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Abstract

The essential human O-linked B-A-acetylglucosamine (O-GIcNAC) transferase (OGT) is the sole
enzyme responsible for modifying thousands of intracellular proteins with the monosaccharide O-
GIcNAc. This unique modification plays crucial roles in human health and disease, but the
substrate recognition of OGT remains poorly understood. Intriguingly, the only human enzyme
reported to remove this modification, O-GIcNAcase (OGA), is O-GIcNAc modified. Here, we
exploited a GIcNAc electrophilic probe (GEP1A) to rapidly screen OGT mutants in a fluorescence
assay that can discriminate between altered OGT-sugar and -protein substrate binding to help
elucidate the binding mode of OGT toward OGA protein substrate. Since OGT tetratricopeptide
repeat (TPR) domain plays a key role in OGT-OGA binding, we screened 30 OGT TPR mutants,
which revealed 15 “ladder like” asparagine or aspartate residues spanning TPRs 3-7 and 10-13.5
that affect OGA O-GIcNAcylation. By applying a truncated OGA construct, we found that OGA’s
N-terminal region or pseudo histone acetyltransferase domain is not required for its O-
GIcNAcylation, suggesting OGT functionally interacts with OGA through its catalytic and/or stalk
domains. This work represents the first effort to systemically investigate each OGT TPR and our
findings will facilitate the development of new strategies to investigate the role of substrate-
specific O-GIcNAcylation.
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1. Introduction

O-linked p-N-acetyl glucosamine modification (O-GlcNAcylation) is an essential, dynamic,
and reversible posttranslational modification carried out by a single pair of opposing human
enzymes, O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA) [1-5]. OGT adds O-
GIcNAc from sugar donor uridine diphosphate A-~acetylglucosamine (UDP-GIcNAC) to
serine or threonine residues of protein substrates, while OGA removes it [6]. Currently, over
a thousand intracellular proteins are reported to be O-GlcNAcylated [7-13], many of which
play intricate roles in various biological processes [5,14-16], including transcription [17,18],
translation [19-22], and signal transduction [15,23,24]. Aberrant O-GIcNAcylation is
closely linked to diseases, such as cancer [25-28], diabetes [29-31]. X-linked intellectual
disability [32-34], and Alzheimer’s disease [35-37]. To better understand O-GIcNAcylation
and the role of OGT, a number of chemical tools [38-44], including OGT inhibitors, such as
OSMI [45,46], Acs5SGIcNAC [47], and ESI [48] that target the catalytic pocket of OGT,
have been developed. While providing many useful insights, these inhibitors reduce global
O-GIcNAC level and struggle to deconvolute the role of O-GIcNAcylation on individual
proteins [49]. Thus, elucidating OGT protein substrate recognition is critical for expanding
our understanding of O-GIcNAc (dys)regulation and promoting the development of new
strategies to overcome these limitations.

Human OGT is a multidomain protein containing an N-terminal tetratricopeptide repeat
(TPR) domain, and a C-terminal catalytic domain that is split by an intervening domain (Fig.
Sla) [50]. The TPR domain, which is not found in any other glycosyltransferases, contains
13.5 TPRs that form an extended a-helical tunnel leading directly to OGT active site and
facilitates protein substrate recognition [51]. As the full-length OGT is not amenable for
structural characterization, the substrate binding information of OGT was mainly derived
from a truncated construct OGT, 5, which lacks N-terminal TPRs 1-9 and can O-
GIcNAcylate peptide substrates but shows minimal activity toward protein substrates
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[39,52]. The crystal structures of OGT,4 5 complexed with peptide substrates demonstrated
that a series of “ladder like” asparagine and aspartate residues line the concave surface of
TPRs 10-13.5 and respectively form polar interactions with the backbone or sidechains of
different peptide substrates [53-56]. Subsequent microarray and proteomic studies with full-
length OGT revealed that members of the asparagine ladder on TPRs 10-13.5 are essential
for global O-GIcNAcylation while residues of the aspartate ladder on TPRs 12-13 help OGT
discriminate against certain protein substrates [57,58]. Aside from these few residues on the
C-terminal region of the TPR domain, which were mostly studied as double [58] or
quintuple [57] mutants, the functional role of OGT residues along the entire 13.5 TPRs
toward protein substrates remains largely unexplored due to a number of challenges. One is
the lack of structural information of full-length OGT with a protein substrate, which has
stymied efforts to rapidly identify OGT residues that modulate protein binding within TPRs
1-9. Furthermore, previous reports revealed that OGT follows an ordered bi-bi mechanism,
where OGT first binds UDP-GIcNACc and then the protein substrate prior to catalyzing sugar
transfer [56]. OGT binding of UDP-GIcNAc can affect subsequent protein substrate binding,
thus traditional binding assays, such as isothermal titration calorimetry (ITC) [59] and
surface plasmon resonance (SPR) [60], usually cannot efficiently distinguish whether an
OGT residue is functionally important for sugar or protein substrate binding, posing a
significant challenge for studying OGT protein substrate recognition. Additionally, the TPR
domain contains around 500 residues [51], some of whose mutation render OGT inactive
[39,52], presenting another hurdle for applying traditional methods to characterize OGT
residues along the 13.5 TPRs.

To help address these issues, our lab recently developed GIcNAc Electrophilic Probes
(GEPs) [39]. GEP1A (Fig. S2a), an analogue of UDP-GIcNAC in this class, can be
transferred to protein substrates by OGT for glycosylation, while reacting specifically with a
unique cysteine (C917) in the OGT active site when OGT-protein binding and/or sugar
transfer is impaired (Fig. S2b). Leveraging the azide handle on GEP1A for click-chemistry
conjugation to an alkyne fluorophore, this assay offers an innovative platform to quickly
screen OGT mutants, even those with no activity, and characterize the potential role of
corresponding residues in sugar binding or protein substrate binding/sugar transfer, based on
the unique labeling patterns on OGT and its protein substrate (Fig. S2c) [39].

OGA is the sole enzyme responsible for removing O-GlcNAcylation and interestingly, is
also a protein substrate of OGT [61-63]. OGA contains an N-terminal catalytic domain, a
stalk domain, and a C-terminal pseudo histone acetyltransferase (HAT) domain [64]. The
only reported O-GIcNAcylation site of OGA is located on a flexible linker region in the stalk
domain (Fig. S1b) [62]. OGA interacts with OGT to form the O-GIcNAczyme, which is
expected to be tightly regulated to prevent a futile O-GIcNAc cycle [65]. The interaction of
OGT and OGA has profound implications in dynamic O-GIcNAc regulation, not only for
these two opposing enzymes themselves, but also for numerous protein substrates involved
in various biological processes. However, how OGT interacts with OGA remains largely
unknown.

Here we applied the GEP1A assay to investigate the substrate recognition of OGT toward
OGA protein substrate, with a focus on characterizing the functional role of inward and
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outward facing residues spanning the length of the TPR domain. Our study demonstrates the
application of GEP1A assay for rapidly screening and identifying functionally important
OGT residues in protein substrate recognition, a challenging task for many traditional
methods. Furthermore, we identified 15 “ladder like” residues that each modulate OGT-
OGA interaction in one of the three unique categories, laying a foundation for designing
inhibitors to disrupt OGT-OGA interaction, understanding O-GIcNAc (dys)regulation, and
developing new strategies to investigate the precise role of O-GIcNAcylation on different
substrates.

2. Methods
2.1 GEPI1A synthesis

GEP1A synthesis and characterization were performed as previously described [39].

2.2 OGA and OGT mutant cloning and protein purification

OGA _D175N and WT OGT were used as DNA templates with primers listed in Table S1 to
generate truncated OGA (OGA(60-704)D175N, based on the numbering of the full-length
human protein) and OGT mutants, respectively. OGA(60-704)D175N was subcloned into a
pET-SUMO vector, while OGT mutants remained in a pET24b vector. Plasmid DNA
purified from transformed Escherichia colistrain XL10-Gold was confirmed using Sanger
sequencing before being transformed into £. co/i BL21(DE3) competent cells for protein
expression. Cells were grown at 37 °C in Luria—Bertani (LB) medium until reaching an
ODgqg of 0.6, where the culture was induced with 0.3 mM isopropy! p-D-1-
thiogalactopyranoside (IPTG) at 16 °C for 16 h. Cells were pelleted, resuspended in TBS
buffer (20 mM Tris pH 8.0, 150 mM NaCl, for OGT) or HBS buffer (20 mM HEPES pH
7.0, 150 mM NacCl, for OGA) supplemented with 1 mM phenylmethylsulfonyl fluoride
(PMSF), and then lysed using an ultra-high-pressure cell disrupter (Emulsiflex-C5, Canada)
at 4 °C. The supernatant was incubated for 2 h at 4 °C on an affinity chromatography Ni-
NTA column (Qiagen), and then eluted with either TBS buffer with 250 mM imidazole for
OGT or HBS buffer with 250 mM imidazole for OGA. After adding Tris(3-
hydroxypropyl)phosphine (THP) for a final concentration of 0.5 mM, OGA(60-704)D175N
was digested by Sumo protease to cleave the N-terminal 6xHis—SUMO tag. Proteins were
further purified by size-exclusion chromatography (Superdex 200 increase 10/300, GE
Healthcare) in TBS buffer with 0.5 mM THP for OGT or HBS buffer with 0.5 mM THP for
OGA. The retention time of OGT mutants was closely monitored to verify that no
significant change in conformation or protein folding compared to WT had occurred (Fig.
S3). Purified protein was then concentrated, quantified by Bradford assay and SDS-PAGE,
flash frozen, and stored at —80 °C. OGA(60-704)D175N was stored at 4 °C and used
directly for the assays.

2.3 GEPI1A fluorescence assay

To evaluate the role of selected OGT residues toward OGA protein substrate, 1.2 uM OGT
WT or mutant was incubated for 30 min at 37 °C with 15 pM OGA_D175N or
OGA(60-704)D175N and 25 uM GEP1A in TBS buffer with 0.5 mM THP for a final
volume of 5 pL. Click chemistry reagents were consecutively mixed and immediately added
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to each sample with 1 mM CuSOQy, 0.1 mM Tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA), 50 uM fluor 488-alkyne, and 1 mM sodium ascorbate as the final
concentrations. The click chemistry reaction was performed at RT for 30 min in the dark and
then quenched using SDS loading buffer and boiled for 5 min at 95 °C. Samples were
separated on an SDS-PAGE gel and subjected to fluorescence detection and subsequent
imaging for relative quantitation after Coomassie Blue staining using Azure Biosystems
c600 imager. Band intensity was relatively quantified using ImageJ (v1.8.0_112). OGA
relative background labeling was calculated from sample without OGT (negative control)
and subtracted from each sample before the GEP1A-modified proteins were normalized to
the WT OGT sample. As we observed minimal OGT background labeling, OGT relative
labeling was directly calculated by normalization to the WT OGT sample. The experiment
was performed in triplicate.

2.4 Radiolabeled kinetic assay for OGT mutants

The radiolabeled kinetic assay was performed similarly as described in ref. [39]. In brief,
purified OGT was incubated with 100 pM UDP-[3H]GIcNAc (specific activity 92 Ci/mol,
PerkinElmer NET434250UC) and indicated concentrations of purified OGA protein (full-
length or truncated) in TBS buffer at 37 °C for 30 min. When full-length OGA was used as
the protein substrate, OGT WT, N84A, D152A, N155A, N186A, N321A/N322A, N390A,
and D420A were used at 40 nM, while N424A and N458A were used at 80 nM. When
truncated OGA was used as the protein substrate, OGT WT, D152A, and N155A were used
at 15 nM, while N424A and N458A were used at 30 nM. The reactions were stopped by
applying each onto the nitrocellulose membrane (Bio-Rad 1620251), air-dried, and washed 5
min in PBS buffer for four times. The O-GIcNAcylation level of OGA protein in each
reaction represented by the radioactivity of each nitrocellulose membrane was counted by a
Beckman LS6000TA Scintillation Counter. A reaction without OGT was counted as
background. Another reaction without wash was counted as the total 100 uM of UDP-
GIcNAc input to calculate the O-GIcNAcylation level of OGA in each reaction. The
experiment was performed in triplicate, and the data were analyzed by GraphPad PRISM v5
(GraphPad Software).

2.5 Statistical analysis

All data shown are mean values with the error bars representing + s.d.. Statistical
significance was determined using a Student’s t-test, with significance indicated at *P <
0.05, **P < 0.01.

3. Results

3.1 Selection of OGT mutants from entire TPR region for probing OGT protein substrate

recognition

In this study, we selected 30 TPR residues (Fig. 1 and Table S2) to evaluate their roles in
regulating OGT protein substrate recognition using mutagenesis and GEP1A fluorescence
assay. We were inspired to investigate the full Asn- and Asp-ladder, which spans nearly the
entire 13.5 TPR region [51], by recent reports demonstrating that a few Asn- and Asp-ladder
residues positioned relatively near (2-5 nm) the OGT active site affect its substrate
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recognition [57,58]. To similarly investigate the entire TPR and enhance our coverage of
TPRs 1-3 and 7 that either lack apparent Asn- and Asp-ladder residues or proper
characterization, we selected OGT residues E16, H19, S53, E91, and N223 by applying the
following parameters: the residues 1) reside within the inner lumen of the TPR and roughly
align with the asparagine or aspartate ladder, 2) are unlikely to influence the overall structure
of the TPR domain, which was determined by measuring potential bond proximities to
nearby residues using PDB model 3PE3 [52] and 1W3B [51], and 3) can potentially form
protein-protein interactions. Meanwhile, we applied similar criteria and selected K73, K206,
R311, E345, and Q406 that are relatively evenly distributed throughout the TPR domain to
determine whether outside facing TPR residues play a role in protein substrate recognition
(Fig. 1 and Table S2).

3.2 Asparagine and aspartate ladder residues across TPRs 3-13.5 modulate OGA
glycosylation

OGA hydrolyzes O-GlcNAcylation and is also O-GIcNAc modified by OGT at serine
residue 405 [62]. However, how these two critical O-GIcNAc cycling enzymes interact with
each other is largely unknown, despite previous studies showing that the TPR domain is
essential for OGA O-GIcNAcylation [39]. To identify functionally important OGT residues
for protein substrate recognition, we applied the GEP1A assay to screen the 30 selected
OGT mutants against OGA_D175N protein substrate, a catalytically deficient mutant to
avoid potential removal of GEP1A (a GIcNAc analogue) but can be similarly O-
GlcNAcylated as wild-type (WT) OGA. The functional role of OGT residues was evaluated
using the predicted readout of the GEP1A assay (Fig. S2c) with over 20% change relative to
WT OGT considered as significant, since we have demonstrated the assay fits within a 17%
deviation range [39]. We incubated each OGT mutant with OGA_D175N and GEP1A.
Following click chemistry conjugation with an alkyne-fluorophore and in-gel fluorescence
detection, we found that residues in the asparagine ladder, N321A/N322A, N356A, N424A,
and N458A mutants from TPR 10, 11, 13, and 13.5, respectively, all showed a significant
increase in relative OGT labeling and decrease in relative OGA labeling (Fig. 2a-b, Fig. 3),
demonstrating that these residues are important for binding OGA and/or sugar transfer. In
contrast, N390A from TPR 12 showed minimal changes in labeling of both proteins (Fig. 2a,
Fig. 3), suggesting that not all C-terminal TPR asparagines within the Asn-ladder are
important for facilitating the glycosylation of a given substrate. To determine whether the
more N-terminal located Asn-ladder residues play a role in recognizing OGA, we tested
Asn-ladder mutants spanning TPRs 3-9. Surprisingly, N254 and N288 from TPR 8-9 had a
negligible impact on modifying OGA, while N84, N118, N155, N186, and N220 from TPR
3-7 were critical for OGT-OGA binding and/or sugar transfer (Fig. 2a—b, Fig. 3). Thus, these
asparagines spanning the inner surface of nearly the entire TPR domain are potentially
essential for OGT protein substrate recognition. Furthermore, as these 10 functionally
important asparagines all enhance OGA glycosylation, the Asn-ladder appears to form more
generic interactions with protein substrates, rather than playing a fine-tuning role.

Inspired by the recent report on OGT D386 and D420 residues that help discriminate protein
substrates [58], we further screened all eight aspartate ladder residues using GEP1A
fluorescence assay to evaluate their functional role toward OGA-D175N. In stark contrast
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with the above identified asparagine mutants, we found that D318A, D386A, D420A, and
D454A in TPR 10, 12, 13, and 13.5 all demonstrated significantly increased OGA labeling
and decreased OGT labeling compared to WT (Fig. 2c, Fig. 3), suggesting that these
aspartate residues impede OGA glycosylation. Interestingly, D318, D420, and D454 are
each adjacent to a neighboring asparagine (N321/N322, N424, and N458) that facilitates
OGA glycosylation. We did not find any other Asp-ladder mutants in the TPR deviated
significantly from WT OGT, except D152A, which showed impaired protein binding and/or
sugar transfer, akin to the above described asparagine mutants. D152 is also situated by a
neighboring asparagine (N155) that similarly affected OGA modification. Taken together,
these data provide strong evidence supporting that the aspartate ladder plays an important
role in fine-tuning OGT substrate specificity, as we identified aspartates that either hinder or
enhance O-GIcNAcylation of OGA.

After screening Asn- and Asp-ladder residues and assessing their importance, we were
curious whether residues facing outside the TPR domain or within the first two TPRs would
also play a functional role in OGA glycosylation. We similarly tested several residues
throughout the TPR convex surface (K73, K206, R311, E345, and K406), but did not find
any outside facing residues that significantly altered OGA O-GlcNAcylation (Fig. 2d, Fig.
3). Furthermore, inward facing residues E16, H19, S53, E91, and N223 from TPRs 1-3 and
7 were found to also be dispensable for modifying OGA (Fig. 2b, Fig. 3). Through these
screens a total of 15 functionally important residues, all belonging to the Asn- or Asp-ladder,
were identified on the concave surface of each 13.5 TPRs except TPR 1, 2, 8, and 9, forming
an OGA interaction groove and supporting the model that OGT interacts with its protein
substrate through the entire TPR lumen (Fig. 4, Video S1). Furthermore, of the 30 mutants
tested, only members of the asparagine and aspartate ladder impacted OGA glycosylation,
underscoring their importance in OGT substrate recognition or catalysis.

To validate the GEP1A assay results and further characterize members of the Asn- and Asp-
ladder, we selected a number of OGT mutants for radiolabeled kinetic analysis whose
relative activity toward OGA protein substrate was enhanced (D420A), unchanged (N390A),
impaired (N84A, D152A, N155A, N186A, N424A, and N458A), or undetected (N321A/
N322A). In strong agreement with the GEP1A assay results, each mutant that showed
impaired protein binding and/or sugar transfer had a two- to 10-fold reduction in catalytic
efficiency (kqat/ Kin) relative to the wild-type OGT (Fig. 5), while mutants with enhanced or
unchanged protein binding and/or sugar transfer had either a moderate increase or an
insignificant change, correspondingly, to their A,/ K (Fig. S4). Though previously
unstudied, we hypothesized that N84, D152, and N155 were important for OGA protein
binding rather than sugar transfer since these residues are quite far (~8 nm) from the OGT
active site according to the structural model of the full-length OGT. Supporting this,
mutation of N84, D152, and N155 to alanine showed a two- to five-fold increase in
Michaelis constant (Kpy,), while the change in the turnover number (kc5t) was negligible. In
further agreement with the GEP1A assay results, counts of OGT N321A/N322A obtained
by kinetic experiments were too low to determine kinetic parameters, supporting its
classification as a dead mutant for OGA O-GlcNAcylation (Fig. S4). Surprisingly, OGT
N186A, N424A, and N458A each had a notable increase in K, but also a significant
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decrease in A, distinguishing them from the other OGT mutants. Hence, while OGT
N84A, D152A, N155A, N186A, D420A, N424A, and N458A all affect protein binding to a
varying degree, the last four mutants also affect the rate that OGA is O-GIcNAcylated.

3.3 Key asparagine and aspartate ladder residues of OGT do not functionally interact
with the N-terminal region or HAT domain of OGA

OGA S405 residue is in a disordered loop of the stalk domain and is the only reported O-
GlcNAcylation site of OGA [62,66]. However, it remained unclear if other distal regions of
OGA are important for interacting with OGT and its glycosylation. Since the structure and
function of the OGA N-terminal region (residues 1-59) and pseudo histone acetyltransferase
(HAT) domain (residues 705-916) are largely unknown [50,67], we were curious whether
these two regions functionally interact with the above identified asparagine or aspartate
residues important for full-length OGA_D175N glycosylation. Thus, we generated
OGA(60-704)D175N, which lacks the N-terminal region and the HAT domain to test against
the 10 identified OGT mutants with impaired protein binding and/or sugar transfer. As
OGA(60-704)D175N is a new substrate for the GEP1A assay, we first validated the
principle of this assay towards OGA(60-704)D175N using OGT K842A and OGTy 5, which
have known deficiencies in sugar or protein substrate binding, respectively. OGT C917S,
which lacks the cysteine covalently modified by GEP1A, was used to demonstrate that OGT
background labeling was minimal (Fig. S2b, Fig. S5). Next, we applied the GEP1A assay to
screen OGA(60-704)D175N against the 10 OGT mutants that impaired protein binding
and/or sugar transfer for full-length OGA-D175N: N84A, N118A, D152A, N155A, N186A,
N220A, N321A/N322A, N356A, N424A, and N458A. Interestingly, the general labeling
patterns for all of these OGT mutants were similar to their full-length OGA counterparts
(Fig. S6, Fig. 6), suggesting that the identified OGT TPR residues interact with OGA protein
mainly through OGA residues 60-704 rather than the N-terminal region or HAT domain.

We further validated the GEP1A assay results by radiolabeled kinetic experiments with
OGT D152A, N155A, N424A, and N458A using OGA(60-704)D175N as the protein
substrate (Fig. S7). Intriguingly, the catalytic efficiency (A.qt/ Kiy) of each OGT mutant tested
was at least two-fold higher with truncated OGA than full-length OGA, suggesting that
truncated OGA is a better substrate for OGT (Fig. 5 and Fig. S7). Similarly to the
radiolabeled kinetic results with full-length OGA, the relative Kj, significantly increased for
OGT D152A and N155A, though modestly for N424A and N458A. Furthermore, the Aq4t
drastically decreased for OGT N424A and N458A, but the Az of OGT D152A negligibly
differed from the WT control. While we observed a ~50% increase in Ayt for OGT N155A
with truncated but not full-length OGA (Fig. 5 and Fig. S7), this may be related to a faster
release of glycosylated OGA(60-704)D175N, which is in line with the more drastic increase
in the K, of OGT N155A with truncated than full-length OGA. Taken together, these
findings support that the identified OGT TPR residues regulate interactions with OGA
protein substrate through the catalytic and/or stalk domain rather than the N-terminal or
HAT domain.
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4. Discussion

To date, how OGT recognizes various protein substrates remains largely unknown, which
has hindered the understanding of O-GIcNAc dynamic regulation and its study in disease.
Using OGA as a model protein substrate, we report here the first investigation that spans the
full-length OGT TPR domain, probing each of the 13.5 TPRs to screen a total of 30 residues
including the full Asn- and Asp-ladder along with additional residues on the concave surface
of TPRs 1-3 and 7 and the convex surface of TPRs 2, 6, 9, 10, and 12. Applying the GEP1A
fluorescence assay toward full-length OGA protein substrate, we identified 15 functionally
important residues, seven of which have only been investigated here, all belonging to the
Asn- or Asp-ladder that span TPRs 3-7 and 10-13.5 and modulate OGT-protein binding
and/or sugar transfer (Fig. 2 and Fig. 3).

Notably, 10 of the 15 functionally important residues are asparagines (N84, N118, N155,
N186, N220, N321, N322, N356, N424, and N458) located on TPRs 3-7, 10, 11, 13, and
13.5 that encompass 77% of the full OGT Asn-ladder and facilitate OGT-OGA binding
and/or sugar transfer. In contrast, the remaining three residues of the Asn-ladder (N254,
N288, and N390) are dispensable for OGA glycosylation (Fig. 2a and Fig. 3). By attaining
the first kinetic parameters for OGT Asn-ladder mutants N84A, N155A, N186A, N424A,
and N458A with protein substrate (Fig. 5), we discovered that N186, N424, and N458
residues significantly affect (= 50% change) the rate that OGA is O-GIcNAcylated (Azat). As
sugar binding was not altered for any Asn-ladder mutant, the drastic decrease in A4 for
OGT N186A, N424A, and N458A is likely caused by impaired protein binding or sugar
transfer. Since N424 and N458 residues are relatively close (2 nm) to the active site in the
structure model [52], we expect that they affect sugar transfer, while N84, N155, and N186
residues, which are further (> 8 nm) from the active site and showed a more dramatic Ky,
change, are expected to affect protein binding.

Intriguingly, most members of the Asn-ladder are juxtaposed with a “ladder like” aspartate
that typically plays a different role in modulating OGA O-GIcNAcylation. By screening all
eight members of the Asp-ladder, of which only D386, D420, and D454 were previously
investigated [58], we identified three unique categories of aspartates that either: 1) facilitate
OGT-OGA binding (D152), 2) are dispensable in OGA glycosylation (D114, D216, and
D284), or 3) hinder OGA maodification (D318, D386, D420, and D454) (Fig. 2c and Fig. 3).
Potentially explaining its distinct role, D152 is the only Asp-ladder residue that is not
located on the edge of the TPR concave surface (Fig. 4a). Instead, we expect that D152
interacts with OGA similarly to important Asn-ladder residues since D152 is positioned
directly in between N118 and N186, and the sequence comparison showed that it can be
either an aspartate (45.9% conservation) or asparagine (48.1% conservation) in OGT
homolog proteins [58]. Besides the previously reported D386 and D420 that hinder O-
GIcNAcylation on a population of proteins in the proteome, we further discovered that D318
and D454 also hamper OGA glycosylation. The broad implications of these residues and
even the dispensable Asp-ladder residues (D114, D216, and D284) are worth further
investigation.

Int J Biol Macromol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kositzke et al.

Page 10

From this and previous studies, the important roles of “ladder like” asparagines and
aspartates in modulating OGT interactions with protein substrates have become evident. We
were more intrigued to learn that this Asn- and Asp-ladder substrate recognition motif is
poorly conserved across helix-turn-helix (a-solenoid) containing proteins [68,69]. The
initial analysis of OGT TPR structure drew comparison to importin a- and p-catenin
[51,70], whose Armadillo (ARM)-repeats have an Asn-ladder centrally positioned on their
concave surfaces but lack an Asp-ladder [71,72]. Proteins BBS4 and BBS8, which have
similar TPR domains as OGT (RMSD: 3.696 and 3.774, respectively), contain substantially
fewer “ladder like” asparagines and negatively charged residues on their concave surface
[73,74]. In another case, the TPR domain of G-protein-signaling modulator 2 protein (LGN)
contains an Asn- and Asp-ladder positioned similarly to OGT ladders, where co-crystal
structures of LGN with four different peptide substrates showed contacts between the Asn-
ladder and peptide [75-78] reminiscent of OGT-peptide complexes [53-56]. However,
unlike in OGT, the Asp-ladder of LGN is too far (= 5 A) from bound peptides to play a role
in substrate discrimination. Thus, OGT could be a unique member in a-solenoid protein
family to apply both Asn- and Asp-ladders in substrate recognition.

By further testing OGT residues essential for recognizing full-length OGA against a
truncated OGA protein, we revealed that these “ladder like” asparagine and aspartate
residues functionally interact with the stalk and/or catalytic domain of OGA, but not with
the N-terminal region or HAT domain (Fig. 6 and Fig. S7). As the identified TPR residues
only spanned the inside of TPRs 3-13.5, OGT may predominately rely on TPR residues on
the concave rather than convex surface to recognize OGA protein (Fig. 5a). Supporting this
substrate-binding mode, the identified functionally important OGT residues form a rotating
path spanning nearly the entire TPR lumen, revealing an apparent binding tunnel leading
directly to the active site (Fig. 5b and Video S1).

In summary, we applied the GEP1A fluorescence assay to quickly identify 15 TPR residues
that impact OGT-OGA binding and/or sugar transfer, and further characterized eight of these
residues by radiolabeled kinetic assay. Our results showed that OGT functionally binds
OGA 60-704 region, rather than the HAT domain or N-terminal region, through the Asn-
and Asp-ladder residues located even far away from OGT active site. This explains the
essential role of the elongated TPR domain for OGT modifying protein substrates. To our
knowledge, this is the first systematic investigation on OGT residues spanning the entire
TPR domain, where we discovered four categories of residues, three of which uniquely
modulate OGT-OGA protein interactions. These findings will significantly advance the
understanding of OGT-protein substrate recognition, aid in the design of inhibitors to disrupt
OGT-OGA interaction, and lay a foundation for developing novel strategies to investigate
the role of O-GIcNAcylation on particular protein substrates of interest.
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Highlights

. GIcNAc Electrophilic Probe in-gel fluorescence assay was applied to screen
30 OGT mutants against OGA protein substrate

. D152 and ten Asn-ladder residues spanning OGT TPRs 3-13.5 facilitate O-
GlcNAcylation of OGA

. Four Asp-ladder residues closer to the OGT active site hamper OGT-OGA
interaction

. OGA HAT domain and N-terminal region are dispensable for its O-
GlIcNAcylation
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Fig. 1.

Digstribution schematic of the 30 OGT TPR residues selected for this study. Individual TPRs
are labeled with the corresponding TPR repeat numbers and alternately colored cyan or
white. Residues selected for mutation are labeled and depicted as red circles or yellow
squares based on their orientation within the TPR domain in the PDB 3PE3 [52] and 1W3B
[51].
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Representative gels of the GEP1A fluorescence assay for full-length OGA_D175N with
OGT mutants: (a-c) residues facing inside of TPR domain, and (d) residues facing outside of
TPR domain. Red color highlighted the OGT mutants showing significant changes in the
relative labeling of OGT or OGA (A = 20%). For a-d, top panel is the fluorescent gel
detection of reacted samples underwent click chemistry with an alkyne fluorophore, while
the bottom panel is the same gel after Coomassie blue staining to detect the protein loading
amounts. The relative ratio of labeled OGA and OGT was calculated by dividing the
fluorescence intensity by the corresponding Coomassie blue staining and normalizing their
values to the WT control. WT, wild-type OGT. Experiments were repeated in triplicate and

the results were summarized in Fig. 3.
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Fig. 3.

Quantification of the relative intensities of GEP1A modified OGT mutants (top) and full-
length OGA_D175N (bottom) after normalization to the wild-type (WT) OGT control.
Mutant patterns were deemed significant and highlighted in red if changes relative to WT
OGT control reaction were above or below the dashed lines (A = 20%) with *~< 0.05 and
** P < 0.01. Statistical analysis was performed by a Student’s two-tailed t-test (n =3

independent experiments). Error bars represent + s.d.. Representative gels are shown in Fig.

2.
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d

Fig. 4.
Inner asparagine and aspartate residues extending throughout OGT TPR lumen regulate

OGA glycosylation. (a) Full-length human OGT structure was generated by overlaying the
crystal structures of OGTy4 5 (PDB code 3PE3) [52] and the first 11.5 TPRs (PDB code
1W3B) [51]. Residues that facilitated protein binding and/or sugar transfer for OGA are
shown as red spheres, while residues that hindered protein binding and/or sugar transfer for
OGA are colored purple. Functionally disposable residues for the glycosylation of full-
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length OGA are depicted as yellow spheres. (b) Top-down (N-terminal to C-terminal) view
of the same OGT model and coloring as a.
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Fig. 5.

Kinetic studies validating the results of the GEP1A assay for OGT mutants toward full-
length OGA_D175N protein substrate using radiolabeled UDP-[3H]GIcNAC as the sugar
donor. Error bar represents + s.d. (n = 3 independent experiments).
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Fig. 6.

Labeling comparison between full-length OGA_D175N and truncated OGA(60-704)D175N
with OGT mutants that show impaired protein binding and/or sugar transfer. Relative
quantitation of fluorescence intensities was derived from gel scans for full-length and
truncated OGA after normalizing the protein amount to the OGT wild-type (WT) sample
using the Coomassie blue staining (Fig. 2 and Fig. S6). OGA background labeling was
calculated using a no OGT negative control and was subtracted from the other samples.
Statistical analysis was performed by a Student’s two-tailed t-test (n = 3 independent
experiments). Error bars represent + s.d.; red dashed lines represent the minimum change in
GEP1A labeling for a result to be significantly different from WT OGT.
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