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ER-to-Golgi transport is the rst step in the constitutive the outer coat layer, comprised of sec13/31, positionsexible
secretory pathway, which, unlike regulated secretion, is believed proline-rich region (PRR) loop of sec31 across the membrane-
to proceed nonstop independent of C&* ux. However, here we distal surface of sec23, potentiating its Sarl GAP activity
demonstrate that penta-EF hand (PEF) proteins ALG-2 and required for cargo concentration §. Together, the inner
pe in constitute a hetero-bifunctional COPII regulator thatre-  sec23/24 and outer sec13/31 COPII coat involves polymeri-
sponds to C&* signaling by adopting one of several distinct ac- zation of at least 24 hetero-tetramersiy
tivity states. Functionally, these states can adjust the rate of ER  Regulatory roles for C& in intracellular traf cking steps are
export of COPII-sorted cargos up or down by 50%. We found still being elucidated. Recent work on ER-to-Golgi transport
that at steady-state C&*, ALG-2/pe inhetero-complexesbindto demonstrates a requirement for luminal G4 stores at a stage
ER exit sites (ERES) through the ALG-2 subunit to confer a low, following cargo folding/assembly, perhaps through the entry of
buffered secretion rate, while pe in-lacking ALG-2 complexes C&" into the cytoplasm where it binds and activates the vesicle
markedly stimulate secretion. Upon C&" signaling, ALG-2 budding, docking, and/or fusion machinery7(8). Depletion of
complexes lacking pein can either increase or decrease the luminal calcium with sarco-endoplasmic reticulum CG&
secretion rate depending on signaling intensity and duration— ATPase (SERCA) inhibitors leads to sigmiantly reduced
phenomena that could contribute to cellular growth and inter-  transport as well as a buildup of budding and newly budded
cellular communication following secretory increases or COPII vesicles and vesicle proteing,(8). How C&"* causes
protection from excitotoxicity and infection following decreases.  these effects continues to be elusive, but part of the answer
In epithelial normal rat kidney (NRK) cells, the Ca?*-mobilizing may lie with the penta-EF-hand-containing (PEF) protein
agonist ATP causes ALG-2 to depress ER export, while in adaptors that have been implicated in many €alependent
neuroendocrine PC12 cells, C&" mobilization by ATP resultsin  cellular phenomena §). The PEF protein apoptosis-linked
ALG-2-dependent enhancement of secretion. Furthermore, gene-2 (ALG-2) acts as a Gasensor at ER exit sites (ERES)
distinct Ca®* signaling patterns in NRK cells produce opposing and stabilizes association of sec31 with ERES through direct
ALG-2-dependent effects on secretion. Mechanistically, ALG-2- binding to a 12-amino acid sequence on the sec31A PRR re-
dependent depression of secretion involves decreased levels ofgion (10-13). Most ALG-2 in cell extracts exists in a stable
the COPII outer shell and increased pe in targeting to ERES, heterodimer with the PEF protein pén. Pe in binds ALG-2 in
while ALG-2-dependent enhancement of secretion involves a C&*-inhibited manner (14, 15) and has been shown to
increased COPII outer shell and decreased pein at ERES. These suppress ER export of the cargo marker VSV-G-GFP, perhaps
data provide insights into how PEF protein dynamics affect by modulating ALG-2 availability to bind ERESL§). Despite
secretion of important physiological cargoes such as collagen | all of these observations, a ured model for when and how
and signi cantly impact ER stress. PEF proteins modulate secretion has not emerged. For
example, mostin vitro transport reconstitutions and results
with puri ed ALG-2 have indicated that the protein is an in-

The ER-to-Golgi interface is the busiest vesicle treking hibitor of vesicle budding or fusion®, 17). On the other hand,
step, transporting up to one-third of all eukaryotic proteind). some recent intact cell trafcking experiments indicate a
Anterograde cargo is captured into a COPII prebuddingsuppressive role for ALG-2 based upon ALG-2 depletiohd],
complex containing the inner coat sec23/24 heterodimeryhile we implied a stimulatory role for ALG-2 because pia
which binds cargo in several distinct pockets on thesuppressed transport by antagonizing stimulatory ALG-2-
membrane-proximal surface of sec24-5). Recruitment of sec31A interactions 16). Furthermore, work on a presumed
ALG-2 ortholog in yeast, Peflp, demonstrated an inverse

* For correspondence: Jesse C. Hagse.hay@umontana.edu relationship, wherein Peflp binding to the sec31 PRR was
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ALG-2 and pein regulate secretion

inhibited by C&* and delayed coat recruitment to the mem- normal levels. This demonstrates that these PEF proteins are
brane (L9). A distinct line of investigation has suggested thatnot required for transport and suggests that the two of them
sec31A function is regulated by mono-ubiquitination, and thattogether exert a slightly suppressive effect on ER-to-Golgi
both ALG-2 and pein assist in the mono-ubiquitination transport under steady-state conditions.

through recruitment of the ubiquitin ligase CULS-"'? to Using a combination of quantitative Western blotting
ERES, which was required for collagen secretion from ostedfig. 1, C and D) and immuno uorescence Kig. IE), we
sarcoma cellsZ0). documented the protein expression levels during the manip-

Here we advance understanding of PEF protein secretorylations described above. Notably, and as described before,
regulation by demonstrating that ALG-2 binding to ERES canALG-2—pe in interactions in the cell stabilize both proteins,
either stimulate or inhibit ER-to-Golgi transport depending such that depletion of one using siRNA resulted in codepletion
upon ALG-2:pe in expression ratios and the nature of €& of the other (15, 16, 20). This complication was not severe for
signals. In response to short bursts of agonist-driven?Ca pe in depletion, which resulted in a 30% reduction in ALG-2
signaling, ALG-2 increases outer coat targeting to ERES an@rig. 1D, column 2). However, depletion of ALG-2 by 70%
stimulates transport. This response could help stimulated cellsising siRNA resulted in a comparable depletion of pe,
proliferate and/or replenish exhausted endocrine or exocrineessentially creating a double-depletion conditiori@j. 1D,
secretory vesicles. On the other hand, a more relentles$*Cacolumn 4). Therefore, determining the effect of pén when
signal causes ALG-2 to markedly slow ER export. This hoveALG-2 is depleted depended upon the condition irigure 1D,
physiological response that curtails COPII targeting couldcolumn 7, in which cells were both depleted of ALG-2 and
represent a protective mechanism against excitotoxicity otransfected with a pein encoding plasmid. The Western
infection. analysis indicated that pen was only slightly restoredKig.
1D, column 7). This particular plasmid, and NRK cells in
general, suffered from a low transfection efiency using lip-
ofection and especially so when ALG-2 was depleted. How-
Pe in expression levels determine ER-to-Golgi transport rategyer, for transport assays, we used eimmuno uorescence
over a wide dynamic range in an ALG-2-dependent manner jntensity as an aid to choose cells for functional analysis. When

To investigate the dynamic range and functional in-pe in uorescence intensities were measured for the included
teractions of PEF protein regulation of ER export, we forcectells, pein was overexpressed by over 200% in the ALG-2-
individual, tandem, or reciprocal expression changes of thelepleted cellsKig. IE, right bar). This condition corresponds
two proteins. Endogenous pén and ALG-2 were either to column 7 in the transport experimentKig. 1A), reinforcing
knocked down using transfection with sSiRNA or overexpressedhe conclusion that dramatic changes in p@ expression
by transfection with the wt, untagged rodent proteins in NRKwhen ALG-2 is depleted do not result in transport changes.
cells. After 24 h of transfection, the initial rate of ER-to-Golgi Thus, although there were signcant pe in codepletion effects
transport of the synchronizable transmembrane protein cargadue to ALG-2 siRNA, they did not change the conclusions
VSV-Gs045GFP was determined by incubation for 10 min atfrom Figure 1A that pe in expression levels dramatically affect
the permissive temperature followed immediately byation the secretion rate in an ALG-2-dependent manner and that the
and morphological quantitation of the ratio of VSV-G that has two proteins together are functionally dispensable for baseline
reached the Golgiversusremaining in the ER, as beforel§). levels of ER-to-Golgi transport.

Figure JA columns 1 and 2 show that as previously reported

(16), pe in knockdown signi cantly increased VGV-G trans-

port above basal by 84%. On the other hand, overexpression€ in binds ERESia ALG-2 and prevents its stimulatory

of pe in (column 3) decreased transport by 23% below basafCtivity

Interestingly, the same two manipulations of ALG-2 expres- Previous work reported localization of epitope-tagged fie
sion (columns 4 and 5) caused little change in transporto ERES and deduced using immunoprecipitations that ALG-2
relative to basal, indicating that at steady state, peexpres- was able to mediate an interaction between e and sec31
sion levels are more rate-limiting. Forced pi overexpression (20). However, the interdependence of ALG-2 and pe for
and underexpression thus dee a dynamic range of pen ERES localization and the subcellular localization of endoge-
regulation of transport at steady-state €aof 107% of basal nous pe in has not been reported.

secretory ux (84% above basal and 23% below) in NRK cells. We raised a rabbit polyclonal antibody against rat pe and

We next asked whether the effects of pi@ overexpression a chicken polyclonal antibody against mouse ALG-2 to be used
and depletion depended upon the presence of ALG-2. Ador localization studies of the endogenous proteins. Charac-
shown in Figure JA columns 4 versus6 and 7, in ALG-2- terization of the antibodiesreactivity toward whole-cell lysates
depleted cells, forced changes in pge expression do not of NRK epithelial cells, Rat2 broblasts, and PC12 neuroen-
change secretion, indicating that pén is dependent upon docrine cells was documented by Western blot Fgure TF.
ALG-2 to in uence transport. This suggests that pe’s The crude anti-pein serum was high afnity and specic
effector for secretion is ALG-2. Interestingly, column\ersus while the af nity-puri ed ALG-2 antibody was less so.
6 also indicates that when both proteins are depleted, secretioQuantitation of the blots Fig. 1G), relative to stoichiometric
is slightly higher than in the presence of both proteins atpuri ed protein standards of GST-pén and GST-ALG-2,

Results
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Figure 1. Pe in expression levels de ne a wide dynamic range of traf cking effects in an ALG-2 dependent manner. A, NRK cells were transfected
with VSV-Gos5GFP with control or specic siRNAs and untagged overexpression constructs @LDNA) for pe in or ALG-2. Following growth at 41C, cells
were shifted to 32 C for 10 min to permit transport prior to xation. Fixed cells were immuno-labeled with mannosidase Il. Each transfected cell was
assigned a transport index representing tratking of VSV-G based upon the ratio of Golgi intensity to peripheral ERrescence. The net transport index of
each individual cell is plotted following subtraction of the mean transport index of cells kept at 4C, and normalization to the mean net transport index of

wt cells. Approximately 200 cells were randomly quanéd from each condition, and results shown are representative of at least three experiments with
consistent trends Asteriskindicate p values for one-way ANOVA using the Dunnet post-hoc test, which compares each value with that of the conat; *
0.05; *p < 0.005; **p < 0.0005. Standard error is shown for each pl®. example wide eld images of individual cells for select conditions with their
transport index indicated as percent of controC, immunoblot of cell extracts left over from the transport experiment iA. D, quantitation of the blot in part

C two technical replicatesg guantitation of pe in mean cell intensity in a selection of the conditions from pai One-way ANOVA as for paft F, Western
characterization of whole-cell extracts from three cell lines using crude rabbit anti-peserum (1:50,000) and ahity-puri ed chicken anti-ALG-2 (1:200).

G, quantitation of the blot in F, two technical replicates. Side lanes not shown Fcontained dilutions of puri ed GST-pein and GST-ALG-2 at a ratio that
had been determined on Coomassie-stained gels to be equimolar to each other. The y-axis shows the band intensities of ALG-2 aind'@ative to their
respective standards on the same exposure. From these values, the relative molar ratio of the two proteins was determined and is listed above each cell
type. Image scale bar; 20m.

revealed that NRK cells contained roughly twice the ALG-2 ndings indicated a higher concentration of p& in the nu-
and pe in expression of Rat2 cells. Despite this differencegleus of NRK cells compared with a previous report in Jurkat
both cell lines maintained an ALG-2:pén ratio of approxi- cells (L4). Nonetheless, the labeling was specifor endoge-
mately 1:1.5. PC12 cells, on the other hand, contained similarous pe in since pe in siRNA transfection reduced all types of
amounts of ALG-2 to Rat2 cells but were relatively depleted ofabeling ¢ig. 2A, third row, right column). Pein cytosolic
pe in, maintaining an ALG-2:pein ratio of approximately 1:1. puncta noticeably colocalized with the ALG-2 cytosolic puncta
These results indicate that distinct cell types maintain signif-previously identi ed as ERES10-12), in these experiments
icantly different levels and ratios of the two proteins, poten-also marked by secl3-GFP. We found that 95% of ERES
tially producing tissue-specic regulation of ER export rates. de ned by secl13-GFP were positive for ALG-2 and that the
To characterize the localization of the proteins in NRK cells,vast majority of ERES>75%) were positive for both ALG-2
we detected the endogenous proteins using immunmres- and pein (Fig. S1 columns 1 and 7). To determine the
cence. We observed diffuse, reticular, as well as distinctiynterdependence of pen and ALG-2 for localization at ERES,
punctate labeling for pein throughout the cytoplasm Fig. A, we manipulated their expression levels askigure 1and then
upper right). In addition, endogenous pén was signi cantly quanti ed the labeling intensity of the two proteins spedally
concentrated in the nucleus. Due to the concentration of pg at ERES as daed by a sec13-GFP marker. Knockdown of
in the nucleus, the ratios of ALG-2:pén noted in Figure G  ALG-2 removed pein from ERES Fig. B, columns lversus
are probably signicantly higher outside the nucleus, with 2) as expected due to the co-depletion phenomenon docu-
likely an excess of ALG-2 in the cytoplasm. However, oumented in Figure ID. However, when ALG-2 was depleted,

SASBMB J. Biol. Cherf2021) 297(6) 101393
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Figure 2. Pe in-ALG-2 complexes localize to ER exit sitesvia ALG-2, competing with other ALG-2 complexes. NRK cells were transfected with GFP-
secl13 and control or specic SiRNAs and an untagged rat overexpression construct for pe(1 g DNA).A, deconvolved wide eld immuno uorescence
images of cells labeled with sec13-GFP, ALG-2, andipeMagenta circlegighlight ERES containing pen or ALG-2 that colocalizes with GFP-sec13, while
green circlesote the absence of colocalization with GFP-sec13. Transfection conditions are spddb the left of images. Image scale bar; 20n. Note: we
believe a subset of ALG-2 spots may be inauthentic, since some bright spots are not reduced by siRNA and these are much less likely to colocalize with
secl3 or pein. Spots visible in the GFP-sec13 channel were ded as ERES, total intensity values of pein colocalizing with ERES. Each point represents a
single cell. Transfection conditions are speed below the graph and signicance levels compared with column 1 are indicated above. Standard error is
shown for each conditionC, total intensity values of ALG-2 colocalizing with ERB&nd C, one-way ANOVA as fdfigure JA. D, total spot intensity of GFP-

secl13 in conditions with increased or decreased pi@ expression levels, expressed as percent of contigltotal uorescence intensity of GFP-sec13 in the
same images a®. D and E unpaired Studenst test with unequal variance; same@-value signi cance symbols as used iffigure 1A

overexpression of pan did not restore it to ERESKig. B, heterodimer species previously describetd). However, since
columns 1 versus3), though pein overexpression greatly removal of pein increases ALG-2 at ERES, ALG-2 must also
increased pein at ERES in the presence of ALG-Zif. B, bind in other states, most likely the previously described
columns 1versusb). ALG-2 targeting to ERES, on the other homo-dimer for which a crystal structure is available with
hand, did not depend upon, but yet was buffered by @e bound sec31A peptideX1). The high secretion caused by the
Pe in depletion greatly enhanced ALG-2 targeting to ERESack of pe in and the low secretion caused by excess peare
(Fig. 2, columns 1 versus3), and pein overexpression approximately equally above and below, respectively, the
reduced it Fig. 2 columns 1versus4). Targeting of the outer secretion with depletion of both proteinsHig. 1 height of
COPII coat subunit sec13-GFP as indicated by the intensity ofolumn 4 or 6 is about mid-way between that of columns 2 and
accentuated spotsHig. D) mirrored the transport effects 3); this suggests that cytosolic pim does not simply act as an
demonstrated inFigure 1A and extended the result we re- ALG-2 sponge that decreases transport by withdrawing stim-
ported earlier for sec31A 16). That is, knockdown of pein ulatory ALG-2 from ERESHf this was the case, pén over-
increased COPII targeting, potentially causing the observedxpression could never inhibit transport below the level seen
increased transport, while pen overexpression reduced upon depletion of both proteins. Rather, pé-containing
CORPII targeting, potentially inhibiting transport. At the same ALG-2 species appear to themselves inhibit transport.
time that accentuated spots decreased and increased with
pe in overexpression and knockdown, the total integrated

uorescence intensity of GFP-sec13 per cell, measured in th&LG-2 can either stimulate or inhibit ER-to-Golgi transport,
same set of cells, did not signtantly changefig. ), arguing activities buffered by pein
that the effects were due to coat localization changes rather Figure 1A, columns lversusb, indicated that ALG-2 over-
than signi cant changes in coat expression. expression did not lead to signtant changes in the ER export

The targeting data indicates that pén binds ERES through rate. This did not t with other data. For example, since
ALG-2 as part of an ALG-2-pein complex, most likely the overexpression of ALG-2 should favor ALG-2 homomeric

4 J. Biol. Chert2021) 297(6) 101393 SASBMB
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species over ALG-2-pen hetero-complexes, as does a pep  addition to the inhibitory role of ALG-2-pein hetero-
knockdown, we wondered why ALG-2 overexpression did notcomplexes implied inFigures A and 2D. Third, it indicates
stimulate transport. Thus, we titrated NRK cell transfectionsthat ALG-2-pe in hetero-complexes, though inhibitory, must
with 0.3, 1, and 3 g of wild-type untagged ALG-2 construct buffer against the other inhibitory activity of ALG-2, revealed
DNA, and as shown inFigure 3A, black circles, these trans- in this experiment, which is independent of pén. Thus
fections resulted in 8-, 15-, and 25-fold overexpression of Figures 13, completed at steady-state €3 suggest at least
ALG-2 relative to control, demonstrating a titration of ALG-2 three distinct activities for ALG-2 and pein complexes: an
expression in individual cellsFigure 3B, black circles, then inhibitory but buffering role for ALG-2-pein hetero-
demonstrates that eightfold overexpression stimulated transeomplexes, a stimulatory role for ALG-2 without pén, and
port by over 20%, 15-fold overexpression (the dose employeah inhibitory role for ALG-2 without pe in.

in Fig. 1A) had no signicant effect, and 25-fold over- Since ALG-2 overexpression in the above experiments could
expression inhibited transport by 20%. The same titrationpotentially alter C&" homeostasis due to ALG-8 ability to
performed in cells depleted of pén (magenta circles) resulted bind C&* in the micromolar range, or interact with other
in similar biphasic effects, except that the inhibition was moreCa*-related proteins, we performed control experiments to
potent and more severe relative to no overexpression (a dropxamine whether ALG-2 overexpression was accompanied by
from 155% to 95% of control). This experiment indicates measurable changes in €ahandling. Here, we used trans-
that the relationship between ALG-2 and the secretion rate ifection with mRuby2-ALG-2 followed by analysis of equal
complicated by several competing activities. First, it indicatesumbers of transfected and nontransfected cells within the
that ALG-2 can both stimulate and inhibit transport, with same elds during live C&" imaging with FURA-2. Only bright
stimulation giving way to inhibition as fold overexpressionred cells were analyzed as overexpressing cells, and no attempt
increases. Second, it indicates that there is both a stimulatorwas made to distinguish effects at different levels of over-
and inhibitory role for ALG-2 that is independent of pen, in  expression. We chose 1M bradykinin as a C&" agonist
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Figure 3. ALG-2 can inhibit or promote ER-to-Golgi transport independently of pe in. NRK cells transfected with control or pén siRNAs were then
retransfected with VSV-G4s DNA and differing amounts of ALG-2 DNA. Following immunaorescence labeling, each condition was assayed for mean
ALG-2 orescence and accompanying transport index on a per cell bagds.micrograms of ALG-2 DNA used in transfectiomersusfold overexpression
determined by immuno uorescence quantitation. Fold overexpression for each cell was calculated as its own ALG-2 intensity divided by the mean intensity
of untransfected cells. Mean + SEM (N 100) is shown for each pointB, the mean ER-to-Golgi transport value correlated to the mean ALG-2 fold
overexpression levelC, example wide eld images of individual siCON cells for select conditiofi.representative single-cell cytosolic €atraces measured
using FURA-2 in NRK cells. Traces are from the same coverslip, on which both mRuby2-ALG-2-transfected and nontransfected cells were analyzed in parallel.
1 M bradykinin (BKN) was added after 6 min of perfusion in growth medium. Nonresponding cells were present but are not sh&aguantitation of the
percentage of cell traces per coverslip that showed a €ancrease within 2 min of adding BKN. N = 3 runs, 40 cells per run per conditiBhquantitation

from responding cells only, of maximum peak height minus mean baseline value prior to BKN addition; N = 60 cells per condition, combined from three
runs.G, mean baseline value for 5 min prior to BKN addition; N = 60 cells per condition, combined from three rid@nd F, unpaired Studenst test with
unequal variance; sam@-value signi cance symbols as used iffigure JA. Image scale bar; 20m.
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because it produces simple, immediate, synchronous responsB§ IN-ALG-2 complexes affect ER export similarly for multiple
in NRK cells that are readily quanted. As shown in COPII client cargos, but not bulkow cargo, and in uence ER

Figure D, a very similar range of response strengths an§t'ess

kinetics were observed in both untransfected and ALG-2- A recent study reported that in an osteosarcoma cell line,
transfected cells. Only rarely did any cells of either type prope in depletion inhibited ER-to-Golgi transport of collagen I,
duce subsequent G oscillations. Furthermore, there was no implying that pe in was required for collagen export from the
signi cant difference in the percentage of cells that exhibitedER @0). Since our results have instead suggested a suppressive
an immediate response to agonist between wild-type andole for pe inin VSV-G export, we investigated whether pi
ALG-2 OE cells, when results from three experiments wergmay have opposite effects on different actively sorted cargoes.
combined ig. E). Furthermore, the quantity of C&# To address this, we expressed different cargoes in NRK cells
released, estimated by peak height minus baselin®), was and tested the effects of p&n depletion. These cargoes are
not signi cantly different between the two types of cellsschematized irFigure 4A. As seen ifFigure 4B, compared with
(Fig. F). Nonetheless, we did detect a slight but signant VSV-G-GFP, export of GFP-collagen | was even more strongly
decrease in the baseline cytosolic €aimplying that ALG-2 stimulated by pein depletion (columns 1 and Zersus3 and
overexpression does measurably buffer cytosolic 2Ca4), supporting a suppressive effect of pe under normal
(Fig. 35) and could potentially buffer C&" transients as well. conditions. Since both VSV-Go,sGFP and collagen export
On the other hand, we conclude that ALG-2 OE did not were synchronized by incubation at a restrictive temperature
grossly perturb the releasable €astore or activity of ER C& followed by a shift to permissive temperature, we wanted to
channels. This information points to caution interpreting the rule out that the temperature shift was involved in the sup-
ALG-2 overexpression study and to future studies of €a pressive effects of pén. We created novel reporter constructs
signaling employing PEF protein overexpression, since effeceontaining a conditional aggregation domain,8, that ag-

on secretion per secannot be completely dissociated from gregates in the ER and prevents export until a small-molecule

effects on C&" buffering. drug, AP21998, is provided2@), causing synchronous ER
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Figure 4. Pe in suppresses ER export of multiple actively exported cargos in NRK cells. A, schematic of cargo constructs used lBand C B, the initial

rate of ER-to-Golgi transport was determined asfhingure 1for NRK cells transfected with the indicated constructs in the presence of control or pesiRNA.

For VSV- G45GFP and GFP-collagen I, transfected cells were placed at@1o build up cargo in the ER. Transfer of cells to 32 provided a synchronous
wave of transport to the Golgi. For GFRs&-VSV-¢,, GFP- g4-GPI, and GFPzB-GH, cargo was accumulated in the ER under normal growth conditions at
37 C, and transport was initiated by addition of the j@-speci c ligand. Mean + SEM is shown for each condition, as well as approxinfatalues for the
indicated unpaired T testsC, example wide eld images of individual cells for select conditions. For GFP-collagen |, a merge of GFP-collagen | and the Golgi
marker Mannosidase Il is shown since otherwise it was difilt to identify the Golgi following transport; all other images show the GFP channel only. Image
scale bar; 20 m.
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export. The rst construct included GFP as a luminal domain  So far we have shown that dramatically increasing the ALG-
followed by k44 and the VSV-G transmembrane domain 2 to pe in expression ratio can accelerate secretion of multiple
(GFP-k,4-VSV-G,,), which contains a di-acidic COPII sort- cargoes. This suggests that decreasing ipeexpression or
ing motif on the cytosolic surface. The second construct wasnother means of favoring the positive activity of ALG-2 could
similar but included the GPI anchor from CD55 at the C- potentially relieve ER stress. To begin testing this idea, we
terminus instead of a transmembrane domain (GFR4~GPI). utilized porcine aortic endothelial cells (PAECS), primary cells
GPI anchors function as an export sequence recognized antthat undergo cellular ageing and senescence after passaging
sorted in a p24-dependent manne2®). Both constructs, when ve times (P5)in vitro. As recently demonstrated3(), P5
triggered by ligand AP21998, were actively transported fronPAECs display ER G&driven mitochondrial overload,
the ER to the Golgi over a 10-min time course. For bothoxidative stress, as well as profoundly increased unfolded
constructs, pein depletion caused a highly signtant increase protein response (UPR) signaling and expression of CHOP, an
in ER-to-Golgi transport €ig. 4 columns 5-8). A third UPR transcription factor involved in the transition from UPR
construct, GFP-F4-GH (24), was fully luminal, contained to apoptosis 82). Under these C& stress conditions, we
human growth hormone, and lacked any ER export sequencdound by quantitative reverse-transcription PCR (gRT-PCR)
Pe in depletion caused a signcant decreasen ER export of that a 60% knockdown of pen, using siRNA, resulted in a
this bulk ow construct. This result implies that pein speci c 45% reduction in expression of the UPR target gene
depletion does not act simply to accelerate vesicle productionGRP78 and a 55% reduction of CHORFifj. 3). This dem-
but rather stimulates COPII function broadlrincluding its onstrates that pein expression exacerbates life-threatening ER
sorting function. It is also consistent with a recent studystress in aging endothelial cells and that activation of secretion
demonstrating that COPII sorting works in part by exclusion by ALG-2 can in principle relieve this burden.
of proteins that are not actively included2f). In summary,
Figure 4 establishes that the stimulatory effects of pe
depletion on transport are not restricted to high-temperature- IN NRK cells, ALG-2 depresses ER export in response to
synchronized reporter cargoes, and that four actively sortegustained C&" agonist stimulation
cargoes, VSV-Gos5GFP, GFP-collagen |, GFP;-VSV-G,, Since pein and ALG-2 are regulated by GA binding in
and GFP-k;4-GPI, containing three distinct ER export signalsNRK cells, we tested whether their ability to regulate ER-to-
—but not bulk ow carge—are exported more efciently the Golgi transport was affected by cytoplasmic €asignaling.
when pe in is depleted in NRK cells. Thus pén, it appears, is Histamine receptors present on many cell types activate
abona de suppressor of COPII function. phospholipase Gria Gg to stimulate C&" release by IP3 re-
NRK cells may not be an adequate model for ER-to-Golgceptor channels on the ER. As shown iRigure 6A (black
transport for certain cargoes, for example, collagen I, whicttircles), 10 min of ER-to-Golgi transport initiated after
require specic cargo adaptors and moded vesicles for ef increasing times of exposure to histamine indicated that
cient export £6-29). The vast majority of collagen | is secretedinitially and for up to 30 min of exposure, no signtant
by broblasts, osteoblasts, and chondrocytes. To addressodulation of transport occurred. However, by 60 min of
whether pein also suppressed secretion of collagen | in cell@xposure, ER-to-Golgi transport was sigmiantly reduced,
whose normal function includes secretion of collagen | inwith continued reduction for up to 150 min, wherein transport
abundance, we tested the effects of jie depletion on endog- was reduced by 40% below basal. Thus, NRK epithelial cells
enous collagen | secretion in Rat2 embryonibroblasts. The respond to sustained Gd agonist exposure by sharply cur-
collagen | precursor, procollagen | folds inefiently in the ER tailing ER secretory output, a new phenomenon we termed
and misfolded procollagen undergoes degradation by noncaca*-activated depression of ER export (CADEE).
nonical autophagy at ERES(). To be certain that nonsecretory We next tested the involvement of PEF proteins in the
collagen fates potentially affected by da expression did not down-modulation. Signicantly, the C&*-dependent modula-
interfere with our assay for ER-to-Golgi transport, we monitoredtion of transport was entirely dependent upon the presence of
total cell uorescence (TCF) of endogenous collagen | in addiPEF proteins, since knockdown of ALG-2 (which also causes a
tion to the ER-to-Golgi transport index. We measured ER-to-co-knockdown of pein, Fig. 1, C and D) prevented any sig-
Golgi transport and collagen | TCF in the same cells with andni cant change in transport over the same timecoursed. @A,
without pe in depletion and found that pein depletion green circles). The PEF protein-dependent activation mecha-
increased the ER-to-Golgi transport index by 75%iq. 5A) but  nism, however, did not require pen, since pein knockdown
had no signi cant effect on collagen | TCH{ig. B). Asshownin (which leaves at least 70% of ALG-2 intact, and increases its
Figure KC, collagen | TCF was quantitative and rected presence at ERESjgs. 1and 2) did not prevent a histamine-
collagen | content since titration of cells with a collagen I-spe-activated decrease in ER-to-Golgi transpofti. 6A, magenta
ci ¢ siRNA resulted in distinct, decreasing TCF valuescircles). When depleted of pen, however, ER export always
Furthermore, Western blotting demonstrated an 83% depletiorremained well above control levels, indicating that although
of pe inin Rat2 cells Fig. ). Together these data indicate that pe in is not the trigger, it still exerts a strong suppressive role
pe in depletion dramatically increases transport of endogenoushroughout the C&* signaling effect. Furthermorerigure &
collagen | fromthe ER to Golgiinbroblasts and does not appear demonstrates that overexpression of ga inhibited transport
to affect collagen degradative pathways. (Fig. &, columns 1 versus3), as shown earlier, but also

SASBMB J. Biol. Cherf2021) 297(6) 101393



ALG-2 and pein regulate secretion

A B C
_ 400 "o - 2.0 s 4.0 =03
g 350 A E _ & . _ 3 E
£ 300F . o e 15f ] = 30f I E
O 250F ¢ B o) I o 3 p=.08 1
X . N ) B ) T _
< 200F o S tlop - — S 20¢f p=.09 3
S =t S o X . o
5 150 F £ b b E 3
<3 %) (]
g 100 H b ot 10F B E
8 50f E 3 p<.0001 3
o -
0 0.0 — - 0.0 L
Mock  siPEF Mock  siPEF siRNA mock —— siCOL—— siPEF
(nM) 0 120 240 480 480
D E F
< < 1.4
* *
O & 9 %
& X & K o 12Ff T T 1
i ll 1 1 : - =i
45 m— o= 10
5 o
0 min °3 i
3 - — o= 08 [ 1
20 -
m ~
w 06 [ * -
215 = o I
£% 04 _I ]
m ~—
peflin ponceau 0.2 H 5
15 min 0
£ o 4 © %
%59 & I
oo <« o ©

Figure 5. Pe in expression suppresses ER export of endogenous collagen | in Rat2 broblasts and facilitates proapoptotic UPR signaling in PAECs.

Rat2 cells were transfected with the plasma membrane marker pCAG-mGFP in the presence or absenceinfgi@NA. Following growth at 41C for 24 h,

cells were shifted to 32 C with ascorbate-supplemented medium for 15 min to allow transport prior toxation. A, ER-to-Golgi transport assay employing
collagen | immuno uorescence intensity in the ER and Gol@.the same cells fromAwere analyzed for total cell uorescence of collagen (seExperimental
procedurey. C, validation of immuno uorescence assay for total celluorescence of collagen |. Cells were transfected with different concentrations of
collagen | siRNA or an siRNA for pa. Standard error andp values yersusmock) are shown for each plotD, example wide eld images of collagen |
immuno-labeling for select conditions in individual cell€ Western immunoblot on cells from parA and B, demonstrating an 83% depletion of pein.

F, pe in depletion in P5 PAECs reduces GRP78 and CHOP expression. Senescent P5 PAECs were subjected to contro$i&t\bé transfection and grown

under standard conditions for 3 days prior to lysis and analysis by qRT-PCR for expression of several mRNAs as indicated beneath the plot. Results are shown
as the ratio of MRNA expression in siPEF cells to that in siCON cells for each mRNA. Bars show mean + SEM for three complete experiments conducted on
different days using cells from different donorg values indicate probabilities that the obtained ratios are equal to 1.0 (the null hypothesis). Image scale bar;

20 m.

protected against any inhibitory effects of histamine signalinded to persistent C&" oscillations, perhaps the persistence of
(Fig. &C, columns 3 and 4). Together these results imply thatCa?* stimulation is important for the time-dependent induc-
the inhibitory effect of ALG-2-pein hetero-complexes is an tion of CADEE observed ir-igure GA. This is also supported
independent inhibitory state that can compete with a distinct,by the observation that bradykinin produces CADEE when
inhibitory ALG-2 activity during histamine signaling. One applied in very low amounts (100 pM1 nM; not shown), but
possibility is that histamine signaling activated the samealoes not do so when using high concentrations, which, as
inhibitory activity of ALG-2 observed when ALG-2 was over- shown inFigure D, result in immediate downregulation after
expressed at steady-state €awhich was also independent of an initial response. One caveat to the experimentfigure &
pe in yet buffered against by ALG-2-pén hetero-complexes is that pe in OE, through overabundance of cytosolic EF
(Fig. B). hands, may have dampened the actual °Caoncentrations
To investigate the nature of the G4 signals that lead to somewhat (se€ig. 3 C-G for ALG-2 OE). Due to the inability
CADEE, we performed FURA-2 Ga imaging in wild-type to produce a functional uorescent pein construct (our
NRK cells. As shown inFigure @ by four representative experience and40)), this was not directly tested.
single-cell traces, 100M histamine led to continuing C&" While the histamine effect was repeatable numerous times,
oscillations for the duration of the recording period, 19 min. we found that NRK cells would occasionally respond not at all
Persistent C&" oscillations in the same eld of con uent NRK to histamine, a phenomenon that tended to occur in several
cells often display synchronous activity (gray arrows). Sincexperiments in a row, perhaps indicating that specilots of
100 M histamine, in contrast to 1 M bradykinin (Fig. ®), FBS or other unknown environmental factors might be
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Figure 6. C&*-activated depression of ER export is mediated by ALG-2 independently of pe in. A, NRK cells were transfected with VSVu$asGFP
along with control, ALG-2, or pein siRNAs. Transfected cells were exposed to 10 histamine for 0 to 150 min at the nonpermissive temperature prior to
shift to the permissive temperature for 10 min, and transport was quantitated asfigure 1A Mean + SEM is shown for each point; N 150 cells per
condition. B, example wide eld images of individual cells for select condition&, the rate of ER-to-Golgi transport following pén overexpression (1 g
DNA) and/or 100 M histamine exposure for 150 min was determined as ligure 1 D, representative single-cell cytosolic Catraces measured using
FURA-2 in wild-type NRK cells. Traces are from the same coverslip. WiBistamine was added after 7 min of perfusion in growth medium. Nonresponding
cells were present but are not showrGray arrowsnark synchronous C# oscillations E, transport index for NRK cells transfected with VSV-G alohe’() or
with VSV-G and a self-cleaving mCherry/H1R constrd€E). Only cells with red uorescence and VSV-Quorescence were analyzed for transport in the
right two bars. Cells were exposed to +50M histamine for 150 min prior to transport assay, single-cell cytosolic C4 traces were obtained using FURA-2
in NRK cells, either untransfected or transfected with mCherry/H1R, with B0 histamine added half-way through the runs. Shown is quantitation of the
percentage of cell traces per coverslip that showed a clear®Cincrease within 2 min of adding histamine. N = 4 runs (control) and 2 runs (transfected).

Transfected cells were included only if displaying bright reduorescenceC Eand F, unpaired Students t test with unequal variance; same-value sig-
ni cance symbols as used iffigure JA. Image scale bar; 20m.

affecting histamine responsiveness. This gave us the oppocells to 50 M histamine (Fig. &). The experiments in
tunity to directly assess the involvement of a single receptoFigure § Eand F de ned a receptor system leading to CADEE
system in the CADEE phenomenon. As shownfingure @, in  in NRK cells.

a single experiment NRK cells that were unable to modulate

secretion in response to 50M histamine produced signicant Sustained C&' signaling decreases targeting of the COPII
CADEE when transfected with the wild-type H1 histamine OUter coat and increases targeting of pen to ERES

receptor, considered the main histamine receptor in the kidney To investigate the mechanism of the Ehkactivated
(33). Furthermore, the self-cleaving mCherry/H1R constructdepression of ER export phenomenon, we monitored: outer
allowed us to distinguish H1R-transfected and -untransfectedcoat subunits, pein, ALG-2, and cargo at ERES by immuno-
cells side by side during G4 imaging; we found that HIR uorescence microscopy in NRK cells with and without his-
overexpression dramatically increased the sensitivity of NRKamine treatment.Figure 7parts A and B show representative
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Figure 7. Histamine stimulation decreases outer COPII coat and increases pe in targeting to ERES. A, NRK cells were transfected with GFP-sec13,
treated with or without histamine for 2.5 h, xed and immuno-labeled for endogenous proteins. Shown are representative deconvolved images.
Magenta circlesnark several ERES positive for all three markers. GFP-sec13 intensity was lower at ERES in histamine-treated cells, iwhilepsity was
higher. Pe in heatmap panels illustrate that there are morgellowredobjects in the cytoplasm following histamine treatmenB, NRK cells were transfected
with the transmembrane cargo VSGefgys treated + histamine for 150 min at 41C, incubated for 45 s at 32C, xed, immuno-labeled and displayed as in

A. The conformation-specic VSV-G antibody used only recognizes assembled trimers. Sec31A intensity at ERES decreased upon histamine treatment,
producing decreased colocalization with ALG-2, illustrated in the merged panels. Image scale bar dimensions are indicated abov€ befis.an ROl was
generated using ALG-2/pen-colocalized spots to mark ERES and used to interrogate mean intensity in the unmediGFP-sec13 channdrRight the area

of spots that had colocalized ALG-2 and p&. D, using an ERES ROI generated from colocalized ALG-2 and Vg)M<pots, total intensity of sec31A was
measured.E shows the total area of spots that had both GFP-sec13 and ALG;2eft, pe in total spot intensity of cytoplasmic pein. Right the same
calculation was performed for pein particles inside the nucleus. In all plots, binary image masks were used to measure intensities on the unreddi
images (see=xperimental procedurefor details). Eacliot represents data from a single cell, with the mean and SEM indicated. Sigance determined by
unpaired Studentst test with unequal variance; same-value signi cance symbols as used iftigure 1A

images with different markers, which when quantitatedFigure & demonstrates that there was a 40% decrease in
revealed several signtant changes. Most notably, at ERESGFP-sec13/ALG-2 overlap upon histamine treatment.
containing ALG-2 and pein, the outer coat labeling decreasedFurthermore, the observed decrease in outer coat/ALG-2
in intensity. For example, using spots that contain ALG-2 andoverlap was not due to a detectable decrease in ALG-2 (data
pe in to de ne ERES of interest, we found that GFP-secl18ot shown), reinforcing the signicance of decreased outer
intensity decreased by 40% at those ERES after histamigeat targeting Fig. 7 C and D) as the driver of decreased
treatment (Fig. TC, left). This effect was due to a real change incolocalization. While the presence of ALG-2 under steady-
secl3 intensity and was not a result of a change in the area sfate conditions has been implicated in stabilization of the
the regions of interest interrogated~{g. 1C, right). A similar outer coat (L0, 13), our results may imply a role, under sus-
35% decrease was observed when measuring endogendamed C&*-signaling conditions, in which ALG-2 destabilizes
sec31A intensity using ALG-2 and the cargo VSV-G to de the outer coat instead. Interestingly, despite the decrease in
the measured ERES-(g. D), extending the trend to both outer coat, we did not observe a decrease in GFP-sec13fpe
subunits of the outer coat. If CADEE involved decreased tareolocalization in the same cells (data not shown). This unex-
geting of outer coat to ERES by ALG-2, one prediction wouldpected nding appeared to be due to a Eainduced redis-

be decreased colocalization of outer coat and ALG-2tribution of pe in that counteracted the effects on

10 J. Biol. Cherf2021) 297(6) 101393 SASBMB



ALG-2 and pein regulate secretion

colocalization of lost outer coatFigure F, left, shows that small or sometimes no immediate G4 response. During the
cytoplasmic pein spot intensity increased by 40% in the samesubsequent 10 min following ATP addition, G4 oscillations
cells in which the destabilized outer coat was documented. Ilbecame more frequent and larger. Following a 15-min break
these same cells, however, we detected a statistically sigimt from imaging, cells with oscillations following ATP addition
15% decrease in nuclear p@ spot intensity Fig. 7, right). It continued to show oscillations, now with even greater fre-
is unknown whether pein release from the nucleus is a pas-quency and intensity. This experiment demonstrates that once
sive result of, as opposed to a driver of, increased ipetar- again CADEE was associated with sustained? Cascillations
geting to ERES. Note that pén, per se is not required for over many minutes.
CADEE induction but that during CADEE, pen contributes To examine the generality of these phenomena, we titrated
substantially to the low transport values observedlid. 6A). neuroendocrine PC12 cells with the Gaagonist ATP using
We currently do not know the signicance of increased pén the same cargo and ER-to-Golgi transport assay as in NRK
at ERES during CADEE, but note that pm-bound ALG-2 cells. As shown inFigure A, PC12 cells responded to ATP
seems to be a parallel inhibitory stat&i@. &). In conclusion, with the opposite response to that of NRK cells, constituting a
the CADEE phenomenon is accompanied by destabilization of&*-activated enhancement of ER export (CAEEE). The
the COPII outer coat at ERES and increased pelocalization response to ATP involved an approximately 30% increase in
at these sites, both predicted to decrease the rate of ER expoER export (as opposed to a 40% decrease in NRK cells) and was
approximately 1 order of magnitude less sensitive to ATP, with
ATP elicits functionally distinct effects on ER export in NRK a maximum near 1 M ATP. Higher concentrations of ATP
and PC12 cells gave smaller effects on secretion as observed in NRK cells. To
Extracellular ATP was used as a €aagonist and found to investigate the role of PEF proteins in the CAEEE response, we
elicit CADEE similarly to histamine. A doseaesponse curve used ALG-2 siRNA. As shown inFigure B, PC12 cells
for ATP in ER-to-Golgi transport is shown inFigure 8A. depleted of PEF proteins did not change secretion in response
Interestingly, CADEE occurred maximally in doses close tdo ATP, indicating that CAEEE, like CADEE, requires the
100 nM, while doses of 100M—a typical concentration in the correct complement of ALG-2 and pen. Figure & demon-
literature for induction of C&" signaling—resulted in little or  strates that the functional effects of depletion were obtained
no CADEE. This implied that the CADEE secretion responsavith a somewhat modest 51% depletion of ALG-2, and that as
may depend upon on a deed C&" signature or pattern in other cells, there was codepletion of p@ as well. One
during its induction. To investigate what the G pattern possibility to explain the differing responses to ATP between
associated with CADEE was, we recorded cytosolic?TaNRK and PC12 cells would be that in different cell types, ALG-
signaling over a 40-min period using FURA-2 cytosolic €a 2 responds to C&" in different ways because of differences in
dye; cells were maintained at 37 in their regular medium secretory machinery. In support of this idea, as shown in
during imaging. As shown inFigure &, which displays Figure 1G, PC12 cells contain around half as much ALG-2 and
representative individual cell traces, 100 nM ATP elicited aare relatively depleted of pén compared with NRK cells.
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Figure 8. ATP elicits C&*-activated depression of ER export and continuing Ca 2" oscillations in NRK cells. A, NRK cells were transfected with VSV-
Gisoss and treated with a range of ATP concentrations for 2.5 h at the nonpermissive temperature prior to shift to the permissive temperature for 10 min,
after which transport was quantitated as ifrigure JA Mean £ SEM is shown for each point; N 100 cells per conditionB, representative single cell FURA-2
traces. NRK cells were loaded with FURA-2 AM prior to incubation at @7on the microscope stage in their regular medium supplemented with 20 mM
Hepes. A rst round of imaging every 10 s for 15 min was conducted, with introduction of ATP by pipet att = 5 min. At t = 30 min, a second round of
imaging every 10 s for 10 min was conducted on the sameeld of cells.
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However, another possibility would be that ATP produces'” NRK cells, distinct & mobilization patterns determine
distinct C&* signaling intensities or patterns in NRK and Whether ALG-2 enhances or depresses ER export
PC12 cells, and ALG-2 responds to distinct signaling proper- Since the opposing secretory responses of NRK and
ties in different ways. To help distinguish these possibilities, w€C12 cells to ATP were associated with distinct €asignaling
carried out studies of cytoplasmic G4signaling in PC12 cells patterns, it seemed likely that spatiotemporal signaling prop-
as we did inFigure 8B for NRK cells. As shown irFigure ©, 1  erties, rather than a difference in secretory machinery,
M ATP produced an immediate surge of cytoplasmic €a accounted for the distinct functional outcomes between the
followed by a signicant diminution within a few minutes. cell types. If this was the case, then NRK cells, given an
Thereafter, clear C& oscillations were rare and widely appropriate C4&" stimulus, could respond with enhanced
interspersed. These data suggest that distinct intensities andfecretion like PC12 cells. Since an abrupt, discontinuougCa
or durations of C&" signaling may underlie the different ALG- pattern was associated with CAEEE in PC12 cefigy( 9, we
2-dependent secretory responses to ATP in NRKi¢. § and tested the sarco-endoplasmic €aATPase (SERCA) inhibitor
PC12 Fig. 9 cells. Sustained G4 signals are associated with 2,5-Di-(t-butyl)-1,4-hydroquinone (BHQ) in NRK cells, which
CADEE while strong responses followed by diminution areinvokes a surge of cytoplasmic €afor a few minutes until

associated with CAEEE. extrusion and other mechanisms restore the cytoplasm to
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Figure 9. ATP elicits C&*-activated enhancement of ER export and discontinuous Ca?* signaling in PC12 cells. A, PC12 cells were transfected with
VSV-@oss and treated with a range of ATP concentrations for 2.5 h at the nonpermissive temperature prior to shift to the permissive temperature for
10 min, after which transport was quantitated as ifigure JA. Mean + SEM is shown for each point; N 100 cells per condition. One-way ANOVA as in
Figure 1A B, PC12 cells were transfected with VSV-G and control or ALG-2 siRNA. Cells were exposeMtaIP for 2.5 h prior to the shift to a permissive
traf cking temperature and quantitation of VSV-G transpof, example wide eld images of individual cells fromA for select conditionsD, in PC12 cells,
exposure to 1 M ATP produces immediate G4 signaling that fades in strength and frequency over time. Shown are individual cell traces representative of
this effect. The conditions used were identical to iRigure &8. E, Western blot on leftover cell extracts from pa®, demonstrating a 51% depletion of ALG-2
with siRNA, as well as a co-depletion of pie. Image scale bar; 20m.
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near-basal levels (see below). We previously demonstrated that ATP in PC12 cells fig. D), the 4 M dose of BHQ more

a combination of ATP and BHQ increased ER-to-Golgiclosely resembled the discontinuous pattern for ATP in
transport of GFP-Iy4-GH in Hela cells, though a mecha- PC12 cells that resulted in CAEEE. Together, these experi-
nism was not pursued further34). As shown inFigure 1(A, at ments indicate that ALG-2 responses to €asignaling can
low micromolar concentrations for 2.5 h, BHQ stimulated ER-produce CADEE or CAEEE-even within the same cell type-
to-Golgi transport by 50% or more, while by 10M, the based upon the signaling pattern and/or duration, with
compound caused no signtant effect on transport (and in continuous, tonic elevations associated with the former and
many cells, caused visible cytopathic effects). As shown ilarge surges followed by signtant diminution associated with
Figure 1B, the C&*-activated enhancement of ER exportthe latter.

elicited by 4 M BHQ was entirely PEF protein-dependent,

since ALG-2 siRNA rendered cells unresponsive to BHQ_ALG-Z-dependent depression of transport is succeeded by the
Representative individual cell traces of €adynamics elicited €nhancement of transport upon agonist removal

by BHQ are presented ifrigure 1. BHQ produced a surge of  Since both the ATP depressive effect and the BHQ
C&’* that then diminished and stabilized. Compared with theenhancing effects in NRK cells depended upon®cand ALG-
100 nM dose of ATP in NRK cellsKig. 8) and the 1 M dose 2, we doubted that they were mechanistically completely
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Figure 10. NRK cells possess both C&-activated depression and enhancement of ER export, dependent upon the stimulation pattern and
duration. A, NRK cells transfected with VSV-G were exposed to a range of BHQ doses for 2.5 h after which transport indices were calculate@faells as

for Figure JA. The mean transport index for each BHQ condition is plotted as a singlack dot B, NRK cells transfected with VSV-G and control or ALG-2-
speci ¢ siRNAs were treated with spea@t BHQ doses or a DMSO control for 2.5 h prior to determination of transport indices. One-way ANOVA as in
Figure JA. C example FURA-2 traces of NRK cells exposed taWiBHQ. Methods similar té-igure 8 except that the cells were recorded during perfusion
with media successively lacking, containing, and then lacking BHBRNRK cells were treated with 100 nM ATP and either maintainbth¢k squaresfor up

to 5.5 h, or the ATP was removed by washing at 2.5 h and the cells were incubated for up to 3 h furthest €ircles Transport relative to control was plotted

for several timepointsE using cells fromD, mean sec31 spot intensity was calculated from deconvolved images as-igure D.

SASBMB

J. Biol. Cher(2021) 297(6) 1013923



ALG-2 and pein regulate secretion

distinct. Instead, it seemed plausible that they were both parhetero-complex bound to ERES and inhibited ER-to-Golgi
of a more uniform ALG-2 response that proceeded intransport, and that a pein-lacking ALG-2 species bound
consecutive phases, but that the relative intensity and timing ofhere to stimulate transport. Mechanistically, these states
the phases could differ between different €gprotocols or cell correlate with decreased and increased, respectively, targeting
types. If this was the case, it should be possible to produce bothf the COPII outer coat to ERES, presumably mediated by the
CADEE and CAEEE using just ATP in NRK cellgigure 1@ well-characterized interaction between ALG-2 and its binding
black squares, shows ATP-dependent CADEE over 5.5 h isite in the proline-rich region or loop of sec31a that connects
NRK cells. As with the response to histamind-i§. §, the the inner and outer coats 41). Though our studies did not
CADEE effect of ATP is strong at 2.5 h. After this initial in- de ne the subunit makeup or stoichiometry of ALG-2 com-
duction, the depression may diminish somewhat but persistplexes, it is likely that the inhibitory ALG-2-pein complex
for an additional 3 h. On the other hand, as shown in the redtargeted to ERES by ALG-2 is at least in part the 1:1 hetero
circles, if ATP is removed after the initial 2.5 h, the secretiondimer characterized earlier to occupy the majority of ALG-2 in
rate rebounds, achieving its initial rate 1.5 h following ATPthe cell and is dissociated by high &a(14, 15). The pe in-
removal. Strikingly, by 3 h following ATP removal (t = 5.5 h in lacking ALG-2 complex is most likely comprised at least in
Fig. 1MD), secretion has accelerated well beyond its initialpart of the C&*-stimulated ALG-2 homodimer whose crystal
basal rate, an increase reminiscent of the enhancement aftructure was determined in complex with sec31A peptide
secretion caused by 2.5 h of ATP treatment in PC12 cell§21). Our schematic depicts them as a heterodimer and
(Fig. 9A). While our results do not explain the molecular homodimer as the simplest explanation comprised of known
changes that result in the reversal of CADEE to cause CAEEEpecies. The ALG-2 homodimer has been described generally
it suggests that CADEE is not an off-pathway state but rather as a C&'-dependent adaptor because of its ability to engage
state associated with ongoing signaling, while CAEEE may betao coeffectors at once and link them3g). In our schematic,
response to the cessation of signaling. In other words, botlone of the ALG-2 coeffectors is always sec31A, since that
CADEE and CAEEE constitute a regulatory sequencéteraction is required for ALG-2 localization to ERES(Q, 11).
controlled by the intensity and length of signaling episodesFor the stimulatory activity of ALG-2 Fig. 11 part B), the
This experiment using only ATP in NRK cells also rules outsimplest model would be that the other coeffector would be a
the possibility that potential signaling cross talk betweensecond molecule of sec31A, as this could result in cooperative
distinct signaling pathways determines whether CADEE orcoat assembly, more outer coat, and higher transport. Indeed,
CAEEE manifests. ALG-2-dependent innerouter coat interactions have been
Given that changes in outer coat targeting to ERES would bdemonstrated in solution without inclusion of other proteins
a suf cient mechanistic basis for ALG-2- and pén-dependent (17). However, there may be other ALG-2 effectors involved
transport activities, we wondered whether the cycle ofhat our work does not address, several of which have been
decreased and then increased transport induced by ATP inidenti ed at ERES, including annexin A111%), MISSL,
cubation and removalKig. 1) would be re ected in parallel MAP1B (36), and KLHL12 @0). We have not ruled out, for
decreases followed by increases in outer coat targeting. Indeeelxample, the possibility that ALG-2 and pé interactions
when sec31 spot intensity was quanéd from the transport with KLHL12 contribute to the sec31A increases and de-
experiment shown inFigure 1M, we found that sec31A tar- creases we observe at ERES during CADEE and CAEEE,
geting closely correlated with CADEE, the release fronthrough a mechanism involving sec31A ubiquitination
CADEE by ATP removal, and subsequent induction of CAEEE20, 37). Another posttranslational modication that could
by 5.5 h Fig. 1@E). These results support the hypothesis thatplay a role as directed by ALG-2 and pi is O-GIcNAcyla-
ALG-2-dependent modulation of outer coat targeting drivestion of sec31A 88, 39).
all of the ALG-2-dependent transport phenotypes character- Ca’* signaling can result in either a stimulatory or inhibitory
ized herein. activity of ALG-2, as can overexpression of ALG-2, that is
independent of pein. This stimulatory state is assumed in our
model to be the same state just discussed and ascribed to the
homodimer (Fig. 11 part B). The C&'-induced inhibitory state
ALG-2, pein, and effectors comprise a hetero-bifunctional  qyid also be mediated by ALG-2 alone or could involve a
regulator of ER export distinct, inhibitory coeffector that is recruited by ALG-2 dur-
From these studies, a model emergeSig. 179 in which ing sustained C&" elevation €ig. 1] part C, red pause button).
ALG-2, pe in, and their effectors exist in several activity statesALG-2 homodimers alone could be inhibitory because if the
correlating with distinct compositions of ER exit sites. Thesepositive function of ALG-2 homodimers is to cross-link
states result in either upregulation Hijg. 1B) or down- sec31A molecules, then oversaturation by homodimers
regulation (ig. 11C) of the basal ER export raté-(g. 11A) with  should prevent that cross-linking. Though the cross-linking/
potentially important consequences for cell physiology andoversaturation model to explain both inuences is the
pathology, including ER stress. The activity states are purelsimpler model, the distinct, inhibitory cofactor model actually
regulatory since neither pein nor ALG-2 is essential for ts our data better since it explains why depletion of ALG-2, or
secretion. By experimentally adjusting the ALG-2:pa ratio ALG-2 and pe in does notper seinhibit secretion. We do not
at steady-state Cd we determined that a pein-ALG-2 know what the putative inhibitory coeffector might be, but as

Discussion
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Figure 11. Model of PEF protein and Ca2* regulation of ER export. A, under steady-state conditions, ALG-2 binds ERES in two distinct functional states
that compete with each other. An ALG-2 homodimer binds sec31A to stimulate transport, while aipeALG-2 complex binds sec31¥ia ALG-2 and inhibits
transport. B, increases in the ALG-2:pin expression ratio or discontinuous agonist-driven €asignaling comprised of high C&' followed by low C&",
leads to more ALG-2 homodimers at ERES, greater outer coat recruitment, and greater export of COPII client Gaogmtinuous C&" signals such as
persistent agonist-driven oscillations leads to an ALG-2-dependent reduction of COPII targeting and decreased export of COPII client cagoes. Thaugh pe

binding to ERES also increases during this state, it is not required for the response, leading us to posit either a distinct, unknown inhibitdra@iated

ALG-2 effectorred pause button) or alternatively an inhibitory effect of ALG-2 produced by saturation of sec31A (Sexussiol). StateCpersists for hours if
signaling persists, however, abrupt cessation of Caignaling leads directly to stateB.

just mentioned, ALG-2 has a number of G&dependent client decrease in concert with the export rates of the measured
proteins. By whichever mechanism, the inhibitory state iscargos. It cannot be ruled out, for example, that increases in
experimentally distinct from that containing pein since it VSV-G transport are actually caused by slower vesicle budding
does not require pein (Figs. B and 6A) and is buffered but more stringent sorting of client cargos. The fact that bulk
against by the presence of pm (Figs. B and 6C). ow cargo export slows as client cargo accelerategy( /B)
Questions remain about how transitions occur between themplies that client cargo sorting is so stringent as to exclude
identi ed activity states. For example, why does cessation obnclient cargo. What effect this has on vesicle budding re-
long-term C&"* stimulation lead to the stimulatory state mains unexplored.
(Fig. 11 “C&’* ceasesblue arrow)? Perhaps during long-term  An unexpected discovery was that pia is concentrated in
C&* signaling, ALG-2 homodimers accumulate at ERES, sucthe nucleus Fig. 2A). ALG-2 has also been reported to localize
that once the inhibitory coeffector is released, the stimulatoryto the nucleus and has been implicated in €aregulated
state mediated by homodimers automatically ensues. Anothesplicing reactions there 40). While we cannot rule out the
hole in our understanding is whether all G&-induced secre- possibility that nuclear function of either ALG-2 or pen
tion changes include at least a short, transient inhibitory statecould contribute to their transport effects, their presence and
An alternative possibility is that certain Ga intensities and intensity ratios at ERES during expression studieSig( 2
durations directly induce positive regulation of secretioncorrelate extremely well with their functional impacts on ER-
(Fig. 11*discontinuous C&"™ blue arrow). Unfortunately, this to-Golgi transport (Fig. 1A). We still do not understand,
question is currently dif cult to address given the lags beforehowever, how C&" changes result in the ERES targeting and
measurable secretion changes occur. functional changes we observed. For example, ALG-2 binding/
Another aspect to our model is that it only addresses theunbinding to ERES occurs unitemporally with every single
export of actively-sorted COPII client cargo. We have no dateCa* oscillation ((12), and our own unpublished observations),
about whether vesicle budding rateger se increase and yet ALG-2-dependent changes in ERES structure/function
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caused by C&# changes take 30 min. The unitemporal prior to an induction with 1 mM isopropyl-1-thio- -D-gal-
binding/unbinding may contribute to a longer-term change, actopyranoside (IPTG) at 37C for GST-ALG-2, and 15 C for
perhaps involving the entire cellular balance of ALG-2GST-pe in, for 3 h. Harvested cells were subjected to a single
homodimers versus heterodimers, that actually drives the round of French Press and centrifuged at 20,@0@r 20 min.
functional changes. Alternatively, the ERES functional change2ellets were collected, dissolved in sample buffer, and loaded
may involve something more akin to ERES biogenesis andnto SDS-PAGE gels. Gels were stained with 0.1% Coomassie
disassembly, rather than merely changes in the content dh H,0, and the resolved bands were excised from the gel and
outer coated located at ERES. One possibility we have largetubjected to a 3 h electroelution in 25 mM Tris, 1 mM glycine
ruled out involves the transcriptional response to ER stressand 0.1% SDS, on ice. The eluted protein solution was
Knockdowns of pein in unstressed cells under basal condi-concentrated and injected subcutaneously, using Fresnd
tions did not detectably affect the UPR as indicated by in-adjuvant, into a rabbit, for pein, or a chicken for ALG-2.
tensities of bands on Westerns with the following antibodiesThree subsequent antigen boost injections were done over
anti-phospho-IRE1, anti-phosho-EIF2 alpha, anti-ATF4 andan 80-day period. At this stage, the pi antibody was fully
anti-CHOP (data not shown). This excludes the mechanisnuseful as a crude serum. For the ALG-2 antibody, sera were
wherein pe in depletion could cause ER stress, which wouldsupplemented with an equal volume of 10 mM Tris, pH 7.5,
increase transcription of COPIl machinery to build ERES and Itered with a syringe Iter and passed through a 1 ml CNBr-
accelerate secretion. Based upon all available evidence, Bepharose column conjugated with GST as nonspecton-
conclude that PEF protein effects on ER-to-Golgi transport ard@rol. The ow-through was then loaded onto another
mediated directly through, or triggered by, their interactions CNBr-Sepharose column conjugated with mouse GST-ALG-2.
with sec31A at ERES. Columns were washed with 3 x 5 ml of 10 mM Tris, pH 7.5,
There are scarce precedents in the literature for agonistthen washed with the same buffer containing 0.5 M NaCl, once
dependent C&" signaling affecting constitutive secretion. In again with 10 mM Tris, pH 7.5, and nally eluted with 0.1 M
one instance, it was discovered that long-term histamineglycine, pH 2.5. Fractions were neutralized with 2 M Tris, pH
signaling accelerated intra-Golgi VSV-G transportll), an 8.0, and quantitated at A280. Peak fractions were pooled and
effect that involved a distinct C& effector and trafcking dialyzed into PBS.
machinery target, and yet is reminiscent of oumding that
ATP signaling in PC12 cells accelerated ER-to-Golgi transporPther antibodies and expression constructs
(Fig. 9. There are many reasons for cells to up- or down- Monoclonal anti-VSV-G was purchased from Sigma
regulate constitutive trafcking, including to regulate inter- (product V5507, clone P5D4), while monoclonal anti-VSV-G
cellular communication in the case of secretory cells ancclone 114 antibodies 42) were produced in-house from the
neurons, to regulate resource consumption, cell growth, ERwybridoma cell line. Mouse monoclonal anti-CHOP antibody
stress, and to limit viral replication. It is of note that there was purchased from ThermoFisher Scienti (product MA1-
appear to be two inhibitory states, one pm-dependent and 250). Rabbit polyclonal anti-collagen | antibody was pur-
another pe in-independent. The pein-containing state is chased from Abcam (product ab34710). Mouse monoclonal
present at steady state and could allow cells to permanentlgnti-mannosidase Il antibody was purchased from Covance
change secretion rates by adjusting the relative peexpres- Research Products (product MMS-110R-200). Green second-
sion level. On the other hand, the G&activated inhibitory ary antibodies conjugated to Alexa Fluor 488 were from
state could“choké’ secretion quickly during transient excito- Invitrogen (product A11001); Cy3-, or cy5-conjugated sec-
toxic circumstances or viral infection. Though the conse-ondary antibodies were purchased from Jackson ImmunoR-
guences of secretion reduction could be protective toesearch Laboratories.
otherwise healthy cells, we speculated that it may be mal- Cargo constructs: for routine ER-to-Golgi transport studies,
adaptive to highly stressed cells. Along these lines we depletede used the synchronizable cargo VSVis&sGFP in pCMV,
pe in in a cellular model of aging wherein primary porcine or more commonly the untagged version of VSVg,s in
aorta endothelial cells become senescent, display mitochorpCMV in conjunction with the P5D4 monoclonal antibody for
drial C&* excitotoxicity, elevated ROS production, chronic ERimmuno uorescence detection (the untagged construct has a
stress signaling in the absence of chemical inducers, arsigni cantly higher transfection efciency). Human GFP-
eventual apoptosis3l). We found that pe in depletion dras- Collagen | was from David Stephensa Addgene (construct:
tically reduced proapoptotic UPR signaling-ig. ), consis- pEGFP-N2-COL1A1l). The transport cargos retained in the ER
tent with its suppressive role in secretion being relevant tountil triggered to export with a ligand are based upon the RPD
damage-inducing ER stress. Regulated Secretion/Aggregation Kit from ARIAD Pharma-
ceuticals. The luminal cargo we here caiGFP-k,4-GH” is
identical to the construct“pC4S1-eGFP-f4-FCS-hGH we
described before 44). GFP-k4-VSV-G,, was constructed
Antibody production and puri cation from GFP-Ry4-GH by removing the furin cleavage site and
Rat pein and mouse ALG-2 were ligated into pGEX human growth hormone by cleavage with Spel/BamHI and
expression plasmids and expressed n colias GST fusion replacing it with a fragment containing the VSV-G trans-
proteins. Cultures were grown at 37C to an Aggo0f 0.4 t0 0.6, membrane domain: % actagtTCATCGTCGAAGAGCTCTA

Experimental procedures
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TTGCCTCTTTTTTCTTTATCATAGGGTTAATCATTGG GAACUCAACCUAAAUUAAAATAT-3% All siRNAs were
ACTATTCTTGGTTCTCCGAGTTGGTATTTATCTTTGC custom synthesized lacking chemical moditions by Gene
ATTAAATTAAAGCACACCAA GAAAAGACAGATTTAT Link.

ACAGACATAGAGATGAAC CGACTTGGAAAGTAAGC

GCCCG Cggatcc-3 To make GFP-R4-GPI was the same Cell culture and agonist/drug treatments

procedure except that the Spel/BamHI- cleaved construct was Nri and Rat2 cells were grown in DMEM with 4.5 g/l
ligated with a fragment containing the CD55 GPI anChorglucose, 10% FBS (Gibco, quaid grade), and 1% penicillin-
sequence: & actagtACAACCCCAAATAAAGGAAGTGGAA streptomycin. For microscopy studies, they were grown
CCACTTCAGGTACTACCCGTCTTCTATC TGGGCACAC directly on glass coverslips coated with poly-L-lysine. PC12
GTGTTTCACGTTGACAGGTTTGCTTGGGACGCTA GT  cells were grown in DMEM with 4.5 g/l glucose, 5% donor
AACCATGGGCTT GCTGACTTAGggatce-3. This construct  orse serum (Hyclone), and 5% iron-supplemented bovine calf

is targeted to the plasma membrane where it is sensitive Qe m (Hyclone). PC12 cells were maintained routinely on
extracellular PI-PLC treatment (DEG and AAP, unpublished|iagen.i-coated plasticware, while for microscopy they were

observations). For VSV-Guss employed in Figure 7as an pated directly on glass coverslips that had beerst coated
ERES marker, we utilized the untagged VSVsas then i noly-| -lysine and then coated with collagen I. Porcine
immuno-labeled it using monoclonal antibody 14, which only 5415 endothelial cells were isolated and cultured to P5 as

detects mature trimers. _ described before 1). For agonist/drug treatments, NRK or
Rat pe in was ampli ed from a cDNA clone by PCR primers pc15 cells were grown to 100% conuency in 6-well plates.

encoding EcoR1/Xhol. This product was ligated intopistamine (Sigma H7125) was dispensed into glass vials under
mammalian expression vector pCDNA 3.1(+). Mouse ALG-2yit59en and stored at$20 C. Solutions of histamine were
was ampli ed from a cDNA clone (MGC: 49479) and ligated repared fresh each day, while ATP (500 mM in water) and

into mammalian expression vector pMEI18S using PChzii; (100 mM in DMSO) stock solutions were stored frozen

primers encoding Xhol and Xbal. GFP-sec13 was as describeg,y freshly diluted each day. Bradykinin was dissolved at
(43). Histamine receptor construct pH1R-P2A-mCherry-N1 5 mM in 5% acetic acid, stored in aliquots &80 C, and used
was purchased from Addgene (product: 84330). For a plasm%mediately after dilution in cell medium.

membrane marker for use in total cell uorescence calcula-
tions, pPCAG-mGFP was purchased from Addgene (prOdUCtiDAE(s and RT-PCR

14757). , "
PAECs in an aged state (passage 5), aomed by positive

beta-galactosidase staining and decreased proliferation rate
siRNA knockdowns and transfections (31), were transfected with pan siRNA using Transfast
For plasmid transfections, NRK or PC12 cells were trans{Promega Corp) according to manufacturer instructions.
fected using Polyjet (SignaGen Laboratories), following thd 02l RNA was isolated using the PEQLAB total RNA isola-
manufacturefs instructions, about 24 h prior to transport as- 10N kit (Peqlab) and reverse transcription was performed in a
says. For transport experiments involving both plasmid andn€'mal cycler (Peglab) using a cDNA synthesis kit (Applied

SIRNA transfections, NRK or PC12 cells were transfected wit/B/0SyStems). mRNA levels were examined by gRT-PCR. A
SiRNAs using RNAIMax (Invitrogen) with OpiMEM medium QuantiFast SYBR Green RT-PCR kit (Qiagen) was used to

as suggested by the manufacturer, approximately 48 h prior tRerform real time PCR on a LightCycler 480 (Roche Di-
transport. Then, approximately 24 h prior to transport, they 29nostics), and data were analyzed by the REST Software

were transfected with plasmids using Polyjet as just described@1agen). Relative expression of specigenes was normalized
Cells were equilibrated at 41C for 6 to 12 h prior to transport. t© Porcine GAPDH as a housekeeping gene. Primers for gRT-

Control siRNA had the following sense strand sequenceP’CR Wwere obtained from Invitrogen.

52AGGUAGUGUAAUCGCCUUGATAT-3*> Pein siRNA o _

0975 had the following sense strand sequenc&GECU- Calcium imaging

CAUGAUGAUAAACAUITAT-3% In a previous manuscript,  Prior to imaging, NRK or PC12 cells were loaded by incu-
we established that three distinct, nonoverlapping pe bation in growth medium containing 20 mM Hepes, 3M
SiRNA sequencesincluding 0975—produced the phenotype FURA-2AM, and 1.5 mM probenecid for 30 min at 37C, then

of elevated ER-to-Golgi transport {¢), Fig. S). ALG-2 siRNA washed and incubated for 10 min in the same medium lacking
8567 had the following sense strand sequencRGBAGCG- FURA-2AM. Coverslips were then placed in a microscope
GAGUGAUUUCAGAITAT-3% In a previous manuscript, we chamber and maintained at 37C using a submerged heating
established that three distinct, nonoverlapping ALG-2 siRNAdoop. For ATP experiments, cells were maintained in a non-
—including 856 7produced consistent, mild effects on ER-to- perfusing volume of 1.5 ml growth medium, 20 mM HEPES,
Golgi transport ). To demonstrate that multiple distinct se- and probenecid. For BHQ experiments, the medium was
quences also blocked G4effects on transport, we tested the continuously perfused with prewarmed medium at 2 ml/min.
siRNA 8568, which is completely distinct from siRNA 8567,Image acquisition was completed by a Nikon TE300 inverted
and found that it did (this manuscript,Fig. S3. Collagen microscope equipped with a Nikon Plan Fluor 20x/0.75
siRNA had the following sense strand sequence 5objective, motorized high-speed Sutter Lambdber wheel for
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emissions, CoolLED pe340 excitation system, and PCO Pandposure. A single wideeld image plane was collected for each
sCMOS camera, all automated with Micro-Manager softwarecolor channel for each eld of cells randomly encountered;
After selecting a suitable eld of cells, imaging was carried outimage deconvolution was not performed. Prior to image
for at most 30 min of 10 s imaging cycles capturing separatanalysis using a custom ImageJ script (available upon request),
340 nm- and 380 nm-excited images collected at 510 nm. les for all experimental conditions were automatically and
Analysis was completed in ImageJ using a custom plugin thatandomly renamed with a 36-character designation and re-
determined the ratio of the background-subtracted emissionsorted by that identi er, eliminating any way for the user to
from 340 and 380 excitation for each individual cell over time.know their identities. Each image is opened in turn and pre-
sented to the user, who at this point only views the cargo
image plane. For each image the userst de nes an extra-

Immuno uorescence microscopy . .
. S o .. cellular region for use as a background, after which the user
Coverslips were xed with 4% paraformaldehyde containing de nes the minimal rectangular region of interest (ROI)

0.1 M sodium phosphate (pH 7) for 30 min at room temper- encompassing the rst cell to be analyzed. This ROI is then

ature and quenched three times for 10 min with PBS COMvsolated in a separate window and the Golgi maximum is

taining 0.1 M glycme_. Fixed cells__we_re treateq for 15 min atextracted, which represents the mean intensity of the pixels in
room temperature with permeabilization solution containing

0 - 0 . the 99.990 percentile and above but excluding the highest
0.4% saponin, 1% BSA, and 2% normal goat serum dissolved [el. The user checks that these brightest pixels are in fact

PBS. The cells were then incubated with primary antibodie ithin the Golgi as dened on the mannosidase Il image

dItIUtedl\lln [iermeablll]zauon SOlu“%n ;ngl h.tﬁt room t(—;lfrljpetr_- lanes. The user then sequentially places three small circular
ature. Next, Coverslips were washe with permeabilizaliony, o5 within vesicular/reticular regions adjacent to the nucleus

EF;IfUtlont and b'.nCl:.bated ficl) m|r|1:|at rzgg] ?rr;peratcl;/re ‘c':\"tg but clearly distinct from the Golgi. The ER mean is extracted
iterent combinations of Alexa Fluor 26¢-, Lys-, andior LYo~ uq the mean of the three mean pixel intensities of these ROIs.
conjugated anti-mouse, anti-rabbit, or anti-chicken secondaryrransport index is then extracted for the cell as (Golgi

antibodies. After the secondary antibody incubation, coverslip aximum-background)/(ER mean-background). Occasionally

were again washeo_l 3x using permeabilization s_olunon ANfhtensities of other channels are also collected in tandem using
mounted on glass slides using Slow Fade Gold antifade reageglll ROI encompassing the cell, such as figure B, which

(Invitrogen: 536936) and the edges sealed with nail pCJllsr&'ollected ALG-2 intensities in addition to transport values.

Slides were analyzed using a 40x/1.3 Plan Fluor or 60x/1. he cell is then numbered on the image to avoid recounting,

Plan Apo objective on a Nikon E800 microscope with an LED, :
) S . ; and all extracted parameters written to an appendable output
illumination unit (CoolLED pE 308""), sCMOS PCO.edge P PP P

4.2 . i d emissiorit heel e le along with the cell number, and image title so that the data
I camera, prior e)fC' a |c_)n, and emissioter wheeis and 2= ;¢ fully traceable. The user then dees another cell from the
drive, automated using Micro-Manager software. For transporﬁmage or opens another image. Using this method, the user
assays (see below), typical images collected for eagld of '

cells were VSV-@oss (green channel) and Golgi marker
mannosidase Il (cy5 channel). For colocalization assays (s%e
below), typical images collected for eaclteld of cells were
secl3-EGFP (GFP channel), ALG-2 (cy3 channel), andipe
(cy5 channel).

quantitates 60 to 100 cells per hour.

Once transport indices have been obtained for all conditions
an experiment, each value is subtracted by the mean

transport index value for cells that werexed directly from

41 C without a transport incubation at 32C (typically a value

between 1.0 and 1.5) to generate the net transport index. Net

transport indices are then normalized to the mean control

ER-to-Golgi transport assay value for the particular experiment. Each result reported here

NRK, PC12, or Rat2 cells were plated on glass coverslips amehs obtained in at least three separate experiments on

transfected as described above. For VS\Wda and collagen | different days.

cargo, cells were shifted to 41C for 6 to 15 h prior to

transport, to accumulate the cargo in the ER. For the transport

assay, the cells were eithexed by dropping coverslips directly Labeling intensity and colocalization assays

into 6-well chambers containing xative or pre-equilibrated 32  Cells were transfected with ERES markers GFP-secl13 or
C medium for 10 min, then xative. For assays involving VSV-Ggsoss Following immunolabeling as described above,

collagen | cargo, the 32C medium was supplemented with cells such as those shown iigures 2and 7 (or quantitated in

50 g/ml ascorbate. Alternatively, for Jr4-containing cargo Fig. 1(E) were captured as z-stacks in 11, 200-nm increments

constructs, transfected cells were kept always at 87 and the for each channel. These image stacks were deconvolved as a

coverslips were xed either by dropping coverslips directly into single batch using Huygens Essential Widdd software
xative or into to 6-well chambers containing 37C media (Scienti ¢ Volume Imaging) according to the manufacturer

with 500 nM AP21998, also known as D/D solubilizerinstructions. Final images for display and quantitation repre-

(TakaraBio: 635054), for 10 min prior to transfer toxative.  sent maximum intensity projections of deconvolved stacks. As

Morphological quantitation of ER-to-Golgi transport was before, these deconvolved stacks were each assigned a random
accomplished by rst collecting images in a consistent manner36-character designation and re-sorted by the random name.
with regard to cell morphology, protein expression levels, andrhe intensity of labeled proteins was assessed by a custom
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ImageJ script (available upon request) performed on individualvithout a cell. Total cell uorescence was calculated as area of
cells for which the user manually dees a minimal enclosing selected cell x (mean intensity of cef mean intensity of
ROI. Background labeling wasrst removed by dening a dark background).

extracellular area of each image channel as background and

subtracting that value from every pixel. The speci pixels o

assessed for intensity were predetermined using a binary objeBtata availability

mask, which was generated by auto-thresholding the desired All data for this study are contained within the manuscript.
area of the cell using the Renyi Entropy or Intermodes algo-
rithm, depending upon which most accurately captured the
spots of interest (but kept constant for a given marker/pro-:
tein). Spots on the mask were assessed as ROIs that were ué%fa

to measure either mean _intens_ity or integrated  densityacknowledgmentsTechnical assistance was provided by UM stu-
(product of area and mean intensity) in relevant channels ofients Joshua Cobb, Kyndra Haller, and Kinsey Webb.
the unmodi ed images. Integrated density measurements are

referred to as‘total intensity’ or “total spot intensity in the Author contributionsJ. S., D. K. S., AL A. P., R. M., and J. C. H.
gure legends where relevant, whereas mean intensity me§onceptualization; J. S, T.C., D.E.G,and J. C. H. data

surements are labeled as such. The choice to present tot%\‘"zt'osn’ \']I' SC RC' N'Ir - aEndGJ-(A: f“nd'n% %ng'sg'o_”’ J. tS

versusmean intensity was driven by which parameter pro-—" " 7o =~ =0 = L » and & . 1. Invest-

duced lower variance and thus lowgrvalues when used in T- gation; J. S, D.K.S., T. C, ?; M S.,g G, AAP.RM. B, F.

al

Supporting  informatior—This  article contains  supporting
rmation.

S, D. K. . D
W.F. G, . H.

M.-S. AP
- .E.
. " : and J. C. H. methodology; JACALPL,R.M,W.F.G,,and J. C. H.
tests ('n_ no cases did they P“’d“ce opposing results). In a fe}ﬁ’roject administration; J. S., A. A. P., R. M., and J. C. H. supervision;
casesftig. 7 C and D), the binary mask used was actually thej s p. K. s. and J. C. H. writingriginal draft: J. S., D. K. S.,
Boolean intersection (see below) of ALG-2 and another ERE8. T. M.-S., D. E. G., R. M., W. F. G., and J. C. H. writingview
marker (sec31A or pein); this was because the ALG-2 anti- and editing.

body produced suspected background spots that did not

colocalize with ERES markers and were not removed by ALGEunding and additional informatior—This work was suppprted_ by
2-speci ¢ siRNAs. In our nomenclature“ERES intensityand NIH grant 1R15GM106323-02 to J. C. H., and the University of

« : : ot : Montana Center for Biomolecular Structure and Dynamics NIH
spot intensity are distinguished by whether the mask forgrant P20GM103546. The content is solely the responsibility of the

|nterrog_at|0n is generated from a distinct ERES marker.fromauthors and does not necessarily represent the @él views of the
that being measured or from the measured marker itselfy,iional Institutes of Health.

respectively. Extracted parameters were written to an

appendable output le along with the cell number and image Con ict of interest—The authors declare that they have no coicts
title so that the data was traceable. Following re-sorting byf interest with the contents of this article.

experimental conditions, integrated densities and other pa-

. bbreviations—The abbreviations used are: ALG-2, apoptosis-
rameters for each cell were then nc_)rmallzed to the mea inked gene-2: BHQ. 2,5-di-(t-butyl)-1.4-hydroquinone: CADEE.
control value for the particular experiment. Each result re-

. Ca*-activated depression of ER export; ERES, ER exit site; NRK,
ported here represents combined data from at least thre%ormal rat kidney; PAEC, porcine aortic endothelial cell; PRR,

separate experiments that displayed similar trends. proline-rich region; ROI, region of interest; SERCA, sarco-endo-
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ticle areas or areas of overlagalso referred to as'colocali- unfolded protein response.

zation” Areas of overlap between two channels were

calculated from two auto-thresholded images using the Bool-

ean“AND” operator in Image$ image calculator. This oper- References

ation generated a mask that contained only spots present inl. Ghaemmaghami, S., Huh, W.-K., Bower, K., Howson, R. W., Belle, A,

both channels, permitting a calculation of the total overlap Dephloure, N., Cﬁhga, E. K., and Weissman, J. S. (2003) Global analysis of
area protein expression in yeadiature 425, 73%741

2. Bi, X., Mancias, J. D., and Goldberg, J. (2007) Insights into COPII coat
nucleation from the structure of Sec23.Sarl complexed with the active
fragment of Sec31Dev. Celll3, 635-645

Total cell uorescence assay 3. Hughes, H., and Stephens, D. J. (2008) Assembly, organization, and
In Figure 5 B and C, total cell uorescence of collagen was _ Unction of the COPII coatHistochem. Cell Bioll2, 129-151

; . . 4. Stagg, S. M., LaPointe, P., Razvi, A., Gurkan, C., Potter, C. S., Carragher,
determined by rst transfecting Rat2 Ce"s_ with the plas_ma B., and Balch, W. E. (2008) Structural basis for cargo regulation of COPII

membrane marker pCAG-mGFP (GFP with an N-terminal  coat assemblyCell 134, 474-484

palmitoylation signal). Endogenous collagen | was labeled irs. Miller, E. A., and Barlowe, C. (2010) Regulation of coat asserabljing

the cy3 channel. Using pCAG-mGFP, a whole cell ROI was things out at the ERCurr. Opin. Cell Biol22, 447-453

selectedvia the wand threshold tool in ImageJ. That ROI was 8- Tabata K., Sato, K., Ide, T., Nishizaka, T., Nakano, A., and Noji, H. (2009)

. . Visualization of cargo concentration by COPIlI minimal machinery in a

then moved into the collagen channel wherein total mean gray planar lipid membraneEMBO J 28, 3279-3289

values and ROl area were extracted. Separately, a mean Bentley, M., Nycz, D. C., Joglekar, A., Fertschai, I., Malli, R., Graier, W. F.,

background value was extracted by randomly selecting an area and Hay, J. C. (2010) Vesicular calcium regulates coat retention,

J. Biol. Cher(2021) 297(6) 1013929



ALG-2 and pein regulate secretion

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

fusogenicity, and size of pre-Golgi intermediatégol. Biol. Cell 21, 26.

1033-1046

. Helm, J. R., Bentley, M., Thorsen, K. D., Wang, T., Foltz, L., Oorschot, V.,

Klumperman, J., and Hay, J. C. (2014) Apoptosis-linked gene-2 (ALG-2J7.
Sec3l interactions regulate endoplasmic reticulum (ER)-to-Golgi trans-
port: A potential effector pathway for luminal calciur. Biol. Chen89,
23609-23628

. Maki, M., Kitaura, Y., Satoh, H., Ohkouchi, S., and Shibata, H. (20028.

Structures, functions and molecular evolution of the penta-EF-hand
Ca2+-binding proteinsBiochim. Biophys. Acta600, 51-60

Yamasaki, A., Tani, K., Yamamoto, A., Kitamura, N., and Komada, M.
(2006) The Ca2+-binding protein ALG-2 is recruited to endoplasmic29.
reticulum exit sites by Sec31A and stabilizes the localization of Sec31A.
Mol. Biol. Cell17, 4876-4887

Shibata, H., Suzuki, H., Yoshida, H., and Maki, M. (2007) ALG-2 directly
binds Sec31A and localizes at endoplasmic reticulum exit sites in a Ca230.
dependent mannemBiochem. Biophys. Res. Comm853, 756-763

la Cour, J. M., Mollerup, J., and Berchtold, M. W. (2007) ALG-2 oscillates
in subcellular localization, unitemporally with calcium oscillatiofso-
chem. Biophys. Res. Comm863, 1063-1067 31.
Shibata, H., Inuzuka, T., Yoshida, H., Sugiura, H., Wada, ., and Maki, M.
(2010) The ALG-2 binding site in Sec31A inences the retention ki-
netics of Sec31A at the endoplasmic reticulum exit sites as revealed by
live-cell time-lapse imagindiosci. Biotechnol. Biochei¥, 1819-1826
Kitaura, Y., Matsumoto, S., Satoh, H., Hitomi, K., and Maki, M. (2001)
Pe in and ALG-2, members of the penta-EF-hand protein family, form &82.
heterodimer that dissociates in a Ca2+-dependent mandieBiol. Chem.

276, 14053-14058

Kitaura, Y., Satoh, H., Takahashi, H., Shibata, H., and Maki, M. (2003§.
Both ALG-2 and pein, penta-EF-hand (PEF) proteins, are stabilized by
dimerization through their fth EF-hand regionsArch. Biochem. Biophys.
399, 12-18

Rayl, M., Truitt, M., Held, A., Sargeant, J., Thorsen, K., and Hay, J. 34.
(2016) Penta-EF-hand protein pe is a negative regulator of ER-to-
Golgi transport.PLoS Onell, e0157227

la Cour, J. M., Schindler, A. J., Berchtold, M. W., and Schekman, R. (2013
ALG-2 attenuates COPII buddingn vitro and stabilizes the Sec23/ 35.
Sec31A complexPLoS One3, e75309

Shibata, H., Kanadome, T., Sugiura, H., Yokoyama, T., Yamamuro, ,§6
Moss, S. E., and Maki, M. (2015) A new role for annexin A1l in the early
secretory pathway via stabilizing Sec31A protein at the endoplasmic re-
ticulum exit sites (ERES). Biol. Chen290, 498+4993

Yoshibori, M., Yorimitsu, T., and Sato, K. (2012) Involvement of thS7-
penta-EF-hand protein Peflp in the Ca2+-dependent regulation of COPII
subunit assembly in Saccharomyces cerevisaeS One/, e40765
McGourty, C. A., Akopian, D., Walsh, C., Gorur, A., Werner, A., Schek38-
man, R., Bautista, D., and Rape, M. (2016) Regulation of the CUL3 ubiquitin
ligase by a calcium-dependent co-adaptell 167, 525-538.e14

Takahashi, T., Kojima, K., Zhang, W., Sasaki, K., Ito, M., Suzuki, [
Kawasaki, M., Wakatsuki, S., Takahara, T., Shibata, H., and Maki, M.
(2015) Structural analysis of the complex between penta-EF-hand ALG-2
protein and Sec31A peptide reveals a novel target recognition mechani
of ALG-2. Int. J. Mol. Scil6, 36773699

Rivera, V.M., Wang, X., Wardwell, S., Courage, N. L., Volchuk, A., Keenan,
T., Holt, D. A, Gilman, M., Orci, L., Cerasoli, F., Rothman, J. E., and
Clackson, T. (2000) Regulation of protein secretion through controlled
aggregation in the endoplasmic reticulufcienc87, 826-830
Bonnon, C., Wendeler, M. W., Paccaud, J.-P., and Hauri, H.-P. (2010)
Selective export of human GPI-anchored proteins from the endoplasmic
reticulum. J. Cell Scil23, 1705-1715

Gordon, D. E., Bond, L. M., Sahlender, D. A., and Peden, A. A. (20143
A targeted siRNA screen to identify SNAREs required for constitutive
secretion in mammalian cell§raf ¢ 11, 119:1204

Ma, W., Goldberg, E., and Goldberg, J. (2017) ER retention is imposed4§.
COPII protein sorting and attenuated by 4-phenylbutyrdiife6, e26624

20 J. Biol. Cher2021) 297(6) 101393

Saito, K., Chen, M., Bard, F., Chen, S., Zhou, H., Woodley, D., Polischuk,
R., Schekman, R., and Malhotra, V. (2009) TANGOL1 facilitates cargo
loading at endoplasmic reticulum exit siteSell 136, 891-902

Wilson, D. G., Phamluong, K., Li, L., Sun, M., Cao, T. C., Liu, P. S.,
Modrusan, Z., Sandoval, W. N., Rangell, L., Carano, R. A. D., Peterson, A.
S., and Solloway, M. J. (2011) Global defects in collagen secretion in a
Mia3/TANGOL1 knockout mouseJ. Cell Biol193, 935-951

McCaughey, J., Miller, V. J., Stevenson, N. L., Brown, A. K., Budnik, A.,
Heesom, K. J., Alibhai, D., and Stephens, D. J. (2016) TFG promotes
organization of transitional ER and efient collagen secretiorCell Rep.

15, 1648-1659

Raote, I., Ortega-Bellido, M., Santos, A. J., Foresti, O., Zhang, C., Garcia-
Parajo, M. F., Campelo, F., and Malhotra, V. (2018) TANGOL1 builds a
machine for collagen export by recruiting and spatially organizing COPII,
tethers and membrane£life 7, 32723

Omari, S., Makareeva, E., Roberts-Pilgrim, A., Mirigian, L., Jarnik, M.,
Ott, C., Lippincott-Schwartz, J., and Leikin, S. (2018) Noncanonical
autophagy at ER exit sites regulates procollagen turnoReoc. Natl.
Acad. Sci. U. S. A15, E10099E10108

Madreiter-Sokolowski, C. T., Waldeck-Weiermair, M., Bourguignon, M.-
P., Villeneuve, N., Gottschalk, B., Klec, C., Stryeck, S., Radulovic, S.,
Parichatikanond, W., Frank, S., Madl, T., Malli, R., and Graier, W. F.
(2019) Enhanced inter-compartmental Ca2+ix modulates mitochon-
drial metabolism and apoptotic threshold during agirigedox Biol20,
458-466

Hu, H., Tian, M., Ding, C., and Yu, S. (2018) The C/EBP homologous
protein (CHOP) transcription factor functions in endoplasmic reticulum
stress-induced apoptosis and microbial infectinont. Immunol .9, 3083
Veglia, E., Grange, C., Pini, A., Moggio, A., Lanzi, C., Camussi, G.,
Chazot, P. L., and Rosa, A. C. (2015) Histamine receptor expression in
human renal tubules: A comparative pharmacological evaluation.
In amm. Res64, 261-270

Rauter, T., Burgstaller, S., Gottschalk, B., Ramadani-Muja, J., Bischof, H.,
Hay, J. C., Graier, W. F., and Malli, R. (2020) ER-to-Golgi transport in
Hela cells displays high resilience to Ca2+ and energy streSs#is9,

2311

Maki, M., and Shibata, H. (2007) The penta-EF-hand protein ALG-2 and
its interacting proteinsCalcium Bind. Protein®, 4-10

Takahara, T., Inoue, K., Arai, Y., Kuwata, K., Shibata, H., and Maki, M.
(2017) The calcium-binding protein ALG-2 regulates protein secretion
and traf cking via interactions with MISSL and MAP1B. Biol. Chem.
292, 1705%17072

Jin, L., Pahuja, K. B., Wickliffe, K. E., Gorur, A., Baumgértel, C., Schek-
man, R., and Rape, M. (2012) Ubiquitin-dependent regulation of COPII
coat size and functionNature 482, 495-500

Cho, H. J., and Mook-Jung, I. (2020) Amyloid beta regulates ER exit sites
formation through O-GIcNAcylation triggered by disrupted calcium
homeostasisBiol. Cell112, 439-451

Cho, H. J., and Mook-Jung, I. (2018) O-GIcNAcylation regulates endo-
plasmic reticulum exit sites through Sec31A modation in conventional
secretory pathwayFASEB J32, 46414657

40 Sasaki-Osugi, K., Imoto, C., Takahara, T., Shibata, H., and Maki, M.

(2013) Nuclear ALG-2 protein interacts with Ca2+ homeostasis endo-
plasmic reticulum protein (CHERP) Ca2+-dependently and participates
in regulation of alternative splicing of inositol trisphosphate receptor type
1 (IP3R1) pre-mRNAJ. Biol. Chen288, 3336133375

41. Ireland, S., Ramnarayanan, S., Fu, M., Zhang, X., Zhang, J., Li, J.,

Emebo, D., and Wang, Y. (2020) Cytosolic Ca2+ modulates Golgi
structure through PKC-mediated GRASP55 phosphorylatioiscience
23, 100952

Lefrancois, L., and Lyles, D. S. (1982) The interaction of antibody with the
major surface glycoprotein of vesicular stomatitis virus. . Analysis of
neutralizing epitopes with monoclonal antibodid&rology121, 157167
Hammond, A. T., and Glick, B. S. (2000) Dynamics of transitional endo-
plasmic reticulum sites in vertebrate celldol. Biol. Cell11, 3013-3030



