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The modification of nucleocytoplasmic proteins by O-linked N-acetylglucosamine
(O-GlcNAc) is an important regulator of cell physiology. O-GlcNAc is installed on
over a thousand proteins by just one enzyme, O-GlcNAc transferase (OGT). How
OGT is regulated is therefore a topic of interest. To gain insight into these ques-
tions, we used OGT to perform phage display selection from an unbiased library
of ~10° peptides of 15 amino acids in length. Following rounds of selection and
deep mutational panning, we identified a high-fidelity peptide consensus sequence,
[Y/F]-x-P-x-Y-x-[I/M/F], that drives peptide binding to OGT. Peptides containing
this sequence bind to OGT in the high nanomolar to low micromolar range and
inhibit OGT in a noncompetitive manner with low micromolar potencies. X-ray
structural analyses of OGT in complex with a peptide containing this motif sur-
prisingly revealed binding to an exosite proximal to the active site of OGT. This
structure defines the detailed molecular basis driving peptide binding and explains
the need for specific residues within the sequence motif. Analysis of the human pro-
teome revealed this motif within 52 nuclear and cytoplasmic proteins. Collectively,
these data suggest a mode of regulation of OGT by which polypeptides can bind
to this exosite to cause allosteric inhibition of OGT through steric occlusion of its
active site. We expect that these insights will drive improved understanding of the
regulation of OGT within cells and enable the development of new chemical tools
to exert fine control over OGT activity.

glycosyltransferase | phage display | allosteric inhibition | exosite | X-ray structure

Post-translational glycosylation of proteins has emerged as serving essential roles in regulating
cellular functions (1). One form of glycosylation involves addition of N-acetylglucosamine
(GleNAc) to the hydroxyl groups of serine and threonine residues of nuclear and cytosolic
proteins (2, 3). This modification, known as O-GlcNAc, modulates human physiology
through its diverse molecular roles in regulating transcription (4, 5) protein stability (6) and
stress response (7). Despite the widespread occurrence of this posttranslational modification
on hundreds of protein targets (8), cycling of O-GlcNAc is controlled by just two enzymes.
The glycosyltransferase (GT) O-GlcNAc transferase (OGT) from family 41 (GT41) catalyzes
the installation of O-GlcNAc to acceptor polypeptides using uridine diphosphate GlcNAc
(UDP-GIcNAo) as the glycosyl donor (9). Hydrolytic cleavage of O-GlcNAc is effected by
the glycoside hydrolase (GH) from family 84 (GH84) known as O-GlcNAcase (OGA),
which hydrolyzes the glycosidic linkage to liberate free serine or threonine residues (9, 10).
Since dysregulation of O-GlcNAc cycling has been genetically linked to X-linked intellectual
disabilicy (XLID) (11, 12) and also implicated in numerous pathological conditions, includ-
ing neurodegenerative diseases (13, 14) and cancers (15, 16) there is considerable interest
in studying the regulation of these two enzymes and generating new tools and insights that
can be exploited to enable their manipulation (17).

The structure of OGT consists of two principal parts: an N-terminal superhelical section
comprising 13.5 tetratricopeptide repeat (TPR) domains and a C-terminal catalytic region
(Fig. 14) (18-20). This C-terminal catalytic region can be divided into three folded
domains: two catalytic domains (N-Cat and C-Cat) that together comprise the active site
and an intervening domain (Int-D) which separates the catalytic domains and has a yet
undefined function (9, 21). Selection of protein substrates by OGT is thought to be
mediated by its TPR domains (21, 22), which form a superhelical groove extending into
the active site of OGT (Fig. 1 Band C), but molecular details as to how it does this remain
ill defined. An asparagine ladder lining the TPR superhelical groove has been found to
coordinate the peptide backbone of substrates (23), and aspartate residues within this
groove enable selection of a protein subset, but how OGT achieves greater specificity for
various sets of proteins remains unknown.
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Thousands of proteins within
humans are modified by
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only one enzyme, O-GIcNAc
transferase (OGT), installs
O-GIcNAc, and its regulation is
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proximal to the active site and
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manner. Given the distribution of
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containing this motif likely regulate
the activity of OGT, outlining a
potential mode by which OGT
could be controlled and opening
up opportunities for research.
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Because OGT has hundreds of known protein targets, yet lacks
a clear consensus sequence governing glycosylation, the activity
of OGT is thought to be regulated in various ways by cellular
factors (21, 24, 25). Among these regulatory mechanisms, OGT
dimer status has been found to influence its activity (20) as has
an interaction with an intrinsically disordered region of OGA
(26). Interactions between OGT and other proteins, mediated
through direct binding to the TPR region, have also been proposed
to regulate OGT activity (26). This last idea has gained support
through quantitative proteomics studies showing that different
cellular conditions alter the set of its interacting partners (27, 28).
Interestingly, direct binding of candidate proteins identified in
these proteomic studies has not yet been observed, and how such
proteins might modulate OGT activity remains to be elucidated.
In brief, how OGT is regulated remains enigmatic and a topic of
considerable interest.

Among various approaches to aiding understanding of the roles of
OGT is the use of inhibitors of this enzyme (29, 30). Moreover, OGT
inhibitors may hold promise for the treatment of conditions, includ-
ing various cancers, which are linked to excessive O-GlcNAcylation
(15, 16). However, despite several high-throughput screening cam-
paigns to identify small-molecule inhibitors of OGT, most com-
pounds arising from these efforts have limited selectivity and cell
permeability (31, 32). Extensive medicinal chemistry efforts, how-
ever, have led to OSMI-4, a nanomolar inhibitor OGT that shows
utility within cells (33). We noted that identifying these HTS-
derived inhibitors relies on activity-based assays or competitive dis-
placement assays that are biased toward those compounds binding
to the active site. Accordingly, compounds that bind OGT at alter-
native sites could be useful complements to the existing set of com-
petitive OGT inhibitors. Toward this goal of identifying ligands
that bind to OGT, we recently turned to display methods as an
alternative approach to uncover ligands for OGT (34). We used
the RaPID mRNA display system (35) to identify cyclic peptide

inhibitors of OGT that bind to the TPR domain and exert
allosteric inhibition (34, 36). In parallel to those efforts, we turned
to using standard phage display as an alternative approach for the
identification of linear peptides that bind OGT. We expected that
the advantages of DNA-encoded linear peptide libraries, including
high structural diversity, synthetic accessibility, and general bio-
compatibility, could enable uncovering peptide sequences binding
to the TPR domains or active site that might serve as interesting
leads for new inhibitors (37, 38). Additionally, since phage display
screening methods rely on affinity-based selection, we reasoned
that we might identify peptide ligands of OGT found within
native proteins that may be either inhibitors or simply noninhib-
itory ligands. In pursuit of this goal, we screened immobilized
OGT against a deep library comprising ~10° sequences of linear
15-amino acid peptides expressed on the surface of the pIII major
coat protein of filamentous M13 phage. After identification of
sequence preferences and affinity maturation of the selected
phage, a panel of peptides with submicromolar noncompetitive
inhibition of OGT were found. Furthermore, we made the sur-
prising observation that these peptides bind an exosite within the
intervening domain of the C-terminal section of OGT. Finally,
we showed that inhibition by these peptides is correlated with
the length of their sequences, consistent with a steric occlusion
model that antagonizes binding of polypeptide substrates to the
active site of OGT.

Results

Phage Library Development and Screening Results. To identify
potential peptide ligands of OGT, we screened full-length OGT
against an unbiased phage-display library constructed using codon-
corrected trinucleotide phosphoramidite cassettes (TriNuc), which
produce a single codon for each amino acid and result in equal
distribution of amino acids within translated sequences (39). This

A TPR region Catalytic section
oGT 476 506 708 838 1008 1046
nc
Isoform 3 intD | C-Cat
Transitional Helix
476 506 838 1008 1041
0GT4.5 Int-D | C-Cat

Fig. 1. Domain arrangement of OGT: (A) Schematic showing the distribution of folded domains across the primary sequence of full-length OGT (ncOGT) and
the crystallized form of OGT (OGTA4.5). Tetratricopeptide repeats (TPRs), N-terminal catalytic domain (N-Cat), intervening domain (Int-D), and C-terminal catalytic
domain (C-Cat) are shown with the amino numbers defining the domain boundaries. (B) The domains, colored as in the primary sequence representation,
mapped onto the OGT4.5 crystal structure and (C) onto the structure of full-length ncOGT (isoform 3).
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library strategy eliminates amino acid sequence representation
biases arising from variable codon redundancies within the
standard genetic code. As a first step, we used a TriNuc-encoded
library containing 19 codons for each amino acid, excluding
cysteine, to produce a library of linear peptides comprising 15
randomized amino acids. These peptides were presented on M13
phage by fusion to the N terminus of the pIII coat protein. To do
this, we generated a library we termed X15 that has a sequence
diversity of ~10”. We immobilized recombinant full-length OGT,
bearing a hexahistidine-tag (Hisy) fused to the N terminus, on

magnetic nickel-NTA beads and then incubated the beads with
the X15 phage library (Fig. 24). We performed four rounds
of phage panning to enrich phage binding to OGT from the
larger phage population and analyzed enriched sequences from
selected samples (Fig. 2 B and C and SI Appendix, Table S1) by
lysis followed by DNA isolation and next-generation sequencing
(NGS) (81 Appendix, Fig. S1) (40).

Phage populations exhibited a significant increase in recovery
in panning on OGT-modified protein in rounds 3 and 4 when
compared to rounds 1 and 2. This increased recovery was not
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Fig. 2. Outline of phage display screening approaches and sequence conservation of the peptide binders of OGT: (A) Schematic of four rounds of the phage
panning procedure using bead-immobilized OGT (“OGT") or target-free Ni-NTA beads (“NTA") as a control; bar chart representing the number of plaque forming
units (PFU) of phage input and recovered from each selection round. (B) Detailed schematic of the third round of panning. In each round, the phage library
was depleted against Ni-NTA beads to generate the input library, which was incubated with bead-immobilized OGT, followed by washing and elution. Samples
from the resulting phage library were submitted for next generation sequencing (NGS) and amplified in E. coli for the next round. (C) Bioinformatic analysis of
round 3 of screening NGS data. Each dot represents a sequence that was observed in the NGS data, colored dots represent 645 sequences that pass differential
enrichment (DE) analysis and exhibit significant enrichment in OGT samples whereas sequences denoted by the gray dots have not passed the DE test. The left
scatter plot (C) shows the counts per million (CPM) of each sequence in the bound to bead-immobilized OGT sample as compared to Input, whereas the right
plot shows comparison of the same Input in binding to NiNTA-magnetic beads. (D) Sequence logo indicating the prevalence of amino acid residues in top 300
aligned peptide sequences selected that bind to OGT after four rounds of phage panning. (E) Concentration-response curves of four of the top peptide binders
derived from the first round of phage panning that inhibit OGT. The consensus motif determined from analysis of phage panning results is shown in red for
each peptide. % OGT activity was normalized relative to controls. Error bars represent SEM of quadruplicate measurements.
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observed when panning on nickel-NTA beads (Fig. 24), indicat-
ing binding to OGT enhanced recovery of phage. Analysis of the
sequencing results was accomplished using multiple strategies.
Initially, we ranked the sequences identified through NGS
according to their normalized sequence count per million
sequences (NCPM). Notably, out of 18,000 total sequences in
the final enriched phage library, 81% of the overall enrichment
as assessed using NCPM values was attributable to just the top
200 sequences (SI Appendix, Table S1), revealing a high degree
of enrichment for this set of peptides. In the third round of
selection, 645 sequences also passed a differential enrichment
analysis (DE) in which the sequences were significantly enriched
in binding to OGT when compared to input and but not in the
experiments that used protein-free bead control (Fig. 2C and
SI Appendix, Fig. S1D). By the fourth round of phage panning,
the differential enrichment of peptide sequences with respect to
input was modest (S/ Appendix, Fig. S1E), and we therefore
stopped selections at this point. We then binned the sequences
into groups of 100 that we analyzed using the Kalign2 multiple
sequence alignment tool. This analysis revealed that among these
top 200 sequences, a strong consensus motif was present with
90% fidelity. Further analysis uncovered that the motif
[Y/F]-x-P-x-Y-x-[I/M/L] dominated the top enriched sequences
in rounds 3 and 4 (Fig. 2D), and it was detectable as early as
round 2 of panning (S Appendix, Fig. S1C). Revealingly, this

seven-amino acid motif was present at different registers within
the 15-amino acid sequence of the displayed peptide, indicating
that variability at either end of the motif did not markedly impair
binding to OGT. We observed some variability in positions
between the conserved residues of this motif, suggesting oriented
binding of these peptides to OGT. We also remarked on the
presence of a conserved proline residue within this sequence that
is consistent with observations from large-scale proteomic studies
on the peptide substrate preferences of OGT (8, 41, 42). This
last observation suggested to us that these peptides may bind
within the active site of OGT.

In Vitro Inhibition of OGT by Prioritized Peptide Sequences.
Having identified putative binders, we next proceeded to use
synthetic peptides to examine whether these candidate ligands
might bind to OGT. As noted above, the proline within the
observed consensus motif suggested to us that these peptides were
likely binding within the active site, which pointed to inhibition
experiments as being potentially informative. We prioritized
peptides selected from among the top 30 enriched sequences
as assessed by NCPM. All these sequences exhibited at least a
1,000-fold enrichment over the level seen for background peptide
sequences (S Appendix, Table S1). The top 30 sequences were then
grouped into five families based on amino acid composition within
the consensus region and a total of 10 peptides, two from each

Table 1. Sequences and OGT inhibition of prioritized peptides from phage panning showing in bold the conserved
motifs
First Generation Phage Peptides
Peptide ID Sequence Motif family OGT activity percent at 100 UM
Pl NQYQPQYQILYAANR | Y-x-P-Q-Y-Q 34
P2 NSEYMPQYQITFAHQ Y-x-P-0-Y-Q 5
P3 YDKVMPEYQIKYTTS [V/L]-x-P-x-Y 100
P4 GPRNLIPKYQIQYTY [V/L]-x-P-x-Y | 100
P7 GDFPVMFMPKYSITY F-x-P-x-Y 1
P8 TMPRDETPKYQIMVK F-x-P-x-Y 97
P9 TAPFYPPAYQIQVFK P-A-Y-Q-T 2
P10 DRLFLPAYQIYPDVV P-A-Y-Q-T 100
Second Generation Phage Peptides
Peptide ID | Sequence Motif family [Cso (uM)
P7 (parent) GDFPVMFMPKYSIIY F-x-P-x-Y 31
P11 GDFPVMEFMPKYSIIF 6.0
P12 GDFPVMFMPKYSWIY 6.4
Pl (parent) NQYQPQYQIT. YAANR Y-x-P-Q-Y-Q 37
P13 NQYQPRYQIILYAANR >100
P14 NQPQPQYQII YAANR >100
P9 (parent) TAPFYPPAYQIQVFEFK P-A-Y-Q-T 34
P15 TAPFYPPAEQIQVFK >100
P16 TAPFYPPAYMIQVFK 39
P2 (parent) NSEYMPQYQITIFAHQ Y-x-P-0-Y-0Q 21
P17 NWEYMPQYQIIFAHQ 5.1
P18 NSEYMPKYQITFAHQ 28
P19 NWEYMPKYQITFAHQ 18
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family, were synthesized for testing (Table 1). We then assessed
whether these 10 peptides could inhibit the glycosyltransferase
activity of OGT using a direct fluorescence activity-based OGT
assay (43). Using this assay, we first screened these peptides for
inhibition of OGT at a concentration of 100 uM and identified
four peptides from four families that showed notable inhibition
(Table 1 and ST Appendix, Fig. S2), while peptide P6 had inadequate
solubility for testing. We then generated concentration—response
curves for members from these four families and determined
their IC;, values against OGT, which ranged from 21 to 37
uM (Fig. 2E). Interestingly, five peptides showed no significant
inhibition toward OGT. Because these sequences were likely
OGT ligands, this observation suggested that there are features
within these peptides, outside of the motif, that are required for
inhibition.
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Phage Library Maturation and Evaluation of Second-Generation
Peptides. After determining ICs, values of these peptides from the
initial phage panning and thereby validating the importance of this
seven-amino-acid consensus motif, we next sought to build upon
these observations by generating a focused library for subsequent
phage selection experiments. We therefore constructed a phage
library consisting of 11 amino acids centered on the top four
inhibitory sequences, with an additional 762 randomized sequences
also included to ensure quality control of the library. We first used 11-
mer peptides because this length allowed full positional maturation
through saturation mutagenesis. Using this focused phage library
(FL1), we carried out a round of phage panning against OGT to
identify matured peptide sequences having greater aflinity for OGT
(Fig. 34 and ST Appendix, Fig. S3). While the enrichment of 11-mers

appeared to be weaker than 15-mers overall, we were encouraged to
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Fig. 3. Dose-dependent inhibition of OGT activity by phage display-derived peptides: (A) Focused phage displayed libraries (FL) of peptides were designed
using peptide sequences that passed differential enrichment analysis in multiround selection as well as peptides within Hamming distance of 1 (i.e., each amino
acid position was replaced by other 18 natural amino acids, excluding Cys). DNA pools encoding all sequences were synthesized, cloned into the phage vector,
and transformed to yield two focused phage libraries. FL1 was encoded 11-mers and FL2 encoded 15-mers. The libraries were sequentially panned against
OGT protein immobilized on Ni-NTA beads or Ni-NTA beads alone, and the output of the panning was sequenced. (B) Heat map of the binned fold change (FC)
enrichment of sequences obtained from panning of FL2 for which FC > 1.5 corresponds to binding and FC < 0.6 corresponds to loss of function, as determined
by the correlation between FC and ICs, values (S/ Appendix, Fig. S3 L and M). (C) IC, values for three inhibitory peptides derived from the first round (FL1) of
saturation mutagenesis phage panning against OGT using 11-mers. Inhibitory activities of peptides having lower ICs, values are shown in comparison with the
1C5, values obtained for the original sequences identified in the first rounds of selection. Mutations arising in the sequences from the FL1 phage selection are
in red bolded font. (D) ICs, values for 12 inhibitory peptides derived from the second round (FL2) of saturation mutagenesis phage panning against OGT using
15-mers. We examined peptides containing G, N, D, or Q amino acid substitutions at each of the three intervening “noncore” positions as indicated in red bolded

font. Error bars represent SD of quadruplicate measurements.
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find, after sequencing analyses, that four families of peptides were
enriched compared to the overall 11-mer population. We ranked
these peptides based on their relative fold-enrichment over the parent
sequences (SI Appendix, Table S1) and, on this basis, prepared 10
additional 15-mer peptides (Table 1), containing overrepresented
point mutations. We found three proposed positional substitutions in
15-mer sequences gave rise to peptides with greater inhibitory activity
toward OGT than parental 15-mer sequences (Fig. 3 Band C) with
ICs, values ranging from 5 to 7 pM, representing a fivefold to sixfold
improvement over the corresponding first generation of parental
peptides (Table 1). Seven other substitutions had no effect or even
weaker inhibitory potency than the corresponding parent 15-mer
peptide. Finally, given the greater inhibitor potency of the 15-mer
sequences, we generated a second focused phage library (FL2) that
expressed each of the top 15-mer from the four inhibitory peptide
families as well as corresponding peptides in which each position
was fully mutagenized with each amino acid aside from cysteine.
Again, an additional 762 randomized sequences were also included
to ensure quality control of the library. In this round of screening
(Fig. 34 and SI Appendix, Fig. S3), we focused on the intervening
residues between the conserved side chains comprising the binding
motif. In particular, we analyzed whether certain amino acid residues
were underrepresented in these positions based on the sequencing
showing lower levels of these variants. This analysis revealed certain
residues appear to compromise peptide binding to OGT (Fig. 3B
and S Appendix, Fig. S3). To test whether these intervening residues
influence binding to OGT, we generated peptides in which we
incorporated residues that appear to be disfavored at some of these
positions. We examined the effects of substituting G, N, D, and
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Q at each of the intervening residue sites within the P11 15-mer
peptide sequence. OGT inhibition assays using these 12 peptides
showed these disfavored residues do indeed impair binding, some
in a deleterious manner (Fig. 3D). These collective observations,
including the improvements in inhibitory potency, suggest that while
the consensus motif is critical for binding to OGT, the flanking
positions and positions between the conserved residues also play a
role in the ability of these peptides to inhibit OGT, with hydrophobic
residues enhancing binding and charged or hydrophilic residues
within or immediately adjacent to the motif being unfavorable.

To better understand how these peptides were inhibiting OGT,
we performed kinetic analyses on two of the most potent affinity
matured peptides (P11 and P17) to identify their mode of inhi-
bition (Fig. 4 A and B and SI Appendix, Fig. S4). We accomplished
this by varying either the concentration of the fluorescent
UDP-GIcNAc donor or the peptide acceptor used in the OGT
activity assay in the presence of several concentrations of peptide
P17. Surprisingly, global fitting of the data revealed both P11
(Fig. 4 A and B) and P17 (SI Appendix, Fig. S4) inhibited OGT
in a noncompetitive manner with respect to the acceptor peptide
and donor substrate. The calculated X value for P11 inhibition
with respect to UDP-GIcN-BODIPY was 2.7 + 0.3 uM and with
respect to Biotin-HCF was 3.8 + 0.4 uM (R?* = 0.87 and 0.85).
The noncompetitive mode of inhibition, coupled with the con-
cordance in K| values for P11 inhibition with respect to each
substrate, strongly suggested that binding of the peptides occurs
outside of the active site of OGT. Given the peculiar mode of
inhibition of P11, we decided to determine the K of P11 using
biolayer interferometry (BLI). Immobilization of biotinylated P11
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Fig. 4. Inhibition and binding of OGT by peptide P11: (A) Inhibition of OGT by P11 at varying concentrations of P11 and UDP-GIcN-BODIPY reveals a mode of
noncompetitive inhibition. (B) Inhibition of OGT by P11 at varying concentrations of P11 and Biotin-HCF peptide reveals a mode of noncompetitive inhibition.
(C) BLI data for binding of P11 to OGT determined by immobilization of P11 followed by binding of OGT at different concentrations. (D) Fitting to a single binding
model to a plot of maximum response (R,,.,) as a function of [OGT] reveals a dissociation constant (K;) consistent with the K| value determined by global fitting

of the inhibition data.
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onto the chip surface followed by monitoring of binding by OGT
showed binding reached equilibrium over time (Fig. 4C). Plotting
these equilibrium positions reflected by the maximum response
(R,,.) and revealed an excellent fit to a single site—no background
binding model that reflected high-aflinity binding (K} = 470 =
160 nM, R* = 0.99) to OGT (Fig. 4D). This tighter binding, as
reflected by the 10-fold lower K] value, as compared to inhibition,
reflected by the K] value, was unexpected, but we reasoned that it
could arise from an allosteric mode of inhibition in which a per-
turbation arising from binding is incompletely transmitted to the
active site. These data collectively support that these peptides are
binding to OGT and inducing inhibition through an allosteric
mechanism, perhaps by inducing a conformational shift that
causes inhibition in a manner akin to that observed for recently

described macrocyclic peptide inhibitors of OGT (36).

Structure-Activity Relationships Using Targeted Peptide
Truncations and Deletions. To gain a better understanding of
the features of these peptides that mediate inhibition of OGT,
we proceeded to assess the inhibitory potency of two truncated
peptides (tP11 and tP17) that comprised only the 7-residue
consensus motif ([Y/F]-x-P-x-Y-x-[I/M/F]) identified from our
sequencing results. Strikingly, none of the short peptides that we
tested inhibited OGT activity at concentrations of up to 100
UM (87 Appendix, Table S2 and Fig. S5). Such results were also
in accordance with overall weak binding potency of shorter 11-
mer peptides in a maturation screen. Nevertheless, because the
phage screening results contained longer, 15-mer peptides with
variable residues beyond the sequence motif, we reasoned that
inhibition required the presence of amino acid residues pendent
to the consensus motif. We therefore hypothesized that these
extensions likely somehow drive inhibition. To investigate this
idea, we prepared a series of peptide constructs based around the
sequence of the P11 and P17 peptides and then tested these as
inhibitors of OGT (S Appendix, Table S2 and Fig. S5). As a first
step, we enhanced the solubility of P11 to determine whether
inhibition was influenced by solubility or aggregation of these
peptides. We found that the addition of two lysine residues at
either the N or C terminus of the peptides (P21 and P22) had
only marginal effects on inhibition, indicating that inhibition
was likely mediated by the soluble monomeric peptide. In
addition, deletion of three N-terminal residues (P24) also did
not significantly perturb inhibition while deletion of all residues
N-terminal of the motif drove a reduction in inhibition but
did not totally abolish the effect (P25). Deletion of the two
C-terminal residues (P23) resulted in complete loss of inhibition
at concentrations up to 200 pM. No inhibition from a control
peptide (P26) was observed. These data collectively suggested that,
in addition to the importance of the motif, residues outside of the
motif at the C-terminal end are essential for inhibition of OGT
whereas residues N-terminal of the motif regulate the potency of
inhibition. Together, these collective data support these peptides
authentically binding to OGT and inhibition being sensitive to
small changes within the sequence motif, its intervening residues,
and the presence of residues C and N-terminal to the motif.

X-ray Structure of OGT in Complex with Truncated Peptides.
Based on the unique binding and inhibition properties of these
peptides, coupled with their noncompetitive mode of inhibition,
we judged that structural insights into their binding to OGT
could be illuminating. We therefore set out to determine the X-ray
crystallographic structure of OGT in complex with P11. To do so,
we used a previously reported, readily crystallizable construct of

OGT (OGT4.5) that consists of the catalytic region appended to
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4.5'TPRs (19). To aid crystallization, we used a truncated version
of the P11 peptide (tP11; FMPKYSI) bearing just the motif of
interest. The residues of peptide tP11 are numbered to match
P11. Due to limited peptide solubility, we found it necessary
to concentrate OGT4.5 in the presence of the tP11 peptide
to obtain a soluble OGT-peptide complex. Crystal screening
yielded diffraction quality crystals that were processed in the 2321
spacegroup to 2.8 A with four copies of OGT comprising the
asymmetric unit (S/ Appendix, Table S3). Most surprisingly, clear
F-F. electron density, incompatible with the OGT main chain,
was observed across a face of the intervening domains (Int-D)
(SI Appendix, Fig. S6), suggesting that these linear peptides were
not binding to the TPR domains as we had expected. Into this
density, it was possible to unambiguously model the tP11 peptide.
The tP11 peptide binds across the Int-D of the catalytic region, a
region we hereafter refer to as an exosite, lying outside of the active
site (Fig. 54). Despite numerous structural insights into OGT,
no function has yet been attributed to the Int-D and only OGT
enzymes from metazoans possess this domain (9, 21). While the
electron density of tP11 is of sufficient quality to model in the
peptide, electron density is diffuse for the sidechains of F7 and
113 (Fig. 5B). The peptide is bound in place by hydrogen bonding
between N791 and the 113 backbone and hydrogen bonding
between Y11 and the carbonyl group of L837. In addition, the
carbonyl of S833 hydrogen bonds to the backbone nitrogen of
K10. (Fig. 5C). Further interactions occur along the length of the
peptide (Fig. 5D). Notably, I13 in the tP11 peptide sequence faces
and binds into a hydrophobic pocket formed by F723, 1734, and
1787 (Fig. 5D). Strikingly, the residues making up the exosite that
cradles this peptide motif are conserved among mammalian OGT
orthologs (Fig. 6 and S/ Appendix, Fig. S7).

Analysis of the structure of this complex revealed that residues
that are not conserved within this peptide motif are solvent exposed,
clearly explaining the tolerances at these sites that are seen within
the deep sequencing of the pool of selected phage (SI Appendix,
Table S1). Conserved features of the motif can also be understood
in the context of the structure. By constraining geometry, the proline
residue (P9) of the peptide induces a kink that adjusts its orientation
and permits its flanking residues to bind to the surface of OGT.
The phenylalanine residue (F7) packs against OGT to strengthen
the overall peptide interaction and may facilitate reorientation of
the peptide toward the active site. These two contributions from
the F7 residue provide a rationale for the loss of inhibition we
observed when this residue was replaced with a proline residue in
the P14 peptide. Since peptide tP11 is unable to suppress OGT
activity and residues which would lie C-terminal of the consensus
motif are not positioned close to the active site, we believe that the
disordered residues N-terminal of the consensus motif are likely to
be responsible for occluding the active site and promoting inhibi-
tion. Accordingly, the consensus motif likely acts as an anchoring
point for the peptide, orienting these N-terminal residues, so they
can interfere with binding of polypeptide substrates at the active
site (Fig. 6A). This model is also consistent with the K value (470
+ 160 nM) for the P11 peptide being 10-fold lower than the K]
value (4.0 + 0.9 mM) of P11 since inhibition in this model must
be exerted by a subset of the peptide conformations that occlude
the active site. We are unaware of other reports of such a steric
occlusion model for inhibition of enzymes. However, though clearly
different, this mode of inhibition is reminiscent of how binding of
autoproteolytically processed peptides allosterically antagonize
enzyme activity by binding to exosites present within certain
pepsin-family aspartic acid proteases (45).

To gain a sense for the level of conservation of this exosite
among OGT orthologs, we leveraged the AlphaFold2 structure
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*overlay from PDB:3PE4

F723 1787

[Y/F]-X-P-x-Y-X-[IM/F]

Fig. 5. Structure of OGT in complex with tP11: (4), OGT4.5 depicted as a surface with bound tP11 peptide and UDP depicted in ball and sticks. CKIl from PDB:
3PE4 is also shown to demonstrate relative position between a peptide acceptor and the bound tP11 peptide. (B) Expanded view of the tP11 peptide binding
to the surface of OGT, with 2F,-F, electron density contoured to 1 ¢ localized to the tP11 peptide. The density is incompatible with the OGT main chain and lies
across the face of the intervening domain. (C) Hydrogen bonding interactions between the tP11 peptide and OGT displayed as dashed lines. Residue numbering
in black refers to P11 residues; red numbering highlights OGT residues involved in tP11 binding. (D) Surface displaying hydrophobic (brown) and hydrophilic
(blue) regions of the surface of OGT. The semitransparent surface of the tP11 peptide is also shown to highlight the complementary shape of the tP11 peptide

to the surface of OGT.

prediction database (46) to see whether OGT from model organ-
isms that contain the Int-D domain are likely to have an exosite
capable of accommodating a peptide bearing our motif.
Unsurprisingly, given the high sequence similarity, the AlphaFold
generated mouse OGT exosite is identical to the human, as was
that of the AlphaFold OGT structure from zebrafish (Danio rerio)
(Fig. 6C). In comparison the AlphaFold generated structure of
Caenorbabditis elegans and the crystal structure of Drosophila mel-
anogaster have distinct differences in the features of the exosite.
An arginine residue in D. melanogaster which replaces S833, causes
significant steric hindrance to binding of the tyrosine residue of
the peptide motif. In addition, residue N791 of human OGT is
absent from both models. Furthermore, the hydrophobic pocket
used to accommodate the 113 residue of the peptide motif has
been disrupted in both organisms. Notably, a growing number of
mutations in OGT have been linked to XLID and a survey of
these, as recently summarized (47), suggests that two of these
mutations (I721V and R792P) localize near the OGT exosite.
Structural considerations suggest that either mutation could dis-
rupt peptide binding, with 1721V potentially impacting the
hydrophobic network which supports 113 (tP11s) and R792P
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potentially destabilize the C terminus of an a-helix likely causing
reorientation of the peptide coordinating residue N791 (SI Appendix,
Fig. S8). These results suggest that this exosite-mediated binding
of protein ligands may be a recent evolutionary feature and impaired
binding at this site may be associated with XLID. However, it is
also possible that these organisms use their Int-D domain for other
purposes yet to be defined or that other peptide sequence motifs
are bound by this site in these other organisms.

Taken together, these results define an exosite on the surface of
OGT that can bind peptides containing the sequence motif iden-
tified in our phage display studies. Given the strong consensus
motif of peptide sequences that emerged through the selections,
along with the conservation of this exosite within higher verte-
brates, coupled with tolerance to considerable variation of the
residues at intervening positions, we speculate that native proteins
containing this exosite-binding motif are likely present within
mammalian proteomes. Moreover, the low micromolar to nano-
molar binding and inhibition constants of these exosite-binding
peptides are consistent with proteins containing such sequences
having biological activity within cellular settings. Given their
potential for disruption of the glycosyltransferase activity of OGT
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178

Fig. 6. Mechanism of inhibition of OGT by exosite binding polypeptides and conservation of the OGT exosite: (A) A proposed mechanism by which peptides
bearing the conserved motif prevent the binding of OGT protein substrates. (B) A second proposed mechanism by which the conserved motif in OGT protein
substrates enables tighter binding and enhanced O-GlcNAcylation. (C-F) Comparisons of the human OGT (HsOGT) structure against structures and AlphaFold
models of OGT homologs. The structure of HsOGT superimposed onto AlphaFold generated Mus Musculus (C), Danio rerio (D), and C. elegans (E) OGT models.
(F) HsOGT superimposed onto the X-ray crystal structure of D. melanogaster OGT,PDB: 5A01 (44).

as we have seen here, binding of peptides and proteins to this
exosite may have regulatory significance, either as we see here
through binding and inhibiting of OGT but, alternatively, by
serving to recruit specific protein substrates for modification
(Fig. 6B), which may then either diffuse away if binding with
modest affinity or remain to antagonize OGT activity.

Given these considerations, we examined the prevalence of this
consensus motif within the human proteome we conducted a
bioinformatic analysis of the human proteome using the MOTIF
search tool (48). Using the consensus sequences as a search string
([Y/F]-x-P-x-Y-x-[I/M/F]), we found that 112 human genes
encode proteins bearing some variation of this sequence
(Dataset S1). Of these, we curated this set to include only those
proteins localized to the nucleus or cytoplasm, which are the cel-
lular compartments in which OGT acts, and identified 52 proteins
(Dataset S1). Among these 52 proteins are represented protein
families of various function, including transcription factors,
kinases, deacetylases, and nucleic acid editing enzymes. Notably,
only nine of the 52 proteins have been previously identified as
substrates of OGT that can be modified with O-GIcNAc (8). We
note that the sites of O-GlcNAc modification on these nine pro-
teins are at least 50 amino acid residues away from the motif,
suggesting that if binding of the motif within the protein to the
OGT exosite serves to promote O-GlcNAcylation modification,
it is unlikely to drive modification immediately adjacent to the
motif. We expect that some members of this set of 52 proteins are
likely to bind to OGT through the identified motif, and some of

these may function as regulatory partners. Given the limited
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number of O-GlcNAcylated proteins observed in this set, we rea-
son that binding of putative partners to this exosite likely mediates
recruitment or inhibitory regulation of OGT. However, a number
of factors will need to be considered in advancing on this question
since the accessibility of the peptide motif within the protein and
the secondary structure in which the motif is found are likely to
influence binding to OGT. Notably, prior to performing the round
of selections using the second focused library (FL2) to perform
saturation mutagenesis of the selected 15-mers, we examined
whether peptide sequences containing the motif selected from
among these 52 proteins might antagonize OGT. We obtained and
assayed four 15-mer peptides containing the motif with sequences
from repeat 1 of SORB1 (PEENPYFPTYKFPEL), repeat 2 of
SORB1 (DDSDLYSPRYSFSED), SOS1 (PTSKAYSPRYSISDR),
and SCLY (RGLGEFTPLYPMLEG). Surprisingly, however, none
of these four peptides inhibited OGT, which prompted us to fur-
ther consider the features influencing binding to the OGT exosite.
Notably, phage panning using the second saturation mutagenesis
library indicated that certain residues at intervening—and adja-
cent—residues around the motif are disfavored, but this depends,
to some extent, on the parent sequence (Fig. 3B). We find that
generally disfavored amino acid residues are present in all four pep-
tides from the proteins we selected. Accordingly, these data collec-
tively suggest that some proteins may be preferred based on the
sequence containing the motif; however, given that binding at more
distant sites may enhance binding, the data pointing to disfavored
intervening residues may serve to guide future efforts but should
likely not be used to definitively exclude possible candidate exosite
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interacting proteins. In addition, the specific amino acid compo-
sition adjacent to the motif may contribute to inhibition.
Accordingly, experiments to investigate in greater detail these
putative interaction partners and the amino acid composition
driving inhibition are warranted.

Discussion

The O-GlcNAc post-translational modification has been firmly
established as a key regulator of several signaling pathways that
govern important cellular processes. However, the molecular
mechanisms that control the glycosyltransferase activity and sub-
strate specificity of OGT have been slow to emerge. Indeed, the
large number of O-GlcNAcylated targets in the human proteome
raises questions about how OGT activity is regulated and how
this enzyme identifies and discriminates between its great number
of protein substrates. Attempts have been made to identify a gen-
eralized consensus motif surrounding serine or threonine
O-GlcNAcylation sites (8, 41, 42). Although a clear consensus
motif likely does not exist, certain preferences in primary peptide
sequence have been identified and these are consistent with the
structural requirements of the active site of OGT (42). The roles
of the TPR region in recruiting substrates to OGT for glycosyla-
tion are gradually emerging (22, 23, 49). Other regulatory mech-
anisms are also being defined (20, 26) including the general
concept that binding partners of OGT may influence substrate
recruitment (21, 24, 50). The molecular details of these interac-
tions, however, remain unknown. Binding to the TPR region is
one logical potential means of controlling substrate specificity.
However, it is notable that panning of our diverse phage library
did not return sequences binding to the TPR region and instead
converged to deliver a sequence motif that binds to a defined
exosite on the surface of the Int-D of OGT that is proximal to
the active site. Notably, the amino acid residues that define the
topological features of this exosite are strikingly conserved among
mammals (S Appendix, Fig. S7), suggesting that it likely fulfills
important evolutionarily conserved roles in modulating OGT
function. While this exosite may serve to recruit OGT substrates,
we find it is more likely that this site serves a regulatory role by
recruiting OGT polypeptides, including proteins, that contain
this motif such that their binding occludes the active site of OGT
and prevents its subsequent binding of protein substrates. With
respect to the linear peptides identified here, their low to submi-
cromolar binding affinity suggests that these peptides could be
purposed in useful ways. For example, by inserting or fusing this
motif to proteins one may be able to control or direct OGT
activity within cells, which has emerged as a topic of some interest
(51, 52). Furthermore, chemical refinement of these structures
may also offer up chemical tools to control OGT activity in an
allosteric manner as well as to interrogate the biological effects of
antagonizing this exosite within cells. Perhaps most immediately
salient is that the exosite that we have uncovered is likely to have
biological significance by functioning as a regulatory site for OGT
at which binding of proteins and polypeptides containing this
sequence motif act to modulate its activity. Although the short
peptides identified in this study display fair but not exceptional
binding affinity toward OGT, it is likely that larger proteins in
cells that are capable of binding to this site may do so with signif-
icantly higher potency by virtue of their greater steric bulk, which
would more effectively occlude the active site. Moreover, full-
length proteins may have features enabling additional contacts
within the active site or elsewhere on the surface of OGT. Notably,
a comparative analysis of the 52 proteins containing this motif
with OGT interacting proteins identified in proteomic screening
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experiments shows that six of these 52 proteins have been found
to interact with OGT (Dataset S1) (28, 53, 54). Intriguingly, the
conservation of tyrosine within this motif suggests a molecular
mechanism for relief of inhibition of OGT. The sequence of this
motif is compatible with tyrosine kinases being able to induce
phosphorylation of this tyrosine residue (55) which would abro-
gate binding of potential exosite-binding protein antagonists of
OGT as the phosphate would prohibit binding to the exosite of
OGT. Analysis of the 52 candidate proteins strikingly revealed
that five of candidate proteins have been found to be tyrosine
phosphorylated within this conserved motif (Dataset S1) (56).
Studies directed toward identifying protein regulatory factors and
their potential control by tyrosine kinases are likely to prove a
promising line of inquiry into an unusual mechanism for regula-
tion of OGT activity within cells.

Notably, following initial identification of this motif by phage
display (34) and during the course of preparation of this manu-
script, a parallel independent report detailing related research
appeared (57). That work from the Jiang group describes a closely
related motif along with biophysical and structural data relating
to its binding to the same site on the Int-D domain of OGT and
is broadly consistent with our findings. Their data also support
tyrosine phosphorylation of this motif-blocking peptide binding
to OGT. While that work proposes this exosite is principally for
recruitment of substrates, whereas our findings are interpreted as
this site acting in an inhibitory capacity, the convergence of these
two separate lines of research and similarity of core findings pro-
vides strong support for the conclusion that this exosite is most
likely to play important roles in the regulation of OGT.

Materials and Methods

Selection of Phage Peptides Bound to OGT. Four rounds of panning were
performed using the X15 library and histidine-tagged O-GlcNAc transferase (OGT)
as a target. Manipulations of solutions and magnetic beads were performed man-
uallyin the first round; for subsequent rounds, a Kingfisher Duo Prime magnetic
bead purification system was used (Thermo Fisher). The X15 library was depleted
for bead-binding phage by incubation with Dynabeads (Thermo Fisher) before
panning. All bead incubations were setup in 1.7-mL Eppendorf tubes on a rotator.
One hundred microliters of beads were washed in HN buffer (50 mM HEPES and
500 mM NaCl, pH 7.4), resuspended in a total volume of 100 pL of HN contain-
ing X15 library (1.4"" PFU/mL), and incubated at 4 °C overnight. The depleted
library supernatant was then separated from magnetically immobilized beads
and saved for panning. OGT beads were prepared by incubating 10 ug of OGT
protein with 20 uL of HN-washed Dynabeads in total volume of 100 uLHN at4 °C
overnight. OGT beads were blocked with 2% bovine serum albumin (BSA) in HN
at room temperature for 1 h. Four replicate library panning tubes were set up,
each containing depleted X15 library (10" PFU/mL) with blocked OGT beads in
1 mLof 2% BSA/HN.The tubes were incubated at room temperature for 1.5 h. After
incubation, the OGT beads were immobilized by magnet, and the supernatant
was removed. The OGT beads with bound phage were washed three times with
0.1% Tween/HN. Phage were released by incubating beads in 200 ulL of 0.2M
glycine-HCl pH 2.2 on a rotator for 9 min. The supernatant containing released
phage was removed from the beads and neutralized with 30 pL of TM Tris-HCI
pH 9.1.This pool of released phage was separated into three aliquots: i) 200 uL
of the pool was added to 25 mL of early log phase Escherichia coli TG1 pRLA4
and amplified in a shaking incubator at 37 °C for 4.5 h; ii) 20 pL was used as a
source of DNAfor next-generation sequencing; and iii) the remaining phage was
quantified by plaque assay. Phage amplification and subsequent polyethylene
glycol (PEG) precipitation were performed as described (58). PEG precipitated
phage was resuspended, titered, and used as the library for the next round of
panning. For rounds 2, 3, and 4 of panning, beads were washed 1, 3, and 3
times, respectively, using a Kingfisher instrument. For rounds 3 and 4 of panning,
parallel negative panning controls were performed using depleted X15 libraries
and beads containing no target protein. Focus library panning was performed
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twice, once under the same conditions as round 3 of regular panning without a
bead depletion step, and the second time with an additional three washes, both
with the addition of parallel negative panning controls.

BLI. BLI experiments were performed using an Octet RED96e instrument
(FortéBio, Sartorius) and 96-well black microplate (part no. 655209, Greiner).
The binding assay was carried out at 25°Cin assay buffer 50 mM Hepes NaOH pH
7.4,500 mM NaCl, T mMTCEP, 0.1 % (w/v) BSA, 0.02 % (v/v) Tween-20, and 5 %
(v/v) DMSO with sample plate shaking speed 1000 rpm. The Octet® streptavidin
(SA) dip and read biosensor (part no 18-5019, Sartorius) was equilibrated in the
assay buffer for 120 s. Then, the ligand, biotinylated peptide P11 (sequence:
GDFPVMFMPKYSIIF with N-terminal modification Biotin-Ahx), at a concentration
0.85 pg mL™" (400 nM) was immobilized on the biosensor for 600 s. The bio-
sensor was then washed in the assay buffer for 120 s and dipped in the sample
solution, 0GT4.5 dimer, ata concentration range of 25, 125, 250, 500, 1,000, and
2,000 nM. Samples at a concentration of 2,000 nM or buffer alone 0 nM were
added in the rest of the wells to check for nonspecific binding and apply correction
for baseline drift. Following the association step, dissociation was performed for
600 s.The data correction and analysis were carried out using Octet Data Analysis
High Throughput (HT) software version 12. The rate constants were determined
by global fit type using all the six sample concentrations.

X-ray Crystallography. A reaction of 52.5 uM 0GT4.5 with 1050 uM UDP in
size-exclusion buffer was incubated for 1 h at 4 °C. The combined OGT4.5/UDP
mix was then diluted 28.3 times in size-exclusion buffer containing tP11 at 57
uM to yield a final reaction mix of 1.85 uM protein, 37 uM UDP, and 55 uM
tP11.The OGT4.5/UDP/tP11 mixture was incubated together for 4 h before being
concentrated to ~8 mg/mL using a 3000 MWCO Vivaspin concentrator (protein
concentration determined via A,g, using the extinction coefficient and molecu-
lar weight of OGT4.5 only). The best crystals obtained were in 1.5 M potassium
phosphate dibasic, 5% xylitol, and 10 mM EDTA. Crystal drops were set up ata
2:1 ratio. Crystals were cryoprotected in mother liquor supplemented with 27%
xylitol and flash-cooled. Diffraction data were collected at Diamond Light Source
in Oxford, UK on beamline 103. Data reduction and processing was completed
through xia2 using DIALS and AIMLESS (59, 60) A structure solution was obtained
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through Phaser using chain A of PDB 3PE3 (19) as a search model. Simulated
annealing was run on the structure solution through Phenix before cycles of
refinementand interactive model building were undertaken using REFMAC5 and
Coot (61-64). Residues have been numbered relative to OGT isoform 3. Figures
were prepared through UCSF ChimeraX (65).

Data, Materials, and Software Availability. X-ray structural data; raw sequencing
data (17 files) have been deposited in PDB; 48HD.cloud (8CM9; https://48hd.cloud/
file/2852; https://48hd.cloud/file/2883; https://cloud/file/2862; https://48hd.cloud/
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data are included in the manuscript and/or supporting information.
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