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Mammalian cell-based production of
glycans, glycopeptides and glycomodules
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Access to defined glycans and glycoconjugates is pivotal for discovery, dis-
section, and harnessing of a range of biological functions orchestrated by
cellular glycosylation processes and the glycome. We previously employed
genetic glycoengineering by nuclease-based gene editing to develop sustain-
able production of designer glycoprotein therapeutics and cell-based glycan
arrays that display glycans in their natural context at the cell surface. However,
access to human glycans in formats and quantities that allow structural studies
of molecular interactions and use of glycans in biomedical applications cur-
rently rely on chemical and chemoenzymatic syntheses associated with con-
siderable labor, waste, and costs. Here, we develop a sustainable and scalable
method for production of glycans in glycoengineered mammalian cells by
employing secreted Glycocarriers with repeat glycosylation acceptor
sequencemotifs for different glycans. The Glycocarrier technology provides a
flexible production platform for glycans in different formats, including oli-
gosaccharides, glycopeptides, and multimeric glycomodules, and offers wide
opportunities for use in bioassays and biomedical applications.

Glycans are ubiquitous across all domains of life and play pivotal
biological roles1. Many functions assigned to glycans are mediated
through binding and recognition by glycan-binding proteins (GBPs),
including lectins, receptors, toxins, microbial adhesins, antibodies,
and enzymes2,3. More than 200 distinct human GBPs and a larger
number of glycosaminoglycan (GAG) bindingproteins are identified so

far, and these serve in intracellular trafficking, clearance and turnover
of proteins, cell adhesion, signaling, and pathogen recognition and
defense2,4,5. A vast number of microbial and viral GBPs are involved in
host-microbial interactions including decisive steps in pathogenicity
and healthy homeostasis of the mucus and microbiomes2,5,6. Glycans
exhibit great structural diversity to support these functions3, and the
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diversity of glycan-binding epitopes is expanded when their pre-
sentation on lipids and proteins is included in the recognition by
GBPs7. Knowledge of the natural glycan ligands for GBPs and the
molecular basis for recognition is prerequisite for understanding
biological functions of glycans and harnessing their potential biome-
dical uses.

Discovery of GBPs and their glycan-binding specificities com-
monly utilize glycan microarrays. Printed glycan arrays (oligo-
saccharides or neoglycolipids) typically display 100s of different
glycans that have been isolated or produced by chemical and che-
moenzymatic synthesis usually in scarce quantities sufficient for
microarrays8–13. These printed arrays display glycans without their
natural context of glycoconjugates, although synthetic glycopeptide
arrays partly mitigate this void14,15. Cell-based glycan arrays comprised
of libraries of isogenic cells genetically engineered with loss/gain of
distinct glycosylation capacities represent recent alternatives that are
useful to display glycans in their natural context on glycolipids, gly-
coproteins, and proteoglycans on the cell surface16,17. Studies with
these glycan arrays inform of structural features of the epitope(s)
bound by GBPs, and to understand the biology and support develop-
ment of biomedical use of glycans, e.g., as inhibitors, further studies
are needed to gain insights into how the epitope(s) is formed and
recognized by GBPs.

Structuralmolecular studies of the recognition of glycans byGBPs
require access to glycans in quantities and appropriate formats.
Moreover, glycans have substantial potential as therapeutics ranging
from e.g., human-milk-oligosaccharides (HMOs)18 in infant milk for-
mulas for prevention of infections to mucin O-glycans to prevent
biofilm formation and suppress virulence of microbiota19–21. Currently,
access to glycans is largely dependent on chemical and chemoenzy-
matic synthesiswith the inherent challenges of complexity, labor, cost,
and waste products. There is therefore a critical need to develop sus-
tainable production methods to improve access to glycans in forms
suitable for different purposes. The genetic regulation of the many
different types of glycosylation pathways in mammalian cells are well
established22, and we have extensively explored and validated stable
genetic glycoengineering designs with combinatorial knockout/
knockin (KO/KI) of glycosyltransferase genes to customize cellular
glycosylation for desirable glycosylation capacities7,23. Genetic gly-
coengineering of mammalian cells has enabled recombinant produc-
tion of custom-designed glycoprotein therapeutics,which has resulted
in new drugs and drug designs, e.g., IgG antibodies with improved
effector functions24, and lysosomal replacement enzymes with
improved circulation and biodistribution25,26, but also analytical
opportunities for glycoproteins, e.g., native MS25,27. Mammalian cells
with stable expression of exogenous gene(s) provide a sustainable
method to produce biologics, and the Chinese hamster ovary cell
(CHO) already serves as the main cell factory for production of a wide
range of biologics used in the clinic28. Production of glycans in mam-
malian cells is, however, challenged by these being built almost
entirely on lipids and specific proteins.

Here, we seek to develop a cost-effective and sustainable method
to produce glycans in scalable quantities and flexible formats to sup-
portwider useof glycans inbasic scienceandbiomedicine. To this end,
we develop artificial (i.e., without protein identity) Glycocarriers
designed to acquiredistinct types of glycans (GalNAc-typeO-glycan,N-
glycan, or glycosaminoglycan) when recombinantly expressed as
secreted products inmammalian cells. Glycocarriers are designedwith
a flexible glycomodule comprised of tandem repeat peptidemotifs for
attachment ofmultiple glycans to amplify yields (mol/mol) and trypsin
and Tobacco Etch Virus (TEV)-cleavage sites to generate flexible for-
mats of glycan products, as released glycans, as glycans on short gly-
copeptides, and as glycan multimers on intact glycomodules. The
Glycocarriers are designed with a globular protein module to drive
high expression and secretion, and we employ glycoengineered CHO

and HEK293 cells to produce Glycocarriers with distinct types and
structures of attached glycans in high yields. We demonstrate that
Glycocarriers acquire stoichiometric attachment of glycans, and that
the glycans built on Glycocarriers are faithful to the cell engineered
glycosylation design. We illustrate that stable expression of Glyco-
carriers in glycoengineered cells can be used to produce individual
glycans homogeneously in high quantity (up to 50mg/L in lab scale
production). We provide representative examples of production of
complex O-glycans, N-glycans, and GAGs, and highlight that the
repertoire of glycans that can be produced by Glycocarriers is easily
expandable by employing further glycoengineering of cells. We high-
light examples for how the flexible glycan format provided by Glyco-
carriers can advanceanalytics (e.g., singlemoleculemassphotometry),
serve as probes (e.g., cellular uptake/trafficking), and provide building
blocks (e.g., de novo synthesis of glycoproteins). We envision that the
quantities and flexible format of glycans provided by the Glycocarrier
platform will accelerate wider use and applications of glycans.

Results
To develop a versatile platform for producing human glycans, we
designed Glycocarriers that would acquire specific types of glycans,
notably without specific protein identity, when expressed as secreted
proteins in glycoengineered cells (Fig. 1).We generated fusionproteins
with a globular domain (super-folder green fluorescence protein
(sfGFP) or monomeric human IgG Fc) and an extended glycomodule
interspaced by a TEV protease site. The glycomodules were designed
to contain glycosylation acceptor sites for either N-glycan, GalNAc-
type O-glycan, or GAG glycosylation, and these short acceptor
sequences were modified from natural substrates (N-glycosites from
human erythropoietin (EPO)29,30, O-glycosite modified from human
EPO31,32, and GAG sites based on bikunin and serglycin)33,34 (Supple-
mentary Table 1) to ensure high glycosylation efficiency. Glycomo-
dules were designed to contain ~200 amino acids, as we previously
found this cost-efficient for DNA synthesis, recombinant expression
yields, and analysis by intact MS35,36. Importantly, glycomodules were
designed with repeats of the short peptide acceptor sequence motifs
interspaced by trypsin cleavage sites (Lys residues) (Supplementary
Fig. 1), allowing for versatile conversion of the Glycocarriers into dif-
ferent formats, as tagged multimeric glycomodules (TEV cleavage),
short glycopeptides with a single glycan (trypsin cleavage), as well as
released free glycans (Fig. 1c). Note that the repeat nature of glycosy-
lation motifs in Glycocarriers results in a significant mol/mol amplifi-
cation of glycan yields (from 3 to 18× mol/mol depending on type of
glycan). We previously demonstrated that stable genetic engineering
of the glycosylation capacities in mammalian (CHO and HEK293) cells
can be used to produce natural glycoproteins with custom-designed
glycans17,23,36, and we, therefore, employed this strategy for expression
of Glycocarriers.

Production of O-glycans by O-Glycocarriers
We first used an O-Glycocarrier designed with a single O-glycosite 10-
mer substrate sequence (AEAAATPAPA, flanked by K residues) that
serves as substrate formost commonpolypeptideGalNAc-transferases
(GALNTs) to ensure complete incorporation of GalNAc residues31,32.
Figure 2a illustrates the common biosynthetic pathways of GalNAc-
type O-glycosylation, the genetic regulation, and resulting O-glycan
structures. The design of an O-Glycocarrier for synthesis of O-glycans
is particularly important because much of the interest in O-glycans
stems from their occurrence as aberrant truncated structures in cancer
(also known as the pancarcinoma Tn, STn, and T antigens37) that are
often presented in clusteredmotifs, and these shortO-glycans without
linkage to a peptide backbone present poorly in immunoassays38–42.
Stable expression in CHO cells confirmed that an O-Glycocarrier con-
taining 18 repeats of this substrate motif obtained full stoichiometric
attachment of GalNAc residues when stably expressed in CHOKO Cosmc
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SimpleCells (SC) engineered with glycosylation capacity limited to
only Tn43,44 (Fig. 2b, c). Intact mass spectrometry analysis of the TEV-
cleaved, isolated O-glycomodule revealed that the most abundant
product contained 18 HexNAc residues (Fig. 2b) and nano LC-MS/MS
analysis of the short glycopeptide isolated after trypsin digestion by
C18 HPLC purification (Supplementary Fig. 2) confirmed >90% incor-
porated HexNAc residues (Fig. 2c). We then generated stable expres-
sion of the O-Glycocarrier in glycoengineered CHO cells to produce
the most common O-glycan structures, including disialylated core2,
which required introduction of the core2 synthase GCNT1 not endo-
genously expressed in CHO cells. We analyzed TEV-released glyco-
modules by intact MS (Fig. 2b) and following trypsin digestion, the
single glycopeptides with a single O-glycan by LC-MS/MS (Fig. 2c),
which revealed rather homogeneous products in full agreement with
the engineered glycosylation capacities. These results were confirmed
by profiling of released O-glycans (Supplementary Fig. 3). Note, that
intact MS of the released glycomodules with extended O-glycan
structures was only possible after removal of sialic acid (Sia) residues
by enzymatic desialylation, and hence sialylation was evaluated by LC-
MS/MS and O-glycan profiling. We did find varying degrees of see-
mingly incomplete synthesis for some complex glycan structures,
including variable capping efficiency with sialic acids. Incomplete
synthesis can be improvedby further gene engineering,where knockin
to complement insufficiently expressed endogenous genes is effective
and available for desirable glycans when needed. While this is beyond
the scope of this study, we for example demonstrate that introducing
the core2 GCNT1 gene in CHO cells (CHOKI GCNT1) that do not endo-
genously express this enzyme, resulted in considerably more effective
synthesis of core2 O-glycans (Fig. 2c) than the level of core2 O-glycans
found in HEK293 cells that endogenously express GCNT1.

CHO cells have limited endogenous O-glycosylation capacities,
while human HEK293 cells express a wider range of glycosyl-
transferases and produce both core1 and 2 O-glycans7. While combi-
natorial KO-based glycoengineering is very efficient, it is still more
challenging to performmultiple KI-based glycoengineering events and
introducemultiple novel glycosylation capacities45. We, therefore, also
investigated the use of HEK293 cells and first compared transient and
stable expression of the O-Glycocarrier with a single O-glycosite per
repeat in HEK293KO C1GALT1 grown in suspension culture. This demon-
strated that the released glycomodule and glycopeptide products
were glycosylated similarly and with the same efficiency as observed
for CHOKO Cosmc cells (Supplementary Fig. 4). We then produced STn

O-glycans by KI of ST6GALNAC1 inHEK293KOC1GALT1 cells (Fig. 2b, c). For
unknown reasons, we consistently found relatively higher levels of
residual Tn O-glycans on O-Glycocarriers expressed in HEK293 cells
compared to CHO cells (Fig. 2b, c). Established human cell lines in
general do not produce core3 O-glycans, including HEK293 cells, as
they do not express the core3 synthase B3GNT6. To produce core3 O-
glycans, we, therefore, combined KO of C1GALT1 to abrogate
core1 synthesis, that compete with core3 synthesis, with introduction
of core3 synthesis by KI of B3GNT6 (HEK293KO C1GALT1, KI B3GNT6), and this
yielded >50% core3 trisaccharide O-glycans with some incomplete
disaccharide (GlcNAcβ1-3GalNAcα) and monosaccharide components
(Fig. 2b, c). The core3 pathway is restricted to the gastrointestinal tract
and usually elongated with β1-3Gal residues by the B3GALT5
enzyme46,47, however HEK293 cells only express the B4GALTs produ-
cing type 2 Galβ1-4GlcNAc linkages. Interestingly, the core3 O-glycans
were also largely devoid of sialic acid capping in agreement with our
previous studies36. We predict that this is because core3 O-glycans in
gastrointestinal cells are extended by type 1 chain (Galβ1-3GlcNAc)
regulated by B3GALT5 rather than the type 2 chain extension enzymes
expressed inHEK293 cells. Thus, introduction of B3GALT5 is predicted
to result in higher yields of core3O-glycanswith sialic acid capping.We
also previously foundCHOcells to bemore efficient in capping bothN-
and O-glycans with sialic acids compared to HEK293 cells23,36.

HEK293 cells do not express the histo-blood group glycosyl-
transferases, and introduction of the secretor fucosyltransferase FUT2
in cells engineered for core1 synthesiswithout terminalα2-3 sialylation
capacity (HEK293KO GCNT1/ST3GAL1/2, KI FUT2) resulted in ∼50% H type 3
O-glycans (Fucα1-2Galβ1-3GalNAcα) α1-2 with some incomplete
synthesis of T and Tn O-glycans (Fig. 2b, c). The incomplete synthesis
of H type 3 may be because we chose the FUT2 enzyme, since it is not
clarified which of the FUT1/2 isoenzymes are the most efficient to
fucosylate core1 O-glycans. FUT1 may produce higher yields, however,
immunohistochemical studies with mAb MBr-1 indicate that expres-
sion of type 3 chain H in epithelia is dependent on the secretor fuco-
syltransferase FUT248.

GalNAc-type O-glycans are often found in clusters comprised of
multiple adjacent O-glycans and such clusters are often required for
recognition by antibodies and other GBPs3. These clusters are difficult
to produce by chemical synthesis, especially with elongated O-glycan
structures. We therefore expanded the O-Glycocarrier design to
include systematic clusters of 1-8 adjacent O-glycans attached to Thr
residues (Supplementary Fig. 5). We first expressed these cluster
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O-Glycocarriers inHEK293KOC1GALT1 cells to produceTnO-glycans. Intact
MS analysis of TEV released O-glycomodules and LC-MS/MS of trypsin
released glycopeptides revealed almost stoichiometric GalNAc incor-
poration with up to 5 consecutive Thr O-glycosites and slightly lower
incorporationwith larger clusters.We then focused onO-Glycocarriers
with 1-3 O-glycan clusters and expressed these in HEK293 cells engi-
neered to produce the common cancer-associated T, Tn, and STn
O-glycan clusters. Intact MS analysis of the glycomodules revealed
similarly high O-glycan occupancy and fidelity of O-glycan structures
(Supplementary Fig. 6).

Production of N-glycans by N-Glycocarriers
The genetic regulation of N-glycan biosynthesis is well established
(Fig. 3a), however, the synthesis of N-glycans may be influenced by the
carrier proteinwith the conservedN-glycan in the Fc region (Asn297) of
IgG being the most illustrative example of protein-specific restricted
N-glycan branching and sialylation49. N-glycosylation is largely guided
by the simple N-X-S/T (X ≠ P) acceptor sequence motifs, although non-
conventional motifs exist50. We designed N-Glycocarriers with three
different consensus acceptor sequences (N25, LAEAAEAENITTGCAEK;
N38, LAEHASLNENITVPDTK; N83, LAGQALLVNSSQPWEALK) modified
from the three natural N-glycan sequencemotifs (+/- 8 residues) of the
well-studiedN-glycans in EPO.We first expressed theseN-Glycocarriers
in HEK293KO MGAT1 cells to produce homogenous high mannose
N-glycans and evaluate occupancy of N-glycan attachment. We found
near completeN-glycan attachment for the N38 andN83 designs, while
the N25 design was only partially decorated with N-glycans (40%),
which may be due to the presence of a cys residue in the sequence
(Supplementary Fig. 7a). We also expressed the N-Glycocarriers in
HEK293WT and found that N83 carried the highest degree of tetra-
antennary N-glycans with sialic acid capping (Supplementary Fig. 7b).
We therefore proceeded with the N83 N-Glycocarrier, and demon-
strated that the TEV released N-glycomodule with 10 engineered high-
ManN-glycans enabled intactMSanalysis showing high occupancy and
purity of N-glycans (Fig. 3b). This was confirmed by endo-H release and
intact MS of the trimmed glycomodule with 10 GlcNAc mono-
saccharides, as well as by LC-MS/MS analysis of the trypsin-released
glycopeptidewith a single N-glycan and byMS analysis of the PNGaseF-
released free N-glycan oligosaccharide. We also demonstrate that
pronase digestion could be employed to produce N-glycans attached
to short peptides of 1-4 amino acids.

Next, we expressed the N-Glycocarrier in a panel of CHO cells
engineered to produce homogenous biantennary N-glycans23,26, and
we demonstrated that biantennary core fucosylated N-glycans without
sialic acids or with only α2-3 or α2-6-linked sialic acids are readily
produced in near homogenous forms with only minor levels of
incomplete sialic acid capping (Fig. 3c). We also expressed the
N-Glycocarrier in CHOWT cells to demonstrate the full spectrum of
N-glycans that can be produced, and importantly found that high
(>60%) levels of tetraantennary N-glycans are built on the
N-Glycocarrier. The N-Glycocarrier format also enables simple lectin
profiling by standard ELISA (Supplementary Fig. 8). We previously
performed a systematic study of genetic deconstruction and recon-
struction of N-glycosylation in CHO cells23,26, which provides genetic
design matrices for production of most common N-glycan structures
including different antennary structures. Here, we limited our analysis
to demonstrate that the different N-glycans without core Fucose and
with α2-6 instead of α2-3-linked sialic acids are easily produced with
theN-Glycocarrier (Fig. 3c and Supplementary Fig. 3), however, further
engineering can be used to produce more homogeneous forms of
desirable N-glycans.

Production of glycosaminoglycans by GAG-Glycocarriers
GAGs are notoriously challenging to produce51 and analytical options
for these complex molecules largely limited to compositional

disaccharide analysis52. Short defined GAG chains can be synthesized
with great efforts, but access to single GAG chain of greater lengths is
desirable for many bioassays and biomedical applications. The bio-
synthesis and genetic regulation of GAGs is well established (Fig. 4a),
although the biosynthesis and structures of motifs on GAG chains that
drive distinct bioactivities are less well understood. The GAG bio-
synthesis is initiated by XYLT1/2 xylosyltransferases with only XYLT2
expressed in CHOWT cells17. The acceptor substrate specificities of
XYLT1/2 are poorly understood, but a relatively common sequence
motif for glycosylation has emerged, and many Xyl O-glycosites are
identified in natural proteoglycans53,54. We therefore designed GAG-
Glycocarriers encoding a single GAG glycosylation site in three dif-
ferent substrate sequences: (i) GAG-Glycocarrier 1 containing a
sequence (GISDDYGSGAELADG) with a single GAG glycosylation site
modified from serglycin, known to mainly carry heparan sulfate (HS)
when isolated from intestinal macrophages55; (ii) GAG-Glycocarrier 2
containing a sequence (GPQEEEGSGGGQLVG) derived from alpha-1-
microglobulin (bikunin) known to carry chondroitin sulfate (CS)56; and
(iii) GAG-Glycocarrier 3 containing an artificial sequence (GLSA-
DEGSGDGPDVG) derived from computational (LogoPlot) analysis of
selected identified GAG glycosites54 (Fig. 4b and Supplementary
Table 1). Initial studies with the N-terminal GFP fusion design for Gly-
cocarriers did not secrete well, and since we previously found that the
full coding sequence of human serglycin containing multiple GAG
glycosylation sites fused N-terminally to human IgG Fc expressed well
in CHO cells17, we used the monomeric IgG Fc design for the GAG-
Glycocarrier (Fig. 4b).

We first tested the GAG-Glycocarriers in CHO cells engineered to
only attach Xyl residues without further extension to simplify analysis
(CHOKO B4galt7). We found that all three GAG-Glycocarrier designs with a
single acceptor substrate motif obtained near stoichiometric attach-
ment of Xyl as revealed by LC-MS/MS analysis (Fig. 4c). We then
introduced repeats of the bikunin GAG motif in GAG-Glycocarrier 2,
and we demonstrated that the GAG-Glycocarrier with three repeated
motifs obtained near full attachment of Xyl residues by both intact MS
of the GAG-glycomodule and LC-MS/MS of the trypsin released gly-
copeptide (Supplementary Fig. 9b, c). When we expanded the GAG-
Glycocarrier to contain 10 repeats we only obtained ∼50% incorpora-
tion of Xyl (Supplementary Fig. 9). Since analysis of the GAG-
Glycocarriers with multiple GAG sequence motifs was challenging,
we continued our study with the GAG-Glycocarrier containing one
GAG chain. GAG chains produced naturally on proteoglycans in
mammalian cells likeCHOusually comprise variablemixtures of CS/DS
and HS chains with varying lengths, epimerization, and sulfation pat-
terns, which complicate analysis of structures and defining bioactive
motifs. Genetic de/reconstruction of GAG biosynthesis in cells, how-
ever, offer fruitful ways to identify and dissect structural features
underlying bioactivities as clearly demonstrated with the cell-based
GAGOme display platform17,52. To demonstrate that the GAG-
Glycocarrier acquired designer CS/HS chains, we first analyzed by
SDS-PAGE as elaborated GAG chains markedly alter migration in gels.
When the GAG-Glycocarriers were expressed in CHOKO B4galt7 without
capacity for GAG biosynthesis, they migrated as rather homogeneous
bands around 45 kDa corresponding to the predicted protein mass
(Fig. 4d and Supplementary Fig. 10a). In contrast, when the GAG-
Glycocarriers were expressed in CHOWT cells, they migrated as high
MW smears, clearly demonstrating that efficient processing of the
attached GAG chain was obtained. To evaluate CS and/or HS synthesis,
we used selective enzymatic digestion of GAG-Glycocarriers before
SDS-PAGE analysis, and demonstrated that the GAG-Glycocarriers
mainly acquiredCS chains inWTCHOcells (Fig. 4d and Supplementary
Fig. 10a). To evaluate the sulfation patterns on the GAG chains pro-
duced, we used the state-of-the-art disaccharide analysis, which
showed that the sulfation patterns mirrored the general GAG bio-
synthesis capacities of CHO cells determined in previous studies17
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(Supplementary Fig. 10b). Thus, CS chains are mainly 4-O-sulfated,
whileHS chains are non-sulfatedorN-sulfatedwithminor 2-O- and6-O-
sulfation. To demonstrate that the GAG-Glycocarriers can be used to
produceCS chainswithout contaminatingHS chains and vice versa,we
expressed the GAG-Glycocarriers in CHO cells without CS synthesis
(CHOKOCsgalnact1/2/Chsy1) or without HS synthesis (CHOKOExtl2/3)17 (Fig. 4d and
Supplementary Fig. 11). This demonstrated that GAG-Glycocarriers can
be used for efficient productionofCS chains aswell asHS chains, albeit
with lower yields. Note, that the secretedGAG-Glycocarriers expressed
in CHOKO Csgalnact1/2/Chsy1 without capacity for CS synthesis required con-
siderable enrichment (6 to 15-fold compared to CS) by ion exchange
chromatography before analysis, indicating that only a small fraction
of the GAG-Glycocarriers attained HS chain elongation (Supplemen-
tary Fig. 11). Studies suggest that the acceptor sequence motif and
potential upstream motifs hereof affect the synthesis of CS and HS,
which will be the subject of future improvements in the GAG-
Glycocarriers design57. We did not in this study employ further engi-
neering of the sulfation capacities in CHO cells to produce CS/HS
chains with different sulfation patterns, but this is clearly straightfor-
ward based on our previous engineering of GAG biosynthesis in CHO
cells17,52. It is important to appreciate that natural GAG chains contain
inherent heterogeneity in motifs (epimerization and sulfation posi-
tions and patterns) that are required for biosynthesis as well as
bioactivities58. While the GAG-Glycocarrier technology may not be
used to produce fully homogenous GAG chains as such, it can provide
access to custom-designed GAG chains with/without distinct features
required for distinct bioactivities in chain lengths, quantities, and dif-
ferent formats to widely support bioassays and applications. These
GAG chains inherently may vary in lengths and sulfation patterns, but

once the optimal minimum features for a particular bioactivity have
been identified (e.g., by screening using the cell-basedGAGOmearray),
it is possible to engineer CHO cells to produce such GAG chains with a
minimum of heterogeneity.

Glycocarriers provide improved analytical opportunities
Glycocarriers provide access to multiple formats of glycans in one
biomolecule. To illustrate the diverse opportunities provided by gly-
cans produced byGlycocarriers,wedesigned proof-of-concept studies
to (a) dissect interactions with glycans in different presentations
(isolated, clustered, or multimeric); (b) demonstrate interactions with
glycans by single molecule mass photometry; (c) generate complex
glycan probes to monitor cellular trafficking and discovery of recep-
tors; and (d) facilitate synthesis of neoglycoproteins by production of
glycan building units (Fig. 5 and Supplementary Figs. 12–18). These
applications are challenging or not possible with currently available
methods to produce glycans.

Dissection of glycan interactions
Glycan antibodies and lectins often employmultivalent interactions to
enhance binding through avidity effects (Fig. 5a), and this is particu-
larly relevant for binding to mucins and O-glycoproteins with their
display of extended regions of dense O-glycans in clusters and
patterns35. In addition, antibodies to the cancer-associated aberrant
Tn, STn, and T O-glycans often recognize clusters of O-glycans42,59,60,
but they may also recognize O-glycans in the context of a specific
protein61. It is challenging to discern such binding properties with
simple synthetic glycans and affinity and avidity effects. The
O-Glycocarriers with their flexible design for presentation of isolated
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and clustered O-glycans on single and multimeric scaffolds without
specific protein-identity, offer a simple way to explore these binding
properties. To illustrate this, we used a panel of mAbs and lectins to
aberrant O-glycans to test their dependence on clusters of 1-3 O-gly-
cans on glycomodules (Supplementary Fig. 12). Most of the tested
mAbs (5F4 and 1E3 to Tn, B72.3 and 3F1 to STn) only bound to clusters
of two or more O-glycans, while other mAbs (TKH2 to STn, 3C9 to T)
showed significant binding to isolated O-glycans, albeit at lower level
than to the clustered O-glycans. We also used lectins and two of these
boundequallywell to isolated and clusteredO-glycans (VVA toTn, PNA
to T), while one lectin (Jacalin to T) preferentially bound clustered
O-glycans. These examples clearly illustrate the advantage of the
flexible Glycocarriers in discerning binding specificities for clustered
O-glycans versus multimeric presentation. Glycocarriers are well-
defined reagents available to further dissect avidity effects and on/off
rates of binding using traditional assays, e.g., SPR and real-time inter-
action cytometry (RT-IC).

Single molecule analysis of glycan interactions
Glycocarriers have masses (>50kDa) suitable for single molecule
analysis bymassphotometry (Fig. 5b), whichcanprovide direct viewof
binding partners, their relative abundance, and the complexes formed
with binding affinities. Here, we illustrated the useofmass photometry
to analyze the binding properties of the IgG1 mAb B72.3 using isolated
O-Glycocarriers carrying clustered STn O-glycans (Supplementary
Fig. 13). This confirmed that B72.3 does not bind single STn glycans
even with multimeric presentation, in agreement with the results
obtained by ELISA (Supplementary Fig. 12), and further revealed that
B72.3 has higher affinity for a triad STn O-glycan cluster than a diad
cluster. Moreover, only the triad STn O-glycan on the Glycocarrier
supported binding of two IgG molecules (avidity effect). Studies with
GAGs are particularly challenging and the GAG-Glycocarrier con-
veniently provides a single customizable GAG chain on a protein

scaffold amenable for mass photometry analysis. GAGs also present
cancer-associated epitopes as previously demonstrated with the
malaria binding protein VAR2CSA, although the molecular nature of
such epitopes is not fully characterized62. We recently characterized
two scFv2 (F8 and C9) with similar cancer-associated binding
properties63, and here we illustrate how the GAG-Glycocarrier enables
analysis of the binding properties of these nanobodies (Supplemen-
tary Fig. 14). The F8 and C9 scFv2 bind distinct cancer-associated CS
epitopes composedwith 6S or 4S sulfated CS, respectively63. The GAG-
Glycocarrier expressed in CHO cells produces CS with 4-O-sulfate but
not 6-O-sulfate (Supplementary Fig. 10), and in agreementwith this, C9
but not F8 produced complexes with the GAG-Glycocarrier.Moreover,
the mass photometry analysis reveals that up to three C9 scFv2 mole-
cules bound to the GAG-Glycocarrier, which shows that the C9 epitope
is repetitivelypresented and confirms that theGAGchains attached are
of substantial lengths. The repertoire of GAG structures on the GAG-
Glycocarrier needs to be expanded, but this example clearly illustrates
the opportunities provided by this technology.

Homomeric nucleation of the glycan-binding protein galectin-3
Glycocarriers can also be used to produce multimeric presentation of
defined N-glycans, and we highlight the utility of these by studying
nucleation of galectins. Galectin-3 (Gal3) has a single C-terminal
canonical galectin carbohydrate recognition domain (CRD) and can,
upon ligand-binding, induce self-association, or nucleation, through
the intrinsically disordered N-terminus64. Oligomerization of Gal3 is
important for its biological activities65 e.g., the construction of endo-
cytic pits66 Gal3’s self-association capacity includes the formation of
biomolecular condensates through liquid-liquid phase separation
(LLPS)67–69. Here, we demonstrated nucleation ofGal3 condensates in a
LLPS assay using our GFP-tagged N-Glycocarriers with full-length
human Gal3 (Gal3FL), but not N-terminal truncated Gal3 (Gal3CRD)
(Supplementary Fig. 15a). A panel of the GFP-tagged N-Glycocarriers
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with different glycoforms revealed that homogeneous biantennary
N-glycans with α2-3Sia, but not α2-6Sia capping, could support LLPS
and removal of sialic acids amplified this effect (Supplementary
Fig. 15b). The tested N-Glycocarriers have fixed spacing (17 amino
acids) between the 10 N-glycans, and it is conceivable that altering the
spacing between these N-glycans may be used to further dissect the
requirement for nucleation of Gal3 condensates.

Probes to target glycan receptors
Glycocarriers provide flexible scaffolds for introducing specific func-
tional groups such as fluorophore, radiolabels, and crosslinking agents
(Fig. 5c). Glycocarriers can be incorporated with e.g., unnatural
monosaccharides using metabolic labeling by simply supplementing
growth media during production in appropriately glycoengineered
cells70,71. To illustrate this, we introduced functional groups for click
chemistry into O-Glycocarriers by feeding cells with either Ac5SiaNAz
(azido Sia) or Ac5SiaNPOC (propargyl alkyne Sia) and found rather
efficient incorporation (30–50%) (Supplementary Fig. 16). Glyco-
carriers are also well suited as molecular probes for identification and
tracking glycan-binding receptors. To illustrate this, we leveraged GFP
fluorophore-tagged O-Glycocarriers displaying a diversity of O-glycan
(Tn, αGalNAc) clusters on a multimeric scaffold and used this to study
uptake by human liver HepG2 cells72 (Supplementary Fig. 17a). Inter-
nalization of O-Glycocarriers was confirmed by confocal microscopy
and confocal z-stack (Supplementary Fig. 17b–d). The asialoglycopro-
tein receptor (ASGPR or Ashwell-Morell receptor) on hepatocytes is a
well-established target receptor for delivery of drugs including siRNA,
antisense oligonucleotides, chemotherapeutic agents, and proteins to
the liver by tagging these with GalNAc residues73,74. Using tagged O-
Glycocarriers, we observed a direct positive correlation between
uptake rate and size of Tn O-glycan clusters. Moreover, we demon-
strate that T O-glycan clusters may provide better uptake that Tn
O-glycans (Supplementary Fig. 17b). Note, the features ofGlycocarriers
as probes are that (1) they provide for a uniform protein scaffold to
display different glycans in by-design patterns, (2) they can be tagged
to probe and conjugate receptors without affecting the glycan pre-
sentation, and (3) they can be produced in unlimited quantities from
glycoengineered cells.

Synthesis of neoglycoproteins
While complete chemical synthesis of glycoproteins has been achieved
through great efforts75,76, an appealing approach is to employ enzy-
matic ligation and short glycopeptide building units to incorporate the
glycans77 (Fig. 5d). Short glycopeptides can be synthesized, but with
increasing challenges and costs as the number, size, and complexity of
glycans increase. However, Glycocarriers clearly offers a much simpler
and scalableway to design and sustainably produce such glycopeptide
building units in cells.We illustrate this for bothO- andN-glycopeptide
building units using the peptiligase-based, seamless ligation
platform78(Supplementary Fig. 18).

Discussion
Here, we demonstrated that production of a diversity of human gly-
cans in high yields and sufficient purity is feasible by use of Glyco-
carriers andglycoengineeredmammaliancells. This cell-basedmethod
for production of glycans represents a self-renewable and sustainable
source of glycans, which both complements chemical and che-
moenzymatic synthesis and provides opportunities for analytical and
biomedical applications. The Glycocarriers serve as uniform scaffolds
for glycans and encode a flexible design to enable production of gly-
cans in different formats (Fig. 1). The method is designed for scaled
production of desirable individual glycans to support a wide range of
use, however, it is possible to produce larger libraries of glycans by
employing a greater panel of cells appropriately glycoengineered16,45.
Chemical and chemoenzymatic synthesis of most glycans is possible

but with increasing challenges and costs as the complexity of struc-
tures increase, and production at larger scale is often unfeasible. In
contrast, the use of Glycocarriers to produce glycans in cells is facili-
tated by well-established bioprocessing and downstreaming protocols
developed by the biopharmaceutical industry28, and once stable
expression of a Glycocarrier in a glycoengineered cell is established
this provides a sustainable and cost-effective source of glycans.

The Glycocarrier method of producing glycans was not designed
with glycan arrays in mind. The printed8–11 and cell-based16 glycan
arrays are designed for screening, discovery and dissection of glycan-
binding specificities, and their power of use lies in the huge diversity in
glycan epitopes they display for interrogation. While it is possible in
principle to establish similarly large libraries of cells to produce Gly-
cocarriers with such repertoires of glycans, there is little need as the
cell-based glycan arrays provides a simpler, higher throughput, and
more cost-effective platform for discovery and dissection of glycan
interactions. The real value of the Glycocarriermethod lies in the steps
following discovery and characterization of glycan interactions, where
access todefinedglycans (and critical variations hereof) are needed for
further studies of GBPs and their binding mode, as exemplified in
Fig. 5. These needs are not merely access to oligosaccharides, but also
glycans in formats that support the highest affinity interaction (e.g.,
clustered on a short peptide or multimeric on an inert glycomodule)
and that enable use of advanced analytics (e.g., mass photometry,
X-ray crystallography and CryoEM). We envision that the Glycocarrier
technology will stimulate ideas and applications beyond our current
imagination.

The Glycocarrier technology was designed to produce glycans on
peptide scaffolds without protein identity or sequence context. Most
GBPs including plant lectins recognize and interact with simple often
terminal saccharide (mainly mono- and disaccharides) epitopes with-
out particular protein context. Studies with printed glycan arrays dis-
playing isolated oligosaccharides have highlighted this79, while studies
with the cell-based glycan array also highlight that clustered and
context interactions exists35,70. The key challenge in design of the
Glycocarriers was to identify short acceptor sequences that would
obtain stoichiometric attachment of glycans, even when placed in
tandem repeats, and also allow biosynthesis of the full diversity of
glycan structures produced in cells without constraints by individual
proteins. We did achieve complete occupancy for all types of glycans
on Glycocarriers, although for GAG-Glycocarriers only with three
repeat GAG chains. We confirmed that the produced glycans on the
different Glycocarriers acquired glycan structures consistent with the
general glycosylation capacities in cells using WT cells as well as a
number of glycoengineered cells. This included core2 O-glycans, tet-
raantennary N-glycans, and extended sulfated CS chains. A remarkable
advantage of the Glycocarriers is that these in one produced biomo-
lecule provide flexible access not only to the oligosaccharide of
interest, but also to the same oligosaccharide in the form of a mono-
meric glycopeptide (trypsin released or e.g., pronase digested) and the
corresponding glycomodule (TEV released) with multimeric pre-
sentation. This is not provided by other methods of synthesis of gly-
cans and can only be achieved by elaborate and impractical
procedures.

The Glycocarrier technology can be used to produce homo-
genous glycans. We demonstrated this for core1/2/3 based O-glycans
andbiantennaryN-glycans,whilewedidnotpursue this forGAGchains
as these encode inherent heterogeneity that cannot be fully discerned,
even with the most advance analytics in the field. We illustrated
examples of how distinct glycan features, e.g., core fucosylation of N-
glycans, can be controlled, and production of most glycans in suffi-
cient purity will be possible by employing further combinatorial gly-
cosyltransferase gene KO/KI, as previously used for cell-based glycan
arrays7. This will require step-by-step engineering of individual bio-
synthetic steps as previously discussed16, and with more complex
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structures where incomplete synthesis of some steps may be challen-
ging, post-production purification can be employed as this is already
widely used in chemical and chemoenzymatic syntheses protocols.
The ability to produce large glycomodules with repeat homogenous
glycans is also illustrated by our recent study of a mucin
O-glycomodule with multiple core3 trisaccharide O-glycans using
single molecule imaging by scanning tunneling microscopy80.

Glycans have antimicrobial potential as demonstrated for exam-
ple with simple O-glycans that can disperse Pseudomonas aeruginosa
biofilm21,81 and inhibit virulence traits and quorum-sensing19,20,82,83. In
these studies, the O-glycans used were released from isolated natural
mucinswith inherent heterogeneities, but amore recent study showed
that a synthetic core2 trisaccharide (Galβ1-3[GlcNAcβ1-6]GalNAc) had
similar effects83. O-Glycocarriers are ideal to produce large amounts of
such O-glycans needed for clinical studies. In our study we reached
production of ~20-100mg/L Glycocarrier (equivalent to 5–50mg
released oligosaccharides/L) with stably engineered CHO cells using
common shaker flasks (Supplementary Table 6), and these yields can
be dramatically improved by advanced bioprocessing. Human milk
oligosaccharides (HMOs) are also in demand as prebiotics in milk
formulas84. While HMOs are lactose based (Galβ1-4Glc), the structural
repertoire of extended sialylated and fucosylated structures are
essentially identical to those of N- and O-glycans and can be produced
and released using the Glycocarrier technology. Moreover, it is note-
worthy that current prebiotic approaches only focus on lactose-based
HMOs, while mucins and mucin O-glycans in fact, also are substantial
components in human milk85. The GalNAc monosaccharide is an
important metabolite for the microbiome86,87, which may be supplied
in HMOs only from blood group A individuals, while GalNAc it is
abundantly available from O-glycans.

A challenging type of glycans to produce areGAGs that inherently
exhibit great structural heterogeneity in chain length and sulfation/
modification patterns88,89. Shorter, well-defined GAG oligosaccharides
can be synthesized and synthetic GAG arrays have been developed90,91,
however, access to a single (or multiple) GAG chain on a short peptide
produced in genetically glycoengineered cells with distinct sulfation
capacities opens for other analytical opportunities. Here, we demon-
strated that single CS or HS GAG chains can be produced by the GAG-
Glycocarriers, and it is possible to produce distinct GAG chains by use
of cells with more extensive glycoengineering17. We were unable to
analyze GAG-glycocarriers with repeat GAG motifs in detail due to
challenges with trypsin cleavage. However, GAG-Glycocarriers with
multiple GAG chains may still be useful for high yield production of
GAGs, e.g., following extensive pronase digestion. Thus, Glycocarriers
may eventually be used for cell-based production of designer GAGs,
and for example, a next generation of heparins with improved safety
profile52.

The Glycocarrier technology fulfils important voids in analytics.
Short O-glycans such as the prevalent cancer-associated truncated
O-glycans (Tn, STn, T) are poorly presented on printed glycan arrays,
and the O-Glycocarriers make these O-glycans readily available on
short glycopeptides to support studies of natural and vaccine-induced
immunity to these glycan epitopes38–42,79,92. O-Glycocarriers are useful
for characterization of the large number of mAbs generated to aber-
rant O-glycans and dissection of their dependence on clusters of
O-glycans and multivalent binding42,59,60 (Supplementary Fig. 12), and
they may complement studies of mAbs that recognize truncated
O-glycans in context of peptide/protein motifs93–96. Glycocarriers
provide scaffold modules that enable studies of interactions with
glycans at the single molecule level by e.g., mass photometry (Sup-
plementary Figs. 13, 14) and the nucleation of galectin condensates on
N-glycan lattices (Supplementary Fig. 15). The Glycocarrier design
provides wide options to generate tagged probes for discovery and
dissection of biological interactions with glycans in monomeric and
multimeric formats. We illustrated this by metabolic labeling of

Glycocarriers during the cell-based production and by chemical con-
jugation of isolated Glycocarriers (Supplementary Fig. 16), and we
employed tagged Glycocarriers to probe binding and uptake by the
ASGPR in liver cells (Supplementary Fig. 17). Finally, Glycocarriers can
supply short glycopeptide building blocks for use e.g., in chemical
synthesis of glycoproteins using enzymatic ligation strategies as
demonstrated with both N- and O-glycopeptides (Supplementary
Figs. 18)97.

There are limitations with the Glycocarrier technology. The Gly-
cocarrier strategy may work for most common types of protein gly-
cosylation, however, for the expanding group of protein domain-
specific types of glycosylation22, including the O-Man, O-Fuc, O-Glc,
O-GlcNAc (extracellular types), and C-Man types, the design of Gly-
cocarriers will have to take the domain structure of the substrates into
account in order to achieve glycosylation. Introduction of unnatural
glycan structures may be challenging, but Glycocarriers may comple-
ment chemical and chemoenzymatic strategies98,99, e.g., by supplying
substrates for further chemical modification100,101. Genetic glycoengi-
neering may be challenging when KI of multiple genes is required to
assemble more complex novel glycosylation features45, however, this
may be alleviated use of alternative strategies such as gene activation.
In general, glycoengineered cells faithfully produce glycans according
to the designed biosynthetic capacities, however, not all glycans can
be produced as individual single homogenous structures. The gly-
coengineering design strategies to obtain a particular glycan aim to
limit and streamline the cellular glycosylation capacities in the parti-
cular glycosylation pathway only towards this glycan structure. This
involves (1) eliminating unwanted and potential competitive glycosy-
lation capacities by KO of relevant glycosyltransferase genes and (2)
introduction of additional glycosylation capacities by KI of glycosyl-
transferase genes that are not endogenously expressed (or expressed
at sufficient levels). While elimination of glycosylation capacities
usually provides uniform loss of unwanted glycan features, the endo-
genous and introduced glycosylation capacities are prone to variable
degrees of heterogeneous outcomes due to inefficiency in individual
glycosylation steps (e.g., sialylation of O- andN-glycans (Figs. 2, 3)) and
in some cases competition (e.g., branching of O-glycans (Fig. 2)). The
stable site-specific KI strategy using safe-harbor sites23 results in
expression of the introduced glycosyltransferases at protein levels
comparable to those of the most abundant endogenously expressed
enzymes102,103. KI of glycosyltransferase genes can in many cases
improve efficiency of a biosynthetic step if the endogenous enzyme is
insufficient, but clearly KI of glycosyltransferasegenes does not ensure
completion of reaction steps as illustrated here (e.g., sialylation of
N-glycans by KI of ST3GAL4/ST6GAL1 (Fig. 3) and fucosylation of
O-glycans by KI of FUT2 (Fig. 2)). However, it is important to note that
such incomplete synthesis of biosynthetic steps mainly results in het-
erogeneity from related precursor glycan structures, which in most
cases are amenable to simple postproduction purification to obtain
homogeneous glycans (e.g., fucosylated O-glycans from non-
fucosylated precursor (Supplementary Fig. 19)). The Glycocarries are
well secreted (20–200mg/L) and can yield substantial amounts of
released glycans (5–50mg/L) using CHO cells grown in simple shaker
flasks as shown here, however, once stably engineered cell lines are
generated these represent sustainable sources and the glycan yields
from these cells can likely be increased at least 10-fold by controlled
bioprocessing at scale. It is also worth noting that glycosylation and
especially degree of sialylation is affected by growth conditions as well
as degradation in the culture media, e.g., by secreted neuraminidases,
and most of these effects can be controlled by consistent bioproces-
sing protocols not employed in the present study28.

In summary, the Glycocarrier technology combined with gly-
coengineered cells provides a sustainable source of mammalian gly-
cans in flexible formats. We provide proof-of-concept for this with the
most abundant types and structures of glycans, and the design of
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Glycocarriers and the repertoire of glycoengineered cells can be
expanded to produce most structures of glycans. The flexible Glyco-
carrier format supports various analytical approaches and provides a
stable and scalable source for biomedical use.

Methods
Cell culturing
Adherent HEK293 cells (WT from ATCC: CRL-1573) were grown in
DMEM/F-12 (1:1 v/v) (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (Sigma-Aldrich) and 2mM GlutaMAX (Gibco) at
37 °C and 5% CO2. Suspension culture of HEK293 cells was performed
in serum-free F17 media (Invitrogen) supplemented with 4mM Gluta-
MAX (Gibco) and 0.1% Kolliphor P188 (Sigma) under agitation
(120 rpm). Suspension CHO cells (WT from Sigma-Aldrich no.
85050302)were cultured in EX-CELLCHOCDFusion serum-freemedia
(Sigma) and BalanCD CHO Growth A media (FUJIFILM) (1:1 v/v) sup-
plementedwith 4mMGlutaMAX (Gibco). HepG2 cells were cultured in
DMEM media (Gibco) supplemented with 10% FBS, 1% glutamine, and
1% non-essential amino acids solution (Gibco). Authentication of each
cell line used in this study included PCR assays with species-specific
primers as previously described7,23, and routinely mycoplasma
analysis.

Genetic engineering of HEK293 and CHO cells
Genetic engineering of HEK293 cells was performed using validated
gRNAs libraries from the GlycoCRISPR resource104. Briefly, HEK293
cells grown in 6-well plates at ~80% confluency were transfected with
1μg each of gRNA and GFP-tagged Cas9-PBKS using lipofectamine
3000 reagents (ThermoFisher Scientific), following the manufacture’s
protocol. 24 h post-transfection, GFP-expressing cells were bulk-
sorted by FACS (SONY SH800) and cultured for a week and cells
were then single cell-sorted into 96-well plates. KO clones were
screened by Indel Detection by Amplicon Analysis using primers spe-
cific to gRNA targeting sites105. Final clones were further verified by
Sanger sequencing. For site-directed knock-in (KI), a modified ObLi-
GaRe targeted KI strategy utilizing two inverted ZFN binding sites
flanking the full coding region of human glycosyltransferase genes in
donor plasmids was used106. KI was performed as described for tar-
geted KO with 1μg of each ZFN tagged with GFP/Crimson and 3μg
donor plasmid. KI clones were screened by PCR with primers specific
for the junction area between the donor plasmid and the AAVS1 locus,
and a primer set flanking the targetedKI locuswas used to characterize
the allelic insertion status. All gRNAs and primers used in this study
were provided in Supplementary Table 4. A detailed list of engineered
HEK293 and CHO used in this study are provided in Supplementary
Table 1 and 5.

Glycocarrier construct designs
Secreted N- and O-Glycocarriers were designed by fusion of human
CD33 signal peptide (amino acids 1-16, Uniprot P20138) with 12xHis,
Alpha-tag, sfGFP, TEV cleavage site, multiple cloning site, and
C-terminal Avi-tag. For GAG-Glycocarrier, monomeric human Fc
(amino acids 106-328,Uniprot P01857) andC-terminal Strep tag II were
used instead. The Glycocarrier scaffold was subcloned into either
pIRES-puro or pGS vectors23,35. Exchangeable Glycocarrier gene inserts
were synthesized with BamHI/NotI cloning sites for N- and
O-Glycocarriers and BglII/BamHI for GAG-Glycocarriers (Genscript,
USA) and inserted into the vector using standard restriction enzyme-
based molecular cloning. Full sequences of glycomodules in Glyco-
carriers are shown in Supplementary Fig. 1.

Transient expression of Glycocarriers
HEK293 cells were seeded at 0.8 × 106 cells/mL 1 day before transfec-
tion, and 3 × 107 cells harvested and resuspended in 30mL freshmedia
and transfected with 30 µg plasmid DNA and 160 µg polyethylenimine

hydrochloride MAX (MW 40,000, Polysciences) in 300 µL Opti-MEM
media (Gibco) pre-incubated at room temperature for 10min. Culture
supernatants were harvested 5 days after transfection and processed
as described below.

Production and purification of recombinant N- and
O-Glycocarriers
Secreted Glycocarriers were stably expressed in glycoengineered
HEK293 and CHO cells. Stably expressing HEK293 cells were selected
by culturing in the presence of 1 µg/mL puromycin (InvivoGen) for
2 weeks, while stably expressing CHO cells were selected by culturing
in a CHO-media omitted GlutaMAX. Stable cells seeded at 0.2 × 106

cells/mL were cultured for 5–7 days on an orbital shaker and media
harvested (1000× g, 3min, 10,000 × g, 20min), diluted (100mM
sodium phosphate, pH 7.4, 2.0M NaCl, 40mM imidazole), and incu-
bated with nickel-nitrilotriacetic acid (Ni-NTA) affinity resin (Thermo-
Fisher Scientific) overnight at 4 °C. Resin was collected into 5mL
gravity column (ThermoFishcer Scientific), washed (25mM sodium
phosphate, pH 7.4, 500mM NaCl, 20mM imidazole), and Glyco-
carriers eluted with 300mM imidazole. Yields were quantified by
NuPAGE Coomassie and Pierce™ BCA Protein Assay Kit (ThermoFisher
Scientific).

Metabolic labeling of O-Glycocarriers
HEK293 cells were grown in serum-free media with 100 µM Ac5SiaNAz
or Ac5SiaNPOC for at least 24 h following replenishment with fresh
supplementedmedia. Culturewasgrown in anorbital shaker for 3 days
and the purification of Glycocarriers from media performed as
described above. To label SiaNAz with fluorochrome, 1 µg purified
O-Glycocarrier (azido STn) was incubated for 1 h at RT in 20 µL of
100mM 2-iodoacetamide. DBCO-Cy5 (Vector Laboratories Inc.) dis-
solved in DMSO was added to a final concentration of 100 µM and the
reaction incubated for 2 h at 37 °C, blocked by 4x LDS sample buffer
(Invitrogen), heat-denatured for 5min, and analyzed by SDS-PAGE and
Cy5 fluorescence.

Production and purification of recombinant GAG-Glycocarriers
For stably expressing of GAG-Glycocarrier CHO cells (1.5 × 106) were
transfected with 4 µg plasmids by electroporation using Amaxa kit V
and Amaxa Nucleofector 2B (Lonza), plated in 6-well plates (3mL, 2%
GlutaMAX), grown 2 days, and plated in 96-well plates (mini-pools of
250 cells/well) in 100μL Cellvento 4CHO-C cloning medium (Sigma-
Aldrich) without GlutaMAX. Minipools with high expression of GAG-
Glycocarriers were selected by ELISA for StrepII tag and SDS-PAGE.
GAG-Glycocarriers were purified from media by dialysis (20mM
NaOAc, pH 6.0, 100mM NaCl) and DEAE-sepharose (Sigma-Aldrich)
chromatography with stepwise elution (100mMNaCl increments) and
desalted (10 kDa MWCO Ultra Centrifugal Filters (Millipore)). GAG-
Glycocarriers produced in CHOKO B4galt7 cells without GAG chains were
affinity purified with Strep-Tactin (IBA Lifesciences) following the
manufacturer’s instructions. Briefly, cleared culture media was loaded
onto Strep-Tactin beads (2mL) equilibrated in 100mM Tris-HCl (pH
8.0), 150mM NaCl, 1mM EDTA, and the GAG-Glycocarriers eluted by
2.5mM desthiobiotin and desalted.

Enzymatic digestion of CS and HS
GAG-Glycocarriers (4.8 µg) was mixed with 10mU chondroitinase ABC
(Sigma-Aldrich) and/or 5mU heparinases I, II, and III (IBEX pharmaceu-
ticals) in 40mM NaOAc for 4 h at 37 °C. Reaction was stopped by LDS
sample buffer (ThermoFisher Scientific) with 10% 2-mercaptoethanol,
heated at 90 °C for 10min, and analyzed by SDS-PAGE Coomassie.

HPLC Disaccharide analysis of GAGs
Disaccharide analysis was performed based on published protocol52.
Briefly, GAG-Glycocarriers purified from 250 µL media were treated
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with 20mUchondroitinaseABC in40mMNaOAc and5mMCaCl2 or 15
mU heparinases I, II, and III in 50mM NaOAc and 5mM Ca(OAc)2
overnight at 37 °C, heat inactivated at 98 °C for 10min, and lyophi-
lized. Disaccharides were labeled with 2-aminoacridone (AMAC) by
dissolving samples in 10 µL 0.1M AMAC in 3:17 (vol/vol) acetic acid:-
DMSO, incubating for 15min in RT, addition of 10 µL 1MNaCNBH3with
incubation at 45 °C for 3 h, and lyophilization. Labeled disaccharides
were precipitated twice using 500 µL acetone and dissolved in 2%
acetonitrile and analyzed on aWaters Acquity UPLC systemwith a BEH
C18 column (2.1 × 150mm, 1.7μm, Waters) at 525 nm. For CS analysis,
80mM ammonium acetate (pH 5.5) was used as mobile phase A and
acetonitrile as mobile phase B. For HS analysis, 150mM ammonium
acetate (pH 5.6) was used as mobile phase A and acetonitrile asmobile
phase B. Disaccharides were separated by 3–13% B over 30min at
0.2mL/min. AMAC-labeled disaccharide standards (20 pmol) were
always analyzed immediately before samples.

Isolation of multimer glycomodules and glycopeptides
100 µg purified Glycocarriers were digested with 2 µg in-house purified
TEVprotease at 30 °C for 18 h in 50mMammoniumbicarbonate buffer
(pH 8.0). For samples requiring desialylation, 40 mU C. perfringens
neuraminidase (Sigma-Aldrich) was sequentially added to the reaction
mixture and incubated overnight at 37 °C. Enzymes were heat inacti-
vated at 98 °C for 15min and the glycomodules were separated by C4
HPLC (AerisTM WIDEPORE C4, 3.6 µm, 200Å, 250 × 2.1mm, Phenom-
enex) using a 0–100% gradient of 90% acetonitrile in 0.1% TFA. Frac-
tions containing the released glycomodules were verified by ELISA
using glycoform-specific lectins or mAbs, dried and resuspended in
20 µl of 0.1% FA for intact mass analysis. For bottom-up analysis, the
multimer glycomodule samples (50 µg) were further digestedwithMS-
grade trypsin (Roche) at a 1:35 ratio for 18 h at 37 °C in 50mM
ammonium bicarbonate buffer (pH 8.0). After inactivation by addition
of TFA to 0.1% v/v concentration, sampleswere separated byC18HPLC
(AerisTM WIDEPORE C18, 3.6 µm, 200Å, 250× 2.1mm, Phenomenex) or
PGCHPLC (Hypercarb PGC, 3.0 µm, 250Å,150× 2.1mm, ThermoFisher
Scientific) using a 0–100% gradient of 90% acetonitrile in 0.1% TFA
before being analyzed by LC-MS/MS.

Intact mass analysis
Purified glycomodules were analyzed by either direct injection in the
Synapt G2 system equipped with a T-wave ionmobility cell (Waters Ltd)
or with EASY-nLC 1200 HPLC (ThermoFisher Scientific) interfaced via
nanoSpray Flex ion source to an OrbitTrap Fusion/Lumos instrument
(ThermoFisher Scientific). In theSynaptG2, samplesweremixed in 50:50
(v/v) methanol:water and directly infused into Synapt G2 mass spectro-
meter using in-house fabricated Pd/Pt-coated borosilicate tip. Samples
were ionized using a capillary voltage of 1.0 kV, sample cone voltage of
45V and an extraction cone voltage of 5V. All samples were acquired in
positive ion mode in mass range setting in m/z rang 500–5000. For LC-
MS analysis, OrbitTrap Fusion/Lumos instrument was set using “high”
mass range setting in m/z range 700–4000. The instrument was oper-
ated in a low-pressure mode to provide optimal detection of intact
protein masses. MS parameters settings spray voltage 2.2 kV, source
fragmentation energy 35V. All ions were detected in OrbiTrap at the
resolution of 7500 (at m/z 200). The number of microscans was set to
20. The nLC was operated in a single analytical column set up using
PicoFrit Emitters (New Objectives, 75mm inner diameter) packed in-
house with C4-phase. Each sample was injected onto the column and
eluted in gradients from 5 to 30% B in 25min, from 30 to 100% B in
20mins, and 100% B for 15mins at 300 nL/min (Solvent A 100% water;
Solvent B 80% acetonitrile; both containing 0.1% (v/v) formic acid).

LC-MS/MS analysis
LC-MS/MS analysis was performed on EASY-nLC 1200 UHPLC (Ther-
moFisher Scientific) interfaced via nanoSpray Flex ion source to an

Orbitrap Fusion Lumos MS (ThermoFisher Scientific). Briefly, the nLC
was operated in a single analytical column set up using PicoFrit Emit-
ters (New Objectives, 75mm inner diameter) packed in-house with
Reprosil-Pure-AQ C18 phase (Dr. Maisch, 1.9-mm particle size,
19–21 cm column length). Each sample was injected onto the column
and eluted in gradients from 3 to 32% B for glycopeptides, and 10–40%
for released and labeled glycans in 45min at 200 nL/min (Solvent A,
100% water; Solvent B, 80% acetonitrile; both containing 0.1% (v/v)
formic acid). A precursor MS1 scan (m/z 350–2000) of intact peptides
was acquired in the Orbitrap at the nominal resolution setting of
120,000, followed by Orbitrap HCD-MS2 and ETD-MS2 at the nominal
resolution setting of 60,000 of the five most abundant multiply
charged precursors in the MS1 spectrum; a minimum MS1 signal
threshold of 50,000 was used for triggering data-dependent frag-
mentation events. Targeted MS/MS analysis was performed by setting
up a targeted MSn (tMSn) Scan Properties pane.

Glycoprofiling
O-glycoprofiling was performed as described with minor
modifications23,35. Briefly, 20 µg purified O-Glycocarriers were incubated
in 0.1M NaOH/1.0M NaBH4 solution at 50 °C for 16h. Released
O-glycans were purified by passing through in-house C18 stage tip
(Empore 3M) and desalted on Dowex (AG 50W 8X). Glycans were per-
methylated at RT for 1 h using 150 µL DMSO, 20mg NaOH powder and
30 µLmethyl iodide. 200 µL ice-coldMQwater was added to quench the
reaction, followed by the addition of 200 µL chloroform. The organic
phase was washed 5 times with 1mLMQwater before evaporated under
nitrogen stream. Dried permethylated O-glycans were resuspended in
50% (v/v) methanol, of which 1 µL was co-crystallized with 1 µL DHB
matrix (10mg/mL in 70% acetonitrile, 0.1% TFA, 0.5mMsodiumacetate)
before being analyzed by MALDI-TOF MS (Autoflex Speed, Bruker Dal-
tonics) in positive mode with data acquisition at 1000 shots/spot in the
400-4000Damass range. N-glycoprofiling was performed as previously
described107. Briefly, 10 µg purified N-Glycocarrier was incubated with 2
U of PNGase F from Elizabethkingia meningoseptica (Sigma) in PBS
supplemented with 0.8% NP-40 at 37 °C for 16h, and released N-glycans
labeled with aminobenzoic acid (2-AB) in the presence of
2-Methylpyridine borane complex (PB) in 90:10 (v/v) methanol acetic
acid solvent and purified using in-house HILIC cotton column eluted in
MiliQ water, followed by LC-MS/MS.

ELISA
MaxiSorp 96-well plates (Nunc) were coated with purified Glyco-
carriers overnight in 50 μl carbonate-bicarbonate buffer (pH 9.6) at
4 °C, blocked (PO4, Na/K, 1% Triton-X100, 1% BSA, pH 7.4) for 1 h at RT,
and incubated with mAbs or biotinylated-lectins for 1 h at RT. Plates
were washed in PBS containing 0.05% Tween-20, incubated with 50μl
of 1μg/mL HRP conjugated anti-mouse Ig (Dako) or 1μg/mL
streptavidin-conjugated HRP (Dako) for 1 h at RT, followed by devel-
opment with TMB (Dako), termination with 0.5M H2SO4, and mea-
surement (450nm) with Synergy LX (BioTek). All mAbs and lectins
used in the study are provided in the Supplementary Table 3.

Peptiligase-based glycoprotein synthesis
Peptides were dissolved in Tricine buffer (200mM, pH 8.3, 4mM
TCEP) to a concentration of 20mM ester fragment, 1mM amine frag-
ment and 20 µM omniligase-1. The reaction was performed at room
temperature for 4 h and followed via RP-HPLC/MS (Agilent 1100, LC-
MSD SL) using anMeCN/H2O gradient on a C-18 column (Phenomenex
5 µm EVO C18 100Å 150 × 4.6mm). After completion of the ligation,
the product was purified by preparative HPLC (Waters 2545, 2998,
Aquity QDA) using a MeCN/H2O gradient on a C18 column (XBridge
C18 5 µm OBD 30 × 100mm). Finally, the product was lyophilized
(Christ alpha 2-4 LSCbasic) and checked for purity via HPLC/MS (Agi-
lent 1100, LC-MSD SL). Peptiligases, such as omniligase-1, are a
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patented technology by EnzyPep B.V. and was obtained through
EnzyTag B.V. (www.enzytag.com). The enzyme is produced by
recombinant expression in Bacillus subtilis and purified via a
C-terminal hexahistidine tag.

HepG2 uptake assay
For flow cytometry analysis, HepG2 cells cultured in 6-well plates at
~60% confluence were seeded (50,000 cells per well) in 96-well plates
12 hrs prior to assays, and cells replenished with fresh media con-
taining purified Glycocarriers and incubated at 37 °C for 1 h before
harvesting by TrypLE (Gibco). Cells were washed twice with PBA (PBS
supplemented with 1% FBS), fixed with 4% formaldehyde for 10min at
4oC, washed once with PBA, and analyzed by flow cytometry (Fortessa
X20, BD Biosciences). Results were analyzed using FlowJo software
(Flowjo LLC) and expressed as geometric mean fluorescence of the
activated gated cells. For confocal cytology analysis, HepG2 cells
(0.5 × 106) were seeded in a µ-Dish 35mm (IBIDI) for 24 hrs, media
replenished with fresh media containing 5 µg/mL Glycocarrier and
grown at 37 °C for 2 h. Cells were washed trice with cold PBS and
stained with 0.5μg/mL AF647-WGA lectin (Vector Laboratory) at 4 °C
for 15min, followed by twice washing with cold PBS and fixing with 4%
formaldehyde for 15min at RT. After washed twice with cold PBS, cells
were mounted in ProLong Gold antifade reagent (Invitrogen) and
imaged using Zeiss LSM900 microscope equipped with AxioCam 702
mono camera and a laser scanning confocal.

Galectin biomolecular condensate formation assay
Human recombinant wild-type Gal3 and Gal3ΔN-ter (CRD) with
C-terminal 6xHis tags were prepared as previously described66. Briefly,
for cloning, Gal3 (full length) or Gal3ΔNter-6xHis (aa115-250) of
BC053667 and 6xHis were separated by a Leu- Glu linker at the
C-terminus and cloned in pHis-Parallel2. Both proteins were expressed
overnight at 20 °C in Rossetta2-pLysS using 3 L LB-media with 60 μM
IPTG, and purified with cobalt resin (ThermoFisher Scientific) affinity
chromatography and gel filtration (Superdex75 16 × 60) in PBS at pH
7.4. Small aliquots for single use were snap-frozen and stored at
−80 °C. Final protein yield was around 15mg/L culture. Immediately
before assays, N-Glycocarriers and Gal3 were individually diluted in
PBS to 10 µMstocks, and serial dilutions of N-Glycocarriersweremixed
with 7.5 µM Gal3 or CRD in Eppendorf tubes and incubated at RT for
15min. Reaction mixtures (2 µL) were spotted on a 10 well, 6.7mm
diagnostic glass slide (ThermoFisher Scientific) and capped with
12mm diameter microscope cover slip (VWR international). LLPS
dropletswerevisualizedusing aZeissAxioskop2pluswith anAxioCam
MR3 in a white field and wide field (Ex/Em 475/509 nm) modes.

Mass photometry analysis
Microscope cover glasses (No 1.5H, 24 × 50mm, Paul Marienfeld
GmbH)werepreparedby sequentialwashingwithMQ-water andHPLC-
grade isopropanol (5 times each) and dried under nitrogen stream. A
silicon gasket was fixed on clean cover glasses by gently pressing with
forceps. Native proteinmarker (InvitroGen) was used to generatemass
calibration curves (66, 146, 480, and 1048 kDa). Immediately prior
measurements, protein stocks were diluted to 400nM in PBS, and
analyzed in mass photometry at 5 nM. For each acquisition, a new well
in a silicon gasket was used and sample containing antigen and binder,
at specific concentration, was introduced into a well. Following auto-
focus stabilization, a movie was recorded for 90 s at RT. All data
acquisition was performed using AcquireMP software (Refeyn Ltd) and
data was analyzed using DiscoverMP (Refeyn Ltd). Data was presented
as kernel density estimates with a 5 kDa bandwidth.

Data analysis
Glycopeptide compositional analysis was performed from m/z fea-
tures extracted from LC-MS data using SysBioWare software108. For m/

z feature recognition from fullMS scansMinora FeatureDetectorNode
of the Proteome discoverer 2.2 (ThermoFisher Scientific) was used.
The list of precursor ions (m/z, charge, peak area) was imported as
ASCII data into SysBioWare and compositional assignment within 3
ppmmass tolerancewas performed. Themain building blocks used for
the compositional analysis were: NeuAc, Hex, HexNAc, dHex and the
theoretical mass increment of the most prominent peptide corre-
sponding to each potential glycosites. Upon generation of the poten-
tial glycopeptide list each glycosite was rank for the top 10 most
abundant candidates and each candidate structure was confirmed by
doing targeted MS/MS analysis followed by manual interpretation of
the corresponding MS/MS spectrum. For intact mass analysis, raw
spectra were deconvoluted to zero-charge by BioPharma Finder Soft-
ware (ThermoFisher Scientific) using default settings. Glycoproteo-
forms were annotated by in-house written SysBioWare software using
average masses of Hexose, N-acetylhexosamine, and the known
backbone mass of Glycocarrier reporter sequence.

Statistics and reproducibility
No statistical method was used to predetermine sample size, and no
data were excluded from the analyses. The experiments were not
randomized, and the investigators were not blinded to allocation
during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in the study are included in this article and its
supplementary information files/Source Data file. The mass spectro-
metry proteomics data are available via ProteomeXchange with iden-
tifier PXD056690. Source data are provided with this paper.
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