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Abstract

The COPII coat complex, which mediates secretory cargo trafficking from the endoplasmic
reticulum, is a key control point for subcellular protein targeting. Because misdirected proteins
cannot function, protein sorting by COPII is critical for establishing and maintaining normal cell
and tissue homeostasis. Indeed, mutations in COPII genes cause a range of human pathologies,
including cranio-lenticulo-sutural dysplasia (CLSD), which is characterized by collagen
trafficking defects, craniofacial abnormalities and skeletal dysmorphology. Detailed knowledge of
the COPII pathway is required to understand its role in normal cell physiology and to devise new
treatments for disorders in which it is disrupted. However, little is known about how vertebrates
dynamically regulate COPII activity in response to developmental, metabolic or pathological cues.
Several COPII proteins are modified by O-linked p- A-acetylglucosamine (O-GIcNAc), a dynamic
form of intracellular protein glycosylation, but the biochemical and functional effects of these
modifications remain unclear. Here, we use a combination of chemical, biochemical, cellular and
genetic approaches to demonstrate that site-specific O-GlcNAcylation of COPII proteins mediates
their protein-protein interactions and modulates cargo secretion. In particular, we show that
individual O-GIcNAcylation sites of SEC23A, an essential COPII component, are required for its
function in human cells and vertebrate development, because mutation of these sites impairs
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SEC23A-dependent /n vivo collagen trafficking and skeletogenesis in a zebrafish model of CLSD.
Our results indicate that O-GIcNAc is a conserved and critical regulatory modification in the
vertebrate COPII-dependent trafficking pathway.
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We report sites and functions of the O-linked p-/N-acetylglucosamine (O-GIcNAc) modification on

components of the vertebrate COPII protein trafficking pathway. Shown is a model of the complex
of human SEC23A (silver, PDB: 5VNO) and SEC24C (blue, PDB: 3EH2), with the O-GIcNAc

sites discovered in this report indicated in red.

Introduction

One-third of eukaryotic proteins pass through the secretory pathway for targeting to specific
locations, including the endoplasmic reticulum (ER), Golgi, plasma membrane and
extracellular spacel=3. As a result, properly regulated protein secretion is required for
cellular and organismal physiology. In particular, the coat protein complex Il (COPII), which
mediates anterograde trafficking from the ER, is a key component of the early secretory
pathway*~2. The formation of a COPII transport carrier begins when the cytosolic GTPase
SAR1 binds GTP and inserts into the ER membrane, a process facilitated by the ER-
anchored guanine nucleotide exchange factor SEC124-5. Active SAR1-GTP recruits SEC23/
SEC24 heterodimers, which effect cargo loading into the nascent carriers via protein-protein
interactions among SEC24 and client or adaptor proteins#-5:10. 11, Then, heterotetramers of
SEC13/SEC31 assemble over the SAR1/SEC23/SEC24 pre-budding complex, forming the
outer layer of a polyhedral cage that promotes membrane curvature and scission, resulting in
a mature COPII transport carrier®-5.

The COPII pathway is required for protein sorting and cell viability in a wide range of
organisms*-6, and genetic defects in COPII components cause a variety of human diseases,
including cranio-lenticulo-sutural dysplasia (CLSD), hematological disorders, a subtype of
osteogenesis imperfecta (Ol), and multiple hereditary spastic paraplegias®-6: 12-25,
Interestingly, the molecular etiology of these diseases can often be attributed to aberrant
trafficking of particular COPII client cargoes. For example, mutations in SEC23A (which
cause CLSD) and SEC24D (which cause a subtype of OI) both disrupt collagen trafficking,
leading to chondrocyte dysfunction, impaired skeletogenesis, craniofacial disease and bone
deformities!® 18. 21-23,26-30 Degpite this broad pathophysiological importance, major
aspects of COPII trafficking remain poorly understood. For instance, while the fundamental
steps of COPII assembly are relatively well characterized, little is known about how
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vertebrate cells modulate this activity in response to developmental cues, fluctuating signals,
metabolic demands, or stress*~5. The COPII cargo load changes dramatically in both normal
(e.g., stimulated B cells or differentiating pancreatic p islets) and pathological (e.g., nutrient,
redox, or proteostasis stress) contexts31=37, but the mechanisms through which the COPII
machinery adjusts to these changes are largely unclear.

Post-translational modifications (PTMSs) represent one likely general mode of COPII
pathway regulation. For example, phosphorylation38-44 and ubiquitination*®~47 of individual
COPII proteins govern particular aspects of vesicular trafficking. Recently, we*8 and
others#9-52 have also shown that multiple COPII components — including SEC23, SEC24
and SEC31 — are modified by O-linked p-/A-acetylglucosamine (O-GIcNAC) in mammalian
cells. O-GIcNAc is a major intracellular PTM, reversibly decorating serine and threonine
side-chains of thousands of nuclear, cytoplasmic and mitochondrial proteins, and is broadly
conserved across animals, plants and perhaps some fungi®3-56, In animals, O-GIcNAc is
added by O-GIcNAc transferase (OGT) and removed by O-GIcNAcase (OGA), both
ubiquitous nuclear/cytoplasmic enzymes®3-56. O-GIcNAc cycling controls myriad processes,
including cell metabolism, cell cycle progression and cell death®3-56 and is essential, as
genetic ablation of OGT or OGA is lethal in mice5”: 58, Because several core COPII proteins
are O-GlcNAcylated48-52, we reasoned that this intracellular glycosylation might regulate
protein trafficking. Consistent with this notion, SEC24 O-GIlcNAcylation is high during
interphase but low in mitosis, when COPII-dependent trafficking is suspended through an
unknown mechanism®°, suggesting that O-GlIcNAc may dynamically control COPII function
during cell cycle progression. However, the mechanistic and functional effects of O-GIcNAc
on the COPII pathway have not been explored.

Here, we address the prevalence, biochemical effects, and physiological importance of O-
GIcNAcylation in the COPII pathway. We show that O-GIcNAc is widespread in the COPII
system, and that site-specific glycosylation of key COPII proteins impacts protein secretion.
Moreover, we use a chemical biology approach to demonstrate that dynamic O-
GIcNAcylation mediates the protein-protein interactions of COPII components, identifying a
new potential biochemical mechanism for cargo trafficking regulation by this PTM. Using a
genome-engineered human cell model, we show that individual glycosylation sites of
SEC23A, an essential COPII component, are required to traffic endogenous collagen.
Finally, we demonstrate that mutation of specific O-GIcNAc sites impairs /in vivo SEC23A-
dependent collagen trafficking in a zebrafish model of CLSD. Together, our results establish
O-GIcNACc as a conserved and prevalent regulatory modification in the vertebrate COPII
pathway.

Materials and Experimental Details

Chemical synthesis

5SGIcNAC was synthesized as described®® and was a gift of Dr. Benjamin M. Swarts
(Central Michigan University). Thiamet-G and Ac3GIcCNDAz-1-P(Ac-SATE);, (“GIcNDAZz”)
were synthesized as described®0: 61 by the Duke Small Molecule Synthesis Facility. All other
chemicals were purchased from Sigma-Aldrich unless otherwise indicated.
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Western blotting

Cell culture

Samples were resolved on Tris-glycine SDS-PAGE gels and electroblotted onto PVDF
membrane (88518, ThermoFisher) using standard methods®2. Membranes were blocked with
Tris-buffered saline with 0.1% Tween (TBST) with 5% bovine serum albumin (BSA). All
antibody dilutions were prepared in TBST with 5% BSA. Membranes were incubated with
primary antibodies overnight at 4 °C, washed three times in TBST, incubated with secondary
antibodies for 1 hour at room temperature, washed three times in TBST, and developed via
enhanced chemiluminescence (ECL) according to the manufacturer’s instructions
(WesternBright ECL, Advansta). The following primary antibodies were used: rabbit anti-
SEC23A (8162, Cell Signaling Technology; 1:2000), rabbit anti-SEC23A serum (gift of Dr.
David Ginsburg, University of Michigan, 1:2000), rabbit anti-SEC23B serum (gift of Dr.
David Ginsburg, University of Michigan, 1:2000) rabbit anti-SEC24C (8531, Cell Signaling
Technology; 1:1000), rabbit anti-SEC24D (9610, Cell Signaling Technology; 1:1000), rabbit
anti-SEC24B (7427, Cell Signaling Technology; 1:1000), rabbit anti-SEC31A (A302-336A,
Bethyl; 1:2000), rabbit anti-TFG (A302-343A, Bethyl; 1:4000), 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),
mouse monoclonal anti-O-GIcNAc antibody 9D1 (MA1-039, ThermoFisher; 1:1000), mouse
monoclonal anti-O-GIcNAc antibody RL2 (SC-59624, Santa Cruz Biotech; 1:500), rabbit
anti-TRAPa (gift of Dr. Chris Nicchitta, Duke University, 1:8000). The following secondary
antibodies were used: goat anti-mouse IgG (1030-05, horseradish peroxidase (HRP)-
conjugated, SouthernBiotech; 1:10000), goat anti-rabbit 1gG (4030-05, HRP-conjugated,
SouthernBiotech; 1:10000).

293T, Hela, HeLa/UAP1(F383G), 293T/UAP1(F383G), COS7(tsVSVG-eGFP) and
SW1353 (including all engineered derivative lines) were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin in 5% CO, at 37 °C. Transduced cell lines were also supplemented with
puromycin during regular passaging at the following concentrations: 1.5 pg/ml for HelLa/
UAP1(F383G); 2 pg/ml for 293T/UAP1(F383G) and COS7(tsVSVG-eGFP).

Mammalian expression vectors

pSin-EF2-UAP1(F383G) was a gift from Dr. Jennifer Kohler, UT Southwestern®0,
pmTurquoise2-Golgi was a gift from Dr. Dorus Gadella (Addgene plasmid # 36205).
mCherry-ER-3 was a gift from Dr. Michael Davidson (Addgene plasmid # 55041). The
pPMSCV tsVSVG-eGFP was generated by cutting ts\VSVG-eGFP from the parent vector
(PEGFP-VSVG, Addgene, plasmid #11912) with Bglll and Notl and ligating it into pMSCV
via standard methods®2. pcDNA4-SEC23A-myc-6xHis, pcDNA4-SEC31A-myc-6xHis, and
pcDNA3-myc-6xHis-SEC24C, p3xFLAG-SEC24C, pcDNA4-TFG-myc-6xHis and
p3xFLAG-TFG were generated by amplifying the open reading frames from their respective
cDNA and ligating into pcDNA4/myc-6xHis, pcDNA3-myc-6xHis, or p3xFLAG-CMV-10
using standard methods®2. Primers for site-directed mutagenesis were designed using
QuikChange Primer Design (http://www.genomics.agilent.com/primerDesignProgram.jsp).
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Mutagenesis reactions were performed using Phusion polymerase (M0530, New England
Biolabs) essentially according to the manufacturer’s instructions, but with an extra initial 30-
second 98 °C denaturation step prior to the addition of polymerase. Mutagenesis reactions
were digested with Dpnl and transformed into One Shot TOP10 chemically competent £.
coli (C404010, ThermoFisher). The following primers and their reverse-complements were
used for site-directed mutagenesis:

S97 5°-
CAGTTCAGATATACCAGCATAAGCAGGTGGAAACTGATTCCTTTGG-3’

S102 5’-AGGCTGATTCAGTTCAGCTATACCAGCATAACTAGGTG-3’
S115A: CATATTCAATGCTAGCAAACTGAGGTAAAAGTTCAGCAGGCT

S116A:
CACGCAGAACTACATATTCAATGGCAGAAAACTGAGGTAAAAGTTCAG

T137A: AAATCTTCATCTTCCATGCAAGCATCAACCACATAGAGGAATATC
T168A: CCATTCTCCCAAAAGCAATAAGTCCAACCAAAGCTGTAGGT
S184 5’-CTCTGAAGACATAGCTTTTTGCAATGCCTTCACATCCAAGTTC-3’
S226A: GTAAGAATCTGTTGGCAGGAGGTGGCTGCTGTAC

T241A: GAGTTCTCCCAGAAGATCTGCGAGATTCATGTCTATTTTCT
T508A: TGTTTTGGATTTGAGCTTGAGCATCTGCCCAGTTCC

S516A: TGCCTCCTGGTCAAAAGCTGCAGCAATGTTTTGGA

S627 5’-CCTATCCTGTATGCGTATGCTTTTAGTGGACCACCAG-3’

5629 5’-CTCTGGTGGTCCAGCAAAAGAATACGCATACAGGATAGGC-3’
S639 5’-GCAAGAATGCTACTGGCATCAAGAAGAACCGGCTCTGGT-3
5640 5’-ACGATCTGCAAGAATGCTAGCGCTATCAAGAAGAACCGGC-3’
S641 5’-GAATACGATCTGCAAGAATGGCACTGCTATCAAGAAGAACCG-3’

Stable cell line creation
UAP1(F383G) and tsVSVG-eGFP retro- and lentiviruses were generated in 293T-17 cells

using calcium phosphate transfection and standard methods as described8. Medium

containing virus was filtered through pre-wetted 0.45 um PVDF syringe filters and 1 ml of

viral supernatant was added directly to 10 cm plates of 50% confluent cells. HeLa/
UAP1(F383G) and 293T/UAP1(F383G) were selected using 1.5 ug/ml and 2 pg/mi

puromycin, respectively80. COS7(tsVSVG-eGFP) were selected using 2 pg/ml puromycin

until cells exhibited green ER fluorescence.

Immunoprecipitation and tandem affinity purification

Cells transfected with myc-6xHis- or 3xFLAG-tagged proteins were lysed in

immunoprecipitation (IP) lysis buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM
EDTA, 20 mM Tris-HCI pH 7.4) supplemented with protease inhibitor cocktail (P8340,
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Sigma), plus 50 pM UDP, and 5 pM PUGNACc (17151, Cayman Chemicals) to inhibit
endogenous OGT and hexosaminidases, respectively. Lysates were probe-sonicated, cleared
by centrifugation and quantified by BCA protein assay (23225, ThermoFisher) according to
the manufacturer’s instructions. IPs were performed on 2-10 mg total protein (for WB) or
50-100 mg total protein (for MS analysis). Cleared lysates were adjusted to final total
protein concentration of ~2-5 mg/ml using IP lysis buffer supplemented with protease
inhibitor, UDP and PUGNAC, and 2 pug of mouse monoclonal anti-c-myc (9E10) (sc-40,
Santa Cruz Biotech) per 1 mg of total protein were added and rotated overnight at 4 °C. 50
ul washed protein A/G UltraLink Resin (53133, ThermoFisher) were added to the lysate and
rotated at room temperature for 1 hour. Beads were washed three times with 1 ml of IP lysis
buffer and then eluted. For IPs, elution was performed with IP lysis buffer plus 2x SDS-
PAGE loading buffer (5% SDS-PAGE loading buffer: 250 mM Tris pH 6.8, 10% SDS, 30%
glycerol, 5% pB-mercaptoethanol, 0.02% bromophenol blue) and heating at 95 °C for 5
minutes. Eluents were then analyzed by SDS-PAGE and WB. For tandem affinity
purification, 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 pl elutions were
pooled, and 50 pl washed 6xHisPur Ni-NTA resin (88223, ThermoFisher) were added to the
eluate and rotated for 2 hours at room temperature. The Ni-NTA resin was washed three
times with 1 ml of Ni-NTA wash buffer. Final elution from the Ni-NTA was performed using
8 M urea with 250 mM imidazole.

Digitonin fractionation

Cells were seeded such that they were ~80% confluent in a 10 cm plate on the day of
harvest. Cells were washed with 10 ml cold PBS and incubated on ice for 10 minutes. PBS
was removed from the plate and 1 ml permeabilization buffer (110 mM KOAc, 25 mM
HEPES pH 7.2, 2.5 mM Mg(OACc),, 1 mM EGTA, 0.015% digitonin, 1 mM DTT, protease
inhibitor cocktail) was added, taking care to not dislodge the cells, and incubated on ice for
5 minutes. Soluble material was collected from the plate into a new chilled 1.5 ml centrifuge
tube and retained as the cytoplasmic fraction. The remaining cells were washed gently with
5 ml of wash buffer (110 mM KOAc, 25 mM HEPES pH 7.2, 2.5 mM Mg(OAc),, 1 mM
EGTA, 0.004% digitonin, 1 mM DTT). After washing, the cells were incubated on ice in IP
lysis buffer supplemented with protease inhibitor cocktail for 5 minutes and then scraped
and moved into a chilled 1.5 ml centrifuge tube to obtain the membrane fraction. Both
fractions were probe-sonicated and cleared by centrifugation. Equal volumes from each
fraction were methanol/chloroform-precipitated to concentrate. Fractions were analyzed by
SDS-PAGE and WB.

Densitometry

Western blot band densitometry readings were performed on scanned blot images using the
gel analyzer tool within the Fiji software package53. Raw densitometry values were used to
calculate cytoplasmic:membrane ratios for each protein within each experimental replicate.

tsVSVG-eGFP imaging

Two days prior to imaging, 200,000 COS7(tsVSVG-eGFP) cells were plated onto 35 mm
glass-bottom dishes (P35GCol-1.5-14-C, MatTek) in phenol red-free Dulbecco’s modified
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Eagle’s medium containing 10% fetal bovine serum, 10 mM HEPES pH 7.4, 100 units/ml
penicillin, and 100 ug/ml streptomycin in 5% CO,. Sixteen hours prior to imaging, cells
were shifted to 40 °C and 5% CO,; eight hours prior to imaging cells were treated with
either vehicle (DMSO) or 25 uM Thiamet-G. Cells were then shifted to the permissive
temperature (32 °C and 5% CO,) and images were collected every 10 seconds for 20
minutes. Imaging was performed on a Zeiss LSM 780 inverted confocal microscope, using
40%/1.4 NA Oil-Plan Apochromat DIC, (UV) VIS-IR (420762-9900), Zen 2011 software
(Duke Light Microscopy Core Facility).

Transfections

Cells plated at ~50% confluence (or ~20% confluence, for GICNDAZ labeling experiments —
see below) were transfected the following day. 750 pl pre-warmed OPTI-MEM (11058021,
ThermoFisher) was placed 1.5 ml tubes with 30 ul 7ransiT-293 transfection reagent (Mirus),
vortexed briefly, and incubated for 15 minutes at room temperature. After incubation, 10 pg
of plasmid DNA were added to a 1.5 ml tube, vortexed briefly and incubated for 15 minutes
at room temperature. After the final incubation, the transfection mixture was added dropwise
to the cells. For GICNDAZz crosslinking experiments (see below), GIcNDAz was added 24
hours after transfection. For other experiments, cells were harvested 24 to 48 hours post-
transfection.

HRP secretion assay

293T cells were plated on 10 cm dishes, cultured until 80% confluent, and transfected with
20 pg ssHRP construct using 7ranslT-LT1 transfect reagent (Mirus) as above. Twenty-four
hours post-transfection (and four hours before collecting supernatant), cells were pre-treated
with 5SGIcNACc or vehicle only. After four hours, medium was aspirated and cells were
gently washed with PBS. Fresh medium containing either 5SGIcNAc or vehicle was re-
added. At each time point, 50 pl of medium was removed from the plate and stored at 4 °C
until analysis. To quantify ssHRP secretion, 10 pl of medium from each time-point was
added to a clear-bottom white 96-well plate with 50 pl of pre-mixed ECL solution
(WesternBright ECL, Advansta), and luminescence was measured on a Spectramax M5e
plate reader (Molecular Devices) with an integration time of 500 milliseconds.

Cell viability assay

293T cells were transfected with the ssHRP plasmid as above. After 24 hours, cells were
trypsinized and 25,000 cells in 100 ul DMEM were seeded into clear-bottom 96-well plates
and treated as described above. After an additional 24 hours, the MTS assay was performed
according to manufacturer’s protocol (Promega, CellTiter 96 AQueous Proliferation Assay
kit, G3581). Reported values are an average of technical triplicate reads minus the
absorbance from control wells containing medium only.

GIcNDAz crosslinking

Cells stably expressing UAP1(F383G) were plated at ~50% confluence without puromycin.
If transfecting first, cells were plated at ~20% confluence. The next day, 100 uM
GIcNDAZ50 or vehicle was added to the cells. Medium was changed and fresh GIcNDAz
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was added every 24 hours. After 48-72 hours of GIcNDAZ treatment, plates were placed on
ice, lids were removed, and medium was replaced with ice-cold PBS. Cells were irradiated
with a 365 nm UV lamp (Blak-Ray XX-20BLB UV Bench Lamp, 95-0045-04) for 20
minutes to induce crosslinking. Cells were collected by scraping into PBS and
centrifugation, lysed in IP lysis buffer, and analyzed by BCA assay, SDS-PAGE and WB.

Mass spectrometry (MS) O-GIcNAc site mapping

Eight hours prior to harvest, 293T-17 cells transfected with myc-6xHis-tagged COPII
components were treated with 25 uM Thiamet-G and 4 mM glucosamine. Tandem affinity-
purified SEC23A, SEC24C or SEC31A was separated by SDS-PAGE, visualized by
colloidal Coomassie blue, excised, and subjected to a standardized in-gel trypsin digestion
(http://www.genome.duke.edu/cores/proteomics/sample-preparation/documents/
IngelDigestionProtocolrevised.pdf). Extracted peptides were lyophilized to dryness and
resuspended in 20 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 pm
BEH130 C4g 75 um 1.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 2 pl
injection, peptides were trapped for 3 minutes on a 5 pym Symmetry C1g 180 pm 1.D. x 20
mm column at 5 pl/minute in 99.9% A. The analytical column was then switched inline and
a linear elution gradient of 5% B to 40% B was performed over 90 minutes at 400 nl/minute.
The analytical column was connected to a fused silica PicoTip emitter (New Objective,
Cambridge, MA) with a 10 um tip orifice and coupled to a QExactive Plus mass
spectrometer (ThermoFisher) through an electrospray interface operating in a data-
dependent mode of acquisition. The instrument was set to acquire a precursor MS scan from
m/z 375-1675 with MS/MS spectra acquired for the ten most abundant precursor ions. For
all experiments, high-energy collisional dissociation (HCD) energy settings were 27 V, and a
120-second dynamic exclusion was employed for previously fragmented precursor ions.

Raw LC-MS/MS data files were processed in Proteome Discoverer (ThermoFisher) and then
submitted to independent Mascot searches (Matrix Science) against a SwissProt database
(human taxonomy) containing both forward and reverse entries of each protein (20,322
forward entries). Search tolerances were 5 parts per million for precursor ions and 0.02 Da
for product ions using semi-trypsin specificity with up to two missed cleavages.
Carbamidomethylation (+57.0214 Da on Cys) was set as a fixed modification, whereas
oxidation (+15.9949 Da on Met), deamidation (+0.98 Da on Asn/GIn), O-GIcNAc
(+203.0793 Da on Ser/Thr), and phosphorylation (+79.9663 Da on Ser/Thr/Tyr) were
considered dynamic mass modifications. All searched spectra were imported into Scaffold
(v4.7, Proteome Software) and scoring thresholds were set to achieve a peptide false
discovery rate below 1% using the PeptideProphet algorithm. Localized O-GIcNAcylated
residues were manually verified based on annotated mass spectra generated within Mascot.
In the SEC23A sample, peptides assigned by Mascot to SEC23B were assumed to be the
cognate peptides in SEC23A, since the SEC23A was purified to homogeneity.
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Generation of SEC23A~~ SW1353 cells

LentiCas9 virus was obtained from the Duke Functional Genomics Facility. SW1353 cells
were plated in 6-well plates to be ~50% confluent at time of infection. Prior to infection,
medium was replaced with fresh medium containing 4 pg/ml polybrene and 50 pl of
LentiCas9 virus was added drop-wise to the cells. Plates were then centrifuged at 700 g for
30 minutes and incubated at 37 °C and 5% CO, overnight. The following morning, medium
was replaced and cells were allowed to recover for 48 hours. After recovery, cells were
selected using 3 pg/ml blasticidin and passaged until a control, uninfected plate, contained
no living cells. These cells were dubbed SW1353/Cas9.

A single-guide RNA (sgRNA) sequence spanning the start codon of the human SEC23A
locus was designed and validated via the Surveyor assay®4 by the Duke Functional
Genomics Facility:

5 - TTCCAAATAGGTTGTCATTG -3’

An sgRNA targeting AAVSZ, commonly used as a control and deemed the “safe harbor”
virus (SHV) locus®®, was used a control. Lentiviruses encoding the SEC23A sgRNA and the
AAVS1 sgRNA were obtained from the Duke Functional Genomics Facility.

SW1353/Cas9 cells were plated in 6-well plates to be ~50% confluent at time of infection.
Prior to infection, medium was replaced with fresh media containing 4 pg/ml polybrene and
50 pl of SEC23A or AAVSI sgRNA lentivirus was added drop-wise to the cells. Plates were
then centrifuged at 700 g for 30 minutes and incubated at 37 °C and 5% CO, overnight. The
following morning, medium was replaced and cells were allowed to recover for 48 hours.
After recovery, infected cells were selected using 0.25 pg/ml puromycin and passaged until a
control, uninfected plate, contained no living cells. Reduction of SEC23A expression was
verified on a mixed population level via WB.

Next, using serial dilution, single cells were plated in 96-well plates for both SEC23A and
AAVS1 sgRNA-containing populations, and clones were allowed to recover and expand.
Cells were transferred to larger plates under selective pressure of 3 ug/ml blasticidin and
0.25 pg/ml puromycin. WB blot was used to verify loss of SEC23A expression. One
SEC23A~"~ clone (SW23A-3) and one AAVSI safe harbor control clone (SHV-23) were
used in subsequent reconstitution experiments.

Generation of stable SEC23A-reconstituted SW23A-3

SW23A-3 were plated to be ~30% confluent in 6-well plates the following day. Then,
medium was replaced prior to transfections. 150 pl pre-warmed OPTI-MEM was placed 1.5
ml tubes with 9 pl 7ransiT-LT1 transfection reagent (Mirus), vortexed briefly, and incubated
for 15 minutes at room temperature. After incubation, 3 pg of plasmid DNA for either
pcDNA4-myc-6xHis (empty vector), pcDNA4-GFP-myc-6xHis, pcDNA4-SEC23A-
myc-6xHis (wild type and serine-to-alanine point mutants) were added to a 1.5 ml tube,
vortexed briefly and incubated for 15 minutes at room temperature. After the final
incubation, the transfection mixture was added dropwise to the cells. Cells recovered at

37 °C and 5% CO,, for 48 hours and then were selected using 200 ug/ml Zeocin. Cells were
passaged under selective pressure until a mock-transfected plate no longer contained living
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cells, the GFP-transfected control plate showed a majority positive cells under fluorescent
illumination, and other resistant colonies were expanding. Cell populations were also
examined for stable transfectants using myc immunofluorescence.

SEC23B knockdown via siRNA in SW1353

Glass coverslips were dipped in 100% ethanol, flame-sterilized, and placed into 6-well
plates with media. Cells were plated to be ~15% the following day. The next morning, two
reaction tubes per condition were prepared, both containing 125 pl pre-warmed OPTI-MEM.
100 pmol of a 1:1 mixture of SEC23B siRNA 1 and 2 was added to the first reaction tube
(reaction 1) and incubated for 2 minutes. The same was done for the control SEC23B
scrambled siRNA 1 and 2. Next, 3 pl per 100 pmol of Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher) was added to the other tube containing 125 pl pre-
warmed OPTI-MEM (reaction 2). Then, reaction 1 was added to reaction 2, flicked to mix,
and incubated at room temperature for 20 minutes. During the incubation, fresh medium was
added to the cells. After 20 minutes, the combined mixture was added drop-wise to the cells.
After 72 hours of knockdown, cells were used in IF experiments.

SiRNAs sequences targeting SEC23B have been described®® and were ordered from Sigma-
Aldrich as duplexes. Scrambled siRNA were generated from parent sequences using
Invivogen’s siRNA Wizard scramble tool (http://www.invivogen.com/sirnawizard/
scrambled.php). Scrambled sequences were checked using NCBI BLAST to verify no
significant homology in the human genome.

SEC23BsiRNA 1
5’-CACGUUACAUCAACACGGA[dT][dT]
SEC23BsiRNA 2
5’-CACUAUGAGAUGCUUGCUA[AT][dT]
SEC23B scrambled siRNA 1
5’-GAACCCGCACGUAACUAU[AT][dT]
SECZ23B scrambled siRNA 2
5"-GCCAAUGCGUCUUGUAAAU[AT][AT]

Collagen immunofluorescence trafficking assay

After SEC23B knockdown via siRNA, cells were treated with 50 pg/ml ascorbate for 7
hours. Then, cells were washed 3 times with PBS and fixed with 4% paraformaldehyde in
PBS for 20 minutes. Following fixation, cells were washed 3 times with PBS and
permeabilized using 0.1% Triton X-100 in PBS for 10 minutes. After permeabilization, cells
were washed 3 times using PBS and then blocked using 0.1% BSA in PBS for 30 minutes.
Following blocking, glass coverslips were transferred to microcentrifuge caps inside a
humidified 6-well plate. Primary antibody dilutions in 0.1% BSA were added to the
coverslips and incubated overnight at 4 °C. The next day, coverslips were transferred back to
their original 6-well plate for washing and were washed 3 times with PBS. Coverslips were
again transferred to microcentrifuge caps inside a humidified 6-well plate and incubated at
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room temperature for 1 hour with appropriate Alexa Fluor secondary antibodies in 0.1%
BSA. Coverslips were washed 3 times in PBS and transferred to glass slides with ProLong™
Diamond Antifade Mountant with DAPI (Thermo Fisher). Slides were cured at room
temperature in a dark cabinet for at least 24 hours before imaging. The following primary
antibodies were used: anti-myc (9E10, BioLegend, 626801, 1:500) and anti-collagen |
antiserum (LF-68, a gift of Dr. Larry Fisher, National Institute of Dental and Craniofacial
Research, 1:2000). The following secondary antibodies were used: goat anti-rabbit Alexa
Fluor 488 (Thermo-Fisher, A-11008, 1:2000) and goat anti-mouse Alexa Fluor 594
(Thermo-Fisher, A-11005, 1:2000). At least 200 cells from each cell line were counted per
biological replicate. Imaging was performed on a Zeiss LSM 780 inverted confocal
microscope, using 40x/1.4 NA Qil-Plan Apochromat DIC, (UV) VIS-IR (420762-9900),
Zen 2011 software (Duke Light Microscopy Core Facility).

General immunofluorescence staining

Cells were plated on glass coverslips and treated as indicated. After treatment, cells were
fixed, permeabilized, stained, and mounted as above. The following primary antibodies were
used: Protein disulfide isomerase (PDI) (C81HS6, Cell Signaling Technology, 3501, 1:100),
SEC16 (A300-648A, Bethyl, 1:500), human procollagen type | C-peptide (QED Bioscience,
42024, 1:500). The following secondary antibodies were used: goat anti-rabbit Alexa Fluor
488 (Thermo-Fisher, A-11008, 1:2000), goat anti-mouse Alex Fluor 488 (Thermo-Fisher,
A-11001; 1:2000), goat anti-mouse Alexa Fluor 594 (Thermo-Fisher, A-11005, 1:2000),
goat anti-rabbit 594 (Thermo-Fisher, A-11012).

Construction of Gateway vectors for Tol2kit system

The zebrafish sec23a coding sequence was amplified from pCS2+ zSEC23a vector with
primers containing attB1(forward) and attB2 (reverse) recombineering sites. The fragment
was purified and cloned into pPDONR221 vector using Gateway BP clonase Il enzyme mix.
After confirming successful cloning by sequencing, this plasmid was used as the middle
entry vector for the Multistep Gateway Recombineering system, in combination with
pSE_1.7kbCol2ala promoter8”, p3E_v2a-EGFP (a gift of Dr. Josh Gamse, Vanderbilt
University), pDestTol2pA2 and incubated with Gateway LR clonase 1l enzyme mix
overnight at room temperature. After transformation and colony screening, a destination
vector was obtained that allows expression of the zebrafish sec23a coding sequence fused
with a self-cleaving viral 2a peptide-tagged EGFP (v2a-EGFP) under the tissue-specific
Col2ala promoter. Four candidate SEC23A O-GIcNAc sites were sequentially mutated
using Q5 site-directed mutagenesis kit (New England Biolabs) with the following primers:

115-116F: TCCACAGTTTgcagctATTGAATATGTTGTC
115-116R: AGTAGCTCAGCAGGCTGG

137F: TGTGGTGGACYCGTGCATGGA

137R: TACAGGAAGTTCAGGGGCATTTG

168F: GGGCCTCATTgCATTTGGACGG

168R: ACTAGGGCAGTAGGGGGC.
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Zebrafish microinjection

Zebrafish embryos at the one-cell stage were collected from crusher™99/AB heterozygous
crosses, injected with a combination of 50 pg medaka transposase mMRNA and 10 pg of
sec23a destination vector DNA, and grown for 3 days in embryo medium.

Zebrafish cryosectioning and immunohistochemistry

80 hours post-fertilization (hpf), embryos were fixed with 4% paraformaldehyde at 4 °C
overnight and transferred to 30% sucrose in PBS. Embryos were embedded in Cryomatrix
(ThermoFisher) and frozen at =80 °C for 15 minutes. Then, 14 um-thick sections were cut
with a cryostat (Leica CM1900) and collected onto Fisherbrand Superfrost Plus slides.
Slides were dried and rehydrated in PBS before staining. Following antigen retrieval (20
pg/ml proteinase K at room temperature for 5 minutes), embryos were permeabilized with
0.5% Triton X-100 in PBS for 10 minutes at room temperature. Samples were blocked (2%
goat serum and 2 mg/ml BSA) for 30 minutes at room temperature, followed by overnight
primary antibody incubation at 4 °C, using 1:250 collagen-11 antibody (Rockland) and 1:250
GFP antibody (Vanderbilt University Antibody and Protein Resource). Samples were
incubated with secondary antibodies (rabbit AlexaFluor-555 and chicken AlexaFluor-488,
LifeTechnologies) for one hour, and 1:4000 DAPI for 15 minutes at room temperature.
Slides were mounted in ProlongGold (ThermoFisher).

Zebrafish imaging and quantification

Results

Slides were imaged with Zeiss Axiolmager.Z1. Percent collagen area in cytosol was
calculated by the following formula: (Collagen-positive intracellular area / [cytosol area —
nucleus area marked by DAPI])*100. ImageJ®8 was used for intracellular area
measurements.

Previous studies have indicated that COPII proteins are O-GIcNAcylated*8-52 but the
biochemical and functional implications of these observations remain unclear. Indeed, O-
GIcNAC sites have not been mapped systematically on any COPII protein, hindering
subsequent biochemical and phenotypic experiments. As a first step towards understanding
the role of O-GIcNACc cycling in anterograde trafficking, we analyzed the O-GIcNAcylation
of three representative human COPII proteins, SEC23A, SEC24C and SEC31A. We
expressed and purified each protein to homogeneity from human cells and used mass
spectrometry (MS) to map O-GIcNAcylated residues. Using high-stringency criteria, we
detected at least twenty-six, eleven and ten O-GIcNAc modifications on SEC23A, SEC24C
and SEC31A, respectively, and manual inspection of the MS data permitted unambiguous
assignment of many O-GIcNAc moieties to specific residues (Figure 1 and S1). Interestingly,
the glycosylation sites were not evenly distributed across each protein, but rather were
clustered in specific regions in all three cases. For example, five of the unambiguously
assigned SEC23A O-GIcNAc sites (T137, T168, S184, S226, and S241) lie near its site of
interaction with SEC24, as determined by prior structural studies®®, whereas the others are
distal to this interface (Figure 1B). In the case of SEC24C, the three definitively assigned
glycosylation sites (S773, T775 and T776) reside in the relatively well-conserved -
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sandwich domain. Finally, homology modeling based on structures of the yeast SEC31
ortholog suggests that all four assigned SEC31A glycosylation sites lie in the a-solenoid
domain, which is thought to mediate protein-protein interactions and form a flexible hinge,
permitting expansion of COPII carriers to accommodate a range of cargo sizes’%-73,
Therefore, SEC31A glycosylation may modulate protein-protein interactions and/or
transport carrier size in the mammalian COPII outer coat. Taken together, these results
indicate that site-specific glycosylation is prevalent on COPII proteins and may impact their
biochemical functions.

Next, we asked whether dynamic O-GIcNAcylation regulates the COPII pathway. We used
immunoprecipitation (IP) and Western blotting (WB), in combination with specific small
molecule inhibitors of OGT (5SGIcNAc) and OGA (Thiamet-G)®°: 61, to demonstrate that
O-GIcNACc cycles on COPII components, including SEC24C and Trk-fused gene (TFG), a
protein required for COPII function Jn vivo in metazoans (Figure 2A)13: 7577 These results
suggest that dynamic glycosylation may regulate protein secretion. To test this hypothesis,
we performed three functional assays to assess the requirement for O-GIcNAc cycling in
COPII-dependent trafficking. First, we used a secreted soluble horseradish peroxidase
(ssHRP) reporter that traffics through the secretory pathway in a COPII-dependent
manner’8. ssHRP can be detected in culture supernatants via standard chemiluminescence,
providing a quantitative measure of protein secretion’8. We found that inhibition of OGT
significantly diminished the COPII-dependent secretion of ssHRP without reducing
intracellular ssHRP expression or cell viability (Figures 2B & S2). Second, we expressed an
enhanced green fluorescent protein (eGFP)-tagged temperature-sensitive mutant of the
vesicular stomatitis virus glycoprotein (tsVSVG-eGFP) in mammalian cells’® 80, At the
non-permissive temperature, ts\VSVG-eGFP is retained in the ER, as indicated by reticular
green fluorescence and colocalization with genetically encoded organelle markers (Figures
2C and S3A)7%: 80 Upon shifting to the permissive temperature, tsVSVG-eGFP transits to
the Golgi in a strictly COPII-dependent manner, displaying characteristic juxtanuclear
punctate fluorescence, thereby providing a live-cell assay for pathway function (Figures 2C
and S3A)72: 80, We found that inhibition of OGA markedly delayed COPII-dependent
tsVSVG-eGFP trafficking (Figures 2C and S3B). Third, we asked whether O-GIcNAcylation
affects the subcellular distribution of COPII proteins. All components of the inner and outer
COPII coats exist in both soluble cytoplasmic and membrane-associated pools, and
reversible membrane association is required for normal COPII function-8. To determine
whether O-GIcNAc regulates the membrane association of COPIl components, we used
digitonin treatment to permeabilize the plasma membranes of human cells, permitting the
separation of soluble cytoplasmic proteins and membrane-associated proteins®l, and then
performed WBs for COPII components on these subcellular fractions. Interestingly, we
found that inhibition of OGA reduced the ratio of membrane-associated to cytoplasmic
SEC23A and SEC31A, indicating that O-GIcNAc cycling regulates the subcellular
distribution of essential COPII components (Figure 2D and S4). Together, these results
indicate that dynamic O-GIcNAcylation is required for normal COPII-dependent secretion.

Like other PTMs, O-GIcNAc can exert diverse biochemical effects on its substrates,
including altering protein conformation or subcellular localization, or mediating or
disrupting protein-protein interactions®3: 54 57. 58, 82,83 Elegant biochemical and structural
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studies have revealed that numerous precise protein-protein interactions are required for
COPII coat formation, cargo loading, membrane curvature, and scission=5. In addition, our
MS site-mapping data demonstrate that O-GIcNAcylation occurs on known or predicted
protein-protein interaction domains of COPIlI components (Figures 1 and S1). Therefore, we
hypothesized that O-GIcNAc may mediate the protein-protein interactions of COPII
components. However, physiologically important O-GlcNAc-mediated protein-protein
interactions can be sub-stoichiometric, transient and low-affinity, presenting a significant
challenge for their characterization®3: 54. 57. 58,82, 83 Tg address this challenge, we harnessed
a chemical biology method to covalently capture O-GIcNAc-mediated protein-protein
interactions in live human cells®0. In this strategy, cells are metabolically labeled with a
GlIcNACc analog bearing a diazirine photocrosslinking moiety, termed “GlcNDAz”0.
GIcNDAz is accepted by the GIcNAc salvage pathway, converted to UDP-GIcNDAz, and
used by OGT to decorate its native substrates®0. Briefly UV-treating GIcNDAz-labeled cells
triggers the covalent crosslinking of O-GICNDAZz moieties to any binding partner proteins
within ~2—4 A of the sugar80. Thanks to this short radius, GIcCNDAz crosslinking occurs
exclusively at sites where the glycan contributes to the interaction interface, without
crosslinking to distant or nonspecific proteins®0. These covalent crosslinks can be
conveniently visualized through the GIcNDAz-dependent appearance of high molecular
weight species on a WB for the protein of interest. Therefore, GICNDAZ is a powerful
chemical tool for identifying direct, glycosylation-mediated interactions between
endogenous proteins in live cells80,

Using GIcNDAz, we found that endogenous SEC23A, SEC24B, SEC24C, SEC31A and
TFG all engage in O-GIcNAc-mediated protein-protein interactions in multiple human cell
lines, detected as massive crosslinks on a WB (Figure 3A). Importantly, GICNDAz
crosslinking of SEC23A was enhanced when deglycosylation was blocked by brief Thiamet-
G treatment (Figure 3B), indicating that these interactions are dynamic and O-GIcNAc-
specific. We concluded that O-GIcNAc mediates regulated interactions of COPII proteins.

To test the hypothesis that O-GIcNAc might mediate some of the well-characterized protein-
protein interactions in the COPII coat*~5, we examined TFG, SEC23A and SEC24C as
model COPII glycoproteins. TFG homo-oligomerizes /n vitroand in cells, and this property
is required for its subcellular localization and function in COPII cargo trafficking®3 7577, To
determine whether O-GIcNAc participates in homotypic TFG-TFG interactions inside cells,
we created constructs of human TFG with different epitope tags. IP/WBs with these
constructs revealed that covalent, GIcNDAz-dependent crosslinked complexes of TFG
contain both tagged versions of TFG simultaneously (Figure 3C). These results demonstrate
that the GIcNDAz-dependent complexes are homo-oligomers, suggesting that O-GIcNAc
may participate in TFG-TFG interactions in live cells.

Next, we examined the potential involvement of O-GIcNAc in the heterodimerization of
SEC23 and SEC24, an essential step in the formation of the COPII pre-budding complex4-5.
We expressed FLAG-SEC24C in human cells and observed GIcNDAz-dependent
crosslinking similar to that of endogenous SEC24C (Figure 3A, D). We IP-ed SEC24C and
performed WBs for candidate interactors, including SEC23A (Figure 3D), SEC13, SEC31,
SARL1 and the scaffolding protein SEC16 (not shown). In all cases, we failed to detect any
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candidate interactors in the crosslinked SEC24C complexes (Figure 3D and not shown).
Notably, endogenous SEC23A again crosslinked in this context, though not to SEC24C
(Figure 3D). Similarly, IP-ed GIcNDAz crosslinks of SEC23A did not contain SEC24,
SEC13, SEC31 or SAR1 (not shown). We concluded that SEC23A and SEC24C engage in
specific but distinct O-GIcNAc-mediated protein-protein interactions, which may influence
COPII trafficking. All together, these results demonstrate that dynamic O-GIcNAcylation
mediates both known and novel interactions among COPII pathway proteins.

We next focused on SEC23A, because SEC23 is an essential COPIl component#-6. 10. 84
and because human SEC23A mutations cause CLSD1® 21. 26 To further elucidate the
biochemical effects of SEC23A O-GlIcNAcylation, we created unglycosylatable point
mutants (Ser/Thr—;Ala) in sixteen of the candidate sites we detected by MS, focusing on
residues that are highly conserved across evolution (Figure 1A and S1): S97, S102, S115,
S116, T137, T168, S184, S226, T241, S508, S516, S627, S629, S639, S640, and S641. We
expressed wild type or point-mutant SEC23A constructs in human cells and performed
GIcNDAZz crosslinking (Figure 4A). We found that the S115A, S116A, T137A, T168A, and
S184A mutants reduced or abrogated GIcNDAz-mediated crosslinking, whereas the others
did not (Figure 4A). Interestingly, three of the residues required for SEC23A crosslinking,
T137, T168 and S184, lie near its SEC24-binding interface (Figure 1A & B). However, as
noted, SEC24 is not the GIcNDAz-mediated crosslinked partner of SEC23 (Figure 3). These
observations suggest that the site-specific O-GIcNAcylation of SEC23A near the SEC24
binding interface mediates an interaction distinct from the SEC23/SEC24 pre-budding
complex.

We next investigated the functional significance of site-specific SEC23A glycosylation in a
human cell system. Chondrocytes create and maintain cartilage, largely through the
regulated secretion of collagen8®, and SEC23A is required for this process /n vivolS: 21 26,
To assess the function of SEC23A with a physiologically relevant cell system and model
cargo, we used CRISPR/Cas9 methods to delete the endogenous SEC23A gene in SW1353
human chondrosarcoma cells (Figure S5), which secrete endogenous collagen8®: 87,
Complete loss of SEC23A caused intense collagen accumulation and distended ER
morphology (Figures S6 and S7), which resemble the reported previously COPII cargo
defects of CLSD patient cells!® 21. 26 These observations confirm that SEC23A~/~ SW1353
cells are an appropriate system for testing the function of unglycosylatable SEC23A mutants
in trafficking endogenous collagen. Next, we stably re-expressed empty vector, wild type
SEC23A, or unglycosylatable single point-mutant SEC23A alleles. To create an
appropriately sensitive assay for SEC23A function, we knocked down SEC23B (Figure S8),
preventing compensation from this paralog, as described previously86. We then assessed
SEC23A function in these reconstituted cell lines by tracking collagen secretion via
immunofluorescence (IF) microscopy. Interestingly, SEC23A~/~ SW1353 cells reconstituted
with the S184A unglycosylatable point mutant exhibited a significantly higher proportion of
retained collagen and characteristic dilated ER morphology, as compared to cells
reconstituted with wild type SEC23A, despite partial rescue (Figures 4B & C). Importantly,
however, wild type and S184A mutant SEC23A co-IPed endogenous SEC24 proteins with
similar efficiencies (Figure S9A), indicating that the trafficking defect we observe in the
S184A mutant (Figures 4B & C) is not due to gross protein misfolding or lost SEC24
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binding. Together, these results demonstrate that the S184 glycosylation site of SEC23A is
required for its collagen trafficking function in human chondrosarcoma cells, possibly due to
post-translational regulation at the SEC23A/SEC24 interface.

In developing vertebrates, collagen trafficking and skeletogenesis are stringently dependent
on SEC23A, because SECZ3A partial loss-of-function mutations cause CLSD in humans
and similar phenotypes in model organisms1®: 18. 21, 26,27, 88-90 Qyr biochemical and
cellular data (Figure 1-3, 4) suggest that site-specific O-GIcNAcylation might regulate
SEC23A function in developing tissues. To test this hypothesis, we took advantage of a
vertebrate model of SEC23A dysfunction!® 27. We have shown previously that mutations in
zebrafish sec23a underlie the crusher phenotype, exhibiting collagen mis-trafficking,
chondrocyte failure and skeletal dysmorphology!8: 27 that closely resemble CLSD15: 21. 26,
Therefore, crusher fish provide a valuable vertebrate genetic model for studying SEC23A
function Jn vivo® 27, Importantly, the human and zebrafish SEC23A proteins are 91%
identical, and all but one (S629) of the sixteen putative O-GIcNACc sites that we examined
(Figure 4A) are conserved between these orthologs.

We tested the functional importance of SEC23A O-GIcNAcylation sites /7 vivo using the
crusher model. First, we confirmed that wild type zebrafish SEC23A crosslinks in our
GIcNDAZz assay similarly to its human ortholog (Figure 5A). Then, we designed a
compound-mutant SEC23A allele, in which four residues required for GIcNDAz
crosslinking and conserved from humans to fish (S115, S116, T137, T168) were mutated to
alanine (“4A mutant™). We created expression constructs of human and zebrafish SEC23A
4A mutant and confirmed that they are defective in GIcNDAz-mediated crosslinking (Figure
5A). These results indicate that the O-GIcNAc-mediated interactions of SEC23A are
biochemically conserved across vertebrates.

Next, we developed an /n vivo assay of SEC23A function in skeletogenesis (Figure 5B). We
expressed wild type or 4A mutant SEC23A in sec23a-deficient (crusher) zebrafish
chondrocytes and tracked COPII-dependent collagen transport by immunohistochemistry
(Figure 5B). We measured the cytosolic area occupied by collagen as an established marker
of its intracellular retention!® 27. 28 We found that 5% of the cytosolic area of wild type
chondrocytes was occupied by collagen at 80 hours post-fertilization (hpf), which
corresponds to normal collagen traffic within secretory pathway compartments (Figure 5C,
D). In contrast, 50-95% of the cytosolic area of sec23a-deficient chondrocytes was filled
with aberrantly retained collagen (Figure 5C, D), consistent with our prior reports!® 27,
Interestingly, while the expression of wild type SEC23A in crusher chondrocytes restored
collagen secretion to wild type levels in a cell-autonomous fashion, the unglycosylatable
SEC23A 4A mutant only partially restored collagen secretion, exhibiting significantly
higher collagen retention than wild type (Figure 5C, D). Together, these results suggest that
site-specific O-GlcNAcylation of SEC23A may regulate the /7 vivo COPII-dependent
transport of SEC23A-dependent cargoes, including collagen.
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Discussion

The COPII trafficking pathway is essential for cell and tissue physiology in vertebrates, and
is dysregulated in several human diseases. While the core COPII machinery is relatively well
understood, little is known about how trafficking is dynamically regulated in response to
physiological or pathological cues. Our results indicate that O-GIcNAcylation of COPII
proteins may be one important mode of pathway regulation in vertebrates.

We have shown that O-GIcNAc is a prevalent modification of COPII proteins, including
SEC23, SEC24, SEC31 and TFG (Figure 1, 2A, 3A). Like phosphorylation, O-
GlcNAcylation can exert a wide range of biochemical effects on its substrates, and it will be
important to delineate the effects of COPII protein glycosylation at each individual
modification site in order to build an integrated model for how O-GIcNAc affects protein
trafficking from the ER. As a first step towards this goal, our GICNDAz results suggest that
O-GIcNAc moieties lie at or very close to the interaction interface between TFG monomers,
indicating a potential biochemical function for TFG glycosylation (Figure 3A, C). The N-
terminal half of TFG, comprising its PB1 and coiled-coil domains, mediates homo-
oligomerization, and this property is required for its trafficking function in vivol3: 7577,
While unglycosylated TFG can homo-oligomerize in vitro, our results suggest that O-
GlcNAcylation may facilitate or regulate this process in live cells'3: 77, Similarly, we show
that both SEC23A and SEC24C also engage in O-GIcNAc-mediated protein-protein
interactions, but not with each other, or with several other known binding partners in the
COPII system (Figure 3A, B, D). These data suggest that novel O-GIcNAc-mediated
protein-protein interactions may govern SEC23 and/or SEC24 function in the COPII system.
It will be important to determine in future work how changes in site-specific glycosylation
of TFG, SEC23 or SEC24 directly affect their biochemical activities /n vivo.

At the cellular level, our results indicate that O-GIcNAc cycling in general (Figure 2), and
specific SEC23A glycosylation sites in particular (Figures 4B & C), are required for COPII-
dependent protein secretion. Because native PTMs, including O-GIcNAc, are not essential
for in vitro COPII vesicle assembly from minimal components®?, it is likely that O-
GIcNAcylation and other PTMs are instead required to modulate the activity of the pathway
in vivo. The precise molecular events affected by O-GIcNAc and the full complement of
substrates and modification sites most critical for this regulation remain incompletely
understood. Interestingly, however, OGA inhibition both delayed the trafficking of tsVSVG-
eGFP (Figure 2C) and decreased the pools of membrane-associated SEC23A and SEC31A
(Figure 2D). These results suggest that unfettered O-GIcNAc cycling may be required for
the efficient recruitment or recycling of COPII proteins to the ER or Golgi membranes.
Other PTMs govern COPII in this way. For example, the Golgi-localized kinase CK16 and
the phosphatase PP6 act reciprocally on SEC23 and SEC24 to ensure orderly COPII carrier
budding, fusion and directionality38: 39, and a recent study demonstrated that
phosphorylation by CK2 inhibits the membrane association of SEC3144,

Notably, O-GIcNAc and O-phosphate exhibit a complex interplay in cells, frequently
competing for nearby or identical residues on a given protein and exerting antagonistic
effects®. Indeed, a prior report suggests that the cell cycle-dependent phosphorylation and
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glycosylation of SEC24 are reciprocal, and may affect its membrane association®. Our data
are consistent with this proposed model, but additional cell biological studies with
unglycosylatable point mutants of COPII proteins will be required to elucidate the
responsible modification sites and potential O-GIcNAc/O-phosphate cross-talk. In the case
of SEC23A, none of the glycosylation sites that we examined (Figure 4A) is reported to be
phosphorylated, though additional sites of both modifications may yet await discovery. In
contrast, phosphorylation of S773 and T776 of SEC24C has been reported®?, suggesting that
the interplay between O-GIcNAcylation and phosphorylation at these sites could tune COPII
activity. Future studies will address the potential cross-talk among PTMs of COPII proteins.

The COPII system of vertebrates is significantly more complex than that of lower
eukaryotes. For example, vertebrates possess two paralogs of SEC23 (A and B) and four
paralogs of SEC24 (A through D), whereas budding yeast has one essential ortholog of each.
The functional significance of vertebrates’ multiple COPII paralogs remains largely unclear.
All four SEC24 paralogs exhibit analogous biochemical functions in early COPII coat
formation and cargo capture, and yet mouse knockout studies and differences in cargo
binding clearly indicate distinct, if overlapping, physiological functions among these
proteinsl?. 28.93-95_gstydies of SEC23A and B revealed analogous results, despite their high
level of conservation and similar biochemical functions®-9. Currently, it is not well
understood how these COPII components achieve distinct biological roles /n vivo, though
tissue-specific expression patterns of paralogs and cargoes likely contribute8® 90, Another
possibility is that PTMs differentially regulate COPII paralogs. Consistent with this notion,
we observed distinct GIcNDAz crosslinks of endogenous SEC24B and C (Figure 3A),
suggesting that O-GIcNAcylation may mediate different protein-protein interactions among
paralogs. In addition, one glycosylation site that we mapped on human SEC24C (T775) is
conserved as a serine or threonine in all four human SEC24 paralogs, whereas the other two
localized SEC24C O-GIcNAc sites (Figures 1A & 1B) and several candidate sites (Figure
S1) are conserved in only one or none of the other three SEC24 paralogs. Therefore,
glycosylation of multiple SEC24 paralogs at the T775-cognate site may impact all COPII
traffic, whereas glycosylation of SEC24C at other sites may provide paralog-specific
regulation to tune the trafficking of specific cargoes or cell types. In contrast, of the twelve
unambiguously localized O-GIcNAc sites we identified on human SEC23A (Figures 1A-B),
all except S516 are conserved in SEC23B (with a serine in SEC23B corresponding to
SEC23A T508). These results suggest that glycosylation could affect SEC23 paralogs more
uniformly than SEC24 paralogs, though this hypothesis remains to be tested.

Finally, our results demonstrate that several evolutionarily conserved glycosylation sites on
SEC23A are required for O-GIcNAc-mediated protein-protein interactions in cells, and to
support collagen secretion in SW1353 cells and skeletogenesis in developing zebrafish
(Figures 4, 5). One of these residues, S184, lies near the SEC23/SEC24 interface, potentially
providing a site for a regulatory O-GIcNAc-mediated protein-protein interaction with a
protein other than SEC24 (Figures 3D, 4A). In contrast, the residues altered in the SEC23A
4A mutant do not lie exclusively at the SEC23/SEC24 interface, and O-GIcNAcylation may
play a biochemically distinct role at those sites. Although our cell- and animal-based
experiments (Figures 2, 4, 5) cannot stringently rule out the possibility that the S184A or 4A
mutation induces a deleterious conformational change in SEC23A, both mutants co-IP with
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SEC24 proteins with efficiencies similar to that of wild type SEC23A, arguing against
dramatic conformational change or misfolding (Figure S9A and S9B). Similarly, neither
SEC23A deletion nor OGT or OGA inhibition disrupted ER exit sites (ERES), as judged by
IF staining of the endogenous, canonical ERES marker SEC16 (Figure S10). This result
suggests that the functional effects that we observe upon OGT or OGA inhibition (Figure 2)
or ablation of SEC23A glycosylation sites (Figure 4) may be due to regulation of SEC23A
and/or other COPII proteins downstream of ERES formation. Therefore, we propose that
SEC23A O-GIcNAcylation at these sites is required to regulate its interaction with binding
partners beyond SEC24. We expect that future GICNDAZ crosslinking and MS proteomic
experiments to identify the O-GlcNAc-dependent binding partner(s) of SEC23A will
facilitate the elucidation of the molecular mechanisms through which site-specific O-
GlcNAcylation of SEC23A influences COPII trafficking.

At the organismal level, our results suggest that dynamic O-GIcNAcylation of SEC23A may
govern collagen trafficking during vertebrate development (Figures 4, 5). Consistent with
this idea, recent work identified a connection between whole-body O-GIcNAc levels and
chondrogenic differentiation in micel%, implicating O-GIcNAcylation in skeletogenesis. We
have also shown that O-GIcNAc modifies SEC24C and SEC31A (Figure 1), both of which
may participate in efficient /n7 vivo collagen secretion as well46: 47. 101 Therefore, O-
GlcNAcylation may be a conserved mode of COPII regulation in chondrocytes during
vertebrate development. Testing this hypothesis will be an important goal of future studies.
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Figure 1.
A. Schematic depicting twelve, three, and four O-GIcNAC sites identified on SEC23A,

SEC24C, and SEC31A, respectively. Selected domains of each protein are also illustrated.
Each modification shown here was unambiguously assigned to a single residue via manual
inspection of MS data. Additional information and spectral data for all candidate O-GIcNAc
sites are given in Figure S1.

B. The unambiguously assigned O-GIcNAc sites identified in this report are depicted in red
on a model of human SEC23A (silver, PDB: 5VNO) and SEC24C (blue, PDB: 3EH2). The
SEC3L1 interaction interface of SEC23A4 is indicated in green.
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C. Representative MS/MS fragmentation spectrum of a SEC23 glycopeptide. Accurate mass
measurements of the intact [157)QMSLSLLPPDALVGLITFGR[171) peptide indicated the
presence of two O-GIcNAc modifications. HCD fragmentation revealed a y-ion series
through y10 (ALVGLITFGR fragment) as well as a fragmentation series y4 (TFGR
fragment) plus 203.0794 Da, which is highlighted by y4+203 and expanded in Figure 1D.
D. Fragmentation series with an intact O-GIcNAc modification (magnified from the
spectrum in Figure 1C). This fragment ion series localizes one O-GIcNAc modification
(denoted +O) unambiguously to Thr168, with either Ser154 or Ser156 as the additional site.
All O-GIcNACc sites depicted in Figures 1A and 1B were unambiguously assigned using
similar analysis, or because the number of O-GIcNAc moieties detected equaled the number
of Ser/Thr residues on a given tryptic peptide.
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A. O-GIcNAc dynamically modifies COPII components. 293T-17 cells were transfected
with either myc-6xHis-SEC24C or TFG-myc-6xHis and treated with vehicle (DMSQO), 25
UM Thiamet-G, or 25 pM 5SGIcNACc eight hours prior to harvest. Tandem affinity-purified
SEC24C and TFG were analyzed by WB. Both proteins demonstrated O-GIcNAc cycling as
indicated by an increase in signal when treated with Thiamet-G, and a decrease in signal
with 5SGIcNAc, compared to vehicle.

B. 293T cells were treated with vehicle (DMSO) or 50 pM 5SGIcNAc and transfected with
ssHRP. The amount of ssHRP in the medium supernatant was measured after 20 hours via
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luminescence assay. Inhibition of OGT via 5SGIcNAc significantly diminished secretion. n
=6, ** p=0.006, Student’s t-test. Error bars are standard error of the mean.

C. COS7 cells stably expressing tsVSVG-eGFP were treated with vehicle (DMSO) or 25

UM Thiamet-G for 8 hours at the non-permissive temperature (40 °C) and then shifted to the
permissive temperature (32 °C). Cells were imaged every 10 seconds for 20 minutes,
monitoring the movement of the ts\VSVG-eGFP from ER (reticular ER fluorescence) to the
Golgi (juxtanuclear punctate fluorescence). See also Figure S3.

D. SW1353 cells were incubated with DMSO or 50 uM Thiamet-G for 24 hours. Cytoplasm
(C) and endomembrane (M) fractions were prepared by digitonin fractionation, and SEC23A
and SEC31A were analyzed by WB. Tubulin and TRAPa serve as loading controls for
cytoplasmic and integral ER transmembrane proteins, respectively. One representative
experiment is shown. Similar results were obtained in three independent biological replicates
(Figure S4).
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A. HeLa/UAP1 or 293T/UAP1 cells were treated with 100 uM GIcNDAz or vehicle
(DMSO) and UV light (or not), and lysates were analyzed by WB. Circles indicate
uncrosslinked proteins running at their predicted molecular weights. Arrows indicate
GIcNDAz- and UV-dependent crosslinked species.

B. HeLa/UAP1 cells were treated with 100 uM GIcNDAz, 50 uM Thiamet-G, vehicle
(DMSO), and UV light as indicated for 24 hours and lysates were analyzed by WB. Circle
indicates uncrosslinked SEC23A running at its predicted molecular weight. Arrows indicate
GIcNDAz- and UV-dependent crosslinked species.
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C. Left: 293T/UAP1 cells were transfected with GFP (control), 3xFLAG-TFG only, TFG-
myc-6xHis only, or co-transfected with both FLAG and myc-6xHis constructs (“myc &
FLAG”). Then, cells were treated with DMSO (vehicle) only or 100 uM GIcNDAz, and
were exposed to UV. Lysates were analyzed by WB, confirming that both myc- and FLAG-
tagged TFG crosslinks similarly to endogenous TFG in a GIcNDAz-dependent manner.
Covalently crosslinked bands of TFG (~150 kDa) are shown. Right: 293T/UAPL1 cells were
transfected with GFP (control), 3XFLAG-TFG only, TFG-myc-6xHis only, or co-transfected
with both FLAG and myc-6xHis constructs (“myc & FLAG”). Then, cells were treated with
100 uM GIcNDAz and UV, and lysates were analyzed by IP and WB as indicated.
Covalently crosslinked bands of TFG (~150 kDa) are shown.

D. 293T/UAP1 cells were transfected with 3XxFLAG-SEC24C or GFP (control) and treated
with 100 uM GIcNDAz or vehicle. Lysates were analyzed by anti-FLAG IP and WB.
Crosslinked complexes of 3xFLAG-SEC24C were successfully purified (lane 8), but did not
contain SEC23A. Notably, endogenous uncrosslinked SEC23A co-I1Ps with SEC24C (lanes
4 and 8) but endogenous crosslinked SEC23A (lane 5) does not, demonstrating that SEC24C
and SEC23A each crosslink, but not to each other. Circles indicate uncrosslinked proteins
running at their predicted molecular weights. Arrows indicate GICNDAz- and UV-dependent
crosslinked species.
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Figure 4.
A. 293T/UAP1 cells were transfected with plasmids encoding GFP (control), wild type

SEC23A-myc-6xHis, or the indicated SEC23A-myc-6xHis point mutants. Cells were
treated with vehicle (DMSO) or 100 uM GIcNDAz and UV-irradiated. Lysates were
analyzed by WB. The S115A, S116A, T137A, T168A and S184A mutants all show a
marked reduction in crosslinking. Circles indicate uncrosslinked SEC23A running at its
predicted molecular weight. Arrows indicate GICNDAz- and UV-dependent crosslinked
species. White rectangles indicate where irrelevant lanes have been cropped out of a single
blot (bottom panels). Duplicate wild type SEC23A crosslinked samples were run on multiple
blots due to space constraints. Therefore, apparent variability in wild type crosslinking
efficiency is due to blot-to-blot variation in the enhanced chemiluminescence detection.
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B. SEC23A~~ SW1353 cells stably reconstituted with empty vector (left), wild type
SEC23A-myc-6xHis (middle) or S184A SEC23A-myc-6xHis (right) were transfected with
anti-SEC23B siRNA (or scrambled SEC23B siRNA, not shown) and treated with 50 pg/ml
sodium ascorbate for 7 hours to induce collagen translation6: 47, Then, cells were fixed and
stained for SEC23A (anti-myc, red), endogenous collagen (LF68 anti-collagen, green) and
DNA (DAPI, blue). Cells exhibiting both SEC23A expression and aberrant ER collagen
staining (white arrows) were quantified as a fraction of the total number of SEC23A-positive
cells. Representative images from eight biological replicates are shown at two
magnifications (top and bottom panels).

C. Quantification of IF data presented in Figure 4B. Cells expressing S184A SEC23A were
more than twice as likely to exhibit retained collagen, compared to those expressing wild
type SEC23A. n = 8, *** p< 0.001, Student’s t-test. Error bars are standard error of the
mean.
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Figure5.

A.g 293T/UAP1 cells were transfected with either GFP (control), human wild type SEC23A-
myc-6xHis, human 4A SEC23A-myc-6xHis, zebrafish wild type Sec23A-myc-6xHis, or
zebrafish 4A Sec23A-myc-6xHis. Circle indicates uncrosslinked SEC23A running at its
predicted molecular weight. Arrows indicate GIcNDAz- and UV-dependent crosslinked
species. The 4A mutations reduce crosslinking in both human and zebrafish SEC23A.

B. Experimental strategy for mosaic expression of Sec23A in zebrafish chondrocytes.
Sec23A wild type or 4A mutant was expressed under the zebrafish Col2al promoter.
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Embryos injected with Sec23A constructs were grown until 80 hours post-fertilization (hpf)
and cryosectioned for immunohistochemistry.

C. Cells expressing Sec23A constructs are marked by v2a-EGFP. Wild type cells secrete
collagen to the extracellular space (arrows, top panel), whereas, crusher (sec23a loss-of-
function) mutant chondrocytes accumulate intracellular collagen (arrowhead, middle panel).
Overexpression of wild type Sec23A in crusheranimals leads to clearance of intracellular
collagen, whereas expression of the Sec23A 4A mutant fails to do so (arrowhead, lower
panel). Double-headed arrows point to normal levels of collagen in the secretory
compartment.

D. Quantification of zebrafish rescue experiments. Percent of cell area occupied by collagen
shows that wild type Sec23A expression in crusher chondrocytes restores collagen secretion
to normal levels, whereas the Sec23A 4A mutant does not, despite partial rescue. crusher
(cru) chondrocytes accumulate the highest level of intracellular collagen. Investigator was
blinded to wild type or 4A mutant genotype while performing quantification, per standard
practicel® 27.28  p< 0.05, Student’s t-test. Error bars are standard error of the mean.
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