorigenesis, viral infection, and
autoimmune disorders.3- Gaining a better understanding of the disease mechanisms thus
requires the development of analytical methods that can characterize and quantify all
glycoforms present in a complex mixture.

Characterization of glycan structures remains a significant analytical challenge due to the
need to define many structural variables, the often limited sample quantity available from
biological sources, and the ubiquitous presence of structural isomers. While it is possible to
detect each glycoform in a complex mixture by combining liquid chromatographic (LC) or
capillary electrophoretic (CE) separation with UV or fluorescence detection of derivatized
glycans, these optical detection methods do not provide structural information. Thus, each
glycan structure must be determined by comparing its retention or electrophoretic migration
time to those of the glycan standards, usually followed by examining the retention time or
relative migration shift of the product(s) from its sequential exoglycosidase digestion.”
These approaches are limited by the availability of specific enzymes and the content of the
LC and CE databases of glycan standards.

Mass spectrometry (MS) has become the method of choice for glycan structural
characterization, as it offers high sensitivity and fast analysis, provides structural details
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through tandem MS (MS/MS), enables quantification with stable isotope labeling, and is
compatible with online glycan separation.8-11 Permethylation is often performed before MS
analysis to improve the ionization efficiency, stabilize the sialic acid linkages, prevent
structural rearrangement, and facilitate spectral interpretation.12-15 Collision-induced
dissociation (CID) is the most commonly used fragmentation method due to its broad
availability on many commercial MS instruments. Because CID MS/MS generates only
limited structural information, detailed structural elucidation often requires multistage
tandem mass spectrometry (MS"),16 but the MS" approach lacks speed and sensitivity and is
not suited for quantification. A major challenge in MS" is that the selection of product ions
as precursors for further fragmentation often requires considerable expertise and time, since
the most abundant fragment ion does not always produce the most structurally informative
spectrum, and this makes MS" difficult to automate. Recent strategies for automating MS"
analysis either rely on existing databases and are thus limited to branching pattern analysis,
17 or require a significant amount of sample and multiple sample injections to fully define
the structure of each glycan, even when it is as small as a trisaccharide.1819 Finally, in MS",
specific glycoforms are identified by their observed fragmentation pathways, but it is not
always possible to exhaustively investigate all relevant pathways, and some glycoforms may
go undetected.

We recently showed that glycan cations can be extensively fragmented by irradiation with
electrons that have energy exceeding the ionization potential of the target cations, in a
process known as electronic excitation dissociation (EED).20-21 EED is capable of
generating a complete series of glycosidic fragments for sequence determination and
abundant cross-ring, secondary, and internal fragments for linkage elucidation.22-24 The
ability of EED to produce structural details in a single stage of MS/MS analysis allows its
efficient coupling to online glycan separation, including LC and ion mobility spectrometry
(IMS).2425 We showed that isomeric glycan standards in simple mixtures can be separated
and identified by online reversed phase (RP)-LC-EED MS/MS analysis. However, RPLC has
limited isomer resolving power, and we achieved only partial resolution for some linkage
isomers.24 Porous graphitic carbon (PGC)-LC is one of the best chromatographic methods
for glycan isomer separation and has been used in conjunction with CID or higher energy
collisional dissociation (HCD) MS/MS for glycan mixture analysis, yet achieving definitive
structural assignments still sometimes requires complementary information such as retention
time shift upon exoglycosidase digestion.26-30 A recent study by Ashwood et al. showed
some very promising results on differentiation of isomers in multicomponent glycan
mixtures by online PGC-LC-negative CID (nCID) MS/MS, where nCID produced
diagnostic fragments with different propensities for isomer discrimination.3! Differentiation
was achieved at the substructure level, but complete structural determination of each isomer
remained challenging, in part because of the insufficient structural details produced by
nCID. The authors also acknowledged that small changes in the glycan structure, such as
core fucosylation, could render some diagnostic fragments nonspecific and suggested that
multiple diagnostic ions be used for better differentiation accuracy and for resolving isomers
differing by more than one structural features.

Facile glycan analysis will demand automation in not only spectral acquisition but also
spectral interpretation. Current bioinformatics tools for MS/MS-based glycan sequencing
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often achieve glycan identification by searching their tandem mass spectra against existing
glycan databases.32-39 These approaches are limited to assignments of previously defined
structures. Some software programs build their own theoretical glycan databases with
predefined rules for glycan simulation,%041 but these databases are incomplete, as
restrictions must be placed to keep the database at a manageable size, and unusual structures
not assembled via known biosynthetic pathways do exist in nature.2:43 To address this
limitation, a number of de novo glycan sequencing algorithms have been developed,
including STAT,#* StrOligo, 546 GLYCH,*” Glyco-Master,*8 glyfon,*8 and others,*%-52 but
their performance is typically suboptimal for several reasons. First, they were generally
applied to analyze CID tandem mass spectra, which may not contain the complete series of
glycosidic cleavages needed for de novo glycan sequencing. Second, candidate structures are
usually ranked by counting the number of their theoretical fragments present in the
experimental tandem mass spectra, but this approach can be problematic, due to the common
occurrences of isomeric structures and isobaric fragments that may yield ambiguous
assignments, especially for low resolution/low-mass accuracy spectral data. Finally, CID
MS/MS rarely produces a sufficient number of cross-ring or other linkage-diagnostic ions
for reliable linkage determination.

We recently developed a novel algorithm, GlycoDeNovo, for de novo glycan sequencing
from high-mass accuracy EED spectra of permethylated glycans.>3 GlycoDeNovo builds an
interpretation-graph from each glycan tandem mass spectrum by identifying all potential
glycosidic fragments (sequence ions) that can be interpreted as a combination of a
monosaccharide (root) and one or more previously interpreted peaks (branches) which lead
to the assignment of the precursor peak. To reduce the peak assignment errors, we
introduced an lonClassifier (IC) module that assigns a probability score to a peak
assignment by considering its contextual features, such as the presence of its complementary
and/or accompanying fragment ions. To establish the lonClassifier, we identified features
from a set of tandem mass spectra of glycan standards by using a machine learning
approach. We then ranked candidate topologies based on the cumulative IC scores of all
supporting peaks. With lonClassifier, GlycoDeNovo was able to consistently identify the
correct topologies as the top-ranked candidate structures for both permethylated glycans®3
and native glycans with a reducing-end fixed charge label,23 based on their EED tandem
mass spectra. To date, GlycoDeNovo has only been applied to analyze off-line EED spectra
of glycan standards. Analysis of online EED spectra of glycans from biological sources is
far more challenging, due to their likely lower spectral quality, especially for low-abundance
glycoforms, potentially missed glycosidic cleavage(s), and spectral contamination from
coeluted isomers. To address these challenges, we present here an integrated approach that
combines high-resolution online nanoPGC-LC separation, EED MS/MS, and an improved
GlycoDeNovo algorithm for rapid, de novo, comprehensive, and potentially quantitative
characterization of complex mixtures of isomeric glycans.
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EXPERIMENTAL SECTION

Materials.

PNGase F was acquired from New England BioLabs (Ipswich, MA). Bovine ribonuclease B
(RNase B) was purchased from Abnova (Taipei, Taiwan). HPLC grade water, acetonitrile,
chloroform, and formic acid were obtained from Fisher Scientific (Pittsburgh, PA). Methyl
iodide, dimethyl sulfoxide (DMSO), sodium hydroxide, sodium borodeuteride (NaBD,), and
acetic acid were purchased from Sigma-Aldrich (St. Louis, MO).

Sample Preparation.

N-Linked glycans were released by PNGase F based on the protocol by New England
Biolabs. Briefly, 20 1g of RNase B were dissolved in 10 w4 of glycoprotein denaturing
buffer (0.5% SDS, 40 mM DTT) and incubated at 60 °C for 45 min, followed by addition of
2 (L of NP-40 (10x), 2 gL of sodium phosphate buffer (50 mM), 6 zL of water, and 1 /1 of
PNGase F solution. The reaction mixture was incubated at 37 °C overnight. The released
glycans were separated from proteins by passage of the product mixture through a C18 Sep-
Pak cartridge (1 mL, Waters, Milford, MA). Deutero-reduction and permethylation were
performed according to protocols described in detail else-where.?* Briefly, released glycans
were dissolved in 200 gL of NaBD4 (250 mM) in NH4OH (100 mM) solution. After 2 h
incubation at room temperature, the reaction was quenched by slowly adding 10% acetic
acid until bubbling ceased. Reduced glycans were dissolved in a mixture of NaOH/
DMSO/CHgsl (40 mg/200 £4./50 zi); the tube containing the solution was vortexed for 3 h,
with additions of 50 gL CHzl every hour. The permethylated glycans were desalted using a
Pierce C18 microspin column (ThermoFisher Scientific, Waltham, MA), dried with a
SpeedVac system (ThermoFisher Scientific, Waltham, MA), and stored at —80 °C.

Liguid Chromatography—Mass Spectrometry Analysis.

Online LC separation was performed on a nano-ACQUITY UPLC system (Waters, Milford,
MA), equipped with a C18 trap column (5 gm Symmetry C18, 0.18 x 20 mm) and a PGC
analytical nanocolumn (Hypercarb, 3 m, 0.075 x 100 mm, Thermo Fisher Scientific).
Sodium acetate (10 mM) was added to each glycan sample prior to injection to promote
formation of sodium adducts.? Mobile phase A contained 98.9% water, 1.0% acetonitrile,
and 0.1% formic acid, and mobile phase B consisted of 1.0% water, 49.9% acetonitrile,
49.0% isopropanol, and 0.1% formic acid. Online desalting was done by trapping with 10%
B for 2 min at a flow rate of 4 xL/min. For separation, the gradient used was 0-5 min, 10—
35% B; 6-55 min, 35-60% B; 56-65 min, 60-95% B; 66—75 min, 95% B; 76-77 min, 95—
10% B; and 78-90 min, 10% B. The flow rate was 0.5 z/min, and the column temperature
was kept at 60 °C for improved chromatographic resolution.>4-57 About 5-10 pmol of
released glycans were injected for each LC-MS/MS analysis.

The Waters nanoUPLC system was connected to a 12-T solariX hybrid Qh-Fourier-
transform ion cyclotron resonance (FTICR) mass spectrometer (Bruker Daltonics, Bremen,
Germany) via a Triversa nanoMate system (Advion, Ithaca, NY). The electrospray voltage
was set to 1.7 kV. The external ion accumulation time was set to 0.1 and 2.5 s for MS and
MS/MS scans, respectively. Both inclusion and exclusion lists were implemented for auto
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MS/MS, performed with one MS scan followed by two MS/MS scans. The cathode bias was
set to 18 V with an electron irradiation time of 0.35s. A 0.5 s transient was acquired for
each mass spectrum.

Data Analysis.

All mass spectra were processed by DataAnalysis 4.4 (Bruker, Bremen, Germany).
Fragments were annotated according to the Domon and Costello nomenclature (Scheme S1).
58 For each LC-MS/MS run, a single MS/MS spectrum was chosen for internal calibration,
using several fragments assigned with high confidence, typically B-, C-, Y-, Z-, or}5 X ions.
The same calibration constants were then automatically applied to all mass spectra acquired
during the same LC run, resulting in a typical mass assignment accuracy of around 2 ppm.
Peak picking was performed using the SNAP algorithm (Bruker Daltonics, Bremen,
Germany) with the quality factor threshold set at 0.1, S//V cutoff at 5, maximum charge state
at 3, and a relative ion abundance threshold at 0.01%. The precursor ion elemental
composition was chosen to calculate the averagine formula.%® Automatic reconstruction of
candidate topologies was achieved with GlycoDeNovo, and ranked by lonClassifier. Putative
structures for all glycoforms, including their topologies and linkage configurations, were
deduced through manual spectral interpretation.

RESULTS AND DISCUSSION

N-Linked, high-mannose glycans released from bovine RNase B are chosen as the model
system for this study, as this set of glycoforms contains many structural isomers, including
both topological and linkage isomers, and therefore serves as a rigorous test for the
evaluation of the performance of the LC-MS/MS method and bioinformatics software
developed here. Detailed structural characterization and relative quantification of high-
mannose glycans are of significant biological relevance. For example, interaction between
surfactant protein D and high-mannose structures on epidermal growth factor receptor
(EGFR) leads to reduced EGF binding to EGFR and suppresses lung cancer progression.50
High-mannose glycans are also key targets in vaccine design, such as those against the
human immunodeficiency virus.81-63 Analysis of hybrid and complex A+glycans from
glycoproteins and biofluids will be presented in a follow-up report.

NanoPGC-LC-MS analysis of N-glycans released from RNase B.

Figure 1 shows the extracted ion chromatograms (EICs) of high-mannose glycans released
from RNase B, separated on a nano-PGC column. With the lone exception of Man9,
multiple peaks are observed for each glycan composition. The heterogeneity of high-
mannose structures in RNase B has been the subject of several previous reports.27:56.64-67
One MS" study revealed the presence of 13 different isomers with the compositions of
Man5, Man7, and Man8, although no quantitative information could be obtained, as
glycoforms were identified on the basis of their unique MS" fragmentation pathways, with
no prior isomer separation.84 Here, we are able to detect and characterize 18 high-mannose
isomers by PGC-LC-EED MS/MS, with compositions ranging from Man4 to Man9, and
putative structures shown in Figure 2. These high-mannose structures are annotated using
the alphanumeric notation introduced by Reinhold et al.,84 where each of the antennal
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mannose residues is given a unique alphanumeric identifier. To facilitate discussion, we
further assign the labels R0, R3, and R6 to the three core mannose residues, as depicted in
Figure 2a. Since all high-mannose structures contain the three core mannose residues, we
only need to specify antennal residues to define their structures. For example, a Man6
isomer containing residues A;, Ay, and B, would be annotated as 6A; ,B1. Note that some
pauci-mannose structures may be missing the R3 or R6 residue, such as 4A3B3 and 4A »,
but the missing core residue can be deduced from the antennal residues present in the
structure.

Manual Determination of Putative Structures.

For manual structural determination, we assume that all high-mannose structures derive
from the tetradecameric A-glycan structure, shown in Figure 2a. This structure corresponds
to the glycan derived from the lipid-linked GlcgMangGIcNAC; that is cotranslationally
transferred to the nascent protein and then trimmed by the action of glucosidases 1 and 2
that trim the a1,2-linked terminal glucose and then the internal al,3-linked residues,
respectively. With this constraint, topology deduction may be made based on the observation
of 35A and %4A ions, as they can only be produced at 1 — 6-linked mannose residues, thus
providing key structural information on the 6-antenna. Specifically, if two sets of 35A and
0.4A jons are observed, the m/z values of the lighter set are indicative of the 6-branch on the
6-antenna, whereas the mass difference between these two sets is reflective of the 3-branch
on the 6-antenna. All unaccounted hexose residues must have formed a linear sequence on
the 3-antenna. Similarly, if only one set of 3:5A and 04A ions is observed, their 77z values
may be used to determine the C3 substitution on the R6 residue, and the rest of hexose
residues may be assigned to the 3-antenna. If no 35A or %A ions are observed, all hexose
residues will be assigned to a linear sequence attached to the 3-antenna. Here, we focus our
discussion on Man5 and Man7 isomers and leave discussions on other high-mannose
structures to the Supporting Information.

Three chromatographic peaks are observed for Man5 isomers (Figure 1b), with their EED
spectra shown in Figure 3, and assigned fragments listed in Tables S2-S4. Among them,
isomer 3 is the most abundant, accounting for nearly 95% of the Man5 population. The
presence of O4A,,, 35A,,, 04A3, and 3°A3 ions establishes a branched trimannose 6-
antenna and a monomannose 3-antenna. Thus, this major Man5 isomer may be assigned as
5A 5, consistent with the canonical Man5 structure reported in the literature.58 For the two
lower-abundance Man5 isomers, isomers 1 and 2 in Figure 1b, EED produced %4Az and
35A3 jons at /m/2505.226 and 533.257, suggesting a branched topology with two dimannose
antennae. The Man-Man linkage within the 6-antenna may be determined as 1 — 6 for
isomer 2, based on the presence of %4A,, and 3°A,,, ions at /772301.126 and 329.157, and
as 1 — 3 for isomer 1, whose EED spectrum does not include these two cross-ring
fragments. Thus, isomers 1 and 2 can be assigned as 5A; 3 and 5A 3, respectively.

Five chromatographic peaks are observed for Man7 isomers (Figure 1d), with their EED
spectra shown in Figure 4, and assigned fragments in Tables S5-S9. For isomers 2 and 3, the
presence of %4A, and 3°A, ions at /77/2913.425 and 941.456 suggests a tetra-mannose 6-
antenna and a dimannose 3-antenna. For isomer 2, the observation of %4A,, and 3°A,, ions
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at m/z301.126 and 329.157 suggests a single mannose 6-branch on the 6-antenna, whereas
for isomer 3, the observation of %4A3,, and 35As,, ions at /772505.226 and 533.257 suggests
a dimannose 6-branch on the 6-antenna. Thus, isomers 2 and 3 of Man7 can be assigned as
7A123B, and 7A; 5 3B, respectively. For isomers 1, 4, and 5, the observation of ®#A and
35A jons at /712 709.325 and 737.357 suggests the presence of a trimannose 6-antenna and a
trimannose 3-antenna. For isomer 5, the observation of %4Az, and 3°A3, ions at /m/z
505.226 and 533.257 suggests a dimannose motif attached to the C6-position of the R6
residue, forming a linear trimannose 6-antenna; for isomer 4, the observation of %4A,_, and
35, ions at /7/2301.126 and 329.157 suggests a branched trimannose structure as its 6-
antenna; for isomer 1, the absence of lighter %A or 3:5A ions suggests a dimannose 3-
branch on the 6-antenna. Taken altogether, isomers 1, 4, and 5 may be assigned as 7A; 3B> 3,
7A1 2 3B3, and 7A1 3B 3, respectively.

Not surprisingly, the Man7 canonical structures, 7A1 5 3B (isomer 3), 7Aq 5 3B, (isomer 2),
and 7A; » 3B3 (isomer 4), are the most abundant Man7 isomers observed in this study. An
earlier MS" study identified two additional Man7 isomers in released glycans from RNase
B: 7A1 3B1 3 and 7A1’383C3.64 Our current study confirmed the presence of 7A; 3B 3
(isomer 5) but did not find evidence for the presence of 7A; 3B3C3. Instead, we detected the
isomer 7A; 3B 3 (isomer 1), as described above. A careful examination of the MS" results
in the previous report revealed the possible reason for the discrepancy between the results of
the earlier study and those we report here. The following MS" pathways were used to
confirm the presence of 7A; 3By 3: precursor — Bs — Bs/Ysg— Bs/Y45— Bs/Y3g—
35A4 — C34 — Bog + Coq + CIY (Hex), but these pathways are common to both 7A; 3B; 3
and 7A; 3B 3. The 6-antenna trisaccharide was assigned as Man(1-2)Man(1-6)Man, based
on the dissimilarity between its fragmentation pattern and that produced by Man(1-
2)Man(1-3)Man, the C3, ion from the 5A,B, structure (Figures 6e and 4c, ref 47).
However, this assignment seems questionable, since the MS’ fragment at /m/z667.3 from
Man7 was at least a mixture of C3, from 7A; 3B; 3, or Man(1-2)Man(1-6)Man, and C,
from 7A; » 3B3, or [Man(1-3)][Man(1-6)]Man, whose fragmentation pattern would have
been different from that of Man(1-2)Man(1-3)Man from 5A,B,, regardless of whether the
latter species, likely originating from 7A; 3B> 3, was also present in the mixture. More
importantly, the tandem mass spectrum of the 6-antenna trisaccharide C-ion from Man7
contained a prominent peak at /7/2563.4 that could not have been produced by either
7A1 2 3B3 or 7A1 3B 3 and should therefore be assigned as a L4p,,, ion, likely derived from
7A; 3B 3. This example underlines a major limitation of the MS™ approach, in that
coisolation of isomeric or isobaric structures can sometimes lead to erroneous interpretation,
especially when chromatographic separation is omitted. In contrast, our PGC-LC-MS
analysis clearly identified the presence of five Man7 isomers, whose structures can be
assigned with high confidence based on structurally informative fragments generated by
EED MS/MS.

Automatic Topology Deduction by GlycoDeNovo.

The glycan EED spectra are generally very complex due to the occurrence of many
fragmentation pathways. Without any structural constraint, a given fragment may be
assigned to multiple structures, making manual spectral interpretation an extremely
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challenging task. In the previous section, putative structures of high-mannose isomers were
deduced from their EED tandem mass spectra based on the structure of the A-glycan
precursor. This knowledge significantly reduced the number of topologies needing to be
considered and greatly simplified spectral interpretation by allowing one to specifically look
for just a handful of diagnostic cross-ring fragments for structural assignment. However,
current knowledge of glycan biosynthesis is incomplete, and discovery of new glycan
structures requires a de novo approach. In this section, we will demonstrate de novo glycan
topology reconstruction with minimal reference to the biological knowledge. Instead,
topologies are reconstructed based on observed glycosidic fragments and ranked by the
cumulative lonClassifier scores of all supporting fragments.

For automatic topology deduction, the SNAP-identified lists of fragments with their m/z,
charge states, and relative ion abundances subjected to GlycoDeNovo analysis, and the
results are shown in Table 1. GlycoDeNovo was able to reconstruct topologies in 13 out of
18 cases. The five spectra from which GlycoDeNovo failed to generate topology candidates
were all recorded for low abundance glycoforms and hence have lower spectral quality, i.e.,
they do not contain complete series of glycosidic cleavages. For example, isomer 3 of Man6
accounts for less than 4% of the Man6 population, and no glycosidic fragment resulting
from cleavage between the RO and R6 residues was automatically identified by SNAP.
Manual inspection did reveal the presence of two peaks at /77/2869.398 and 871.412,
corresponding to C3,*(* indicates 2 hydrogen losses) and Cs, ions, respectively (Figure S2,
inset), but the A+1 isotope peaks of these two ions were too low in abundance to be accepted
for assignment by SNAP.

It is possible to reconstruct topologies from an MS/MS spectrum with no more than one
consecutively missed cleavage by introducing a gap option. The original gap option allows
artificial addition of a glycosidic fragment to the interpretation-graph as a linear elongation
of a previously identified substructure by one monosaccharide residue. However, turning on
the linear gap option did not result in the recovery of the putative Man6 #3 topology here,
since the absence of a C3, ion left a four-saccharide gap between C,, and C4 ions. It is thus
necessary to implement a branched gap option, allowing insertion of a branched substructure
that consists of two or more previously identified substructures connected to one
monosaccharide residue, to complete the pathway leading to the interpretation of the
precursor. Turning on the gap option inevitably results in a significant increase in the
number of reconstructed candidate topologies. Four topologies, [Hex Hex Hex] [Hex Hex]
Hex HexNAc HexNAc, [[Hex] [Hex] Hex] [Hex Hex] Hex HexNAc HexNAc, [[Hex Hex]
[Hex] Hex] [Hex] Hex HexNAc HexNAc, and [Hex Hex] [Hex Hex] Hex Hex HexNAc
HexNAc, could be reconstructed based on the Man6 isomer 3 spectrum with the gap option
on. These topologies share the same four B/C-type substructures found in the EED
spectrum, Hex, Hex,, Hexg, and HexgHexNAc, and thus cannot be differentiated by the
number of supporting peaks. Since each topology was deduced with one artificial supporting
peak, it should be possible to rank them based on the IC score of the added peak. The
assumption is that when a glycosidic fragment is not identified by the peak picking
algorithm due to its lower signal-to-noise ratio or interference from nearby isotopic clusters,
some of its contextual features may still exist in the spectrum. In the case of Man6 isomer 3,
the [[Hex Hex] [Hex] Hex] [Hex] Hex HexNAc HexNAc topology receives the highest IC
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score because the presence of 1°X3, and 35A, ions supports the addition of a Hex,
fragment, whereas contextual features supporting the addition of Hexz or Hexs fragment that
might have enabled the reconstruction of the other three topologies are not present in the
EED spectrum. With the gap option turned on, GlycoDeNovo was able to reconstruct
topologies from the remaining five tandem mass spectra (marked with an asterisk in Table
1). More importantly, manually deduced putative structures, listed in bold font in Table 1,
were ranked by the lonClassifier as the top candidates in all 18 cases. This marks the first
demonstration that GlycoDeNovo, with improved gap option, can correctly determine
glycan topologies from tandem mass spectra with missing glycosidic cleavage(s). This
capability is especially important for characterization of low-abundance glycoforms when
relatively sparse data may be acquired during online LC-MS/MS.

In some cases, more than one of the candidate topologies received the top IC score because
their supporting peaks are identical. Current biological knowledge enables the analyst to
recognize easily the correct topology from among the candidates. For example, five different
topologies received the same IC score based on the EED spectra of Man9 (Figure S5b), but
only structure 2 may be derived from the tetradecameric N-glycan precursor. Thus, we
showed that correct topologies of all isomeric structures present in a complex glycan
mixture can be deduced automatically by GlycoDeNovo from LC-EED MS/MS data.

De Novo Linkage Analysis.

For high-mannose glycans, once the topology is identified, the majority of linkages are also
defined based on the accepted structure of the A~glycan precursor. Occasionally, more than
one linkage configuration may exist for a given topology, but these can generally be
differentiated based on a few diagnostic cross-ring fragments, as shown earlier in the case of
isomers 1, 4, and 5 of Man7 glycans. Without taking into account established biological
knowledge, linkage analysis would be very difficult. We showed earlier that structural
constraints may also be generated by GlycoDeNovo with the lonClassifier. Identification of
the true topology among a small number of top-ranked structures is an important first step
that facilitates subsequent linkage analysis. While it remains possible that extraordinary
structures may sometimes be encountered, especially during the study of unique branches of
the evolutionary tree, ranking of candidates based on the established structures will usually
be the reasonable course of action.

For linkage elucidation, we use a combination of linkage-diagnostic cross-ring and
secondary fragments, as listed in Table 2. Glycosidic linkages are usually determined based
on the observation of characteristic cross-ring fragments. However, some linkages cannot be
defined with certainty, even if a complete set of cross-ring fragments is observed. This is
especially true for a hexose residue in its pyranose form, which has an identical group (OH
for native or OCH3 for permethylated glycans) attached to its C2, C3, and C4 positions.
Consequently, some cross-ring fragments, e.g., 1:3A for 1 — 2- or 1 — 3-linked and 24A
ions for 1 — 3- or 1 — 4-linked hexose residues, are isomeric. It is thus difficult to
unambiguously assign 1 — 2 and 1 — 3 linkages at a hexose residue, sinceal — 2-or 1
— 3-linked hexose residue does not produce unique cross-ring fragments that cannot
originate from a 1 — 4-linked hexose residue. Fortunately, EED also generates abundant
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secondary fragments, some of which can facilitate linkage determination. For example, C*-
OCHjs, C¥Y, and C/Z ions are formed via alpha cleavages from C1-C2 diradical
intermediates (Scheme S2), thus their presence may be used to deduce the composition of
substituents at the C2 and C3 positions.

The topology of Man5 isomer 3 was identified by GlycoDeNovo as [[Hex] [Hex] Hex]
[Hex] Hex HexNAc HexNAc, based on observed C ions with compositions of Hex, Hexs,
and Hexs. The presence of %4Az and 3:5A; ions establishes a 1 — 6-linked trimannose
antenna and places the monomannose branch, or the g-branch, to either the C2 or C3
position of the RO residue. The presence of %2X, and C5/Z3ions and the absence of a C*/Y
(Hex) fragment then specify that the g-branch is at the C3-position. The two terminal
mannose residues on the 6-antenna can be localized to the C3- and C6-positions,
respectively, based on the presence of 04A,, and 3°A,,, ions and the absence of a C*/Y
(Hex) fragment. Thus, the linkage configuration of this Man5 isomer can be assigned from
first-principles, without reference to biological knowledge.

For the two low-abundance Man5 isomers, the presence of C ion series with compositions of
Hex, Hexy, and Hexs is supportive of a branched topology with two dimannose antennae, as
determined by GlycoDeNovo. Both isomers produced %4A3 and 35A ions with two
mannose residues attached, suggesting that one dimannose branch is connected to the C6
position of the RO residue. The location of the second dimannose antenna can be assigned at
the C3 position, based on the presence of %2X, and CalZ3zgions. For both isomers, the
presence of Cp4/Y4sand C,™-OCHjs ions indicates a 1 — 2-linkage between the two
mannose residues on one antenna, but the MS? data are insufficient to determine whether
this branch is located at the C3 or C6 position of the core mannose. Similarly, the Man-Man
linkage on the other antenna may be deduced as 1 — 6 for isomer 2 and 1 — 3 for isomer 1,
based on the presence of 94A,, and absence of 3°A,,, ions, but its location on the core
mannose residue cannot be defined. This is an inherent limitation for MS2-based linkage
analysis: when there exist multiple branches with the same sequence but different linkage
configurations, the exact location of each branch cannot be determined by MS/MS alone.
One potential solution is to perform a targeted MS" analysis. In this case, MS? of the 3°A3
ion at /m/2533.257 may be sufficient to define the linkage on the 6-antenna. Such a MS2-
guided MS" approach is advantageous over the conventional MS™ method, as the latter is
difficult to automate and requires investigation of many MS" pathways, oftentimes involving
a high number of MS/MS stages. With the majority of the features of each glycan structure
already elucidated by EED MS/MS, the remaining structural parameters may be determined
by even a single MS3 experiment, thus paving the way for automated analysis on the
chromatographic time scale.

Relative Quantification of Isomeric Structures.

Assuming similar ionization efficiencies for isomeric glycans, insignificant matrix effects
(e.g., minimal ionization suppression by coeluted species), and no column saturation or
collision cell overfill, the chromatographic peak areas of the precursor ions in their
respective EICs during the MS scan may be used for relative quantification. Figure 5 shows
the averaged percentage distribution of each isomer from three technical replicates of LC—
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MS analysis. For clarity, error bars are only shown for each composition. The LC-MS data
used to generate this plot may be found in Table S1.

Quantification of Atglycans from RNase B was the subject of an interlaboratory study,®®
where glycan profiling was achieved using either normal-phase HPLC or MALDI-TOF MS,
but only at the compositional level, as neither method was capable of resolving isomeric
structures. Our quantitative results is comparable with the findings of that study. We found
that Man5 and Mané are the most abundant components, with relative abundances of 44.3 +
0.6% and 21.24 + 1.2%, respectively, right in line with the reported values of 39.7 + 10.3%
and 24.7 + 2.6%. A key advantage of our approach is that it also allows relative
quantification at the structural level, achieving identification and quantification of isomeric
structures in a single LC-MS/MS experiment. This capability can be beneficial for many
applications, since changes in the relative quantities of isomeric glycans may impact their
biological functions, including their binding affinity and immunogenicity, among others, and
could serve as markers for various diseases. Additionally, the method developed here
provides a powerful tool for evaluating similarity among biopharmaceutical drugs, at the
structural level in glycosylation.

CONCLUSIONS

We demonstrate here an integrated analytical and bioinformatics workflow, based on PGC-
LC-EED MS/MS analysis, for separation, characterization, and potential relative
quantification of isomeric glycans. The superior chromatographic resolving power provided
by PGC allowed separation of both topological and linkage isomers. In all, 18 high-mannose
structures were detected in A-linked glycans released from RNase B, including structures
that have not been previously reported. Online EED MS/MS analysis generated structural
details for all isomers, even for low-abundance glycoforms that account for less than a
quarter percent of the total glycan population, while consuming only picomoles of glycans
per LC run. The topologies of all structures were accurately and automatically determined
from their online EED tandem mass spectra, without utilizing prior biological knowledge, by
an improved de novo glycan sequencing algorithm, GlycoDeNovo. Ranking by the
lonClassifier significantly reduced the number of candidate topologies needing to be
considered for manual spectral interpretation, allowing elucidation of linkages based on
characteristic cross-ring and secondary fragments. Finally, the presented approach enabled
relative quantification of isomeric structures with good reproducibility. In conclusion,
combining PGC-LC-EED MS/MS with GlycoDeNovo analysis provides a facile and
sensitive method for characterization of glycan mixtures. Although additional development,
possibly including an MS2-guided MS" method, is needed to achieve complete de novo
structural determination, the results presented here represent an important step toward
automatic and comprehensive glycome characterization.
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Refer to Web version on PubMed Central for supplementary material.
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Extracted ion chromatograms (EICs) of high-mannose compounds released from RNase B
and separated on a nano-PGC column.
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SNFG representation and alphanumeric notation of the N-glycan precursor (a) and the 18
identified high-mannose structures from RNase B (b).
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Figure 5.
Percentage abundances of 18 high-mannose structures released from RNase B, measured by

PGC-LC-MS. The size of the pie chart is reflective of the relative abundance of each
composition.
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OVNX8H 9WNX8H X8H [xeH xaH xaH xaH] [xaH [xeH] [xaH]]
OVNXOH OWNX8H X3H [XeH XaH xoH] [XaH xeH [xaH] [xeH]]
OVNX8H OWNX8H XoH [xaH xaH xaH] [xeH [xeH] [xeH xeH]]
OVNXOH 9VNX8H X3H [XeH XaH XoH] [XaH xeH XaH XoH] (G A € >ead

OVNX8H 9WNX3H X8H [XaH [xaH] [xaH xeH]] [xaH [xaH] [xaH]]
OVNX9H OWNX8H X3H [XeH XaH xoH XaH] [xeH [xaH] [xaH]]
OVNX9H 9WNX8H XaH [xeH xaH xoH] [xaH xeH [xaH] [xeH]]
OVNX8H OWNX8H X8H [xaH xaH xaH] [xaH [xaH] [xaH xeH]]

OYNX38H OWYNX3H X8H [X8H XoH XaH] [XoH XaH XaH XaH] () et ¢ Mead
IVNX3H OWNX3H XaH [xeH XeH] [xaH [xaH xaH] [xeH xaH]] T 8 T >ead € 8 ueN
OVNX8H 9VNX8H X3H [XeH XaH xeH] [xaH [xaH] [xoH]]
OVNX8H 9¥NX8H X8H [xeH xaH xaH] [xaH xaH xaH] @1 a G >ead

OVNX8H 9VYNX8H XoH [xoH xaH xaH] [xaH [xaH] [xaH]]

OVNX9H OWNX8H XaH [XoH XaH X8H] [XaH XoH XaH] @1 €T ¥ >ead
OVNX8H OVNX8H X8H [xaH xaH] [xeH [xaH] [xeH xeH]] T 1 € ead
OVNX8H 9WNX8H X8H [xeH xaH] [xaH [xaH] [xaH xaH]] T T 2 >fead
OVNX8H 9WNX3H X3H [XaH XoH XoH] [xeH [xeH] [xeH]]
OVNX3H 9WNX3H X8H [XoH XaH XoH] [XeH XaH XaH] (@1 T T Xead S L ueiN
9VNX3H 9WNXaH XaH [xeH] [xaH [xeH] [xaH xaH]] T 01 x€ >ead
OVNX38H OVNX8H XaH [xaH] [xeH [xeH] [xaH xaH]] T 6 x¢ dead

OVNX8H 2¥NX8H X8H [xeH xaH] [xeH [xaH] [xaH]]

OVNX3H 9WNX3H X8H [XoH XoH] [XeH XoH XaH] (@1 14 T Xead € 9 Uey
OVNX3H 9VNX3H XaH [xeH] [xeH [xeH] [xoH]] T 01 € dead
OVNX8H 9WYNX8H X8H [xeH xaH] [xeH xaH] T 6 2 >ead

OVNX8H 9WNX8H X8H [xeH xaH] [xaH xaH] T 6 T >ead € G ueN
OVNX8H OWYNX8H X8H [xaH] [xaH xaH] T 6 € >ead
OVNX8H 9WYNX8H X8H XaH [xaH] [xaH] T 6 2 >ead

IWNX8H IWNX3H X8H X8H XaH XaH T T «T ead e ¥ UBN
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OVNXOH OWNX8H X3H [XeH XaH xoH] [XaH [xeH] [xaH [xeH] [xaH]]]
OVNX8H 9WNX8H XaH [xeH [xaH xeH] [xaH xeH]] [xaH [xaH] [xeH]]
OVNX9H 9WNX3H X3H [XoH [xaH] [xoH xaH xaH]] [xaH [xaH] [xaH]]
OWNX8H dWNX8H XaH [XaH XaH XaH] [XaH [XaH XaH] [xeH xaH]]
OVNXOH IVNXSH X3H [XoH XaH xoH] [XaH [xaH] [xaH xeH XxaH]] () A T >ead T 6 UBiN
OVNX8H 9VNXaH XaH [xeH [xaH] [xaH xaH]] [xaH [xeH] [xaH]]
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Characteristic Cross-Ring and Secondary Fragments Used for Determination of the Linkage Position at a

. a
Hexose Residue

0.2
1-2 -
13+
14+
1-6  +

047

+

35

+

+

13,240 C-OCH,
+ +
+ -
+ +

- +

Clz cHY

+

+

a I . -
Observed fragments are marked with “+”, and missing fragments are indicated by “~".
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