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Abstract

O-linked B-N-acetylglucosamine (O-GIcNAc) is a dynamic form of intracellular glycosylation
common in animals, plants and other organisms. O-GIcNAcylation is essential in mammalian cells and is
dysregulated in myriad human diseases, such as cancer, neurodegeneration and metabolic syndrome.
Despite this pathophysiological significance, key aspects of O-GIcNAc signaling remain incompletely
understood, including its impact on fundamental cell biological processes. Here, we investigate the role
of O-GlcNAcylation in the coat protein Il complex (COPII), a system universally conserved in eukaryotes
that mediates anterograde vesicle trafficking from the endoplasmic reticulum. We identify new O-
GlIcNAcylation sites on Sec24C, Sec24D and Sec31A, core components of the COPII system, and
provide evidence for potential nutrient-sensitive pathway regulation through site-specific glycosylation.
Our work suggests a new connection between metabolism and trafficking through the conduit of COPII
protein O-GIcNAcylation.

Introduction

O-linked B-N-acetylglucosamine (O-GIcNAc) is a reversible monosaccharide modification of
intracellular proteins, common in many clades of animals and plants (Bond and Hanover, 2015; Hanover
et al.,, 2010; Hart, 2014; Hart et al., 2011). O-GIcNAc is added by O-GIcNAc transferase (OGT) and
removed by O-GlcNAcase (OGA), often cycling on a timescale of minutes to effect cell signaling (Bond
and Hanover, 2015; Hanover et al., 2010; Hart et al., 2011; King et al., 2019; Yang and Qian, 2017). O-
GlIcNAcylation is essential, as deletion of either OGT and OGA is lethal in mice (Keembiyehetty et al.,
2015; Levine and Walker, 2016; Shafi et al., 2000; Yang et al., 2012), and O-GIcNAc signaling is
dysregulated in a variety of diseases, including cancer, diabetes, cardiac dysfunction, neurodegeneration
and X-linked intellectual disability (Akan et al., 2018; Bond and Hanover, 2013; Darley-Usmar et al., 2012;
Dassanayaka and Jones, 2014; Erickson, 2014; Erickson et al., 2013; Hanover and Wang, 2013; Hardiville
and Hart, 2014; Hart et al., 2011; Lazarus et al., 2009; Ma and Hart, 2013; Ma and Vosseller, 2013; Pravata
et al., 2020a; Pravata et al., 2019; Pravata et al., 2020b; Selvan et al., 2018; Shin et al., 2011; Singh et al.,
2015; Vaidyanathan et al., 2014; Vaidyanathan et al., 2017; Vaidyanathan and Wells, 2014; Wang and
Hanover, 2013; Willems et al., 2017; Yi et al., 2012; Yuzwa et al., 2012; Yuzwa and Vocadlo, 2014; Zhu et
al., 2014).

Despite this broad significance, important aspects of O-GlcNAcylation are incompletely
understood. For example, for a handful of substrates, specific biochemical effects of O-GIcNAc have
been documented, including conformational changes (Erickson et al., 2013; Tarrant et al., 2012),
mediating or disrupting protein-protein interactions (Tarbet et al., 2018a; Tarbet et al., 2018b; Toleman
et al., 2018) and altering protein stability (Han and Kudlow, 1997; Zhang et al., 2003) or subcellular
location (Dentin et al., 2008). However, for the vast majority of substrates, the mechanistic effects of O-
GIcNAc on its targets remain uncharacterized. Similarly, the cell-level signaling functions of O-GIcNAc
are not fully elucidated. Of the thousands of O-GIcNAc substrates in mammals, many act in gene
regulation or nutrient-sensing pathways, indicating that O-GlcNAcylation plays an essential role in those
processes (Bond and Hanover, 2015; Hanover et al., 2010; Hart et al., 2011; King et al., 2019; Yang and
Qian, 2017), but the key glycosylation events that govern these aspects of cell biology are not fully
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appreciated. New efforts are needed to understand the functions of O-GlcNAcylation in core cell
biological processes.

We and others have previously reported extensive O-GlcNAcylation among the components of
the coat protein Il (COPIl) complex (Boyce et al., 2011; Cho and Mook-Jung, 2018; Cox et al., 2018;
Dudognon et al., 2004; Teo et al., 2010; Wells et al., 2002; Woo et al., 2015; Woo et al., 2018; Zachara
et al., 2011; Zachara et al., 2004). COPII is the essential transport pathway that exports protein and lipid
cargoes from the endoplasmic reticulum (ER) towards the Golgi in all eukaryotes (Aridor, 2018; Bethune
and Wieland, 2018; Brandizzi, 2018; Gomez-Navarro and Miller, 2016; Hutchings and Zanetti, 2019;
Peotter et al., 2019). Five proteins are necessary and sufficient for the formation of COPII carriers in vitro:
The small GTPase Sar1, the inner coat proteins Sec23 and Sec24, and the outer coat proteins Sec13
and Sec31 (Aridor, 2018; Bethune and Wieland, 2018; Brandizzi, 2018; Gomez-Navarro and Miller, 2016;
Hutchings and Zanetti, 2019; Matsuoka et al., 1998; Peotter et al., 2019). Through an ordered series of
protein-protein interactions, COPII carriers assemble at ER exit sites, recruit protein cargoes into the
vesicle, promote membrane curvature and scission, and mediate some aspects of target membrane
tethering (Aridor, 2018; Bethune and Wieland, 2018; Brandizzi, 2018; Gomez-Navarro and Miller, 2016;
Hutchings and Zanetti, 2019; Peotter et al., 2019). Although the minimal components of COPII vesicles
are relatively well understood at the biochemical and structural levels, much less is known about how
cells dynamically modulate COPII trafficking in response to stimuli or stress.

Post-translational modifications (PTMs), including O-GIcNAc, are emerging as one important
mode of COPII regulation. Indirect evidence for a connection between O-GIcNAc and COPII has existed
at least since 1987, when Lucocq and coworkers observed intracellular O-glycans of unknown origin
marking ER exit sites in electron micrographs of porcine hepatocytes (Lucocq et al., 1987). More recently,
we demonstrated that site-specific O-GlcNAcylation of Sec23A (one of two human Sec23 paralogs) is
required for the trafficking of collagen, a large COPII client protein, in both human cells and developing
zebrafish (Cox et al., 2018). Beyond Sec23, the cargo-binding protein Sec24 and the outer coat
component Sec31 are also O-GlcNAc-modified (Boyce et al., 2011; Cho and Mook-Jung, 2018; Cox et
al., 2018; Dudognon et al., 2004; Teo et al., 2010; Wells et al., 2002; Zachara et al., 2011; Zachara et al.,
2004). However, the relevant upstream stimuli for, and downstream effects of, O-GlcNAcylation remain
unknown.

Here, we use a combination of mass spectrometry (MS)-mediated O-GIcNAc site-mapping,
CRISPR genome editing and biochemical and cell-based assays to investigate the functional impact of
O-GIcNAcylation on Sec24 and Sec31 human proteins. These results provide evidence that COPII
protein O-GIlcNAcylation participates in both protein-protein interactions and nutrient-sensing, shedding
new light on the regulation of trafficking in the early secretory pathway.

Results

The outer COPII protein Sec31 is essential for carrier formation and is thought to be controlled by
PTMs, including phosphorylation and ubiquitination (Hu et al., 2016; Jin et al., 2012; Koreishi et al., 2013;
McGourty et al., 2016; Salama et al., 1997). We and others have also reported O-GIcNAcylation of
Sec31A (Cho and Mook-Jung, 2018; Clark et al., 2008; Cox et al., 2018; Teo et al., 2010), one of two
human paralogs, but the functional implications of this modification for the COPII system are still obscure.
One possibility is that Sec31A is dynamically glycosylated as a regulatory function. To test this notion,
we treated human cells with the OGT inhibitor Acs5SGIcNAc (5SGIcNAc) (Gloster et al., 2011) or the
OGA inhibitor Thiamet-G (Yuzwa et al., 2008) and examined O-GIcNAcylation of endogenous Sec31A
by immunoprecipitation and immunoblot (IP/IB) (Figure 1A). These results revealed that OGT inhibition
decreased, and OGA inhibition increased, glycosylation of Sec31A, consistent with a regulatory, cycling
(versus static) modification (Figure 1A).

Like many O-GIcNAc substrates, COPII proteins are glycosylated on multiple residues (Cox et
al., 2018). Our prior studies of Sec23A demonstrated that certain O-GIcNAc sites are essential for some
of the trafficking functions tested thus far, whereas other sites are not (Cox et al., 2018). These results
underline the importance of comprehensive site-mapping of O-GIcNAcylation in order to understand its
impact on substrate proteins. We previously identified four O-GIcNAc sites on Sec31A (Cox et al., 2018),
but these results were obtained with collision-induced dissociation mass spectrometry (CID MS), which
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is prone to false-negatives, due to the lability of the glycosidic bond in the CID fragmentation modality
(Myers et al., 2013; Vercoutter-Edouart et al., 2015). Therefore, we hypothesized that additional human
Sec31A glycosites may remain undiscovered. To address this knowledge gap, we performed O-GIcNAc
site-mapping on Sec31A expressed in and purified from human cells using an MS method that includes
electron transfer dissociation (ETD) MS (Figure 1B) (Vercoutter-Edouart et al., 2015). Indeed, ETD
results pinpointed three O-GlcNAcylated residues, T1187, T1190, and S1202, that we had detected
previously by CID but been unable to assign unambiguously to specific amino acids (Figure 1B) (Cox et
al., 2018). In addition, ETD results revealed two new sites of glycosylation, S762 and T774, that have not
been reported before (Figure 1B). Interestingly, all five of these newly assigned glycosites reside in the
C-terminal half of Sec31A, in structural domains that participate in key protein-protein interactions within
the COPII coat (Figure 1B) (Livak and Schmittgen, 2001; Ong et al., 2010; Stagg et al., 2008). These
results suggest a potential influence of O-GIcNAc on the biochemical function of Sec31A and highlight
the importance of thorough site-mapping in characterizing substrate O-GlcNAcylation.

Next, we sought to investigate the functional importance of individual Sec31A O-GIcNAc sites.
Phenotypes from unglycosylatable point-mutants of O-GIcNAc substrates can be suppressed in the
presence of the wild type protein, particularly for glycoproteins that function in multiprotein assemblies
(Cox et al., 2018; Tarbet et al., 2018a). Therefore, null genetic backgrounds are critical systems for
characterizing the effects of individual glycosites. To address this challenge, we used CRISPR methods
to delete Sec31A from human cell lines and verified success by IB (Figure 1C). We then stably re-
expressed epitope-tagged human wild type or individual selected unglycosylatable O-GIcNAc site
mutants (S/T—A) in Sec31A” cells, creating systems for further biochemical and functional
characterization (Figure 1D). Some mutants exhibited lower expression, compared to wild type (Figure
1D). Because these mutants may express at lower levels due to technical variation in the protocol (e.g.,
position effects from gene insertion), we focused our subsequent experiments on the mutants expressed
at wild type levels.

We used these reconstituted cells to identify the predominant glycosites on Sec31A in vehicle-
and Thiamet-G-treated cells, to detect both constitutive and inducible sites (Figures 2A-B). We observed
O-GlIcNAcylation on all Sec31A variants, and Thiamet-G increased this glycosylation (Figures 2A-B),
similar to our initial observations with endogenous protein (Figure 1A). However, specific point-mutants
revealed differences. For example, compared to wild type, the S1202A mutant demonstrated consistently
reduced O-GIcNAcylation in vehicle-treated cells (Figure 2B). This observation indicates that S1202 is a
major Sec31A O-GIcNAc site under homeostatic conditions.

O-GIcNAcylation can induce a range of biochemical effects on its substrates, including the
modulation of protein-protein interactions (Tarbet et al., 2018b). Because the COPII coat functions
through an intricate, highly orchestrated set of such interactions (Aridor, 2018; Bethune and Wieland,
2018; Brandizzi, 2018; Gomez-Navarro and Miller, 2016; Hutchings and Zanetti, 2019; Peotter et al.,
2019), we tested whether the binding of Sec31A to known partners depends on individual O-GIcNAc
sites. Notably, the interaction of Sec31A with its obligate outer coat binding partner, Sec13, was
significantly reduced in the S1202A mutant, as compared to wild type (Figure 2C). These results suggest
that site-specific O-GlcNAcylation influences specific protein-protein interactions in outer COPII coat
assembly or disassembly.

Finally, as a first step towards dissecting the regulatory role of Sec31A O-GIcNAcylation, we
investigated candidate upstream stimuli that might trigger glycosylation changes. We observed no
consistent changes in Sec31A O-GIcNAcylation in response to calcium ionophore (Figure 3A), the ER
stress inducer tunicamycin or rapamycin, an inhibitor of the nutrient-sensing kinases mTORC1/2 (Figure
3B), all stimuli that influence COPII trafficking in other contexts (Ge et al., 2017a; Helm et al., 2014; la
Cour et al., 2013; Liu et al., 2019; McGourty et al., 2016). However, we observed a substantial increase
in Sec31A O-GIcNAcylation in response to glucose reduction, as judged by multiple independent anti-O-
GIcNAc monoclonal antibodies (Figure 3C). Taken together, these results indicate that nutrient-sensitive,
site-specific O-GlcNAcylation of Sec31A may regulate its protein-protein interactions in the outer COPII
coat and influence trafficking in the early secretory pathway. Efforts are underway to further test this
hypothesis.

Similar to Sec31A, the inner coat proteins Sec23 and Sec24 are extensively O-GlcNAcylated in
mammalian cells (Boyce et al., 2011; Cox et al., 2018; Dudognon et al., 2004; Lee et al., 2016; Teo et
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al., 2010; Woo et al., 2015; Woo et al., 2018; Zachara et al., 2011). We have previously shown that
specific O-GIcNAcylation sites on Sec23A are required for endogenous collagen trafficking in cultured
human cells and live zebrafish (Cox et al., 2018). However, the functional impact of O-GlcNAcylation on
Sec24 remains unclear. Of the four human Sec24 paralogs, we first focused on Sec24C because we and
other groups have confirmed it as a robust OGT substrate, and a prior report suggested a regulatory
function for Sec24C O-GIcNAcylation (Boyce et al., 2011; Cox et al., 2018; Dudognon et al., 2004). To
test the hypothesis that dynamic glycosylation governs Sec24C function, we used an IP/IB assay to
confirm that endogenous human Sec24C is O-GIcNAcylated, with 5SGIcNAc treatment decreasing
glycosylation, and Thiamet-G increasing it (Figures 4A-B). We CRISPR-deleted Sec24C in human cells
(Figure S1) and repeated this experiment, confirming the specificity of the Sec24C and O-GIcNAc
antibodies for Sec24C glycosylation (Figure 4A-B). Sec24C glycosylation is remarkably dynamic, as O-
GlIcNAcylation increased in as little as five minutes upon treatment with Thiamet-G and peaked at 8 hours,
as judged by multiple anti-O-GIcNAc antibodies (Figure 4C-E). This result is consistent with a regulatory,
rather than structural or static, function of Sec24C glycosylation.

To further evaluate the significance of Sec24C O-GIcNAcylation, we performed ETD MS site-
mapping, as above (Figure 5A-B). These results identified four previously unreported O-GIcNAcylation
sites in the N-terminal low-complexity domain of Sec24C, more than doubling the number of glycosites
that we identified previously with CID MS (Figure 5A-B) (Cox et al., 2018). To investigate the role of
individual glycosylation sites, we re-expressed wild type or unglycosylatable mutant (S/T—A) cells in
Sec24C™ cells (Figure 5C). Next, we assessed the potential importance of particular Sec24C glycosites.
Using an IP/IB assay in both control and Thiamet-G-treated cells, we found that several mutants
displayed significantly decreased O-GIcNAcylation, including S66A, S72A, S191A, T775A and T776A,
and particularly in Thiamet-G-treated samples (Figure 6A-B). Interestingly, the S72A mutant also
exhibited a higher degree of Sec23A binding than did wild type Sec24C under vehicle-treated conditions,
perhaps indicating that constitutive O-GIcNAcylation at this site reduces this interaction (Figure 6A).
These observations suggest that these five residues may be predominant sites of inducible O-
GlIcNAcylation and sites of Sec24C regulation.

We also examined potential upstream stimuli that might influence Sec24C glycosylation. As with
Sec31A, calcium ionophore produced no detectable changes on Sec24C O-GlIcNAcylation (Figure S2).
By contrast, we observed a dose-dependent increase in Sec24C O-GlcNAcylation in response to
rapamycin (Figure 7A). This result suggests that Sec24C glycosylation may also be nutrient-responsive,
and could be reciprocally regulated either by mTORC1 itself or a downstream kinase, such as Akt, which
is a direct mTORCH1 target and has been reported to phosphorylate Sec24C (Sharpe et al., 2011).
mTORC1 is well known to regulate autophagy, and previous reports have indicated a functional role for
Sec24C and other COPIl components in contributing membrane to autophagosome biogenesis (Carlos
Martin Zoppino et al., 2010; Ge et al., 2017b; Ge et al., 2014; Ishihara et al., 2001; Karanasios et al.,
2016; Kim and Guan, 2019). Indeed, we observed an increase in the cleavage of the autophagosome
marker LC3 in Sec24C™ cells (Figure 7B), implying an alteration in autophagy under homeostatic
conditions. Together, these results suggest that Sec24C O-GlcNAcylation may serve a signaling function
in autophagic flux, an important hypothesis to test in future work.

Finally, we investigated whether O-GlcNAcylation might be a broader mode of Sec24 regulation.
Humans, mice and other mammals express four Sec24 paralogs, frequently in the same cell or tissue
type, but the utility of producing multiple isoforms is not fully understood. One possibility is that PTMs
may affect each paralog differently, affording finer combinatorial control of the COPII pathway. To test
whether O-GIcNAcylation could, in principle, participate in such signaling, we examined Sec24D as
another model paralog. Indeed, IP/IB experiments confirmed that 5SGIcNAc reduced, and Thiamet-G
potentiated, the O-GlIcNAcylation of epitope-tagged human Sec24D (Figure 8A). Furthermore, IP/IB
revealed that endogenous Sec24D is also glycosylated, as confirmed using CRISPR-generated Sec24D"
" cells as a specificity control (Figures 8B and S3). We used ETD MS to site-map O-GIcNAc on Sec24D
and discovered six glycosites clustered in two discrete regions of the protein (Figures 8C). Notably, three
of these reside in the N-terminal low-complexity domain (Figures 8C), reminiscent of our observations for
Sec24C (Figure 5A). Together, these results indicate that O-GlcNAcylation may be a widely used mode
of Sec24 regulation in mammalian cells.
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Discussion

O-GIcNAc is a ubiquitous and essential modification in nearly all mammalian cells examined.
However, the biochemical effects that O-GIcNAc has on its substrates and its impact on downstream
processes in mammalian cells remain incompletely understood. Here, we have addressed these
questions in the context of the COPII trafficking pathway. Decades of elegant biochemical, genetic and
structural studies have illuminated the mechanisms and functions of the core COPII proteins (Aridor,
2018; Barlowe, 2020; Bethune and Wieland, 2018; Brandizzi, 2018; Gomez-Navarro and Miller, 2016;
Hutchings and Zanetti, 2019; Peotter et al., 2019). By contrast, much less is known about how
mammalian cells adjust COPII activity in response to fluctuating signals or stresses. Taken together, our
results provide evidence for the overarching hypothesis that nutrient-sensitive O-GIcNAcylation of COPII
proteins regulates vesicle trafficking.

Our studies on the outer coat protein Sec31A reveal extensive O-GIcNAcylation, including in the
C-terminal domain (Figure 1B). This region of the protein is thought to be largely disordered, and yet
specific motifs have been identified within it that mediate crucial functional interactions with other COPII
proteins, including Sec23 and Sar1 (Bi et al., 2007; Fath et al., 2007; Stancheva et al., 2020). Recent
reports suggest that the unstructured domain of Sec31 serves as a multivalent interface, engaging in
numerous weak interactions with other COPII components to confer sufficient rigidity on the outer coat
cage, while also allowing for ready reversibility (e.g., through competing interactions with proteins on the
target membrane) (Hutchings et al., 2018; Hutchings and Zanetti, 2019; Markova and Zanetti, 2019). It
is interesting to speculate that PTMs occurring in this C-terminal domain, such as O-GIcNAc (Figure 1B),
may serve to inhibit or potentiate some of these multivalent interactions, providing finer control over COPI|
carrier geometry, uncoating kinetics or protein-protein interactions.

In particular, we demonstrate that S1202, a predominant O-GIcNAc site (Figure 2A-B), is required
for wild type levels of Sec13 binding (Figure 2C), suggesting that O-GIcNAcylation might modulate vesicle
trafficking through the Sec31A/Sec13 protein-protein interaction. This hypothesis is consistent with the
general model of COPII vesicle formation as a precisely choreographed sequence of subunit binding
events (Aridor, 2018; Bethune and Wieland, 2018; Brandizzi, 2018; Gomez-Navarro and Miller, 2016;
Hutchings and Zanetti, 2019; Peotter et al., 2019), and with a substantial body of literature showing that
O-GIcNAc often acts by altering protein-protein interactions (Tarbet et al., 2018b). However, in other
ways, these results are surprising. For example, the known Sec13 binding site resides at the Sec31 N-
terminus, distant in primary sequence space from S1202 (Fath et al., 2007; Yamasaki et al., 2006). The
disordered C-terminal region of Sec31 may exhibit considerable flexibility in vivo, influencing Sec13
binding in unexpected ways. Indeed, the best available structural information on Sec31 has been
obtained with the S. cerevisiae ortholog (Fath et al., 2007; Lederkremer et al., 2001; Matsuoka et al.,
2001; Stagg et al., 2006; Stancheva et al., 2020), which has relatively modest homology (27% amino
acid identity, 47% similarity) to the human protein, leaving open the possibility that the human Sec31A
structure may be considerably different. Alternatively, it may be that O-GlcNAcylation at S1202 induces
a conformational or other allosteric change that affects Sec13 binding at another site. Finally, we note
that a prior study also reported several O-GIcNAc sites in the C-terminal domain of Sec31A, distinct from
the ones we identified here, and suggested a role for these putative modifications in mediating protein-
protein interactions (Cho and Mook-Jung, 2018). However, this report relied almost exclusively on indirect
affinity purifications with wheat germ agglutinin, a promiscuous lectin, and did not provide any direct
evidence of Sec31A O-GIcNAcylation (e.g., MS site-mapping or quantitative IB of purified wild type and
mutant protein) (Cho and Mook-Jung, 2018). Therefore, O-GlcNAcylation at these reported sites remains
unproven.

We also investigated the potential signaling relevance of Sec31A O-GIcNAcylation. It has long
been known that COPII vesicle formation can be reconstituted in vitro without native PTMs (Matsuoka et
al., 1998). This result indicates that modifications of Sec31A and other coat components are likely not
required for carrier formation in vivo, but instead may serve a regulatory function, such as tuning the
pathway in response to stimuli or stress. Consistent with this idea, we found that glucose reduction
increased Sec31A O-GlIcNAcylation (Figure 3C). Uridine diphosphate-GIcNAc (UDP-GIcNAc), the
nucleotide-sugar cofactor for OGT, is the end-product of the hexosamine biosynthetic pathway (HBP),
which consumes approximately 2-5% of glucose in mammalian cells (Hanover et al., 2010). Because a
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range of metabolites feeds into the HBP, UDP-GIcNAc levels and O-GIcNAcylation are often considered
sentinels of nutrient availability, fluctuating as metabolite levels rise and fall (Akan et al., 2018; Bond and
Hanover, 2013; Hanover et al., 2010). In the case of Sec31A, it may initially appear counter-intuitive that
a decrease in glucose results in an increase in O-GIcNAcylation, but analogous observations have been
reported previously for OGT substrates in other contexts (Ruan et al., 2017; Taylor et al., 2009; Zou et
al., 2012). Prior research has also demonstrated changes in COPII trafficking in response to the
availability of glucose and other nutrients, but the underlying molecular mechanisms are not fully
understood (Amodio et al., 2009; Jeong et al., 2018; Liu et al., 2019; Zacharogianni et al., 2014). We
speculate that glucose-responsive Sec31A O-GIcNAcylation may serve as one link between nutrient-
sensing and COPII function, perhaps adjusting the trafficking of cargoes such as growth factor receptors
or metabolite transporters in response to glucose availability. Future work will test these hypotheses
directly.

Our results indicate a potential regulatory role for O-GIcNAcylation on the Sec24 inner coat
proteins as well. Consistent with earlier reports (Boyce et al., 2011; Cox et al., 2018; Dudognon et al.,
2004; Teo et al., 2010; Woo et al., 2015; Woo et al., 2018; Zachara et al., 2011), our MS site-mapping
results revealed extensive glycosylation of Sec24C, including previously undiscovered sites (Figures 4-
5). Remarkably, O-GIcNAc cycles very rapidly on Sec24C, as revealed by the clear increase in
glycosylation within five minutes of applying an OGA inhibitor (Figure 4C,E). These observations suggest
the intriguing hypothesis that O-GIcNAc may be added to and removed from Sec24C (perhaps more than
once) within a single cycle of COPII vesicle forming, trafficking, uncoating and fusing with its target
membrane. Previous reports have suggested a role for temporally or spatially restricted modification of
COPII components, such as phosphorylation of Sec23 by the Golgi-tethered kinase Hrr25p/CKI5, which
is proposed to control vesicle uncoating and enforce unidirectional trafficking (Bhandari et al., 2013; Lord
et al., 2011). Future experiments, such as proximity ligation strategies, will use imaging methods to
visualize the glycosylated and total pools of Sec24C in fixed cells and determine whether spatially
restricted O-GIcNAcylation impacts on Sec24 and COPII function.

Our data also lend new support to prior proposals that Sec24C is subject to reciprocal regulation
by O-GIcNAc and phosphorylation (Dudognon et al., 2004). The Paccaud group reported that Sec24C
phosphorylation and O-GIcNAcylation appear to be mutually exclusive, with the former occurring in
mitosis and the latter in interphase, although the relevant O-GIcNAc sites and kinase(s) were not
determined (Dudognon et al., 2004). More recently, Akt was reported to phosphorylate Sec24C (Sharpe
et al., 2011), and our results demonstrate that rapamycin, which inhibits mTORC complexes, induces
Sec24C O-GlIcNAcylation (Figure 7A). mTORC complexes directly phosphorylate Akt, potentiating its
activity (Bhaskar and Hay, 2007). Together, these results suggest possible reciprocal modification by
OGT and Akt, mTORC or other kinases. In the case of Akt, O-phosphate and O-GIcNAc may occur on
distinct sites, as Akt reportedly phosphorylates Sec24C on S888 (Sharpe et al., 2011), which was not
among the glycosites we detected (Figure 5A). However, reciprocal modification by O-phosphate and O-
GIcNACc at distinct sites has been observed previously, including on Akt itself (Butkinaree et al., 2010;
Leney et al., 2017; Wang et al., 2012; Zhong et al., 2015). Conversely, among the Sec24C glycosites we
identified, T776 was reported to be phosphorylated in a study of mitotic substrates of Aurora and Polo-
like kinases (Kettenbach et al., 2011), potentially explaining the original Paccaud observation. Further
experiments will be required to dissect the Sec24C sites, the upstream kinases and the downstream
effects of this putative reciprocal regulation.

Interestingly, our results may indicate a role for Sec24C O-GIcNAcylation in nutrient-sensing as
well. mMTORC complexes are well-known regulators of autophagy, and rapamycin inhibition mimics a
starvation signal, inducing autophagy (Al-Bari, 2020; Condon and Sabatini, 2019; Saxton and Sabatini,
2017). O-GlcNAcylation in general has been implicated in autophagy in a number of ways (Akan et al.,
2018; Fahie and Zachara, 2016), and Sec24 in particular is reported to participate in contributing
membrane to the nascent autophagosome in both macroautophagy and ER-phagy (Cui et al., 2019;
Davis et al., 2016; Graef et al., 2013). Consistent with these studies, we showed that cleavage of the
autophagy marker LC3 is increased at baseline in Sec24C™ cells (Figure 7B), indicating a dysregulation
of autophagic flux. In the future, it will be important to determine whether site-specific Sec24C
glycosylation influences autophagosome formation, and whether mTORC signaling impacts on this
regulation.
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Lastly, we provide evidence that O-GIcNAcylation is likely a conserved mode of regulation among
Sec24 paralogs. Mammals express four Sec24 paralogs, A through D, and the phenotypes of the
individual Sec24 mouse knockouts are strikingly divergent (Adams et al., 2014; Baines et al., 2013; Chen
et al., 2013; Merte et al., 2010; Wang et al., 2018; Wansleeben et al., 2010). However, all paralogs are
thought to play similar or identical biochemical roles in the COPII inner coat, and recent evidence
demonstrates that ectopic Sec24D expression can rescue the developmental defects in the nervous
system of Sec24C”" mice (Wang et al., 2018). These results argue that Sec24 paralogs serve at least
partially overlapping biochemical functions, and that tissue-specific expression patterns may largely
explain the discrepancies in knockout phenotypes. If this model is correct, however, the advantage of
expressing four paralogous Sec24 proteins is unclear. One possibility is that Sec24 isoforms may be
differentially subjected to regulation by PTMs, providing another layer of combinatorial tuning of COPII
activity. We identified six new sites on Sec24D, supporting the notion that O-GIcNAc is a common feature
among Sec24 paralogs (Figure 8C). Three of these lie in the low-complexity domain, reminiscent of our
observations with Sec24C, but at sites distinct from where Sec24C is modified, potentially implying
differential regulation (Figure 5A). The functional significance of the low-complexity domains and their
PTMs remain unclear, but O-GIcNAc moieties in this region may influence protein-protein interactions
and COPII coat assembly or disassembly. Experiments are underway to test the potential requirement
for specific Sec24C and Sec24D O-GIcNAc sites in vertebrate development, using rescue experiments
in loss-of-function zebrafish models (Sarmah et al., 2010).

In sum, we have used the model proteins Sec24C and Sec31A to provide evidence that site-
specific O-GIcNAcylation may form a link between cellular metabolism and COPII trafficking. It has long
been known that O-GIcNAc serves a nutrient-sensing function in other contexts (Bond and Hanover, 2015;
Hanover et al., 2010; Hart et al., 2011; King et al., 2019; Yang and Qian, 2017). Conversely, COPII
trafficking is appreciated to be dynamically regulated by both physiological stimuli and stresses, but the
underlying molecular mechanisms are not fully understood. Our work suggests that the well-described
nutrient-sensing function of O-GIcNAc may be brought to bear on COPII trafficking, with downstream
consequences for protein secretion and function. Future work will determine the specific roles of site-
specific Sec24 and Sec31 glycosylation in cell and tissue physiology.

Materials and methods

Chemical synthesis — Acs5SGIcNAc (abbreviated 5SG in figures) was synthesized as described
(Gloster et al., 2011) and was a gift of Dr. Benjamin M. Swarts (Central Michigan University). Thiamet-G
(abbreviated TG in figures) was synthesized as described (Yuzwa et al., 2008) by the Duke Small
Molecule Synthesis Facility. All other chemicals were purchased from Sigma-Aldrich unless otherwise
indicated.

Cell culture — SW1353, HEK 293T and HelLa cell lines (as well as their engineered derivatives)
were grown at 37 °C and 5% CO; in Dulbecco’s Modified Eagle’s medium containing 10% fetal bovine
serum, 100 units/mL penicillin, and 100 pg/mL streptomycin. Sec31A” HEK 293T cell lines stably
expressing eGFP, wild type Sec31A or unglycosylatable Sec31A mutants were supplemented with 200
pug/mL Zeocin.

Mammalian expression vectors — pSpCas9(BB)-2A-GFP (PX458) was a gift from Dr. Feng
Zhang (Addgene plasmid # 48138 ; http://n2t.net/addgene:48138 ; RRID:Addgene_4 8138) (Ran et al.,
2013). The following single guide RNAs (sgRNAs) targeting sec24C, sec24D, and sec31A were designed
and validated via the Surveyor assay (Ran et al., 2013) by the Duke Functional Genomics Facility:

sgRNA 24C-1: 5 — TGCCCAAATGGTGGCACAGG - &
sgRNA 24C-2: 5 — TATCATCAGTCCAGCTATGG- 3’
sgRNA 24D-1: 5 — CCATAGTGCCCATAATGAGG - 3
sgRNA 24D-2: 5 — GGCTGAGGCTGAGAATACGG - 3’
sgRNA 24D-3: 5 — ATTTTCATAATGAGTCAACA - 3’
SgRNA 31A-1: 5 — CTTTAACTTCATCCTGCTAA -3’
sgRNA 31A-2: 5’ — CTTTAGCAGGATGAAGTTAA -3
sgRNA 31A-3: 5 — AACCTCATACCTGTGAGAAG -3’
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An sgRNA targeting the AAVS1 “safe harbor” locus was used as a control (Sadelain et al., 2011). pLenti
CMV/TO Puro DEST (670-1) was a gift from Drs. Eric Campeau & Paul Kaufman (Addgene plasmid #
17293 ; http://n2t.net/addgene: 17293 ; RRID:Addgene_17293)(PMID: 19657394). psPAX2 and pMD2.G
were gifts of the Duke Functional Genomics Facility. pcDNA3.1 myc-6xHis Sec24C was cloned as
described (Cox et al., 2018). Myc-6xHis Sec24C was then subcloned into pENTR containing a multiple
cloning site (gift from Dr. Vann Bennett) using Gibson Assembly (E5510, New England Biolabs). pENTR
was linearized with Notl (R3189, New England Biolabs) and EcoRI (R3101, New England Biolabs). The
following primers were designed using NEBuilder (http://nebuilder.neb.com/#!/):

F: 5 — AAAGCAAGGCTCCGCGGCCGCCACCATGAAGCTTGCCACCATGGAA -3’
R: 5 - ATCCGCGGATCGTAGAATTCTTAGCTCAGTAGCTGCCG -3

Ser/Thr—Ala mutations were made in pENTR myc-6xHis Sec24C using methods previously described
(Cox et al., 2018), but mutagenized DNA was transformed into One Shot Stbl3 Chemically Competent E.
coli (C737303, ThermoFisher). Primers were designed using QuikChange Primer Design
(http://www.genomics.agilent.com/primerDesignProgram.jsp). The following primers and their reverse
complements were used:

S60A 5’ — CTCCCCAAGGTATGGCAAGAGCCCCACCT -3’

S66A 5’ — AGGTGCCCCCGCGGAAGGTGGGG - 3

S72A 5 - GCCTGTGCTGTTGCGGCTGGAGGTGCC -3

S191A 5 — CCTTGGGCCTGGGCAAGGGGAGGAGCCT -3’

S773A 5 — CTTTGGAGCTTTCTACATGGCCAACACGACAGATGTGGAG - 3’
T775A 5 — CTTTCTACATGAGCAACGCGACAGATGTGGAGCTG - 3

T776A 5 — CTACATGAGCAACACGGCAGATGTGGAGCTGGC - 3’

Sec24D was subcloned from pEGFP Sec24D into pcDNA3.1 with an N-terminal myc-6xHis tag using
Gibson Assembly (E5510, New England Biolabs). pcDNA3.1 was linearized with Not1 (R3189, New
England Biolabs) and Xbal (R0145, New England Biolabs). Primers were designed using NEBuilder
(http://nebuilder.neb.com/#!/). pPEGFP-Sec24D was a gift from Dr. Henry Lester (Addgene plasmid #
32678 ; http://n2t.net/addgene:32678 ; RRID:Addgene_32678) (Richards et al., 2011). The following
primers were used:

F: 5 — ATCCAGCACAGTGGCGGCCGCAGTCAACAAGGTTACGTGG -3’
R: 5 — GGTTTAAACGGGCCCTCTAGATTAATTAAGCAGCTGACAGATC -3’

Myc-6xHis Sec24D was then subcloned from pcDNA3.1 myc-6xHis Sec24D into pENTR containing a
multiple cloning site (gift from Dr. Vann Bennett) using Gibson Assembly (E5510, New England Biolabs).
pENTR was linearized with EcoRI (R3101, New England Biolabs) and Ascl (R0558, New England
Biolabs). Primers were designed using NEBuilder (http://nebuilder.neb.com/#!/). The following primers
were used:

F: 5 — TGCATCATCATCATCATCATGGAACAAAAACTCATCTCAGAAG -3’
R: 5 — AGAAAGCTGGGTCGGCTAATTAAGCAGCTGACAGATC -3

PENTR containing myc-6xHis Sec24C or Sec24D WT or mutants were used in a Gateway LR Clonase |l
Enzyme reaction (11791020, Invitrogen) according to manufacturer’s instructions with pLenti CMV/TO
Puro DEST (670-1) (Addgene 1729).

pcDNA4-Sec31A-myc-6xHis and pcDNA4-eGFP-myc-6xHis were cloned as described previously
(Coxetal., 2018). Sec31A Ser/Thr —Ala mutants were made in pcDNA4-Sec31A-myc-6xHis with primers
designed at QuikChange Primer Design (http://www.genomics.agilent.com/primerDesignProgram.jsp).
The following primers and their reverse complements were used:
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S451A 5'— CTTCAGCAGGCTGTGCAGGCACAAGGATTTATCAATTA -3
T658A 5' - GCTTTAGCTGCAGTATTGGCTTATGCAAAGCCGGATG - 3'
S666A 5' — ACTTATGCAAAGCCGGATGAATTTGCAGCCCTTTGTGA -3
T674A 5' — AGCCCTTTGTGATCTTTTGGGAGCCAGGCTTGAAAVZ'

S762A 5' — GTTGGCAGCTCAGGGCGCTATTGCTGCAGCCTTG - 3'

T774A 5 — GCTTTTCTTCCTGACAACGCCAACCAGCCAAATATCA -3
T1187A 5' — AACTACTCAGAAGGATTGGCCATGCATACCCACATAG -3
T1190A 5' — CTACTCAGAAGGATTGACCATGCATGCCCACATAGTTAG - 3'
S1202A 5' - GCAACTTCAGTGAGACCGCTGCTTTCATGCCAGTT -3

Phusion polymerase (M0530, New England Biolabs) was utilized to perform mutagenesis reactions, after
which samples were digested with Dpnl, then transformed in One Shot TOP10 chemically competent E.
coli (C404010, ThermoFisher) as described previously (Cox et al., 2018). Successful mutagenesis was
confirmed by sequencing.

Transfections - Cells were plated at ~20-50% confluence and transfected the following day using
TransIT-293 transfection reagent (Mirus) and OPTI-MEM (1105802, ThermoFisher) as previously
described (Cox et al., 2018).

Immunoblotting (IB) — Samples were resolved on Tris-glycine SDS-PAGE gels and
electroblotted onto PVDF (88518, ThermoFisher) or nitrocellulose membrane (162-115, BioRad) using
standard methods. IBs were performed as previously described (Cox et al., 2018) and developed via
enhanced chemiluminescence (ECL) (WesternBright ECL, Advansta) or infrared quantitative imaging
using the Odyssey CLx (LI-COR) according to the manufacturer’s instructions. The following primary
antibodies were used: rabbit anti-Sec23A (8162, Cell Signaling Technology; 1:2000), rabbit monoclonal
anti-Sec24C (D9M4N) (14676S, Cell Signaling Technology; 1:2000), mouse monoclonal a-tubulin
(T6074, Sigma-Aldrich; 1:100000), rabbit monoclonal GAPDH (14C10) (2188, Cell signaling Technology;
1:4000), mouse monoclonal anti-c-myc (9E10) (various vendors; 1:1000), mouse monoclonal anti-O-
GIcNAc antibody 9D1 (various vendors; 1:1000), mouse monoclonal anti-O-GlcNAc 18B10.C7 (various
vendors; 1:1000), mouse monoclonal anti-O-GlcNAc antibody 1F5 (various vendors; 1:1000), mouse
monoclonal anti-O-GIcNAc antibody CTD110.6 (sc-59623, Santa Cruz Biotechnology; 1:1000), mouse
monoclonal anti-O-GIcNAc antibody RL2 (SC-59624, Santa Cruz Biotech; 1:500), rabbit monoclonal anti-
LC3A/B (D3U4C, Cell Signaling Technology; 1:1000), rabbit polyclonal anti-Sec31A (8506, Cell
Signaling; 1:10000), rabbit monoclonal anti-Sec24D (D9M7L) (14687, Cell Signaling; 1:1000), mouse
monoclonal anti-nucleoporin p62 (610498, BD Transduction Laboratories; 1:1000), and rabbit polyclonal
anti-Sec13 (A303-980A-T, Bethyl Laboratories; 1:1000).

The following secondary antibodies were used: goat anti-mouse IgG (1030-05, horseradish
peroxidase (HRP)-conjugated, SouthernBiotech; 1:10000), goat anti-rabbit IgG (4030-05, HRP-
conjugated, SouthernBiotech; 1:10000), IRDye 800CW goat anti-mouse (925-32210, LI-COR
Biosciences; 1:30000) and IRDye 800CW Goat anti-Rabbit IgG (H + L) (925-32211, LI-COR Biosciences;
1:30000).

Immunoprecipitation (IP) and tandem purification — For myc IP, cells expressing myc-6xHis-
tagged Sec24C, Sec24D or Sec31A were lysed in IP lysis buffer (1% Triton X-100, 150 mM NaCl, 1 mM
EDTA, 20 mM Tris-HCI pH 7.4), with or without 0.1% SDS, supplemented with protease inhibitor cocktail
(P8340, Sigma), 50 uM UDP (OGT inhibitor) and 5 yM PUGNAc (OGA inhibitor, 17151, Cayman
Chemicals). Lysates were probe-sonicated, cleared by centrifugation, and quantified by BCA protein
assay (23225, ThermoFisher) according to the manufacturer's directions. |IPs were performed on 2-10
mg total protein for IB or 50-100 mg total protein for MS analysis. Cleared lysates were adjusted to a
final total protein concentration of ~2-5 mg/mL using IP lysis buffer supplemented with protease inhibitor,
UDP and PUGNAC, and 1 ug (for myc-6xHis tagged Sec24) or 2ug (for myc-6xHis tagged Sec31) mouse
monoclonal anti-c-myc antibody (9E10, various vendors) per 1 mg of total protein were added along with
30 pL washed protein A/G UltraLink Resin (53133, ThermoFisher) and rotated overnight at 4°C. Beads
were washed three times with 1 mL of IP lysis buffer and then eluted. Elution was performed with IP lysis
buffer plus 2X SDS-PAGE loading buffer (56X SDS-PAGE loading buffer: 250 mM Tris pH 6.8, 10% SDS,
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30% glycerol, 5% B-mercaptoethanol, 0.02% bromophenol blue) and heating at 95 °C for 5 minutes.
Eluents were then analyzed by SDS-PAGE and IB.

For tandem affinity purification, protein A/G beads were eluted twice in 500 pL using Ni-NTA wash
buffer (8 M urea, 300 mM NaCl, 1% Triton X-100, 5 mM imidazole) with rotation. The two 500 uL elutions
were pooled, and 30 uL washed 6xHisPur Ni-NTA resin (88223, ThermoFisher) was added to the eluate
and the mixture was incubated at room temperature for 2 hours with end-over-end rotation. The Ni-NTA
resin was washed three times with 1 mL of Ni-NTA wash buffer. The final elution from the Ni-NTA was
performed using 8 M urea with 250 mM imidazole.

For endogenous Sec24C, Sec24D or Sec31A IP, cells were lysed in IP lysis buffer without SDS.
The IP was then performed as above using 2-10 mg of protein and 1 ug of rabbit anti-Sec24C (A304-
760A, Bethyl Laboratories) per 1 mg of protein or 0.9 pg of rabbit anti-Sec24D (14687, Cell Signaling
Technology) or 1 ug of rabbit anti-Sec31A (Cell Signaling #8506) per 1 mg of protein.

lonomycin treatment - HEK 293T cells stably expressing Sec31A-myc6xHIs were plated to be
approximately 80% confluent the day of treatment. lonomycin (10634, Sigma-Aldrich) was added to the
plate at a final concentration of 3 uM for 0-30 min. Cells were collected by scraping into cold phosphate-
buffered saline (PBS) and centrifugation, lysed in IP lysis buffer with SDS, and analyzed by BCA assay,
myc IP, SDS-PAGE and IB.

OGT and OGA inhibition in live cells - OGT or OGA inhibition was achieved by incubating cells
with fresh media containing 50 uM 5SG or 25-50 uM TG, respectively, for 24 hours at 37 °C in 5% CO;
prior to harvest, unless otherwise indicated.

Rapamycin and tunicamycin treatment — For examination of Sec31 O-GIcNAcylation changes,
HEK 293T cells were plated on 15 cm dishes and grown to ~80% confluency. Control samples were
treated with DMSO, 50 uM TG, or 50 uM 5SG for 24 hours at 37 °C in 5% CO,. Experimental samples
were treated in parallel with either 200 nM rapamycin for 16 hours or 2.5 pg/mL tunicamycin for 5 hours
at 37 °C in 5% CO.. Cells were lysed, IP-ed with an anti-Sec31A antibody, and subjected to IBs. For
Sec24C O-GlIcNAcylation analysis, HEK 293T cells stably expressing myc-6xHis Sec24C were plated to
be ~80% confluent the day of treatment. The next day, fresh media and 100 nM or 200 nM rapamycin or
vehicle control were added to the plates. Cells were incubated at 37 °C in 5% CO; for 16 hours. Cells
were then lysed, a myc IP was performed, and samples were subjected to IBs.

Generation of Sec24C™, Sec24D” and Sec31A™ cells — CRISPR-Cas9 deletion of Sec24C,
Sec24D and Sec31A from HEK 293T or Hela cells was performed using transient expression of Cas9
and sgRNAs. Cells were transfected with pSpCas9(BB)-2A-GFP (PX458) + sgRNAs using methods
previously described (Cox et al., 2018) and GFP positive cells were sorted into a 96-well plate, with each
well containing a single cell, by the Duke Cancer Institute Flow Cytometry Core Facility using a BD Diva
fluorescence-activated cell sorter. Surviving clones were expanded and Sec24C, Sec24D, or Sec31A
deletion was verified by IB.

Lentivirus generation — HEK 293T cells were plated to be 60-70% confluent in a 6 cm plate the
following day. Cell culture medium was replaced prior to transfections. 150 yL pre-warmed OPTI-MEM
was placed in 1.5 mL tubes with 6 pyL TransIT-LT1 transfection reagent (MIR 2300, Mirus), vortexed
briefly, and incubated for 15 minutes at room temperature. After incubation, 1 ug of pLenti CMV/TO Puro
DEST (670-1) empty vector or containing myc-6xHis-tagged Sec24C or Sec24D WT or mutant, 900 ng
of psPAX2, and 100 ng of pMD2.G were added to the 1.5 mL tubes, vortexed briefly and incubated for
15 minutes at room temperature. The transfection mixture was then added dropwise to the cells. Cells
recovered at 37 °C and 5% COzfor 12-18 hours. The media was then replaced with DMEM supplemented
with 30% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 ug/mL streptomycin, and cells were
recovered at 37 °C and 5% CO.. 48 hours post-transfection, the medium containing virus was collected
and stored at 4 °C. Fresh medium was added to the cells (DMEM supplemented with 30% FBS, 100
units/mL penicillin, and 100 pug/mL streptomycin) and the cells were recovered at 37 °C and 5% CO..
Virus was collected again 24 hours later. All virus was then centrifuged to pellet cellular debris, filtered
through 45 pm low protein-binding filters and stored at -80 °C.

Stable expression of myc-6xHis Sec24C wild type and unglycosylatable mutants — HEK
293T Sec24C” or parental cells were plated in a 6-well plate to be ~50% confluent on the day of the
infection. The medium was then changed and polybrene was added to a final concentration of 5 ug/mL.
1 mL of virus was added to each well. Plates were then centrifuged at 2000 rotations per minutes for 20
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minutes. Cells were recovered at 37 °C and 5% CO.. 24-48 hours post-infection, cells were treated with
puromycin (2 pg/mL for cell lines constructed in the parental HEK 293T background; 1 ug/mL for cell lines
constructed in a single cell-derived clonal Sec24C™ background) until a mock-transfected plate no longer
contained living cells.

Stable expression of Sec31A-myc-6xHis wild type and unglycosylatable mutants — HEK
293T Sec31A™ cells were plated in 10-cm dishes, grown to 20% confluency and transfected with
pcDNA4-eGFP-myc-6xHis, = pcDNA4-Sec31A-myc-6xHis or  pcDNA4-myc-6xHis  expressing
unglycosylatable Sec31A mutants. 36 hours post-transfection, 200 ug/mL Zeocin was added to the
culture medium to select for successfully transfected cells. Cells were maintained in Zeocin-containing
media until 100% of cells transfected with pcDNA4-eGFP-myc-6xHis were GFP-positive by fluorescence
microscopy. Cells were grown and passaged one additional cycle, then subject to IB with Sec31A and
myc antibodies to validate expression of a single myc-tagged Sec31A band at the expected molecular
weight, with the eGFP-expressing line used as a negative control.

Liquid chromatography—-tandem MS (LC-MS/MS) analysis of Sec24C, Sec24D and Sec31A
O-GlcNAcylation — Tandem-purified Sec24C, Sec24D or Sec31A was separated by SDS-PAGE and
Coomassie stained. Stained bands of the correct molecular weight were subjected to standard in-gel
trypsin digestion according to a Duke Proteomics and Metabolomics Shared Resource protocol
(https://genome.duke.edu/sites/genome.duke.edu/files/In-gelDigestionProtocolrevised 0.pdf). Extracted
peptides were lyophilized to dryness and resuspended in 12 pL of 0.2% formic acid/2% acetonitrile. Each
sample was subjected to chromatographic separation on a Waters NanoAquity UPLC equipped with a
1.7 ym BEH130 C18 75 uym |.D. x 250 mm reversed-phase column. The mobile phase consisted of (A)
0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. Following a 4 pL injection, peptides
were trapped for 3 minutes on a 5 um Symmetry C18 180 uym I.D. x 20 mm column at 5 pL/min in 99.9%
A. The analytical column was then switched in-line, and a linear elution gradient of 5% B to 40% B was
performed over 60 minutes at 400 nL/min. The analytical column was connected to a fused silica PicoTip
emitter (New Objective) with a 10 um tip orifice and coupled to a Fusion Lumos Orbitrap mass
spectrometer (Thermo Scientific) through an electrospray interface operating in data-dependent
acquisition mode. The instrument was set to acquire a precursor MS scan from m/z 350 to 1800 every 3
seconds with a target AGC of 4e5. In data-dependent mode, MS/MS scans of the most abundant
precursors were collected following higher-energy collisional dissociation (HCD) fragmentation at an HCD
collision energy of 27%. Within the MS/MS spectra, if any diagnostic O-GIcNAc fragment ions (m/z
204.0867, 138.0545, or 366.1396) were observed, a second MS/MS spectrum of the precursor was
acquired with electron transfer dissociation (ETD)/HCD fragmentation using charge-dependent ETD
reaction times and either 30% or 15% supplemental collision energy for precursor charge states of at
least +2. Target AGC settings were 3e5 and 250 ms at 30,000 resolution (at m/z 200). For all experiments,
a 60-second dynamic exclusion was employed for previously fragmented precursor ions.

Raw LC-MS/MS data files were processed in Proteome Discoverer (Thermo Fisher Scientific) and
then submitted to independent Mascot searches (Matrix Science) against a SwissProt database (human
taxonomy) containing both forward and reverse entries of each protein
(https://www.uniprot.org/proteomes/UP000005640) (20,322 forward entries). Search tolerances were 5
ppm for precursor ions and 0.02 Da for product ions using semi-trypsin specificity with up to two missed
cleavages. Both y/b-type HCD and c/z-type ETD fragment ions were allowed for interpreting all spectra.
Carbamidomethylation (+57.0214 Da on C) was set as a fixed modification, whereas oxidation (+15.9949
Da on M) and O-GIcNAc (+203.0794 Da on S/T) were considered dynamic mass modifications. All
searched spectra were imported into Scaffold (v4.3, Proteome Software), and scoring thresholds were
set to achieve a peptide false discovery rate of 1% using the PeptideProphet algorithm
(http://peptideprophet.sourceforge.net/). When satisfactory ETD fragmentation was not obtained, HCD
fragmentation was used to determine O-GIcNAc residue modification using the number of HexNAcs
identified in combination with the number of serines and threonines in the peptide.

The mass spectrometry data for Sec24C, Sec24D and Sec31A O-GIcNAc site-mapping
experiments have been deposited to the ProteomeXchange Consortium (Deutsch et al., 2017) via the
MassIVE partner repository (https://massive.ucsd.edu/), with the dataset identifier MSV000086625.
Reviewers may access complete raw data now via MassIVE using username “MSV000086625_reviewer”

and password “a” (both without quotation marks). The data will be made public promptly upon publication.
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Supplemental Methods:

Quantitative RT-PCR (qRT-PCR) — Cells were plated in a 6-well plate to be 80% confluent the
day of collection. Cells were lysed and RNA was extracted using the RNeasy Mini Kit (74104, Qiagen)
according the manufacturer's directions. The RTL buffer was supplemented with B-mercaptoethanol prior
to lysis. RNA concentration was measured by Nanodrop 2000 Spectrophotometer (ND-2000,
ThermoFisher Scientific) according to the manufacturer's directions and RNA was stored at -80 °C.
Reverse transcriptase reactions were performed using the High-Capacity cDNA Reverse Transcription
Kit (4368814, ThermoFisher Scientific) according to the manufacturer’s directions. gqRT-PCR reactions
were performed on StepOnePlus Real-Time PCR System (Applied Biosystems) using Power SYBR™
Green PCR Master Mix (4367659, Applied Biosystems) and the following primers:

Sec24C F: 5 — CAGACACAAGGGAAACAGAGA - 3'
Sec24C R: 5’ - GGGCAGGGATGTATGGAATAG - 3'
B-actin F: 5" — CACTCTTCCAGCCTTCCTTC - 3’
B-actin R: 5 — GTACAGGTCTTTGCGGATGT -3’

Fold change in mMRNA expression of Sec24C, compared to 3-actin, was determined using the 2-
MCT method (Livak and Schmittgen, 2001).

lonomycin treatment - HEK 293T cells stably expressing myc-6xHis Sec24C were plated to be
~80% confluent the day of treatment. lonomycin (10634, Sigma Aldrich) was added to the plate at a final
concentration of 1 uM (low treatment) or 3 uM (high treatment) for 1 hour. Cells were collected by scraping
into PBS and centrifugation, lysed in IP lysis buffer without SDS, probe-sonicated, and analyzed by BCA
assay, myc IP, SDS-PAGE and IB.

Starvation-induced autophagy - HEK 293T or HeLa cells were maintained in Earle's Balanced
Salts Solution (EBSS) (E2888, Sigma Aldrich) for 1 to 5 hours or kept in DMEM as a negative control.
Bafilomycin A (BAF) (B-1080, LC laboratories) was used at 100 nM for 1 hours. When EBSS and BAF
were used together, cells were starved for 4 hours with EBSS and 100 nM BAF was added for one
additional hour. Cells were collected by scraping into PBS and centrifugation, lysed in IP lysis buffer
without SDS, and analyzed by BCA assay, Sec24C |IP, SDS-PAGE and IB.

Antibodies - Additional antibodies used were rabbit anti-TRAPa (gift of Dr. Christopher Nicchitta,
Duke University, 1:8000), rabbit polyclonal anti-Sec24A (9678, Cell Signaling; 1:1000), and rabbit
monoclonal Sec24B (D7D6S) (12042, Cell Signaling; 1:10000).
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5S8G — Acs5SGIcNAc

CID - collision-induced dissociation

COPII - coat protein Il complex

CRISPR - clustered regularly interspaced short palindromic repeats
ER - endoplasmic reticulum

ETD — electron transfer dissociation

HBP — hexosamine biosynthetic pathway

IB — immunoblot

IP — immunoprecipitation

mTORC — mechanistic target of rapamycin complex
MS — mass spectrometry

O-GIcNAc — O-linked B-N-acetylglucosamine

OGA - O-GIcNAcase

OGT — O-GIcNAc transferase

PTMs — post-translational modifications

Rap — rapamycin

TG — Thiamet-G

UDP-GIcNAc — uridine diphosphate-GIcNAc

Figure legends

Figure 1. Sec31A is dynamically O-GIcNAcylated

A. Endogenous Sec31A was IP-ed from HEK 293T or SW1353 cells treated with DMSO, 50 uM Thiamet-
G (TG), or 50 pyM 5SGIcNAc (5SG) for 24 hours. Even Sec31A expression and IP efficiency were
confirmed by Sec31A IB. Sec31A O-GIcNAc levels were detected using the anti-O-GIcNAc monoclonal
antibody 18B10. B. ETD MS analysis indicates that human Sec31A contains at least 12 O-GlcNAcylated
residues. Nine sites were previously detected, with resolution sufficient to localize O-GIcNAc on four
residues: S451, T658, S666, and T674 (Cox et al., 2018). This study revealed two new sites (S762, T774)
and allowed assignment of three previously ambiguous sites to T1187, T1190, and S1202. C. CRISPR-
Cas9 methods were used to delete Sec31A from both HEK 293T and Hela cells. Clonal cell lines created
with a control or Sec31A-targeting sgRNAs were analyzed by IB. Asterisks indicate successful deletion
of Sec31A. D. HEK 293T Sec31A" clones were stably transduced with GFP, wild type (WT) Sec31A-
myc6xHis, or Ser/Thr—Ala Sec31A-myc6xHis mutants corresponding to the nine O-GIcNAc sites
identified in B. Expression of myc-6xHis-tagged Sec31A constructs in Sec31A™ cells was confirmed by
Sec31A (arrow) and myc IB.

Figure 2. S1202 is a predominant O-GIcNAc site on Sec31A and is required for interaction with
Sec13

A. and B. HEK 293T cells stably expressing GFP, myc-tagged WT or unglycosylatable Sec31A mutants
were treated with DMSO or 50 uM TG for 24 hours. Left: Efficient IP of myc-6xHis-tagged WT Sec31A
and Sec31A mutants was confirmed by quantitative IB for Sec31A and myc. Sec31A O-GIcNAcylation
levels were measured using quantitative IB with anti-O-GIcNAc monoclonal antibody 9D1. Right: O-
GIcNAc signal was normalized to myc signal for vehicle (DMSO)-treated samples and graphically
displayed as a percentage of WT signal (representative blot). C. Left: HEK 293T cells stably expressing
GFP, myc-6xHis-tagged WT or unglycosylatable Sec31A mutants were subjected to myc IP. Quantitative
IBs were performed for Sec31A, myc, Sec13 and nucleoporin-62 (loading control). Right: Efficiency of
Sec13 co-IP with WT or mutant Sec31A was assessed by dividing Sec13 signal by myc signal,
normalized to WT value (n=4, * indicates p value < 0.05 by Student’s t-test).

Figure 3. Lower glucose levels potentiate Sec31A O-GlcNAcylation

A. HEK 293T cells stably expressing GFP or WT Sec31A-myc-6xHis were treated with either DMSO or
3 M ionomycin for 0, 5, 15, or 30 minutes. Sec31A was IP-ed (myc) and samples were analyzed by IB.
CTD110.6, 18B10 and 9D1 are anti-O-GIcNAc monoclonal antibodies. B. HEK 293T cells were treated
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with DMSO, 50 uM TG or 50 uM 5SG for 24 hours, 200 nM rapamycin (Rap) for 16 hours, or 2.5 ug/mL
tunicamycin (Tunic) for 5 hours. Endogenous Sec31A was IP-ed and samples were analyzed by IB. C.
Sec31A™ HEK 293T cells stably expressing GFP (KO) or Sec31A-myc6xHis (WT) were grown in 5 mM
or 25 mM glucose-containing medium for 24 hours. Samples were analyzed by IP/IB.

Figure 4. Sec24C is dynamically O-GIcNAcylated

A. Endogenous Sec24C was IP-ed from HEK 293T cells or Sec24C" (KO) HEK 293T cells with treated
with 50 uM TG, 5SG or vehicle control (DMSO) for 6 hours. An increase in Sec24C O-GIcNAcylation was
detected with two O-GIcNAc monoclonal antibodies by IB. B. Endogenous Sec24C was IP-ed from
control or Sec24C” HelLa cells with treated with 50 uM TG or vehicle control for 6 hours. An increase in
Sec24C O-GlcNAcylation with TG was detected with two O-GIcNAc monoclonal antibodies via IB. C.
HEK 293T cells stably expressing myc-6xHis-tagged Sec24C were treated with 25 yM TG for 0-30 min.
Cells were collected at 5-minute intervals and Sec24C O-GIcNAcylation was observed by myc IP and IB.
D. HEK 293T cells stably expressing myc-6xHis-tagged Sec24C were treated with 25 yM TG for 0-10
hours. Cells were collected at 1, 2, 4, 8 and 10 hours post-treatment and Sec24C O-GIcNAcylation was
analyzed by myc IP and IB. E. Endogenous Sec24C O-GIcNAcylation was analyzed by IP/IB from HEK
293T cells treated with 50 yM TG for 0, 15 or 30 min.

Figure 5. ETD MS reveals four new sites of Sec24C O-GlcNAcylation

A. Human Sec24C contains at least seven O-GIcNAc sites. S773, T775 and T776 were previously
reported (Cox et al., 2018). Four additional sites were identified in this work via ETD MS in the N-terminal
low complexity domain: S60, S66, S72 and S191. B. Conservation of Sec24C O-GIcNAc sites (red)
among human Sec24 paralogs. C. IB verification of unglycosylatable Sec24C mutant expression in
Sec24C’ HEK 293T cells.

Figure 6. Identification of constitutive and inducible Sec24C O-GIcNAc sites

HEK 293T Sec24C™ cells expressing unglycosylatable mutants were treated with DMSO vebhicle (A.) or
50 uM Thiamet-G (B.) for 6 hours and samples were analyzed by myc IP and quantitative IBs.
Quantification and statistics were performed on three biological replicates. Error bars represent standard
error of the mean (SEM). Asterisk indicates p < 0.05, compared to wild type, as determined by ANOVA
and Tukey’s-HSD.

Figure 7. Rapamycin treatment increases Sec24C O-GIcNAcylation

A. HEK 293T cells stably expressing myc-6xHis Sec24C were treated with 100 nM or 200 nM rapamycin
(Rap) or vehicle control for 16 hours. Sec24C was analyzed by myc IP and anti-O-GIcNAc IB (n=3). B.
IB revealed that Sec24C™ (KO) HeLa cells have a higher ratio of LC3II/LC3I than do control cells (n=3).
Error bars represent SEM. Asterisk indicates p < 0.05 as determined by Student’s t-test.

Figure 8. Sec24D is dynamically O-GlcNAcylated

A. Myc-6xHis Sec24D was transiently expressed in HEK 293T cells treated with 50 uM TG, 5SG, or
DMSO vehicle control for 6 hours. Sec24D was analyzed by tandem myc IP/Ni-NTA affinity purification
and O-GlcNAc IB. B. Endogenous Sec24D was IP-ed from control Sec24D™ (KO) HEK 293T cells treated
with 50 uM TG or DMSO vehicle control for 6 hours and analyzed by O-GIcNAc IB. C. Six O-GIcNAc sites
were identified on Sec24D by ETD MS: T9, S13, T35, S418, S421, T427.

Supplemental figure legends

Figure S1. Validation of Sec24C™” HEK 293T and HeLa cells

A. HEK 293T cells were transfected with a construct expressing GFP, Cas9 and sgRNAs targeting
Sec24C (two independent sgRNAs) or AAVS1 (control). GFP-positive cells were sorted by flow cytometry
into a 96-well plate, such that each well contained a single cell. Successful deletion of Sec24C in single
cell-derived clones was verified via IB. B. qRT-PCR verification of Sec24C™ clones (KO). Fold-change in
Sec24C mRNA, compared to B-actin, was determined using the 2°°T method. C. Sec24C™ Hela cells
were derived as in A. and analyzed by IB. D. qRT-PCR verification of Sec24C™ HelLa cells as in B.
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Figure S2. lonomycin treatment has no discernible effect on Sec24C O-GilcNAcylation
HEK 293T cells stably expressing myc-6xHis-tagged Sec24C were treated with ionomycin as indicated
for 1 hour. Sec24C was analyzed by myc IP and IB.

Figure S3. Validation of Sec24D™ cells

HEK 293T cells were transfected with a construct expressing GFP, Cas9 and sgRNAs against Sec24D
(three independent sgRNAs) or AAVS1 (control). GFP-positive cells were sorted by flow cytometry into
a 96-well plate, such that each well contained a single cell. Successful deletion of Sec24D in single cell-
derived clones was verified via IB.
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Figure 1: Sec31A is dynamically O-GlcNAcylated

A.
Inputs Sec31A IPs

HEK 293T SW1353 HEK 293T SW1353

3 .8 S .8
ZORRCP 23R

150 - 150 -

O-GIcNAc
150 - [N 250
O-GIcNAc
(18810)
75 -
50 - [ Tubuiin
5 X N 528
> BEE EE FED

> .T-‘h’-h‘hl_! Sec3tA

B-propeller a-solenoid proline-rich a-solenoid
Cc D
HEK 293T Hela < §<<
-arwmirmtolx’e'ocn & ™ &§5§§§§§g§§
faassescas aap CZBIFBRBEFED
8888888338 83838 150- Sec31A

150-
Sec31A _ .
_ e



https://doi.org/10.1101/2020.12.30.424839
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.30.424839; this version posted December 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2: S1202 is a predominant O-GIcNAc site on Sec31A and is
required for interaction with Sec13

A DMSO TG
' £2% L5359 s
(o N A n 0~ (@] 250% -
Eas.’?zs.‘e BERE B 2 22%
150- , 8 200%
SRR ISR Sec31A 150%
150- “Rg M § 100%
& é 100% - 65% 73%
S . 50% - 9
3| 150 == = s ; H 24/. ”
iod) (9D1) > 0%
- ° ¥ o X aF
%‘p & é’ &
DMSO TG
B. v =
< <
o §338, g3f8  gwy) ow
6EGEERBEBEE S 2 160%
150- B o v o= —-...-.--3% —— gmo% Loow  1MT%
- 81%
.&_3 5 80% 59%
o | 150- Myc =
- 3 Hoeves swuma £ 40%
150- O-GicNAc = .
(w«‘) o~ 0%

& '(1' '\‘*?. .33‘ ,,9"?

<< <
. S¥588
e SE::N
OZBHFFF®
c 150- -
o o4 oot Sec31A Sec13 codP Efficiency
© 1.5
%150' -t el My .
“ oo gect3 gm_ 1
g
150- NSRS S 8 Sec31A -
2o
.‘§15‘¥ - 2 uc "
€| 37- - s e mmmem®® sec13 oo WT $1202A



https://doi.org/10.1101/2020.12.30.424839
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.30.424839; this version posted December 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3: Lower glucose levels potentiate Sec31A O-GIlcNAcylation
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Figure 4: Sec24C is dynamically O-GIlcNAcylated
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Figure 5: ETD MS reveals four new sites of Sec24C O-GIcNAcylation
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Figure 6: Identification of constitutive and inducible Sec24C O-
GIcNACc sites
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Figure 7: Rapamycin treatment increases Sec24C O-GIlcNAcylation
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Figures 8: Sec24D is dynamically O-GlcNAcylated
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Figure S1: Validation of Sec24C-- HEK 293T and HelLa cells
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Figure S2: lonomycin treatment has no discernible effect on
Sec24C O-GicNAcylation
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Figure S3: Validation of Sec24D" cells
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