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I. INTRODUCTION 

1. Contribution of the Golgi apparatus to cytosolic Ca2+ signaling 

1.1. Cytosolic Ca2+ signaling 

Calcium ions (Ca2+) act as a highly versatile intracellular signal that regulates 

numerous cellular processes, including fertilization, proliferation, 

development, learning and memory, contraction and secretion. Ca2+ in excess 

of its normal concentration or outside of its normal spatial and temporal 

boundaries can result in cell death through both necrosis and apoptosis 

(Berridge et al., 2003; Carafoli et al., 2001). To achieve this versatility, the 

Ca2+-signaling system may operate globally or locally to regulate cellular 

processes that function over widely different time scales. At the synaptic 

junction, Ca2+ triggers exocytosis within microseconds, whereas Ca2+ operates 

over minutes to hours to drive events such as gene transcription and cell 

proliferation. How can so many divergent cellular processes be controlled by 

Ca2+-signaling systems? Cells have a Ca2+ signaling toolkit with many 

components that can be mixed and matched to create a wide range of spatial 

and temporal signals (Berridge et al., 2000). Cells at rest have a cytosolic free 

Ca2+ concentration ([Ca2+]c) of ~100 nM, which is subject to increases of 10-

100 fold during various cellular functions. At any moment in time, the level of 

[Ca2+]c is determined by a balance between the processes that introduce Ca2+ 

into the cytosol and the processes through which Ca2+ is removed from the 

cytosol by the combined action of buffers, pumps and exchangers (Fig. 1). 

During increase in [Ca2+]c, Ca2+ binds to the effectors that are responsible for 

stimulating various Ca2+-dependent processes. 

There are many different plasma-membrane channels that control Ca2+ entry 

from the extracellular space in response to stimuli that include membrane 

depolarization, stretch, noxious stimuli, extracellular agonists, intracellular 

messengers and the depletion of intracellular Ca2+ stores. The release of Ca2+ 
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from the intracellular stores is controlled by Ca2+ itself, or by an expanding 

group of messengers (Bootman et al., 2001), such as inositol-1,4,5-

trisphosphate (IP3), cyclic ADP ribose (cADPR), nicotinic acid adenine 

dinucleotide phosphate (NAADP) and sphingosine-1-phosphate (S1P), that 

either stimulate or modulate the release channels on the intracellular stores. 
 

 
Figure 1. Overview of the main components of the Ca2+ signaling toolkit. Ca2+ can 
be supplied to the cytosol from the extracellular space or from intracellular Ca2+ stores. 
Ca2+ enters from the extracellular space via Ca2+ channels (e.g. voltage-gated Ca2+ 
channel, TRP channel, etc.). Ca2+ is released from the ER/SR via two types of 
channels: IP3Rs and RyRs, from the Golgi complex via IP3Rs. Ca2+ can be released 
from the mitochondria via Na+-dependent and Na+-independent efflux pathways and 
through the PTP. On the other hand, elevated cytosolic Ca2+ levels are toxic for the 
cell. Excess cytosolic Ca2+ can be extruded into the extracellular space via PMCAs and 
via the plasma membrane NCX. Ca2+ can be taken up into the ER/SR via SERCAs, 
into the Golgi apparatus and the secretory vesicles via SERCAs and SPCAs, into the 
mitochondria via a Ca2+-uniporter and possibly also through a RaM mechanism. Free 
Ca2+ in the cytosol and in the lumen of the intracellular stores is buffered by a number 
of respectively high-affinity and low-affinity Ca2+-binding proteins. 
 

These messengers release Ca2+ through release channels like inositol-1,4,5-

trisphosphate receptors (IP3R) and ryanodine receptors (RyR) as most 

important examples. Additionally, Ca2+ can be released from the mitochondria 
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via Na+-dependent and Na+-independent efflux pathways and through the 

permeability transition pore (PTP). 

After the rise of [Ca2+]c in response to a stimulus, it is lowered by the action of 

Ca2+ pumps and transporters. Ca2+ is extruded to the extracellular space via the 

plasma membrane Ca2+ ATPases (PMCA) and via the plasma membrane 

Na+/Ca2+ exchanger (NCX). The endoplasmic reticulum (ER) or its muscle 

equivalent, the sarcoplasmic reticulum (SR) can take up Ca2+ via 

sarco/endoplasmic reticulum Ca2+ ATPases (SERCA). The Golgi complex and 

secretory vesicles, depending on the specific subcompartment, accumulate 

Ca2+ via SERCAs and/or secretory pathway Ca2+ ATPases (SPCA). The 

mitochondria also can take up Ca2+ via a Ca2+-uniporter and possibly also 

through a rapid mode mechanism (RaM). 

 

Our studies are focused on the Ca2+ pumps of the Golgi apparatus, the SPCAs, 

and on agonist-induced Ca2+ release from the Golgi apparatus. Hence, these 

points will be discussed in more detail. 

 

1.2. Ca2+ releasing pathways 

Ca2+ release from intracellular Ca2+ stores such as the ER/SR and the Golgi 

apparatus is mediated via Ca2+ releasing channels of which IP3Rs and RyRs 

have been most extensively studied (see for reviews e.g. Bootman et al., 2001; 

Fill and Copello, 2002). Therefore we will briefly describe IP3Rs and RyRs 

and give a more detailed review of recently discovered and less studied Ca2+ 

releasing mechanisms and channels. 

 

1.2.1. Inositol-1,4,5-trisphosphate receptors 

The IP3Rs are the main Ca2+ release channels in the ER of mammalian cells 

(Bootman et al., 2001). IP3Rs occur as three main isoforms. IP3R1 is expressed 

in most cell types, while IP3R2 and IP3R3 have a more restricted expression 
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pattern (De Smedt et al., 1997). The Ca2+-release activity of IP3Rs is regulated 

by a wide range of ligands (see for review Foskett et al., 2007). The most 

important ligands are IP3 and Ca2+, which are both essential for channel 

activation. IP3R1 is regulated by [Ca2+]c in a biphasic way. Low [Ca2+]c 

stimulates channel opening, while higher concentrations result in closing. IP3 

is generated by the activation of phospholipase C (PLC) which catalyses the 

hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) to generate IP3 and 

diacyl-glycerol (DAG). There are several PLC isoforms that are activated by 

different mechanisms, such as G-protein coupled receptors (PLCβ), tyrosine-

kinase-coupled receptors (PLCγ), an increase in Ca2+ concentration (PLCδ) or 

activation through Ras (PLCε) (Kelley et al., 2001). Other regulatory 

mechanisms include changing the phosphorylation status via protein kinases 

and interaction with proteins like calmodulin. 

 

1.2.2. Ryanodine receptors 

RyRs received their name from the plant alkaloid ryanodine. Ryanodine binds 

to RyRs with high affinity, opening the channels at low concentrations, but 

inhibiting them at higher doses (> micromolar concentrations). RyRs are 

poorly selective cation channels that exhibit high conductance to permit rapid 

and substantial Ca2+ release from intracellular Ca2+ stores. In vertebrates there 

are three RyRs isoforms. RyR1 is primarily expressed in skeletal muscle, 

RyR2 is the major isoform in cardiac muscle, while RyR3 shows low 

expression in a wide range of tissues (Fill and Copello, 2002). RyR2 is 

typically activated by elevation of [Ca2+]c in a process of Ca2+-induced Ca2+ 

release (CICR). In skeletal muscle cells RyR1 is coupled to the voltage sensor 

dihydropyridine receptor (DHPR) in the plasma membrane. Membrane 

depolarization induces conformational changes in the DHPR structure, which 

are transmitted to the RyR1, leading to opening of the channel. 
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1.2.2. cADPR and NAADP 

cADPR and NAADP are generated through the same enzymatic pathway (Lee, 

1997). Mammalian cells express CD38, which is a multifunctional ADP 

ribosyl cyclase with both synthase and hydrolase activity. The synthase 

component of CD38 uses either nicotinamide adenine dinucleotide (NAD) to 

produce cADPR in neutral or alkaline environment, or it may generate 

NAADP from nicotinamide adenine dinucleotide phosphate (NADP) in acidic 

milieu. CD38 has been located both on the cell surface and on intracellular 

membranes, and it can be internalized by endocytosis. On the cell surface, 

CD38 produces both cADPR and NAADP. In the cytosol, CD38 is activated 

by extracellular agonists, but a consistent mechanistic explanation is still 

lacking.  

Both cADPR and NAADP elicit Ca2+ responses which are however delayed 

compared with those induced by classical plasma membrane receptor-

activating ligands. It has therefore been suggested that these compounds have 

to enter the cytosol and then act intracellularly. CD38 itself and nucleoside 

transporters were found to mediate cADPR transport across the cell membrane. 

A potential entry route for NAADP via connexin hemichannels has been 

suggested (Heidemann et al., 2005). NAADP transporters have not been 

identified, and there may be no physiological requirement for its transport 

across the cell membrane, since it may be produced in an intracellular acidic 

compartment.  

The function of cADPR resembles that of a modulator rather than a messenger. 

Addition of cADPR is usually without immediate effect, with a Ca2+ response 

triggered after a long latency (Currie et al., 1992). This indicates that cADPR 

might function indirectly by increasing the Ca2+ sensitivity of RYRs, as was 

shown in neurons (Hashii et al., 2000) and in the heart (Cui et al., 1999). 

NAADP functions by releasing Ca2+ from an internal store, which was 

identified in sea urchin eggs as a reserve granule store. This store is IP3-

insensitive and is likely equivalent to a lysosome-related organelle in 
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mammalian cells (Churchill et al., 2002). In contrast to the IP3Rs and RYRs, 

the NAADP release mechanism is not sensitive to Ca2+, hence does not affect 

the process of CICR. However, the amount of Ca2+ released by NAADP is 

relatively small and is unlikely to have a direct significant effect on [Ca2+]c. 

Rather it may act indirectly to trigger the release of Ca2+ by the other, Ca2+-

sensitive release channels such as IP3Rs or RYRs. The molecular target of 

NAADP is still unclear. Two-pore channels (TPCs) and transient receptor 

potential-mucolipin 1 (TRP-ML1) lysosomal protein were suggested to 

function as NAADP-sensitive Ca2+ release channels (Calcraft et al., 2009; 

Zhang et al., 2008). 

 

1.2.3. Sphingosine-1-phosphate 

Some agonist-evoked Ca2+ signals might be controlled by a sphingolipid-

activated Ca2+-release pathway that functions independently of IP3Rs or RYRs 

(Young et al., 2000). Sphingolipids are membrane components, synthesized 

from palmitoyl CoA and serine or from the hydrolysis of sphingomyelin. Both 

pathways generate sphingosine, which can be phosphorylated to S1P 

(Watterson et al., 2003). 

In mast cells, S1P functions together with IP3 to generate the Ca2+ signals that 

underlie the synthesis and release of inflammatory mediators. The dual 

activation of these pathways leads to a Ca2+ signal with a rapid peak (S1P-

dependent) and a sustained plateau (IP3-dependent) (Melendez and Khaw, 

2002). Exactly how S1P stimulates Ca2+ release from intracellular stores is still 

unclear. 

 

1.2.4. Ca2+ leak pathways 

In addition to the above mentioned mechanisms, passive Ca2+ leak contributes 

to the Ca2+ release from intracellular stores. The molecular nature of the 

channels, if they exist, remains unknown (see for review Camello et al., 2002). 

Intracellular release channels IP3Rs and RyRs do not seem to play a significant 
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role in Ca2+ leakage in unstimulated cells, since their pharmacological 

inhibition does not influence the basal leak. Translocons, protein conducting 

channels that can be found in the rough ER, were shown to be permeable to 

Ca2+ and were considered as the main Ca2+ leak channels in epithelial prostate 

cancer cells (Flourakis et al., 2006). Also ER-localized presenilins were 

suggested to form potential Ca2+ leak channels (Tu et al., 2006). In COS-1 

cells the basal Ca2+ leak from the Golgi apparatus is substantially slower than 

the leak from the ER (Missiaen et al., 2001). Furthermore, it was suggested 

that overexpression of small anti-apoptotic protein Bcl-2 decreases the Ca2+ 

content of the ER as well as the Golgi by increasing passive Ca2+ leak (Pinton 

et al., 2000). 

 

1.3. The Golgi apparatus as a Ca2+ store 

Experiments with electron probe microanalysis on cryosections have shown 

for the first time that the Golgi apparatus in mammalian cells can accumulate 

considerable amounts of Ca2+ (Chandra et al., 1991). Translation, maturation 

and anterograde transport of different proteins through the secretory pathway 

is dependent on the presence of a free Ca2+ concentration between 

approximately 0.1 and 1 mM in the lumen of the secretory-pathway organelles 

(ER, Golgi sub-compartments and secretory vesicles) (Chen et al., 2002). Also 

retrograde membrane traffic from the Golgi compartment to the ER and the 

aggregation of secretory proteins in the trans-Golgi network (TGN) depend on 

luminal Ca2+ (Ivessa et al., 1995). Ca2+ is accumulated into the secretory-

pathway organelles via Ca2+ pumps, both via SERCAs and via SPCAs. Acidic 

secretory vesicles, such as endosomes and lysosomes, can take up Ca2+ 

through an H+/Ca2+ exchanger. Ca2+ in the lumen of the ER is buffered by 

Ca2+-binding proteins, of which calreticulin is the most important. Also Golgi 

Ca2+ is probably well-buffered, as Golgi-specific Ca2+-binding proteins such as 

Cab45 and CALNUC have been identified (Scherer et al., 1996; Lin et al., 
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1998). Furthermore, Ca2+-release channels, such as IP3Rs and/or RyRs have 

not only been found in the ER, but also in the Golgi compartment and in the 

secretory vesicles (Surroca and Wolff, 2000). This complete Ca2+ signaling 

toolkit suggests that the Golgi compartments and perhaps the secretory 

vesicles can act as a dynamic Ca2+ store (Pinton et al., 1998). 

While it is clear that Golgi luminal Ca2+ is required for the proper function of 

this organelle, another question is whether Ca2+ accumulated in the Golgi 

apparatus can be recruited to modify cytosolic Ca2+ signals. There is no doubt 

that the ER is the major agonist-sensitive intracellular Ca2+ store (Berridge, 

2002). However, evidence suggests that also the Golgi complex may function 

as a releasable Ca2+ store via opening of IP3Rs (see for review Wuytack et al., 

2003). A possible contribution of the Golgi complex to the modulation of 

[Ca2+]c was detected albeit in an indirect way in renal epithelial LLC-PK1 and 

HeLa cells. In both cell types the application of brefeldin A, which 

disassembles the Golgi apparatus by inhibiting the anterograde protein 

transport from the ER to the Golgi, modified the kinetics of agonist-induced 

Ca2+ release (Zha et al., 1995; Vanoevelen et al., 2005a). However, direct 

measurements of Ca2+ release from the Golgi by Golgi-targeted aequorin 

revealed that IP3-producing agonists mobilized only the SERCA-dependent 

sub-compartment of the Golgi Ca2+ store in all cell types investigated (Pinton 

et al., 1998; Vanoevelen et al., 2004). 

 

1.4. Secretory pathway Ca2+ ATPases (SPCAs) 

SPCAs, like SERCAs and PMCAs, belong to the family of P-type ATPases. 

The name P-type refers to the transient transfer of the γ-phosphate of ATP to 

an aspartyl residue in a highly conserved phosphorylation motif on the ATPase 

during the catalytic cycle. The members of the five different families of P-type 

ATPases function on different substrates and/or in different subcellular 

compartments. Ca2+-transporting ATPases belong to the type II family. 
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SERCAs together with SPCAs are classified as type P2A enzymes, while 

PMCAs belong to P2B subfamily (Fig. 2). PMCAs extrude Ca2+ from the 

cytosol to the extracellular space, SERCAs fill the lumen of sarco/endoplasmic 

reticulum and SPCAs fill the lumen of the Golgi complex and the secretory 

vesicles with Ca2+. The overall sequence similarity is about 30% between 

human SERCAs and SPCAs, and about 20% between SERCAs or SPCAs and 

PMCAs. The sequence similarity is appreciably higher in the core regions 

involved in the transport mechanism. 
 

 
Figure 2. Overview of the different Ca2+-ATPases. A selection of Ca2+-ATPase 
sequences of different species fall into three groups: sarco/endoplasmic reticulum Ca2+ 
ATPases (SERCAs), plasma membrane Ca2+ ATPases (PMCAs) and secretory 
pathway Ca2+ ATPases (SPCAs). Names beginning with ‘h’ refer to the human 
sequences. (Adapted from Vanoevelen et al., 2007) 
 

The first member of the SPCA-type ATPases was identified in the yeast 

Saccharomyces cerevisiae (Rudolph et al., 1989), as the product of the plasma 

membrane related 1 gene, Pmr1. The protein was immunolocalized in the 

Golgi (Antebi and Fink, 1992). A partial cDNA sequence from rat kidney was 

isolated (Gunteski-Hamblin et al., 1988), which was found to be related to 

both SERCA and PMCA-type ATPases. This partial clone was later identified 
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as the mammalian form of yeast Pmr1, and was named secretory pathway Ca2+ 

ATPase (SPCA). Some bacterial Ca2+-ATPases resemble more closely the 

Pmr1/SPCA-class than the SERCA or PMCA pumps (Sorin et al., 1997; 

Raeymaekers et al., 2002). The Pmr1/SPCA ATPases are therefore not only 

widespread but they may also represent the most ancient class of Ca2+ pumps. 

SERCA pumps are expressed both in the ER and in the Golgi apparatus, while 

SPCA pumps are more specifically restricted to the later compartments of the 

secretory pathway (i.e. the Golgi stacks, the TGN and the secretory vesicles). 

SPCAs differ from the SERCA pumps in several respects (see for review Van 

Baelen et al., 2004). First, SPCAs translocate very efficiently either Ca2+ or 

Mn2+. Although SERCA1a can also catalyse the transport of Mn2+ instead of 

Ca2+, it does this with a very low affinity, i.e. in the millimolar instead of the 

submicromolar range (Gomes da Costa and Madeira, 1986). Second, SPCA 

translocates only one Ca2+ (or Mn2+) ion per cycle, whereas SERCAs pump 

two Ca2+ ions. Similarly to PMCAs, only one of the two Ca2+-binding sites 

(site II) found in the transmembrane domain of the SERCA pumps is 

conserved in SPCAs. Third, SPCAs, in contrast to SERCAs, do not counter 

transport luminal protons, because their Ca2+-binding pocket has less 

potentially charged residues that can bind protons. Finally, like PMCAs, 

SPCAs are insensitive, or present comparatively very low sensitivity, to the 

classical SERCA inhibitors, such as thapsigargin (TG), cyclopiazonic acid 

(CPA) or 2,5-di-(tert-butyl)-1,4-benzohydroquinone (TBHQ). There is no 

selective inhibitor for SPCAs. 

Mammals posses two SPCA genes, ATP2C1 and ATP2C2, encoding 

respectively SPCA1 and SPCA2 (Van Baelen et al., 2004). 

 

1.4.1. Human SPCA1 

The ATP2C1 gene that codes for SPCA1 is located on human chromosome 

3q21 and consists of 28 exons (Hu et al., 2000). Alternative processing at the 

3′-end of the human ATP2C1 pre-mRNA produces at least four distinct splice 
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variants, corresponding to proteins SPCA1a–d (Fairclough et al., 2003). Due 

to the exclusion of exon 27 in SPCA1c, its transmembrane segment 10 is 

disrupted, probably resulting in an improperly folded protein. The three 

functionally active splice variants of hSPCA1 have a much higher apparent 

Ca2+ affinity than the SERCAs (K0.5 = 9-10 nM compared to 150-300 nM) 

(Dode et al., 2005). While the maximal turnover rates of the ATPase activity 

for the three different splice variants only slightly differ (SPCA1a 20 s-1, 

SPCA1b 23 s-1 and SPCA1d 27 s-1), these rates are on average lower than 

those of SERCAs (30-130 s-1). The low turnover rate and high affinity of 

SPCAs might represent an adaptation to function in the Golgi compartments, 

where a higher rate of ion transport is not required, but instead a steady 

transport activity also at low cytosolic ion concentrations prevailing in 

unstimulated cells. 

SPCA1 is much less sensitive to inhibition by TG than SERCAs 

(K0.5(SPCA1d) = 28 µM versus K0.5(SERCA1a) = 0.031 nM) (Dode et al., 

2006). This is at least partially explained by the fact that Phe256, which is 

essential in SERCA for high-affinity TG binding, is not conserved in SPCAs. 

Fluorescence microscopy of the endogenously expressed hSPCA1 in HeLa 

cells, PC12 cells and in cryosections of human colon mucosa revealed a Golgi-

like distribution (Van Baelen et al., 2003; Reinhardt et al., 2004). Furthermore, 

SPCA1 was found to be present in the TGN of human keratinocytes by means 

of both immunocytochemistry and subcellular fractionation by sucrose-

gradient centrifugation (Behne et al., 2003). mRNA and protein expression of 

hSPCA1 was demonstrated in all human tissues tested, suggesting that 

ATP2C1 is a housekeeping gene. It is presently unknown which SPCA1 

isoforms are expressed in the different tissues except for human keratinocytes, 

which express all four isoforms at the mRNA level (Fairclough et al., 2003). 

The loss of the Atp2c1 gene in mice was shown to cause midgestational death 

in homozygous embryos (Okunade et al., 2007), which suggests that SPCA1 

plays a vital role in embryogenesis. However, the loss of the corresponding 
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gene in yeast and Caenorhabditis elegans is tolerated, but growth defects 

occur in conditions of altered Ca2+ or Mn2+ concentrations in the medium 

(Rudolph et al., 1989; Cho et al., 2005). 

 

1.4.2. Hailey-Hailey disease 

Familial benign chronic pemphigus, or Hailey–Hailey disease (HHD; OMIM 

16960) was first described by the Hailey brothers (Hailey and Hailey, 1939). It 

is an autosomal dominant skin disorder characterized by persistent suprabasal 

cell separation (acantolysis) of the skin, resulting in blister formation. 

Recurrent eruption of vesicles are usually affecting the neck, axillae, groin, 

perineum, submammary region (Burge, 1992). Ultraviolet radiation, friction, 

heat, sweating and infection of the skin can provoke the eruptions. HHD is 

caused by mutations inactivating one allele of ATP2C1 (Sudbrak et al., 2000). 

More than 82 different mutations have already been described. They are 

scattered throughout the ATP2C1 gene, indicating no “hotspot” or clustering of 

mutations in the gene. 

At present it is not known why hSPCA1 dysfunction only affects the skin and 

not other organs. To understand why keratinocytes are the only cells which are 

severely affected in HHD patients, it is necessary to understand the link of 

Hailey–Hailey disease with cellular Ca2+/Mn2+ homeostasis. One important 

factor could be the special role of Ca2+ in the skin. There is an epidermal Ca2+ 

gradient in the normal skin, with 4-fold higher Ca2+ levels in superficial layers 

than in the basal epidermis. High extracellular Ca2+ concentrations have an 

effect on essential processes such as keratinocyte differentiation (Pillai et al., 

1990), adhesion (Vasioukhin et al., 2000), motility (Fang et al., 1998), and 

lipid secretion (Lee et al., 1994). Extracellular Ca2+ affects a well-defined 

cascade of signaling events, including binding to a plasma membrane Ca2+ 

receptor, generation of IP3-mediated Ca2+ release from intracellular stores, and 

subsequent influx of extracellular Ca2+ through plasma membrane Ca2+ 

channels. An additional factor that may contribute to the higher sensitivity of 
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keratinocytes to SPCA1 distribution in comparison to other cell types could be 

that keratinocytes show a relatively high contribution of SPCA1, as compared 

to that of SERCA, to Ca2+ uptake into the Golgi (Callewaert, et al., 2003). 

 

1.4.3. Human SPCA2 

The ATP2C2 gene encoding human SPCA2 is located on chromosome 

16q24.1 and consists of 27 exons (Vanoevelen et al., 2005a). So far, there are 

no reports on the possibility of alternative splicing of ATP2C2 pre-mRNA 

transcripts. All the exon-intron boundaries in ATP2C2 are conserved in 

ATP2C1 (Van Baelen et al., 2004). hSPCA2 exhibits about 60% sequence 

identity with hSPCA1. The apparent Ca2+ affinity of hSPCA2 is about 2.5-fold 

lower than that of hSPCA1d (K0.5 = 25 nM) (Dode et al., 2006). The maximal 

turnover rate of the ATPase activity of SPCA2 (41 s-1) is higher than that of 

SPCA1 isoforms. SPCA2 has a higher TG sensitivity than SPCA1d (K0.5 = 2 

µM). 

hSPCA2 overexpressed in COS-1 cells is localized predominantly in a juxta-

nuclear region, which corresponds to the Golgi apparatus. In epithelial cells of 

human colon tissue, both hSPCA1 and hSPCA2 show a similar Golgi-like 

localization (Vanoevelen et al., 2005a), whereas in mouse hippocampal 

neurons SPCA2 has a predominantly vesicular distribution (Xiang et al., 

2005). The tissue expression of hSPCA2 is more restricted than that of 

hSPCA1. In mammals the mRNA is abundant in the different segments of the 

gastrointestinal tract, and also enriched in trachea, salivary gland, thyroid 

gland, mammary gland, prostate, testis, brain and keratinocytes (Vanoevelen et 

al., 2005a). hSPCA2 levels in the mammary gland increase during lactation 

(Dimitriev et al., 2005). These observations suggest a role of hSPCA2 

particularly in the regulated secretory pathway. However, a specific function 

of SPCA2 is not known at present. 
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2. Leukocyte polarization and migration 

2.1. Neutrophil granulocytes 

2.1.1. Biology of neutrophils 

Neutrophil granulocytes are essential white blood cells which play a key role 

in immune defence and are also involved in the pathology of various 

inflammatory conditions (e.g. rheumatoid arthritis). Neutrophils mature in the 

bone marrow before being released into the circulation, where they spend only 

4-10 h before entering tissue pools, where they survive 1-2 days (Smith, 1994). 

These terminally differentiated cells are rich in cytoplasmic granules and 

contain a multi-lobed nucleus with no nucleolus. There are two main types of 

cytosolic granules: azurophilic or primary granules and specific secondary 

granules. These granules contain various receptors, enzyme components, and 

antimicrobial proteins (Borregaard et al., 1993), which are released in response 

to immunological stimuli. The only prominent membranous structure in these 

cells is a vestigial Golgi-like ER, situated between the lobes of the nucleus in 

the centre of the cell (Pettit et al., 1997). Neutrophils constitute a 

heterogeneous cell population which may partially reflect maturation 

differences and partially subpopulations of cells derived from distinct stem 

cells (Gallin, 1984). 

 

2.1.2. Ca2+ stores in neutrophils 

Two distinct Ca2+-storage sites can be demonstrated in neutrophil 

granulocytes. One store is located at the centre of the cell near and often 

between the nuclear lobes and another one is found at the cell periphery, 

immediately below the plasma membrane (Pettit and Hallett, 1998). The 

central Ca2+ store was defined by electron microscopy as the only prominent 

membranous structure, and characterized as vestigial Golgi or Golgi-like ER 

(Pettit et al., 1997). The peripheral stores were suggested to correspond to 
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small Ca2+-storing organelles that were called calciosomes (Krause et al., 

1989). These organelles are wide-spread and mobile within neutrophils, and 

were shown to move to the cell periphery and accumulate at sites of 

phagocytosis (Stendahl et al., 1994). 

Both the central and the peripheral Ca2+ stores function as sites for Ca2+ 

release. Ca2+ is released from peripheral stores at sites of integrin engagement 

and clustering, whereas the juxta-nuclear store would be implicated after 

activation by N-formyl-methionyl-leucyl-phenylalanine (fMLP) (Pettit and 

Hallett, 1998). 

 

2.2. The migration cycle 

Cell migration plays a key role in a wide variety of biological phenomena, 

including embryonic development, wound healing and immune responses. Cell 

migration is particularly important for leukocyte function and the 

inflammatory response (Sánchez-Madrid and del Pozo, 1999). Leukocyte 

chemoattractants, including chemokines, provide directional cues for 

leukocyte motility, and induce polarization. Chemoattractant receptors, 

integrins and other adhesion molecules, cytoskeletal proteins and intracellular 

regulatory molecules change their cellular localization during cell polarization. 

A complex system of signal transduction molecules, including tyrosine 

kinases, lipid kinases, second messengers and members of the Rho family of 

small GTPases is thought to regulate the cytoskeletal rearrangements 

underlying leukocyte polarization and migration. 

The signaling pathways activated during the onset of chemotaxis have been 

divided into the following sequence of events: 1. gradient-sensing mechanism, 

2. amplification of polarity signaling, 3. cell polarization: protrusion and 

adhesion formation and 4. retraction of the rear. 
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2.2.1. Signals for leukocyte migration: chemoattractants and chemokines 

Neutrophil migration can be activated by different chemoattractants and 

chemokines (Table1). Formylated bacterial peptides, like fMLP, are formed by 

the cleavage of the NH2-terminal portions of common bacterial proteins during 

synthesis (Thelen et al., 1993). Similar formylated peptides are not found in 

mammalian cells. fMLP receptors are expressed on unstimulated neutrophils, 

but activation with fMLP or other agents can cause the mobilization of 

secretory vesicles in which 2- to 5-fold more receptors are sequestered 

(Borregaard and Cowland, 1997). Proteins of the alternative complement 

pathway, including complement component C5, can be produced by tissue 

macrophages and specialized epithelial cells (Strunk et al., 1988). Cleavage of 

C5 yields C5b, a component of the membrane attack complex, and C5a, a 

powerful chemoattractant. Leukotriene B4 (LTB4) is produced by monocytes 

and neutrophils from arachidonic acid (Brooks and Summers, 1996). 

Neutrophils have at least five different receptors for chemotactic stimuli. 

Unique receptors exist for bacterial peptides (e.g., fMLP), complement protein 

C5a and LTB4. 

 

 
Table 1 Mediators of neutrophil migration 
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Chemokines are remarkably diverse, both in terms of individual proteins and 

their production by blood and tissue cells (see for review Rollins, 1997). 

Previously, chemokines were grouped into the functional subfamilies termed 

‘inflammatory’ and ‘homeostatic’ chemokines (Moser et al., 2004). 

Inflammatory chemokines control the recruitment of effector leukocytes in 

infection, inflammation, tissue injury and tumors. Many of the inflammatory 

chemokines have broad target-cell selectivity and act on cells of the innate and 

adaptive immune system. Homeostatic chemokines, by contrast, direct 

leukocytes during hematopoiesis in the bone marrow and thymus, during 

initiation of adaptive immune responses in the spleen, lymph nodes and 

Peyer’s patches, and in immune surveillance of healthy peripheral tissues. 

However, several chemokines cannot be assigned unambiguously to either one 

of the two functional categories and, therefore, are referred to as ‘dual-

function’ chemokines. Chemokine receptors are G protein-coupled receptors 

(GPCR) containing 7 transmembrane domains that are found on the surface of 

leukocytes. Receptor binding and triggering are mediated by distinct epitopes 

in the NH2-terminal region of chemokines. Several CXC chemokines, whose 

two N-terminal cysteines (C) are separated by one amino acid (X), are potent 

neutrophil chemoattractants (Table 1). Structure/activity analyses show that 

this property depends on the presence of a three-amino acid motif, ELR 

(glutamate-leucine-arginine), between the N-terminus and the first cysteine 

(Clark-Lewis et al., 1995). 

 

2.2.2. Gradient sensing mechanism 

For a cell to migrate, it must be polarized. Establishing and maintaining cell 

polarity in response to extracellular stimuli appear to be mediated by a set of 

interlinked positive feedback loops involving Rho family small GTPases, 

phosphoinositide 3-kinases (PI3K), integrins, microtubules, and vesicular 

transport (Charest and Firtel, 2007) (Fig. 3).  
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Figure 3. Simplified scheme of leukocyte chemotactic signaling mechanisms. 
Chemotaxis of leukocytes in response to chemoattractants (stimulus) elicits different 
signaling mechanism at opposite ends of the cell. In the direction of the highest 
chemoattractant concentration, Cdc42 and Rac Rho-type small GTPases are activated. 
The activated Cdc42 and Rac initiate an amplification loop by stimulating PI3K that 
establishes a high level of PIP3. The localized PIP3 together with Cdc42 and Rac 
induce actin polymerization and pseudopod formation to initiate movement. At the 
rear of the cell, the chemoattractant receptor activates ROCK via Rho to induce 
contraction of the uropod. 
 
 

Chemoattractant receptors, such as the fMLP receptors, are typical GPCRs that 

act through heterotrimeric G proteins. fMLP receptors at the front of moving 

cell are coupled to Gi, whereas those at the back operate through G12/13. When 

fMLP binds to its receptor, it dissociates the G protein into its two subunits Gαi 

and Gβγ. The latter plays a critical role in chemotaxis by the activation of 

guanine exchange factors (GEFs) to switch on Rho-type small GTPases, cell-

division cycle 42 (Cdc42) and Rac. The Cdc42 and Rac signaling mechanism 

particularly function at the front of the cell (Srinivasan et al., 2003) (Fig. 3). 

Different signaling mechanisms operate at the back of the cell. The fMLP 

receptor dissociates the heterotrimeric G12/13 into the two components Gα12/13 

and Gβγ. The former then activates the p115-RhoGEF to switch on Rho 

(Etienne-Manneville and Hall, 2002). The fact that Rho activity is confined to 
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the back may depend not only on its activation at the back, but also on an 

inactivation process specifically at the front of the cell. A number of 

mechanisms have been proposed for the inhibition of Rho. For example, Rac 

may inhibit Rho by stimulating the p190-RhoGAP (GTPase activating protein) 

that inactivates Rho by promoting the hydrolysis of GTP to form the inactive 

GDP-bound configuration (Ligeti et al., 2003). 

 

2.2.3. Amplification of polarity signaling 

Amplification of a shallow gradient of chemoattractants (as little as ~3% 

gradient from front to rear) into a steeper gradient of intracellular signaling is 

required for efficient directional movement (Ridley et al., 2003). In response 

to activation of chemoattractant receptors, phosphatidylinositol-3,4,5-

trisphosphate (PIP3) is rapidly produced by the phosphorylation of the 

membrane component PIP2 by PI3K. Subsequently, PIP3 accumulates at the 

site of the plasma membrane that senses the highest concentration of the 

extracellular stimulant (Rickert et al., 2000). Dedicator of cytokinesis 2 

(DOCK2), an atypical GEF that lacks a canonical signaling motif, uses a 

DOCK homology region–2 (DHR-2) domain to activate the target Rho-type 

GTPases (Kunisaki et al., 2006). By directly binding to DHR-1, another 

domain of DOCK proteins, PIP3 recruits DOCK2 to the leading edge of the 

cell to activate Rac (Côté et al., 2005). Neutrophils lacking DOCK2 

demonstrate impaired Rac activation, and consequently, fail both to polarize 

and display chemotaxis in response to chemoattractants (Kunisaki et al., 

2006). An additional phospholipid, phosphatidic acid (PA) was suggested to 

determine the localization of DOCK2 more precisely at the membrane site that 

will become the growing leading edge. PA is generated by the hydrolysis of 

the membrane component phosphatidylcholine (PC) by phospholipase D 

(PLD) (Nishikimi et al., 2009). It is not yet clear how PA accumulates at the 

leading edge of the cell. In the case of PIP3 production, a positive feedback 

loop was demonstrated, in which PIP3 recruits a Rac-GEF and the activated 
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Rac can further enhance PIP3 production by activating PI3K. By these 

processes the cell generates an intracellular lipid gradient, leading to efficient 

signaling (Wang et al., 2002). 

 

2.2.4. Cell polarization: protrusion and adhesion formation 

Actin polymerization controls protrusion formation of the cell (Pollard and 

Borisy, 2003). Rac and Cdc42 are both required at the front of migrating cells 

(Fig. 4). The primary role of Rac is to generate a protrusive force through the 

localized polymerization of filamentous actin (F-actin) (Raftopoulou and Hall, 

2004). Cdc42 also induces actin polymerization to generate filopodia, which 

have been ascribed sensory or exploratory functions at the front of chemotactic 

cells (Faix and Rottner, 2006). Members of the Wiskott–Aldrich syndrome 

protein/suppressor of cAMP receptor/WASP-family verprolin homologous 

protein (WASP/SCAR/WAVE) family of scaffold proteins are key regulators 

of actin polymerization (Takenawa and Miki, 2001). In their activated state, 

each of these proteins are able to stimulate the actin-related protein 2/3 

(Arp2/3) complex, which can initiate actin polymerization either de novo or at 

the barbed end or sides of pre-existing filaments. In this way, the dendritic 

morphology of lamellipodial actin is generated (Weaver et al., 2003). 

WASP/WAVE can also bind to profilin, which acts synergistically with 

Arp2/3 to speed up actin polymerization (Yang et al., 2000). Cdc42 activates 

WASP and N-WASP directly, using PIP2 as an essential cofactor (Rohatgi et 

al., 2000). Rac activates the SCAR/WAVE family indirectly (Eden et al., 

2002). WAVE/WASP proteins may themselves regulate the activity of Rac 

and Cdc42 by binding to GAPs and GEFs (Soderling et al., 2002), and thereby 

generating positive or negative feedback loops to regulate the extent of 

Cdc42/Rac-induced actin polymerization. 

After the protrusion is formed it must be stabilized by attaching it to the 

surroundings. Integrins are a major family of migration-promoting receptors 

and they act as the “feet” of a migrating cell by supporting adhesion to the 
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extracellular matrix (ECM). Activated integrins preferentially localize to the 

leading edge, where new adhesions form (Kiosses et al., 2001). Rapidly 

migrating cells, such as leukocytes, have few and small integrin clusters. The 

formation of these adhesions which depends on Rac and Cdc42, contributes to 

efficient migration (Schwartz and Shattil, 2000). 

 

 
Figure 4. Role of small Rho type GTPases in cell migration. Rho-GTPase regulated 
pathways affect actin filament organization. Rac and Cdc42 can be found on the 
leading edge of the cell, while Rho acts on the rear of the cell. Rac and Cdc42 both 
regulate actin polymerization through the WASP/SCAR/WAVE family of proteins 
acting on the Arp2/3 complex. Rho promotes contractile actin-myosin filament 
assembly via ROCK. ROCK phosphorylates LIM kinase leading to cofilin 
phosphorylation, or inactivates MLC phosphatase leading to increase in MLC 
phosphorylation. 
 
 

2.2.5. Retraction at the rear 

For cells to move forward, adhesions at the rear must disassemble and the 

trailing edge retract, otherwise tension would rip the cell apart. The force 

transmitted to sites of adhesion derives from the interaction of myosin II with 

actin filaments that attach to these sites. Myosin II activity is regulated by 

myosin light-chain (MLC) phosphorylation (Raftopoulou and Hall, 2004). Rho 

controls cell adhesion and its motility via actin-cytoskeleton reorganization 
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and actin-myosin filament bundle regulation (Maekawa et al., 1999) (Fig. 4). 

The active form of Rho-associated coiled-coil-forming protein kinase 

(ROCK), a downstream target protein of Rho, can phosphorylate and activate 

LIM domain kinase (LIMK), which in turn phosphorylates and inactivates 

cofilin leading to stabilization of actin filaments within actin-myosin filament 

bundles (Maekawa et al., 1999). ROCK inactivates MLC phosphatase 

(Kawano et al., 1999), which leads to increased levels of MLC 

phosphorylation, which then can crosslink actin filaments with myosin and 

generate contractile force. At the rear of a migrating cell, this promotes 

movement of the cell body and facilitates detachment of the cell rear 

(Mitchison and Cramer, 1996). Rho and ROCK have been shown to be 

essential for rear cell detachment in single migrating cells such as leukocytes 

and macrophages (Alblas et al., 2001). Y-27632 ([+]-[R]-trans-4-[1-

aminoethyl]-N-[4-pyridyl]cyclohexane carboxamide dihydrochloride, 

monohydrate), a highly selective inhibitor of ROCK (Narumiya et al., 2000), 

blocks human neutrophil migration in response to chemoattractants through 

suppression of MLC phosphorylation (Niggli, 1999). The release of adhesions 

at the rear of the cell facilitates protrusive activity at the front of the cell, 

contributes to the overall polarization and provides positive feedback for the 

continued cycle of migration.  

 

2.3. Role of intracellular Ca2+ in leukocyte migration 

Many roles for Ca2+ in cell motility and polarity have been proposed, from the 

regulation of actin-binding proteins to the stimulation of myosin II-based 

contraction (Stossel, 1993). Free cytosolic Ca2+ concentrations are low at the 

leading edge and high at the cell rear in migrating leukocytes (Gilbert et al., 

1994), suggesting a key role of Ca2+ in rear contraction, which is an essential 

event for persistent cell motility. The tension generated in migrating cells by 

strong adhesions in the rear is probably sufficient to open stretch-activated 
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Ca2+ channels (Lee et al., 1999). Potential targets for cytosolic Ca2+ are the 

Ca2+-regulated phosphatase calcineurin (Hendey et al., 1992) and the Ca2+-

activated protease calpain, which has the potential to cleave several focal 

adhesion proteins, including talin, vinculin, integrins and focal adhesion 

kinase-1 (FAK) (Glading et al., 2002). Additionally, Ca2+ seems to have an 

important role in the replenishment of adhesion receptors (integrins) from the 

rear to the leading edge of the cell via endocytic cycling (Hendey et al., 1992). 
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3. The structure and function of lipid rafts 

3.1. The raft concept 

Until some decades ago, biological membranes were seen as a lipid sea where 

all lipid and protein molecules diffuse more or less freely (Singer and 

Nicolson, 1972). Although the cell membrane can be considered as a two-

dimensional liquid-like structure, it is not a random mixture of lipids and 

proteins (Karnovsky et al., 1982). Rather, there is structure within the sea of 

lipids that organises the distribution of proteins in the bilayer. These lipid 

microdomains are called ‘lipid rafts’ and are characterized by elevated 

cholesterol and glycosphingolipid content (Simons and Ikonen, 1997; Simons 

and Ehehalt, 2002; Pike, 2004) (Fig. 5). 

 

 
 

Figure 5. Simplified scheme of membrane composition. A) Intracellular space or 
cytosol B) extracellular space or vesicle/Golgi lumen 1. Non-raft membrane, 2. Lipid 
raft, 3. Lipid raft associated transmembrane protein, 4. Non-raft membrane protein, 5. 
Glycosylation modifications (on glycoproteins and glycolipids), 6. GPI-anchored 
protein, 7. Cholesterol, 8. Glycolipid. 
Source: http://cellbiology.med.unsw.edu.au/units/science/lecture0803.htm 
 

The high content of saturated phospholipid fatty acid side chains and 

sphingolipids with saturated acyl chains in these domains together with 

cholesterol leads to tight packing and consequently to phase separation. 

Furthermore, the tight-packing probably is responsible for insolubility of lipid 

rafts in cold non-ionic detergents such as octylphenoxypolyethoxyethanol 

(Triton X-100) (Brown and London, 2000). Due to the high cholesterol 
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content, depletion of cholesterol by agents such as methyl-β-cyclodextrin 

(MβCD) disrupts the raft structure (Ilangumaran and Hoessli, 1998). 

There exist two common types of lipid rafts: planar lipid rafts and caveolae. 

Caveolae are small, flask-shaped invaginations of the plasma membrane, 

which were initially observed on thin-section electron microscopic images of 

epithelial and endothelial cells (for review see Anderson, 1998). Caveolin was 

originally identified as a prominent tyrosine-phosphorylated protein in Rous 

sarcoma virus transformed cells (Glenney and Zokas, 1989). It was shown to 

be localized in caveolae and was suggested to stabilize caveolae structure 

(Rothberg et al., 1992). 

Lipid rafts have been shown to represent platforms collecting assemblies of 

proteins involved in many key cellular functions, including signal 

transduction, membrane fusion, organization of the cytoskeleton, lipid sorting, 

protein trafficking, and localization and activity of specific membrane 

channels (Simons and Ikonen, 1997). We will discuss two examples at the end 

of this chapter, namely the role of lipid rafts in Ca2+ signaling and in cell 

polarization and migration. 

 

3.2. Heterogeneity of lipid rafts 

Lipid rafts in cells appear to be heterogeneous both in terms of their protein 

and their lipid composition. Reflecting their functional diversity, rafts can be 

localized to different regions of the cell (Pike, 2004). The most striking 

demonstrations of heterogeneity among lipid rafts are those using 

immunofluorescence to show the discrete localization of raft proteins and 

lipids in living cells. An example was demonstrated in polarized T cells. 

Ganglioside GM3 and a glycosyl-phosphatidyl-inositol (GPI)-anchored protein 

urokinase plasminogen activator receptor (uPAR) were shown to be localized 

exclusively at the leading edge of the cells, while ganglioside GM1 and the 

transmembrane domain protein CD44 were demonstrated only at the trailing 
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edge of the cells (Gómez-Moutón et al., 2001). In spite of the fact that in intact 

cells the rafts that contained these markers were physically distinct and 

spatially segregated from each other, all four raft markers GM3, uPAR, GM1 

and CD44 were present in the total lipid raft fraction that could be isolated 

biochemically from the cells, and all four markers were lost from this fraction 

after cholesterol depletion with MβCD.  

 

3.3. Methods to study lipid rafts 

There exist several complementary approaches for studying the composition 

and the kinetic properties of lipid rafts (Allen et al., 2007; Simons and 

Toomre, 2000). The most generally used method to isolate raft-associated 

proteins is extraction by non-ionic detergents such as Triton X-100, followed 

by sucrose density gradient centrifugation. However, this technique is not 

without pitfalls, as some proteins show a variable raft association during 

detergent extraction. Disruption of lipid rafts can be used to determine the 

physiological relevance of the localization of proteins to these domains. 

Agents that sequester, chelate or prevent the synthesis of cholesterol are 

commonly used to disrupt lipid rafts (Ilangumaran and Hoessli, 1998). 

Although these commonly utilized techniques are informative, they have a 

number of limitations and the field is developing new and more sophisticated 

methods to study these domains in living cells. These new techniques rely 

mainly on biophysical and imaging methodologies including fluorescence 

correlation spectroscopy (FCS) (Lenne et al., 2006), single particle tracking 

(SPT) (Kusumi et al., 2005), fluorescence recovery after photobleaching 

(FRAP) (Lippincott-Schwartz, et al., 2001) and Förster’s resonance energy 

transfer (FRET) (Kenworthy et al., 2000). These new techniques are powerful 

approaches for studying lipid raft and their influence on signaling in living 

cells, among others because they do not rely on cell disruption. However, they 

also have limitations, such as often requiring protein labelling, which has the 
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potential to disrupt signaling cascades. Regardless of the individual techniques 

used, the strongest approach for studying lipid rafts is one that employs several 

complementary methods (Shogomori and Brown, 2003; Allen et al., 2007). 

 

3.4. Lipid raft-associated proteins 

The first observation regarding the localization of specific proteins to lipid 

rafts was by Brown and Rose (1992). They demonstrated that GPI-anchored 

proteins are soluble in Triton X-100 at 4°C after synthesis in the ER, and 

become insoluble after entering the Golgi complex. Reconstitution 

experiments demonstrated that the interaction with sphingolipids determines 

detergent insolubility (Schroeder et al., 1994). Also cholesterol has been 

proven to be important for this interaction, because complexing cholesterol by 

saponin abolishes resistance to Triton X-100 solubilization at 4°C (Cerneus et 

al., 1993). 

Another protein family that was found to be associated with lipid rafts are the 

caveolins (Kurzchalia et al., 1992). Caveolins bind cholesterol tightly (Murata 

et al., 1995), thus probably functioning as raft organizers. Caveolins form 

oligomers in the ER and become detergent-insoluble when they are 

incorporated into rafts in the Golgi membranes (Monier et al., 1995). Caveolae 

and caveolins are abundant in adipocytes, muscle cells, endothelial cells, and 

fibroblasts, but are generally absent in lymphocytes and most neuronal cells. 

More ubiquitous markers of raft domains are the 47-kDa membrane proteins of 

the reggie/flotillin family (Schulte et al., 1997; Morrow et al., 2002). Flotillins 

have been localized to non-caveolar membranes and are also present in cells 

that lack morphologically definable caveolae (Lang et al., 1998; Stuermer et 

al., 2001).  

Plenty of other proteins were reported to be recovered from lipid rafts and 

caveolae e.g. tyrosine kinases of the Src family, α subunit of heterotrimeric G 
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proteins, palmitoylated β-secretase (BACE) (Simons and Toomre, 2000; Smart 

et al., 1999). 

Based on their preference for raft domains, membrane proteins are assigned to 

three categories: non-raft proteins, raft-associated and those that represent an 

intermediate state. The latter are regulated raft-residents and have a weak 

affinity for rafts in the unliganded state. However, after binding to a ligand, 

they undergo conformational changes and/or become oligomerized, hence their 

affinity for rafts increases. These processes allow tight regulation of 

partitioning of proteins in and out of lipid rafts. Different determinants are 

known by which proteins associate to lipid rafts: 1. hydrophobic 

transmembrane domain; 2. hydrophobic posttranslational additions (GPI-

anchor, N-myristoylation, S-palmitoylation) (Zacharias et al., 2002; Smotrys 

and Linder, 2004); 3. protein-protein or protein-lipid interactions. 

 

3.5. Lipid rafts in the secretory pathway 

Lipid microdomains are not restricted to the plasma membrane, since their 

presence has been demonstrated along the secretory pathway (Bagnat et al., 

2000; Heino et al., 2000). Sphingomyelin- and cholesterol-enriched 

microdomains are formed in the Golgi apparatus (Simons and Toomre, 2000) 

and are thought to function as a sorting platform for apical and basolateral 

transport in the TGN (Simons and van Meer, 1988; Simons and Ikonen, 1997). 

Several microdomain constituents have been localized to the Golgi complex, 

including caveolin-1 and caveolin-2 (Mora et al., 1999; Parolini et al., 1999), 

flotillin-1 (Gkantiragas et al., 2001) and heterotrimeric G proteins (Bomsel 

and Mostov, 1992; Helms, 1995).  

 

3.6. Role of lipid rafts in Ca2+ signaling 

Membrane rafts have been suggested to play a significant role in many 

biological processes which require Ca2+ and hence it was assumed that lipid 
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rafts likely regulate these processes by manipulating Ca2+ signaling (Pani and 

Singh, 2009). The first evidence that suggested the involvement of lipid rafts 

in Ca2+ homeostasis was found in smooth muscle cells where the sarcoplasmic 

reticulum is localized immediately underneath the plasma membrane in close 

proximity to caveolae (Gabella, 1971). Histochemical methods confirmed that 

a high Ca2+ concentration was present within the caveolae, suggesting the 

importance of caveolae in Ca2+ signaling (Suzuki and Sugi, 1989). 

Additionally, PMCA pumps as well as IP3-regulated Ca2+ channels were 

shown to be localized in caveolae (Fujimoto, 1993; Fujimoto et al., 1992). 

Furthermore, agonist-stimulated Ca2+ signals were found to originate in 

specific areas of the plasma membrane that are enriched in caveolin-1 (Isshiki 

et al., 1998). Since then, lipid rafts have been shown to form signaling 

complexes (Simons and Toomre, 2000; Pike, 2009) and many of the regulators 

and ion channels involved in Ca2+ signaling have been found to be present in 

lipid raft domains (Isshiki and Anderson, 1999), e.g. GPCRs, Gq/11, PLC, 

PIP2, IP3R, and store operated Ca2+ entry (SOCE) channels, suggesting that 

membrane microdomains have a significant role in modulating Ca2+ signaling. 

 

3.7. Role of lipid rafts in cell polarization and migration 

A role for cholesterol-rich lipid domains in cell migration has been proposed 

on the basis of the observation that disruption of domain integrity by chemical 

depletion of plasma membrane cholesterol inhibits polarization and migration, 

whereas other cellular functions such as adherence are unaffected (Mañes et 

al., 1999; Mañes and Viola, 2006). To be able to move, leukocytes and other 

cell types must acquire and maintain morphological and functional asymmetry, 

a process termed polarization (Lauffenburger and Horwitz, 1996). Several 

reports have described asymmetric raft reorganization in different types of 

moving cells, including carcinoma cells, nerve growth cones, epithelial cells 

and leukocytes (Eaton and Simons, 1995; Ibáñez, 2004; Ledesma et al., 1998; 
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Mañes et al., 1999). Segregation of raft subtypes to each pole of polarized T 

cells and leukocytes has been described, with GM3 at the leading edge and 

GM1 at the uropod (Gómez-Moutón et al., 2001). The results suggest that lipid 

rafts comprise one of the mechanisms implicated in the generation of cell 

polarity during migration. The various localizations of lipid rafts reported in 

polarized cells may reflect the differences in the cell types used or the mode of 

migration analyzed (slow or fast migrating cells). 

Polymerization of F-actin at the leading edge is an absolute requirement for 

cell polarity and migration. Lipid rafts can directly organize the activation and 

recruitment of the Rho-type GTPases implicated in F-actin remodelling, like 

Cdc42 and Rac. Although these GTPases are recruited to the membrane 

through isoprenyl-based lipid anchors, which are supposed not to fit well in 

raft membranes, they nevertheless partition in lipid rafts (Golub and Caroni, 

2005; del Pozo et al., 2004). Further supporting this view, cross linking of 

lipid raft components triggers Rho-dependent actin cytoskeleton 

rearrangements (Lacalle et al., 2002). 
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II. Aim of the study 

1) Expression and subcellular distribution of SPCA1 and SPCA2 in 

neutrophils and HT29 cells 

Until now the expression of SPCA2 at the protein level was demonstrated 

only in three cell types, namely in colon epithelial cells, hippocampal 

neurons and in mammary gland cells. Furthermore, the subcellular 

distribution of SPCA2 is not clear. In epithelial cells of human colon tissue 

SPCA2 shows a Golgi-like localization, whereas in mouse hippocampal 

neurons it has a predominantly vesicular distribution. Because it is difficult 

to access these cells experimentally, we searched for suitable cells that can 

be obtained in suspension or in cell culture. After screening several cell 

types, we withheld HT29 colon adenocarcinoma cells and freshly isolated 

human neutrophil granulocytes for further investigations. We aimed to 

compare the subcellular distribution SPCA1 and SPCA2 with Golgi markers 

and with the housekeeping ER Ca2+ pump SERCA2 in these cells. 

 

2) Contribution of SERCA-independent intracellular Ca2+ stores to Ca2+ 

signaling 

Previous studies have demonstrated Ca2+ release only from a 

subcompartment of the Golgi that depends on SERCA activity and not from 

the SPCA-dependent fraction. We further investigated whether Ca2+ can be 

released also by the SPCA-dependent stores. Since a specific inhibitor of 

SPCAs is not available, we could only rely on thapsigargin, a SERCA 

inhibitor, to differentiate SERCA-dependent from SERCA-independent 

(presumably SPCA-dependent) Ca2+ stores. 

We measured agonist-induced Ca2+ release from intracellular stores in 

several types of cultured cells that have been suggested to possess an 

important Golgi Ca2+ store. However, in none of these cells agonist-induced 
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Ca2+ release from SERCA-independent stores could be demonstrated. 

However, such Ca2+ release was detected in freshly isolated human 

neutrophil granulocytes. Therefore we studied this cell type in more detail. 

 

3) The microdomain localization of SPCA1 

Unlike the ER membranes, the membranes of the Golgi apparatus are 

enriched in cholesterol and are believed to contain detergent-resistant, lipid 

raft-like microdomains. This difference in membrane composition possibly 

affects the localization and the function of the P-type Ca2+-transport 

ATPases present in these membranes. The SERCA pumps are localized in 

the ER, a cholesterol-poor membrane. We investigated whether or not 

SPCA1 is associated with detergent-resistant membrane microdomains in 

the Golgi of HT29 cells. We also examined whether cholesterol is necessary 

for the proper function of this pump. 
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III. MATERIALS AND METHODS 

1. Preparation of neutrophils from human blood 

Mononuclear cells of human peripheral blood were separated from 

polymorphonuclear cells and erythrocytes by density-gradient centrifugation 

(30 min, 400 x g) on Ficoll-sodium diatrizoate from Lymphoprep (Nycomed 

Pharma, Norway). Then neutrophil granulocytes were separated from 

erythrocytes by sedimentation of the polymorphonuclear cell pellet in 

Plasmasteril hydroxyethyl starch (Fresenius, Germany) for 30 min at 37ºC. 

The residual erythrocytes were removed by lysis in bi-distilled water for 30 sec 

(Struyf et al., 2001). Neutrophils can be used for experiments up till 2 hours 

after isolation. Cells were plated at a density of 2 x 106 cells/cm2 in coverglass 

chambers (Nunc Inc., Naperville, IL, USA) for 30 min at 37ºC to allow the 

cells to attach to the substrate. 

 

2. Cell culture 

HeLa cervical carcinoma cells were obtained from the American Type Culture 

Collection (Rockville, MD, USA) and grown in Ham's F-12 medium 

(Invitrogen, Merelbeke, Belgium) supplemented with 10% fetal calf serum in a 

humidified atmosphere containing 5% CO2. 

HT29 human colon adenocarcinoma cells were purchased from the European 

Collection of Cell Culturing (ECACC) and cultured in Dulbecco modified 

Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal calf serum 

in a humidified atmosphere containing 5% CO2. 

COS-1 cells are cells from the kidney of the African monkey Cercopithecus 

aethiops that were genetically modified to express the SV40 large T-antigen, 

making them efficient overexpression hosts for the appropriate vectors. COS-1 

cells were obtained from ECACC and cultured in DMEM supplemented with 

10% fetal bovine serum, 3.8 mM L-glutamine, 85 IU/ml penicillin, 85 µg/ml 



 54

streptomycin and 0.9% non-essential amino acids in a humidified atmosphere 

containing 10% CO2. 

All cells were plated at a density of 10000-15000 cells/cm2 in coverglass 

chambers (Nunc Inc.). 

 

3. Immunocytochemistry 

Cells were washed in phosphate-buffered saline (PBS; Invitrogen) and fixed 

with 4% paraformaldehyde (Merck, Darmstadt, Germany) in PBS for 15 min 

at room temperature (RT). Subsequently, neutrophils were spun down at 800 

rpm for 10 min (Cytospin3, Shandon, TechGen, Zellik, Belgium) to attach 

them to glass coverslips. Cells were then permeabilized by incubation in 0.2% 

Triton X-100 (Roche Diagnostics, Mannheim, Germany) for 2 min at RT. 

After three washes with PBS, non-specific protein binding was blocked by 

incubating in PBS containing 5% bovine serum albumin (BSA; Sigma-

Aldrich, Bornem, Belgium) and 1:100 normal goat serum for 1 h. Rabbit 

polyclonal antisera against hSPCA1 (Van Baelen et al., 2003), hSPCA2 

(Vanoevelen et al., 2005), hSERCA3 (Wuytack et al., 1994) and the isoform 

specific anti-hSERCA2b (Wuytack et al., 1989) were used at 1:1000 dilution. 

Mouse monoclonal anti-hSERCA2 (IID8, Sigma-Aldrich), anti-α-tubulin 

(Sigma-Aldrich), anti-flotillin-2 (BD Biosciences, MD, USA) and antibodies 

against Golgi-specific proteins, namely anti-golgin-97 (Invitrogen), anti-58K 

(Abcam Inc., Cambridge, MA, USA) and anti-TGN46 (Serotec, Oxford, UK) 

were used at 1:250 dilution. All antibodies were diluted in 1% BSA in PBS 

and applied for 1 h, followed by three washes with PBS. As negative controls, 

coverslips were incubated with pre-immune serum at the same dilution as the 

immune serum. Secondary antibodies, goat anti-mouse Alexa Fluor 488 and 

goat anti-rabbit Alexa Fluor 488/594 (Invitrogen) used at 1:1000 dilution, were 

administered in 1% BSA in PBS supplemented with 100 µg/ml 4',6-diamidino-

2-phenylindole (DAPI; Invitrogen) nuclear stain and incubated for 1 h. Finally, 
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cells were washed three times with PBS and the coverslips were mounted in 

FluorSave Reagent (EMD Chemicals, Gibbstown, NJ, USA) to inhibit 

photobleaching. The slides were examined on a Zeiss LSM 510 META laser 

scanning confocal microscope (Carl Zeiss, Jena, Germany) using a 63X/1.4 

Plan Apochromat oil immersion objective (Carl Zeiss). Alexa 488 was excited 

at 488 nm with an Ar laser. Emission was collected with a 490 nm dichroic 

mirror and a 525/25 band pass (BP) filter. Alexa 594 was excited with a He/Ne 

543 nm laser. Emission was collected with a 545 nm dichroic mirror and a 560 

nm long pass (LP) filter. DAPI was excited at 790 nm with a Mai Tai two-

photon laser and fluorescence was collected via a 460/25 nm BP filter. For 

acquisition the Zeiss LSM 510 META software was used. Image transfer and 

processing was done with Image J Java-based freeware. 

 

4. Preparation of microsomes 

Microsomal fractions were prepared from neutrophils, HT29 cells and COS-1 

cells. Petri dishes of confluent HT29 and COS-1 cells were rinsed in cold 

Ca2+- and Mg2+-free PBS followed by scraping in the same solution 

supplemented with 1 mM 2-[2-(bis(carboxymethyl)amino)ethyl-

(carboxymethyl)amino]acetic acid (EDTA; Sigma-Aldrich) and 5% (v/v) 

complete protease inhibitor cocktail (CPIC; Roche Diagnostics). The 

suspension of HT29 cells, COS-1 cells or neutrophils prepared from fresh 

blood were centrifuged at 2000 x g for 3 min at 4 °C. The cell pellet was 

suspended in 2 ml hypotonic buffer (10 mM Tris-HCl at pH=7.4, 1 mM 

MgCl2, 1 mM EDTA and 5% (v/v) of CPIC), and was allowed to equilibrate 

for 10 min on ice. Homogenization was performed by hand using a teflon/glass 

potter homogenizer (40 strokes up and down). An equal volume of buffer M 

(10 mM Tris-HCl at pH=7.4, 500 mM sucrose, 40 µM CaCl2, 300 mM KCl 

and 6 mM β-mercaptoethanol) was added and homogenization was continued 

for another 20 strokes. Cellular debris and nuclei were centrifuged at 8000 x g 
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for 20 min at 4 °C. The supernatant was centrifuged at 100000 x g for 35 min 

at 4 °C followed by resuspension of the microsomal pellet in 8% (w/v) sucrose 

solution. 

Neutrophils contain abundant neutral proteases. Therefore the homogenization 

buffer used for these cells was supplemented with 2 µM 

diisopropylfluorophosphate (DFP; Sigma-Aldrich) as an additional protease 

inhibitor besides 5% (v/v) of CPIC (Amrein and Stossel, 1980). 

 

5. Western blotting 

Microsomal preparations or equal volumes (14µl) of each fractions of the 

Nycodenz density gradient were loaded on NuPageTM Tris-Bis 4-12% gradient 

gels (Invitrogen). After electrophoresis, the separated proteins were transferred 

to Immobilon-P membranes (Millipore Corporation, MA, USA). The blots 

were quenched in TBST (Tris-buffered saline containing 0.3% Tween (Sigma-

Aldrich)) supplemented with 5% (w/v) non-fat dry milk. After three washes in 

TBST, incubation with the primary antibody (hSPCA1 (1:1000), hSPCA2 

(1:500), hSERCA3 (1:500) or monoclonal SERCA2 (1:500)) in TBST 

containing 1% non-fat dry milk was performed overnight at 4ºC. After labeling 

with the secondary antibody goat anti-rabbit or goat anti-mouse coupled to 

alkaline phosphatase, the labeled bands were detected using Vistra ECF (GE 

Healthcare, Buckinghamshire, UK) as a substrate. The fluorescence was 

detected using a STORM 840 scanner (GE Healthcare) in combination with 

ImageQuant software (GE Healthcare). The molecular weight of the proteins 

was determined by using the Magic Mark protein marker (Invitrogen). 

 

6. Cytosolic Ca2+ measurements 

Cytosolic Ca2+ responses in human neutrophils and HT29 cells were measured 

using the Ca2+ probe Fura-2. All experiments were performed at 37 °C. 

Because of the short lifespan of neutrophils, the duration of the experiment 
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was shortened by loading the cells with Fura-2 (2.5 µM Fura-2-AM; 

Invitrogen) during the 30 min attachment period. Cells were plated at a density 

of 2 x 106 cells/cm2 in coverglass chambers at 37ºC in modified Krebs solution 

(135 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 11.6 mM N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; Sigma-Aldrich) 

pH=7.3, 11.5 mM glucose and 1.5 mM CaCl2). Cells were examined with an 

Olympus IX81 motorized inverted fluorescence microscope using an 

UApo/340 40X/1.35 oil objective and operated by Cell^R software (Olympus). 

For excitation, 340 and 380 nm filters were used and emission was recorded 

using a 530 nm emission filter. All experiments were performed at 37ºC. 

Frames were taken every 4 sec for 5 min. Due to the weak attachment and 

vulnerability of neutrophils no perfusion was used and the Ca2+ signal was not 

calibrated. 

Changes in cytosolic [Ca2+]c that are specifically due to Ca2+ release from 

intracellular stores were elicited by application of 0.1 µM fMLP or 20 nM IL-8 

(Sigma-Aldrich) after 5 min exposure to Ca2+-free modified Krebs solution 

containing 2 mM ethylene glycol-bis(2-amino-ethylether)-N,N,N’N’-tetra-

acetic acid (EGTA; Sigma-Aldrich). 

The short lifespan of neutrophils does not allow the inhibition of SERCAs or 

SPCAs using siRNA. A specific inhibitor of SPCAs is not yet available. 

However, SERCAs can be inhibited specifically by low concentrations of TG 

(100 nM, Invitrogen), which was applied in modified Krebs solution for 30 

min at RT. The use of Ca2+-containing solution during the application of TG 

was required to avoid the detachment of the cells from the substrate. After 30 

min, the solution was changed to Ca2+-free modified Krebs solution and the 

agonists were applied 5 min later. TG was used at 100 nM or 10 µM. At the 

low concentration, the effect is SERCA-specific and changes in [Ca2+]c can 

only be caused by Ca2+ release from SERCA-independent intracellular stores. 

100-fold higher concentrations of TG (10 µM) also inhibit SPCA Ca2+ pumps 

in addition to SERCAs (Dode et al., 2006). 
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7. Shape-change experiments 

In addition to the dependence of the Ca2+ signal itself on various sources of 

Ca2+, we also wanted to investigate the functional importance of these Ca2+ 

signals by studying Ca2+-dependent cellular responses like motility. Since a 

specific inhibitor of the SPCA pump is not yet available, we loaded the cells 

with a high concentration of Ca2+ chelator using the cell permeable compound 

1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid-acetoxymethylester 

(BAPTA-AM; Invitrogen) at 100 µM as a tool to suppress all Ca2+-dependent 

responses. Any responses exceeding in amplitude the basal level observed 

after BAPTA treatment can be ascribed to a Ca2+-dependent but TG-

independent effect. Shape change experiments were performed as described 

before (Gouwy et al., 2004). Human neutrophils (0.6 x 106 cells/ml) were 

diluted, divided in four aliquots, each of which was incubated for 30 min at 

37ºC in different solutions: 1. Hank’s balanced salt solution (HBSS; 

Invitrogen) supplemented with 10 mM HEPES and 2 mM CaCl2; 2. HBSS 

supplemented with 10 mM HEPES and 2 mM EGTA (Ca2+-free HBSS); 3. 

Ca2+-free HBSS containing 100 nM TG; and 4. Ca2+-free HBSS containing 

100 nM TG and 100 µM BAPTA-AM. Note that in these experiments the 

incubation with TG could be done in Ca2+-free solution because the 

experimental procedure does not require attachment of the cells. Subsequently, 

cells were incubated in a 96-well microtiter plate in the presence of HBSS 

supplemented with 10 mM HEPES (control) or chemoattractant solutions (0.1 

µM fMLP in HBSS supplemented with 10 mM HEPES). At 6 min incubation 

time, the cells were fixed by adding an equal volume of HBSS/HEPES buffer 

containing 4% paraformaldehyde. Changes in the cellular shape of neutrophils 

were microscopically evaluated. Differential cell counts (round, protruding) 

for each treatment were obtained from three microscope fields (each ~100-150 

cells). 
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8. Analysis of cellular migration 

To assess cytokinetic activity, cells were made fluorescent by loading with 2.5 

µM Fura-2-AM for 30 min and stimulated with 0.1 µM fMLP at 37 °C. Cells 

were followed by time-lapse microscopy for 5 min. Frames were taken every 4 

sec. At time 0, the places of attachment of the neutrophils were marked 

(original place of attachment). The area occupied after 5 min (final place of 

attachment) was compared to the original position. If there was no or minor 

(<5%) overlap between the original and the final areas of attachments, cells 

were counted as having migrated. 

 

9. F-actin staining 

Cells were stimulated with 0.1 µM fMLP in Ca2+-free modified Krebs solution 

using four different conditions: 1. no pre-incubation, 2. pre-incubation for 30 

min with 100 nM TG, 3. pre-incubation for 30 min with 10 µM TG or 4. pre-

incubation for 30 min with 100 nM TG and 100 µM BAPTA-AM. After the 

pre-incubation, cells were stimulated for 3 min at 37 °C and then fixed with 

4% paraformaldehyde in PBS for 15 min at RT. Cells were then washed twice 

with PBS and permeabilized by incubation in 0.2% Triton X-100 for 5 min at 

RT, again washed twice with PBS and incubated with PBS containing 1% 

BSA for 20 min at RT. Then cells were stained with 10 U NBD-phallacidin 

(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-phallacidin, Invitrogen) in 250 µl PBS 

containing 1% BSA for 20 min at RT. After two washes in PBS, fluorescence 

was visualized with a Zeiss 510 META confocal microscope. The dye was 

excited at 488 nm with an Ar laser and emission was observed through a 490 

nm dichroic mirror and a 525/25 BP filter. 
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10. Preparation of detergent-resistant membranes by floatation 

Detergent resistant membranes were prepared from control HT29 cells and 

from cells depleted of cholesterol. Cellular cholesterol was depleted by the 

combination of a long-term inhibition of cholesterol synthesis and an acute 

cholesterol extraction. Cholesterol synthesis was inhibited by the application 

of 4 µM lovastatin (Sigma-Aldrich) and 0.25 µM mevalonate (Sigma-Aldrich) 

for 48h at 37°C (Sviridov et al., 1990; Poole et al., 2004). Then cells were 

scraped and collected by centrifugation at 2000 x g for 3 min at 4 °C and 

exposed to 10 mg/ml MβCD (Sigma-Aldrich) for 1 h at RT with constant 

stirring to acutely extract remaining cholesterol. Subsequently, cells were 

centrifuged at 2000 x g for 15 min at 4 °C. 

About 15 x 106 of cells were suspended in 1.2 ml lysis buffer (25 mM Tris-

HCl at pH=7.4, 100 mM NaCl, 50 µM CaCl2, 5% (v/v) CPIC and 1.5% (w/v) 

Triton X-100). The cell suspension was constantly stirred for 1 h at 4 °C. 

Subsequently, the cell suspension was mixed with an equal volume of 70% 

(w/v) Nycodenz (Sigma-Aldrich) solution and distributed over Beckman 

SW50 centrifuge tubes of 5 ml (Beckman Coulter Inc., Fullerton, CA, USA), 

at 2.4 ml per tube. The membrane suspension was overlaid with 343 µl each of 

25, 22.5, 20, 18, 15, 12, and 8% (w/v) Nycodenz solution prepared in lysis 

buffer containing 1.5% Triton X-100. After 4 h of centrifugation at 200000 x g 

at 4 °C using a Beckman SW50 rotor, 10 fractions of 480 µl were collected. 

 

11. Determination of total cholesterol 

Cholesterol content was determined colorimetrically using the ferric chloride 

reaction in a sulfuric acid-acetic acid solution (Zlatkis et al., 1953). Briefly, 10 

µl of each fraction was mixed with 80 µl of chloroform/methanol (2/1, v/v), 

and the phase containing the lipids was transferred into a glass tube and dried 

under a stream of air. Cholesterol was extracted by the addition to each tube of 

0.75 ml acetic acid and 0.5 ml ferric chloride reagent (prepared by mixing 1 ml 
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2.5% (w/v) FeCl3 in 85% H3PO4 with 11.5 ml concentrated H2SO4). The 

samples were incubated for 30 min, and the absorbance was read at 550 nm 

using a Beckman-Coulter DU 640B (Beckman Coulter Inc.) 

spectrophotometer. Cholesterol standard solutions, prepared by analytic grade 

cholesterol (Sigma-Aldrich) dissolved in chloroform/methanol (2/1, v/v), were 

used for calibration. 

 

12. SERCA2b-N-GFP and SPCA1d-N-GFP constructs 

SERCA2b-N-GFP and SPCA1d-N-GFP (Green Fluorescence Protein) were 

generated using the Gateway system (Invitrogen). Briefly, an entry clone was 

generated by PCR (hSERCA2b forward primer 5'-GGGGACAAGTTTGTA 

CAAAAAAGCAGGCTTAGAGAACGCGCACACCAAGACG-3' and 

reverse primer 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGTCA 

AGACCAGAACATATCGCT-3’, hSPCA1d forward primer 5’-GGGGAC 

AAGTTTGTACAAAAAAGCAGGCTCCAAGGTTGCACGTTTTCAAAAA

ATA-3’ and reverse primer 5’-GGGGACCACTTTGTACAAGAAAGCTGG 

GTGTTAGACACAGCTCACATCTTCTGT-3’). It contains the full coding 

region of hSERCA2b or hSPCA1 excluding the start coding, enabling the 

generation of N-terminal fusion proteins. The coding fragment was cloned in 

the pDONR221 vector using BP recombination. Subsequently the SPCA1d 

and SECA2b coding regions were transferred to the GFP-containing 

destination vector pcDNA6.2N-termGFP using LR recombination. 

 

13. Visualization of detergent solubilization in live COS and HT29 cells 

cDNAs encoding glycosyl-phosphatidyl-inositol-anchored-Cyan Fluorescent 

Protein (GPI-CFP) and vesicular stomatitis virus G-Yellow Fluorescent 

Protein (VSVG-YFP) (Keller et al., 2001) were gifts from prof. Nigel M. 

Hooper (Institute of Molecular and Cellular Biology and Leeds Institute of 

Genetics, Health and Therapeutics, University of Leeds, UK). Transient 
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transfection of COS-1 or HT29 cells with GPI-CFP, VSVG-YFP, hSERCA2b-

N-GFP or hSPCA1d-N-GFP plasmid DNA were performed using GeneJuice 

transfection reagent (EMD Chemicals, Gibbstown, NJ, USA) according to the 

manufacturer’s instructions one day after seeding. Two days after transfection, 

0.05% Triton X-100 was added to the cells at RT and the fluorescence was 

measured every 20 sec during 3 min. For excitation of GPI-CFP a Mai Tai two 

photon laser was used at 900 nm. Fluorescence was collected by a 480-520 nm 

BP filter on the Zeiss LSM 510 META confocal microscope using a 63x/1.4 

Plan Apochromat oil immersion objective. VSVG-YFP was excited by a Ar 

laser at 514 nm and fluorescence was collected by a 490 nm dichroic mirror 

and a 535-590 nm BP filter. hSPCA1d-N-GFP and hSERCA2b-N-GFP were 

excited by a Ar laser at 488 nm. Fluorescence was collected by a 490 nm 

dichroic mirror and a 500-530 BP filter. 

 

14. Ca2+-ATPase activity 

COS-1 cells were transiently transfected with hSPCA1d or hSERCA2b in a 

pMT2 expression vector using GeneJuice transfection reagent (EMD 

Chemicals) one day after seeding. Microsomes were prepared (see section 

III.4.) 3 days after transfection and used for Ca2+-ATPase activity 

measurements. The microsomal suspension was split in two. One part served 

as control, the other part was treated with 10 mg/ml MβCD for 1 h at RT with 

constant stirring to deplete membrane cholesterol. Membranes were 

recollected by centrifugation at 100000 x g for 35 min at 4 °C. 

Ca2+-activated ATP hydrolysis was measured by following the liberation of 

inorganic phosphate (Pi) (Baginski et al., 1967). The ATP hydrolysis was 

performed in 100 µl of the reaction mixture: 50 mM TES/TRIS pH=7.0, 100 

mM KCl, 7 mM Mg Cl2, 1 mM EGTA, 10 mM NaN3, 5 mM ATP, with and 

without Ca2+ buffered at 1 µM and 4-8 µg microsomal preparation of COS-1. 

In case of hSPCA1d, TG was added at a final concentration of 100 nM to 
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inhibit SERCA activity. The ATP hydrolysis was terminated after 20 min 

incubation for hSERCA2b and after 40 min incubation for hSPCA1d by 

adding 200 µl of ice-cold 0.5 M HCl, 4 mM ammonium heptamolybdate, 170 

mM ascorbic acid. Subsequently, 300 µl of 150 mM sodium-m-arsenite, 70 

mM sodium citrate, and 0.35 mM acetic acid were added, and the mixture was 

kept at 37°C for 10 min to complete the reaction. Absorbance was measured at 

850 nm with a DU 640B spectrophotometer (Beckman Coulter Inc.). The 

absorbance of the condition without Ca2+ was subtracted as background. 

 

15. Statistical analysis 

Values from n different experiments are given as mean ± s.e.m. Curves were 

created by Lorentzian fit using Origin software. The cell counts of cell shape 

change were single-blind experiments. Statistical significance was determined 

by one-way ANOVA-test or paired t-test. P less than 0.05 (**) was considered 

as significant and P less than 0.005 (***) as highly significant. 
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1. Expression and subcellular distribution of SPCA1 and SPCA2 in 

neutrophils and HT29 cells 

1.1. Introduction 

The cell type-specific expression and subcellular distribution of Golgi-type 

Ca2+ pumps is not yet known in detail. SPCA1 is present in all cell types and is 

therefore considered to be a housekeeping enzyme. SPCA2, as judged from its 

mRNA expression levels, has a limited tissue distribution, mainly confined to 

the respiratory tract, prostate, thyroid, salivary gland, mammary gland and the 

gastrointestinal tract, but not in the liver and pancreas (Vanoevelen et al., 

2005a). This suggests a more specialized, but presently unknown function of 

this pump. Demonstration of SPCA2 at the protein level proved to be difficult. 

Until now it has been shown only in human intestinal goblet cells (Vanoevelen 

et al., 2005a), mouse hippocampal neurons (Xiang et al., 2005) and mouse and 

rat mammary glands (Reinhardt et al., 2000; Faddy et al., 2008). 

We investigated the expression of SPCA1 and SPCA2 using Western blotting 

and immunocytochemistry in two cell types. One cell type, the human 

neutrophil granulocyte, was chosen based on the observation that initation of 

newt eosinophil migration was accompanied by a local Ca2+ release from an 

intracellular organelle that was localized together with the MTOC in front of 

the nucleus towards the leading edge of the cells (Brundage et al., 1993). The 

observation suggests that Ca2+ release from the Golgi apparatus might play a 

role in cytosolic Ca2+ signaling in migrating cells. The other cell type, the 

HT29 human colon adenocarcinoma cell line of colon epithelial origin, was 

selected since previous investigations of our laboratory showed that colon 

epithelium is rich both in SPCA1 and SPCA2 (Vanoevelen et al., 2005a). 

The sub-cellular distribution of SPCAs was compared with the ER-specific 

Ca2+ pumps (SERCAs) and with Golgi-targeted proteins, such as golgin-97, 

58K or TGN46. 
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1.2. Expression of SPCAs in human neutrophil granulocytes 

The expression of human SPCA1 and SPCA2 in human neutrophil 

granulocytes was investigated by Western blotting and by 

immunocytochemistry. 

 

 
Figure 6. Expression of SPCAs and SERCAs in human neutrophils. Western blots 
were probed with hSPCA1-specific antibody (1:1000) (lane 2) or with hSPCA2-
specific antibody (1:500) (lane 4). Both signals were abolished when the antisera were 
pre-incubated with 10 µg (hSPCA1, lane 3) or 20 µg (hSPCA2, lane 5) of the 
corresponding immunogen. The lanes were loaded with 25 µg of neutrophil 
microsomes. Lane 1 contains the protein molecular-weight marker. 
 
 

On Western blots of microsomes, one of the SPCA1-immunoreactive bands 

migrated with its predicted electrophoretic mobility of 100 kDa (Fig. 6, lane 2) 

(Van Baelen et al., 2003). Another band of even higher intensity was observed 

around 190-200 kDa, possibly representing a dimerized form of the pump. The 

immunoreactive band of SPCA2 migrated with an electrophoretic mobility of 

about 100 kDa (Fig. 6, lane 4), which is in agreement with the predicted 

molecular weight of 103 kDa (Vanoevelen et al., 2005a). The specificity of the 

bands of both SPCAs was confirmed by its suppression by incubation of the 

serum with the immunogenic peptide (Fig. 6, lane 3 and 5). 

 

The subcellular localization of SPCA pumps was investigated by 

immunocytochemistry. The immunostaining of SPCA1 and SPCA2 was 

compared with the Golgi markers golgin-97, 58K and TGN46. In addition, the 
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localization of the ER-specific proteins SERCA2b, SERCA3 and calreticulin 

was determined. 

SPCA1 and SPCA2 were localized at the cell periphery and in between the 

lobes of the nucleus (Fig. 7A and F). Both pumps were co-localized with 

different Golgi markers, such as golgin-97, 58K and TGN46 (Fig. 7B,D,E and 

G,I,J). Control cells incubated with the pre-immune sera of both SPCA pumps 

were negative (Fig. 7C and H). 

 

 
Figure 7. Expression and subcellular distribution of SPCAs and ER proteins in 
non-stimulated human neutrophils. Confocal images of anti-hSPCA1 (1:1000, red) 
(A), anti-SPCA2 (1:1000, red) (F). The corresponding overlay with DAPI nuclear dye 
(blue) and different Golgi markers: anti-golgin-97 (1:250, green) (B,G), anti-58K 
(1:250, green) (D,I) or anti-TGN46 (1:250, green) (E,J). Control cells incubated with 
the pre-immune sera of both SPCA pumps were negative (C,H). Additionally, the 
distribution of different ER-specific proteins was investigated. Confocal images of 
anti-hSERCA2b (1:1000, red) (K), anti-SERCA3 (1:1000, red) (M) and anti-
calreticulin (1:1000, red) (O). The corresponding overlay of anti-golgin-97 (1:250, 
green) Golgi marker and DAPI nuclear dye (blue) (L,N,P) show the co-localization of 
both SERCAs with the Golgi marker. Scale bars = 10 µm. 
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Additionally, we investigated proteins that are known to be mainly localized in 

the ER in other cell types. The distribution of SERCA2b, SERCA3 and 

calreticulin was identical to the distribution of SPCA pumps, localizing at the 

cell periphery and in between the lobes of the nucleus (Fig. 7K,M and O). 

Furthermore, both ER-resident proteins also co-localized with the golgin-97 

Golgi marker (Fig. 7L,N and P). These results are unexpected, since in most 

cell types the Golgi complex and the ER can be clearly differentiated by 

visualizing the housekeeping Ca2+ pumps SPCA1 and SERCA2 respectively. 

As a control, HeLa cells were used to show the classical localization of 

SPCA1 and SERCA2. In these cells, SPCA1 co-localized with the Golgi 

marker 58K (Fig. 8B). SERCA2 and calreticulin represented a classical ER 

distribution (Fig. 8C and D). 

 

 
Figure 8. Subcellular localization of ER and Golgi complex in HeLa cells. 
Confocal image of HeLa cells stained with anti-SPCA1 (1:1000, red) (A) and 
overlapped with that of Golgi marker 58K (1:250, green) (B). The localization of ER 
was demonstrated with anti-SERCA2 (IID8, 1:250, green) (C) and anti-calreticulin 
(1:1000, red) (D) Scale bar = 10 µm. 
 
 

1.3. Expression of SPCAs in HT29 human colon adenocarcinoma cells 

On Western blots of microsomes of HT29 human adenocarcinoma cells, the 

immunoreactive band of SPCA1 migrated with an electrophoretic mobility of 

about 120 kDa (Fig. 9, lane 2). The signal of SPCA2 migrated with an 

electrophoretic mobility of about 100 kDa (Fig. 9, lane 4), which is in 

agreement with the predicted molecular weight of 103 kDa. The specificity of 

the bands of SPCA1 and SPCA2 was proven by incubation with the pre-
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immune sera (Fig. 9, lane 3 and 5). The immunoreactive bands of SERCA3 

migrated with an electrophoretic mobility of about 100 kDa (Fig. 9, lane 6), 

while the signal of SERCA2 was less intense and migrated at a position a bit 

less than 100 kDa (Fig. 9, lane 7). 

 

 
Figure 9. Expression of SPCAs and SERCAs in HT29 colon carcinoma cells. 
Western blots were probed with hSPCA1 antibody (1:1000) (lane 2), hSPCA2 
antibody (1:500) (lane 4), hSERCA3 antibody (1:1000) (lane 6) and with hSERCA2 
antibody (IID8, 1:500) (lane7). Controls were prepared by incubation with pre-
immune sera (hSPCA1 lane 3, hSPCA2 lane 5). The lanes were loaded with 10 µg of 
HT29 microsomes. Lane 1 contains the protein molecular-weight marker. 
 
 

Immunocytochemistry was used to compare the subcellular distribution of 

both SPCA isoforms, SERCA2 and SERCA3 in HT29 cells. The distribution 

patterns of SPCA1 and SPCA2 antibodies were compared to that of a Golgi-

marker (58K) in double-stained cells. Immunocytochemistry was used to 

compare the subcellular distribution of both SPCA isoforms, SERCA2 and 

SERCA3 in HT29 cells. The distribution patterns of SPCA1 and SPCA2 

antibodies were compared to that of a Golgi-marker (58K) in double-stained 

cells. Both SPCAs showed a classical Golgi localization, since the labeling 

largely colocalized with the Golgi marker (Fig. 10B and E). Control cells 

incubated with the pre-immune sera were negative (Fig. 10C and F). The 

localization of SPCAs was compared to that of SERCA3, a Ca2+ pump which 

shows a more restricted cell-type dependent expression pattern, and to the 
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housekeeping isoform SERCA2b. Both SERCA3 and SERCA2 showed a 

distribution of the ER spread out over the cytosol, thus confirming that the 

SPCA localization does not correlate with the ER structures (Fig. 10G and H). 

 

 
Figure 10. Expression and subcellular distribution of SPCAs and SERCAs in 
HT29 colon carcinoma cells. Confocal images of anti-hSPCA1 (1:1000, red) (A), 
anti-hSPCA2 (1:1000, red) (D), anti-hSERCA2 (IID8, 1:250, red) (G) and anti-
hSERCA3 (1:1000, red) (H). The corresponding overlay with anti-58K (1:250, green) 
and with DAPI nuclear dye (blue) (B,E). Images of controls using pre-immune serum 
of hSPCA1 (C) and hSPCA2 (F). Scale bar = 10 µm. 
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2. Contribution of a SERCA-independent intracellular Ca2+ store to 

cytosolic Ca2+ signaling 

2.1. Introduction 

The ER is the major agonist-sensitive intracellular Ca2+ store (Berridge, 2002). 

However, more recent evidence suggests that also the Golgi complex may 

function as a releasable Ca2+ store (see for review Wuytack et al., 2003). To 

what extent release of the Golgi luminal Ca2+ can also control cytosolic 

processes is less clear. A possible contribution of the Golgi complex to the 

modulation of [Ca2+]c could only be detected in some cell types and its 

physiological function is not well understood (Zha et al., 1995; Vanoevelen et 

al., 2005b). In all these cases, IP3-producing agonists have been reported to 

mobilize, besides the ER Ca2+ store, only the SERCA-dependent 

subcompartment of the Golgi Ca2+ store (Pinton et al., 1998; Vanoevelen et 

al., 2004). 

We investigated agonist-induced Ca2+ release from intracellular stores in HT29 

cells and human neutrophil granulocytes. Thapsigargin (TG), a specific 

inhibitor of SERCAs (Treiman et al., 1998) was used to investigate the 

contribution of SERCA-dependent and SERCA-independent stores to 

cytosolic Ca2+ signaling. 

 

2.2. Agonist-stimulated Ca2+ release from intracellular stores in HT29 cells 

Since we showed that SPCA1 as well as SPCA2 are expressed in HT29 cells, 

we tested whether the Ca2+ accumulated in the Golgi complex by these pumps 

might play a role in cytosolic Ca2+ signaling. Therefore, agonist-induced 

changes in [Ca2+]c were monitored using 10 nM neurotensin (Turner et al., 

1990) or 100 µM ATP as agonists. 
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Figure 11. Ca2+ release from intracellular stores in HT29 cells upon stimulation 
by neurotensin or ATP. Cells were stimulated with (A, ▲) 10 nM neurotensin (n=3) 
or (B, ■) with 100 µM ATP (n=3) in Ca2+-free modified Krebs solution. In all cells an 
increase of [Ca2+]c was observed. To assess Ca2+ release from SERCA-independent 
intracellular stores, the cells were pre-incubated with 100 nM TG for 30 min in 
modified Krebs solution. Subsequently the solution was changed to Ca2+-free modified 
Krebs solution at time zero, and cells were stimulated after 5 min with neurotensin 
(n=3) (A, ●) or with ATP (n=3)(B, ●). In this condition, no significant increase in 
[Ca2+]c was observed. 
 
 

After superfusion with Ca2+-free solution for 5 min, the addition of either 

agonist induced a rise of [Ca2+]c to a maximum within 1 min (Fig. 11A and B). 

The level of [Ca2+]c recovered to the background in the following 3 min with 

neurotensin and within ~10 min with ATP. To monitor whether Ca2+ release 

from SERCA-independent stores can be detected, TG (100nM) a SERCA-

specific inhibitor was added for 30 min prior to the switch to Ca2+-free 

solution. In this condition no significant Ca2+ release was observed with either 

of both agonists. 

 

2.3. Agonist-stimulated Ca2+ release from intracellular stores in neutrophils 

Chemoattractant stimulation of neutrophils leads to the production of 

intracellular second messengers such as cyclic nucleotides, IP3, diacylglycerol 

and a transient increase in [Ca2+]c (Eddy et al., 2000). 
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Figure 12. Ca2+ release from intracellular stores in neutrophil granulocytes upon 
stimulation by fMLP or IL-8. Cells were stimulated with (A) 0.1 µM fMLP (n=7) or 
(D) 20 nM IL-8 (n=4) in Ca2+-free modified Krebs solution. In all cells an increase of 
[Ca2+]c was observed. To assess Ca2+ release from SERCA-independent intracellular 
stores, the cells were pre-incubated with 100 nM TG for 30 minutes in modified Krebs 
solution and subsequently incubated with Ca2+-free modified Krebs solution for 5 min 
before the stimulation by (B) fMLP (n=5) or (E) IL-8 (n=6). In this condition, an 
increase in [Ca2+]c was observed in 38.7% of the cells (29 cell/ 75 cells) stimulated 
with fMLP (B, ●) and in 20.0% of the cells (12 cells/ 60 cells) stimulated with IL-8 (E, 
●). The previous experiment was repeated using a higher concentration of TG (10 
µM). In this condition, an increase in [Ca2+]c was observed in 20.0 % of the cells (14 
cell/ 70 cells) stimulated with fMLP (C, ●) and in 25.7% of the cells (18 cells/ 70 
cells) stimulated with IL-8 (F, ●). The amplitude of the response was strongly reduced 
compared to 100 nM TG. All traces with black symbols are the average of the 
responsive cells. The grey symbols represent the average value of those cells in which 
an increase in [Ca 2+]c was not observed after stimulation (B, C, E, F ■). 
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fMLP (0.1 µM), a bacterial peptide, or IL-8 (20 nM), a chemokine released by 

macrophages, were used to stimulate neutrophils. After the addition of fMLP 

or IL-8 in Ca2+-free solution, [Ca2+]c increased to a maximum within the first 

0.5 min (Fig. 12A and D). In the following 3.5 min, [Ca2+]c diminished to 

nearly background levels. The increase of [Ca2+]c was due to Ca2+ release from 

intracellular stores, since the experiments were performed in the absence of 

extracellular Ca2+. 

To unravel whether the SERCA-independent intracellular Ca2+ stores were 

also involved in intracellular Ca2+ signals, neutrophil granulocytes were pre-

treated with TG before agonist stimulation in Ca2+-free solution in order to 

deplete SERCA-dependent Ca2+ stores (see Materials and methods). We used 

100 nM TG for the pre-incubation, since at this concentration all SERCA 

isoforms were shown to be completely inhibited (Wootton and Michelangeli, 

2006; Vangheluwe et al., 2009). In this condition, 38.7% (29/75) of the cells 

stimulated with fMLP showed an increase in [Ca2+]c. The mean amplitude of 

the increase was 38.4% of the increase without TG (Fig. 12B). With 

stimulation by IL-8, there was a response in 20.0% (12/60) of the cells, which 

amounted to 20.7% of the increase without TG (Fig. 12E). Since high doses of 

TG are reported to inhibit SPCAs additionally to SERCAs (Harper et al., 

2005; Dode et al., 2006), TG was used at a 100-fold higher concentration (10 

µM) in Ca2+-free solution to deplete SERCA- and SPCA-dependent Ca2+ 

stores. In this condition, 20.0% of the cells (14/70 cells) stimulated with fMLP 

showed an increase in [Ca2+]c. However, the mean amplitude of this increase 

was only 6.9% of the increase without TG (Fig. 12C). With stimulation by IL-

8, 25.7% of the cells (18/70) responded, reaching only 8.7% of the increase 

without TG (Fig. 12E). 

 

The human neutrophil granulocyte is the first cell type in which Ca2+ release 

from a SERCA-independent Ca2+ store could be demonstrated. To unravel 

whether the Ca2+ release of SERCA-independent Ca2+ stores is functionally 



 76

important, we further investigated the effect of a range of experimental 

conditions on neutrophil activation and migration. 

 

2.4. Role of intracellular Ca2+ stores in neutrophil polarization 

The initial step for cell migration is polarization and extension of pseudopods, 

which in case of slowly migrating cell types, includes the reorientation of the 

microtubule organizing centre (MTOC) together with the Golgi apparatus in 

front of the nucleus, i.e. oriented towards the leading edge of the cell (Ridley 

et al., 2003). A previous study demonstrated that fMLP activation did not alter 

the subcellular localization of the MTOC in neutrophils (Eddy et al., 2002), 

which are fast migrating cells. Furthermore, this study showed that 

microtubules organized exclusively to the uropod of activated neutrophils. We 

confirmed these findings in our experimental setting. We found that the 

MTOC was localized in between the lobes of the nucleus in the majority of 

activated and non-activated neutrophils (Fig 13A and C). We also verified the 

asymmetric localization of microtubules predominantly in the uropod of 

activated neutrophils (Fig. 13C and D). 

 

 
Figure 13. Subcellular localization of MTOC and microtubules in neutrophils. 
Neutrophils were fixed with 4% paraformaldehyde after 3 min stimulation with 0.1 
µM fMLP and subsequently immunostained (see Materials and methods). Confocal 
images of anti-α-tubulin (1:250, green) of non-activated (A) and activated (C) 
neutrophils. Phase contrast images of the cells (B,D) showing the uropod of the 
activated cell (arrow). Scale bar = 10 µm. 
 

In response to chemoattractant stimulation and following a transient increase 

in [Ca2+]c, neutrophils attach to the substrate and polarize, thereby establishing 
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a distinct leading edge (pseudopod) and tail (uropod). Hence, the 

morphological change after exposure to chemotactic factors can be used as a 

rapid test for activation of neutrophil granulocytes (Gouwy et al., 2004). 

Neutrophils were stimulated with 0.1 µM fMLP for 6 min in four conditions: 

1. in Ca2+-containing solution, 2. in Ca2+-free solution to exclude Ca2+ influx 

from the extracellular space, 3. in Ca2+-free solution after pre-incubation with 

100 nM TG to inhibit SERCA pumps and 4. in Ca2+-free solution after pre-

incubation with 100 nM TG and 100 µM BAPTA-AM to chelate all 

intracellular Ca2+.  

 

 
Figure 14. Fast shape changes induced by fMLP in neutrophils. Neutrophils were 
stimulated with 0.1 µM fMLP for 6 min in four different conditions 1. Ca2+-containing 
HBSS; 2. Ca2+-free HBSS; 3. Ca-free HBSS supplemented with 0.1 µM TG (pre-
incubated for 30 min); and 4. Ca-free HBSS containing 0.1 µM TG and 100 µM 
BAPTA-AM (pre-incubated for 30 min). Phase contrast images of cells that kept their 
original rounded shape (B) or responded with the extension of small (C) or long (D) 
lamellipodia. The number cells with rounded or protruding shape was counted and 
statistically analysed (A). Cell numbers (~300-500) are derived from counting three 
microscopic fields per condition in each experiment (n=4). The horizontal black line 
represents the background activation level, observed in non-stimulated cells in Ca2+-
free HBBS, which is due to the handling of the cells. Statistical significance between 
the marked conditions was calculated using one-way ANOVA-test and indicated by 
asterisks (** P<0.01, *** P<0.001). 
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Following the experimental treatment, neutrophils were fixed and shape 

changes were evaluated using light microscopy. In the four applied conditions 

two different types of morphologies were observed: round and protruding cells 

(Fig. 14B-D). For each condition, the relative number of both forms was 

counted. 

The condition without fMLP stimulation in Ca2+-free solution was used as 

control condition, in which 74.5% ± 0.5 (n = 4) of the neutrophils remained 

round and 25.5% ± 0.6 (n = 4) changed shape (Fig. 14A). This change was due 

to the handling of the cells, which was regarded as background and subtracted 

from all conditions with fMLP stimulation (Fig. 14A black line). After 6 min 

of fMLP stimulation in Ca2+-containing solution, the number of protruding 

neutrophils was 64.0% ± 1.5 (n = 4), which represents 38.5% above the 

background. In Ca2+-free condition less shape change occurred (27.3% (n = 

4)). Following SERCA-specific inhibition by 100 nM TG, the number of 

protruding cells further decreased to 15.5% (n = 4). By the simultaneous 

addition of both 100 nM TG and the Ca2+ chelator BAPTA-AM the occurrence 

of protrusions was almost abolished (3.0% (n = 4)). 

 

2.5. Role of intracellular Ca2+ stores in neutrophil motility 

The migratory activity of neutrophils, which is essential for immune defence 

(Marks and Maxfield, 1990; Lin et al., 2004), was analyzed and compared in 

five different conditions (see Materials and methods). In modified Krebs 

solution 94% ± 2 (n = 4) of the neutrophils stimulated with 0.1 µM fMLP 

migrated, while only 59% ± 3 (n = 6) showed motility when 20 nM IL-8 was 

used as a stimulus (Table 2). When the Ca2+ influx from the extracellular space 

was inhibited by incubation in Ca2+-free modified Krebs solution, the 

migration activity decreased to about half, i.e. to 47% ± 6 (n = 3) with fMLP 

and to 37% ± 3 (n = 4) with IL-8. To inhibit Ca2+ release from SERCA-

dependent stores, neutrophil granulocytes were pre-incubated with 100 nM TG 

for 30 min. In this condition, the migration activity further decreased to 28% ± 
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2 (n = 6) with fMLP and to 20% ± 2 (n = 4) with IL-8. Furthermore, also a 

100-fold higher, non-selective concentration of TG (10 µM) was used to 

inhibit both SERCAs and SPCAs (Harper et al., 2005; Dode et al., 2006). In 

this condition, the migration activity of neutrophils was reduced significantly, 

8% ± 2 (n = 6) active cells remaining with fMLP and 9% ± 2 (n = 6) with IL-8. 

To unravel whether the remaining migratory activity after specific SERCA 

inhibition (100 nM TG) was really dependent on an intracellular source of 

Ca2+, rises of [Ca2+]c were prevented by intracellular Ca2+ chelation using 

BAPTA-AM. In this condition, the migration was almost completely 

abolished, i.e. 6% ± 1 (n=4) of active cells remaining with fMLP and 5% ± 1 

(n = 4) with IL-8. 

 

Condition fMLP IL-8 

Krebs solution 94% ± 2  (n=4) 59% ± 3  (n=6) 

Ca2+-free Krebs 47% ± 6  (n=3) 37% ± 3  (n=4) 

Ca2+-free Krebs with 100 nM TG 28% ± 2  (n=6) 20% ± 2  (n=4) 

Ca2+-free Krebs with 10 µM TG   8% ± 2  (n=6)   9% ± 2  (n=6) 

Ca2+-free Krebs with 100 nM TG and BAPTA-AM   6% ± 1  (n=4)   5% ± 1  (n=4) 

Table 2. Migration of neutrophil granulocytes in different conditions. 
Chemokinesis was induced in neutrophils by 0.1 µM fMLP or 20 nM IL-8 in four 
different conditions. Excluding Ca2+ influx from the extracellular space by the 
application of Ca2+-free solution strongly reduced the number of motile neutrophils 
(by about 20-50%). The addition of the SERCA-specific inhibitor TG (100 nM) 
caused a further decrease (by about 20%). The application of higher concentration of 
TG (10 µM) which causes the inhibition of SPCAs in addition to SERCAs, or the 
complexing of [Ca2+]c by BAPTA almost completely abolished the migratory 
behaviour. 
 
 

For the five experimental conditions the behaviour of one representative cell in 

response to fMLP (0.1 µM) is shown in Fig. 15. In the presence of 

extracellular Ca2+, smooth movement of the tail was apparent during migration 
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(Fig. 15A). As shown above, in the absence of extracellular Ca2+ neutrophils 

maintained motility but to a lesser extent (Fig. 15B). 

 
Figure 15. Fluorescence images illustrating typical effects of Ca2+ on the 
migration of fMLP-stimulated neutrophils. Neutrophils were stimulated with 0.1 
µM fMLP in different conditions. 340 nm excitation of Fura-2 is shown and the 
images are focused on the movement of a representative cell in different conditions. 
(A, B) In the presence or absence of extracellular Ca2+, the majority of the neutrophils 
were capable of directional movement. (C) The inhibition of Ca2+ accumulation into 
SERCA-dependent intracellular stores by TG clearly hampered the motility of 
neutrophils. Cells extended pseudopods (arrows) in different directions, yet they 
remained anchored to the surface. (D) Inhibition of SERCA and SPCA pumps with 10 
µM TG. (E) Complete chelation of intracellular Ca2+ with BAPTA fully inhibited the 
movement of neutrophils (E). Scale bar = 10 µm. 
 

 

After inhibition of Ca2+ accumulation into SERCA-dependent intracellular 

stores by 100 nM TG, the motility of neutrophils was further hampered. After 

the addition of TG, cells still explored the environment by extending 

protrusions into different directions (Fig. 15C, white arrows), yet they 

remained anchored to the surface at the same place. After inhibiting SERCA 

and SPCA pumps by the addition of 100 fold higher concentration of TG (10 

µM) (Fig. 15D) or after the inhibition of Ca2+-dependent processes by the Ca2+ 

chelator BAPTA (Fig. 15E), neutrophils were incapable of any movement, and 

even protrusion formation was strongly reduced. 
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2.6. Contribution of intracellular Ca2+ stores to the reorganization of the actin 

cytoskeleton during neutrophil migration 

The establishment of polarity and subsequent motility following 

chemoattractant stimulation of neutrophils involves a rapid remodelling and 

reorientation of the actin cytoskeleton (Ridley et al., 2003). In order for a 

neutrophil to maintain persistent motility, migrating neutrophils must break 

adhesive contacts with the substrate at the rear and establish new contacts at 

the leading edge. Furthermore, intracellular Ca2+ levels are believed to be 

implicated in the disassembly of the contractile elements at the rear (Sánchez-

Madrid and del Pozo, 1999). As we showed, the partial or complete inhibition 

of Ca2+ accumulation into intracellular stores hindered the motility of 

neutrophils. This fact suggests that the rises in [Ca2+]c required for the 

reorganization of the actin cytoskeleton during migration are at least partially 

due to Ca2+ release from intracellular stores. 

 

 
Figure 16. Reorganization of the cytoskeleton in neutrophils upon fMLP 
stimulation. Confocal images of neutrophil granulocytes fixed 3 min after stimulation 
with 0.1 µM fMLP in Ca2+-free solution either without pre-incubation (A,B), pre-
incubation with 100 nM TG (D,E), pre-incubation with 10 µM TG (G,H) or pre-
incubation with 100 nM TG and 100 µM BAPTA-AM (J,K) and stained with NBD-
phallacidin (green) and DAPI (blue). For all four conditions, a round-shaped (A,D,G,J) 
and a typical protruding cell (B,E,H,K) are presented. Phase contrast images of the 
protruding cells (C,F,I,L) showing the lamellipodia (arrows). Scale bar = 10 µm. 
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To confirm this assumption, F-actin staining was performed on 0.1 µM fMLP-

stimulated neutrophils in Ca2+-free modified Krebs solution using the 

fluorescent dye NBD-phallacidin in four different conditions (see Materials 

and methods): 1. no pre-incubation, 2. SERCA-specific inhibition by 100 nM 

TG, 3. inhibition of SERCA and SPCA pumps with 10 µM TG or 4. SERCA-

specific inhibition combined with intracellular Ca2+ chelation by BAPTA. 

In all four conditions, the distribution of the actin cytoskeleton of round cells 

did not present a preferred direction, similar to non-activated cells (Fig. 

16A,D,G and J). In Ca2+-free solution, in polarized cells the F-actin staining 

was confined only to the leading edge of the cells (Fig. 16B). However, 

following the specific inhibition of SERCA pumps by 100 nM TG in Ca2+-free 

solution such clear polarization of the actin distribution was never observed. 

Only a minor asymmetric rearrangement of the actin cytoskeleton occurred, 

even in polarized cells (Fig. 16E). Addition of higher concentrations of TG (10 

µM) or complexing of intracellular Ca2+ by the application 100 nM TG 

together with 100 µM BAPTA-AM did not have additional effects on the 

reorganization of the actin cytoskeleton (Fig. 16H and K). Therefore, at the 

level of the actin organization, the major Ca2+-dependent effect seems to be 

related to Ca2+ released from SERCA-loaded Ca2+ stores. 
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3. SPCA1 is localized in cholesterol-rich domains of human colon 

adenocarcinoma cells 

3.1. Introduction 

The ER membranes are highly fluid and have a low cholesterol content 

(Brown and London, 1998; Ikonen, 2008). Hence, the ER-specific Ca2+ pumps 

(SERCAs) probably are well adapted to function in a cholesterol-poor highly 

fluid environment (Li et al., 2004, Vangheluwe et al., 2005). In contrast, the 

plasma membrane contains a high amount of heterogeneously distributed 

cholesterol, which is enriched in so called “raft” domains (see Introduction). 

At least one isoform of PMCAs is described to be a lipid rafts-associated 

protein (Fujimoto, 1993; Sepúlveda et al., 2006). Lipid rafts are assembled in 

the Golgi apparatus (Simons and Toomre, 2000). Furthermore, the cholesterol 

content increases from the cis-Golgi towards the trans-Golgi compartments 

(Coxey et al., 1993; Ikonen, 2008). The different lipid composition of ER 

membranes, membranes of the Golgi complex and the plasma membranes 

might impact on the localization of the residing P-type Ca2+-transport 

ATPases. To our knowledge, no study was performed on the membrane 

microdomain localization of SPCAs. Therefore, here we aimed to investigate 

the membrane domain localization of SPCA1 in HT29 human colon carcinoma 

cells. 

 

3.2. Triton X-100 detergent extraction and centrifugal floatation in HT29 cells 

To investigate the distribution of SPCA1 in HT29 cell membranes we 

performed detergent extraction using Triton X-100 and subsequent floatation 

by ultracentrifugation in a Nycodenz density gradient. The choice of Triton X-

100 as detergent was based on a comparative study on raft stability by 

different detergents (Garner et al., 2008), showing that in contrast to other 

detergents, Triton X-100 is able to distinguish between the raft liquid ordered 

(lo) and the non-raft liquid disordered (ld) lipid phases by selectively 
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solubilizing the ld phase. For density-gradient centrifugation, Nycodenz was 

used instead of sucrose because it has a lower viscosity and thus the sample 

fractions require less time for reaching a position of equilibrium in the 

gradient. This property of Nycodenz helps to preserve the integrity of 

membrane proteins. 

 

 
Figure 17. Distribution of total cholesterol and different proteins in fractions 
from the Nycodenz density gradient. Fractions 6-10 correspond to the original 
position of the sample. Fractions 1-5 represent detergent-resistant membranes. 
Detergent-soluble membrane proteins are present in fractions 6-10. (A) Total 
cholesterol content was quantified using a colorimetric assay. The 10 fractions were 
analysed by Western blotting using (B) anti-flotillin-2/ESA as a raft protein marker 
(1:500), (C) anti-hSERCA3 (1:500) as a non-raft protein marker and (D) anti-hSPCA1 
(1:1000). SPCA1 was mainly present in the low density, i.e. detergent-resistant 
fractions. All points represent average of 2 or 3 independent measurements. 
 
 
Detergent extraction using 1.5% Triton X-100 was performed on live HT29 

cells. Fractions from the Nycodenz density gradient were analyzed for total 

cholesterol content by colorimetry and for the lipid-raft protein flotillin-2, the 

ER protein SERCA3 and the Golgi-resident protein SPCA1 by Western 

blotting. Cholesterol as well as flotillin-2 were found mainly in low-density 
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fractions 2-4 (Fig. 17A and B). In contrast, SERCA3 was present only in the 

detergent-soluble fractions 6-10 (Fig. 17C). Similarly to cholesterol and 

flotillin-2, SPCA1 was mainly detected in detergent-resistant fractions (Fig. 

17D). 

 

 
Figure 18. Distribution of total cholesterol and different proteins in fractions 
from the Nycodenz density gradient after cholesterol depletion. (A) Cellular 
cholesterol was depleted from live HT29 cells by using a combination of long-term 
lovastatin and mevalonate treatment and acute application of methyl-β-cyclodextrin. 
Total cholesterol content was quantified using a colorimetric assay. The distribution of 
different proteins was determined by Western blotting using (B) anti-flotillin-2/ESA 
(1:500), (C) anti-hSERCA3 (1:500) and (D) anti-hSPCA1 (1:1000). Cholesterol 
depletion shifted the distribution of flotillin-2 and SPCA1, while it did not affect the 
distribution of SERCA3. Open symbols and dashed lines represent the control results 
shown in Fig 16. All points represent average of 2 or 3 independent measurements. 
 
 

Disruption of lipid rafts by cholesterol depletion is used to determine the 

physiological relevance of the localization of proteins to these domains. After 

cholesterol depletion, lipid raft-associated proteins are redistributed to the 

detergent-soluble fractions (Allen et al., 2007). We performed cholesterol 

depletion in live HT29 cells prior to detergent extraction and floatation. Cells 
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were treated with lovastatin (4 µM) and mevalonate (0.25 µM) for 48h and 

then exposed to MβCD (10 mg/ml) for 1 h to acutely extract remaining 

cholesterol. This treatment extracted more than 40% of the cellular cholesterol 

(Fig. 18A). Cholesterol depletion induced a density shift from 16-22% 

(detergent-resistant fractions) to 25-35% (mainly detergent-soluble fractions) 

Nycodenz in the distribution of both flotillin-2 and SPCA1 (Fig. 18B and D). 

However, no shift in SERCA3 distribution was detected (Fig. 18C). 

 

3.3. Visualization of detergent solubilization in living cells 

An alternative approach to study the raft association of membrane proteins is 

to monitor the solubilization of fluorescently-tagged proteins by non-ionic 

detergents in live cells by real-time fluorescence microscopy (Nichols et al., 

2001; Dukhovny et al., 2006). We used GPI-CFP and VSVG-YFP as raft and 

non-raft markers respectively. COS-1 cells were transfected with either GPI-

CFP, VSVG-YFP, SERCA2b-N-GFP or SPCA1d-N-GFP. The addition of 

0.05% Triton X-100 to live COS-1 cells resulted in a gradual loss of VSVG-

YFP from cells, as demonstrated by about 60% reduction of YFP fluorescence 

over a 3 min period (Fig. 19B and E). In contrast, GPI-CFP was highly 

resistant to Triton X-100 solubilization, and only a small reduction (~10%) in 

CFP fluorescence was observed after 3 min (Fig. 19A and E). This differential 

solubilization of GPI-CFP and VSVG-YFP by Triton X-100 is in agreement 

with previous studies (Nichols et al., 2001; Garner et al., 2008). The ER-

localized protein SERCA2b-N-GFP was gradually solubilized by Triton X-

100, showing about 70% reduction of GFP fluorescence after 3 min of 

exposure (Fig. 19C and E). In contract, the Golgi-resident SPCA1d-N-GFP 

was more resistant to Triton X-100 solubilization, similar to GPI-CFP. Only a 

small ~10% reduction of GFP fluorescence was observed within the 3 min 

extraction period (Fig. 19D and E). 
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Figure 19. Visualization of detergent solubilization of membrane-associated 
proteins in live COS-1 cells. COS-1 cells expressing GPI-CFP (A), VSVG-YFP (B), 
hSERCA2b-N-GFP (C) or hSPCA1d-N-GFP (D) were imaged by confocal 
microscopy every 20 s for 3 min during solubilization by 0.05% Triton X-100. In 
contrast to the gradually solubilized VSVG-YFP and hSERCA2b-GFP, GPI-CFP and 
hSPCA1d-GFP exhibited relative resistance to Triton X-100 solubilization. Scale bar = 
10 µm. (E) The time course of normalized fluorescence of GPI-CFP (■) VSVG-YFP 
(●), hSERCA2b-N-GFP (∗) and hSPCA1d-N-GFP (▲) during solubilization of COS-
1 cells with Triton X-100. All experiments are the average of 4 cells. 
 

 
Figure 20. Visualization of detergent solubilization of membrane-associated 
proteins in live HT29 cells. HT29 cells expressing hSERCA2b-GFP (A) or 
hSPCA1d-GFP (B) were imaged by confocal microscopy every 20 s for 3 min during 
solubilization by 0.05% Triton X-100. Similarly to the experiment on COS-1 cells, 
hSERCA2b-GFP was gradually solubilized, while hSPCA1d-GFP exhibited relative 
resistance to Triton X-100 solubilization. (C) The time course of normalized 
fluorescence changes of hSERCA2b-N-GFP (∗) and hSPCA1d-N-GFP (▲) during 
solubilization of HT29 cells with Triton X-100. Both experiments represent the 
average of 4 cells. 
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The same experiments were repeated in HT29 cells overexpressing SERCA2b-

N-GFP or SPCA1d-N-GFP. Similar to the observation in COS-1 cells, 

SERCA2b-N-GFP was gradually solubilized by Triton X-100, showing about 

60% reduction of GFP fluorescence in 3 min (Fig. 20A and C), while for 

SPCA1d-N-GFP only a small (~10%) decrease in GFP fluorescence was 

observed after 3 min (Fig. 20B and C). 

 

 
Figure 21. Immunostaining of live non-transfected HT29 cells treated with Triton 
X-100. Confocal images of monoclonal anti-hSERCA2 (1:250, green) and anti-
hSPCA1 (1:1000, red) and DAPI nuclear dye (blue) in (A) control cells or (B) cells 
after 5 min treatment with 0.05% Triton X-100. (C) Fluorescence intensity of the 
immunostaining was quantified in 10 different control cells (gray panel) and Triton X-
100 treated cells (dotted panel). Endogenous SERCA2 was detergent soluble, while 
SPCA1 was detergent-resistant. Statistical significance between the two conditions 
was calculated using paired t-test and indicated by asterisks (*** P<0.005). Scale bar = 
10 µm. 
 

A similar experiment was performed on non-transfected HT29 cells. The cells 

were treated with 0.05% Triton X-100 for 5 min, fixed in 4% 

paraformaldehyde and subsequently immunostained with anti-hSPCA1 and 

anti-hSERCA2. As shown in Fig. 21A and C, the difference in the sensitivity 

to detergent solubilization observed for GFP-tagged constructs was also 

observed for the endogenous SERCA2 and SPCA1 proteins. 

 

3.4. Effect of cholesterol depletion on Ca2+-ATPase activity  

The differential sensitivity of SERCA2 and SPCA1 to solubilization by Triton 

X-100 strongly suggests that SPCA1 preferentially localizes in cholesterol-rich 
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lipid rafts. Therefore, we investigated whether the cholesterol-rich 

environment is essential for the proper function of SPCA1. 

Microsomes were prepared from COS-1 cells transiently transfected with 

hSPCA1d (see Materials and methods). The microsomal suspension was split 

in two. One part served as control, the other part was treated with MβCD (10 

mg/ml) for 1 h to deplete membrane cholesterol. Ca2+-ATPase activity was 

measured on both control microsomes and microsomes depleted from 

membrane cholesterol. 

 

 
Figure 22. The effect of cholesterol depletion on the Ca2+-ATPase activity of 
hSPCA1d and hSERCA2b. Membrane cholesterol was depleted from microsomes of 
COS-1 cells overexpressing hSPCA1d or hSERCA2b by MβCD treatment for 1h. The 
Ca2+-ATPase activity of hSPCA1d and hSERCA2b was measured in microsomes 
before (grey bars) and after cholesterol-depletion (dotted bars). The results are 
obtained from three independent experiments (n=3), using repeats. Statistical 
significance of the difference between the two conditions was calculated using paired 
t-test and indicated by asterisks (*** P<0.005). 
 
 

In contrast to SPCA1, SERCA2b is localized and functions in the cholesterol-

poor flexible membranes of the ER. Furthermore, the enrichment of ER with 

cholesterol was shown to inhibit SERCA2b activity (Li et al., 2004). 

Therefore, the effect of cholesterol depletion on Ca2+-ATPase activity of 

hSPCA1d was compared to that of hSERCA2b. Microsomes were prepared 

from COS-1 cells transiently transfected with hSERCA2b and treated with 
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MβCD in the same way as the microsomal preparations of hSPCA1d-

overexpressing COS-1 cells. 

Figure 22 shows that cholesterol depletion reduced SPCA1 Ca2+-ATPase 

activity to 52.8% ± 2.5 (n=3), while the same treatment had no significant 

effect on SERCA2b Ca2+-ATPase activity, exhibiting 94.4% ± 6.2 (n=3) of the 

control Ca2+-ATPase activity. 
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V. DISCUSSION 

1. Expression and subcellular distribution of SPCA1 and SPCA2 in 

neutrophils and HT29 cells 

The cell type-specific expression and subcellular distribution of the Golgi-type 

Ca2+ pumps SPCA1 and SPCA2 were investigated by Western blotting and 

immunocytochemistry. Since most cell types express only the SPCA1 protein, 

it is considered as the housekeeping isoform. The expression of SPCA2 

mRNA is restricted to specific cell types mainly confined to secretory cells of 

the gastrointestinal and respiratory tract, thyroid, salivary, and mammary 

glands (Vanoevelen et al., 2005a). This suggests a more specialized, but 

presently unknown function of this pump in the regulated secretory pathway. 

Until now, demonstration of SPCA2 at the protein level has been possible only 

in human intestinal goblet cells (Vanoevelen et al., 2005a), mouse 

hippocampal neurons (Xiang et al., 2005) and mouse and rat mammary glands 

(Reinhardt et al., 2000; Faddy et al., 2008). 

In all cell types investigated, SPCA1 was confined to the Golgi apparatus. The 

subcellular distribution of hSPCA2 is not clear. In epithelial cells of human 

colon tissue SPCA2 showed a Golgi-like localization (Vanoevelen et al., 

2005a), whereas in mouse hippocampal neurons it presented a predominantly 

vesicular distribution (Xiang et al., 2005). 

The first cell type we selected for our study was the HT29 cell line, since it is 

derived from colon epithelium, a tissue with abundant expression of both 

SPCA1 and SPCA2, as was shown in previous investigations of our laboratory 

(Vanoevelen et al., 2005a). HT29 cells are essentially undifferentiated but may 

contain a small proportion of differentiated mucus secreting goblet cells and 

intestinal absorptive enterocytes (Lesuffleur et al., 1990). 

The other cell type we chose for our investigations was the freshly isolated 

neutrophil granulocyte from human blood. It was chosen based on an 
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observation by Fay and co-workers on eosinophils from newt, a salamander 

(Brundage et al., 1993). When these cells were stimulated to migrate, a local 

Ca2+ release was seen from an intracellular organelle that was localized 

together with the MTOC in front of the nucleus towards the leading edge of 

the cells. This observation suggests that Ca2+ release from the Golgi apparatus 

might play a role in cytosolic Ca2+ signaling during cell migration. 

We demonstrated the expression of both SPCA1 and SPCA2 in neutrophils. 

The subcellular distribution of both pumps was similar, localizing at the cell 

periphery and in between the lobes of the nucleus. However, the localization 

of both SPCAs in neutrophils was different from the classical Golgi-like 

localization of SPCA1 seen in most cell types. Additionally, the subcellular 

distribution of SERCA2b, the housekeeping ER Ca2+ pump and SERCA3, 

mainly found in epithelial and blood cells (Wuytack et al., 1995), was 

compared to that of SPCAs. Similarly to SPCAs, SERCA2b and SERCA3 

were found at the cell periphery and in between the lobes of the nucleus of 

neutrophils. These results are unexpected, since in most cell types, the Golgi 

complex and the ER can be clearly differentiated by visualizing the 

housekeeping Ca2+ pumps SPCA1 and SERCA2 respectively. To unravel 

whether the ER structure can be differentiated from the Golgi complex in 

neutrophils, we checked the localization of the ER-specific Ca2+-binding 

protein calreticulin. Calreticulin was also found at the cell periphery and in 

between the lobes of the nucleus in neutrophils. Furthermore, all Golgi 

markers used in this study also were localized both at the cell periphery and in 

between the lobes of the nucleus of neutrophils. 

Pettit and Hallett (1998) described two distinct Ca2+-storage sites in 

neutrophils: one store located at the centre of the cell near and often between 

the nuclear lobes and another one at the cell periphery, immediately below the 

PM. The central Ca2+ store was defined by electron microscopy as the only 

prominent membranous structure, and characterized as vestigial Golgi or 

Golgi-like ER (Pettit et al., 1997). The peripheral stores are small Ca2+-storing 
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organelles with a widespread distribution throughout neutrophils, which in the 

past were named calciosomes (Krause et al., 1989). Based on our results, we 

suggest that these short-living highly specialized cells after their final 

differentiation probably do no longer contain separate and well-defined ER 

and Golgi apparatus, but at least partially merge the function of these 

organelles in both central and peripheral compartments. 

We demonstrated the expression of both SPCAs in HT29 cells. Similarly to 

neutrophils, HT29 cells also express SERCA3 together with the housekeeping 

SERCA2. In these cells both SPCAs showed a Golgi-like distribution, while 

SERCA2 and SERCA3 both were localized in the ER. 

The two cell types we focused on in this study both express SPCA2 in addition 

to the housekeeping SPCA1. This might suggest a specific role of SPCAs in 

these cell types. To investigate whether this function might involve a role of 

the Golgi apparatus in cytosolic Ca2+ signaling, we measured agonist-induced 

Ca2+ release in both cell types. 
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2. Contribution of a SERCA-independent intracellular Ca2+ store to 

cytosolic Ca2+ signaling 

Evidence for a possible contribution of the Golgi complex to the modulation of 

[Ca2+]c could be presented only in some cell types and its physiological 

function is not well understood yet (Zha et al., 1995; Vanoevelen et al., 

2005b). IP3-producing agonists have been reported to mobilize, besides the ER 

Ca2+ store, also the SERCA-dependent part of the Golgi Ca2+ store (Pinton et 

al., 1998; Vanoevelen et al., 2004). However, all cell types used in these 

reports express only the housekeeping Golgi Ca2+ pump SPCA1. Other cell 

types which posses more Golgi-stored Ca2+ or express high levels of both 

SPCAs might differ in this respect. We therefore investigated whether 

SERCA-independent Ca2+ release can be demonstrated in HT29 cell and 

neutrophil granulocytes which both express SPCA2 in addition to SPCA1. We 

used these cells to measure changes in cytosolic Ca2+ concentration in response 

to stimulation by different agonists. Since SPCA-specific inhibitors are not 

available, the contribution of SPCA-dependent Ca2+ stores to changes of 

[Ca2+]c can not be tested directly. For a SPCA-dependent IP3-releasable Ca2+ 

store to exist, the minimum condition to be fulfilled is the presence of Ca2+ 

release in the absence of SERCA activity. We used the specific inhibition of 

SERCAs by nanomolar concentrations of TG to investigate the contribution of 

SERCA-independent Ca2+ stores to changes of [Ca2+]c.  

ATP and neurotensin, a regulatory peptide produced by N cells present in the 

mucosa of human colon, were used as agonists to stimulate HT29 cells. Both 

agonists are known to activate the PLC-signaling pathway, producing IP3 and 

opening IP3-sensitive Ca2+ channels. After application of the SERCA-specific 

inhibitor TG, no significant Ca2+ release was detected. Both ATP and 

neurotensin mobilized Ca2+ only from SERCA-dependent intracellular stores. 

In contrast to HT29 cells, when applying the same experimental strategy to 

neutrophils, i.e. inhibition of SERCAs by the addition of TG, Ca2+ release 
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could be detected from SERCA-independent stores. fMLP, a bacterial peptide, 

and IL-8, a chemokine released by macrophages and epithelial cells, were used 

as agonists to stimulate neutrophil granulocytes. Both agonists are known to 

activate the PLC-signaling pathway. fMLP activation was shown to release 

Ca2+ from the juxta-nuclear Ca2+ store in neutrophils (Pettit and Hallett, 1998). 

In our experiments, after the inhibition of SERCAs by 100 nM of TG, which is 

shown to completely inhibit all SERCA isoforms (Wootton and Michelangeli, 

2006; Vangheluwe et al., 2009), 20-40% of the neutrophils showed Ca2+ 

release from SERCA-independent intracellular stores. Because of the 

significant expression levels of SPCA1 and SPCA2 in neutrophils, we presume 

that the SERCA-independent Ca2+ storage is mainly accomplished by the 

SPCA-type Ca2+ pumps. To further support this assumption, we used a 100-

fold higher TG concentration, which was shown to inhibit SPCAs in addition 

to SERCAs (Dode et al., 2006). In most cells, the Ca2+ transient was abolished 

or reduced to close to the background by the addition of 10 µM TG. This also 

indicates that Ca2+ release from the mitochondria and lysosomes do not 

contribute significantly to these processes. However, we cannot exclude the 

possibility that the inhibition of Ca2+ transients could be partially due to an 

increase in passive Ca2+ permeability of intracellular Ca2+ stores, which has 

been reported as a side effect of micromolar concentrations of TG (Favero and 

Abramson, 1994).  

The Ca2+ requirement for neutrophil motility is still controversial. fMLP-

induced neutrophil migration on coated glass chambers was found to be 

dependent on both extracellular and intracellular Ca2+, since migration was 

inhibited by depletion of TG-sensitive intracellular Ca2+ stores or complexing 

of extracellular Ca2+ with EGTA (Marks and Maxfield, 1990). Strangely, 

Elferink and de Koster (2000) found that the migration of IL-8 stimulated 

neutrophils through Boyden chambers, which is used to monitor cell migration 

through a filter, was not affected by removal of extracellular Ca2+, and 

migration was inhibited by TG but only in the presence of extracellular Ca2+. 
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These results are at variance with our own data and with other data in the 

literature (Marks and Maxfield, 1990). 

To unravel to what extent Ca2+ release from SERCA-dependent or SERCA-

independent Ca2+ stores is functionally important in neutrophil granulocytes 

and which processes are affected by them, we investigated the effect of a range 

of experimental conditions on neutrophil polarization and migration. The 

shape change experiments showed that both influx of extracellular Ca2+ as well 

as the release of Ca2+ from intracellular stores loaded via SERCAs and SPCAs 

contribute to the activation process of neutrophil granulocytes. The analysis of 

cellular migration of human neutrophil granulocytes during chemokinesis 

(Table 2) suggests that beside the considerable contribution of Ca2+ influx 

from the extracellular space, Ca2+ release from both SERCA-dependent and 

SERCA-independent intracellular Ca2+ stores plays a significant role in 

neutrophil migration. We observed that cellular motility of neutrophils was 

highly hampered upon SERCA-specific inhibition by nanomolar 

concentrations of TG (Fig. 16C). Neutrophils were still able to extend 

protrusions into different directions, yet they remained anchored to the surface 

at the same place. In this condition, also the reorganization of the actin 

cytoskeleton was strongly inhibited and the addition of 100-fold higher TG 

concentration or chelation of all cytosolic Ca2+ by BAPTA did not induce any 

further effect. Therefore, we suggest that the Ca2+ necessary for the activation 

and reorganization of the actin cytoskeleton in order to enable forward 

movement is predominantly derived from SERCA-loaded intracellular stores. 

In contrast to the effect on the actin reorganization, the motility of neutrophils 

was further reduced by the application of 100-fold higher TG concentration or 

the addition of BAPTA. Noticeably even protrusion formation was strongly 

reduced (Fig. 16D and E). From these observations we suggest that the 

SERCA-independent, presumably SPCA-loaded intracellular Ca2+ store 

essentially contributes to the completion of protrusion formation. 
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Polarization, the initial step of cell migration, is in most migrating cells 

accompanied by the reorientation of the MTOC and the Golgi apparatus 

towards the direction of migration (Ridley et al., 2003). MTOC facilitates 

microtubule growth and microtubule-mediated delivery of Golgi-derived 

vesicles into the lamellipodia. In accordance with this theory, the asymmetric 

organization of microtubules in the lamellipodia of slowly migrating cell was 

demonstrated (Gundersen and Bulinski,1988). A specific role of the Golgi 

apparatus in these processes is not known. It might contribute to the extension 

of pseudopods by providing fresh membrane and its associated proteins 

needed for the forward protrusion and by releasing Ca2+ as second messenger. 

Surprisingly, neutrophils appear to differ from slowly migrating cells in this 

respect. Eddy et al. (2002) showed that fMLP activation did not alter the 

subcellular localization of the MTOC in neutrophils. Furthermore, they 

demonstrated that microtubules organized exclusively to the uropod of 

activated neutrophils. We repeated these experiments in our settings and 

confirmed that the MTOC was localized in between the lobes of the nucleus in 

the majority of activated and non-activated neutrophils, while the microtubules 

were exclusively confined to the uropod of the activated cell. 
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3. SPCA1 is localized in cholesterol-rich domains of human colon 

adenocarcinoma cells 

Membrane microdomains called ‘lipid rafts’ have been suggested to play a 

significant role in many biological processes, including processes which are 

regulated by Ca2+. Since many of the regulators and ion channels involved in 

Ca2+ signaling have been found to be present in lipid raft domains (Isshiki and 

Anderson, 1999) e.g. GPCRs, G proteins, PLC, PIP2, IP3R, and SOCE 

channels, it was suggested that lipid rafts likely regulate these processes by 

interfering with Ca2+ signaling itself (Pani and Singh, 2009). The ER 

membranes are highly fluid and have a low cholesterol content (Brown and 

London, 1998; Ikonen, 2008). The ER-specific Ca2+ pumps (SERCA) appear 

to be adapted to this highly fluid environment, since cholesterol enrichment 

inhibits SERCA2b activity (Li et al., 2004). The plasma membrane contains a 

high amount of heterogeneously-distributed cholesterol which is enriched in 

raft domains. At least one isoform of the plasma membrane-specific Ca2+ 

pumps (PMCA) was described to be a lipid raft-associated protein (Fujimoto, 

1993; Sepúlveda et al., 2006). Furthermore, membrane cholesterol content was 

shown to increase from the ER through Golgi compartments towards the 

plasma membrane (Ikonen, 2008). We presumed that the different lipid 

composition of ER membranes, the membranes of the Golgi complex and 

plasma membranes might impact on the localization and function of the 

residing P-type Ca2+-transport ATPases. Therefore, we investigated the 

membrane domain localization of the Golgi-specific Ca2+ pump SPCA1 and 

the effect of cholesterol on the function of the pump. 

Based on their preference for raft domains, membrane proteins can be assigned 

to three categories: 1. present in the liquid-disordered phase, 2. mainly found 

in the rafts; and 3. those that present an intermediate state, moving in and out 

of rafts (Simons and Ehehalt, 2002). The association of proteins with lipid 

rafts is commonly defined by their resistance to extraction by cold non-ionic 
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detergents (Brown and Rose, 1992; Brown and London, 2000b). Hence, we 

used extraction with Triton X-100 and centrifugal floatation on Nycodenz 

density gradients as a basic method for our studies. The presence of lipid rafts 

in HT29 human colon adenocarcinoma cells was documented on the basis of 

the high content of cholesterol and the protein marker flotillin-2 in low-density 

fractions of the Nycodenz density gradient. We showed that the Golgi-resident 

SPCA1 co-localized with cholesterol and flotillin-2 in the detergent-resistant 

fractions, while the ER protein SERCA3 was found in the detergent-soluble 

membranes. 

Disruption of lipid rafts by cholesterol depletion is used as additional evidence 

for the localization of proteins to these domains (Allen et al., 2007). 

Cholesterol depletion prior to detergent extraction redistributed flotillin-2 and 

SPCA1 to the detergent-soluble membranes, whereas such a treatment had no 

effect on the localization of SERCA3. 

The application of detergent extraction to extract membrane microdomains 

from isolated vesicle membranes might cause artefacts by inducing non-

physiological protein and lipid associations. Therefore, it is necessary to 

complement this method by application of detergents to live cells (Allen et al., 

2007). As a complementary approach, we monitored the solubilization of live 

COS-1 and HT29 cells in real time by confocal microscopy using fluorescently 

tagged proteins as raft and non-raft markers. Several studies have shown that 

the GPI-anchored form of a fluorescent protein co-localizes with other raft 

markers and is resistant to solubilization by Triton X-100 (Mayor and Mafield, 

1995). The transmembrane protein VSVG fused to a fluorescent protein, in 

contrast, was found to be excluded from raft domains and solubilized by Triton 

X-100 (Nichols et al., 2001). We confirmed these findings in COS-1 cells 

expressing GPI-CFP and VSVG-YFP, thus validating the method in our 

experimental system (Fig. 19 A,B and E). We then performed similar 

experiments using SPCA1d and SERCA2b fused to GFP (respectively 

SPCA1d-N-GFP and SERCA2b-N-GFP). We showed that SPCA1d-N-GFP is 
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present in detergent-resistant membranes of live COS-1 and HT29 cells, while 

SERCA2b-N-GFP is excluded from raft domains. Additionally, the 

solubilization of endogenous SPCA1 and SERCA2 by Triton X-100 was 

monitored in live HT29 cells. Similarly to the fluorescently labelled pumps, 

the endogenous SPCA1 was resistant to Triton X-100 solubilization, whereas 

the endogenous SERCA2 was Triton X-100 soluble. From the detergent 

extraction on cell membranes and live cells we conclude that the Golgi-

resident SPCA1 is a raft-associated protein in HT29 cells. 

To unravel whether the cholesterol-rich environment is functionally important 

for SPCA1, we measured the Ca2+ ATPase activity of SPCA1d before and 

after cholesterol depletion. The Ca2+ ATPase activity of SPCA1d was 

compared to that of non-raft ER-resident SERCA2b in both conditions. 

Cholesterol depletion inhibited SPCA1d activity by about 50%, while there 

was no significant effect on SERCA2b activity. These results suggest that the 

cholesterol-rich environment is essential for the proper function of the SPCA1. 

A role for cholesterol-rich lipid microdomains in migrating cells was proposed 

on the basis of the observation that cholesterol depletion inhibits polarization 

and migration, whereas other cellular functions such as adherence are 

unaffected (Mañes et al., 1999; Mañes and Viola, 2006). 

 

 
Figure 23. Subcellular localization of flotillin-2 in non-activated neutrophils. 
Confocal images of anti-flotillin-2 (1:250, green) (A) and phase contrast images (B) of 
non-activated neutrophils. Scale bar = 10 µm. 
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To asses the localization of lipid rafts in neutrophils, the subcellular 

distribution of the lipid raft-associated protein flotillin-2 was investigated by 

confocal microscopy. Flotillin-2 was present in intracellular compartments 

both at the cell periphery and in between the lobes of the nucleus (Fig. 23A 

and B). This observation suggests that the vestigial Golgi-like ER 

(compartment in between the lobes) and the peripheral compartments referred 

to as calciosomes both are rich in lipid microdomains. 

Rossy et al. (2009) showed the expression of both flotillin-1 and flotillin-2 

organized in small aggregates at the cell periphery of neutrophils using wide-

field fluorescence microscopy. Furthermore, they reported that shortly after 

neutrophil stimulation larger flotillin aggregates appeared opposite of actin-

rich ruffles where later the uropod was formed. Organization of flotillins in 

such a locally confined structure suggests a coalescence of flotillin-containing 

membrane microdomains into a larger platform, which might organize 

signaling proteins at the rear of the migrating cell. They showed that P-selectin 

glycoprotein ligand-1 (PSGL-1), an adhesion protein that is relocated into the 

uropod after cell activation, was co-localized with both flotillins. Hence, they 

suggested that the interaction with flotillins in membrane microdomains might 

be responsible for the redirection of PSGL-1 to the uropod of activated cells.  

 

 
Figure 24. Subcellular localization of SPCA1 in fMLP-activated neutrophils. 
Confocal images of anti-hSPCA1 (1:1000, green) (A,C). Phase contrast images of the 
protruding cells (B,D) showing the lamellipodia (arrows). Scale bar = 10 µm. 
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Based on our findings on lipid microdomains in HT29 cells, it could be 

possible that SPCA1 is localized in flotillin-2-containing microdomains in 

neutrophils too. This assumption would suggest the asymmetric reorganization 

of SPCA1 together with flotillin-2 into the uropod of activated neutrophils.  

To test this hypothesis the differential localization of SPCA1 in activated and 

non-activated neutrophils can be investigated. Our preliminary experiments 

showed that indeed SPCA1 was mainly localized only at the uropod of 

migrating neutrophils (Fig. 24). However to further unravel this interesting 

observation additional work is needed. 
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4. Future perspectives 

The expression of SPCA2 can be further investigated in other cell types and its 

subcellular localization explored in more detail. Interesting cell types are 

MCF-7 human breast adenocarcinoma cells, because of the increased 

expression of SPCA2 during lactation and in some forms of breast cancer, and 

HL-60 human acute myeloid leukaemia cells, which are used as models for 

neutrophil migration. The localization of SPCA2 could be directly compared 

to that of SPCA1 in the same cell, either by raising antibodies against SPCA1 

and SPCA2 in different species, by using primary antibody labelling or by 

expressing SPCA1 and SPCA2 tagged with fluorescent proteins of different 

colour. 

 

We demonstrated Ca2+ release from SERCA-dependent as well as SERCA-

independent stores by the stimulation of IP3-producing agonists in human 

neutrophil granulocytes. Furthermore, the contribution of these stores was 

shown in neutrophil migration. However, previous studies on SERCA-

dependent and SERCA-independent Ca2+ release mostly used stimulation of 

IP3-producing receptors. Therefore, in the future we could search for new 

agonists, which induce Ca2+ release by different pathways, such as cADPR and 

NAADP. 

 

As mentioned in the discussion, the asymmetric reorganization of the SPCA1 

distribution in migrating neutrophils has to be further investigated. The 

possible interaction of SPCA1 with flotillin-2 in neutrophils can be assessed 

with co-localization and immunoprecipitation studies, or by FRET using 

fluorescent tagged SPCA1 and flotillin-2 in HL-60 cell. 

Furthermore, the microdomain localization of SPCA2 in HT29 cells can be 

investigated following similar protocols as used for SPCA1. 
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VI. SUMMARY 

Secretory pathway Ca2+-transport ATPases (SPCAs) exist in two isoforms, 

SPCA1 and SPCA2. All cells express the housekeeping Golgi-localized Ca2+ 

pump SPCA1. The expression of SPCA2 is restricted to specific cell types, 

which suggests a more specialized, but presently unknown function of this 

pump. Neither is the subcellular distribution of SPCA2 clear yet. While 

SPCA1 in all cells investigated until now is confined to the Golgi apparatus, 

SPCA2 is mainly Golgi-localized in colon epithelial cells but widely 

distributed in small vesicles in hippocampal neurons. Hence, the cell type-

specific expression, subcellular distribution and function of Golgi-type Ca2+ 

pumps, especially SPCA2, merit further attention. Since isolated cells are 

better accessible experimentally for functional studies, we focused on cultured 

cell lines and free-living differentiated cells. Based on literature data and an on 

initial screen of various cell types, we finally focused on freshly isolated 

human neutrophils granulocytes and HT29 human colon adenocarcinoma cells. 

In neutrophils we demonstrated the expression of both SPCA1 and SPCA2. 

The subcellular distribution of SPCA1 and SPCA2 was similar, namely at the 

cell periphery and in between the lobes of the nucleus. The Ca2+ pumps 

SERCA2b and SERCA3, which are localized in the endoplasmic reticulum 

(ER), as well as the ER-specific Ca2+-binding protein calreticulin were also 

found both at the cell periphery and in between the lobes of the nucleus of 

neutrophils. Furthermore, various Golgi markers were similarly distributed. 

These results support the hypothesis that these short-living highly specialized 

cells after their final differentiation probably do no longer contain separate and 

well-defined ER and Golgi apparatus, but at least partially merge the function 

of these organelles in both central and peripheral compartments. 

In HT29 cells we also found both SPCA1 and SPCA2. Similarly to 

neutrophils, HT29 cells express SERCA3 in addition to the housekeeping 

SERCA2. Both SPCAs showed a Golgi-like distribution, as observed in colon 
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tissue sections, while SERCA2 and SERCA3 presented the typical ER 

localization, as in most cell types. 

In the limited number of cell types investigated until now, the Ca2+ that is 

released by IP3-producing agonists from the Golgi Ca2+ store is derived only 

from SERCA-dependent part of the Golgi. We investigated whether 

neutrophils and HT29 cells might posses an agonist-releasable SERCA-

independent intracellular Ca2+ store and whether such a store might play a role 

in cytosolic Ca2+ signaling. As a major tool we used thapsigargin (TG), which 

at low concentrations is a SERCA-specific inhibitor. 

ATP and neurotensin mobilized Ca2+ only from SERCA-dependent 

intracellular stores in HT29 cells. However, in neutrophils we found agonist-

induced Ca2+ release from a SERCA-independent store on stimulation with 

chemoattractants. Since this Ca2+ release is prevented by higher doses of TG, 

which also inhibit SPCAs, this Ca2+ store is probably SPCA-dependent. 

We further investigated the functional importance of Ca2+ release from 

SERCA-dependent and SERCA-independent Ca2+ stores in neutrophils. A 

range of experimental conditions were applied to investigate the effect of 

intracellular Ca2+ on neutrophil shape change and migration. Based on our 

results, we suggest that the Ca2+ necessary for the activation and 

reorganization of the actin cytoskeleton to enable the cells to move forward is 

predominantly derived from SERCA-loaded intracellular stores. The SPCA-

loaded intracellular Ca2+ store contributes to the completion of protrusion 

formation. 

In the last part of our study, we investigated the membrane domain localization 

of the Golgi-specific Ca2+ pump SPCA1 in HT29 cells. The membranes of the 

Golgi apparatus represent a transition between the highly fluid cholesterol-

poor ER membranes and the cholesterol-rich plasma membrane. We assumed 

that the difference in composition of the membranes of these organelles 

possibly affects the localization and the function of the residing P-type Ca2+-

transport ATPases. 
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Extraction with Triton X-100 and centrifugal floatation on a Nycodenz density 

gradient was used to isolate detergent-resistant membrane microdomains from 

HT29 cells. These microdomains are named ‘rafts’ and are enriched in 

cholesterol and specific proteins. The Golgi-resident SPCA1 together with 

cholesterol and the raft marker flotillin-2 was found in the detergent-resistant 

fractions, while the ER protein SERCA3 was found in the detergent-soluble 

membranes.  

Disruption of lipid rafts by cholesterol depletion was used as additional 

evidence for the localization of SPCA1 to these domains. Cholesterol 

depletion of the membranes prior to detergent extraction redistributed flotillin-

2 and SPCA1 to the detergent-soluble membranes, whereas such a treatment 

had no effect on the localization of SERCA3. Additionally, the solubilization 

of live cells by Triton X-100 using fluorescently tagged proteins as raft and 

non-raft markers was investigated by real-time confocal microscopy. SPCA1d-

N-GFP was resistant to detergent-extraction of live COS-1 and HT29 cells, 

while SERCA2b-N-GFP fluorescence was more rapidly removed from cells, 

consistent with its exclusion from raft domains. 

Furthermore, cholesterol depletion of isolated membranes of COS-1 exerted an 

inhibitory effect on the Ca2+-stimulated ATPase activity of SPCA1d. 

We conclude from the detergent extraction on isolated membranes and live 

cells that the Golgi-resident SPCA1 is a raft-associated protein HT29 cells and 

that the cholesterol-rich environment is essential for the proper function of 

SPCA1. 

 

 



 108



 109

VII. SAMENVATTING 

‘Secretory pathway Ca2+-transport ATPases’ (SPCA’s) bestaan in twee 

isovormen, SPCA1 en SPCA2. SPCA1 is gelokaliseerd in het Golgi apparaat 

en is in alle cellen aanwezig. SPCA2 komt slechts in een beperkt aantal 

celtypes voor, wat er op wijst dat deze variant een meer gespecialiseerde maar 

nog niet gekende functie heeft. Ook de subcellulaire verdeling van SPCA2 is 

nog niet duidelijk. Terwijl SPCA1 altijd in het Golgi apparaat gevonden werd, 

is dit ook zo voor SPCA2 in epitheliale cellen van het colon maar niet in 

neuronen van de hippocampus, waar het verdeeld is over kleine vesikels 

verspreid over de cel. Daarom is verdere analyse nodig van de celspecifieke 

expressie, subcellulaire verdeling en functie van SPCA’s, vooral van SPCA2. 

Omdat functionele studies meer informatie kunnen opleveren op geïsoleerde 

cellen, hebben we ons beperkt tot cellijnen in cultuur en tot vrij-levende 

gedifferentieerde cellen. Op basis van literatuurgegevens en een initiële screen 

van verschillende celtypes hebben we uiteindelijk gefocuseerd op menselijke 

neutrofielen en HT29 humane colon adenocarcinomacellen. 

In neutrofielen hebben we de expressie van zowel SPCA1 als SPCA2 

aangetoond. De subcellulaire verdeling van SPCA1 en SPCA2 was 

gelijkaardig. Beiden werden aangetroffen aan de periferie van de cel en tussen 

de lobben van de kern. De SERCA2b en SERCA3 Ca2+ pompen die merkers 

zijn voor het endoplasmatisch reticulum (ER), evenals het ER-specifieke Ca2+-

bindende proteïne calreticulin waren eveneens aan de celperiferie en tussen de 

kernlobben gesitueerd. Bovendien vertoonden verschillende Golgi merkers een 

gelijkaardige verdeling in neutrofielen. Deze resultaten zijn in 

overeenstemming met de hypothese dat deze kort levende en sterk 

gespecialiseerde cellen na differentiatie niet langer strict gescheiden ER en 

Golgi bevatten maar de functie van beide organellen verenigen in zowel 

perifere als centraal gelegen compartimenten. 
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In HT29 cellen vonden we eveneens zowel SPCA1 als SPCA2. Zoals 

neutrofielen brengen HT29 cellen naast SERCA2b ook SERCA3 tot expressie. 

Beide SPCA’s hadden een Golgi verdeling, zoals in cellen in colonweefsel, 

terwijl SERCA2b en SERCA3 het typische ER patroon vertoonden. 

In het beperkte aantal celtypes dat tot nog toe onderzocht werd is de Ca2+ die 

door IP3-producerende agonisten uit het Golgi vrijgezet wordt afkomstig van 

dat deel van het Golgi dat door SERCA activiteit opgevuld wordt met Ca2+. 

We hebben onderzocht of neutrofielen en HT29 cellen een SERCA-

onafhankelijke Ca2+ stapelplaats zouden bezitten die door agonisten kan 

vrijgezet worden en of deze Ca2+ een rol zou kunnen vervullen in cytosolaire 

Ca2+ signalen. We maakten vooral gebruik van thapsigargine (TG), dat bij lage 

concentraties een SERCA-specifieke inhibitor is. 

De agonisten ATP en neurotensin mobiliseerden Ca2+ alleen uit SERCA-

afhankelijke intracellulaire Ca2+ stapelplaatsen in HT29 cellen. In neutrofielen 

vonden we echter agonist-geïnduceerde Ca2+ vrijzetting wanneer de cellen 

door een chemoattractant gestimuleerd werd. Omdat deze Ca2+ vrijzetting 

verdwijnt bij een hogere dosis TG die ook SPCA’s inhibeert, is deze 

stapelplaats waarschijnlijk SPCA afhankelijk. 

We hebben dan verder onderzoek gedaan naar het functionele belang van de 

SERCA-afhankelijke en SERCA-onafhankelijke Ca2+ vrijzetting in 

neutrofielen. Neutrofielen werden onderworpen aan verschillende 

experimentele condities om het effect na te gaan van intracellulaire Ca2+ 

veranderingen op vormveranderingen en migratie van de cellen. Op basis van 

onze resultaten stellen we voor dat de Ca2+ die nodig is voor de activatie en 

reorganisatie van het actine cytoskelet die de cel in staat stelt zich te 

verplaatsen vooral afkomstig is van SERCA-afhankelijke compartimenten. De 

stapelplaatsen die door SPCA’s van Ca2+ voorzien worden dragen bij tot de 

finale vorming van de protrusies. 

In het laatste deel van onze studie hebben we onderzoek gedaan naar 

specifieke membraandomeinen waarin SPCA1 zou kunnen gelokaliseerd zijn 
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in HT29 cellen. De membranen van het Golgi vertegenwoordigen een transitie 

tussen de zeer vloeibare cholesterol-arme membranen van het ER en de 

cholesterol-rijke plasma membraan. Het verschil in samenstelling van de 

membranen van deze organellen zou een effect kunnen hebben op de 

lokalisatie en op de functie van de Ca2+-transport ATPasen die er in 

voorkomen. 

Extractie met Triton X-100 en scheiding op Nycodenz densiteitsgradiënten 

werden gebruikt om microdomeinen uit de membranen van HT29 cellen te 

isoleren die resistent zijn aan detergent extractie. Deze microdomeinen worden 

‘rafts’ genoemd en zijn aangerijkt in cholesterol en in specifieke proteïnen. 

SPCA1 van het Golgi werd in de detergent-resistente fracties terug gevonden, 

samen met cholesterol en met het raft merker proteïne flotillin-2, terwijl het 

ER proteïne SERCA3 in de detergent oplosbare fracties voorkwam.  

Als bijkomende evidentie voor de lokalisatie van SPCA1 in rafts werd de 

structuur van deze domeinen verstoord door middel van depletie van 

cholesterol. Wanneer de detergent extractie voorafgegaan werd door 

cholesterol depletie van de membranen, herverdeelden flotillin-2 en SPCA1 

naar de detergent-oplosbare fracties, terwijl deze behandeling geen effect had 

op de verdeling van SERCA3. Daarnaast werd Triton X-100 extractie ook 

toegepast op levende cellen die fluorescent gemarkeerde Ca2+ pompen of 

fluorescente merkers van raft en niet-raft domeinen tot expressie brachten, en 

werd het tijdsverloop van solubilisatie gevolgd door confocale microscopie. 

SPCA1d-N-GFP was resistent tegen detergent extractie in levende COS-1 en 

HT29 cellen, terwijl SERCA2b fluorescentie sneller verdween, in 

overeenstemming met de exclusie van SERCA’s uit raft domeinen. 

Daarnaast hebben we ook vastgesteld dat de Ca2+-gestimuleerde ATPase 

activiteit van SPCA1d in COS-1 cellen geïnhibeerd wordt door cholesterol 

depletie.  

We besluiten uit de detergent extractie van geïsoleerde membranen en van 

levende cellen dat het Golgi-specifieke SPCA1 een raft-geassocieerd proteïne 
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is in HT29 cellen, en dat de cholesterol-rijke omgeving in deze 

microdomeinen ook belangrijk is voor de normale pompactiviteit van dit 

transport enzyme.  
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