1duosnue Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2020 June 16.

-~ HHS Public Access
yd

Published in final edited form as:
ACS Chem Biol. 2020 April 17; 15(4): 1059-1066. doi:10.1021/acschembio.0c00074.

Engineering a proximity-directed O-GIlcNAc transferase for
selective protein O-GlcNAcylation in cells

Daniel H. Ramirez!, Chanat Aonbangkhenl, Hung-Yi Wul, Jeffrey A. Naftalyl", Stephanie
Tang?!, Timothy R. O’Mearal, Christina M. Wool

1Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford St, Cambridge,
MA 02138, USA

Abstract

O-Linked N-acetylglucosamine (O-GlcNAc) is a monosaccharide that plays an essential role in
cellular signaling throughout the nucleocytoplasmic proteome of eukaryotic cells. Strategies to
selectively increase O-GIcNAc levels on a target protein in cells would accelerate studies of this
essential modification. Here, we report a generalizable strategy to induce O-GlcNAc to selected
target proteins in cells using a nanobody as a proximity-directing agent fused to O-GIcNAc
transferase (OGT). Fusion of a nanobody that recognizes GFP (nGFP) or a nanobody that
recognizes the four-amino acid sequence EPEA (nEPEA) to OGT yielded nanobody-OGT
constructs that selectively delivered O-GIcNAc to a series of tagged target proteins (e.g., JunB,
cJun, Nup62). Truncation of the tetratricopeptide repeat domain as in OGT(4) increased selectivity
for the target protein through the nanobody by reducing global elevation of O-GlcNAc levels in the
cell. Quantitative chemical proteomics confirmed the increase in O-GIcNAc to the target protein
by nanobody-OGT(4). Glycoproteomics revealed that nanobody-OGT(4) or full-length OGT
produced a similar glycosite profile on the target protein JunB and Nup62. Finally, we demonstrate
the ability to selectively target endogenous a-synuclein for O-GlcNAcylation in HEK293T cells.
These first proximity-directed OGT constructs provide a flexible strategy to target additional
proteins and a template for further engineering of OGT and the O-GlcNAc proteome in the future.
The use of a nanobody to redirect OGT substrate selection for glycosylation of desired proteins in
cells may further constitute a generalizable strategy to control a broader array of post-translational

modifications in cells.
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Introduction

O-linked B- N-acetyl glucosamine (O-GIcNAc) is a form of protein glycosylation installed to
serine or threonine residues on thousands of nuclear, cytosolic, and mitochondrial proteins.
Due to the ubiquitous nature of the modification, O-GlcNAc has been implicated in
numerous biological processes and diseases, including the immune response, !> 2 cancer

3 neurodegeneration,Af’ 5 and diabetes.® 7 However, the O-GlcNAc modification

progression,
is challenging to tune on particular glycoproteins within the cell. Global alteration of O-
GIcNAc levels can be achieved through manipulating gene expression or chemical
inhibitors,3-10 but relating biological effects to a specific glycoprotein requires extensive
follow-up studies. Elimination of the O-GIcNAc modification and a recent strategy to
introduce GlcNAc!! at selected S-glycosites is possible following mapping and mutagenesis
of the glycosite in cells. These methods have yielded defined functions for O-GlcNAc,3: 11
but are challenging to implement for proteins carrying multiple glycosites. Mutagenesis
prevents analysis of competing post-translational modification (PTM) pathways (e.g.,
phosphorylation, 2 ubiquitinylation),!? and must be developed for every target protein only
if the exact glycosite is known. By contrast, a method to selectively induce O-
GlcNAcylation on a desired target protein in cells would enable the direct evaluation of the
effects of increasing O-GlcNAcylation on that protein without disrupting PTM crosstalk or

protein structure due to mutagenesis.

O-GlcNAc is installed and removed by O-GlcNAc transferase (OGT) and O-GlcNAcase
(OGA), respectively (Figure 1A).14-18 OGT is a modular protein found in three major
isoforms nucleocytoplasmic OGT (ncOGT), mitochondrial (mOGT), and short (sSOGT)
consisting of a catalytic domain connected to a variable length tetratricopeptide repeat (TPR)
domain (Figure 1B). The TPR domain is thought to primarily direct substrate and glycosite
selection,1%- 20 although the parameters that dictate how OGT selects O-GlcNAc
modification sites are still under investigation.2!: 22 Given the dynamic nature of O-
GlcNAcylation and the large number of substrates modified by OGT, we hypothesized that
controlling the O-GlcNAc modification in a protein-selective manner could be achieved
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through induced proximity (Figure 1C). Of the several mechanisms to induce protein—
protein interactions,?? the defined properties of nanobodies were particularly attractive. In
contrast to antibodies (~150 kDa), nanobodies are small (~12 kDa), highly-selective binding
agents that are frequently used in affinity-based assays, imaging, X-ray crystallography, and

24,25 gelective

recently as directing groups to recruit target proteins for degradation,
phosphorylation, 20 or to a desired genomic loci.2’~2% We thus sought to evaluate the
potential for nanobodies to re-direct the activity of OGT and induce O-GlcNAcylation on a

series of target proteins.

Here, we report the development of nanobody-OGT fusion proteins to yield the first
generation of proximity-directed OGT constructs for elevation of O-GlcNAc levels on target
proteins in cells (Figure 1D). We show that fusion of a nanobody to OGT induces O-GlcNAc
to expressed or endogenous target proteins in the cell and that substitution of part of the TPR
domain with the nanobody increased selectivity for the target protein. Protein-selective O-
GlcNAcylation was achieved using a nanobody that recognizes GFP (nGFP)3? and a
nanobody that recognizes EPEA, a four-amino acid sequence derived from a-synuclein
(nEPEA).3! Fusion of these nanobodies to full-length OGT(13) and TPR-truncated OGT(4)
induced O-GlcNAcylation to several co-expressed target proteins in HEK293T cells.
Quantitative proteomics and glycoproteomics revealed selective induction of O-GlcNAc to
the target protein by the nanobody-OGT fusion proteins with similar glycosite selectivity on
evaluated target proteins JunB and Nup62, without broad perturbation of the global O-
GlcNAc proteome. We finally demonstrate targeted glycosylation of endogenous a-
synuclein in HEK293T cells by nEPEA-OGT(4). Thus, the use of nanobodies to proximity-
direct OGT yields a versatile platform for protein-selective O-GlcNAcylation in live cells
and provides a new mechanism to engineer and control the O-GIcNAc proteome through
alteration of the TPR domain.

Design and expression of proximity-directed nhanobody-OGT(13) constructs

We initiated our studies with a GFP-recognizing nanobody, nGFP, fused to the full-length
OGT that possesses 13 TPRs [residues 1-1046, nGFP(13)] and a RFP or GFP fusion to full-
length OGT [RFP(13), GFP(13)] as an untargeted control for comparison to the nanobody-
OGT construct due to similarity in expression levels (Figure 2A). All fusions to OGT were
connected by an alpha-helical rigid linker (EAAAK),4. Expression of OGT(13) and RFP(13)
was distributed throughout the cytoplasm and nucleus as shown by confocal fluorescence
microscopy (Figure 2B). The nGFP(13) construct was distributed throughout the
nucleocytoplasmic space in an analogous manner.

We next evaluated the proximity-directing ability of nGFP(13) in HEK293T cells co-
expressing GFP-Flag-JunB-EPEA, a transcription factor carrying multiple O-GlcNAc sites,
18 a5 the target protein. Immunoprecipitation of GFP-Flag-JunB-EPEA and probing for O-
GlcNAc revealed an increase in O-GIlcNAc levels on the target protein that was dependent
on the expression levels of the co-transfected nGFP(13) (Figure 2C). The O-GlcNAcylated
target protein was significantly increased when co-expressed with nGFP(13) as compared to
RFP(13) (Figure 2D, E). However, global O-GlcNAc levels were similarly elevated in the
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presence of RFP(13) and nGFP(13), implying that although nGFP(13) elevated levels of the
0O-GIcNAcylated target protein JunB, the selectivity for the target protein could be further
improved (Figure 2F).

Design and expression of proximity-directed nanobody-OGT(4) constructs

We next sought to evaluate whether truncation of the TPR domain would improve
proximity-direction through the nanobody and increase O-GlcNAcylation selectivity for the
target protein. Although truncation of the TPR domain has been reported to reduce or
abolish glycosyltransferase activity for proteins, presumably through the loss of binding to

the protein substrates,?!> 32

we expected to selectively recover the activity through the
affinity of the nanobody for the target protein. The first 4 TPRs closest to the catalytic
domain of OGT contain four asparagine and aspartate residues that in prior structural
characterization were shown to be important for the binding mechanism and modification of
substrates.20 In addition, a unique advantage of using nanobodies to redirect enzymatic
function is the ability to modularly fuse nanobodies that recognize target proteins within the
cell. We thus evaluated a truncated OGT with 4 TPRs after fusion to nGFP and an additional
nanobody, nEPEA (Figure 3A). The nEPEA nanobody was originally developed against a.-
synuclein (a-syn) and recognizes the four-amino acid EPEA tag as a fusion to the C-
terminus of proteins.3!

The EPEA tag was particularly appealing as the sequence itself cannot be glycosylated and
is minimally perturbative to protein structure.3! However, to remove potential competition
for the target protein by endogenous a-synuclein in HEK293T cells, we generated an a-syn
knocked-out (KO) HEK293T cell line for studies employing the nEPEA nanobody (Figure
S3).

Expression of the OGT(4) fusion proteins in a-syn KO HEK293T cells showed a subcellular
localization throughout the nucleocytoplasmic space by confocal fluorescence microscopy
(Figure 3B). The activity of OGT(4), RFP(4), nGFP(4) and nEPEA(4) was evaluated against
the same target protein GFP-Flag-JunB-EPEA (Figure 3C). Both nGFP(4) and nEPEA(4)
significantly increased the O-GlcNAcylated target protein relative to the untargeted controls
OGT(4) and RFP(4). To determine if the activity observed came from our nanobody-OGT(4)
fusion, we generated two additional controls consisting of either the nanobody (nGFP,
nEPEA) or a catalytically-inactive version of the nanobody-OGT(4) that is unable to bind to
UDP-GIcNAc [nGFP(4,K852A), nEPEA (4,K852A)].33 Increased levels of O-GlcNAcylated
GFP-Flag-JunB-EPEA are installed directly from the active nGFP(4), but not the nanobody
nGFP alone or a catalytically inactive mutant nGFP(4,K852A) (Figure 3D). Similarly, O-
GlcNAcylated JunB-Flag-EPEA is selectively increased on co-expression of nEPEA(4), but
not in the presence of nEPEA or the catalytically inactive nEPEA(4,K852A) (Figure 3E).
The O-GlcNAcylation activity of the OGT(4) fusions was further compared to the full-
length RFP(13) (Figure 3F). Truncation of the TPR domain of OGT consistently increased
OGT expression levels relative to the full-length protein. However, despite higher expression
levels of RFP(4), truncation of the TPR domain attenuated the increase in global O-GlcNAc
levels observed with RFP(13). Installation of the nanobody as in nGFP(4) and nEPEA(4)
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increased O-GIcNAc levels at the target protein, implying successful recruitment and
selective O-GlcNAcylation of the target protein through the nanobody (Figure 3F).

The versatility of the nanobody-OGT(4) system to selectively increase the O-GlcNAcylated
target protein was further evaluated against three targets: JunB-Flag-EPEA, cJun-Flag-
EPEA, and Nup62-Flag-EPEA in HEK293T cells. In each case, the O-GlcNAcylated target
protein significantly increased under proximity-direction of the matched nEPEA(4), but not
the mismatched nGFP(4) (Figure 3G). Collectively, these data point to the successful
increase in selective O-GlcNAcylation by replacing elements of the TPR domain with the
nanobody and the modular ability of the nanobody-OGT(4) to increase O-GIcNAc levels
using GFP- or EPEA-tagged target proteins.

Characterization of target protein glycosylation by chemical glycoproteomics

To better quantify the selectivity of the nanobody-OGT constructs for the target protein, we
performed quantitative proteomics experiments by mass spectrometry (MS). Lysates from a.-
syn KO HEK293T cells expressing JunB-Flag-EPEA with or without nEPEA(4) were
collected and chemoenzymatically labeled with UDP-GalNAz to introduce an azido-sugar
for copper-catalyzed azide-alkyne cycloaddition (CuAAC). The O-GlcNAcylated proteins
were enriched,3* digested on-bead, and labeled with Tandem Mass Tags (TMT) for MS
analysis. Glycoprotein enrichment was determined relative to the control (JunB-Flag-EPEA)
for high-confidence proteins [number of unique peptides >2, 1% false discovery rate
(FDR)] (Figure 4A, Table S1). These data show that JunB-Flag-EPEA was the only protein
enriched >4-fold on co-expression of nEPEA(4), implying good target selectivity by the
nEPEA nanobody (highlighted in red and blue, respectively, Figure 4A). A 2.6-fold
abundance variation or less was observed with all other enriched glycoproteins.

We next sought to address whether the TPR-truncated OGT(4) exhibited glycosite selectivity
that was broadly similar against protein targets in cells. As O-GlcNAc sites on JunB and
Nup62 have yet to be thoroughly mapped,'® we elected to compare glycosites produced by
nEPEA(4) to full-length OGT(13). JunB-Flag-EPEA was expressed alone as the control or
co-expressed with an undirected full-length OGT [RFP(13) or GFP(13)] or nEPEA(4) in a-
syn KO HEK293T cells and was affinity purified, digested with chymotrypsin, and analyzed
by MS in biological triplicate. Unambiguous glycosites were determined based on
previously established criteria.!® Four unambiguous glycosites were identified from JunB-
Flag-EPEA. Three of the four unambiguous glycosites (S95, T153, S158) were identified in
at least one nEPEA(4) sample and one reference sample [control, RFP(13)/GFP(13)] (Figure
4B, Table S2). The remaining glycosite S85 was identified only in samples co-expressing
RFP(13). These results indicate that replacement of parts of the TPR domain with the
nanobody results in a fusion construct that targets broadly similar glycosites as a full-length
OGT(13).

We further evaluated the glycosite selectivity on the highly O-GIcNAcylated protein Nup62.
Despite the elevated levels of O-GIcNAc on Nup62, glycosites on Nup62 are only beginning
to be measured by MS,!8 and none have been experimentally validated to our knowledge. A
total of 18 unambiguous glycosites were mapped to Nup62-Flag-EPEA (Figure 4C, Table

S3). Of these 18 glycosites, 17 glycosites were found in at least one of the reference samples
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and in one of the samples expressing nEPEA(4). The remaining glycosite (T270) was
unambiguously observed only on co-expression of nEPEA(4). Seven glycosites (T75, S100,
S159, S175, T187, T306, T311) on Nup62-Flag-EPEA were found only on co-expression of
an OGT construct. Taken together, nNEPEA(4) displayed similar glycosite selectivity towards
Nup62-Flag-EPEA and JunB-Flag-EPEA while increasing overall levels of the O-
GlcNAcylated target protein.

Targeting endogenous a-synuclein for O-GlcNAcylation with nEPEA(4)

A major advantage of using nanobodies for proximity-direction of OGT is the potential to
recruit OGT to endogenous target proteins. Since the nEPEA nanobody was originally
developed against the C-terminal EPEA sequence of a-synuclein, we evaluated whether
nEPEA(4) could increase glycosylation of endogenous a-synuclein in a selective manner in
comparison to over-expression of RFP(13), which is a primary strategy for elevating O-
GlcNAc levels. Endogenous a-synuclein glycosylation was visualized using a mass-shift
assay, which uses a chemical reporter for O-GlcNAc to install a PEG5K tag for
determination of O-GlcNAc protein stoichiometry.33 As expected, we observed an increase
in O-GlcNAc levels on a-synuclein by mass shift assay on expression of RFP(13) and
nEPEA(4), but not the catalytically inactive mutant nEPEA(4,K852A) (Figure 5B). Notably,
expression of the untargeted RFP(13) resulted in a dramatic increase in O-GlcNAcylation
across the global HEK293T cell proteome that was significantly reduced in the nEPEA(4)
sample. Taken together, these data demonstrate the high selectivity and versatility of
proximity-directed nanobody-OGT(4) constructs to transfer O-GIcNAc to the desired target
protein, either as a tagged or endogenous target protein, with reduced impact on global O-
GlcNAc levels.

Discussion

We report here the ability to increase O-GlcNAcylation on a target protein in live cells
through fusion of a nanobody to OGT. The study of O-GlcNAc in cells typically relies on
global alteration of the modification, or genetic mutagenesis strategies (e.g., elimination of
the modification site, S-glycosylation mutagenesis). Alternatively, an approach to selectively
induce the modification on proteins in cells would introduce a mechanism to engineer O-
GIcNACc on target proteins, and provide a complementary approach to recent S-glycosylation
strategies for introduction of stable glycosites.!! Proximity-directed OGT constructs were
designed by fusion of nGFP or nEPEA to full-length OGT(13) or TPR-truncated OGT(4)
connected by a rigid linker (EAAAK)4. These constructs were successfully recruited to
target proteins carrying either GFP or the four-amino acid sequence EPEA for transfer of O-
GlcNAc. Furthermore, replacement of part of the TPR domain of OGT with a nanobody can
improve selectivity for the target protein as compared to an untargeted control (Figure 2, 3).
Evaluation of additional nanobodies and TPR truncation constructs may further increase
selectivity for the target protein.

The nEPEA-OGT(4) fusion protein was further validated by quantitative proteomics and
glycoproteomics to establish the selective O-GlcNAcylation of JunB and Nup62 as target
proteins without broad perturbation of the O-GIcNAc proteome (Figure 4). Glycosite maps
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from nEPEA(4) were largely analogous to those derived from untransfected control or
RFP(13) samples. The replacement of protein-recognition domains by a nanobody,
established here by truncating the TPR domain of OGT, has broader implications for the
design of additional proximity-directed enzymes for targeted installation of a range of
protein modifications in live cells and illuminates a potential strategy to evaluate the
glycosite selectivity of the TPR domain of OGT in cells. In vitro structural work on the
mechanism of OGT substrate binding implicated a series of asparagine and aspartate
residues lining the first four TPRs as mediators of substrate and glycosite selectivity, which
highlights the need for further study in cells and the implications on glycosite selectivity
from the OGT isoforms mOGT and sOGT that have natively truncated TPR repeats.3¢- 37

Finally, we demonstrate the selective glycosylation of endogenous a-synuclein by
nEPEA(4) (Figure 5). As increased glycosylation of a-synuclein has a protective effect on
aggregation,38 the ability to induce O-GlcNAc on a-synuclein may have further implications
in the treatment of Parkinson’s disease. The selective delivery of O-GIcNAc directly to
endogenous target proteins will expand as nanobodies that recognize additional native
nucleocytoplasmic proteins are developed. The strategic incorporation of nanobodies that
recognize specific protein conformations, or post-translational modification states, may be
further employed to distinguish between co-translational or post-translational glycosylation
and O-GlcNAc dynamics.!3 The evaluation of additional nanobodies may further lead to
nanobody-OGT constructs that are protein-selective with enhanced glycosite or sub-
sequence selectivity.

The use of nanobodies as proximity-directing groups has major advantages, including the
relatively rapid evaluation of O-GlcNAcylation of new target proteins and the ability to
target endogenous proteins, as compared to other induced proximity systems (e.g.,
chemically induced dimerization).23- 3% 40 However, current nanobody systems must be
controlled at the genetic level and cannot be chemically controlled after expression, though
chemical stabilization of protein levels can be introduced.*! The use of nanobodies for
induced proximity may reinforce artifactual interactions with the target protein that could
disrupt normal protein interactions or cellular functions. To control for these potential
effects, transfection with the nanobody or a catalytically inactive construct [e.g.,
nEPEA(4,K852A)] should be included in the experimental design. Optimization of binding
parameters to tune reversibility may be possible using the several GFP-recognizing
nanobodies that have been described,3? which may additionally provide insight to the
properties of the TPR domain of OGT in cells. Co-expression of the nanobody-OGT and the
target protein is also liable to spurious results simply due to artifacts from protein over-
expression.*? Furthermore, as nanobody-OGT installs O-GIcNAc to the target protein in a
catalytic manner, higher expression levels of the target protein is desirable. Future
development of stable cell lines, inducible expression systems, or CRISPR knock-in
strategies for introduction of peptide or protein tags may address these concerns. Finally,
identification of a system to demonstrate the biological effects of elevated target protein O-
GlcNAcylation is required to fully establish the effectiveness of proximity-directed OGT in
measuring biological phenomena, relative to alternative strategies, including OGT over-

0

expression, OGA inhibition,? or mutagenic S-glycosylation.!! Since OGT mediates several

enzymatic and non-enzymatic effects, substitution of protein domains that mediate substrate
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selection (e.g., the TPR domain of OGT) with a nanobody may uniquely facilitate the
systematic measurement of the isolated functions of these domains in cells, such as
dissecting the scaffolding and catalytic functions of OGT.

In conclusion, we report a method for protein-selective O-GlcNAcylation using the first
proximity-directed nanobody-OGT constructs. The approach uses engineered nanobody-
OGT fusion proteins to induce O-GlcNAc to target proteins in cells. As a number of
glycosyltransferases are composed of a lectin domain fused to a catalytic domain,*3
nanobody fusion proteins possess a great potential for proximity-induced glycosylation of a
broader array of glycan structures. The strategy reported here could drive new insights to the
substrate selection mechanisms and functions of the glycoproteome and design principles for

extension to the control of additional PTMs in a live cell environment.
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Figure 1.
Overview of proximity-directed OGT strategy. A. Schematic of dynamic O-GlcNAc

modification of protein substrates. B. Linear representation of natural OGT isoforms
ncOGT, mOGT, and sOGT. C. Strategy for selective induction of O-GIcNAc using a
proximity-directed nanobody-OGT to transfer O-GIlcNAc to the target protein. D. Linear
representation of nanobody-OGT(13) and nanobody-OGT(4) fusion proteins.

ACS Chem Biol. Author manuscript; available in PMC 2020 June 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ramirez et al.

Page 12

A. TPR domain catalytic domain

HAIIIIIIIIIIIIIIIlIIIIIIIIIIl 0GT(13)

1312 1110 9 8 7 6 5 4

RFP(13)
LI RN R R L or GFP(13)
ILALALAL AN RN RN AR A nGFP(13)

nanobody
(nGFP)
B. C.
DAPI  a-HA(OGT) Overlay GFP-Flag-JunB-EPEA + + +
RFP(13) — + -
=) nGFP(13) F D
= Overla v
= y 70 |2
w [
o a-0-GleNAc | 0 m
Ak

-~
o

li
. !J
-t PO U bk
lnth oW O
[ =l =
indui g401

a-Flag

a-HA (OGT)
a-0O-GlcNAc
(RL2)

Total protein
stain

RFP(13)

|
Il
"

nGFP(13)

1

D. ) E. Relative target protein F.
OGT expression O-GlcNAc Global O-GlcNAc
8 - B
@ %p=0036 8f
Es 8 295
e g
33 53
z24 xao4
o o= o=
-] 2 ©
QE2 TE3
2 e 2
o 2
6&\@
& & & &
Q Q¢
Figure2.

Characterization of nanobody-OGT(13) as proximity-directing glycosyltransferase
constructs. A. Linear representation of full-length OGT(13), RFP(13), and nGFP(13). B.
Subcellular localization of OGT(13), RFP(13), and nGFP(13) constructs expressed in
HEK?293T cells by confocal fluorescent microscopy. Scale bars represent 10 um. C. Western
blot of O-GlcNAc levels on GFP-Flag-JunB-EPEA after immunoprecipitation with EPEA-
beads from HEK293T cells. The expression of the various constructs was verified by
Western blot analysis (10% input). D. Quantification of OGT expression. E. Quantification
of O-GIcNAc levels on GFP-Flag-JunB-EPEA after normalization to OGT expression. F.
Quantification of O-GlcNAc levels in whole cell lysate after normalization to OGT
expression. Data are representative of three biological replicates per experiment. Error bars
represent standard deviation, * represents a p-value <0.05 under a two-tailed t-test. Full blot
and confocal images can be found in Figure S1-S2.
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Figure 3.
Characterization of nanobody-OGT(4) as proximity-directing glycosyltransferase constructs.

A. Linear representation of TPR truncated OGT(4), RFP(4), nGFP(4), nEPEA(4), and
catalytically inactive mutants. B. Subcellular localization of OGT(4), nGFP(4), and
nEPEA(4) in HEK293T cells by confocal fluorescent microscopy. Scale bars represent 10
um. C. Western blot and quantification of O-GlcNAc levels on GFP-Flag-JunB-EPEA after
immunoprecipitation with EPEA-beads. The expression of the various constructs was
verified by Western blot analysis (10% input). D. Western blot and quantification of O-
GlcNAc levels on GFP-Flag-JunB-EPEA after immunoprecipitation with EPEA-beads. The
expression of the various constructs was verified by Western blot analysis (10% input). E.
Western blot and quantification of O-GIlcNAc levels on JunB-Flag-EPEA after
immunoprecipitation with EPEA-beads. The expression of the various constructs was
verified by Western blot analysis (10% input). F. Western blot and quantification of O-
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GlcNAc levels on GFP-Flag-JunB-EPEA after immunoprecipitation with EPEA-beads. The
expression of the various constructs was verified by Western blot analysis (10% input). G.
Western blot and quantification of O-GIlcNAc levels on JunB-Flag-EPEA, cJun-Flag-EPEA,
and Nup62-Flag-EPEA after immunoprecipitation with EPEA-beads from a-syn knocked-
out (KO) HEK?293T cells co-transfected with the indicated nanobody-OGT fusion protein
and target protein. The expression of the various constructs was verified by Western blot
analysis (10% input). At least three biological replicates were performed per experiment.
Error bars represent standard deviation, * represents p <0.05, ** represents p <0.01, ***
represents p <0.001, **** represents p <0.0001 under a two-tailed t-test or one-way
ANOVA. Full blot and confocal images can be found in Figures S4-S9.
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Figure 4.

Quantitative proteomics and glycoproteomics of the global O-GlcNAc proteome from a-syn
KO HEK?293T cells. A. Quantitative proteomics of enriched O-GlcNAcylated proteins from
a-syn KO HEK293T cells after co-expression of nEPEA(4) (highlighted in blue) and JunB-
Flag-EPEA (highlighted in red) compared to expression of JunB-Flag-EPEA alone (control).
B. Venn diagram and list of unambiguous glycosite assignments for JunB-Flag-EPEA. C.

Venn diagram and list of unambiguous glycosite assignments for Nup62-Flag-EPEA. The

target protein was co-expressed with the indicated OGT fusion protein in a-syn KO

HEK?293T cells, immunoprecipitated, and analyzed by MS. Only mono-glycosylated

peptides with unambiguous assignments and a PSM count > 2 across biological replicates

are shown. Three biological replicates were performed per experiment.
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Western blot and quantification of O-GlcNAc induced to a-synuclein by a mass shift assay.

The indicated nanobody-OGT construct was expressed in HEK293T cells, the cells were

lysed, chemoenzymatically labeled, and analyzed by mass shift assay. Global O-GlcNAc

levels and the expression of the nanobody-OGT constructs was verified by Western blot

analysis (10% input). Six biological replicates were performed per experiment. Error bars

represent standard deviation, ns represents p >0.05, * represents p <0.05, ** represents p <
0.01, **** represents p <0.0001 under a two-tailed t-test or one-way ANOVA. Full blots

can be found in Figure S10.
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