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ER-to-Golgi transport is the � rst step in the constitutive
secretory pathway, which, unlike regulated secretion, is believed
to proceed nonstop independent of Ca2+ � ux. However, here we
demonstrate that penta-EF hand (PEF) proteins ALG-2 and
pe� in constitute a hetero-bifunctional COPII regulator that re-
sponds to Ca2+ signaling by adopting one of several distinct ac-
tivity states. Functionally, these states can adjust the rate of ER
export of COPII-sorted cargos up or down by � 50%. We found
that at steady-state Ca2+, ALG-2/pe� in hetero-complexes bind to
ER exit sites (ERES) through the ALG-2 subunit to confer a low,
buffered secretion rate, while pe� in-lacking ALG-2 complexes
markedly stimulate secretion. Upon Ca2+ signaling, ALG-2
complexes lacking pe� in can either increase or decrease the
secretion rate depending on signaling intensity and duration—
phenomena that could contribute to cellular growth and inter-
cellular communication following secretory increases or
protection from excitotoxicity and infection following decreases.
In epithelial normal rat kidney (NRK) cells, the Ca2+-mobilizing
agonist ATP causes ALG-2 to depress ER export, while in
neuroendocrine PC12 cells, Ca2+ mobilization by ATP results in
ALG-2-dependent enhancement of secretion. Furthermore,
distinct Ca2+ signaling patterns in NRK cells produce opposing
ALG-2-dependent effects on secretion. Mechanistically, ALG-2-
dependent depression of secretion involves decreased levels of
the COPII outer shell and increased pe� in targeting to ERES,
while ALG-2-dependent enhancement of secretion involves
increased COPII outer shell and decreased pe� in at ERES. These
data provide insights into how PEF protein dynamics affect
secretion of important physiological cargoes such as collagen I
and signi� cantly impact ER stress.

The ER-to-Golgi interface is the busiest vesicle traf� cking
step, transporting up to one-third of all eukaryotic proteins (1).
Anterograde cargo is captured into a COPII prebudding
complex containing the inner coat sec23/24 heterodimer,
which binds cargo in several distinct pockets on the
membrane-proximal surface of sec24 (2–5). Recruitment of

the outer coat layer, comprised of sec13/31, positions a� exible
proline-rich region (PRR) loop of sec31 across the membrane-
distal surface of sec23, potentiating its Sar1 GAP activity
required for cargo concentration (6). Together, the inner
sec23/24 and outer sec13/31 COPII coat involves polymeri-
zation of at least 24 hetero-tetramers (4).

Regulatory roles for Ca2+ in intracellular traf� cking steps are
still being elucidated. Recent work on ER-to-Golgi transport
demonstrates a requirement for luminal Ca2+ stores at a stage
following cargo folding/assembly, perhaps through the entry of
Ca2+ into the cytoplasm where it binds and activates the vesicle
budding, docking, and/or fusion machinery (7, 8). Depletion of
luminal calcium with sarco-endoplasmic reticulum Ca2+

ATPase (SERCA) inhibitors leads to signi� cantly reduced
transport as well as a buildup of budding and newly budded
COPII vesicles and vesicle proteins (7, 8). How Ca2+ causes
these effects continues to be elusive, but part of the answer
may lie with the penta-EF-hand-containing (PEF) protein
adaptors that have been implicated in many Ca2+-dependent
cellular phenomena (9). The PEF protein apoptosis-linked
gene-2 (ALG-2) acts as a Ca2+ sensor at ER exit sites (ERES)
and stabilizes association of sec31 with ERES through direct
binding to a 12-amino acid sequence on the sec31A PRR re-
gion (10–13). Most ALG-2 in cell extracts exists in a stable
heterodimer with the PEF protein pe� in. Pe� in binds ALG-2 in
a Ca2+-inhibited manner (14, 15) and has been shown to
suppress ER export of the cargo marker VSV-G-GFP, perhaps
by modulating ALG-2 availability to bind ERES (16). Despite
all of these observations, a uni� ed model for when and how
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-
hibitor of vesicle budding or fusion (7, 17). On the other hand,
some recent intact cell traf� cking experiments indicate a
suppressive role for ALG-2 based upon ALG-2 depletion (18),
while we implied a stimulatory role for ALG-2 because pe� in
suppressed transport by antagonizing stimulatory ALG-2-
sec31A interactions (16). Furthermore, work on a presumed
ALG-2 ortholog in yeast, Pef1p, demonstrated an inverse
relationship, wherein Pef1p binding to the sec31 PRR was* For correspondence: Jesse C. Hay,jesse.hay@umontana.edu.
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inhibited by Ca2+ and delayed coat recruitment to the mem-
brane (19). A distinct line of investigation has suggested that
sec31A function is regulated by mono-ubiquitination, and that
both ALG-2 and pe� in assist in the mono-ubiquitination
through recruitment of the ubiquitin ligase CUL3KLHL12 to
ERES, which was required for collagen secretion from osteo-
sarcoma cells (20).

Here we advance understanding of PEF protein secretory
regulation by demonstrating that ALG-2 binding to ERES can
either stimulate or inhibit ER-to-Golgi transport depending
upon ALG-2:pe� in expression ratios and the nature of Ca2+

signals. In response to short bursts of agonist-driven Ca2+

signaling, ALG-2 increases outer coat targeting to ERES and
stimulates transport. This response could help stimulated cells
proliferate and/or replenish exhausted endocrine or exocrine
secretory vesicles. On the other hand, a more relentless Ca2+

signal causes ALG-2 to markedly slow ER export. This novel
physiological response that curtails COPII targeting could
represent a protective mechanism against excitotoxicity or
infection.

Results

Pe� in expression levels determine ER-to-Golgi transport rates
over a wide dynamic range in an ALG-2-dependent manner

To investigate the dynamic range and functional in-
teractions of PEF protein regulation of ER export, we forced
individual, tandem, or reciprocal expression changes of the
two proteins. Endogenous pe� in and ALG-2 were either
knocked down using transfection with siRNA or overexpressed
by transfection with the wt, untagged rodent proteins in NRK
cells. After� 24 h of transfection, the initial rate of ER-to-Golgi
transport of the synchronizable transmembrane protein cargo
VSV-Gts045-GFP was determined by incubation for 10 min at
the permissive temperature followed immediately by� xation
and morphological quantitation of the ratio of VSV-G that has
reached the Golgiversusremaining in the ER, as before (16).
Figure 1A 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
of pe� in (column 3) decreased transport by 23% below basal.
Interestingly, the same two manipulations of ALG-2 expres-
sion (columns 4 and 5) caused little change in transport
relative to basal, indicating that at steady state, pe� in expres-
sion levels are more rate-limiting. Forced pe� in overexpression
and underexpression thus de� ne a dynamic range of pe� in
regulation of transport at steady-state Ca2+ of � 107% of basal
secretory� ux (84% above basal and 23% below) in NRK cells.

We next asked whether the effects of pe� in overexpression
and depletion depended upon the presence of ALG-2. As
shown in Figure 1A columns 4 versus6 and 7, in ALG-2-
depleted cells, forced changes in pe� in expression do not
change secretion, indicating that pe� in is dependent upon
ALG-2 to in� uence transport. This suggests that pe� in’s
effector for secretion is ALG-2. Interestingly, column 1versus
6 also indicates that when both proteins are depleted, secretion
is slightly higher than in the presence of both proteins at

normal levels. This demonstrates that these PEF proteins are
not required for transport and suggests that the two of them
together exert a slightly suppressive effect on ER-to-Golgi
transport under steady-state conditions.

Using a combination of quantitative Western blotting
(Fig. 1, C and D) and immuno� uorescence (Fig. 1E), we
documented the protein expression levels during the manip-
ulations described above. Notably, and as described before,
ALG-2–pe� in interactions in the cell stabilize both proteins,
such that depletion of one using siRNA resulted in codepletion
of the other (15, 16, 20). This complication was not severe for
pe� in depletion, which resulted in a� 30% reduction in ALG-2
(Fig. 1D, column 2). However, depletion of ALG-2 by� 70%
using siRNA resulted in a comparable depletion of pe� in,
essentially creating a double-depletion condition (Fig. 1D,
column 4). Therefore, determining the effect of pe� in when
ALG-2 is depleted depended upon the condition inFigure 1D,
column 7, in which cells were both depleted of ALG-2 and
transfected with a pe� in encoding plasmid. The Western
analysis indicated that pe� in was only slightly restored (Fig.
1D, column 7). This particular plasmid, and NRK cells in
general, suffered from a low transfection ef� ciency using lip-
ofection and especially so when ALG-2 was depleted. How-
ever, for transport assays, we used pe� in immuno� uorescence
intensity as an aid to choose cells for functional analysis. When
pe� in � uorescence intensities were measured for the included
cells, pe� in was overexpressed by over 200% in the ALG-2-
depleted cells (Fig. 1E, right bar). This condition corresponds
to column 7 in the transport experiment (Fig. 1A), reinforcing
the conclusion that dramatic changes in pe� in expression
when ALG-2 is depleted do not result in transport changes.
Thus, although there were signi� cant pe� in codepletion effects
due to ALG-2 siRNA, they did not change the conclusions
from Figure 1A that pe� in expression levels dramatically affect
the secretion rate in an ALG-2-dependent manner and that the
two proteins together are functionally dispensable for baseline
levels of ER-to-Golgi transport.

Pe� in binds ERESvia ALG-2 and prevents its stimulatory
activity

Previous work reported localization of epitope-tagged pe� in
to ERES and deduced using immunoprecipitations that ALG-2
was able to mediate an interaction between pe� in and sec31
(20). However, the interdependence of ALG-2 and pe� in for
ERES localization and the subcellular localization of endoge-
nous pe� in has not been reported.

We raised a rabbit polyclonal antibody against rat pe� in and
a chicken polyclonal antibody against mouse ALG-2 to be used
for localization studies of the endogenous proteins. Charac-
terization of the antibodies’ reactivity toward whole-cell lysates
of NRK epithelial cells, Rat2� broblasts, and PC12 neuroen-
docrine cells was documented by Western blot inFigure 1F.
The crude anti-pe� in serum was high af� nity and speci� c
while the af� nity-puri � ed ALG-2 antibody was less so.
Quantitation of the blots (Fig. 1G), relative to stoichiometric
puri� ed protein standards of GST-pe� in and GST-ALG-2,
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revealed that NRK cells contained roughly twice the ALG-2
and pe� in expression of Rat2 cells. Despite this difference,
both cell lines maintained an ALG-2:pe� in ratio of approxi-
mately 1:1.5. PC12 cells, on the other hand, contained similar
amounts of ALG-2 to Rat2 cells but were relatively depleted of
pe� in, maintaining an ALG-2:pe� in ratio of approximately 1:1.
These results indicate that distinct cell types maintain signif-
icantly different levels and ratios of the two proteins, poten-
tially producing tissue-speci� c regulation of ER export rates.

To characterize the localization of the proteins in NRK cells,
we detected the endogenous proteins using immuno� uores-
cence. We observed diffuse, reticular, as well as distinctly
punctate labeling for pe� in throughout the cytoplasm (Fig. 2A,
upper right). In addition, endogenous pe� in was signi� cantly
concentrated in the nucleus. Due to the concentration of pe� in
in the nucleus, the ratios of ALG-2:pe� in noted in Figure 1G
are probably signi� cantly higher outside the nucleus, with
likely an excess of ALG-2 in the cytoplasm. However, our

� ndings indicated a higher concentration of pe� in in the nu-
cleus of NRK cells compared with a previous report in Jurkat
cells (14). Nonetheless, the labeling was speci� c for endoge-
nous pe� in since pe� in siRNA transfection reduced all types of
labeling (Fig. 2A, third row, right column). Pe� in cytosolic
puncta noticeably colocalized with the ALG-2 cytosolic puncta
previously identi� ed as ERES (10–12), in these experiments
also marked by sec13-GFP. We found that 95% of ERES
de� ned by sec13-GFP were positive for ALG-2 and that the
vast majority of ERES (> 75%) were positive for both ALG-2
and pe� in (Fig. S1, columns 1 and 7). To determine the
interdependence of pe� in and ALG-2 for localization at ERES,
we manipulated their expression levels as inFigure 1and then
quanti� ed the labeling intensity of the two proteins speci� cally
at ERES as de� ned by a sec13-GFP marker. Knockdown of
ALG-2 removed pe� in from ERES (Fig. 2B, columns 1versus
2) as expected due to the co-depletion phenomenon docu-
mented in Figure 1D. However, when ALG-2 was depleted,

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-Gts045-GFP with control or speci� c siRNAs and untagged overexpression constructs (1� g DNA) for pe� in or ALG-2. Following growth at 41� C, cells
were shifted to 32 � C for 10 min to permit transport prior to� xation. Fixed cells were immuno-labeled with mannosidase II. Each transfected cell was
assigned a transport index representing traf� cking of VSV-G based upon the ratio of Golgi intensity to peripheral ER� uorescence. The net transport index of
each individual cell is plotted following subtraction of the mean transport index of cells kept at 41� C, and normalization to the mean net transport index of
wt cells. Approximately 200 cells were randomly quanti� ed from each condition, and results shown are representative of at least three experiments with
consistent trends.Asterisksindicatep values for one-way ANOVA using the Dunnet post-hoc test, which compares each value with that of the control; *p <
0.05; **p < 0.005; ***p < 0.0005. Standard error is shown for each plot.B, example wide� eld images of individual cells for select conditions with their
transport index indicated as percent of control.C, immunoblot of cell extracts left over from the transport experiment inA. D, quantitation of the blot in part
C; two technical replicates.E, quantitation of pe� in mean cell intensity in a selection of the conditions from partA. One-way ANOVA as for partA. F, Western
characterization of whole-cell extracts from three cell lines using crude rabbit anti-pe� in serum (1:50,000) and af� nity-puri� ed chicken anti-ALG-2 (1:200).
G, quantitation of the blot in F; two technical replicates. Side lanes not shown inFcontained dilutions of puri� ed GST-pe� in 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 and pe� in relative 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; 20� m.
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overexpression of pe� in did not restore it to ERES (Fig. 2B,
columns 1 versus3), though pe� in overexpression greatly
increased pe� in at ERES in the presence of ALG-2 (Fig. 2B,
columns 1versus5). ALG-2 targeting to ERES, on the other
hand, did not depend upon, but yet was buffered by pe� in.
Pe� in depletion greatly enhanced ALG-2 targeting to ERES
(Fig. 2C, columns 1 versus 3), and pe� in overexpression
reduced it (Fig. 2C columns 1versus4). Targeting of the outer
COPII coat subunit sec13-GFP as indicated by the intensity of
accentuated spots (Fig. 2D) mirrored the transport effects
demonstrated inFigure 1A and extended the result we re-
ported earlier for sec31A (16). That is, knockdown of pe� in
increased COPII targeting, potentially causing the observed
increased transport, while pe� in overexpression reduced
COPII targeting, potentially inhibiting transport. At the same
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 the
same set of cells, did not signi� cantly change (Fig. 2E), arguing
that the effects were due to coat localization changes rather
than signi� cant changes in coat expression.

The targeting data indicates that pe� in binds ERES through
ALG-2 as part of an ALG-2-pe� in complex, most likely the

heterodimer species previously described (14). However, since
removal of pe� in increases ALG-2 at ERES, ALG-2 must also
bind in other states, most likely the previously described
homo-dimer for which a crystal structure is available with
bound sec31A peptide (21). The high secretion caused by the
lack of pe� in and the low secretion caused by excess pe� in are
approximately equally above and below, respectively, the
secretion with depletion of both proteins (Fig. 1; height of
column 4 or 6 is about mid-way between that of columns 2 and
3); this suggests that cytosolic pe� in does not simply act as an
ALG-2 sponge that decreases transport by withdrawing stim-
ulatory ALG-2 from ERES—if this was the case, pe� in over-
expression could never inhibit transport below the level seen
upon depletion of both proteins. Rather, pe� in-containing
ALG-2 species appear to themselves inhibit transport.

ALG-2 can either stimulate or inhibit ER-to-Golgi transport,
activities buffered by pe� in

Figure 1A, columns 1versus5, indicated that ALG-2 over-
expression did not lead to signi� cant changes in the ER export
rate. This did not � t with other data. For example, since
overexpression of ALG-2 should favor ALG-2 homomeric
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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-
sec13 and control or speci� c siRNAs and an untagged rat overexpression construct for pe� in (1 � g DNA).A, deconvolved wide� eld immuno� uorescence
images of cells labeled with sec13-GFP, ALG-2, and pe� in. Magenta circleshighlight ERES containing pe� in or ALG-2 that colocalizes with GFP-sec13, while
green circlesnote the absence of colocalization with GFP-sec13. Transfection conditions are speci� ed to the left of images. Image scale bar; 20� m. 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
sec13 or pe� in. Spots visible in the GFP-sec13 channel were de� ned as ERES.B, total intensity values of pe� in colocalizing with ERES. Each point represents a
single cell. Transfection conditions are speci� ed below the graph and signi� cance levels compared with column 1 are indicated above. Standard error is
shown for each condition.C, total intensity values of ALG-2 colocalizing with ERES.Band C, one-way ANOVA as forFigure 1A. D, total spot intensity of GFP-
sec13 in conditions with increased or decreased pe� in expression levels, expressed as percent of control.E, total � uorescence intensity of GFP-sec13 in the
same images asD. D and E, unpaired Student’s t test with unequal variance; samep-value signi� cance symbols as used inFigure 1A.
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species over ALG-2-pe� in hetero-complexes, as does a pe� in
knockdown, we wondered why ALG-2 overexpression did not
stimulate transport. Thus, we titrated NRK cell transfections
with 0.3, 1, and 3� g of wild-type untagged ALG-2 construct
DNA, and as shown inFigure 3A, black circles, these trans-
fections resulted in 8-, 15-, and� 25-fold overexpression of
ALG-2 relative to control, demonstrating a titration of ALG-2
expression in individual cells.Figure 3B, black circles, then
demonstrates that eightfold overexpression stimulated trans-
port by over 20%, 15-fold overexpression (the dose employed
in Fig. 1A) had no signi� cant effect, and� 25-fold over-
expression inhibited transport by 20%. The same titration
performed in cells depleted of pe� in (magenta circles) resulted
in similar biphasic effects, except that the inhibition was more
potent and more severe relative to no overexpression (a drop
from � 155% to� 95% of control). This experiment indicates
that the relationship between ALG-2 and the secretion rate is
complicated by several competing activities. First, it indicates
that ALG-2 can both stimulate and inhibit transport, with
stimulation giving way to inhibition as fold overexpression
increases. Second, it indicates that there is both a stimulatory
and inhibitory role for ALG-2 that is independent of pe� in, in

addition to the inhibitory role of ALG-2-pe� in hetero-
complexes implied inFigures 1A and 2D. Third, it indicates
that ALG-2-pe� in hetero-complexes, though inhibitory, must
buffer against the other inhibitory activity of ALG-2, revealed
in this experiment, which is independent of pe� in. Thus
Figures 1–3, completed at steady-state Ca2+, suggest at least
three distinct activities for ALG-2 and pe� in complexes: an
inhibitory but buffering role for ALG-2-pe� in hetero-
complexes, a stimulatory role for ALG-2 without pe� in, and
an inhibitory role for ALG-2 without pe� in.

Since ALG-2 overexpression in the above experiments could
potentially alter Ca2+ homeostasis due to ALG-2’s ability to
bind Ca2+ in the micromolar range, or interact with other
Ca2+-related proteins, we performed control experiments to
examine whether ALG-2 overexpression was accompanied by
measurable changes in Ca2+ handling. Here, we used trans-
fection with mRuby2-ALG-2 followed by analysis of equal
numbers of transfected and nontransfected cells within the
same� elds during live Ca2+ imaging with FURA-2. Only bright
red cells were analyzed as overexpressing cells, and no attempt
was made to distinguish effects at different levels of over-
expression. We chose 1� M bradykinin as a Ca2+ agonist

Figure 3. ALG-2 can inhibit or promote ER-to-Golgi transport independently of pe � in. NRK cells transfected with control or pe� in siRNAs were then
retransfected with VSV-Gts045 DNA and differing amounts of ALG-2 DNA. Following immuno� uorescence labeling, each condition was assayed for mean
ALG-2� orescence and accompanying transport index on a per cell basis.A, micrograms of ALG-2 DNA used in transfectionsversusfold 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 point.B, the mean ER-to-Golgi transport value correlated to the mean ALG-2 fold
overexpression level.C, example wide� eld images of individual siCON cells for select conditions.D, representative single-cell cytosolic Ca2+ traces 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 shown.E, quantitation of the
percentage of cell traces per coverslip that showed a Ca2+ increase within 2 min of adding BKN. N = 3 runs, 40 cells per run per condition.F, quantitation
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 runs.Eand F, unpaired Student’s t test with
unequal variance; samep-value signi� cance symbols as used inFigure 1A. Image scale bar; 20� m.
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because it produces simple, immediate, synchronous responses
in NRK cells that are readily quanti� ed. As shown in
Figure 3D, a very similar range of response strengths and
kinetics were observed in both untransfected and ALG-2-
transfected cells. Only rarely did any cells of either type pro-
duce subsequent Ca2+ oscillations. Furthermore, there was no
signi� cant difference in the percentage of cells that exhibited
an immediate response to agonist between wild-type and
ALG-2 OE cells, when results from three experiments were
combined (Fig. 3E). Furthermore, the quantity of Ca2+

released, estimated by peak height minus baseline (� R), was
not signi� cantly different between the two types of cells
(Fig. 3F). Nonetheless, we did detect a slight but signi� cant
decrease in the baseline cytosolic Ca2+, implying that ALG-2
overexpression does measurably buffer cytosolic Ca2+

(Fig. 3G) and could potentially buffer Ca2+ transients as well.
On the other hand, we conclude that ALG-2 OE did not
grossly perturb the releasable Ca2+ store or activity of ER Ca2+

channels. This information points to caution interpreting the
ALG-2 overexpression study and to future studies of Ca2+

signaling employing PEF protein overexpression, since effects
on secretion per secannot be completely dissociated from
effects on Ca2+ buffering.

Pe� in-ALG-2 complexes affect ER export similarly for multiple
COPII client cargos, but not bulk� ow cargo, and in� uence ER
stress

A recent study reported that in an osteosarcoma cell line,
pe� in depletion inhibited ER-to-Golgi transport of collagen I,
implying that pe� in was required for collagen export from the
ER (20). Since our results have instead suggested a suppressive
role for pe� in in VSV-G export, we investigated whether pe� in
may have opposite effects on different actively sorted cargoes.
To address this, we expressed different cargoes in NRK cells
and tested the effects of pe� in depletion. These cargoes are
schematized inFigure 4A. As seen ifFigure 4B, compared with
VSV-G-GFP, export of GFP-collagen I was even more strongly
stimulated by pe� in depletion (columns 1 and 2versus3 and
4), supporting a suppressive effect of pe� in under normal
conditions. Since both VSV-Gts045-GFP and collagen export
were synchronized by incubation at a restrictive temperature
followed by a shift to permissive temperature, we wanted to
rule out that the temperature shift was involved in the sup-
pressive effects of pe� in. We created novel reporter constructs
containing a conditional aggregation domain, FM4, that ag-
gregates in the ER and prevents export until a small-molecule
drug, AP21998, is provided (22), causing synchronous ER

Figure 4. Pe� in suppresses ER export of multiple actively exported cargos in NRK cells. A, schematic of cargo constructs used inBand C. B, the initial
rate of ER-to-Golgi transport was determined as inFigure 1for NRK cells transfected with the indicated constructs in the presence of control or pe� in siRNA.
For VSV- Gts045-GFP and GFP-collagen I, transfected cells were placed at 41� C to build up cargo in the ER. Transfer of cells to 32� C provided a synchronous
wave of transport to the Golgi. For GFP-FM4-VSV-Gtm, GFP- FM4-GPI, and GFP-FM4-GH, cargo was accumulated in the ER under normal growth conditions at
37 � C, and transport was initiated by addition of the FM4-speci� c ligand. Mean ± SEM is shown for each condition, as well as approximatep values for the
indicated unpaired T tests.C, example wide� eld images of individual cells for select conditions. For GFP-collagen I, a merge of GFP-collagen I and the Golgi
marker Mannosidase II is shown since otherwise it was dif� cult 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
followed by FM4 and the VSV-G transmembrane domain
(GFP-FM4-VSV-Gtm), which contains a di-acidic COPII sort-
ing motif on the cytosolic surface. The second construct was
similar but included the GPI anchor from CD55 at the C-
terminus instead of a transmembrane domain (GFP-FM4-GPI).
GPI anchors function as an export sequence recognized and
sorted in a p24-dependent manner (23). Both constructs, when
triggered by ligand AP21998, were actively transported from
the ER to the Golgi over a 10-min time course. For both
constructs, pe� in depletion caused a highly signi� cant increase
in ER-to-Golgi transport (Fig. 4, columns 5–8). A third
construct, GFP-FM4-GH (24), was fully luminal, contained
human growth hormone, and lacked any ER export sequence.
Pe� in depletion caused a signi� cant decreasein ER export of
this bulk � ow construct. This result implies that pe� in
depletion does not act simply to accelerate vesicle production,
but rather stimulates COPII function broadly—including its
sorting function. It is also consistent with a recent study
demonstrating that COPII sorting works in part by exclusion
of proteins that are not actively included (25). In summary,
Figure 4 establishes that the stimulatory effects of pe� in
depletion on transport are not restricted to high-temperature-
synchronized reporter cargoes, and that four actively sorted
cargoes, VSV-Gts045-GFP, GFP-collagen I, GFP-FM4-VSV-Gtm,
and GFP-FM4-GPI, containing three distinct ER export signals
—but not bulk � ow cargo—are exported more ef� ciently the
when pe� in is depleted in NRK cells. Thus pe� in, it appears, is
a bona � de suppressor of COPII function.

NRK cells may not be an adequate model for ER-to-Golgi
transport for certain cargoes, for example, collagen I, which
require speci� c cargo adaptors and modi� ed vesicles for ef� -
cient export (26–29). The vast majority of collagen I is secreted
by � broblasts, osteoblasts, and chondrocytes. To address
whether pe� in also suppressed secretion of collagen I in cells
whose normal function includes secretion of collagen I in
abundance, we tested the effects of pe� in depletion on endog-
enous collagen I secretion in Rat2 embryonic� broblasts. The
collagen I precursor, procollagen I folds inef� ciently in the ER
and misfolded procollagen undergoes degradation by nonca-
nonical autophagy at ERES (30). To be certain that nonsecretory
collagen fates potentially affected by pe� in expression did not
interfere with our assay for ER-to-Golgi transport, we monitored
total cell � uorescence (TCF) of endogenous collagen I in addi-
tion to the ER-to-Golgi transport index. We measured ER-to-
Golgi transport and collagen I TCF in the same cells with and
without pe� in depletion and found that pe� in depletion
increased the ER-to-Golgi transport index by 75% (Fig. 5A) but
had no signi� cant effect on collagen I TCF (Fig. 5B). As shown in
Figure 5C, collagen I TCF was quantitative and re� ected
collagen I content since titration of cells with a collagen I-spe-
ci� c siRNA resulted in distinct, decreasing TCF values.
Furthermore, Western blotting demonstrated an 83% depletion
of pe� in in Rat2 cells (Fig. 5E). Together these data indicate that
pe� in depletion dramatically increases transport of endogenous
collagen I from the ER to Golgi in� broblasts and does not appear
to affect collagen degradative pathways.

So far we have shown that dramatically increasing the ALG-
2 to pe� in expression ratio can accelerate secretion of multiple
cargoes. This suggests that decreasing pe� in expression or
another means of favoring the positive activity of ALG-2 could
potentially relieve ER stress. To begin testing this idea, we
utilized porcine aortic endothelial cells (PAECs), primary cells
that undergo cellular ageing and senescence after passaging
� ve times (P5)in vitro. As recently demonstrated (31), P5
PAECs display ER Ca2+-driven mitochondrial overload,
oxidative stress, as well as profoundly increased unfolded
protein response (UPR) signaling and expression of CHOP, an
UPR transcription factor involved in the transition from UPR
to apoptosis (32). Under these Ca2+ stress conditions, we
found by quantitative reverse-transcription PCR (qRT-PCR)
that a 60% knockdown of pe� in, using siRNA, resulted in a
speci� c 45% reduction in expression of the UPR target gene
GRP78 and a 55% reduction of CHOP (Fig. 5F). This dem-
onstrates that pe� in expression exacerbates life-threatening ER
stress in aging endothelial cells and that activation of secretion
by ALG-2 can in principle relieve this burden.

In NRK cells, ALG-2 depresses ER export in response to
sustained Ca2+ agonist stimulation

Since pe� in and ALG-2 are regulated by Ca2+ binding in
NRK cells, we tested whether their ability to regulate ER-to-
Golgi transport was affected by cytoplasmic Ca2+ signaling.
Histamine receptors present on many cell types activate
phospholipase Cvia GQ to stimulate Ca2+ release by IP3 re-
ceptor channels on the ER. As shown inFigure 6A (black
circles), 10 min of ER-to-Golgi transport initiated after
increasing times of exposure to histamine indicated that
initially and for up to 30 min of exposure, no signi� cant
modulation of transport occurred. However, by 60 min of
exposure, ER-to-Golgi transport was signi� cantly reduced,
with continued reduction for up to 150 min, wherein transport
was reduced by 40% below basal. Thus, NRK epithelial cells
respond to sustained Ca2+ agonist exposure by sharply cur-
tailing ER secretory output, a new phenomenon we termed
Ca2+-activated depression of ER export (CADEE).

We next tested the involvement of PEF proteins in the
down-modulation. Signi� cantly, the Ca2+-dependent modula-
tion of transport was entirely dependent upon the presence of
PEF proteins, since knockdown of ALG-2 (which also causes a
co-knockdown of pe� in, Fig. 1, C and D) prevented any sig-
ni� cant change in transport over the same timecourse (Fig. 6A,
green circles). The PEF protein-dependent activation mecha-
nism, however, did not require pe� in, since pe� in knockdown
(which leaves at least 70% of ALG-2 intact, and increases its
presence at ERES,Figs. 1and 2) did not prevent a histamine-
activated decrease in ER-to-Golgi transport (Fig. 6A, magenta
circles). When depleted of pe� in, however, ER export always
remained well above control levels, indicating that although
pe� in is not the trigger, it still exerts a strong suppressive role
throughout the Ca2+ signaling effect. Furthermore,Figure 6C
demonstrates that overexpression of pe� in inhibited transport
(Fig. 6C, columns 1 versus3), as shown earlier, but also
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protected against any inhibitory effects of histamine signaling
(Fig. 6C, columns 3 and 4). Together these results imply that
the inhibitory effect of ALG-2-pe� in hetero-complexes is an
independent inhibitory state that can compete with a distinct,
inhibitory ALG-2 activity during histamine signaling. One
possibility is that histamine signaling activated the same
inhibitory activity of ALG-2 observed when ALG-2 was over-
expressed at steady-state Ca2+, which was also independent of
pe� in yet buffered against by ALG-2-pe� in hetero-complexes
(Fig. 3B).

To investigate the nature of the Ca2+ signals that lead to
CADEE, we performed FURA-2 Ca2+ imaging in wild-type
NRK cells. As shown inFigure 6D by four representative
single-cell traces, 100� M histamine led to continuing Ca2+

oscillations for the duration of the recording period, 19 min.
Persistent Ca2+ oscillations in the same� eld of con� uent NRK
cells often display synchronous activity (gray arrows). Since
100 � M histamine, in contrast to 1� M bradykinin (Fig. 3D),

led to persistent Ca2+ oscillations, perhaps the persistence of
Ca2+ stimulation is important for the time-dependent induc-
tion of CADEE observed inFigure 6A. This is also supported
by the observation that bradykinin produces CADEE when
applied in very low amounts (100 pM–1 nM; not shown), but
does not do so when using high concentrations, which, as
shown inFigure 3D, result in immediate downregulation after
an initial response. One caveat to the experiment inFigure 6C
is that pe� in OE, through overabundance of cytosolic EF
hands, may have dampened the actual Ca2+ concentrations
somewhat (seeFig. 3, C–G for ALG-2 OE). Due to the inability
to produce a functional � uorescent pe� in construct (our
experience and (20)), this was not directly tested.

While the histamine effect was repeatable numerous times,
we found that NRK cells would occasionally respond not at all
to histamine, a phenomenon that tended to occur in several
experiments in a row, perhaps indicating that speci� c lots of
FBS or other unknown environmental factors might be

Figure 5. Pe� in expression suppresses ER export of endogenous collagen I 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 absence of pe� in siRNA. Following growth at 41� C for 24 h,
cells were shifted to 32� C with ascorbate-supplemented medium for 15 min to allow transport prior to� xation.A, ER-to-Golgi transport assay employing
collagen I immuno� uorescence intensity in the ER and Golgi.B, the same cells fromAwere analyzed for total cell� uorescence of collagen (seeExperimental
procedures). C, validation of immuno� uorescence assay for total cell� uorescence of collagen I. Cells were transfected with different concentrations of
collagen I siRNA or an siRNA for pe� in. Standard error andp values (versusmock) are shown for each plot.D, example wide� eld images of collagen I
immuno-labeling for select conditions in individual cells.E, Western immunoblot on cells from partA and B, demonstrating an 83% depletion of pe� in.
F, pe� in depletion in P5 PAECs reduces GRP78 and CHOP expression. Senescent P5 PAECs were subjected to control or pe� in siRNA 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 donors.p values indicate probabilities that the obtained ratios are equal to 1.0 (the null hypothesis). Image scale bar;
20 � m.
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affecting histamine responsiveness. This gave us the oppor-
tunity to directly assess the involvement of a single receptor
system in the CADEE phenomenon. As shown inFigure 6E, in
a single experiment NRK cells that were unable to modulate
secretion in response to 50� M histamine produced signi� cant
CADEE when transfected with the wild-type H1 histamine
receptor, considered the main histamine receptor in the kidney
(33). Furthermore, the self-cleaving mCherry/H1R construct
allowed us to distinguish H1R-transfected and -untransfected
cells side by side during Ca2+ imaging; we found that H1R
overexpression dramatically increased the sensitivity of NRK

cells to 50 � M histamine (Fig. 6F). The experiments in
Figure 6, E and F de� ned a receptor system leading to CADEE
in NRK cells.

Sustained Ca2+ signaling decreases targeting of the COPII
outer coat and increases targeting of pe� in to ERES

To investigate the mechanism of the Ca2+-activated
depression of ER export phenomenon, we monitored: outer
coat subunits, pe� in, ALG-2, and cargo at ERES by immuno-
� uorescence microscopy in NRK cells with and without his-
tamine treatment.Figure 7parts A and B show representative

Figure 6. Ca2+-activated depression of ER export is mediated by ALG-2 independently of pe � in. A, NRK cells were transfected with VSV-Gts045-GFP
along with control, ALG-2, or pe� in siRNAs. Transfected cells were exposed to 100� M histamine for 0 to 150 min at the nonpermissive temperature prior to
shift to the permissive temperature for 10 min, and transport was quantitated as inFigure 1A. Mean ± SEM is shown for each point; N� 150 cells per
condition. B, example wide� eld images of individual cells for select conditions.C, the rate of ER-to-Golgi transport following pe� in overexpression (1� g
DNA) and/or 100� M histamine exposure for 150 min was determined as inFigure 1. D, representative single-cell cytosolic Ca2+ traces measured using
FURA-2 in wild-type NRK cells. Traces are from the same coverslip. 100� M histamine was added after 7 min of perfusion in growth medium. Nonresponding
cells were present but are not shown.Gray arrowsmark synchronous Ca2+ oscillations.E, transport index for NRK cells transfected with VSV-G alone (“wt”) or
with VSV-G and a self-cleaving mCherry/H1R construct (“OE”). Only cells with red� uorescence and VSV-G� uorescence were analyzed for transport in the
right two bars. Cells were exposed to ±50� M histamine for 150 min prior to transport assay.F, single-cell cytosolic Ca2+ traces were obtained using FURA-2
in NRK cells, either untransfected or transfected with mCherry/H1R, with 50� M histamine added half-way through the runs. Shown is quantitation of the
percentage of cell traces per coverslip that showed a clear Ca2+ increase within 2 min of adding histamine. N = 4 runs (control) and 2 runs (transfected).
Transfected cells were included only if displaying bright red� uorescence.C, Eand F, unpaired Student’s t test with unequal variance; samep-value sig-
ni� cance symbols as used inFigure 1A. Image scale bar; 20� m.
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images with different markers, which when quantitated
revealed several signi� cant changes. Most notably, at ERES
containing ALG-2 and pe� in, the outer coat labeling decreased
in intensity. For example, using spots that contain ALG-2 and
pe� in to de� ne ERES of interest, we found that GFP-sec13
intensity decreased by 40% at those ERES after histamine
treatment (Fig. 7C, left). This effect was due to a real change in
sec13 intensity and was not a result of a change in the area of
the regions of interest interrogated (Fig. 7C, right). A similar
35% decrease was observed when measuring endogenous
sec31A intensity using ALG-2 and the cargo VSV-G to de� ne
the measured ERES (Fig. 7D), extending the trend to both
subunits of the outer coat. If CADEE involved decreased tar-
geting of outer coat to ERES by ALG-2, one prediction would
be decreased colocalization of outer coat and ALG-2.

Figure 7E demonstrates that there was a 40% decrease in
GFP-sec13/ALG-2 overlap upon histamine treatment.
Furthermore, the observed decrease in outer coat/ALG-2
overlap was not due to a detectable decrease in ALG-2 (data
not shown), reinforcing the signi� cance of decreased outer
coat targeting (Fig. 7, C and D) as the driver of decreased
colocalization. While the presence of ALG-2 under steady-
state conditions has been implicated in stabilization of the
outer coat (10, 13), our results may imply a role, under sus-
tained Ca2+-signaling conditions, in which ALG-2 destabilizes
the outer coat instead. Interestingly, despite the decrease in
outer coat, we did not observe a decrease in GFP-sec13-pe� in
colocalization in the same cells (data not shown). This unex-
pected � nding appeared to be due to a Ca2+-induced redis-
tribution of pe� in that counteracted the effects on

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 circlesmark several ERES positive for all three markers. GFP-sec13 intensity was lower at ERES in histamine-treated cells, while pe� in intensity was
higher. Pe� in heatmap panels illustrate that there are moreyellow/redobjects in the cytoplasm following histamine treatment.B, NRK cells were transfected
with the transmembrane cargo VSG-Gts045, treated ± histamine for 150 min at 41� C, incubated for 45 s at 32� C,� xed, immuno-labeled and displayed as in
A. The conformation-speci� c 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 above bars.C, left, an ROI was
generated using ALG-2/pe� in-colocalized spots to mark ERES and used to interrogate mean intensity in the unmodi� ed GFP-sec13 channel.Right, the area
of spots that had colocalized ALG-2 and pe� in. D, using an ERES ROI generated from colocalized ALG-2 and VSV-Gts045 spots, total intensity of sec31A was
measured.E, shows the total area of spots that had both GFP-sec13 and ALG-2.F, left, pe� in total spot intensity of cytoplasmic pe� in. Right, the same
calculation was performed for pe� in particles inside the nucleus. In all plots, binary image masks were used to measure intensities on the unmodi� ed
images (seeExperimental proceduresfor details). Eachdot represents data from a single cell, with the mean and SEM indicated. Signi� cance determined by
unpaired Student’s t test with unequal variance; samep-value signi� cance symbols as used inFigure 1A.
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colocalization of lost outer coat.Figure 7F, left, shows that
cytoplasmic pe� in spot intensity increased by 40% in the same
cells in which the destabilized outer coat was documented. In
these same cells, however, we detected a statistically signi� cant
15% decrease in nuclear pe� in spot intensity (Fig. 7F, right). It
is unknown whether pe� in release from the nucleus is a pas-
sive result of, as opposed to a driver of, increased pe� in tar-
geting to ERES. Note that pe� in, per se, is not required for
CADEE induction but that during CADEE, pe� in contributes
substantially to the low transport values observed (Fig. 6A).
We currently do not know the signi� cance of increased pe� in
at ERES during CADEE, but note that pe� in-bound ALG-2
seems to be a parallel inhibitory state (Fig. 6C). In conclusion,
the CADEE phenomenon is accompanied by destabilization of
the COPII outer coat at ERES and increased pe� in localization
at these sites, both predicted to decrease the rate of ER export.

ATP elicits functionally distinct effects on ER export in NRK
and PC12 cells

Extracellular ATP was used as a Ca2+ agonist and found to
elicit CADEE similarly to histamine. A dose–response curve
for ATP in ER-to-Golgi transport is shown inFigure 8A.
Interestingly, CADEE occurred maximally in doses close to
100 nM, while doses of 100� M—a typical concentration in the
literature for induction of Ca2+ signaling—resulted in little or
no CADEE. This implied that the CADEE secretion response
may depend upon on a de� ned Ca2+ signature or pattern
during its induction. To investigate what the Ca2+ pattern
associated with CADEE was, we recorded cytosolic Ca2+

signaling over a 40-min period using FURA-2 cytosolic Ca2+

dye; cells were maintained at 37� C in their regular medium
during imaging. As shown inFigure 8B, which displays
representative individual cell traces, 100 nM ATP elicited a

small or sometimes no immediate Ca2+ response. During the
subsequent 10 min following ATP addition, Ca2+ oscillations
became more frequent and larger. Following a 15-min break
from imaging, cells with oscillations following ATP addition
continued to show oscillations, now with even greater fre-
quency and intensity. This experiment demonstrates that once
again CADEE was associated with sustained Ca2+ oscillations
over many minutes.

To examine the generality of these phenomena, we titrated
neuroendocrine PC12 cells with the Ca2+ agonist ATP using
the same cargo and ER-to-Golgi transport assay as in NRK
cells. As shown inFigure 9A, PC12 cells responded to ATP
with the opposite response to that of NRK cells, constituting a
Ca2+-activated enhancement of ER export (CAEEE). The
response to ATP involved an approximately 30% increase in
ER export (as opposed to a 40% decrease in NRK cells) and was
approximately 1 order of magnitude less sensitive to ATP, with
a maximum near 1� M ATP. Higher concentrations of ATP
gave smaller effects on secretion as observed in NRK cells. To
investigate the role of PEF proteins in the CAEEE response, we
used ALG-2 siRNA. As shown inFigure 9B, PC12 cells
depleted of PEF proteins did not change secretion in response
to ATP, indicating that CAEEE, like CADEE, requires the
correct complement of ALG-2 and pe� in. Figure 9E demon-
strates that the functional effects of depletion were obtained
with a somewhat modest 51% depletion of ALG-2, and that as
in other cells, there was codepletion of pe� in as well. One
possibility to explain the differing responses to ATP between
NRK and PC12 cells would be that in different cell types, ALG-
2 responds to Ca2+ in different ways because of differences in
secretory machinery. In support of this idea, as shown in
Figure 1G, PC12 cells contain around half as much ALG-2 and
are relatively depleted of pe� in compared with NRK cells.

Figure 8. ATP elicits Ca2+-activated depression of ER export and continuing Ca 2+ oscillations in NRK cells. A, NRK cells were transfected with VSV-
Gts045 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 inFigure 1A. Mean ± SEM is shown for each point; N� 100 cells per condition.B, representative single cell FURA-2
traces. NRK cells were loaded with FURA-2 AM prior to incubation at 37� C on 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 at t = 5 min. At t = 30 min, a second round of
imaging every 10 s for 10 min was conducted on the same� eld of cells.
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However, another possibility would be that ATP produces
distinct Ca2+ signaling intensities or patterns in NRK and
PC12 cells, and ALG-2 responds to distinct signaling proper-
ties in different ways. To help distinguish these possibilities, we
carried out studies of cytoplasmic Ca2+ signaling in PC12 cells
as we did inFigure 8B for NRK cells. As shown inFigure 9D, 1
� M ATP produced an immediate surge of cytoplasmic Ca2+

followed by a signi� cant diminution within a few minutes.
Thereafter, clear Ca2+ oscillations were rare and widely
interspersed. These data suggest that distinct intensities and/
or durations of Ca2+ signaling may underlie the different ALG-
2-dependent secretory responses to ATP in NRK (Fig. 8) and
PC12 (Fig. 9) cells. Sustained Ca2+ signals are associated with
CADEE while strong responses followed by diminution are
associated with CAEEE.

In NRK cells, distinct Ca2+ mobilization patterns determine
whether ALG-2 enhances or depresses ER export

Since the opposing secretory responses of NRK and
PC12 cells to ATP were associated with distinct Ca2+ signaling
patterns, it seemed likely that spatiotemporal signaling prop-
erties, rather than a difference in secretory machinery,
accounted for the distinct functional outcomes between the
cell types. If this was the case, then NRK cells, given an
appropriate Ca2+ stimulus, could respond with enhanced
secretion like PC12 cells. Since an abrupt, discontinuous Ca2+

pattern was associated with CAEEE in PC12 cells (Fig. 9), we
tested the sarco-endoplasmic Ca2+ ATPase (SERCA) inhibitor
2,5-Di-(t-butyl)-1,4-hydroquinone (BHQ) in NRK cells, which
invokes a surge of cytoplasmic Ca2+ for a few minutes until
extrusion and other mechanisms restore the cytoplasm to

Figure 9. ATP elicits Ca2+-activated enhancement of ER export and discontinuous Ca2+ signaling in PC12 cells. A, PC12 cells were transfected with
VSV-Gts045 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 inFigure 1A. 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 exposed to 1� M ATP for 2.5 h prior to the shift to a permissive
traf� cking temperature and quantitation of VSV-G transport.C, example wide� eld images of individual cells fromA for select conditions.D, in PC12 cells,
exposure to 1� M ATP produces immediate Ca2+ signaling that fades in strength and frequency over time. Shown are individual cell traces representative of
this effect. The conditions used were identical to inFigure 8B. E, Western blot on leftover cell extracts from partB, demonstrating a 51% depletion of ALG-2
with siRNA, as well as a co-depletion of pe� in. Image scale bar; 20� m.
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near-basal levels (see below). We previously demonstrated that
a combination of ATP and BHQ increased ER-to-Golgi
transport of GFP-FM4-GH in HeLa cells, though a mecha-
nism was not pursued further (34). As shown inFigure 10A, at
low micromolar concentrations for 2.5 h, BHQ stimulated ER-
to-Golgi transport by 50% or more, while by 10� M, the
compound caused no signi� cant effect on transport (and in
many cells, caused visible cytopathic effects). As shown in
Figure 10B, the Ca2+-activated enhancement of ER export
elicited by 4 � M BHQ was entirely PEF protein-dependent,
since ALG-2 siRNA rendered cells unresponsive to BHQ.
Representative individual cell traces of Ca2+ dynamics elicited
by BHQ are presented inFigure 10C. BHQ produced a surge of
Ca2+ that then diminished and stabilized. Compared with the
100 nM dose of ATP in NRK cells (Fig. 8B) and the 1� M dose

of ATP in PC12 cells (Fig. 9D), the 4 � M dose of BHQ more
closely resembled the discontinuous pattern for ATP in
PC12 cells that resulted in CAEEE. Together, these experi-
ments indicate that ALG-2 responses to Ca2+ signaling can
produce CADEE or CAEEE—even within the same cell type—
based upon the signaling pattern and/or duration, with
continuous, tonic elevations associated with the former and
large surges followed by signi� cant diminution associated with
the latter.

ALG-2-dependent depression of transport is succeeded by the
enhancement of transport upon agonist removal

Since both the ATP depressive effect and the BHQ
enhancing effects in NRK cells depended upon Ca2+ and ALG-
2, we doubted that they were mechanistically completely

Figure 10. NRK cells possess both Ca2+-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 calculated for� 100 cells as
for Figure 1A. The mean transport index for each BHQ condition is plotted as a singleblack dot. B, NRK cells transfected with VSV-G and control or ALG-2-
speci� c siRNAs were treated with speci� c BHQ doses or a DMSO control for 2.5 h prior to determination of transport indices. One-way ANOVA as in
Figure 1A. C, example FURA-2 traces of NRK cells exposed to 4� M BHQ. Methods similar toFigure 8Bexcept that the cells were recorded during perfusion
with media successively lacking, containing, and then lacking BHQ.D, NRK cells were treated with 100 nM ATP and either maintained (black squares) for 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 further (red circles). Transport relative to control was plotted
for several timepoints.E, using cells fromD, mean sec31 spot intensity was calculated from deconvolved images as inFigure 2D.
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distinct. Instead, it seemed plausible that they were both part
of a more uniform ALG-2 response that proceeded in
consecutive phases, but that the relative intensity and timing of
the phases could differ between different Ca2+ protocols or cell
types. If this was the case, it should be possible to produce both
CADEE and CAEEE using just ATP in NRK cells.Figure 10D
black squares, shows ATP-dependent CADEE over 5.5 h in
NRK cells. As with the response to histamine (Fig. 6), the
CADEE effect of ATP is strong at 2.5 h. After this initial in-
duction, the depression may diminish somewhat but persists
for an additional 3 h. On the other hand, as shown in the red
circles, if ATP is removed after the initial 2.5 h, the secretion
rate rebounds, achieving its initial rate 1.5 h following ATP
removal. Strikingly, by 3 h following ATP removal (t = 5.5 h in
Fig. 10D), secretion has accelerated well beyond its initial,
basal rate, an increase reminiscent of the enhancement of
secretion caused by 2.5 h of ATP treatment in PC12 cells
(Fig. 9A). While our results do not explain the molecular
changes that result in the reversal of CADEE to cause CAEEE,
it suggests that CADEE is not an off-pathway state but rather a
state associated with ongoing signaling, while CAEEE may be a
response to the cessation of signaling. In other words, both
CADEE and CAEEE constitute a regulatory sequence
controlled by the intensity and length of signaling episodes.
This experiment using only ATP in NRK cells also rules out
the possibility that potential signaling cross talk between
distinct signaling pathways determines whether CADEE or
CAEEE manifests.

Given that changes in outer coat targeting to ERES would be
a suf� cient mechanistic basis for ALG-2- and pe� in-dependent
transport activities, we wondered whether the cycle of
decreased and then increased transport induced by ATP in-
cubation and removal (Fig. 10D) would be re� ected in parallel
decreases followed by increases in outer coat targeting. Indeed,
when sec31 spot intensity was quanti� ed from the transport
experiment shown inFigure 10D, we found that sec31A tar-
geting closely correlated with CADEE, the release from
CADEE by ATP removal, and subsequent induction of CAEEE
by 5.5 h (Fig. 10E). These results support the hypothesis that
ALG-2-dependent modulation of outer coat targeting drives
all of the ALG-2-dependent transport phenotypes character-
ized herein.

Discussion

ALG-2, pe� in, and effectors comprise a hetero-bifunctional
regulator of ER export

From these studies, a model emerges (Fig. 11) in which
ALG-2, pe� in, and their effectors exist in several activity states
correlating with distinct compositions of ER exit sites. These
states result in either upregulation (Fig. 11B) or down-
regulation (Fig. 11C) of the basal ER export rate (Fig. 11A) with
potentially important consequences for cell physiology and
pathology, including ER stress. The activity states are purely
regulatory since neither pe� in nor ALG-2 is essential for
secretion. By experimentally adjusting the ALG-2:pe� in ratio
at steady-state Ca2+ we determined that a pe� in-ALG-2

hetero-complex bound to ERES and inhibited ER-to-Golgi
transport, and that a pe� in-lacking ALG-2 species bound
there to stimulate transport. Mechanistically, these states
correlate with decreased and increased, respectively, targeting
of the COPII outer coat to ERES, presumably mediated by the
well-characterized interaction between ALG-2 and its binding
site in the proline-rich region or loop of sec31a that connects
the inner and outer coats (21). Though our studies did not
de� ne the subunit makeup or stoichiometry of ALG-2 com-
plexes, it is likely that the inhibitory ALG-2-pe� in complex
targeted to ERES by ALG-2 is at least in part the 1:1 hetero-
dimer characterized earlier to occupy the majority of ALG-2 in
the cell and is dissociated by high Ca2+ (14, 15). The pe� in-
lacking ALG-2 complex is most likely comprised at least in
part of the Ca2+-stimulated ALG-2 homodimer whose crystal
structure was determined in complex with sec31A peptide
(21). Our schematic depicts them as a heterodimer and
homodimer as the simplest explanation comprised of known
species. The ALG-2 homodimer has been described generally
as a Ca2+-dependent adaptor because of its ability to engage
two coeffectors at once and link them (35). In our schematic,
one of the ALG-2 coeffectors is always sec31A, since that
interaction is required for ALG-2 localization to ERES (10, 11).
For the stimulatory activity of ALG-2 (Fig. 11, part B), the
simplest model would be that the other coeffector would be a
second molecule of sec31A, as this could result in cooperative
coat assembly, more outer coat, and higher transport. Indeed,
ALG-2-dependent inner–outer coat interactions have been
demonstrated in solution without inclusion of other proteins
(17). However, there may be other ALG-2 effectors involved
that our work does not address, several of which have been
identi� ed at ERES, including annexin A11 (18), MISSL,
MAP1B (36), and KLHL12 (20). We have not ruled out, for
example, the possibility that ALG-2 and pe� in interactions
with KLHL12 contribute to the sec31A increases and de-
creases we observe at ERES during CADEE and CAEEE,
through a mechanism involving sec31A ubiquitination
(20, 37). Another posttranslational modi� cation that could
play a role as directed by ALG-2 and pe� in is O-GlcNAcyla-
tion of sec31A (38, 39).

Ca2+ signaling can result in either a stimulatory or inhibitory
activity of ALG-2, as can overexpression of ALG-2, that is
independent of pe� in. 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 Ca2+-induced inhibitory state
could also be mediated by ALG-2 alone or could involve a
distinct, inhibitory coeffector that is recruited by ALG-2 dur-
ing sustained Ca2+ elevation (Fig. 11, part C, red pause button).
ALG-2 homodimers alone could be inhibitory because if the
positive function of ALG-2 homodimers is to cross-link
sec31A molecules, then oversaturation by homodimers
should prevent that cross-linking. Though the cross-linking/
oversaturation model to explain both in� uences is the
simpler model, the distinct, inhibitory cofactor model actually
� ts our data better since it explains why depletion of ALG-2, or
ALG-2 and pe� in does notper seinhibit secretion. We do not
know what the putative inhibitory coeffector might be, but as
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just mentioned, ALG-2 has a number of Ca2+-dependent client
proteins. By whichever mechanism, the inhibitory state is
experimentally distinct from that containing pe� in since it
does not require pe� in (Figs. 3B and 6A) and is buffered
against by the presence of pe� in (Figs. 3B and 6C).

Questions remain about how transitions occur between the
identi� ed activity states. For example, why does cessation of
long-term Ca2+ stimulation lead to the stimulatory state
(Fig. 11, “Ca2+ ceases” blue arrow)? Perhaps during long-term
Ca2+ signaling, ALG-2 homodimers accumulate at ERES, such
that once the inhibitory coeffector is released, the stimulatory
state mediated by homodimers automatically ensues. Another
hole in our understanding is whether all Ca2+-induced secre-
tion changes include at least a short, transient inhibitory state.
An alternative possibility is that certain Ca2+ intensities and
durations directly induce positive regulation of secretion
(Fig. 11“discontinuous Ca2+” blue arrow). Unfortunately, this
question is currently dif� cult to address given the lags before
measurable secretion changes occur.

Another aspect to our model is that it only addresses the
export of actively-sorted COPII client cargo. We have no data
about whether vesicle budding rates,per se, increase and

decrease in concert with the export rates of the measured
cargos. It cannot be ruled out, for example, that increases in
VSV-G transport are actually caused by slower vesicle budding
but more stringent sorting of client cargos. The fact that bulk
� ow cargo export slows as client cargo accelerates (Fig. 4B)
implies that client cargo sorting is so stringent as to exclude
nonclient cargo. What effect this has on vesicle budding re-
mains unexplored.

An unexpected discovery was that pe� in is concentrated in
the nucleus (Fig. 2A). ALG-2 has also been reported to localize
to the nucleus and has been implicated in Ca2+-regulated
splicing reactions there (40). While we cannot rule out the
possibility that nuclear function of either ALG-2 or pe� in
could contribute to their transport effects, their presence and
intensity ratios at ERES during expression studies (Fig. 2)
correlate extremely well with their functional impacts on ER-
to-Golgi transport (Fig. 1A). We still do not understand,
however, how Ca2+ changes result in the ERES targeting and
functional changes we observed. For example, ALG-2 binding/
unbinding to ERES occurs unitemporally with every single
Ca2+ oscillation ((12), and our own unpublished observations),
yet ALG-2-dependent changes in ERES structure/function

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 a pe� in-ALG-2 complex binds sec31Avia ALG-2 and inhibits
transport.B, increases in the ALG-2:pe� in expression ratio or discontinuous agonist-driven Ca2+ signaling comprised of high Ca2+ followed by low Ca2+,
leads to more ALG-2 homodimers at ERES, greater outer coat recruitment, and greater export of COPII client cargo.C, continuous Ca2+ signals such as
persistent agonist-driven oscillations leads to an ALG-2-dependent reduction of COPII targeting and decreased export of COPII client cargoes. Though pe� in
binding to ERES also increases during this state, it is not required for the response, leading us to posit either a distinct, unknown inhibitory Ca2+-activated
ALG-2 effector (redpause button) or alternatively an inhibitory effect of ALG-2 produced by saturation of sec31A (seeDiscussion). StateCpersists for hours if
signaling persists, however, abrupt cessation of Ca2+ signaling leads directly to stateB.
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caused by Ca2+ changes take� 30 min. The unitemporal
binding/unbinding may contribute to a longer-term change,
perhaps involving the entire cellular balance of ALG-2
homodimers versus heterodimers, that actually drives the
functional changes. Alternatively, the ERES functional changes
may involve something more akin to ERES biogenesis and
disassembly, rather than merely changes in the content of
outer coated located at ERES. One possibility we have largely
ruled out involves the transcriptional response to ER stress.
Knockdowns of pe� in in unstressed cells under basal condi-
tions did not detectably affect the UPR as indicated by in-
tensities of bands on Westerns with the following antibodies:
anti-phospho-IRE1, anti-phosho-EIF2 alpha, anti-ATF4 and
anti-CHOP (data not shown). This excludes the mechanism
wherein pe� in depletion could cause ER stress, which would
increase transcription of COPII machinery to build ERES and
accelerate secretion. Based upon all available evidence, we
conclude that PEF protein effects on ER-to-Golgi transport are
mediated directly through, or triggered by, their interactions
with sec31A at ERES.

There are scarce precedents in the literature for agonist-
dependent Ca2+ signaling affecting constitutive secretion. In
one instance, it was discovered that long-term histamine
signaling accelerated intra-Golgi VSV-G transport (41), an
effect that involved a distinct Ca2+ effector and traf� cking
machinery target, and yet is reminiscent of our� nding that
ATP signaling in PC12 cells accelerated ER-to-Golgi transport
(Fig. 9). There are many reasons for cells to up- or down-
regulate constitutive traf� cking, including to regulate inter-
cellular communication in the case of secretory cells and
neurons, to regulate resource consumption, cell growth, ER
stress, and to limit viral replication. It is of note that there
appear to be two inhibitory states, one pe� in-dependent and
another pe� in-independent. The pe� in-containing state is
present at steady state and could allow cells to permanently
change secretion rates by adjusting the relative pe� in expres-
sion level. On the other hand, the Ca2+-activated inhibitory
state could“choke” secretion quickly during transient excito-
toxic circumstances or viral infection. Though the conse-
quences of secretion reduction could be protective to
otherwise healthy cells, we speculated that it may be mal-
adaptive to highly stressed cells. Along these lines we depleted
pe� in in a cellular model of aging wherein primary porcine
aorta endothelial cells become senescent, display mitochon-
drial Ca2+ excitotoxicity, elevated ROS production, chronic ER
stress signaling in the absence of chemical inducers, and
eventual apoptosis (31). We found that pe� in depletion dras-
tically reduced proapoptotic UPR signaling (Fig. 5F), consis-
tent with its suppressive role in secretion being relevant to
damage-inducing ER stress.

Experimental procedures

Antibody production and puri� cation

Rat pe� in and mouse ALG-2 were ligated into pGEX
expression plasmids and expressed inE. coli as GST fusion
proteins. Cultures were grown at 37� C to an A600 of 0.4 to 0.6,

prior to an induction with 1 mM isopropyl-1-thio-� -D-gal-
actopyranoside (IPTG) at 37� C for GST-ALG-2, and 15� C for
GST-pe� in, for 3 h. Harvested cells were subjected to a single
round of French Press and centrifuged at 20,000g for 20 min.
Pellets were collected, dissolved in sample buffer, and loaded
onto SDS-PAGE gels. Gels were stained with 0.1% Coomassie
in H20, and the resolved bands were excised from the gel and
subjected to a 3 h electroelution in 25 mM Tris, 1 mM glycine
and 0.1% SDS, on ice. The eluted protein solution was
concentrated and injected subcutaneously, using Freund’s
adjuvant, into a rabbit, for pe� in, or a chicken for ALG-2.
Three subsequent antigen boost injections were done over
an 80-day period. At this stage, the pe� in antibody was fully
useful as a crude serum. For the ALG-2 antibody, sera were
supplemented with an equal volume of 10 mM Tris, pH 7.5,
� ltered with a syringe� lter and passed through a 1 ml CNBr-
Sepharose column conjugated with GST as nonspeci� c con-
trol. The � ow-through was then loaded onto another
CNBr-Sepharose column conjugated with mouse GST-ALG-2.
Columns were washed with 3 × 5 ml of 10 mM Tris, pH 7.5,
then washed with the same buffer containing 0.5 M NaCl, once
again with 10 mM Tris, pH 7.5, and� nally eluted with 0.1 M
glycine, pH 2.5. Fractions were neutralized with 2 M Tris, pH
8.0, and quantitated at A280. Peak fractions were pooled and
dialyzed into PBS.

Other antibodies and expression constructs

Monoclonal anti-VSV-G was purchased from Sigma
(product V5507, clone P5D4), while monoclonal anti-VSV-G
clone I14 antibodies (42) were produced in-house from the
hybridoma cell line. Mouse monoclonal anti-CHOP antibody
was purchased from ThermoFisher Scienti� c (product MA1-
250). Rabbit polyclonal anti-collagen I antibody was pur-
chased from Abcam (product ab34710). Mouse monoclonal
anti-mannosidase II antibody was purchased from Covance
Research Products (product MMS-110R-200). Green second-
ary antibodies conjugated to Alexa Fluor 488 were from
Invitrogen (product A11001); Cy3-, or cy5-conjugated sec-
ondary antibodies were purchased from Jackson ImmunoR-
esearch Laboratories.

Cargo constructs: for routine ER-to-Golgi transport studies,
we used the synchronizable cargo VSV-Gts045-GFP in pCMV,
or more commonly the untagged version of VSV-Gts045 in
pCMV in conjunction with the P5D4 monoclonal antibody for
immuno� uorescence detection (the untagged construct has a
signi� cantly higher transfection ef� ciency). Human GFP-
Collagen I was from David Stephensvia Addgene (construct:
pEGFP-N2-COL1A1). The transport cargos retained in the ER
until triggered to export with a ligand are based upon the RPD
Regulated Secretion/Aggregation Kit from ARIAD Pharma-
ceuticals. The luminal cargo we here call“GFP-FM4-GH” is
identical to the construct “pC4S1-eGFP-FM4-FCS-hGH” we
described before (24). GFP-FM4-VSV-Gtm was constructed
from GFP-FM4-GH by removing the furin cleavage site and
human growth hormone by cleavage with SpeI/BamHI and
replacing it with a fragment containing the VSV-G trans-
membrane domain: 50- actagtTCATCGTCGAAGAGCTCTA
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TTGCCTCTTTTTTCTTTATCATAGGGTTAATCATTGG
ACTATTCTTGGTTCTCCGAGTTGGTATTTATCTTTGC
ATTAAATTAAAGCACACCAA GAAAAGACAGATTTAT
ACAGACATAGAGATGAAC CGACTTGGAAAGTAAGC
GCCCG Cggatcc-30. To make GFP-FM4-GPI was the same
procedure except that the SpeI/BamHI- cleaved construct was
ligated with a fragment containing the CD55 GPI anchor
sequence: 50- actagtACAACCCCAAATAAAGGAAGTGGAA
CCACTTCAGGTACTACCCGTCTTCTATC TGGGCACAC
GTGTTTCACGTTGACAGGTTTGCTTGGGACGCTA GT
AACCATGGGCTT GCTGACTTAGggatcc-30. This construct
is targeted to the plasma membrane where it is sensitive to
extracellular PI-PLC treatment (DEG and AAP, unpublished
observations). For VSV-Gts045 employed in Figure 7 as an
ERES marker, we utilized the untagged VSV-Gts045, then
immuno-labeled it using monoclonal antibody I14, which only
detects mature trimers.

Rat pe� in was ampli� ed from a cDNA clone by PCR primers
encoding EcoR1/XhoI. This product was ligated into
mammalian expression vector pCDNA 3.1(+). Mouse ALG-2
was ampli� ed from a cDNA clone (MGC: 49479) and ligated
into mammalian expression vector pME18S using PCR
primers encoding XhoI and XbaI. GFP-sec13 was as described
(43). Histamine receptor construct pH1R-P2A-mCherry-N1
was purchased from Addgene (product: 84330). For a plasma
membrane marker for use in total cell� uorescence calcula-
tions, pCAG-mGFP was purchased from Addgene (product:
14757).

siRNA knockdowns and transfections

For plasmid transfections, NRK or PC12 cells were trans-
fected using Polyjet (SignaGen Laboratories), following the
manufacturer’s instructions, about 24 h prior to transport as-
says. For transport experiments involving both plasmid and
siRNA transfections, NRK or PC12 cells were transfected with
siRNAs using RNAiMax (Invitrogen) with OpiMEM medium
as suggested by the manufacturer, approximately 48 h prior to
transport. Then, approximately 24 h prior to transport, they
were transfected with plasmids using Polyjet as just described.
Cells were equilibrated at 41� C for 6 to 12 h prior to transport.
Control siRNA had the following sense strand sequence:
50-AGGUAGUGUAAUCGCCUUGdTdT-30. Pe� in siRNA
0975 had the following sense strand sequence: 50-GCCU-
CAUGAUGAUAAACAUdTdT-3 0. In a previous manuscript,
we established that three distinct, nonoverlapping pe� in
siRNA sequences—including 0975—produced the phenotype
of elevated ER-to-Golgi transport ((16), Fig. S1). ALG-2 siRNA
8567 had the following sense strand sequence: 50-GGAGCG-
GAGUGAUUUCAGAdTdT-30. In a previous manuscript, we
established that three distinct, nonoverlapping ALG-2 siRNAs
—including 8567—produced consistent, mild effects on ER-to-
Golgi transport (8). To demonstrate that multiple distinct se-
quences also blocked Ca2+ effects on transport, we tested the
siRNA 8568, which is completely distinct from siRNA 8567,
and found that it did (this manuscript,Fig. S2). Collagen
siRNA had the following sense strand sequence: 50-

GAACUCAACCUAAAUUAAAdTdT-3 0. All siRNAs were
custom synthesized lacking chemical modi� cations by Gene
Link.

Cell culture and agonist/drug treatments

NRK and Rat2 cells were grown in DMEM with 4.5 g/l
glucose, 10% FBS (Gibco, quali� ed grade), and 1% penicillin-
streptomycin. For microscopy studies, they were grown
directly on glass coverslips coated with poly-L-lysine. PC12
cells were grown in DMEM with 4.5 g/l glucose, 5% donor
horse serum (Hyclone), and 5% iron-supplemented bovine calf
serum (Hyclone). PC12 cells were maintained routinely on
collagen-I-coated plasticware, while for microscopy they were
plated directly on glass coverslips that had been� rst coated
with poly-L-lysine and then coated with collagen I. Porcine
aorta endothelial cells were isolated and cultured to P5 as
described before (31). For agonist/drug treatments, NRK or
PC12 cells were grown to� 100% con� uency in 6-well plates.
Histamine (Sigma H7125) was dispensed into glass vials under
nitrogen and stored atŠ20 � C. Solutions of histamine were
prepared fresh each day, while ATP (500 mM in water) and
BHQ (100 mM in DMSO) stock solutions were stored frozen
and freshly diluted each day. Bradykinin was dissolved at
5 mM in 5% acetic acid, stored in aliquots atŠ80 � C, and used
immediately after dilution in cell medium.

PAEC’s and RT-PCR

PAECs in an aged state (passage 5), con� rmed by positive
beta-galactosidase staining and decreased proliferation rate
(31), were transfected with pe� in siRNA using Transfast
(Promega Corp) according to manufacturer’s instructions.
Total RNA was isolated using the PEQLAB total RNA isola-
tion kit (Peqlab) and reverse transcription was performed in a
thermal cycler (Peqlab) using a cDNA synthesis kit (Applied
Biosystems). mRNA levels were examined by qRT-PCR. A
QuantiFast SYBR Green RT-PCR kit (Qiagen) was used to
perform real time PCR on a LightCycler 480 (Roche Di-
agnostics), and data were analyzed by the REST Software
(Qiagen). Relative expression of speci� c genes was normalized
to porcine GAPDH as a housekeeping gene. Primers for qRT-
PCR were obtained from Invitrogen.

Calcium imaging

Prior to imaging, NRK or PC12 cells were loaded by incu-
bation in growth medium containing 20 mM Hepes, 3� M
FURA-2AM, and 1.5 mM probenecid for 30 min at 37� C, then
washed and incubated for 10 min in the same medium lacking
FURA-2AM. Coverslips were then placed in a microscope
chamber and maintained at 37� C using a submerged heating
loop. For ATP experiments, cells were maintained in a non-
perfusing volume of 1.5 ml growth medium, 20 mM HEPES,
and probenecid. For BHQ experiments, the medium was
continuously perfused with prewarmed medium at 2 ml/min.
Image acquisition was completed by a Nikon TE300 inverted
microscope equipped with a Nikon Plan Fluor 20×/0.75
objective, motorized high-speed Sutter Lambda� lter wheel for
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emissions, CoolLED pe340 excitation system, and PCO Panda
sCMOS camera, all automated with Micro-Manager software.
After selecting a suitable� eld of cells, imaging was carried out
for at most 30 min of 10 s imaging cycles capturing separate
340 nm- and 380 nm-excited images collected at 510 nm.
Analysis was completed in ImageJ using a custom plugin that
determined the ratio of the background-subtracted emissions
from 340 and 380 excitation for each individual cell over time.

Immuno� uorescence microscopy

Coverslips were� xed with 4% paraformaldehyde containing
0.1 M sodium phosphate (pH 7) for 30 min at room temper-
ature and quenched three times for 10 min with PBS con-
taining 0.1 M glycine. Fixed cells were treated for 15 min at
room temperature with permeabilization solution containing
0.4% saponin, 1% BSA, and 2% normal goat serum dissolved in
PBS. The cells were then incubated with primary antibodies
diluted in permeabilization solution for 1 h at room temper-
ature. Next, coverslips were washed 3× with permeabilization
solution and incubated 30 min at room temperature with
different combinations of Alexa Fluor 488-, Cy3-, and/or Cy5-
conjugated anti-mouse, anti-rabbit, or anti-chicken secondary
antibodies. After the secondary antibody incubation, coverslips
were again washed 3× using permeabilization solution and
mounted on glass slides using Slow Fade Gold antifade reagent
(Invitrogen: S36936) and the edges sealed with nail polish.
Slides were analyzed using a 40×/1.3 Plan Fluor or 60×/1.4
Plan Apo objective on a Nikon E800 microscope with an LED
illumination unit (CoolLED pE 300white), sCMOS PCO.edge
4.2 camera, prior excitation, and emission� lter wheels and Z-
drive, automated using Micro-Manager software. For transport
assays (see below), typical images collected for each� eld of
cells were VSV-Gts045 (green channel) and Golgi marker
mannosidase II (cy5 channel). For colocalization assays (see
below), typical images collected for each� eld of cells were
sec13-EGFP (GFP channel), ALG-2 (cy3 channel), and pe� in
(cy5 channel).

ER-to-Golgi transport assay

NRK, PC12, or Rat2 cells were plated on glass coverslips and
transfected as described above. For VSV-Gts045 and collagen I
cargo, cells were shifted to 41� C for 6 to 15 h prior to
transport, to accumulate the cargo in the ER. For the transport
assay, the cells were either� xed by dropping coverslips directly
into 6-well chambers containing� xative or pre-equilibrated 32
� C medium for 10 min, then � xative. For assays involving
collagen I cargo, the 32� C medium was supplemented with
50 � g/ml ascorbate. Alternatively, for FM4-containing cargo
constructs, transfected cells were kept always at 37� C, and the
coverslips were� xed either by dropping coverslips directly into
� xative or into to 6-well chambers containing 37� C media
with 500 nM AP21998, also known as D/D solubilizer
(TakaraBio: 635054), for 10 min prior to transfer to� xative.

Morphological quantitation of ER-to-Golgi transport was
accomplished by� rst collecting images in a consistent manner
with regard to cell morphology, protein expression levels, and

exposure. A single wide� eld image plane was collected for each
color channel for each� eld of cells randomly encountered;
image deconvolution was not performed. Prior to image
analysis using a custom ImageJ script (available upon request),
� les for all experimental conditions were automatically and
randomly renamed with a 36-character designation and re-
sorted by that identi� er, eliminating any way for the user to
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 user� rst de� nes an extra-
cellular region for use as a background, after which the user
de� nes the minimal rectangular region of interest (ROI)
encompassing the� rst cell to be analyzed. This ROI is then
isolated in a separate window and the Golgi maximum is
extracted, which represents the mean intensity of the pixels in
the 99.990 percentile and above but excluding the highest
pixel. The user checks that these brightest pixels are in fact
within the Golgi as de� ned on the mannosidase II image
planes. The user then sequentially places three small circular
ROIs within vesicular/reticular regions adjacent to the nucleus
but clearly distinct from the Golgi. The ER mean is extracted
as the mean of the three mean pixel intensities of these ROIs.
Transport index is then extracted for the cell as (Golgi
maximum-background)/(ER mean-background). Occasionally
intensities of other channels are also collected in tandem using
an ROI encompassing the cell, such as inFigure 3B, which
collected ALG-2 intensities in addition to transport values.
The cell is then numbered on the image to avoid recounting,
and all extracted parameters written to an appendable output
� le along with the cell number, and image title so that the data
is fully traceable. The user then de� nes another cell from the
image or opens another image. Using this method, the user
quantitates 60 to 100 cells per hour.

Once transport indices have been obtained for all conditions
in an experiment, each value is subtracted by the mean
transport index value for cells that were� xed directly from
41 � C without a transport incubation at 32� C (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
value for the particular experiment. Each result reported here
was obtained in at least three separate experiments on
different days.

Labeling intensity and colocalization assays

Cells were transfected with ERES markers GFP-sec13 or
VSV-Gts045. Following immunolabeling as described above,
cells such as those shown inFigures 2and7 (or quantitated in
Fig. 10E) were captured as z-stacks in 11, 200-nm increments
for each channel. These image stacks were deconvolved as a
single batch using Huygens Essential Wide� eld software
(Scienti� c Volume Imaging) according to the manufacturer’s
instructions. Final images for display and quantitation repre-
sent maximum intensity projections of deconvolved stacks. As
before, these deconvolved stacks were each assigned a random
36-character designation and re-sorted by the random name.
The intensity of labeled proteins was assessed by a custom
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ImageJ script (available upon request) performed on individual
cells for which the user manually de� nes a minimal enclosing
ROI. Background labeling was� rst removed by de� ning a dark
extracellular area of each image channel as background and
subtracting that value from every pixel. The speci� c pixels
assessed for intensity were predetermined using a binary object
mask, which was generated by auto-thresholding the desired
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 used
to measure either mean intensity or integrated density
(product of area and mean intensity) in relevant channels of
the unmodi� ed images. Integrated density measurements are
referred to as“total intensity” or “total spot intensity” in the
� gure legends where relevant, whereas mean intensity mea-
surements are labeled as such. The choice to present total
versusmean intensity was driven by which parameter pro-
duced lower variance and thus lowerp values when used in T-
tests (in no cases did they produce opposing results). In a few
cases (Fig. 7, C and D), the binary mask used was actually the
Boolean intersection (see below) of ALG-2 and another ERES
marker (sec31A or pe� in); this was because the ALG-2 anti-
body produced suspected background spots that did not
colocalize with ERES markers and were not removed by ALG-
2-speci� c siRNAs. In our nomenclature,“ERES intensity” and
“spot intensity” are distinguished by whether the mask for
interrogation is generated from a distinct ERES marker from
that being measured or from the measured marker itself,
respectively. Extracted parameters were written to an
appendable output� le along with the cell number and image
title so that the data was traceable. Following re-sorting by
experimental conditions, integrated densities and other pa-
rameters for each cell were then normalized to the mean
control value for the particular experiment. Each result re-
ported here represents combined data from at least three
separate experiments that displayed similar trends.

Alternatively, some binary masks were used to assess par-
ticle areas or areas of overlap—also referred to as“colocali-
zation.” Areas of overlap between two channels were
calculated from two auto-thresholded images using the Bool-
ean “AND” operator in ImageJ’s image calculator. This oper-
ation generated a mask that contained only spots present in
both channels, permitting a calculation of the total overlap
area.

Total cell � uorescence assay

In Figure 5, B and C, total cell � uorescence of collagen was
determined by � rst transfecting Rat2 cells with the plasma
membrane marker pCAG-mGFP (GFP with an N-terminal
palmitoylation signal). Endogenous collagen I was labeled in
the cy3 channel. Using pCAG-mGFP, a whole cell ROI was
selectedvia the wand threshold tool in ImageJ. That ROI was
then moved into the collagen channel wherein total mean gray
values and ROI area were extracted. Separately, a mean
background value was extracted by randomly selecting an area

without a cell. Total cell� uorescence was calculated as area of
selected cell × (mean intensity of cellŠ mean intensity of
background).

Data availability

All data for this study are contained within the manuscript.
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information.
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