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The ER-Golgi interface is a very dynamic environment that involves the movement of 
protein-loaded vesicles forward and backward. The movement of COPII-coated 
vesicles from the ER to the Golgi is the initial step in the movement of secreted, 
organellar, and cell surface  proteins toward their final destinations. Many factors can 
regulate this step, including cytosolic calcium increases. In this study, we examined 
the effect of a transient calcium pulse on recruitment to ER exit sites of cargo proteins 
for ER export, the calcium-sensitive regulatory proteins apoptosis-linked gene 2 
(ALG-2) and peflin, and the COPII outer coat subunits Sec31A and Sec13. We used 
immunofluorescence and live cell microscopy in normal rat kidney cells to monitor 
these events during and after a calcium surge induced by the ER calcium pump 
inhibitor 2,5-Di-(t-butyl)-1,4-hydroquinone (BHQ). We found that a calcium pulse 
can enhance the sorting of cargo proteins into ER exit sites for at least one hour 
following the pulse. This functional enhancement coincided with the recruitment of 
the outer coat proteins Sec13 and Sec31A to ER exit sites that persisted well beyond 
the calcium pulse. These functional and targeting changes were most likely directed 
by the calcium sensors ALG-2 and peflin, whose calcium-dependent kinetic 
recruitment patterns were also documented. One unexpected finding was that peflin 
recruitment to ER exit sites was increased by calcium; previous results had suggested 
that peflin would dissociate in response to calcium. Taken together our work 
demonstrates for the first time that a brief calcium event can initiate a cascade of 
functional and structural changes at ER exit sites that persists well beyond the period 
of elevated calcium. Such calcium-dependent regulation may ensure more efficient 
protein movement in the early secretory pathway after calcium-induced exocytosis of 
secretory vesicles or following the induction of cell proliferation or differentiation
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Chapter 1: Introduction 

The endoplasmic reticulum is the first organelle in the secretory pathway and the 

main store for calcium in the cell. It holds about 100 to 1000 μM of free Ca2+  in its 

lumen [1,2]. In contrast, the cytosol contains ≤100 nM of free calcium under resting 

conditions [3]. This allows the ER to be a major hub for calcium signaling in response 

to different stimuli. Also, the high calcium concentration inside the ER is essential for 

proper functioning of the chaperones and oxidases that assist correct protein folding 

[4]. Calnexin, calreticulin and BiP are major chaperones in the ER and are calcium 

binding proteins [5,6,7]. ER calcium depletion can impair the folding machinery, 

causing the accumulation of unfolded and misfolded proteins in the ER which can 

lead to ER stress [8].  

Calcium movement into and out of the ER is controlled by a calcium pump and 

calcium channels (figure 1). The Sarco-endoplasmic Reticulum Calcium ATPase 

(SERCA) pump utilizes energy from ATP hydrolysis to pump calcium into the ER 

lumen [9]. In contrast, the inositol 1,4,5-trisphosphate receptors (IP3Rs) and the 

Ryanodine receptors (RyRs) are channels that allow calcium release from the ER into 

the cytosol in response to different activators. The IP3 receptors can be activated by 

IP3 [10] generated when  phospholipase C hydrolyses phosphatidylinositol 4,5-

bisphosphate (PIP2). The Ryanodine receptors can be activated by calcium, apo-

calmodulin or the adenine nucleotides ATP, ADP and AMP [11]. Once a calcium 

signal is produced in the cytosol, it’s rapidly cleared by the SERCA pump into the ER 

and by the plasma membrane calcium ATPase (PMCA) pump to the extracellular 

space [12]. Such rapid clearance keeps the cytosolic calcium at low concentration to 

allow further signal production. 
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Figure 1. Calcium movement through channels and pumps in the endoplasmic 

reticulum and the cytosol. Shown are the IP3 receptor, RY receptor, SERCA pump 

and PMCA pump. Arrows represent direction of calcium movement. 

The ER represents the initial compartment for newly synthesized proteins to get 

folded and modified post-translationally. Newly formed polypeptide chains enter the 

ER through  channels called translocons [13]. Once the polypeptide chain starts to 

emerge into the ER lumen, chaperones rapidly attach to specific domains to keep the 

chain in a folding-competent state and to prevent it from spontaneous misfolding and 

aggregation [14]. There are two main chaperone systems in the ER; the 

calnexin/calreticulin system and the Hsp70 (BiP) system [14]. The 

calnexin/calreticulin system mainly assist the folding of glycoproteins, with the help 

of the protein disulfide isomerase ERp57 [15]. The BiP system plays a major role in 

the folding of non-glycosylated proteins via cycling between ATP-bound and ADP-

bound states [16]. Upon correct folding and oligomerization, glycosylated and non-

glycosylated client substrates leave the folding machinery and pass folding inspection 

check-points, and eventually arrive at the ER exit sites to leave the ER to the Golgi 

apparatus. 

Under normal conditions, the rate of protein folding inside the ER is in harmony 

with the rate of ER export, so that correctly-folded proteins can easily leave the ER 
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once they arrive at ER exit sites. Any condition that disrupts this harmony can result 

in the accumulation of misfolded and unfolded proteins inside the ER leading to ER 

stress. Such disruption can result from a chronic increase in protein synthesis [17] 

(such as the case in chronically-stimulated professional secretory cells [18]), depletion 

of calcium from the ER [8] (which disrupt the functionality of the folding machinery), 

disruption of the oxidizing environment of the ER that is required for disulfide-bond 

formation [19] or inhibition of ER export [20]. The resulting imbalance between the 

accumulated unfolded and misfolded proteins and the available ER chaperones 

induces the activation of the unfolded protein response (UPR). Such an adaptive 

response aims to relieve ER protein overloading via inhibiting new protein synthesis 

and improving protein folding, export and degradation [21]. There are three ER stress 

sensors that are integral membrane proteins of the ER; namely Ire1α (inositol 

requiring enzyme 1α), ATF6 (inositol requiring enzyme 1) and PERK (protein kinase 

RNA (PKR)-like ER kinase). Under non-stress conditions, these sensors are kept 

inactivated through binding to BiP proteins on the luminal side of the ER [22]. Upon 

the induction of ER stress, these BiP proteins bind instead to the unfolded proteins, 

leading to the activation of the stress sensors. These sensors start a transcriptional 

program involving up-regulation of ER chaperons, folding enzymes, ER-associated 

degradation (ERAD) machinery, ER export machinery and others [21,22]. If the UPR 

fails to restore ER homeostasis within a specific time frame, it starts an apoptotic 

program to get rid of hopeless cells. In conclusion, the maintenance of a functional 

and unhindered ER export process is essential to keep a healthy secretory pathway 

with no ER stress, and its improvement would be required to alleviate such stress 

when it occurs. 

When correctly-folded and oligomerized proteins arrive at ER exit sites, they get 

packed into COPII coated vesicles that bud from the ER to deliver the cargo to the 

Golgi apparatus. The formation of this coat (figure 2) [23] involves an initial 

activation of the small GTPase Sar1at ER exit sites by the transmembrane ER protein 

Sec12 (which has guanine nucleotide exchange activity), leading to insertion of Sar1 

into the ER membrane. This is followed by the recruitment of the inner coat subunits 

Sec23/Sec24 and cargo to form a prebudding complex with Sar1, in which Sec24 

contains the attachment sites for transmembrane client cargo proteins and for the 

receptors for soluble luminal cargo proteins. The outer coat subunits Sec13/Sec31 are 

then recruited to induce membrane bending and vesicle budding. After the COPII 
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coated vesicle buds from the ER membrane, it loses most of the coat so that it can 

fuse with the target membrane [24].  

Figure 2. Overview of COPII vesicle formation. COPII vesicle formation proceeds 

through a series of steps: (1) Sar1 is recruited to the ER membrane at ER exit sites 

(ERES), marked by Sec16. Using the GEF Sec12, Sar1 exchanges GDP for GTP and 

inserts an α-helix into the ER membrane, promoting curvature. (2) Sec23 and Sec24 

heterodimers are recruited to ERES, binding Sar1 and cargo to form the pre-budding 

complex. Cargo is loaded into the forming vesicle through direct interaction with 

Sec24, interaction with a Sec24-binding adaptor protein or bulk flow. (3) Lastly, 

Sec13 and Sec31A heterotetramers assemble around the forming vesicle, promoting 

further membrane curvature and scission. (figure adapted from: Bisnett BJ, Condon 

BM, Lamb CH, Georgiou GR, Boyce M. Export Control: Post-transcriptional 

Regulation of the COPII Trafficking Pathway. Front Cell Dev Biol. 2021 Jan 

12;8:618652. doi: 10.3389/fcell.2020.618652.) 

Importantly, the ER export process is regulated by several cytosolic proteins [23], 

including the calcium-sensitive regulatory proteins apoptosis-linked gene 2 (ALG-2)  

and peflin (PEF protein with a long N-terminal hydrophobic domain). ALG-2 is a 22 

kDa calcium-binding protein that belongs to the penta-EF-hand protein family with 

five repetitive EF-hand motifs [25,26]. It was shown that ALG-2 can change its 

conformation upon exposure to calcium [25,26]. It was also shown that, in the 
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presence of calcium, ALG-2 can bind to and stabilize the outer coat subunit Sec31A 

(the homologue that is widely expressed in various cell types, in contrast to Sec31B) 

at ER exit sites [27,28], and this in turn stabilizes the interaction of Sec31A with the 

inner coat subunit Sec23 [29]. Peflin is a 30-kDa protein that represents another 

member of the penta-EF-hand protein family with five repetitive EF-hand motifs, and 

it was found to be the most similar to ALG-2 in this family [30]. It is known that 

members of this family exist as homodimers and heterodimers. Using 

immunoprecipitation and western blotting studies, peflin was shown to interact with 

ALG-2 to form heterodimers in the absence of calcium, and this interaction was 

disrupted when calcium was added [31]. On the other hand, peflin was unable to form 

homodimers either in the presence or absence of calcium, in contrast to ALG-2 that 

was able to homodimerize in a calcium-stimulated manner [31]. Later, through using 

truncated mutants, it was shown that the interaction between ALG-2/peflin in 

heterodimers and between ALG-2/ALG-2 in homodimers involves the fifth-EF-hand 

(EF-5) regions of both proteins [32]. It was also shown that these EF-5 dependent 

interactions stabilize both proteins and inhibit their rapid proteasomal degradation 

[32]. 

Calcium has been shown to regulate protein transport at different parts of the 

secretory pathway, including exocytosis [33], intra-Golgi transport [34,35], and 

Golgi-to-ER retrograde transport [34]. This, in addition to the calcium-stimulated 

interactions of ALG-2 with the COPII coat at ER exit sites [27,28] and the calcium-

induced breakage of ALG-2/peflin heterodimers [31], prompted investigators to 

examine whether calcium can regulate ER-to-Golgi transport and the possible 

involvement of ALG-2 and/or peflin in such regulation. One of the earliest studies 

using semi-intact cells concluded that the maintenance of physiological levels of free 

Ca2+ in the cytosol is essential for efficient ER-to-Golgi transport, since cytosolic 

calcium depletion could severely inhibit this transport step, and the re-introduction of 

calcium to the physiological levels resulted in transport recovery [36]. Another study 

reported that ER calcium depletion could inhibit ER-to-Golgi transport of correctly-

folded cargo proteins, and elucidated the involvement of ALG-2-Sec31A interactions 

on the cytosolic side of ER membrane, suggesting that calcium released from the ER 

may regulate this step through this interaction [37]. Later, investigators found that 

peflin (which can stably exist only as a heterodimer with ALG-2 [31]) had an 

inhibitory effect on ER-to-Golgi protein transport and its depletion could improve 
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ALG-2 and Sec31A targeting to ER exit sites and their interactions, and could 

improve transport, further supporting a regulatory role for peflin and ALG-2-Sec31A 

interactions in transport [38]. This led to a suggested model of regulation (figure 3) in 

which calcium may cause the breakage of ALG-2/peflin heterodimers and the 

formation of ALG-2/ALG-2 homodimers which may in turn bind to and stabilize 

Sec31A at ER exit sites leading to improvement of ER export and ER-to-Golgi 

transport [38]. 

Figure 3. Model for peflin regulation of ER-to-Golgi transport. Peflin exists as a 

heterodimer with its binding partner ALG-2. In the presence of calcium peflin 

dissociates, allowing ALG-2 to homodimerize and undergo Ca2+-dependent binding to 

the proline rich region (PRR) of Sec31A. ALG-2 binding to the PRR activates the 

PRR for interactions with inner shell components sar1 and sec23, which stabilizes the 

coat assembly on the membrane. These events may increase ER-to-Golgi transport. It 

is not known whether the peflin-ALG-2 heterodimer binds the PRR region and affects 

its activity ("?" to left of heterodimer). The black square represents a hypothetical 

docking site for ALG-2 at the ERES. (figure adapted from Rayl M, Truitt M, Held A, 

Sargeant J, Thorsen K, Hay JC. Penta-EF-Hand Protein Peflin Is a Negative Regulator 

of ER-To-Golgi Transport. PLoS One. 2016 Jun 8;11(6):e0157227. doi: 

10.1371/journal.pone.0157227) 
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All these results reflect the regulation of ER-to-Golgi transport by steady-state 

levels of calcium in cells. However, studies also tried to investigate whether calcium 

signaling beyond the steady-state level could regulate this transport step. In the semi-

intact cell system used by Beckers and Balch [36], they reported that raising the 

concentration of free Ca2+ in the cytosol beyond the physiological level could 

decrease the efficiency of transport. A recent study demonstrated that treating 

different cell types with different calcium mobilizing agents (histamine, ATP, BHQ) 

for a long time (1-2.5 hours) could produce different PEF protein-dependent changes 

in transport, and these changes were dependent on the pattern of changes in cytosolic 

calcium [39]. Treatments that induced sustained cytosolic Ca2+ oscillations through 

the treatment course (figure 4A) led to Ca2+-activated depression of ER export 

(CADEE), which was associated with decreased targeting of Sec13/Sec31A and 

increased targeting of peflin to ER exit sites and which was prevented by knockdown 

of ALG-2. On the other hand, treatments that induced an immediate single calcium 

surge with rare or no further oscillation (figure 4B) led to a Ca2+-activated 

enhancement of ER export (CAEEE), which was also prevented by knockdown of 

ALG-2. This suggested that different patterns of calcium signals in the cytosol can 

either increase or decrease ER-to-Golgi transport in a mechanism involving the PEF 

proteins. However, it remains unknown how the calcium-dependent dynamics of 

ALG-2 and peflin at ER exit sites results in changes to the outer coat and its functions 

in cargo export. 
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Figure 4. cytosolic calcium patterns associated with CADEE and CAEEE. A.   

Calcium patterns associated with CADEE: representative single-cell cytosolic Ca2+ 

traces measured using FURA-2 in wild-type NRK cells. Traces are from the same 

coverslip. 100 μM histamine was added after 7 min of perfusion in growth medium. 

Nonresponding cells were present but are not shown. Gray arrows mark synchronous 

Ca2+ oscillations in multiple cells. B. Calcium patterns associated with CAEEE: 

example FURA-2 traces of NRK cells exposed to 4 μM BHQ, cells were recorded 

during perfusion with media successively lacking, containing, and then lacking BHQ. 

(adapted from Sargeant J, Seiler DK, Costain T, Madreiter-Sokolowski CT, Gordon 
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DE, Peden AA, Malli R, Graier WF, Hay JC. ALG-2 and peflin regulate COPII 

targeting and secretion in response to calcium signaling. J Biol Chem. 2021 

Dec;297(6):101393. doi: 10.1016/j.jbc.2021.101393.) 

Since calcium is known to regulate several steps in the late secretory pathway, and 

since the calcium sensitive regulatory proteins ALG-2 and peflin are known to 

function at ER exit sites, we hypothesized that calcium may regulate ER export as 

well through these proteins. In the current study, we attempted to investigate the 

effect of inducing a single transient cytosolic calcium pulse on ER-to-Golgi transport 

and the associated changes in the dynamics of ALG-2, peflin and COPII coat proteins 

at ER exit sites. More specifically, we wanted to know whether a single calcium pulse 

could induce long-lasting functional changes at ER exit sites, such as their ability to 

concentrate cargo. We also wanted to test how a calcium pulse would affect targeting 

of both ALG-2 and peflin to ER exit sites over time and whether and when these 

events would lead to changes in COPII outer coat recruitment. 
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Chapter 2: Results 

Calcium enhances cargo recruitment to ERES. We sought to examine the 

effect of a transient cytosolic calcium pulse on protein transport in the early secretory 

pathway. For this purpose, we used the reversible Sarco-Endoplasmic Reticulum 

Calcium ATPase  (SERCA) pump inhibitor 2,5-Di-(t-butyl)-1,4-hydroquinone (BHQ). 

BHQ will induce the mobilization of calcium from the ER to the cytosol until it is 

washed out. We first transfected normal rat kidney (NRK) cells derived from kidney 

epithelia with the cargo protein GFP-FM4-VSV-Gtm. This cargo contains a conditional 

aggregation domain, FM4, that aggregates in the ER and prevents export until a 

small-molecule drug, AP21998 (also called D/D Solubilizer), is provided, causing 

synchronous ER export and transport to the Golgi [40]. Cargo-transfected cells were 

exposed to BHQ for 3 minutes, washed with PBS and incubated in full DMEM 

medium for 60 minutes at 37 oC before inducing transport. This incubation was 

included to allow any Ca2+-dependent events to modify ERES structure/function. For 

the cargo recruitment to ER exit sites incubation, the cells were then exposed to D/D 

solubilizer for 60 minutes at 10 oC. Incubation at this low temperature allows the 

cargo proteins to be sorted into ER exit sites but blocks vesicle scission and transport 

to the Golgi, and represents a characterized technique to measure cargo recruitment at 

ER exit sites [41]. Cells were then fixed and imaged by confocal microscopy. 

Through visual inspection of the images of the cells (figure 5A), we noticed increased 

intensity of intracellular spots, representing VSV-G accumulated at ER exit sites, in 

BHQ treated cells compared to vehicle DMSO-treated cells. This suggested an 

increased cargo recruitment to ER exit sites one hour after a transient calcium pulse. 

We then used imageJ software to analyze the images and to quantify changes in cargo 

intensity at ER exit sites. We found a significant 30% increase in the accumulation of 

cargo proteins at these sites after BHQ treatment compared to DMSO-treated control 

cells (Figure 5B). This indicates that a short, well-defined calcium pulse can indeed 

significantly enhance the sorting of client cargo proteins at ER exit sites.  
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Figure 5. Effect of a transient calcium pulse on cargo recruitment to ER exit sites 

in NRK cells. NRK cells transfected with GFP-FM4-VSV-Gtm cargo proteins were 

treated with BHQ for 3 minutes. 1h later, cargo proteins were allowed to undergo 

cargo accumulation at ERES during exposure to D/D solubilizer for 60 minutes at 10 
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oC. Confocal microscopic images were analyzed using imageJ. A. Representative 

confocal images of vehicle DMSO-treated and BHQ-treated cells, showing the 

fluorescent cargo at ER exit sites. Each panel contains one NRK cell. B. Graph of 

cargo recruitment to ER exit sites in DMSO-treated and BHQ-treated cells. Spot 

maximum intensity (representing cargo accumulated at ER exit sites minus 

background) was measured in BHQ-treated and control DMSO-treated cells (4-7 

bright spots analyzed per cell, ~ 55 cells per condition). *** represents p<.0005 in a 

two-tailed Student’s T-test assuming unequal variance. 

We repeated this experiment using a different cell type from a different species. 

We used U2OS cells, which represent an osteosarcoma cell line derived from humans 

[42]. Similar to NRK cells, we found a significant increase in cargo protein 

accumulation at ER exit sites 1 hour after BHQ treatment, compared to DMSO-

treated control cells (Figure 6). This indicates that the phenomenon is common to 

different cell types. Notably, we found a greater magnitude of increase in cargo 

accumulation at ER exit sites after BHQ treatment in U2OS cells compared to NRK 

cells (compare figures 5 and 6, 30% increase in NRK cells versus 60% increase in 

U2OS cells). To summarize Figures 5 and 6, we have established that a short, well-

defined Ca2+ pulse can alter ERES structure/function to produce more aggressive 

sorting of client cargo into export sites. Furthermore, the altered functionality of 

ERES can persist for at least one hour following the elevated calcium. 
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Figure 6. Effect of a transient calcium pulse on cargo recruitment to ER exit sites 

in U2OS cells. U2OS cells transfected with GFP-FM4-VSV-Gtm cargo were treated 

and analyzed as in NRK cells in Figure 5. Shown is a graph of maximum spot 

intensity at ER exit sites in vehicle DMSO-treated and BHQ-treated cells, 

representing cargo recruitment to ER exit sites. *** represents p<.0005 in a two-tailed 

Student’s T-test assuming unequal variance. 

A transient calcium pulse induces long-lasting recruitment of COPII outer 

coat subunits Sec13 and Sec31A. Ca2+-dependent ERES changes have been 

suggested to arise via the Ca2+ adaptor ALG-2 stabilization of the COPII outer coat 

[27, 28]. However, we are lacking information about the kinetics of outer coat 

recruitment relative to ALG2 recruitment and calcium. Therefore, we sought to 

perform live microscopy experiments at a single-cell level to detect changes in the 

recruitment of ALG-2 and the outer coat proteins Sec13 and Sec31A to ER exit sites 

during and after a transient calcium pulse. NRK cells transfected with mRuby2-ALG-

2, Sec13-GFP and Halo-Sec31A were exposed to BHQ in complete DMEM for 3 
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minutes followed by exposure to complete DMEM without BHQ for up to 30 minutes 

using a heated perfusion system. Confocal images were collected every minute for all 

three proteins at target cells to produce time-lapse images. Visual inspection revealed 

a prominent, transient increase in the intensity of ALG-2 (representing protein 

recruitment to exit sites) during the calcium pulse (Figure 7A). However, the effects 

on Sec13 or Sec31A were not as prominent. We used imageJ software to analyze 

changes in the intensity of the three proteins over time. We found distinct patterns of 

changes for the three proteins over the treatment time-course. For ALG-2 (figure 7B), 

there was an immediate large increase in its intensity during BHQ treatment before 

returning to a new plateau near baseline yet statistically higher than the baseline for 

the entire 30 minutes after BHQ wash out. For Sec13 and Sec31A (figure 7C and 7D), 

there was a more subtle but still clearly visible increase in the intensities of both 

proteins during the BHQ treatment, unitemporally with ALG-2. Later, their intensities 

exhibited a higher than baseline plateau that represented significant, sustained 

recruitment relative to the starting levels. This data demonstrates a mechanism by 

which a transient calcium pulse can produce longer-lasting remodeling of ER exit site 

proteins to facilitate greater cargo recruitment to export sites. Since Sec13 and 

Sec31A were retained relatively more than ALG-2 during the sustained phase, it 

seems possible that another targeting mechanism other than the sustained physical 

presence of ALG-2 might be involved in their long-term retention at ERES. 
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Figure 7. Live microscopy of cells during and after a transient calcium pulse. 

NRK cells were transfected with mRuby2-ALG-2, Sec13-GFP and Halo-Sec31A, 

placed in a heated perfusion system on a confocal microscope, and treated with BHQ 

for 3 minutes followed by full DMEM medium for 30 minutes. A. Confocal 
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microscopic images from the time-lapse showing changes in the intensities of ALG-2, 

Sec13 and Sec31A at different time points during and after the transient calcium pulse. 

B-D. Graphs generated after analyzing the live movie frames using imageJ software

to detect changes in the intensities of ALG-2 (B), Sec13 (C) and Sec31A (D). Graphs

represent the mean intensity of a uniform region of interest encircling the main cluster

of ERES in the perinuclear area in consecutive images. Intensities from each trace

were divided by their initial intensity to normalize the start of each trace to a value of

1. Images were recorded at a rate of 1 frame per minute. Individual cell intensities are

shown as faint lines, while the mean values are shown as bold lines. Dotted lines

above the plot indicate comparisons of groups of consecutive intensity values at

different times versus before adding BHQ. *** represents p<.0005, ** represents

p<.005 in a two-tailed Student’s T-test assuming unequal variance.

Both ALG-2 and peflin transiently target to ERES during and following a 

transient calcium pulse. We next sought to monitor the dynamics of endogenous 

ALG-2 and its binding partner/regulator peflin at ERES. ALG-2 can target to ERES 

as either an ALG-2 homodimer or an ALG-2/peflin heterodimer [39]. Peflin only 

binds ERES with ALG-2. While ALG-2 is known to bind ERES immediately in 

response to Ca2+ [29], nothing is known about how the ALG-2/peflin heterodimer 

responds to Ca2+ in the cell. We hypothesized that Ca2+ should induce the dissociation 

of these heterodimers at exit sites, similar to previous in vitro results [31]. 

Furthermore, tagged peflin constructs do not bind ERES authentically, so 

immunofluorescence of endogenous peflin was necessary to answer the question. This 

also provided the opportunity to confirm the changes in ALG-2 recruitment to ERES 

seen in live microscopy (Figure 7) using endogenous ALG-2 . NRK cells were treated 

with BHQ for 3 minutes, washed with PBS and then incubated in OptiMEM for up to 

60 minutes. Cells were then fixed and immuno-stained with ALG-2 antibodies and 

peflin antibodies. Confocal microscopic images were collected at various time points 

during and after BHQ treatment. Visual inspection of the anti-peflin images was 

optimal because of the high specificity of the peflin antibody (Figure 8A). Peflin spots 

were shown to co-localize extensively with ERES [39]. We noticed that the intensity 

of the peflin spots at ER exit sites increased after 1 minute of BHQ treatment, but 

were dramatically reduced after 3 minutes of BHQ treatment before re-appearing 

again at later time points. We then analyzed changes in the intensities of both ALG-2 
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and peflin during and after the calcium pulse using imageJ software. Analysis of the 

peflin dynamics is shown in Figure 8B. This confirmed a dramatic increase at 1 

minute followed by below-baseline recruitment at 3 minutes of BHQ treatment, 

followed by a gradual recovery over 60 minutes of peflin at ERES to greater than 

initial levels. Since peflin requires ALG-2 for binding ERES, we assume that these 

binding dynamics represent the ALG-2/peflin heterodimer species. These results 

imply that the ALG-2/peflin heterodimer is initially stimulated to bind ERES by a 

Ca2+ pulse, which contradicts previous in vitro studies which suggested that the ALG-

2/peflin heterodimer dissociates in the presence of Ca2+. If the heterodimer dissociates 

in response to Ca2+ in the cell, it must do so only after an initial surge of ERES 

binding. 

Figure 8. Immuno-fluorescence of ALG-2 and peflin during and after a transient 

calcium pulse. NRK cells grown overnight in OptiMEM were treated with BHQ for 3 

minutes, followed by incubation in OptiMEM for up to 60 minutes. A. Confocal 

microscopic images of peflin at different time points after immuno-staining. B. Graph 
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of analyzed peflin changes and C. ALG-2 changes during and after the calcium pulse, 

using imageJ software. Maximum intensity of individual peflin spots and colocalizing 

ALG-2 spots minus background were analyzed. 4-7 bright spots were analyzed per 

cell, ~ 45 cells per condition. *** represents p<.0005 in a two-tailed Student’s T-test 

assuming unequal variance. 

ALG-2 antibody decorated authentic ALG-2 at ERES as well as some nonspecific 

sites. To overcome the problem of the non-specific staining during the quantitation, 

we only analyzed the intensity of ALG-2 spots that co-localized with peflin spots. 

Results (Figure 8C) showed that ALG-2 changes in the fixed immuno-fluorescence 

studies were basically similar to the changes seen in live microscopy studies (figure 

7B) with the exception of some alterations at specific time points. Initially, ALG-2 

intensity increased significantly at 1 minute during BHQ treatment, similar to the 

initial peak seen in live microscopy results. This was followed by a significant 

decrease below baseline, a result not seen in live microscopy results. ALG-2 intensity 

then increased again above baseline to a significant level 30-60 minutes after the 

BHQ treatment. Thus, the main difference between the live (Figure 7) and 

endogenous (Figure 8) studies of ALG-2 is the strong drop in intensity seen after the 

initial calcium-induced ALG-2 peak in the endogenous protein study. 

Comparison of the dynamics of both peflin and ALG-2 showed that changes in 

both proteins were very similar at different time points (Figure 8B and 8C). This may 

suggest that the primary species monitored was a heterodimer of ALG-2 and peflin. 

That the heterodimer binds ERES at least transiently in response to Ca2+, as opposed 

to dissociating [31] has important consequences because it allows the possibility of a 

Ca2+-stimulated wave of mono-ubiquitylation at ERES; the ubiquitylation-promoting 

activity of ALG-2 and peflin has recently been shown to require the heterodimer of 

ALG-2 and peflin [43].  This enzymatic activity could be involved in the long-term 

remodeling of ER exit sites for greater cargo recruitment (Figures 5 and 6). 
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Chapter 3: Discussion 

In this study, we examined the effect of inducing a transient calcium pulse on 

protein transport dynamics in the early secretory pathway. Such a pulse could 

naturally be generated in cells by various stimuli including regulated exocytosis. 

During exocytosis, calcium enters the cell through calcium channels to stimulate the 

fusion of the secretory vesicles with the plasma membrane [44]. However, new 

protein synthesis would be necessary to maintain adequate stores of the secreted 

proteins to support repeated secretion. For example, when pancreatic beta cells are 

stimulated by high glucose, mitochondria start to increase ATP production which 

leads to an increase in the ATP:ADP ratio, blocking K+ATP-sensitive channels, 

resulting in membrane depolarization and the influx of calcium through voltage-gated 

calcium channels, resulting in the exocytosis of insulin-loaded vesicles [45]. However, 

glucose also stimulates insulin gene transcription, and mRNA stability and translation 

[45,46]. This prompted us to investigate whether such a calcium pulse could also 

improve the secretory pathway, especially ER-to-Golgi transport (which is an 

important rate-limiting step in the secretory pathway), to provide increased cargo 

capacity. First, we exposed cells to the SERCA pump inhibitor BHQ for 3 minutes to 

induce a short calcium pulse, and then traced changes in the intensity of cargo 

proteins in the ER and the Golgi. We found evidence of increased Golgi to ER ratio of 

intensities (representing an increase in cargo concentration in the Golgi with a 

concomitant decrease in the ER) 1 hour following BHQ exposure in both NRK and 

U2OS cells (results not shown), indicating an increase in the rate of ER-to-Golgi 

transport. However, these promising results were difficult to reproduce. One possible 

cause for such difficulty could be the inability to preserve the Golgi architecture 

following the disruption of calcium homeostasis inside cells. Through visual 

inspection of microscopic images, we noticed that the Golgi apparatus appeared 

fragmented following BHQ treatment. This is reminiscent of the Golgi fragmentation 

seen in cells lacking the secretory pathway Ca2+-ATPase pump type 1 (SPCA1), 

which pumps calcium into the Golgi apparatus [34], suggesting that calcium 

homeostasis is essential to keep a healthy functional Golgi apparatus. 

To overcome this problem, we switched to a different protocol to eliminate the 

need for including the Golgi apparatus in the transport analysis. We induced cargo 

transport while incubating cells at 10 oC. This low-temperature incubation allows 
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cargo sorting and translocation to ER exit sites, but doesn’t allow actual transport to 

the Golgi. By analyzing the intensities of the brightest fluorescent spots (representing 

cargo accumulated at ER exit sites), we found a significant increase in cargo sorting at 

ER exit sites 1 hour following the calcium pulse in different cell types (figures 5, 6), 

suggesting that the calcium pulse may induce long-lasting changes at ER exit sites 

allowing for increased function for transport. We found a greater magnitude of 

increase in U2OS cells than in NRK cells, perhaps because U2OS osteosarcoma cells 

may have a more developed and equipped secretory pathway and hence more effector 

proteins, compared to NRK cells which are kidney epithelial cells that are not 

involved in regulated secretion, and thus have a less-equipped secretory pathway. 

In a previous study from our laboratory, it was shown that NRK cells exhibited 

Ca2+-activated enhancement of ER export (CAEEE) after treatment with BHQ for 2.5 

h [39]. CAEEE was associated with a BHQ-induced pattern of calcium signaling 

involving an initial surge of cytosolic calcium followed by returning to an above 

baseline plateau (figure 4B). The study suggested that this pattern is responsible for 

CAEEE. In the current study, we only induced the initial surge of cytosolic calcium 

and excluded the remaining above baseline plateau, and we observed CAEEE after 1h, 

indicating that such phenomenon requires only the initial transient surge of calcium in 

the cytosol. Our results hence show for the first time that functional changes at ERES 

can persist for a long time following a single Ca2+ event. It was also shown previously 

that BHQ-induced CAEEE was dependent on the PEF proteins, since knock-down of 

ALG2 prevented the enhancement of ER export [39]. In the current study, we instead 

examined changes in the dynamics of ALG2, peflin and outer coat proteins at ER exit 

sites during and after BHQ treatment, using live and fixed cell fluorescence 

microscopy studies. Results showed a two-phase response in both studies, with the 

first phase occurring during BHQ treatment and the second phase occurring after 

BHQ washout. In the live-cell studies, we could not trace changes in peflin due to the 

absence of a functional fluorescent peflin construct. So, we traced ALG-2, Sec31A 

and Sec13. For all three proteins, we found an initial increase in their intensities at ER 

exit sites during BHQ treatment (figure 7B, C, D), which is concomitant with the 

calcium surge in the cytosol. The increase in Sec31A (and its binding partner Sec13) 

unitemporally with ALG-2 is consistent with the previously reported calcium-induced 

binding of ALG-2 to Sec31A and its stabilization at ER exit sites [27, 28]. However, 

to our knowledge the kinetics of outer coat recruitment by calcium and ALG-2 had 
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never been documented. Our study uniquely shows that outer coat recruitment is 

initiated unitemporally with calcium but persists well after the calcium has been 

cleared.  

Since previous literature has indicated that only ALG-2 homodimers bind Sec31A 

in response to calcium, and that calcium induces dissociation of ALG-2-peflin 

heterodimers, we expected peflin intensities at ER exit sites to drop upon BHQ 

addition. However, when we performed fixed-cell immunofluorescence studies of 

endogenous proteins, we found that the initial increase in ALG-2 intensity at ER exit 

sites was accompanied by a similar increase in peflin intensity (figure 8B, C), which 

opposes the previously suggested notion that calcium induces the dissociation of 

ALG-2/peflin heterodimers. This notion came from in vitro studies of purified 

proteins [31], which could lack other intracellular proteins that may affect the 

heterodimer stability during calcium signaling. The previous in vitro studies also did 

not address the kinetics of dissociation relative to calcium. Our studies on the other 

hand indicate concomitant increases in ALG-2 and peflin during the calcium pulse, 

suggesting that heterodimers are targeted to ER exit sites by calcium. This does not 

exclude the targeting of ALG-2/ALG-2 homodimers as well. It also suggests that the 

ALG-2/peflin heterodimers could be the entity responsible for the stabilization of 

Sec31A at ER exit sites, which opposes the proposed model that ALG-2/ALG-2 

homodimers are the responsible entity (figure 3) [38]. Further studies would be 

required to assign functions to homodimers versus heterodimers during calcium 

signaling. 

One obvious discrepancy in our data between the live-cell and fixed-cell 

immunofluorescence studies is that, in the fixed cells, there was a strong drop below 

baseline in ALG-2 intensity following the initial increase, which was not observed in 

the live cells (figures 8C and 7B). One possible explanation could be that the 

immunofluorescence studies involve more steps like fixation, permeabilization, 

primary and secondary immunostaining, perhaps making them more prone to errors or 

inaccuracy. However, the strong drop in ALG-2 intensity was accompanied by an 

identical drop in peflin intensity, which could suggest that it may be a true 

heterodimer event. This could be related to the mode of addition and washing of BHQ 

which was different between live-cell and fixed-cell studies. In the live-cell studies, 

there was a more gradual addition and washing of BHQ through the perfusion system, 

while in the fixed-cell studies, the BHQ delivery and washout steps were more abrupt. 
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It is possible that the abrupt clearance of calcium from the cytosol resulted in a 

sudden destabilization of the ALG-2/peflin heterodimers at ER exit sites. Modifying 

the delivery and washout system in the live-cell studies could help clarify this 

discrepancy. Another possible explanation for the discrepancy could be that the 

tagged ALG-2 construct used in the live-cell studies behaves differently from the 

endogenous protein detected in the immunofluorescence studies. Alternatively, the 

over-expression above endogenous levels in the live-cell studies could cause the 

distinct behavior observed in those studies. 

The second, or post-calcium phase of the response was similar in both the live-cell 

and fixed-cell studies, though the post-calcium ALG-2 recruitment was quantitatively 

greater in the fixed-cell than in the live-cell studies. For ALG-2, the mean intensity at 

ER exit sites in the live-cell studies returned to a new plateau which was significantly 

higher than the baseline (figure 7B). In the fixed-cell studies, both ALG-2 and peflin 

intensities increased above the baseline during the post-calcium phase after their 

initial increase followed by strong drop in their intensities (figures 8B, 8C). Similar to 

ALG-2, Sec13 and Sec31A returned to a new plateau significantly higher than the 

baseline for the entire post-calcium phase (figure 7C, D). This suggests the occurrence 

of long-lasting changes at ER exit sites allowing for increased recruitment of the 

COPII coat to these sites. It also suggests that during the calcium surge, ERES 

structure/function is remodeled in a way that persists beyond the cytosolic calcium 

pulse.  Importantly, the fixed-cell studies showed that the changes in the intensities 

ALG-2 and peflin were almost identical and occurred roughly to the same extent in 

the first and second phases. This suggests that ALG-2/peflin heterodimers could be 

physically involved in the long-lasting changes occurring at ER exit sites.  

An intriguing mechanism that may be involved is the mono-ubiquitylation of 

Sec31A with the aid of ALG-2/peflin heterodimers, which increases upon calcium 

signaling [43, 47]. In these studies, the ALG-2/peflin heterodimers were shown to 

form calcium-dependent complexes with the ubiquitin ligase CUL3 and its adaptor 

KLHL12 (CUL3KLHL12) and Sec31A. Both ALG-2 and peflin were shown to be 

necessary cofactors resulting in the mono-ubiquitylation of Sec31A and peflin. Upon 

calcium signaling, CUL3KLHL12-peflin-ALG-2 was shown to increasingly modify 

Sec31A, resulting in the addition of a persistent mono-ubiquitylation signal to Sec31A 

[43]. The mono-ubiquitin signal on Sec31A was suggested to enable the formation of 

larger COPII vesicles, to increase collagen export from the ER [43, 48]. However, a 
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more recent study suggests that it may instead shift collagen away from secretion and 

into a degradation pathway [49]. Based upon these and our results, a possibility is 

suggested that could allow persistent recruitment of COPII outer coat (Sec31A and 

Sec13) beyond the calcium surge phase. Perhaps ALG-2/peflin heterodimers target 

the ER exit sites during calcium signaling where they participate in mono-

ubiquitylation of Sec31A and then dissociate and leave these sites, which is supported 

by the rapid decrease of their intensities immediately after BHQ wash-out. The 

persistent mono-ubiquitylation signal could lead to persistently increased targeting of 

outer coat beyond the calcium surge, representing a long-lasting ERES remodeling 

process. This could help explain the long-lasting changes in cargo recruitment to 

ERES that we observed in Figures 5 and 6 as well as the long-lasting increases in 

outer coat recruitment we observed in Figures 7 and 8. Of course, other mechanisms 

could explain the persistent functional effects of a single calcium pulse, but since 

ALG-2 and peflin have been implicated in mono-ubiquitylation of ERES components, 

this represents a hypothesis worth investigation. 

In conclusion, a transient cytosolic calcium pulse can induce long-term 

improvement of cargo sorting at ER exit sites. This pulse can also induce immediate 

as well as sustained post-calcium recruitment of ALG-2 and peflin, as well as the 

outer coat subunits Sec13 and Sec31A to ER exit sites, suggesting a regulatory 

relationship. During the calcium surge, ERES structure/function could be remodeled 

in a way that persists beyond the calcium per se. The calcium induced recruitment of 

ALG-2/peflin to ER exit sites may induce structural and/or functional changes 

resulting in long-term recruitment of the outer coat proteins to these sites. 
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Chapter 4: Materials and methods 

Antibodies 

Chicken polyclonal anti-ALG-2 and rabbit polyclonal anti-peflin were made and 

their reaction specificity were characterised in our lab [39]. Anti-ALG-2 were used at 

a dilution of 1:100, and anti-peflin were used at a dilution of 1:500. For secondary 

staining, chicken cy3-conjugated secondary antibodies from Jackson 

ImmunoResearch Laboratories (West Grove, PA) were used at a dilution of 1:300, 

while rabbit Alexa FluorTM 488-conjugated secondary antibodies from  Invitrogen 

(Carlsbad, CA; product A11001) was used at a dilution of 1:200. 

Cell culture and transfection 

NRK and U2OS cells were thawed and grown for 1-2 days in DMEM containing 

4.5 g/L glucose, 10% fetal calf serum (FCS) and 2% penicillin-streptomycin, at 37 oC 

and 5% CO2. When cell confluency reached ~ 40-50%, old medium was replaced by 

1mL new medium in each well for 30-60 minutes, then a solution containing PolyJet/ 

DNA mixture was added to the cells for 8-12 hours. Cells were then washed once 

with PBS and incubated overnight in 2ml complete DMEM. Plasmid constructs used 

include GFP-FM4-VSVGtm [39], Sec13-GFP [50], Halo-Sec31A [51] and mRuby2-

ALG-2 (our lab, unpublished). 

BHQ treatment and cargo concentration at ERES assay 

NRK or U2OS cells were transfected with GFP-FM4-VSVGtm as described above. 

Prior to transport, cells were left in complete DMEM at  37 oC for 8-12 hours to 

accumulate the cargo proteins in the ER. Cells were exposed to BHQ or DMSO at a 

concentration of 4 μM for 3 minutes. Cells were then dipped once in PBS and 

incubated in DMEM medium for 1 hour at 37 oC. For the cargo concentration at 

ERES, cells were transferred to a 10 oC DMEM medium containing the transport 

inducer (D/D Solubilizer) for 1 hour to allow cargo to move from the aggregates into 

ER exit sites. Cells were fixed for 30 minutes by immediately transferring them to 6-

well plates containing the fixative (4% paraformaldehyde, 0.1 M sodium phosphate). 
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For morphological quantitation of cargo recruitment to ERES, confocal 

microscopic images of cells were collected at random positions of the coverslip. 

Image files for BHQ and DMSO-treated cells were randomized then analyzed by 

ImageJ software. We used an ImageJ script developed in our lab (Jacob Lapka) 

termed Spotify to measure intensity changes at individual ER exit sites. This script 

uses a region of interest (ROI) composed of two circles; a small circle inside a bigger 

circle. The small circle encompasses the bright fluorescent spot  (representing ER exit 

sites), while the donut-shaped surrounding circle measures the cytosolic area around 

the bright spots. The max intensity and the mean intensity were extracted from the 

small circle and the surrounding circle, respectively. 4-7 of the brightest spots were 

analyzed in each cell. Around 55 cells were analyzed for each condition. We plotted 

the max intensity of the small circle after substracting the mean intensity of the 

surrounding circle. 

BHQ treatment and Immunofluorescence microscopy 

NRK cells were incubated overnight in OptiMEM and treated with BHQ as 

described above. Then, cells were dipped once in PBS and transferred immediately to 

the fixative or back to the OptiMEM for various amounts of time before fixation. 

Cells were always kept at 37 oC. 

For immuno-staining, fixed cells were treated for 40 seconds with 0.2% Triton X-

100 in permeabilization solution (1% BSA and 2% normal goat serum in PBS) at 

room temperature. Cells were then incubated with primary antibodies for 1 hour. Next, 

cells were washed 3 times with the permeabilization solution for 2 minutes each time. 

Cells were incubated in the dark with secondary antibodies for 30 minutes at room 

temperature and then washed again 3 times with the permeabilization solution. 

Coverslips were mounted in Slow-Fade Gold anti-fade reagent (Invitrogen), sealed on 

glass slides, and imaged using confocal microscopy. 

For morphological quantitation of ALG-2 and peflin dynamics at ERES, images 

were collected and analyzed using the Spotify script described above. The ROI was 

placed to encompass the peflin bright spots, and the max intensity of the spot and the 

mean intensity around the spot were calculated as described above. The same ROI 

was used to analyze colocalizing ALG-2 spots and to calculate the max intensity of 

the spot and mean intensity surrounding the spot. 4-7 of the brightest spots were 
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analyzed in each cell. Around 45 cells were analyzed for each condition. We plotted 

the max intensity of the small circle after substracting the mean intensity of the 

surrounding circle for both proteins. 

Live microscopy 

NRK cells transfected with Sec13-GFP, Halo-Sec31A and mRuby2-ALG-2 were 

incubated with JaneliaFluor 646 for 15-30 minutes to label the Halo tag on Sec31A. 

Coverslips were then mounted in the perfusion chamber of a spinning disk confocal 

microscope (Nikon TE300 equipped with a 40x plan fluor objective, Crest V3 

confocal imager and 89 North LDI-7 lasers) while incubated in 20 mM HEPES-

containing complete DMEM, pH 7.4. This chamber is attached to a Peltier 

temperature regulating device (Warner Scientific) to keep the cell medium at ~ 37 oC. 

BHQ-containing and BHQ-free buffered DMEM solutions were loaded in the 

perfusion system, which is also attached to a temperature-regulating device to keep 

delivered solutions at 37 oC. BHQ was used at a concentration of 4 μM. Perfusion-

controlling software was used to allow for exposure of cells to BHQ-free medium for 

7 minutes, BHQ-containing medium for 3 minutes followed by perfusion with BHQ-

free medium for up to 40 minutes. Images were collected every minute for chosen 

cells at multiple positions in the coverslip..  

To analyze changes in intensities of the transfected proteins at ER exit sites, a 

uniform ROI was placed around the Halo-Sec31A labeled puncta in the perinuclear 

area (representing ER exit sites), and the mean intensity of the ROI was measured for 

every frame of the time-lapse image. The same ROI was used to measure the mean 

intensity for Sec13-GFP and mRuby2-ALG-2 in the same images. A total of 7 cells 

were analyzed. Individual cell intensities were graphed after normalizing the start of 

each trace to a value of 1. 
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