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Abstract

Protein glycosylation fundamentally impacts biological pro-
cesses. Nontemplated biosynthesis introduces unparalleled
complexity into glycans that needs tools to understand their
roles in physiology. The era of quantitative biology is a great
opportunity to unravel these roles, especially by mass spec-
trometry glycoproteomics. However, with high sensitivity come
stringent requirements on tool specificity. Bioorthogonal
metabolic labeling reagents have been fundamental to study-
ing the cell surface glycoproteome but typically enter a range of
different glycans and are thus of limited specificity. Here, we
discuss the generation of metabolic ‘precision tools’ to study
particular subtypes of the glycome. A chemical biology tactic
termed bump-and-hole engineering generates mutant glyco-
syltransferases that specifically accommodate bioorthogonal
monosaccharides as an enabling technique of glycobiology.
We review the groundbreaking discoveries that have led to
applying the tactic in the living cell and the implications in the
context of current developments in mass spectrometry
glycoproteomics.
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Introduction

Protein glycosylation is the most complex post-
translational modification. Dysfunctions in the biosyn-
thesis and turnover of glycan structures (the ‘glycome’),
as well as wunderlying glycoproteins (the ‘glyco-
proteome’) are associated with disease [1]. Attachment
to proteins is primarily via Asn (N-linked) or Ser/Thr/
Iyr (O-linked) side chains. Although N-linked glyco-
sylation is found on consensus peptide sequons
(N_X S/T) and can thus be predicted, O-linked
glycosylation often lacks such sequons (Figure 1a) [2,3].
Cell surface glycans are biosynthesized from 10 mono-
saccharide units by the combinatorial activity of more
than 250 glycosyltransferases (GTs). Although the
secretory pathway comprises an arsenal of GTs that in-
fluence each other through compensation and compe-
tition [4], deficiencies of individual GTs are related to
congenital disorders of glycosylation [5]. Despite forays
made into understanding the molecular details of GT
activity, our insights are still limited by the complexity
of the secretory pathway and the analytical challenges
associated with studying glycans.

Glycoproteome analysis helps elucidate many structural
and functional properties of glycoproteins as a readout of
GTactivity. These analyses have been fueled by tools in
biology and chemistry. Standing out among the latter are
the metabolic labeling (also called metabolic oligosac-
charide engineering [MOE]) reagents that contain a
bioorthogonal, reactive handle [6]. When fed to growing
cells, the MOE reagent is incorporated into newly syn-
thesized glycoproteins via biosynthetic machineries.
Functionalized glycoproteins are then reacted with an
enrichment probe allowing isolation and MS analysis
[7], or a fluorescent probe for or imaging in living cells
[8,9]. MOE reagent and probe must possess comple-
mentary functional groups that are chemically inert in a
biological environment while reactive toward each other.
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Figure 1
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Using glycosyltransferase bump-and-hole engineering to understand cell surface glycosylation. (a) Diversity of cell surface glycans. (b) Bump-
and-hole engineering enlarges the active site of a GT to accommodate a chemically modified nucleotide-sugar containing a bioorthogonal tag. (c) A

blueprint of key steps to establish a cellular GT bump-and-hole system [11]. (d) Co-crystal structure of WT-B4GALT1 (PDB 10QM) with UDP-GalNAc.
B4GALT1 was subsequently engineered to accommodate bioorthogonal UDP-GalNAc analogs [25]. Adapted from Molecular Cell, Vol 78/5, B. Schumann
et al., Bump-and-Hole Engineering Identifies Specific Substrates of Glycosyltransferases in Living Cells, 824—-834.e15, Copyright (2020), with permission

from Elsevier. GTs, glycosyltransferases.

Most bioorthogonal reactions involve copper-assisted
(CuAAC) or strain-promoted (SPAAC) azide—alkyne
cycloaddition, inverse electron demand Diels—Alder
reactions between strained or terminal alkenes and
tetrazine reporters [10], and the Staudinger ligation
between azides and phosphines [6,8].

MOE reagents have produced valuable insights into
various aspects of glycobiology [11—13]. Nevertheless,
these reagents are of limited specificity by default for
two reasons: (i) interconversion into other mono-
saccharides with different biosynthetic fates and (ii) the
substrate promiscuity of certain GTs. Thus, the bio-
orthogonal label can be incorporated into undesired
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substructures within the glycome. With the advent of
sensitive methods of quantitative biology, more specific
tools are needed to inform on the products of individual
GTs [14].

Studying the products of individual members of a
transferase family is the prime discipline of a chemical
biology tactic called ‘bump-and-hole (BH) engineering’.
In a structure-guided process, an enzyme’s catalytic
pocket is enlarged by mutating bulky ‘gatekeeper’
amino acids into smaller ones, to create a BH mutant.
This strategy creates an often hydrophobic ‘hole’ in the
active site that is complementary to a synthetic sub-
strate containing a bulky, ‘bumped’ functional group
(Figure 1b). As the bumped substrate is only recognized
by the BH mutant, this new enzyme—substrate pair is
orthogonal to all other transferases in a complex system
such as living cells. After inception in the field of kinases
by Alaimo et al. Shokat and colleagues, [15], successful
application to several enzyme families [16—24] has laid
the foundation to the tactic being applied to GTs as an
enabling method in the glycosciences (Figure 1c).

The early days of GT BH engineering

In the early 2000s, Qasba and Ramakrishnan [25]
engineered a GT to accommodate nonnatural, bio-
orthogonal uridine diphosphate(UDP)-sugars for the
first time. Bovine B-1,4-galactosyltransferase (B4GalT1)
normally transfers galactose to N-acetylglucosamine
(GleNAc)-terminating structures. Mutation of the res-
idue Tyr298 to Leu rendered BH-B4GalT1 reactive
toward UDP-N-acetylgalactosamine (UDP-GalNAc)
derivatives such as UDP-2-keto-galactose and UDP-
azido-N-acetylgalactosamine 1 (UDP-GalNAz)
(Figure 1d) [26—28]. These analogs are not bulky
enough to be considered ‘bumped’, as they are used by
many other WI-GTs [14,29]. Moreover, the cytosolic
UDP-GalNAc/GIcNAc ~ 4'-epimerase = GALE  in-
terconverts UDP-GalNAz into the corresponding UDP-
GlcNAc derivative, UDP-GIcNAz [14]. BH-B4GalT1/
UDP-GalNAz would thus not be amenable for use in
the living cell. Nevertheless, through the efforts of
Hsieh-Wilson and others, the BH-B4GalT1/UDP-
GalNAz system has been developed into a tool to pro-
file proteins with the nucleocytoplasmic Ser/Thr-linked
O-GIcNAc modification 2 vitro. [30—35].

Reprogramming metabolism to deliver UDP-GalNAc
analogs into living cells

BH approachA cellular GT bump-and-hole approach
requires the biosynthesis of bumped UDP-sugars in the
cytosol. Piller and colleagueset al. [36] found that the
enzymes of the GalNAc salvage pathway — the kinase
GALK?2 and the pyrophosphorylase AGX1 — exhibit low
promiscuity toward chemical modifications of the
GalNAc acetamide (Figure 2a). Bumped GalNAc ana-
logs are thus not effective substrates of either enzyme

[11,12,37]. Because AGX1 and its close homolog AGX2
are also components of the GlcNAc salvage pathway, low
substrate promiscuity impeded delivery of both bumped
UDP-GalNAc and UDP-GIcNAc derivatives.

Again, protein engineering came to the rescue. Kohler
et al. [37] mutated the gatekeeper residues Phe381 or
Phe383 in human AGX1 to Gly and assessed turnover of
the bumped GIcNDAz-1-phosphate (Figure 2b) [43].
The mutant AGX1786 yas subsequently used to
endow cells with the capacity to biosynthesize UDP-
GIcNDAz 2 (Figure 2c). To circumvent the nonper-
missive GALKZ step, a caged, membrane-permeable
GlcNDAz-1-phosphate precursor was used for delivery.
GlcNDAz was then used as a photo-crosslinkable re-
porter of O-GIcNAc, allowing for mapping of protein
interaction partners by MS proteomics, eventually in
conjunction with BH engineering of O-GIcNAc trans-
ferase OGT [38].

BH engineering of a human GT family: polypeptide
GalNAc transferases (GalNAc-Ts)

Attempts to BHbump-and-hole engineer an entire GT
family started in the early 2000s (personal communica-
tion by C. R. Bertozzi), but took almost two decades to
be brought to fruition. The polypeptide GalNAc trans-
ferases (GalNAc-Ts) constitute one of the largest GT
families in the human genome. Approximately 20 iso-
enzymes (called T1-T20) catalyze the first step in the
biosynthesis of glycans primed by GalNAca.1-O-Ser/Thr,
also called O-GalNAc or mucin-type protein glycosyla-
tion. Although GalNAc-Ts have been connected to a
wide variety of diseases [2,39—42], it is still challenging
to associate individual isoenzymes with a specific bio-
logical function due to their complex interplay in the
secretory pathway. Uniquely suited to dissect GalNAc-T
biology, the BH approach was not amenable to the
GalNAc-T family before a series of key requirements
were met by the groundbreaking work by Qasba, Hsich-
Wilson, Bertozzi, Kohler and many others.

The BH approach needs an enzyme/substrate co-crystal
structure, the first of which (GalNAc-T'10 and GalNAc)
was published by Narimatsu and colleagueset al. [43].
The gatekeeper residues Ile and Leu could be identified
and mapped for other isoenzymes based on structural
and sequence homology (Figure 3a and b). Second,
bioorthogonal, bumped UDP-GalNAc analogs were
required to identify suitable BH-enzyme-substrate pairs
i vitro. Choi, Wagner et al. [44] used a combination of
chemical and chemoenzymatic syntheses to develop a
collection of 20 UDP-GalNAc analogs. Mutation of both
gatekeeper residues to Ala reprogrammed the nucleo-
tide sugar specificity of WI-GalNAc-T'1, T2, and 'T'10 to
chemically modified UDP-GalNAc analogs such as al-
kynes 3—5 i vitro (Figure 3a, ¢). We subsequently found
that engineering preserved both the three-dimensional
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Reprogramming metabolism to deliver UDP-sugar analogs. (a)
Schematic representation of the GalNAc salvage pathway applied to
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structure of T2 and peptide substrate preference of T'1
and T2 [11], ascertaining W-like behavior of BH-
GalNAc-Ts (Figure 3d).

A GalNAc-T BH system was then assembled in living
cells. Our approach featured AGX1-mediated substrate
delivery based on Kohler’s strategy. Using the mutant
AGX1834A we delivered UDP-GalNAc analog 3 into
living cells from the membrane-permeable, caged
GalNAc-1-phosphate analog Ac3GalNAc6yne-1-
P(SATE);, that is deprotected in the cytosol, presum-
ably by esterases and thioesterases (Figures 1c and 2a).
Of note, the AGX1 F383A mutant had largely similar
properties to the F383G mutant but accepted a broader
GalNAc-1-phosphate substrate range in our hands and is
called here ‘mut-AGX1’ (Figure 2a) [12]. Monitoring
UDP-sugar biosynthesis by ion exchange chromatog-
raphy of cell extracts was essential at this point to
confirm substrate delivery. Immunofluorescence further
revealed that BH-T'1 and BH-T2 localize to the Golgi
compartment, and expression can be controlled with a
doxycycline (Dox)-inducible promoter (Figure 3e).

With delivery of bumped substrates and BH-GalNAc-T
expression as crucial prerequisites, the stage was set to
test incorporation of GalNAc analogs into cell surface
glycans. Using the alkyne group as a bioorthogonal tag is
not without caveats, as it relies on using CuAAC instead
of SPAAC for reaction with reporter moieties such as
fluorophores [6]. Wu and coworkers had developed
biocompatible Cu(I) ligands to allow for CuAAC on the
surface of living cells [45,46]. Picolyl azide derivatives
developed by Ting and colleagues [47] that accelerate
CuAAC by an order of magnitude served to characterize
cell surface glycans introduced by individual GalNAc-Ts
by both flow cytometry and in-gel fluorescence
(Figure 3e). We found a several-fold increase of signal
over background when a functional BH system was
present, and a largely overlapping band pattern of
labeled glycoproteins between GalNAc-T'1 and T2. MS
proteomics revealed that these were glycoproteins with
highly O-glycosylated mucin domains, rendering them
potential substrates of both isoenzymes T'1 and T2 [11].
However, certain reproducible differences between T'1-
and 'T2-labeled band patterns indicated that substrates
are specifically modified by individual isoenzymes.

Of note, the dependence on both AGX1'384 and BH-
GalNAc-Ts for efficient labeling allowed us to assess

chemically modified GalNAc analogs. Suitable membrane-permeable
precursors can be used to circumvent the GALK2 step if needed, but
AGX1 engineering is necessary to deliver bumped UDP-GalNAc analogs.
GALE-mediated epimerization to UDP-GIcNAc analogs can be
suppressed by using branched acylamide side chains [12]. (b) Co-crystal
structure of WT-AGX1 with UDP-GalNAc (PDB 1JV3) used to rationalize
the F383G/A mutation that biosynthesizes bumped UDP-sugar analogs.
(e) Structures of UDP-sugar analogs used in conjunction with GT engi-
neering. GTs, glycosyltransferases.
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Structural basis for GalNAc-T bump-and-hole engineering. (a) Gatekeeper residues identified in the crystal structures of GaINAc-T1 (PDB 1XHB), T2
(PDB 4D0T), T4 (PDB 5NQA), T7 (PDB 6IWR), and T10 (PDB 2D7I). (b) Sequence alignment of gatekeeper residues in all 20 GalNAc-Ts. (c) Co-crystal
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background labeling in the absence of either enzyme.
We could thus rule out nonspecific fluorescence signal
associated with an elimination—addition reaction on
certain MOE reagents and confirm the validity of our
strategy (Figure 3e) [48]. In contrast, we observed a
notable background when bumped UDP-GalNAc analog
3 was biosynthesized but BH-GalNAc-Ts were not pre-
sent. Nucleotide-sugar profiling revealed that a small
portion of 3 is epimerized to the corresponding UDP-
GlcNAc analog by GALE. Hypothesizing that N-
linked glycans are the main destination of GlcNAc an-
alogs on the cell surface, we substantially reduced
background labeling by treating cell lysates with the de-
N-glycanase PNGase E Fluorescent labeling signal in
the absence of Dox-induced BH-GalNAc-T expression
resembled background signal, confirming the suitability
of GalNAc-T BH engineering in K-562 cells (Figure 3e).
We have since found that the use of branched acylamide
side chains renders UDP-GalNAc derivatives resistant
toward epimerization (Figure 2a), resulting in the probe
UDP-GalNAzMe 6 (Figure 2¢) that is specific for O-
GalNAc glycans [12].

Creating gain-of-function reporter tools for the activity
of individual GalNAc-Ts, the BH tactic provides a
unique opportunity to directly analyze GalNAc-T-
specific glycosylation sites when integrated into state-
of-the art MS glycoproteomics workflows.

MS glycoproteomics

The field of MS glycoproteomics has seen a multitude of
recent technical and conceptual advances [49—56].
However, the primary focus to map glycosylation sites
still faces many challenges, especially when compared to
traditional peptide-centered proteomics. One of the
biggest challenges is the structural complexity of the
glycome [57]. Glycans are made up of relatively few
monosaccharide units, but the large number of possible
branching sites, combined with the possible linkage
stereochemistry, creates an enormous number of
possible structures [58]. Further, these glycans can be
found on several possible residues throughout the pro-
tein. In general, the complexity of glycans is compoun-
ded by issues with glycoprotein enrichment,
instrumentation, and data analysis [59,60].

Enrichment

Glycoproteins are typically present at low abundance in
complex samples, necessitating an enrichment step
prior to MS analysis (Figure 4a) [61]. Types of enrich-
ment broadly fall into three categories: affinity-based,

Next-generation glycobiology tools Cioce et al. 71

solid-phase extraction (SPE), and chemical methods.
Affinity-based methods are most commonly used and
involve lectins and/or antibodies to enrich glyco-
conjugates. Lectins are glycan-binding proteins that
enrich for particular glycan structures and have found
use in numerous studies [62—65] but can be limited by
low binding affinity and poor specificity. Generally,
lectins are not well-suited for untargeted glyco-
proteomics unless used in combination or succession.

To overcome these issues, SPE techniques have been
developed, such as hydrophilic interaction chromatog-
raphy (HILIC). Here, a hydrophilic stationary phase
with a hydrophobic mobile phase preferentially retains
hydrophilic glycopeptides [66—68]. When compared
with lectins, HILIC has a much higher glycan pro-
miscuity, enabling enrichment of a wide array of glyco-
peptides. In addition, several groups have investigated
zwitterionic  (ZIC-HILIC), [69—71], -electrostatic
repulsion liquid interaction chromatography
(ERLIC) [72,73], and strong anion exchange (SAX-
ERLIC) with HILIC to increase enrichment effective-
ness and coverage of the glycoproteome. Other types of
SPE include boronic acids that form covalent bonds with
vicinal ¢is-diols on glycans [74—77], and titanium diox-
ide resins that are specific for negatively charged glycans
[78—80].

Chemical enrichment methods involve derivatization or
metabolic labeling of glycans, often followed by tagging
the moiety with a secondary reporter, and then enriching
for the glycopeptides [81]. One of the first examples was
introduced by Aebersold et al. [82—85], where sialic
acids were periodate-oxidized and enriched using
hydrazide-functionalized beads. One drawback of this
procedure is loss of glycan structural information.
Enrichment of bioorthogonal MOE reagents is discussed
below and in specialized reviews [6].

Fragmentation

Enriched glycopeptides are usually subjected to liquid
chromatography (LLC) followed by tandem MS analysis
(Figure 4a). Various LC technologies have been
reviewed elsewhere [86—89]. The most common
workflows use reverse-phase high performance liquid
chromatography (HPL.C) coupled to electrospray ioni-
zation. Glycopeptides are then subjected to different
types of fragmentation (i.e., tandem MS) to sequence
the peptide, identify the glycan, and site-localize the
glycosylation position. Collision-activated
dissociation occurs when a peptide is subjected to

structure of BH-GalNAc-T2 (PDB 6NQT) with UDP-GalNAc6yne 3. Gatekeeper residues are mutated to Ala to accommodate the aliphatic alkyne. (d)
Superposition of WT-GalNAc-T2 (PDB 2FFU) and BH-GalNAc-T2 (PDB 6E7I) with EA2 substrate peptide (overlay of both structures), Mn>* and UDP. (e)
Metabolic labeling of cells transfected with AGX1 (WT or mut) and either GalNAc-T1 or T2 (WT or BH-mutant) constructs. Dox-inducible GalNAc-T
expression was used in conjunction with feeding a caged precursor of UDP-GalNac6yne 3. DMSO and the tagged sialic acid precursor AcsManNAI
served as negative and positive controls, respectively. Panel E reprinted from Molecular Cell, Vol 78/5, B. Schumann et al., Bump-and-Hole Engineering
Identifies Specific Substrates of Glycosyltransferases in Living Cells, 824—834.e15, Copyright (2020), with permission from Elsevier.
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collisions with helium atoms [90]. Beam-type collision-
activated dissociation, called higher-energy collisional
dissociation (HCD) on Orbitrap instruments, is similar
but uses nitrogen instead of helium [91]. Each one of
these collisions imparts vibrational energy to the pep-
tide, eventually leading to cleavage of the most labile
bond in the peptide. For glycopeptides, the most labile
bonds are the glycosidic bonds (i) between peptide and
glycan, and/or (ii) between individual monosaccharides
(Figure 4¢). Thus, the spectra generated are dominated
by the losses of glycans from the peptide, protonated
glycan species, and/or naked b-type and y-type peptide
ions [86,92,93].

Electron transfer dissociation (ETD) was developed, in
part, to overcome the issue of predominant glycan
fragmentation and allow for unambiguous glycosylation
site localization [94,95]. Because this reaction does not
rely on collision for fragmentation, the glycan remains
attached to the peptide backbone and allows for site-
localization of glycosylation (Figure 4c) [31,96]. As a
downside, ETD relies on high charge density, which
often is not the case in large (i.e. >1000 m/z) glyco-
peptide precursor ions. To overcome this challenge,
several groups have implemented supplemental activa-
tion in ETD, including EThcD [92,97,98] and activated
ion ETD (AI-ETD) [63,99].

The two most commonly used fragmentation techniques
in glycoproteomics are (i) stepped-collision energy
HCD, and (ii) HCD-triggered ETD or EThcD (HCD-
pd-ETD) [93]. The former is most common and
recommended for N-glycoproteomics, whereas the latter
is necessary for O-glycoproteomics. In stepped-collision
energy HCD, three collision energies are used on the
same precursor and product ions are accumulated and
analyzed together [100,101]. In HCD-pd-ETD, HCD is
first performed on all precursor ions. HexNAc (GlcNAc
or GalNAc) ions will generate a fingerprint consisting of 6
masses that can then be used to trigger ETD or EThcD,
which often allows for unambiguous site localization of
the glycan (Figure 4b) [102,103]. Chemical glycan
modifications contribute additional trigger ions that can
be beneficial (see in the following context).

Data analysis

A fundamental challenge of glycoproteomics is data
analysis. Often, spectra are input into a search algorithm
to assist data interpretation. While most search engines
were developed for the identification of unmodified
peptides and struggle with glycopeptides [104], some
take glycosylation into account. Byonic is the current
glycoproteomic ‘gold standard’ [105], although some
reports suggest that Protein Prospector may be better at
site-localization of O-glycans [106]. Recently, ‘O-Pair

Search’ and ‘MSFragger’ programs have been introduced
and display great promise in confident localization and
scoring of glycoproteomic spectra [107,108]. Several
thorough reviews have assembled available glyco-
bioinformatic tools [109—111]. Importantly, at this
point, expert manual interpretation is still required to
confidently assign glycan composition and site of
attachment [60]. Glycoproteomics is in need of new
search algorithms and databases to overcome this time
consuming and low-throughput step. Chemical tools
could be fundamental to this end, for instance, through
introducing isotope-based glycoproteomics workflows
[29,112,113].

Other developments in the field of glycoproteomics
We envision that several techniques currently in
development will have a strong impact on glyco-
proteomics. For instance, advances in glycopeptide
ionization are sorely needed to better analyze glyco-
conjugates [114—116]. Furthermore, at the moment,
glycoproteomics cannot inherently ascertain glycan
stereochemistry and linkage. New methods, such as
ultraviolet  photodissociation  [117,118], infrared
spectroscopy—MS and/or infrared multiphoton dissoci-
ation [119,120], or data independent acquisition
[121,122] might allow for this information to be ascer-
tained in a single glycoproteomics run. Furthermore,
ion-mobility MS helps separate isomeric structures,
which can lead to less convoluted glycopeptide spectra
[58,123,124]. Finally, to catapult glycoproteomics to
new heights, we need more straightforward methods to
validate MS results in order to allow for facile investi-
gation into the biological relevance of glycosylation
[125].

The promise of chemical precision tools to simplify
MS glycoproteomics

Ever since their advent in the late 1990s, MOE reagents
have allowed for an alternative view into the glycome
[135]. Bioorthogonal groups are ideal for modern
chemical proteomics techniques [6]. Most approaches
rely on biotin-containing clickable handles for glyco-
peptide enrichment before MS glycoproteomics. To
specifically enrich glycopeptides, a neutravidin-based
on-resin proteolytic digestion protocol is often used to
remove any nonglycosylated peptides. The biotin-
picolyl azide reagent 7 has an additional acid-cleavable
diphenyldisiloxane group developed by Tirrell et al.
[112,113,126,127], and since then has been applied to
glycoproteomics (Figure 4d). In our hands, the bio-
orthogonal handle offered advantages during data
acquisition as well as validation, as new fingerprint ions
appeared during HCD and were used to trigger ETD. In
the ETD spectrum, another fingerprint ion (194 m/z)
was present, which served to validate spectra and could
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Glycoproteomic workflows enable analysis of the glycoproteome complexity. (a) Typical workflow before MS analysis. The complex sample
contains unmodified peptides, differentially modified peptides, and glycopeptides. To enrich for the latter, samples are subjected to lectin columns, SPE
extraction, or chemical enrichment procedures. The elution is then separated by RP-HPLC and electrospray ionized into the mass spectrometer. (b)
Schematic of the instrumentation parameters often used in glycoproteomic analysis. The RP-HPLC elution trace is shown in the top panel and consists of
a series of full mass spectra (MS1s). Typically, ions are selected in an abundance-dependent manner and subjected to HCD fragmentation (2nd panel). If
a glycopeptide is present, a HexNAc fingerprint will be visible (3rd panel), which can then be used to trigger electron-based fragmentation (bottom panel).
(c) Overview of glycopeptide fragmentation methods and the information they can provide. ETD (purple dashes) only fragments the peptide backbone,
giving complementary c/z type ions with the glycan attached to the peptide. HCD (green dashes) fragments the peptide backbone as well as the
glycosidic linkages, allowing for peptide and glycan sequencing, but often loses site-specificity. EThcD (red lines) combines the two techniques and allows
for the most information to be gleaned from a single spectrum. Adapted from a study by Reiding et al. [92]. (d) Bump-and-hole chemical glycoproteomics
provides a gain-of-function enrichment strategy (top). An HCD spectrum is shown under this, where 2 new fingerprint ions are present (491, 330) that can
be used to trigger ETD (bottom). The ETD spectrum allows for site-localization of the modification and also demonstrates a new fingerprint ion (194) that
can be used in search algorithms for more confident scoring. SPE, solid-phase extraction; RP, reverse-phase; HCD, higher-energy collisional dissociation;
ETD, Electron transfer dissociation; HPLC, high performance liquid chromatography.
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be used in search algorithms for more confident glycan
assignment [11].

The advantages of chemical glycoproteomics fueled by
the gain-of-function nature of BH engineering enabled
us to directly map the glycosylation sites primed by two
GalNAc-T isoenzymes. We used HepG2 cells engi-
neered to lack native expression of T1 or T2 and
complemented with BH-T'1 and -T2, respectively [128].
Upon biosynthesis of UDP-GalNAc analog 3, differential
glycosylation sites primed by both isoenzymes were
mapped. Among these, several had been suggested to be
isoenzyme-specific by Schjoldager et al. [128] using
SimpleCells and thereby benchmarked our approach,
while others were new. The added advantage of the BH
tactic showed in two pieces of data that had been pre-
viously impossible to accrue: (i) our data resolved am-
biguity about isoenzyme specificity of apolipoprotein Al
glycosylation, which had been impaired by events of
compensation and competition within the GalNAc-T
family; and (ii) the chemically modified GalNAc
analog was elaborated up to the tetrasaccharide
(Neu5Ac),-Hex-GalNAc, in accordance with the so-
called di-Sialyl-T" antigen as the largest abundant O-
GalNAc glycan made in HepG2 cells [129]. As the
enrichment process based on biotinylation should be
unbiased to glycan substructures, mapping glycan elab-
oration offers exciting opportunities to potentially
combine site annotation and glycome analysis, which is
currently challenging on a glycoproteome-wide scale.

Outlook

The success of the BH tactic suggests important im-
plications for studying one of the most fascinating and
obscure GT families. As the tactic relies on mutating
gatekeeper residues that are conserved throughout the
family, in principle, it should be applicable to other
isoenzymes. Multiple GalNAc-Ts have been crystallized
over the last years [43,130—133], and available struc-
tures seem to confirm this notion. The field of chemical
glycoproteomics is rapidly evolving, constantly
increasing the sensitivity of MS analysis. Current chal-
lenges associated with optimizing glycopeptide enrich-
ment, purification, and ionizability will be tackled
within the next few years to truly deliver the promise of
chemical precision tools to quantitative biology [134].
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