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ABSTRACT: Glycan structure identification is essential to understanding the
roles of glycans in various biological processes. Previously, we developed
GlycoDeNovo, a de novo algorithm for reconstructing glycan topologies from
tandem mass spectra (MS/MS). In this work, we introduce GlycoDeNovo2 that
contains two major improvements to GlycoDeNovo. First, we use the precursor
mass measured for a peak that likely corresponds to a glycan to determine its [ |
potential compositions, which are used to constrain the search space, enable
parallel computation, and hence speed up topology reconstruction. Second, we
developed a procedure to calculate the empirical p-value of a reconstructed
topology candidate. Experimental results are provided to demonstrate the

effectiveness of GlycoDeNovo2.

KEYWORDS: de novo glycan sequencing, MS/MS, p-value

B INTRODUCTION

Glycosylation is a highly regulated process in which one or
more glycans (or oligosaccharides) are added to a protein or
lipid and remodeled after attachment, with both stages being
under the control of specific enzymes. It plays an essential role
in various biological processes,  ~ such as protein folding,
immunological response, signal transduction, cell adhesion,
and so on. Previous studies show that the change in
glycosylation patterns is frequently associated with pathological
characteristics.”> Proper glycosylation is essential to achieve
the required solubility, stability, and efficacy of many
biopharmaceuticals.”” Therefore, glycan structural analysis is
critical for understanding the multiple biological roles of
glycosylation. Tandem mass spectrometry (MS/MS) is a
widely used tool for elucidating the detailed structures of
glycans;>” these consist of monosaccharides linked by
glycosidic bonds. The larger glycans can be multiply branched
and thus have treelike structures. In an MS/MS experiment, a
glycan may be cleaved into fragments, forming a mass/charge
spectrum composed of structural components that have been
designated as glycosidic (B-, C-, Y-, Z-), cross-ring (A-, X-),
and internal fragments.'” Accurate deduction of the glycan
topology, i.e., its primary sequence, requires cleavage of every
single glycosidic bond in an MS/MS experiment. However,
MS/MS spectra are typically noisy and some sequence ions
(glycosidic fragments) may be missing. In addition, the
number of potential topologies (ie, the search space) is
huge, even for a moderate-sized glycan. Therefore, it is
challenging to reconstruct the fully defined glycan structure
from an MS/MS spectrum.
© 2022 American Society for Mass

Spectrometry. Published by American
Chemical Society. All rights reserved.
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Database searching approaches'' ™' retrieve glycan topology
candidates by matching an experimentally acquired MS/MS
spectrum with those of known glycans in their databases. The
performance of this type of approach highly depends on the
coverage of the databases, as well as the quality of MS/MS data
in the databases, which unfortunately are generally incomplete.
Brute-force search methods (e.g, ref 15) compare an
experimental MS/MS spectrum to those of all possible
theoretical structures, but they can work only for small glycans
because the number of possible structures increases exponen-
tially with respect to the glycan size. Although biosynthetic
rules can be added to speed up topology searches by brute-
force methods,"”'” our knowledge of the glycan biosynthetic
rules remains limited. Several approaches grow topology
candidates by exploring the relationships between peaks (i.e.,
mass differences corresponding to known fragments)."*™>* To
make computation feasible, it is natural to limit the size of
intermediate results by only keeping a subset of high-scoring
subtopologies'®'? or applying a mass tolerance threshold.””**
Different from other approaches that use manually designed
functions to score structure candidates, machine learning-
based techniques were developed to establish better scoring
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Figure 1. Pipeline of GlycoDeNovo2. After preprocessing the original experimental spectrum, GlycoDeNovo2 uses the experimental precursor m/z
value to retrieve possible monosaccharide compositions and their theoretical spectra from the Mass2Composition Database (i.c., DBy, which is
constructed by Algorithms 1 and 2). Blue peaks are the original experimental ions, and the red peaks are complementary ions that are added
computationally. The theoretical spectrum for each possible composition is filtered by the experimental spectrum. This step significantly reduces
the number of peaks needed to be considered in reconstructing the topologies. The topology reconstruction using a filtered spectrum is done by a
composition-constrained PeakInterpreter (Algorithm 3). The reconstruction processes for individual spectra can be parallelized. The topology
candidates of all filtered spectra are scored by the IonClassifier of GlycoDeNovo. Finally, GlycoDeNovo2 utilizes the Composition-to-topology
database, built by Algorithms 4 and S, to calculate the empirical p-values of the topology candidates.

. . 21,22 .
functions from experimental data.”’”® However, neither a

score nor a ranking of a topology candidate indicates its
statistical significance. In addition, the speeds of the
aforementioned approaches are still not fast enough for real-
time inference. Real-time execution is needed for dynamic
selection of the right fragments to achieve efficient and
effective MS® analysis.

We previously developed GlycoDeNovo,”” a de novo
algorithm for reconstructing glycan topologies from MS/MS
data. In this work, we present GlycoDeNovo2, which offers
two major improvements over GlycoDeNovo. First, Glyco-
DeNovo2 dramatically speeds up the candidate search process
of GlycoDeNovo by limiting the monosaccharide composi-
tions of potential candidates. In addition, the candidate search
procedures with different monosaccharide composition con-
straints can be parallelized. Legal monosaccharide composi-
tions can be obtained efficiently by querying the measured

437

precursor mass against a precomputed mass-to-composition
database. Second, GlycoDeNovo2 deploys a procedure to
calculate the empirical p-value of each reconstructed topology.
The monosaccharide composition constraint is also used by
gNovo,”* another de novo glycan structure identification
algorithm. For each peak in the order of their masses in a
spectrum, gNovo calculates its monosaccharide composition
and uses it to constraint the building of subtopologies for the
peak.

B METHODS

GlycoDeNovo2. Given an experimental MS/MS spectrum,
GlycoDeNovo2 (Figure 1) first preprocesses it and then uses
the protonated precursor mass to retrieve all matched
monosaccharide compositions and their theoretical spectra
from a precomputed mass-to-composition database DByyc.
The retrieved theoretical spectra are filtered by the

https://doi.org/10.1021/jasms.1c00288
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preprocessed experimental spectrum (i.e., the spectrum
produced by removal of theoretical peaks that cannot be
matched to experimental peaks within the specified mass
accuracy). We modified the PeakInterpreter of GlycoDeNovo
to use the retrieved compositions and their filtered theoretical
spectra to speed up the topology search. Another advantage of
using the filtered theoretical spectrum is that it can prevent
error propagation, especially in computing the complementary
peaks. In GlycoDeNovo, a complementary peak is calculated
using the experimental precursor peak and a selected
experimental peak. Hence, the mass measurement error in
both experimental peaks can be accumulated into the
computed complementary peak and further propagated in
the downstream computations. This can be avoided by using
the theoretical mass value of the selected precursors, as their
mass measurements are accurate.

Algorithm 1: Mass2Composition (C = [ci, ¢z, ..., ck], M, d)

/* Input: C is the input monosaccharide composition. The
monosaccharides are ordered from the lightest to the heaviest. M
is the corresponding mass of the input monosaccharide
composition, and d is the derivatization method used to produce
the MS/MS spectrum. Set C = [0, ..., 0] and M = 0 when calling
Mass2Composition the first time. */

for all m; € monosaccharide class set G do
Let Cuew = [c1, vvy it 1, ouey ck]

Let Muaw = M + f(d, mi), where the function f decides the mass
increase due to adding a monosaccharide m; to C. The
mass increase depends on the derivatization d and the mass
loss caused by forming a new glycosidic bond.

if Myew > Mimnax of [Muew, Cnew, d] € DBumac then
return

else
/* Calculate the theoretical spectrum S of Cuew */
S = Composition2Spectrum (Cew, d)
Add [Myew, Cnew, d, S] to DBanac.
Mass2Composition (Crew, Mnew, d)

end

end

The IonClassifier of GlycoDeNovo is reused to score the
peaks (i, the possibility of a peak being a B-/C-ion) in the
spectrum. A score is derived for each topology candidate by
summing up the scores of its supporting B-/C-ions (peaks).
Finally, GlycoDeNovo2 calculates an empirical p-value for the
score of each reconstructed candidate. The p-value calculation
uses a composition-to-topology database DB,r, which can be
precomputed. Below, we explain the preprocessing step, the
mass-to-composition database, and the composition-to-top-
ology database.

Throughout the rest of the paper, we use G to indicate the
set of all monosaccharide classes being considered and k = |Gl
to indicate the size of G. Let C = [c}, ¢, .., ¢] be the
monosaccharide composition, where ¢; is the number of the i-
th monosaccharide class in the composition, and the
monosaccharide classes are ordered from the lightest to the
heaviest. We do not distinguish monosaccharides in the same
class as they are not distinguishable by MS/MS. For example,
glucose, galactose, and mannose are all treated as Hex.
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Hereafter, we use monosaccharide to indicate “monosacchar-
ide class”.

Spectrum Preprocessing. Precursor and fragment ions
may be observed in different charge states with various metal
charge carriers. The preprocessing procedure first converts the
m/z values of all peaks to the mass of their corresponding
singly protonated species in a given MS/MS spectrum. It is
common that some glycosidic fragments might not be
observed due to secondary fragmentations, or lack of charge
carriers. Without those missing peaks, our topology recon-
struction algorithm may fail to derive the right candidates. In
theory, when a glycan is cleaved only once, two comple-
mentary ions should appear. Hence, missing peaks can be
recovered from their complementary peaks. For example, B-/
C-/A-ions can be recovered from Y-/Z-/X-ions, respectively,
and vice versa. Since the precursor ion is known, we can
calculate the complementary peak of each experimentally
observed peak and add a computed peak to the spectrum if it is
missing in the original spectrum. Then we iteratively merge
peaks within 0.001 Da starting from the closest pair of peaks.

Mass-to-Composition Database. The mass-to-composi-
tion database DBy, is indexed by precursor masses and stores
all possible monosaccharide compositions of glycans with
precursor masses smaller than a predefined threshold M, (in
the current setting, M,,., = 2980 Da). DBy, also stores the
theoretical MS/MS spectra corresponding to each mono-
saccharide composition. Two algorithms, Mass2Composition
and Composition2Spectrum, were designed and implemented
to create DByy,c. Mass2Composition (Algorithm 1) efficiently
derives all monosaccharide compositions in a recursive way. It
starts from an empty composition and calls itself recursively to
expand the composition by adding one monosaccharide each
time. Figure 2 shows that larger masses tend to have more
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Figure 2. Distribution of the number of monosaccharide
compositions with respect to the protonated m/z of the precursor
ions. Each dot indicates the number of monosaccharide compositions
of one mass.

monosaccharide compositions. For each monosaccharide
composition and a specified derivatization method, Composi-
tion2Spectrum (Algorithm 2) calculates the theoretical spectra
of a monosaccharide composition as the union of all
protonated B-/C-/Y-/Z-ions produced from all possible
glycans satisfying the composition constraint.
Composition-Constrained Peakinterpreter. The
Peaklnterpreter algorithm of GlycoDeNovo builds an inter-
pretation-graph that specifies how to interpret each peak using
the subtopology reconstructed for other lighter peaks. By back-

https://doi.org/10.1021/jasms.1c00288
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Algorithm 2: Composition2Spectrum (C = [ci, ¢z, ..., ck], d)

/* Input: C is the input monosaccharide composition, and d is
the derivatization method used to produce the MS/MS
spectrum. Output: The theoretical spectrum S of C. */

Initialize the theoretical spectrum S = @
Let N=be the total number of monosaccharides in C.
forn=1to N do

for all T € unique (choose n monosaccharides from C)

Let v be the monosaccharide composition of a non-
reducing-end fragment.

Generate the corresponding protonated B-, C-, Y-, and Z-
ions as By, C;, Y5, and Z., respectively.

Add B, C;, Yr, and Z< to S.
end

end

tracing the interpretation graph, we are able to obtain all
topology candidates. PeakInterpreter maintains a pool of
candidates, each of which serves as a potential building block
for interpretation of a heavier peak. PeakInterpreter starts from
the lightest peak and tries to interpret every peak as a B-ion, C-
ion, or the precursor ion by searching for all allowable
combinations of building blocks in the candidate pool that can
be appended to a monosaccharide to derive a candidate set
matching a heavier peak. The runtime of PeakInterpreter
depends on the number of peaks to be interpreted and can
increase significantly as the peak number increases. In this
work, we improve Peaklnterpreter to derive Peaklnterpreter2
(Algorithm 3) that utilizes the monosaccharide composition
constraint to dramatically reduce the search space for the
following two reasons. First, Peaklnterpreter2 only needs to
interpret the experimental peaks that can be matched to those
theoretically allowed by the composition constraint, which
dramatically reduces the number of peaks to be interpreted.
Second, PeakInterpreter2 does not need to examine the
topologies that break the composition constraint.
Composition-to-Topology Database. The composition-
to-topology database DBc,r allows one to retrieve all
topologies using a monosaccharide composition query.
DB, organizes topologies and their subtopologies into
topology sets and topology super sets. A topology super set
contains all topologies (or subtopologies) of the same
monosaccharide composition, which are organized in topology
sets. A topology set contains topologies (or subtopologies) that
have the same monosaccharide composition, are rooted at the
same monosaccharide, and share the same branching pattern at
its root. A branching pattern specifies the number of branches
of all topologies (or subtopologies) in this topology set and the
monosaccharide composition of each branch (i.e,, each branch
contains a set of subtopologies in a topology super set). The
topology sets and topology super sets are stored in two cross-
referred databases, DB¢,rg and DB, respectively. DBcyrg
and DBg,rgs together effectively organize all topologies and
subtopologies in a directed acyclic graph (DAG), which is
similar to the interpretation graph. Each node in this DAG is
either a topology set or a topology super set. A comprehensive
DBc,r can be precomputed by traversing this DAG and be
used later in calculating the p-value of a topology candidate. It
is also indexed by the masses of topologies and stores the
theoretical spectrum of each topology. This process is very
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time-consuming, but it fortunately only needs to be run once.
For very large glycans, the number of possible topologies can
be too large to precompute and store offline. For the purpose
of computing empirical p-values, we can instead sample the
DAG to obtain the desired number of topologies.

The construction of DBg,pg and DBgyrgs utilizes two
algorithms, Composition2TSS (Algorithm 4) and CreateR-
ootedTSS (Algorithm §). Composition2TSS takes a mono-
saccharide composition C = [c;, ¢, ¢] as input and
recursively reconstructs and saves all possible typologies (or
subtopologies) satisfying this composition. The algorithm
iterates through available monosaccharides in C. Each time, it
picks a monosaccharide, say m; as a root, and then calls the
algorithm CreateRootedTSS (Algorithm 4) with the remaining
composition to create all topologies (or subtopologies) rooted
at m,.

Calculate Empirical p-Value of Topology Candidate.
After reconstructing the topology candidates using PeakIn-
terpreter2, the IonClassifier of GlycoDeNovo is reused to score
each peak in the given experimental spectrum. A score is
derived for each topology candidate by summing up the
IonClassifier scores of its supporting peaks. Note that each
peak is given a score (the probability of being a B-/C-ion) by
IonClassifier. To avoid double-counting, we do not count Y-/
Z-ions as they are complementary to B-/C-ions. We can rank
the topology candidates by their scores, which, however, do
not indicate their statistical significance. Hence, we need to
obtain the corresponding p-values to assess the likelihood of
obtaining such a topology by random. GlycoDeNovo2 takes an
empirical approach to achieve this. First, it samples with
replacement a large number of topologies (currently set as up
to the maximum of 10000 or 10% of the topologies queried
from DB,r), whose masses are within the mass accuracy of
the experimental precursor mass, from the precomputed
composition-to-topology database DBc,r. The theoretical
spectrum for each sampled topology is matched against the
experimental spectrum, and the IonClassifier scores of the
matched peaks are summed up to derive a score of the sampled
topology. The scores of all sampled topologies form an
empirical distribution that can be used to derive a p-value for
the score of a topology candidate reconstructed by
PeakInterpreter2.

B EXPERIMENTAL RESULTS

Data. To test GlycoDeNovo2, we used 128 electronic
excitation dissociation (EED) MS/MS spectra with their
precursor mass values ranging from 668.35 to 3188.59 Da.
Twenty-nine of these spectra were produced by analyses of
synthetic or purified glycan standards (Table 1),”* and the rest
were generated by LC—MS/MS analyses of glycans released
from the glycoprotein standards ribonuclease B and bovine
submaxillary mucin, and glycoproteins in human serum, each
of which had been derivatized as indicated in Table 2. A
porous graphitic carbon (PGC) column was used for online
LC separation because it achieves the highest performance in
resolving isomeric glycan structures.”> EED MS/MS spectra
were recorded on a 12-T solariX hybrid Qh-Fourier-transform
ion cyclotron resonance (FTICR) mass spectrometer (Bruker
Daltonics, Bremen, Germany). Each spectrum was acquired
with a 0.5 s transient, resulting in a typical mass resolving
power of around 191000 at m/z 400. The experimental details
on glycan release and derivatization, as well as the acquisition

https://doi.org/10.1021/jasms.1c00288
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Algorithm 3: PeakInterpreter2 (C = [cy 2y ouny k], Sexperiment)

/* Input: C is the monosaccharide composition. Sexperiment is the
preprocessed experimental spectrum. Output: Topology
reconstruction results. */

Retrieve the theoretical spectrum Stieory of C from DBmzc.

Obtain Syirered by removing peaks in Seneory that are not matched in

Sexperiment.
Initialize the topology candidate pool T = (.
for each peak 7 in Sfitered from the lightest to the heaviest do
Initialize a candidate tyew:
Set the mass tuew.mass = the mass of n.
Set the topology super sets tnew.TSS = @.

for all possible combinations of up to 4 candidates t, t, t, ta
€T do

Find a monosaccharide m so that the topologies (using m
as the root and ts, i, &, ts as branches) satisfy the
composition constraint C and match the mass of n.

If such m exists, create a topology set aTS and set aTS.root
= m and aTS.branches = [ta, ty, L, ta]. Add aTS to
tnew. T'SS.

end
if tnew. TSS == (@ then
Add tyew to T.

end

Algorithm 4: Composition2TSS (C = [ci, ¢z, ..., ck])

/* Inputs: C is the input monosaccharide composition. This
function creates all topologies satisfying the input composition
constraint and return them in a topology super set object aTSS.
Save aTSS in DBcarss and index it by C. */

if C is not empty then
if C € DBcarss then
Retrieve the topology super set aTSS of C from DBcarss.
else
Create a new topology super set aTSS.
for Vci > 0do
Chew = [€1) vey €i =1, oy ck]

rtss = CreateRootedTSS (mi, Cuew), where mi; is the i-
th monosaccharide to be used as the root.

Add the topology sets in rtss to aTSS.
end
end
Save aTSS to DBcarss and index it by C.
return aTSS.

end

of off-line and online EED tandem mass spectra, can be found
in the Supporting Information.

All spectra were manually interpreted based on our current
knowledge of the EED fragmentation process and the glycan

Algorithm §: CreateRootedTSS (root, C = [c1, ¢z, ..., c&])

/* Input: root is the monosaccharide to be used as the root in all
topologies whose branches have a total composition as C.
Output: a topology super set aTSS that contains all the
topologies that are rooted at root and satisfy the composition
constraint. */

Create a new topology super set aTSS.
if C == @) then
if root, @, @, @, @ € DBcars then
Retrieve the topology set aTS of root, @, @, @, @ from
DBcars.
else
Create a new topology set aT'S and set aTS.root = root.
Add aTS to DBcars using root, @, @, @, @ as the key.
end
Add aTS to aTSS.
else
for all up-to-4 partitions of C as Ci, Cz, C3, Cs do
/* Ci specifies the monosaccharide composition of the i-th
branch */
if root, C1, Cz, C3, C4 € DBcars then
Retrieve the topology set aTS of root, Ci, Cy, C;, Cs
from DBcars.
else
Create a new topology set aTS
aTS.root = root.
aTS.branches[1] = Composition2TSS (C:)
aTS.branches[2] = Composition2TSS (Cz)
aTS.branches[3] = Composition2TSS (Cs)
aTS.branches[4] = Composition2TSS (C.)
Add aTS$ to DBcars using root, Ci, Cz, Cs, Cq as the
key.
end
Add aTS to aTSS.

end

biosynthetic pathways. The peak assignment mass accuracy is
typically 1 ppm or better for spectra acquired by direct infusion
and 2 ppm or better for spectra acquired by LC—MS/MS. All
128 spectra were used in comparing the speeds of
GlycoDeNovo and GlycoDeNovo2 but only those produced
by glycan standards with known structures were used in
demonstrating the p-value calculation function of GlycoDe-
Novo2.

Runtime Comparison. We implemented GlycoDeNovo2
based on GlycoDeNovo by adding the monosaccharide
composition constraint and parallel computing. Figure 3
compares the efficiency and scalability of GlycoDeNovo2
and GlycoDeNovo. They were both run on computers of the
same setting (Intel Core i7-9750H CPU @ 2.60 GHz, 16.0 GB
RAM) for a fair comparison. Each reconstruction thread only
uses one CPU core. To deal with uncontrollable system
fluctuations, we ran both algorithms 10 times on each MS/MS

https://doi.org/10.1021/jasms.1c00288
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Table 1. Glycan Standards Used in This Study

Short Name Formula Structure (CFG with linkage placement notation)
SLa [NeuSAc(a2-3) Gal(B1-3)] [Fuc(al-4)] GlcNAc 0,?
SLx [NeuSAc(a2-3) Gal(B1-4)] [Fuc(al-3)] GlcNAc 0’%"-
Lewis b [Fuc(al-2) Gal(B1-3)] [Fuc(al-4)] GlcNAc (;/.
om
Lewisy [Fuc(al-2) Gal(B1-4)] [Fuc(al-3)] GlcNAc :
LNT Gal(B1-3) GIcNAc(B1-3) Gal(p1-4) Glc f‘
LNnT Gal(B1-4) GIcNAc(B1-3) Gal(B1-4) Glc o o
D-®
LNFPI Fuc(al-2) Gal(B1-3) GIcNAc(B1-3) Gal(B1-4) Glc o/
A
LNFP I [Gal(B1-3)] [Fuc(al-4)] GlcNAc(B1-3) Gal(B1-4) Glc >
LNFP III [Gal(B1-4)] [Fuc(al-3)] GlcNAc(B1-3) Gal(B1-4) Glc O{(}.
&
CelHex Glc(B1-4) Glc(B1-4) Glc(B1-4) Glc(B1-4) Glc(p1-4) Glc 000000
MalHex Glc(al-4) Glc(al-4) Glc(al-4) Glc(al-4) Glc(al-4) Glc PPPIPNPAPY
[NeuSAc(a2-3) Gal(B1-4) GlcNAc(B1-2) Man(al-3)] O—:I—I—l
NO002 [NeuSAc(a2-3) Gal(B1-4) GlcNAc(B1-2) Man(al-6)] ¢ o
Man(B1-4) GIcNAc(1-4) GlcNAc o
[NeuSAc(a2-6) Gal(B1-4) GlcNAc(B1-2) Man(al-3)] 09:
NO003 [NeuSAc(a2-6) Gal(B1-4) GlcNAc(B1-2) Man(al-6)] . Lo
Man(B1-4) GIcNAc(B1-4) GlcNAc (}z
e
[NeuSAc(a2-3) Gal(B1-4) GlcNAc(B1-2) Man(al-3)] .
No12 [[Man(a1-3)] [Man(al-6)] Man(al-6)] Man(B1-4) 9 _ wau
GlcNAc(B1-4) GlcNAc ',C;
*
[NeuSAc(a2-6) Gal(B1-4) GlcNAc(B1-2) Man(al-3)] .‘-.
NO013 [[Man(a1-3)] [Man(al1-6)] Man(al-6)] Man(B1-4) ¢ omm
GIcNAc(p1-4) GlcNAc M4
[NeuSAc(a2-3) Gal(B1-4) GlcNAc(p1-2) Man(al-6)] (}:
N222 [Gal(B1-4) GIcNAc(B1-2) Man(al1-3)] Man(B1-4) - ae
GlcNAc(B1-4) GleNAc O—=
[NeuSAc(a2-6) Gal(B1-4) GlcNAc(B1-2) Man(al-6)] ¢ @
N223 [Gal(B1-4) GIcNAc(B1-2) Man(al-3)] Man(B1-4) vH wnn
GIcNAc(B1-4) GlcNAc om
[NeuSAc(a2-3) Gal(B1-4) GlcNAc(B1-2) Man(al-3)] L. S
N233 [NeuSAc(a2-6) Gal(B1-4) GlcNAc(B1-2) Man(al-6)] o
Man(B1-4) GIcNAc(B1-4) GIcNAc ¥
[Gal(B1-4) GIcNAc(B1-2) Man(al-6)] [Gal(B1-4) : v,
NA2F GIcNAc(p1-2) Man(al-3)] Man(B1-4) GlcNAc(B1-4) O ouu
[Fuc(al-6)] GIcNAc Cr:
[NeuSAc(a2-6) Gal(B1-4) GlcNAc(p1-2) Man(al-3)] QO; \3
A2F [NeuSAc(a2-6) Gal(B1-4) GlcNAc(B1-2) Man(al-6)] e
Man(B1-4) GlcNAc(B1-4) [Fuc(al-6)] GlcNAc \O=
[[Man(a1-2) Man(al-6)] [Man(al-2) Man(al-3)] :.
Man9 Man(al-6)] [Man(al-2) Man(al-2) Man(al-3)] : ._m
Man(B1-4) GlcNAc(B1-4) GlcNAc :
spectrum and calculated the mean of the ratios between their small glycans (e.g, Lewis b and Lewis y), GlycoDeNovo2 runs
runtimes. In all cases, GlycoDeNovo2 runs significantly faster ~5X faster than GlycoDeNovo. The speed advantage of
than GlycoDeNovo, and this speed advantage is more GlycoDeNovo2 is more pronounced on larger glycans, which
pronounced for larger glycans that tend to generate a higher tend to have more peaks in their spectra. For example,
number of peaks in their tandem mass spectra. For example, on GlycoDeNovo2 runs ~10X faster on N222 and ~100 times
441 https://doi.org/10.1021/jasms.1c00288
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Table 2. Empirical p-Values”

glycan REM metal no. of peaks used by GlycoDeNovo
Lewis b 018 Cs 329
Lewis b 018 Na 216
Lewis y 018 Cs 461
Lewis y 018 Na 283
LNFP I 018 Cs 469
LNFP I 018 Na 516
LNFP II 018 Cs 390
LNEFP II 018 Na 534
LNFP III 018 Cs 471
LNFP III 018 Na 477
LNFP I1 D-R Na 546
NA2F 018 Na 2389
Man9 018 Na 2532
A2F Red Na 2646
A2F D-R Na 914
N002 D-R Na 2320
N003 D-R Na 1571
NO12 D-R Na 2683
NO13 D-R Na 2544
N222 D-R Na 953
N223 D-R Na 2674
N233 D-R Na 2326
Lewis b none Na 218
LNT none Na 317
LNnT none Na 270
SLa none Na 459
SLx none Na 333
CelHex none Na 412
MalHex none Na 468

no. of peaks used by GlycoDeNovo2 no. of candidates p-value
10 3 0.03571
11 4 0.03571
11 4 0.03571
11 3 0.03571
12 16 0.01333
8 13 0.01333
10 16 0.01333
12 21 0.01333
10 16 0.01333
8 17 0.01333
17 13 0.01333
23 101 <1073
26/42/42/39 468 <107°
56/105/126/78/111/95/153/102 1012216 <107%
28/34/17/23/20/40/29 37 <107°
28/33/63/59/46/55/95/52 157478 <1075
19/23/47/44/30/40/65/32 1056 <107°
32/57/46 5001 <107%
31/45/42 3767 <107%
20/34/37 51 <107°
36/54/61 14963 <107°
27/28/60/65/47/49/93/47 2557 <107°
13 4 0.03571

7 5 0.1

9 5 0.1
11/17/15 14 0.00521
13/19/17 22 0.00521
11 11 0.09091
11 11 0.09091

“All glycans are permethylated. The “REM” column indicates the type of reducing end modifications (018 = *0O-labeled, D-R = deutero-reduced,
Red = reduced). The “no. of peaks used by GlycoDeNovo” column lists the peak number of each preprocessed spectrum (ie, used by
PeakInterpreter of GlycoDeNovo). The “#no. of peaks used by GlycoDeNovo2” column lists the peak number in each filtered spectrum used by
PeakInterpreter2 of GlycoDeNovo2. Some have multiple filtered spectra. For example, N00O2 has eight filtered spectra. The “no. of andidates”
column lists the number of the reconstructed topology candidates. The “p-value” column lists the empirical p-values of the correct topologies.

100 NA2Fe

o o N222

ww e
G

XD Lewis y

Wrt s®Lewish

GlycoDeNovo : GlycoDeNovo 2

0 1000
Peak number

Figure 3. Compare the speeds of GlycoDeNovo and GlycoDeNovo2.
The x-axis indicates the peak numbers of spectra. The y-axis is the
running time ratio between GlycoDeNovo and GlycoDeNovo2. Each
dot represents one experimental spectrum. There are 128 spectra in
total.

faster on NA2F. With this improvement in running speed, it is
possible to reconstruct topologies from MS/MS data in real-
time, even for large glycans. This ability is key to intelligent
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selection of MS* fragments for MS® analysis following online
LC separation.

Time Complexity Analysis. We* previously showed that
the time complexity of GlycoDeNovo PeakInterpreter is O(IGI
x NP*1), where G is the set of the allowed monosaccharide
classes, N is the number of peaks in the MS/MS spectrum
being considered, and H (1 < H < 4) is the maximum
branching number allowed in glycans and can be adjusted by
users to match with their data. The number of peaks is a key
base factor affecting the speed. As glycan structures become
more complicated, the number of MS/MS peaks in general
increases, and this expansion results in an exponential growth
in running time. GlycoDeNovo2 utilizes the composition
constraint to significantly reduce the number of peaks that
need to be considered (Figure 4). In our experiments,
GlycoDenovo2 on average only uses ~4.5% of peaks
considered by GlycoDeNovo. Taking the spectrum of sialyl
Lewis a (SLa) as an example, GlycoDeNovo needs to interpret
459 peaks. GlycoDeNovo?2 first retrieves three monosaccharide
compositions: [2 Fuc, 1 HexNAc, 1 NeuSGc], [1 Fuc, 1 Hex.
One HexNAc, 1 NeuSAc], and [2 Xyl, 1 Fuc, 2 HexNAc],
where each digit indicates the number of the following
monosaccharide contained in a legal topology candidate. The
corresponding three filtered spectra have only 11, 17, and 15
peaks, respectively, which are substantially lower than the
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Figure 4. Comparison of the number of peaks used in topology
reconstruction. The x-axis indicates the protonated m/z values of the
precursors. The y-axis indicates the ratio between the number of peaks
used by GlycoDeNovo and that used by Glycoenovo2. Each dot
represents one experimental spectrum. There are 128 spectra in total.

number of peaks in the original spectrum. As the result,
GlycoDeNovo2 runs 6.5 faster than GlycoDeNovo in this case.
The reconstruction results of SLa are provided as an example
in the Supporting Information.

Empirical p-Values of Reconstructed Topologies. Like
GlycoDeNovo, GlycoDeNovo2 is able to correctly reconstruct
the topologies of all glycans listed in Table 1. In addition,
GlycoDeNovo2 calculates the statistical significance of the
topology candidates. Table 2 lists the empirical p-values of the
correct topology candidates for the glycans in Table 1 and
clearly indicates the correct topology candidates for those
glycans are statistically significant.

B DISCUSSION

The current implementation of GlycoDeNovo2 has only been
tested on high-resolution EED tandem mass spectra of
permethylated glycans, as these are the only type of tandem
mass spectra included in the training data set used to establish
the IonClassifier for topology ranking here. The benefits of
permethylation for glycan structural analysis are well
documented: it increases sensitivity, minimizes facile loss of
sialic acid residues, facilitates differentiation of terminal and
internal fragments, and prevents gas-phase structural rearrange-
ment during tandem MS analysis. It is possible, however, to
apply GlycoDeNovo2 to analyze tandem mass spectra of other
glycan derivatives, as demonstrated previously on glycans
modified with a reducing-end fixed charge.’® To ensure that
the reducing and nonreducing ends of glycans are
unambiguously identified we recommend that users apply
one of these or some other straightforward derivatization
strategy when using GlycoDeNovo or GlycoDeNovo2 in
conjunction with analysis of native glycans.

Analysis of tandem mass spectra generated by other
fragmentation methods should also be possible, provided
that the dissociation technique can produce a complete or
near-complete series of glycosidic cleavages. As shown
previously, by turning on the “gap” option, GlycoDeNovo
can successfully reconstruct topologies from tandem mass
spectra with no more than one consecutive missed cleavage.”
Fragmentation methods that fall into this category may include
ultraviolet photodissociation (UVPD), electron transfer
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dissociation (ETD), electron transfer/higher-energy collision
dissociation (EThcD), charge transfer dissociation (CTD),
and potentially negative mode collision-induced dissociation
(nCID). It is important to note that while the PeakInterpreter
module can be easily adopted to handle different types of
tandem mass spectra, the IonClassifier must be re-established
for each tandem MS method using a training data set
consisting of spectra generated by the same dissociation
technique.

To date, both GlycoDeNovo and GlycoDeNovo2 have only
been evaluated on spectra acquired on FTICR MS or
Omnitrap-Orbitrap instruments,”’ with the mass tolerance
set to S ppm. To evaluate the influence of the mass accuracy
setting, we retrained the IonClassifier and performed candidate
ranking on the same data set used previously, but with a 10
ppm mass tolerance. For a biantennary disialylated glycan
(NO002 in Tables 1 and 2), the number of reconstructed
topologies increased from 157478 at S ppm to 292778 at 10
ppm, an ~86% increase, due to a higher chance in peak
misassignment. However, the IonClassifier still correctly
identified the true topology as the top-ranked candidate by
itself. This suggests that our approach could be used to analyze
spectral data acquired on instruments with moderate mass
accuracy, such as time-of-flight (TOF) instruments equipped
for ECD. Given the recent advance in MS instrumentation,
particularly the availability of an ECD cell on commercial
qTOF instruments, the ability of GlycoDeNovo to analyze
moderate-quality tandem mass spectra is crucial for its
adoption by the glycoscience research community.

We have so far focused on the development and
optimization of GlycoDeNovo for the analysis of free or
derivatized oligosaccharides. Recently, several algorithms (e.g,
GlycoSeq,”® pGlyco 2.0,” and StrucGP’’) have been
developed for elucidating glycan topologies from MS/MS
spectra in the context of glycopeptide identification. Glyco-
Seq”® was developed for sequencing N-linked glycans in
glycopeptides from CID MS/MS spectra. It employs glycosidic
linkage rules defined by glycan synthetic pathways and
glycosyltransferases to eliminate improbable topology candi-
dates. pGlyco 2.0°” searches for glycan candidates by matching
a spectrum against a user-specified glycome database.
StrucGP,”® which was developed for de novo topology
interpretation of N-glycans in glycopeptides from HCD MS/
MS spectra, divides an N-glycan into three modules (core
structure, glycan subtypes, and branch structures) and
identifies each module using distinct patterns of Y ions or a
combination of distinguishable B/Y ions. Prior knowledge
about branch structures is needed to build a theoretical branch
structure database with a mass range up to 1300 Da.
Identification of branch structure is done by matching
experimental MS/MS spectra with the database. Given the
flexibility of GlycoDeNovo2, we anticipate that it can be
adapted to reconstructing glycan topologies from the MS/MS
spectra of glycopeptides recorded under conditions where
peaks corresponding to the products of glycosidic cleavage are
dominant.

Data & Software: A public Github repository (https://
github.com/Cyrus9721/GlycoDenovo2) contains the spectral
data of the 29 glycan standards (Table 1) and the
GlycoDeNovo2 software (MATLAB executable and Python
components) with running instructions. The raw spectral data
for LC—MS/MS analyses of released N- and O-linked glycans
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will be made available when their respective main articles are
published.

B CONCLUSIONS

We present GlycoDeNovo2, a new, fast algorithm for de novo
reconstruction of glycan topologies from MS/MS data. It offers
a functionality to calculate the p-values of the reconstructed
topologies. It allows the determination of the monosaccharide
compositions for glycans satisfying any given precursor mass,
within defined mass measurement accuracy limits, which can
then be used to constrain the search space of potential
topologies. The mapping from masses to monosaccharide
compositions can be precomputed. A theoretical spectrum can
be precomputed for each monosaccharide composition to
include the theoretical glycosidic fragments of all topology
candidates satisfying the monosaccharide composition con-
straint. Given an experimental MS/MS spectrum, GlycoDe-
Novo2 retrieves all monosaccharide compositions and their
theoretical spectra, which are within the mass accuracy of the
experimental precursor mass. The retrieved theoretical spectra
are then filtered by the experimental spectrum before being
used for reconstructing topology candidates. The number of
peaks in such a filtered theoretical spectrum is substantially
smaller than that in the experimental spectrum. Hence, it takes
a considerably shorter time to reconstruct topologies from a
filtered theoretical spectrum. In addition, the reconstruction
process for each monosaccharide composition can run
independently, i.., GlycoDeNovo2 can parallelize the
reconstruction processes for all monosaccharide compositions.
Experimental results show that GlycoDeNovo2 runs signifi-
cantly faster than its predecessor GlycoDeNovo. Existing
topology reconstruction algorithms assign a numerical score to
each topology candidate. However, the statistical significance
of such a score is unknown. GlycoDeNovo2 deploys a
procedure to calculate the empirical p-values of a reconstructed
topology candidate. In our experiments, a set of standard
glycans, whose structures are known, were used to demonstrate
that GlycoDeNovo2 can reconstruct the correct topologies,
with significant p-values.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jasms.1c00288.

Sample preparation, a reconstruction example (PDF)
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