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Abstract

O-GIcNACc is an abundant post-translational modification found on nuclear and cytoplasmic
proteins in all metazoans. This modification regulates a wide variety of cellular processes, and
elevated O-GIcNAc levels have been implicated in cancer progression. A single essential enzyme,
O-GIcNAc transferase (OGT), is responsible for all nucleocytoplasmic O-GIcNAcylation.
Understanding how this enzyme chooses its substrates is critical for understanding, and potentially
manipulating, its functions. Here we use protein microarray technology and proteome-wide
glycosylation profiling to show that conserved aspartate residues in the tetratricopeptide repeat
(TPR) lumen of OGT drive substrate selection. Changing these residues to alanines alters substrate
selectivity and unexpectedly increases rates of protein glycosylation. Our findings support a model
where sites of glycosylation for many OGT substrates are determined by TPR domain contacts to
substrate side chains five to fifteen residues C-terminal to the glycosite. In addition to guiding
design of inhibitors that target OGT’s TPR domain, this information will inform efforts to
engineer substrates to explore biological functions.
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O-GIcNACc transferase (OGT), a protein found in all metazoans, is a nutrient- and stress-
responsive glycosyltransferase that regulates the functions of nuclear and cytoplasmic
proteins by catalyzing the transfer of N-acetylglucosamine (GIcNAc) to serine and threonine
side chains.! O-GIcNAc modifications can alter protein localization, activity, stability, and
protein-protein interactions.2 OGT activity is required to maintain cellular homeostasis, but
chronically elevated protein O-GIcNAc levels have been linked to insulin resistance, diabetic
complications, and cancer.3 To better understand OGT’s function and potentially develop
inhibitors that selectively disrupt subsets of OGT-substrate interactions, it is critical to know
how OGT chooses its substrates.

In addition to its catalytic glycosyltransferase domain, OGT has a tetratricopeptide repeat
(TPR) domain that is necessary for protein glycosylation.1 It has been speculated that
adaptor proteins that bind to the TPR domain drive OGT substrate selection.> However,
information on how changes to the TPRs affect substrate selectivity is surprisingly limited.
We previously obtained a structure of human OGT complexed with a peptide substrate that
binds in the TPR lumen.8 The structure showed that this substrate is anchored in the lumen
through bidentate contacts from the side chains of a highly conserved ladder of asparagines
that extends the length of the TPR domain (Figure 1A). We asked whether these asparagines
were important for substrate binding and found that mutating them led to decreased
glycosylation of most OGT substrates even through the OGT active site was fully functional.
7 These studies identified a shared mode of substrate binding but did not provide insight into
how selectivity is achieved because the asparagines only make amide backbone contacts.
Here we report the first functional evidence that residues in the TPR lumen drive OGT
substrate selectivity.

We observed that the TPR domain of OGT contains a ladder of conserved aspartates that,
like the asparagine ladder, extends the full length of the superhelix (Figure 1B, Table S1). In
the OGT:peptide structure, three aspartates proximal to the active site, D386, D420, and
D454, contact threonine side chains in the peptide (Figure 1B), suggesting they play a role in
substrate selectivity.

To test the importance of these aspartates, we made mutants in which some or all were
changed to alanine (Figure 2). Kinetic analysis of the two mutants showed that these
changes did not affect glycosylation of a model peptide that only binds in the OGT active
site (Figure S2A). Therefore, OGT’s catalytic machinery was unaffected by the TPR
mutations. We next evaluated the activity of each mutant using HeLa cell extracts, which
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allowed us to assess how the mutations affected protein glycosylation on a proteome-wide
scale (Figure 2, S2, S3). Adding OGTWT to the extracts resulted in a time-dependent
increase in O-GIlcNAcylation (Figure 2A). Most of the mutants showed similar glycosylation
activity to OGTWT (Figure 2B). However, the triple mutant and the D386A/D420A mutant
(called hereafter D2A) showed increased glycosylation activity (Figure 2A, S4). Moreover,
the appearance of new O-GIcNAc bands suggested altered selectivity. Taken together, these
experiments showed that the aspartates in the TPR lumen of OGT influence substrate
recognition.

Commercially available protein microarrays containing thousands of diverse human
proteins, including kinases, phosphatases, GPCRs, nuclear receptors, and proteases, provide
an alternative platform to cell extracts for globally profiling substrate preferences of OGT
and its variants.”8 An advantage of using protein microarrays is that substrates can be
readily identified by location on the array and the amount of glycosylation can be quantified.
We evaluated microarray glycosylation profiles for OGTWT and OGTP2A and found that
they were highly correlated and shared a substantial number (116) of substrates (Figure 2C,
S5, Table S2). However, some substrates were preferentially glycosylated by either OGTWT
or OGTP2A (Figure 2C, S6). Therefore, two orthogonal strategies for profiling global protein
glycosylation demonstrated that changing two aspartates in the TPR lumen to alanine affects
OGT’s substrate preferences.

We sought to obtain information on the specific sites glycosylated by OGTWT or OGTP?A to
better understand the role of the TPR aspartates in substrate selection. We adapted a
previously developed glycosite mapping strategy to identify sites of new protein
glycosylation in HeL a extracts after addition of recombinant OGTWT or OGTP2A (Figure
3A).2 After isotope tagging, enrichment, digestion, and probe cleavage, glycopeptides were
analyzed using mass spectrometry. Consistent with the microarray results, we found that a
substantial number of protein substrates were preferentially glycosylated by either OGTP2A
or OGTWT (Figure 3B). From 191 total glycosylated proteins, we identified 111 and 135
unique glycosites for OGTWT and OGTDP2?A, respectively (Figure 3C, Table S5). For the 80
proteins that were glycosylated by both OGTWT and OGTP2A, we also observed multiple
instances in which the sites of glycosylation were different (Figure S8, Table S6). These
results show that substrate preferences change substantially when the TPR aspartates are
replaced with small, nonpolar alanines.

We used the glycosite mapping data to determine if there are amino acid preferences in
substrates glycosylated by either OGTWT or OGTP2A, Sequence frequency plots for a 16
amino acid region that includes the glycosite and 15 C-terminal amino acids, are shown for
peptides glycosylated by only OGTWT or OGTP2A (Figure 4A; $9).11 We chose this
window to capture sequence preferences of residues that could bind in the TPR domain
proximal to the active site. For OGTWT-specific substrates, visual inspection revealed an
apparent preference for positively charged amino acids. To better quantify the amino acids
that are selectively enriched for OGTWT and OGTP2?A, we counted the number of
occurrences of each amino acid within a sliding three amino acid window at all positions
between 1 and 15 amino acids C-terminal to the glycosite (Figure S10). Relative to
OGTP?A  substrates selectively glycosylated by OGTWT were enriched in lysines and
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arginines within multiple three amino acid windows (Figure 4B, Table S7). In contrast,
alanine, large hydrophobic residues, and Ser/Thr were enriched for OGTP2A(Figure 4B,
Table S7). Testing alternative window sizes revealed that OGTWT-specific glycosites were
most strongly enriched for arginine and lysine at amino acid positions 7 through 11 (Figure
4C, Table S8), which is the region of the substrate that would engage the D420 and D386
aspartates in the TPR lumen (Figure 4D).

We next asked whether the Arg/Lys preference identified for OGTWT in HelLa extracts was
also observed in cells. To do this, we used data from the PhosphoSitePlus database, which
includes a curated list of 1,817 O-GIcNAc glycosites.12 We reasoned that if the Arg/Lys
preference was truly important in glycosite selection, then authentic glycosites should be far
more likely than randomly drawn sets of Ser/Thr residues in the same protein to match the
preference. Indeed, we found this to be the case for the OGT glycosites in the database
(Figure 4E). Therefore, the Arg/Lys sequence preference we have identified for OGT
substrates from the HeLa extracts experiments is also observed for cellular substrates.

Our study shows that residues in OGT’s TPR lumen control proteome-wide substrate
recognition. Mutations of only two aspartate residues to alanine increase overall
glycosylation activity and result in glycosylation of proteins that are not substrates of
OGTWT, At the same time, some substrates that are glycosylated by OGTWT are no longer
recognized by the double aspartate mutant. We used a pattern searching approach to show
that substrates only glycosylated by OGTWT tend to have positively charged residues within
a window spanning residues 7-11 C-terminal to the site of glycosylation. This window is in
the region of the substrate that would contact D386 and D420, leading us to conclude that
many substrates directly interact with the TPR lumen. Supporting this conclusion, we
observed the same Arg/Lys substrate bias in annotated cellular glycosites. Taken together
with the previous study showing that asparagine ladder residues are globally important for
protein glycosylation,” our findings indicate that a large fraction of OGT substrates span
from the catalytic domain into the TPR lumen. While the asparagines anchor the backbone
of substrates, aspartate ladder residues influence substrate preferences and determine
glycosite positioning.

The finding that a substantial fraction of OGT substrates bind in the TPR lumen implies that
one can use the curated glycosite data to predict substrate preferences. Using a pattern
searching approach based on the assumption that residues C-terminal to the glycosite bind in
the TPR lumen, we have identified a positive selection not only for Arg/Lys, but for Ser/Thr
(Figure S12, Table S9). The latter preference has been observed in the reported structures.
613 We also observed a striking selection against negatively charged residues that is
consistent with our conclusion that the luminal aspartates control substrate specificity.

In closing, it is worth noting that mutations in the TPR domain of OGT have been linked to
human diseases. Mutations that distort the TPR helix are found in X-linked intellectual
disability.24 Moreover, mutations at D386, D420, and D454, the three residues investigated
here, have been found in different cancers.1® The results presented here show that these
positions are important for OGT specificity, suggesting that altering OGT specificity may
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contribute to disease pathogenesis. Further work on the role of the TPR lumen in driving
substrate selection may help explain OGT’s role in human disease.
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¥ aspartate ladder UDP-5SGIcNAc HCF-1 peptide

Figurel.
Two conserved amino acid ladders line the OGT TPR lumen. A) Composite structure of

human OGT complexed with a 26 residue peptide (light blue) was built by aligning
overlapping residues from two structures (PDB codes 4N3B and 1W3B). Asparagine
residues form a ladder, and the expanded view shows that five sequential asparagines closest
to the active site make bidentate contacts to the bound peptide backbone. B) Composite
structure as in A, but with TPR aspartates highlighted. Three sequential aspartates contact
threonine sides chains of the bound peptide.
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Aspartate residues in the TPR lumen affect glycosylation profiles. A) Glycosylation of HeLa
extracts by recombinant OGT variants shows increased O-GIcNAcylation by D2A and D3A.
Red arrows highlight bands prominent only for D2A and D3A. B) Table of aspartate to
alanine mutants showing relative glycosylation activity in HeLa cell extracts compared to
OGTWT, See Methods. C) Scatterplot showing glycosylation signal for microarray proteins
treated with OGTWT or OGTD2A, Glycosylation hits had > 10-fold signal above control at <
5% FDR for at least one OGT variant (Figure S5). Hits with = 1.8-fold difference between
enzyme variants at a p-value < 0.05 are considered “biased” for WT (orange) or D2A (red)
(Figure S6). Data points are the average of three microarrays per condition (no enzyme, WT,

D2A).
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substrate preferences. A) Schematic of glycosite mapping strategy. HeLa cell extracts were
treated with OGT and UDP-GIcNAZ10, an azide-containing analog, to enable IsoTag probe
attachment. Following work-up, the samples were analyzed by MS/MS to identify glycosite
sequences. Only unambiguously localized O-glycosites were used in subsequent analyses
(see Methods). Glycosite mapping was performed in duplicate for each OGT variant. B)
Number of unique proteins glycosylated by OGTWT and OGTP2A, C) Number of unique

glycosites identified for OGTWT and OGTP?A,
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Comparative sequence analysis of glycosites reveals that the TPR aspartates select for
sequences containing Arg/Lys. A) Amino acid probability logos for OGTWT or OGTD2A-
specific glycosites from the glycosite mapping data. Amino acids are ordered top to bottom
by frequency, with height proportional to frequency. B) Comparison of amino acid
preferences for OGTWT versus OGTP2A, Each dot represents the enrichment of a single type
of amino acid in a three amino acid window between 1 and 15 amino acids C-terminal of the
glycosite. See Methods. C) Percentages of glycosites in HeLa extracts having one or more
Arg/Lys at positions 7-11 from the glycosite for each OGT variant. p<0.001 = ***, D)
Schematic of Arg/Lys preference identified for OGT. The enrichment is found in the 7-11
region, which would contact the indicated aspartates. E) 43% of 1817 glycosites from the
PhosphoSitePlus database have at least one Arg/Lys at positions 7-11 (red line). Randomly
drawn Ser/Thr residues from the same proteins are far less likely to have this preference. The

histogram (grey bars) summarizes results of n=100,000 sets of 1817 randomly drawn

Ser/Thr residues.
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