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Small molecule monosaccharide analogs (e.g. 4F-GlcNAc, 4F-GalNAc) and acceptor decoys (e.g. ONAP,
SNAP) are commonly used as metabolic glycoengineering tools to perturb molecular and cellular
recognition processes. Azido-derivatized sugars (e.g. ManNAz, GlcNAz, GalNAz) are also used as
bioorthogonal probes to assay the glycosylation status of cells and tissue. With the goal of obtaining a
systems-level understanding of how these compounds work, we cultured cells with these molecules
and systematically evaluated their impact on: (i) cellular nucleotide-sugar levels, and (i) N-linked
glycosylation. To this end, we developed a streamlined, simple workflow to quantify nucleotide-sugar
levels using amide-based hydrophilic interaction liquid chromatography (HILIC) separation followed
by negative-mode electrospray ionization mass spectrometry (ESI-MS/MS) using an Orbitrap detector.
N-Glycans released from cells were also procainamide functionalized and quantified using positive-
mode ESI-MS/MS. Results show that all tested compounds changed the baseline nucleotide-sugar
levels, with the effect being most pronounced for the fluoro-HexNAc compounds. These molecules
depressed UDP-HexNAc levels in cells by up to 80%, while concomitantly elevating UDP-4F-GalNAc
and UDP-4F-GIlcNAc. While the measured changes in nucleotide-sugar concentration were substantial
in many cases, their impact on N-linked glycosylation was relatively small. This may be due to the high
nucleotide-sugar concentrations in the Golgi, which far exceed the Ky values of the glycosylating
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enzymes. Thus, the glycosylation system output exhibits ‘robustness’ even in the face of significant

rsc.li/molomics changes in cellular nucleotide-sugar concentrations.

1. Introduction

Glycosyltransferases (GTs) catalyze the transfer of saccharides
(i.e. glycosyl donors) from activated nucleotide-sugars to
nucleophilic acceptors." The rate of this transferase reaction
controls the final distribution of carbohydrate structures on the
cell surface. While a number of factors, including the spatial
location of the glycosylating enzymes, regulate the nature of the
final product, two important parameters that control the rate of
individual reactions include: (1) the concentration of the
nucleotide-sugar donor, and (2) the activity of the GTs.” In this
regard, traditionally, the vast majority of studies that focus on
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determining key rate-limiting steps controlling the repertoire of
the final glycan products on cells, focus on measuring the GT
activity/expression rather than nucleotide-sugar levels.*® This
is at least in part due to the ready availability of streamlined
Sanger/next-generation sequencing methods to quantify cellular
GT mRNA expression,” and well established radioactivity,>°
absorbance/fluorescence'®'" and mass spectrometry (MS)
methods'® to measure GT activity. Relative to this, methods to
measure nucleotide-sugar donor concentrations are fewer.
Several sample preparation and analytical approaches have
been employed to quantify cellular nucleotide-sugar composi-
tion, but a gold-standard technology is yet to be established
(reviewed by ref. 13). These methods include strategies that
employ high resolution chromatography and UV detection to
resolve intra-cellular extracts.'*™'® While this line of investiga-
tion has demonstrated the ability of both high-performance
reverse phase and anion-exchange (HPAEC) liquid chromato-
graphy to separate isomeric compounds (e.g. UDP-Gal from
UDP-Gle, and UDP-GalNAc from UDP-GIcNAc), the range of
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quantitation possible using UV is somewhat limited; the
method requires authentic standards that are scarce; it some-
times necessitates the use of ion-pairing reagents and salt
concentrations that are incompatible with MS; and data inter-
pretation can be confounded by other co-eluting UV-absorbing
products. MS-based techniques focussed on negative-ion mode
ESI (electrospray ionization) have emerged as an important
alternative, especially using Porous Graphitic Carbon (PGC)
stationary phase’” and Hydrophilic Interaction Liquid Chro-
matography (HILIC)."® In this regard, PGC can suffer from
retention time instability due to stationary phase modifica-
tions, and only a relatively small number of HILIC media have
been tested."*"®

In this study, we systematically examined the impact of
fluorinated monosaccharide analogs, azido-sugars, and small
molecule decoys on both cellular nucleotide-sugar levels and
N-glycan biosynthesis. This interest stems from our previous
work where the peracetylated monosaccharide analog 4-Fluoro-
GalNAc (‘4F-GalNAc’) was applied to truncate O-glycan bio-
synthesis,?® and our more recent studies where a peracetylated
GlcNAc-based thioglycoside (‘SNAP’) acted as an efficient decoy
of galactosyltransferase activity.”® Both these compounds
reduced selectin-dependent cell adhesion, albeit via different
mechanisms. In this regard, others have demonstrated that
fluoro- and thio-modified monosaccharide analogs may alter
cellular glycan biosynthesis by perturbing nucleotide-sugar
levels, and this can impact cell function.”*>* This has been
observed for fluoro analogs of fucose, sialic acid** and Gal-
NAc;*® as well as for peracetylated 5-thio-i-fucose, 5T-Fuc.”*
Azido compounds are also commonly used for bioorthogonal
chemistry, but their impact on nucleotide-sugar pools and
ensuing glycan structures is not well studied.>

In order to obtain a systematic understanding of the relation
between nucleotide-sugar concentrations and N-glycan struc-
tures, we cultured HL60 promyeloid leukocytes for 48 h with
50 uM of a panel of selected peracetylated fluoro-sugars
(4F-GalNAc, 4F-GlcNAc), peracetylated azido-sugars (ManNAz,
GalNAz, GIcNAz), and peracetylated GlcNAc-based O- and
S-glycoside decoys (ONAP and SNAP). The impact of these
compounds on cellular nucleotide-sugar levels was determined
using a new HILIC based LC-MS/MS method, where single
step acetonitrile (ACN)-water extraction was applied to enable
simultaneous cell lysis and protein precipitation, followed by
amide base nucleotide-sugar chromatography and MS analysis.
The relatively simple method using ACN-water both preserved
the stability of the extracted nucleotide-sugars®® and was com-
patible with MS. In parallel with the nucleotide-sugar analysis,
we procainamide labelled N-glycans that were released from
cell lysates using PNGaseF. These were analyzed using nano-LC
C18 chromatography and MS, in positive ion mode. Such
procainamide labelling of glycans reduces the amount of starting
material required for structural analysis as it is ionized at 10-30
fold higher intensities compared to 2AB (2-aminobenzoic acid). In
this study, we observed significant changes in nucleotide-sugar
levels upon addition of most of the modified sugars, including
monosaccharide analogs, azido sugars, and carbohydrate
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decoys. This was, however, accompanied by relatively small
changes in N-linked glycosylation. Based on this highly non-
linear relationship, we conclude that nature has developed
robust mechanisms to deliver similar system output (i.e. glycan
profiles) even upon significant perturbation in nucleotide-
sugar metabolism. This may be, in part, due to the relatively
high nucleotide-sugar concentrations in the Golgi, which far
exceed the enzyme Ky (Michaelis constant) values of most
glycosylating enzymes.

2. Materials and methods
Reagents

Peracetylated 2-acetamido-1,3,6-tri-O-acetyl-4-deoxy-4-fluoro-p-
glucopyranose (4F-GlcNAc) and 2-acetamido-1,3,6-tri-O-acetyl-
4-deoxy-4-fluoro-p-galactopyranose (4F-GalNAc) were from pre-
vious studies.>®*” Peracetylated 1-(naphthalen-2-ylmethanol)
2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-thio-B-p-glucopyranoside,
GlcNAc-B-S-NAP (abbreviated SNAP), and corresponding perace-
tylated O-glycoside GlcNAc-B-O-NAP (abbreviated ONAP) were
recently described.>’ Azido-derivatized carbohydrates ManNAz
(N-azido acetyl-mannosamine tetraacylated), GalNAz (N-azido
acetyl-galactosamine tetraacylated), and GlcNAz (N-azido acetyl-
glucosamine tetraacylated) were purchased from ThermoFisher.
Nucleotide-sugars and nucleotides were obtained from either
Carbosynth (Compton, UK) or Sigma-Aldrich (St. Louis, MO).
All other chemicals were from either ThermoFisher or Sigma
unless otherwise mentioned.

Cell culture and treatment

Human promyelocytic leukemia cells (HL60s) were cultured
according to ATCC (Manassas, VA) in Iscove’s Modified
Dulbecco’s Medium (4.5 g L' glucose) containing 10% fetal
bovine serum (FBS). Peracetylated HexNAc or azido compounds
described above were dissolved in anhydrous dimethyl sulfoxide
(DMSO) at 40 mM stock and stored at —20 °C until use. During
experimentation, these chemicals were added to 1-1.2 x 10°
HL60 cells per mL in normal culture medium at a final concen-
tration of 50 pM for 48 h. All runs included vehicle control (VC,
0.2% DMSO). After culture, the cells were collected and washed
trice with 1 mL PBS. A portion of the material was used to
measure protein concentration using the Bradford assay. The
remainder was frozen at —80 °C as cell pellet until use for
nucleotide-sugar and N-glycan analysis as explained below.

Sugar nucleotide analysis

Cell pellets (formed from ~10’ cells) were resuspended at
a final protein concentration of 37.0 mg mL™ ' using 75%
acetonitrile (ACN, CH3;CN) containing 10 pM CMP-Neu5Gc
(M — H]™ = 629.13491) internal standard. This suspension
was spun down at 16000 x g at 4 °C for 10 min to pellet cell
mass per proteins. 5 uL of the collected supernatant, obtained
from an equivalent of 185 pg of cell protein or 480 000 cells, was
separated on an online HILIC column (Waters XBridge Amide
3.5 um, 2.1 x 150 mm, item ID 186004861) prior to injection
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into a Q Exactive™ Hybrid Quadrupole-Orbitrap Mass Spectro-
meter (Thermo) for MS/MS analysis. The mobile phases were,
(A) water containing 5 mM NH,OH and 5 mM NH,OAc, and
(B) 90% ACN containing 5 mM NH,OAc. Data were acquired
over 60 min at a flow rate of 0.1 mL min~" at 40 °C using the
following gradient: (i) from 85% to 80% B (0-50 min), (iii) 80%
to 50% B (50-55 min), and (iv) 50% to 90% B (55-60 min).
MS' data were acquired using the Orbitrap detector (60000
resolution) and MS/MS in HCD mode (28% collision energy).
Independent experiments were performed in triplicate.

Cellular N-glycomics analysis

Frozen pellets formed from 20 x 10° HL60 cells (described
above) were resuspended into 100 puL of 50 mM NH,HCO;
solution. Cells were then heated at 95 °C for 10 min in
the presence of 5 mM TCEP (tris (2-caboxyethyl) phosphine),
followed by incubation with 20 mM IAM (2-iodoacetamide)
at room temperature for 30 min in dark. 15 mM TCEP was
then added to neutralize unreacted IAM for 15 min at room
temperature. This was followed by PNGaseF (5 uL of 500000
units per mL, New England Biolabs) addition to the solution for
40 h at 37 °C. Proteins were then precipitated by addition of
1 mL MeOH and centrifugation at 12000g for 5 min. The
supernatant containing N-glycans was collected and labelled
with procainamide under reductive conditions as follows.*®
Briefly, the released glycans from the previous step were vacuum
dried, and then resuspended with 20 pL of procainamide labelling
mix (5 mg procainamide in 100 pL of DMSO: glacial acetic acid
(65:35), and 3.3 mg sodium cyanoborohydride) for 3 h at 70 °C.
After labelling, samples were purified using Sep-Pak C18 cartridges
(Waters, Milford, MA). Here, the cartridge was pre-conditioned
with 4 mL MeOH and then with 8 mL nanopure water containing
0.1% formic acid (FA). Procainamide-labelled samples were mixed
with 180 pL water containing 0.1% FA, added to the cartridge,
washed with 10 mL of nanopure water 0.1% FA. The bound
N-glycans were then eluted using 4.5 mL of 15% v/v ACN
0.1% FA. Samples were vacuum dried and resuspended with
50% MeOH 0.1% FA.

1 pL of sample, obtained from an equivalent of 500 pg of cell
protein or 1.1 x 10° cells, was analyzed using ESI (electrospray
ionization) LC-MS/MS (Orbitrap-XL MS, Thermo) equipped
with a nano-LC column (PepMap C18 2 pum; 75 pum X
150 mm, Thermo). The mobile phases for product separation
were: (A) water and (B) acetonitrile (CH;CN), both containing
0.1% (v/v) formic acid. Data were acquired over 80 min at a flow
rate of 300 nL min~" using the following linear gradient:
(i) increase from 0% to 10% B (0-5 min), (ii) 10% to 40% B
(5-45 min), (iii) 40% to 70% B (45-65 min), (iv) 70% to 100% B
(65-75 min), and (v) isocratic elution at 100% B (75-80 min). MS"
data were acquired using the Orbitrap detector (60 000 resolution),
and MS/MS in CID mode (ion trap with 30% collision energy,
z = 2-4). Experiments were performed in triplicate.

Glycomics data were analyzed using a variant of the
glycoinformatics toolbox, GlycoPAT,**° that was customized
to handle glycan workflows. Whereas the original program was
solely designed for glycoproteomics, the search library and
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fragmentation rules were now modified to accommodate:
(i) arbitrary anomeric modifications/groups, (ii) adducts
including Na* and H', (iii) glycan-specific fragmentation rules,
and (iv) related scoring algorithms (manuscript in preparation).
The specific search library that we used for this project
included 261 N-linked glycans with unique masses, including
5 high-mannose glycans, various hybrid structures, and bi-, tri-,
tetra-antennary, and bisecting glycans. Core fucose was
allowed, and both Lewis-X and sialyl Lewis-X (sLe*) structures
were permitted on each of the lactosamine chains. Thus, the
search library included 62 fucosylated, 37 sialylated, and 133
fucosylated plus sialylated structures, with the largest glycan
being a tetra-antennary, bisecting, core-fucosylated N-glycan
with sLe® on each antenna. Polylactosamine and LacdiNAc
structures were not included since these are not commonly
observed in HL-60s.>"

Following automated data analysis to match MS" mass and
MS/MS scoring based on a previously described metric called
Ensemble Score (ES,**?°), all spectrum-matches with ES >
0.4 were manually inspected and annotated. This involved
grouping sets of MS/MS spectra corresponding to a single glycan
based on: (i) common monoisotopic MS' mass, (ii) MS/MS
fragmentation patterns, and (iii) LC retention time. Glycan
rearrangement was considered as a part of this manual inspec-
tion, and whenever possible Na" adduct spectra were annotated
along with protonated MS/MS spectra. Glycan abundance was
then quantified by manual integration of area under the curve
(AUC) in the corresponding MS' ion current profile. This was
performed using Xcalibur Qual Browser 3.0.63 (Thermo). Here,
glycan AUC equalled the sum of the corresponding areas for the
same species at different charge states (z = 2-4), including all
adducts (Na*, H"). In-source fragmentation was typically <10%,
and this was considered during AUC estimation. In this regard,
in-source fragments were usually observed to be due to galactose
loss, since the whole glycan and agalactosylated ions often
appeared at the same retention times, with similar MS/MS
fragmentation patterns. Structural isomers were distinguished
based on: (i) LC retention time and (ii) MS/MS spectra analysis,
though the interpretation is limited as authentic standards were
not available. Glycans showing different retention times but
similar MS/MS fragmentation were considered to be isomers.
When glycans could not be unambiguously distinguished
or inferred based on biological knowledge, bracket notations
were used as described in the Symbol Nomenclature For
Glycans (SNFG,*). All carbohydrate drawings were rendered
using DrawGlycan-SNFG software.** Supplemental figure provide
examples of completely annotated structures. Legends to Fig. 4
explain the method used to quantify/group glycans into high
mannose, hybrid, complex, branched structures, fucose containing
moieties, and chains terminated by sialic acid, galactose, or
GlcNAc/GalNAc.

Search was also performed for azido-derivatized sialic
acid (modified Neu5Ac, called ‘Az’) for samples treated with
peracetylated ManNAz, GalNAz, and GlcNAz. Here, the Neu5Ac
present in the original search library was changed to a modified
form of sialic acid (Az) in a combinatorial manner. This resulted
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in a search library with 500 candidates. In such analysis, Az contains
an amine at the C-5 position due to the reducing conditions utilized
for procainamide labelling. During data analysis, the AUC of each
glycan was enumerated along with the number of chains that were
terminated by either Neu5Ac or Az% Azido incorporation was then
quantified by weighting the fraction of chains on each glycan
terminated by Neu5Ac/Az (NeuAc/Az-fraction) by the AUC according
to: %Az = 100 x [>_{Azfraction x AUC)/>_[Az-fraction x AUC +
Neu5Ac-fraction x AUC)].

Statistics

All error bars represent standard deviations. Analysis of var-
iance followed by the Bonferroni post-test was used for multiple
comparisons.

3. Results and discussion

An optimized LC-MS/MS strategy to quantify cellular
nucleotide-sugar levels

We performed amide-based HILIC separation using a
mixture of standards (Fig. 1A). Satisfactory separation could
be achieved to distinguish between different nucleotide-sugars,
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monosaccharides, and individual nucleotides, over a 60 min
gradient. The gradient was designed to maximize separation
of UDP-galactose/glucose and UDP-GalNAc/GIcNAc pairs,
while taking into account their structures (hexoses are stereo-
isomers), as well as their pK, values. High content of organic
phase (80-85%), along with NH,OAc as additive in both mobile
phases, helped the separation of these stereoisomer pairs; for
one side, ammonium might mimic the behaviour of an ionic
liquid and, on the other side, the additive and pH from the
mobile phase could modulate the pK, of analytes. In addition to
the gradient and additives, the separation was carried out at
40 °C to increase interaction between mobile and stationary
phase. The chromatography was reproducible. MS ion count
measured based on the elution MS' profile of chemical
standards yielded a linear relationship with injection dose, with
a limit of detection of 1-10 pmol (Fig. 1B and Table S1, ESIf).
While we did not perform specific runs to compare
nucleotide-sugar quantitation in standard runs vs. cell lysates,
we note that sample complexity was low in the timeframe
(22-48 min) where the nucleotide-sugars eluted with few co-eluting
compounds with m/z > 500 even in complex HL60 cell lysates
(Fig. S1, ESIY). For example, in the case of UDP-Hex (Fig. S1,
ESI¥), only two other compounds (m/z = 445, 547) co-eluted with
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Fig.1 LC-MS chromatogram of nucleotide-sugar standard mixture and their corresponding calibration curves. (A) Total ion chromatogram in negative
ion mode based on HILIC-ESI-MS/MS analysis of a nucleotide-sugar mixture. All structures were verified using MS' mass match and MS/MS
fragmentation. Nucleotide-sugars used include 5 pM UDP-GalNAc/GlcNAc, 5 uM UDP-Gal/Glc, 15 uM GDP-Fuc, 10 pM UDP-GlcA, 20 uM
CMP-Neu5Ac, and 50 uM GDP-Man. (B) Calibration curves of standard nucleotide-sugars. Samples were injected into LC-MS in triplicates and results
are shown as average + SD. Error bars are too small to be visible in many cases.
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UDP-Hex, and the intensity of these other molecules was low
compared to the nucleotide-sugar. Thus, matrix effects may
not be significant. Additionally, note that the studies below
examine the effect of a panel of small molecules on individual
nucleotide-sugars rather than between different species.

Changes in nucleotide-sugar concentration upon addition of
monosaccharide analogs, azido sugars and acceptor decoys

Cells were cultured for 2 days with 50 pM of various small
molecules that were variants of either HexNAc or Mannose. At
the study end point, cell extracts were prepared using one-step
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ACN-water based lysis and protein precipitation. These were
injected into LC-MS, along with CMP-Neu5Gc internal chemical
standard. CMP-Neu5Gc was used, as this nucleotide-sugar
is not produced by human cells due to absence of cytidine
monophospho-N-acetylneuraminic acid hydroxylase (CMAH)
activity. Particular attention was placed to ensure that the
retention time of individual compounds followed the profile in
Fig. 1A. In this plot, the elution pattern is primarily controlled by
the nucleotide polarity, independent of the sugar moiety, except
for the case of sugar-acids. Thus, less polar nucleotide-sugars
containing UDP eluted first, before GDP-sugars. Neither the
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Fig. 2 Nucleotide-sugar levels in HL-60s after monosaccharide analog/decoy

treatment. 1.2 x 10° HL60s were cultured for 48 h with VC (vehicle control) or

50 pM of (A) 4F-HexNAcs, (B) HexNAz/ManNAz azido compounds, or (C) GIcNAc based decoys SNAP/ONAP. Nucleotide-sugars were then extracted from cell
lysates, and their concentrations determined using LC-MS/MS. Concentrations were calculated based on the area under the curve in MS* and the corresponding

calibration curve of each species. As UDP-Xyl standard data were not available, its

concentration was determined based on GDP-Fuc calibration data. All nucleotide-

sugars were identified by MS/MS. Data are represented as average + SD (n = 3—6). *Represents P < 0.05, **Represents P < 0.01, ***Represents P < 0.001.
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nucleotide nor phosphate group appear to control sugar-acid
retention (GlcA, Neu5Ac, and Neu5Gc), which also eluted with
increased polarity of bonds and ionic character. Due to this,
CMP-Neu5Ac and CMP-Neu5Gce presented higher retention
times compared to the UDP-nucleotide sugars, with UDP-GlcA
exhibiting maximum retention. Among the sialic acids, CMP-
Neu5Ge containing an extra hydroxyl group had higher retention
due greater polarity with respect to CMP-Neu5Ac.

Additional structural confirmation was obtained using the
MS/MS fragmentation profile of compounds in cell extract,
which were nearly identical to chemical standards (Fig. S2, ESIt).
These spectra display strong peaks due to the nucleotide, as the
phosphate-sugar bond is frangible. Following this, are the peaks
due to the phosphorylated pentose and phosphate groups. All
spectra also presented characteristic water-loss peaks from the
phosphate moiety as well as nucleobase fragments.

The nucleotide-sugar concentrations measured for vehicle
control samples was in the range of 2.5-10 uM in the injected
sample, which translates to ~2500-10000 pM concentration
within the Golgi [e.g.: 3 UM = 15 pmol since MS injection
volume was 5 pL. This injection volume was made of
480000 cells each with an estimated Golgi volume of 10 um?
or 0.01 pL. Thus, total Golgi conc. is ~15 pmol/(0.01 pL x
480000 x 10°) = 3125 pM]. These values are in agreement with
previous estimates of Golgi nucleotide-sugar concentrations.**
These concentrations are also consistent with experimental
measured Ky (~2-8 pM) values of various mammalian
nucleotide-sugar antiporters belonging to the SLC35 family,**"°
and the notion that donor concentrations within the Golgi may
exceed cytoplasmic levels by a factor of 20-100.%”

In studies that measured the effect of monosaccharide
analogs on cellular nucleotide-sugar levels, we observed that
both the 4F-HexNAc analogs, 4F-GalNAc and 4F-GlcNAc, acted

A [ ] UDP-GIcNAc

[ ] UDP-4FGIcNAc

View Article Online

Molecular Omics

via similar mechanisms. Both compounds decreased the intra-
cellular concentration of UDP-GalNAc and UDP-GIcNAc com-
pared to vehicle (Fig. 2A). This decrease was more dramatic
upon culture with 4F-GalNAc (75-80%) compared to 4F-GIlcNAc
(55-70%). These fluoro-molecules also boosted UDP-4F-GalNAc
and UDP-4F-GIcNAc levels in cells, such that the relative
abundance of the UDP-4F-HexNAc analogs was comparable to
normal UDP-HexNAc in vehicle control (Fig. 3A). Based on the
observation that Gle-based nucleotide-sugars typically appear at
an earlier retention time compared to corresponding Gal-based
entities upon amide-based separation (Fig. S3, ESI{), we esti-
mate that 4F-GalNAc may augment UDP-4F-GlcNAc levels to a
greater extent, with 4F-GlcNAc more prominently increasing
cellular UDP-4F-GalNAc concentrations. Both fluorinated nucleotide-
sugars were present in both the 4F-HexNAc runs, suggesting
that UDP-4F-GlcNAc and UDP-4F-GalNAc may be epimerized by
the UDP-glucose 4-epimerase (GALE). A small decrease in
cellular CMP-Neu5Ac and GDP-Man ( ~25-30%) was also noted
upon addition of the 4F-HexNAc compounds.

Compared to the 4F-HexNAc compounds, the azido entities
had a relatively minor effect on cellular nucleotide-sugar levels
(Fig. 2B). Here, ManNAz, GalNAz and GlcNAz increased UDP-
GlcNAc levels by ~70%, and they augmented UDP-GalNAc by
~50%, with minor changes also being observed for UDP-Glc.
Changes in CMP-Neu5Ac concentration was not detected. The
azido compounds could be converted into corresponding
nucleotide-sugars. This was observed for GalNAz, which
appeared both as UDP-GalNAz and UDP-GlcNAz, two isomeric
compounds with different retention times, though the extent of
formation was low (Fig. 3A). Similarly, cell culture with ManNAz
resulted in substantial formation of CMP-Neu5Az, which
exceeded the relative abundance of CMP-Neu5Ac by 3-fold
(Fig. 3B). UDP-HexNAz was not detected upon culture with
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Fig. 3 Nucleotide-sugar levels in HL-60s after HexNAc analog and azido compound treatment. HL60s were cultured with small molecules for 48 h.
Nucleotide-sugar concentrations in cell extracts were determined using LC-MS/MS. Graph shows relative abundance of area under MS* curve for
individual species, normalized with respect to internal standard (CMP-Neu5Gc). All nucleotide-sugars were identified by MS/MS. Data are presented as
‘relative abundance’ rather than absolute concentration due to absence of authentic chemical standards for fluoro- and azido-compounds. (A) Two
UDP-4F-HexNAc peaks with identical MS! mass and MS/MS profiles were detected. Since UDP-Glc appears before UDP-Gal, and UDP-GIcNAc before
UDP-GalNAc, UDP-4F-GIlcNAc was also presumed to encompass the first peak with UDP-4F-GalNAc constituting the second. (A and B) Azido
derivatized nucleotide-sugars were observed upon GalNAz and ManNAz treatment, but not upon cell culture with GIcNAz. Data are represented as
average + SD (n = 3-6). *Represents P < 0.05, ***Represents P < 0.001.
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GIcNAz. CMP-Neu5Az was also not observed upon addition of
GalNAz.

In the last runs, two GlcNAc based glycoside-decoys with
naphthalenemethanol (NAP) anomeric groups were added to
HL60s in culture (Fig. 2C). In ONAP, the GlcNAc is attached to
NAP via an O-glycosidic linkage whereas this is an S-glycosidic
bond in SNAP.>" Here, only minimal changes in nucleotide-
sugar levels were observed upon addition of SNAP. In contrast,
ONAP resulted in a 2.3-fold increase in both UDP-GIcNAc and
UDP-GalNAc concentrations. A 25% increase in CMP-NeuAc
was also noted. This may be due to the instability of ONAP as it
can be readily hydrolysed within cells to produce free GlcNAc.
We speculate that this free GlcNAc may be converted into the
corresponding UDP-sugar via the salvage pathway, using NAGK
(NV-acetyl-p-glucosamine kinase) to convert GlcNAc into GlcNAc-
6-phosphate (GlcNAc-1-P), PGM3 (phosphoacetylglucosamine
mutase) to convert GIcNAc-6-P to GlcNAc-1-P, and finally
UAP1 (UDP-N-acetylhexosamine pyrophosphorylase) aiding

[]vc [] 4FGalNAc

Il 4FGIcNAC

[] GalNAz
[ GlcNAz
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transforming into UDP-GIcNAc. UDP-GalNAc may then form
using GALE activity. Excess UDP-GlcNAc may also be converted
into CMP-Neu5Ac using UDP-GIcNAc 2-epimerase (GNE), sialic
acid synthase (NANS) and N-acylneuraminate cytidylyltransferase
(CMAS). Overall, all chemical treatments caused alterations in
nucleotide-sugar levels with the effects being most prominent
for 4F-HexNAc analogs and ONAP.

Effect of small molecules on cellular N-linked glycosylation

We determined the impact of changes in cellular nucleotide-
sugar concentrations on N-linked glycosylation (the system
output). This was performed using nano-LC-MS/MS analysis
of procainamide-functionalized N-glycans that were released
from cell lysates (Fig. 4 and Fig. S4, ESIt). Here, the N-glycans
eluted mainly between 10-40 min of the LC run, with the glycan
elution pattern depending on the carbohydrate structure. In
this regard, the glycans eluted in the sequence of increasing
polarity: (i) high mannose, (ii) non-fucosylated glycans,

] ONAP
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>
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H
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Fig. 4 N-Glycan distribution following HexNAc analog and azido compound treatment. N-Glycans released from HL60s cultured with various small
molecules for 48 h, were assayed using LC-MS/MS. Detailed analysis was performed to verify individual structures and calculate corresponding MS! area
under the curve (AUC) to estimate 'relative abundance (% of vehicle control)’ (Fig. S6, ESIt). These data were grouped as follows: (A) sum of relative
abundance of glycans appearing as high mannose, hybrid and complex structures. These data were normalized so that the sum of the relative abundance
for these 3 groups for each individual small molecule treatment equals 100. Glycans in each of these groups are similar for all treatments (+£20%). (B) The
relative abundance of complex structures in panel A was broken into either bi-, tri-, and tetra- antennary glycans (i.e. sum of relative abundance of bi-, tri-,
plus tetra = relative abundance of complex glycans). The portion of complex that contained bisecting structures is indicated in the first bar. The most
remarkable change was the reduction in glycan branching upon addition of 4F-GalNAc, and slightly higher level of tetraantennary structures upon SNAP
addition. (C) A portion of complex structures contained fucose (at either terminal and/or core), a vast majority of which included core fucose, and a much
smaller fraction contained sialyl Lewis-X (sLeX). (D) Complex glycans can have terminal structures that end with Sia, Gal, or GlcNAc/GalNAc. To calculate
this, we weighted each of the complex glycan AUC values by the fraction of chains terminated by either Sia, Gal, or HexNAc. Thus, sum of term Sia, term
Gal plus term HexNAc equals relative abundance of complex in panel (A) SNAP increased appearance of terminal HexNAc chains by usurping
galactosyltransferase activity. All data are represented as average + SD. *Represents P < 0.05, **P < 0.01, ***P < 0.001.
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(iii) fucosylated glycans, (iii) monosialylated glycans, (iv) di-
sialylated glycans, and finally (v) tri and tetrasialylated glycans.
Within these groups, sialylated glycans eluting earlier were
devoid of fucose, while later compounds contained both sialic
acid and fucose (Fig. S5, ESIT).

In addition to following this retention pattern, all glycan
identifications were confirmed manually based on MS" mono-
isotopic peak matching and detailed MS/MS spectra annota-
tion. This included accounting for different species charges
and adducts (e.g. in Fig. S4A and B, ESIt). Additionally, while
not all structural features could be unambiguously elucidated
due to absence of chemical standards, high mannose glycans
could be easily identified base on their characteristic MS/MS
spectra: (i) the sequential loss of mannoses at charge +2, and
(ii) the loss of core GleNAc (GlcNAc attached to procainamide)
followed by the terminal carbohydrate losses as charge +1
(Fig. S4C, ESIT). Additionally, we could distinguish core fucose
from terminal fucose modifications based on the appearance of
peaks at m/z = 587 for core fucose compounds (Fig. S4D, ESIt),
m/z = 512 for Lewis-type glycans (Fig. S4E, ESIt), and m/z at
803 for sLe™ structures (Fig. S4F, ESIt). The remaining struc-
tures were based on biochemical knowledge and our previous
work where permethylated HL60 N-glycans were identified
using MALDI-TOF.*"*® Detailed annotations with ambiguous
identifications indicated using SNFG brackets are presented in
Fig. S6 (ESIY).

In general, the N-glycans formed in all experimental condi-
tions were not very different when these structures were classi-
fied into high mannose, hybrid, and complex groupings
(Fig. 4A). Upon examining the breakdown of complex
glycans into bi-, tri-, and tetra-antennary structures, however,
4F-GalNAc exhibited a 50% increase in biantennary glycans
compared to vehicle control, and smaller amounts of branched
structures (Fig. 4B). This observation is consistent with the
75-80% decrease in cellular UDP-HexNAc levels, though the
changes in glycan structures were smaller than would be
predicted based on the reduced nucleotide-sugar concentra-
tions. 4F-GlcNAc was previously reported to exhibit similar
reduction in N-glycan branching,”” and it is possible that
increasing the dose of 4F-GlcNAc (50 pM currently) to

Table 1 K values of key enzymes regulating N-glycosylation
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80-100 pM would result in similar observations as the current
55-70% decrease in UDP-HexNAc levels is insufficient to affect
N-glycan changes. In this analysis, all branches with singleton
HexNAc were assumed to be bisecting, as our workflow is
unable to precisely distinguish single HexNAc attached to the
B(1,4) Mannose arm with similar attachment on other
branches. Upon quantifying fucosylation, we observed that
a majority of complex glycans contained core fucose (Fig. 4C).
N-Glycan sLe® antigens were reduced upon SNAP addition,
which is consistent with previous work.>" Azido-derivatized
monosaccharides did not have a large effect on glycan distribu-
tion, though ManNAz appeared to reduce the extent of core-
fucosylation by ~25%. Upon searching for azido-derivatized
N-glycans, we noted that ~1/20th of the chains terminated by
sialic acid were capped by Neu5Az while the rest were Neu5Ac
terminated. These azido groups were found in MS/MS spectra
as amine derivatives due to the reductive conditions used
during procainamide labelling (Fig. S4H, ESIt). Thus, despite
the substantially higher concentrations of CMP-Neu5Az in
cells compared to CMP-Neu5Ac (Fig. 3), their integration
into N-glycan biosynthesis was low. ManNAz exhibited higher
incorporation into N-glycans compared to HexNAz, which
appeared on both fucosylated and non-fucosylated glycans
(Fig. S4J, ESIt). Additional investigations are necessary to study
transferase activity in the presence of CMP-Neu5Az. Finally,
consistent with prior work,”® SNAP addition resulted in a
greater number of glycan chains terminated by HexNAc
(Fig. 4D and Fig. S6, ESI).

4. Conclusions

In this manuscript, carbohydrate-based small molecules were
observed to alter cellular nucleotide-sugar levels. Among the
families tested, 4F-HexNAc members depressed both UDP-
GalNAc and UDP-GIcNAc. Addition of the decoy ONAP, which
contains a hydrolysable O-glycosidic linkage but not SNAP with
a S-glycosidic linkage, increased UDP-HexNAc levels by 2.3 fold.
Many of the azido sugars tested also formed corresponding

Gene name Enzyme name/function Ku (1M) Species Ref.
Man1b1 Mannosyl-oligosaccharide 1,2-a-mannosidase IA 100-300 R. norvegicus; S. cerevisiae 39 and 40
MAN2A1 a-Mannosidase 2 200 Homo sapiens 41
MGAT1 a1,3-Mannosyl-glycoprotein 2-B-N-GlcNAcT 483 Homo sapiens 42
MGAT2 al,6-Mannosyl-glycoprotein 2- B-N-GIcNAcT 130-550 Homo sapiens 43
MGAT3 -1,4-Mannosyl-glycoprotein 4-p-N-GlcNAcT 4700-6800 Homo sapiens 44
MGAT4A o-1,3-Mannosyl-glycoprotein 4-B-N-GlcNACT-A 118-242 Homo sapiens 45
MGAT5 a-1,6-Mannosylglycoprotein 6-f- GIcNAcT 150 Homo sapiens 46
B4GALT1 B-1,4-Galactosyltransferase 1 170 Homo sapiens 47
B3galt1 B-1,3-Galactosyltransferase 34 Rattus norvegicus 48
FUTS a-(1,6)-Fucosyltransferase 12.90 Homo sapiens 49
FUT1 Galactoside 2-alpha-i-fucosyltransferase 1 110 Homo sapiens 50
FUT4 o-(1,3)-Fucosyltransferase 4 380-650 Homo sapiens 51
ST3GAL3 CMP-N-acetylneuraminate-f3-galactosamide-o-2,3-sialylT 140-830 Homo sapiens 52
ST6GALI B-Galactoside alpha-2,6-sialylT 1 200-1500 Homo sapiens 53
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azido-modified sugar donors, and these had a modest effect on
endogenous nucleotide-sugar concentrations.

Whereas the effect of these compounds on cellular nucleotide-
sugars was sometimes large, their impact on N-linked glycosyla-
tion was relatively small with only some aspects altered. For
example, a 75-80% decrease in UDP-GIcNAc and UDP-GalNAc,
and a concomitant increase in UDP-4F-HexNAc levels upon
culture with peracetylated 4F-GalNAc, only resulted in a ~50%
change in N-glycan branching and some increase in fucosylation,
with less impact on lactosamine chain extension. Cell treatment
with 4F-GlcNAc had an even smaller effect, despite the 55-70%
reduction in overall UDP-HexNAc levels. Increasing UDP-HexNAc
concentrations by 2.3 fold using ONAP also did not change the
output N-glycosylation profile. Together, these observations high-
light a highly non-linear relationship between nucleotide-sugar
levels and N-linked glycosylation. They suggest that activated
sugar-donor concentrations may not be a major determinant of
glycosylation rates, unless substantially depleted. Consistent with
this, whereas we estimate that the Golgi compartment of cells
contain ~2500-10000 pM of individual nucleotide-sugars, the
Michaelis constant (Ky) of enzymes regulating N-glycan biosynth-
esis is typically smaller, <500 uM (Table 1). Additionally, it is
possible that alterations in nucleotide-sugars may result in system
response and changes in glycosyltransferase expression which
would represent another control mechanism.’* Due to these
effects, biological systems appear to be robust to changes in
nucleotide-sugar levels, at least for HexNAc derivatives.

This study could have broad implications for our under-
standing of glycan biosynthesis regulation. It may explain why
low concentrations of orally ingested fucose is sufficient to
correct defects in the SLC35C1 transporter of leukocyte adhe-
sion deficiency-II (LAD-II) patients,> as this amount is suffi-
cient to restore enough GDP-Fuc in blood cells. This may also
represent a control mechanism to limit alterations in N-glycan
branching, as high branching of such structures can promote
growth factor activation and oncogenic transformation.>®
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