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Abstract
Glycans, as a part of glycoproteins, glycolipids and other glycoconjugates, are involved in many
vital intra- and inter-cellular tasks, such as protein folding and sorting, protein quality  control,
vesicular trafficking, cell signalling, immunological defence, cell motility and adhesion.
Therefore, their correct construction is crucial for the normal functioning of eukaryotic cells and
organisms they form. Most cellular glycans are constructed in the Golgi, and abnormalities in their
structure may derive, for instance, from alkalinization of the Golgi lumen.

In this work we show that Golgi pH is generally higher and more variable in abnormally
glycosylating, i.e. strongly T-antigen (Gal-β1,3-GalNAc-ser/thr) expressing cancer cells, than in
non-T-antigen expressing cells. We also confirmed that the Golgi pH alterations detected in cancer
cells have the potential to induce glycosylation changes. A mere 0.2 pH unit increase in Golgi pH
is  able to induce T-antigen expression and inhibit terminal N-glycosylation in normally
glycosylating cells. The mechanism of inhibition involves mislocalization of the corresponding
glycosyltransferases.

We also studied potential factors that can promote Golgi pH misregulation in health and
disease, and found that cultured cancer cells, despite variation and elevation in Golgi pH, are fully
capable of acidifying the Golgi lumen under the normal Golgi pH. Moreover, we introduce a Golgi
localized Cl-/HCO3- exchanger, AE2a, that participates in Golgi pH regulation by  altering
luminal bicarbonate concentration and thus also buffering capacity. Participation of AE2a in Golgi
pH regulation is especially intriguing, because it also provides a novel mechanism for  expelling
protons from the Golgi lumen.

Keywords: anion exchanger, bicarbonate, cancer, glycosylation, Golgi apparatus, pH
regulation
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Abbreviations 

ADP adenosine diphosphate 

AE anion exchanger 

AEC adenylate energy charge 

AMP adenosine monophosphate 

ATP adenosine triphosphate 

BafA1 bafilomycin A1 

CaCO-2 human colorectal adenocarcinoma cells 

CDG congenital disorders of glycosylation 

CF cystic fibrosis 

CGN cis-Golgi network 

CMP cytidine monophosphate 

COG conserved oligomeric complex 

COS-7 African green monkey kidney cells 

COP coatomer complex 

CQ chloroquine 

DNA deoxyribonucleic acid 

DSA Dature stramonium agglutinin 

DTT dithiotreitol 

EDTA ethylenediaminetetraacetic acid 

EGFP enhanced green fluorescent protein 

EGTA glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid 

EM electron microscopy 

Endo H endonuclease H 

ER  endoplasmic reticulum 

ERGIC ER-Golgi-intermediate compartment 

Fuc fucose 

Gal galactose 

GalNAc N-acetylgalactosamine 

GalT I β1,4-galactosyltransferase 

Glc glucose 

GlcNAc N-acetylglucosamine 

GM130 Golgi matrix protein 130 

GPI  glycosylphophatidylinositol 

GT 80 aminoacids long signal sequence of GalT I 

kDa kilodalton 
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HCO3
- bicarbonate 

H2DIDS 4,4'-diisothiocyanatodihydrostilbene-2,2'-disulfonic acid 

HeLa human adenocarcinoma cells from cervix 

HRP horseradish peroxidase 

HT-29 human colorectal adenocarcinoma cells 

LAMP-2 lysosomal-associated membrane protein 2 

MAA Maackia amurensis agglutinin 

Man mannose 

MCF-7 human adenocarcinoma cells from mammary gland 

mRNA messenger RNA 

MTOC microtubulus organizing center 

M6P-R mannose-6-phosphate receptor 

NEM N-ethylmaleimide 

NSF NEM sensitive factor 

PAGE polyacrylamide gel electrophoresis 

PNA peanut agglutinin 

PNGase F peptide N-glycosidase F 

rER rough ER 

RNA ribonucleic acid 

RNAi RNA interference 

RT room temperature (20–25 ºC) 

SDS sodium dodecyl sulphate 

sER smooth ER 

SLO streptolysin O 

Sia sialic acid 

siRNA small interfering RNA 

SNA Sambucus nigra agglutinin 

SNAREs  soluble NSF attachment protein receptors 

ST3Gal III N-acetyllactosaminide alpha2,3-sialyltransferase 

ST6Gal I beta-galactoside alpha2,6-sialyltransferase 

SW-48 human colorectal adenocarcinoma cells 

T-antigen Gal-β1,3-GalNAc-ser/thr 

tER transitional ER 

TGN trans-Golgi network 

UDP uridine diphosphate 

V-ATPase vacuolar-H+ ATPase 

VTCs vesicular tubular clusters 
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1 Introduction 

Correct glycosylation of proteins and lipids is crucial for the normal functioning 

of multicellular organisms. Glycoconjugates are involved in several central 

cellular tasks, such as protein folding and sorting, protein quality control, 

vesicular trafficking, cell signalling, immunological defence, cell motility and 

adhesion. Altered glycosylation often leads to disease with difficult functional 

disorders and malformations in cells and organs. Congenital disorders of 

glycosylation (CDG), cystic fibrosis (CF) and cancer are perhaps the best known 

examples of the glycosylation diseases. CDGs and CF are heritable, but cancer, 

instead, can develop from accumulating mutations in the genome during an 

individual´s life span.  

Both heritable and non-heritable glycosylation diseases can originate from 

single mutations in genes encoding glycosylation enzymes, misregulated 

expression of glycosylation enzymes, or from physiological and functional 

alterations in the organelles involved in glycosylation. In this work we focused on 

the effects of pH alterations in the Golgi apparatus, which is the central organelle 

in the secretory pathway and the site of most cellular glycosylation processes.  

Our studies showed that Golgi pH is generally higher and more variable in 

abnormally glycosylating, i.e. strongly T-antigen (Gal-β1,3-GalNAc-ser/thr) 

expressing cancer cells, than in non-T-antigen expressing cells despite similarities 

or differences in genetic background. We also confirmed that the Golgi pH 

alterations detected in cancer cells have the potential to induce glycosylation 

changes. A mere 0.2 pH unit increase in Golgi pH was able to induce T-antigen 

expression and inhibit terminal N-glycosylation. The inhibition was found to 

correlate with mislocalization of the corresponding glycosyltransferases. 

In this work we also studied potential factors that can promote Golgi pH 

misregulation in health and disease. We found that cultured cancer cells, despite 

variation and elevation in Golgi pH, can be in a good energy status and fully 

capable of acidifying Golgi lumen under the normal Golgi pH. Moreover, we 

introduce here a novel candidate that can participate in Golgi pH regulation. The 

candidate is a Golgi localized Cl-/HCO3- exchanger, anion exchanger 2a (AE2a), 

which we suggest participates in Golgi pH regulation by altering luminal 

buffering capacity. Participation of AE2a in Golgi pH regulation also provides a 

logical explanation for the uncharacterised Golgi resident proton leakage pathway.  
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2 Review of the literature 

2.1 The Golgi apparatus 

The true nature of the Golgi apparatus has remained enigmatic, although the 

earliest observations are already 110 years old. The Golgi apparatus was initially 

described as an odd black staining in nerve cells by an Italian scientist, Camillo 

Golgi, in 1898 (Golgi 1898). Since then the understanding of the Golgi apparatus 

as a crucial component of eukaryotic cells has developed hand in hand with the 

progress of biochemical techniques and microscopy (Farquhar & Palade 1981, 

Farquhar & Palade 1998). Today it is known that the mildly acidic Golgi 

apparatus, at the interface of the secretory pathway and the endosomal system, is 

a site of several important post-synthetic modifications, such as glycosylation and 

sulfation of proteins and lipids (Varki 1998, Brockhausen 1999, Wopereis et al. 
2006, Maccioni 2007) and lipidation of proteins (Nadolski & Linder 2007). The 

Golgi apparatus has also major roles in lipid biosynthesis (De Matteis & 

D'Angelo 2007), protein and lipid sorting as well as cell polarization (Griffiths & 

Simons 1986, Rodriguez-Boulan & Müsch 2005, De Matteis & D'Angelo 2007, 

De Matteis & Luini 2008). However, many central mechanisms of the Golgi 

function have remained unclear and sometimes it is still debated whether the 

Golgi is a distinct organelle or just an extension of the endoplasmic reticulum 

(ER). 

The secretory pathway (Fig. 1), which is composed of the ER, the Golgi 

apparatus and secretory vesicles, specializes in biosynthesis and transport of 

proteins and lipids. Together with the endosomal system, which is mainly 

specialized in endocytic processess and lysosomal degradation, the secretory 

pathway forms a constantly fluctuating, polymorphic intracellular membrane 

formation that has no static structures (Rodriguez-Boulan & Müsch 2005, 

Bonifacino & Rojas 2006, De Matteis & Luini 2008). Therefore, it is often 

dubious to define exact borders for the different organelles. According to the 

prevailing opinion, however, the Golgi apparatus begins from or after the ER-

Golgi intermediate compartment (ERGIC) 1 (Saraste & Kuismanen 1984, 

                                                        
1 ERGIC, also known as a pre-Golgi intermediate compartment (IC), is a pleiomorphic membrane 
structure between the ER and the Golgi, where proteins are arrested at 15 ºC (Saraste & Kuismanen 
1984) 
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Appenzeller-Herzog & Hauri 2006), and can be divided into the cis-Golgi 

network (CGN), the cis-Golgi, the medial-Golgi, the trans-Golgi and the trans-

Golgi network (TGN), on the basis of different proteins and functions related to 

them. Under a two dimensional electron microscope the Golgi of a higher 

eukaryote cell looks like a stack of flattened concave sacs with plate-like centers 

and dilated rims (Farquhar & Palade 1981, Farquhar & Palade 1998). These sacs 

are named cisternae. Their number is cell type specific, but generally varies from 

3 to 30 (Mollenhauer & Morre 1991). The convex side of the cisternae in the 

stack is towards the cis-Golgi and the ER and the concave side is towards the 

trans-Golgi and the endosomal system. Both ends of the stack structure, the CGN 

and the TGN, are formed by tubular networks, whose lateral regions are occupied 

by budding and fusing vesicles (Farquhar & Palade 1981, Farquhar & Palade 

1998, Kepes et al. 2005). A three dimensional high resolution view on the Golgi 

reveals additional details. The flattened sacs are actually pleiomorphic hollow 

discs with tubular extrusions that sometimes connect neighbouring cisternae in 

the same or adjacent stacks (Tanaka et al. 1986, Cooper et al. 1990, Rambourg & 

Clermont 1990, Weidman 1995, Mironov et al. 1997, Griffiths 2000). A typical 

higher eukaryote cell contains multiple Golgi stacks that generally organize into a 

juxtanuclear ring around the microtubulus organizing center (MTOC) (Rogalski 

& Singer 1984, Rios & Bornens 2003) or perinuclearly in association with the 

nuclear envelope (Tassin et al. 1985). Despite the relatively high number of the 

stacks, their summarized total volume is estimated to comprise only ~3–4% of the 

total cellular volume in a normal mammalian cell (Sturgess & De la Iglesia 1972). 

Due to the dynamic nature and the exposure to heavy transit of newly 

synthesized and recycled proteins and lipids, the maintenance of the Golgi 

architecture requires constant remodelling. The mechanisms of the remodelling 

are not fully understood, but it is known that cytoskeleton and cytosolic Golgi 

specific matrix proteins provide a scaffold for the cisternae, so that they can take 

their unique concave shapes (Chapter 2.2). It is also known that in addition to the 

scaffold, the presence and correct functioning of many luminal and 

transmembrane proteins are required for the formation and the maintenance of the 

normal organelle morphology. This in turn requires strictly controlled protein and 

lipid trafficking within the Golgi (Chapters 2.3 & 2.4) and precise luminal pH 

regulation to ensure optimal conditions for correct functioning of Golgi proteins 

(Chapter 2.5). Once all these factors, the remodelling of the scaffold, the control 

of the protein and lipid trafficking and the regulation of luminal pH, are in order, 

the Golgi apparatus can perform its crucial functions without perturbation.  
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Fig. 1. The secretory pathway and the endosomal system form a complex fluctuating 

entity. The Golgi apparatus, located in the heart of the secretory pathway and at the 

interface of the endosomal system, is composed of the cis-Golgi network (CGN), the 

Golgi stack and the trans-Golgi network (TGN). The Golgi stack can be further divided 

to the cis-, medial- and trans-Golgi. 

2.2 Golgi membrane skeleton 

The Golgi membrane skeleton, which acts as a scaffold for the formation of the 

Golgi apparatus, is composed of microtubules (Rios & Bornens 2003, Vaughan 



 20

2005), actin filaments (Fath & Burgess 1993, Valderrama et al. 2000), spectrins 

(De Matteis & Morrow 2000, Beck 2005), golgins (Short et al. 2005) and their 

associated proteins. These proteins and some of their interactions are briefly 

introduced in the following chapters. 

2.2.1 Microtubules 

Microtubules and microtubule associated proteins determine the localization of 

the Golgi stack (Rios & Bornens 2003, Vaughan 2005). The Golgi is typically 

localized around the MTOC at the juxtanuclear region (Rogalski & Singer 1984, 

Rios & Bornens 2003) or perinuclearly in association with the nuclear envelope 

(Tassin et al. 1985) by a mechanism that is not fully understood, but is thought to 

involve activities and regulation of several different microtubule binding motor 

and non-motor proteins and regulation of microtubule elongation (Allan et al. 
2002, Rios & Bornens 2003, Vaughan 2005). According to one simplified model 

the correct positioning of the Golgi is defined in a continuous “tug-of-war” 

between plus-end and minus-end directed motor proteins (Allan et al. 2002). 

Microtubules have also crucial role in ER-to-Golgi transport (Saraste & 

Svensson 1991, Presley et al. 1997, Rahkila et al. 1997, Murshid & Presley 2004). 

Microtubules form tracks between the ER and the Golgi along which vesicles and 

other cargo are transported by various motor proteins. Depolymerization of these 

tracks, for instance, with nocodazole2, abolishes ER-to-Golgi transport and leads 

to accumulation of Golgi proteins into the ER or to the proximity of the ER exit 

sites (Presley et al. 1997, Pecot & Malhotra 2006). Perhaps the best known 

ER/Golgi associated motor protein that moves along microtubules is a 

temperature sensitive3, minus-end directed (i.e. ER-to-Golgi directed in this case) 

and ATP powered cytosolic dynein (Paschal & Vallee 1987, Vaughan & Vallee 

1995, Vaughan 2005). Recruitment of dynein to the microtubule bound ER/Golgi 

membranes or other cargo is a highly regulated process that involves at least 

functions of a large multi-subunit protein complex, dynactin (Gill et al. 1991, 

Schroer & Sheetz 1991, Karki & Holzbaur 1995, Vaughan & Vallee 1995), and 

cytoplasmic linker protein 170 (CLIP-170) (Rickard & Kreis 1990, Komarova et 

                                                        
2 an anti-tumoral synthetic drug (Atassi & Tagnon 1975) 
3 Dynein mediated transport dercreases dramatically when temperture is decreased from +37 to +20 ºC 
(Vaughan 2005). 
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al. 2002). After succesful dynein recruitment, the tethered cargo is rapidly 

transported to the microtubule minus-end (Vaughan et al. 1999, Vaughan 2005).  

2.2.2 Actin and spectrin 

Another part of the Golgi scaffold is formed by a network of actin and spectrin 

and their associated proteins (De Matteis & Morrow 2000, Beck 2005, Egea et al. 
2006). The exact structure of the Golgi associated actin and spectrin network is 

unclear, but it is thought to be analogous to the scaffold that stabilizes the plasma 

membrane in erythrocytes (De Matteis & Morrow 2000, Beck 2005). The 

erythroid membrane scaffold is composed of heterodimeric αβ-spectrin bundles 

that are linked to each other by short actin filaments and various linker proteins to 

form a two dimensional elastic network (De Matteis & Morrow 2000). The 

network is attached to the cytosolic side of the plasmamembrane by ankyrin 

(Bennett & Stenbuck 1979, Bennett 1992), adducin (Gardner & Bennett 1987, 

Mische et al. 1987), protein 4.1 (Pasternack et al. 1985, Correas et al. 1986) and 

protein 4.2 (Korsgren & Cohen 1986) adaptor proteins that are able to interact 

with a wide group of membrane spanning proteins (reviewed in De Matteis & 

Morrow 2000). Spectrin can also interact directly with membranes by C-terminal 

MAD2/PH domain that binds phosphoinositides (e.g. PtdIns(4,5)P2s) (Hyvönen 
et al. 1995), but the role of some central membrane spanning proteins in the 

membrane anchoring is indispensable. For instance, a deletion of abundantly 

expressed anion exchanger 1 (AE1) gene yields highly fragile erythrocytes (Peters 
et al. 1996, Southgate et al. 1996). 

The analogy to plasmalemmal actin-spectrin network is based on the finding 

that Golgi contains, or is associated with, several proteins that can participate in 

the formation of a Golgi-oriented actin-spectrin network (De Matteis & Morrow 

2000, Beck 2005). The Golgi has been shown to contain or associate with actin 

(Fath & Burgess 1993, Valderrama et al. 2000), βIII spectrin (Beck et al. 1994, 

Stankewich et al. 1998), two different ankyrins, AnkG119 (Devarajan et al. 1996) 

and Ank195 (Beck et al. 1997), centractin and adducin (Holleran et al. 1996). A 

potential Golgi localized counter part also exists for protein 4.1 (Kang et al. 2009).  

The achoring of the actin-spectrin network to the Golgi membranes may also 

be analogous to the anchoring of the erythroid actin-spectrin network. Related to 

this, it has been shown that anion exchanger 2a (AE2a) localizes to the Golgi only 

in the presence of Ank195 expression, indicating a potential interaction between 

AE2a and Ank195 (Holappa & Kellokumpu 2003). Additionally, it has been 
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found that AE2a is important for the structural integrity of the Golgi (Holappa et 
al. 2004). Therefore, it is very likely that AE2a has a similar structural role in the 

Golgi to AE1 in the erythroid plasma membrane as a structural stabilizer (Peters 
et al. 1996, Southgate et al. 1996).  

The Golgi associated actin-spectrin network is not a separate entity, but is 

linked to microtubules and other Golgi matrix components via several proteins 

that are able to interact directly or indirectly with both the actin-spectrin network 

and microtubules. One such protein recently identified WHAMM (WASP 4 

homolog associated with actin, membranes and microtubules), whose N-terminal 

domain binds to ERGIC or Golgi membranes and its central coiled coil region to 

microtubules. The C-terminal WCA segment, in turn, has been shown to stimulate 

actin polymerization (Campellone et al. 2008).  

2.2.3 Golgins and small GTPases 

The third part of the scaffold is formed by golgins and their interacting proteins 

(reviewed in Short et al. 2005) that also participate in vesicle tethering (Chapter 

2.3.4). The golgins are characterized by large coiled-coil regions that form an 

extended rod-like structure (Burkhard et al. 2001, Short et al. 2005). Some of the 

golgins, such as giantin (Linstedt & Hauri 1993) and golgin-84 (Diao et al. 2003), 

are transmembrane proteins, but most of them are linked to membranes via 

adaptor proteins, Golgi reassembly stacking proteins (GRASPs) (Barr et al. 1997, 

Shorter et al. 1999) or small GTP activated GTPases from Rab, ARL or ARF 

families (Short et al. 2005). The mechanisms by which the transmembrane 

golgins, the GRAPSs or the Golgi localizing GTPases identify the correct 

membrane domains are poorly understood, but the recognition is thought to 

involve interactions with members of the p24 cargo receptor family and lipid 

membranes (Barr et al. 2001, Pfeffer 2003). Once localized correctly the golgins 

and their interacting proteins can support the Golgi structure independently by 

interacting with each other and by forming intercisternal bridges and tethering 

oligomers like p115, GM130 and giantin (Cluett & Brown 1992, Sönnichsen et al. 
1998), or by interacting with the other components of the Golgi scaffold, similar 

to GMAP-210, which has been shown to participate in the anchoring of the cis-

Golgi membranes to microtubules (Rios et al. 2004). 

                                                        
4 Wiskott-Aldrich syndrome protein 
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2.2.4 Golgi structure in mitosis 

At the onset of mitosis in animal cells, the Golgi fragments into tubulo-vesicular 

structures, which are divided evenly between daughter cells during cytokinesis 

(Lucocq et al. 1987, Pypaert et al. 1993, Tang et al. 2008). The mitotic 

fragmentation of the Golgi has been found to coincide with phosphorylation of 

βIII-spectrin (Siddhanta et al. 2003), several golgins 5  and their interacting 

proteins6 (Bailly et al. 1991, Lowe et al. 1998, Lowe et al. 2000, Diao et al. 2003, 

Preisinger et al. 2005). The phosphorylations of the Golgi matrix proteins disrupt 

their interactions with other Golgi matrix proteins and hence lead to the 

dissassembly of the matrix and Golgi fragmentation. Conversely, post-mitotic 

Golgi assembly is often associated with dephosphorylation of golgins and their 

associated proteins (Lowe et al. 2000, Wang et al. 2003). However, there are also 

some golgins that are phosphorylated and dephosphorylated differently. 

Phosphorylation of p115, for instance, is required for post-mitotic Golgi 

reassembly and not for mitotic disassembly (Dirac-Svejstrup et al. 2000).  

Recent in vitro studies with isolated Golgi fractions revealed that the minimal 

cytosolic machinery which is able to regulate Golgi fragmentation comprises only 

two mitotic kinases, cdc2 (cell division cycle protein 2) and plk (polo-like kinase), 

and components of COPI budding machinery, ADP ribosylation factor 1 (ARF1) 

and the coatomer complex (Tang et al. 2008). Cdc2 and plk mediate Golgi 

unstacking by phosphorylating various Golgi associated proteins (Lowe et al. 
1998, Lowe et al. 2000, Wang et al. 2003), whereas ARF1 and components of the 

COPI budding machinery mediate vesiculation (Xiang et al. 2007). Golgi 

reassembly in the separated Golgi fractions, instead, requires addition of one of 

the two soluble AAA ATPases, N-ethylmaleimide sensitive factor (NSF) or p96, 

their associated adaptor proteins and protein phosphatase 2A (PP2A) (Tang et al. 
2008). NSF with soluble adaptor proteins, α/γ-SNAPs and p115 (Shorter & 

Warren 1999, Tang et al. 2008), and p96 with soluble adaptor proteins, p47 and 

p115 (Kondo et al. 1997, Shorter & Warren 1999, Tang et al. 2008), are able to 

induce fusion of Golgi membranes, whereas PP2A is required for the Golgi 

restacking process, which it mediates by dephosphorylating central Golgi stacking 

proteins (Tang et al. 2008). The upstream regulation of cytosolic factors 

                                                        
5 e.g. GM130 (Lowe et al. 1998, Lowe et al. 2000) and golgin-84 (Diao et al. 2003) 
6 e.g. several Rabs (Bailly et al. 1991) and GRASP65 (Preisinger et al. 2005) 
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mediating Golgi assembly and disassembly during the cell cycle is mostly unclear. 

Only the regulation of cdc2 is relatively well established. 

2.3 Membrane trafficking within the Golgi region 

Due to its central localization, the Golgi apparatus is constantly exchanging 

material with the ER and endosomes. This exchange utilizes different kinds of 

membrane formations and many aspects of this are still unclear. Some of the best 

known mechanisms and hypotheses of membrane trafficking are introduced in 

next chapters. 

2.3.1 ER-to-Golgi transport 

Anterograde transport of newly synthesized proteins starts from coat protein 

complex II (COPII) coated exit domains in the ribosomal (rER) or ribosome-free 

transitional ER (tER)(Orci et al. 1991, Sesso et al. 1994, Shaywitz et al. 1995, 

Bannykh et al. 1996, Tang et al. 1997, Palmer & Stephens 2004, Kirk & Ward 

2007). From these domains proteins are transported via vesicles (Farquhar & 

Palade 1981, Orci et al. 1991, Rothman & Wieland 1996 and refs. therein) or 

continuous tubules (Sesso et al. 1994, Bannykh et al. 1996, Mironov et al. 2003) 

to the vesicular-tubular clusters (VTCs) that form the ER-Golgi intermediate 

compartment (ERGIC). It is unclear whether COPII coat participates directly in 

the biogenesis of vesicles and tubules (Lee & Miller 2007 and refs. therein) or the 

generation and maintenance of the exit domains (Mironov et al. 2003, Palmer & 

Stephens 2004). The crucial role of highly conserved COPII coating mechanism 

for ER export, however, is widely agreed. 
Formation of COPII coat is initiated by a replacement of GDP in cytosolic 

Sar1p-GDP with GTP by an ER bound type II membrane protein, Sec12p 

(Barlowe & Schekman 1993). Sar1p-GTP then interacts with undefined ER 

membrane components (Barlowe & Schekman 1993) and recruits cytosolic 

heterodimer, Sec23/24p, to the proximity of the membrane (Barlowe et al. 1994). 

The binding of Sec23/24p to Sar1p-GTP is instantly followed by a binding of 

another cytosolic complex, heterotetrameric Sec13/31p (Antonny et al. 2001), 

which forms the outer layer of the coat (Barlowe et al. 1994, Lederkremer et al. 
2001, Matsuoka et al. 2001). The COPII coat is rather unstable and the 

components undergo a constant disassembly-assembly cycle (Stephens et al. 2000, 

Ward et al. 2001, Stephens 2003, Watson et al. 2005). The factors affecting the 
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coat stability are poorly known, but the disassembly of the coat is initiated with 

Sar1p mediated hydrolysis of bound GTP, which is primarily stimulated by 

Sec23p (Yoshihisa et al. 1993). In addition, the disassembly rate apparently has a 

regulatory role in budding and cargo exit, disassembly of the coat is a common 

prerequisite for the fusion of coated membrane structures to acceptor membranes 

(Bonifacino & Glick 2004). 

Before exiting the ER, proteins undergo selection and quality control in the 

COPII coated tER, which is the last site of quality control from where improperly 

folded proteins are still returned to the ER (Mezzacasa & Helenius 2002). 

Therefore, the machinery participating in cargo selection must have a high fidelity. 

Thus far the roles of Sec24p in selection of membrane spanning cargo proteins 

(Kappeler et al. 1997, Nishimura & Balch 1997, Dominguez et al. 1998, Miller et 
al. 2002, Barlowe 2003) and p24 in selection of soluble cargo are recognized 

(Barlowe 2003). When proteins have passed the quality control and selection, 

they enter the VTCs (or the ERGIC). Dynein/dynacting complexes move the 

VTCs along the microtubules to the proximity of the cis-Golgi network and the 

cis-Golgi (Saraste & Svensson 1991, Mizuno & Singer 1994, Presley et al. 1997, 

Murshid & Presley 2004), where the VTCs fuse with existing Golgi cisternae or 

generate new ones (Chapter 2.3.2: Intra-Golgi transport). Transport of cargo from 

VTCs to the Golgi may also occur via coat protein complex I (COPI) vesicles, 

although their anterograde traffic may only be involved in recycling of the 

machinery required for retrograde transport (Scales et al. 1997, Shima et al. 1999, 

Stephens et al. 2000, Appenzeller-Herzog & Hauri 2006 and refs. therein), since 

the main function of COPI vesicles is generally thought to be to mediate 

retrograde transport from the Golgi and VTCs to the ER (Orci et al. 1997, 

Bethune et al. 2006).  

In addition to COPII and COPI mediated transport, also COP-free tubular 

extensions between the ER and the Golgi may have role in ER-to-Golgi transport 

(Mironov et al. 2003, Vivero-Salmeron et al. 2008). 

2.3.2 Intra-Golgi transport 

Vesicle transport model 

The vesicle transport model, which is also known as the vesicular shuttle model 

or the stable compartments model, postulates that maturing cargo in the Golgi is 
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transported via vesicles between stable compartments (Palade 1975, Rothman & 

Wieland 1996, Orci et al. 1997). In this model anterograde traffic comprises 

mainly of cargo transport and retrograde transport from recycling of the proteins 

required for the anterograde cargo transport. Both anterograde and retrograde 

transport are mediated by COPI vesicles (reviewed in Bethune et al. 2006). The 

mechanism that distinguishes these is unclear, but at least three different kinds of 

coat compositions (Wegmann et al. 2004) and a variety of potential “address 

molecules”, such as golgins, COGs (conserved oligomeric complexes) and v-

SNAREs (soluble NSF attachment protein receptors), have been recognized thus 

far (reviewed in Bethune et al. 2006, Pfeffer 2007). The vesicle transport between 

cisternae is thought to occur via crosscurrent or countercurrent flow (Rothman & 

Wieland 1996). In the crosscurrent flow, anterograde transport of vesicles 

proceeds from previous cisternae to following ones, while retrograde transport to 

the ER occurs directly from any stage of the Golgi. In the countercurrent flow 

both antero- and retrograde transport occur between parallel cisternae. 

Existence of vesicle concentrate at the proximity of the rims of the cisternae 

(Palade 1975, Ladinsky et al. 1999) and evidence of cargo proteins (Orci et al. 
1997, Nickel et al. 1998, Pepperkok et al. 2000, Lanoix et al. 2001) and Golgi 

enzymes within the vesicles (Lanoix et al. 2001, Martinez-Menarguez et al. 2001, 

Malsam et al. 2005) supports the vesicle transport model. However, a lot of 

contradictory data exists. Several tested cargo proteins and enzymes are actually 

absent from the separated vesicle structures (reviewed in Mironov et al. 2005). 

The transport of large cargo e.g. procollagen whose aggregates have length of 

~300 nm in vesicles having diameter of 50–80 nm is problematic (Bonfanti et al. 
1998). The dilemma of large cargo has been, however, explained by competeting 

intra-Golgi transport models that are introduced in the next chapters. 

Formation of COPI coat is analogous to formation of COPII and clathrin 

coats. First a small cytosolic GTPase, Arf1, bound to GDP is recruited to the 

Golgi membrane by p23/p24 complex (Gommel et al. 2001, Majoul et al. 2001, 

Contreras et al. 2004). At the vicinity of the membrane GBf1 (Zhao et al. 2002, 

Niu et al. 2005), or another Sec7 domain containing guanine nucleotide exchange 

factor (GEF), induces exchange of bound GDP to GTP (Chardin et al. 1996, 

Bethune et al. 2006). Arf1-GTP dissociates from p23, and Arf1-GTP/p24 forms a 

priming complex that recruits cytosolic coat components i.e. coatomers as a 

heterotetramer (Hara-Kuge et al. 1994, Bethune et al. 2006). Nine coatomer 

protein components: α, β, γ1, δ, β´, ε, ζ1 ,γ2 and ζ2 (revieved in Bethune et al. 
2006) are known to compose at least three different types of heterotetramers 
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(Wegmann et al. 2004). The coat is stable until Arf1 hyrolyses the bound GTP 

(Tanigawa et al. 1993). The hydrolysis is catalyzed by one of the ArfGAP 

proteins: ArfGAP1 (Cukierman et al. 1995), ArfGAP2 (Randazzo 1997) or 

ArfGAP3 (Liu et al. 2005). ArfGAPs are curvature sensitive proteins that achieve 

maximal stimulation when the membrane they bound is curved in a way which is 

correlative to COPI vesicles (Bigay et al. 2003, Bigay et al. 2005). However, it is 

not clear whether disassembly occurs after or during the budding. The 

disassembly of the COPI coat, similarly to other coat structures, is required for 

the fusion of the vesicle with acceptor membranes. 

Cisternal maturation model  

According to the cisternal maturation model, cargo proteins are transported 

forward and simultaneously processed within maturing cisternae. The maturation, 

from cis- to medial- and then to trans-cisternae and the TGN, is driven by COPI 

vesicles that retrieve Golgi enzymes from later and more “matured” cisternae to 

earlier ones (Beams & Kessel 1968, Franke et al. 1971, Saraste & Kuismanen 

1984, Bannykh & Balch 1997, Mironov et al. 1997, Glick & Malhotra 1998, 

Pelham 1998, Martinez-Menarguez et al. 2001).  

The observation that large cargo, such as algae cell surface scales, which are 

~150 – 1600 nm in diameter (Becker & Melkonian 1996), and procollagen, which 

forms ~300 nm long stable aggregates (Brodsky & Ramshaw 1997), are excluded 

from COPI vesicle structures and remain within cisternea during their traverse 

through the Golgi stack (Becker & Melkonian 1996, Bonfanti et al. 1998), 

strongly supports the existence of the maturation model. In addition, the 

maturation of the Golgi cisternae has recently been demonstrated in at least three 

distinct studies with live microscopy of yeast cells (Wooding & Pelham 1998, 

Losev et al. 2006, Matsuura-Tokita et al. 2006). These studies show that in the 

distribution of the cisternae, resident membrane proteins do change over the time 

from cis- to trans-Golgi proteins. The maturation model alone, however, is unable 

to provide an explanation for different secretion rates of different cargo proteins 

detected in some (Bonfanti et al. 1998) but not all experiments (Mironov et al. 
2001).  
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Tubular model 

According to the third and the newest model proteins and other cargo within the 

Golgi are transported via tubular connections between adjacent cisternae 

(Weidman 1995, Mironov et al. 1997, Griffiths 2000). The existence of the 

connections between cisternae was described already in the 1980s (Tanaka et al. 
1986, Cooper et al. 1990, Rambourg & Clermont 1990), but at that time they 

were often regarded only as fixation artefacts. The tubular model provides a 

potential explanation for anterograde protein transport within the Golgi, which 

cannot be fully explained by COPI vesicles. Transport of large cargo (e.g. 

procollagen > 300 nm) via vesicles is problematic, and according to various 

reports enriched COPI vesicles also lack most of tested cargo proteins as well as 

Golgi resident enzymes (reviewed in Mironov et al. 2005). Thus, the role of COPI 

vesicles as cargo or enzyme transporters is rather questionable. The tubular model, 

instead, allows a rapid flow of large, but also smaller cargo or enzymes between 

cisternae (Mironov et al. 2003). According to the recent findings tubule mediated 

retrograde transport may also be possible (Vivero-Salmeron et al. 2008). 

The mechanism of tubular tranportation is unclear, but it is thought to occur 

via transient tubules that undergo constant fusions and scissions at the pheriphery 

of cisternae (Weidman 1995, Mironov et al. 1997). Another view suggests a “gut” 

like organization (Griffiths 2000). According to this, the whole secretory pathway 

from the ER to the TGN is organized as a single continuum with two gates, one 

being between the ER and the cis-Golgi and another between the trans-Golgi and 

the TGN. The empowering of the flow is unclear, but in both models it can be 

driven, for instance, by a gradient change of lipids, salts or pH (Mironov et al. 
2005) or by constrictions of tubules that could be driven by local lipid metabolism 

(Shemesh et al. 2003) or by unknown matrix proteins.  

Combined model 

The three introduced intra-Golgi transport models need not be mutually exclusive. 

Since a lot of supporting data for each of them has been collected, the model that 

they may coexist or be cell type dependent (Mironov et al. 1997, Glick & 

Malhotra 1998) is getting more and more popular. The model of three different 

mechanisms acting in conjunction is often called the combined model. 
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2.3.3 Post-Golgi transport 

The trans-Golgi network (TGN) functions as a traffic hub in the crossroads of the 

endocytic and the exocytic pathways. Proteins and lipids received from 

anterograde and retrograde direction are sorted there to the apical and basolateral 

plasma membrane, early/sorting endosomes, recycling endosomes, late 

endosomes, the Golgi stack, secretory granules, and to other specialized 

organelles in some specialized cells (Griffiths & Simons 1986, Rodriguez-Boulan 

& Müsch 2005, Bonifacino & Rojas 2006, De Matteis & Luini 2008).  

Due to the multiple destinations on the hand the complexity of the post-Golgi 

transport is stunning. Several pathways exist to both anterograde and retrograde 

directions, but only some components of the transport machineries are shared 

(Bonifacino & Rojas 2006). The diversity of the pathways involving the TGN 

also applies to membrane carrier structures, which can exhibit vesicular, tubular, 

or pleiomorphic shapes, and can be derived from the TGN, endosomal 

membranes and the plasma membrane (Rodriguez-Boulan & Müsch 2005, 

Bonifacino & Rojas 2006, De Matteis & Luini 2008). Additionally, some proteins 

are able to follow multiple pathways, whereas some show more limited mobility 

and are strictly dependent on one specific pathway (Bonifacino & Rojas 2006). 

The best understood post-Golgi transport mechanism in mammalian cells is 

that involved in the recycling of cation dependent and cation independent 

mannose-6-phosphate 7  receptors (CD- and CI-MPRs) (Ghosh et al. 2003). 

Enzymes tagged with mannose-6-phosphate, usually acid hydrolases, associate 

with MPRs in the late-Golgi. The resulting complexes are packed to carrier 

vesicles that fuse with early or late endosomes, where the enzyme-MPR 

complexes dissociate due to acidic pH (Gonzalez-Noriega et al. 1980). After 

dissociation MPRs are recycled back to the TGN and lysosomal enzymes are 

destined for lysosomes (Bonifacino & Rojas 2006). 

The transport cycle of MPRs between the TGN and endosomes is not fully 

understood, but it has been shown to involve at least clathrin, which forms coat 

structures both in the TGN and endosomes (Saint-Pol et al. 2004, Bonifacino & 

Rojas 2006). The transport of MPRs from the TGN to endosomes involves also 

Golgi associated – gamma adaptin ear containing – ARF binding proteins (GGAs) 

(Doray et al. 2002) and heteromeric adaptor protein 1 (AP1) (Wan et al. 1998) 

                                                        
7 P-Man8GlcNAc2-Asn, where P denotes to inorganic phosphate, i.e. H2PO4

-. 
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that interact together and pack MPRs and the cargo bound to them into AP1 and 

clathrin containing vesicles (Doray et al. 2002). The recycling of MPRs from 

endosomes to the TGN requires the action of phosphofurin acidic-cluster-sorting 

protein 1 (PACS1) (Wan et al. 1998), which recruits CI-MPRs and other cargo8 

into clathrin coated recycling vesicles by interacting with AP1 (Crump et al. 
2001). A multiprotein complex named the retromer (Bonifacino & Rojas 2006, 

Collins 2008), a small GTPase named rab9 (Lombardi et al. 1993, Pfeffer 2003) 

and a tail interacting protein of 47 kDa (TIP47)(Diaz & Pfeffer 1998) have been 

shown to participate in the selection of retrograde cargo in endosomes, although, 

it remains unclear whether they act cooperatively with PACS1 and AP1 or not. 

The retrograde transport of MPRs is also dependent on epsin related clathrin 

adaptor (epsinR) (Saint-Pol et al. 2004), which drives membrane curvature for 

vesicle budding (Ford et al. 2002, Saint-Pol et al. 2004), and dynamin, a large 

spiral-shaped GTPase oligomer, which generates a mechanical force for the 

tubulation and vesicle scission on the surface of endosomes (Nicoziani et al. 2000, 

Praefcke & McMahon 2004).  

2.3.4 Fusion of membrane structures 

Most of the mechanisms mediating membrane fusion are elucidated in studies 

with vesicles or vesicular compartments. These mechanisms may, however, be 

applicable also to fusion events of other kind of membrane structures, such as 

tubular extrusions or VTCs (Chapters 2.3.1 & 2.3.2). 

In the vesicle transport cycle, budding and scission from the donor membrane 

are followed by uncoating, which is triggered by hydrolysis of GTPase bound 

GTP within the vesicle coat structures (Tanigawa et al. 1993, Yoshihisa et al. 
1993, Bonifacino & Glick 2004). Detached coat proteins are then recruited to 

another cycle of vesicle formation and the uncoated vesicle is transported to the 

proximity of an acceptor organelle, where the vesicle becomes tethered to the 

target membrane by membrane associated Rab GTPases and long, generally 

coiled coil shaped tethering factors9 (Bonifacino & Glick 2004, Sztul & Lupashin 

2006).  

                                                        
8 e.g. furin 
9 e.g. cis-Golgi resident tethering factor, giantin: MW ~400 kDa, length 250 nm (Linstedt et al. 1995) 
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The tethering to the target membrane is not obligatory for vesicle fusion 

(Weber et al. 1998, Hu et al. 2003), but it has been shown to enhance vesicle 

docking, which is mediated by a set of membrane specific SNAREs (Söllner et al. 
1993, Rothman 1994). In the docking, one R-SNARE and three Q-SNAREs form 

a stable four α-helix bundle, a trans-SNARE complex (Fasshauer et al. 1998, 

Sutton et al. 1998) that initiates the fusion of the vesicle and the acceptor 

membrane (Hanson et al. 1997, Weber et al. 1998, Chen & Scheller 2001). The 

R-SNARE, which provides arginine to the highly conserved ionic 0 layer at the 

center of the trans-SNARE complex, is usually provided for the complex by the 

trafficking vesicle. A heterodimeric or trimeric group of Q-SNAREs that provide 

glutamines to the ionic 0 layer, in turn, are often provided for the complex by the 

acceptor membrane (Fasshauer et al. 1998). After fusion the SNARE complex 

adopts a cis-conformation, which is required for dissociation. The dissociation of 

the cis-SNARE complex is initiated by subsequent binding of soluble NSF 

association protein (α-SNAP) (Clary et al. 1990) and NSF (Glick & Rothman 

1987, Bonifacino & Glick 2004) that dissociates the cis-complex by hydrolysing 

ATP (Mayer et al. 1996). The mechanism of dissociation is not clear, but ATP 

hydrolysis is thought to generate the energy for NSF to untwist the four-helix 

bundle (May et al. 1999, Yu et al. 1999). Recently, it has also been suggested that 

the ionic 0 layer, which is composed of one arginine provided by an R-SNARE 

and three glutamines provided by Q-SNAREs, may facilitate the dissociation 

(Scales et al. 2001). After the dissociation of the cis-SNARE complex, SNAREs 

associated with trafficking vesicles are kept inactive and recycled back to donor 

membranes for another cycle (Bonifacino & Glick 2004). 

2.4 Protein sorting in the Golgi 

Sorting of proteins and lipids in the secretory pathway reaches a distinctively high 

level of complexity and sophistication at the Golgi, where the newly synthesized 

or recycled proteins and lipids are directed to multiple destinations, such as the 

ER, different kind of endosomes, the apical and basolateral plasma membranes, 

secretory granules and other cell type dependent specialized organelles (reviewed 

in Griffiths & Simons 1986, Rodriguez-Boulan & Müsch 2005, Bonifacino & 

Rojas 2006, De Matteis & Luini 2008). Additionally, some sorting occurs also 

within the Golgi stack between cis-, medial- and trans-cisternae (Füllekrug & 

Nilsson 1998, Paroutis et al. 2004, Pfeffer 2007). Succesful sorting is a 

prerequisite for normal function of the cell, but also for many Golgi resident 
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processes. For instance, a minor localization change of a single glycosylation 

enzyme from the medial-Golgi to the trans-Golgi can alter glycosylation output 

significantly (Skrincosky et al. 1997). Some of the known sorting mechanisms are 

introduced in following chapters. 

2.4.1 Golgi-to-ER sorting 

Despite of the high fidelity of the sorting in the ER some unfolded or normally 

ER resident proteins can occasionally escape to the Golgi. Soluble ER proteins 

are returned to the ER on the basis of their C-terminal KDEL (Lys-Asp-Glu-Leu) 

signal peptide, which is recognized by two KDEL-receptors, KDELR1 and 

KDELR2 (Pelham 1988, Lewis & Pelham 1992a, Lewis & Pelham 1992b, Pfeffer 

2007). Many ER transmembrane proteins, including KDEL-receptors, contain a 

dilysine retrieval signal KKXX (where X is any aminoacid) at their C-terminal 

cytoplasmic tail (Nilsson et al. 1989, Jackson et al. 1990, Jackson et al. 1993). 

Most unfolded proteins do not contain any specific signals, but are recognized by 

luminal chaperones that carry a KDEL signal (Yamamoto et al. 2001). 

The Golgi-to-ER retrieval mechanism for the KDEL-receptor is quite well 

understood. Cargo binding triggers an aggregation of KDEL-receptors (Majoul et 
al. 1998), which may lead to recruitment of protein kinase A to phosphorylate 

serine 209 in the cytosolic tail of the KDEL-receptor (Cabrera et al. 2003, Pfeffer 

2007). The phosphorylation, in turn, is thought to facilitate the packing of KDEL-

receptors and KDEL-receptor bound cargo into COPI vesicles (Cabrera et al. 
2003). The packing process involves functions of Arf1, ARFGAP and members of 

p24 cargo receptor family (Majoul et al. 2001). 

2.4.2 Sorting within the Golgi stack 

Sorting within the Golgi stack between cis-, medial- and trans-cisternae is perhaps 

the worst understood sorting process in the secretory pathway. This is partly due 

to the uncertainty of the mechanisms involved in the intra-Golgi transport in 

general (Chapter 2.3.2) and the fact that no common Golgi retention or targeting 

signals have been identified. However, because the localization of many Golgi 

proteins is sensitive to Golgi pH dissipation (Zhang et al. 1996, Axelsson et al. 
2001, Bachert et al. 2001, Puri et al. 2002, Schaub et al. 2006, Schaub et al. 
2008), it has been suggested that the descending pH gradient within the Golgi is 

somehow coupled to formation of an overlapping distribution of Golgi enzymes 
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(Axelsson et al. 2001, Paroutis et al. 2004). This may involve, for instance, pH 

sensitive oligomerization or kin recognition (Chapter: Kin recognition model).  

Another factor that may have a role in intra-Golgi protein sorting is the Golgi 

lipid membrane, whose composition changes in cis- to trans-direction. Cis-Golgi 

membranes contain less cholesterol and sphingolipids than trans-Golgi 

membranes and are thus generally thinner or occupied by fewer cholesterol rich 

membrane thickenings, i.e. membrane microdomains10, than trans-Golgi cisternae 

(Orci et al. 1981, Munro 2003). This, according to lipid bilayer sorting model 

(Chapter: Lipid bilayer sorting model), leads to accumulation of proteins with 

shorter transmembrane sequence to the cis-Golgi, where the lipid membrane is 

thinner, and proteins with longer transmembrane sequences to the trans-Golgi or 

the membrane microdomains, where the lipid membranes are thicker (Munro 

2003).  

Sorting within the Golgi can also be dependent on cytosolic components such 

as Golgi matrix proteins (Barr et al. 1997, Shorter et al. 1999), or specialized 

Golgi specific sorting elements such as conserved oligomeric Golgi (COG) 

complexes (Chapter: Conserved oligomeric Golgi complex). Several members of 

the p24 cargo receptor protein family have been shown to form complexes with 

GRASPs that in turn interact directly with a set of various Golgi matrix associated 

golgins (Barr et al. 1997, Shorter et al. 1999) and may thus anchor the cargo 

receptors to their correct positions. COG complexes, instead, participate either in 

retrograde COPI vesicle tethering or intra-Golgi trafficking (Smith & Lupashin 

2008).  

Oligomerization / Kin recognition model 

Originally the oligomerization / kin recognition model postulated that Golgi 

glycosyltransferases form homo- or hetero-oligomers that are too bulky to enter 

transport vesicles and thus prevent their exit form the Golgi (Machamer 1991, 

Nilsson et al. 1993b). To explain the model Machamer suggested that Golgi 

membranes or other physiological conditions in the Golgi trigger an aggregation 

that causes gathering of glycosyltransferases to bulky oligomers (Machamer 

1991). Nilsson and colleagues, instead, suggested that the oligomerization is more 

likely dependent on highly specific interactions between glycosylation enzymes 

                                                        
10 an alternative term is lipid raft 
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(Nilsson et al. 1993b). However, since the model of intra-Golgi transport has been 

under the influence of new insights (Chapter 2.3.2), it is widely agreed nowadays 

that mere bulkiness may not be enough to prevent export from the Golgi. Despite 

that, the oligomerization model is not outdated. Many studies have shown that 

oligomerization of glycosyltransferases and other Golgi resident proteins 

improves their Golgi localization (Swift & Machamer 1991, Weisz et al. 1993, 

Nilsson et al. 1994, Teasdale et al. 1994, Locker et al. 1995, Yamaguchi & 

Fukuda 1995, Chen et al. 2000, Opat et al. 2001), although the explanations and 

exact mechanisms for this are missing. The improved Golgi localization may 

simply be related to higher number of available retention or retrieval signals in 

complexes compared to single proteins (Opat et al. 2001). 

The first direct evidence of oligomerization or kin recognition of 

glycosylation enzymes was obtained with two medial-Golgi enzymes, 

N-acetylglucosaminyltransferase I (GlcNAc-TI) and mannosidase II (ManII). 

GlcNAc-TI tagged with ER retention motif retained also the non-tagged ManII to 

the ER (Nilsson et al. 1994). Since then several glycosyltransferases, such as 

β1,4-galactosyltransferase I (Teasdale et al. 1994, Yamaguchi & Fukuda 1995), 

α2,6-sialyltransferase I (Colley 1997, Chen et al. 2000, Qian et al. 2001, Fenteany 

& Colley 2005), β1,6-N-acetylglucosaminyl transferase V (Sasai et al. 2001) and 

many others, have been shown to form non-covalent or disulfide bridge based 

covalent dimers and oligomers.  

Despite of the topological similarity of the Golgi glycosyltransferases the 

oligomerization of different transferases is dependent on different domains. 

Additionally, there seems to exist a common organizational difference between 

oligomerization of medial- and trans-Golgi glycosyltransferases. Medial-Golgi 

glycosyltransferases and glycosylation enzymes are generally in high molecular 

weight hetero complexes and utilize the stem (Nilsson et al. 1996) or the catalytic 

region at the luminal domain for oligomerization (Opat et al. 2000), whereas the 

trans-Golgi glycosyltransferases exist mostly as homodimers and monomers 

(Opat et al. 2000, Opat et al. 2001, Young 2004) and utilize both the 

transmembrane and the luminal domains for dimerization (Colley 1997, Chen et 
al. 2000, Fenteany & Colley 2005).  

Lipid bilayer sorting model 

According to the lipid bilayer sorting model transmembrane proteins localize to 

organelles, where the thickness of the membrane matches to the length of the 
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transmembrane spanning sequence (Bretscher & Munro 1993, Masibay et al. 
1993). The model is based on the following findings. Firstly, the content of 

cholesterol, which thickens lipid membranes (Levine & Wilkins 1971, Nezil & 

Bloom 1992), increases from the ER to the Golgi and to the plasmamembrane 

(Orci et al. 1981). Secondly, the transmembrane spanning sequences of the Golgi 

resident proteins are on an average five aminoacids shorter than the 

transmembrane spanning sequences of the plasma membrane resident proteins 

(Bretscher & Munro 1993, Masibay et al. 1993, Munro 1998). Thirdly, increased 

length of the membrane spanning sequences of Golgi resident proteins11 leads to 

increased cell surface expression (Bretscher & Munro 1993) and, correspondingly, 

decreased length of the membrane spanning sequences of the plasmamembrane 

resident proteins12 reduces the cell surface expression of plasmalemmal proteins 

(Sivasubramanian & Nayak 1987). Based on these findings the lipid bilayer 

sorting model postulates that the transmembrane proteins travel freely on the 

membranes until they arrive in a region where the thickness of the membrane 

matches the length of their membrane spanning sequence(s). A residence at such a 

region is thought to have the lowest potential energy and thus to be the most 

favourable place for a transmembrane spanning protein to localize.  

The model works at least in biologically passive, synthetic lipid membranes, 

where it has been shown that addition of cholesterol is able to regulate insertion 

of transmembrane domains (Ren et al. 1997). In live cell systems, however, the 

lipid bilayer model has been proven to be insufficient to explain several aspects in 

Golgi targeting. For instance, increased length of ST6Gal I membrane spanning 

sequence is unable to induce increased surface expression in COS-1 cells (Dahdal 

& Colley 1993). In another experiment the GlcNAcTI lacking the transmembrane 

and cytoplasmic domains was shown to be retained in oligomers before secretion 

(Opat et al. 2000). These kinds of results strongly indicate existence of other, 

separately functioning, Golgi retention mechanisms such as the 

“oligomerization/kin recognition” model introduced in the previous chapter. 

                                                        
11 β1,4-galactosyltransferase, EC 2.4.1.38; α2,6-sialyltransferase, EC 2.4.99.1 
12 Influenza virus neuraminidase, EC 3.2.1.18 
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Conserved oligomeric Golgi complex 

The conserved oligomeric Golgi (COG) complex is a peripheral multisubunit 

Golgi protein complex that has been shown to participate in maintaining correct 

Golgi localization of several type II transmembrane proteins including, for 

instance, mannosidase II (ManII), α2,3-sialyltransferase 1 (ST3Gal1), 

N-acetylglucosaminyltransferases 1 and 2 (GlcNAcT1 and 2) and β1,4-

galactosyltransferase I (GalT1) (Oka et al. 2004, Wu et al. 2004, Zolov & 

Lupashin 2005, Shestakova et al. 2006, Steet & Kornfeld 2006). The exact 

function of the complex is not known, but according to the latest data the complex 

may act as a tether that connects COPI vesicles with Golgi membranes during 

retrograde intra-Golgi or Golgi-to-ER transport (Vasile et al. 2006, Smith & 

Lupashin 2008). 

The COG complex is composed of eight subunits, which are distributed to A 

and B lobes. In yeast the lobe A contains subunits Cog1p-Cog4p and the lobe B 

contains subunits Cog5p-Cog8p (reviewed in Smith & Lupashin 2008). The lobes 

are connected to each other by Cog1p and Cog8p (Ram et al. 2002, Fotso et al. 
2005). Cog1p, additionally, connects the COG complex to Golgi membranes 

(Smith & Lupashin 2008). The human COG complex is thought to be analogously 

organized (Smith & Lupashin 2008). The crucial role of the COG complex for 

Golgi resident glycosylation has been verified in several studies. Preventing COG 

complex formation, for instance by a truncating mutation or a depletion of an 

essential COG subunit, has been shown to lead to mislocalization of essential 

glycosylation enzymes and hence to altered glycosylation and severe human 

disease states (Oka et al. 2004, Wu et al. 2004, Spaapen et al. 2005, Foulquier et 
al. 2006, Shestakova et al. 2006, Steet & Kornfeld 2006).  

2.4.3 Sorting to post-Golgi structures 

The best characterized sorting mechanisms at the TGN are based on the 

recognition of specific peptide motifs in the cytosolic tails of transmembrane 

cargo or cargo receptor proteins. Proteins carrying tyrosine based (NPXY or 

YXXØ) or dileucine motifs ([DE]XXXL[LI] or DXXLL), for instance, are 

directed to endosomes or the basolateral plasma membrane (Bonifacino & Traub 

2003, Rodriguez-Boulan & Müsch 2005, Rodriguez-Boulan et al. 2005). These 

proteins are recruited to clathrin-coated vesicles in an interplay of different GGAs, 

Arf1-GTP and AP1 (Wan et al. 1998, Doray et al. 2002, Rodriguez-Boulan & 
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Müsch 2005, De Matteis & Luini 2008). Soluble cargo can be recruited to 

endosome directed vesicles, for instance, on the basis of mannose-6-phosphate 

signal glycan, which is recognized by mannose-6-phophate receptor carrying a 

DXXLL signal motif on its cytosolic tail (Ghosh et al. 2003). 

Another sorting mechanism involves formation of protein complexes or 

aggregates (Borgonovo et al. 2006), but the underlaying mechanisms, e.g. how 

the oligomerized or aggregated cargo is packed to membrane carrier structures, 

has remained unclear. The oligomerization, however, can be an intrinsic property 

of the cargo protein (Borgonovo et al. 2006) or be induced by clustering of cargo 

receptors (Hannan et al. 1993, Delacour et al. 2007).  

Some of the TGN specific sorting signals arise also from post-translational 

modifications. O- and N-glycans, for instance, are known to act as recessive 

lumenal signals for apical targeting (Yeaman et al. 1997, Benting et al. 1999). The 

sorting based on them is thought to be dependent either on specific lectin 

receptors such as galectin-3 (Delacour et al. 2007) or proteinaceous interactions 

that promote interactions causing oligomerization/aggregation (Potter et al. 2006). 

Lipidation of proteins, which includes for instance palmitoylation or attachment 

of glycosylphophatidylinositol (GPI) -anchor, enchances the affinity of cargo 

proteins to cholesterol and sphingolipid containing membrane microdomains (or 

lipid rafts), that might provide another means to direct cargo to the apical plasma 

membrane (Simons & van Meer 1988, Schuck & Simons 2004, Greaves & 

Chamberlain 2007). Additionally, the sorting of cargo proteins can be modulated 

by phosphorylation and ubiquitinylation (Bonifacino & Traub 2003, Hinners & 

Tooze 2003, Piper & Luzio 2007). 

2.5 Golgi pH regulation 

The ability of the Golgi apparatus to function correctly is dependent on a mildly 

acidic luminal pH (Paroutis et al. 2004). Perturbation of organelle acidity with 

different drugs has been found to impair at least membrane trafficking (Griffiths 
et al. 1983, Palokangas et al. 1998), protein sorting (Matlin 1986, Caplan et al. 
1987, Ellis & Weisz 2006), and glycosylation of proteins and lipids (Kuismanen 
et al. 1985, Thorens & Vassalli 1986, Gawlitzek et al. 2000, Axelsson et al. 2001, 

Campbell et al. 2001a, Kellokumpu et al. 2002).  

The luminal pH of the secretory pathway decreases gradually from neutral in 

the ER (pH ~7.0) to acidic in the TGN and secretory vesicles (pH 6.0–5.5). The 

Golgi lumen pH is normally around 6.7–6.0, being near neutral in the cis-Golgi 
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and 6.3–6.0 in the trans-Golgi and the TGN (Anderson & Pathak 1985, Wu et al. 
2000, Paroutis et al. 2004). The decrease of the luminal pH towards the end of the 

secretory pathway correlates with simultaneous increase of proton import to the 

luminal side and decrease of proton export to the cytosol. The membrane 

potential, instead, shows only minor changes and remains modest all the way, due 

to relatively high counter ion conductance (Kim et al. 1996, Demaurex et al. 1998, 

Farinas & Verkman 1999, Schapiro & Grinstein 2000, Wu et al. 2001). The 

absence of counter ion conductance, however, can impair organelle acidification 

by preventing proton import (Glickman et al. 1983, Rybak et al. 1997). Therefore, 

it has been suggested that the steady state pH in the Golgi and other organelles in 

the secretory pathway is dictated by a balance of three components: proton import, 

proton export/elimination and counter ion conductance. This balance in each 

organelle is maintained by a specific set of regulatory proteins (Kim et al. 1996, 

Demaurex et al. 1998, Farinas & Verkman 1999, Grabe & Oster 2001, Wu et al. 
2001, Demaurex 2002, Paroutis et al. 2004). These proteins and some potential 

canditates involved in the Golgi pH regulation (Fig. 2) are introduced in the 

following chapters. 

Fig. 2.  Potential factors participating in Golgi pH regulation. The putative main factors 

are proton import, proton export/elimination and counterion conductance, but also 

luminal buffering, membrane trafficking and active cargo proteins are thought to 

influence on the Golgi pH homeostasis. A- and C+ represent undefined anions and 

cations, respectively. 
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2.5.1 Vacuolar H+ATPase mediated proton import 

Vacuolar H+ATPase (V-ATPase, Fig. 3), an ATP powered proton pump, is the 

main acidifyer in the Golgi and elsewhere in the secretory pathway (Forgac et al. 
1983, Nishi & Forgac 2002, Sun-Wada et al. 2004, Jefferies et al. 2008). 

V-ATPase comprises two multi-subunit domains, peripheral V1 and integral V0 

(Nishi & Forgac 2002, Sun-Wada et al. 2004). The cytosolic V1 domain is 

composed of eight subunits, labeled A-H, in a stoichiometry of A3B3CDE2FG2H1-2 

(Arai et al. 1988, Xu et al. 1999, Ohira et al. 2006). In yeasts the integral V0 

domain is composed of six subunits that are labeled a, d, e, c, c´ and c´´. The 

stoichiometry of the V0 complex is adec3c´c´´ (Arai et al. 1988, Powell et al. 
2000). Mammalian V-ATPase lacks c´ subunit, but contains an additional 

glycoprotein, which is named Ac45 (Supek et al. 1994). 

V-ATPase is structurally very similar to F0F1 ATP synthase (F-ATPase, Fig. 3), 

which synthesizes ATP in mitochondria and chloroplasts (Sun-Wada et al. 2004, 

Drory & Nelson 2006, Jefferies et al. 2008). F-ATPase mediated ATP synthesis is 

powered by proton gradient between the mitochondrial intermembrane space and 

the mitochondrial matrix. A flux of protons from the mitochondrial matrix to the 

intermembrane space through F-ATPase complex is thought to cause a rotation of 

the proteolipid c-ring in the F0 domain and the γ subunit in the F1 domain, whose 

movement is required for attaching an inorganic phosphate to ADP (Boyer 1997, 

Noji et al. 1997, Futai et al. 2000, Wada et al. 2000). V-ATPase, instead, utilizes 

ATP to transport protons against the proton gradient and thus has a function 

reverse to that of F-ATPase. Hydrolysis of ATP in a contact region of A and B 

subunits rotates subunits D and F in the V1 domain and subunits d, c, c´ and c´´ in 

the V0 domain. The rotary movement powered by the hydrolysis of a single ATP 

molecule translocates two protons through the V0 domain to the luminal side (Xu 
et al. 1999, Nishi & Forgac 2002, Sun-Wada et al. 2004, Jefferies et al. 2008). 
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Fig. 3. Functional and structural comparison of V- and F-ATPases. V-ATPases utilize 

ATP to transport protons against the proton gradient between the cytosol and the 

Golgi lumen (or the endosomal/lysosomal/vacuolar lumen) whereas F-ATPases utilize 

the proton gradient between the mitochondrial matrix and the intermembrane space to 

produce ATP. Both ATPases are composed of multiple subunits that are organized 

similarly to peripheral (V1/F1, light gray) and integral domains (V0/F0, dark gray). 

Regulation of V-ATPase activity 

The increase of proton import activity towards the end of the secretory pathway is 

thought to reflect increased density of V-ATPases (Demaurex et al. 1998, 

Schapiro & Grinstein 2000, Wu et al. 2001) or their active regulation (Paroutis et 
al. 2004, Sun-Wada et al. 2004, Jefferies et al. 2008). Most of the recent findings, 

however, support the latter view. Currently, four different V-ATPase regulation 

mechanisms are known. The first one involves glucose dependent reversible 

dissociation of V0 domain from the V1 domain. Assembly of the functional 

V-ATPase complex can occur only in the presence of glucose, whereas glucose 

deprivation prevents assembly and also dissociates existing complexes (Kane & 

Parra 2000). The glucose dependent regulation of the V-ATPase assembly has 

been shown to involve aldolase, a glycolytic enzyme that interacts with a, B and E 

subunits (Lu et al. 2004, Lu et al. 2007), and the RAVE complex (regulator of the 

V-ATPase of the vacuolar and endosomal membranes), composed of Skp1, Rav1 
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and Rav2 proteins (Seol et al. 2001), that binds to the E and G subunits and 

interacts with the C subunit (Smardon et al. 2002, Smardon & Kane 2007). The 

disassembly, instead, is dependent on microtubules (Xu & Forgac 2001) and 

independent on the RAVE complex, indicating that assembly and disassembly are 

separately controlled processes. The glucose dependent regulation of V-ATPase 

assembly to a functional complex has been detected in yeasts (Kane & Parra 2000) 

as well as in mammalian kidney cells (Sautin et al. 2005). 

The second regulation mechanism involves reversible disulfide bond 

formation. For instance, a disulfide bond between cysteines 245 and 532 near the 

ATP binding site in A subunit blocks ATP binding and leads to inactivation of the 

V-ATPase (Feng & Forgac 1994). Consistent with this finding, V-ATPases in 

different redox states have been purified from different cellular locations 

(Rodman et al. 1994). 

The third regulatory mechanism involves changes in coupling. The changes 

in coupling may, for instance, be derived from different compositions of the 

V-ATPase complexes. Most V-ATPase subunits have more than two isoforms, 

which enables the existence of complexes that differ structurally and functionally 

(Sun-Wada et al. 2004, Jefferies et al. 2008). 

The fourth mechanism relies on changes in counter ion conductance. Since 

the V-ATPase is electrogenic, it is dependent on the prevailing membrane 

potential, which is dependent on the counter ion conductance (e.g. Cl- and K+, see 

Chapter 2.5.3). The accumulation of the membrane potential in the absence of 

proper counter ion conductance inhibits and finally prevents V-ATPase mediated 

proton import (Glickman et al. 1983, Rybak et al. 1997, Paroutis et al. 2004). 

2.5.2 Proton export/elimination 

The mechanism of proton export/elimination, or proton leakage, from the Golgi 

has not been fully characterized, but it is thought to involve exchange of lumenal 

protons for cytosolic cations, free proton conductivity or elimination of protons 

by base import (Paroutis et al. 2004). The most probable protein candidates that 

are able to mediate these functions are introduced below.  

Na+/H+ exchangers 

Two ubiquitously expressed Na+/H+ exchanger (NHE) isoforms, NHE7 (Numata 

& Orlowski 2001) and NHE8 (Nakamura et al. 2005), have been localized in the 
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Golgi. NHE7 resides predominantly in the TGN (Numata & Orlowski 2001), 

whereas NHE8 can be found mainly at the medial- and trans-Golgi (Nakamura et 
al. 2005). NHEs are integral membrane proteins that mediate electroneutral 

exchange of H+ for Na+ and K+ across the membrane (Bianchini & Poussegur 

1994). Since no external energy source, such as ATP, is utilized, the exchange 

occurs down the net gradient, which means that a high Na+ gradient can drive H+ 

transport against the gradient, if the Na+ gradient is higher than the H+ gradient. 

NHEs are composed of an N-terminal multispanning transmembrane domain, 

which mediates ion exchange, and a large cytosolic C-terminal regulatory domain 

(Wakabayashi et al. 1992, Wakabayashi et al. 2000).  

The evidence supporting the roles of NHE7 and NHE8 in Golgi pH 

regulation and proton export has been obtained from overexpression studies. The 

overexpression of NHE7HA or NHE8-ECF has been shown to increase Na+ and K+ 

influx to the Golgi (Numata & Orlowski 2001) and luminal Golgi pH (Nakamura 
et al. 2005), respectively. Both results indicate indirectly that overexpression of 

the Golgi localizing NHEs leads to increased proton export. 

Proton channels 

The proton leakage from the Golgi may also occur via proton channels. The 

channel protein itself has not been identified, but the characteristics of the H+ 

export from the Golgi are reminiscent of the conductance properties of plasma 

membrane localized H+ channels (Schapiro & Grinstein 2000). Similar to the 

conductance mediated by the channels on the plasma membrane, Golgi H+ export 

can be inhibited with micromolar concentrations of Zn2+ (Cherny & DeCoursey 

1999, Schapiro & Grinstein 2000). However, an interesting feature of the the 

Golgi H+ export is that it is not fully blocked by Zn2+, not even with higher 

concentrations (Schapiro & Grinstein 2000). The existence of this residual and 

Zn2+ resistant H+ conductance may indicate presence of an additional, but 

currently unknown, proton leakage pathway.  

Anion exchanger 2a 

An alternative way for the exchanger or channel mediated proton export to 

eliminate protons from the Golgi lumen, is to import bases and buffering 

compounds (Paroutis et al. 2004). One potential canditate to mediate this is the 

electroneutral HCO3
-/Cl- antiporter, anion exchanger 2a (AE2a or SLC4A2a), 
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which is ubiquitously expressed in all tissues and can be found on the cell 

surfaces as well as on Golgi membranes (Kellokumpu et al. 1988, Alper et al. 
1997, Stuart-Tilley et al. 1998, Holappa et al. 2001, Holappa et al. 2004, Romero 
et al. 2004, Alper 2006). The suggested role in Golgi pH regulation is based on an 

assumption that AE2a has similar functions in the Golgi as it has at the plasma 

membrane, where it participates in the regulation of cytosolic pH, chloride 

concentration and cell volume by mediating bidirectional HCO3
-/Cl- exchange 

(Romero et al. 2004, Alper 2006).  

AE2a belongs to SLC4 gene family, whose members share a common 

structural pattern of three domains. They have a large ~400–700 amino acids long 

cytoplasmic N-terminal domain, a polytopic ~500 amino acids long 

transmembrane domain with 10–14 transmembrane spanning sequences and a 

small ~30–100 amino acids long cytoplasmic C-terminal domain. The third 

exofacial loop in the transmembrane domain is usually the largest and is often 

N-glycosylated (Alper 2006). In humans AE2a is the most abundant of the four 

currently identified AE2 isoforms. The other three isoforms: AE2b1, AE2b2 and 

AE2c differ from AE2a by their N-terminal domains (Romero et al. 2004) and by 

their more limited tissue- and cell-type specific expression in epithelia and 

stomach (Wang et al. 1996, Medina et al. 2000). Currently, it is not fully clear 

whether active AE2 proteins exist only as homodimers or also as homotetramers 

(Zolotarev et al. 1999). 

The role of plasmalemmal AE2a in pH regulation has been shown to involve 

at least the N-terminal and transmembrane domains. Both of them have been 

shown to be important in sensing and regulating intra- and extracellular pH 

(Stewart et al. 2001, Stewart et al. 2002, Stewart et al. 2004, Stewart et al. 2007a, 

Stewart et al. 2007b, Stewart et al. 2008). The mechanism by which the 

N-terminal domain senses intracellular pH changes is unknown, but it may 

involve, for instance, pH dependent blocking of regions in the transmembrane 

domain that are mediating HCO3
-/Cl- transport. However, the pH sensing 

mechanism of the transmembrane domain is better understood. It is thought to 

involve multiple transmembrane residues, often histidines, that are able to 

undergo protonations and deprotonations in response to intra- and extracellular 

pH alterations. These protonations and deprotonations are thought to cause 

conformational changes that lead to reduced or increased transport of HCO3
- and 

Cl-, respectively (Stewart et al. 2007a, Stewart et al. 2007b). In a recent study it 

was also shown that a putative re-entrant loop in the transmembrane domain may 
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have an additional role in pH sensing and regulation (Stewart et al. 2008). The 

mechanism, however, is not fully understood. 

In addition to the alterations in intra- and extra-cellular pH the activity of 

AE2 may be regulated by phosphorylation. It has been reported that AE2a has one 

highly conserved protein kinase C phosphorylation site and that a phorbol ester 

which activates protein kinase C, stimulates also Cl-/HCO3
- exchange mediated 

by AE2a in rabbit mucous cells (Rossmann et al. 2001). Direct evidence for the 

phosphorylation dependent regulation, however, is still missing. 

The interactions of AE2 with carbonic anhydrases may also be important in 

pH regulation. It has been shown that the transmembrane domain contains a 

luminal/extracellular binding site for carbonic anhydrase IV (Sterling et al. 2002), 

and that the cytosolic C-terminal domain contains a binding site for cytoplasmic 

carbonic anhydrase II (Vince & Reithmeier 1998, Vince & Reithmeier 2000). 

Together, carbonic anhydrase II, carbonic anhydrase IV and AE2 are thought to 

form a bicarbonate metabolon (Sterling et al. 2002). Currently, however, it is not 

known whether the Golgi lumen contains carbonic anhydrase IV. 

2.5.3 Counterion conductance 

Counterion conductance, which comprises influx of anions or efflux of cations, 

maintains the organelle membrane potential low and favourable for normal 

activity of electrogenic V-ATPase (Glickman et al. 1983, Rybak et al. 1997, 

Paroutis et al. 2004). The absence of counterion conductance in the presence of 

V-ATPase activity leads to accumulation of membrane potential, which in turn 

leads to inhibition of V-ATPase activity and to limited organelle acidification 

(Glickman et al. 1983). Therefore, it has been suggested that the counterion 

conductance may have a central role in the pH regulation of some organelles 

(Rybak et al. 1997). However, counterion conductance limited organelle pH 

regulation can occur only in the presence of low conductivity, which is typical, 

for instance, for endosomes (Rybak et al. 1997, Hara-Chikuma et al. 2005a, Hara-

Chikuma et al. 2005b). Estimations of the counterion conductivity of the Golgi, 

conversely, have mostly indicated high conductivity (Demaurex et al. 1998, 

Schapiro & Grinstein 2000, Wu et al. 2001, Demaurex 2002). In the presence of 

high conductivity the counterion conductance cannot act as a primary factor that 

limits acidification, but rather exist as an indispensable “background component” 

that enables normal pH regulation by preventing formation of a too high 

membrane potential (Rybak et al. 1997, Demaurex et al. 1998, Schapiro & 
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Grinstein 2000, Wu et al. 2001, Demaurex 2002). The indentified counterion 

channels and some potential candidates that are able to mediate counterion 

conductivity in the Golgi are introduced in next chapters. 

GPHR/GOLACs 

One potential protein to regulate counterion conductance is a recently identified 

anion channel, Golgi pH regulator (GPHR)(Maeda et al. 2008). GPHR was found 

in mutant cells in a screening study on the basis of a phenotype that showed 

reduced secretion rate, alterations in N- and O-glycosylation and increased 

luminal Golgi pH (Maeda et al. 2008). A significant role of GPHR for the Golgi 

functions and the Golgi acidification was also confirmed by GPHR specific 

siRNA treatment. The treatment caused a similar, but somewhat milder, 

phenotype than that of the mutant cells (Maeda et al. 2008). 

GPHR shares some physiological properties with two other earlier 

characterized Golgi localized anion channels, GOLAC-1 (Nordeen et al. 2000) 

and GOLAC-2 (Thompson et al. 2002), which have not been identified at the 

molecular level. All three channels have 5–6 conductance states that are mostly 

open, allowing high counterion conductance. Additionally, GPHR is, like 

GOLAC-2, dependent on voltage, sensitive to DIDS and pH insensitive. Also 

their relative permeabilities to different anions are very similar. The relative Cl- to 

K+ selectivity13, however, is more like that of GOLAC-1 (Caldwell & Howell 

2008, Maeda et al. 2008). Thus, it has been suggested that GOLAC-1, GOLAC-2 

and GPHR may actually be the same protein, and that the earlier characterised 

differences of GOLAC-1 and GOLAC-2 represent different regulation of the 

same channel (Caldwell & Howell 2008).  

Other potential counter ion channels and transporters  

The group of other potential counterion channels contains several anion channels, 

such as a cystic fibrosis transmembrane conductance regulator (CFTR) (Barasch 
et al. 1991, Barasch & al-Awqati 1993), a mid-1-related chloride channel (MClC) 

(Nagasawa et al. 2001) and voltage gated chloride channels (ClCs) (Schwappach 
et al. 1998, Jentsch et al. 1999, Gentzsch et al. 2003, Jentsch 2007). CFTR is a 

                                                        
13 PCl/PK permeability ratio 2.8 ± 1.3 (mean ± S.D.) (Maeda et al. 2008) 
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cAMP (cyclic AMP) regulated chloride channel, which localizes to the trans-

Golgi, the TGN, endosomes and prelysosomes (Barasch et al. 1991). A mutation 

in the CFTR gene in cystic fibrosis has been associated with defective 

acidification of the lumens of these organelles (Barasch et al. 1991, Barasch & al-

Awqati 1993), but the result is controversial, since it has not been succesfully 

repeated (Biwersi & Verkman 1994, Seksek et al. 1996, Machen et al. 2001). 

MClC is an anion channel or an activator of anion channels that localizes to the 

ER, the Golgi and the nucleus (Nagasawa et al. 2001). However, its role in Golgi 

pH regulation awaits confirmation. ClCs, instead, comprise a large family of 

voltage gated chloride channels, whose members are often required for proper 

acidification of intra-cellular organelles (Jentsch et al. 1999, Jentsch 2007). Thus 

far two ClCs, ClC-3B in mammalian cells (Gentzsch et al. 2003) and Gef-1 in 

yeasts (Schwappach et al. 1998), have been found on Golgi membranes, but their 

role in the Golgi pH regulation remains to be confirmed. 

In addition to anion conductivity Golgi membranes are also highly permeable 

to K+, although the channel itself remains to be identified at the molecular level 

(Schapiro & Grinstein 2000). Some of the K+ conductivity may be 

GPHR/GOLAC-1 mediated (Nordeen et al. 2000, Maeda et al. 2008), but due to 

high permeability, it is also likely that other K+ conductive channels exist in the 

Golgi.  

2.5.4 Other factors that may affect Golgi pH 

In addition to the proteins introduced above other factors such as cargo transiting 

through the Golgi, vesicle transport and luminal buffering may also affect Golgi 

pH (Paroutis et al. 2004). Since the Golgi locates in the center of the secretory 

pathway, it is constantly exposed to the transit of multiple transporter and 

channels proteins destined to endosomes, lysosomes and the plasmamembrane. 

Some of the transiting proteins are fully active from their early biosynthesis 

(Ruetz et al. 1993, Paroutis et al. 2004), and thus have been thought to cause 

background noise to the Golgi pH.  

The contribution of vesicle transport in Golgi pH regulation is also based on 

the central role of the Golgi at the crossroads of the secretory and endocytic 

pathways. The Golgi constantly receives material from anterograde and 

retrograde directions that is carried by vesicles, tubules or pleimorphic membrane 

formations (Chapter 2.3). The vesicles from the endosomal compartments bring 

acid loads and the vesicles, or pleiomorphic membrane structures, from the ER 
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bring alkaline loads to the Golgi. If for some reason, one pathway overruns the 

other, the Golgi pH is exposed to an increased acid or alkaline load, which may 

alter Golgi pH (Paroutis et al. 2004). 

The last factor listed, Golgi buffering, is a factor that is thought to reduce 

Golgi pH changes and maintain Golgi homeostasis. Buffering in the Golgi is 

thought to comprise lumenal matrix proteins that are rich of chemical groups with 

suitable pKa-values i.e. groups that protonate and deprotonate around 

physiological Golgi pH, and soluble buffering molecules, such as HCO3
- (Paroutis 

et al. 2004). Additionally, the presence of transporters and exchangers for 

buffering molecules (e.g. AE2a that mediates HCO3
-/Cl- antiport (Kellokumpu et 

al. 1988, Alper et al. 1997, Stuart-Tilley et al. 1998, Holappa et al. 2001), may 

enable active regulation of the buffering capacity and hence also active 

maintenance of the correct Golgi pH.  

2.6 Golgi functions 

In addition to the role as a cellular sorting center (Chapter 2.4) the Golgi 

apparatus is a site of several other important functions. For instance, conventional 

glycosylation and sulfation of proteins and lipids (Varki 1998, Brockhausen 1999, 

Wopereis et al. 2006, Maccioni 2007), protein lipidation (Nadolski & Linder 2007) 

and some branches of lipid biosynthesis (De Matteis & D'Angelo 2007) are 

performed in the Golgi. The Golgi resident glycosylation processes are introduced 

more precisely in the next chapters. 

2.6.1 Glycosylation 

Glycosylation is the most common post-translational modification. It has been 

estimated that more than half of all proteins expressed in eukaryotic cells are 

glycosylated (Apweiler et al. 1999). Glycosylation of lipids is a rarer event. Only 

5% or less of the cellular lipids are glycosylated in non-neural tissues and about 

25% in neural tissues (Hougland et al. 1979, Maccioni 2007). 
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Reaction mechanism 

Glycosyltransferases (EC 2.4.x.y, Chapter 2.7) catalyze transfer of a glycosyl 

moiety from an activated donor to a specific acceptor in an inverting14 (Fig. 4) or 

a retaining 15  (Fig. 5) reaction (Breton et al. 2006). The inverting reaction 

mechanism is better understood and is classified as a bimolecular nucleophilic 

substition or SN2-reaction, whereas the mechanism of the retaining reaction has 

not been elucidated yet. The inverting reaction mechanism is believed to involve 

an acidic amino acid that activates the acceptor hydroxyl group by deprotonation 

and an N-terminal loop structure near the active domain that forms a closing lid. 

The closure of the lid is thought to cause a conformational change in the donor 

substrate and generate a binding site for the acceptor substrate. The mechanism 

often, but not always, involves a divalent cation, generally Mn2+ or Mg2+, that acts 

as a catalyst and participates also in substrate binding (Murray et al. 1996, 

Lariviere et al. 2003, Breton et al. 2006, Qasba et al. 2008).  

The potential donors in the glycosylation reactions mediated by 

glycosyltransferases (EC 2.4.x.y) are limited to nucleoside diphosphosugars16, 

nucleoside monophosphosugars17 , or lipid phosphosugars18 , and the potential 

acceptors are usually different kinds of elongating or branching oligosaccharides, 

but can also be monosaccharides as well as specific proteins or lipids (Breton et al. 
2006, Varki et al. 2007). The concentrations of the donors and acceptors are 

thought to be at a low millimolar range based on affinities of glycosyltransferases 

measured in in vitro studies (Varki et al. 2007, Brenda enzyme databank, 

http://www.brenda.uni-koeln.de/).  

 

                                                        
14 β-linkages 
15 α-linkages 
16  UDP-galactose, UDP-N-acetylgalactosamine, UDP-N-acetylglucosamine, UDP-glucose, UDP-
xylose, UDP-glucuronic acid, GDP-fucose, GDP-mannose 
17 CMP-Sia 
18 dolichol-P-glucose, dolichol-P-mannose, dolichol-P-glucose3-mannose9-N-acetylglucosamine2 
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Fig. 4. Simplified reaction diagram for inverting glycosylation reaction. The reaction, 

in this case β1,4-galactosylation, is mediated by β1,4-galactosyltransferase (GalT1, EC 

2.4.1.38), which transfers galactose (Gal) from UDP-Gal to a terminal 

N-acetylglucosamine (GlcNAc). The acceptor substrate in the figure is a synthetic 

N-linked N-acetylglucosamine. The inverting reaction mechanism is classified as a 

bimolecular nucleophilic substition or SN2-reaction (Qasba et al. 2008, Brenda 

enzyme databank, http://www.brenda.uni-koeln.de/). 

 



 50

Fig. 5. Simplified reaction diagram for retaining glycosylation reaction. The reaction, 

in this case α2,3-sialylation, is mediated by α2,3-sialyltransferase (ST3Gal III, EC 

2.4.99.6), which transfers sialic acid (Sia) from CMP-Sia to a terminal galactose. The 

acceptor substrate in the figure is a synthetic N-linked galactosyl-β1,4-N-

acetylglucosamine. Currently, the exact mechanism of retaining reaction is unclear 

(Baum et al. 1996, Brenda enzyme databank, http://www.brenda.uni-koeln.de/). 

N-glycosylation 

N-linked glycosylation (Fig. 6) is initiated on the cytosolic side of the ER 

membranes, where the first glycosyl moiety, N-acetylglucosamine phosphate 

(GlcNAc-P), is transferred there from UDP-GlcNAc to a lipid glycosyl carrier, 

dolichol phosphate (Dol-P), by GlcNAc-1-phosphotransferase (Schenk et al. 
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2001). The assembly continues on the cytosolic side with an addition of another 

GlcNAc and five mannose residues in a sequential manner to generate 

Man5GlcNAc2-PP-Dol (Helenius & Aebi 2002). The oligosaccharide intermediate 

is then translocated across the ER membrane to the lumenal side via a mechanism 

that is not completely understood (Abeijon & Hirschberg 1992, Helenius & Aebi 

2002, Helenius et al. 2002). The translocation, however, might be assisted by a 

concentrate of Dol-P and other polyisoprenols that have a polar phosphate head 

and induce bilayer membrane instability (Vigo et al. 1984, Knudsen & Troy 1989, 

Helenius & Aebi 2002).  

On the luminal side of the ER the N-glycan precursor is processed to a 

Glc3Man9GlcNAc2-PP-Dol form (Burda & Aebi 1999), and is then transferred as 

“en bloc” to a potential glycosylation site on a nascent polypeptide chain by 

oligosaccharyltransferase (OST) complex (Burda & Aebi 1999, Yan & Lennarz 

1999). The potential N-glycosylation sites have an Asn-X-Ser/Thr-Y consensus 

sequence, where X And Y are any amino acids except prolines (Kornfeld & 

Kornfeld 1985, Gavel & von Heijne 1990). The transfer does not occur to every 

potential site and the occupancy of N-glycosylation sites may vary even among 

different molecules of the same protein19 (Jenkins et al. 1996). The exact reason 

why such variation exists is poorly understood, but for instance a C-terminal 

location of the concensus sequence in the peptide backbone (Gavel & von Heijne 

1990) as well as the presence of certain aminoacids in the X or Y positions 20 has 

been shown to inhibit the transfer (Bause 1983, Gavel & von Heijne 1990, 

Shakin-Eshleman et al. 1996). After the N-glycan precursor is transferred to the 

peptide, glycans are trimmed and processed while the peptide backbone 

undergoes a folding process. Once the peptide backbone is correctly folded, the 

N-glycan is modified to a Man8GlcNAc2-Asn form and the protein is exported to 

the Golgi (Parodi 2000a, Ritter & Helenius 2000, Trombetta & Helenius 2000).  

Further processing in the Golgi involves demannosylations as well as 

N-acetylglucosaminylation, galactosylation, fucosylation and sialylation steps 

(Roth 2002). Some of the enzymes mediating these steps recognize a common 

oligosaccharide motif, and can therefore be shared with other Golgi resident 

glycosylation pathways (Wopereis et al. 2006). For instance, β1,4- 

                                                        
19 The phenomenom is called macroheterogeneity. 
20 X-position: tryptophan (Trp), aspartic acid (Asp), glutamic acid (Glu), leucine (Leu); Y-position: 
cysteine (Cys) 
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galactosyltransferase (GalT1) is able to galactosylate any terminal GlcNAc 

residue and can thus participate in processing of N-glycans, O-glycans, as well as 

glycolipids (Wopereis et al. 2006, Qasba et al. 2008). Mature N-glycans are a 

diverse group and their structures may vary from biantennary to hexaantennary. 

Some variation can also exist among glycans attached to the same glycosylation 

site in different molecules of the same protein21 (Jenkins et al. 1996, Roth 2002). 

The processing of N-glycans, however, is often finished with sialylation, but the 

types of linkages vary depending on the tissue they are expressed in (Roth 2002). 

For instance, terminal α2,3-linked sialic acids are typical of N-glycans expressed 

in normal colon epithelium (Sata et al. 1991, Sata et al. 1992, Roth 2002), 

whereas polymers of α2,8-linked sialic acids can be found in N-glycans present in 

neural tissues (Zuber et al. 1992). 

 

                                                        
21 The phenomenom is known as a microheterogeneity. 
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Fig. 6. N-glycosylation. At the cytoplasmic side of the ER dolichol phosphate receives 

first GlcNAc-1-P from UDP-GlcNAc and is then extended to Man5GlcNAc2-PP-Dol. After 

that Man5GlcNAc2-PP-Dol is translocated across the ER membrane to the luminal side 

and processed to a Glc3Man9GlcNAc2-PP-Dol form. Glc3Man9GlcNAc2 is then 

transferred “en bloc” to a potential N-glycosylation site on a nascent polypeptide 

chain. Once the polypetide is correctly folded, three Glc residues are removed and the 
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glycoproduct is transported to the Golgi for further processing. The processing in the 

Golgi generally involves several demannosylation, N-acetylglucosaminylation, 

galactosylation, fucosylation and sialylation steps. Some of the common branching 

possibilities are introduced in the figure. 

Mucin-type-O-Glycosylation 

Mucins are the most common group of O-glycosylated proteins in humans 

(Brockhausen 1999, Wopereis et al. 2006). Their synthesis is initiated in the ER 

or the cis-Golgi with a transfer of an N-acetylgalactosamine (GalNAc) moiety 

from UDP-GalNAc to a serine or threonine residue in a target protein. The 

transfer is catalyzed by a polypeptide N-acetylgalactosaminyltransferase 

(pp-GalNAc-T) (Brockhausen 1999, Wopereis et al. 2006). Mucin-type 

O-glycosylation, unlike N-glycosylation, has no common consensus sequence. 

This results from the coexistence of multiple pp-GalNAc-Ts with overlapping but 

different substrate specificities (Ten Hagen et al. 2003, Wopereis et al. 2006). 

Thus far 15 different tissue specific human pp-GalNAc-Ts have been discovered, 

but at least 24 are thought to exist on the basis of sequence homology (Ten Hagen 
et al. 2003, Cheng et al. 2004).  

Although no common consensus sequence exists, mucin-type 

O-glycosylation follows some basic rules, which can be used to predict 

glycosylation occupancy. Since mucin-type O-glycosylation is a postfolding event, 

only the serine and threonine residues exposed on the protein surface are 

glycosylated. Typically these sites reside in coils, turns and linker regions that are 

rich in serine, threonine and proline (Julenius et al. 2005, Wopereis et al. 2006). 

Additionally, the processing of mucin-type O-glycans shows some degree of 

hierarchy and glycosylation of some specific sites can be a prerequisite for 

glycosylation of other sites (Ten Hagen et al. 2003).  

Once attached to a protein the O-linked GalNAc, also known as Tn-antigen 

(GalNAcα1-Ser/Thr), can be used as a base for the processing of several different 

core structures. It can be α2,6-sialylated (sialyl-Tn), β1,3-galactosylated (Core 1 / 

Thomsen-Friedenreich i.e. T-antigen), β1,3-N-acetylglucosaminylated (Core 3), 

α1,3-N-acetylgalactosaminylated (Core 5), β1,6-N-acetylglucosaminylated (Core 

6), α1,6-N-acetylgalactosaminylated (Core 7) or α1,3-galactosylated (Core 8). 

Sialyl-Tn can be further α2,6-sialylated to form branched disialyl-Tn, and Cores 1 

and 3 can be β1,6-N-acetylglucosaminylated to branched Core 2 and Core 4 

structures, respectively (Brockhausen 1999, Wopereis et al. 2006). Tn- and both 
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sialyl-Tn-antigens as well as cores 1-6 and 8 are found in humans, but Cores 1 

and 2 are the most abundant (Brockhausen 1999). 

The core structures can be further modified by adding a variety of different 

sugar units such as GlcNAc, GalNAc, Gal, Fuc and Sia, which can be added with 

several different linkages. The lengths and the branching of the resulting glycans 

may also vary, and the attached sugar units can be acetylated (Varki 1992) and 

sulfated (Carter et al. 1988, Capon et al. 1997, Brockhausen 1999). Together 

these processing possibilities enable the existence of hundreds of different kind of 

mucin-type O-glycan structures (Brockhausen 1999, Wopereis et al. 2006).  

Other Golgi resident glycosylation reactions 

In addition to N-glycosylation and mucin-type O-glycosylation, several other 

glycosylation events take place in the Golgi apparatus. Synthesis of abundant 

glycosaminoglycans (GAGs) is one of them. GAGs are long unbranched 

disaccharide repeats that consist of glucuronic acid (GlcA) and GalNAc 

(dermatan/chondroitin sulfate) (Kresse et al. 1994), GlcA and GlcNAc 

(heparin/heparan sulfate) (Lin 2004), or Gal and GlcNAc sugars (keratan sulfate) 

(Funderburgh 2000). Dermatan, chondroitin, heparin and heparan sulfates are 

attached to a Ser residue in a protein via a linker tetrasaccharide, GlcAβ1-3Galβ1-

3Galβ1-4Xyl (Kresse et al. 1994, Lin 2004), whereas keratan sulfate is attached 

to proteins via N- or Core 1 mucin-type O-glycans (Funderburgh 2000). GAGs 

can also undergo some post-assembly modifications to obtain more heterogeneity. 

GlcNAc residues in heparin and heparan sulfates can be acetylated and sulfated, 

and GlcA in dermatan, heparin and heparan sulfates can be epimerized to 

iduronate (Wopereis et al. 2006). 

The Golgi is also a production site of complex glycolipids, such as 

gangliosides (Maccioni 2007). Gangliosides are a large family of complex 

glycolipids that are common in animal cells. Gangliosides are composed of a 

ceramide and a negatively charged oligosaccharide with one or more sialic acids 

(Hakomori 2003, Sonnino et al. 2007). Their synthesis is initiated in the ER or the 

Golgi by ceramide glycosyltransferases and is finished in the Golgi by specific 

glycolipid glycosyltransferases (Maccioni 2007). However, glycosyltransferases 

involved in glycosylation of protein attached glycans may also participate in the 

processing of gangliosides (Wopereis et al. 2006).  

Other abundant groups of glycans that are produced in the Golgi are O-linked 

galactoses and blood group and Lewis antigens. O-linked galactoses are attached 
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to special hydroxylysine aminoacids, which can be found only on collagens 

(Pinnell et al. 1971, Kivirikko & Myllylä 1982). The blood group and Lewis 

antigens, on the other hand, can be found on a variety of different proteins and 

lipids. The synthesis of ABO blood group antigens begins with α1,2-fucosylation 

of a terminal galactose in a precursor glycan moiety, Galα1-3GlcNAcβ1-3Gal-R22, 

resulting in blood group O, and can continue with α1,3-N-

acetylgalactosaminylation or α1,3-galactosylation to result in blood groups A and 

B, respectively (Brockhausen 1999, Lloyd 2000, Varki et al. 2007). The synthesis 

of Lewis antigens is more complex, but is also initiated by fucosylation of certain 

precursor glycans (Brockhausen 1999). 

The rest of the known Golgi resident glycosylation processes are less 

common or very rare. O-mannosylation (Endo 1999), O-glucosylation (Shao et al. 
2002) and O-fucosylation (Shao & Haltiwanger 2003) occur only in certain 

tissues and for special proteins or protein domains.  

Synthesis and transport of nucleotide sugars 

Nucleotide sugars for the glycosylation processes are synthesized in the cytosol, 

except CMP-Sia, which is synthesized in the nucleus (Münster-Kühnel et al. 2004, 

Wopereis et al. 2006, Varki et al. 2007). Monosaccharide moieties used in the 

nucleotide sugars are derived from dietary sources or salvage pathways in 

complex interconnected processes that involve a series of phosphorylation, 

epimerization and acetylation steps. Glucose (Glc) and fructose (Fru) are the 

major carbon sources, but other abundant monosaccharide substrates, such as 

galactose (Gal), fucose (Fuc), mannose (Man), N-acetylgalactosamine (GalNAc) 

and N-acetylglucosamine (GlcNAc), are also widely used (Wopereis et al. 2006, 

Varki et al. 2007). Monosaccharides can be activated to nucleotide sugars in 

several ways. The activation often involves monosaccharide monophosphate, 

which can react with UTP/GTP or UDP-monosaccharide. Galactose, for instance, 

is first phosphorylated at the 1-position. The formed Gal-1-P can then react with 

UTP or UDP-Glc in reactions catalyzed by UTP-hexose-1-phosphate 

uridylyltransferase (Isselbacher 1958) and UDP-glucose-hexose-1-phosphate 

uridylyltrasferase (Frey et al. 1982, Varki et al. 2007), respectively. Conversely 

sialic acid is not pre-phosphorylated for activation. A non-phoshorylated sialic 

                                                        
22 R group can be an O-glycan, an N-glycan or a glycan attached to a lipid (Brockhausen 1999) 



 57

acid reacts directly with CTP in a reaction catalysed by CMP-sialic acid 

synthetase to form CMP-sialic acid (Kean 1969, Münster-Kühnel et al. 2004).  

Since nucleotide sugars are membrane impermeable and are synthesized in 

the cytosol or the nucleus, they or their sugar moities must be actively transported 

to the luminal side of the ER or the Golgi, where the most abundant glycosylation 

processes take place. Currently, two different transport mechanisms are known. A 

mechanism, utilized by mannose and glucose, involves translocation of sugar 

moieties through the ER membranes with dolichol phosphate (Dol-P). Sugar 

moieties from GDP-Man and UDP-Glc are first transferred to Dol-P on the 

cytosolic side of the membrane, after which the Dol-P-conjugates are translocated 

to the luminal side via unknown mechanism (Schenk et al. 2001). Another 

mechanism utilized by other sugar moieties involves transport of sugar 

nucleotides. The transport of sugar nucleotides is mediated by a family of ER or 

Golgi localized nucleotide sugar transporters (NSTs) that belong to solute carrier 

family 35. NSTs are antiporters, whose sugar nucleotide importing activity is 

coupled to simultaneous export of corresponding nucleoside monophosphates 

(Hirschberg et al. 1998). Some NSTs are bi- or polyspecific and can transport 

several substrates (Muraoka et al. 2001, Segawa et al. 2002), whereas some are 

strictly monospecific (Eckhardt et al. 1996, Guillen et al. 1998, Luhn et al. 2001). 

For instance, UPD-Gal transporter can transport both UDP-Gal and UDP-GalNAc 

(Segawa et al. 2002), while CMP-Sia transporter transports only CMP-Sia 

(Eckhardt et al. 1996). 

2.7 Golgi glycosyltransferases 

2.7.1 Protein structure and homology 

Most mammalian glycosyltransferases are Golgi or ER residents that share 

common topology and domain structure. They can be classified as type II 

membrane proteins that have an amino-terminal cytoplasmic domain, a single 

passing α-helical membrane domain, and a carboxy-terminal luminal domain, 

which can be further divided into a stalk region and a catalytic domain (Fig. 7; 

(Colley 1997, Opat et al. 2001, Young 2004, Breton et al. 2006). Although, 

glycosyltransferases share structural characteristics, their sequence homology at 

the aminoacid level is scarce. Recently listed sequences of human 

glycosyltransferases fall into 42 distict families (Breton et al. 2006, http:// 
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www.cazy.org). Members of the families, however, do not necessarily share 

similar catalytic activity and glycosyltransferases with similar catalytic activities 

do not necessarily belong to the same family (Campbell et al. 1997, Campbell et 
al. 1998, Breton et al. 2006). Crystallographic structures exist only for a limited 

set of glycosyltransferases, but the folds of the catalytic domains seem to consist 

primarily of α/β/α sandwiches (Breton et al. 2006). The structures solved so far 

are classified in three groups; GT-A, GT-B and Cst II fold; according to the 

orientation of α helices to the central β sheet (Breton et al. 2006). 

 

Fig. 7. Most Golgi glycosyltransferases are type II membrane proteins. Type II 

membrane proteins consist of amino-terminal cytoplasmic domain, transmembrane 

domain and luminal or extracellular domain depending on the residence at the cell 

membranes. 

2.7.2 Localization 

Glycosyltransferases and other glycosylation enzymes are primarily localized at 

the ER or the Golgi membranes, but in some specialized cells and tissues they can 

also be found in mucin droplets, the plasma membrane, and body fluids (reviewed 

in Colley 1997). Like all other proteins within the secretory pathway or 

trafficking through it, glycosyltransferases are also synthesized with a 
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hydrophobic α-helical signal peptide or anchor 23  that directs them co-

translationally to the ER (von Heijne 1985). After translation, co- and post-

translational modifications (e.g. glycosylation, disulfide bond formation), and 

folding, Golgi glycosyltransferases and residents of post-Golgi organelles exit 

from the ER by a mechanism that utilizes COPII vesicles, tubules, or maturating 

membrane compartments that eventually fuse to or form the Golgi cisternae 

(Chapter 2.3.2). Regardless of the mechanism of exit from the ER, this process is, 

for type II proteins, triggered by a dibasic cytosolic motif near the membrane 

spanning sequence of the exported protein (Giraudo & Maccioni 2003).  

Within the Golgi, glycosyltransferases organize into overlapping gradients 

along the descending, mildly acidic Golgi pH gradient, so that their localizations 

mainly follow their subsequent order in glycosylation procesesses they participate 

in (Nilsson et al. 1993a, Rabouille et al. 1995, Rottger et al. 1998, Paroutis et al. 
2004). Most Golgi resident glycosyltransferases utilize the transmembrane 

domain and/or the luminal stem region for correct Golgi targeting and retention, 

but sometimes the cytosolic tail and the catalytic region are also utilized 

(reviewed in Colley 1997, Opat et al. 2001, Young 2004). The exact Golgi 

localization mechanisms are unclear, but according to current knowledge they 

may involve oligomerization, i.e. “kin recognition” (Machamer 1991, Nilsson et 
al. 1993b), a sorting based on the variable thicknesses of lipid membranes within 

the secretory pathway (Bretscher & Munro 1993, Masibay et al. 1993), cytosolic 

factors, such as conserved oligomeric Golgi (COG) complexes (Oka et al. 2004, 

Shestakova et al. 2006), or all of them together (Colley 1997, Opat et al. 2001, 

Young 2004). Sometimes glycosyltransferases are also found in post-Golgi 

structures, but the exact mechanisms of glycosyltransferases direction to these 

structures remain unknown. The post-Golgi localization, however, is often 

associated with proteolytic cleavage (reviewed in Young 2004) or dissipation of 

the acidic Golgi pH (Axelsson et al. 2001, Schaub et al. 2006, Schaub et al. 2008). 

2.7.3 β1,4-galactosyltransferase I (EC 2.4.1. 38) 

Galactosyltransferases transfer galactose from a donor susbstrate, UDP-Gal, to a 

specific acceptor substrate, which is usually a growing glycan chain attached to a 

                                                        
23  ~20-30 aminoacids with a short positively charged N-terminal region, a central α-helical 
hydrophobic core and a polar C-terminal region (von Heijne 1985) 
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peptide or a lipid backbone (Chapter 2.4.1). It has been estimated that there are at 

least seven galactosyltransferases that synhesize β1,4-linkages and multiple of 

those that synthesize other kind of linkages between galactose and the acceptor 

substrate (reviewed in Qasba et al. 2008). The β1,4-galactosyltransferase studied 

in this work, named GalT1 (EC 2.4.1.38), participates in the synthesis of 

glycoconjugates by transferring galactose from UDP-Gal to a terminal 

N-acetylglucosamine in a glycan chain with a β1,4-linkage (Fig. 4, (Qasba et al. 
2008, Brenda enzyme databank, http://www.brenda.uni-koeln.de/). 

GalT1 localizes into medial-/trans-Golgi (Berger et al. 1981, Roth & Berger 

1982, Rabouille et al. 1995) mainly by utilizing its transmembrane domain 

(Nilsson et al. 1991, Aoki et al. 1992, Teasdale et al. 1992, Yamaguchi & Fukuda 

1995). However, the presence of a cytosolic tail (Nilsson et al. 1991, Evans et al. 
1993) or stem region has been shown to enhance Golgi localization in some cell 

types (Teasdale et al. 1992) indicating that these regions may also contain 

additional localization signals. The pH probe, GT-EGFP (Llopis et al. 1998), 

which was used in this study in most of the Golgi pH measurements, is composed 

of a 81 amino acids long N-terminal region of GalT1 and a full length EGFP. The 

81 amino acids long N-terminal region contains the cytosolic tail, the 

transmembrane sequence and parts of the stem region and is thus fully capable of 

localizing correctly in the Golgi (Llopis et al. 1998). 

2.7.4 α2,6-sialyltransferase I (EC2.4.99.1) and α2,3-sialyltransferase 
III (EC 2.4.99.6)  

Sialyltransferases transfer sialic acid from a donor substrate, CMP-Sia, to a 

specific acceptor substrate. Mammalian sialyltransferases are known to synthesize 

α2,3-, α2,6- or α2,8-linkages. The acceptor substrate is often galactose, but can 

also be N-acetylgalactosamine for α2,6-sialylation. α2,8-sialylation, in turn, can 

only occur on terminal sialic acid (reviewed in Takashima 2008). The two 

sialyltransferases studied in this work, β-galactoside-α2,6-sialyltransferase I 

(ST6Gal I, EC 2.4.99.1) and β-galactoside-α2,3-sialyltransferase III (ST3Gal III, 

EC 2.4.99.6), participate in synthesis of N-glycans by sialylating terminal 

galactose. They show different but overlapping specifities on the substrate and 

may in some circumstances act competitively (Weinstein et al. 1982, Yeh & 

Cummings 1997). ST6Gal I synthesizes α2,6-linkage and ST3Gal III α2,3-linkage 

between the sialic acid and the terminal galactose (Fig. 5, Baum et al. 1996, 

Brenda enzyme databank, http://www.brenda.uni-koeln.de/).  
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Both ST6Gal I and ST3Gal III localize dominantly to the trans-Golgi, but 

minor amounts of them can be found also from the medial-Golgi and the TGN 

(Berger et al. 1993, Burger et al. 1998, Grabenhorst & Conradt 1999). ST6Gal I 

can be found in monomeric and homodimeric forms (Colley 1997, Chen et al. 
2000, Qian et al. 2001, Fenteany & Colley 2005) and its localization is mediated 

by signals in the transmembrane and the luminal domains (Colley et al. 1989, 

Dahdal & Colley 1993, Fenteany & Colley 2005). The oligomerization state of 

ST3Gal III and the domains containing localization information are currently 

unknown. 

2.8 Biological role of glycoconjugates 

Glycogonjugates participate in several cellular functions and recognition events in 

health and disease. They are involved, for instance, in protein folding and sorting, 

vesicular trafficking, cell signalling, cell adhesion and motility, organogenesis and 

immunological defence (Paulson 1989, Varki 1993, Scheiffele et al. 1995, Kim & 

Varki 1997, Parodi 2000b, Yu 2007, Marth & Grewal 2008, van Kooyk & 

Rabinovich 2008, Zhao et al. 2008). Altered glycosylation can impair all these 

functions and is involved in the pathogenesis of various diseases such as 

congenital disorders of glycosylation (CDG) (Freeze & Aebi 2005), cystic fibrosis 

(CF) (Rhim et al. 2001), various muscular dystrophies (Martin-Rendon & Blake 

2003, Freeze 2006) and cancer (Kim & Varki 1997, Campbell et al. 2001b, Yu 

2007, Zhao et al. 2008). The mechanism of interference often involves inhibition 

of normal or promotion of disease typical inter- or intramolecular interactions 

(Fig. 8). In some special cases when glycogonjugates contribute majority of the 

mass and the charge of the glycoprotein, the altered glycosylation can change the 

general appearance or the chemical properties of the glycoprotein and thus 

prevent its correct function (Fig. 8). Experiences from various diseases and 

genetically engineered disease models have shown that glycosylation defects 

become more obvious in multicellular organisms than in cell cultures and that the 

earlier the defect is in the glycosylation pathway, the more severe are the 

symptoms arising from it (Ohtsubo & Marth 2006). Total inhibition of N-

glycosylation, for example, is lethal and leads to death in early embryogenesis 

(Marek et al. 1999).  
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Fig. 8. Glycoconjugates can modulate molecular interactions. Alterations in 

glycosylation can inhibit existing and induce abrnomal inter- and intra-molecular 

interactions or change the general appearance and chemical propertiens of the highly 

glycosylated molecule. Figure is based on a review article authored by Ohtsubo and 

Marth (Ohtsubo & Marth 2006). 

2.8.1 Congenital disorders of glycosylation 

Congenital disorders of glycosylation (CDG) are one family of rare heterogenous 

glycosylation diseases that have greatly enhanced understanding of the 

importance of glycoconjugates in multicellular organisms. CDG are classified as 

CDG types I and II (CDG-I and CDG-II), depending on the nature and location of 
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the biochemical defect in the glycosylation pathway (Freeze & Aebi 2005, Freeze 

2006). Lower case letters in the abbreviation of the disease indicate different 

subtypes in chronological order of identification (e.g. CDG-Ia is the first 

identified CDG-I). Thus far 19 different CDGs have been identified (Freeze 2006). 

Twelve of them belong to CDG-I, which result from deficiencies in biosynthesis 

of oligosaccharide precursors. Seven of them belong to CDG-II, which result 

from defects in assembly of protein linked glycans. Additionally, there are some 

CDG-I and CDG-II-like diseases that have not been characterized (Freeze 2006, 

Zeevaert et al. 2008). CDG have a wide range of clinical features and are thus 

difficult to recognize. Their features, however, are often associated with severe or 

mild malformations of various organs and organ systems (Freeze & Aebi 2005, 

Freeze 2006). 

2.8.2 Cancer and glycosylation 

Glycosylation alterations are typical for all kinds of cancers (Kim & Varki 1997, 

Campbell et al. 2001b, Ono & Hakomori 2004, Yu 2007, Zhao et al. 2008). Even 

if the detected alterations are always cell- and tissue-type dependent and often 

unique, they usually have general characteristics that can include, for instance, 

shortening and increased sialylation of O-linked oligosaccharide side chains 

(Boland & Deshmukh 1990, Campbell et al. 1995, Itzkowitz et al. 1995, Karlen 
et al. 1998), reduced sulphation (Kuhns et al. 1995), reduced O-acetylation of 

sialic acid (Jass et al. 1994, Ogata et al. 1995), elevated fucosylation (Parodi et al. 
1982), altered sialylation and branching of N-glycans (Kobata et al. 1995, Roth 

2002) and increased expression of blood group structures (Kim et al. 1986). Some 

of these glycosylation alterations, such as increased α2,8-sialylation of N-glycans 

(Roth et al. 1988) and increased expression of truncated O-glycans e.g. sialyl-Tn 

(Neu5Acα2-6GalNAcα1-Ser/Thr) or T-antigen (Galβ1-3GalNAcα1-Ser/Thr) 

(Moriyama et al. 1987, Wolf et al. 1988, Itzkowitz et al. 1995), are associated 

with increased proliferation, invasion and metastasis, and are thus useful 

prognostic markers of malignant disease states. The underlaying mechanisms 

behind the aggressive growth associated with these glycosylation epitopes, 

however, are not understood. The mechanisms may be related to altered cell-cell 

interactions and recognition events in which glycoproteins have central roles (Yu 

2007, van Kooyk & Rabinovich 2008, Zhao et al. 2008). Consistent with this idea 

it has been hypothesized that high expression of structures with terminal Galβ1-

3/4GalNAc and/or sialic acid may induce abnormal interactions with special 
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lectins named galectins 24  and siglecs 25  that have roles in several cellular 

recognition and signalling events and are able to modulate, for example, innate 

and adaptive immune responses (Yu 2007, van Kooyk & Rabinovich 2008). Such 

interactions are, at least in theory, capable of inducing and perpetuating malignant 

behaviour of cancer cells. 

Mechanisms of altered glycosylation 

In many cases it is unclear how various cancer associated glycosylation 

alterations develop. Sometimes expression of altered oligosaccharide structures 

correlates with overexpression and/or depletion of corresponding 

glycosyltransferases (Whitehouse et al. 1997, Brockhausen 1999, Burchell et al. 
1999, Dalziel et al. 2001), but often such correlation is inadequate or lacking 

(Yang et al. 1994, Brockhausen et al. 1995, Hanisch et al. 1996, Lloyd et al. 1996, 

Taylor-Papadimitriou et al. 1999, Müller & Hanisch 2002). This indicates that 

other factors than variations in the expression levels of glycosyltransferases can 

also induce cancerous glycosylation. Consistent with this, some correlation has 

been shown for the increased presence of substrates and altered glycosylation. 

Increased expression of UDP-Gal transporter, for instance, is thought to induce 

increased T-antigen expression by enhancing availability of UDP-Gal for core 1 

β1,3-galactosyl transferase (EC 2.4.1.122) (Kumamoto et al. 2001). Another 

mechanism that can control glycosylation involves glycosyltransferase specific 

chaperones. One such is Core 1 β1,3-galactosyl transferase-specific molecular 

chaperone (Cosmc), whose deficiency has been associated with increased Tn-

antigen expression, albeit in a non-cancerous specimen (Schietinger et al. 2006). 

In the absence of Cosmc Core 1 β1,3-galactosyl transferase folds incorrectly and 

is targeted to proteosomes for degradation. As a consequence expression of Core 

1 structures are remarkably reduced. In some instances it has also been reported 

that changes in the splicing of a glycoprotein can lead to increased expression of 

certain oncofetal glycan epitopes. In the case of CD44 it has been shown that only 

the splicing variant CD44v6 is associated with T-antigen expression in cancer and 

normal tissue (Singh et al. 2001). Cancer associated glycosylation alterations may 

                                                        
24 Galectins are soluble oligosaccharide binding proteins that recognize N-acetyl lactosamine-like 
(Galβ1-3/4GalNAcα1-Ser/Thr) structures (Yang et al. 2008). 
25 Siglecs are type I membrane spannign proteins that bind to sialic acid containing glycans (Crocker 
et al. 2007). 
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also arise from general defects in Golgi function and homeostasis. In line with 

this view, perturbation of Golgi pH with different drug treatments has been found 

to induce T-antigen expression and cancer typical alterations in Golgi morphology 

(Campbell et al. 2001a, Kellokumpu et al. 2002). 
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3 Aims of the present work 

Glycosylation alterations are linked with several severe diseases. One of these 

diseases is cancer. Nearly every cancer patient has a tumor or tumors with 

recognisable glycosylation alterations. Some glycosylation alterations can be seen 

on benign cysts and in long term inflammation states. Sometimes these alterations 

are explained by increased or decreased expression of glycosylation enzymes, but 

often no clear correlation exists. As the Golgi resident glycosylation is known to 

be sensitive to Golgi lumenal pH disturbances, we decided to examine whether 

glycosylation abnormalities in cancer are associated with altered Golgi pH. The 

second aim was to solve how Golgi pH increase inhibits glycosylation. The third 

aim was to understand how Golgi pH is regulated in health and disease. Due to 

the complexity of the processes involved in Golgi pH regulation, however, we 

focused on the functions of a Golgi localized proton pump, vacuolar-H+ATPase 

(V-ATPase), and a Cl-/HCO3
- exchanger, anion exchanger 2a (AE2a). 
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4 Materials and methods 

4.1 Antibodies, lectins and reagents 

The antibodies used in the work were purchased from commercial suppliers or 

were generous gifts from individual researchers. These included antibodies 

against the following antigens: β1,4-galactosyltransferase (anti-GalT, Dr. E. 

Berger, Zürich, Switzerland), GM130 and GFP (monoclonal BD Biosciences, 

Palo Alto, CA, USA), mannosidase II (anti-MAN II, Chemicon International, 

Temecula, CA, USA), LAMP-2 (Developmental Studies Hybridoma Bank, The 

University of Iowa, Department of Biological Sciences, Iowa City, USA), M6P-

receptor (M6P-R), early endosomal antigen-1 (EEA1), Rab9, β-COP (Affinity 

Bioreagents, Inc., Golden, CO, USA), TGN46 (Serotec, Oxford, UK); α-tubulin 

(Sigma, Saint Louis, MO, USA), KDEL-receptor (StressGen Biotechnologies 

Corp., Victoria, BC, Canada), Carcinoembryonic Antigen (polyclonal anti-CEA, 

Dako, Glostrup, Denmark; monoclonal COL-1, Zymed Laboratories, Inc., San 

Francisco, CA, USA) and myc-epitope (polyclonal, Abcam, Cambridge, UK; 

monoclonal, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). A 

polyclonal antibody against AE2 C-terminal 12 aminoacids long peptide (anti-

AE2ct, against aminoacids 1229–1241 or GVDEYNEMPMPV) was specially 

ordered from Davids Biotechnologies (Regensburg, Germany). Two separate 

stocks were ordered, because the first one used mainly in earlier works ran out. 

As secondary antibodies we used horseradish peroxidase (HRP)-conjugated 

goat anti-mouse IgG (P.A.R.I.S., Compiègne, France) and donkey anti-goat IgG 

(Santa Cruz Biotechnology, Inc., Santa Cruz, California), Alexa Fluor® 488-

conjugated donkey anti-mouse IgG, Alexa Fluor® 596-conjugated anti-rabbit and 

Alexa Fluor® 596-conjugated anti-sheep (Molecular probes, Eugene, OR, USA) 

antibodies and peroxidase-conjugated anti-digoxigenin Fab fragments (Roche 

Diagnostics GmbH, Mannheim, Germany). 

Lectin stainings were performed using the DIG Glycan Differentation Kit 

(Roche Applied Science, Basel, Switzerland) or HRP-conjugated WGA and ConA 

lectins (Sigma-Aldrich, St. Louis, MO, USA). HRP-conjugated MAA lectin was 

purchased from Ey Laboratories, Inc. (San Mateo, CA, USA).  

Chloroquine (CQ), ammonium chloride, Hoechst dye (33258), monensin, 

nigericin, brefeldin A and DNA-oligos were purchased from Sigma-Aldrich (St. 

Louis, MO, USA); endoglycosidase H (Endo H) and peptide N-glycosidase F 
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(PNGase F) from New England Biolabs (Ipswich, MA, USA) and Sialidase 

STM/NANase I from Glyko®/ProZyme (San Leandro, CA, USA). Proteins on the 

western blots were visualized using the ECL system (GE Healthcare, 

Buckinhamshire, UK). Streptolysin O (SLO) was purchased from Sigma Aldrich 

or BioAcademia, Inc. (Osaka, Japan). 

4.2 Plasmids 

The plasmid encoding the medial/trans-Golgi targeted GT-EGFP fusion protein 

used for Golgi pH measurements (Llopis et al. 1998) was kindly donated to us by 

Dr. R. Tsien (San Diego, CA, USA).  

The plasmid encoding the full length (3 kb) carcinoembryonic antigen (CEA) 

was kindly provided to us by Dr. C. Stanners (Montreal, QB, Canada). The 

plasmid that encodes a secretory form of CEA (sCEA) was constructed from that 

as follows. At first the 3 kb full length CEA cDNA insert was subcloned into the 

EcoRI site of the pCDNA3 vector (Invitrogen, CA, USA) from which a 2.1 kb 

fragment (30-2130 bp) was amplified by PCR using forward (5’-CACAGCAA-

GCTTGACAAAAC-3’) and reverse primers (5’-CAGGAgGcAATTCAGATG-

CAGAG-3’). The forward primer contained two mutated nucleotides (GC>AG, 

bold) to create a new HindIII site (underlined). Two deletions (g2129, c2131) 

were included in the reverse primer to create a new EcoRI site (underlined). After 

digestion with the appropriate enzymes, the gel purified PCR product was 

inserted into the HindIII-EcoRI sites of a previously modified pCDNA 3 vector, 

which also contains an in frame c-myc tag sequence and a 3’ stop codon. The 

translation of the cDNA gives a secreted C-terminally truncated 76 kDa CEA-

polypeptide which lacks the GPI-anchor found in the authentic membrane-bound 

CEA protein. 

To construct a plasmid that encodes EGFP tagged α2,3-sialyltransferase III 

(ST3Gal III-EGFP), its full length ORF (cDNA clone, Unigene RZPD, Berlin, 

Germany) was amplified by PCR using forward (5´-AAAAAGGTACCATGGG-

ACTCTTGGTATTTGTG-3´) and reverse (5´-AAAAAGGATCCGATGCCA-

CTGCTTAGATCAG-3´) primers. After digestion with KpnI and BamHI enzymes 

and gel purification, the PCR-product was cloned in frame with the EGFP within 

the cloning site of the pEGFP-N3 plasmid (Clontech Laboratories, Inc., Mountain 

View, CA, USA). A plasmid that encodes EGFP tagged α2,6-sialyltransferase I 

(ST6Gal I-EGFP) was constructed in a similar way. Briefly, ST6Gal I cDNA 

(Unigene RZPD, Berlin, Germany) was amplified by PCR using forward 
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(5´-AAAAAGGTACCATGATTCACACCAACCTG-3´) and reverse (5´-AAA-

AAGGATCCGCAGTGAATGGTCCG-3´) primers. After partial digestion with 

KpnI and HindIII enzymes and gel purification, the PCR-product was cloned in 

the pEGFP-N3 plasmid.  

Mutations of nine cysteines in human ST6Gal I -cDNA were performed with 

Quikchange II site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) 

using primers designed with Stratagene´s web-based primer design program. 

Domain swapping of transmembrane domains from ST3Gal III to ST6Gal I and 

vice versa were performed with same kit according to Kirsch and Joly (Kirsch & 

Joly 1998). Briefly, primers 5´-GCTAGCGCTACCGGACTCAG-3´, 5´-GCAAT-

TTAAAGGAATCATAGTACTGGAGTAAGTGTAGCTTCCACGC-3´ and 5´-CTG-

AATTGGAGTCCTCCTCCCAACTCCCTTTCTTCTTTTCCTT-CCAC-3´ were first 

used to generate megaprimers from ST3Gal III-EGFP and ST6Gal I-EGFP 

plasmids. The megaprimers were then used to change transmembrane domains in 

ST3Gal III and ST6Gal I-EGFP plasmids to create chimeric EGFP-conjugated 

sialyltransferases.  

AE2-myc construct used in overexpression assays was prepared by cloning 

full length AE2 into pcDNATM3.1/myc-His(-) A vector (Invitrogen, Carlsbad, CA, 

USA) from GFP-AE2 vector (Holappa et al. 2001) with forward 

(5´-AAAAGAATTCCGGCCATGAAGCAGCG-3´) and reverse primers 

(5´-TACAAAGCTTCACAGGCATGGCCATCTC-3`). AE2-DsRed vector was 

constructed by detaching AE2 cDNA from AE2-myc vector using NheI and 

HindIII restriction enzymes and ligating the detached cDNA to linearized DsRed-

Monomer vector (Clontech Laboratories, Inc., Mountain View, CA, USA). 

4.3 Cell culture 

African green monkey kidney cells (COS-7), human mammary adenocarcinoma 

cells (MCF-7), human cervical adenocarcinoma cells (HeLa) and colorectal 

adenocarcinoma cells (HT-29, SW-48) were purchased from American Type 

Culture Collection (ATCC, Manassas, VA, USA). Human primary fibroblasts 

(F XII) and another colorectal adenocarcinoma cell line (CaCO-2) were received 

as generous gifts from Dr. Maija Risteli and Dr. Vesa Olkkonen, respectively.  

All cells were cultivated on plastic dishes or glass coverslips in Dulbecco´s 

modified essential medium (DMEM) supplemented with GlutamaxTM, 10% fetal 

calf serum (FCS; HyClone, Cramlington, UK) and 100 units of penicillin – 

100 μg/ml streptomycin (Gibco BRL, Grand Island, NY, USA) at 37 ºC, 5.0% 
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CO2. Cell transfections were performed with Fugene 6 or Fugene HD reagents 

(Roche Applied Sciences, Basel, Switzerland). Stable cell lines were selected 

from transiently transfected cells with 500 μM geneticin (Sigma-Aldrich, St. 

Louis, MO, USA). 

4.4 Indirect immunofluorescence and lectin stainings 

Cells grown on coverslips were washed with PBS and fixed with 4% 

paraformaldehyde in PBS for 15 min at room temperature (RT). After subsequent 

washes with PBS the cells were blocked with 1% BSA in PBS for 1 hour. If 

permeabilization of the cells was required, the blocking was performed in the 

presence of 0.05% saponin. Antibodies and lectins were diluted in the blocking 

buffer and incubations with them were carried out at RT, and in dark if they were 

conjugated with fluorochromes. Between primary and secondary antibody 

incubations the cells were washed with the blocking buffer and after secondary 

antibody and lectin incubations the cells were washed with PBS and water to 

remove excess staining and salts.  

When HRP-conjugated lectins were used the initial procedure was similar to 

that described above, but PBS was replaced with 0.1 M Na-phosphate (Na-P). 

After washes and fixation with 4% paraformaldehyde, the samples were post-

fixed with 2.5% glutaraldehyde in 0.1 M Na-P for 30 min at RT. Visualization of 

HRP conjugates was performed by adding diaminobenzidine (0.5 mg/ml) and 

H2O2 in 0.1 M Na-P. The peroxidase reaction was allowed to proceed for ~15–30 

min on ice and the excess reaction product was gently washed away with 0.1 M 

Na-P and water.  

The stained specimens were mounted on microscope slides with Immumount 

(Shandon, Pittsburgh, PA, USA) and examined under an epifluorescence or a 

confocal microscope. 

4.5 Co-localization analysis 

Co-localization analyses were performed with ImageJ 1.38w software (National 

institutes of health, USA) and Mander´s/ Pearson´s coefficient -plugin created by 

Tony Collins (Wright Cell Imaging Facility, Toronto, Canada) and Wayne 

Rasband (National institutes of health, USA) from 0.5µm thick representative 

image layers captured using a confocal microscope. 
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4.6 Live cell microscopy 

4.6.1 Golgi pH measurements 

Golgi pH measurements were carried out according to Llopis et al. (1998). Briefly, 

~20–24 h post-transfection with vectors encoding EGFP or an EGFP tagged 

protein the cells were bathed in PBS and examined under a microscope using a 

60 × water immersion objective and appropriate filter set for EGFP. An image of 

intact cells was captured and the cells were calibrated in situ with different pH 

buffers (125 mM KCl/20 mM NaCl/1.0 mM CaCl2/1.0 mM MgCl2) adjusted to 

pH 8.0, pH 7.0 or pH 6.0 with 20 mM HEPES, MOPS or MES, respectively. The 

pH buffers used in calibration contain 5 μM nigericin and 5 μM monensin to 

abolish gradients of monovalent cations (Na+, K+, H+). The images of intact cells 

and the images of cells in the pH buffers were analysed with AnalySIS Pro 3.2 

software (Soft Imaging System Inc., Lakewood, CO, USA). Fluorescence 

intensity was measured from the regions of interest (ROI) in each cell against the 

background and converted to pH values using a sigmoidial calibration curve. 

Numerical data were processed using Sigmablot 8.0 (SPSS Inc., Chicago, IL, 

USA) or Microsoft Excel solver (Redmond, WA, USA). 

When appropriate, fresh drug solutions (30 nM BafA1; 10–60 μM CQ, 10 

mM NH4Cl) were prepared in PBS or in complete medium and incubated with 

live cells for an appropriate length of time, dependending on the drug type. In 

some experiments, live MCF-7 cells were stained with Alexa Fluor® 594-

conjugated PNA (10 μg/ml in PBS) for 5 min at 37 ºC to enable discrimination 

between T-antigen expressing and non-expressing cells prior to Golgi pH 

measurements. 

4.6.2 Acidification measurements 

Active proton pumping into the Golgi lumen (i.e. Golgi acidification) was 

measured in GT-EGFP expressing cells as described by Demareux et al. 

(Demaurex et al. 1998). Cells were permeabilized using 1–5 μg/ml Streptolysin O 

(SLO) in high potassium buffer (120 mM KCl, 30 mM NaCl, 10 mM EGTA, 10 

mM MgCl2, 10 mM Hepes, pH 7.2) ~18–20 h post-transfection. SLO perforates 

only the plasma membrane and other cholestrol rich membranes when used at 

proper concentrations (Bhakdi et al. 1993), and therefore maintains Golgi 

membranes intact. After 3 to 5 minutes of equilibration excess ATP, to a final 
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concentration of 4 mM, was added to the cells. Images of examined cells were 

captured at appropriate intervals for 5 to 7 minutes. At the end of each experiment 

the pH was calibrated in situ as described above. 

 In some experiments chloride was replaced with gluconate or sulphate (e.g. 

NaCl  Na-gluconate, MgCl2  MgSO4) and some experiments were performed 

in presence of 20–40 mM bicarbonate (HCO3
-). Live cell staining with Alexa 

Fluor® 594-conjugated PNA was used to distinguish T-antigen expressing and 

non-expressing MCF-7 cells prior to Golgi acidification measurements. Staining 

was performed as described above. 

4.7 Electron microscopy  

4.7.1 Preparation of cell pellets 

To study Golgi cisternal dilatation in CQ treatments, cells grown to 90–95% 

confluency were washed with PBS (or Hank´s buffer) and fixed with 1% 

glutaraldehyde, 4% paraformaldehyde (or 2.5% glutaraldehyde) in 0.1 M Na-P for 

10 min at RT. Cells were then gently detached from the plate using a cell scraper 

and fixation was allowed to further proceed for at least 1 hour in the fixative. 

Fixed cells were harvested by centrifugation (500g, 5 min) and washed three 

times with 0.1 M Na-P and twice with water for 10 min. Washed pellet was casted 

into 2% agarose in water. After agarose was cooled and had set, the pellet was 

post-fixed with 1% osmiumtetroxide, 2.2% CaCl2 at +4 ºC for 30 min and then 

stained with 1–2% uranyl acetate for 30 min and washed three times in water for 

10 min between and after incubations. The pellet was then washed with ascending 

acetone series 30%, 50%, 70% for 10 min each and twice with 100% acetone for 

10 min at +4 °C to remove all the water before casting into epon. In the epon 

casting procedure, the pellet was first incubated in epon acetone 1:1 for 45 min 

and then in 100% epon o/n. Embedding was performed with 100% Epon at 40 ºC 

for 1 hour and polymerization at 60°C for ~24–48 h. Thin sections were cut and 

the specimens were examined using a Philips CM100 transmission electron 

microscope. 
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4.7.2 Immunogold labeling of AE2 

Immunogold labeling of the AE2 epitope was performed in a similar way as 

described earlier (Holappa et al. 2004, Sipilä et al. 2007). Briefly, cells grown to 

~90–95% confluency were fixed with 4% paraformaldehyde in PBS, detached 

from the plate with cell scraper and embebbed in 4% gelatin. The specimens were 

then snap-frozen in liquid nitrogen in the presence of 2.3 M saccharose and cutted 

into 80–100 nm thin sections. The sections were immunostained with anti-AE2 

rabbit antibody (1st stock) and secondary rabbit anti-mouse antibody and finally 

with protein A-coated colloidal gold. 

4.8 Flow cytometry 

Cells grown to ~70–80% confluency were washed with PBS, detached from the 

plates using trypsin and gently harvested by centrifugation (300 × g, 5 min, + 

4 ºC). Loosely pelleted cells were resuspended in blocking buffer (PBS, 1% BSA, 

20 mM EDTA) for Alexa 488 conjugated PNA staining (1 μg/ml, 5 min, on ice). 

Filtered samples were then analysed with flow cytometry (CyFlow, Partec, 

Münster, Germany) using appropriate filter sets. 

4.9 Antibody internalization experiments 

Stably ST3Gal III-EGFP expressing cells were labeled with anti-GFP antibody as 

described by Chapman & Munro (1994). Briefly, cells grown in the presence or 

absence of 20µM CQ were incubated with 1 µg/ml anti-GFP antibody in the 

growth medium for 3 h at +37˚C, 5% CO2 before fixation with 4% 

paraformaldehyde and immunostaining with Alexa-594 conjugated anti-mouse 

IgG. 
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4.10 Preparation of cell lysates 

4.10.1 SDS based lysates 

General procedure 

Cells were washed with PBS and dissolved in 2 × SDS-PAGE loading buffer (4% 

SDS, 20% glycerol, bromphenol blue, 125 mM Tris, pH 6.8) containing 100 mM 

DTT when reduction of samples was required. Samples were heated for 5 min at 

+95°C before loading into a SDS-PAGE gel.  

Procedure for EGFP tagged glycosyltransferases 

The total lysates of cells stably expressing ST6Gal I-EGFP or ST3Gal III-EGFP 

were pretreated as described earlier (Molinari & Helenius 1999) to prevent a 

formation of nonspecific intermolecular cysteine bridges during lysis. Briefly, the 

stably expressing cells were preincubated in 25mM N-ethylmaleimide (NEM) in 

PBS, pH 6.8 for 5 min. The cells were then lysed in loading buffer (1% SDS, 20% 

glycerol, 125 mM Tris, pH 6.8) and analysed with SDS-PAGE without heating the 

samples. The EGFP fusion proteins were visualized directly from the gel with 

Typhoon 9400 variable mode imager (GE Healthcare, Little Chalfont, UK) using 

appropriate laser and filter sets. 

4.10.2 Nonidet based lysates 

Lysates for AE2 immunoblotting were prepapared in Nonidet P-40, because the 

carboxyterminal AE2 epitope is SDS-sensitive. Trypzinised cells were suspended 

in native lysis-buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, pH 8.0) 

supplemented with protease inhibitors and incubated in shaker for 30 min, at 

+4 ºC. Insoluble material was removed from the suspension by centrifugation 

with tabletop centrifuge (16100 × g, 4 min, +4 ºC). Samples were heated for 5 

min at +50 ºC before loading into native-PAGE gel. 
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4.11 Immunoprecipitation 

Cells expressing the secretory form of CEA (sCEA) were grown for 48 h in the 

absence or presence of Golgi pH dissipating drugs after which the media were 

collected and suplemented with protease inhibitors (CompleteTM, Roche Applied 

Science, Basel, Switzerland). Cell debris was removed form the media by 

centrifugation (16100 × g, 10 min, +4 ºC). The cells from the same plates were 

washed and lysed in 2 × SDS-PAGE loading buffer. sCEA protein was 

immunoprecipitated from the cleared media samples using 2 µg of polyclonal 

anti-CEA antibody and protein A sepharose (GE Healthcare Bio-Sciences, Little 

Chalfont, UK) by incubating o/n at +4 ºC. The beads were then washed 5 times 

with 1.5 ml of RIPA-buffer (1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 

0.15 M NaCl, 0.05 M Tris, pH 7.5) and once with 10 mM Tris-HCl, pH 7.5. 

Immunoprecipitated sCEA was detached from the beads with 50 µl of 2 × SDS 

loading buffer. Both immunoprecipitated and cell-associated sCEA protein were 

analysed using SDS-PAGE and visualized on the blots using COL-1 antibody 

(1:500), MAA and DSA lectins included within the DIG Glycan Differentation 

Kit (Roche Applied Sciences, Basel, Schwitzerland) or HRP-conjugated MAA 

lectin (Ey Laboratories, Inc., San Mateo, CA, USA). α-tubulin in lysates, detected 

with a specific antibody (1:5000), was used for quantification of the secretion and 

also as a loading control. Quantification of protein bands was performed using the 

AnalySIS Pro 3.2 software (Soft Imaging System Inc., Lakewood, CO, USA).  

4.12 Glycosidase treatments 

Immunoprecipitated sCEA samples were mixed with glycoprotein denaturing 

buffer (supplied with the Endo H or PNGase F kit). Denatured samples were 

incubated with the Endo H or PNGase F enzyme according to manufacturer’s 

protocol (New England Biolabs, Ipswich, MA, USA) prior to analysis with SDS-

PAGE and immunoblotting. The inhibition of α2,3-sialylation of sCEA by CQ 

was confirmed with a sialidase specific for α2,3-linked sialic acids (Sialidase 

STM/NANase I, Glyko®/ProZyme). The immunoprecipitated sCEA samples were 

mixed with 0.5M Na-acetate, pH 5.5 and incubated with the enzyme o/n at +37 ºC 

prior to analysis with SDS-PAGE and immunoblotting. 
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4.13 AE2 gene silencing 

Cells were grown overnight to ~70–80% confluency and transfected with AE2 

gene specific siRNA SMARTpool® (Dharmacon, Lafayette, CO, USA) using 

DharmaFECT™ 2 (Dharmacon, Lafayette, CO, USA) as a transfection reagent. 

Transfection was performed according to the manufacturers instructions. The 

siRNA SMARTpool® was removed after 24h or 48h incubation and the medium 

was changed before GT-EGFP transfection that was required for Golgi pH 

measurements.  

The efficiency of gene silencing was tested using native-PAGE and 

immunoblotting. Briefly, harvested cells were dissolved in native lysis-buffer 

(50mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, pH 8.0) as described above. 

After sample preparation, total protein concentration was measured using the 

Bradford assay (BioRad Laboratories, Hercules, CA, USA) and the sample 

volumes were adjusted in a way that each sample in the gel contained an equal 

amount of protein. The amount of expressed AE2 on the native gel was detected 

using antibody against AE2 C-terminal peptide (Davids Biotechnologies, 

Regensburg, Germany). 

4.14 SDS-PAGE and Immuno- /lectin-blotting 

SDS-PAGE and Western blotting were performed according to Laemmli (1970). 

Native-PAGE was performed similarly but in the absence of SDS.  

4.14.1 Immunodetection 

The blot was blocked in 5% non-fat dry milk in TBST (50mM Tris, 150 mM 

NaCl, 0.02% Tween 20, 0.1% BSA, pH 7.4) for at least 2 hours at +4 ºC before 

the blot was rinsed with TBST and incubated for 2 hours separately with primary 

and HRP conjugated secondary antibodies diluted in TBST. Excess and unbound 

antibodies were washed away between and after antibody incubations. Bound 

antibody complexes were visualized using ECL detection reagent (GE Healthcare, 

Buckinhamshire, UK). 
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4.14.2 Lectin detection 

Procedure for HRP-conjugated lectins 

The blot was blocked with 2% Tween in TBS (0.05 M Tris-HCl, 0.15 M NaCl, pH 

7.5) for 2 min at RT. The blot was then rinsed twice with TBS and incubated for 

16 hour at RT with 1μg/ml lectin (MAA-HRP: Ey-Laboratories, Inc., San Mateo, 

CA, USA) diluted in TBS containing 0.05% Tween, 1 mM CaCl2, 1 mM MgCl2 

and 1mM MnCl2. The blot was rinsed twice and bound lectins were visualized 

with ECL detection reagent. 

Procedure for digoxigenin conjugated lectins 

The blot was blocked with diluted blocking reagent for 30 min at RT or for o/n at 

+4 ºC. After blocking, the filter was washed twice with TBS (0.05 M Tris-HCl, 

0.15 M NaCl, pH 7.5) and once with buffer 1 (TBS; 1 mM CaCl2, 1 mM MgCl2 

and 1 mM MnCl2, pH 7.5). Lectins (MAA, DSA or SNA, DIG Glycan 

Differentation Kit: Roche Applied Sciences, Basel, Schwitzerland) were diluted 

in buffer 1 at appropriate concentration and incubated for 1 hour at RT. The blot 

was then washed three times with TBS and incubated for 1 h with 1:10000 anti-

digoxigenin-HRP. Finally, the blot was washed three times with TBS to remove 

unbound antibodies. The lectin-antibody complexes were visualized using ECL 

detection reagent. 

4.15 Adenosine nucleotide measurements 

Cells grown to ~70–80% confluency were chilled, rinsed briefly with ice-cold 

PBS and harvested in 1 ml of PBS using a cell scraper. After centrifugation 

(300 × g, 2 min, +4˚C) cells were resuspended in ice-cold 7% perchloric acid 

(HClO4) and vortexed twice for 20 s, before collecting cell debris and precipitated 

proteins by centrifugation (13000 × g, 10 min, +4˚C). The resulting supernatant 

and the protein precipitate were stored at –70˚C for analyses. Adenosine 

nucleotide levels (ATP, ADP and AMP) in the samples were determined in 

triplicate according to (Folley et al. 1983) using Supelcosil LC-18-T (Ø 3 μm) 

reverse phase column (Supelco, Bellefonte, PA, USA). Elution rates and spectra 

of standard nucleotides were used to identify the different nucleotide peaks in the 

samples. Proteins in the precipitates were dissolved in 1% SDS and the protein 
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concentrations were measured using the Bradford assay (Biorad, Hercules, CA, 

USA). For successful protein measurements SDS content of the samples was 

diluted to ≤0.025%. 

4.16 Statistical methods 

Statistical analyses were performed with Mann-Whitney U-test 

(http://elegans.swmed.edu/~leon/stats/utest.html) or when the sample number was 

limited (n = 2–3) with Student´s t-test. Other statistical quantities were calculated 

with Microsoft® Excel (Redmond, WA, USA).  
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5 Results 

5.1 Glycosylation and Golgi pH in cancer cells (I)  

Perturbation of Golgi pH with different drug treatments has been shown to induce 

T-antigen expression (Campbell et al. 2001a, Kellokumpu et al. 2002). To study 

whether T-antigen expression is associated with increased Golgi pH in cancer, we 

selected two non-malignant cell lines as controls (human fibroblasts and COS-7 

cells) and four different cancer cell lines from breast (MCF-7) or colon cancers 

(CaCO-2, HT-29, SW-48) for Golgi pH measurements. T-antigen expression was 

tested by staining non-permeabilized cells with HRP conjugated PNA. Non-

malignant control cells and CaCO-2 cells expressed no or very low amounts of T-

antigen on their surfaces, whereas the other cancer cells (MCF-7, HT-29, SW-48) 

expressed it more intensively. The expression of T-antigen was, however, 

relatively heterogenous (Fig. 9) and closely resembled a staining of a tumorigenic 

tissue in vivo (I, Fig. 4C). The proportion of highly T-antigen expressing cells in 

HT-29, MCF-7 and SW-48 cells varied from 18 to 52% (I, Fig. 4B).  

Golgi pH was measured using a medial-/trans-Golgi localizing GT-EGFP as 

described in the materials and methods section. The Golgi pH in two non-

malignant cell lines, human fibroblasts and COS-7, was 6.15 ± 0.07 (median ± 

S.E.) and 6.32 ± 0.03, respectively. In low T-antigen expressing CaCO-2 cells the 

Golgi pH was 6.29 ± 0.07, while in the rest of the cancer cells (MCF-7, HT-29 

and SW-48) it was 6.77 ± 0.05, 6.73 ± 0.10 and 6.77 ± 0.07, respectively. The 

results show that increased Golgi pH correlates with high T-antigen expression 

(r = 0.845, p < 0.05; I, Fig. 4B). 
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Fig. 9. T-antigen expression in cancer and control cells. Non-permeabilized cells were 

stained with HRP-conjugated PNA-lectin. The dark precipitate identifies to T-antigen 

expressing cells, while non-expressing cancer cells and control cells are unstained. 

Scale bar 10 µm. 

5.2 The effects of drug treatments on Golgi pH (I, II)  

Different drugs such as ammonium chloride (NH4Cl), chloroquine (CQ), 

bafilomycin A1 (BafA1) and monensin have been widely used for Golgi 

alkalinization and inhibition of glycosylation (e.g. Thorens & Vassalli 1986, 

Gawlitzek et al. 2000, Axelsson et al. 2001, Campbell et al. 2001a, Kellokumpu 
et al. 2002), but their relative potencies has never been estimated. To make the 

effects of the different drug treatments comparable, we treated GT-EGFP 

expressing COS-7 cells with 30 nM BafA1, 10 mM NH4Cl, 40 µM and 20 µM 

CQ for 24h and measured Golgi pH (I, Figure 3A). Incubation with 30 nM BafA1 
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and 10 mM NH4Cl increased the Golgi pH above neutral i.e. to 7.8 ± 0.27 
(median ± S.E.) and 7.05 ± 0.10, respectively. With 40 µM and 20 µM CQ the 

Golgi pH increase was lower being 6.74 ± 0.08 and 6.48 ± 0.03, respectively. 10 

µM CQ has no statistically significant effect on Golgi pH. 

5.3 Inhibition of glycosylation by Golgi pH dissipating drugs (I, II) 

5.3.1 Inhibition of terminal O-glycosylation (I) 

To inhibit terminal O-glycosylation we treated COS-7 cells with 30 nM BafA1, 

10 mM NH4Cl and 40 µM, 20 µM or 10 µM CQ and stained them after 

permeabilization with Alexa-488 conjugated PNA. We found that accumulation of 

T-antigen into the Golgi was initiated at 20 µM CQ (I, Figure 3B), which 

corresponds to increase of ~0.2 pH units. When Golgi pH was further increased 

using higher concentrations of CQ or more potent drugs, the presence of T-

antigen in the Golgi became more evident. Some of the expressed T-antigen, 

however, was additionally distributed to vesicular structures indicating potential 

secretion or cell surface expression. To test the existence of cell surface 

expression we used flow cytometry. 

Cells for the flow cytometry were treated with 0, 10, 20 or 40 µM CQ. After 

gentle detachment the cells were stained with Alexa-488 conjugated PNA as 

described in the materials and methods section. The PNA staining of detached 

live cells showed that the cell surface expression of T-antigen also increases with 

20 µM CQ (I, Figure 3C). The cell surface staining, however, did not get more 

intense when higher CQ concentrations were used, but instead seemed to decrease. 

This might be due to inhibition of more proximal glycosylation steps or reduced 

transport of the T-antigen to the cell surface. 
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5.3.2 Inhibition of terminal N-glycosylation (II) 

To study the pH sensitivity of N-glycosylation, we expressed a plasmid encoding 

a secretory form of carcinoembryonic antigen (sCEA26) for 48 h in the presence 

or absence of Golgi pH dissipating drugs. The secreted sCEA was then collected 

from the growth media and analysed with SDS-PAGE as described in the 

materials and methods section. Cells on the plates were lysed for α-tubulin 

quantification and normalization of sCEA secretion.  

Treatments with 0-60 µM CQ showed that the molecular size of the sCEA 

can be decreased gradually by increasing CQ concentration (II, Fig. 2A & B). The 

highest concentrations used in the test i.e. 40 and 60 µM CQ reduced the 

molecular size from ~200 to ~160 kDa. At the same time secretion of sCEA 

remained unaltered (II, Fig. 2A left panel). To study whether the decrease of the 

molecular size of sCEA involves proteolytic degradation or inhibition of 

glycosylation or both, we treated each sample with PNGase F to remove N-linked 

carbohydrates. The size of the resulting peptide backbone was unaffected (~77 

kDa) in every sample (data not shown) indicating that the decrease of the 

molecular size represents only inhibition of N-glycosylation. 

N-glycosylation of sCEA was also studied with Endo H, which specifically 

removes all high-mannose N-glycans but leaves Golgi modified N-glycans intact. 

Molecular weight decreased by ~20 kDa in every sample i.e. to ~180–140 kDa 

dependending on the sample treated (II, Fig. 2A). The decrement of the molecular 

size and the absence ~77 kDa band in Endo H treated samples revealed that sCEA, 

also secreted by non-treated control cells, contains Golgi processed and high-

mannose N-glycans, consistent with earlier data (Kobata et al. 1995). Secondly, 

and more importantly, the finding also indicates that the drug concentrations used 

in the tests do not prevent initial processing of the high-mannose N-glycans to 

hybrid and complex type N-glycans in the cis-Golgi. 

To study the inhibited glycosylation in more detail, we utilised an ascending 

series of CQ, from 0 to 40 µM, with 10 µM increments and stained sCEA blots 

with MAA- (Maackia amurensis agglutinin), DSA- (Dature Stramonium 

agglutinin) and SNA- (Sambucus nigra agglutinin) lectins (II, Fig. 2B). Since 

                                                        
26 Secretory form of CEA (sCEA) is genetically modified from wild type CEA by removing GPI-
anchor attacment site (Chapter 4.2). Highly N-glycosylated wild type CEA contains 28 potential N-
glycosylation sites and has approximately 120-130 kDa of glycans in a 77kDa peptide backbone being 
thus ideal marker for lectin blotting assays (Oikawa et al. 1987, Yamashita et al. 1987). 
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SNA-lectin, detecting α2,6-sialylation, failed to stain the immunoprecipitated 

sCEA, we studied α2,6-sialylation using an unknown 55kDa protein present in the 

cell lysate (II, Fig. 2B left panel). Our studies showed that α2,3-sialylation, 

detected with MAA-lectin, was the most sensitive to drug treatments and thus to 

Golgi pH increase. With 20 µM CQ, which corresponds to Golgi pH increase of 

~0.2 pH units, α2,3-sialylation was reduced to ~40% of the initial level 

(*p < 0.005), while β1,4-galactosylation, detected with DSA-lectin, and α2,6-

sialylation, detected with SNA-lectin were not significantly altered (II, Fig. 2B & 

C). The inhibition of α2,3-sialylation was more evident when higher CQ 

concentrations or more potent drugs were used (II, Fig. 2B & 2E). 40 µM CQ, for 

instance, reduced α2,3-sialylation by over 80% (**p < 0.01). The inhibition of 

α2,3-sialylation was also confirmed with sialidase S (II, Fig. 2D), which 

specifically cleaves only α2,3-linked sialic acids. Sialidase induced decrement of 

the molecular size of sCEA was lower in samples collected from the medium of 

cells treated with 40 µM CQ compared to samples collected from the medium of 

non-treated cells. 

5.3.3 Golgi pH dissipation is able to inhibit α2,3-sialylation despite of 

its enhancement by ST3Gal III overexpression 

Glycosylation alterations in cancer often correlate with altered expression of 

glycosylation enzymes (Whitehouse et al. 1997, Brockhausen 1999, Burchell et al. 
1999, Dalziel et al. 2001), in many cases however, this correlation is absent (Yang 
et al. 1994, Brockhausen et al. 1995, Hanisch et al. 1996, Lloyd et al. 1996, 

Taylor-Papadimitriou et al. 1999, Müller & Hanisch 2002). The lack of 

correlation can derive form several different factors (Chapter 2.8.2: Mechanisms 

of altered glycosylation). One of the suggested factors is a general disorder in 

Golgi pH homeostasis. Consistent with this suggestion perturbation of Golgi pH 

has been shown to induce glycosylation alterations that are typical for cancers 

(Campbell et al. 2001a, Kellokumpu et al. 2002). To study whether the inhibition 

of glycosylation achieved by elevating Golgi pH can be overrun by increased 

expression of glycosylation enzymes, we overexpressed ST3Gal III in stably 

sCEA expressing COS-7 cells prior to Golgi pH elevation with CQ.  

The overexpression of ST3Gal III was found to increase α2,3-sialylation of 

sCEA by ~3.6 fold as evidenced by the more intensive MAA-lectin staining (Fig. 

10A, middle panel) and increased molecular size of the sCEA band from ~200 to 

~220 kDa (Fig. 10A, the bottom panel). In drug treatments the sCEA expressed in 
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ST3Gal III overexpressing cells got smaller and also the intesity of the MAA-

staining decreased, indicating reduced α2,3-sialylation (Fig. 10B). α2,3-

sialylation was reduced by ~30 or ~80% from the control when the cells were 

treated with 20 or 40 µM CQ, respectively. Simultaneously, the average molecular 

size was decreasing from ~220 to ~200 or ~180 kDa, respectively. The result 

indicates that overexpression of ST3Gal III cannot overrun the inhibitory effect of 

Golgi pH elevation on glycosylation. 

Fig. 10. A. Overexpression of ST3Gal III increases α2,3-glycosylation. B. The effect of 

ST3Gal III overexpression can be overrun with dissipation of the acidic Golgi pH with 

CQ. ST3Gal III and sCEA coexpressing cells were treated with different concentrations 

of CQ prior to collection of the secreted sCEA from the growth medium and analysis 

with SDS-PAGE and MAA-lectin.  
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5.4 Perturbation of Golgi organization with pH gradient dissipating 
drugs (II)  

Correct Golgi glycosylation is known to be dependent on intact Golgi structure 

and pH regulation (Axelsson et al. 2001, Campbell et al. 2001a, Kellokumpu et al. 
2002, Paroutis et al. 2004), but the exact mechanisms behind the dependency are 

not fully understood. It has been suggested that glycosylation alterations induced 

by Golgi pH increase may be due to nonoptimal luminal pH for glycosylation 

enzyme activity (Gawlitzek et al. 2000), reduced availability of the sugar 

nucleotides (Waldman & Rudnick 1990) or mislocalization of the corresponding 

glycosylation enzymes (Axelsson et al. 2001). However, the tests on which these 

suggestions are based, were performed with relatively strong drug treatments that, 

according to our experience, lead to extensive alkalinization and complete 

fragmentation of the Golgi. Therefore, we tested how the Golgi structure is 

altered when cells are treated with milder drugs which raise Golgi pH moderately 

and inhibit some, but not all, glycosylation processes. For that purpose we 

incubated COS-7 cells in the presence of 0-60 µM CQ for 24 h prior to fixation 

and immunostainings. In the absence of available antibodies that are suitable for 

immunostainings we used stably expressed EGFP-transferase fusions. 

The studies showed that Golgi proteins can be divided roughly into three 

groups according to their sensitivity to Golgi pH dissipation (II, Fig. 1A). GM130, 

KDEL-R, β-COP and MANII belong to the most insensitive group expressing 

more than 95% of the antibody staining intensity at the juxtanuclear Golgi when 

the cells are treated with 40 µM CQ. GalT and ST6Gal I belong to moderately 

sensitive group and are gradually distributed to vesicular structures when CQ 

concentration is increased above 20–40 µM. With 40 µM CQ, for instance, ~80% 

of the stably expressed ST6Gal I-EGFP remains at the juxta-nuclear Golgi region 

(II, Fig. 1B). ST3Gal III, TGN46 and M6P-R belong to the most sensitive group 

and are extensively mislocalized from the juxta-nuclear Golgi region when the 

cells are treated with 20 µM CQ. For instance, in the cells treated with 20 µM CQ 

only ~20% of the stably expressed ST3Gal III-EGFP remains at the juxta-nuclear 

Golgi region (II, Fig. 1B). The use of 60 µM CQ was found to lead to a total 

fragmentation of the Golgi, similarly to NH4Cl and BafA1 treatments, and 

therefore higher CQ concentrations were not tested. 

Disruption of Golgi organization was also studied by using electron 

microscopy (EM). Cells for the samples were treated with 20 and 40 µM CQ. The 

treatment with 20 µM CQ induced a slight cisternal swelling and formation of 
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large vesicles (II, Fig. 1D). In cells treated with 40 µM, instead, the cisternae 

were already extensively dilated, so that the identification of Golgi structures was 

difficult. 

5.5 Chloroquine induced mislocalization of ST3Gal III (II) 

5.5.1 Chloroquine induces mislocalization of ST3Gal III from the 

Golgi to endosomes/lysosomes and the plasma membrane 

Several TGN proteins are known to constantly cycle between the TGN, 

endosomes and the plasma membrane (Reaves et al. 1993, Stanley & Howell 

1993, Chapman & Munro 1994, Bonifacino & Rojas 2006). Since, ST3Gal III 

behaves similarly to TGN proteins in the CQ treatments, we tested whether 

ST3Gal III is recycled in the drug treated cells in a way that is typical for many 

TGN proteins. 

Stably ST3Gal III-EGFP expressing cells treated with 20 µM CQ were first 

fixed and then stained with antibodies against common endosomal markers (II, 

Fig. 3). The examination of the stained specimens with confocal microscope 

showed that in the drug treated cells ST3Gal III localizes dominantly into large 

vesicles with the late-endosomal/lysosomal marker, LAMP-2 (Pearson´s 

coefficient 0.888, II Fig. 3A), whereas ~25% of the protein remains at the Golgi 

membranes (II, Fig. 1B). Colocalization with other endosomal markers, a marker 

for recycling endosomes (Rab9) and a marker for early endosomes (EEA1), was 

less remarkable (Pearson´s coefficients 0.590 and 0.439, respectively, II Fig. 3B 

& 3C).  

To study whether the detected mislocalization of ST3Gal III into the LAMP-2 

containing vesicles is direct or involves transport via the plasma membrane, we 

cultivated the cells in medium containing anti-EGFP antibody. After that the cells 

were fixed and stained with a fluorescence-conjugated secondary antibody against 

anti-EGFP. Antibody labeling was detected only in the CQ treated cells (II, Fig. 5), 

indicating that the mislocalization to the LAMP-2 containing vesicles involves 

ST3Gal III-EGFP transport via the plasma membrane. The absence of labeling in 

the control cells, in turn, indicates that ST3Gal III is not normally recycled via the 

plasma membrane.  
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5.5.2 pH alterations in acidic organelles are associated with ST3Gal 
III mislocalization (II) 

To better understand the mechanisms involved in the mislocalization of ST3Gal 

III, we measured luminal pH in ST3Gal III containing compartments in the drug 

treated cells (II, Fig. 4). The measurements with ST3Gal III-EGFP showed that 

after a 24 h incubation with 20 µM CQ, juxtanuclear Golgi pH measured using 

residual Golgi localized sensor (~25% of the total ST3Gal III-EGFP) was 6.53 ± 

0.23 (median ± S.D.) being remarkably higher than in non-treated control cells 

(6.27 ± 0.20, ***p < 0.001). At the same time pH in the vesicular structures, 

where most of the ST3Gal III in cells treated with 20 µM CQ is localized, was 

5.96 ± 0.23 being within the expected pH range of late endosomes/lysosomes (pH 

5.5–6.0, e.g. (Paroutis et al. 2004). Endosomal acidity was further examined with 

Lysosensor Yellow/Blue stainings. The stainings showed that endosomal/ 

lysosomal acidity is partly recovered already after two hours of initiation of CQ 

treatments, the luminal pH being, however, somewhat higher than in non-treated 

cells (data not shown). Together these data show that both Golgi and endosomal 

pH have been elevated upon the drug treatments indicating that both of them, in 

theory, have the potential to cause the mislocalization, if ST3Gal III is in normal 

conditions recycled through the post-Golgi structures. The antibody 

internalization assay (II, Fig. 5), however, strongly denotes that ST3Gal III is not 

recycled through the post-Golgi structures similarly to TGN proteins. 

5.5.3 ST3Gal III expression in CaCO-2 cells reveals the dependency 
of correct localization and Golgi pH 

To further test the potential effect of impaired endosomal acidification on the 

correct localization of ST3Gal III and the possibility that ST3Gal III is normally 

recycled through the post-Golgi structures similarly to some TGN resident 

proteins, we used CaCO-2 cells that have normal Golgi pH (I, Fig. 1B), but which 

are unable to properly acidify endosomes and lysosomes (Kokkonen et al. 2004; 

II, Fig. 6A). Thus, if the CQ induced mislocalization is dependent only on a pH 

change in endosomes, the ST3Gal III expressed in CaCO-2 cells should 

accumulate into endosomes. This, however, was not the case. Instead, in CaCO-2 

cells the expressed ST3Gal III remained strictly Golgi associated and showed 

more significant co-localization with GM130 than with LAMP-2 (Pearson´s 

coefficients 0.751 and 0.109, respectively; II, Fig. 6B & C). The treatment of 
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CaCO-2 cells with CQ, however, caused similar mislocalization of ST3Gal III to 

COS-7 cells. These results therefore strongly suggest that the drug induced 

ST3Gal III mislocalization is dependent on luminal pH increase in the trans-Golgi 

and that ST3Gal III is not normally recycled through the post-Golgi structures. 

5.6 Alterations in terminal glycosylation do not affect Golgi 

localization (II) 

It has been previously shown that dissipation of Golgi pH inhibits terminal 

glycosylation and simultaneously induces mislocalization of Golgi resident 

proteins (Axelsson et al. 2001, Campbell et al. 2001a, Kellokumpu et al. 2002). 

To study whether impaired terminal glycosylation itself is a factor capable of 

causing altered localization of Golgi proteins, we treated ST3Gal III-EGFP 

expressing cells with two glycosylation inhibitors that do not disturb Golgi pH 

homeostasis. ST3Gal III was selected as a marker protein, because it contains one 

or two N-glycosylation sites and is mislocalized with the same concentrations of 

Golgi pH dissipating drugs that cause inhibition of terminal N-glycosylation.  

The selected inhibitors were benzyl-N-acetyl-α-galactosamine (BGN) and 

swainsonine. BGN inhibits glycosylation by competing with natural substrates 

and thus prevents elongation of hybrid and complex type N-glycans (Kuan et al. 
1989). Swainsonine, in turn, inhibits mannosidase and thus prevents conversion 

of hybrid type N-glycans to complex type glycans (Elbein et al. 1981). Neither of 

the inhibitors, however, was able to cause mislocalization of ST3Gal III. The 

same test was also performed with ST6Gal I, which is also N-glycosylated, but 

the result was similar. These results therefore indicate that terminal glycosylation 

is not an important determinant for the correct localization of ST3Gal III in the 

Golgi. 

5.7 The basis of the different pH sensitivity of the two 
sialyltransferases, ST3Gal III and ST6Gal I (II) 

5.7.1 ST3Gal III and ST6Gal I localize to the trans-Golgi 

Next, we studied whether the different pH sensitivity of two sialyltransferases is 

dependent on their differential subcompartmentalization. Potential Golgi/TGN 

localization difference was tested by using brefeldin A1 (BFA), which induces 
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accumulation of Golgi stack proteins, but not of TGN residents, in the ER. The 

BFA treatment caused similar and relatively rapid accumulation of both ST3Gal 

III and ST6Gal I in the ER (II, Fig. 7A) indicating that both them are Golgi stack 

residents. In contrast, a TGN marker protein, TGN46, remained at the Golgi 

region despite the drug treatment. We also noticed that the luminal pH values 

measured with ST3Gal III-EGFP (pHG ST3 6.27 ± 0.20) and ST6Gal I-EGFP (pHG 

ST6 6.29 ± 0.14, *p > 0.05) were nearly identical and typical for trans-Golgi lumen 

(Paroutis et al. 2004), indicating a similar intra-Golgi localization, consistent with 

earlier data (Berger et al. 1993, Burger et al. 1998, Grabenhorst & Conradt 1999). 

Therefore, the observed differences in the pH sensitivity of the two 

sialyltransferses are apparently not dependent on their differential localization 

within the Golgi subcompartments. 

5.7.2 Covalent oligomerization of ST6Gal I does not affect Golgi 
localization 

Previous studies have shown that rat ST6Gal I is able to form disulphide-

mediated dimers (Ma & Colley 1996, Qian et al. 2001). The exact function of the 

dimers is not known, but they may enchance Golgi localization, for instance, 

according to the oligomerization / kin recognition hypothesis (Machamer 1991, 

Nilsson et al. 1993b). To study whether the differential pH sensitivity of ST3Gal 

III and ST6Gal I is dependent on different tendency to form covalent oligomers, 

we analysed overexpressed sialyltransferase-EGFPs with SDS-PAGE and 

Typhoon 9400 variable mode imager. Analyses revealed that ST3Gal III-EGFP 

exist only as a 72 kDa monomer (45 kDa + 27 kDa; II, Fig. 7B left panel), 

whereas ST6Gal I-EGFP was found to exist, similarly to its rat ortholog, as a 80 

kDa monomer (52 kDa + 27 kDa) and a DTT sensitive 160 kDa dimer. The 

proportion of the dimer, however, was only 15–20% of the total ST6Gal I protein. 

To examine whether this disulphide mediated dimerization is responsible for the 

apparent pH insensitivity of ST6Gal I compared to ST3Gal III, we mutated all 

cysteines in ST6Gal I to prevent covalent dimerization. Consistent with earlier 

studies (Qian et al. 2001), we found that only the cysteine 24 mediates covalent 

dimerization (II, Fig. 7B middle panel). The mutation, however, had no effect on 

Golgi localization in the presence or absence of Golgi pH elevating drugs (II, Fig. 

7C). 
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5.7.3 Signals in the luminal domain of ST6Gal I are responsible for 
more stable Golgi localization in drug treated cells 

According to earlier data the correct localization of ST6Gal I in the Golgi is 

dependent on multiple signals that are distributed between the transmembrane and 

the luminal domain (Colley 1997, Fenteany & Colley 2005). To study the effect 

of the different domains on apparent pH insensitive localization, we generated 

two chimeric proteins, one containing ST6Gal I transmembrane domain 

(aminoacids 1-33) and ST3Gal III luminal domain (aminoacids 34–375) and the 

other containing ST3Gal III transmembrane domain (aminoacids 1–34) and 

ST6Gal I luminal domain (aminoacids 33–406). Consistent with earlier findings 

from cysteine mutation studies (II, Fig. 7B middle panel), we found that the first 

chimera (ST6tmST3) was able to form covalent dimers, thus providing additional 

evidence that the ST6Gal I transmembrane domain is required for covalent 

dimerization. Both chimeras, ST6tmST3 and the second chimera (ST3tmST6), 

localized correctly in the Golgi when expressed in non-treated cells. In the 

presence of 20µM CQ about 65% of the ST3tmST6 and 35% of the ST6tmST3 

expressing cells showed predominant juxtanuclear localization of the chimeras (II, 

Fig. 7C). This result therefore indicates that the luminal domain of ST6Gal I 

contains dominant signals or interaction sites that are responsible for its more pH 

insensitive localization in the Golgi.  

5.8 Live cell PNA stainings (I) 

5.8.1 Golgi pH in T-antigen expressing cells is higher than in non-

expressing cells (I) 

T-antigen expressing cells were identified from GT-EGFP transfected MCF-7 

cells with live cell staining using Alexa-594 conjugated PNA as described in the 

materials and methods section. The median Golgi pH was about 0.3 units higher 

in T-antigen expressing cells than in non-T-antigen expressing cells. The method, 

however, decreased the steady state Golgi pH approximately by 0.3 units 

compared to cells that were not stained with PNA. Therefore, the measured Golgi 

pH was 6.42 ± 0.08 (median ± S.E.) in T-antigen expressing cells, 6.10 ± 0.06 in 

non-T-antigen expressing cells and 6.05 ± 0.05 in COS-7 cells that were used as a 

second control (I, Fig. 4A). The pH difference between the T-antigen expressing 
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and non-expressing cells corresponds roughly to a two-fold difference in lumenal 

H+ concentration. 

5.8.2 Golgi acidification is not impaired in T-antigen expressing 
MCF-7 cells 

Golgi acidification is mainly dependent on the function of vacuolar-H+ATPase 

(V-ATPase), which transports H+ from cytosol to the Golgi lumen (Grabe & Oster 

2001, Paroutis et al. 2004). Because a reduced activity of V-ATPase would be 

logical explanation for the increased Golgi pH in cancer cells, we tested the 

V-ATPase activity in T-antigen expressing and non-expressing cells. The 

measurements were performed according to Demaurex et al. (1998), and the pH 

changes were monitored using transiently expressed GT-EGFP. T-antigen 

expressing cells were identified with Alexa-594 conjugated PNA as described in 

the materials and methods section. The measured acidification rates were nearly 

identical (k -PNA≈ -1.91, k +PNA≈ -1.94) and both PNA-stained and unstained 

MCF-7 cells were capable of acidifying the Golgi lumen to lower pH than 

required for normal Golgi function (Fig. 11).  
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Fig. 11. ATP induced Golgi acidification in MCF-7 cells. Both T-antigen and non-

expressing cells are capable of acidifying the Golgi lumen below physiological pH at 

almost identical rates. T-antigen expressing cells were identified with live-cell staining 

using Alexa-594 conjugated PNA. After SLO permeabilization excess ATP was added 

to the cells in high potassium medium and Golgi acidification was measured by the 

intensity change in GT-EGFP fluorescence. T-antigen expressing cells are denoted 

with grey boxes and non-expressing cells with black circles. Error bars indicate 

standard deviation (S.D.). The straight lines show the initial acidification rates.  

5.9 Intracellular adenosine nucleotide (AXP) concentrations in 

MCF-7 cells indicate a good energy status 

Adenosine triphosphate (ATP) powers V-ATPase mediated H+ transport from the 

cytosol to the Golgi lumen (Grabe & Oster 2001, Paroutis et al. 2004), while 

adenosine diphosphate (ADP) has been shown to inhibit it (Kettner et al. 2003). 

Therefore, a poor cellular energy status with an increased amount of intracellular 

ADP and reduced amount of intracellular ATP can diminish Golgi acidification. 

To study this possibility more closely, we measured adenosine nucleotide levels in 

COS-7 and MCF-7 cells with reverse phase chromatography according to Folley 

et al. (1983). Adenosine nucleotides were extracted from the cells during their 

exponential growth phase, i.e. before reaching 80% confluency. The measured 

ATP, ADP and adenosine monophosphate (AMP) levels in MCF-7 cells (ATP: 

10596 ± 760 nM; ADP: 1869 ± 160 nM and AMP: 794 ± 81 nM / 1000000 cells) 

were comparable to those measured in COS-7 cells (ATP: 8890 ± 623 nM; ADP: 
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1346 ± 186 nM and AMP: 425 ± 39 nM / 1000000 cells) (Fig. 12). The ATP/ADP 

ratios were 5.67 and 6.60 for MCF-7 and COS-7 cells, and adenylate energy 

charges (AECs27) (Wiebe & Bancroft 1975), which are used to estimate overal 

cellular energy status, were 0.896 and 0.870. AEC-value around 0.80–0.95 

indicates a good energy status. The results indicate that both cell lines are in a 

good energy status and that energy deficiency is an unlikely explanation for the 

reduced Golgi acidification in cultured MCF-7 cells.  

 

Fig. 12. Intracellular AXP concentrations in COS-7 and MCF-7 cells. Proteins from the 

exponentially growing cells were precipitated with ice cold HClO4 and the supernatant 

was analysed with reverse phase column. Both cell lines are viable and in a good 

energy status. The AEC-values for COS-7 and MCF-7 cells were 0.896 and 0.870, 

respectively. 

5.10 AE2a localization within the Golgi (III) 

AE2a has been previously shown to localize in the Golgi in some cells lines 

(Holappa et al. 2001), but its exact distribution there has remained unclear. To 

define that, we stained COS-7 cryo-sections prepared for electron microscopy 

first with anti-AE2ct antibody (1st stock), then with secondary anti-rabbit 

antibody and finally with gold-labeled protein A as described earlier (Holappa et 

                                                        
27 AEC = (ATP+0.5*ADP)/(ATP+ADP+AMP) (Wiebe & Bancroft 1975) 
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al. 2004, Sipilä et al. 2007). Quantification of the gold particles in the different 

Golgi structures was performed according to Rabouille et al. (1995). Briefly, the 

first and the last continuos cisternae were defined as the cis- and trans-Golgi and 

the cisternae between them as the medial-Golgi. The TGN consists of mildly 

swollen tubulo-reticular network next to the trans-Golgi cisternae. The relative 

distribution of AE2a was calculated from counted numbers of gold particles in 

each cisternae, the TGN, and cisternal rims, as well as in separate vesicles close 

to the Golgi (III, Fig. 1). Based on the above quantification method approximately 

80% of the endogenous AE2a is localized in the medial-/trans-Golgi and the TGN. 

5.11 Role of AE2a in Golgi acidification (III) 

5.11.1 AE2a overexpression and knock-down elevate Golgi pH (III) 

AE anion exchangers localized at the plasma membrane participate in regulation 

of cytosolic pH, Cl--concentration and cell volume (Romero et al. 2004, Alper 

2006). To study whether Golgi localized AE2a (Kellokumpu et al. 1988, Alper et 
al. 1997, Stuart-Tilley et al. 1998, Holappa et al. 2001, Holappa et al. 2004) has a 

similar role in the Golgi, we used overexpression and siRNA based protein 

depletion. The Golgi pH in AE2a overexpressing and depleted COS-7 cells was 

measured with GT-EGFP, which localizes to the medial-/trans-Golgi nearly 

identically with AE2a (III, Fig. 1 & 2A). Five fold overexpression of myc-tagged 

AE2a increased Golgi pH by ~0.3 pH-units, to 6.73 ± 0.11 (median ± S.E.; III, 

Fig. 2C) and induced intra-Golgi T-antigen expression (III, Fig. 2E). In non- or 

myc vector-transfected cells the measured Golgi pH was 6.35 ± 0.05 or 6.37 ± 

0.06, respectively (*p < 0.05, Mann-Whitney U-test). 

Depletion of AE2a to ~40% of its normal level (III, Fig. 3B) with a mixture 

of four specific siRNAs increased Golgi pH to 6.51 ± 0.10 (III, Fig. 3C). Golgi 

pH in cells treated with non-specific siRNA was 6.42 ± 0.06 (*p < 0.05; Mann-

Whitney U-test), indicating that the true Golgi pH increase achieved with AE2a 

depletion was ~0.1 pH units. Longer exposure of the cells to siRNA treatments 

induced more efficient AE2a depletion, but it was also more harmful to the cells 

making reliable Golgi pH measurements unfeasible due to increased cell death 

and detachment. A similar fall in cell viability has also been detected in AE2 

knock-down studies performed with hepatocellular carcinoma cells (Hwang et al. 
2009). Therefore, a too efficient and extended AE2 knock-down may harm the 
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cells so that the performance of Golgi pH measurements becomes impossible. In 

conclusion, however, both overexpression and depletion of AE2a increase the 

steady state Golgi pH, which provides evidence that AE2a has a role in Golgi pH 

regulation. 

5.11.2 AE2 participates in Golgi acidification by altering luminal 

buffering capacity (III) 

To understand how AE2a participates in Golgi pH regulation we performed a 

series of Golgi acidification studies in different buffers. The acidification studies 

were performed according to Demaurex et al. (1998) using GT-EGFP as a pH 

sensor and SLO to permeabilize the plasma membrane. 

The acidification was found to be ATP dependent (III, Fig. 4A) and to require 

Cl- to proceed below physiological Golgi pH, i.e. below pHG ~6.0–6.3 (III, Fig. 

4B). Chloride apparently functions here as a counter anion for H+ transport, and 

helps to keep membrane potential low within the Golgi to enable undisturbed 

V-ATPase function. In the absence or presence of limited counter ion conductance 

the membrane potential increases and leads to inhibition of V-ATPase mediated 

proton transport (Glickman et al. 1983).  

The presence of 20 mM bicarbonate (HCO3
-) was found to reduce Golgi 

acidification, but interestingly only below the physiological Golgi pH (III, Fig. 

4C). With 40mM HCO3
- the reduction of Golgi acidification was more efficient, 

but again was initiated after the lumenal pH was decreased below the 

physiological Golgi pH. Together these results indicate that AE2a is capable of 

importing HCO3
- to the Golgi lumen and thus participates in Golgi pH regulation 

by increasing luminal buffering capacity. The import, however, is not constantly 

active, but is stimulated only when the Golgi lumen is acidified below the 

physiological Golgi pH. 

The active role of AE2a in HCO3
- import was further supported by 

mathematical estimations (Fig. 13). Calculations based on the Henderson-

Hasselbalch equation 28  and pKa ~6.3 of HCO3
- showed that if no HCO3

- is 

imported to the Golgi during acidification and the contribution of V-ATPase for 

acidification is the same in all conditions (and equal to the actual measurements 

performed in the absence of HCO3
-, III, Fig. 4A), the acidification curve would be 

                                                        
28 Henderson-Hasselbalch equation: pH = pKa - log([HA]/[A-] 
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nearly linear instead of curve shaped, which is seen in the actual measurements 

performed in the presence of HCO3
- (III, Fig. 4C). The curved shape of the 

acidification curve indicates that the HCO3
- import increases in response to 

luminal acidification. At the beginning of the acidification and just after ATP 

addition the HCO3
- import is thus lower than, for instance, after three minutes. 

Fig. 13. Calculated HCO3
- buffering in the absence of active HCO3

- import. Dashed 

lines denote the actual representative acidification measurements performed in the 

absence (black line) or presence of HCO3
- (gray line). White dots, diamonds and boxes 

represent calculated buffering in conditions where luminal HCO3
- concentration is 

constant and no HCO3
- transport occurs. The time point zero represents the time of 

ATP addition. Note the different shape of the curves as compared to the actual 

measurements performed in the presence of HCO3
-. 

Acidification studies performed in the presence of 20 mM HCO3
- using AE2a-

DsRed expressing cells showed that the initial acidification, as well as recovery 

from ATP dependent acidification, occurs more rapidly in AE2a overexpressing 

cells than in control cells (III, Fig. 5). This further supports the role of AE2a as a 

HCO3
- importer, but also indicates that AE2a may have an additional role in the 

acidification above physiological Golgi pH.  

 Further support for the function of AE2a in Golgi acidification was obtained 

from a chemical knock-down, performed using H2DIDS (4,4'-

diisothiocyanatodihydrostilbene-2,2'-disulfonic acid). We found that the presence 

of 200µM H2DIDS reduces Golgi acidification in a similar fashion to Cl- 

depletion, supporting a potential contribution of AE2a to Cl- influx and HCO3
- 
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efflux (III, Fig. 6). Together with the result that the initial acidification occurs 

more rapidly in AE2a overexpressing cells, this result suggests that AE2a may 

have a dual role in the Golgi. Therefore, in addition to the capacity to reduce 

excess acidification of the Golgi lumen by importing HCO3
- and exporting Cl-, 

AE2a may also participate in Golgi acidification above the physiological Golgi 

pH by importing Cl- and exporting HCO3
-. To be able to do that AE2a should be 

able to change the direction of the HCO3
-/Cl- exchange. By comparing Golgi 

acidification curves that were converted to a H+ concentration scale instead of pH 

scale, we estimated that this point would be at pHG ~6.0. At that point the slope of 

the tangent function describing Golgi acidification in the presence of 20mM 

HCO3
- starts to decrease compared to the tangent function describing acidification 

in the absence of HCO3
- (data not shown). Before that point the slopes of the 

tangent functions are equal or the slope of the tangent function describing Golgi 

acidification in the presence of 20mM HCO3
- is higher.  

  



 100

 



 101

6 Discussion 

6.1 Increased Golgi pH in cancer correlates with increased 

T-antigen expression 

Consistent with earlier hypothesis (Campbell et al. 2001a, Kellokumpu et al. 
2002) we have shown in this work that Golgi pH is elevated in several cancer 

cells lines and that the elevation of Golgi pH correlates with increased T-antigen 

expression inspite of a similar or different genetic background (I, Fig. 4). Highly 

T-antigen expressing MCF-7, SW-48 and HT-29 cancer cells were found to have a 

generally higher Golgi pH than non-expressing cancer or control cells. A similar 

trend was also noted within a single cell line i.e. cells having the same genetic 

origin. Highly T-antigen expressing MCF-7 cells were found to have generally 

higher Golgi pH than non-expressing cells.  

The Golgi pH elevation, however, is not the only potential factor that can 

induce T-antigen expression, but also, for example, alterations in the folding 

(Schietinger et al. 2006), substrate availability (Kumamoto et al. 2001) or the 

expression levels of the corresponding glycosylation enzymes (Whitehouse et al. 
1997, Brockhausen 1999, Burchell et al. 1999, Dalziel et al. 2001) have been 

associated with increased T-antigen expression. Our data do not exclude a 

contribution of these or other potential factors to the glycosylation in the cell lines 

used in our study, but rather shows that despite the evident correlation between 

elevated Golgi pH and increased expression of T-antigen, there exist some cell 

type dependent factors that cause different T-antigen expression in the cell lines 

with almost identical Golgi pH profiles (compare e.g. MCF-7, HT-29 and SW-48 

cells; I, Fig. 1B & 4B). The contribution of these additional factors affecting 

glycosylation, however, was not assessed in this study. 

6.2 Terminal processing of O- and N-glycans is highly sensitive to 

Golgi pH alterations 

Neutralization/alkalinization of mildly acidic Golgi pH with various drugs is 

known to cause alterations in glycosylation (Thorens & Vassalli 1986, Gawlitzek 
et al. 2000, Axelsson et al. 2001, Campbell et al. 2001a, Kellokumpu et al. 2002). 

In this work, however, we showed that Golgi resident glycosylation processes are 

much more sensitive to Golgi pH changes than previously thought. We found that 
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only a 0.2 unit increase in Golgi pH in COS-7 cells is sufficient to inhibit terminal 

O- and N-glycosylation. The perturbation of terminal O-glycosylation was 

detected as an increase of intra-Golgi and cell surface T-antigen expression (I, Fig. 

3) and the perturbation of the terminal N-glycosylation was detected as a 

decreased level of α2,3-sialylation (II, Fig. 2B & C). These data further support 

the finding that the Golgi pH elevation detected in cancer cells (~0.3-0.4 pH units; 

I, Fig. 1B) is sufficient to impair terminal O- and N-glycosylation processes. 

Analogous and hence supporting results were also obtained from the AE2 

overexpression studies. The overexpression of AE2 was found to increase Golgi 

pH by ~0.3-0.4 pH units (III, Fig. 2C) and concurrently induce T-antigen 

expression (III, Fig. 2E).  

Recently, others have also noted the high pH sensitivity of the Golgi resident 

glycosylation processes. Maeda and coworkers (Maeda et al. 2008) reported that 

depletion of functional GPHR protein leads to a similar Golgi pH elevation to the 

observations from our Golgi pH dissipation experiments (i.e. ~0.3–0.4 pH units). 

This is consistent with our findings and is sufficient to inhibit both O- and 

N-glycosylation. 

6.3 Glycosylation processes are differently sensitive to Golgi pH 
alterations 

In addition to high pH sensitivity of terminal glycosylation processes, we note 

that different glycosylation processes are differently sensitive to Golgi pH 

alterations. Previously, distinction of the pH sensitivities has been noted only 

between cis-Golgi resident proximal and trans-Golgi resident terminal 

glycosylation processes (Gawlitzek et al. 2000, Axelsson et al. 2001), but our data 

show that terminal glycosylation can also be differently sensitive to Golgi pH 

alterations. We found that α2,3-sialylation can be inhibited with lower Golgi pH 

increase than, for example, α2,6-sialylation or β1,4-galactosylation (II, Fig. 2B & 

C). 

Especially the finding that the pH sensitivities of the two terminal sialylation 

reactions are different, is very intriguing, because it may explain one rather 

common colon cancer associated glycosylation alteration. CEA extracted from 

colon cancer patients is often characterized by a reduced level of α2,3-sialylation 

and an increased level of α2,6-sialylation (Kobata et al. 1995). Therefore, it 

would be interesting to study whether a mere Golgi pH elevation is able to induce 

this colon cancer associated sialylation change in cells originating from colon 
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tissue. In COS-7 cells, however, Golgi pH elevation reduced α2,3-sialylation of 

sCEA, but did not induce its α2,6-sialylation (II, Fig. 2B & C). 

6.4 Inhibition of α2,3-sialylation involves mislocalization of the 
corresponding sialyltransferase, ST3Gal III 

Glycosylation alterations induced by Golgi pH elevation are thought to derive 

from a nonoptimal luminal pH for enzyme activities (Gawlitzek et al. 2000), 

reduced availability of the sugar nucleotides (Waldman & Rudnick 1990) or 

mislocalization of the corresponding glycosylation enzymes (Axelsson et al. 
2001). Currently, however, it is not known which one of these is the primary 

affecting factor that takes place upon the lowest Golgi pH elevation and initially 

causes inhibition of glycosylation. This uncertainty is partly due to the fact that 

most of the studies in which the effects of Golgi pH elevation are studied, are 

performed using different drugs and drug concentrations without measuring the 

exact Golgi pH. For that reason in this work we measured the drug induced 

elevation of Golgi pH and tested, by elevating Golgi pH in a step-wise manner, 

what kind of alterations in the Golgi are associated with initial inhibition of 

glycosylation. We found that the first effect detected simultaneously with Golgi 

pH elevation induced inhibition of α2,3-sialylation is the mislocalization of the 

corresponding α2,3-sialyltransferase, ST3Gal III (II, Fig. 1A & 2B). At the same 

time α2,6-sialylation was practically unaltered (II, Fig. 2B), which excludes the 

possibility that availability of the sugar nucleotide, CMP-Sia, is reduced. The 

effect of the pH shift to potentially less optimal Golgi pH for ST3Gal III activity 

was not studied in this work, but according to Brenda enzyme database 

(http://www.brenda.uni-koeln.de/) the pH optimum for human ST3Gal III peaks 

at pH 6.7. Therefore, the CQ induced Golgi pH elevation from 6.3 to 6.5–6.7 

should rather increase than inhibit α2,3-sialylation. However, our data does not 

exclude the possibility that other factors than the mislocalization can participate 

in inhibition of glycosylation when more potent drugs or drug concentrations are 

used. 

6.5 ST3Gal III mislocalization  

By utilizing Golgi pH measurements and CaCO-2 cells the mislocalization of 

ST3Gal III was confirmed to be dependent on Golgi pH elevation and not, for 

instance, on elevated endosomal pH. The Golgi pH measurements showed that 
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mislocalization of ST3Gal III is tightly associated with luminal pH elevation in 

the juxta-nuclear region (II, Fig. 4) and the tests with CaCO-2 cells showed that 

ST3Gal III remains mainly in the Golgi despite the endosomal acidification defect 

in these cells (II, Fig. 6). 

ST3Gal III, however, is not the only glycosyltransferase whose 

mislocalization has been associated with Golgi pH elevation. Previously, 

GalNAcT2, NAGT1 and GalT have also been shown to mislocalize to the plasma 

membrane or to undefined vesicular structures when the mildly acidic Golgi pH is 

neutralised with BafA1 or NH4Cl (Axelsson et al. 2001). Additionally, monensin, 

an ionophore that allows free exchange of Na+ and H+ through membranes, has 

been shown to cause signal mediated redistribution of GalT1, but not of ST6Gal I, 

to the TGN (Schaub et al. 2006). Together these data show that Golgi pH 

elevation induced mislocalization of Golgi glycosyltransferases is a rather 

common event. However, because the underlying mechanisms, transport 

pathways as well as destinations involved in the pH dependent mislocalization are 

poorly known, we studied the mislocalization more closely using ST3Gal III as a 

model glycosyltransferase.  

We found that during CQ induced Golgi pH elevation ST3Gal III 

mislocalizes predominantly to LAMP-2 containing vesicles (II, Fig. 3). The 

luminal pH in these vesicles is around ~6.0 (II, Fig. 4), which together with the 

presence of LAMP-2 strongly indicates that the vesicles are late 

endosomes/lysosomes or at least of endosomal/lysosomal origin. We also found 

that during the drug treatments ST3Gal III behaves similarly to a TGN marker, 

TGN46 (II, Fig. 1A), which is known to recycle between the TGN, the plasma 

membrane and endosomes (Chapman & Munro 1994, Bonifacino & Rojas 2006). 

Further studies revealed that the similar behaviour of ST3Gal III and TGN46 in 

drug treated cells was not limited to the accumulation of both proteins to the 

LAMP-2 containing vesicles, but also ST3Gal III, similarly to TGN46, is recycled 

via the plasma membrane in drug treated cells (II, Fig. 5). Normally, i.e. in cells 

that have normal Golgi pH, ST3Gal III is not recycled via the plasma membrane 

(II, Fig. 5). Due to methodological limitations, however, it remained unclear 

whether ST3Gal III is first transported to the plasma membrane and then to the 

LAMP-2 containing vesicles or vice versa.  

Nevertheless, the mislocalization of ST3Gal III is a phenomenon that 

involves disturbance of two distinct processes. The disturbance of the first one is 

caused by Golgi pH elevation, which either inhibits active retrieval or releases 

some constraints that normally retain ST3Gal III in the Golgi. The disturbance of 
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the second process, in turn, is caused by an elevation of endosomal pH, which 

inhibits retrieval of mislocalized ST3Gal III from the plasma membrane and 

endosomes back to the Golgi.  

6.6 Different pH sensitivities of ST3Gal III and ST6Gal I are mainly 
dictated by their luminal domains 

Domain swapping mutagenesis revealed that the difference in the pH sensitivity 

of the two terminal glycosyltransferases, ST3Gal III and ST6Gal I, is mainly 

dictated by their luminal domains (II, Fig. 7C). At this point, however, it is 

unclear what features in the luminal domain of ST6Gal I make ST6Gal I or a 

chimera carrying its luminal domain more insensitive to Golgi pH elevation 

compared to ST3Gal III. One possibility is that the luminal domain of ST6Gal I 

contains some signals or interaction sites that, for instance, interact with similar 

kind of molecules according to the oligomerization / kin recognition hypothesis 

(Machamer 1991, Nilsson et al. 1993b). These interactions, however, must be 

relatively weak and non-covalent, because SDS-PAGE analysis in non-reducing 

conditions did not reveal any interactions associated with the luminal domain of 

ST6Gal I (II, Fig. 7B). Another completely opposite possibility is that, instead of 

a stabilizing effect of the luminal domain of ST6Gal I, the luminal domain of 

ST3Gal III could somehow destabilize Golgi localization of the protein upon 

Golgi pH elevation. Luminal pH elevation may, for instance, induce specific or 

unspecific association of ST3Gal III with Golgi/TGN associated aggregates, 

which have been suggested to participate in protein sorting (Borgonovo et al. 
2006). Non-reducing SDS-PAGE of samples prepared from CQ treated cells 

having elevated Golgi pH, however, did not reveal any signs of ST3Gal III 

aggregation (data not shown). This either indicates that the aggregates do not 

form or that they are, similar to the suggested interactions that may stabilize the 

localization of ST6Gal I luminal domain, too weak to be detected using SDS-

PAGE analysis. A better understanding on this issue, however, awaits recognition 

of the luminal proteins that interact with ST6Gal I or ST3Gal III in normal and/or 

elevated Golgi pH. This could be possible, for instance, with methods such as 

BiFC (Bimolecular fluorescence complementation) or FRET (Förster resonance 

energy transfer) that allow detection of molecular interactions in live cells. 

Despite the central roles of the luminal domains in pH sensitive Golgi 

localization, it is important to note that also the transmembrane domain of 

ST6Gal I is able to stabilize Golgi localization (II, Fig. 7C). Its ability to enhance 
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Golgi localization during luminal Golgi pH elevation is currently unclear but may 

be related to the different lengths of the membrane spanning sequences of ST6Gal 

I and ST3Gal III. ST6Gal I has a three amino acids shorter membrane spanning 

sequence and may thus be directed, according to the lipid bilayer sorting model 

(Bretscher & Munro 1993, Masibay et al. 1993), to thinner membrane domains 

than ST3Gal III. The thinner membrane domains are thought to be less active as 

Golgi export sites than thicker membrane domains29 and thus to provide more 

stable Golgi residence. Confirmation of the involvement of lipid bilayer sorting, 

however, would require genetic manipulation of the lengths of the membrane 

spanning sequences.  

Another potential mechanism that could contribute to Golgi localization by 

utilizing the transmembrane domain was, in turn, excluded. Cysteine mediated 

covalent dimerization, which has been previously associated with the 

transmembrane domain (cysteine 24) and improved Golgi retention (Ma & Colley 

1996, Qian et al. 2001), was found to be unimportant for Golgi localization of 

ST6Gal I in non- or drug-treated COS-7 cells. The mutant lacking cysteine 24 and 

being thus incapable of forming covalent dimers, was found to be equally 

insensitive to Golgi pH elevation as the wild type ST6Gal I (II, Fig. 7C). 

6.7 Dissipation of the acidic Golgi pH is able to inhibit 
α2,3-sialylation despite ST3Gal III overexpression 

Glycosylation alterations in cancer correlate sometimes with increased or reduced 

expression of corresponding glycosylation enzymes (Whitehouse et al. 1997, 

Brockhausen 1999, Burchell et al. 1999, Dalziel et al. 2001), but often such 

correlation is inconsistent or totally lacking (Yang et al. 1994, Brockhausen et al. 
1995, Hanisch et al. 1996, Lloyd et al. 1996, Taylor-Papadimitriou et al. 1999, 

Müller & Hanisch 2002). Our results show that one potential factor that can cause 

this phenomenon is elevated Golgi pH. We found that dissipation of the mildly 

acidic Golgi pH is able the overrun the effect of ST3Gal III overexpression. In 

cells that have a normal Golgi pH, transient ST3Gal III overexpression increases 

α2,3-sialylation roughly 3.6 fold (Fig. 10A), but when the ST3Gal III 

overexpressing cells are treated with a sufficient load of CQ (i.e. > 40µM), α2,3-

sialylation can be diminished to a lower level than in non-ST3Gal III 

                                                        
29 i.e. lipid rafts 
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overexpressing cells (Fig. 10B). This result further emphasizes the role of 

properly regulated Golgi pH for succesful glycosylation, and also explains why 

glycosyltransferase expression levels, even in the case of overexpression, do not 

always correlate with detected glycosylation alterations. 

Some glycosylation enzymes, however, can be practically insensitive to Golgi 

pH alterations. Obviously many cis-Golgi resident proximal glycosylation 

enzymes belong to this group, since, for instance, acquiring Endo H sensitivity of 

N-glycans is not remarkably affected by the drug treatments that elevate Golgi pH 

(II, Fig. 2A). 

6.8 Cancer cell lines are often characterized by heterogeneous cell 
surface glycan expression 

In addition to the elevated and highly variable Golgi pH, many cancer cell lines 

are characterized by heterogeneous cell surface T-antigen expression (Fig. 9). The 

PNA staining of such cells clearly shows that even sister cells, growing side by 

side in the same colony, can express T-antigen at different levels. The finding is 

an intriguing demonstration how differently the cancer cells can behave and how 

different they can appear, even if they share the same genetic origin and the same 

growth environment and stimuli. The same trend can be seen also in the stainings 

of histological cancer sections (e.g. colorectal carcinoma in article I, Fig. 4C), 

although the actual tumors may also contain non-malignant cells. At this point, 

however, it is unclear how the heterogeneity is primarily induced and whether it 

represents a constantly changing mosaic or a static state. This heterogeneity 

apparently reflects a general cellular regulation defect, which somehow also 

impairs Golgi pH regulation and processing of glycans either directly or indirectly. 

A general cellular regulation defect can, for instance, cause alterations in the 

expression levels of Golgi pH regulators, glycosylation enzymes and glycosylated 

proteins that can all affect glycosylation. Another issue that remains to be solved 

in the future is the physiological significance of the heterogeneous cell surface 

glycan expression. Does it, for instance, enhance metastasis or protect cancer cells 

from the immunodefence? 

6.9 Golgi pH regulation in health and disease 

Mechanisms involved in Golgi pH regulation (Chapter 2.5) are not fully 

understood, but according to current knowledge the machinery mediating Golgi 
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pH regulation is composed of three main components: proton import to the Golgi 

lumen, proton export/elimination from the Golgi lumen and counterion 

conductance (Kim et al. 1996, Demaurex et al. 1998, Farinas & Verkman 1999, 

Grabe & Oster 2001, Wu et al. 2001, Demaurex 2002, Paroutis et al. 2004). 

Additionally, some other components such as buffering, membrane traffic and 

activities of transiting cargo proteins can affect Golgi pH homeostasis (Paroutis et 
al. 2004). Each of these components can be mediated by a single protein or 

protein complex, but there may also be several mediators with partially 

overlapping functions. Therefore, to solve why Golgi pH is elevated and more 

variable in cancer cells than in non-malignant control cells is an extremely 

difficult task. One thing that makes the task even more complicated is the fact that 

also the mechanisms that impair Golgi pH regulation can be different in different 

cancer types. In this work, however, we focused the study on the function of 

V-ATPase in differentially T-antigen expressing MCF-7 cells. We also studied the 

function of another potential Golgi localizing pH regulator, AE2a, which is 

variably expressed in many cancer cell lines (data not shown). 

6.9.1 V-ATPase is present and functional in the Golgi of MCF-7 cells 

Previously, it has been shown that the Golgi acidification is mainly mediated by 

V-ATPase (Grabe & Oster 2001, Paroutis et al. 2004). Additionally, alterations in 

the localization and the expression of V-ATPase subunits are quite commonly 

associated with cancer (Sennoune et al. 2004a, Sennoune et al. 2004b). Therefore, 

one potential reason for the cancer associated Golgi pH elevation is decreased 

presence of functional V-ATPase in the Golgi. The number of Golgi resident 

V- H+ATPases, for instance, can be lowered due to a defective sorting or 

trafficking or the Golgi resident V-ATPases may be inactivated by some 

regulatory mechanism. Our studies, however, show that the Golgi lumen in SLO-

permeabilized MCF-7 cells can be rapidly acidified below normal physiological 

value (i.e. pHG < 6.0–6.3) after addition of ATP into the medium (Fig. 11). 

Additionally, there were no remarkable differences in the rates of ATP induced 

Golgi acidification between T-antigen expressing and non-expressing MCF-7 

cells, although the initial steady state Golgi pH of the T-antigen expressing cells is 

generally higher. These results thus demonstrate that despite the level of T-antigen 

expression and Golgi pH elevation, both MCF-7 cell types have sufficient amount 

of functional V-ATPase on their Golgi membranes to maintain normal Golgi 

acidity.  
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However, the question whether V-ATPase activity on the Golgi membranes is 

somehow down-regulated in intact T-antigen expressing cells, is a more difficult 

issue to assess because most of the regulatory mechanisms (Chapter 2.5.1: 

Regulation of V-ATPase activity) are reversible and may be highly sensitive to 

cytosolic changes. The procedure used in the acidification measurements requires 

replacement of the cytosol with an artificial buffer and can thus easily affect, for 

instance, RAVE and disulfide bond dependent regulation. The possibility of 

different coupling i.e. that V-ATPases are composed of different subunits in 

T-antigen expressing cells, can be excluded with quite a high confidence, because 

alterations in the coupling are generally relatively slow and at least partly 

irreversible. Assembled V-ATPase domains, V0 and V1, are more likely 

proteolytically degraded than disassembled for assembly of a new complex. 

Results from the acidification studies additionally show indirectly that the 

counterion conductance or the proton leakage in the Golgi of T-antigen expressing 

MCF-7 cells are not remarkably altered. Otherwise, there would be detectable 

differences in the shapes of acidification curves of differently T-antigen 

expressing cells. Increased proton leakage and reduced counterion conductance, 

for instance, would be capable of reducing the rate of acidification. 

6.9.2 Energy status do not limit Golgi acidification in cultured MCF-7 
cells 

Another factor that can prevent proper Golgi acidification in cancer cells is a poor 

cellular energy status, because the capability of V-ATPase to transfer protons from 

the cytosol to the Golgi lumen is dependent the on presence of ATP and inhibited 

by ADP (Kettner et al. 2003). However, we found that cultured MCF-7 cells are 

not energy deficient. Their adenylate energy charge (AEC) was 0.870 (Fig. 12), 

which indicates a very good cellular energy status. The Golgi pH elevation is thus 

not caused by a catabolic or metabolic defect that impairs the production of ATP, 

and hence also the activity of V-ATPase. Our studies performed with cultured 

cells, however, do not exclude the possibility that energy deficiency reduces 

Golgi acidification in tumors. Even though the cultured cancer cells are capable 

of using available energy efficiently, as our studies indicate, tumors may suffer 

from energy deficiency due to a too high growth rate of the cancer cells, and 

insufficiently developed blood vessels that are unable to supply rapidly 

multiplying cells with appropriate amounts of nutrients and oxygen.  
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Due to the limitations of the available methods, we were unable to test here 

the potential differences in the energy status between highly T-antigen expressing 

and non-expressing cells. However, the percentage of cells with increased Golgi 

pH (i.e. pHG > 6.75) is so high (52%) that one should observe a notable 

decrement in the AEC-value of a cultured MCF-7 population, if the poor energy 

status is the main factor that elevates Golgi pH and increases T-antigen expression. 

Since such decrement could not be noted in the AEC, the energy deficiency in 

culture conditions appears to be very unlikely reason for the elevated Golgi pH 

and increased T-antigen expression. 

6.9.3 Role of AE2a in Golgi pH regulation 

Since the plasmalemmal AE2a participates in the regulation of cytosolic pH, 

chloride concentration and cell volume (Romero et al. 2004, Alper 2006), it has 

been suggested that also the Golgi resident AE2a may have a similar role in the 

Golgi. Consistent with this suggestion, our results show that the Golgi resident 

AE2a participates in Golgi pH regulation by altering luminal buffering capacity. 

At this point, however, the mechanism is not fully understood, but it involves at 

least HCO3
--import/Cl--export in response to luminal acidification (III, Fig. 4). 

One very interesting characteristic of the HCO3
- import is that it can be detected 

only at or below the physiological Golgi pH (i.e. pHG < 6.0–6.3) regardless of the 

HCO3
- concentration in the extra-Golgi buffer (III, Fig. 4C) or the expression 

level of AE2a on the Golgi membranes (III, Fig. 5).  

Additionally, the Golgi resident AE2a may also participate in acidification 

above physiological Golgi pH by mediating HCO3
--export/Cl--import. This 

suggestion is based on findings that overexpression of AE2a enchances initial 

acidification (III, Fig. 5) and that Golgi acidification can be inhibited by using 

H2DIDS, a highly specific inhibitor against AE2a (III, Fig. 6). Recently, however, 

the specificity of stilbenesulphonates to anion exchangers has been challenged by 

showing that other proteins can also be inhibited by them. One such protein is a 

recently characterized GPHR, which may also participate in Golgi pH regulation 

(Maeda et al. 2008). We also understand that some caution is necessary in the 

interpretation of these results, since the numbers of successful pH recordings are 

for technical reasons relatively low. 

Despite these uncertainties related to specificity of H2DIDS, and the limited 

number of successful pH recordings, our findings indicate that Golgi resident 

AE2a is not constantly active, and may be capable of mediating bidirectional 
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HCO3
-/Cl- exchange. Therefore, the Golgi resident AE2a must have a specific 

mechanism for sensing luminal acidification, and activating HCO3
- import, or 

switch from HCO3
- export to import. Consistent with this possibility, the 

plasmalemmal AE2a has been shown to be able to sense pH in the extracellular 

space, which corresponds topologically to the Golgi lumen, with specific regions 

in its transmembrane domain (Stewart et al. 2007a, Stewart et al. 2007b). The 

plasmalemmal AE2a, however, has a pHo(50) value ~6.9 (Stewart et al. 2007b), 

which indicates that the plasmalemmal AE2a is active mainly when extra-cellular 

pH is near neutral or alkaline. Our results, however, show that the HCO3
- import 

mediated by Golgi resident AE2a is in normal conditions activated at or below 

pHG 6.1. Therefore, if the same regulatory mechanism is used in both cases, it 

must be somehow modulated to be able to sense different extracellular/luminal 

pH values. Such modulation could, for instance, involve phosphorylation or non-

covalent molecular interactions with other Golgi or plasma membrane resident 

proteins. 

The involvement of AE2a activity in Golgi pH regulation also provides an 

explanation for the uncharacterized proton export. Luminal HCO3
- reacts 

efficiently with H+ in acidic conditions and forms carbonic acid. Since carbonic 

acid is highly unstable in aqueous conditions, it is rapidly dissociated into water 

and carbon dioxide that can pass lipid membranes via aquaporin water channels 

or by diffusion, respectively. Therefore, the proton export from the Golgi, or the 

“proton leakage pathway”, does not necessarily require any proton specific 

channels or exchangers. 

In the future it would be interesting to study the contribution of AE2a to 

Golgi pH regulation in cancer. According to the preliminary data, AE2a 

expression is variable between different cancer cell lines (data not shown), and 

both its overexpression and depletion can cause Golgi pH elevation. Confirmation 

of the involvement of AE2 in Golgi pH regulation in cancer, however, would 

require authentic controls (i.e. non-malignant cells from the same tissue and the 

same patient). Otherwise the normal localization and tissue specific levels of 

AE2a expression cannot be reliably defined.  
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7 Conclusions 

In this work we have shown that cancer cells have often more variable and higher 

Golgi pH than cells of non-cancerous origin. The Golgi pH elevation was also 

found to correlate with increased expression of a typical cancer associated glycan 

epitope, Thomsen-Friedenreich antigen (T-antigen / Core-1 O-glycan structure, 

Gal-β1,3-GalNAc-Ser/Thr). The importance of Golgi pH regulation for successful 

glycosylation was further evidenced with a variety of Golgi pH gradient 

dissipating drug treatments. Even a relatively small Golgi pH increase, ~0.2 pH 

units, is enough to impair terminal processing of both O- and N-linked glycans.  

Additionally, we show in this work that terminal glycosylation processes can 

be differentially sensitive to Golgi pH elevation. Terminal α2,3-sialylation was 

found to be more sensitive to drug treatments than α2,6-sialylation due to the high 

tendency of the corresponding α2,3-sialyltransferase, ST3Gal III, to mislocalize 

after minor Golgi pH elevation. Higher Golgi pH elevation was required for 

mislocalization of α2,6-sialyltransferase, ST6Gal I, and other tested Golgi 

resident glycosyltransferases. The different sensitivities of the two 

sialyltransferases to Golgi pH elevation were found to be mainly dictated by 

currently unknown properties within the luminal domains.  

In this work we also show that, despite the more variable and elevated Golgi 

pH, the cellular energy status and the ability of V-ATPase to acidify the Golgi 

lumen can both be normal in cancer cells. Therefore, the cancer associated Golgi 

pH alterations may derive from a general cellular regulation defect, which may 

lead, for instance, to an abnormal expression of a protein or proteins participating 

in Golgi pH regulation. Related to this, we found that a Golgi localized HCO3
-/Cl- 

exchanger, AE2a, can induce Golgi pH alterations when over- or underexpressed. 

Our data shows that AE2a participates in Golgi pH regulation by altering luminal 

buffering capacity. The import of HCO3
- increases luminal buffering and thus 

reduces Golgi acidification, whereas the HCO3
- export reduces buffering capacity 

and thus helps acidification. Involvement of AE2 mediated HCO3
- transport in 

Golgi pH regulation also provides a novel mechanism to expel protons from the 

Golgi lumen. The more acidic the luminal pH is, the more efficiently HCO3
- 

reacts with excess H+ to form water and CO2. Therefore, the elimination of excess 

H+ from the Golgi lumen does not require any specific H+ channels or exporters. 

The role of AE2a in the misregulation of Golgi pH in cancer cells, however, 

remains to be elucidated.  
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