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Ca*? and Ne-lysine acetylation
regulate the CALR-ATGY9A
interaction in the lumen of the
endoplasmic reticulum
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The acetylation of autophagy protein 9 A (ATG9A) in the lumen of the endoplasmic reticulum (ER)

by ATasel and ATase2 regulates the induction of reticulophagy. Analysis of the ER-specific ATG9A
interactome identified calreticulin (CALR), an ER luminal Ca*2-binding chaperone, as key for ATG9A
activity. Specifically, if acetylated, ATG9A is sequestered by CALR and prevented from engaging
FAM134B and SEC62. Under this condition, ATG9A is unable to activate the autophagy core machinery.
In contrast, when non-acetylated, ATG9A is released by CALR and able to engage FAM134B and
SEC62. In this study, we report that Ca*? dynamics across the ER membrane regulate the ATG9A-CALR
interaction as well as the ability of ATG9A to trigger reticulophagy. We show that the Ca*2-binding
sites situated on the C-domain of CALR are essential for the ATG9A-CALR interaction. Finally, we show
that K359 and K363 on ATG9A can influence the ATG9A-CALR interaction. Collectively, our results
disclose a previously unidentified aspect of the complex mechanisms that regulate ATG9A activity.
They also offer a possible area of intersection between Ca+? metabolism, acetyl-CoA metabolism, and
ER proteostasis.
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The endoplasmic reticulum (ER) acetylation machinery has emerged as a fundamental branch of the general
nutrient-signaling pathway, which enables rapid modulation and reprogramming of different intracellular
activities upon fluctuation of metabolites/nutrients! . Specifically, Ne-lysine acetylation in the lumen of the ER
maintains protein homeostasis (proteostasis), thus connecting the intracellular flux of citrate/acetyl-CoA to the
efficiency of the secretory pathway!. Essential mediators of the above flux are SLC13A5, SLC25A1, ACLY, AT-1/
SLC33A1, ATasel/NAT8B, and ATase2/NATS8. SLC13A5 and SLC25A1 import citrate to the cytosol, respectively
from the extracellular milieu and the mitochondria; ACLY converts cytosolic citrate to acetyl-CoA, while AT-1
ensures translocation of cytosolic acetyl-CoA into the ER lumen. Finally, the ATases use acetyl-CoA to acetylate
ER-cargo and -resident proteins (reviewed in').

An essential component of the proteostatic functions of the ER acetylation machinery is the induction of ER-
specific autophagy (often referred to as reticulophagy or ER-phagy) to ensure disposal of toxic protein aggregates
that form in the ER (reviewed in'). This is achieved by regulating the acetylation status of autophagy protein
9 A (ATG9A) within the ER lumen®. Mouse models of ER hyperacetylation display increased acetylation of
ATGYA and a block of reticulophagy, while mouse models of hypoacetylation display the opposite®®. Finally,
biochemical inhibition of the ATases in mice with ER hyperacetylation rescues the hyperacetylation status of
ATG9A and reactivates reticulophagy®'°. In humans, defective ER acetylation - as caused by loss-of-function
mutations or gene duplication events - is associated with different diseases spanning from developmental
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delay and premature death to peripheral neuropathy, autism spectrum disorder with intellectual disability and
dysmorphism (reviewed in'). These disease phenotypes are efficiently mimicked in the mouse>®11-13,

We recently used unbiased mass spectrometry to resolve the ATG9A interactome on the ER surface'®. While
doing this, we discovered that the acetylation status of the ER regulates the ATG9A-CALR interaction within
the ER lumen, and that this interaction corresponds to the ability of ATG9A to engage the cytosolic C-end of
FAM134B and SEC62!4. CALR is an ER luminal protein and has both high-affinity and low-affinity Ca*2-binding
sites; FAM134B and SEC62 are ER membrane proteins with Ca*2-binding helix-loop-helix EF hands on their
cytosolic C-end. The fact that Ca*-binding elements are positioned on fundamental ATG9A-binding partners
on the opposite sides of the ER membrane suggests that variations in Ca*? dynamics across the ER membrane
might regulate the ability of ATG9A to trigger reticulophagy. In this study, we report that Ca*? dynamics across
the ER membrane indeed regulate the ATG9A-CALR interaction as well as the ability of ATG9A to trigger
reticulophagy. We show that the Ca*?-binding sites situated on the C-domain of CALR are essential for the
ATG9A-CALR interaction. Finally, we reinforce the concept that K359 and K363, the two ATG9A lysine residues
that have been shown to be acetylated, can influence the CALR-ATGIA interaction. Collectively, our results
reveal a novel aspect of the complex mechanisms that regulate ATG9A activity and offer a possible area of
intersection between Ca*? metabolism, acetyl-CoA metabolism, and ER proteostasis.

Results

Ca*2 dynamics in the ER regulate the induction of reticulophagy

To initially test regulatory functions of Ca*?> dynamics across the ER membrane, we used HEK293 cells with
stable expression of the ER autophagy tandem reporter (EATR) probe, which includes a tandem mCherry-
eGFP reporter fused to RAMP4 (Fig. 1A). Since RAMP4 is an integral ER-membrane resident protein, EATR
specifically detects induction of reticulophagy'*!>. The cells (referred to as HEK293-EATR thereafter) were
treated with several already validated Ca™ modifying drugs to visualize activation or inhibition of reticulophagy
by flow cytometry (Fig. 1B-E). Induction of reticulophagy was consistently observed following treatment
with Thapsigargin (Tg, 1uM) and Ionomycin (Io, 2-4pM), while a block in induction was observed with
Trifluoperazine (TFP, 3uM). Tg is a non-competitive inhibitor of the sarcoplasmic/endoplasmic reticulum Ca*?
ATPase (SERCA), an ER-based channel that ensures Ca*? influx into the ER; Io is an ionophore and is used to
increase cytosolic levels of Ca*2 TFP is an antipsychotic drug that inhibits calmodulin and destabilizes cytosolic
levels of Cal*?161¢, Carbachol is an acetylcholine analog while CDN1163 is an allosteric SERCA activator with
metabolic activity. Therefore, when taken together, the results suggest that a shift in Ca*™ dynamics across the ER
membrane can influence the induction of reticulophagy. Specifically, depletion of ER Ca*? stores in favor of the
cytosol (i.e., with Tg and Io) stimulates reticulophagy while the opposite (i.e., with TFP) prevents reticulophagy
(Fig. 1F). To confirm these outcomes, we transiently expressed HEK293-EATR cells with either SERCA2B - to
pump Ca*? into the ER - or inositol 1,4,5-triphosphate receptor type 3 (ITPR3) - to stimulate Ca*? release
from the ER (Fig. 1F). Expression of SERCA2B reduced while expression of ITPR3 increased the induction of
reticulophagy (Fig. 1G-]), thus confirming the outcomes elicited by the Ca™ modifying drugs (Fig. 1B-E).

The ATG9A-CALR interaction is modulated by the Ca*2 binding capacity of CALR

We recently identified CALR, an ER luminal Ca*?-binding chaperone, as a novel ATG9A-interacting protein
that influences the ability of ATG9A to recruit LC3p and activate reticulophagy'*. CALR has high-affinity/low-
capacity and low-affinity/high-capacity Ca*2-binding sites that can hold about half of the total Ca*?-loading
capacity of the ER (Fig. 2A). Importantly, the structure of CALR is heavily modulated by Ca*2-binding'®. To test
whether the Ca*2-binding capacity of CALR dictates its ability to interact with ATG9A, we co-expressed ATG9A
with Ca*2-binding mutant versions of CALR. Both the D328A substitution, which eliminates the high-affinity/
low-capacity Ca*z-binding site, and the deletion of the entire 338-408aa (A338-408) a-helix, which eliminates
the low-affinity/high-capacity Ca*?-binding region, reduced the ATG9A-CALR interaction (Fig. 2B-E). This
effect was observed when we probed for either ATG9A or CALR. Furthermore, the immunoprecipitation
of CALR only pulled down the ER-based immature form of ATG9A, confirming that the ATG9A-CALR
interaction occurs within the ER lumen, as previously demonstrated!. Finally, the effect of D328A substitution
and the A338-408 deletion displayed additive effect, supporting the conclusion that the Ca*? capacity of CALR
is fundamental for the ATG9A-CALR interaction (Fig. 2F-G).

Next, we incubated affinity-purified CALR with two different concentrations of Ca*? (5 mM and 20 mM)
to reflect different Ca*? load-capacity states that are observed in the ER'8. The folding status of CALR was
then analyzed with circular dichroism, which measures the difference in the absorbances of left- and right-
handed circularly polarized light. The presence of Ca*? caused rapid and marked changes in both absorption and
ellipticity of CALR, reflecting structural changes in the a helix/p strand conformation from the no-Ca*? to high-
Ca*? status (Fig. 2H). The spectra obtained is very similar to a previous one, which documented Ca*?-mediated
changes in the secondary structure of CALR and a differential contribution of the N-terminal p-sheets and the
C-terminal a-helical segment where Ca™ was able to force a disorder-to-structured transition'®.

To test the functional role of the Ca*? binding capacity of CALR, we used CRISPR-Cas9 to introduce both
the D328A substitution and the A338-408 deletion within the endogenous CALR of HEK293-EATR cells. The
results show increased induction of reticulophagy in the mutant (referred to as CALR®R) as compared to the
wild type (WT cells, Fig. 2I). Importantly, this effect was observed with and without EBBS-induced starvation
indicating that the Ca*? binding capacity of CALR is required for CALR to control the induction of both basal
and starvation-induced reticulophagy.

The results presented so far indicate that changes in Ca*? dynamics across the ER membrane can regulate the
induction of reticulophagy (see Fig. 1). They also indicate that the ATG9A-CALR interaction, which influences
the ability of ATG9A to stimulate reticulophagy downstream of the ER acetylation machinery', is heavily
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Fig. 1. Chemical and genetic modulators of ER luminal Ca*?levels modulate reticulophagy induction. (A)
Schematic demonstrating the EATR probe and assay mechanism (Image was generated using BioRender). (B-
E) Flow cytometry analysis for elevated reticulophagy flux in HEK293-EATR cells treated with Ca*2-modifying
drugs: Thapsigargin (Tg), Carbachol (CCh), Trifluoperazine (TFP), CDN1163, and Ionomycin (Io). Vehicle
(Vh, 0.1% DMSO) treated cells served as a control. (F) Schematic showing predicted impact of ITPR3 and
SERCA overexpression on luminal Ca*? levels and reticulophagy (Image was generated using BioRender). (G-
H) Flow cytometry analysis for elevated reticulophagy flux in HEK293-EATR cells transiently overexpressing
ER Ca*? transporters SERCA and ITPR3. (I-J) Representative Western blots demonstrate overexpression of
Ca*? transporters in HEK293 EATR cells. Cells transfected with the empty vector (EV) served as the control.
Data are represented as mean + SD. *p < 0.05, **p < 0.01, *p < 0.0001 via ordinary one-way ANOVA with
Dunnett’s multiple comparison test (B-E) or Student’s ¢ test (G-H). Each point represents an independent
biological sample.

regulated by the Ca*2-binding capacity of CALR, most likely caused by Ca*2-driven conformational changes (see
Fig. 2). Finally, they support the argument that the Ca*? binding capacity of CALR has reticulophagy-regulatory
functions (see Fig. 2). In essence, we could envision a model where release of Ca*2 by the ER would reduce the
CALR-Ca*? binding, forcing a structured-to-unstructured transition of CALR with consequent dissociation of
the ATG9A-CALR complex. This would release ATG9A and allow it to trigger the induction of reticulophagy.

K359 and K363 influence the CALR-ATG9A interaction

CALR is an ER luminal chaperone; therefore, the ATG9A-CALR interaction can only occur within the lumen
of the ER. Consistently, immunoprecipitation of CALR exclusively pulled down the ER-based immature form
of ATGYA (see Figs. 1 and 2). We previously reported that ATG9A is acetylated on two lysine residues, K359
and K363% We also reported that the acetylated status of ATG9A in vivo correlated with the induction of
reticulophagy. This was shown both in cellular and animal models*®-%14, Therefore, it is likely that K359 and
K363 are required for the ATG9A-CALR interaction.

To test the above hypothesis, we removed both K359 (AK359) and K363 (AK363). The AK359/AK363
modification increased the ATG9A-CALR interaction (Fig. 3A-B). Importantly, the AK359/AK363 mutations
yielded one ATG9A migrating as the immature, ER-based form of ATG9A, which would reflect the inability of
ATGIA to leave the ER and reach the Golgi apparatus. Indeed, in contrast to ATGIA, ATGIA ;3.0 ax363 WS
found to be restricted to the ER on confocal microscopy (Fig. 3C-D).
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The influx of acetyl-CoA into the ER by AT-1 regulates the ER-exit of ATG9A

The results displayed so far indicate that, when bound to CALR, ATGYA is restricted to the ER and prevented
from inducing reticulophagy. We have previously reported that the ATG9A-CALR complex is favored by ATG9A
hyperacetylation in AT-1 sTg mice and inhibited by ATG9A hypoacetylation in AT-15113¥+ mice, which display
reduced and increased induction of reticulophagy, respectively'. To test whether differential CALR-engagement
states determine the ability of ATG9A to exit the ER under models of ER hyper- and hypo-acetylation and in
the absence of mutations targeting either CALR or ATG9A, we determined the distribution profile of ATG9A
in mouse embryonic fibroblasts (MEFs) derived from AT-1 hyper-and hypo-morphic mice. Consistent with the
aforementioned model, we discovered that, under steady-state conditions, ATG9A preferentially co-localizes
with SEC13 in AT-1 sTg MEFs (Fig. 4A-B). SEC13 is an ER protein involved with the biogenesis of ER exit
sites (ERES)/COPII coats, and we previously reported that the ER-specific ATG9A interactome includes ERES/
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«Fig. 2. Ca*?-binding sites on CALR are required to maintain normal binding with ATG9A. (A) Structural
model of CALR (AF-P27797-F1) showing Ca*? binding sites in orange. (B-G) Co-immunoprecipitation of
ATGY9A and CALR in HEK293 cells overexpressing tGFP tagged ATG9A and WT or mutant DDK tagged
CALR. CALR mutations targeted the high-affinity/low-capacity Ca™-binding site (D328A; see arrow in
panel A) and the low-affinity/high-capacity Ca*-binding a-helix (A338-408; shown in orange in panel A).
Representative Western blots and accompanying quantification, normalized to the IP-ed protein, are shown.
The upper band of the ATG9A blots corresponds to the mature, glycosylated form whereas the lower band

corresponds to the immature, unglycosylated form that is found in the ER. Data are represented as mean + SD.
*p<0.05, *p<0.01, **p<0.001, *p <0.0001 via Student’s ¢ test. (H) Absorbance and molar ellipticity of
CALR incubated with 0 mM, 5 mM, or 20 mM CaCl2 as measured with circular dichroism. (I) Flow cytometry
analysis for elevated reticulophagy flux in CRISPR-modified HEK293 EATR cells (left panel). CALRR cells
have targeted mutations to both CALR Ca*? binding sites and the WT cells are no-guide controls. Media was
changed to fresh complete DMEM for the fed condition and to EBSS for the staved condition 2 h prior to flux
analysis. Western blot (right panel) shows the migration profile of CALR®R. Data are represented as mean + SD.
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Sidak’s multiple comparison test (I). Each point represents an individual biological sample.
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Fig. 3. ATG9A endoluminal acetylation mediates interaction with CALR and subcellular localization. (A-B)
Co-immunoprecipitation of CALR and ATG9A in HEK293 cells overexpressing DDK tagged CALR and WT
or mutant tGFP tagged ATG9A. Representative Western blots and accompanying quantification, normalized

to the interaction between CALR and WT ATG9A, are shown. Each point represents an individual biological
sample. (C-D) Representative images and accompanying Pearson’s colocalization analysis for HEK293 cells
transiently expressing ATG9A-tGFP and ERmCherry. Each point represents a cell (WT n=35; AK359 + AK363
n=39). Data are represented as mean + SD. *p <0.05, **p <0.01, **p <0.001, *p <0.0001 via Student’s ¢ test or
ordinary one-way ANOVA with Sidak’s multiple comparison test.

COP members'“. The different behavior of ATG9A in MEFs with increased or reduced ER acetylation was
further manifested under conditions of starvation-induced reticulophagy, where ATG9A demonstrated higher
efficiency in exiting the ER in AT-15113*+ MEFs (Fig. 4C-D).

Discussion

Under steady-state conditions, ATG9A is found in multiple cellular locations, including the ER, the Golgi
apparatus, the plasma membrane, and the autophagosome!®-2%. Isolation of ATG9A from these different locations
has yielded different proteins, suggesting that the ATG9A interactome closely reflects its cellular location!*25-%7,
The ability of ATG9A to transition across different cellular locations is likely to be dictated by different protein-
protein interactions that are established in these different locations. By using unbiased mass spectrometry, we
recently discovered that while on the ER membrane, ATG9A tightly associates with CALR, a Ca*2-binding
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Fig. 4. Acetyl-CoA import by AT-1 modulates ATG9A ER exit. (A) Representative images of WT, AT-15113R/+,
and AT-1 sTg derived MEFs transiently co-expressing SEC13-tGFP and ATG9A-mCherry. Colocalized volume
are represented in white. (B) Mander’s coefficient of ATG9A volume colocalized to SEC13 volume in MEFs
(WT n=22; AT-1513%+;=22; AT-1 sTg n=28). (C) Representative live-cell images of WT, AT-15!13%+ and
AT-1 sTg derived MEFs expressing ATG9A-eGFP-mCherry reporter probe in fed (DMEM) and starved (4 h,
EBSS) conditions. Lysosomal pH quenches eGFP fluorescence. (D) IMARIS quantification of mCherry-only
signal (not colocalized with eGFP) in MEFs (WT fed n=18, starved n=19; AT-15!13%* fed n=15, starved
n=27; AT-1 sTg fed n=16, starved n=18). Data are represented as mean + SEM. *p <0.05, ***p < 0.001 via
ordinary one-way ANOVA with Tukey’s multiple comparisons test. Each point represents measurements from
a single cell, with 3 biologically independent cell lines used for each genotype.

luminal chaperone!. Importantly, the ATG9A-CALR association was observed with endogenous proteins and
closely matched to the acetylation status of the ER, as determined by the rate of acetyl-CoA transport into the ER
lumen!®. The ability of ATG9A to engage CALR within the lumen of the ER inversely correlated with its ability
to engage FAM134B and SEC62 on the cytosolic side of the organelle!*. CALR, FAM134B and SEC62 all have in
common their ability to bind Cal*2!#18, Furthermore, the ER is the organelle with the highest concentration of
Ca*?, and changes in Ca*2 dynamics define different ER states!'®?8. Therefore, it is plausible to speculate that Ca*2
dynamics across the ER membrane might regulate the ability of ATG9A to transition out of the ER and trigger
reticulophagy. This is illustrated in the present study.

Mechanistically, Ca*? regulates both the ability of CALR to engage ATG9A (present study) and the ability
of ATG9A to engage FAM134B and SEC62!*. The ATG9A-CALR interaction occurs in the luminal side of the
ER while the ATG9A-FAM134B and ATG9A-SEC62 interaction occurs on the cytosolic side of the organelle
(present study and'). The fact that these two Ca*2-driven events occur on the opposite sides of the ER membrane
reinforces the argument that Ca*? dynamics across the ER membrane regulate ATG9A functions.

All ATG9A proteins, from yeast to mammals, display a high degree of sequence conservation and they are
all predicted to contain six transmembrane (TM) helices with three loops facing the luminal side. However,
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the cryo-EM structure of ATG9A indicates that ATG9A can assemble as a trimer with a central open pore
that is key to its autophagy-related activity?®*-32. The acetylated loop appears to be centrally located within the
pore?*=32. We could envision a dynamic model where engagement of CALR with the acetylated loop determines
the multimeric assembly of ATG9A. Specifically, when bound to CALR, ATG9A would be unable to assemble
into the trimeric structure, while when free of CALR, ATG9A would be able to exit the ER and assemble into
the trimeric structure. The ATG9A-CALR interaction would be stabilized by structural features that depend
on Ca*?, through CALR, and Ne-lysine acetylation, through ATG9A. Although intriguing and supported by
different mouse models, several mechanistic features of the above model remain elusive. This limitation is
mostly caused by the fact that we still do not know how lysine acetylation can affect the domain structure of the
modified protein to elicit its biological outcomes.

Within the cell, Ca*? is stored in different organelles and compartments, and can be released/moved in
response to different signals to trigger different biological messages. Ca*? movements are closely related to
the induction of autophagy from different compartments. The present manuscript offers a possible area of
intersection between Ca*? metabolism, acetyl-CoA metabolism, and ER proteostasis.

Methods

Cell culture

HEK293 (human embryonic kidney; RRIK: CVCL_0045) cells were grown in Dulbeccos modified Eagle’s
medium (Corning, 10-013-CV) supplemented with 10% Fetal Bovine Serum (Corning, 35-011-CV) and 1%
penicillin/streptomycin (Gibco, 10378016), hereafter referred to as complete DMEM, in an incubator maintained
at 37 °C with a humidified atmosphere and 5% CO,. Cells were obtained and authenticated by the American
Type Culture collection and are not listed as commonly misidentified cell line by the International Cell Line
Authentication Committee (ICLAC, Version 9). Unless otherwise specified, cells were harvested as follows:
trypsin-EDTA (Thermo Fisher Scientific, 25200072) was used to detach cells, DMEM was used to quench the
reaction, cells were pelleted by centrifugation at 1,000 RPM for 5 min and washed twice with PBS.

Mouse embryonic fibroblast isolation

Isolation of mouse embryonic fibroblasts, MEFs, was previously described™**. Briefly, embryos from timed
pregnant females were collected at embryonic day 13.5 (E13.5). Embryos (without heads or visceral organs)
were minced and incubated with trypsin-EDTA at 37 °C and 5% CO, for 30-45 min. Trypsin was quenched by
adding complete DMEM and tissue was further disrupted by gentle pipetting. Cells suspended in media were
passed through at 70 pum filter to create a single cell suspension. Cells were left in the incubator undisrupted for
24 h to attach and proliferate before preparing for long-term storage in freezing medium.

AT-1 sTg and AT-15'** mice were described before™® and donated to MMRRC (MMRRC:0681290-
MU and MMRRC:068120-MU). Euthanasia of pregnant females was performed by CO, inhalation while the
euthanasia of embryos was performed by decapitation. Both methods are approved by the American Veterinary
Medical Association. All animal experiments were done according to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and approved by the UW-Madison committee for animal care (protocol
#M005120). All methods are in accordance with ARRIVE guidelines.

EATR assay

HEK293 cells stably over expressing Sspl digested TetOn-mCherry-eGFP-RAMP4 vector (here after referred
to as HEK293 EATR) were previously generated'* and were maintained in complete DMEM with 400 pg/mL
G418 (InvivoGen, ant-gn-1). Cells were plated on 12-well plates three days prior to flow cytometry analysis. One
day prior to analysis, media was changed and, for the over expression experiments, cells were transfected. To
stimulate autophagy, cells were incubated with 50% complete DMEM and 50% EBSS (Cytivia, SH30029.02) for
4 h. Alternatively, for the calcium-modulating experiments, cells were incubated with 100% EBSS for 2 h, and
immediately after media change, cells were treated with a 10x solution containing calcium modulating agent
(Tg, Sigma, T9033; CCH, Sigma, 212385; TFP, Sigma, T8516; CDN1163, Sigma, SML1682; Io, Sigma, 407950)
or DMSO (vehicle). Post starvation, cells were trypsinized, centrifuged, and resuspended in DPBS (Lonza,
17-515 F) containing 2% FBS, 10 mM EDTA, and 1 pg/mL DAPI on ice. Flow cytometry was performed on
Attune NxT flow cytometers (Thermo Fisher Scientific) configured with 405, 488, 561, and 637 nm lasers. The
experimental population was defined with single, live, and mCherry-expressing gates. In-house python scripts
were used to define “elevated flux” as followed: events one standard deviation above the least-squares regression
line of eGFP vs. mCherry plot of non-transfected/vehicle cells incubated in 100% complete DMEM.

Cell transfection

HEK293 cells were transiently transfected with Lipofectamine 3000 (Invitrogen, 2773051) and MEFs were
transiently transfected with Lipofectamine STEM (Invitrogen, 01108889), according to manufacturer’s
recommendations. Commercial plasmids used: human pCMV6-SERCA-DDK (Origene, RC207626), human
pCMV6-ITPR3-DDK (Origene, RC222737), human pCMV6-ATG9A-DDK (Origene, RC222513), human
pCMV6-ATG9A-tGFP (Origene, RG222568), human pCMV6-CALR-DDK (Origene, RC203222), ER signal
sequence-ERmCherry-KDEL (gift from Michael Davidson, Addgene Plasmid, 55041), human pCMV6-SEC13-
DDK (Origene, RC222811), TetOn-mCherry-eGFP-RAMP4 vector (hereafter referred to as EATR, gift from
Jacob Corn; Addgene plasmid 109014), and pCMV6-Entry (OriGene, PS100001). Co-transfected cells received
equal copy numbers of each plasmid.
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Plasmid construction and site-directed mutagenesis

To generate the SEC13-tGFP plasmid, SEC13-DDK and ATG9A-tGFP were restriction enzyme digested with
Asis and Mlul. The SEC13 insert and the pCMV6-tGFEP vector were gel purified and ligated with T4 ligase.
To generate the ATG9A-EATR plasmid, the mCherry-eGFP fluorophores were PCR amplified from the EATR
plasmid, and the 1.5 kb band was gel purified. The 1.5 kb band and pCMV6-ATG9A-DDK were restriction
digested with NotI and Fsel and ligated with T4 ligase. To generate ATG9A-mCherry, site directed mutagenesis
was performed using QuickChange Lightning Multi Site-Directed Mutagenesis kit (Aligent Technologies, 210515
and 210513) per manufacturer’s instructions to remove the endogenous Mlul site and add a Mlul site directly
after mCherry in the ATG9A-EATR plasmid. The mutated ATG9A-EATR plasmid and ATG9A-pCMV6 were
restriction enzyme digested by AsisI and Mlul. The ATG9A-mCherry insert and the pPCMV6 vector were gel
purified and ligated with T4 ligase. The remaining constructs were generated by site-directed mutagenesis using
QuickChange Lightning Site-Directed Mutagenesis kit (Aligent Technologies, 210518 and 210519) or Q5 Site-
Directed Mutagenesis kit (NEB, E0554S) as indicated in Supplementary Table 1. Constructs were propagated
from a single colony and plasmid DNA was extracted with QIAprep Spin Miniprep Kit or QIAGEN Plasmid
Maxi Kit (Qiagen, 27106 and 12165). All primers used for plasmid construction are listed in Supplementary
Table 1. Constructs were confirmed by DNA sequencing.

Co-immunoprecipitation and Western blotting

Protein extracts were prepared in GTIP buffer (10 mM Tris, pH 7.6; 2 mM EDTA, 0.15 M NaCl) supplemented with
1% Trition X-100 (Roche Applied Sciences, 11332481001), 0.25% Nonidet P-40 (Sigma, N-6507), and cOmplete,
mini, EDTA-free protease inhibitor cocktail (Roche Applied Sciences, 11836170001). For immunoprecipitation,
0.15 mg of protein and primary antibody (DDK, 1:100, OriGene, TA50011-1; tGFP, 1:100, Origene, TA150071)
were incubated overnight with rotation at 4 °C. Protein A magnetic beads (Bio-Rad, 1614013) were washed with
cold GTIP buffer, and added to lysate samples for another incubation, 4 h at 4 °C. Post incubation, samples were
washed with PBS before elution in NuPAGE LDS sample buffer 4X (Invitrogen, NP0008) by heating for 5 min
at 95 °C.

Western blotting was performed as previously described>!* on a NuPAGE system using 4-12% Bis-Tris SDS-
PAGE gels (Invitrogen). The following primary antibodies were used in this study: DDK (Origene, TA100011,
1:1000), ITPR3 (abcam, ab264283, 1:2000), tGFP (Origene, TA150071, 1:1000), and HA (Cell Signaling
Technology, C29F4, 1:1000). Donkey anti-rabbit and goat anti-mouse IRDye 680RD and 800CW conjugated
secondary antibodies (LI-COR Biosciences, 926-68073 926-68070 926-32213 and 926-32210) were used for
infrared imaging with the LICOR Odyssey Infrared Imaging System (LI-COR Biosciences). Image Studio Ver
5.2 was used to prepare images of blots for figures and to quantify band signal with background subtraction.
Original uncropped Western blot images included in the manuscript are found in (Supplementary Fig. 1).

Circular dichroism

The experiments with circular dichroism were carried out at the Biophysics Instrumentation Facility (Department
of Biochemistry, University of Wisconsin- Madison), as previously described*. Human CALR-myc was
purified from stably expressing cells using the ProFound c-myc-Tag IP/Co-IP kit (Pierce), as suggested by the
manufacturer. The difference in the absorbances of left- and right-handed circularly polarized light impinging
on the solution was measured at 25 °C with a 202SF CD Spectrophotometer (Aviv Biomedical) in PBS and at
room temperature. Appropriate controls included PBS alone and Ca*? in the absence of CALR. The Biophysics
Instrumentation Facility was established by funding from NSF (BIR-9512577), NIH (S10 RR13790) and the
University of Wisconsin.

CRISPR

To induce mutations to Ca*2-binding sites in endogenous CALR (D328A and A338-408), a homology directed
repair (HDR) donor block containing the point mutation and homologous sequences spanning either side of the
targeted deletion was designed (see Supplementary Method). Using the 4D-Nucleofector X unit (Lonza, AAF-
1003X) with pulse code CM-130, HEK293 cells suspended in SF buffer (Lonza, V4XC-9064) were electroporated
with 1.95 uM Cas9V3 (Integrated DNA Technologies, 1081059): 2 uM single guide RNA (Alt-R CRISPR-Cas9
sgRNA, Integrated DNA Technologies, sgRNA targeting sequences: UUCAUCCUCCAGGUCAAGUC & AU
GCCUCAUCGUUGGUGAUG) ribonucleoprotein (RNP) complex, 1 uM Alt-R HDR donor block (Integrated
DNA Technologies), and 1 uM electroporation enhancer (Integrated DNA Technologies, 1075916). Five days
post electroporation, the University of Wisconsin Flow Cytometry Core Facility performed Fluorescence Assisted
Cell Sorting (FACS) on transfected cells stained with Ghost Dye Red 780 (Cytek, 13-0865-T100) to plate single,
live cells in 96 well plates. PCR screening of amplified colonies using PrimeSTAR GXL DNA Polymerase (Takara,
R050A) was initially used to indirectly detect the targeted deletion. The following primers were used: forward- G
TGTTAGCCAGGGTGGTCTC and reverse- AGGGCTGAAGGAGAATCAAAG. Digital PCR (dPCR) analysis
for copy number variation (CNV) with the QuantStudio Absolute Q dPCR system (Thermo Fisher Scientific)
revealed two copies of the mutated locus. The following primers and probes were used for the target allele
(mutated CALR, forward- CAGGTCAAGAGCGGAACTATT, reverse- CTACAGCTCGTCCTTGGC, probe-
CAAATGACGAAGCTGTGCCTGGC) and reference allele (RNaseP, forward- AGATTTGGACCTGCGAGC
G, reverse- GAGCGGCTGTCTCCACAAGT, probe- TTCTGACCTGAAGGCTCTGCGCG). Amplicons were
sequenced at the University of Wisconsin DNA sequencing facility. No clones were homozygous for the exact
D328A +A338-408 intended allele. The clone used for experimentation (CALR®®) was heterozygous for the
exact D328A + A338-408 intended edit while the other allele carried a K322N + A323-411 edit. This maintained
in-frame sequence coding sequence and targeted both Ca*2-binding sites.
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Immunocytochemistry

HEK293 cells plated on poly-D-lysine coated glass coverslips co-transfected ERmCherry and ATG9A-tGFP
were fixed in 4% paraformaldehyde for 10 min (Thermo Fisher Scientific, J19943-K2) and permeabilized with
0.1% Triton TM-X100 (Roche Applied Biosciences, 11332481001) for 5 min followed by a 1 h incubation in
blocking buffer (10% BSA, 5% goat serum in PBS). To increase signal, cells were stained with mCherry (Novus
Biologicals, NBP196752, 1:1000) and tGFP (Origene, TA150071, 1:500) primary antibodies. Primary cultured
MEFs (WT, AT-15113%* AT-1 sTg) were plated on uncoated glass coverslips and co-transfected with ATG9A-
mCherry and SEC13-tGFP. 24 h post transfection, cells were fixed in paraformaldehyde for 10 min (Thermo
Fisher Scientific, J19943-K2), washed in PBS and coverslips were mounted on slides with Fluoro-Gel II with
DAPI (Electron Microscopy Sciences, 17985-50). Primary MEFs (WT, AT-15!13%* AT-1 sTg) were plated on
glass bottomed plates and transfected with ATG9A-EATR. 4 h prior to imaging, the media was changed to fresh
DMEM or EBSS to simulate fed and starved conditions respectively. All fluorescently labeled cells were imaged
on a Nikon A1l inverted confocal microscope using NIS-Elements AR version v 5.2 software with 405 nm (blue
channel), 488 (green channel), 561 nm (red channel), and 640 nm (far red channel) laser wavelengths using
the Galvano scan head. Z-stack 1024 x 1024 images were acquired using a 60x or 100x oil objective (NA=1.4).
IMARIS v 10.0.0 was used for subsequent image analysis for volume rendering and co-localization analysis. For
the MEF experiments, n refers to the number of cells with 3 biologically independent cell lines used for each

genotype.

Statistics

Data analysis was performed in Graphpad Prism v 9.3.1. Data are presented as mean + standard deviation unless
otherwise stated. Statistical outliers were detected using the ROUT method (Q=10%). Comparison of means
was performed using Students t-test for two groups or one-way ANOVA for three or more groups followed by
a Dunnett’s multiple comparison test (comparison to one control group) for compound treatments or followed
by a Tukey’s multiple comparisons test (comparison among all groups) for AT-1 experiments. Differences were
declared statistically significant if p < 0.05, and the following statistical significance indicators are used: *p <0.05,
#p <0.01, **p < 0.001, #p < 0.0001.

Data availability
The authors declare that all other data supporting the findings of this study are available within the paper and
its supplementary material.
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