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Protein O-linked p-D-N-acetylglucosamine (O-GlcNAc) modification (O-GlcNAcylation), an essential post-
translational as well as cotranslational modification, is the attachment of p-D-N-acetylglucosamine to serine
and threonine residues of nucleocytoplasmic proteins. An aberrant O-GlcNAc profile on certain proteins has been
implicated in metabolic diseases such as diabetes and cancer. Inhibitors of O-GlcNAc transferase (OGT) are

valuable tools to study the cell biology of protein O-GlcNAc modification. In this study we report novel uridine-
peptide conjugate molecules composed of an acceptor peptide covalently linked to a catalytically inactive donor
substrate analogue that bears a pyrophosphate bioisostere and explore their inhibitory activities against OGT by
a radioactive hOGT assay. Further, we investigate the structural basis of their activities via molecular modelling,
explaining their lack of potency towards OGT inhibition.

1. Introduction

The ubiquitously expressed O-GIcNAc transferase (OGT) enzyme
boasts numerous vital cellular roles within eukaryotes. It is solely
responsible for transferring O-linked N-acetylglucosamine (O-GlcNAc)
onto the serine and threonine residues of acceptor substrate proteins
(Fig. 1). OGT employs the universal donor substrate sugar nucleotide
(UDP-GIcNAc) to modify myriads of proteins, modulating their func-
tions, processing and associated signalling pathways [1]. Indeed, more
than 4000 proteins have been identified as O-GlcNAcylation (O-GlcNAc
modification) candidates. O-GlcNAcylation roles are numerous and
range from coupling metabolic status to the regulation of an extensive
variety of cellular signalling pathways [2-5]. Understandably, dysre-
gulation of protein O-GlcNAcylation is linked to the pathological pro-
gression of various chronic metabolic diseases including diabetes [6,7],
cancers [8-10] to cardiovascular [11] and neurodegenerative disorders
[12-14]. The consequences of cellular hyper-O-GlcNAcylation, via both
knockout and chemical inhibition of O-GlcNAc hydrolase (OGA) [15],
the counterpart O-GlcNAc cleavage enzyme, have been extensively
studied [12,16]. The investigation of the precise biological functions as
well as implications of cellular hypo-O-GlcNAcylation via OGT inhibi-
tion has been significantly impeded due to a marked lack of OGT
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inhibitors [17].

UDP, the by-product of O-GlcNAcylation, is a potent feedback in-
hibitor of OGT and has been observed to occupy the same UDP-GlcNAc
binding pocket in OGT competitively [18]. Many of the more potent
OGT inhibitors have been designed to engage the UDP binding site
where they exploit the native binding mode of the donor substrate UDP-
GlcNAc [19,20]. The most widely employed inhibitor to date, per-O-
acetylated 5-thio-N-acetylglucosamine, hijacks the hexosamine biosyn-
thetic pathway (HBP) to yield the donor substrate analogue UDP-5S-
GlcNAc [21]. As UDP is commonly employed as donor substrate by
other enzymes, including oxidoreductases, transferases, hydrolases, ly-
ases and isomerases, UDP analogues suffer limited selectivity for OGT.

The structure of ternary hOGT complexes (OGT-UDP-substrate pep-
tide derived from the casein kinase II) have revealed that glycosyl-
transfer takes place via an ordered bi-bi kinetic mechanism, wherein
UDP-GIcNAc binds prior to the polypeptide substrate [18]. The way in
which OGT targets specific sites on a limited subset of intracellular
proteins remains largely unknown however. Furthermore, the involve-
ment of a catalytic base in the OGT-catalysed glycosyl transfer reaction
is currently debated [22-24] and the precise catalytic mechanism of
OGT remains to be discovered. As a member of Glycosyltransferase
Family 41 (GT41), OGT possesses a GT-B fold and the glycosyl transfer
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reaction proceeds with inversion of stereochemistry at the anomeric
center. Bisubstrate mimics of the transition state structure have emerged
as promising, selective inhibitors. These compounds are designed to
couple the high affinity of the donor substrate and high selectivity of the
acceptor substrate (Fig. 1). Bisubstrate analogue antagonists that are
constructed from covalently-linked bridging donor and acceptor sub-
strates, may allow each substrate to occupy their natural orientations
within their respective binding sites, affecting the antagonists potency
[25].

A number of bisubstrate analogue inhibitors of OGT have been re-
ported. Goblinl is a UDP-peptide conjugate bearing sequence vTPVS(O-
propyl-UDP)TA tethered via an ether linkage [26]. Goblinl was found to
inhibit glycosylation of an acceptor substrate in vitro in a dose-
dependent manner (ICsp = 18 uM). Goblinl was unable to efficiently
penetrate cells however, likely as it possessed pyrophosphate in its
structure. A second series of bisubstrate analogue inhibitors, bearing
neutral aliphatic linker units in place of the natural substrate’s pyro-
phosphate moiety, produced only modest inhibitors of OGT activity
[27]. Finally, van Aalten and co-workers produced bisubstrate inhibitors
such as the thiol-linked vPTVC(S-propyl-UDP)TA conjugate, function-
alised with cell-penetrant peptide sequences, specifically Penetratin and
TAT [28,29], to promote cellular uptake [30]. The Goblin bisubstrate
cell penetrating conjugate displayed hOGT inhibition (ICso = 5 pM) in
vitro as a parent compound, however conjugates could not target cyto-
solic hOGT due to entrapment in the early endosomes [30].

Pyrophosphate units tends to confer an increase in potency and a
decrease in cell-permeability when implemented into the bisubstrate
scaffold. Use of a pyridine unit as a pyrophosphate surrogate has pro-
vided compounds with moderate in vitro inhibition hOGT [31]. High-
throughput screens have found that compounds mimicking pyrophos-
phate exhibit exquisite inhibition of OGT [32,33]. A series of compounds
bearing a five heteroatom dicarbamate core were found to occupy py-
rophosphate’s position within the OGT enzyme’s catalytic site. Investi-
gation into the mechanism of OGT inhibition suggested that the
dicarbamate scaffold maintains the potential to deactivate a wide
assortment of enzymes that also utilise pyrophosphate-based substrates.
Pyrophosphate groups augment potential substrates with limited
bioavailability, physiological instability, inability to permeate mem-
branes and also complicate synthetic methods. We were interested to
explore if employing a bioisosteric replacement for the pyrophosphate
moiety in the design of novel bisubstrate inhibitors of OGT would bypass
these issues and afford potency. The diketocyclobutane diamine, or
‘squaramide’, function has become a well-established phosphate bio-
isostere owing to its remarkable chemical stability, hydrogen-bonding
capability and high double acidity with it’s resonance-stabilised dia-
nion (Fig. 2a) [34]. Secondary squaramides offer the potential to
hydrogen-bond to acceptors, donors and mixed acceptor-donor groups,
strengthened by an increase in their aromaticity on complexing [35,36].
Indeed, squaramides have been used to replace phosphate as inter-
nucleotidic linkers in the structures of sugar-nucleotide analogues
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Fig. 2. (a) The structures of the squaramide and phosphate functional groups;
(b) An expanded region of a modified oligodeoxynucleotide. The central
thymidine dimer has been modified with a squaryldiamide linkage (TsqT). (c)
The generalised structure for the squaramide-linked bisubstrate analogue OGT
inhibitors described here.

suggested for use as antiviral and anticancer agents (Fig. 2b) [37,38].
The inhibitors here employ the squaramide bioisostere to exploit pyro-
phosphate’s role in establishing stabilising interactions during the
transfer reaction within the active site of OGT (Fig. 2¢). Here we disclose
the rational design, synthesis and evaluation of some novel bisubstrate
analogue inhibitors against the hOGT enzyme (Fig. 3).

2. Materials and methods
2.1. General

'H NMR spectra were recorded using Bruker Avance 300, Avance III
400 and Avance III 500 spectrometers at frequencies of 300 MHz, 400
MHz and 500 MHz respectively. The spectra are reported as parts per
million (ppm) downfield shift using the solvent peak as internal refer-
ence. The data are reported as chemical shift (§), multiplicity, relative
integral, coupling constant (J Hz) and assignment where possible. Low
resolution mass spectra were recorded on a Finnigan LCQ Deca ion trap
mass spectrometer (ESI). High resolution mass spectra were recorded on
a Bruker 7 T Fourier Transform Ion Cyclotron Resonance Mass Spec-
trometer (FTICR). Analytical reverse-phase HPLC was performed on a
Shimadzu LCMS 2020 separations module with an LC-20AD pump and
SPD-20A photodiode array detector. A Waters Sunfire C18 5 pm, 2.1 x
150 mm column was used at a flow rate of 0.2 mL min~! using a mobile
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Fig. 1. OGT catalysed O-GlcNAcylation and bisubstrate analogue as OGT inhibitor.
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Fig. 3. Antagonistic activity was evaluated by a radioactive hOGT assay using
recombinant nup62-MBP fusion construct as the protein acceptor and [*H]-
UDP-GIcNAc in UDP-GIcNAc as competitive donor substrate. Reactions were
performed in duplicate with inhibition measured as a percentage of relative
OGT activity in absence of inhibitor. All compounds assayed at 20 puM
concentration.

phase of 0.1% TFA in water (Solvent A) and 0.1% TFA in acetonitrile
(Solvent B) and a linear gradient of 2-50% B over 30 min. The results
were analysed with Waters Empower software. Preparative reverse-
phase HPLC was performed using a Waters 600 Multisolvent Delivery
System and Waters 500 pump with 2996 photodiode array detector or
Waters 490E Programmable wavelength detector operating at 214 and
254 nm. A Waters Sunfire 5 pm, 19 x 150 mm column was used at a flow
rate of 7 mL min ! using a mobile phase of 0.1% TFA in water (Solvent
A) and 0.1% TFA in acetonitrile (Solvent B) using a linear gradient of
one of either i) 2-80% B over 60 min, ii) 2-60% B over 60 min or 2-40%
over 60 min. LC-MS was performed on a Shimadzu LCMS 2020 system
coupled with an LC-20AD pump and SPD-20A detector on a Waters
Sunfire C18 5 pm, 2.1 x 150 mm column at a flow rate of 0.2 mL min !
coupled to a Thermoquest Finnigan LCQ Deca mass spectrometer (ESI)
operating in positive mode. Separations involved a mobile phase of 0.1%
formic acid in water (Solvent A) and 0.1% formic acid in acetonitrile
(Solvent B) using a linear gradient of 2-50% B over 30 min. Analytical
thin layer chromatography (TLC) was performed on commercially pre-
pared silica plates (Merck Kieselgel 60 0.25 mm F254). Flash column
chromatography was performed using 230-400 mesh Kieselgel 60 silica
eluting with analytical grade solvents. Commercial materials were used
a received unless otherwise noted. Amino acids, coupling reagents and
resins were obtained from Novabiochem. Dichloromethane and meth-
anol were distilled from calcium hydride. DMF was obtained as peptide
synthesis grade from Auspep or Labscan.

2.2. Synthesis of bisubstrate conjugates

2.2.1. Synthesis of 2'°,3'-O-isopropylideneuridine

To a stirred solution of uridine (3, 10.0 g, 41.0 mmol) and p-tolue-
nesulfonic acid (0.779 g, 4.10 mmol) in acetone (100 mL) was added
2,2-dimethoxypropane (6.40 g, 61.4 mmol) under argon. The mixture
was stirred at 60 °C for 24 h before being concentrated under reduced
pressure. The crude material was purified by flash chromatography (1:9
v/v MeOH/DCM) to yield the title compound (11.2 g, 96%) as a white
foam; mp. 169 °C; 'H NMR (500 MHz, CD30D): 6 7.78 (d, J = 8.1 Hz,
1H), 5.86 (d, J = 2.8 Hz, 1H), 5.50 (d, J = 8.0 Hz, 1H) 4.96 (dd, J = 2.8,
6.3 Hz, 1H), 4.63 (dd, J = 3.4, 6.3 Hz, 1H), 4.22 (m, 1H), 3.75 (dd, J =
3.6, 11.9 Hz, 1H), 3.72 (dd, J = 4.5, 11.9 Hz, 1H), 1.54 (s, 3H), 1.30 (s,
3H); 13C NMR (100 MHz, CD30D): 6 166.8, 153.1, 144.5,113.1, 101.6,
92.5, 88.5, 85.6, 82.4, 62.1, 26.7, 25.5. Data are in agreement with that
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previously reported [39].

2.2.2. Synthesis of 2/,3'-O-isopropylidene-5'-O-toluenesulfonyluridine

To 2/,3'-O-isopropylideneuridine (2.50 g, 8.79 mmol) dissolved in
pyridine (15.0 mL) at 0 °C over an hour. After, 4-toluenesulfonyl chlo-
ride (4.67 g, 24.6 mmol) and DMAP (0.247 g, 2.02 mmol) were added
and mixed at room temperature over 48 h. The mixture was diluted with
water (100 mL) and extracted with ethyl acetate (3 x 100 mL). The
combined organic fractions were washed with 0.1 M hydrochloric acid
(50.0 mL) before water (100 mL) and finally brine (100 mL) before
drying (NaySO4) and concentrating under reduced pressure. The crude
material was a yellow oil and was purified by flash chromatography (1:5
v/v Hex/EtOAc) to yield the title compound (2.85 g, 74%) as a pale
yellow foam; mp 93 °C; 'H NMR (500 MHz, CDCl3): §9.93 (s, 1H) 7.71
(d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.1 Hz, 1H),
5.66 (d, J = 8.0 Hz, 1H), 5.6 (d, J = 2.0, 1H), 4.90 (dd, J = 1.9, 6.4 Hz,
1H), 4.74 (dd, J = 3.8, 6.4 Hz, 1H), 4.25-2.33 (m, 1H), 4.21-4.28 (m,
2H) 2.29 (s, 3H) 1.44 (s, 3H), 1.23 (s, 3H); 13C NMR (100 MHz, CDCl3): §
163, 150, 145, 143, 133, 130, 128, 115, 103, 95.0, 85.2, 84.4, 80.9,
69.5, 27.1, 25.2, 21.7. Data are in agreement with that previously re-
ported [40].

2.2.3. Synthesis of 5'-azido-5'-deoxy-2',3'-O-isopropylideneuridine

To a stirred solution of 2',3'-O-isopropylidene-5'-O-toluenesulfony-
luridine (3.76 g, 8.00 mmol) in DMF (15.0 mL) was added sodium azide
(0.779 g, 12.0 mmol) under argon at room temperature. The mixture
was heated to 80 °C and stirred for 24 h. The mixture was diluted with
water (100 mL) and extracted with ethyl acetate (3 x 100 mL). The
combined organic layers were washed with brine before drying
(NayS04) and concentrating under reduced pressure. The crude material
was purified by flash chromatography (2:3 v/v Hex/EtOAc) to yield the
title compound (2.30 g, 97%) as an amorphous yellow foam; vpmax 3
(film)/cm ™! 219, 2985, 2106, 1677, 1538, 1461, 1375, 1260, 1154,
1091; 'H NMR (300 MHz, CDClg): § 8.76 (s, 1H), 7.30 (d, J = 8.0 Hz,
1H), 5.75 (d, J = 8.0 Hz, 1H), 5.65 (d, J = 2.1 Hz, 1H), 4.99 (dd, J = 2.0,
6.5 Hz, 1H), 4.81 (dd, J = 4.2, 6.5 Hz, 1H), 4.21-4.24 (m, 1H) 3.60 (dd,
J=5.2Hz, 2H), 1.45 (s, 3H), 1.24 (s, 3H); 13C NMR (100 MHz, CDCl3): §
164, 150, 143, 115, 103, 94.9, 86.0, 84.4, 81.6, 52.4, 27.1, 25.3. Data
are in agreement with that previously reported [40].

2.2.4. Synthesis of 5'-amino-5'-deoxy-2',3'-O-isopropylideneuridine (4)

To a stirred solution of 5'-azido-5'-deoxy-2',3'-O-iso-
propylideneuridine (2.75 g, 9.64 mmol) in methanol (50.0 mL) was
added Pd/C (0.275 g, 10% w/w) under argon at 10 °C. The mixture was
then bubbled with hydrogen gas at room temperature and the progress
of the reaction was monitored closely by TLC analysis. After completion,
the reaction mixture was filtered through a Celite® bed, washed with
cold methanol, and concentrated under reduced pressure to afford the
title compound (2.39 g, 95%) as a white powder which was not purified
further; mp. 85 °G; TH NMR (300 MHz, DMSO-dg): 6 7.85 (d, J = 8.1 Hz,
1H), 5.78 (d, J = 2.8 Hz, 1H), 5.63 (d, J = 8.0 Hz, 1H), 4.94 (dd, J = 6.4,
2.8 Hz, 1H), 4.74 (dd, J = 6.5, 3.9 Hz, 1H), 3.94 (m, 1H), 3.19 (br, s, 2H),
2.75(d,J =5.5Hz, 2H), 1.44 (s, 3H), 1.26 (s, 3H). Data are in agreement
with that previously reported [40].

2.2.5. Synthesis of Boc-6-aminocaproic acid

To a solution of 6-aminocaproic acid (1, 3.00 g, 22.9 mmol) and
NaOH (0.930, 25.2 mmol) in dioxane/H50 (90.0 mL, 2:1) was added di-
tert-butyl dicarbonate (5.49 g, 25.2 mmol) at 0 °C in three equal por-
tions. The reaction mixture was stirred for 16 h before being concen-
trated under reduced pressure. The residue was redissolved in HyO (150
mL) and washed with ethyl acetate (2 x 90.0 mL) before being acidified
to pH 2 with aqueous 1 M HCL. The aqueous phase was then extracted
with ethyl acetate (3 x 150 mL) after which the organic phase was dried
with NaySOy, filtered and concentrated under reduced pressure to yield
the title compound (5.29 g, quant.) as a colourless oil; H NMR (300
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MHz, CDCl3): § 3.09 (m, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.65 (m, 2H), 1.49
(m, 2H), 1.46 (s, 9H), 1.37 (m, 2H). Data are in agreement with that
previously reported [41].

2.2.6. Synthesis of benzyl-6-(Boc-N-amino)hexanoate

To a solution of Boc-6-aminocaproic acid (5.42 g, 23.4 mmol) in
DCM (150 mL) was added EDC (4.93 g, 25.7 mmol), benzyl alcohol
(30.4 mmol, 3.16 mL) and DMAP (0.286 g, 2.34 mmol) at 0 °C. The
reaction mixture was allowed to warm to room temperature and was
stirred for 16 h before being quenched by addition of saturated NH,4Cl
(100 mL) solution. The mixture was extracted with ethyl acetate (3 x
150 mL), washed with brine (25 mL) and dried over Na;SO4 before being
concentrated under reduced pressure and purified by flash chromatog-
raphy (1:3 EtOAc/Hex) yielding the title compound (7.51 g, quant.) as a
yellow oil; 'H NMR (300 MHz, CDCl3): § 7.32 (m, 5H), 5.08 (s, 2H), 4.63
(br, 1H), 3.20 (m, 2H) 2.35 (t, J = 7.4 Hz, 2H), 1.64 (m, 4H), 1.56 (s,
9H), 1.37 (m, 2H). Data are in agreement with that previously reported
[42].

2.2.7. Synthesis of benzyl-6-aminohexanoate

To a mixture of benzyl-6-(Boc-N-amino)hexanoate (7.50 g, 23.4
mmol) in DCM (120 mL) was added TFA (60.0 mL) at 0 °C with stirring.
After 2 h, the mixture was concentrated under reduced pressure, after
which the residue was redissolved in saturated NaHCOj3 solution (100
mL) and extracted with ethyl acetate (3 x 120 mL). The mixture was
concentrated under reduced pressure to yield the title compound (5.16
g, quant.) as a yellow wax requiring no further purification; '"H NMR
(300 MHz; CD30D): 6 7.36 (m, 5H), 5.13 (s, 2H), 2.91 (t, J = 1.6 Hz, 2H)
2.42 (t, J = 7.3 Hz, 2H), 1.64 (m, 4H), 1.56 (s, 9H), 1.37 (m, 2H). Data
are in agreement with that previously reported [42].

2.2.8. Synthesis of 2-diethoxy-1-cyclobutene-3,4-dione

To a stirred solution of 3,4-dihydroxycyclobut-3-ene-1,2-dione (3.00
g, 26.4 mmol) in anhydrous ethanol (150 mL) was added triethyl
orthoformate (72.2 mmol, 12.0 mL) at room temperature. The mixture
was heated to reflux at 80 °C and left for 48 h before being concentrated
under reduced pressure. The crude yellow oil was purified by flash
chromatography (DCM) to yield the title compound (3.57 g, 97%) as an
intensely yellow oil which was not purified further; 'H NMR (300 MHz,
CDCl3): 6 4.72 (m, 4H), 1.44 (t, J = 87.9 Hz, 6H). Data are in agreement
with that previously reported [43].

2.2.9. Synthesis of benzyl 6-[(2-ethoxy-3,4-dioxo-1-cyclobuten-1-yl)
amino]hexanoate (2)

To a stirred solution of 1,2-diethoxy-1-cyclobutene-3,4-dione (3.40
g, 20.0 mmol) in ethanol (70 mL) was portionally added benzyl-6-
aminohexanoate (4.42 g, 20.0 mmol) on ice. After 30 min, DIPEA
(20.0 mmol, 2.80 mL) was added and the mixture was allowed to reach
room temperature and the reaction was monitored by TLC. Upon
completion, the reaction mixture was concentrated under reduced
pressure before being purified by flash chromatography (1:1 v/v Hex/
EtOAc) to yield the title compound (6.62 g, 96%) as a pale-yellow wax;
mp. 52 °C; vmay (film)/cm ™! 3264, 2938, 1803, 1793, 1594, 1523, 1493,
1454, 1414, 1383, 1337, 1235, 1057; H NMR (500 MHz, CDCl3): §7.32
(m, 5H), 5.09 (s, 2H), 4.74 (q, J = 6.9, 6.3 Hz, 2H), 3.4 (d, J = 6.8 Hz,
1H), 2.35 (t,J = 7.4 Hz, 2H), 1.64 (m, 4H), 1.42 (t, J = 7.0 Hz, 3H), 1.37
(m, 2H); '3C NMR (126 MHz, CDCl3): 5 189.25,182.37, 176.86 , 172.99
, 172.36 , 135.73, 128.23 , 127.88 , 127.81 , 69.30 , 65.82 , 44.25,
33.71 , 29.82 , 25.47 , 24.04, 15.55; HRMS (ESI) 368.14710 ([M +
Na]™), caled. for C1oHo3NNaOZ 368.14684.

2.2.10. Synthesis of benzyl 6-[(2-(5'-amino-5'-deoxy-2,3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoate (5)
To a solution of benzyl 6-[(2-ethoxy-3,4-dioxo-1-cyclobuten-1-yl)
amino]hexanoate 2 (2.91 g, 8.45 mmol) and 5'-amino-5'-deoxy-2',3’-
O-isopropylideneuridine 4 (2.39 g, 8.45) in ethanol (25 mL) was added
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DIPEA (25.3 mmol, 3.55 mL) with stirring at room temperature. The
reaction mixture was left for 48 h after which it had formed a thick white
precipitate. The mix was concentrated under reduced pressure, and the
impurities were decanted with ethyl acetate to yield the title compound
(4.28 g, 87%) as a white foam; vpax (solid)/em ™' 3162, 2942, 1734,
1712, 1689, 1637, 1571, 1487, 1441, 1304, 1071; 'H NMR (500 MHz,
DMSO-d): 5 11.4 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.35 (m, 5H), 5.80 (s,
1H), 5.62 (d, J = 7.8 Hz, 1H) 5.07 (s, 2H) 5.05 (d, J = 1.5 Hz, 1H), 4.75
(t, J = 5.1 Hz, 1H), 4.07 (dd, J = 5.05 Hz, 1H), 3.86 (br, 1H), 3.70 (m,
1H), 3.46 (d, J = 5.1 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H) 1.53 (m, 4H), 1.47
(s, 3H), 1.28 (m, J = 8.4 Hz, 2H), 1.28 (s, 3H); °C NMR (126 MHz,
DMSO-dg): § 182.7, 182.2, 172.7, 167.5, 163.2, 150.2, 143.1, 136.2,
128.4, 127.9, 127.9, 113.5, 101.9, 92.2, 85.5, 83.4, 80.9, 65.3, 45.1,
43.1, 33.3, 30.3, 26.9, 25.5, 25.2, 24; HRMS (ESI) 605.22131 ([M +
Na]™), caled. for CogH34N4NaOg 605.22180.

2.2.11. Synthesis of 6-[(2-(5'-amino-5'-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoic acid
(6)

To a solution of benzyl 6-[(2-(5'-amino-5'-deoxy 2',3'-O-iso-
propylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)aminolhexanoate 5
(2.00 g, 3.44 mmol) in methanol (30.0 mL) was added 1 M sodium
hydroxide solution (20.0 mL) and stirred at rt. The reaction was kept at
pH greater than 14 and was monitored by TLC. Upon completion, the
reaction was treated with Amberlite® IR 120H" resin until pH 4. The
mixture was filtered and concentrated under reduced pressure. To this
dry mixture was suspended into ethyl acetate and once settled the su-
pernatant was decanted and re-dried to yield the title compound (1.46 g,
quant.) as a pale yellow powder; vmax em ™! 2939, 1648, 1564, 1433,
1270, 1061; 'H NMR (500 MHz, DMSO-dg): 6 7.65 (d, J = 8.0 Hz, 1H),
5.77 (s, 1H), 5.59 (d, J = 7.9 Hz, 1H), 5.59 (d, J = 7.9 Hz, 1H), 4.72 (s,
1H), 4.07 (app, 1H), 3.86 (app, 1H), 3.70 (app, 1H), 3.46 (app, 2H), 2.17
(t, J = 7.2 Hz, 2H), 1.47 (m, 4H), 1.44 (3H), 1.25 (m, 4H), 1.24 (s, 1H);
13C NMR (126 MHz, DMSO-dg): 6§ 183.2, 182.7, 175.2, 168.5, 164.0,
150.9, 143.8,114.3,102.5 92.7, 86.3, 84.0, 81.5, 45.7, 43.8, 34.1,31.0,
27.5, 25.7, 25.4, 24.7; HRMS (ESI) 449.18933 ([M + Na]™), calcd. for
CaoH3oN2NaOg 449.18944.

2.2.12. Synthesis of 1-(2-bromoethyl)-2-acetamido-2-deoxy-a-p-
glucopyranoside

To 2-bromoethanol (30.0 mL) was added acetyl chloride (46.1 mmol,
3.30 mL) dropwise at 0 °C with mixing under argon. To this mixture, N-
acetylglucosamine (7, 3.00 g, 13.6 mmol) was added before heating to
70 °C for 4 h. After, solid sodium bicarbonate was added until pH 7 and
the suspension was filtered through a celite bed and washed with
methanol. The mixture was concentrated under reduced pressure before
purification by flash chromatography (1:5 MeOH/DCM) to give the title
compound (2.618 g, 55%) as a light brown powder; H NMR (500 MHz,
CD30D): § 4.82 (d, J = 4.0 Hz, 1H), 3.98 (m, 1H), 3.91 (dd, J =13.5, 4.5
Hz, 1H), 3.79 (m, 2H), 3.66 (m, 2H), 3.61 (m, 2H), 3.37 (m, 1H), 3.31 (t,
J=2.1Hz, 1H), 2.01 (s, 3H); 13C NMR (126 MHz, CD3OD): § 172, 97.8,
72.6,71.7,68.4,60.9,54.2, 47.5, 29.9, 21.0. Data are in agreement with
that previously reported [44].

2.2.13. Synthesis of 1-(2-azidoethyl)-2-acetamido-2-deoxy-a-p-
glucopyranoside

To a solution of 1-(2-bromoethyl)-2-acetamido-2-deoxy-a-p-gluco-
pyranoside (2.13 g, 6.10 mmol) in acetone/H50 (1:1 v/v, 20 mL) was
added sodium azide (2.379 g, 36.60 mmol) and tetrabutylammonium
iodide (2.275 g, 6.16 mmol) under argon. The mixture was then stirred
at 60 °C for 24 h, before being concentrated under reduced pressure and
purified by flash chromatography (1:5 v/v MeOH/DCM) to give the title
compound (0.956 g, quant.) as an amorphous yellow foam; ‘H NMR
(400 MHz, CD30D): 6 4.88 (d, J = 3.6 Hz, 1H), 3.91 (m, 2H), 3.84 (dd, J
=11.9, 2.5 Hz, 1H), 3.73 (m, 2H), 3.63 (m, 2H) 3.44 (m, 2H), 3.33 (m,
1H), 2.01 (s, 3H); '>C NMR (101 MHz, MDs30D): 6 172.37,97.42, 72.51,
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71.35, 70.73, 66.51, 61.29, 53.85, 50.42, 21.79. Data are in agreement
with that previously reported [44].

2.2.14. Synthesis of 1-(2-aminoethyl)-2-acetamido-2-deoxy-a-p-
glucopyranoside (8)

To a solution of 1-(2-azidoethyl)-2-acetamido-2-deoxy-a-p-gluco-
pyranoside (0.63 g, 2.17 mmol) in methanol was added Pd/C (63 mg,
10% w/w) in methanol (15 mL) under argon. The solution was bubbled
with Hy gas from a balloon with stirring for 24 h. The mixture was then
filtered through a celite bed and washed with cold methanol before
being concentrated under reduced pressure. The crude material was a
light-yellow foam (0.4979 g, 87%) and was used without further puri-
fication. vy (film)/cm ™! 3287, 2905, 1688, 1615, 1594, 1333, 1209,
1029; 'H NMR (400 MHz, CD30D): 6 4.79 (d, J = 3.6 Hz), 3.96 (m, 2H),
3.85(dd, J =11.8, 2.3, 1H), 3.74 (m, 2H), 3.65 (m, 2H), 3.39 (m, 2H),
2.89 (m, 1H), 2.02 (s, 3H); 13C NMR (101 MHz, CD30D): 6 172.3, 97.5,
72.5, 71.6, 70.9, 68.5, 61.3, 53.9, 40.6, 21.3; HRMS (ESI) 287.12165
([M + Na]™), caled. for C19HpoN2NaO¢ 287.12136.

2.2.15. Synthesis of 1-[benzyl [6-(2'-aminoethllyl-3,4-dioxo-1-cyclobuten-
1-yDaminohexanoate] ]-2-acetamido-2-deoxy-a-p-glucopyranoside (9)

To a solution of benzyl 6-[(2-ethoxy-3,4-dioxo-1-cyclobuten-1-yl)
amino]hexanoate 2 (0.819 g, 2.075 mmol) in ethanol (10 mL) was
added 1-(2-aminoethyl)-2-acetamido-2-deoxy-a-p-glucopyranoside 8
(0.498 g, 1.89 mmol) with stirring at room temperature. After 15 min,
DIPEA (5.657 mmol, 0.571 mL) was added and the solution was left
stirring for 48 h after which it had formed a thick white precipitate. The
mixture was concentrated under reduced pressure and the impurities
were decanted with ethyl acetate to yield the title compound (0.773 g,
73%) as a colourless foam; vmay (film)/cm™! 3333, 2929, 1727, 1660,
1605, 1554 1310, 1133, 1048; 'H NMR (500 MHz, DMSO-dg): 5 7.44 (d,
J = 8.6 Hz, 1H), 7.35 (m, 5H) 5.09 (s, 2H), 5.00 (d, J = 5.3 Hz, 1H) 4.77
(d, J = 5.5 Hz, 1H), 4.67 (d, J = 3.6 Hz, 1H), 4.53 (t, J = 5.9 Hz, 1H),
3.65 (m, 4H), 3.47 (m, 4H), 3.16 (dd, J = 9.9, 4.3 Hz, 1H), 2.37 (t, J =
7.4 Hz, 2H), 1.84 (s, 3H), 1.55 (m, 4H), 1.31 (m, 2H); 13¢ NMR (126
MHz, DMSO-dg): 6 183, 183, 173, 170, 168, 168, 137, 129, 128, 128,
97.9, 73.4, 71.3, 71.1, 67.7, 65.8, 61.2, 54.0, 49.1, 43.6, 43.5, 33.8,
30.9, 25.8, 24.5, 23.3, 20.9; HRMS (ESI) 586.23742 ([M + Nal™), calcd.
for CyyH3,N3NaO7, 586.23712.

2.2.16. Synthesis of 1-[6-(2'-aminoethyl-3,4-dioxo-1-cyclobuten-1-yl)
aminohexanoic acid]-2-acetamido-2-deoxy-a-p-glucopyranoside (10)

To a solution of 1-[benzyl [6-(2-aminoethy1-3,4-dioxo-1-cyclobuten-
1-yl)aminohexanoate]]-2-acetamido-2-deoxy-a-p-glucopyranoside 9
(0.725 g, 1.29 mmol) in methanol was added Pd/C (0.0725 g, 10% w/w)
in methanol (15 mL) under argon. The solution was bubbled with H, gas
from a balloon with stirring for 24 h. The mixture was then filtered
through a celite bed and washed with cold methanol before being
concentrated under reduced pressure. The crude material was a pale-
yellow foam (0.533 g, 88%) and was used as such without further pu-
rification. vmax (ﬁlm)/cm71 3246, 2932, 1650, 1588, 1535, 1431, 1342,
1122,1022; HNMR (500 MHz, CD30D): § 4.80 (d, J = 3.5 Hz, 1H), 3.92
(dd, J = 10.5, 3.6 Hz, 1H), 3.83 (m, 3H), 3.65 (m, 7H), 2.30 (t, J = 7.4
Hz, 2H), 2.02 (s, 3H), 1.64 (m, 4H), 1.43 (m, 2H); 13C NMR (126 MHz,
CD3OD): 6 181.62, 181.46, 185.68, 171.77, 167.66, 167.51, 96.87,
72.08, 70.89, 70.09, 66.72, 60.66, 53.12, 43.34, 42.99, 32.91, 29.81,
24.96, 23.63, 20.90; HRMS (ESI) 496.19034 ([M + Na]™), calcd. for
CaoH31N3NaO7, 496.19017.

2.3. Solid-phase synthesis protocol (100 umol scale)
Solid-phase synthesis of peptide and glycopeptide were carried out

manually in disposable Torviq polypropylene syringes equipped with
Teflon sinter.
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2.3.1. Loading of amino acid onto Rink amide (RAM) resin (100 umol
scale)

SPPS was conducted using established protocols [45]. Rink amide
(RAM) resin (0.41 mmol/g loading, 244 mg, 0.1 mmol) was swollen in
dry DMF (3 mL) for 5 min at room temperature before being treated with
piperidine in DMF (4 mL, 10% v/v) solution and shaken for 5 min at
room temperature. The procedure was repeated with a fresh portion of
deprotection mixture, after which the resin was washed with DMF (5 x
5mL), DCM (5 x 2 mL) and then DMF (5 x 2 mL). After, a solution of the
Fmoc-protected amino acid (400 umol, 4 equiv.), PyBOP (400 pmol, 4
equiv.) and NMM (800 pmol, 8 equiv.) in DMF (1 mL) was mixed with
the resin and shaken for 1 h. After, the resin was washed with DMF (5 x
2mL), DCM (5 x 2 mL) and then DMF (5 x 2 mL). Each desired sequence
was then assembled manually following the general procedure.

2.3.2. Determination of resin loading

A solution of piperidine in DMF (4 mL, 10% v/v) was added to the
resin, which was shaken for 3 min and procedure repeated. The drained
Fmoc deprotection solution was retained in a 10 mL volumetric flask and
the resin washed with fresh pieridine in DMF (10% v/v) such that the
total volume did not exceed 10 mL. The efficiency of the initial loading
was quantitatively determined by measurement of the dibenzofulvene-
piperidine adduct using Varian Cary 4000 UV-Vis spectrophotometer
(A = 301 nm). Amino acid loading onto the resin was quantitative. The
resin was subsequently washed with DMF (10 x 5 mL), DCM (10 x 5
mL), and DMF (10 x 5 mL).

2.3.3. Capping
Acetic anhydride/pyridine (1:9 v/v, 2 mL) was added to the resin

and shaken. After 3 min the resin was washed with DMF (5 x 5 mL),
DCM (5 x 5 mL) and DMF (5 x 5 mL).

2.3.4. Fmoc deprotection

The resin was treated with a solution of piperidine in DMF (4 mL,
10% v/v) and shaken for 3 min. at rt. The procedure was repeated with a
fresh portion of deprotection mixture after which the resin was washed
with DMF (5 x 5 mL), DCM (5 x 5 mL), and DMF (5 x 5 mL).

2.3.5. Amino acid coupling

A solution of protected amino acid (4 equiv), benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) (416 mg,
0.8 mmol, 4 equiv), and N-methylmorpholine (NMM) (176 pL, 1.6
mmol, 8 equiv) in DMF (2.5 mL) was added to the resin and shaken.
After 1 h the resin was washed with DMF (5 x 5 mL), DCM (5 x 5 mL),
and DMF (5 x 5 mL).

2.3.6. Resin cleavage

The resin was treated with a solution of TFA/TIS/H50 (90:5:5, 1 mL)
and was shaken for 2 h at room temperature. After, the resin was washed
with TFA (2 x 2 mL) and the resultant mixture was blow dried with
nitrogen, redissolved in a mixture of HoO/MeCN (1:1, 1 mL), and finally
lyophilised affording a free flowing, crude mixture. This was then
redissolved in HyO (3 mL), filtered, and analysed by LCMS to provide a
trace for preparative RP-HPLC of the filtered mixture.

2.3.7. Squaramide-linked uridine-peptide conjugate assembly protocol
Following the general Fmoc-strategy procedure outlined prior, the
appropriate resin-bound sequence was subject to a final Fmoc depro-
tection step. Following washing, the resin was treated with a coupling
solution comprised of the squaramide-linked derivative 6 (0.0221 g,
45.0 umol, 1.5 equiv.), coupling reagent HATU (0.024 g, 120 umol, 4
equiv.) and NMM (240 umol, 8 equiv.) in DMF (1 mL) and shaken for 24
h at room temperature. After, the resin was washed with DMF (5 x 2
mL), DCM (5 x 2 mL) and then DMF (5 x 2 mL). An in situ resin cleavage
was conducted and the contents of the mixture were identified. After,
the cleavage procedure was conducted on a large scale, the resultant
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solid was purified by preparative RP-HPLC.

2.3.8. Squaramide-linked GIcNAc-peptide conjugate assembly protocol

Following the general Fmoc-strategy procedure outlined prior, the
appropriate resin-bound sequence was subject to a final Fmoc depro-
tection step. Following washing, the resin was treated with a coupling
solution comprised of the squaramide-linked derivative 10 (0.0284 g,
60.0 umol, 2 equiv.), coupling reagent HATU (0.024 g, 120 umol, 4
equiv.) and NMM (240 umol, 8 equiv.) in DMF (1 mL) and shaken for 24
h at room temperature. After, the resin was washed with DMF (5 x 2
mL), DCM (5 x 2 mL) and then DMF (5 x 2 mL). An in situ resin cleavage
was conducted and the contents of the mixture were identified. After,
the cleavage procedure was conducted on a large scale, the resultant
solid was purified by preparative RP-HPLC.

2.3.9. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Ile-Pro-Val-Ser-Arg-Ala-Glu-Lys-NH, (22)

Resin-bound peptide (Fmoc-Ala-Ile-Pro-Val-Ser-Arg-Ala-Glu-Lys)
(30.0 umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (19.4 mg, 46%).
LCMS: R; = 11 min (0-50% over 30 min); HRMS: (ESI) 702.36725 ([M +
2H]%"), caled. for C1H1goN15033 702.36752.

2.3.10. Synthesis of 6-[(2-(5'-amino-5"-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Arg-
Ile-Pro-Val-Ser-Arg-Ala-Glu-Lys-NHz (23)

Resin-bound peptide (Fmoc-Arg-Ile-Pro-Val-Ser-Arg-Ala-Glu-Lys)
(30.0 umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (16.6 mg, 37%).
LCMS: R; = 9 min (0-50% over 30 min); HRMS: (ESI) 744.89969 ([M +
2H]%"), caled. for Ce4H1g7N21 03¢ 744.89951.

2.3.11. Synthesis of 6-[(2-(5'-amino-5'-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Leu-Pro-Val-Ser-Arg-Ala-Glu-Lys-NH (24)

Resin-bound peptide (Fmoc-Ala-Leu-Pro-Val-Ser-Arg-Ala-Glu-Lys)
(30.0 umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (12.7 mg, 30%).
LCMS: Ry = 11 min (0-50% over 30 min); HRMS: (ESI) 702.36768 ([M +
2H]?"), calcd. for CsyH00N180%5 702.36752.

2.3.12. Synthesis of (6-[(2-(5'-amino-5"-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Ile-Pro-Val-Ser-Lys-Ala-Glu-Lys-NH3 (25)

Resin-bound peptide (Fmoc-Ala-Ile-Pro-Val-Ser-Lys-Ala-Glu-Lys)
(30.0 pumol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (3.30 mg, 8%).
LCMS: R;= 10 min (0-50% over 30 min); HRMS: (ESI) 688.36499 ([M +
2H]%"), caled. for CeH1goN15031 688.36444.

2.3.13. Synthesis of (6-[(2-(5'-amino-5'"-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Ile-Pro-Val-Ser-Arg-Ala-Asp-Lys-NH, (26)

Resin-bound peptide (Fmoc-Ala-Ile-Pro-Val-Ser-Arg-Ala-Asp-Lys)
(30.0 umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
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lyophilised to give the title compound as a white solid (14.5 mg, 35%).
LCMS: R; = 11 min (0-50% over 30 min); HRMS: (ESI) 695.35999 ([M +
2H]%"), caled. for CoHogN1503¢ 695.35969.

2.3.14. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2,3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Ile-Pro-Val-Ser-Arg-Pro-Glu-Lys-NH3 (27)

Resin-bound peptide (Fmoc-Ala-Ile-Pro-Val-Ser-Arg-Pro-Glu-Lys)
(30.0 umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (10.9 mg, 25%).
LCMS: R; = 11 min (0-50% over 30 min); HRMS: (ESI) 715.37545 ([M +
2H]*"), caled. for Ce3H102N1503¢ 715.37534.

2.3.15. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Arg-
Ile-Pro-Val-Ser-Arg-Pro-Glu-Lys-NH> (28)

Resin-bound peptide (Fmoc-Arg-Ile-Pro-Val-Ser-Arg-Pro-Glu-Lys)
(30.0 pmol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (8.20 mg, 18%).
LCMS: R; = 9 min (0-50% over 30 min); HRMS: (ESI) 757.90768 ([M +
2H]%"), caled. for CegH199N21035 757.90734.

2.3.16. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2',3'-0O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Pro-Pro-Val-Ser-Arg-Pro-Glu-Lys-NH (29)

Resin-bound peptide (Fmoc-Ala-Pro-Pro-Val-Ser-Arg-Pro-Glu-Lys)
(30.0 umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (11.4 mg, 27%).
LCMS: R; = 9 min (0-50% over 30 min); HRMS: (ESI) 707.35999 ([M +
2H]?"), caled. for CoHogN15035 707.35969.

2.3.17. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyl)-Ala-
Ile-Pro-Pro-Ser-Pro-Pro-Glu-Lys-NH, (30)

Resin-bound peptide (Fmoc-Ala-Ile-Pro-Pro-Ser-Pro-Pro-Glu-Lys)
(30.0 pmol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (2.70 mg, 7%).
LCMS: R; = 12 min (0-50% over 30 min); HRMS: (ESI) 684.84416 ([M +
2H]?"), calcd. for CeaHosN1503) 684.84334.

2.3.18. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2,3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyD)-Val-
Pro-Thr-Val-Ser-Thr-Ala-NH> (31)

Resin-bound peptide (Fmoc-Val-Pro-Thr-Val-Ser-Thr-Ala) (30.0
umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (21.4 mg, 64%).
LCMS: R; = 15 min (0-50% over 30 min); HRMS: (ESI) 1129.51375 ([M
+ Na]™), caled. for C4gH74N12NaO7g 1129.51362.

2.3.19. Synthesis of (6-[(2-(5'-amino-5'-deoxy-2',3'-O-
isopropylideneuridine)-3,4-dioxo-1-cyclobuten-1-yl)amino]hexanoyD-Ala-
Val-Pro-Ser-Thr-Ala-Ser-Thr-NH, (32)

Resin-bound peptide (Fmoc-Ala-Val-Pro-Ser-Thr-Ala-Ser-Thr) (30.0
umol) was reacted with squaramide-linked uridine derivative 6
following the general squaramide-linked uridine-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
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lyophilised to give the title compound as a white solid (8.70 mg, 23%).
LCMS: R; = 15 min (0-50% over 30 min); HRMS: (ESI) 655.28614 ([M +
2Na]?"), caled. for Cs4HgsN14Naz031 655.28599.

2.3.20. Synthesis of 1-[6(2'-aminoethoxy-3,4-dioxo-1-cyclobuten-1-yl)
aminoJhexanoyl)-Val-Thr-Pro-Val-Ser-Thr-Ala-NHz]-2-acetamido-2-
deoxy-a-p-glucopyranoside (33)

Resin-bound peptide (Fmoc-Val-Thr-Pro-Val-Ser-Thr-Ala) (20.0
umol) was reacted with squaramide-linked GlcNAc derivative 10
following the general squaramide-linked GlcNAc-peptide conjugate as-
sembly protocol outlined prior, purified by preparative RP-HPLC and
lyophilised to give the title compound as a white solid (3.30 mg, 13%).
LCMS: R = 15 min (0-50% over 30 min); HRMS: (ESI) 586.77420 ([M +
2Na]*"), caled. for C49Hg1N11Na 07§ 586.77473.

2.4. Radioactive hOGT assay

Radioactive hOGT assay was performed using recombinant nup62-
MBP fusion construct as the protein acceptor and [®H]-UDP-GlcNAc
(Specific activity 0.4 Ci/mmol) in 20 pM total UDP-GlcNAc, 17 uM
nup62, 500 nM hOGT, 12.5 mM MgCl, and 20 uM inhibitor or PBS [46].
The reactions were performed in duplicate and were incubated at 37 °C
for 2 h. 20 L of each reaction was then applied to 1.5 x 3 cm strips of
nitrocellulose membrane and allowed to air dry. The membranes were
added to scintillation vials and washed three times with 3 mL PBS.4 mL
of scintillation fluid (Amersham) was added, and the levels of tritium
were quantified in disintegrations per minute (dpm) using a liquid
scintillation counter (Beckman LS6000). Inhibition was measured as a
percentage of relative OGT activity in the absence of inhibitor.

2.5. Molecular modelling

The crystal structure of hOGT in complex with UDP-GlcNAc [22] was
retrieved from Protein Data Bank (PDB code: 4GZ5) and processed by
Maestro 11 (Schrodinger, LLC) using default settings. All water mole-
cules in the crystal structures were removed, and only chain A was
retained to serve as the receptor molecule in subsequent molecular
docking. Structures of ligands in SMILES format were also processed
using the LigPrep panel of Maestro 11 (Schrodinger, LLC) with default
parameters, and the resulting structures were used as ligands for mo-
lecular docking. Induced Fit docking (IFD) [47] that utilizes both Glide
[48,49] and Prime refinement [50] functions was performed for all li-
gands. The grid box was centred on the UDP-GlcNAc of the original
crystal structure, which was removed prior to docking. The grid box size
was set to 46 x 46 x 46 A, the largest value possible in the graphic user
interface of IFD. Other settings were kept as default. The top-ranking
docked pose for each ligand was extracted for analyses.

a-d
NH,(CH,)5CO,H
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3. Results and discussion
3.1. Synthesis

To generate the bisubstrate conjugates, three key precursors building
blocks were synthesised, the donor analogue, acceptor analogue, and
squaramide tether. An extended aliphatic tether unit was employed to
provide the inhibitors with flexibility within the active site. The tether
was generated from commercially available 6-aminocaproic acid across
five high-yielding steps to produce reactive squaramate 2, depicted in
Scheme 1. Two donor substrate analogues were studied. Uridine was
employed as donor substrate analogue, due to its high affinity for OGT.
Briefly, commercially available uridine 3 was protected with 2/,3'-iso-
propylidene to allow chemoselective targeting of 5'-hydroxyl. Across
three steps, 5'-aminouridine derivative 4 was generated and coupled
with squaramate 2 to give squaramide 5. Finally, base-catalysed hy-
drolysis of benzyl ester afforded building block 6.

As GlcNAc has been shown to play a mechanistic role in its own
catalytic transfer via UDP-GlcNAc, it was also employed as a candidate
donor analogue. Modification of GlcNAc was conducted at the anomeric
carbon to mirror the native substrate, as depicted in Scheme 2. The
precise conformation of the sugar unit plays a significant role in catal-
ysis. Since GlcNAc exists exclusively in the a-anomer prior to glycosyl-
transfer when complexed with UDP, synthesis of the functionalised
a-glycoside was pursued. Condensation of GlcNAc (7) with 2-bromoe-
thanol yielded the anomer with a 2:1 preference. Initial attempts to
produce the building block through installing and conserving 3-, 4- and
6- O-acyl groups failed and partial deacetylated intermediates isolated
due to basic conditions required in the subsequent coupling steps with
squaramate 2. Synthesis moved forward without acetylation, and
although purification and characterisation became more challenging,
yields were not compromised. Commercially available GlcNAc was
reacted with bromoethanol to produce only the a-anomer of 2'-bro-
moethoxy-2-acetamido-2-deoxy-a-p-glucopyranoside. The latter was
transferred to the 2'-azido derivative, which was subsequently reduced
to key intermediate 2-aminoethoxy glucopyranoside 8. Coupling of 8
with squaramate 2 produced 9 before hydrogenolysis yielded building
block 10. With all building blocks in hand, design and synthesis of the
acceptor substrate analogues was conducted.

A limited number of sites of protein O-GlcNAcylation have been
mapped. Of those, two well-characterised, high-affinity acceptor sub-
strates were selected, i) an a-A crystallin derived peptide (H-Ala-Ile-Pro-
Val-Ser-Arg-Glu-Glu-Lys-OH) and ii) the hOGT sequon-derived acceptor
substrate Ac-Val-Thr-Pro-Val-Ser-Thr-Ala-NH,. Both sequences have
been studied in this context [26,51,53], their structural conformations
and binding interactions with OGT are understood. From these se-
quences, panels of acceptor substrate analogues containing varying
substitutions with various amino acids were designed. Manipulation of

(0] o]

H

BnOYV\/\N OEt
H

5R = CH,Ph .
i
er=n ]

Scheme 1. Synthesis of uridyl-squaramide donor substrate analogue 6. Reagents and conditions: (a) Boc,O, NaOH, 1:2 v/v H,O/dioxane, quant.; (b) BnOH, EDC,
DMAP, CH,Cl,, quant.; (c) 1:2 v/v CF3CO,H/CH,Cl, quant.; (d) 2, DIPEA, EtOH, 96%; (e) DMP, p-TSA, acetone, 90%; (f) p-TsCl, DMAP, pyridine, 77%; (g) NaNs,
DMF, 97%; (h) Hj, Pd/C (10 wt%) MeOH, 95% (crude); (i) DIPEA, EtOH, 87%; (j) 1 M NaOH, MeOH, quant.
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Scheme 2. Synthesis of GlcNAc-squaramide donor substrate analogue 10. Reagents and conditions: (a) 2-bromoethanol, AcCl, 55%; (b) NaN3, (Bu)4NI, 1:1 v/v H,O/
acetone, quant.; (c) Hp, Pd/C (10 wt%), MeOH, 87%; (d) 2, Et3N, EtOH, 73%; (e) H,, Pd/C (20 wt%), MeOH, 88%.

the a-A crystallin sequence via E7A substitution at the + 2 subsite pro-
duces an acceptor substrate with five-fold affinity increase for OGT [47].
Similarly, A1R substitution at the —4 subsite is suggested to double the
activity of the a-A crystallin derived sequence [51]. The effect of
increasing stabilisation of the engaged O subsite was attempted via
incorporation of proline substitutions [52] at nearby, reportedly
substitution-tolerant sites [53]. The ‘Pro-Val-Ser’ (PVS) motif is
conserved among the sequences here, as there is a highly conserved
‘PvS’ motif, thought to be key to OGT’s sequence recognition, that exists
across the ~ 50 mapped acceptor sites. Further isosteric substitutions
afforded a panel of a-A crystallin derived acceptor substrate analogues.

The acceptor substrates were synthesised using N-fluorenylmethox-
ycarbonyl based solid-phase peptide synthesis (Fmoc-SPPS) using Rink
amide (AM) resin and commercially available amino acids and reagents
as depicted in Scheme 3. Rink amide resin was used to yield neutrally
charged C-terminal carboxamides. Analysis was conducted upon
analytical scale aliquots of released crude peptide material to confirm
successful construction of the acceptor substrate analogues. Assembly of
the peptide-conjugates was conducted on the solid-phase, initiated by
removal of peptides N-terminal Fmoc group, followed by coupling with
the appropriate donor substrate analogue building block 6 or 10. Re-
actions were conducted using 1-2 equiv. of donor substrate along with
4M equiv. of 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-

a
FmocHN—O —— > FmocHN— Peptide

Rink Amide

AM resin 11-21

b

O
(0]
R\/\/\)J\
H— Peptide
NH,

22-33

(@) @) (0]
Hooon

tetramethyluronium hexafluorophosphate (HATU) coupling reagent
over 24 h. The conjugates were then released from the solid support
under acidic conditions where hydrolysis of the 2’,3'-isopropylidene
protecting group took place in tandem. The compounds were isolated
using reverse phase high-performance liquid chromatography (HPLC),
their identities and purity were verified using analytical HPLC and high-
resolution mass spectrometry (HRMS).

The inhibitory activities of the bisubstrate analogue inhibitors were
examined at 20 pM concentration using radioactive hOGT assay using
recombinant nup62-MBP fusion construct as the protein acceptor and
[*H]-UDP-GIcNAc in UDP-GlcNAc as competitive donor substrate. In-
hibition was measured as a percentage of relative OGT activity in
absence of an inhibitor (taken as 100). The data suggests a number of the
compounds were able to inhibit hOGT activity. The most effective in-
hibitors here were found to be bear analogues of the a-A crystallin
derived sequence rather than vTPVSTA. Indeed, conjugate 31 bearing
the VTPVSTA sequence did not display significant inhibitory effects
under these conditions. The most pronounced inhibitory effects were
displayed by 23 and 26, inhibiting OGT activity by ~40%. Conjugate
33, derived from modifying GlcNAc, seemed to display some activity,
however the results were inconclusive. GlcNAc-based bisubstrate in-
hibitors have not yet been investigated for use against OGT.

In pursuit of a better understanding of the interactions of bisubstrate

o)

Scheme 3. Synthesis of a panel of novel bisubstrate
analogue inhibitors (22-33). Reagents and condi-
tions: (a) Fmoc-SPPS 1. Fmoc removal: 10% v/v
piperidine/DMF, 2. Amino acid coupling: Fmoc-Xaa-
OH (4 equiv.), PyBOP (4 equiv.), NMM (8 equiv.),
DMF, 3. Capping: 10% v/v AcyO/pyridine; (b) 1.
Fmoc removal: 10% v/v piperidine/DMF, 2. Donor
analogue coupling: one of 6 or 10 (1-2 equiv.), HATU
(4 equiv.), NMM (8 equiv.), DMF, 3. Resin cleavage:
90:5:5 CF3CO,H/TIS/H,0, Et,0 wash, 4. Purification
by RP-HPLC.

HN—)

Peptide =
22: AIPVSRAEK 28: RIPVSRPEK
23: RIPVSRAEK 29: APPVSRPEK
24: ALPVSRAEK 30: AIPPSPPEK
25: AIPVSKAEK 31: VTPVSTA
26: AIPVSRADK 32: AVPVSTAST

NH HN
R =
27: AIPVSRPEK
OH OH
OH
HO o}
HO 0 o
R= AcHN j;/[ Peptide = 33: VTIPVSTA
O\/\
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analogue inhibitors with hOGT protein, molecular docking was per-
formed using a representative molecular scaffold. The uridine-squar-
amide-N-pentane 34 fragment molecule (Fig. 4A) was first docked into
the active site of hOGT (PDB 4GZ5) [22] (Fig. 4B). The docked pose of
this structure exhibited good overlap with the natural ligand UDP-
GlcNAc. Notably, the uracil ring was found to participate in similar
stabilising hydrogen-bonding interaction with the backbone nitrogen of
Ala-896 to that of the substrate. One of the amide oxygens on the
squaramide moiety was engaged in polar interactions with the zeta ni-
trogen (NC) of Lys-842, similar to the ionic interactions between the beta
phosphate of UDP-GIcNAc and N¢ of Lys-842. On the other hand, the
other squaramide oxygen is accepting a hydrogen bond from the back-
bone nitrogen of GIn-839, while the alpha phosphate of substrate ac-
cepts a hydrogen bond from the epsilon nitrogen (Ne) of GIn-839. These
observations suggest that the bioisoteric squaramide indeed mimics
pyrophosphate interactions with hOGT. Besides, the pentane linker is
suggested to coil into part of the space occupied by the GlcNAc unit of

A.

NH,
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the native substrate.

We then attempted to dock bisubstrate analogue 22. Unlike 34, this
compound could not be docked into the same active site as UDP-GlcNAc.
Instead, its docked pose lies on top of the UDP-GlcNAc site (Fig. 4C), in a
similar position to a 14-meric peptide substrate previously studied [18]
although their structural overlap is relatively poor. We reasoned, the
lack of potency of these bisubstrate analogues is due to the peptide
binding in a different location that resulted into pulling the squaramide
away from its ideal UDP-GIcNAc binding site. Despite that these ana-
logues may not occupy and take advantage of the UDP-GlcNAc binding
site, they could still interrupt interactions between hOGT and the
acceptor protein/peptide.

The results of the docking simulations suggest that, although the
squaramide is a capable pyrophosphate isostere, its inclusion does not
necessarily qualify bisubstrate structures as potent inhibitors. The fact
that 22 could not be docked into the desired binding site suggests that
the bisubstrate analogues may not satisfy the structural criteria of an

Fig. 4. (A) Chemical structures of 22 and uridine-squaramide-N-pentane 34. (B) Superimposition of the docked pose of a UDP-linker structure 34 (magenta carbons
and cartoons) and a hOGT:UDP-GlcNAc structure from PDB 4GZ5 (grey carbons and cartoons). Protein structures are displayed by cartoons while ligand structures
are shown in thick sticks. Some interacting residues also labelled and shown by thin sticks. Yellow dashed lines indicate polar/ionic interactions. Other atoms are
coloured in blue (nitrogen), red (oxygen), and orange (phosphorus). (C) Superimposition of the docked pose of bisubstrate analogue 22 (yellow carbons and car-
toons), a hOGT:UDP-GlcNAc structure from PDB 4GZ5 (grey carbons and cartoons), and a hOGT:UDP-GlcNAc:peptide structure from PDB 3PE4 (green carbons and
cartoons). Protein structures are displayed by cartoons while ligand/peptide structures are shown in thick sticks. Other atoms are coloured in blue (nitrogen), red
(oxygen), orange (phosphorus), and dark yellow (sulphur). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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effective inhibitor. Indeed, this is the first study to explore the effec-
tiveness of inhibitors tethered via the acceptor substrate analogues N-
termini. Other reported bisubstrate conjugates to date have been teth-
ered to central residues of their acceptor analogue sequences via short
aliphatic linkers [30]. It is possible that the potencies of the conjugates
were impacted by their inability to adopt conformations that aligned the
donor and/or acceptor moieties with those in the Michaelis complex.
Hence, the trends in inhibition achieved upon modulating the acceptor
sequences herein may not be reflective of the effects of modulating the
acceptor sequence adopting the native conformation within the active
site. Docking with 22 suggests the inhibition could result from alterna-
tive binding modes, though supplemental evidence supporting this was
not pursued. Nevertheless, it was found that the conjugates bearing a-A
crystallin derived sequences closer to the native sequence were more
active than those heavily modified. Interestingly, the conjugate with the
sequon-derived VTPVSTA acceptor analogue (31) was not as effective at
inhibiting hOGT activity.

4. Concluding remarks

OGT inhibitors are required to better understand OGT functions. The
design of OGT inhibitors is particularly challenging due to the enzyme’s
large, hydrophilic, and promiscuous active site. Recently, the Walker
group has further explored the basic scaffold and reported the highly
active OGT inhibitor OSMI-4 (ECso ~ 3 pM in cell) although still it needs
to be evaluated for its safe application in-vitro and in-vivo [54]. In this
study, we report the first examples of functional hOGT bisubstrate in-
hibitors that feature an established bioisosteric replacement for the
problematic pyrophosphate moiety as well as in silico support for this
replacement’s applicability in design of novel OGT inhibitors. The
conjugates featured herein also represent the first examples of N-
terminally tethered hOGT bisubstrate inhibitors possessing reasonable
activity against recombinant hOGT activity. We expect that optimiza-
tion of the structure of these novel hOGT bisubstrate inhibitors will lead
to improved inhibition.
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