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ABSTRACT

Altered glycoprotein expression is an undisputed corollary of cancer development. Understanding these
alterations is paramount but hampered by limitations underlying cellular model systems. For instance, the
intricate interactions between tumour and host cannot be adequately recapitulated in monoculture of tumour-
derived cell lines. More complex co-culture models usually rely on sorting procedures for proteome analyses
and rarely capture the details of protein glycosylation. Here, we report a strategy termed Bio-Orthogonal Cell
line-specific Tagging of Glycoproteins (BOCTAG). Cells are equipped by transfection with an artificial
biosynthetic pathway that transforms bioorthogonally tagged sugars into the corresponding nucleotide-sugars.
Only transfected cells incorporate bioorthogonal tags into glycoproteins in the presence of non-transfected cells.
We employ BOCTAG as an imaging technique and to annotate cell-specific glycosylation sites in mass
spectrometry-glycoproteomics. We demonstrate application in co-culture and mouse models, allowing for

profiling of the glycoproteome as an important modulator of cellular function.
INTRODUCTION

Cancer is a multifactorial disease consisting of an interplay between host and tumour. Emulating the complexity
of a tumour in cell monoculture is thus incomplete by design, requiring more elaborated co-culture systems or in
vivo models.! Recent years have seen a stark increase in methods to probe the transcriptomes of tumour and
host cell populations, respectively, providing some insight into their state within a multicellular conglomerate.*
However, the relationship between transcriptome and proteome is still elusive.® In addition, posttranslational
modifications (PTMs) heavily impact the plasticity of the proteome. Glycosylation is the most complex and
most abundant PTM, but challenging to probe due to the non-templated nature of glycan biosynthesis.® Glycans
are generated by the combinatorial interplay of >250 glycosyltransferases (GTs) and glycosidases, mostly in the
secretory pathway.” A small number of glycoproteins aberrantly expressed in cancer, such as mucins, have been
approved as diagnostic markers, but their discovery is a particular challenge.®® This is especially true when in
vivo or in vitro model systems comprise cell populations from the same organism that do not allow distinction
of proteomes by amino acid sequence.'®'! Methods to study the glycoproteome of a cell type in co-culture or in

vivo are therefore an unmet need.
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Metabolic oligosaccharide engineering (MOE) produces chemical reporters of glycan subtypes.!> MOE reagents
are membrane permeable monosaccharide precursors modified with chemical tags amenable to bioorthogonal
chemistry.'* Following incorporation into the glycoproteome, chemical tags are reacted with traceable
enrichment handles or fluorophores, for instance by Cu(I)-catalysed azide-alkyne cycloaddition (CuAAC).'*!3
Many MOE reagents are based on analogues of sugars such as N-acetylgalactosamine (GalNAc) that are
straightforward to chemically tag by replacing the acetamide with bioorthogonal N-acylamides (Fig. 1a).
Unmodified GaINAc is normally activated by the biosynthetic GalINAc salvage pathway to the nucleotide-sugar
UDP-GalNAc that can follow two major distinct metabolic fates (Fig. 1a).'“!6"!8 First, the 20 members of the
GalNAc transferase family (GalNAc-T1...T20) use UDP-GaINAc to form the linkage GalNAca-Ser/Thr and
thereby prime cancer-relevant O-GalNAc glycans.!*!*?° Second, epimerisation at the GalNAc C4 position by
the UDP-galactose-4-epimerase (GALE) yields UDP-N-acetylglucosamine (UDP-GIcNAc) that can be
incorporated into different glycan subtypes, for instance Asn-linked N-glycans.!”!32! Certain chemical
modifications at the N-acyl moiety can render GaINAc analogues recalcitrant to these metabolic processes. For
instance, analogues of UDP-GalNAc with long alkyne-containing N-acyl substituents are not biosynthesised by
the GalNAc salvage pathway and not used as substrates by wild type (WT)-GalNAc-Ts.'$22-24 While being a
substantial impediment to generating MOE reporters, we realised that overcoming these metabolic roadblocks
might enable programmable bioorthogonal glycoprotein tagging. Such a strategy would allow for studying the
glycoproteome in a cell-specific fashion, which is currently elusive despite the rapid advances in the

development of new MOE reagents.

Here, we develop a technique called Bio-Orthogonal Cell-specific Tagging of Glycoproteins (BOCTAG). The
strategy uses an artificial biosynthetic pathway to generate alkyne-tagged UDP-GalNAc and UDP-GIcNAc
analogues from a readily available GaINAc precursor that is not accepted by the GalNAc salvage pathway. We
find that a single methylene group between 5-carbon (GalNAlk) and 6-carbon (GalN6yne) N-acyl substituents
drastically reduces uptake by the native GalNAc salvage pathway and thereby reduces the background of
bioorthogonal labelling in non-transfected cells. Only cells carrying the artificial pathway biosynthesise the
corresponding UDP-sugars (UDP-GalN6yne and UDP-GlcN6yne) that are then used by GTs to chemically tag
the glycoproteome. We further expand the strategy with mutant GalNAc-Ts that are engineered to accept UDP-
GalN6yne as a substrate. The combined use of an artificial biosynthetic pathway and engineered GaINAc-Ts
enables GalN6yne-mediated fluorescent labelling of the cellular glycoproteome that is two orders of magnitude
higher than in cells carrying neither component. We demonstrate that BOCTAG allows for programmable
glycoprotein tagging in co-culture and mouse models. Moreover, the nature of the artificial biosynthetic
pathway allowed for the use of readily available AcsGalN6yne as a precursor with enhanced stability over
previously used caged GalN6yne-1-phosphates as an essential pre-requisite for in vivo applications. We show
that the chemical modification enters a range of glycan subtypes, supporting the use of BOCTAG to tag a large

number of glycoproteins in complex biological systems.
RESULTS

Developing an artificial biosynthetic pathway for chemically tagged UDP-sugars.
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The human GalNAc salvage pathway consists of the kinase GALK?2 and the pyrophosphorylases AGX1/2 to
convert GalNAc first into GalNAc-1-phosphate and subsequently into UDP-GalNAc, respectively (Fig. 1a).
Since neither analogue of GalNAc nor GalNAc-1-phosphate can be utilised by any other metabolic enzyme, the
GalNAc salvage pathway was deemed suitable for monitoring conversions of each step while supplying readily
accessible synthetic, bioorthogonal precursors. GALK?2 and AGX1/2 are impervious to large chemical
modifications at the N-acyl moiety of GalNAc (Fig. 1a), corroborated by crystal structures of these enzymes
(Fig. S1).!82426 An artificial biosynthetic pathway was thus designed to convert chemically tagged GalNAc
analogues first to the corresponding sugar-1-phosphates and subsequently to the UDP-sugars. We chose both a
6-carbon hex-5-ynoate chain (GalN6yne) and a 5-carbon pent-4-ynoate chain (GaINAlk) as GalNAc
modifications due to their availability and previous use by us and others.!®24?” In in vitro enzymatic assays
detected by liquid chromatography-mass spectrometry (LC-MS), recombinant GALK?2 accepted GalNAlk as a
substrate, but only marginally accepted GalN6yne (Fig. 1b). In contrast, promiscuous bacterial V-
acetylhexosaminyl kinases (NahK) from various source organisms converted GalN6yne to GalN6yne-1-
phosphate almost quantitatively (Fig. 1b, Fig. S2a).?® Similarly, the pyrophosphorylase AGX1 showed little to
no turnover of both GalNAIk-1-phosphate and GalN6yne-1-phosphate to the corresponding UDP-sugars (Fig.
1b). We and others have mutated AGX1 at residue Phe383 to smaller amino acids to accommodate chemical V-
acyl modifications.”*?* AGX1F3%34 herein called mut-AGX1, converted both synthetic GaINAIlk-1-phosphate
and GalN6yne-1-phosphate to UDP-GalNAlk and UDP-GalN6yne, respectively (Fig. 1b).

We next assessed UDP-sugar biosynthesis in the living cell. Stable bicistronic expression of a codon-optimised
version of Bifidobacterium longum NahK as well as mut-AGX1 in K-562 cells biosynthesised UDP-GalNAlk
and UDP-GalN6yne from membrane-permeable per-acetylated precursors AcsGalNAIk and AcsGalN6yne,
respectively (Fig. 1c). Expression of either enzyme alone or WT-AGX1 led to inefficient biosynthesis compared
to levels of native UDP-sugars (Fig. S3). We confirmed these results by feeding cells a caged precursor of
GalN6yne-1-phosphate that was uncaged in the living cell and converted to UDP-GalN6yne only in the
presence of mut-AGX1 (Fig. S3). Alkyne-tagged UDP-GalNAc analogues were converted to the corresponding
UDP-GIcNAc analogues (UDP-GIcNAlk or UDP-GlcN6yne, respectively) in cells by the epimerase GALE,
which was corroborated in an in vitro epimerisation assay (Fig. 1a, ¢ Fig. S2b, Fig. S3). Thus, installing an
artificial biosynthetic pathway led to programmable biosynthesis of alkyne-tagged analogues of UDP-GalNAc
and UDP-GIcNAc.
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Fig. 1: Development of an artificial biosynthetic pathway for chemically tagged UDP-GalNAc/GIlcNAc
analogues. a, strategy of metabolic oligosaccharide engineering. A chemically modified GalNAc analogue that
is not accepted by the GalNAc salvage pathway should be processed by an artificial biosynthetic pathway. B.
longum NahK and mut-AGX1 biosynthesise UDP-GalNAc analogues and, by epimerisation, UDP-GIcNAc
analogues. Incorporation into glycoconjugates can be traced by CuAAC. b, in vitro evaluation of GalNAc-1-
phosphate analogue synthesis by human GALK2 or B. longum NahK (left) and UDP-GalNAc analogue
synthesis by WT- or mut-AGX1 (right). Data were recorded in LC-MS assays and processed by integrated ion
counts. Data are from two independent experiments and depicted as individual data points and means (left) or
from three independent experiments and depicted as means + standard deviation (SD, right). ¢, biosynthesis of
UDP-GaIlNAc/GlcNAc analogues in cells stably expressing both NahK and mut-AGX1 or either component, as
assessed by high performance anion exchange chromatography (HPAEC). A hygromycin resistance gene allows
for stable transfection. Data are representative of one out of two independent experiments collected on two

different days. mock: pSBbi-GH empty plasmid.
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We next assessed chemical tagging of the cell surface glycoproteome in living cells. K-562 cells stably
expressing combinations of NahK and AGX1 were fed with DMSO, AcsGalNAlk or AcsGalN6yne and reacted
with the clickable fluorophore CF680-picolyl azide by CuAAC. The MOE reagent AcsaManAlk that enters the
pool of the sugar sialic acid was included as a positive control. Alkyne tags were visualised by in-gel
fluorescence after cell lysis (Fig. 2a). While AcsGalNAIk feeding led to high-intensity fluorescent signal when
NahK and mut-AGX1 were expressed, substantial signal was observed in cells expressing WT-AGX1 when
NahK was present (Fig. 2a). Fluorescent signal after AcaGalNAIk feeding was also observed in cells transfected
with an empty plasmid or only overexpressing WT-AGX1, confirming the permissiveness of the GalNAc
salvage pathway for GaINAIk (Fig. 1b).'® In contrast, AcsGalN6yne incorporation was critically dependent on
the expression of mut-AGX1, while the presence of NahK led to a further sixfold increase in fluorescence
intensity (Fig. 2a). AcaManAlk gave fluorescent signal regardless of the enzyme combination expressed. Dose
response experiments showed that AcsaGalN6yne-mediated fluorescence intensity increased over two orders of
magnitude with the concentration of the probe between 16 nM and 50 uM only when NahK and mut-AGX1
were present (Fig. 2b). Transfection and feeding with chemically modified sugars can in theory alter the cellular
transcriptome, leading to artefacts in protein expression and metabolic labelling. We performed transcriptomic
analyses in cells transfected with either NahK/mut-AGX1 or empty plasmid, and fed with either DMSO vehicle,
AcsGalN6yne or AcsGalNAc. By performing correlation plot and principal component analysis (PCA, Fig. S4),
we observed that the day of sample collection has a greater effect on transcript levels than either transgene
expression or compound treatment (Fig. S4b). These data suggest that neither artificial biosynthetic pathway nor
compound feeding has substantial effects on the transcriptome. We further measured the levels of endogenous
UDP-sugars and found no substantial changes upon expression of mut-AGX1, regardless of feeding withDMSO
or AcsGalN6yne. Similarly, expression of NahK and mut-AGX1 led to no changes when fed with AcsGalN6yne
(Fig. S5a). Levels of UDP-GIcNAc/GalNAc were increased by 33/36%, 28/30%, and 26/30% in WT-AGX1 and
DMSO-fed NahK/mut-AGX1 respectively. The relative ratio of both metabolites was constant in all cell lines
(Fig. S5b). We also found no differences in concentrations of the metabolite cytidine monophosphate-/N-
acetylneuraminic acid (CMP-Neu5Ac). To assess if the cellular glycome would be affected by variations in
nucleotide-sugar concentrations, we performed lectin blotting on lysates of cell expressing NahK/mut-AGX1.
We found no differences in binding patterns of four lectins as well as the antibody RL2 detecting
nucleocytoplasmic O-linked GlcNAc compared to mock-transfected cells (Fig. S6). We also established that
chemical tagging is measurable in a dose-dependent fashion both on the cell surface (when CuAAC was
performed prior to lysis) and in lysate (Fig. S7). Due to the robustness of metabolic incorporation, we used

AcsGalN6yne as an MOE reagent for all subsequent applications of BOCTAG.
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Fig. 2: An artificial biosynthetic pathway enables programmable chemical tagging of the glycoproteome.
a, evaluation of cell surface glycoproteome tagging after treating K-562 cells stably expressing NahK/AGX1
combinations with 50 uM AcsGalNAIk, 50 uM AcsGalN6yne or 10 uM AcsaManNAlk. Glycoproteins were
visualised by in-gel fluorescence after treating cells with CF680-picolyl azide under CuAAC conditions and
subsequent cell lysis. b, dose-response experiment of cell surface glycoproteome tagging, with samples
processed as in a. Data in a and b are representative of one out of two independent experiments. ¢, quantitative
measurement of glycoprotein tagging by SILAC. Data were analysed from three independent experiments,
collected on three different days, with forward (heavy mock, light NahK/mut-AGX1) and reverse (light mock,
heavy NahK/mut-AGX1) analyses incorporated as a total of six replicates. Data are visualised as volcano plot,
choosing 4-fold enrichment and a p-value of 0.1 as cut-offs, with example glycoproteins annotated. Significance

levels were indicated. Mock: pSBbi-GH empty plasmid.

An artificial biosynthetic pathway allows for programmable enrichment of the glycoproteome.

We used Stable Isotope Labelling by Amino Acids in Cell Culture (SILAC)-based proteome analysis to confirm
and quantify chemical glycoproteome tagging. K-562 cells transfected with NahK/mut-AGX1 or an empty
plasmid (mock-transfected). Both were individually grown in heavy or light media in the presence of either
AcsGalN6yne or DMSO. Lysates of these cells were mixed as different combinations to contain equal amounts
of heavy and light protein, and clickable biotin-picolyl azide was installed on tagged glycoproteins by CuAAC.

Enrichment on neutravidin beads followed by on-bead digest allowed analysis by quantitative mass
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spectrometry (MS). In three independent experiments in which both combinations of heavy and light SILAC
labelling each were used (Fig. 2c), we found peptides from 85 proteins to be significantly enriched in
NahK/mut-AGX1-transfected cells (Supplementary Table 1). More than 99% (84/85) of these proteins have
been previously annotated**? as either N- or O-glycosylated, including the nucleoporins Nup62 and Nup153
and the cell surface proteins CD47 and NOTCH1, confirming the stringency of the approach for tagging

glycoproteins.
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Fig. 3: Bioorthogonal cell-specific glycoprotein tagging in co-culture. a, schematic of the 4T1-MLg co-
culture experiment. Green fluorescent protein (GFP)-expressing 4T1 cells transfected with NahK/mut-AGX1
should be selectively positive for Alexafluor647-labelling in BOCTAG. b, fluorescence microscopy, using co-
cultures fed with 50 uM AcsGalN6yne or 50 uM AcsManNAlk as well as Alexafluor568-phalloidin as a
counterstain. Scale bar, 20 um. ¢, intensity profile of fluorescent signal between GFP and AF647 in
AcsGalN6yne- (top) or Ac4ManNAlk-fed (bottom) co-cultures. The intensity profile of GFP, AF647-
Streptavidin and AF568-Phalloidin signals was measured along a diagonal line drawn along the fluorescent

image. Data are representative of one out of two independent experiments.

Cell type-specific glycoproteome tagging in co-culture.

We next assessed the suitability of the artificial biosynthetic pathway NahK/mut-AGX1 as a BOCTAG cell
type-specific glycoproteome labelling technique by fluorescence microscopy. Colonies of NahK/mut-AGX1-
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transfected and GFP-expressing 4T1 breast cancer cells were established on a monolayer of non-transfected
MLg fibroblast cells by co-culturing for 72 h before media supplementation with either AcsGalN6yne,
AcsManAlk or DMSO (Fig. 3a). Clickable biotin-picolyl azide was installed by CuAAC followed by
Streptavidin-AF647 staining to visualise chemical tagging, and cells were counter-stained with fluorescently
labelled phalloidin. Streptavidin-AF647 signal was strongly and reproducibly restricted to GFP-expressing cells
only when AcsGalN6yne was fed and NahK/mut-AGX1 were expressed (Fig. 3b, c, Fig. S8-S11), indicating a
localised BOCTAG signal. In contrast, the promiscuous MOE reagent AcsManNAlk was non-specifically
incorporated throughout the entire co-culture (Fig. 3b, ¢, Fig. S8-S11). When both GFP-4T1 and MLg cell lines
expressed NahK/mut-AGX1 were fed with AcsGalN6yne, both exhibited a strong Streptavidin-AF647 signal
(Fig. S11b). Taken together, BOCTAG enables cell-specific tagging of cell surface glycoproteins in co-culture.

Assessing and manipulating the glycan types tagged by GalNéyne.

We next sought to assess and expand the glycan subtypes targeted by our MOE approach. We were prompted by
our recent findings that GalNAc analogues with bulky N-acyl chains such as GalN6yne are not incorporated into
O-GalNAc glycans by WT-GalNAc-Ts (Fig. 4a).2>?*** We have created GalNAc-T mutants termed BH-
GalNAc-Ts (for “bump-and-hole engineering”, the process used to design the mutants) that selectively use such
chemically tagged UDP-GalNAc analogues in glycosylation reactions.?>?433 We stably co-expressed WT- or
BH-versions of GaINAc-T1 or T2 from plasmids also encoding NahK and mut-AGX1 in K-562 cells (Fig. 4a).
Expression of BH-GalNAc-Ts increased the intensity of in-gel fluorescence more than sevenfold over
expression of WT-GalNAc-Ts when cells were fed with AcsGalN6yne (Fig. 4b). WT-AGX1 expressing cells
lacked UDP-GalN6yne/UDP-GlcN6yne biosynthesis and did not show any discernible fluorescent signal over
vehicle control DMSO (Fig. 1c). We assessed the subtypes of the chemically tagged glycans by digestion with
the hydrolytic enzymes PNGase F (reduces N-glycosylation), StcE (digests mucin-type glycoproteins) and
OpeRATOR (digests O-GalNAc glycoproteins in the presence of the sialidase SialEXO) prior to in-gel
fluorescence.** In cells expressing NahK, mut-AGX1 and WT-GalNAc-Ts, fluorescent labelling was sensitive
to PNGase F treatment, indicating that the major target structures are N-glycoproteins in these cells (Fig. 4c).
Incomplete signal abrogation of signal by PNGase F could result from incorporation of GlcN6yne in the
protein-proximal core of N-linked glycans, which would be functionalised with fluorophore before digest. Co-
expression of BH-GalNAc-Ts led to additional highly intense fluorescent signal of a small number of O-
glycoproteins with sensitivity to both StcE and OpeRATOR/SialEXO (Fig. 4c). Thus, BH-GalNAc-Ts broaden
the target scope of chemical tagging to include O-GalNAc glycoproteins with high incorporation efficiency. In
accordance with this finding, we performed quantitative MS-proteome analysis by SILAC of cell lines
expressing NahK/mut-AGX1/BH-GalNAc-T2 (BH-T2). In contrast to cells expressing only NahK/mut-
AGX1/WT-T2 (Fig. 2¢), we observed an increase from 50% to 61% of previously annotated O-GalNAc
glycoproteins in the enriched protein fraction (Supplementary Table 1).3°32 Concomitant with GalN6yne
incorporation into the O-GalNAc glycoproteome, we found a relative reduction of certain glycans containing
2,3-linked sialic acid upon BH-GalNAc-T2 expression in lectin blot analysis (Fig. S12-13) and by mass
spectrometry (Fig. S14-15). Using a doxycycline-inducible expression system,?* we confirmed this tendency

with WT-GalNAc-T2 in a titratable fashion (Fig. S13). Taken together, overexpression of BH-GalNAc-Ts
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increases incorporation of chemically tagged glycans by BOCTAG by an order of magnitude, allowing entry
into the O-GalNAc¢ glycoproteome.
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Fig. 4: Enhancement of programmable glycoprotein tagging by expression of BH-GalNAc-Ts. a, strategy
of expanding glycoprotein tagging to include O-GalNAc glycans. Expression of BH-GalNAc-Ts selectively
engineered to accommodate bulky chemical tags enhances O-GalNAc tagging in cells expressing NahK/mut-
AGXI1. b, evaluation of tagging efficiency by feeding transfected K-562 cells with either DMSO, 1 uM
AcsGalN6yne or 2 uM AcsManNAlk. Tagging was analysed by in-gel fluorescence and quantification by
densitometry as means + SD from three independent experiments. ¢, assessment of tagged glycan subtypes by
treating the samples of cells fed with AcsGalN6yne analysed in b with hydrolytic enzymes. Lysates of WT- and
BH-GalNAc-T1/T2 transfected cells are loaded on two different gels. Gel images are shown with different
intensities to best visualise the effect of enzyme treatment. Data are representative of one out of a total of four

replicate labelling experiments performed on two different days.

MS-based validation of cell-type specific labelling in co-culture models.

We then validated BOCTAG as a strategy for cell-specific MS-glycoproteome analysis. We chose a co-culture
model between murine 4T1 and human MCF7 breast cancer cell lines, opting to distinguish labelled
glycoproteins with species-specific peptide sequences by label-free quantitative (LFQ) LC/MS-MS analysis. We
transfected cells with either NahK/mut-AGX1/BH-GalNAc-T2 (termed “BOCTAG-T2”) or empty plasmid
(pSBbi-Hyg, mock), co-cultured murine and human cells overnight and subsequently fed the co-cultures with
either AcsGalN6yne or vehicle DMSO. Chemically tagged glycoproteins in the secretome were reacted with
acid-cleavable biotin-picolyl azide by CuAAC and enriched on neutravidin magnetic beads (Fig. 5a). On-bead
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digest yielded a peptide fraction and left glycopeptides bound to beads to be separately eluted with formic
acid**3%3¢, Peptide samples were assessed by LFQ MS-proteomics in two independent experiments, choosing an
8-fold enrichment and a p-value of 0.1 as cut-offs. We observed species-specific protein enrichment: BOCTAG-
T2-expressing 4T1 cells led to 132 selectively enriched murine peptides while BOCTAG-T2-expressing MCF7
cells allowed detection of 24 selectively enriched human peptides when co-cultured with mock-transfected cells
of the respective other species (Fig. 5b, Supplementary Table 2). Only two human peptides and one murine
peptide were found in the enriched datasets from the corresponding other species.

BOCTAG-T2 allows for cell-specific glycosylation site identification. Using a tandem MS technique consisting
of higher energy collision dissociation (HCD)-triggered electron transfer dissociation (ETD), we identified 37
specific glycosylation sites on 57 murine glycopeptides from 4T1 cells and 9 specific glycosylation sites on 12
human glycopeptides from MCF7 cells in secretome samples (Fig. 5S¢, Supplementary Table 2). Our data
indicated glycosylation of homologous glycopeptides from murine and human origins in pro-X
carboxypeptidase in secretome (Fig. 5d, Fig. S16). We also performed an MS-glycoproteomics experiment in
lysate from the 4T1/MCF7 co-culture expressing BOCTAG-T2 or empty plasmid. We annotated a total of 4
specific glycosylation sites on 11 murine glycopeptides from 4T1 samples and 2 specific glycosylation sites on
8 human glycopeptides from MCF7 cells (Supplementary Table 3). Particularly, we identified a homologous
glycopeptide from both human and murine glucosidase 2 (Fig. S17). The presence of the chemical tag facilitated
manual annotation of mass spectra in all cases due to the specific mass shift associated with the chemical

modification, in line with our previous results.’’

Bioorthogonal cell-specific tagging of glycoproteins in vivo.

We next investigated the applicability of our BOCTAG strategy in an in vivo tumour model. Tumours were
grown in the fat pads of NOD-SCID IL2Rgnull (NSG) mice, consisting of 4T1 cells expressing GFP and either
BOCTAG-T2 (one fat pad) or no additional transgene (empty plasmid, another fat pad). These mice were
intraperitoneally injected with AcsGalN6yne, vehicle or AcsaMAnNAIk once daily for five consecutive days
(Fig. 5e). At the end of the treatment, the tumours were harvested, homogenised, treated with biotin-picolyl
azide under CuAAC conditions and the labelling analysed by streptavidin blot. A strong fluorescent signal was
observed in the BOCTAG-T2 tumours treated with AcsGalN6yne (Fig 5¢). In contrast, tumours transfected with
empty plasmid showed minimal labelling signal with either vehicle or AcsGalN6yne treatment. All samples
treated with AcsManNAlk irrespective of the presence of NahK/mut-AGX1/BH-T2 displayed strong fluorescent
signal. These data demonstrated that glycoproteins are selectively tagged when NahK/mut-AGX1/BH-T2 are
expressed in the tumour. We also performed intratumoral injections of either AcsGalN6yne or DMSO and

observed the same BOCTAG-T2-dependent labelling (Fig. S18a).

To evaluate the protein expression levels of NahK/mut-AGX1/BH-T2 ex vivo, part of the tumours was digested,
plated and cells cultured. Protein expression of NahK/mut-AGX1/BH-T2 was assessed by Western blot and
found to be comparable to expression levels before in vivo injection (Fig. S18b). Cells also generally retained

the ability to incorporate Ac4GalN6yne-dependent chemical glycoproteome tagging (Fig. S18b).
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Fig. 5: BOCTAG labels glycoproteins in a cell-specific manner in co-culture and in vivo. a, cell-selective
enrichment and MS-glycoproteome analysis of murine-human co-culture systems. MCF7 and 4T1 cells
transfected as indicated were co-cultured overnight and treated with DMSO or 10 uM AcsGalN6yne for 24h.
Secretome was subjected to CuAAC with acid-cleavable biotin-picolyl azide and enriched on neutravidin beads.
On-bead digest yielded peptide fractions while acid treatment of beads yielded glycopeptide fractions. b, MS
analysis of peptide fractions from a by choosing 8-fold enrichment and a p-value of 0.1 as cut-offs. Species-

specific peptides are indicated. Data are from two independent experiments. ¢, examples of enriched
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glycopeptides and glycoforms. Asterisk annotates glycosylation sites; parentheses indicate potential
glycosylation sites that could not be confidently assigned. d, HCD spectra of homologous glycopeptides from
murine (left) and human (right) origins. Peptide sequences were confirmed by ETD (Fig S16). e, in vivo
glycoproteome tagging by BOCTAG-T2. Tumours were grown in fat pads of mice as described. BOCTAG-T2
and mock tumours were grown in the same mouse treated systemically by intraperitoneal (i.p. administration)
for five days with 200 mg/kg AcsGalN6yne, AcsManNAIKk or the corresponding volume of vehicle. Tumours
were harvested, lysed, subjected to CuAAC with biotin-picolyl azide and analysed by streptavidin blot. Hex =
Hexose, e.g. galactose; NeuAc = N-acetylneuraminic acid; HexNAc = N-acetylhexosamine, e.g. GIcNAc. mock:

pSBbi-Hyg.

DISCUSSION

We developed BOCTAG to address two major shortcomings in the biosciences. First, there is still an unmet
need for characterising proteins produced by a particular cell type. Glycans are a means to an end in this respect,
and the large signal-to-noise ratio in our fluorescent labelling experiments indicates that BOCTAG allows for
efficient protein tagging. The approach is complementary to other techniques, including the use of unnatural
amino acids, proximity biotinylation and ligand-targeting delivery approaches.3%3°%° Second, directly
incorporating glycans in the analysis will give insight into cell-type-specific glycosylation sites and possibly
glycan structures to add another dimension to proteome profiling. We have shown that BOCTAG allows
incorporation into N-, O-GalNAc linked glycans. We note that chemical tagging of intracellular O-GlcNAc
glycans is likely,*! and welcome incorporation into as many glycan types as possible. The presence of a
modification that can be observed by MS as a direct corollary of chemical tools allows for further validation of
enriched glycoproteins, facilitating glycoproteome analysis even in complex co-culture or in vivo settings. An
artificial biosynthetic pathway was essential to ensure minimal background labelling while being able to supply
the tagged sugar as an easy-to-synthesise MOE reagent. To this end, the use of the kinase NahK allows for use
of a per-acetylated bioorthogonal sugar that is fundamental to in vivo use and in marked difference to highly
unstable caged sugar-1-phosphates used previously.!>?* To enable BOCTAG, cells require transfection with at
least two transgenes. However, the design of a multicistronic, transposase-responsive plasmid ensures that
transfection efforts are straightforward.*>*> BOCTAG allowed us to selectively tag tumour glycoproteomes in
vivo, highlighting the robustness of the approach. MOE reagents have been chemically caged to be released by
enzymes overexpressed in cancer.*#® While independent of transfection, such targeting can be accompanied by
substantial background labelling in non-cancerous tissue. BOCTAG allows for programmable glycoprotein
tagging with remarkable signal-to-noise ratio, and an enabling technology that will transform our understanding

of tumour-host interactions particularly in the context of protein glycosylation.
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Data availability

Mass spectrometry proteomics and glycoproteomics data are available at http://www.ebi.ac.uk/pride

with identifiers PXD035430, PXD035437, PXD035438, PXD035445 and PXD035449.
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