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Abstract

Glycosyltransferases are a notoriously difficult to inhibit superfamily of enzymes. Here we apply
an mRNA display technology integrated with genetic code reprogramming, referred to as the
RaPID (random non-standard peptides integrated discovery) system, to identify macrocyclic
peptides with high binding affinities for O-GIcNAc transferase (OGT). These macrocycles inhibit
OGT activity through an allosteric mechanism that is driven by their binding to the tetratricopeptide
repeats of OGT. Saturation mutagenesis in a maturation screen using 39 amino acids, including
22 non-canonical residues, led to an improved unnatural macrocycle that is ~40 times more potent
than the parent compound (K2 = 1.5 nM). Subsequent derivatization delivered a biotinylated
derivative that enabled one-step affinity purification of OGT from complex samples. The high
potency and novel mechanism of action of these OGT ligands should enable new approaches to

elucidate the specificity and regulation of OGT.
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Introduction

Modification of proteins with N-acetylglucosamine (GIcNAc) O-linked to the hydroxyl
groups of serine and threonine residues (O-GIcNAc) is an abundant and widely conserved post-
translational modification (PTM). Hundreds of nuclear and cytosolic proteins in mammalian cells
are modified by O-GIcNAc. The presence of this PTM on diverse proteins is consistent with its
emergence as a regulator of numerous cellular pathways ranging from transcription! and
translation?3 through to participating in cell signaling™*%. Given these molecular roles, it is
unsurprising that O-GIcNAc is implicated in a range of physiological processes ranging, for
example, from stress response!® to nutrient sensing!*’. Remarkably, the modification of proteins
with O-GIcNAc is principally controlled by just two enzymes. The glycosyltransferase O-GIcNAc
transferase (OGT) from CAZy family GT41%® uses uridine diphosphate GIcNAc (UDP-GIcNAc) as
a glycosyl donor substrate and catalyzes the transfer of GIcNAc residues to its target acceptor
proteins®. Removal of O-GIcNAc is catalyzed by the GH84! glycoside hydrolase O-GIcNAcase
(OGA), which cleaves the glycosidic bond to liberate the protein hydroxyl group!®'%. How these
enzymes are targeted to their substrates, and the means by which they are regulated, remains
poorly understood!"!l. Strikingly, modulating the action of these two enzymes has shown benefit
in neurodegenerative diseases!'>'3 and cancers!'*'®!, stimulating great interest in antagonists of
this pathway!'®'"]. Accordingly, efforts are underway to better understand the mechanisms that
govern their activity and, by extension, to identify molecules that regulate these enzymes in

unique ways that could be exploited to drive advances in this growing field.

Over the past decade, significant progress has been made in generating chemical tools
for OGA, resulting in the identification of several potent and selective inhibitors!'®'9. These
compounds have enabled advances in medical imaging and translational pre-clinical studies!?°2",
even advancing into the clinic’??. In contrast with OGA, for which potent and selective inhibitors
have advanced through pre-clinical studies and into the clinic, the discovery of inhibitors of OGT
has proven much more problematic. Rational approaches to inhibiting OGT in cells using
metabolic precursors have yielded tool compounds that are helping to elucidate the role of
OGT2324 put these compounds can influence nucleotide sugar pools and may have limited
selectivity!®. High-throughput screening (HTS) has been used to discover small molecule OGT
inhibitors with some success?>-?7], the most promising compounds being the OSMI series. These
were identified and improved by Walker and co-workers using structure-guided optimization over
several years to yield potent OGT inhibitors including the most advanced, OSMI-4 (K4 = 8 nM),

which is highly selectivel?32°. Notably, OSMI-4 and, indeed, all well-characterized inhibitors of



OGT, bind to the active site of the enzyme and are competitive inhibitors that consequently impair
glycosylation of its entire set of protein substrates. We reasoned, given the limited chemical matter
arising from HTS, that using alternative screening approaches could deliver promising new
ligands. In addition, ligands binding outside the active site might serve as useful orthogonal

chemical tools that could be used to help address questions about the biological roles of OGT.

OGT possesses a complex dimeric structure (Figure 1A and 1B) comprising a C-terminal
catalytic section, appended to an N-terminal region of 13.5 tetratricopeptide repeats (TPRs)3031,
This TPR domain is known to play a role in dimerization®? as well as binding to protein substrates
within its superhelical groovel®3l. Accordingly, we reasoned that ligands binding to this part of OGT
could exhibit properties distinguishing them from more common competitive inhibitors. Given that
OGT binds peptide substrates both within the active site and TPR domain, we speculated that a
peptide display strategy might be an efficient route to discovering high affinity ligands for OGT,
some of which might act as inhibitors. Among the various display methods that are known4,
random non-standard peptides integrated discovery (RaPID) holds particular appeal®®. This
mMRNA display system relies on the spontaneous reaction between an N-chloroacetylated initiator
residue and a downstream cysteine residue of the nascent peptide chain to generate thioether-
cyclized macrocycles (Figure 1C). Notably, RaPID also allows incorporation of non-natural amino
acids, which are installed by adding the corresponding aminoacylated tRNAs to the in vitro
translation reaction. These aminoacylated tRNAs are readily prepared using ‘flexizymes’, which
are ribozyme catalysts®®l. This system permits the generation of diverse libraries of cyclic
peptides, that can contain both canonical and non-canonical residues, which are covalently linked
to mRNA/cDNA heteroduplexes that encode the peptide sequence. The speed and high
sequence diversity (>10'?) of the RaPID display approach, coupled with next-generation DNA
sequencing, has led to the discovery of potent macrocyclic peptides binding to a variety of targets
through affinity selection® 3%,  Though not having been previously applied to
glycosyltransferases, we reasoned that RaPID could deliver high affinity ligands of OGT that might

possess unique properties.

Here we report the discovery of potent macrocyclic peptides that bind the N-terminal TPR
domain of OGT. We made the surprising observation that this series of compounds, which have
low nanomolar affinity for OGT, inhibit the catalytic activity of this enzyme through an
unprecedented allosteric mechanism. Follow-on saturation mutagenesis experiments that
incorporated non-natural amino acids yielded macrocycles with even greater potency. Insertion

of reactive functionalities into these high affinity macrocycles, followed by their subsequent



derivatization, afforded a biotinylated macrocyclic probe that allowed simple one-step affinity
purification of OGT. These macrocyclic allosteric inhibitors represent unique chemical matter that
can be exploited to create a range of chemical tools that will provide critical insight into the

structure and function of OGT.
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Figure 1. Discovery of macrocyclic peptides that bind O-GIcNAc transferase (OGT). A, Cryo-
electron microscopy model of OGT, which forms a dimer and consists of an N-terminal
superhelical TPR domain (green) and C-terminal catalytic sections (blue and red) with the
intervening domain (yellow). B, Cartoon representation of the domain architecture of OGT with
the same colour scheme as in A. C, Schematic outline of the random non-standard peptides
integrated discovery (RaPID) mRNA display platform, permitting in situ generation of genetically
encoded thioether-linked macrocycles. D, Sequences of enriched peptide binders of OGT
identified through RaPID and corresponding ICsy values measured using recombinant ncOGT
using a fluorescent activity assay.

Results and Discussion

To identify potential peptide ligands for OGT, we used the RaPID system to perform an
affinity selection against recombinant OGT bearing an N-terminal Hise tag (Figure 1C). We
designed the RaPID library so that between seven and twelve random natural amino acids were

situated between a fixed C-terminal cysteine residue and a fixed N-terminal N-chloroacetyl-



tyrosine initiator residue, which react together and lead to cyclization of the translated peptide
library. We performed two selection campaigns: one incorporating an initiator residue with L-
chirality and one incorporating an initiator residue with D-chirality. Five rounds of selection were
performed to enrich for sequences that displayed high binding affinity towards OGT. After these
selections, we decoded the sequences of the enriched peptide binders using next generation
sequencing of the attached cDNA barcodes and ranked the sequences according to their
observed frequency within the sequencing data (Figure S1). The increasing level of library
enrichment over successive rounds of selections and grouping of the final sequences into several
distinct families (Figure S1) strongly suggested that the selection succeeded in delivering high
affinity ligands of OGT.

Based on these data, we synthesized and characterized 11 of the top ranked peptides
(Figures S1, S2, and S3), encompassing both the L- and D-selections, for confirmation of binding
using OGT bioassays. In choosing the sequences to synthesize, we endeavored to select at least
one peptide from each distinct sequence family. Determination of the structure of peptide L1,
which contains multiple cysteine residues, was performed using mass spectrometry (Figure S2).
Because we were seeking ligands with inhibitory capacity, we assessed whether the synthesized
candidate OGT ligands could inhibit the glycosyltransferase activity of OGT using a robust activity
assay?®, This assay measures the transfer of a fluorescently tagged GIcNAc residue to a peptide
acceptor substrate, that interacts only with the catalytic domain. We found that seven of the
macrocycles displayed concentration-dependent inhibition of OGT, while the remaining four
macrocycles were inactive at concentrations below 100 uM (Figure 1D). This lack of inhibition
may stem from these cyclic peptides from non-inhibitory families binding to different sites. Among
the seven inhibitory peptides, L4, D3, and D4 (Figure 2A) displayed ICsy values between 60-200

nM (Figure 2B), meriting further exploration of their properties.

As noted above, we reasoned that the ligands from this display-based screening strategy
might bind to either the catalytic region or the TPR array of OGT. To determine which region these
ligands were binding, we examined whether L4, D3, and D4 retained inhibitory potency when
tested against a truncated construct of OGT having a shortened N-terminal TPR array known as
OGT4.5 (Figure 1B)B". To our surprise, we found that none of these inhibitory macrocycles
showed significant inhibition of OGT4.5 at concentrations that led to inhibition of full-length OGT
(Figure S4). These observations suggested that all of these cyclic peptides were binding to the
N-terminal region of OGT comprising the first nine TPRs that are most distant from the active site.

Accordingly, these ligands would need to inhibit the glycosyltransferase activity of full-length OGT



through an allosteric mechanism. To further test this hypothesis, we determined the mode of
inhibition of the two best macrocycles (L4 and D4) toward full-length OGT (Figure 2C and 2D). As
expected, we found a pattern of kinetic data consistent with non-competitive inhibition of OGT
with respect to the UDP-GIcNAc donor substrate, supporting the idea that these macrocycles

were not inhibiting OGT by binding to the active site.

We next tested whether these macrocyclic peptides were binding directly to OGT using a
differential scanning fluorimetry (DSF)-based thermal shift assay!“’.. To gain further insight into
which domain these molecules were likely binding, we used the OGT4.5 construct as well as a
construct lacking the catalytic domain and comprising just 11.5 TPRs (TPR115 Figure 1B)2. We
examined the thermal stability of these two OGT constructs in the presence and absence of
macrocycles L4, D3, and D4. We found that each of these macrocyclic peptides, when incubated
with the TPR domain at a concentration >10-fold above their apparent K;values, resulted in a
significant positive shift in the melting temperature (Tn) of the TPR construct as compared to the
Tm observed in the absence of ligand (Figure 2E). In contrast, we observed no thermal
stabilization of the OGT4.5 construct upon incubation with these ligands (Figure S5), consistent
with our not observing any inhibition of the enzymatic activity of this construct in our assays. We
also performed isothermal titration calorimetry (ITC) as an orthogonal approach to measure direct
binding and found that macrocycle L4 bound to the TPR115 construct with a stoichiometry of ~1
and a dissociation constant (Kp) of 28 nM (Figure 2F, Figure S6). We also wondered whether the
mechanism of action was through disruption of the dimer arrangement of OGT. Size-exclusion
chromatography analysis indicates that OGT in the presence of L4 is still dimeric (Figure S7).
Taken together, the data from these assays confirm that the macrocycles bind to the TPR domain
of OGT and not the catalytic section, indicated that the inhibition of full-length OGT we observed
in our activity assay occurs through an allosteric mechanism. These macrocycles therefore
represent the first series of ligands that allosterically inhibit OGT and, to our knowledge, the first

allosteric antagonists of any glycosyltransferase.

Encouraged by the high affinity and novel mechanism of inhibition by which this series of
macrocyclic peptides were acting on OGT, we judged that enhancing their potency would be
worthwhile and could be achieved by performing deep mutational scanning using standard and
non-proteinogenic amino acids. We therefore designed a saturation mutagenesis library targeted
towards peptide D3. We selected D3 for modification because we perceived its physicochemical
properties in having just one charged amino acid residue, coupled with ease of chemical

synthesis, could make it a suitable starting point for a cell permeable derivative. Each residue of
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Figure 2. In vitro characterization of top macrocyclic peptides show potent nanomolar inhibition
towards OGT through binding of the TPR domain. A, Structures and sequences of prioritized
macrocycles identified from RaPID screening. B, Concentration-response curves showing
inhibition of OGT determined by an in vitro activity assay. Data were fitted to a normalized 4-
parameter sigmoidal inhibition curve using Graphpad Prism 8. Error bars represent S.E.M. of
triplicate measurements. C, D, Lineweaver-Burk plots of OGT activity in the presence of L4 or D4
macrocycles, revealing a non-competitive mode of inhibition. E, Thermal stability of the TPR115 in
the presence or absence of 20 uM macrocycle assessed through differential scanning fluorimetry.
Dotted grey lines indicate S.E.M of quadruplicate measurements. Melting temperatures (Tm) were
determined from the inflection point of curves obtained by fitting the data to the Boltzmann
sigmoidal function. F, Integrated heat plot from isothermal titration calorimetry of purified TPR115
binding peptide L4. Data were fitted using Malvern Origin software and plotted using Graphpad
Prism 8.

the D3 peptide sequence, except for the initiator and the terminal cysteine, was mutated to 39
other residues: each of the natural amino acids, excluding methionine and cysteine, as well as a
panel of 22 non-proteinogenic amino acids (Figure 3A). The non-proteinogenic amino acids were
introduced using a methionine codon within the mRNA library and the identity of each non-
proteinogenic amino acid was encoded, as previously reported, using unique barcoding primers
in the reverse transcription step*'. We incubated the resulting display library with immobilized

OGT under equilibrium binding conditions. The immobilized OGT was then washed under



equilibrating conditions and the bound library members were eluted from the target. Next
generation sequencing was used to evaluate the frequencies of each sequence in both the eluted
and starting libraries. We calculated a relative enrichment score (E) for each mutation, which
indicated its enrichment in the eluted library relative to the starting D3 peptide sequence. We then
converted these scores to logz(E) values and organized and presented them as a heatmap (Figure
3B, Table 1). A logz(E) value of zero indicates a mutation that is neither enriched nor depleted,
therefore indicating it had no net effect on binding affinity. A positive logz(E) value indicates a
favorable mutation (increased enrichment) and a negative value indicates an unfavorable

mutation (decreased enrichment).

Analysis of this mutational scanning data indicated that the initial sequence of D3 peptide
was already well optimized, as judged by the high proportion of negative enrichment scores of
mutations at the majority of positions along the macrocyclic scaffold (Figure 3B). The first four
residues of the N-terminal region were especially well conserved, with the exception of mutations
that encoded similar aromatic residues in place of the phenylalanine at position 2. However, we
noted that some variability was tolerated in the central region of the peptide, with some mutations
resulting in logz(E) scores > 3. Based on these results, we prioritized the targeted synthesis of 12
additional macrocycles containing single mutations that resulted in increased enrichment relative
to the D3 starting sequence. With these macrocycles in hand, we evaluated their inhibition of OGT
using our activity assay as before (Figure S8). We observed a close correlation between the
logz(E) scores of the mutant macrocycles and the corresponding ICso values (Table 1), which
supported the robustness of the saturation mutagenesis procedure. Notably, replacement of the
proline at position 9 with non-proteinogenic N-butylglycine (D3-9) or N-isopentylglycine (D3-10)
residues markedly increased the potency of inhibition from 230 nM to approximately 30 nM.
Additionally, replacement of glycine at position 7 with amino acids bearing aliphatic chains (D3-3,
D3-4) or 5-membered heterocycles (D3-5, D3-6, D3-7) resulted in modest 2- to 3-fold

improvements in potency.

We were intrigued by the significant increase in potency of D3-9 and D3-10 that resulted
from the presence of the backbone N-alkyl chains at position 7 (Figures 3A and 3B, green
shading). We surmised that these alkyl groups might be interacting with a nearby hydrophobic
pocket on the surface of OGT, affording increased binding affinity relative to the parental
macrocycle. To capitalize on this observation, we synthesized an additional small panel of
macrocycles with larger alkyl groups on the backbone nitrogen (Figure 3C). In addition, we

removed the C-terminal amide (R group in Figure 3C), which we reasoned does not make any



productive contacts with the protein because it serves as the site where the mRNA barcode is
linked. We found that the incorporation of bulkier groups at position 9 increased the potency
further to yield single digit nanomolar I1Cso values (compounds D3-13, D3-14, and D3-15). The
potency of the cyclopentyl derivative D3-15 is at least 40 times greater than that of the parent
macrocycle, highlighting the utility of saturation mutagenesis in combination with structure-based
design. To account for the tight-binding inhibition of these compounds relative to the concentration
of enzyme present, we fitted data to the equation for tight-binding inhibition derived by Morrison®?,
which yielded similar single-digit K values (Figure S9). No binding of D3-15 to OGT4.5 was
noted, consistent with these next generation macrocycles retaining the same mode of inhibition
as their parent macrocycles. These data support the feasibility of further optimization of these
ligands and define these macrocycles as among the most potent OGT ligands identified to date.
Notably, the striking potency of these inhibitors is complemented by their unique allosteric mode

of inhibition.

While D3-15 shows exceptional potency (K@® = 1.5 nM), we found no sign of OGT
inhibition upon incubation with cells. Nevertheless, spurred by the encouraging potency of these
compounds, as well as their unique mechanism of inhibition, we sought to assess whether this
macrocyclic peptide scaffold could be derivatized to incorporate a bioorthogonal functionality that
could enable rapid derivatization. Given that the C-terminal cysteine is the site where the mRNA
barcode is present within the RaPID library that is used in the selections, we hypothesized that
the peptide near this site would tolerate modifications. We therefore synthesized an analogue of
peptide D3-9 bearing a C-terminal propargylalanine residue (D3-Pra). This analogue showed no
significant difference in ICs towards OGT as compared D3 (data not shown), supporting this
region of the molecule being tolerant to modification. We subsequently used copper catalyzed
azide-alkyne click (CuAAC) chemistry to install a biotin moiety appended through a cleavable
disulfide linker (D3-16, Figure 4A). This biotinylated analogue (D3-16) also retained high affinity
for the enzyme (Figure 4B), supporting the utility of this position on the inhibitory scaffold to

generate other potential tool compounds.

We next assessed whether the biotinylated macrocycle D3-16 would be useful for affinity
purification of OGT from various samples. Chemoproteomic approaches using high affinity ligands
to enrich endogenous target proteins from tissue samples is of interest because it can allow
identification of endogenous protein modifications and binding partners. Therefore, to investigate
this, we added D3-16 to purified recombinant OGT and then subsequently added streptavidin

coated magnetic beads. After gentle washing of the beads, OGT could be readily eluted from the
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Table 1. Logz(E) enrichment values for mutant D3 peptide series obtained from site-scanning
mutagenesis and corresponding in vitro ICso values determined after synthesis of peptides.



beads through addition of 60 mM dithiothreitol (DTT), which acts to cleave the disulfide linker
connecting the biotin handle with the OGT ligand. Subsequent analysis of eluted fractions by
immunoblot indicated that OGT is effectively isolated and eluted during the pull-down experiment
(Figure 4C and 4D). Additionally, we found that the amount of OGT isolated in these experiments
was dependant on the concentration of biotinylated ligand added to the lysate and was blocked
by the addition of non-biotinylated macrocycle D3-9, which acted as a competitive control.
Together, these data indicated that the isolated OGT consisted of folded enzyme that interacted
specifically with the streptavidin matrix only in the presence of biotinylated D3-16. This probe was
similarly capable of binding and enriching OGT from a solution of 10% fetal bovine serum (FBS)
in PBS, suggesting that it retained high affinity and specificity for OGT even when using complex
protein samples. Based on these data, we expect that this tool compound will prove useful for

future chemical proteomic analyses of OGT.
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Figure 4. Biotinylated D3-16 macrocycle enables affinity purification of OGT from buffer and
serum. A, Structure of biotinylated macrocycle D3-16, synthesized from D3-9, for affinity
purification of OGT. B, D3-16 shows similar affinity for OGT compared to non-biotinylated
analogue D3-9. Inhibition of OGT was assessed using a fluorescent activity assay as previously
described. C, Representative western blot of recombinant OGT samples treated with various
concentrations of D3-16. Samples were incubated with streptavidin-coated magnetic beads,
washed, and then eluted with 60 mM DTT to cleave the linker and release bound protein from the
beads. D, Quantification of amounts of OGT isolated from samples and analyzed by western blot.
SDS-PAGE gels were loaded with a standard curve of recombinant OGT and quantified by
fluorescence intensity after blotting. Data represent mean values from three independent
experiments; error bars represent one standard deviation.
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Conclusion

The identification of inhibitors of glycosyltransferases has proved to be challenging and remains
a topic of high interest®3. Indeed, whilst few glycosyltransferase inhibitors are known,?® several
of these are peptidic in nature*+4%. Most of these inhibitors, however, exhibit modest potencies.
OGT is one of the few exceptions, for which the OSMI series of inhibitors have emerged as ligands
with unusually high potency®®. Nevertheless, all known glycosyltransferase inhibitors are, to our
best knowledge, active site directed competitive inhibitors. Given that the RaPID system has been
used to deliver ligands of various protein families, we reasoned that this selection-based display
method could quickly deliver high potency inhibitors of glycosyltransferases. We also judged that
the application of this peptide-based screen be particularly effective against OGT, especially
because the enzyme binds peptide substrates within the superhelical groove of the TPR array
that extends into the active site of the catalytic domain. Furthermore, given the ability of
macrocyclic peptides to bind diverse protein topologies, we reasoned that some resulting ligands
might be able to bind to the TPR array and, accordingly, inhibit OGT.

Using RaPID, we successfully discovered and optimized a series of high affinity thioether-
linked macrocycles that bind to the TPR domain of OGT. Notably, we show that these compounds
inhibit the catalytic activity of OGT despite not binding to the catalytic section and, as such, they
operate through an allosteric mechanism. To our knowledge, this is an unprecedented mode of
inhibition for glycosyltransferases. The dissociation and inhibition constants of the D3 series of
macrocycles place these compounds (D3-15, K#P = 1.5 nM) among the most potent inhibitors of
OGT and, indeed, of any glycosyltransferase. Moreover, the allosteric mode of inhibition of these
macrocycles confers on them attractive properties that differentiate them from competitive
inhibitorst®471. Indeed, allosteric inhibitors offer benefits over competitive inhibitors in that
inhibition is not mitigated by the accumulation of substrate, which has made them of great interest
as pharmacological agents. Notably, the RaPID system has, in some cases, previously delivered
allosteric enzyme inhibitors 8491, which suggests this platform has particular promise in furnishing
antagonists having unusual and desirable inhibitory properties. While the current generation of
macrocycles are not active within cells, enhancing the permeability of such compounds is a topic
of intense current interest. Accordingly, we anticipate that application of emerging strategies,
including promising new experimental®®5 and computational methods,®? to these series of
macrocyclic OGT inhibitors will be a productive future line of research that will ultimately deliver
selective cell active allosteric OGT inhibitors. Finally, the ability to append a biotin affinity tag to

these OGT-targeted macrocycles, without perturbing the high affinity of these compounds,

13



enables the efficient isolation of OGT samples through a simple one-step affinity purification. We
therefore expect that an important future application of these macrocycles will be to serve as
valuable tool compounds that could be used to isolate endogenous OGT from various tissues and
deliver new insights into its substrate specificity, post-translational modifications, protein

interaction network, and regulation within cells.
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Using the random non-standard peptides integrated discovery (RaPID) system led to macrocyclic peptide
ligands of O-GIcNAc transferase (OGT). The most potent of these ligands bind to the tetratricopeptide
repeat region of OGT and inhibit this enzyme in an allosteric manner, making them promising tool

compounds for studying OGT.

18



Angewandte
e rmsecnmrnons. CIEITNI@

Supporting Information

Potent de novo macrocyclic peptides that inhibit O-GIcNAc
transferase through an allosteric mechanism

Matthew G. Alteen*@ Hayden Peacock* ! Richard W. Meek, Jil A. Busmann,/¥ Sha
Zhu,® Gideon J. Davies, Hiroaki Suga, T ! and David J. Vocadlo T4

[al Department of Chemistry, Simon Fraser University, Burnaby, BC, V5A 156, Canada
bl Department of Chemistry, Graduate School of Science, The University of Tokyo, 7-3-1
Bunkyo-ku, Tokyo 113-0033, Japan

[el'York Structural Biology Laboratory, Department of Chemistry, University of York, York, YO10
5DD, UK

[ Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby, BC,
V5A 1S6, Canada

T Corresponding authors: David J. Vocadlo (dvocadlo@sfu.ca), Hiroaki Suga (hsuga@chem.s.u-

tokyo.ac.jp)

*Authors contributed equally

S1


mailto:dvocadlo@sfu.ca

SUPPLEMENTAL FIGURES

A B

Ordered of fraquancy in Ordersd of fiequancy in
enriched ibrary (1 = most frequent) enriched ibrary (1 = mast frequent)

1R 13 25 -
53 B 5 93 68
64 13 3k 22
80 = 13 46 24
23 = = Z=UAG 13 Second family 89 37

59 13 8 40
8 stop codon. o 2 65
100 13 85 32
6 B-- 13 98 55
14 26
14 38 57
13 - 1 s
13 29 71
- L 60 a4
3 4 i
13 s 34
13 74 &0
13 33 o
13 ” .
2 ég = First family 76
I . .
gé Third family 91 ;g
12 -y 6 30
I 56 53
i2 99 59
12 18 61
] s 28
14 48 15
1 97 58
14 19 72
96 54
s
~ . 14 :; 77
b= First family 14 3 5
14 51
1 =+ 1 16
i 13 27
14 63
}‘ - 2 64
99 --C 14 :Z ;?
Comsensus XIKYVE-C w2 | 5
Conservation &6 THOGEP KEA- 88 cHlT
- 17 THGORN EN.-o- " GE':IHG.M
60 [THOORN KE--- - - == Second family |, HSITGGI
23 -8-¢c
- = s -B-¢ el ST i
=+ = Macrocycles chosen for synthesis 44 B¢ Consensus Y-WYTDET-- IFS=P-C
49 -B-G 14 Canservation
67 B-c 14 L.
41 -N-C 14
‘i; = g I =+ = Macrocycles chosen for synthesis
100 -0-¢ 14 _J
C cDNA recovery after each selection round
3
25

2 /
15 / /
il -Tyr-initiated library
g D-Tyr-initiated library
1
0s / ,/

o — - . . .
R1 R2 R3 R4 R5

Selection round

cDNA recovery (% of input)

Figure S1: Sequencing results of initial RaPID screen against ncOGT. A, Enriched sequences
obtained after five rounds of selection using an N-chloroacetyl-L-tyrosine initiator library. B,
Enriched sequences obtained after five rounds of selection using an N-chloroacetyl-D-tyrosine
initiator library. The 100 most frequent sequences were ranked according to relative enrichment
and binned into families based on sequence similarity. Red arrows indicate sequences which
were selected for synthesis and confirmation using in vitro assays. C, Recovery of cDNA as a
percentage of input over each round of selection indicates significant enrichment is achieved after
five round of selection.

S2



A} Sequences: L1= CIAc-YFCPCYIKYVKPC  Z= (U/T)AG stop codon
3 57 14
L1 DNA for translation:

TAATACGACTCACTATAGG GTTAACTTTAAG AAGGAGATATACATATGITT TG TCCGT GTTAT-A'ITAAGTATGT GAAGCCTTGCTAAGACGGGGGGCGGAAA

B} Work-flow: 1. in vitro translation {20 min, 37 °C, then min, 25 °C})
2. Cyclisation (10 mM EDTA, 30 min, 37 °C)
3. Submit to reverse transcription conditions [no enzyme): 1 h, 42 °C

4. Desalting, MALDI MS and MALDI MS/MS

C} MALDI MS:
E - BT OGT_OGT_ L1 aller RT_mo DTT &£A1EMS Raw
E“ MS is consistent with: 1. Gin insertion into (U/T)AG stop codon |
B 2. Two reduced Cys residues
se |
o s sH
LK o o
sl [ TyrPho CysProCys Ty Glall Ly T Vall yProCysGlyScrGly ScrGlySor
o -
Expected: 2227.0 {M + H*)
see Found: 27272
B
i
258 ] ;
8 bkt dar S et Ak " IJJA tbocarioidoee S il Mokt
D} MALDI MS/MS:
I =t
< g bs
H 3
- 4 - .
s sy V17 ¥2
5 ‘ g ] f ¥ [y Wi
Sy Tyt CrPC T Clalleys TVl ysProCystitySerGySerGlySer OH
o 13| b4 | sl b7 [ba hmln yl
o] e | 1o
MS/MS is consistent with: Thioether to Cys3
. Confirms Cys-5/Cys-14 reduced
b3 % Parent
3
g b10
g E
) 2 g 3
21 b4 E g )
b6 b7
1]
IR A
g S =
1 f ﬁ 2 §
g 2
. _—
250 500 1260 4500 1750 2000 2500




Figure S2: Elucidation of L1 structure using MALDI mass spectrometry. A) Amino acid sequence
of L1 peptide before cyclization, and its corresponding DNA for in vitro translation with the peptide
coding region underlined (CIAc = N-chloroacetyl). B) Workflow for in vitro translation of L1 peptide
and analysis via MALDI MS. C) MALDI spectrum obtained after in vitro translation of L1 peptide
and application of reverse transcription conditions (to replicate the state of the peptide in the
finalized display library). No enzyme was added in the reverse transcription step, as this is unlikely
to affect the state of the peptide. The observed mass is consistent with the L1 sequence in which
a glutamine residue is inserted at position 7, and two reduced cysteine residues are present. D)
Result of MALDI MS/MS on the same sample as above. The fragmentation pattern is consistent
with a thioether ring to cysteine 3 (i.e. lariat geometry). The fragmentation pattern also confirms
the presence of two reduced cysteine residues.
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Figure S3: Confirmation of the sequence requirements of peptide L1 using a clone assay. A)
Workflow of the clone assay. The assay is similar to a single round of RaPID selection. However,
after preparation of the final display library, the sample is split equally between “positive” beads
(containing immobilized target protein) and “negative” beads (naked). After eluting the binders,
the amount of cDNA recovered from each condition is measured by gPCR. The positive/negative
recovery ratio is used as an indication of the target binding capability of each clone. The assay is
not fully quantitative; for the purposes of this experiment, a positive/negative ratio of > 100 is
interpreted as an indication of a target-binding clone. B) Chart of positive and negative recoveries
of clones relating to the L1 sequence, and a conclusion based on the results.
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Figure S4: 15t generation macrocycles that show the greatest potency of inhibition towards full-
length OGT do not inhibit the truncated 4.50GT construct. Assays were performed under identical
conditions and concentrations as performed for full-length enzyme, except that a final
concentration 20 nM 4.50GT was used in place of 20 nM ncOGT. Error bars represent S.E.M.

values of triplicate measurements.
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Figure S6: ITC analysis of the L4 peptide binding to the TPR11 5 construct of OGT A, Raw injection
profile. B, Titration curve with each injection used for analysis marked with a point. Titrations were
carried out at 25°C using 200 uM peptide in the injection syringe and 14.3 uM protein in the
sample cell. A series of 38, 1 uL injections were performed with 120 seconds between injections
and a stirring speed of 750 RPM. Thermodynamic parameters were calculated using a one-site
fitting model in Origin software. C, Calculated results from four independent replicates with cell
concentration varying from 14.3 uyM to 21 uM with fixed L4 peptide concentration. Values *
standard deviation.
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Figure S7: A size exclusion assay performed using full-length OGT with and without L4 peptide
shows that the L4 macrocyclic peptide does not affect OGT dimerization. The experiment was run

in duplicate.
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Figure S8: concentration-response curves and calculated ICso values for 2"-generation D3
macrocycles derived from saturation mutagenesis. Assays were performed using an in vitro OGT
activity assay as described in the general method using 2 uyM glycosyl donor, 5 pM peptide
acceptor and 20 nM ncOGT. Curves were fitted to a log(inhibitor) vs normalized response four
parameter inhibition model using GraphPad Prism 8. Data points represent mean values of four
replicates per concentration; error bars indicate S.E.M.
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Figure S9: Concentration response curves and calculated K@ values for the most potent series
of N-alkyl D3 macrocycle mutants. Inhibition data was obtained as previously described, except
that a final concentration of 5 nM ncOGT was used. Data points represent mean values of four
replicates per concentration; error bars indicate one standard deviation. K values were
obtained by fitting the data to Equation 1 for tight-binding inhibition derived by Morrison and
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Figure S$10: Complete western blot image from OGT pull-down experiment. 10 uL of sample was
loaded in each lane. Assay was performed according to the procedure described in the
Supplemental Methods section. Lane 1: Supernatant after addition of streptavidin beads to OGT
and D3-16. Lane 2: empty. Lane 3: Elution fraction after incubation with 3 nM D3-16. Lane 4:
Elution fraction after incubation with 13 nM D3-16. Lane 5: Elution fraction after incubation with
50 nM D3-16. Lane 6: Elution fraction after incubation with 200 nM D3-16. Lane 7: Elution fraction
after incubation with 500 nM D3-16. Lane 8: Elution fraction after incubation with 500 nM D3-16
in PBS with 10% FBS (v/v). Lane 9: empty. Lane 10: Elution fraction after competition of 500 nM
D3-16 with 10 uM D3-9. Lane 11: 2.5 ng rOGT standard. Lane 12: 5 ng rOGT standard. Lane 13:
10 ng rOGT standard. Lane 14: 20 ng rOGT standard. Lane 15: 40 ng rOGT standard.
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SUPPLEMENTAL METHODS

RaPID macrocyclic library design

A thioether-macrocyclic peptide library was constructed using N-(2-chloroacetyl)-L- and N-(2-
chloroacetyl)-D-tyrosine (CIAcY or CIAcDY) as initiators in a flexible in vitro translation (FIT)
system reaction®!. The underlying mRNA library was designed to have an AUG (CIAcY/CIAcDY)
initiator codon followed by 7-12 NNK codons (N =G, C, A or U; K= G or U), that code for random
proteinogenic amino acid residues, followed by a fixed UGC codon that codes for Cys. After in
vitro translation, a thioether bond forms spontaneously between the N-terminal CIAc group of the
initiator residue and the sulfhydyl group of the downstream Cys residue to generate the

macrocyclic peptide backbone. The theoretical diversity of the peptide library is > 10'2.

Selection of macrocyclic peptides binding to OGT

Affinity selection was performed using the both the CIAcY- and CIAcDY-initiated libraries against
Hise-tagged full-length OGT by employing the random non-standard peptide integrated discovery
(RaPID) approach. The mRNA library and CIAcY-tRNA™etcay / CIACDY-tRNAMelcay were
prepared as previously reported®®, and the RaPID selection was conducted as previously
reported. Briefly, 1 yM mRNA library was ligated to a puromycin-linked oligonucleotide (1.5 uM)
using T4 RNA ligase at 25 °C for 30 min. After purification by phenol-chloroform extraction and
ethanol precipitation, 1.2 yM mRNA-puromycin conjugate was translated at 37 °C for 30 min in a
methionine-deficient FIT reaction containing 25 uM ClAc-Y-tRNAMetcay or 25 uM ClAc-DY-
tRNAMetcay to generate the peptide libraries. Following translation, the libraries were incubated at
25 °C for 12 min to facilitate the formation of mMRNA-peptide conjugates. Next, EDTA was added
(to a final concentration of 20 mM) and the mixture was incubated at 37 °C for 30 min to remove
the mRNA-peptide conjugates from the ribosomes. The product was subsequently reverse-
transcribed using RNase H- reverse transcriptase (Promega) at 42 °C for 1 h to yield peptide—
MRNA/cDNA conjugates. The peptide—-mRNA/cDNA conjugates were then buffer-exchanged into
selection buffer (phosphate buffered saline, pH 7.4, containing 0.05 % (v/v) tween-20 and 1 mM
dithiothreitol) using a short column of Sephadex G25 (GE Healthcare). Acetylated bovine serum
albumin was added (to a final concentration of 1 mg/mL) and the solution was incubated in the
presence of Dynabeads His-Tag Isolation to remove His-tagged recombinant proteins and bead-

binding macrocyclic peptides. This yielded the final library used for affinity selection.
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For affinity selection to OGT, the library solution was incubated with 200 nM Hise-tagged full-
length OGT (immobilized on Dynabeads His-Tag Isolation) for 30 min at 4 °C to isolate OGT
binders. The beads were washed with ice-cold selection buffer and the peptide—-mRNA/cDNA
binders were isolated from the beads by incubating in 1 x Taq buffer (10 mM Tris-HCI, 50 mM
KCI, 1.5 mM MgClz, pH 8.3) for 5 min at 95 °C. The amount of eluted cDNAs was measured by
quantitative PCR. The remaining cDNAs were amplified by PCR and then purified and transcribed
to produce an enriched mRNA library for the next round of selection. The selection was repeated
for five rounds, and after the fifth round the recovered cDNAs were sequenced by MiSeq
(lumina). Single read 150 bp was sufficient to cover the NNK region. DNA reads with average
Phred33+ score > 25 in the NNK region were translated and unique peptide sequences were

tallied using custom python scripts.

Mass spectrometry analysis of translated peptides

In vitro translation was performed in a methionine-deficient FIT reaction supplemented with
initiator tRNA, as described above. Following translation, EDTA was added (to a final
concentration of 10 mM), and the reaction was submitted to the conditions of cyclization and
reverse transcription, as described above. However, no reverse transcriptase enzyme was added
in the reverse transcription step. The mixture was desalted using C18 C-tips (washing with 4%
ACN + 0.5% acetic acid; eluting with a 50% saturated solution of a-cyano-4-hydroxycinnamic acid
(CHCA) matrix in 80% ACN + 0.5% acetic acid) and submitted to MALDI MS and MALDI MS/MS

analysis (Bruker Autoflex II).

Determination of L1 peptide structure

Sequence L1 originally contained three cysteine residues and an internal stop codon.
Using MALDI mass spectrometry analysis, we determined that the thioether macrocycle was
exclusively forming with the first cysteine residue (position 3) (Figure S2). We also observed that
the internal stop codon (originally at position 7) was being read through with the insertion of a
glutamine residue. These results were confirmed with a clone assay analysis (Figure S3).
Furthermore, we determined that one of the remaining cysteine residues (originally at position 14)

could be substituted with serine without destroying target binding activity, which improved the
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ease of synthesis (Figure S3). These observations were combined to yield the final L1 sequence,

shown in Figure 1D (main text).

Saturation mutagenesis

The saturation mutagenesis experiment was conducted as previously reported. Briefly, the site
saturation DNA library was prepared so that each codon of the D3 sequence was changed to a
single NNK codon (to allow for the sampling of all natural amino acids) and a single ATG codon
(to allow for the introduction of non-natural amino acids). The non-natural amino acids were
charged on to tRNAE"®U¢,, under flexizyme catalysis, using conditions and activated precursors
that have been reported previously®l. 22 small-scale translation reactions were conducted, each
incorporating a different non-natural amino acid at the AUG codon. After translation, the identity
of the non-natural amino acids was encoded using unique barcoding reverse primers (detailed in
referencel”. The resulting peptide—mRNA/cDNA conjugates were combined in to a single sample,
and exchanged in to selection buffer, as detailed in the ‘Selection of macrocyclic peptides’
section above. The library was incubated with 200 nM Hiss-tagged full-length OGT (immobilized
on Dynabeads His-Tag Isolation) for 2 h at 25 °C. The beads were washed twice with selection
buffer, each wash was performed for 2 h at 25 °C. A ‘negative’ condition was performed to confirm
that the data obtained from the experiment was genuine. In the ‘negative’ condition no OGT was
immobilized on the beads, however the experiment was identical in every other way. The peptide—
mMRNA/cDNA binders were isolated from the beads, as detailed above, and the recovered cDNAs
were sequenced by MiSeq (lllumina). The calculation of the relative enrichment score (E) of each

mutant sequence was performed as previously described.

General method for synthesis of macrocyclic peptides

Macrocyclic peptides were chemically synthesized using a Syro automated peptide synthesizer
(Biotage) and standard Fmoc solid-phase peptide synthesis techniques at 25 pmol scale on
NovaPEG rink amide resin (0.44 mmol/g substitution), as previously described®®. Standard
couplings were performed using HBTU/HOBt chemistry, as previously described. Couplings
occurring directly after an N-alkylated residue were performed using the following method:
(1) Oxyma (28.3 mg, 8 eq), DIC (31.2 uL, 8 eq) and Fmoc-AA (8 eq) were combined in

1 mL DMF and allowed to incubate at room temperature for 10 min.
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(2) This activated mixture was transferred to the waiting peptide synthesis resin.
(3) The coupling reaction was conducted at 65 °C for 25 min, with shaking.

(4) The mixture was drained from the resin and the coupling was repeated again from step (1).
Post-coupling washing and deprotection steps were performed in the same manner as for the

standard couplingsf®l.

Following synthesis, the chloroacetyl group was installed on the N-terminal amine group of the
peptides by treating the resin with 0.15 M chloroacetic acid, 0.15 M 1-hydroxybenzotriazole
hydrate and 0.15 M N,N'-diisopropylcarbodiimide (final concentrations) in N,N-dimethylformamide
for 1 h. The peptides were deprotected and cleaved from the resin using a solution of 92.5% (v/v)
trifluoroacetic acid, 2.5% (v/v) water, 2.5% (v/v) triisopropylsilane and 2.5% (v/v) 2,2-
(ethylenedioxy)diethanethiol and then precipitated by the addition of ice-cold diethyl ether. To
conduct the cyclization reaction, the peptide pellet was dissolved in 10 mL 4 : 1 DMSO/H20,
adjusted to pH > 8 by addition of triethylamine (20 — 40 uL) and incubated for 1 h at 42 °C. The
progress of the cyclization reaction was monitored by MALDI-TOF mass spectrometry (a-cyano-
4-hydroxycinnamic acid matrix). After completion of cyclization, the reactions were quenched by
acidification with trifluoroacetic acid (equal volume to that of triethylamine). The peptide solutions
were directly purified by reverse-phase HPLC (Shimadzu Prominence LC-20AP with a Merck
Chromolith Prep column, 200 x 25 mm i.d.) using a gradient of acetonitrile in water supplemented
with 0.1% (v/v) trifluoroacetic acid. The fractions containing product were identified using MALDI-
TOF mass spectrometry and lyophilized. The purity of the peptides was confirmed by analytical
ultra high-pressure liquid chromatography using a Nexera X2 system (Shimadzu) fitted with a C18
reversed phase column. Approximately 1 nmol of peptide was separated using a 20 — 70% (v/v)
aqueous acetonitrile gradient supplemented with 0.1% (v/v) trifluoroacetic acid and monitored by

absorbance at 280 nm.

Synthesis of peptide L1

Di-cysteine peptide L1 was synthesized as above, however low loading resin (CEM Rink Amide
ProTide 0.18 mmol/g) was employed. Monomethoxytrityl (Mmt)-protected Cys was used in
position 3 and diphenylmethyl (Dpm)-protected Cys was used in position 5. Chloroacetylation was
performed as above. The resin was washed with DMF and DCM, then the Mmt protecting group

was selectively cleaved using 5% (v/v) trifluoroacetic acid, 2.5% (v/v) triisopropylsilane in DCM (4
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x 1 mL, 15 min each). The resin was washed with DCM, then DMF. The cyclization reaction was
conducted on-resin by treating the resin with 5% v/v N,N-diisopropylethylamine, 0.5 M LiCl in
DMF for 3 h at 37 °C. The peptide was cleaved from the resin, fully deprotected, and purified as

above.

Installation of N-alkyl glycine residues

The N-alkyl glycine amino acids (in peptides D3-8, D3-9, D3-13, D3-14, D3-15) were installed

using the sub-monomer approach® as follows:

(1) 1 mL of 0.6 M bromoacetic acid in DMF, and 86 uL of DIC were added to the waiting peptide
synthesis resin.

(2) The was resin was incubated at 30 °C for 30 min with shaking, then drained.

(3) The coupling was repeated from step (1)

(4) The resin was washed 5x with DMF

(5) 1 mL of 1M alkylamine (see below) was added to the resin.

(6) The resin was incubated at 30 °C for 1 h with shaking, then drained.

(7) The coupling was repeated from step (5)

(8) The resin was washed 5x with DMF, and submitted to the next step of the peptide synthesis

cycle.
Alkylamine solutions:

N-butylamine, N-isopentylamine and N-hexylamine were used as solutions in N-methyl-2-
pyrrolidone. N-Cyclohexylethanamine and N-cyclopentylethanamine were derived from their
corresponding HCI salts!'™ directly before use, as follows: 0.95 eq of 11 M aqueous KOH was
added to a 1 M suspension of the alkylamine HCI salt in DMSO. The mixture was thoroughly
combined by vortex, then the supernatant (solution of free alkylamine) was isolated from the

precipitate by centrifugation.

Preparation of cysteamine-terminal peptides

The cysteamine-terminal peptides D3-13, D3-14 and D3-15 were synthesized as above, however

cysteamine 2-chlorotrityl resin (Sigma Aldrich) was used in place of rink amide resin.
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Characterization data of synthesized macrocyclic peptides

L

-—

: Purity 94% (UPLC), retention time 12.5 min, calculated mass 1777.8 [M+H]", found 1777.5.

L2: Purity 60% (UPLC), retention time 13.5 min, calculated mass 1587.7 [M+H]", found 1587.6.

L3: Purity 97% (UPLC), retention time 12.8 min, calculated mass 1770.8 [M+H]", found 1771.0.

L4: Purity 95% (UPLC), retention time 10.1 min, calculated 1913.2 [M+H]*, found 1913.1.

L5: Purity 95% (UPLC), retention time 12.5 min, calculated mass 1923.0 [M+H]*, found 1923.2.

L6: Purity 89% (UPLC), retention time 10.8 min, calculated mass 1510.7 [M+H]*, found 1511.2.

D1: Purity 95% (UPLC), retention time 14.4 min, calculated mass 1818.8 [M+H]*, found 1819.4.

D2: Purity 75% (UPLC), retention time 11.1 min, calculated mass 1766.9 [M+H]*, found 1767.3.
D3: Purity 97% (UPLC), retention time 15.0 min, calculated mass 1703.0 [M+H]*, found 1703.3.

D4: Purity 94% (UPLC), retention time 10.7 min, calculated mass 1934.1 [M+H]*, found 1933.5.

D5: Purity 92% (UPLC), retention time 13.9 min, calculated mass 1754.9 [M+H]*, found 1755.4.

D3-1: Purity 93% (UPLC), retention time 10.2 min, calculated mass 1752.9 [M+H]", found 1752.6.
D3-2: Purity 91% (UPLC), retention time 10.3 min, calculated mass 1689.9 [M+H]", found 1689.3.
D3-3: Purity 86% (UPLC), retention time 10.4 min, calculated mass 1744.9 [M+H]", found 1744 4.
D3-4: Purity 82% (UPLC), retention time 10.7 min, calculated mass 1758.9 [M+H]", found 1758.3.
D3-5: Purity 85% (UPLC), retention time 9.8 min, calculated mass 1799.9 [M+H]", found 1799.3.
D3-6. Purity 94% (UPLC), retention time 10.4 min, calculated mass 1798.9 [M+H]", found 1798.3.
D3-7: Purity 91% (UPLC), retention time 10.6 min, calculated mass 1798.9 [M+H]", found 1798.2.
D3-8: Purity 91% (UPLC), retention time 11.3 min, calculated mass 1772.9 [M+H]", found 1772.4.
D3-9: Purity 82% (UPLC), retention time 10.6 min, calculated mass 1718.9 [M+H]", found 1718.5.

D3-10: Purity 85% (UPLC), retention time 11.1 min, calculated mass 1732.9 [M+H]*, found
1732.4.

D3-11: Purity 90% (UPLC), retention time 10.5 min, calculated mass 1826.8 [M+H]*, found
1826.3.
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D3-12: Purity 91% (UPLC), retention time 10.1 min, calculated mass 1716.9 [M+H]*, found
1716.3.

D3-13: Purity 92% (UPLC), retention time 12.4 min, calculated mass 1703.9 [M+H]", found
1704.3.

D3-14: Purity 91% (UPLC), retention time 12.9 min, calculated mass 1729.9 [M+H]*, found
1730.3.

D3-15: Purity 93% (UPLC), retention time 12.4 min, calculated mass 1715.9 [M+H]*, found
1716.4.

Full-length OGT expression and purification

Preparation of ncOGT was performed as previously described!"!. Briefly, the pET28a vector
(isoform 1, UNIPROT identifier 015294-3) encoding the human OGT gene was transformed into
competent Escherichia coli BL21 (DE3) cells (Invitrogen). Successful transformants were cultured
in Terrific Broth (TB) supplemented with 50 ug/mL kanamycin at 37°C until an optical density of
1.8 absorbance units was reached. Protein expression was induced with 0.2 mM isopropyl (3-D-
thiogalactoside (IPTG) at 16°C for 18 h. Cells were the harvested and resuspended in 2 mL
BugBuster protein extraction reagent (EMD Millipore) per gram of cell pellet in the presence of 1
mg/mL lysozyme, 0.2 mg/mL DNase and an EDTA-free protease inhibitor tablet (Roche). The
mixture was gently rocked at 4°C for 30 min and then clarified by centrifugation for 2 x 30 min at
18,000 x g. The cell lysate was then applied to a 1 mL HisTrap nickel column (GE Healthcare)
which was pre-equilibrated in 50 mM HEPES, 300 mM NaCl, 20 mM imidazole and 1 mM DTT at
pH 7.5. The protein was purified using an imidazole gradient of 20-500 mM over 20 column
volumes on an AKTA FPLC (GE Healthcare). Fractions judged as pure were pooled and dialyzed
at4 °C in 50 mM HEPES buffer containing 500 mM NaCl and 1 mM DTT at pH 7.4. Aliquots of

OGT were flash frozen and stored at -80°C for future use.

Expression and purification of truncated OGT constructs

A modified pET-YSBLIC-3C plasmid encoding TPR115 (residues 15-400, beginning A™ELAH,
UNIPROT entry: 015294-3)"2 with a 3C protease cleavable N-terminal 6xHis-tag was

transformed into E. coli BL21(DE3) cells for expression['®. Cells were grown at 37°C in 4 litres of
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TB media supplemented with 35 pg/ml kanamycin until an ODgoo of 1.6-2.0 was reached.
Expression was induced with IPTG to a final concentration of 0.4 mM and cultures were shaken
overnight at 16 °C. Cells were pelleted at 5500 g for 20 mins and stored at -20 °C. Pellets were
resuspended in buffer A (20 mM Tris, 500 mM NaCl and 40 mM imidazole, pH 8.0), lysozyme,
DNAse | and 1 mM AEBSF before being lysed by cell disruptor. Cell debris was removed by
centrifugation at 41700 g for 1 hour at 4 °C. Supernatant was loaded onto a 5 ml HisTrap FF
column (GE Healthcare) pre-equilibrated in buffer A. Column was washed with 10 column
volumes of buffer A before protein was eluted through a linear gradient of buffer B (20 mM Tris,
500 mM NaCl and 500 mM imidazole, pH 8.0) in buffer A. Fractions containing TPR115 were
pooled and supplemented with DTT to a final concentration of 2 mM. The 6xHis-tag was removed
through incubation with HRV 3C protease at a ratio of 1 ug protease:100 ug protein overnight at
4°C. The protein sample was diluted with 20 mM Tris pH 8.0 to a final imidazole concentration of
50 mM before being passed through a 5 ml HisTrap FF column pre-equilibrated in buffer A.
Flowthrough was collected and concentrated to 2 ml using 10K MWCO Vivaspin® centrifugal
concentrator (Sartorius). Protein was further purified by size-exclusion using a 16/600 Superdex
200 column (GE Healthcare) in 20 mM Na-HEPES, 200 mM NaCl and 2 mM DTT, pH7.5.
Fractions containing purified protein (as assessed by SDS-PAGE) were pooled, concentrated as

before, snapfrozen in liquid nitrogen, and stored at -70 °C.

OGT4.5 was purified as previously described!'"l. Briefly, OGT4.5 with a 3C-protease cleavable N-
terminal HisTag was expressed in E. coli BL21(DE3) cells. Cells were grown at 37 °C in 6 litres
of TB media supplemented with 35 pg/ml kanamycin until an ODeggo of 1.0-1.2 was reached.
Cultures were cooled at 16 °C for 30 mins before expression was induced with a final
concentration of 0.2 mM IPTG and shaken overnight at 16 °C. Cells were pelleted at 5500 g for
20 mins and stored at -20 °C. Pellets were resuspended in buffer C (20 mM Tris pH 7.4, 150 mM
NaCl, and 40 mM imidazole), lysozyme, DNAse |, and 1 mM AEBSF. Resuspended cells were
lysed by cell disruptor and insoluble material was removed by centrifugation at 41700 g for 1 hour
at 4 °C. Supernatent was loaded onto a 5 ml HisTrap FF column (GE Healthcare) pre-equilibrated
in buffer C, Column was washed with 10 column volumes of buffer C before protein was eluted
by a stepwise gradient of buffer D (20 mM Tris 7.4, 150 mM NaCl, and 400 mM imidazole) in
buffer C. Fractions containing OGT4.5 were pooled and supplemented with THP to a final
concentration of 1 mM. His-tag was removed by incubation of protein with HRV 3C protease at a
ratio of 1 ug protease:100 ug protein overnight at 4°C. The protein solution was diluted to a final
NaCl concentration of 15 mM with 20 mM Tris pH 7.4 and applied to a 5 ml HisTrap FF column
(GE Healthcare) followed by a 5 ml HiTrap Q HP column (GE Healthcare) pre-equilibrated in 20
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mM Tris and 40 mM imidazole, pH 8.0. OGT4.5 was eluted from the 5 ml HiTrap Q HP column
with a linear gradient of 20 mM Tris pH 8.0 through to 20mM Tris pH 8.0 and 1M NaCl. Fractions
containing purified protein were pooled, concentrated with 10K MWCO Vivaspin® spin-
concentrators (Sartorius) to 2 ml. Concentrated protein was size excluded on a 16/600 Superdex
200 column (GE Healthcare) in 20 mM Tris pH 8.0 and 150 mM NaCl. Purified OGT4.5 was
pooled, supplemented with THP to 1 mM, concentrated as before and snap frozen. Sample purity
was assessed by SDS-PAGE analysis. OGT4.5 was stored at -70 °C until use.

General method for in vitro OGT activity assays

Kinetic assays to assess inhibition of macrocycles towards recombinant OGT were performed as
previously described with minor modifications!'" 4. All assays were carried out in black 384-well
microplates (Nunc 262260, Thermo Fisher Scientific, Mississauga, ON) at a 25 yL well volume
using PBS pH 7.4 supplemented with 12.5 mM MgCl, and 1 mM DTT as the reaction buffer. In a
typical experiment, stocks of macrocyclic peptide in DMSO were diluted to various concentrations
and were pre-incubated with 20 nM OGT on ice for 15 min. The reaction was commenced by
addition of a master mix containing both glycosyl donor (UDP-GIcN-BODIPY) and acceptor
substrate (biotinylated HCF-serine peptide). The plate was then incubated at ambient temperature
for up to 60 min, during which time the reaction rate was shown to be linear. The reaction is
terminated by the addition of 25 uL stop mix containing 2 mM UDP and either 0.2 mg/mL
streptavidin-coated magnetic beads (Trilink Technologies M-1002). The plate was incubated at
room temperature for at least 30 min to allow for binding to resin, and is then subjected to an
automated washing procedure using a BioTek EL406 plate washer containing a magnetic adapter
and a BioTek 384F magnet (6 wash cycles, 100 uL PBS dispensed per well, 6 mm aspiration
height offset, 4 min initial resting time on magnet, 1 min rest between washes). At the end of the
wash cycle, a final dispense of 50 uL PBS per well is performed using the syringe dispenser of
the BioTek washer. The fluorescence signal is read using a Biotek Neo2 multimode plate reader
using 490nm excitation and 525 nm emission wavelengths. Each well is read using an area scan
function which records the mean signal of 9 individual scans in a grid pattern with 1.0 micron

spacing between each point. Data were analyzed and plotted using GraphPad Prism 8.

Determination of inhibition constants
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All 1Cso experiments were performed under balanced conditions using donor and acceptor
substrate concentrations equal to their determined Ky, values (2 uM UDP-GIcN-BODIPY, 5 uM
biotin-HCF1 peptide). Reactions were performed at room temperature for 60 min and were then
stopped, washed, and read as described above. Titrations of at least 10 different inhibitor
concentrations, as well as a DMSO control sample, were pre-incubated with enzyme for 15 min
prior to addition of substrate. Concentrations of DMSO were kept constant throughout all wells.
The percent normalized activity of each sample was calculated as a ratio of the fluorescence
values in the positive controls (DMSO, 100% activity) versus the negative controls (2 mM UDP,
0% activity). The data were fitted using a sigmoidal 4-parameter log(inhibitor) vs response
function in GraphPad Prism 8; ICso values were calculated from the inflection point of the
sigmoidal curves. K;values for L4, D3 and D4 were assessed by performing experiments in a
similar manner, except that the concentration of donor substrate was varied using concentrations
at least 5-fold above and 5-fold below the Kwu (app) in the presence of varying concentrations of
inhibitor. Ki values were calculated using the non-linear regression function of GraphPad Prism 8
by fitting the data to a mixed-model inhibition function. For all inhibitors with 1Cso values < 5-fold
above the concentration of enzyme, K; values were determined by fitting the ICso data to the tight-

binding inhibition model for a non-competitive inhibitor derived by Morrison!"l.

Size Exclusion Assay

A 40 pl solution of 26 pM full-length OGT + 260 pyM L4 peptide was incubated at ambient
temperature for 20 mins. Solutions were applied to a Superdex 200 Increase 10/300 GL column
pre-equilibrated in 25 mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT using an AKTA Pure
system. Sample was run at 0.5 mL/min and protein elution was monitored at A280. Experiment

was run in duplicate.

Differential Scanning Fluorimetry

Differential Scanning Fluorimetry was performed using an Applied Biosystems QuantStudio 3 RT-
PCR machine equipped with a 96-well heating block. Reactions were performed in MicroAmp 96-
well optical PCR plates (Applied Biosystems) at a final volume of 20 pyL per well. Reactions
contained 0.06 mg/mL protein, 1X Protein Thermal Shift Dye (Thermo Fisher Scientific) and 20
MM final concentration of ligand in 1X PBS. Reaction components were made up on ice; thermal
shift assays were carried out at temperatures ranging from 25 to 95°C at a ramp rate of
0.05°C/sec. Fluorescence measurements were taken using a 580 nm excitation / 623 nm

emission filter set. Reactions were performed in triplicate and data were analyzed using
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QuantStudio Design and Analysis software and GraphPad Prism 8. Melt curves were fitted to a
Boltzmann sigmoidal curve and apparent T, values were determined by calculating the inflection

point of the fitted curves.

Isothermal Titration Calorimetry

ITC experiments were carried out using a Malvern MicroCal Auto-ITCxo (Malvern, UK). Prior to
measurement, recombinant TPR115 was exchanged into ITC buffer (20 mM Na-HEPES pH 7.4,
200 mM NaCl and 1% DMSO) using 7K MWCO Zeba™ spin Desalting Columns as per
manufacturers instructions. The L4 peptide was dissolved in DMSO and diluted with ITC buffer
lacking DMSO to a final concentration of 200 uM (yielding a sample with a final concentration of
1% DMSO). Concentration of TPR115 and the L4 peptide after dilution was verified by Asgo
absorbance using extinction coefficients of 45310 M cm™ and 9970 M~ cm™, respectively. To
generate isotherms, the L4 peptide was titrated into varying concentrations of TPR115 (14.3-21
MM)over 38, 1 uL injections with 120 second delays between each injection (first injection was 0.5
pl with a 180 second spacing). Experiments were run at a temperature of 25°C with stirring at 750
rpm. Binding affinity was calculated using a one-site model in the MicroCal PEAQ-ITC analysis

software. Experiment was run in quadruplicate.

OGT pull-down and western blotting

Recombinant full-length human OGT (5 ug) was added to 1 ml aliquots of pre-cooled buffer (50
mM HEPES, 300 mM NaCl, 5 mM MgCl,, 5 mM EDTA, 10% Glycerol, 0.02% Triton X-100, pH
7.4) or 10% FBS (Life Technologies) in buffer. OGT was then incubated with various
concentrations of pull-down probe D3-16 for 1 hour at 4°C on a rotator. For control samples, OGT
was pre-incubated with 500 nM D3-9 peptide for 15 min at 4°C prior to addition D3-16. Following
probe incubation, 40 L streptavidin-coated magnetic beads (NanoLINK, 10 mg/mL) were added
to the mixture and incubated for 1 hour at 4°C on a rotator to enable pull-down of probe and OGT
complexes. Prior to incubation, the beads were blocked for 30 min at 4°C with SuperBlock (PBS)
blocking buffer (Thermo Scientific) in a ratio of 1:9 (v/v) and washed 3 times with buffer using a
magnet (Stemcell, EasySep). The beads were then isolated using a magnet, the supernatant (SN)
collected, and the beads were washed 5 times using buffer. The beads were then resuspended
in 150 pl buffer containing 60 mM DTT and incubated at 850 rpm for 10 minutes at RT on a
thermomixer (Eppendorf) to specifically elute OGT off the beads. The elution was collected and
mixed with SDS-PAGE loading buffer and heated to 95°C on a heating block (VWR) for 5 min. 5

S24



Ml of each sample was then loaded onto and separated by SDS-PAGE (Mini-PROTEAN TGX
Precast Gels, Bio-Rad) and transferred to a 0.45 ym nitrocellulose membrane (Bio-Rad). For
immunoblotting of OGT, rabbit OGT antibody (1:2000 dilution, clone D1D8Q, Cell Signaling) and
IRDye 680LT goat anti-rabbit secondary antibody (1:20000 dilution, LiCor) were used for

visualization of OGT bands using an Odyssey imaging system (Li-Cor).

Synthesis of biotinylated probe D3-16

2 mg of D3-9-Pra and 1.2 mg disulfide-biotin-azide (Click Chemistry Tools, Scottsdale, AZ, Cat#
1168-5) were dissolved in 2 mL DMSO in a 5 mL round bottom flask under an argon atmosphere.
Separately, 1.2 eq CuSO4 and 1.5 eq BTTAA (Click Chemistry Tools, Scottsdale, AZ, Cat# 1236-
100) were dissolved in 2 mL water and then added to the DMSO mixture. The reaction was
initiated by addition of 1.2 eq sodium ascorbate in 0.5 mL water, and the reaction was stirred for
2 hours at room temperature with constant sparging of the solvent with argon gas. The reaction
mixture was then concentrated and purified on an Agilent 1200 series HPLC equipped with an
Agilent XDB-C18 Eclipse reversed-phase column (9.4 x 250 mm, 5u particle size). The product
was eluted in mobile phase containing water and acetonitrile with 0.02% formic acid, using a
gradient of 35% to 50% acetonitrile over 20 minutes at a flow rate of 2 mL/min, yielding 1.2 mL
D3-16. 92% purity (HPLC), retention time 15.2 min, HRMS m/z calculated 1254.1034, [M+2H]?",
found 1254.1123.
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