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PREFACE 
 

The Golgi apparatus is an organelle found in most eukaryotic cells. The primary function 

of the Golgi apparatus is to process and package macromolecules, such as proteins and lipids, 

after their synthesis and before they make their way to their destination. This book presents 

topical research data in the study of Golgi apparatus, including Golgi organization and stress 

sensing; signaling pathways controlling mitotic Golgi breakdown in mammalian cells; the 

role of Golgi apparatus in the biological mechanisms of hypericin-mediated photodynamic 

therapy; the role of the Trans-Golgi Network (TGN) in the sorting of nonenzymic lysosomal 

proteins; and the mechanisms involving the role of Golgi apparatus alteration in neurological 

disorders triggered by manganese. 

Chapter 1 - The eukaryotic Golgi complex plays a central role in processing and sorting 

of cargo in the secretory pathway. The mammalian Golgi apparatus is composed of multiple 

stacks of cisternal membranes that are organized laterally into a ribbon-like structure at a 

juxtanuclear location. The stacks are polarized and protein cargo moves through the organelle 

in a cis-to-trans direction. In addition, trans-Golgi membranes come in close apposition with 

specialized endoplasmic reticulum (ER) membranes. These contacts are believed to mediate 

lipid transfer from the ER directly to the trans-Golgi. The Golgi ribbon structure is unique to 

vertebrate cells as lower eukaryotic cells lack this elaborate architecture. The complexity of 

the Golgi ribbon is intriguing and suggests potential additional functions. In this chapter, we 

discuss the structure of the mammalian Golgi ribbon and its potential role as a sensor of 

cellular stress. We focus on the role of Golgi organization in ceramide trafficking. Ceramide 

is a potent secondary messenger in signaling and apoptosis, and its levels are tightly regulated 

in cells. A protein called CERT (ceramide transfer protein) delivers ceramide from its site of 

synthesis in the ER to the trans-Golgi for sphingomyelin (SM) synthesis. CERT interacts with 

both ER and Golgi membranes, and may function at the ER-trans-Golgi contact sites. Some 

Golgi structural perturbations reduce SM synthesis as well as CERT‟s colocalization with 

Golgi markers, suggesting that the organization of the mammalian Golgi ribbon together with 

CERT may promote specific ER-Golgi interactions for efficient delivery of ceramide for SM 

synthesis. Under cellular stress, caspase activation can lead to Golgi ribbon disassembly and 

loss of ER-trans-Golgi contact sites. Prolonged stress that cannot be repaired usually results 

in apoptosis. Interestingly, increased ceramide levels have been associated with apoptosis, but 

it is not yet known if newly synthesized ceramide resulting from perturbation of ER-trans-

Golgi contact sites contributes to ceramide signaling during apoptosis. An important question 

is whether ER-trans-Golgi contact sites are upstream targets of stress signals leading to 

increased ceramide levels and caspase activation, or if altered ceramide trafficking is 
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downstream of Golgi disassembly. Regardless, it is clear that Golgi ribbon structure, 

including ER-trans-Golgi contact sites is exquisitely sensitive to perturbation, making this 

organelle an ideal platform to sense cellular stress and integrate signals that determine cell 

survival or cell death. 

Chapter 2 - The Golgi apparatus is a sorting nexus for protein and lipids exported from 

the endoplasmic reticulum (ER) to other organelles and for secretion. The lipids and sterols 

that delineate the vesicular/tubular transport carriers and cisternae that constitute the Golgi 

transport apparatus are just packaging materials but participate directly in membrane fusion, 

cargo sorting and polarized transport. Low abundance lipids, such as diacylglycerol (DAG), 

phosphatidic acid (PtdOH), lyso-phospholipids and phosphatidylinositol phosphates, 

contribute to these processes by localized synthesis and interconversion. These lipids alter the 

structure of membranes by assisting in induction of positive and negative curvature required 

for carrier assembly, and regulate the activity of proteins that temporally and spatially 

regulate fusion and fission events. The Golgi apparatus is especially enriched in 

phosphatidylinositol 4-phosphate (PtdIns(4)P), where localized metabolism by Golgi-

associated PtdIns 4-kinases (PI4K) and phosphatases controls PtdIns(4)P pools that recruit 

proteins involved in lipid transport and vesicular trafficking. DAG and ceramide conversion 

in the late Golgi and trans-Golgi network (TGN) by sphingomyelin (SM) synthase regulates 

Golgi trafficking by recruiting and activating protein kinase D (PKD) for phosphorylation of 

targets such a PI4KIIIβ. SM and glycosphingolipids (GSL) synthesized in the Golgi apparatus 

condenses with cholesterol into nanoscale assemblies called lipid rafts. These platforms 

function in membrane signaling and regulate trans-Golgi network (TGN)-sorting machinery. 

There is an increasing appreciation for the role of lipid and sterol transfer proteins in 

modulation of Golgi apparatus function. In particular, site-directed ceramide and sterol 

transfer proteins that communicate lipid status, and regulate cholesterol, SM and GSL 

metabolism. Here we will review the highly integrated lipid metabolic and signaling 

pathways housed in the Golgi apparatus that control secretory activity and membrane 

assembly. 

Chapter 3 - In mitosis, each daughter cell must receive a complete and equal set of 

cellular components. Cellular organelles that are single copy, such as endoplasmic reticulum, 

nuclear envelope and Golgi apparatus, have to break down to allow their correct distribution 

between daughter cells. The mammalian Golgi is a continuous membranous system formed 

by cistern stacks, tubules and small vesicles that are located in the perinuclear area. At the 

onset of mitosis, the Golgi apparatus undergoes a sequential fragmentation that is highly 

coordinated with mitotic progression and in which reversible phosphorylation plays a critical 

regulatory role. In fact, several kinases have been implicated in each stage of this 

fragmentation process. Before mitotic disassembly, the lateral connections between the stacks 

are severed resulting in the formation of isolated cisternae. Several kinases such as mitogen-

activated protein kinase kinase 1(MEK1), Raf-1, ERK1c, ERK2, Plk3, VRK1, several Golgi 

matrix proteins (GRASP65 and GRASP55) and the membrane fission protein BARS have 

been shown to mediate signals in this first step that takes place in late G2 phase. As prophase 

progresses, the isolated cisternae are first unstacked followed by its breakage into smaller 

vesicles and tubules that accumulate around the two spindle poles at metaphase. Unstacking 

and vesiculation are triggered by several proteins including kinases (Plk1 and Cdc2), the 

GTPase ARF-1 and inactivation of membrane fusion complexes (VCP and NSF). Post-

mitotic Golgi reassembly consists of two processes: membrane fusion mediated by two 
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ATPases, VCP and NSF; and cistern restacking mediated by dephosphorylation of Golgi 

matrix proteins (GRASP65 and GM130) by phosphatase PP2A (Bα). Apart from the tight 

regulation by reversible phosphorylation, it seems that mitotic Golgi membrane dynamics 

also involves a cycle of ubiquitination during disassembly and deubiquitination during 

reassembly in part regulated by the VCP-mediated pathway.  

Chapter 4 - Hypericin isolated from Hypericum perforatum plants, exhibits a wide range 

of biological activities and medical applications for treating tumors. Emerging evidence has 

demonstrated that hypericin could be activated by visible light to produce reactive oxygen 

species (ROS) which destroys a tumor directly or indirectly. Hypercin-induced photodynamic 

therapy has showed considerable promise as an alternative modality in the management of 

malignant tumors. However, the exact mechanisms need to be clarified. Recent studies have 

showed that hypericin was accumulated in the Golgi apparatus, indicating that the role of the 

Golgi apparatus is indispensable in the biological mechanisms of hypericin-mediated 

photodynamic therapy. 

Chapter 5 - In eukaryotes the delivery of newly synthesized proteins to the extracellular 

space, the plasma membrane and the endosome/lysosomal system is dependent on a series of 

functionally distinct compartments, including the endoplasmic reticulum, the Golgi apparatus 

and carrier vesicles. This system plays a role in the post-translational modification, sorting 

and distribution of proteins to their final destination. Most cargo is sorted within, and exits 

from, the trans-Golgi network (TGN). Proteins delivered to the endosomal/lysosomal system 

include a large and diverse class of hydrolytic enzymes and nonenzymic activator proteins. 

They are directed away from the cell surface by their binding to mannose-6-phosphate 

receptors (MPR). Surprisingly, in I-cell disease, in which the MPR pathway is disrupted, the 

nonenzymic sphingolipid activator proteins (SAPs), prosaposin and GM2AP, continue to 

traffic to the lysosomes. This observation led us to the discovery of a new lysosomal sorting 

receptor, sortilin. Both prosaposin and GM2AP are secreted or targeted to the lysosomes 

through an interaction of specific domains with sortilin. In the case of prosaposin, deletion of 

the C-terminus did not interfere with its secretion, but abolished its transport to the 

lysosomes. Our investigations also showed that while the lysosomal isomer of prosaposin 

(65kDa) is Endo H-sensitive, the secretory form (70kDa) is Endo H-resistant. Since the 

processing pathway within the Golgi apparatus is highly ordered, this Endo-H analysis 

permitted us to distinguish a sorting sub-compartment where a significant fraction of 

prosaposin exits to the endosomal/lysosomal system prior to achieving full glycosylation and 

Endo-H resistance. Mutational analysis revealed that the first half of the prosaposin C-

terminus (aa524-540) contains a saposin-like motif required for its binding to sortilin and its 

transport to the lysosomes. Additionally, a chimeric construct consisting of albumin and a 

distal segment of prosaposin, which included its C-terminus, resulted in the routing of 

albumin to the lysosomes. Based on previous observations showing that the lysosomal 

trafficking of prosaposin and chimeric albumin required sphingomyelin, we tested the 

hypothesis that these proteins, as well as sortilin, are associated with detergent-resistant 

membranes (DRMs). Our results demonstrated that indeed sortilin, prosaposin and chimeric 

albumin are found in DRMs, and that the sorting of prosaposin to DRMs depends upon the 

interaction of its C-terminus with sortilin. In conclusion, we have identified a specific 

segment in the C-terminus of prosaposin, as well as amino acid residues that are critical to the 

binding of prosaposin to sortilin and its subsequent lysosomal trafficking. The identified 
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sequence may permit the development of new therapeutic approaches for the targeting of 

proteins with anti-pathogenic properties to penetrate the cell via the endocytic pathway. 

Chapter 6 - Recent data suggest that the Golgi apparatus plays a key role in the 

homeostasis and detoxification of manganese. Manganese is an essential trace element but 

when high exposure conditions occur, manganese induces neurological symptoms in human. 

Manganese is also suspected to be an environmental risk factor in the aetiology of 

Parkinson‟s disease. However, the mechanisms regulating manganese homeostasis and 

detoxification in mammalian cells are largely unknown. Owing to the development of 

synchrotron radiation X-ray nano-chemical imaging, we revealed the specific accumulation of 

manganese in the Golgi apparatus of dopaminergic cells in culture.  

At both physiological and subcytotoxic concentrations of manganese, we found that 

manganese was essentially located within the Golgi apparatus. At cytotoxic concentration of 

manganese, we found a large increase of manganese content in the cytoplasm and the nucleus 

of dopaminergic cells. Similarly, if the Golgi apparatus is altered using brefeldin A, 

manganese reaches the nucleus and cytoplasm in higher content. The accumulation of 

manganese in the Golgi apparatus could have a preventative effect because manganese could 

be removed by exocytosis. However, vesicular trafficking could be disturbed by high 

concentrations of manganese leading to neuronal cell death. We will discuss the mechanisms 

involving the role of Golgi apparatus alteration in neurological disorders triggered by 

manganese. 
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ABSTRACT 
 

The eukaryotic Golgi complex plays a central role in processing and sorting of cargo 

in the secretory pathway. The mammalian Golgi apparatus is composed of multiple 

stacks of cisternal membranes that are organized laterally into a ribbon-like structure at a 

juxtanuclear location. The stacks are polarized and protein cargo moves through the 

organelle in a cis-to-trans direction. In addition, trans-Golgi membranes come in close 

apposition with specialized endoplasmic reticulum (ER) membranes. These contacts are 

believed to mediate lipid transfer from the ER directly to the trans-Golgi. The Golgi 

ribbon structure is unique to vertebrate cells as lower eukaryotic cells lack this elaborate 

architecture. The complexity of the Golgi ribbon is intriguing and suggests potential 

additional functions. In this chapter, we discuss the structure of the mammalian Golgi 

ribbon and its potential role as a sensor of cellular stress. We focus on the role of Golgi 

organization in ceramide trafficking. Ceramide is a potent secondary messenger in 

signaling and apoptosis, and its levels are tightly regulated in cells. A protein called 

CERT (ceramide transfer protein) delivers ceramide from its site of synthesis in the ER to 

the trans-Golgi for sphingomyelin (SM) synthesis. CERT interacts with both ER and 

Golgi membranes, and may function at the ER-trans-Golgi contact sites. Some Golgi 

structural perturbations reduce SM synthesis as well as CERT‟s colocalization with Golgi 

markers, suggesting that the organization of the mammalian Golgi ribbon together with 

CERT may promote specific ER-Golgi interactions for efficient delivery of ceramide for 

SM synthesis. Under cellular stress, caspase activation can lead to Golgi ribbon 

disassembly and loss of ER-trans-Golgi contact sites. Prolonged stress that cannot be 

repaired usually results in apoptosis. Interestingly, increased ceramide levels have been 

associated with apoptosis, but it is not yet known if newly synthesized ceramide resulting 

from perturbation of ER-trans-Golgi contact sites contributes to ceramide signaling 

during apoptosis. An important question is whether ER-trans-Golgi contact sites are 

upstream targets of stress signals leading to increased ceramide levels and caspase 

activation, or if altered ceramide trafficking is downstream of Golgi disassembly. 

Regardless, it is clear that Golgi ribbon structure, including ER-trans-Golgi contact sites 
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is exquisitely sensitive to perturbation, making this organelle an ideal platform to sense 

cellular stress and integrate signals that determine cell survival or cell death. 

 

 

1. INTRODUCTION 
 

The Golgi complex is an important processing and sorting organelle in eukaryotic cells. It 

is present in a juxtanuclear region and forms the central hub of the secretory pathway. Newly 

synthesized proteins and lipids transported from the endoplasmic reticulum (ER) to the Golgi 

are post-translationally modified and sorted to be trafficked to different destinations in the 

cell, including the plasma membrane, endosomes and lysosomes. In addition to supporting 

vesicular transport, resident Golgi enzymes modify cargo by glycosylation, phosphorylation, 

sulfation and proteolytic processing. The Golgi also plays an important role in synthesis of 

glycosaminoglycans that link with core proteins to form proteoglycans. Importantly, the 

Golgi is involved in synthesis of phospholipids and sphingolipids, including sphingomyelin, 

glucosylceramide and gangliosides. In addition, the Golgi complex supports endocytosis and 

membrane recycling events. The Golgi apparatus also supports various cellular functions, 

including cell migration, cell cycle and apoptosis. 

 Some functions of the Golgi are closely linked to its structure. The fundamental structure 

of the Golgi apparatus consists of flattened cisternal membranes that are associated with 

numerous vesicles. The cisternae are organized into stacks, and in mammalian cells the stacks 

are connected laterally to form a continuous membrane system called the Golgi ribbon that is 

held in a perinuclear region by microtubules. The stacks are polarized with the side receiving 

cargo from the ER called cis-Golgi and the side releasing cargo called trans-Golgi. The stacks 

are functionally compartmentalized and include the cis-Golgi network (CGN), the cis-, 

medial-, trans-cisternae and the trans-Golgi network (TGN) [1]. The CGN, also called the 

ER-intermediate compartment (ERGIC) and the TGN were originally defined by the 

exaggeration of their respective membranes upon temperature block during membrane 

trafficking. At temperatures below 16
o
C, cargo accumulates in the CGN compartment, while 

at 20
o
C, cargo accumulates in the TGN [2,3,4,5,6,7,8]. The CGN and the TGN participate in 

sorting lipids and proteins during membrane trafficking [9,10,11]. In addition, the TGN has 

been implicated in membrane recycling events and endocytosis. Interestingly, some 

morphological and functional features of the CGN are similar to the endocytic recycling 

compartment, a centrally located subpopulation of the endocytic pathway. Thus, the CGN can 

be termed the biosynthetic recycling compartment, a long-lived mirror image of the endocytic 

recycling compartment [12]. Both compartments function in membrane recycling in response 

to cellular processes including migration and differentiation. The enzymes that are involved 

in processing cargo are localized within Golgi subcompartments in order of their mode of 

action. For example, enzymes that are involved in processing glycoproteins are distributed in 

each cisternal subcompartment according to the order of modification of sugar chains, with 

enzymes that are involved in removal of mannose sugar residues residing in cis-/medial-Golgi 

subcompartments, while enzymes that add N-acetylglucosamine and galactose residing in 

medial- and trans-Golgi compartments, respectively [13,14]. Thus the cisternal 

subcompartments mediate partitioning of different Golgi resident enzymes.  

The Golgi apparatus receives protein and lipid cargo from the ER and traffics these 

molecules through the different subcompartments in a cis-to-trans fashion [15,16], and 
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reviewed in [17]). There are two opposing views on how the Golgi participates in the 

secretory pathway: the vesicular transport model predicts that the Golgi is a stable structure 

where cargo is transported through the Golgi cisternae by vesicles that bud from one 

membrane and fuse with another [16], while the cisternal maturation model predicts that the 

Golgi stack is a transitional structure. In the latter model, cargo emerging from the ER 

remains in cisternae, while each cisterna matures as resident enzymes are transported 

backwards by vesicles [18,19]. Since there is evidence that both intra-Golgi vesicular 

transport and cisternal maturation occur in mammalian cells (depending on cell type and 

cargo), it is likely that a combination of these mechanisms may be used to traffic cargo 

through the Golgi [20,21].  

As previously described, the Golgi ribbon structure is unique to vertebrate cells as lower 

eukaryotic systems lack this level of organization. In the budding yeast Saccharomyces 

cerevisiae, the Golgi is composed of multiple cisternae that are dispersed throughout the cell. 

The cisternae are not arranged into stacks, but appear to be polarized, with subsets of 

cisternae possessing specific Golgi resident enzymes. However, other yeasts (including 

Pichia pastoris and Schizosaccharomyces pombe) do have stacked cisternal Golgi 

membranes. The reason why the Golgi is organized into stacks in some species of yeast but 

not others remains unclear. However, molecular evolutionary evidence suggests that the 

ancestral eukaryote possessed a stacked Golgi and that some of the organisms underwent a 

Golgi unstacking process during evolution [22]. In most Drosophila cells, the Golgi cisternae 

are organized into polarized stacks, but the stacks are not laterally connected. Instead they are 

scattered throughout the cytoplasm. However in the onion stage spermatids of Drosophila, a 

Golgi ribbon called the acroblast is seen in a perinuclear region (reviewed in [23]). Thus, the 

machinery to build the Golgi ribbon in Drosophila exists, but the reason why Drosophila 

cells predominantly lack Golgi ribbon organization or why the Golgi ribbon appears only in 

certain cells during certain developmental stages is not known [23]. Interestingly, some 

developmental stages of Drosophila including early embyrogenesis and imaginal discs from 

early/mid third instar lava do not even exhibit Golgi stacking. Instead, the Golgi apparatus 

consist of clusters of vesicles and tubules (reviewed in [23]).  

It is thought that the mammalian Golgi ribbon supports efficient processing and sorting of 

cargo. However, the secretory pathway is robust in Drosophila and yeast cells where not only 

a Golgi ribbon is lacking but also where Golgi stacks are absent [23,24]. Perhaps the 

existence of the Golgi ribbon in mammalian cells points towards additional functions that 

have not yet been identified. 

In this chapter, we discuss the structure of mammalian Golgi ribbon and compare its 

complex organization with that of lower eukaryotes. We speculate that the complex nature of 

the mammalian Golgi points to additional functions that have not been identified or 

characterized. We also focus on the concept of the mammalian Golgi as a potential sensor of 

cellular stress, and as a platform for transducing downstream signaling in the events that lead 

to cell survival or cell death, particularly with regard to ceramide trafficking.  
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2. GOLGI STRUCTURE 
 

The mammalian Golgi apparatus is centrally positioned and is maintained by its 

association with the microtubule organizing center (MTOC) or the centrosome, the actin 

cytoskeleton and the ER. In order to understand the unique functions of the mammalian Golgi 

apparatus it is important to understand its unique architectural design and subcellular location. 

In this section we review the structural components of the Golgi apparatus and its complex 

organization. 

 

 

2.a. The Intricacies of the Mammalian Golgi Apparatus 
 

Much of our understanding of Golgi structure and function comes from biochemical and 

molecular studies, immunofluorescence and conventional electron microscopy (EM). Three-

dimensional (3-D) extrapolation from two-dimensional images of Golgi structure [25,26,27] 

could not provide enough information to advance the Golgi structure-function model. 

However, development of dual axis, high voltage EM (HVEM) tomography, an advanced tool 

to visualize cellular morphology in 3-D using EM, has allowed additional insights into the 

structural organization of the Golgi complex [27]. The information from HVEM tomography 

in mammalian cells (including normal rat kidney cells, insulin secreting pancreatic beta cell 

lines, and mammary and pancreatic tissue), not only confirmed previous observations of 

Golgi structure but also revealed structural details of the Golgi ribbon that implicate 

additional functions [27,28,29,30,31]. In this segment we highlight some of the findings on 

Golgi ribbon structure as revealed by HVEM (summarized in Figure 1).  

In mammalian cells, the Golgi ribbon is comprised of many stacks, with each stack made 

up of multiple cisternae that are fenestrated and associated with coated buds [28,32]. The 

CGN, which receives cargo from the ER, is made up of distinct, discontinuous polymorphic 

membranous structures and is situated in front of the cis-most Golgi cisterna [28]. The CGN 

is also characterized by the presence of structures similar to budding and fusing vesicles that 

distinctly lack a coat. Some of the CGN elements are shown to exist as discrete entities, while 

some of them appear to fuse and dock at the cis-most cisternae [27,28]. The cisterna at the 

cis-most side of the Golgi that receives cargo from the CGN is highly fenestrated but 

continuous along the Golgi ribbon [27,28].  

The fenestrations in the cis-most cisterna were found to align with most of the 

fenestrations of the adjacent cisterna [27,28]. The trans-side of the Golgi is characterized by 

the presence of clathrin-coated vesicles, which suggests that exit of cargo from the Golgi 

occurs from the trans-Golgi [29]. The TGN is situated trans of the Golgi stack and is thought 

to be predominantly a tubular compartment [29]. It has been depicted as continuous with 

either only the last trans-Golgi cisterna [29,33] or multiple trans-cisternae of the Golgi stack 

[26,29]. However, Ladinsky et al show by HVEM tomography that the Golgi apparatus lacks 

a distinct TGN [29]. Instead highly fenestrated tubules extend from the ultimate and 

penultimate trans–cisternae, suggesting that sorting and exit from the Golgi can occur from 

multiple trans-cisternae. In addition, outward extending tubules with budding tips were shown 

to emerge from the margins of both the cis- and trans-Golgi cisternae, not just the trans-

cisternae, and appear to be perpendicular to the plane of the cisternae [28].  
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Figure 1. Characteristics of the Golgi ribbon as viewed by HVEM. The Golgi ribbon consists of 

multiple cisternae (shown in various shades of grey) that are organized into stacks (4 stacks are shown 

in the cartoon). The stacks are arranged adjacent to each other and equivalent cisternae are laterally 

connected to form a continuous membrane. The lateral connections are characterized by a non-compact 

region that contains tubules and polymorphic membranes. The CGN on the cis side (lightest shade of 

grey in the Golgi stack) is characterized by discontinuous polymorphic structures composed of non-

coated vesicles and tubules that either exist as discrete entities or can dock with the adjacent cis-Golgi 

membrane. The cis-most cisterna of the Golgi is highly fenestrated. COP-coated vesicles (circles with 

grey border) can bud and fuse from the cis- and medial-Golgi cisternae. The trans-most side of the 

Golgi (darkest shade of grey in the Golgi stack) is tubulated and distinguished by clathrin-coated 

vesicles (circles with spikes). ER membranes (studded with ribosomes, represented by small filled 

circles) come to lie in close apposition with trans-Golgi membranes to form trans-ER-trans-Golgi 

membrane contact sites that may be stabilized by lipid transfer proteins including CERT and OSBP 

(indicated by stars). The ER membrane also comes in close apposition with other cellular organelles 

like endosomes (E), lysosomes (L), and mitochondria (M). CLASP-nucleated microtubules that arise 

from the Golgi are indicated by black solid lines, while microtubules that arise from the centrosome (C) 

are indicated by grey solid lines. The plus ends of microtubules are indicated (+). 

Three-D reconstruction studies with HVEM also show that the stacks that make up the 

mammalian Golgi apparatus are laterally connected, giving the organelle its characteristic 

ribbon-like appearance [28]. The stacks are separated by a non-compact region that is 

composed of vesicles and polymorphic membranous structures that make connections 

between equivalent cisternae from different stacks [28]. Thus, the Golgi apparatus shows a 

dual level of complex organization: organization of cisternae into stacks, and organization of 

stacks into a ribbon.  

The Golgi ribbon as described above is characteristic of the interphase stage of the cell 

cycle, and is held in a juxtanuclear region by microtubules that emanate from the adjacent 

centrosome. But as the cell progresses into mitosis, the Golgi ribbon disassembles and the 

fragmented Golgi disperses throughout the cell [34,35]. The disassembly of the mitotic Golgi 

is mediated by depolymerization of microtubules as well as phosphorylation of several Golgi-



Suchismita Chandran and Carolyn Machamer 6 

associated proteins that maintain its structure including GRASP55, GRASP65 and GM130, 

which are described below [35,36,37]. During this time, membrane trafficking is blocked due 

to continuous budding of transport vesicles and an inhibition of vesicle fusion with target 

membranes [37]. However, during telophase and cytokinesis, the Golgi cisternal membranes 

interconnect and the Golgi ribbon structure is inherited by the daughter cells [38]. The re-

establishment of the Golgi ribbon in daughter cells is once again dependent on microtubules 

and Golgi structural proteins. Interestingly, inhibition of Golgi disassembly during mitosis 

leads to cell cycle arrest in the G2 phase of the cell cycle, whereas induction of Golgi 

disassembly during G2 is sufficient to overcome the arrest, suggesting the existence of a 

Golgi checkpoint during cell cycle events [36,39,40,41]. CtBP1-S/BARS (C-terminal binding 

protein 3/Brefeldin A adenosine diphosphate-ribosylated substrate), also called BARS, is a 

protein involved in severing the non compact region and lateral links of the Golgi ribbon and 

is required for mitotic entry [40]. The Golgi ribbon is disassembled into isolated stacks during 

G2 in a BARS-dependent manner before cells proceed through the G2/M checkpoint [40]. 

Cells lacking a Golgi ribbon enter mitosis independently of BARS [40]. Embryonic 

fibroblasts from BARS knockout mice show lack of a Golgi ribbon at all stages of cell cycle, 

and do not require BARS for mitotic entry. [40]. Taken together, these studies suggest that the 

Golgi ribbon may be involved in functions other than membrane trafficking, specifically in 

cell regulatory events. Thus, the organization of the Golgi ribbon is a dynamic process and 

understanding its assembly and disassembly process may help unravel some of the 

unidentified functions of the Golgi apparatus.  

 

 

2.b. Golgi Ribbon Structure and Interaction with Other Organelles 
 

To further complicate the architectural organization of the Golgi apparatus, the organelle 

is found to be closely associated with ER membranes. The ER not only makes contact at the 

cis-side of the Golgi to form the CGN or ERGIC [9,10,11,27,28], but also makes contact with 

the trans-side of the Golgi (Figure 1). Careful examination by HVEM tomography has 

revealed a close association between ER and trans-Golgi membranes, called membrane 

contact sites [27,28]. This intimate ER-Golgi relationship was previously identified as the 

GERL (Golgi-ER- lysosome) by Alex Novikoff and was implicated in lysosome production 

[42,43]. The GERL theory was later discarded, but the close apposition between ER and 

trans-Golgi membranes was confirmed by HVEM, and the contact sites are now designated as 

ER-trans-Golgi membrane contact sites. Three-D reconstruction studies revealed that the ER 

traverses the Golgi cisternae and is intimately wrapped around swollen regions of the 

organelle [27]. Some regions of the traversing ER contain bound ribosomes while other 

regions lack ribosomes [30]. Interestingly, at several points, the ER membrane was found to 

traverse the entire Golgi stack through openings in the cisternae and extend beyond the cis- 

and trans-cisternae [30]. The openings in the Golgi cisternae through which ER tubules pass 

are also thought to be the points through which tubules from cisternae traverse the Golgi 

stack, thus connecting the cisternae within each stack [30]. However, the cisternal tubules and 

the ER membranes that pass through these openings are thought to remain distinct from one 

another [30]. This intimate relationship between the ER and the trans-Golgi is thought to 

mediate trafficking of lipids from the ER directly to the trans-Golgi, bypassing the vesicular 

route thorough which the bulk flow of cargo is mediated. It is also noteworthy that the ER 
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membranes that make close contact with Golgi membranes are continuous and are also 

intimately associated with mitochondria, endosomes and lysosomes [30], perhaps suggesting 

a less characterized but direct cargo trafficking route between all the organelles involved. 

This finding indicates that the Golgi apparatus does not function as a discrete organelle in 

cells, but that its structure, dynamics and function are all tied into the structure and function 

of other cellular organelles. Thus, it is very likely that the ER-trans-Golgi contact sites 

contribute towards maintenance of Golgi ribbon structure and any perturbation to these 

contact sites could result in disruption to Golgi structure and function. Furthermore, it is also 

possible that perturbation of Golgi structure, including disassembly of Golgi stacks by 

perturbing Golgi structural proteins or altering membrane lipid dynamics could result in 

disruption of ER-Golgi contact sites and their role in non-vesicular trafficking. Since a 

continuous ER membrane making contact sites with trans-Golgi cisternae, mitochondria, 

endosomes, and lysosomes was seen [30], it can be speculated that perturbation of the 

structure or function of other subcellular organelles may also affect Golgi structure and 

function. This could occur either via disruption in the ER structure or by altered signaling or 

block in non-vesicular cargo trafficking. The later possibility is intriguing, but currently very 

little data exist in this area as no structural components have been discovered that define 

membrane contact sites. Hence, it is difficult to predict how other subcellular organelles 

might contribute towards maintenance and regulation of the various aspects of the Golgi 

apparatus via the ER contact sites. Interestingly, no membrane contact sites have been 

identified in Saccharomyces cerevisiae [44]. In Drosophila cells, the dispersed Golgi stacks 

are thought to make contact with the ER at their cis-side and are thought to be closely 

associated with ER exit sites [23,45]. However, it is unclear if trans-Golgi membrane from 

the dispersed Drosophila Golgi stacks associate with the ER to form trans-ER-trans-Golgi 

membrane contact sites. 

 

 

2.c. Golgi Structure and Stacking 
 

The mechanisms that mediate the complicated architecture of the Golgi ribbon are not 

very well understood. Golgins and Golgi reassembly stacking proteins (GRASPs) have been 

implicated in Golgi stacking and ribbon maintenance [46,47]. GRASP-65, a cis-Golgi 

localized [48] peripheral Golgi protein was identified as the first component required for 

Golgi membrane stacking in an in vitro assay for Golgi disassembly and reassembly [49]. 

Subsequently, the role of GRASP-65 in Golgi stacking was confirmed in mammalian cells 

[50,51] and Drosophila tissues [52]. Furthermore, GRASP-65 is capable of forming stable 

homodimers that can interact with homodimers from adjacent cisternal membranes to form 

oligomers, resulting in cisternal stacking [50,53]. Phosphorylation inhibits oligomerization of 

GRASP-65 and can thus contribute towards Golgi disassembly during mitosis [54,55]. A 

recent study reported that GRASP-65 acts collaboratively with its medial-Golgi [48] 

homologue GRASP-55 in Golgi stacking [51], suggesting that GRASP oligomerization may 

play a central role in Golgi structure in interphase mammalian cells. However, a separate 

study implicated GRASP-65 in linking stacks to form the Golgi ribbon [56]. Regardless of 

whether GRASPs mediate Golgi stacking and/or ribbon formation, it is clear that this group 

of proteins is important for higher order organization of Golgi structure. It is interesting to 

note that although the budding yeast Saccharomyces cerevisiae has a GRASP homologue, its 
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Golgi apparatus is not organized into stacks or ribbon, but instead exists as individual 

cisternae scattered through the cell. Since yeast GRASP lacks the domain that mediates 

oligomerization, it is possible that yeast GRASP evolved to perform a different function from 

mammalian cells [56]. It is also important to mention that although plants have Golgi stacks, 

they lack GRASP homologues, with likelihood that a highly divergent GRASP-like 

oligomerizing plant protein may still remain undiscovered [51]. And if GRASP-65 is indeed 

important for linking Golgi stacks laterally into a ribbon [56], it is intriguing that Drosophila 

cells lack the ribbon-level of Golgi organization because in most Drosophila tissues, Golgi 

stacks are scattered throughout the cell. It is possible that the sole Drosophila GRASP protein 

has evolved to only mediate stacking of Golgi cisternae and not to maintain lateral 

connectivity between stacks. We now know how GRASPs are regulated during mitosis by 

phosphorylation [51,54,55], but it would also be interesting to understand how GRASP-65 

ties into Golgi ribbon re-organization during muscle differentiation, where the Golgi ribbon is 

fragmented into stacks scattered throughout the cytoplasm in the multinucleate cells [57]. 

Thus, understanding the function of GRASPs in various eukaryotic systems might not only be 

important in understanding the existence of varying Golgi morphologies but may also prove 

to be key in unraveling the relationship between Golgi structure and function. 

The Golgi apparatus maintains a stable architecture during vesicular trafficking events 

when there is intense membrane flux [58,59]. This stability is contributed by a group of Golgi 

associated proteins called golgins. Members of the golgin family were originally identified as 

autoantigens in a wide range of autoimmune diseases, but now include any Golgi-localized 

protein that contains a long coiled-coiled domain [60]. The golgin family includes peripheral 

membrane proteins such as GM130 [61], golgin-160 [62,63], golgin-97 [64], golgin-210 

[65,66], golgin-230/245 [63,67], GCC (Golgi-localized coiled-coiled protein)-88 [68] and 

GCC-185 [68] as well as integral membrane proteins such as golgin-45 [69], golgin-67 [70], 

golgin-84 [71] and giantin [72]. Some golgins participate in vesicle tethering and Golgi 

structure maintenance. The cis-acting golgin-210 has been implicated in asymmetric tethering 

of highly curved liposomes to flatter ones, suggesting a role in Golgi architecture 

maintenance during vesicular trafficking events [73]. The lipid-binding amphipathic lipid-

packing sensor at the N-terminus of this protein along with a guanosine triphosphate 

activating protein for Arf1 (ArfGAP1) is thought to sense membrane curvature during 

budding and fusion events at the Golgi [73]. Giantin and GM130, two of the most extensively 

studied golgins, are thought to interact with each other at the cis-side of the Golgi via p115 in 

a Rab-1 dependent manner, and are thought to promote SNARE (soluble NSF-attachment 

proteins receptor) mediated vesicle fusion events [74,75]. A number of other golgins have 

been implicated in maintenance of Golgi structure. Depletion of the medial-Golgi protein 

golgin-45 by RNA interference results in disassembly of Golgi structure and in inhibition of 

the secretory pathway [69]. Similarly, depletion of golgin-97 by RNA interference leads to 

Golgi structural perturbation and block in endosome-to-TGN retrograde trafficking of the 

cholera toxin B subunit [76]. Also, depletion of golgin-84 results in Golgi fragmentation and 

partial inhibition of forward trafficking of vesicular stomatitis virus G protein to the plasma 

membrane [77]. However, the contribution of golgin-160 in Golgi ribbon maintainence is 

controversial. Although one study reported that depletion of golgin-160 leads to collapse of 

the Golgi ribbon and dispersal of stacks [78], another set of studies did not observe this 

phenotype [79,80]. Since golgin-160 is alternatively spliced [81], Yadav et al. [78] suggested 

that different isoforms of golgin-160 were targeted by RNA interference in the two separate 
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studies, and that the two isoforms could play different roles at the Golgi. Taken together, 

these studies suggest that golgins and their interacting proteins are not only important for 

mediating various trafficking events, but are also directly involved in maintaining Golgi 

structure. Hence, the idea emerges that Golgi structure is intimately involved with its 

function, and that perturbing one would affect the other. It is interesting to note that while all 

the yeast golgins thus identified have human orthologues, not all human golgins have a 

corresponding protein in yeast [82]. Since in yeast the Golgi is organized into dispersed 

cisternae, it is likely that the presence of additional mammalian golgins may serve to order the 

Golgi into higher order stacks and ribbon, and also cater to additional cellular functions not 

present in yeast, perhaps in stress sensing and apoptosis.  

 

 

2.d. The Cytoskeleton and Maintenance of Golgi Ribbon Structure 
 

The elaborate architecture of the Golgi ribbon is not only maintained by an array of Golgi 

localized structural proteins, but also by the associated cytoskeletal elements. Both 

microtubules and the actin cytoskeleton are known to play active roles within the secretory 

system during membrane trafficking [83,84,85,86]. However, their roles in maintaining and 

organizing the Golgi structure are not completely understood. Three-D reconstructions of the 

mammalian Golgi by HVEM tomography reveals that some microtubules are in close 

association with Golgi cisternae, but the association was particularly enriched at the cis-most 

region of the Golgi, where the association extended over a considerable distance [32]. In 

addition, microtubules were found to traverse Golgi stacks through the non-compact regions 

and cisternal fenestrations at several points [32], thereby pointing towards additional 

structural details of the Golgi complex. 

 

 

2.d.1. Microtubules Maintain Golgi Ribbon Structure 
 

The Golgi-ribbon in mammalian cells is closely associated with the microtubule 

organizing center (MTOC) and is held in a juxtanuclear region by microtubules. Microtubule 

disassembly causes the Golgi to disassemble into fragments called ministacks [87,88]. The 

ministacks maintain their polarity and adapt after a short time to function properly to 

glycosylate and traffic cargo [87,89]. In eukaryotic cells, centrosomes serve as the chief 

MTOC, from which microtubules emanate. The minus ends of the microtubules are 

embedded within the centrosome and the dynamic plus ends are extended towards the plasma 

membrane. Cargo vesicles are transported from ER exit sites to the Golgi apparatus along 

microtubules towards their minus ends by the molecular motor dynein [90,91], while traffic 

out of the Golgi complex along microtubules is mediated by predominantly the plus-ended 

kinesin motor proteins [92,93,94]. Several microtubule-interacting proteins on the 

cytoplasmic face of cis-Golgi membranes help anchor the Golgi in its juxtanuclear region 

[65,95]. Interestingly, recent studies have shown that the Golgi apparatus can itself serve as a 

platform for organizing microtubules and functions as an MTOC, suggesting that microtubule 

nucleation can occur in a centrosome independent manner [96,97]. These studies 

demonstrated that in addition to -tubulin, microtubule nucleation at the Golgi requires the 
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TGN localized CLASP proteins. The Golgi-emanating microtubules could contribute towards 

cell polarization, directional cell migration [98,99,100], and in baso-apical vesicular transport 

[101,102]. Supporting this, Miller et al. have shown that Golgi nucleated microtubules are 

important for assembling Golgi stacks into a continuous ribbon [99].  

In addition, a separate study reported that the association of microtubules with the Golgi 

is important for maintaining Golgi structure during mitosis [103]. During mitosis it has been 

observed that there is partial accumulation of Golgi membranes at the spindle poles [104], 

while the rest of the membranes are dispersed throughout the cytoplasm [105]. In support of 

this, when Wei et al. induced asymmetric division in cells such that the entire spindle 

segregated into only one daughter cell, they saw formation of a Golgi ribbon [103]. However, 

in daughter cells devoid of spindles, scattered Golgi stacks that were still polarized and 

capable of cargo transport persisted. Golgi ribbon formation was rescued upon microinjection 

of a Golgi extract along with tubulin or spindle material, suggesting that Golgi stacks are 

partitioned by an independent, yet unidentified mechanism, while Golgi ribbon inheritance is 

contributed by microtubules. It remains to be seen which population of microtubules mediate 

Golgi ribbon inheritance: the microtubules that are nucleated and maintained at the Golgi or 

the microtubules that emanate from the centrosomal MTOC, or both. Regardless, these 

studies indicate that the Golgi structural organization is closely associated and is dependent 

on the microtubule cytoskeleton for maintaining its structure and in its juxtanuclear 

positioning. In the yeast S. cerevisiae where the Golgi exists as dispersed cisternae, there is a 

lack of microtubule-dependent organization. Similarly most Drosophila tissues also lack this 

dependence on microtubules, since their Golgi is organized as dispersed stacks. This suggests 

that the juxtanuclear positioning of the Golgi apparatus in mammalian cells is not essential for 

processing and sorting of cargo, but could play a role in additional cellular events not yet 

identified, perhaps in signaling events including stress sensing and apoptosis.  

 

2.d.2. The Actin Cytoskeleton and Golgi Structure 

The actin cytoskeleton also plays an important role in Golgi structure and function. There 

is evidence that a population of short actin filaments associates with the Golgi apparatus and 

Golgi-derived transport vesicles [106]. These short actin microfilaments are characterized by 

Tm5NM-2, an isoform of tropomyosin [106,107]. In addition, actin filaments along with 

myosin motors are known to participate in vesicular trafficking from the Golgi, particularly in 

polarized cells [85]. Although microtubules are required for efficient transport of vesicles to 

the apical surface of polarized cells, microtubules do not extend into the apical surface, and 

terminate in a region just below the actin-rich apical domain [108]. Instead, transport vesicles 

are trafficked along actin filaments by myosin I motor protein in this region of the cell 

[109,110,111]. The recruitment of actin machinery, including transient recruitment of 

nonmuscle myosin II to the TGN during budding of transport vesicles has implicated the actin 

cytoskeleton in mediating vesicular trafficking from the Golgi as well as in maintaining Golgi 

structure [85,109]. Disruption of microfilaments results in Golgi disassembly where the 

stacks are still associated with microtubules [112,113].  

Many actin binding proteins including tropomyosin [106], centractin [114] as well as 

several isoforms of -spectrin [115,116,117] are localized to the Golgi apparatus, suggesting 

a role in maintaining Golgi structure and function. Spectrin is thought to regulate membrane 

organization, stability and shape by simultaneously interacting with specific phospholipids, 

Golgi integral membrane proteins and cytosolic proteins to form a 3-D lattice at the 
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cytoplasmic face of the Golgi apparatus [118]. Depletion of spectrin causes disassembly of 

the Golgi ribbon in some cell types, and inhibition of protein trafficking [119]. It is interesting 

to note that the yeast S. cerevisiae, which has dispersed Golgi cisternal membranes, also lacks 

spectrin. In this regard, it would be interesting to understand how spectrin contributes to 

higher order Golgi assembly in mammalian cells. A number of other proteins that modulate 

the actin cytoskeleton also localize to the Golgi region. A recent study suggests that ADF 

(actin depolymerizing factor)/cofilin trimming of the actin cytoskeleton at the Golgi apparatus 

generates a sorting domain at the TGN, and that inhibition of actin trimming contributes to 

cargo missorting [120]. Also, Salvarezza et al. indicate that LIM kinase and cofilin organize 

and maintain a Golgi pool of actin and is important for regulating protein trafficking at the 

TGN [121]. Moreover, F-actin depolymerization in mammalian cells resulted in a compact 

Golgi pattern, albeit without disruption to Golgi stacking or post-Golgi trafficking events 

[112,113,122]. And interestingly, a separate study reported the involvement of F-actin 

depolymerization in Golgi segregation during mitosis in Drosophila [123]. Here, the authors 

show that Golgi stacks duplicate to form an actin mediated paired structure during G1/S phase 

that depends on Abi (Abl interactor)/Scar (suppressor of cAMP receptor) activity. Abi and 

Scar are two cytoskeletal proteins that modulate actin dynamics by activating Arp2/3 (actin-

related protein 2/3)-dependent actin nucleation. During G2 phase, the two stacks separate just 

before mitosis. Preventing separation of the paired Golgi stacks during G2 phase inhibits 

entry into mitosis, suggesting that the paired organization of the Golgi apparatus is part of the 

mitotic checkpoint in Drosophila. Since the structural organization of the Golgi in both S. 

cerevisiae and Drosophila is not influenced by microtubules but is dependent on the actin 

cytoskeleton [123,124], it is likely that the actin cytoskeleton plays a fundamental role in 

Golgi organization.  

Although the mechanism of actin-dependent Golgi organization is not clear, it is 

conceivable that the first steps of organizing a Golgi ribbon in mammalian cells may depend 

on the actin cytoskeleton while the later stages of Golgi ribbon formation may involve 

microtubules. 

 

 

2.e. Contribution of Lipids to Golgi Structure and Function 
 

The Golgi complex serves as a platform for not just regulating membrane trafficking and 

sorting events, but is actively involved in mediating mitosis, apoptosis and signaling events. 

The complex function and architecture of this organelle is maintained by a wide array of 

molecules that are associated with the Golgi either as residents or as recycling molecules. In 

addition to proteins, another important class of molecules that maintains Golgi structure and 

function is lipids.  

 

2.e.1. Importance Of Glycerophospholipids In Golgi Structure And Function 

Lipids not only modulate Golgi activities, but many of them are actually synthesized and 

processed in the Golgi apparatus, thus forming an integral part of the organelle. Some 

diacylglycerol (DAG) is generated at the Golgi during SM production [125,126] and during 

phospholipase D mediated hydrolysis of phosphatidylcholine (PC) to produce phosphatidic 

acid (PA), which is then processed to DAG [127,128,129,130]. DAG serves to recruit TGN 

vesiculation factor protein kinase D (PKD) to Golgi membranes, and thus functions to 
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modulate cargo trafficking through the organelle [131,132,133]. Thus, DAG and PA, two 

lipid molecules generated at Golgi membranes are involved in modulating Golgi structure-

function. In addition, there is some speculation that generation of phosphatidylinositol 

phosphate (PIP) and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) at the Golgi may 

promote vesicular fission [133].  

Phosphatidylinositol (PI) and its phosphorylated derivatives are important signaling 

molecules that play roles in regulating Golgi structure and function. Since phosphoinositide 

production at various cellular locations is tightly regulated, phosphoinositide function is 

highly localized. Among the different types of phosphoinositides, phosphatidylinositol-4-

phosphate (PI4P) is enriched at Golgi membranes. PI4P is mostly synthesized at the Golgi 

apparatus [134] and is not only important for recruiting components of the trafficking 

machinery and mediating vesicular transport, but also plays an important role in non-vesicular 

transport of lipids from the ER directly to the Golgi and in maintainence of membrane contact 

sites by recruiting lipid transfer proteins (described in detail below) [135,136,137,138,139]. In 

addition, PI4P has been implicated in vesicular budding and maintainence of Golgi structural 

integrity through regulation of the actin cytoskeleton [139,140,141].  

Since most of the work on the Golgi pool of PI4P was conducted in yeast where a Golgi 

ribbon is lacking, it would be interesting to know if the mammalian Golgi PI4P pool is 

involved in additional functions at the Golgi ribbon. Phosphoinositide 4-kinases (PI4K) 

catalyzes the phosphorylation of PI to PI4P, which then acts as a precursor for synthesis of 

other PIs, including PI(4,5)P2, PI(3,4)P2 and PI(3,4,5)P3. There are four PI4K enzymes that 

fall into two groups: type II and type III. While PI4KIIa, PI4KIIb and PI4KIIIb are localized 

to the Golgi region, PI4KIIIa is not [142,143]. Another important signaling phospholipid is 

PI(4,5)P2, which is predominantly produced at the plasma membrane, but a small portion is 

localized at the Golgi [144].  

Although PI(4,5)P2 is thought to promote anterograde trafficking in polarized cells, some 

studies implicate its role in Golgi structural organization due to its interaction with 

cytoskeletal elements [139,145,146,147,148,149]. PI(4,5)P2 can be generated by 

phosphoinositide phosphate 5-kinases (PIP5K) but the localization of this enzyme to the 

Golgi complex is unclear. However, there is evidence of its activity at Golgi membranes upon 

activation of the small GTPase Arf [142,150]. PI(4,5)P2 can also be generated by 

phosphoinositide 3-kinases, some isoforms of which are associated with the Golgi complex 

[142].  

Even though much is known about the Golgi localized PI kinases, very little information 

is present on Golgi localized phosphatases regarding regulation of PI and how they might 

contribute to Golgi structure and function [142]. Nevertheless, the phosphoinositide 

phosphatase Sac1, a major regulator of the Golgi pool of PI4P, and inositol polyphosphate 4-

phosphatase, inositol polyphosphate 5-phosphatase and oculocerebrorenal-1 with enzymatic 

activity towards PI(4,5)P2 are among the phosphatases that localize to the Golgi region and 

regulate Golgi phosphoinositide turnover [139].  

 

2.e.2. Role of Sphingolipids and Lipid Transfer Proteins in Golgi Structure and 

Function 

Another class of lipids that is intimately involved with the Golgi complex and plays an 

important role in Golgi structure and function is sphingolipids. Sphingolipids are synthesized 

at the Golgi from their precursor ceramide and are degraded in lysosomes. Ceramide is 
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transported from its site of synthesis in the ER to the Golgi for glucosylceramide (GlcCer), 

lactosylceramide (LacCer), ganglioside (GM) and sphingomyelin (SM) synthesis. GlcCer is 

made at the cis-side of the Golgi where GlcCer synthase resides [151], while SM is made at 

the trans-side of the Golgi where SM synthase resides [151,152]. Thus, sphingolipid synthesis 

is compartmentalized. Normally, bulk ceramide transport occurs by vesicular trafficking, but 

when vesicle trafficking from the ER to the Golgi was blocked, sphingolipid synthesis 

continued to occur [153,154], suggesting the existence of a non-vesicular trafficking 

mechanism. Non-vesicular routes are thought to exist to not only facilitate rapid and efficient 

flow of lipids from one region of the cell to another, but to also connect membranes that are 

not normally linked by vesicular transport, such as the nucleus and mitochondria where 

sphingolipid metabolism is thought to occur [155]. Many proteins and lipids are involved in 

partitioning of sphingolipids at the Golgi apparatus to ensure their nonrandom distribution in 

cells. Membrane contact sites and soluble lipid transfer proteins including ceramide transfer 

protein (CERT), oxysterol binding protein (OSBP) and four-phosphate adaptor protein 2 

(FAPP2) mediate rapid diffusion of lipids from one subcellular region to another.  

 

2.e.2.1. CERT and Stabilization of ER-Golgi Contact Sites 

CERT was discovered and characterized by Hanada et al. in a screen for genes that could 

restore SM levels in the LY-A cell line where traffic of ceramide from the ER to the Golgi 

was defective [156]. Thus, CERT was found to mediate ATP-dependent trafficking of 

ceramide from the ER directly to SM synthase at trans-Golgi membranes by bypassing cis- 

and medial- Golgi compartments. The steroidogenic acute response protein related lipid 

transfer (START) domain at the C-terminus of CERT is capable of interacting specifically 

with ceramide and is responsible for extracting and delivering ceramide [156]. This non-

vesicular trafficking route is facilitated by the ability of the CERT protein to interact with 

both ER and Golgi membranes, perhaps simultaneously, at trans-ER-trans-Golgi membrane 

contact sites [157,158,159,160] via its ER and Golgi interacting domains [156]. Interaction of 

CERT with the ER occurs via an ER–resident protein called vesicle associated membrane 

protein associated protein (VAP) while interaction with Golgi membranes occurs by binding 

of its pleckstrin homology domain to PI4P enriched trans-Golgi membranes 

[156,157,161,162].  

VAP is an ER-resident type II membrane protein and mammalian cells express two 

VAPs, VAP-A and VAP-B, which can form homodimers and heterodimers [163]. VAP-C is a 

splicing variant of VAP-B [163]. Recently, VAP-A was shown to co-immunoprecipitate with 

CERT [164,165], and disruption of the ER-binding domain of CERT inhibited ceramide 

trafficking in cells [164]. Since VAP not only interacts with CERT, but also with other 

proteins including SNAREs [157,166,167] and occludin [157,162], it is likely that VAP may 

not only promote trans-ER-trans-Golgi membrane contact sites, but may also be important for 

mediating interaction of ER membranes with membranes of other organelles [157]. Since 

CERT also interacts with PI4P at Golgi membranes, the Golgi pool of PI4P must be regulated 

for CERT activity. The PI4P pool at the trans-Golgi is maintained by Golgi-localized PI4 

kinases IIa, IIIa and IIIb as described above, and CERT activity and targeting to the Golgi 

region was specifically found to be mediated by PI4 kinase IIIb [143]. CERT activity is also 

mediated by its phosphorylation status. CERT contains a serine/threonine repeat motif that is 

subjected to phosphorylation by PKD and possibly casein kinase I [168], and 

dephosphorylation by protein phosphatase 2 C- (PP2C) [169]. Phosphorylated forms of 
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CERT associate less efficiently with Golgi membranes while Golgi association is promoted 

for non-phosphorylated forms. PKD is known to regulate vesicular trafficking [131,132,133], 

so it is interesting that PKD also regulates CERT activity and thus non-vesicular trafficking. 

Intriguingly, overexpression of CERT promotes phosphorylation and activation of PKD 

[170], presumably by DAG, which is produced by increased conversion of ceramide to SM at 

the trans-Golgi. This suggests that PKD negatively regulates CERT, whereas CERT 

positively regulates PKD, and that these two molecules form part of a feedback loop [171]. In 

addition, PP2C is an integral ER membrane protein and is implicated in negatively 

regulating the stress-activated protein kinase pathway [171,172]. Interestingly, PP2C was 

found to interact with ER resident VAP-A and was shown to dephosphorylate CERT in a 

VAP-A dependent manner [169], suggesting that CERT function at the Golgi also requires 

the presence of ER resident integral membrane proteins. Thus, CERT activity at the Golgi is 

tied to the ER, indicating that CERT may specifically function at ER-trans-Golgi membrane 

contact sites. Indeed, disruption of Golgi structure by inducing microtubule depolymerization 

resulted in reduced overlap of CERT with Golgi membranes, with a concomitant decrease in 

SM synthesis [160]. 

 

2.e.2.2. Role of FAPP2 and Transport of GlcCer Within the Golgi Apparatus 

Glucosylceramide synthesis occurs on the cytoplasmic leaflet of the cis-Golgi by 

glucosylceramide synthase. Ceramide required for GlcCer synthesis is delivered from the ER 

to cis-Golgi largely by vesicular trafficking [152,156]. GlcCer is further processed to 

glycosylsphingolipids (GSLs), including LacCer and gangliosides in the luminal leaflet of 

medial/trans-Golgi cisternae. Therefore, GlcCer must be flipped from the cytoplasmic leaflet 

to the luminal leaflet of Golgi membranes as well as traffic to medial/trans-Golgi membranes. 

This flipping may be mediated by P-glycoprotein, an ABC transporter (also called MDR1) 

[173]. The discovery of FAPP2, another soluble lipid transfer protein that specifically 

interacts with GlcCer via its C-terminal glycolipid transfer protein homology domain and 

PI4P at Golgi membranes via its PH domain, suggested that FAPP2 could transfer GlcCer 

from cis-Golgi membranes to medial/trans-Golgi membranes [174,175,176]. However, the 

direction of GlcCer trafficking is up for debate. While De Matteis and coworkers suggest that 

FAPP2 mediates GlcCer transport from the cis-Golgi to the trans-Golgi in a non-vesicular 

manner [177], van Meer‟s group suggests that GlcCer made at the cis-Golgi is retrogradely 

trafficked to the ER, where it is flipped to the ER lumen and then transported back to the 

Golgi to be further glycosylated into GSLs [152]. However, interaction of FAPP2 with ER 

membranes and definitive identification of the GlcCer flippase have not yet been 

demonstrated. 

 

2.e.2.3. OSBP, Cholesterol Sensing and Maintainence of ER-Golgi Contact Sites 

Cholesterol plays an important role in mammalian cells. It is a major lipid species of the 

plasma membrane and some intracellular organelles, such as the Golgi and endosomes. 

Perturbation of membrane cholesterol affects cargo trafficking and signal transduction 

processes, and therefore its synthesis and distribution must be tightly regulated.  

Cholesterol can be synthesized de novo in the ER, but exogenous cholesterol can also be 

taken up by cells in lipoprotein particles [178]. Cells employ both vesicular and non-vesicular 

routes to maintain cholesterol homeostasis. It is known that SM and cholesterol levels are 
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coordinately regulated with respect to their metabolism and physical association in membrane 

rafts [179]. However, the mechanisms that control the coordinated synthesis of cholesterol 

and SM remain largely uncharacterized.  

Oxysterols are produced by the oxidation of cholesterol and are considered to be 

important signaling molecules as well as regulators of cholesterol homeostasis [179,180,181]. 

Oxysterols can mediate down regulation of cholesterol biosynthesis and uptake, and promote 

cholesterol removal and storage [179]. One of the oxysterols, 25-hydroxycholesterol (25-OH) 

was found to promote translocation of OSBP, a sterol transfer protein, from the ER (where it 

interacts with ER resident protein VAP-A) to the Golgi region (through its PI4P interacting 

PH domain) [165,182]. 25-OH treatment also resulted in enhanced SM synthesis by 

promoting CERT mediated ceramide trafficking from the ER to the trans-Golgi [165,182]. In 

addition, cholesterol-dependent phosphorylation of OSBP was found to negatively regulate its 

Golgi localization pattern [183,184], suggesting that sterol levels can also regulate OSBP and 

CERT activity. OSBP was found to be important for the interaction of CERT with VAP, but 

OSBP itself showed only a weak or no direct interaction with CERT [165]. Thus CERT 

function and SM levels can be regulated by sterols, OSBP and VAP [165,183,185]. It is also 

thought that OSBP and CERT may function in a coordinate manner at the ER-trans-Golgi 

membrane contact sites via VAP, and mediate cellular cholesterol/SM homeostasis at the 

Golgi [165].  

 

2.e.2.4. Sphingomyelin and CERT Function in Flies and Mammals 

Although OSBP orthologs are found in S. cerevisiae, CERT has not been identified in S. 

cerevisiae. In addition, S. cerevisiae does not produce SM, but instead synthesizes inositol 

phosphorylceramide (IPC), a SM analogue. Therefore, it remains unclear whether non-

vesicular trafficking of ceramide from the ER to the Golgi occurs in yeast. Perhaps ceramide 

trafficking in yeast occurs solely by the default bulk flow vesicular pathway. Given that no 

membrane contact sites have been identified in yeast, it is possible that there is no 

requirement for a ceramide transfer protein. However, a Drosophila CERT does exist [186].  

Flies lacking a functional CERT protein display decreased ceramide 

phosphoethanolamine (CPE) (the SM analogue in Drosophila) levels, reduced life span, 

premature aging, and increased susceptibility to oxidative stress, which could be rescued by 

introduction of a functional gene [186]. The enzyme that mediates Drosophila CPE synthesis 

is unclear. No homologues of SM synthase exist in flies, except for an SM synthase-related 

(SMSr) protein [187,188]. Another study shows that SMSr is predominantly present in the 

ER, not the Golgi, and is capable of only producing small amounts of CPE in flies, while bulk 

production of CPE is independent of SMSr [189]. The latter study suggests that Drosophila 

cells contain two distinct CPE synthases: one that catalyzes the transfer of the PE head group 

(like SMSr), and another unrelated enzyme that catalyzes transfer of CDP-ethanolamine for 

bulk CPE production. The identity and location of the bulk CPE enzyme is not known. 

Therefore, the location and mechanism of CPE production in flies remains ambiguous. In 

addition, although parallel pathways can be drawn for IPC and its derivatives in yeast and 

CPE synthesis in Drosophila with that of mammalian SM synthesis, their modes of regulation 

cannot be directly compared. Besides, Drosophila predominantly synthesizes sphingolipids 

with shorter acyl chains (namely C14 and C16) while mammals generally synthesize 

sphingolipids with longer acyl chains (at least C18) [186].  
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Since it is not clear if Drosophila cells contain membrane contact sites, and in 

consideration of the differences in sphingolipid biosynthesis, it is likely that the mechanistic 

function of CERT in ceramide trafficking may be different than its mammalian counterpart. 

While ceramide trafficking by CERT in mammals may occur at membrane contact sites, 

ceramide trafficking by CERT may occur independently of contact sites in Drosophila. 

Regardless, Drosophila CERT plays a role in oxidative stress [186] and may point towards a 

more sophisticated function for CERT in regulating cellular stress at the Golgi ribbon and ER 

membrane contact sites in mammals.  

Interestingly, a study evaluating CERT knockout mice shows that CERT is essential for 

embryonic survival as no homozygous mice mutant for the Cert gene were born [190]. CERT 

null embryos had growth defects and were estimated to die around embryonic day 11.5 due to 

abnormalities in organogenesis. The expected decrease in SM levels and the increase in 

ceramide levels in the ER of CERT null embryos correlated with altered ER morphology and 

ER stress, and mitochondrial morphology. But analysis of Golgi structural morphology was 

not conducted. Although the study found an increase in proapoptotic factors Bax and Bak and 

a decrease in anti-apoptotic proteins Bcl-2 and Bcl-xL (described below in detail), increased 

cytochrome c release from the mitochondria (one hallmark of apoptosis) was not observed. In 

addition, the authors saw an increase in activity of some molecules of the cell survival MAPK 

signaling pathway. Their data also reveal lack of apoptosis as measured by DNA damage. The 

authors therefore concluded that elimination of CERT does not lead to apoptosis. However, 

several questions remain. While CERT may be important for development and organogenesis 

and increased ceramide levels may be detrimental, it is unclear how global ceramide increase 

over an extended period of time (11.5 days) might modify signaling and organelle 

morphology, since response to acute ceramide increase was not monitored. In addition, it is 

not clear why both pro-apoptotic factors and survival factors are elevated when decreased 

apoptosis and increased cell cycle defects are seen. It is important to mention here that 

increased ceramide levels have been previously correlated with G0/G1 cell cycle arrest [191] 

and therefore it would be interesting to analyze how ceramide contributes to both apoptosis 

and cell cycle signaling events simultaneously. Also, not all apoptotic pathways are mediated 

by mitochondria and cytochrome c release. Hence it would be important to analyze ceramide 

levels and signaling molecules prior to day 11.5 in order to determine the progression of 

events leading to growth defects and embryonic lethality.  

 

 

3. APOPTOSIS AND GOLGI STRUCTURAL ORGANIZATION 
 

Apoptosis (programmed cell death) is an evolutionarily conserved, highly regulated form 

of cell suicide that is designed to remove extraneous or damaged cells without causing 

inflammation [192]. This process is important for multi-cellular organisms to maintain 

normal growth and development, because dysregulation can lead to disease. Signals that 

induce cell death can either come from different organelles within the cell such as DNA 

damage in the nucleus, or can be mediated by extrinsic signals, for example, death receptor 

ligation [192]. During apoptosis, damaged cells are disassembled and packaged into 

membrane-bound blebs that signal the neighboring cells to phagocytose them.  
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3.a. The Cellular Machinery for Apoptosis 
 

Disassembly of apoptotic cells is chiefly mediated by the activity of a family of cysteine 

proteases called caspases, which cleave after specific aspartate residues within target proteins 

thereby irreversibly inactivating their function [193]. Caspases are normally synthesized as 

inactive zymogens but can be activated by cleavage or oligomerization in response to stress 

[194]. There are at least 12 members within the mammalian caspase family, although not all 

of them mediate apoptosis. Caspases-2, -3, -6, -7, -8, -9 and -10 are activated during 

apoptosis, while caspases-1, -4, -5 and -11 are activated during inflammatory responses [195]. 

In addition, caspase-12, an ER-specific caspase expressed in mice has a role in ER stress 

(Nakagawa T et al, 2000). Human caspase-12 has no protease activity and may regulate 

cytokine release in response to bacterial lipopolysaccharide during infection [196]. Caspases 

that can be activated during apoptosis can be divided into two groups: initiator and effector 

caspases. Initiator caspases, including caspases-8, -9 and -10, and possibly caspase-2, are 

upstream caspases as they can initiate downstream apoptosis signaling pathways [195]. 

Initiator caspases can be activated by self-cleavage after adaptor mediated oligomerization of 

their characteristically long prodomains. Initiator caspases are generally recruited to large 

molecular weight complexes that mediate caspase oligomerization by bringing caspase 

molecules in close proximity to each other [194]. Caspase-8 is activated by its recruitment to 

the death inducing signaling complex upon ligation of death receptors [195]. Similarly, 

caspase-9 is activated by the Apaf-1 (apoptosis promoting factor -1) apoptosome that is 

formed upon release of cytochrome c from mitochondria in response to pro-apoptotic stimuli 

[195]. Recently, caspase-2 was shown to be activated after recruitment to a high molecular 

weight complex, the PIDDosome, in the cytoplasm in response to heat shock stress [197]. The 

PIDDosome complex consists of the death-domain containing protein PIDD (p53 induced 

protein with a death domain), an adaptor protein RAIDD (RIP associated ICH-/CED-3-

homologous protein with a death domain) and caspase-2 [198]. Activated initiator caspases, 

except caspase-2 (discussed in detail later), cleave and activate effector caspases, including 

caspases-3, -6 and -7 [194,195]. Effector caspases in turn cleave a small subset of specific 

cellular proteins, leading to disassembly of intracellular organelles and membrane blebbing.  

Many pro- and anti-apoptotic proteins contribute towards regulating the pro-survival and 

pro-death pathways. Bcl-2 and Bcl-xL are two anti-apoptotic proteins that belong to the Bcl-2 

family of proteins that help sequester mitochondrial pro-apoptotic factors and preserve the 

mitochondrial membrane [199,200]. On the opposite end are Bax and Bak, two pro-apoptotic 

proteins that promote release of mitochondrial pro-apoptotic factors by compromising the 

mitochondrial membrane [199,200,201,202]. Furthermore, Bim, another pro-apoptotic 

member of the Bcl-2 family, is thought to mediate caspase activation and release of Ca
2+

 from 

the ER [203,204]. Additionally, the inhibitor of apoptosis protein (IAP) family of proteins can 

either bind directly to the active site of specific caspases and inhibit their activity or function 

as E3 ligase and target the caspases to the proteasome for degradation [205,206,207,208].  

Although different types of intracellular stress may activate one or more of the different 

initiator caspases, the downstream signaling pathways that disassemble damaged cells usually 

converge at the level of effector caspases, cellular protein cleavage and intracellular organelle 

disassembly. Some of the apoptotic machinery that mediates cleavage of cellular targets is 

found at the Golgi, suggesting that this organelle may be able to sense specific stress signals 

and regulate downstream signaling pathways. Caspase-2, a unique caspase that possesses 
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structural properties of an initiator caspase [209,210] but the substrate specificity of an 

effector caspase [193], localizes to both the nucleus and the cytoplasmic face of the Golgi 

apparatus [211]. Indeed, numerous studies suggest that caspase-2 is activated in the nucleus 

[212,213,214], while Bouchier-Hayes L et al. [197] clearly show that caspase-2 is activated in 

punctate spots in the cytoplasm in response to stress. However, it remains to be seen if the 

punctate spots carrying the PIDDosome-caspase-2 activation complex are formed on 

disassembled Golgi membranes in response to stress. This is a likely scenario because the 

disassembled Golgi membranes were found to be associated with endogenous caspase-2 

[197]. The dual localization pattern of caspase-2 suggests that the nuclear pool of caspase-2 

could mediate apoptosis after DNA damage whereas the Golgi pool could mediate apoptosis 

in response to stress signals sensed by the secretory pathway, particularly the Golgi apparatus 

itself [215]. In fact, several known substrates of caspase-2 are localized at the Golgi, 

including golgin-160 [211] and giantin [216]. Golgin-160 is cleaved by capspases-2, -3 and -

7, but the cleavage by caspase-2 is rapid and precedes cleavage by caspase-3 and Golgi 

disassembly, thus suggesting that caspase-2 activation at the Golgi is an early event [211]. 

The exact mechanism of caspase-2 activation is not well understood. Nevertheless, Golgi 

disassembly and apoptosis was delayed in cells expressing a non-cleavable golgin-160 (where 

all three caspase sites were mutated) after certain apoptotic stimuli at a step upstream of 

caspase-2 activation [217].  

BIR repeat containing ubiquitin-conjugating enzyme (BRUCE), a member of the IAP 

family of proteins is localized in the Golgi region [218] and has been shown to possess anti-

apoptotic properties in mammalian cells [219,220]. Thus, BRUCE may function to negatively 

regulate caspase-2 activity at the Golgi [221]. In addition, many proteins of the death receptor 

family of proteins, including the tumor necrosis factor receptor-1 (TNFR-1) and Fas are 

mostly localized to the Golgi region at steady state [222,223], suggesting that there is 

precedence for the proposal that the Golgi apparatus can sense cellular stress and integrate 

downstream signaling pathways. Recently, BRUCE has been implicated in mitosis, 

specifically during cytokinesis where it interacts with other proteins involved in mitosis 

[224]. Thus, BRUCE may have multiple roles in apoptosis and in mitosis.  

Stress signals that might be sensed by the secretory pathway include perturbation of 

vesicular and non-vesicular trafficking, perturbation of Golgi structure and infection with 

certain enveloped viruses [215]. Disassembly of Golgi structure during apoptosis is similar to 

mitotic disassembly, but unlike mitosis, apoptotic disassembly is an irreversible process 

[225]. During apoptosis, the lateral connections between Golgi stacks that mediate the Golgi 

ribbon are lost. Golgi stacks are dispersed in the cytoplasm and do not maintain contact with 

the MTOC, while the cisternae are further broken down to form dispersed vesicles and 

tubules. Presumably, during the process of Golgi disassembly, trans-ER-trans Golgi contact 

sites are also disassembled. Supporting this, treatment of cells with tumor necrosis factor  

(TNF) shows reduced overlap of CERT with Golgi membranes (Chandran, unpublished). 

This process of disassembly is mediated by cleavage of Golgi localized proteins such as 

golgin-160, GRASP-65, p115, GM130, giantin, the t-SNARE syntaxin-5, the intermediate 

chain of dynein and the p150 (glued) subunit of dynactin [211,216,226,227,228,229,230], 

which are known to contribute to Golgi architecture and structural maintenance. The delay in 

Golgi disassembly upon expression of caspase resistant mutants of golgin-160 [211,217], 

GRASP-65 [226] and p115 [227] further underlines the importance of these proteins in Golgi 
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structure. However, several important questions regarding the model that the Golgi apparatus 

is a stress sensor remain. One big question is what is the role of Golgi disassembly during 

apoptosis? One thought is that Golgi disassembly may play a role in signal transduction 

events that feed into the apoptotic signaling cascade. Interestingly, caspase mediated cleavage 

of some of the Golgi structural proteins including golgin-160 and p115 result in fragments 

with an exposed nuclear localization signal (NLS) [227,231]. Ectopic expression of these 

fragments (which contain sequence motifs of transcriptional regulators) were targeted to the 

nucleus, suggesting that these fragments can impact the apoptotic process by modulating gene 

expression [227,231]. Although over expression of caspase cleavage fragments of golgin-160 

did not promote Golgi fragmentation, over expression of p115 fragments did result in Golgi 

disassembly and apoptosis [227,231]. Thus, caspase cleavage fragments of some Golgi 

structural proteins may play an active role in regulating apoptosis, supporting the view that 

Golgi structure may serve as a platform to sense and integrate stress signals. But what genes 

the nuclear localized fragments of Golgi structural proteins might modulate is an important 

question that still remains completely uncharacterized. Another question of significance that 

remains to be answered is whether Golgi disassembly is an effect of the apoptotic process or 

whether Golgi disassembly itself is a signal for apoptosis [215]. Regardless, it is clear that 

Golgi ribbon structure, including ER-trans-Golgi contact sites, is exquisitely sensitive to 

perturbation, making this organelle an ideal platform to sense cellular stress and integrate 

signals that determine cell survival or cell death.  

Golgi structural proteins are also important in maintaining Golgi structure and 

organization in Drosophila. Depletion of Drosophila Golgi structural proteins (GRASP, 

GM130, and p115) led to collapse of Golgi stacks into vesicular/tubular clusters [52,232]. 

However, forward trafficking remained unaffected [52,232]. It remains to be seen if 

Drosophila GRASP and p115 undergo caspase-mediated cleavage to generate nuclear 

targeted fragments and how they might function in the apoptotic signaling pathway. In 

addition, although orthologues for caspases-3, -7 and -9 exist in Drosophila, there is no 

indication of presence of a Golgi localized caspase-2. Examination of some of these issues 

may help determine whether cleavage of Golgi proteins and Golgi disassembly play an active 

role in the apoptotic process both in flies and humans. 

 

 

3.b. Ceramide Mediated Apoptosis And Golgi Ribbon Architecture 
 

Stress signals that must be sensed by the secretory pathway not only include disassembly 

of Golgi structure and perturbation of vesicular and non-vesicular trafficking by cleavage of 

Golgi structural proteins, but also include dysregulation of cellular lipid homeostasis. While 

membrane sterol regulation is well characterized [178], mechanisms that regulate ceramide 

and sphingolipid levels in cells is less understood. As described above, ceramide serves as the 

backbone for sphingolipid biosynthesis, but it also acts as an important second messenger in 

cells [233]. Therefore, biosynthesis and cellular distribution of ceramide must be tightly 

regulated. In order to appreciate how ceramide contributes to lipid homeostasis, signaling, 

Golgi structure and secretory trafficking, and cellular processes such as growth, proliferation 

and apoptosis, it is important to first understand how ceramide is synthesized and how it 

generates other important signaling lipids including sphingosine, sphingosine-1-phosphate 

and ceramide-1-phosphate [234,235]. 
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3.b.1. Ceramide Biosynthesis and Metabolism 

Ceramide can be synthesized either de novo or by the hydrolysis of sphingolipids, 

particularly SM (Figure 2). The de novo synthesis of ceramide occurs in the ER by the 

condensation of serine and palmitoyl Co-A to generate 3-ketodihydrosphingosine [236]. 3-

ketodihydrosphingosine is then reduced to form dihydrosphingosine (also called 

sphinganine), which is subsequently N-acylated to produce dihydroceramide by the action of 

ceramide synthase. There are six isoforms of ceramide synthase in mammals that show 

specificity for the acyl chain length [236]. Dihydroceramide is later desaturated to produce 

ceramide [236]. The ceramide formed in the ER can be trafficked to various locations in the 

cell by vesicular and CERT-mediated-non-vesicular routes, and be converted to other 

sphingolipids. In cultured cells, ceramide is mostly trafficked from the ER to the trans-Golgi 

via CERT. There it is converted to SM by the action of SM synthase 1, where the 

phosphatidylcholine (PC) head group is transferred onto the ceramide backbone generating 

DAG, which is an important lipid in maintaining Golgi structure and function, as described 

above [131,156,237]. Ceramide can also be converted to glucosylceramide (GlcCer) by 

glucosylceramide synthase after delivery of ceramide to cis-Golgi membranes by vesicular 

transport [152,156,236]. GlcCer can further be glycosylated to other GSLs through the 

activity of another lipid transfer protein, FAPP2 [152,176,177].  

Furthermore, ceramide can also be converted to sphingosine, one of the other important 

signaling molecules, by the action of ceramidases.Three types of ceramidases (acid, neutral 

and alkaline) are localized at different regions of the cell reflecting their pH optima for 

activity [238]. Sphingosine can either act by itself to regulate signaling pathways or can be 

phosphorylated to sphingosine-1-phosphate, another important signaling lipid that promotes 

cell growth and proliferation. Alternatively, sphingosine can be converted to ceramide. 

Sphingosine-1-phosphate can be degraded by sphingosine-1-phosphate lyase or converted 

back to sphingosine by a phosphatase [97,236,239,240]. In addition to serving as a precursor 

molecule for sphingolipids, ceramide can also be phosphorylated by ceramide kinase to 

generate ceramide-1-phosphate, which can be recycled back by a phosphatase [236,241].  

In addition to biosynthesis, ceramide can also be generated by sphingomyelinase (SMase) 

mediated hydrolysis of SM. Although ceramide is synthesized de novo at the ER, ceramide 

production by SM hydrolysis can occur at various locations in the cell. Different SMases that 

show different subcellular localization based on their pH optima for acivity: lysosomal acid 

SMase, zinc-dependent secretory SMase, neutral magnesium-dependent SMase and alkaline 

SMase [236,242].Hydrolysis of GSLs yields GlcCer and galactosylceramide (GalCer), which 

can then be hydrolyzed by -glucosidases and galactosidases to release ceramide [236,243].  

Thus, SM and GSLs that are produced from ceramide can be transported to the plasma 

membrane by vesicular trafficking where they can be subsequently metabolized back to 

ceramide. SM and GSLs can also be circulated through the secretory and endosomal pathway 

where they can be degraded to ceramide and sphingosine in the lysosome. Since sphingosine 

is fairly soluble, it can leave the lysosome and diffuse to various locations in the cell, 

including the ER, where it can re-enter the ceramide cycle [236].  

Ceramide and its derivatives including sphingosine, sphingosine-1-phosphate, and 

ceramide-1-phosphate are important signaling lipids involved in regulating downstream 

targets that mediate various cellular functions. Ceramide regulates various aspects of cell 

growth, differentiation, proliferation, necrosis and apoptosis [233,236,244,245,246]. 

Ceramide is known to activate protein phosphatases PP1A and PP2A, protein kinase C, raf-1, 
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and the kinase-suppressor of Ras [236,247,248,249,250]. Ceramide-1-phosphate activates 

DNA synthesis and cell division [251]. It also mediates inflammation by activating 

phospholipase A2 and stimulating the release of arachidonic acid [236,252]. Ceramide-1-

phosphate also blocks apoptosis by inhibiting acid sphingomyelinase (reviewed in [251]). 

Sphingosine is known to induce cell cycle arrest and apoptosis by activating protein kinase A 

[236,253,254]. Sphingosine-1-phosphate interacts with the G-protein coupled sphingosine-1-

phosphate receptors at the plasma membrane and positively regulates G-protein signaling 

involved in cell growth, proliferation, migration, inflammation, angiogenesis, vasculogenesis, 

cell survival. Conversely, sphingosine-1-phosphate negatively regulates apoptosis [236] by 

activating ERK signaling cascade, Ras, PI3K, phospholipase C, and p125
FAK

 to name a few 

[255]. Therefore, ceramide and its derivatives play an important role in modulating cellular 

processes that ultimately involve cell survival and cell death decisions. 

 

 

Figure 2. Sphingolipid metabolism pathways. Enzymes that catalyze the reactions are italicized while 

the substrates and products are in bold. The boxes represent sphingolipids with signaling roles, as 

described. 

 

3.b.2. Ceramide Regulation and Golgi Structure 
Since ceramide is central to sphingolipid biosynthesis, and ceramide and sphingolipid 

synthesis is closely tied into the secretory pathway, it is likely that perturbation of the 

secretory pathway could lead to dysregulation of ceramide homeostasis and its downstream 

functions. Since the ceramide concentration in cells is maintained at a higher concentration 

than sphingosine and sphingosine-1-phosphate, one can envision that small changes in 

ceramide levels could significantly increase sphingosine or sphingosine-1-phosphate levels 

[189,236]. Similarly, blocking conversion of ceramide to SM, GlcCer, or sphingosine could 
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result in accumulation of ceramide in the ER and other regions of the cell. Thus, cells have to 

be able to sense and regulate ceramide levels. The recent identification of SM synthase 1 

related enzyme (SMSr) suggests that this protein may be able to sense ceramide levels in the 

ER and regulate ceramide homeostasis [189]. Unlike SM synthase I, SMSr is predominantly 

found in the ER and catalyzes the synthesis of the SM analog EPC in the ER lumen, probably 

by promoting flipping of ceramide from the cytosolic face of the ER to the active site of the 

enzyme in the ER lumen. Surprisingly, SMSr produces only minor amounts of EPC, about 

300 times less than SM produced by SM synthase. This can perhaps be attributed to the low 

dissociation rate of SMSr from its product EPC. Also, CERT-mediated removal of ceramide 

present on the cytosolic side of the ER under normal conditions could account for low levels 

of cellular EPC. Interestingly, depletion of SMSr by RNA interference resulted in a drastic 

increase in ceramide levels in the ER, and simultaneous disassembly of ER exit sites and 

perturbation of the Golgi apparatus. ER exit sites or transitional ER elements are thought to 

arise from ribosome-free ER membrane patches where COPII mediated vesicles emerge 

[45,256]. Vacaru et al. show that the fragmentation of early secretory pathway components 

when SMSr is inhibited is due to the accumulation of ceramide in the ER [189]. However, an 

increase in ER ceramide levels could likely cause the entire pool of SMSr enzyme to be 

engaged with EPC, with many of the ER lumen ceramide molecules remaining in an unbound 

state. It is possible that the EPC-bound SMSr signals an attenuation of ceramide biosynthesis, 

and/or an increase in ceramide degradation. Thus, the coordinated action of SMSr and CERT 

may help maintain ceramide homeostasis and structural components of the secretory pathway, 

including the Golgi apparatus. 

 

3.b.3. Ceramide and Apoptosis 

We know that inhibition of SMSr mediated ceramide regulation in cells is concurrent 

with ceramide accumulation in the ER [189]. However, it is not clear whether SMSr has to be 

inactivated during apoptosis for ceramide levels to increase at the Golgi and ER, although this 

would be a likely scenario. The ceramide-apoptosis link is best described in studies where 

TNF was used as an inducer of pro-apoptotic stress. Rapid ceramide generation at the 

plasma membrane after TNF treatment is generally dependent on activation of early but not 

late caspases, which activate sphingomyelinase and thus increase cellular ceramide [257,258]. 

Inhibition of caspase-8 is associated with decreased levels of ceramide accumulation in 

TNF-treatedcells and consequently decreased apoptosis, while inhibition of downstream 

caspases was shown to have no effect on ceramide levels, indicating that ceramide generation 

is often upstream of effector caspases [257,259]. However, whether caspase-8 acts upstream 

or downstream of anti-apoptotic factor Bcl-2 remains unclear [257,259,260].  

The effect of excess ceramide on Golgi organization is not well understood. Since Golgi 

biogenesis is closely linked to ER exit sites [45,256], accumulation of ceramide in the ER 

could lead to perturbation of proteins involved in ER exit site maintenance or components of 

COPII machinery and could potentially destabilize ER exit site morphology, thereby resulting 

in Golgi disassembly [189]. On the other hand, excess ceramide levels may promote apoptotic 

signaling and induce Golgi structure disassembly by activating caspase-mediated cleavage of 

Golgi structural proteins. But the mechanism of how increased ceramide levels at different 

cellular membranes activate the apoptotic signaling cascade needs to be examined. For 

example, it would be interesting to understand how normal ceramide levels in cells do not 
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lead to activation of the apoptosis signaling cascade, but an increase in ceramide 

concentration is associated with activation of caspases. SMSr, described above, could serve as 

a sensor for ceramide levels at the ER. But what about ceramide generated at the plasma 

membrane or other subcellular organelles and trafficked to other regions of the cell by the 

vesicular and non-vesicular routes? How are these ceramide concentrations sensed and 

regulated? For example, ceramide can be generated from SM in endosomal/lysosomal 

compartments and at the plasma membrane by acidic and neutral sphingomyelinases (aSMase 

and nSMase), respectively. Both nSMase and aSMase activities are known to be stimulated 

by apoptosis, particularly by activation of death receptors TNFR-1 and Fas [261,262,263]. 

Not much information exists on activation of aSMase by TNF, but it may be mediated by 

specific adaptor proteins [261]. Similarly, little is known about the downstream targets of 

ceramide generated by aSMase, although there is some implication of involvement of PKC, 

c-Jun amino terminal kinase (JNK), and caspases [261]. On the other hand, nSMase activity 

can also be mediated by a protein called factor associated with nSMase activation (FAD) in 

response to cellular stress [263,264]. In addition, nSMase activity is regulated by oxidative 

stress, including that generated by hydrogen peroxide treatment [263], although it is unclear if 

reactive oxygen species (ROS) generate ceramide, or ceramide-mediated release of 

cytochrome c from the mitochondria generates ROS. Ceramide generated by nSMase is 

known to activate ceramide-activated protein kinase by enhancing its autophosphorylation, 

which eventually leads to activation of the extracellular signal-regulated kinase (ERK) 

signaling cascade [261,265]. Therefore, activation of aSMase and nSMase seem to follow 

different pathways and it remains to be seen if activation of a particular SMase occurs in 

response to a particular stress [263]. TNF may also stimulate the de novo synthesis pathway 

of ceramide, although this is not well characterized [257].  

Ceramide has also been implicated in mitochondrial-mediated apoptosis. Activation of 

aSMase leads to lysosomal generation of ceramide, where it binds cathepsin-D and is 

translocated to the mitochondria by an unknown mechanism resulting in release of 

cytochrome c [257]. Release of cytochrome c could occur through ceramide channels that 

form on the outer membrane of mitochondria upon ceramide-mediated membrane 

permeabilization [266]. Formation of ceramide channels was found to be negatively regulated 

by Bcl-xL, an anti-apoptotic protein of the Bcl-2 family [266]. But the mechanism of 

ceramide delivery to mitochondrial membranes and how it mediates permeabilization of 

mitochondria membranes remains to be elucidated.  

In view of the fact that ceramide is generated not only at the ER, but also at various 

subcellular regions that are involved in membrane traffic, perhaps the components of the 

secretory pathway might sense cellular ceramide levels and respond appropriately. Since 

several studies report collapse of the early secretory pathway, including the Golgi apparatus, 

upon ceramide accumulation in response to cellular stress [189,267,268], it seems reasonable 

to speculate that the Golgi may serve to function as a platform for sensing stress and 

integrating apoptosis signals. Indeed the choice of the Golgi apparatus for a sensor of cellular 

stress seems ideal because it sits at the center of the secretory pathway and many components 

of the apoptotic and signaling machinery, including caspase-2 are found there. Therefore it 

seems likely that ceramide-induced apoptosis could be accompanied by caspase-mediated 

cleavage of Golgi structural proteins that contribute to collapse of the Golgi complex and 

perhaps further amplification of the apoptotic signal via the nuclear targeted Golgi protein 
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fragments. Interestingly, a recent study found that the trans-Golgi localized SM synthase-1 

enzyme that catalyzes the conversion of ceramide to SM, is also a substrate for caspases, 

including caspase-2, during pro-apoptotic signaling events [269]. Given that CERT is 

associated with Golgi membranes at the ER-trans-Golgi membrane contact sites while 

delivering ceramide to SM synthase 1, CERT and SM synthase 1 can be considered as 

molecules that help maintain reduced ceramide levels at the ER and the Golgi complex. It is 

interesting to speculate that CERT could act as a sensor of stress and mediate signaling. In 

vitro studies suggest that CERT is as a substrate for caspase-2 (Chandran et al, unpublished 

data), although CERT cleavage in cells in response to pro-apoptotic stress is currently being 

assessed. But with the finding that induction of apoptosis in human cells lines upon TNF 

treatment resulted in increased transcription of Good pasture binding protein (GPBP), a 

functional splice variant of CERT, the concept that CERT might sense and integrate cellular 

stress is not unprecedented [270]. The identification of TATA-like and NFkB-like elements 

within the promoter region of the GPBP gene suggests that GPBP and presumably CERT is 

responsive to TNF [270]. Although the study examined GPBP mRNA levels in the presence 

and absence of TNF, GPBP protein levels were not monitored. Thus, the mechanism by 

which cells handle excess GPBP/CERT remains unclear. While this study only looked at 

GPBP and its role in immunity, it potentially positions CERT within the apoptotic signaling 

pathway. Intriguingly, the corresponding promoter in mice lacks the NFB-like element and 

shows no transcriptional activity in response to TNF [270]. Furthermore, CERT protein has 

a putative NLS whose role has not yet been identified [271].  

It is conceivable that CERT cleavage in vivo in response to cellular stress, particularly 

that induced by TNF, could result in a nuclear targeted fragment (similar to the scenario 

seen for golgin-160 and p115 [227,231]) that could possibly modulate the apoptotic signal. In 

addition, induction of either oxidative stress or UV stress led to homotrimerization and 

inactivation of the CERT protein, resulting in increased ceramide levels and apoptosis [272]. 

It is uncertain whether homotrimerization of the CERT protein signals apoptosis or whether 

increased ceramide levels cause apoptosis.  

Indeed, the next big question in ceramide-mediated apoptosis is whether Golgi 

disassembly is the cause or effect of ceramide accumulation. Do increased ceramide levels 

cause caspase-mediated cleavage of golgins and result in Golgi structural collapse? Or do the 

golgins first undergo cleavage and disassemble the Golgi apparatus before ceramide 

accumulation? The question is whether Golgi disassembly occurs upstream or downstream of 

ceramide accumulation. It is also possible that Golgi disassembly is a multi-step process, and 

that some of the steps might occur early during the apoptotic pathway leading to ceramide 

accumulation. This in turn could induce cleavage of other golgins leading to complete 

collapse of the organelle.  

For example, hypothetically, cellular stress sensed at the Golgi by Golgi localized 

caspase-2 could result in activation and cleavage of some golgins and GRASP proteins, 

resulting in subtle changes in Golgi structure and organization, such as loss of connections 

that maintain the Golgi ribbon and ER-trans-Golgi contact sites. Concurrently, CERT 

inactivation, either due to loss of contact sites or caspase-2 cleavage would result in inhibition 

of ceramide consumption at the ER leading to ceramide accumulation at different subcellular 

regions within the secretory and endocytic pathways.  
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Although not much is known about the regulation and downstream signaling targets of 

SMSr, it is possible that either excess ceramide or caspases could inhibit SMSr function in 

sensing ceramide levels at the ER. Excess ceramide accumulation could trigger amplification 

of the apoptotic signaling pathway resulting in cleavage of additional golgins and Golgi-

associated proteins, resulting in unstacking and vesiculation of the Golgi complex.  

 

 

4. CELLULAR LOCATION OF THE GOLGI APPARATUS  

IN STRESS SENSING 
 

It is interesting to speculate that the central cellular location of the Golgi apparatus 

participates in sensing cellular stress and transducing appropriate downstream signals. As 

described previously, the microtubule cytoskeleton holds the Golgi in a juxtanuclear region, 

next to the centrosome. 

But why does the Golgi exist in a juxtanuclear region? Does the Golgi exist next to the 

nucleus only because of its interactions with the centrosome and microtubules, or does the 

location of the Golgi apparatus influence its functions? Membrane trafficking events and 

modification of secretory proteins are not affected by perturbation of the peri-centrosomal 

location of the Golgi [77,78,89], suggesting that the central positioning of the Golgi apparatus 

in cells may serve other functions. It is possible that the central location of the Golgi can 

sense subtle changes in the centrosomes or in microtubule polymerization/depolymerization 

kinetics in response to signaling or cellular events, including mitosis, migration and 

apoptosis.  

It is also possible that the centrally located Golgi apparatus can detect subtle changes in 

the structure of other organelles through membrane contact sites and respond by promoting 

cleavage of Golgi structural proteins. Reorganization of the Golgi apparatus due to cleavage 

of some golgins is known to generate nuclear targeted fragments of those golgins, which are 

thought to promote apoptosis via gene regulation in the nucleus. The functional relationship 

between the adjacently located centrosome and Golgi apparatus has been reviewed by 

Sutterlin et al. [36] in detail. Studies where the Golgi ribbon was perturbed by depletion of 

golgin-160 or GMAP210 reported loss of cell polarity, directed secretion, cell migration and 

repair in response to wounding, in a microtubule independent manner [78]. Although Golgi 

morphology was rescued in this study by using an RNA interference resistant version of 

golgin-160, rescue of cell polarization and migration phenotypes were not examined. It would 

be interesting to determine if loss of cell polarity and migration are indeed due to Golgi 

structural perturbation, or whether the phenotype is due to loss of golgin-160‟s function in 

promoting efficient delivery of a subset of cargo molecules to the plasma membrane [79] that 

could influence cell polarity.  

Several Golgi associated proteins have been implicated in maintainence of centrosome 

structure and function including GM130, and IFT20 and Rab8 GTPase during ciliogenesis 

[36,273,274,275,276]. Thus it is likely that the Golgi and centrosome are functionally linked 

and may modulate each other‟s functions. It is likely that the central location of the Golgi 

apparatus positions the organelle to sense stress by its interaction with other organelles and 

transduce signaling events leading to cell cycle, migration, polarity and apoptosis to the 

nucleus. Since most Drosophila cells already exhibit dispersed Golgi stacks whose 
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organization is independent of microtubules and membrane contact sites, it remains to be seen 

how these cells sense stress within the secretory pathway and cope with apoptosis. 

 

 

CONCLUSION 
 

From the numerous studies that have been conducted on the Golgi over the past several 

decades, it can be concluded that the organization of the mammalian Golgi apparatus is 

complex. The mammalian Golgi ribbon is not only composed of cisternal membranes 

arranged into stacks, but is also ordered into a continuous ribbon structure that is centrally 

positioned in the cell and interacts with ER membranes, centrosomes and cytoskeletal 

elements. But why is the organization of the mammalian Golgi so complex? Although the 

Golgi of lower organisms such as S. cerevisiae and Drosophila lack this level of organization, 

they are still capable of efficiently processing and trafficking cargo. Here, we have speculated 

that the complex architecture of the mammalian Golgi and its central location sets up the 

organelle as an ideal platform to sense subtle changes in various parts of the cell during 

cellular stress and to amplify downstream signaling. Despite the many unresolved questions, 

there is a vast amount of evidence that implicates Golgi structure-function in apoptotic 

signaling pathways. Since apoptosis and mitosis share some common elements, particularly 

disassembly of the Golgi ribbon, it is tempting to speculate that the Golgi ribbon may have 

additional functions in cell cycle regulation. Interestingly, proteins involved in apoptosis, 

including BRUCE [224] and nuclear pool of caspase-2 also have additional functions in 

mitosis. The recent implication of nuclear caspase-2 in the G2/M cell cycle checkpoint [214] 

further supports an apoptosis-mitosis link and confers novel functions for the Golgi in cell 

cycle regulation. A more comprehensive approach investigating all molecules involved in 

maintainence and regulation of Golgi structure, including proteins and lipids, is needed. This 

could not only provide additional clues in further addressing the Golgi-apoptosis connection, 

but also reveal new functions for the Golgi ribbon. Determining the order in which apoptosis 

signaling, ceramide accumulation and Golgi disassembly occurs are future challenges for 

understanding how the Golgi apparatus contributes to cellular stress sensing and integration 

of apoptosis signaling. 
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ABSTRACT 
 

The Golgi apparatus is a sorting nexus for protein and lipids exported from the 

endoplasmic reticulum (ER) to other organelles and for secretion. The lipids and sterols 

that delineate the vesicular/tubular transport carriers and cisternae that constitute the 

Golgi transport apparatus are just packaging materials but participate directly in 

membrane fusion, cargo sorting and polarized transport. Low abundance lipids, such as 

diacylglycerol (DAG), phosphatidic acid (PtdOH), lyso-phospholipids and 

phosphatidylinositol phosphates, contribute to these processes by localized synthesis and 

interconversion. These lipids alter the structure of membranes by assisting in induction of 

positive and negative curvature required for carrier assembly, and regulate the activity of 

proteins that temporally and spatially regulate fusion and fission events. The Golgi 

apparatus is especially enriched in phosphatidylinositol 4-phosphate (PtdIns(4)P), where 

localized metabolism by Golgi-associated PtdIns 4-kinases (PI4K) and phosphatases 

controls PtdIns(4)P pools that recruit proteins involved in lipid transport and vesicular 

trafficking. DAG and ceramide conversion in the late Golgi and trans-Golgi network 

(TGN) by sphingomyelin (SM) synthase regulates Golgi trafficking by recruiting and 

activating protein kinase D (PKD) for phosphorylation of targets such a PI4KIIIβ. SM 

and glycosphingolipids (GSL) synthesized in the Golgi apparatus condenses with 

cholesterol into nanoscale assemblies called lipid rafts. These platforms function in 

membrane signaling and regulate trans-Golgi network (TGN)-sorting machinery. There is 

an increasing appreciation for the role of lipid and sterol transfer proteins in modulation 

of Golgi apparatus function. In particular, site-directed ceramide and sterol transfer 
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proteins that communicate lipid status, and regulate cholesterol, SM and GSL 

metabolism. Here we will review the highly integrated lipid metabolic and signaling 

pathways housed in the Golgi apparatus that control secretory activity and membrane 

assembly. 

 

 

ABBREVIATIONS 
 

AP: adaptor protein 

Arf: ADP-ribosylation factor 

ArfGAP: GTPase-activating proteins 

BARS: brefeldin A-induced ADP-ribosylation substrate  

BIG: brefeldin A-inhibited guanine nucleotide exchange protein 

CERT: ceramide transfer protein 

COP: coatomer complex 

DAG: diacylglycerol 

ENTH: epsin N-terminal homology 

EpsinR: Epsin-related protein 

FAPP: four-phosphate adoptor protein 

FFAT: two phenylalanines in an acidic tract 

GBF1: guanine nucleotide exchange factor 1 

GCS: UDP-Glc:glucosylceramide synthase 

GEF: guanine nucleotide exchange factor 

GGA: Golgi-localized γ-ear containing Arf-binding proteins 

GlcCer: glucosylceramide 

GPAT: glycerol-3-phosphate acyltransferase 

GSL: glycosphingolipids 

LacCer: lactosylceramide 

LPAAT: acyl-CoA-dependent lyso-lipid acyltransferase 

LPP: PtdOH phosphatase 2 (PAP2)/lipid phosphate phosphatase 

Nir2: PYK2 N-terminal domain-interacting receptor 

ORP: OSBP-related protein 

OSBP: oxysterol binding protein 

PAP: PtdOH phosphatase 

PI4K: PtdIns 4-kinase 

PH: pleckstrin homology 

PITP: PI-transfer protein 

PKD: protein kinase D 

PLD: phospholipase D 

PtdCho: phosphatidylcholine 

PtdIns: phosphatidylinositol 

PtdOH: phosphatidic acid 

SM: sphingomyelin 

SMS: SM synthase 

SNARE: soluble N-ethylmaleimide-sensitive fusion protein (NSF) attachment protein receptor 

SREBP: sterol response element-binding protein 

VAP: vesicle-associated membrane protein-associated protein 
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1. INTRODUCTION 
 

The Golgi apparatus is a highly dynamic complex of flattened fenestrated cisternae 

interconnected by tubules and transport intermediates that sort proteins and lipids to cellular 

organelles and the external environment (Glick and Nakano, 2009). The organization and 

shape of these membrane compartments minimizes the internal volume and maximizes 

surface area, which allows for efficient and rapid protein and lipid trafficking in and out of 

the organelle. Thus, regulation of membrane shape and curvature is important for trafficking. 

The processes of membrane trafficking (budding, tubulation, tethering, fusion, and fission) 

are controlled by membrane deforming proteins, and by production and consumption of 

specific lipids that modulate charge, curvature and fluidity of the membrane bilayer and 

recruitment of regulatory proteins (Corda et al., 2002). In particular, phosphatidic acid 

(PtdOH), diacylglycerol, lyso-phospholipids and PtdIns phosphates (PtdInsPs) are considered 

to play a key role in controlling Golgi-mediated transport. These lipids are generated locally 

by Golgi specific kinases, phosphatases, lipases, where they modulate the physical properties 

of membranes and regulate the recruitment and activity of the secretory machinery. Selective 

sorting of lipids by vesicular and protein-mediated transport ensures their unique enrichment 

in organelle membranes, including the Golgi cisternae, that is indispensable for maintaining 

their structural organization and functions (Wang et al., 2000b; Lev, 2006). For example, the 

mammalian plasma membrane (PM) is rich in cholesterol, SM and GSLs, whereas the ER is 

relatively cholesterol poor (van Meer et al., 2008). This heterogeneity in lipid distribution is 

important from the point of view of maintaining membrane function and homeostasis. 

Condensation of cholesterol, SM, and GSL at the PM forms lipid rafts that recruit enzymes 

and signaling factors with a propensity to associate with these liquid-ordered domains (Roper 

et al., 2000). In contrast, maintaining cholesterol at relatively low levels in the ER allows the 

resident sterol sensing machinery to respond rapidly to sterol influx and regulate de novo 

synthesis and uptake accordingly (Goldstein et al., 2006a)  

In this chapter, we will focus on the interaction of proteins and lipids in the Golgi 

apparatus and the role in organelle structure and cargo flow. We will also mention human 

genetic disorders related to lipid metabolism and Golgi function. 

 

 

2. LIPIDS AND PROTEINS INVOLVED IN MEMBRANE BUDDING 
 

Proteins have been identified that physically affect membrane structure or modulate lipid 

composition to promote sorting functions of the Golgi. Mechanistically this involves 1) 

protein-mediated stabilization of membrane curvature (Sections 2.1. and 2.2.), 2) 

asymmetrical distribution of lipids in the inner and outer leaflets of a bilayer (Section 2.3.), 

and 3) membrane tethering and fusion mediated by proteins (Sections 3.1. and 3.2.). We will 

describe these mechanisms in the context of membrane trafficking function of the Golgi, 

however these are general mechanisms that affect organelle shape throughout the cell.  

Protein and lipid transport is mediated by three mechanisms: vesicular trafficking, 

cisternal maturation, and tubular cisternal connections. We will focus on vesicular trafficking 

in the current chapter, however readers are referred to excellent recent reviews on other 

mechanisms of Golgi transport (Puthenveedu and Linstedt, 2005; Glick and Nakano, 2009). 
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Three types of coated vesicle carriers have been characterized in detail with regard to their 

structural components and functions: adaptor/clathrin-coated vesicles that mediate transport 

in the late secretory pathway (Golgi to endosome) and the endocytic pathway (endosome to 

PM) (Robinson, 2004), coatomer complex (COP) I-coated vesicles in the early secretory 

pathway (transport through Golgi cisternae and ER to/from Golgi trafficking) (Beck et al., 

2009), and COPII-coated vesicles that export proteins from the ER to the Golgi apparatus 

(Hughes and Stephens, 2008) (Fig.1). An important difference between clathrin-coats and 

COP-coats is that in most cases cells survive without individual adaptors or clathrin, whereas 

COPI and COPII are essential. Thus, adaptor/clathrin pathways are more versatile than COP 

systems, which play specialized roles and are highly conserved among various organisms.  

Coat proteins are required for cargo selection and membrane deformation to mediate 

budding of transport vesicles from a donor compartment. An initiating step in this process is 

the recruitment of COPI and clathrin to Golgi membranes by the Arf1 GTPases, adaptor 

proteins (APs) and Golgi-localized -ear containing ADP-ribosylation factor (Arf1)-binding 

proteins (GGAs) (Traub et al., 1993; Dascher and Balch, 1994; Dell'Angelica et al., 2000). 

On the other hand, the GTPase Sar1 is involved in recruitment of COPII to ER exit sites 

(Pathre et al., 2003). Upon initiation of recruitment, Arf1 is converted from a GDP- to GTP-

bound form by a guanine nucleotide exchange factor (GEF) that is recruited to the Golgi 

membrane in a Rab1-dependent manner. Upon exchange of GDP for GTP, the folded 

myristoylated N-terminus helix of Arf1 becomes exposed for membrane anchoring (Liu et al., 

2009). GTP hydrolysis causes retraction of the myristoylated N-terminus helix and Arf1 

dissociates from the membrane. Specificity of recruitment mediated by Arf1 depends on 

GEFs. AP-1 recruitment is dependent on brefeldin A-inhibited guanine nucleotide exchange 

protein (BIG) 1 and 2 that reside in the trans-Golgi (Shinotsuka et al., 2002), whereas COPI 

recruitment is dependent on guanine nucleotide exchange factor 1 (GBF1) that reside in the 

cis-Golgi (Lefrancois and McCormick, 2007; Deng et al., 2009). Recruitment of GGAs is 

affected either by BIGs and GBF1 (Lefrancois and McCormick, 2007; Manolea et al., 2008). 

The GTPase Rab1 contributes to the specificity and timing of GBF1 recruitment to the Golgi 

by activating PI4KIIIα (Dumaresq-Doiron et al., 2010), although it is localized on the nuclear 

envelope and perinuclear ER (Balla and Balla, 2006). PtdIns(4)P serves as a binding site for 

GBF1 at the Golgi apparatus, and depletion of PI4KIIIα but not PI4KIII abolished GBF1-

dependent recruitment of GGA3 to the TGN. It is not known whether PI4KIIIα is also 

involved in GBF1-dependent recruitment of COPI to the Golgi apparatus. On the other hand, 

PI4KIII is involved in BIG1/2 dependent recruitment of AP-1 to the TGN. Rab1 is also 

involved in triggering tethering of transport vesicles to target membranes (Section 3.2.2.1.). 

In addition to the coat proteins that cover the surface of membranes as curvature inducing 

scaffolds, membrane tubulation and budding that accompanies coatomer assembly also 

involves protein factors that physically deform membranes (Antonny, 2006). Examples are 

Epsin-related protein (EpsinR) for adaptor/clathrin-coated vesicles (Section 3.2.1.1.), 

GTPase-activating proteins (ArfGAPs) and brefeldin A-induced ADP-ribosylation substrate 

(BARS) for COPI-coated vesicles (Section 3.2.1.2.), and Sar1 for COPII-coated vesicles (Bi 

et al., 2002; Bielli et al., 2005; Lee et al., 2005). EpsinR, ArfGAP1, and Sar1 generate local 

positive curvature by the bilayer-couple effect. As hydrophobic interactions between the inner 

and the outer leaflets of a bilayer tend to keep them coupled to each other, an increase in area 
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Figure 1. Vesicle trafficking in the Golgi secretory pathway. AP-1A and GGA1-3 cooperate with 

clathrin to mediate budding of cargo vesicles from the TGN to apical PM. EpsinR is involved in a late 

stage of AP-1A/clathrin vesicle formation. AP-1B, AP-3 and AP-4 select cargo for transport from the 

TGN to basolateral PM. AP-1B recruits clathrin for vesicle formation, whereas AP-3 and AP-4 function 

independently of clathrin. COPI mediates retrograde vesicle trafficking from the cis-Golgi to ER. 

ArfGAP1 and BARS are involved in early and late stages of COPI vesicle formation respectively. 

COPI is also involved in anterograde vesicle trafficking from ER to cis-Golgi in concert with COPII. 

COPII vesicle transfer cargo from ER to ERGIC and subsequently repackaged in COPI vesicle for 

transfer form the ERGIC to cis-Golgi. Arf1 is responsible for recruitment of adaptor and coat proteins 

to the site of vesicle formation. BIG1/2 and GBF1 are activators of Arf1 that determine the specificity 

of protein recruitment. PITPs and PI4Ks are also involved in this process. Refer to the text for details. 
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by insertion of their amphipathic α-helixes into either of the leaflets causes bilayer bending 

(Zimmerberg and Kozlov, 2006). These membrane-deforming proteins are adapted to 

membranes of different physio-chemical properties. ER and cis-Golgi membranes, where 

COPI and COPII coats act, are symmetric and the packing between lipids is relatively loose 

due to low concentration of cholesterol (Bretscher and Munro, 1993). In contrast, trans-

Golgi/TGN membranes, where adaptor/clathrin-coat acts, is asymmetric, thicker and less 

permeable due to high concentrations of cholesterol (Bretscher and Munro, 1993). In this 

chapter, we will focus on adaptor/clathrin-coated vesicles and COPI-coated vesicles that 

directly contact the Golgi apparatus. 

 

 

2.1. Adaptor/Clathrin-Coat Vesicle Formation at the Golgi 
 

Clathrin binds indirectly to membrane budding sites through interactions with adaptor 

proteins. Five APs (AP-1A, GGA1-3 and EpsinR) are regulated by PtdIns(4)P and function in 

generating adaptor/clathrin-coated vesicles (Fig.1). In addition, most epithelial cells contain 

AP-1B that differs from AP-1A by having a μ1B instead of μ1A subunit (Folsch et al., 2003). 

AP-1A is involved in sorting from the TGN to the endosomes and apical surfaces, whereas 

AP-1B is involved in sorting from the TGN to the basolateral surface (Folsch et al., 2003; 

Wang et al., 2003) (Fig.1). EpsinR is involved in AP-1A mediated trafficking of cathepsin D 

from the Golgi to lysosome (Mills et al., 2003). Another role of EpsinR is post-TGN 

trafficking of soluble N-ethylmaleimide-sensitive fusion protein (NSF) attachment protein 

receptors (SNAREs) (Miller et al., 2007). GGAs are involved in anterograde and retrograde 

trafficking from TGN to endosomes and vice versa (Wahle et al., 2005; Wang et al., 2007). 

Adaptor proteins recognize specific signals on cargo proteins at the TGN for recruitment into 

transport vesicles. APs recognize Yxx (where  is a bulky hydrophobic residue) and 

D/ExxxLL, and GGAs recognize DxxLL (Robinson, 2004). EpsinR does not recognize cargo 

motifs but instead interacts with SNAREs by a surface-surface association (Miller et al., 

2007). 

-Adaptin is a component of the AP-1A complex that interacts with clathrin (Wang et al., 

2003). Arf1-dependent and Arf1-independent signals are necessary for AP-1A association 

with Golgi membranes (Godi et al., 1999). In the first Arf1-dependent signal, GTP-bound 

Arf1 activates PI4KIII and binds AP-1A together with PtdIns(4)P and sorting signals on the 

selected cargo (Lee et al., 2008). This in turn leads to coat recruitment on membranes 

followed by membrane remodeling and transport carrier formation. The second signal 

modulating AP-1A binding to the TGN is dependent on generation of PtdIns(4)P synthesized 

by PI4KIIα, an Arf1-independent PI4K (Wang et al., 2003). RNAi knockdown of PI4KIIα 

but not PI4KIII decreased Golgi PtdIns(4)P, and blocked the recruitment of AP-1A 

complexes to the Golgi. Structural analysis of AP-1 and AP-2 highlighted the importance of 

the notch created by helix two and three of the γ-subunit for membrane association (Heldwein 

et al., 2004). Mutation of amino acids that are important in AP-2 counterparts prevented 

PtdIns(4)P-dependent AP-1A recruitment to the TGN, but did not affect Arf1-dependent 

binding to liposomes. Two additional adaptor proteins, AP-3 and AP-4 (Robinson, 2004), 

localize on TGN/endosomal membranes and are involved in sorting to the basolateral surface 

(Robinson, 2004). Additionally, AP-3 mediates TGN-to-lysosome vesicular trafficking of 
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lysosomal membrane proteins such as lysosome-associated membrane proteins (LAMPs) 

(Peden et al., 2004). Although they are suggested to function independently of clathrin 

(Robinson, 2004), the precise mechanism is unknown.  

GGA1-3 are monomeric clathrin adaptors that localize in the TGN (Boman et al., 2000; 

Dell'Angelica et al., 2000; Hirst et al., 2000). As depletion of any one GGA results in a 

partial decrease in the levels of other GGAs, it has been suggested that GGA1-3 function 

cooperatively in cargo sorting (Ghosh et al., 2003). GGAs consists of four functional regions; 

an N-terminus Vps27/Hrs/Starn (VHS) domain that interacts with an acidic cluster DxxLL 

motif found in the cytoplasmic tail of TGN sorting receptors, a GAT domain that interacts 

with ubiquitin, PtdIns(4)P and Arf1, a hinge region with clathrin binding motifs, and a C-

terminal ear (GAE) domain. The GAE domain has a similar fold as that in -adaptin, however 

the overall structures of GAE and γ-adaptin are very different (Collins et al., 2003). GGAs 

distribution in the Golgi differs from APs and affects distinct pathways such as membrane 

trafficking between the TGN and endosomes (Wang et al., 2007), ubiquitin-dependent sorting 

of cargo proteins both in biosynthetic and endocytic pathways (Kawasaki et al., 2005), and 

TGN to endosome retrograde trafficking (Wahle et al., 2005). However, GGAs are also 

adaptor proteins that select cargo for incorporation into AP-1/clathrin-coated vesicles (Doray 

et al., 2002). Mutant mannose 6-phosphate receptors defective in binding GGAs were poorly 

incorporated into AP-1/clathrin-coated vesicles, which are responsible for Golgi-to-lysosome 

sorting. 

In addition to coat proteins and their effectors, Epsins are are also involved in the 

physical deformation of membranes in the TGN to generate the positively curved surfaces of 

AP/clathrin-coated vesicles (Fig.1). Epsins recruit and promote clathrin polymerization, but 

less uniformly than APs. EpsinR was originally discovered by a database search and shown to 

distribute to the Golgi apparatus (Ford et al., 2002; Mills et al., 2003). EpsinR has an Epsin 

N-terminal homology (ENTH) domain that is shared amongst Epsin family members 

(Horvath et al., 2007). However, it lacks the C-terminus Eps15 binding motif found in 

Epsin1-3, instead having a methionine-rich domain with an unknown function (Kent et al., 

2002; Nogi et al., 2002; Mills et al., 2003). ENTH domains are found in a number of proteins 

that induce positive membrane curvature by interacting with PtdInsP. The ENTH domain of 

Epsin1 binds PtdIns(4,5)P2 and causes invagination of the PM (Ford et al., 2002). Structural 

studies showed that an α-helix at the N-terminus of the ENTH domain termed α0 becomes 

ordered with the other helices upon binding PtdIns(4,5)P2, and mutations in hydrophobic 

region in α0 abolished membrane curving ability of Epsin1 (Hyman et al., 2000; Ford et al., 

2002). Binding of the ENTH domain to PtdIns(4,5)P2 allows the α0 region to insert into the 

outer leaflet of the lipid bilayer, pushing the lipid head groups apart (Ford et al., 2002; Mills 

et al., 2003). This reduces the energy input necessary to generate highly curved vesicular 

membranes. The ENTH domain of EpsinR induces curvature at the outer leaflet of the TGN 

membrane by a similar mechanism as Epsin1. However, unlike other Epsin-family proteins, 

the PtdIns(4,5)P2-binding residues within α0 are not conserved in EpsinR. Indeed, EpsinR 

exhibits a unique preference for PtdIns(4)P that is abundant in the Golgi apparatus (Hirst et 

al., 2003; Mills et al., 2003). Mutations within the corresponding hydrophobic region in 

EpsinR α cause defective Arf-dependent PtdIns(4)P binding and distribution to the Golgi 

apparatus (Hirst et al., 2003; Mills et al., 2003). EpsinR binds to AP-1A and GGA2 through 

its γ-appendage binding motif (D/EFxDF/W) (Mills et al., 2003). As EpsinR knockdown 
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dramatically reduces the amount of AP-1A in clathrin-coated vesicles and vice versa, EpsinR 

and AP-1A are dependent on each other for maximum incorporation into vesicles formed at 

the TGN (Hirst et al., 2004), thus promoting membrane curvature and cargo recruitment in a 

co-operative manner.  

 

 

2.2. Formation of COPI Vesicles 
 

COPI vesicle formation initiates with assembly of a large heptameric coat complex 

termed coatomer that is comparable to the organization of the heterotetrameric 

adaptor/clathrin complex (Eugster et al., 2000). COPI polymerization induces initial 

membrane deformation (Manneville et al., 2008), and further membrane fission is mediated 

by activities of ArfGAPs, BARS and PLD2 (Fig.1). Arf1 is a regulating factor that interacts 

with and recruits the COPI complex to the Golgi, and ArfGAPs regulate the Arf1 GTPase 

cycle. ArfGAP1-3 catalyze Arf1-bound GTP hydrolysis that triggers uncoating of vesicles 

prior to fusion (Cukierman et al., 1995; Liu et al., 2001; Watson et al., 2004). ArfGAP1 is 

recruited to the Golgi cisternae through an amphipathic α-helix termed the ArfGAP1 lipid 

packaging sensor (ALPS) that specifically binds to positively curved membranes (Bigay et 

al., 2005). The ALPS is unstructured in solution but folds into an α-helix with a weakly 

charged polar face rich in serine and threonine residues and a hydrophobic surface that inserts 

into packing defects in positively curved membranes (Drin et al., 2007). The absence of basic 

residues on the polar face makes ALPS a membrane curvature sensor rather than a promoter. 

Amphipathic α-helices rich in basic residues promote membrane curvature since the strong 

electrostatic interactions counteract the energetic cost of spreading lipid molecules apart. 

Thus, ArfGAP1 displays curvature-dependent Arf1-GTP hydrolysis activity in vitro that 

ensures efficient Arf1 dissociation from the membrane and a subsequent vesicle uncoating 

(Bigay et al., 2003).  

DAG also promotes ArfGAP1 activation and association with the Golgi apparatus 

possibly related to its positive membrane curvature-inducing properties (Antonny et al., 1997; 

Fernandez-Ulibarri et al., 2007; Asp et al., 2009). PtdOH phosphatases (PAPs) that produce 

DAG play a role in COPI vesicle transport (Asp et al., 2009). Two types of PAPs, cytosolic 

PAP1 and membrane-bound PAP2, are expressed in mammalian cells. Pharmacological 

experiments demonstrated that PAP1 is mainly responsible for DAG synthesis relevant to 

ArfGAP1 binding to Golgi membrane. ArfGAP2 and ArfGAP3 lack the ALPS motif, and as 

such, their activities and Golgi localization are strictly dependent on coatomer interaction 

(Kliouchnikov et al., 2009). Thus, ArfGAP2 and ArfGAP3 might have a constitutive role in 

COPI assembly, whereas ArfGAP1 is a lipid-sensitive terminator of Arf1 activity and 

uncoating. Upon GTP hydrolysis, Arf1 undergoes dimerization on the membrane that is 

needed for curvature generation and COPI vesicle biogenesis (Beck et al., 2008). Mutant Arf1 

that lacks the ability to dimerize still recruits COPI and associates with membranes via the 

amphiphatic α-helix. However, dimerization deficient Arf1 did not support the generation of 

mature transport vesicles indicating that insertion of a pair of α-helices is an initial step in 

vesicle biogenesis. 

BARS was originally identified as a substrate for ADP-ribosylation in brefeldin A-treated 

cells, and antagonized the tubulation-inducing effects of brefeldin A on the Golgi complex 

(Mironov et al., 1997). In addition to effects on membrane fission, a nuclear form of BARS is 
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also a transcriptional co-repressor (Nardini et al., 2003). BARS binds to PtdIns, PtdIns(4)P 

and PtdOH, but not to DAG (Yang et al., 2008). It is probably recruited by binding to 

ArfGAP1, and participates in membrane tubulation at a late stage of vesicle fission that is 

dependent on high concentrations of PtdOH (Yang et al., 2005; Yang et al., 2008). The 

structural basis for membrane deformation by BARS has yet to be established but analysis of 

truncation mutants revealed that the C-terminal domain is the minimal domain required for 

inducing tubulation in conjunction with PtdOH (Yang et al., 2008). Notably, depletion of 

PLD2 by siRNA induced accumulation of buds with constricted necks confirming a role for 

BARs in Golgi membrane fission (Yang et al., 2008). As addition of PtdOH reversed this 

inhibition, PLD2 is required for final scission to generate COPI vesicles. More recently, 

BARS was demonstrated to activate PLD1 activity in vitro and during macropinocytosis 

suggesting it coordinates membrane fission events with localized changes in lipid 

composition (Haga, 2009). 

 

 

2.3. Lipid Functions In Membrane Trafficking 
 

Lipids that cause negative or positive curvature when they are asymmetrically distributed 

between the inner and the outer leaflets of a bilayer determine membrane shape. Such effects 

arise from the intrinsic shape of a lipid related to the relative volume occupied by the polar 

head group compared to the apolar fatty acyl moieties (Farsad and De Camilli, 2003). 

Lipid molecules can be classified into three groups according to their space-filling 

properties (Corda et al., 2002). PtdCho, PtdIns, phosphatidylserine (PtdSer), and 

phosphatidylglycerol are generally cylindrical in shape and are accommodated in planar 

bilayers. In contrast, DAG, PtdOH, unsaturated fatty acids, phosphatidylethanolamine 

(PtdEtn) and cholesterol are cone shaped (type II), conferring negative curvature to a 

membrane. Lysophospholipids have an inverted cone shape (type I) and induce positive 

curvature in membranes. These lipids are not homogeneously distributed across the secretory 

pathway, ultimately leading to intrinsic differences in membrane curvature and charge that 

are critical for membrane fission and fusion. Changes in lipid composition in the process of 

vesicle formation are mediated by events such as lipid translocation, metabolism, and 

transbilayer movement (flip-flop). In this section, we will focus on PtdOH, DAG, PtdIns, 

cholesterol, and SM, which play key roles in Golgi function and dynamics. 

 

2.3.1. PtdOH, DAG, and Lyso-Phospholipids 

 

2.3.1.1. PtdOH and DAG Synthesis and Interconversion 

De novo biosynthesis of PtdOH occurs on the ER and the outer mitochondrial membrane. 

The first step is condensation of glycerol-3-phosphate and acyl-CoA to form lyso-PtdOH by 

glycerol-3-phosphate acyltransferase (GPAT) (Fig.2). Two GPATs in mammalian cells are 

localized in the ER (GPAT3) and the mitochondria (GPAT1) (Wendel et al., 2009). Different 

forms of acyl-CoA synthases in the ER and mitochondria are thought to produce different 

pools of acyl-CoA that affect the molecular species of PtdOH (Wendel et al., 2009). 

Expression of GPAT is stimulated by transcription factors such as sterol response element-

binding protein (SREBP) and NF-Y (Ericsson et al., 1997). The acylation of lyso-PtdOH by 
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acyl-glycerol-3-phosphate acyltransferases 1 and 2 (LPAAT1 and 2) occurs in the ER. Thus 

much of the lyso-PtdOH produced in the mitochondria is transferred to the ER independent of 

carrier proteins (Das et al., 1992). PtdOH is also formed by DAG kinase and hydrolysis of 

phospholipids by phospholipase D (PLD). Although PtdOH is an important lipid component, 

it is short-lived and rapidly converted to DAG (Lev, 2006). 

 

 

Figure 2. Metabolic pathways and interconversion of lipids involved in Golgi function.  

DAG has a longer lifetime compared to PtdOH and exists at constant levels within the 

Golgi apparatus (Lev, 2006). DAG is produced during synthesis of SM from PtdCho and 

ceramide by SMS1, dephosphorylation of PtdOH by PtdOH phosphatase 2 (PAP2)/lipid 

phosphate phosphatase 3 (LPP3) and phospholipase C (PLC)-mediated hydrolyosis of 

PtdIns(4,5)P2 (Kai et al., 1997) (Fig.2 and Fig.3). It is proposed that PLD contributes to DAG 

production in the PAP pathway by promoting the formation of PtdOH from PtdCho (Billah et 

al., 1989). Two subtypes (PLD1 and PLD2) localize within different parts of the Golgi where 

they have distinct functions in vesicular trafficking (Kim et al., 1999; Freyberg et al., 2002). 

As described in Section 2.2, PLD2 is a crucial component of COPI vesicle formation (Yang et 

al., 2008). The defining feature of the PLD enzymes is the HKD catalytic motifs  
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Figure 3. Biosynthesis and transfer of lipids involved in Golgi function. Symbols for each lipid are 

indicated in the box. PtdIns is produced in the ER and subsequently transferred by PITPs to sites of 

PtdInsP production. PtdIns(4)P serves to recruit protein effectors that are involved in vesicular and non-

vesicular transport to and from the Golgi. DAG, PtdOH and lyso-PtdOH flip across and interconvert to 

condense at sites of membrane deformations. Cholesterol transferred from the ER is packaged together 

with SM and GSLs and coalesce into lipid raft for transport to the apical PM. Refer to the text for 

details. 
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(HXXXXKXD) (Sung et al., 1997). Other conserved regions of PLDs are the three lipid-

binding phox (PX), PH and polybasic domains (Jenkins and Frohman, 2005). In addition, 

PLD1 has a unique conserved loop region that is a negative regulatory element (Sung et al., 

1999). As a result, PLD1 exhibits low basal activity and is activated by many factors 

including PtdIns, Arf, Rho and PKC (Jenkins and Frohman, 2005), whereas PLD2 is 

constitutively active (Sung et al., 1999). PLD1 and PLD2 activities are both dependent on 

PtdIns(4,5)P2 (Jenkins and Frohman, 2005; Riebeling et al., 2009).  

The capability of Golgi membranes to produce DAG is countered by efficient clearance 

pathways. These include PtdCho synthesis by reversal of SMS1 (Section 2.3.3.3.) and the 

CDP-choline pathway (Fig.2 and Fig.3). The terminal steps in the CDP-choline pathways are 

catalyzed by an ER-localized choline/ethanolamine phosphotransferase (CEPT) and a Golgi-

localized choline phosphotransferase (CPT), enzymes that utilize CDP-choline/ethanolamine 

and DAG (Vance and Vance, 2004). While the exact contribution of these enzymes to total 

PtdCho synthesis is unknown, CPT activity could attenuate DAG levels in the Golgi 

apparatus.  

PYK2 N-terminal domain-interacting receptor (Nir2) controls local DAG levels at 

membrane fission sites. Nir2 is a member of a highly conserved PI-transfer protein family 

(PITP) (Lev et al., 1999) that translocates from the Golgi apparatus to lipid droplets under 

conditions of oleic acid treatment (Litvak et al., 2002; Lev, 2004). PITPs are defined by their 

ability to transport PtdIns and PtdCho between membranes (Cockcroft and Carvou, 2007). 

Amongst the many lipid-transfer proteins identified, only the PITPs demonstrate dual 

specificity for phospholipid binding. Class I and class III PITPs (CRAL/Trio family) that 

include Sec14-like proteins and other mammalian homologues are small soluble proteins 

(Allen-Baume et al., 2002; Goldstein et al., 2006b). Although mammalian Sec14-like 

proteins share homology with the yeast PITP sec14, their ability to transfer lipids has not 

been examined (Allen-Baume et al., 2002). On the other hand, class II PITPs (Nir family) are 

large proteins that have an N-terminal PI-transfer domain (amino acids 1-257) that is 

followed by six transmembrane domains, a 180-residue-long region with conserved DHDD 

residues and a long C-terminal region (Lev, 2004). Just after the PI-transfer domain is an 

acidic region containing a two phenylalanines in an acidic tract (FFAT) motif that binds 

vesicle-associated membrane protein-associated protein (VAP). The mechanism for Golgi 

localization of Nir2 is unknown. The DHDD residues constitute a metal-binding site often 

seen in phosphoesterase domains but its role in Nir2 function is unclear. The C-terminus 

region is involved in protein-protein interaction with the tyrosine kinase PYK2 (Lev et al., 

1999). In a PI-bound state, Nir2 facilitates PtdIns(4)P production at the Golgi (Aikawa et al., 

1999) (Section 2.2.2.), whereas its PtdCho-bound form negatively regulates the production of 

PtdCho via the CDP-choline pathway resulting in increased DAG (Litvak et al., 2005). Thus 

it is considered that Nir2 links PtdIns and DAG homeostasis at the Golgi via interaction with 

VAP at membrane contact sites to facilitate PI transfer (Peretti et al., 2008).  

 

2.3.1.2. Roles for PtdOH and DAG in Vesicular Fission at the Golgi 

Membrane curvature is influenced by the relative abundance of type I and II lipids such 

as PtdOH and DAG whose asymmetric distribution in the inner or outer leaflets of the lipid 

bilayer confer negative or positive membrane curvature. PtdOH is a unique fusogenic lipid 

that changes its shape in a calcium-dependent manner. It adopts a cylindical shape under 

conditions of low calcium concentration, but becomes conical shaped in the Golgi lumen 
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where calcium concentration is approximately 0.3 mM (Pinton et al., 1998; Kooijman et al., 

2003). Moreover, PtdOH can translocate across model membranes (Eastman et al., 1991). 

Thus, PtdOH could translocate across Golgi membranes and induce negative membrane 

curvature and fusion in the presence of divalent cations. As outlined in Section 2.3.1.1., 

PtdOH is also rapidly converted to DAG at the Golgi by the action of PtdOH phosphatases. 

DAG induces negative membrane curvature upon accumulation in a lipid leaflet, which is 

speculated to facilitate membrane budding, fission and fusion (de Figueiredo et al., 1999; 

Bard and Malhotra, 2006; Lev, 2006). Thus rapid interconversions between DAG, PtdOH and 

its precursor lyso-PtdOH, an inverted-cone shape, might facilitate formation of highly curved 

membrane intermediates at fission and fusion zones through coordinated changes in local 

membrane composition (Fig.3). In addition, DAG can spontaneously flip-flop across 

membranes due to its small, uncharged head group (Corda et al., 2002). This affects the 

composition and curvature of both leaflets in the bilayer no matter where the conversion of 

PtdOH to DAG occurs. However, as the enzymatic activities that produce DAG are located 

on the cytoplasmic face of the membrane, accumulation of DAG would tend to promote 

negative curvature at the neck of budding vesicles (Bard and Malhotra, 2006) (Fig.3). Indeed, 

localized generation of DAG on the outer leaflet of the TGN may be a key event in generation 

of TGN-to-plasma-membrane carriers (TPC). Treatment with fumonisin B1 blocks TPC 

formation (Baron and Malhotra, 2002) by inhibiting ceramide synthase S1-6 (Wang et al., 

1991), thus depriving SMS1 of substrate and lowering DAG levels in the Golgi. Down-

regulation of Nir2, a regulator of DAG homeostasis, also blocks the fission of TPC (Litvak et 

al., 2005). However, it is unclear how the DAG regulatory networks are connected with TPC 

formation.  

In addition, DAG acts as a second messenger that recruits and activates specific protein 

modulators that control membrane transport. Non-polarized HeLa cells use a protein kinase D 

(PKD)-dependent pathway to deliver basolateral proteins, but not apical proteins, to the PM 

via activation of a G protein-coupled receptor at the TGN, release of activated Gα and Gbγ 

subunits and DAG production (Yeaman et al., 2004). DAG then recruits protein kinase C 

(PKC) and PKD1 through interaction with one of its cysteine-rich zinc-finger domains 

(Baron and Malhotra, 2002; Diaz Anel and Malhotra, 2005). Subsequently, DAG-activated 

PKC binds to the PKD1 PH domain and activates via phosphorylation within the activation 

loop (Diaz Anel and Malhotra, 2005). Several substrates with the PKD consensus 

phosphorylation motif (LXRXXS/T) have been identified. PKD1 phosphorylates PI4KIIIβ at 

the Golgi leading to increased production of PtdIns(4)P (Hausser et al., 2005), an important 

lipid that maintains Golgi structure and secretory function (Section 2.2.). In addition to 

PKD1, DAG activates PKD2 and PKD3, which also localize to the Golgi apparatus (Yeaman 

et al., 2004). However, functional redundancies with in this PKD family are not well 

understood. 

 

2.3.1.3. Role of Lyso-PtdOH in Golgi Secretion 

Several phospholipase A2 (PLA2) enzymes have been localized to the Golgi apparatus 

where they are implicated in formation of tubular membrane structures that mediate cargo 

transport (Fig.3). Initial studies using pharmacological inhibitors implicated PLA2 in tubular 

membrane formation in various organelles, including the Golgi apparatus (de Figueiredo et 

al., 1998; de Figueiredo et al., 1999). The group IV calcium-dependent phospholipase A2α 
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(cPLA2α) translocates to the Golgi apparatus by a cargo- and calcium- dependent mechanism 

where it induces the formation of intra-cisternal tubules (San Pietro et al., 2009). Platelet 

activating factor acetylhydrolase (PAF-AH) 1β is a heterotrimerc phospholipase complex of 

catalytic PLA2 subunits α1 and/or α2, and a non-catalytic dynein regulator lissencephaly 1 

(LIS1) β subunit. This complex tubulates Golgi membranes in vitro, and localizes to the 

Golgi apparatus and regulates its morphology. RNAi suppression or overexpression of 

catalytically active or inactive subunits fragmented the Golgi apparatus by inhibition of 

tubule-mediated Golgi transport and secretion (Bechler et al., 2010). The calcium-

independent iPLA1γ is also localized to the cis-Golgi and ER-Golgi intermediate compartment 

(ERGIC) where it is implicated in Golgi to ER retrograde transport pathway that did not 

involve COPI (Morikawa et al., 2009). The wedge-shaped lyso-lipids produced locally by 

these enzymes could increase positive membrane curvature and tubule formation probably in 

conjunction with other stabilizing proteins. This finding not only identify lyso-lipids as 

potential effectors of intra-Golgi transport but highlight the role of intra-cisternal tubules as 

conduits for cargo transfer. 

The membrane modifying effects of lyso-PtdOH and other lyso-phospholipids is 

counteracted by the activity of a class of 9 acyl-CoA-dependent lyso-PtdOH acyltransferases 

(LPAATs) with activity toward a variety of lyso-phospholipids (Shindou and Shimizu, 2009) 

(Fig.3). The drug CI-976, an inhibitor of acyl-CoA-dependent cholesterol esterification, also 

inhibits a Golgi-associated LPAAT activity leading to increased Golgi membrane tubules and 

retrograde transport (Drecktrah et al., 2003). More recently, LPAAT3 was identified as the 

CI-976-sensitive lyso-PtdOH-specific acyltransferase that when silenced caused Golgi 

fragmentation in HeLa cells (Schmidt and Brown, 2009). LPAAT3 in found in both the Golgi 

and ER but is distinct from LPAAT 1 and 2 involved in de novo synthesis of PtdOH in the 

ER. Overexpression of LPAAT3 inhibits retrograde trafficking to the ER and tubulation of 

Golgi membranes in vitro. Mechanistically, LPAAT3 would consume negative curvature-

inducing lyso-PtdOH and thus counter the effects of PLA2 that promote Golgi tubule 

formation (Fig.2). Whether other LPAATs have similar activity in the Golgi or other 

endomembranes has yet to be determined.  

 

2.3.2. PtdIns-Polyphosphates 

 

2.3.2.1. Roles of PtdInsP in Golgi Trafficking 

PtdInsP have three important roles in membrane fusion events: 1) serving as landmarks 

for recruitment of proteins that influence tethering, docking or fusion, 2) direct regulation of 

the fusion machinery, and 3) altering properties, such as fluidity or curvature, of fusogenic 

membranes (Fig.3). Specific interactions between PtdInsP and proteins are dependent on 

modules such as pleckstrin homology (PH), GAT and epsin N-terminal homology (ENTH) 

domains that recruit soluble proteins to membrane surfaces. In addition to specific binding 

domains, non-specific interactions through electrostatic attraction are also involved.  

PtdIns(4)P is found predominantly in TGN (De Matteis et al., 2005) where local 

synthesis and catabolism controls lipid-transfer and coat complex formation required for 

Golgi function. For example, PH domain proteins such as the four-phosphate adaptor protein 

(FAPP2) (Godi et al., 2004; D'Angelo et al., 2007; Halter et al., 2007; Cao et al., 2009), 

CERT (Hanada et al., 2003), oxysterol-binding protein (OSBP) and several OSBP-related 
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proteins (ORPs), including ORP9 and ORP11 (Storey et al., 1998; Ngo and Ridgway, 2009), 

regulate cholesterol and sphingolipid metabolism and trafficking in the Golgi complex 

(Fig.3). Adaptor and coat complexes (AP-1, GGA, EpsinR) facilitate budding of clathrin-

coated vesicles via direct binding with PtdIns(4)P (Hirst et al., 2003; Wang et al., 2003; 

Wang et al., 2007). Additionally, a type IV P-type ATPase required for phospholipid 

translocase (flippase) activity and transport vesicle budding from the TGN has shown to be a 

PtdIns(4)P effector in Saccharomyces cerevisiae (Natarajan et al., 2009).  

In contrast, PtdIns(4,5)P2 exists mainly in the PM but is distributed in approximately 25% 

of tubulovesicular structures and Golgi cisternae (Watt et al., 2002) where it is implicated in 

vesicle trafficking and maintenance of Golgi morphology. Treatment with 1-butanol to inhibit 

PtdOH production by PLD lead to a dramatic decrease in Golgi PtdIns(4,5)P2 but not 

PtdIns(4)P, which correlated with fragmentation of the Golgi cisternae into a uniform 

population of vesicles (Sweeney et al., 2002). Washout of 1-butanol restored PtdIns(4,5)P2 

synthesis, Golgi structure and enabled limited vesicle release. 

 

2.3.2.2. PtdInsP Metabolism in the Golgi Apparatus 

PtdIns have a D-myo-Ins head group esterified to DAG through a phosphodiester bond at 

the C-1 position. PtdIns comprise 5-8% of total cellular lipids and are synthesized in the ER. 

PtdIns can be reversibly phosphorylated in a variety of combinations on the 3, 4, and 5 

hydroxyl groups of inositol to yield PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, PtdIns(3,4)P2, 

PtdIns(3,5)P2, PtdIns(4,5)P2, and PtdIns(3,4,5)P3. Typically, PtdInsP are present in low 

amounts in membranes compared to other phospholipids (Vanhaesebroeck et al., 2001; 

Lemmon, 2008). PtdIns(4)P and PtdIns(4,5)P2 have been localized in the Golgi by 

microscopy techniques (Rusten and Stenmark, 2006). Details of PtdIns(4)P localization 

within the Golgi compartment and contribution of PtdIns(4) kinases have been identified 

using PtdIns(4)P-specific PH domains fused to a GFP reporter (Balla et al., 2005; Weixel et 

al., 2005).  

PtdIns(4)P and PtdIns(4,5)P2 content of the Golgi is regulated by Golgi-localized kinases 

and phosphatases, as well as PITPs that provide PtdIns to these kinases. Nir2 associates with 

PI4KIIIβ and enhances PtdIns(4)P production in the Golgi (Aikawa et al., 1999). In addition, 

a class I PITPβ resides in the Golgi (Cockcroft and Carvou, 2007). PITPβ consists of an 

eight-stranded β-sheet flanked by two long -helices that form a hydrophobic cavity capable 

of shielding a single lipid molecule (Vordtriede et al., 2005). Gene silencing of PITPβ caused 

defective COPI-mediated retrograde transport from the Golgi to the ER (Carvou et al., 2010). 

Since anterograde traffic from the TGN and SM or GSL synthesis was not affected, PITPβ 

has been suggested to localize at the cis-Golgi and not affect the PtdIns(4)P pool at the TGN 

(Fig.3). In contrast, knockdown of Nir2, which regulates DAG levels at the TGN via the 

CDP-choline pathway, reduced anterograde transport due to defective Arf1 recruitment to the 

Golgi (Litvak et al., 2005) (Fig.3). As PITPβ does not affect the recruitment of Arf1, which is 

dependent on DAG for localization at the Golgi (Section 2.2.), it is suggested that PITPβ does 

not regulate DAG in the Golgi. Moreover, knockdown of PITPβ caused Golgi compaction 

and actin accumulation suggesting that PITPβ is involved in COPI-mediated retrograde 

transport through recruitment of COPI and modulation of cytoskeletal dynamics. 

PI4KIIα and PI4KIIIβ synthesize PtdIns(4)P in distinct regions of the Golgi apparatus; 

PI4KIIα co-localized with the TGN and endosomes, whereas PI4KIIIβ was present in the 

cis/medial Golgi compartments (Weixel et al., 2005). Thus PtdIns(4)P is produced by unique 
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kinases at the suborganellar level where it has distinct roles in Golgi function. PI4KIIα is 

involved in sorting via the AP-1/clathrin-dependent pathway (Fig.1). PI4KIIα RNAi 

decreases Golgi PtdIns(4)P levels and blocks AP-1/clathrin complex recruitment to the TGN 

(Wang et al., 2003). Although AP-1 recruitment to the Golgi is dependent on Arf1 (Godi et 

al., 1999), PI4KIIα localization to particular regions within the Golgi is independent of Arf1 

(Wang et al., 2003). As the activity of PI4KIIα responds to cholesterol (Waugh et al., 2006) 

(Fig. 2), it is possible that PI4KIIα localizes preferentially to cholesterol-rich regions within 

the TGN. PI4KIIIβ is recruited to the Golgi apparatus in combination with the GTP-bound 

form of Arf1 and Ca
2+

-binding protein neuronal calcium sensor-1 (NCS-1). It participates in 

AP-1/clathrin-dependent vesicle transport (Godi et al., 1999; Haynes et al., 2005; de Barry et 

al., 2006) (Fig.1). This is independent of other activities of Arf1, such as COPI recruitment 

and PLD activation (Godi et al., 1999). PI4KIIIβ is also activated by PKD1 and PKD2 

mediated phosphorylation (Hausser et al., 2005), which induces 14-3-3 protein binding to the 

phosphorylation site thereby protecting PI4KIIIβ from phosphatase-mediated 

dephosphorylation (Hausser et al., 2006) (Fig. 2). This leads to a continuous supply of 

PtdIns(4)P required for transport vesicle biogensis at the TGN. In addition, PI4KIIIβ 

specifically binds the GTP-bound form of Rab11 independent of its kinase activity (de Graaf 

et al., 2004). PI4KIIIβ binding is essential for the localization of Rab11 in the Golgi complex, 

where it participates in TGN-to-PM trafficking (Chen et al., 1998). PtdIns(4)P synthesized by 

PI4KIIIβ is also required for the transfer of ceramide from the ER to the Golgi apparatus 

(Toth et al., 2006)(Section 2.3.3.4, Fig.3) 

Sac1 is a PtdIns(4)P-phosphatase with catalytic activity towards PtdIns(3)P, PtdIns(4)P 

and PtdIns(3,5)P2 that predominantly localizes in the Golgi and regulates PtdIns(4)P levels 

(Nemoto et al., 2000). It has a phosphatase domain with a consensus CX5R(T/S motif that is 

also present in metal-independent protein and lipid phosphatases (Whisstock et al., 2002). 

Sac1 synchronizes the secretory pathway with cell growth. During serum starvation and in 

quiescent cells, Sac1 oligomerizes in the Golgi where it catabolizes PtdIns(4)P and slows 

constitutive cargo secretion (Blagoveshchenskaya et al., 2008). Conversely, in mitogen-

stimulated cells, Sac1 localizes to the ER, resulting in increased Golgi PtdIns(4)P and 

sustained secretion. Sac1 shuttles between ER and Golgi in COPI and COPII vesicles via 

interactions through the C-terminal di-lysine motif (KxKxx) and the N-terminal leucine 

zipper motif, respectively. Additionally, p38 mitogen-activated protein kinase and 

extracellular signal-regulated kinase 1/2 (ERK) are required for Sac1 translocation 

(Blagoveshchenskaya et al., 2008). 

PtdIns(4)P 5-kinase (PIP5K) activity is recruited to the Golgi in an Arf1-dependent 

manner (Godi et al., 1999; Jones et al., 2000a) (Fig.2), however, the molecular identity of the 

PIP5K isoform has not been determined.  

OCRL (Lowe's oculocerebrorenal syndrome protein) homolog (OCRL1) is a Golgi-

associated PtdIns(4,5)P2 phosphatase that is detected in Golgi apparatus (Olivos-Glander et 

al., 1995; Dressman et al., 2000; Faucherre et al., 2003) and endosomes (Ungewickell et al., 

2004; Choudhury et al., 2005; Erdmann et al., 2007) of various cultured cells. OCRL1 

promotes adaptor/clathrin mediated endosome to Golgi transport by catalyzing conversion of 

PtdIns(4)P to PtdIns(4,5)P2 at endosomes and the Golgi apparatus. OCRL1 directly interacts 

with clathrin heavy chain, and promotes clathrin assembly in vitro (Ungewickell et al., 2004; 

Choudhury et al., 2005; Erdmann et al., 2007). However, it is unknown whether ORCL1 acts 

in concert with other clathrin assembly proteins such as AP-1 and EpsinR. OCRL1 targeting 
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to the Golgi is mediated through interaction with Rab1 and Rab6, while Rab5 and the Rab5 

effector APPL1 promote OCRL1 targeting to the endosomes (Hyvola et al., 2006; Erdmann 

et al., 2007). 

Inositol polyphosphate 5-phosphatase (INPP5B) is another inositol polyphosphate 5-

phosphatase localizes to the Golgi that has 45% amino acid sequence identity to OCRL1 

(Mitchell et al., 1989; Jefferson and Majerus, 1995; Matzaris et al., 1998). As INPP5B 

interacts with Rab5, functions of INPP5B might be partially redundant with OCRL1. 

However, since INPP5B does not interact with clathrin and is absent from clathrin-coated 

vesicles, it has been speculated to be involved in retrograde traffic from the Golgi to ER 

(Williams et al., 2007). 

 

2.3.3. Cholesterol and Sphingolipids 

 

2.3.3.1. Roles of the Golgi Apparatus in Cholesterol and Sphingolipid Homeostasis 

The mitochondria, nuclear envelope and ER contain <5% of their lipid mass as 

cholesterol. However, membranes of the secretory pathway become increasing enriched in 

cholesterol, culminating with the PM, which contains up to 90% of total cellular cholesterol 

(Lange et al., 1989; Lange, 1991; Warnock et al., 1993). Cholesterol in the Golgi apparatus 

follows an enrichment gradient from the cis and medial cisternae to the TGN (Orci et al., 

1981). Disrupting this gradient by depletion or repletion of cholesterol leads to defective 

Golgi function and structure. For example, depletion of cellular cholesterol interferes with the 

generation of negative membrane curvature in the luminal leaflet of secretory vesicles 

budding from the TGN and reversible blockage of secretory vesicle biogenesis (Wang et al., 

2000a). Depletion of ER cholesterol reduces lateral mobility of membrane proteins and 

prevents ER-to-Golgi transport (Ridsdale et al., 2006; Runz et al., 2006). On the other hand, 

increasing cellular cholesterol content is shown to trigger fragmentation of the Golgi 

apparatus that is reversed when excess cholesterol is removed. (Ying et al., 2003). Actin is 

involved in the process of dispersal and reformation of the Golgi in response to overload and 

removal of excess cholesterol (Ying et al., 2003). Addition of jasplakinolide, an actin-

stabilizing chemical, inhibits dispersal of cholesterol-induced fragmented Golgi apparatus. 

Conversely, addition of cytochalasin D, an actin-disrupting agent, inhibited reformation of the 

Golgi apparatus after removal of excess cholesterol. Golgi cholesterol content and distribution 

is maintained by complex and poorly understood interaction between vesicular and protein-

mediated transport pathways (Section 2.3.3.2.). 

Cholesterol physically associates with sphingolipids in detergent-resistant domains 

(DRM) or „lipid rafts‟, the assembly of which occurs in the Golgi apparatus (Heino et al., 

2000; Ridgway, 2000; Coskun and Simons, 2010) (Fig.3). During a recent Keystone 

Symposium the following definition for lipid rafts was adopted: “Membrane rafts are small 

(10-200 nm), heterogeneous, highly dynamic, sterol and sphingolipid-enriched domains that 

compartmentalize cellular processes. Small rafts can sometimes be stabilized to form larger 

platforms through protein-protein and protein-lipid interactions.” One of the most important 

characteristics of lipid rafts is the inclusion or exclusion of proteins (Simons and Toomre, 

2000). Those associated with lipid rafts include glycosylphosphatidylinositol (GPI)-anchored 

proteins, doubly acylated Src-family kinases and α-subunits of heterotrimeric G proteins, 

cholesterylated and palmitoylated proteins (Hedghog) and select transmembrane proteins 

(Brown and London, 1998; Hooper, 1999; Resh, 1999; Rietveld et al., 1999). Raft lipid 



Asako Goto and Neale Ridgway 60 

composition impacts on associated cell signaling pathways and other membrane associated 

activities (Simons and Toomre, 2000), in some cases as a result of changes in Golgi lipid 

metabolism. For instance, the cholesterol efflux pump ABCA1 that mediates initial steps in 

the reverse cholesterol transport pathway is localized in Lubrol-resistant DRMs and non-raft 

membranes (Klappe et al., 2009). Activity of ABCA1 is affected by sphingolipid metabolic 

pathways situated in the Golgi apparatus. In LY-A cells that have a missense mutation in 

CERT, the SM content is 65% compared to LY-A cells expressing wild–type CERT (Nagao 

et al., 2007). Decreased cellular SM content increased ABCA1-mediated cholesterol efflux 

1.65-fold, an effect that was reversed by exogenous addition of SM. On the other hand, 

cholesterol decreased ATPase activity of ABCA1 when added to a reconstituted liposome 

(Takahashi et al., 2006). ABCA1 also modulates the membrane environment by promoting 

redistribution of SM and cholesterol, which results in an expanded non-raft membrane 

fraction. Upon expression of ABCA1 in BHK cells, SM, cholesterol at the PM became less 

resistant to cold Triton X-100 extraction (Klappe et al., 2009).  

Vesicles from the TGN are characterized by a high content of GSLs, which have an 

inverted-cone shape that promotes positive membrane curvature. This lipid shape 

consideration is largely negated by the preferential physical interaction with cholesterol, 

which has the opposite configuration. GSLs and SM are packaged together with cholesterol in 

TGN-derived secretory vesicles and transported to the PM as an early event in  lipid raft 

formation (Heino et al., 2000) (Fig.3). In polarized cells, apically sorted proteins become 

associated in the TGN with nascent lipid rafts in a cholesterol-dependent manner (Roper et 

al., 2000). Two apical membrane proteins, prominin and placental alkaline phosphatase, 

which differ in solubility in two different non-ionic detergents, reside in distinct PM 

membrane microdomains. Depletion of cholesterol differentially affected translocation of the 

two proteins from the TGN to lipid rafts at the apical surface of cells.  

 

2.3.3.2. Cholesterol Flux and Biosynthesis 

Eukaryotic cells derive their cholesterol by de novo synthesis or uptake from circulating 

lipoproteins (Brown and Goldstein, 1997). Cholesterol is synthesized in the ER by the 

mevalonate pathway, which is under negative feedback control by the rate-limiting enzyme 

HMG-CoA reductase (HMG-CoAR) and sterol regulatory element binding proteins (SREBP) 

1 and 2. SREBPs are transcription factors that reside in the ER but are transported to the 

Golgi complex under sterol-limiting conditions by COPII vesicles. In the Golgi apparatus 

SREBPs undergo two proteolytic processing steps to release the N-terminal fragment, a basic 

helix-loop-helix leucine zipper transcription factor that is imported into the nucleus, where it 

activates transcription of genes involved in synthesis of cholesterol and fatty acids (Goldstein 

et al., 2006a). Conversely, accumulation of cholesterol in the in the ER above a 5% threshold 

inhibits the ER-Golgi transport of SREBP (Radhakrishnan et al., 2008). Cholesterol, but not 

oxysterols, induces a conformational change in the chaperone SREBP cleavage-activating 

protein (SCAP) causing it to bind to another ER membrane protein, insulin-induced gene 

(INSIG), resulting in SREBP retention within the ER (Brown et al., 2002; Adams et al., 

2004). Oxysterols inhibit SREBP processing by binding to INSIG and enhancing interaction 

with the SREBP/SCAP complex (Fernandez-Ulibarri et al., 2007; Radhakrishnan et al., 

2007). Additionally, INSIG promotes proteasomal degradation of HMG-CoAR by binding to 

its sterol-sensing domain when cholesterol levels are high (Sever et al., 2003; Song and 

DeBose-Boyd, 2004). SREBPs are also involved directly and indirectly in regulation of 
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phospholipid and fatty acid metabolism (Bennett et al., 1995; Lagace et al., 2000; Ridgway 

and Lagace, 2003). SREBPs do not regulate the expression of genes involved in SM 

synthesis, however SM has a key role in the regulation of SREBP by sequestering cholesterol. 

CHO cells defective in serine palmitoyltransferase activity and SM synthesis are acutely 

sensitive to sterol suppression of SREBP (Worgall et al., 2004). Similarly, depletion of SM 

by pharmacological inhibitors or exogenous sphingomyelinase suppresses SREBP processing, 

transcriptional activity and cholesterol synthesis (Porn and Slotte, 1990; Scheek et al., 1997; 

Worgall et al., 2004). Increasing SM synthesis by providing precursors of SM synthesis or 

reducing SM levels by hydrolysis with exogenous sphingomyelinase, increases and decreases 

SREBP and gene transcription, respectively. Mechanistically this involves the sequestration 

or release of cholesterol from PM raft domains, leading to increased or decreased cholesterol 

influx to the ER.  

Exogenous cholesterol is obtained by receptor-mediated uptake of cholesteryl ester-rich 

chylomicron remnants and LDL. Following uptake of these lipoproteins by LDL and 

chylomicron remnants receptors, cholesteryl esters are hydrolyzed by acid lipase to provide 

unesterified cholesterol for membrane, steroid hormone, and bile acid synthesis. Unesterified 

cholesterol exits the endosomes via a Niemann-Pick C1 and C2 (NPC1 and NPC2)-dependent 

pathway before maturation to lysosomes (Sturley et al., 2004). Mutations in NPC1 account 

for 95% of the cases of Niemann-Pick disease, which is characterized by aberrant cholesterol 

accumulation in the late endosomes.  The remaining 5% of cases are caused by mutations in 

the NPC2 gene (Mukherjee and Maxfield, 2004; Scott and Ioannou, 2004). NPC1 is a protein 

of late LE/L that has thirteen predicted transmembrane domains, five of which constitute a 

sterol-sensing domain similar to SCAP (Altmann et al., 2004). NPC1 does not bind INSIG 

(Ko et al., 2001; Ohgami et al., 2004) but binds 25-OH and cholesterol via different 

cytoplasmic and lumen domains. On the other hand, NPC2 is a 132 amino acid soluble, 

glycosylated protein that binds cholesterol but not oxysterols with M affinity (Cheruku et 

al., 2006; Xu et al., 2008). NPC2 transfers cholesterol between phospholipid vesicles in a 

lysobisphosphatidic acid (lysobis-PtdOH)-dependent manner (Cheruku et al., 2006; Xu et al., 

2008). NPC1 and NPC2 act together to promote cholesterol efflux from the 

endosome/lysosome (LE/L) to the PM and ER. A model has been proposed wherein NPC2 

binds and transfers cholesterol to NPC1 at the limiting membrane of the LE, the sterol moves 

across the bilayer and is released to other acceptors (Wang et al., 2010). Cholesterol released 

from the LE appears in the PM and ER, where it is re-esterified by ACAT1 and 2 (Joyce et 

al., 2000). Recently, cell fractionation studies showed that LDL-derived cholesterol first 

appears in the TGN prior to transport to other sites (Urano et al., 2008). Transport to the TGN 

was reduced in NPC cells lacking NPC1 and was dependent on the TGN-specific SNAREs 

VAMP4, syntaxin 6 and syntaxin 16. Thus, the Golgi apparatus is a primary redistribution 

site for lipoprotein-derived cholesterol.  

 

2.3.3.3. Sphingolipid Biosynthesis 

SM and GSLs are essential components of mammalian cell membranes and are enriched 

on the outer leaflet of the PM. Sphingolipids have a common a hydrophobic ceramide moiety 

composed of N-acylated sphingosine or, in the case of dehydroceramide, sphinganine 

(Breathnach, 2001). Ceramide is synthesized in the ER and subsequently transferred to the 

Golgi where it is converted to complex sphingolipids (Yamaji et al., 2008) (Fig. 3). Glucose 
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or galactose is linked to the primary hydroxyl group of ceramide through a -glycosidic bond, 

thereby giving rise to glucosylceramide (GlcCer) and galactosylceramide (GalCer), 

respectively. Linkage of phosphorylcholine produces SM. Further additions of 

monosaccharides and sulfate groups to GlcCer give rise to a broad range of complex GSLs 

(http://www.sphingomap.com). This biosynthetic process is facilitated by the transfer of 

lipid intermediates from the ER to the Golgi and between Golgi compartments (Fig.3). 

GlcCer synthase localizes to cytoplasmic face of the cis-medial Golgi and pre-Golgi 

compartments (Halter et al., 2007). The active site of GalCer synthase resides in the lumen of 

ER (Sprong et al., 1998). The glycosyltransferases that convert GlcCer to complex GLSs 

reside in late Golgi compartments and have active sites situated on the luminal surface 

(Wennekes et al., 2009), necessitating the transport of intermediates between and across 

Golgi membranes. Two models have been suggested for this transport pathway (Fig.3). In the 

first, GlcCer is synthesized on the cytosolic side of the early Golgi by UDP-

Glc:glucosylceramide synthase (GCS) (Coste et al., 1986; Futerman and Pagano, 1991; 

Jeckel et al., 1992), and subsequently transferred to the trans-Golgi and flopped across the 

bilayer into the lumen where it is converted to lactosylceramide (LacCer) and other complex 

GSLs. The cis- to trans-Golgi transport of GlcCer is dependent on the GlcCer transport 

protein FAPP2 (D'Angelo et al., 2007) (Section 3.1.2). Silencing FAPP2 by RNAi reduces 

the conversion of GlcCer to LacCer and to complex GSLs. GlcCer crosses Golgi membranes 

by the ATP-independent, bidirectional transporter P-glycoprotein (PgP, multidrug resistant 

transporter ABCB1) (Buton et al., 2002). PgP is an ATP-dependent flippase for a variety of 

simple GSLs in vitro, including GlcCer, in a reconstituted proteoliposome assay (Eckford and 

Sharom, 2005). However, PgP cannot flip GSL derivatives larger than two sugar residues, 

suggesting alternative mechanisms. In the second model, GlcCer is proposed to be 

synthesized primarily in the trans-Golgi, transported back to the ER by FAPP2, flopped 

across the ER membrane and delivered by vesicular mechanism to the late Golgi for 

conversion to GSLs (Halter et al., 2007). Treatment with brefeldin A, which induces ER 

fusion with the Golgi, increases synthesis of LacCer indicating that GlcCer flops more 

efficiently across the ER membrane compared to the Golgi. This non-linear, retrograde 

pathway relies on CERT for ceramide delivery to GCS in the late Golgi.  

Having arrived at the luminal leaflet of the trans-Golgi, the biosynthesis of GSLs 

continues with the synthesis of LacCer by GalT1 (Wennekes et al., 2009). LacCer is extended 

sequentially at either the 3- or 4-O-position in a stepwise fashion. The nature of the 

glycosylation reactions depend on the expression patterns of glycosyltransferases in a given 

cell type (Hakomori, 2000). Switching of GSL series occurs during differentiation. In 

erythroleukemia K562 and HEL cells, ganglio-series GSLs are predominant, but are 

decreased and replaced by lacto-series GSLs during differentiation. Synthesis of globo-series 

GSL is induced upon further differentiation. Tumors have specific GSL antigens that are not 

expressed in normal cells. Certain anti-GSL IgG mAbs were found to be useful for tumor 

growth suppression. Catabolism of complex GSLs is a stepwise process that takes place in 

endosomes and lysosomes (Wennekes et al., 2009). 

A family of choline and ethanolamine phosphotransferases (SMS1, SMS2 and SMSr) that 

synthesize SM and ceramide phosphoethanolamine (CPE) were identified by a database 

search for proteins containing a C3 motif shared by previously characterized LPPs. 

Mammalian SMSs are integral membrane enzymes with six membrane-spanning domains and 
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four conserved motifs (D1-D4), of which D3 and D4 correspond to the C2 and C3 motifs in 

LPPs. Similar to LPPs, D3 and D4 are oriented towards the same side of the membrane and 

could be a part of the catalytic site responsible for liberating phosphocholine from PtdCho 

during SM synthesis. SMS1 in the trans-Golgi/TGN and SMS2 is PM both catalyze the 

reversible conversion of PtdCho and ceramide into SM and DAG (Huitema et al., 2004) 

(Fig.2, Fig.3). Overexpression and RNAi studies indicate that SMS1 is an important 

determinant of cellular DAG and ceramide. SMS1 activity is regulated primarily by ceramide 

delivery from the ER by the ceramide transport protein CERT (Collins and Warren, 1992; 

Moreau et al., 1993; Hanada et al., 2003) (Section 3.1.2.). In turn, CERT transport activity is 

regulated by phosphorylation by PKD at serine 132, which triggers phosphorylation at 

adjacent serine and threonine residues by casein kinase I and inhibits ceramide transport 

activity by retention in the ER (Kumagai et al., 2007). Since DAG activates PKD, this creates 

a negative feedback loop where phosphorylation of CERT decreases SMS1 activity, DAG 

generation and PKD activity. Indeed, overexpression of CERT or a phosphorylation-deficient 

mutant increased PKD activity and secretion in HEK293 cells.  

SMS2 is a bi-functional enzyme with SM and CPE synthase activity (Ternes et al., 2009), 

while SMS1 and SMSr are mono-functional enzymes with SM and CPE activity respectively. 

SMS2 is located at the PM where it resynthesizes SM to terminate ceramide signals produced 

following SM hydrolysis. SMS2 is involved in regulation of apoptosis by controlling the SM 

levels at the PM specifically in raft domains, which affects the cell surface expression of 

TNF-R and TLR-4 (Ding et al., 2008). However, SMS2 is also detected in the Golgi 

apparatus and implicated in de novo synthesis of SM (Huitema et al., 2004; Li et al., 2007; 

Tafesse et al., 2007). SMS2 also regulates DAG formation at the Golgi and thereby affects 

DAG-dependent localization of PKD to the Golgi (Villani et al., 2008). 

The related SMSr catalyzes the synthesis of CPE from ceramide and PtdEtn in the ER. 

CPE is an abundant sphingolipid in insects and nematodes where it is involved in regulation 

of sterol metabolism (Jacob and Kaplan, 2003; Rao et al., 2007). CPS is also found in 

mammalian cells but at low abundance. Inhibition of SMSr activity caused disruption of ER 

exit sites and the Golgi apparatus in HeLa cells, not by depletion of ceramide 

phosphoethanolamine but by increasing ER ceramide. This suggests that SMSr negatively 

regulates ceramide levels in the early secretory pathway by inhibiting ceramide synthesis or 

increasing degradation. 

 

2.3.4. Lipid Transport Proteins Involved in Cholesterol and Sphingolipid Metabolism 

Although the vesicular and tubular carriers that move cargo in the Golgi apparatus are 

composed of phospholipids, sterols and sphingolipids, it is apparent that bulk membrane 

transport is not sufficient to support localized and specialized synthesis of Golgi lipids, 

notably sphingolipids and cholesterol. This is achieved by the lipid carrier proteins FAPP, 

CERT and members of the OSBP family that localize to the Golgi apparatus and ER via 

protein-lipid interactions. These dual membrane interactions coupled with high affinity lipid 

binding pockets are suggestive of site-specific, vectoral transport proteins.  

The PH domains of FAPP, CERT and OSBP target these proteins to the Golgi apparatus 

via PtdIns(4)P binding (Lagace et al., 1997; Godi et al., 2004; Kumagai et al., 2007) (Fig.3). 

Recent, NMR-based solution structures of the free, micelle- and PtdIns(4)P-bound FAPP1-

PH domain showed that it contacts PtdIns(4)P through residues in the β1- β2 loop (Lenoir et 

al., 2010). The insertion of the FAPP2 PH domain formed a wedge that penetrated the bilayer 
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and induced positive curvature and membrane tubulation. This wedge conformation is highly 

conserved across the FAPP family, CERT, and OSBP family proteins, suggesting they all 

tubulate Golgi membranes by a similar general mechanism. Coincidental binding of these 

PtdIns(4)P-specific PH domains to Arf1 ensures highly specific organelle localization (Lenoir 

et al., 2010). 

CERT and some OSBP subfamilies have FFAT motifs (EFFDAxE) that are responsible 

for ER localization through direct binding to vesicle-associated membrane protein (VAMP)-

associated protein (VAP) (Wyles et al., 2002; Kawano et al., 2006). VAPs are type II 

membrane proteins that are conserved from yeast to human (Loewen et al., 2003; Lemmon, 

2008). Three VAP isoforms have been identified in humans: VAP-A, VAP-B, and VAP-C (a 

splicing variant of VAP-B). Although VAP localization to other organelles is reported 

(Lapierre et al., 1999; Skehel et al., 2000), they are generally localized in the ER. VAP 

consist of three domains: an N-terminal immunoglobulin-like β-sandwich fold consisting of 

seven β-strands and one α-helix that is similar to the nematode major sperm protein (MSP); a 

variable central coiled-coil domain that resembles VAMPs and other SNARE proteins; and a 

C-terminal transmembrane domain containing a putative dimerization motif (GxxxG) (Lev et 

al., 2008). VAPs are involved in vesicular lipid transport, lipid metabolism, regulation of ER 

structure, and the unfolded protein response by interacting with FFAT motifs through the 

MSP-like domain (Lev et al., 2008). Crystallographic and NMR analysis have revealed that 

five of the six conserved residues of the FFAT motif are required for stable complex 

formation with the MSP-like domain by a combination of electrostatic, hydrophobic, and 

hydrogen-bond interactions (Kaiser et al., 2005; Furuita et al., 2010). The region of OSBP 

proximal to the FFAT domain has an overall negative charge that forms electrostatic 

interactions with a positively charged surface containing the MSP-like domain.  

 

2.3.4.1. Glycolipid Transfer by FAPP  

The concept of glycolipid synthesis in the Golgi was one of linear path for substrate 

delivery by vesicular transport from the early to the late Golgi cisternae where the various 

glycosyltransferases would sequentially add sugar moities to ceramide and GlcCer. The 

identification of the GlcCer and ceramide transport proteins FAPP2 and CERT has lead to 

revision of this model to include site-to-site lipid transport. FAPP1 and FAPP2 were initially 

identified as effectors of Arf1 and PtdIns(4)P that regulate cargo transfer from the Golgi to 

PM (Godi et al., 2004) (Fig.3). They are recruited to the Golgi through their PtdIns(4)P-

specific PH domains. FAPP2 contains a glycolipid-transfer protein (GLTP) homology domain 

that has GlcCer transfer activity. Two different models have been proposed for FAPP2 

delivery of GlcCer in the ER and Golgi pathway; transfer from the cis- to trans-Golgi 

(D'Angelo et al., 2007) and from the trans-Golgi to the ER or PM (Halter et al., 2007). The 

integration of FAPP2 activity with GSL synthesis in the late Golgi compartments is described 

in Section 2.3.3. As FAPP1 lacks GLTP domain, it is considered not to have GlcCer transfer 

activity. 

In addition to GlcCer transport, FAPP2 has a role in apical transport through its 

membrane tubulating activity (Cao et al., 2009). When expressed in Cos-7 or MDCK cells, 

FAPP2 was present in tubules forming from the trans-Golgi (Godi et al., 2004; Cao et al., 

2009). Moreover, FAPP2 induced growth of membrane tubules from lipid sheets composed 

of PtdCho, PtdIns(4)P and GlcCer in a PH domain dependent-manner (Cao et al., 2009). 

Dimerization of FAPP2 has been demonstrated, and a low-resolution structural analysis of the 
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full-length FAPP2 protein shows that the GLTP and PH domain are located at opposite ends 

of the FAPP2 dimer (Cao et al., 2009). Together with results showing that FAPP1-PH domain 

also can penetrate into lipid monolayers and decrease the membrane pressure (Stahelin et al., 

2007), it is apparent that membrane binding and tubulation activities reside in the conserved 

FAPP1 and FAPP2 PH domain.  

 

2.3.4.2. Ceramide Transfer Protein 

CERT was originally identified as GPBPD26, a splice variant of Goodpasture antigen-

binding protein (GPB), a kinase that binds and phospholylates the non-collagenous C-

terminal (NC1) region of the α3 chain of collagen IV, the antigen in autoimmune 

Goodpasture disease (Raya et al., 2000). The exact function of GPBP remains elusive, 

whereas the GPBPD26 variant CERT is involved in SM synthesis by mediating non-vesicular 

transport of ceramide from the ER to the Golgi apparatus (Hanada et al., 2003). CERT, a 

member of the steroidogenic acute regulatory (StAR) protein-related lipid-transfer (START)-

domain family (Soccio and Breslow, 2003), contains a C-terminal ceramide binding START 

motif, a FFAT motif and a N-terminal PH domain. START domains are protein modules of 

~230 amino acids similar to the founding member of this family, StAR (Ponting and Aravind, 

1999). The human genome encodes fifteen START domain proteins that bind a variety of 

lipid ligands such as cholesterol, PtdCho and ceramide. A recent study solved the crystal 

structure of the CERT START domain in complex with ceramide analogs with varying acyl 

chain length (Kudo et al., 2010). Only one ceramide molecule can be accommodated in the 

CERT START domain, where it forms a hydrogen bond network with specific amino acid 

residues at the far end of the cavity. As there is no extra space to accommodate an additional 

bulky group at the C1 position of ceramide, CERT does not bind SM. 

Localization and activity of CERT is controlled by a phosphorylation-dephosphorylation 

cycle. Dephosphorylated CERT is in an „open‟ conformation that facilitates PH domain 

interaction with PtdIns(4)P in the trans-Golgi/TGN. There it releases ceramide for SM 

synthesis catalyzed by SMS1 (Kumagai et al., 2007) (Fig.3). DAG, another product of SMS1, 

recruits PKD that phosphorylates CERT on a serine that then primes the subsequent 

phosphorylation by casein kinase I
 
γ2 (CKIγ2) of 9 sites in the serine-rich motif (Hanada et 

al., 2009). Hyperphosphorylated CERT has reduced affinity for PtdIns(4)P and dissociates 

from the Golgi. Dephosphorylated CERT interacts with VAP in the ER and acquires ceramide 

for transport to the Golgi apparatus. Reloading of CERT with ceramide also involves CERT 

dephosphorylation by phosphatase 2Cε (PP2Cε), an integral membrane protein located in the 

ER (Saito et al., 2008). CERT transport of ceramide from the ER to Golgi could involve a 

sequence of discrete dissociation/binding steps as described above. However, CERT has the 

potential to simultaneously contact both donor and acceptor membranes via PH and FFAT 

domains and thus transport could proceed at membrane contact sites between these organelles 

(Levine, 2004; Hanada et al., 2009). 

 

2.3.4.3. Golgi Cholesterol Transfer by OSBPs 

OSBP was originally identified as a cytosolic receptor for oxysterols, oxygenated 

derivatives of cholesterol (Kandutsch and Shown, 1981). Eleven other OSBP-related proteins 

(ORPs) have since been identified in the human and other mammalian genomes with 

numerous variants generated by alternate promoter and splice site usage (Ngo et al., 2010). 

OSBP and ORPs have an OSBP homology (OH) domain that is highly conserved across 



Asako Goto and Neale Ridgway 66 

eukaryotic genomes (Levanon et al., 1990; Jiang et al., 1994; Alphey et al., 1998). OH 

domains are ~400 amino acid residues with a conserved signature motif (EQSHHPP), and 

bind cholesterol and/or oxysterols with affinities in the low to mid nM range (Ridgway et al., 

1992; Suchanek et al., 2007; Wang et al., 2008). The structure of Osh4, a yeast homolog of 

ORP, has been solved in complex with several sterols and oxysterols (Im et al., 2005). A 

single sterol molecule binds in the hydrophobic tunnel of 19-strand β-barrel with the 3-OH 

group orientated toward the bottom. The entrance of the tunnel is blocked by a flexible N-

terminal lid and surrounded by conserved basic residues. Osh4 undergoes a conformational 

change involving the opening and closing of this flexible lid over the mouth of binding cavity 

(Canagarajah et al., 2008). Side-chain oxysterols (such as 25-hydroxycholesterol) stabilize 

the closed conformation of the lid by direct hydrogen bonding with lid residues. In addition to 

the OH domain, most ORPs contain PH and FFAT domains that interact with PtdInsPs and 

VAP, respectively. However, some ORP subfamilies lack FFAT and PH domains or have C-

terminal transmembrane domains that mediate ER localization. Growing evidence indicates 

OSBP involvement in diverse cellular functions such as sterol signaling, sterol transport, 

regulation of lipid metabolism and cytoskeletal organization (Wang et al., 2005; Bowden and 

Ridgway, 2008; Zerbinatti et al., 2008).  

A subset of OPRs, including OSBP, ORP9, and ORP11, interact with the Golgi and ER, 

and are involved in binding and/or transfer of cholesterol (Ridgway et al., 1992; Ngo and 

Ridgway, 2009; Zhou et al., 2010) (Fig.3). OSBP mediates the activation of SM synthesis in 

response to change in cellular cholesterol and/or oxysterol levels (Storey et al., 1998). 

Overexpression of OSBP enhances synthesis of SM in response to 25-hydroxycholesterol 

(25-OH) (Lagace et al., 1999). The mechanism involves oxysterol or cholesterol binding to 

OSBP and increased CERT translocation from the ER to Golgi apparatus (Perry and 

Ridgway, 2006). As OSBP and CERT do not interact directly, additional factors are involved 

in OSBP-mediated CERT translocation.  Recently we discovered that OSBP activates the 

sterol-sensitive PI4KII in the TGN, leading to increased PtdIns(4)P, CERT recruitment and 

increased SM synthesis (Banerji, et al. 2010). Thus, OSBP is a key regulator that links 

cholesterol and SM metabolism, which in turns could affect lipid raft assembly in the late 

Golgi (Section 2.3.1.).  

ORP9 also localizes to the Golgi apparatus but is not involved in SM synthesis nor does it 

translocate from the ER to Golgi in response to cholesterol and/or oxysterol (Wyles et al., 

2002; Ngo and Ridgway, 2009). Instead, depletion of ORP9 by RNAi knockdown causes 

fragmentation of the Golgi and increased cholesterol in an endosomal compartment that 

stained with filipin. This was correlated with inhibition of ER-Golgi vesicular transport (Ngo 

and Ridgway, 2009). Recently ORP9 was shown to physically interact with ORP11 so it is 

possible that these two ORPs are involved in a common pathway affecting Golgi or post-

Golgi cholesterol homeostasis and organelle structure (Zhou et al., 2010).  

Phosphorylation sites were identified in OSBP and ORP9 that regulate function. Acute 

and long-term depletion of PM cholesterol promotes dephosphorylation at 3 serine residues 

adjacent to the sterol-binding domain and increased Golgi localization of OSBP (Storey et al., 

1998; Mohammadi et al., 2001). This serine-rich site is similar to the site in CERT that 

regulates localization and is sensitive to PM cholesterol levels, however in the case of OSBP 

the initiating kinase is unknown. Phosphorylation of OSBP on serine 242 by PKD results in 

Golgi fragmentation and decreased transport of VSV-G protein to the PM (Nhek et al., 2010). 

The presence of these two sites in CERT and OSBP that are controlled by cholesterol levels 
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and PKD suggests a coordinated mechanism to regulate SM and cholesterol delivery and 

synthesis at the Golgi for raft assembly.  

Whether phosphorylation affects ORP9 localization to the Golgi remains unclear. 

Although ORP9 is a substrate of PDK-2, thereby negatively regulating Akt phosphorylation 

in a competitive manner, mutation of the PDK-2 phosphorylation site had no effect on Golgi 

localization (Lessmann et al., 2007). 

 

 

3. PROTEINS INVOLVED IN MEMBRANE TETHERING AND FUSION 
 

The fusion of vesicles or tubulovesicular structures with acceptor membranes involves a 

complicated interplay between lipid and protein factors. The stalk model for membrane fusion 

posits a series of intermediate structures catalyzed by fusion proteins (Chernomordik and 

Kozlov, 2008). First, the outer leaflets of the two bilayers merge to form a hemifusion 

intermediate. Then a fusion pore opens and the inner leaflets merge. Studies of protein-free 

lipid bilayers have revealed conditions required for membrane fusion. Positive curvature 

lipids, such as lysophosphatidylcholine (lyso-PtdCho), and negative curvature lipids, such as 

PtdEtn and fatty acids, inhibit and promote hemifusion, respectively, at the contact site 

between the two lipid bilayers (Chernomordik et al., 1995). This indicates that hemifusion 

involves formation of lipid intermediates of negative curvature. Conversely, lyso-PtdCho and 

PtdEtn promote and inhibit pore opening (Chernomordik et al., 1995). Experiments 

demonstrating that small diameter liposomes are the most fusogenic indicates that membrane 

tension is critical for fusion (Malinin et al., 2002). Although the specific mechanisms by 

which proteins promote hemifusion and pore opening remain elusive, several proteins that are 

involved in these processes have been studied.  

Tethering factors and SNAREs control Golgi vesicle fusion and, tethering between two 

Golgi cisternae for linking of the Golgi ribbons (Fig.1). Membrane tethering and fusion of 

transport vesicles mediated by tethering factors and SNAREs can be described in three steps. 

(1) A transport vesicle approaches the target membrane. (2) The transport vesicle tethers to 

the target membrane by forming initial physical links between the vesicles and the acceptor 

membrane through tethering factors. (3) The v-SNARE on the transport vesicle and three t-

SNAREs on the target compartment form a 4-α-helix bundle, a trans-SNARE complex. The 

SNARE bundle bridges the two membranes, and is thought to overcome the energy barrier 

preventing the two membranes from fusing. 

Regulatory lipids such as DAG, PtdInsP and sterols are required for coordinating protein-

mediated vacuole fusion. Vacuole fusion is blocked by ligands that specifically adsorb DAG, 

PtdInsP and sterols (Mayer et al., 2000; Kato and Wickner, 2001; Fratti et al., 2004). These 

studies revealed that DAG, PtdInsP, and sterol regulate priming and docking steps in vacuole 

fusion. DAG mediates fusion by promoting negative membrane curvature at the fusion site 

(Allan et al., 1978), whereas PtdIns(4,5)P2 affects fusion event through actin remodeling 

(Higgs and Pollard, 2000). In vitro studies using a reconstituted yeast vacuole SNARE fusion 

system revealed that addition of individual regulatory lipids, especially DAG and PtdInsP, 

strongly enhanced lipid mixing of the donor and the acceptor liposomes, compared to 

vacuolar lipids such as PtdCho and PtdSer alone (Mima et al., 2008).  
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3.1. Vesicle Tethering at the Golgi 
 

Tethering factors link Golgi cisternae or capture transport vesicles in the proximity of the 

cisternae prior to fusion. Many tethers interact with Rab GTPase that cycle between the 

cytosol and the membrane (Stenmark, 2009). GDP-bound Rab is complexed with guanine 

nucleotide dissociation inhibitor (GDI) and recruited to membranes via the geranyl-geranyl 

group with the aid of a GDI displacement factor. Multimeric tethers interact with and activate 

GDP-bound Rab1 through intrinsic guanine nucleotide exchange activity (Jones et al., 2000b; 

Wang et al., 2000a). Four multi-subunit tethers are known to be involved in tethering of 

vesicles at the Golgi; transport protein particle (TRAPP) I (ER-Golgi), TRAPP II (intra-

Golgi/endosome-late Golgi), conserved oligomeric Golgi (COG) (endosome-early Golgi) and 

Golgi-associated retrograde protein (GARP) (endosome-late Golgi) (Cai et al., 2007). In 

addition, multimeric tethers interact with coat proteins; mutations in TRAPP II, which 

interacts with COPI, increases COPI-coated vesicles near the Golgi and accumulation of 

cargos in an early Golgi compartment (Yamasaki et al., 2009). 

On the other hand, coiled-coil tethers are monomeric proteins that have a long rod-like 

structure for linking two membranes. Amongst more than twenty Golgi-localized coiled-coil 

tethers, several are shown to be involved in vesicle tethering to the Golgi such as p115, 

GM130, giantin, golgin84, GMAP210 (ER-Golgi and intra-Golgi traffic), golgin97, and 

GCC185 (endosome-TGN) (Lupashin and Sztul, 2005, Reddy et al., 2006; Drin et al., 2008). 

In contrast to multimeric tethers that bind GDP-bound Rabs, P115 is an effector of Rab1 that 

binds to the GTP-bound form but not the GDP-bound form (Allan et al., 2000). GDP-

restricted mutant Rab1 blocked fusion of COPII vesicle with the Golgi membrane. Structural 

studies suggested a model for membrane tethering followed by membrane fusion (An et al., 

2009). p115 is initially recruited to the donor membrane through interaction with GTP-bound 

Rab1. As p115 interacts with the long coiled-coil tether giantin, the donor membrane is 

attached to the acceptor membrane. Subsequently, p115 is handed to the more compact tether 

GM130, resulting in a physical draw between the two membranes. Finally GM130 binds the 

syntaxin 5 t-SNARE at the acceptor membrane in a p115-regulated manner and SNARE 

assembly drives membrane fusion (Diao et al., 2008). GMAP210 contains a curvature-

sensing ALPS motif at the N-terminus and a GRIP-related Arf binding domain at the C-

terminus that interacts with a GTP-bound Arf1 recruited on the Golgi membrane, thus 

mediating tethering of highly curved vesicular membranes with the flat Golgi surface (Drin et 

al., 2008).  

 

 

3.2. Vesicle Fusion Mediated by SNAREs 
 

SNARE proteins are necessary for membrane fusion in all eukaryotic cells. SNARE 

proteins are diverse and share approximately 20~30% identity, but contain a characteristic 

~70 residue SNARE motif with heptad repeats (Kloepper et al., 2007). SNARE motifs are 

classified into four types (R-, Qa-, Qb, Qc) that are present in v-SNAREs on transport 

intermediates and t-SNAREs on the target compartment. t-SNAREs are further classified into 

two syntaxin- or SNAP-25-types (Zhao et al., 2007). v-SNAREs and syntaxin-type t-

SNAREs are type II integral membrane proteins with a single transmembrane domain. SNAP-

25-type tSNAREs lack the transmembrane domain and are anchored to the membrane through 
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thioester-linked acyl groups. Crystal structure analysis of SNARE complexes showed that 

SNARE motifs assemble into parallel, twisted, coiled-coil, four-helix bundles by burying the 

hydrophobic residues inside the core. One of the helices is contributed by v-SNARE, with the 

other three helices provided from t-SNAREs; one from syntaxin and two from SNAP-25. 

Two models have been proposed for SNARE-mediated membrane fusion (Jahn and 

Scheller, 2006). In the first, SNARE assembly exerts a mechanical force on membranes that 

causes membrane fusion. The linkers between the helix bundles and the transmembrane 

domains are rigid, thus a tight four-helix bundle presses and deforms to drive hemifusion of 

the two bilayers. Single molecule force measurements using atomic force 

microscope/spectroscopy revealed that the trans-interaction of the SNARE helix bundles 

provides the necessary pulling force to destabilize the lipid bilayers and facilitate hemifusion 

(Abdulreda et al., 2009). The second model suggests that putative amphiphilic regions of the 

SNAREs perturbs the hydrophilic-hydrophobic boundary and leads to formation of non-

bilayer states without the use of mechanical force. The conserved H3 domain of SNAP-25 has 

been predicted to form an α-helix that contains a repeating pattern of hydrophobic amino 

acids characteristic of amphipathic α-helices (Zhong et al., 1997). Whether additional 

fusogenic proteins are involved in SNARE-mediated membrane fusion, and whether lipid 

composition changes at the site of SNARE-mediated membrane fusion, remains to be 

elucidated. 

 

 

4. DISEASES RELATED TO LIPID METABOLISM AND GOLGI FUNCTION 
 

 

4.1. Lowe Syndrome 
 

Lowe syndrome is a rare X-linked disorder that is characterized by congenital cataracts, 

cognitive defects and renal ion transport insufficiency (Olivos-Glander et al., 1995). Kidney 

proximal tubule cells from Lowe syndrome patients have elevated levels of PtdIns(4,5)P2 in 

the Golgi apparatus and PM (Olivos-Glander et al., 1995). OCRL1 was identified as the gene 

responsible for this disorder, and missense mutations were found clustered in the 5-

phosphatase domain. Consistent with the involvement of PtdIns(4,5)P2 in actin assembly 

through effector proteins (Insall and Weiner, 2001), fibroblasts from Lowe syndrome patients 

have a defective actin cytoskeleton that is necessary for vesicle trafficking from the TGN 

(Suchy and Nussbaum, 2002). Indeed, Lowe syndrome patients have abnormally high levels 

of serum lysosomal hydrolases (Ungewickell and Majerus, 1999), probably due to defective 

formation of clathrin-coated vesicles mediating transport of lysosomal enzymes from the 

Golgi to endosomes (Choudhury et al., 2005). As OCRL1 depletion leads to PtdIns(4)P 

reduction within the Golgi (Choudhury et al., 2005), the role of OCRL1 might be production 

of PtdIns(4)P that mediates recruitment of clathrin adaptors and EpsinR (Section 2.1., 2.3.2.).  
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4.2. Congenital Disorders of Glycosylation 
 

Autosomal recessive congenital disorders of glycosylation (CDG) are characterized by 

defects in N-linked glycan biogenesis resulting from mutations in genes encoding proteins in 

the glycosylation pathway (Marquardt and Denecke, 2003). Since glycosylation occurs in all 

cells, CDG patients show multi-system abnormalities such as cognitive impairment, seizures, 

hypotonia, liver malfunctions, coagulopathy, and dysmorphia. Approximately 25% of CDG 

patients die from severe infections or multiple organ failure. CDG are classified into Type I 

defects due to decreased synthesis of the dolichol-linked precursors of N-linked glycosylation 

in the ER, and Type II defects due to impairment of subsequent trimming of the protein-

bound oligosaccharide and addition of terminal sugars in the Golgi apparatus. Although 

defects in enzymes or transporter directly involved in glycosylation are often found in CDG 

patients, CDG-IIe, a sub-class of Type II, is caused by a mutation in genes that encode 

components of the COG tethering complex (Wu et al., 2004; Foulquier, 2009). COG has been 

shown to be involved in controlling stability of variety of Golgi-associated glycosylation 

enzymes as well as in retrograde membrane trafficking of Golgi resident proteins and 

membrane tethering. Golgi glycosylation enzymes including galactosyltransferases are 

mislocalized and/or rapidly degraded in COG-deficient cells (Wu et al., 2004). 

 

 

4.3. Tangier Disease 
 

Tangier disease (TD) is a rare autosomal recessive disorder characterized by almost 

complete absence of plasma HDL, and reduced efflux of cholesterol, especially from 

macrophages and other reticulo-endothelial cells, to the extracellular acceptor apoAI 

(Bodzioch et al., 1999). This leads to cholesterol ester accumulation in these cells and is 

associated with increased susceptibility to atherosclerosis. Mutations in the ABCA1 gene 

have been identified in TD patients. Cells from mouse ABCA1 knockouts and TD patients 

showed an extensively expanded Golgi complex, probably due to severe inhibition of lipid 

export from the Golgi to the PM (Orso et al., 2000). ABCA1 expression at the PM surface is 

controlled in response to cellular cholesterol levels and mediates export of excess cholesterol 

(Langmann et al., 1999). However, ABCA1 also localizes in intracellular compartments 

together with apoA-I (Orso et al., 2000; Smith et al., 2002). A model was proposed that 

ABCA1 shuttles from the PM to intracellular compartments (including the Golgi apparatus) 

along with apoA-I, and extracts cholesterol and phospholipids into the vesicle for association 

with apoA-I, which is subsequently released upon PM fusion. Thus, ABCA1 might mediate 

extraction and extrusion of excess cholesterol by direct interactions with cellular 

compartments.  

 

 

5. CONCLUSIONS AND FUTURE DIRECTIONS 
 

Pathways reported above indicate that Golgi dynamics require the coordinated activities 

of both lipid and protein machineries. Individual pathways are linked by common regulatory 

lipids and proteins to generate integrated networks. In addition to identifying the missing 
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effectors and regulators within these pathways, future challenges in this area are to elucidate 

how lipid rafts and cytoskeleton organizations are integrated with Golgi function. In addition, 

it will be very interesting to investigate whether this process is altered by oxidative stress or 

under pathological conditions that occur in stroke and cardiovascular disease. 
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ABSTRACT 
 

In mitosis, each daughter cell must receive a complete and equal set of cellular 

components. Cellular organelles that are single copy, such as endoplasmic reticulum, 

nuclear envelope and Golgi apparatus, have to break down to allow their correct 

distribution between daughter cells. The mammalian Golgi is a continuous membranous 

system formed by cistern stacks, tubules and small vesicles that are located in the 

perinuclear area. At the onset of mitosis, the Golgi apparatus undergoes a sequential 

fragmentation that is highly coordinated with mitotic progression and in which reversible 

phosphorylation plays a critical regulatory role. In fact, several kinases have been 

implicated in each stage of this fragmentation process. Before mitotic disassembly, the 

lateral connections between the stacks are severed resulting in the formation of isolated 

cisternae. Several kinases such as mitogen-activated protein kinase kinase 1(MEK1), Raf-

1, ERK1c, ERK2, Plk3, VRK1, several Golgi matrix proteins (GRASP65 and GRASP55) 

and the membrane fission protein BARS have been shown to mediate signals in this first 

step that takes place in late G2 phase. As prophase progresses, the isolated cisternae are 

first unstacked followed by its breakage into smaller vesicles and tubules that accumulate 

around the two spindle poles at metaphase. Unstacking and vesiculation are triggered by 

several proteins including kinases (Plk1 and Cdc2), the GTPase ARF-1 and inactivation 

of membrane fusion complexes (VCP and NSF). Post-mitotic Golgi reassembly consists 

of two processes: membrane fusion mediated by two ATPases, VCP and NSF; and cistern 

restacking mediated by dephosphorylation of Golgi matrix proteins (GRASP65 and 

GM130) by phosphatase PP2A (Bα). Apart from the tight regulation by reversible 

phosphorylation, it seems that mitotic Golgi membrane dynamics also involves a cycle of 
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ubiquitination during disassembly and deubiquitination during reassembly in part 

regulated by the VCP-mediated pathway.  

 

 

1. INTRODUCTION 
 

The functions of the Golgi apparatus are conserved throughout eukaryotic evolution but 

its morphology and spatial organization vary among organisms. In Saccharomyces cerevisae 

individual Golgi cisternae are scattered throughout the cytoplasm [1]; whereas in most 

eukaryotic organisms, such as in plants, cisternae are arranged into ordered stacks and the 

Golgi is made of many individual dispersed stacks [2]. In mammalian cells, Golgi stacks are 

laterally linked forming the characteristic ribbon-like complex that is located in the 

perinuclear region next to the centrosome [3]. In mammalian cells, cellular organelles that 

exist as a single copy such as the endoplasmic reticulum, the nuclear envelope and the Golgi 

apparatus have to break down in mitosis to allow its correct partitioning between daughter 

cells. In the case of the Golgi complex, its continuous membranous system is first laterally 

severed at late G2 phase, generating isolated Golgi stacks [4, 5]. Then, cisternae unstack and 

break down into many smaller vesicles and tubules, and disperse around the spindle poles at 

metaphase forming the “Golgi mitotic haze” [6-9] (Figure 1). After completion of Golgi 

mitotic fragmentation and partitioning into daughter cells, Golgi vesicles reassemble in a two 

step process: membrane regrowth and cisternal restacking. The Golgi disassembly and 

reassembly is tightly coordinated with cell cycle progression, and is regulated by two types of 

protein modifications, reversible phosphorylation and monoubiquitination. The proteins 

already associated with the control of Golgi in mitosis include Ser-Thr kinases, phosphatases, 

and membrane proteins (Table 1). Among them are for example, Raf-1 [10], MEK1 [5, 11-

13], ERK1c [14], Cdc2 [15-17], Plk1 [16, 18, 19], ERK2 [5, 20], Plk3 [21], VRK1 [22] and 

PP2A [23, 24]; Golgi matrix proteins like GM130 [23], GRASP55 [20, 25] and GRASP65 

[16, 26, 27], the fission protein CtBP3/BARS [4 ], the GTPase ARF-1 [28, 29] and proteins 

related with fusion events such as VCP [30] (Table 1). But all these proteins and their role in 

Golgi dynamics have to be coordinated with regulatory signals implicated in the control of 

cell division. 

 

 

Figure 1. Golgi membranes morphology in interphase and metaphase in HeLa cells. In interphase, the 

Golgi complex is a continuous membranous system. In metaphase, the Golgi complex is dispersed into 

vesicles and tubules throughout the cytoplasm around the DNA (mitotic Golgi Haze). The Golgi ribbon 

is labeled with an anti- Giantin antibody in red and DNA is labeled with DAPI in blue.  
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Table 1. Proteins involved in the Golgi fragmentation process in mitosis 

 

 
 

 

2. UNLINKING OF THE GOLGI RIBBON IN LATE G2 PHASE 
 

Apart from the fact that the Golgi complex disassembly is necessary for its correct 

partitioning between daughter cells [6, 7, 31], recently, several groups have suggested that the 

first modification that takes place in late G2 phase and that results in the isolation of Golgi 

stacks is a prerequisite for mitotic entry [5].  

Moreover, that this unlinking of the Golgi ribbon has been proposed as a novel non-DNA 

checkpoint that is required for G2/M transition, and requires a connection with signaling 

pathways controlling cell division [5, 9, 32]. 

MAP kinases canonical functions are regulation of proliferation, differentiation and 

apoptosis [33].  

However, it has been demonstrated that MAP kinases are not only activated in mitogenic 

cascades related with cell cycle entry, but also during mitosis to regulate several processes. 

The MEK/ERK signaling pathway, in addition to its classical role, is specifically activated in 

G2/M transition independently of extracellular growth factor stimulation [10, 34, 35].  

Raf-1, for example, seems to be activated by a different mechanism that does not include 

classical proteins such as Ras, 14-3-3 or Src [36]; in this case MEK1 activation requires other 
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components apart from Raf-1 to be activated in mitosis, since different MEK1 

phosphorylations are detected when comparing phosphopeptides from mitotically activated 

MEK1 with those from Raf-1 activated MEK1 [10, 12].  

These differences might represent a subpopulation with different signaling 

characteristics. 

 

 

Figure 2. MEK1-Plk3-VRK1 signaling pathway in Golgi fragmentation. Reprinted with permission 

from American Society for Microbiology (22). 

Several kinases downstream of MEK1 have been implicated in mitotic Golgi 

fragmentation, such as ERK proteins (ERK2 and ERK1c) [14, 20, 37], Plk3 [21] and VRK1 

[22] although their exact temporal and spatial role has not yet been completely established. 

Currently, the role of MEK1 in Golgi ribbon unlinking, occurring in G2, is well characterized. 

Depletion by RNA interference or inhibition of MEK1 delays, but does not block, mitotic 

entry, suggesting that MEK1 signaling is required for timely G2/M transition. In accordance 

with this idea, in MEK1-knockdown cells, treatment with brefeldin A (BFA), a non-

competitive inhibitor of ARF-1 that induces dispersal of the Golgi membranes [38, 39], and 

depletion of GRASP65 can bypass the MEK1 requirement [5]. Therefore, the MEK1-

dependent delay is abrogated in cells with Golgi complex already dispersed either by BFA or 

siGRASP65 [5].   Plk3 is downstream of MEK/ERK cascade since ectopic expression of 

activated MEK1 results in activation of Plk3. Moreover, activated MEK1 stimulates Golgi 

breakdown in the presence of Plk3 but not the kinase-defective Plk3
K52R

 [21]. Plk3 transmits 

part of the signal from MEK1 through VRK1 to induce Golgi breakdown [22] (Figure 2). In 

agreement with this notion, Plk3 induces Golgi breakdown in the presence of VRK1 but not 

the kinase-dead VRK1
K179E

 or the active kinase VRK1
S342A

 that is not phosphorylated by Plk3 

[22]. These data confirm that VRK1 is downstream of Plk3 and that VRK1 serine 342 is the 

residue phosphorylated in this signaling pathway [22]. Besides, knocking-down endogenous 

VRK1 protein also blocks Golgi fragmentation induced either by MEK1 or Plk3, which 

means that VRK1 is a new step in the already known MEK1-Plk3 signaling cascade located 

to the Golgi membranes [22, 40, 41] (Figure 2). 

GRASP55 and GRASP65 are two peripheral Golgi proteins localized to the medial-trans 

and cis cisternae membranes, respectively [42, 43]. Both GRASP proteins form homodimers 

which are able to maintain lateral cisternae connections and stacks by establishing trans-
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oligomers with adjacent membranes homodimers in order to hold the Golgi ribbon-like 

structure (Figure 3A). In mitosis, trans-oligomers are inhibited by phosphorylation in their C-

terminal serine/proline rich domain (SPR). Thus, when phosphorylation takes place, trans-

oligomers are prevented (Figure 3A) and, as a consequence, the Golgi complex is 

disassembled [19, 27, 44-46]. Consistent with the role of GRASP proteins in Golgi G2 phase 

unlinking, antibodies against GRASP65, expression of GRASP domains mutants or non-

regulatable mutants block mitotic Golgi fragmentation and delay mitotic entry [26, 27]. 

Similarly, microinjection of GRASP55 protein fragments or C-terminal mutants also leads to 

G2 block and decrease in mitotic index [25], suggesting that these proteins are both 

implicated in cisternae G2 phase unlinking in a cell cycle phosphorylation dependent manner. 

GRASP proteins are likely target candidates for regulatory signals. In mitosis, GRASP55 is 

phosphorylated by ERK2 downstream MEK1 [5, 20] whereas GRASP65 is phosphorylated 

by Plk1 [16, 18, 19] and Cdc2 [16, 19]. Besides, experimental evidences also suggest the 

existence of at least one additional kinase targeting GRASP65, since metabolically labeled 

cells arrested in mitosis by nocodazole show several phosphopeptides for Cdc2 and Plk1, but 

there is one additional phosphopeptide not accounted for them [16].  

The sequential order of these phosphorylations is not yet known. These data indicate that 

during mitosis GRASP proteins are phosphorylated and, as a result, Golgi complex first 

unlinks and then unstacks thus facilitating vesicles and tubules formation. However, it is still 

unknown how Plk1 and Cdc2 are coordinated and organized at this stage of the process. 

The membrane fission protein named CtBP3/BARS is involved in several membrane 

trafficking steps such as retrograde transport of KDEL receptor by COPI vesicles [47]. Its 

relevance in Golgi G2 unlinking phase has been demonstrated by its depletion, effect of 

dominant-negative mutants and antibodies against BARS experiments, all of which supports 

that BARS is required for G2/M transition and Golgi breakdown [4, 48]. Moreover, BARS is 

also phosphorylated in mitosis by an unknown kinase [49], all of these suggesting it might be 

a potential regulatory target in early stages of the process. 

 

 

3. GOLGI STACKS DISASSEMBLY AND VESICULATION 
 

From prophase to metaphase Golgi apparatus further breaks down into many smaller 

vesicles and tubules that accumulate around the spindle mitotic poles [50, 51]. Thereby, 

GRASP65 protein is phosphorylated so that trans-oligomerization and cisternal stacking are 

disrupted (Figure 3B) [19]. This unstacking facilitates COPI vesicle formation by increasing 

the amount of membrane surface, which is  required for Golgi complex disassembly in 

mitosis [45]. Plk1 and Cdc2 are both involved in unstacking as they phosphorylate GRASP65 

[16, 18, 19, 44], whereas GRASP55 is phosphorylated by ERK2 [5, 20]. Given that 

GRASP65 and GRASP55 are localized in different regions of the Golgi complex, it has been 

hypothesized that they play complementary functions in Golgi stacking and unstacking in a 

cell cycle phosphorylation dependent manner [25, 46, 52]. 
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Figure 3. A. Cisternae lateral connections and stacks are held together by trans-oligomerization of 

GRASP proteins. In mitosis, GRASP proteins are phosphorylated so that the Golgi complex unlinks 

and unstacks. B. Vesicle fusion events. The initial tethering process is mediated by forming p115-

GM130-Giantin complexes that are blocked by phosphorylation in mitosis. 

Apart from unstacking, it is also required that vesicle budding remains active whereas 

membrane fusion complexes are inhibited, and thus smaller vesicles can be formed.  The 

GTPase ARF-1 (Active ADP-ribosylation factor-1) is involved in recruitment of COPI 

protein complex implicated in membrane traffic [53]. In mitosis, some evidence indicates that 

ARF-1 remains active so that there is a continuous COPI vesicle formation and, as a 

consequence, fragmentation of Golgi membranes [24, 29, 54].  

But this is still controversial since other authors have shown that ARF-1 is inactivated in 

mitosis [28, 31]. On the other hand, Cdc2 phosphorylates GM130 [15] and p47 [17] which 

results in the inactivation of NSF and VCP-dependent fusion pathways, respectively.  

GM130 is a coiled-coil protein anchored by its C-terminus extreme to GRASP65 (Figure 

3A) and thus to cis-Golgi stacks [42, 55, 56]. Besides, GM130 interacts by its N-terminus 

with the tethering factor p115 which mediates the initial vesicle tethering between COPI 

vesicles, through Giantin, and membranes, bridged by GM130, forming a p115-GM130-

Giantin complex (Figure 3A) [56-58]. Next, it is formed the docking SNARE complex which 

defines the specificity of vesicle targeting [59, 60]. The role of NSF is to break the SNARE 
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complex up, a process that needs ATP hydrolysis, and that results in vesicle fusion [61]. Cdc2 

phosphorylates GM130 and prevents its binding with p115 and, therefore, it is blocked the 

initial vesicle tethering and also the fusion process dependent on NSF ATPase [15] (Figure 

3A). 

Less is known about VCP (Valosin-Containing Protein) mechanism of action in the 

fusion pathway. VCP is a member of the type II AAA ATPase family (ATPases associated 

with various cellular activities) that is implicated in a variety of cellular processes including 

membrane fusion, transcription activation, cell cycle control and apoptosis [62]. Similar to 

NSF, VCP interacts with the SNARE pair, in this case through the p47 cofactor, and break it 

up after ATP hydrolysis. Unlike NSF, VCP does not need the tethering process, but instead 

requires another cofactor named VCIP135 during the membrane fusion [60, 63, 64]. The 

phosphorylation of p47 by Cdc2 in mitosis inhibits its binding to the Golgi complex, thus the 

fusion is dependent on VCP [17]. 

In addition to reversible phosphorylation, it has been suggested a novel regulatory level 

that involves a cycle of ubiquitination and deubiquitination, which is also coordinated with 

Golgi membrane dynamics. In fact, the fusion pathway regulated by VCP is also controlled 

by an ubiquitination cycle; since two cofactors, p47 and VCIP135 are connected with 

ubiquitin modifications. p47 contains an ubiquitin binding motif (UBA) recognizing 

monoubiquitin, and VCIP135 is a deubiquitinating enzyme so that ubiquitinated proteins 

seem to be crucial in the VCP-mediated fusion mechanism [62, 65]. The attachment of a 

single ubiquitin, monoubiquitination, to the target protein serves as regulatory modification; 

in contrast to polyubiquitination, formed by several ubiquitin molecules that are attached into 

chains linked through Lys48 for proteasome degradation signaling, or Lys63 for DNA 

damage repair [66]. The fact is that experimental assays carried out with the ubiquitin mutant 

I44A support the notion of ubiquitination as a new Golgi dynamics controller. The I44A 

mutant acts as a dominant-negative that conjugates to target proteins but it is not recognized 

by VCP-p47 protein complex. Therefore, the ubiquitin mutant but not the wild type ubiquitin 

prevented cisternal regrowth in a reassembly assay since VCP-p47 complex is not able to 

recognize ubiquitinated Golgi proteins [67]; so that some unknown Golgi factors are required 

to be monoubiquitinated at the onset of mitosis in order to be later deubiquitinated in 

telophase. However, the possible targets and the exact mechanism by which ubiquitin signal 

functions in Golgi disassembly and reassembly are still poorly characterized [65, 67, 68]. 

 

 

4. GOLGI APPARATUS INHERITANCE AND THE MITOTIC SPINDLE 
 

In metaphase, Golgi small vesicles are scattered throughout the cytoplasm (Figure 1) and 

they start to be distributed between daughter cells as the mitotic spindle is assembled. Two 

different models have been proposed trying to explain how this partitioning occurs. In one 

view, Golgi vesicles and tubules are absorbed into the endoplasmatic reticulum membranes 

and then reemerged from it, as it occurs with the nuclear envelope, which means that Golgi 

inheritance is mediated by the endoplasmatic reticulum [31, 69]. The second model suggests 

that Golgi fragments are partitioned independently of the endoplasmatic reticulum [6, 70-73], 

and proposes that the mitotic spindle is responsible for the partitioning [50, 51, 72]. There are 

some data supporting this second model. One is the observation of Golgi vesicles and tubules 
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accumulated around the spindle poles [8, 50, 51, 74], whereas the endoplasmatic reticulum is 

excluded from that area [8, 71]. 

Recently, some experiments carried out by Wei and Seemann have finally demonstrated 

the link between the Golgi partitioning and the mitotic spindle since they have developed a 

procedure that induces an asymmetrical cell division so that one daughter cell (karyoplast) 

receives the entire spindle (centrosomes, chromosomes and spindle microtubules) and the 

other (cytoplast) lack all these [75]. Under these experimental conditions, the ribbon-like 

Golgi complex reforms in the karyoplasts whereas in the cytoplasts the Golgi stacks are 

scattered throughout their cytoplasm although they maintain their transport activity [76]. This 

has led to the proposal that there are two Golgi inheritance mechanisms: the spindle-

independent by which elements of functional stacks are fragmented and distributed; and the 

spindle-dependent by which the ribbon determinants are partitioned between daughter cells 

[76]. The signals controlling the inheritance are not known but they are likely to be related to 

the interaction of vesicles with components of the centrosome and synchronized with cell 

cycle progression.  

 

 

5. GOLGI APPARATUS REASSEMBLY  
 

In telophase, Golgi fragments start to reassemble by two mechanisms: membrane fusion 

processes mediated by two ATPases, VCP and NSF; and cisternae restacking mediated by 

dephosphorylation of GRASP proteins and GM130 (Figure 4). Vesicle fusion events 

dependent on NSF ATPase require two golgins, p115 and GM130, as well as SNARE pairs 

(GOS-28/Syntaxin-5). p115 is initially required for membrane regrowth and later for cisternal 

restacking through the formation of GM130-p115-Giantin complexes [30, 58, 60, 77]. The 

other ATPase implicated is VCP and its cofactors p47 [63], p37 [78] and VCIP135 [64], 

which form two different types of protein complexes: VCP-p47-VCIP135 and VCP-p37-

VCIP135. In the first pathway, the protein complex that binds to Golgi membranes through 

Syntaxin-5 is disrupted after ATP hydrolysis [60, 64] and monoubiquitination has been 

demonstrated to be necessary for the process. As has been mentioned, monoubiquitination 

seems to be another level of regulation in Golgi dynamics in mitosis [67, 68]. In the second 

pathway, the protein complex formed by VCP-p37-VCIP135 uses GS-15 instead of Syntaxin-

5 to bind Golgi membranes and, as in NSF pathway, it also requires p115 [78]. In contrast to 

NSF, deubiquitinating activity is not necessary in this case since p37 does not contain an 

ubiquitin binding motif (UBA) so that the complex VCP-p37 activity is not related with 

ubiquitination [78]. GM130 [23] and GRASP65 [24] dephosphorylation is mediated by PP2A 

(B). PP2A phosphatases are composed by a series of serine/treonine enzymes that functions 

as a trimeric complex formed by an invariable catalytic (C) and structural (A) subunits which 

bind to a variable regulatory one (B). Among these regulatory subunits, B is associated with 

the Golgi membranes and so that it functions specifically at the Golgi complex [23]. After 

membranes regrowth, cisternal restacking starts in order to reform the continuous and stacked 

Golgi membranous system characteristic of interphase. Restacking is initiated by p115 

through its interaction with dephosphorylated GM130 and Giantin between adjacent 

membranes [58]. Besides, p115 is phosphorylated by CKII or CKII-like kinase that stimulates 

Giantin-GM130 binding, and stacking [79]. Finally, since GRASP65 homodimers are 
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dephosphorylated by PP2A (B) [24], they are able to restore trans-oligomers with adjacent 

membranes homodimers and to establish lateral connections and Golgi stacks. Although there 

are not data about GRASP55 dephosphorylation, it is assumed that it is the case since 

GRASP65 and GRASP55 play complementary roles in Golgi cistenal stacking [46]. 

 

 

Figure 4. Diagram of the Golgi fragmentation, assembly and location where different signaling proteins 

participate. 

 

CONCLUSION 
 

Mitotic Golgi dynamics is a regulated and coordinated process that requires several 

molecular elements including kinases, structural Golgi proteins, small GTPases and ATPases 

(Figure 4). Phosphorylation is one of the main regulatory mechanisms of this process and 

although there have been described some kinases and phosphatases that are implicated, the 

interconnections between different signaling cascades is still not well characterized 

temporally or spatially. Therefore, the future challenge is to identify and characterize new 

signaling pathways implicated and identify kinases, their substrates and timing in mitosis, 

which will help to understand how the fragmentation and reassembly process is controlled. 
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ABSTRACT 
 

Hypericin isolated from Hypericum perforatum plants, exhibits a wide range of 

biological activities and medical applications for treating tumors. Emerging evidence has 

demonstrated that hypericin could be activated by visible light to produce reactive 

oxygen species (ROS) which destroys a tumor directly or indirectly. Hypercin-induced 

photodynamic therapy has showed considerable promise as an alternative modality in the 

management of malignant tumors. However, the exact mechanisms need to be clarified. 

Recent studies have showed that hypericin was accumulated in the Golgi apparatus, 

indicating that the role of the Golgi apparatus is indispensable in the biological 

mechanisms of hypericin-mediated photodynamic therapy.  
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Malignant tumors are one of the most dangerous diseases threatening human life. The 

common modalities classically used in the tumor therapy are mainly surgery, radiotherapy, 

and chemotherapy. Although these therapeutic methods can improve the clinical outcomes, 

serious side-effects, high recurrence, and multi-drug resistance have become the main 

limitations of these classical modalities in the clinical application [1, 2]. Therefore, the 

exploration of novel and effective therapeutic strategies is being pursued. 
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1. AN ALTERNATIVE THERAPEUTIC MODALITY: 

PHOTODYNAMIC THERAPY 
 

The application of light in the disease treatment has several thousand years of history. 

Photodynamic therapy (PDT) is the apotheosis of light as a therapeutic method in the clinical 

application. About 4000 years ago, the Egyptians began to use light to treat vitiligo with a 

plant containing photosensitizer. In 1900, a German Raal found that light-irradiated acridine 

orange could dramatically kill paramecium. The first clinical application of PDT on a tumor 

was reported by von Tappeiner and Jesionek in 1903 [3, 4, 5]. PDT can be developed to 

become an alternative therapy for tumors; the credit should be given to Dougherty. In 1975, 

Dougherty et al. first reported that red light-activated hematoporphyrin derivative (HpD) 

completely destroyed mouse mammary tumors. Subsequent clinical trials using HpD-PDT to 

treat bladder and skin tumors achieved limited but exciting success [5]. To date, accumulating 

experimental studies and clinical trials have shown that PDT can effectively eradicate tumors 

that light can reach [6, 7, 8]. The efficacy of PDT depends on the generation of reactive 

oxygen species (ROS) produced by light-activated photosensitizers which preferentially 

retain in tumor tissues [9, 10, 11, 12]. In the presence of oxygen molecules, the light-activated 

photosensitizer inside tumor tissues can cause a series of photochemical reactions and 

consequently the generation of cytotoxic ROS, which can directly and/or indirectly destroy 

tumor tissues [13, 14]. In the photochemical reaction, PDT involves the interaction of 

photosensitizers, light and oxygen, mainly including type I and type II photochemical 

reactions [15]. Following the absorption of appropriate photons, the photosensitizer is excited 

into a higher energy state (an excited singlet state or excited triplet state). When the activated 

photosensitizer returns to ground state, an electron is often transferred to adjacent molecules 

to form free radicals, namely a type I photochemical reaction. The free radicals then interact 

rapidly with molecular oxygen to produce ROS, which include the superoxide anion radical, 

hydrogen peroxides, and hydroxyl radicals. Alternatively, when the energy is directly 

transferred to ground-state molecular oxygen, type II photochemical reaction is produced. In 

the type II reactions, the direct interaction of the activated photosensitizer with molecular 

oxygen produces highly reactive singlet oxygen (
1
O2). The singlet oxygen initiates further 

oxidative reactions with proximate lipid membranes, enzymes, and nucleic acids to result in 

the oxidative lethal damage of tumor cells [16, 17, 18]. Compared to the classical modalities 

of malignancies, PDT shows many advantages: (1) cost-effectiveness and higher cure rate, (2) 

low side-effects, (3) less complications, (4) higher life quality, and (5) diagnosis 

accompanying therapy [5, 19, 20]. Therefore, PDT has been regarded as a promising 

alternative for treating malignancies. The clinical application of PDT with photofrin has been 

approved for treating esophagus cancer in USA, Canada, France, and Japan, for lung cancer 

in Japan, Holland and Germany, for bladder cancer in Canada, and for gastric and cervical 

cancers in Japan [21]. The successful application of PDT in tumor therapy depends on the 

photosensitizer and its matched light source. The light sources currently used are quartz-

tungsten-halogen bulbs and Laser. The quartz-tungsten-halogen bulb has lower conversion 

efficiency of electric energy to light and higher heat production. 
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Figure 1. Photodynamic reaction depends on the presence of Molecular oxygen. 

Laser is often expensive and has a short lifespan. This limits the application of quartz-

tungsten-halogen bulbs and Laser in PDT as light source. The recently developed light 

emitting diode (LED) has been proposed as an alternative light source for PDT because LED 

is inexpensive, has a small volume, longer lifespan, and their light intensity can be adjustable 

[22, 23]. Moreover, LED can be arranged in arrays to irradiate larger areas. A novel LED 

light source has been setup in our lab [24, 25]. The wavelengths of the light source from LED 

are 630 nm and 590nm, and the highest output power reaches 130 mW/cm
2
 in the area of 78.5 

cm
2
.  

 

 

2. A PROMISING SECOND-GENERATION PHOTOSENSITIVE DRUG: 

HYPERICIN 
 

The photosensitizer is a key component affecting the PDT efficacy. The first-generation 

photosensitizer is hematoporphyrin derivative (HpD), for example, Photofrin. Although 

Photofrin has been approved in many countries for cancers locating in the lung, digestive tract 

and genitourinary tract [26, 27], Photofrin is a complex mixture of HpD, which has very poor 

absorption of light at long wavelength and prolonged skin photosensitivity. These drawbacks 

limit the clinical application of the first-generation photosensitizer [28, 29, 30]. The second-

generation photosensitizers are mainly from synthetic chemicals with unique composition, 

strong absorption of light at long wavelength and short skin retention [30]. The 

photosensitizers currently include benzoporphyrins, pheophorbides, phthalocyanines, 

methylene blue derivative, and 5-ALA [27, 31, 32, 33, 34]. Recently, several extracts from 

traditional Chinese herbs have been found to be photosensitive, for example, curcumin from 

the Curcuma longa (Figure 2) and hypocrellins from Hypocrella bambuase (Figure 3) [35, 

36]. Hypericum perforatum (Figure 4), also known as St. John’s Wort in Western medicine, is 

an indigenous herb in Eastern China, Western and Eastern Sichuan, Gueizhou, and Xinjiang 
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[37, 38]. In traditional Chinese Medicine, Hypericum perforatum is bitter, sweet and cold, and 

categorized as a heat-clearing medicinal, which clears heat and resolves toxins. Modern 

pharmacological studies have shown that the medicinal displays various biological activities 

including anti-inflammatory, antiviral, antidepressant, and anti-tumor activities [39, 40, 41, 

42]. The water extract of Hypericum perforatum has been used a remedy against urogenital 

inflammations, diabetes mellitus and heart diseases.  

 

 

Figure 2. Curcuma longa (ggene.cn/…/NLKX/nyzc/2009/0820/2644.html). 

 

Figure 3. Hypocrella bambuase (www.zgycsc.com/salebuymc.php?tp=1&mcid=26...). 

 

Figure 4. Hypericum perforatum http://hi.baidu.com/leiazarias/blog/item/fb744a111 a0e49c2a6ef3feb 

.html). 
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The ethanol extract of the medicinal exhibits potent antiulcer activity and Süntar et al. 

proved that the aerial parts of hypericum perforatum possess significant wound healing and 

antiflammatory activities [43]. Hypericin (Figure 5), a hydroxylated phenan-

throperylenequinone isolated from Hypericum perforatum plants, displays a wide range of 

biological activities and medicinal applications for treating depression, tumors and infectious 

diseases [39, 44, 45]. Emerging evidences demonstrates that hypericin is photosensitive. In 

ancient times, animals that ingested hypericin-containing plants were found to have 

hypericism, and be severely sensitive to light [46]. Upon light illumination, hypericin can 

change the energy state to produce highly reactive oxygen species such as singlet oxygen, 

superoxide anion and hydrogen peroxide, which can damage the proximate cells and tissues. 

Light-activated hypericin can significantly kill tumor cells, including human glioma cells, 

nasopharyngeal carcinoma cells, pituitary tumor cells, and bladder cancer cells [47, 48, 49, 

50]. Interestingly, hypericin is very safe and does not show genotoxicity, or toxicity in 

humans and animals [39, 49, 51]. Therefore, hypericin has recently been put forward as a new 

promising “second-generation” photosensitizer for treating tumors. However, the biological 

mechanisms of hypericin-mediated PDT remain unclear.  

 

 

3. THE MECHANISMS OF HYPERICIN-MEDIATED PDT AND GOLGI 

APPARATUS’S ROLE 
 

Hypericin-mediated PDT induces cell death through apoptosis or necrosis depending on 

the degree of external damages [19, 52, 53]. A cell often undergoes necrosis when the energy 

in the cell is not enough to execute the apoptotic process. Apoptosis has been proven to be the 

main mode of cell death induced by hypericin-mediated PDT. Morphological and 

biochemical changes can distinguish apoptotic cells from necrosis [54, 55]. Ali et al reported 

that cell shrinkage, sub-diploid DNA increase and phosphatidylserine (PS) externalization 

have occurred in the CNE2 cells treated with hypericin-induced PDT, indicating the 

hypericin-induced apoptosis after photosensitization of hypericin [56]. An apoptotic body 

such as nuclear condensation and fragmentation in CNE2 cells were observed eight hours 

after photodynamic therapy with hypericin. Moreover, flow cytometry with annexin-

FITC/propidium iodide (PI) staining showed that early and late apoptotic (necrotic) rate 

significantly increased, in which the early apoptotic rate significantly increased up to 53.08% 

and the late apoptotic (necrotic) rate only increased to 6.77% [39]. These demonstrated that 

apoptosis induction was one of the prominent mechanisms in hypericin-PDT.  

Cell apoptosis occurs through two major pathways including the mitochondria-dependent 

and the death receptor-dependent pathways. Mitochondria, as critical executers, have been 

proven to play a central role in the regulation of apoptosis [57, 58]. The mitochondrial 

damages often interfere with cellular breathing, energy metabolism, and even make the 

permeability transition pore (PTP) open which leads to the collapse of the mitochondria 

membrane potential (MMP). The PTP open and MMP collapse cause the release of 

mitochondrial cytochrome c into cytoplasm and initiate Caspase cascades, where the cells 

will undergo apoptosis [2, 59, 60]. Chaloupka et al reported that hypericin photoxicity-

induced cell apoptosis was triggered by photon-induced mitochondrial function alteration 

[61]. Recently, several secondary mitochondrial events have been found to be associated with 
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hypericin-induced phototoxicity in cells. A mitochondrial apoptotic cascade through the 

activation of caspases, release of cytochrome c into the cytosol and decrease of mitochondrial 

membrane potential was observed after photodynaminc treatment with hypericin. In 

subsequent studies, hypericin-mediated PDT induced an intracellular pH decrease in glioma 

cells and inhibition of mitochondria hexokinase bound on the outer membrane, demonstrating 

that mitochondria were a target of hypericin phototoxicity, and the mitochondria-dependent 

pathway was involved in apoptosis induced by PDT with hypericin [62]. The death receptor-

dependent apoptotic pathway involves the CD95 (Fas) death receptor. The CD95 death 

receptor activated by Fas ligand results in the formation of a death-inducing signaling 

complex (DISC). Apart from the receptor-ligand complex, the recruitment of caspase-8 to 

DISC also initiates its proteolytic activation and induces the subsequent activation of 

downstream caspases [63, 64, 65]. Recently, Ali et al reported that hypericin-mediated PDT 

caused apoptosis of tumor cells through death receptor-dependent pathway [66], indicating 

that the death receptor-dependent pathway might be the other mechanism of cell death.  

In PDT-induced apoptosis, reactive oxygen species (ROS) is an important initiator [52]. 

As ROS has a very short lifespan and limited diffusion distance in biological tissues, the 

ROS-induced damages always happens close to the localization of the photosensitizer in the 

biological tissues [17]. Therefore, there is a strong relationship between the intracellular 

organelles, where the photosensitizer locates, and the apoptotic signaling pathway [27]. The 

roles of some intracellular organelles, such as lysosome, mitochodondria, and endoplasmic 

reticulum, have been focused on in the PDT-induced apoptotic signaling pathways. However, 

the Golgi apparatus has been overlooked. Its role in the PDT needs to be clarified. 

Since 1898, Camillo Golgi found and described the diffuse reticular network of the Golgi 

apparatus in the cells, but it was not until a half-century later that the ribbon like cisternal 

architecture was observed using an electron microscope. In normal cells, the Golgi complex is 

factually a series of flattened, parallel, interconnected cisternae located in the perinuclear 

region. The functions of the Golgi apparatus involve the transport, the processing, and the 

storage of proteins synthesized in the rough endoplasmic reticulum and destined to be 

secreted [67, 68]. Various apoptosis-associated molecules, for example, caspase-2 and -8, are 

found to localize in the Golgi complex. Caspase-2 is a unique caspase with the functions of 

both the initiator and the effector [69]. As an initiator caspase, the activation of caspase-2 in 

response to apoptotic stresses can open up the pores of the mitochondrial membrane and 

trigger the release of cytochrome c from mitochondria, regulate the activities of effector 

caspases (e.g., caspase-3, -7) and induce the generation of tBid to induce apoptosis. Caspase-2 

functions as an effector caspase similar to the executioner caspase-3 and caspase-7, which 

directly cause apoptosis [70]. Caspase-8 is also an initiator caspase responsible for cleavage 

and activation of the effector caspases. Caspase-8 is activated when bound to DISC [71] and 

it subsequently causes the effector caspase activation to cause cell apoptosis through the death 

receptor-dependent pathway [63, 64]. Additionally, Golgi apparatus is also found to be 

associated with genglioside GD3 synthesis. The ceramide is often converted by GD3 synthase 

to GD3. GD3 can shuttle mitochondria, and subsequently trigger mitochondrial membrane 

permeabilization, and induce apoptosis [69]. Recently, Ferri and Kroemer found that the 

Golgi apparatus-specific apoptotic pathway existed in various biological systems. Brefeldin 

A, an agent disrupting the Golgi apparatus, was confirmed to be an effective apoptosis 

inducer through mitochondrial dysfunction and caspase activation [72]. Moreover, effective 

inhibition of Golgi fragmentation and dispersal can decrease or delay cell apoptosis, 
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suggesting the crucial role of Golgi apparatus in cell apoptosis [68]. Interestingly, Matroule et 

al. found that photosensitizer pyropheophorbide-a methyester, could accumulate in several 

intracellular organelles such as ER, lysosomes and the Golgi complex, and the 

photosensitizer-mediated PDT-induced damage on the Golgi apparatus were very important 

in the induction of apoptotic cell death. These findings indicated that the Golgi apparatus was 

a novel target of PDT in tumor cells [73]. In order to clarify the role of the Golgi apparatus in 

PDT-induced apoptosis, Ogata et al. used 2,4,5,7-tetrabromorhodamine 123 bromide (TBR) 

which only incorporates into the Golgi apparatus as a photosensitizer. Their results showed 

that TBR-mediated PDT effectively induced apoptosis of HeLa cells and Golgi dysfunction 

played an important role in apoptotic signaling triggering by TBR-induced PDT [27].   

Golgi apparatus is a target organelle where hypericin preferentially accumulates [62, 74, 

75]. Upon light radiation, the production of highly reactive oxygen species from the 

photosensitization of hypericin on the membrane of the Golgi apparatus causes the breakage 

of the Golgi membrane to release the apoptosis-associated molecules, for example, caspase-2, 

caspase-8, and so on. These apoptosis-associated molecules activate the downstream effector 

caspases in the cytosol or act directly as an effector caspase to initiate the mitochondria-

dependent or death receptor-dependent pathway to induce apoptosis of the treated cells. 

However, no direct evidence has been reported on the Golgi apparatus‟ role in the bioeffect of 

hypericin-induced PDT. In view of the abovementioned facts from our perspective, the Golgi 

apparatus is an indispensable organelle for clarifying the mechanisms of hypericin-mediated 

PDT on tumors. Therefore, the exact mechanism should be determined in our following 

investigations. 
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ABSTRACT 
 

In eukaryotes the delivery of newly synthesized proteins to the extracellular space, 

the plasma membrane and the endosome/lysosomal system is dependent on a series of 

functionally distinct compartments, including the endoplasmic reticulum, the Golgi 

apparatus and carrier vesicles. This system plays a role in the post-translational 

modification, sorting and distribution of proteins to their final destination. Most cargo is 

sorted within, and exits from, the trans-Golgi network (TGN). Proteins delivered to the 

endosomal/lysosomal system include a large and diverse class of hydrolytic enzymes and 

nonenzymic activator proteins. They are directed away from the cell surface by their 

binding to mannose-6-phosphate receptors (MPR). Surprisingly, in I-cell disease, in 

which the MPR pathway is disrupted, the nonenzymic sphingolipid activator proteins 

(SAPs), prosaposin and GM2AP, continue to traffic to the lysosomes. This observation 

led us to the discovery of a new lysosomal sorting receptor, sortilin. Both prosaposin and 

GM2AP are secreted or targeted to the lysosomes through an interaction of specific 

domains with sortilin. In the case of prosaposin, deletion of the C-terminus did not 

interfere with its secretion, but abolished its transport to the lysosomes. Our 

investigations also showed that while the lysosomal isomer of prosaposin (65kDa) is 

Endo H-sensitive, the secretory form (70kDa) is Endo H-resistant. Since the processing 

pathway within the Golgi apparatus is highly ordered, this Endo-H analysis permitted us 

to distinguish a sorting sub-compartment where a significant fraction of prosaposin exits 

to the endosomal/lysosomal system prior to achieving full glycosylation and Endo-H 

resistance. Mutational analysis revealed that the first half of the prosaposin C-terminus 

(aa524-540) contains a saposin-like motif required for its binding to sortilin and its 

transport to the lysosomes. Additionally, a chimeric construct consisting of albumin and a 
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distal segment of prosaposin, which included its C-terminus, resulted in the routing of 

albumin to the lysosomes. Based on previous observations showing that the lysosomal 

trafficking of prosaposin and chimeric albumin required sphingomyelin, we tested the 

hypothesis that these proteins, as well as sortilin, are associated with detergent-resistant 

membranes (DRMs). Our results demonstrated that indeed sortilin, prosaposin and 

chimeric albumin are found in DRMs, and that the sorting of prosaposin to DRMs 

depends upon the interaction of its C-terminus with sortilin. In conclusion, we have 

identified a specific segment in the C-terminus of prosaposin, as well as amino acid 

residues that are critical to the binding of prosaposin to sortilin and its subsequent 

lysosomal trafficking. The identified sequence may permit the development of new 

therapeutic approaches for the targeting of proteins with anti-pathogenic properties to 

penetrate the cell via the endocytic pathway.  

 

 

I. EVOLUTIONARY SORTING SYSTEMS IN THE TGN  
 

The need to sort proteins between compartments, to the plasma membrane and the 

extracellular space arose with the development of eukaryotes approximately 2.7 billion years 

ago [1]. This additional complexity, not present in prokaryotes, is a consequence of the 

presence of membrane-bound organelles. To cope with the resultant intricacies, a series of 

functionally distinct compartments, including the endoplasmic reticulum, the Golgi apparatus 

and transport vesicles evolved to sort proteins destined for secretion or intracellular transport, 

including to the lysosomes [2, 3].  

In mammalians, the mannose 6-phosphate receptors (MPRs) are the canonical sorting 

receptors responsible for the transport of newly synthesized soluble hydrolases destined for 

the lysosomes [4]. Two forms of the MPR exist, the 46 kDa cation-dependent (CD) MPR and 

the 300 kDa cation-independent (CI) MPR [5, 6]. Although there is only modest homology 

between these two MPRs (~20%), it is accepted that both MPR genes arose from a common 

ancestor. It has been suggested that the more complex CI-MPR originated from multiple 

duplications of a single common ancestral gene [7-9]. The MPRs have been described in 

chickens, amphibians, and reptiles. Although not well characterized, a putative MPR has also 

been reported in invertebrates [10-12]. However, at present, given the lack of information, it 

remains difficult to confirm the point of origin in which the ancestral MPR gene appeared 

during evolution [13]. Nonetheless, recent findings have demonstrated that the MPR is 

present and fully functional in ancient teleosts which appeared during the Triassic period over 

200 million years ago [13, 14]. As eukaryotes and the need to sort proteins arose at a much 

earlier point in time, the MPR would either need to have arisen before the Triassic period, or 

another more ancient sorting receptor must exist. 

The quest for sorting receptors in yeast and plants resulted in the discovery of the Vps10p 

and the BP80 receptors [15, 16]. The Vps10 receptor family is a novel class of heterogeneous 

type-I trans-membrane receptors which includes sortilin (100 kDa), Vps10p (160 kDa), 

SorLA (250 kDa), and SorCS1-3 (130kDa) [17]. Vps10 family members all have names 

beginning with the pre-fix “sor” which is an abbreviation of “sorting receptor related” and 

highlights the functional role of these proteins [18]. These receptors have a diverse pattern of 

expression in many tissues and are responsible for the targeting of a variety of different 

ligands [19-24]. The explanation for the existence of multiple lysosomal sorting pathways 

may be evolutionary. As Vps10 domain containing proteins are found in a variety of simple 
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organisms such as Dictyostelium, Neurospora, and Metarhizium, it is probable that sorting 

pathways involving these receptors arose before that of the MPR [25]. 

Sortilin, a well-studied member of the Vps10 family, is a 100 kDa sorting receptor that is 

highly expressed in the brain, testis and skeletal muscle [24]. While sortilin was known to 

bind and internalize proteins at the cell surface, our laboratory was the first to identify 

intracellular ligands, namely, prosaposin and the GM2AP, that require sortilin for their 

intracellular transport to the lysosomes [21, 26].  

This chapter will focus on the pathways and processes involved in regulating the sorting 

of prosaposin and GM2AP from the TGN to the lysosomes. Specifically, we will examine 

sortilin, the sorting receptor responsible for the lysosomal transport of prosaposin and GM2AP, 

as well as the sequences that mediate their interaction, post-translational modifications, and 

localization to detergent-resistant membranes (DRMs). A better understanding of the 

mechanisms involved in the targeting of these proteins to the lysosomes may permit the 

development of new therapeutic approaches to target proteins with anti-pathogenic properties 

to the endocytic compartment. 

 

 

II. THE FUNCTION OF LYSOSOMAL PROTEINS 
 

Overview 
 

It is well known that the plasma membrane of mammalian cells continuously flows and 

recycles between the cell surface and organelles through a vesicular system [27]. During 

endocytosis, small portions of the plasma membrane bud into coated and none coated pits, 

which are internalized as vesicles and transported from the cell surface to the 

endosomal/lysosomal system [28]. Lysosomes are the major degradation compartments in 

eukaryotic cells and contain a large variety of acid hydrolases to digest proteins, lipids, 

nucleic acids, and carbohydrate molecules [29]. In the lysosomes, part of the plasma 

membrane is incorporated in the lysosomal membrane, and is protected from the action of 

hydrolases due to the presence of a thick sugar coat on the luminal surface of the membrane 

surrounding these organelles [30, 31]. This coat corresponds to the carbohydrate portion of N-

glycosylated lysosomal integral membrane proteins (LIMPs) and lysosomal associated 

membrane proteins (LAMPs) [30, 31]. Eventually, part of the internalized membrane recycles 

back to the cell surface carrying certain receptors that escape from degradation [27]. This 

recycling process enhances the ability of the cell surface to internalize ligands and other 

materials [27]. However, a subset of plasma membrane is destined for degradation by 

lysosomal hydrolases [32]. As a consequence, some regions of the lysosomal membrane 

invaginate into the lumen of the endosomes and multivesicular bodies to form intra-

endosomal vesicles [28]. The convex curvature of these small vesicles (40-100 nm in 

diameter) favors the spreading of head groups of the glycosphingolipids on the outer leaflet of 

intra-endosomal/lysosomal vesicles membrane and makes them more easily accessible for the 

lysosomal hydrolases [33]. Due to an endosomal pH decrease, the composition of the internal 

membrane changes and most of the membrane-stabilizing cholesterol is removed [34, 35]. Bis 

(monoacylglycero) phosphate (BMP), a negatively charged phosphate lipid which favors a 

strong curvature, is also increased to facilitate the membrane degradation [34, 35]. Through 
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this digestive process, glycosphingolipids are cleaved into small molecules by glycosidases, 

with the stepwise release of sphingosine, fatty acid, monosaccharides, glycerol, sulfate and 

sialic acids [36].  

Lysosomal glycosidases are water-soluble enzymes with the ability to bind to negatively-

charged membrane or water-soluble substrates [36]. They are also able to digest membrane-

bound substrates with long sugar chains that reach the aqueous phase [37]. However, 

glycosphingolipids with short oligosaccharide side chains (four or less sugar residues) cannot 

access the active sites of the glycosidases [28]. Their degradation requires sphingolipid 

activator proteins (SAPs) and negatively charged lysosomal lipids, which disturb the 

membrane structure, extract the sphingolipids from the membrane and expose them to the 

glycosidases [38, 39]. 

 

 

Lysosomal Functions of Sphingolipid Activator Proteins (SAPs) 

 

Five SAPs have been described: the GM2AP and four saposins [40, 41]. The GM2AP is a 

17.6kD glycoprotein in its deglycosylated form and is encoded by a gene on chromosome 5 

[42, 43]. It acts as an essential activator for the degradation of GM2 by N-acetyl-β-

hexosaminidase A [44]. During the process of hydrolysis, GM2AP helps the enzyme to cleave 

a GalNAc and a NeuAc residue from GM2 and convert this glycosphingolipid to GM3 [45]. 

It has been proposed that N-acetyl-β-hexosaminidase A and sialidase cannot cleave GM2 

gangliosides on membrane surfaces because the oligosaccharide of the glycosphingolipids 

does not extend far enough into the aqueous phase [39]. The GM2AP appears to contain a 

hydrophobic cavity that harbors the ceramide moiety of GM2 ganglioside [39]. According to a 

proposed model, the GM2AP inserts into the bilayer of intra-lysosomal vesicles, lifts the GM2 

ganglioside out of the membrane, and presents it to the active site of β-hexosaminidase A 

[39]. In fact, the GM2AP shows strong ability to bind to acidic glycosphingolipids, including 

gangliosides and sulfated glycosphingolipids [45]. The negatively charged sugar residues or 

sulfate groups in gangliosides appear to be important for the binding to GM2AP [45].  

The other four activator proteins are the saposins, which are individually termed saposin 

A, B, C and D. Saposins are acidic, heat-stable glycoproteins with a size of 13 to 15 kDa [46]. 

They are derived from a common precursor, prosaposin, encoded by a gene on chromosome 

10. In the central segment of the prosaposin backbone, the saposins are arranged in tandem 

and classified as B-type domains [47, 48]. All four saposins show homology to each other 

[49], however, they have different substrate specificities [48]. Saposin A is required for the 

degradation of galactosylceramide by galactosylceramidase [50]. Saposin B shows a broader 

specificity, but mainly for sulfatide by arylsulfatase A in vivo [36]. Saposin C is required for 

the lysosomal degradation of glucosylceramide by glucosylceramidase, and saposin D 

stimulates lysosomal ceramide degradation by acid ceramidase [51, 52]. 

Inherited deficiencies of SAPs lead to the accumulation of undegradable membranes 

within the lysosomal compartment and to the development of lysosomal storage disorders 

(LSD), such as Krabbe disease (saposin A deficiency), metachromatic leukodystrophy 

(saposin B deficiency), and Gaucher‟s disease (saposin C deficiency) [53-56]. Deficiency of 

the GM2AP blocks the degradation of GM2 ganglioside and results in an AB variant GM2-

gangliosidosis, characterized by the accumulation of GM2 and GA2 gangliosides in the 
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lysosomes of neuronal cells [57]. Therefore, a complex but necessary mechanism that 

regulates the selective degradation of glycosphingolipids of short oligosaccharides side chains 

is critical for membrane catabolism. Thus, SAPs are essential factors in membrane turnover 

that function by facilitating the catalysis of certain sphingolipids by their specific hydrolases.  

 

 

III. SORTING OF LYSOSOMAL PROTEINS 
 

Lysosomal transport occurs by two separate mechanisms depending on the physical 

nature of a protein. Integral membrane proteins interact directly with adaptor proteins to 

recruit clathrin and traffic to the lysosomes whereas soluble proteins must interact with trans-

membrane lysosomal sorting receptors which in turn mediate lysosomal transport. The MPRs 

and sortilin are the major sorting receptors involved in Golgi to lysosomal trafficking. 

 

 

The Mannose-6-Phosphate Receptors (MPRs) 
 

The MPRs are responsible for routing most soluble proteins to the lysosomes [4]. MPR 

ligands comprise most soluble hydrolases, including cathepsins and various sulfatases, IGF-

II, pro-renin, renin, granzyme B, proliferin, retinoic acid, uPAR, and plasminogen [4, 58-64]. 

While both the CD- and CI-MPR are implicated in lysosomal sorting, the CI-MPR is the 

dominant lysosomal targeting receptor for soluble hydrolases [65, 66]. The recognition of 

proteins by the MPR occurs in the TGN and is dependent upon the presence of a mannose 6-

phosphae (M6P) residue on the newly synthesized enzyme [67-69]. The addition of the M6P 

tag occurs in a two-step process initiated by the addition of N-acetylglucosamine-1-phosphate 

to mannose residues by an N-acetylglucosamine-1-phosphotransferase [70, 71]. Trimming of 

N-acetylglucosamine residues by N-acetylglucosamine-1-phosphodiester -N-

acetylglucosaminidase results in the exposure of the M6P tag [72]. The M6P tag and the 

soluble protein are then ready for recognition and trafficking by the MPR. The receptor-

ligand complex remains intact and is transported to the endosomal compartment wherein the 

acidic environment causes dissociation of the ligand from the MPR [73].  

 

 

Sortilin 
 

While it is clear that the MPR is the canonical lysosomal sorting receptor, it is equally 

evident that an alternative pathway also exists for certain lysosomal proteins. Multiple lines of 

evidence support this theory, including that of fibroblasts from patients with mucolipidosis 

type II/I-Cell disease (ICD). Patients with ICD lack a functional MPR sorting pathway as a 

result of a mutation of the UDP-N-acetylglucoasmine-1-phosphotransferase that is 

responsible for the addition of M6P residues. Despite this, certain soluble lysosomal proteins, 

such as the SAPs and cathepsin D, are transported to the lysosomes [71, 74]. Moreover, 

metabolically labeled rat hepatocytes revealed that despite the presence of an M6P tag, 

cathepsin H was secreted into the medium with no correlate targeting to the lysosomes [75]. 

Similarly, competition assays demonstrated that the addition of exogenous M6P did not alter 
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the subcellular localization of cathepsin K. Cathepsin L may also traffic to the lysosomes 

independently of the MPR. While an M6P is present on cathepsin L, this soluble lysosomal 

hydrolase was found to have low affinity to the MPR and depend on a proteinaceous signal 

for its sorting [76-78]. These results provide further evidence of an MPR-independent 

pathway [79]. Recently, the sortilin sorting receptor has been implicated in MPR-independent 

trafficking [21, 80, 81]. 

Sortilin, also known as the neurotensin receptor-3, is a member of the Vps10 family of 

sorting receptors. Sortilin is a 100 kDa protein composed of a luminal/extracellular region 

containing a cysteine-rich domain Vps10 domain, a trans-membrane domain and a short 

cytosolic domain that contains a signal for rapid internalization and trafficking [17, 26, 82]. 

The luminal domain of sortilin contains a furin cleavage site (RWRR) that when recognized 

in the Golgi apparatus results in the conversion of sortilin to its mature form. The cleaved 

propeptide segment interacts with the processed receptor and competes with RAP and 

neurotensin for binding to sortilin. The interaction of the propeptide with sortilin has been 

hypothesized to favour the proper folding of sortilin, as well as functioning as a molecular 

safeguard against the formation of death-signalling protein complexes involving sortilin [17, 

23]. Within the cell, sortilin is localized primary to the TGN, however approximately 10% of 

the receptor may be found at the cell surface. Thus, sortilin is implicated in the sorting of 

ligands to various intracellular locations [24]. Proteins sorted by sortilin include: neurotensin, 

nerve growth factor precursor (pro-NGF), lipoprotein lipase (LpL), SAPs, acid 

sphingomyelinase, and cathepsins D and H [21-24, 80, 81]. The cytoplasmic domain of 

sortilin is essential in mediating the localization of this receptor as well as in its ability to 

appropriately sort proteins. The cytosolic domain of sortilin is highly homologous to that of 

the CI-M6PR. This segment contains both YXX (Tyr- any two amino acids- bulky 

hydrophobic amino acid) and DXXLL (dileucine) sorting motifs that are required for 

endocytosis and Golgi to endosomal sorting. These sorting motifs function by recruiting and 

interacting with the necessary adaptor proteins and complexes [82-84].  

 

 

Adaptor Proteins – Overview 
 

Sorting of proteins to appropriate cellular locations depends upon adaptor proteins. 

Adaptor proteins provide a link between sorting receptors, like the MPRs and sortilin, and 

cytoplasmic components implicated in cellular targeting such as clathrin, Arf1, -synergin, 

epsinR, and others [85]. Transport between the TGN and the endosomal compartment may be 

divided into two distinct processes, forward transport, known as anterograde trafficking, and 

reverse or retrograde transport from the endosomes to the TGN.  

 

 

Adaptor Proteins - Anterograde Transport 
 

Based upon their structure, two general classes of adaptor proteins have been 

demonstrated to be essential in the trafficking of proteins between the TGN and the 

endosomes, namely the multimeric adaptor proteins and the monomeric adaptor proteins also 
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termed Golgi-localized, -ear containing, Arf binding proteins (GGAs) [86, 87]. The 

multimeric adaptor protein (AP) family includes AP-1, AP-2, AP-3, and AP-4 [88]. 

To be sorted from the Golgi apparatus, the MPRs and sortilin must bind to GGAs [89]. 

The GGAs are a family of three similar proteins (GGAs 1, 2 and 3) that were first identified 

in a database search for AP subunit homologues [87, 89, 90]. GGAs are composed of four 

domains: an N-terminal VHS domain, a GAT domain, a hinge domain, and an EAR domain 

[91]. These proteins range in size from 60-80kDa.  

The VHS domain is implicated in mediating the interaction of the GGA adaptors with the 

cytoplasmic tails of sortilin and the MPR through a DXXLL motif found in these sorting 

receptors [82, 84, 92]. The GAT domain, the most highly conserved domain, interacts with 

GTP-bound Arfs to mediate the recruitment of GGAs to the Golgi membrane [87, 93]. The 

GGA hinge domain interacts with clathrin, whereas the EAR domain binds vesicular coat 

proteins such as clathrin, -synergin, p56, and rabaptin-5 [87, 94]. 

GGAs are essential for the transport of sortilin and the MPRs from the TGN to the 

endosomes [21, 82].  

A dominant-negative GGA-3 construct lacking the hinge and ear domains abrogated 

transport of sortilin from the TGN and in fact resulted in its accumulation in the perinuclear 

region [21]. Depletion of the guanine nucleotide exchange factor (GEF), GBF1, has been 

suggested to inhibit the recruitment of GGAs to the cis- and mid-Golgi compartments and the 

normal processing of prosaposin [95]. However, the prevailing view is that GBF1 is in fact 

involved in ER-to-Golgi trafficking via the regulation of COPI recruitment in the early 

secretory pathway [96-98]. Thus, it is likely that another GEF may be involved in the 

recruitment of GGAs to the TGN. 

The multimeric adaptor proteins, and in particular AP-1, are also involved in the 

anterograde transport of sortilin and the MPR. AP-1, like the other multimeric adaptor 

proteins is composed of four subunits: two large subunits (, , , or , and ), a medium 

subunit (), and a small subunit (). The four subunits organize into globular structures, 

wherein the core is composed of the N-termini of the large subunits and the medium and 

small subunits. The C-terminal domains of the two large subunits form the “ears” of the 

adaptor protein [99].  

 

 

Figure 1. Functions of the TGN. 1) Terminal glycosylation of (70 kDa) prosaposin and sorting to the 

secretory system; 2) Sorting of lysosomal (65 kDa) prosaposin by sortilin; 3) Recruitment of accessory 

proteins such as the GGAs and APs; 4) Site of action of GEF proteins; 5) Recruitment of clathrin; 6) 

Formation of sortilin/prosaposin complexes destined to the endosomes (forward transport); 7) Site of 

entry of sorting receptors via retromer (reverse transport). 
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AP-1 exists in two isoforms: AP1-A and AP-B. AP-1A plays an important in sorting 

events that occur at the TGN, whereas AP-1B is implicated in sorting integral membrane 

proteins from the TGN or endosomes to the basolateral domains [100].  

The  subunit of AP-1 contains a YXX motif that has been demonstrated to mediate an 

interaction with cytosolic tail of the MPR [101-103]. Given the high degree of homology 

between the cytosolic domains of sortilin and the MPR, investigations were conducted to 

determine if AP-1 is implicated in sortilin sorting. Residues 789-799 of sortilin were found to 

mediate an interaction with the subunit of AP-1 and siRNA inhibition of AP-1 resulted in 

the abrogation of the lysosomal transport of sortilin and its accumulation in the TGN. Thus, 

AP-1 is essential in the anterograde trafficking of sortilin [103]. Despite this, in the past there 

has been controversy over the exact role of GGAs and APs in mediating TGN to endosomal 

sorting [21, 104]. Much of the controversy arose from findings that fibroblasts deficient in the 

 subunit of AP-1 have normal Golgi to endosomal sorting [105]. However, it now appears 

likely that GGAs and AP-1 function together to recruit cargo and that AP-1 then mediates 

transport. Evidence for this model includes findings that AP-1, but not GGAs, are enriched in 

purified clathrin-coated vesicles, and that the membrane association of AP-1 is stable while 

that of the GGAs is transient [86, 89]. However, it is now clear that both GGAs and AP-1 are 

important for the efficient delivery of sorting receptors and their cargo to the lysosomes 

(Figure 1). 

 

 

Adaptor Proteins - Retrograde Transport 
 

The recycling of sorting receptors is essential for the normal function of lysosomes [106, 

107]. The pentameric retromer complex is an important mediator of recycling for the MPR, 

Vps10p and sortilin sorting receptors from the endosomes to the TGN [103, 107, 108]. The 

mammalian retromer complex is composed of Vps26, Vps29, Vps35 and sorting nexins 1 and 

2 (SNX1 and SNX2) subunits [106, 109, 110]. The Vps35 and Vps26 subunits are responsible 

for the interaction of the complex with sorting receptors, whereas other subunits are 

implicated in interactions with the endosomal membrane [107, 108, 111]. Several conserved 

sequences have been demonstrated to mediate the interaction of retromer with the MPR and 

sortilin sorting receptors. Mutation of a WLM motif in the cytosolic tail of the MPR 

attenuated its ability to interact with retromer, as well as its ability to be recycled to the TGN, 

leading to its rapid degradation. In the cytosolic tail of sortilin, a similar motif, FLV, was 

postulated to mediate the interaction of sortilin with retromer [107]. Yeast Two-Hybrid 

experiments demonstrated that amino acids 789-799, a segment that does not contain the FLV 

segment, are involved in the interaction of sortilin and the Vps35 subunit of retromer [103]. 

Instead, amino acids 789-799 contained a YXX sorting motif. Furthermore, mutation of 

Y14 or L17 inhibited the ability of sortilin to interact with retromer. Knock-downs of the 

Vps26 subunit resulted in the depletion of sortilin in the Golgi apparatus, indicating that a 

functional retromer complex is required for the recycling of sortilin from the endosomes to 

the TGN [103]. However, there are other mediators of receptor recycling. Examples of these 

include syntaxins 5 and 16. SiRNA inhibition of these proteins resulted in the blockage of 

MPR recycling and an increase in its degradation. Similarly, PACS-1, TIP-47, and epsinR 



Role of the Trans-Golgi Network (TGN)… 125 

have been demonstrated to mediate recycling from the endosomal compartment [82, 112, 

113].  

 

 

IV. PROSAPOSIN TRAFFICKING 
 

Overview 
 

Prosaposin is a glycoprotein with different functions and destinations. Prosaposin is 

synthesized in the ER as a 53 kDa protein and post-translationally modified to a 65 kDa form 

after the addition of high mannose [114-116]. In the TGN, this protein is further glycosylated 

to a 70 kDa secretory form that is found in various fluids (Figures 1 and 2A). In the nervous 

system, secretory prosaposin may function as a neurotrophic factor [117]. Unlike the 70 kDa 

form, the 65 kDa protein is associated with the membrane of the Golgi apparatus, where it is 

sorted and targeted to lysosomes (Figures 1 and 2B) [118]. In fact, permeabilization of Golgi-

enriched fractions with saponin liberated the 70 kDa form but not the 65 kDa protein, and 

excess free M6P did not release lysosomal prosaposin from Golgi membranes (Figure 2B) 

[118]. Furthermore, quantitative electron microscopy demonstrated that the lysosomal content 

of prosaposin increased significantly after administration of tunicamycin [118]. These results 

constituted the first clear indication that the trafficking of the 65 kDa form of prosaposin to 

the lysosomes was independent of the MPR pathway.  

One of the main mechanisms for regulating the sorting of secretory proteins within the 

TGN is their selective aggregation in response to a mild acidic pH and an elevated Ca
2+

 

concentration [119].  

The 70 kDa form of prosaposin was found to aggregate within the permeabilized Golgi 

fractions in a pH and Ca
2+

 dependent manner (Figures 2C and D). Enriched Golgi fractions 

incubated at pH 5.4 and 7.4 with saponin released the 70 kDa form, whereas a pH of 6.4 

caused retention of this protein (Figure 1D). Thus, prosaposin is initially glycosylated as a 

membrane-associated 65 kDa protein which can either be transported to the lysosomes or 

further processed into a highly glycosylated 70 kDa form. The 70 kDa protein readily 

aggregates within the TGN and is then secreted, possibly in a regulated manner.  

The 65 kDa isomer is transported to the lysosomes and submitted to partial proteolysis 

resulting in four smaller non-enzymatic saposin molecules which are implicated in the 

hydrolysis of sphingolipids [120-122]. The Golgi apparatus, however, is not only responsible 

for accomplishing the molecular sorting of the 70 kDa form, but also for decoding the 

lysosomal sorting signal from the amino acid backbone of the 65 kDa form of prosaposin.  

The identification of the prosaposin region involved in this interaction was found in our 

laboratory by mutational deletion of each of the four known saposin functional domains and 

the highly conserved N- and C- termini of prosaposin [49, 116]. The truncated cDNAs were 

subcloned into pcDNA3.1B expression vectors and transfected into COS-7 cells.  

The myc-tagged truncated proteins were detected by immunofluorescence using anti-myc 

antibody, followed by a secondary FITC conjugated goat anti-mouse antibody [116]. We 

found that deletion of the C-terminus did not interfere with the routing of prosaposin to the 

extracellular compartment but abolished its transport to lysosomes.  
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Deletion of each of the saposin regions and N-terminal domain did not affect the 

lysosomal or secretory routing of prosaposin [116].  

 

 

Figure 2. Effect of Golgi permeabilization on prosaposin under different experimental conditions. A) 

Time course labeling of prosaposin in Sertoli cells. Lanes A, B,C, D and E, represent 30, 60, 120, 180 

and 240 min respectively after exposure to 
35

S-cysteine. The 70 kDa form of prosaposin represents a 

post-translational modification of the 65 kDa polypeptide. B) Golgi fractions of Sertoli cells 

permeabilized at pH 7.4 in the presence or absence of M6P and immunoprecipitated with prosaposin 

antibody. Permeabilization in presence of free M6P did not release the 65 kDa form indicating that it is 

not associated with the MPRs. C) Permeabilization at pH 6.4 caused the retention of the 70 kDa form. 

EDTA released the 70 and 65 kDa forms, indicating that the aggregation of the 70 kDa protein at pH 

6.4 is selective and enhanced in presence of calcium ions. D) Permeabilization of Golgi fractions at 

neutral pH (7.4) released the 70 kDa form, but not the 65 kDa form of prosaposin. Permeabilization at 

pH 6.4 or lower caused the retention of the 70 kDa. These results suggest that the 70 kDa protein 

aggregates in the TGN. (Reproduced with permission from Igdoura S.A., Rasky A., Morales C.R. 

Trafficking of sulfated glycoprotein-1/prosaposin to lysosomes or to the extracellular space in rat 

Sertoli cells. Cell Tiss. Res. 283: 385-394, 1986) 

To determine whether the C-terminus alone was sufficient for the intracellular targeting 

of this protein, a chimeric construct encoding the full-length albumin plus the C-terminus of 

prosaposin (Alb/COOH) was engineered and subcloned into the pcDNA3.1B vector, and 

transfected into COS-7 cells. A wild type albumin cDNA was also prepared as a control 

(Alb). After transfection, cells were immunostained with anti-myc antibody, followed by a 

secondary FITC conjugated goat anti-mouse antibody. The cells were simultaneously stained 

with the lysosomal marker LysoTracker. The results showed that the C-terminus alone was 

insufficient to target the chimeric construct to the lysosomes [116].  

Based on this result and on the mutational analysis of prosaposin, we hypothesized that 

perhaps one or more saposin domains are required, along with the C-terminus to direct 

albumin to the lysosomes. To test this hypothesis, a chimeric protein was engineered by 

fusing an albumin cDNA with a cDNA sequence encoding the domain D and the C-terminus 
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of prosaposin (Alb/D/COOH). In addition, an albumin fusion protein containing domains C 

and D plus the C-terminus of prosaposin (Alb/C/D/COOH) was also constructed.  

In these cases, the anti-myc antibody yielded a punctuate reaction (Figure 3) which 

overlaid with LysoTracker staining. Western blotting with anti-myc antibody confirmed the 

expression of wild type and chimeric albumin proteins. This observation indicated that the C-

terminus and at least one saposin domain was required to direct albumin to the lysosomal 

compartment [116].  

 

 

Figure 3. Targeting of albumin/prosaposin chimeric proteins to lysosomes. COS-7 cells were 

transfected with albumin, albumin-prosaposin-C-terminus (Alb+PSAP-C-term), and albumin-

prosaposin-D-domain followed by the C-terminus (Alb+PSAP-D and C-term) constructs linked to myc. 

The cells were stained with anti-myc (green fluorescence) and counter stained with Lyso-Tracker (red 

fluorescence). The punctuate reaction obtained with anti-myc in Alb+PSAP-D and C-term overlapped 

with Lysotracker and demonstrating that the prosaposin D domain followed by the C-terminus is 

required for the transport of albumin to lysosomes. (Reproduced with permission from Zhao Q., 

Morales C.R. Identification of a novel sequence involved in lysosomal sorting of the sphingolipid 

activator protein prosaposin. J. Biol. Chem. 275: 24829-24839, 2000) 

Strong evidence from other laboratories also supported the hypothesis that prosaposin 

was targeted to lysosomes in a MPR-independent manner [74, 118, 123]. Evidence for a 

MPR-independent transport of prosaposin included experiments in cultured cells incubated 

with fumonisin B1, an inhibitor of sphingolipid synthesis that competes with sphinganine as a 

substrate of ceramide synthase [124]. This treatment produced a dramatic decrease in the 

immunogold labeling of lysosomes with anti-prosaposin antibody [124].  
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To examine if the MPR-mediated pathway was affected by this treatment, cells treated or 

not with fumonisin B1 were labeled with anti-cathepsin A antibody. The results showed no 

significant differences in the immunogold labeling of the lysosomal compartment of the 

treated and untreated cells indicating that the effect of fumonisin B1 on the transport of 

prosaposin to the lysosomes was specific [124]. The effect of DL-threo-1-phenyl-2-decanoyl-

amino-3-morpholino-1-propanol-HCL (PDMP), a compound that selectively inhibits the 

synthesis of glycosphingolipids, but not of sphingomyelin and/or ceramide, and the effect of 

tricyclodecan-9-yl xanthate potassium (D609), which specifically blocks the formation of 

sphingomyelin [125] were also examined. The results showed that only D609 blocked the 

transport of prosaposin to the lysosomes, suggesting that sphingomyelin was the main 

sphingolipid implicated in the trafficking of prosaposin to the lysosomes [124]. Taken 

together, these observations suggested that the 65 kDa lysosomal isomer remained associated 

to an alternative receptor possibly on discreet membrane microdomains such as lipid rafts. 

 

 

Sortilin-Mediated Sorting of Prosaposin 
 

The sortilin sorting receptor was demonstrated to be responsible for mediating the 

transport of prosaposin to the endosomal compartment [21]. This was determined using a 

dominant-negative competition assay and co-immunoprecipitation (Co-IP). In the dominant-

negative experiments, a truncated sortilin construct lacking its cytosolic domain that is 

required to bind and recruit adaptor proteins was over-expressed in COS-7 cells. This 

construct abolished the ability of prosaposin to traffic to the lysosomes and resulted in its 

retention in the Golgi apparatus. Despite this, a majority of prosaposin was secreted into the 

extracellular medium suggesting that upon saturation of the sortilin receptors with ligand, 

prosaposin may enter a default secretory pathway. The effect of the truncated sortilin 

construct was specific, as trafficking of cathepsin B, a ligand of the MPR, was unaffected. To 

validate these findings, the lysosomal trafficking of prosaposin was examined in cells 

deficient in sortilin. This was achieved by the knockdown of sortilin using siRNA. As 

expected, in sortilin-deficient cells prosaposin was not routed to the lysosomal compartment. 

Rather, pulse-chase analysis revealed that in these cells, prosaposin secretion was augmented. 

The ability of prosaposin to interact directly with sortilin was assessed using an in vitro Co-IP 

assay. Prosaposin, full-length, and truncated sortilin were translated in vitro using a 

reticulocyte lysate system. Prosaposin was then incubated with either full-length or truncated 

sortilin and Co-IP performed. The results demonstrated that prosaposin immunoprecipitated 

both full-length and truncated sortilin. Cathepsin B however did not immunoprecipitate either 

form of sortilin. Thus, sortilin was demonstrated to interact directly with prosaposin and be 

required to mediate the transport of this SAP to the lysosomal compartment [21].  

 

 

Prosaposin Processing in the Golgi Apparatus 
 

Effect of Endo H Treatment 

The processing of glycoproteins within the Golgi apparatus is highly ordered and 

treatment with endoglycosidase H (Endo H) is frequently used to distinguish complex from 

high mannose and hybrid oligosaccharides linked to glycoproteins [73, 126]. The difference 
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between the 65 kDa and 70 kDa forms of prosaposin reflects variations in its glycosylation 

state [127]. Thus, to determine the structures of the N-linked carbohydrates and the potential 

sorting compartment of prosaposin within the Golgi apparatus, Endo H digestion was 

performed on immunoprecipitated proteins with an anti-myc antibody from lysates of COS-7 

cells transfected with a prosaposin-myc construct. The results revealed that the 65 kDa 

protein was converted into smaller peptides bands [127].  

 

 

Figure 4. Effects of Endo H and BFA treatments. A) COS-7 cells transfected with prosaposin-myc were 

labeled with Tran 
35

S-label and chased for 2 hours. Cell lysates and culture medium were 

immunoprecipitated with anti-myc antibody and incubated with Endo H. While the 65 kDa protein was 

converted to smaller peptides bands, the 70 kDa protein was resistant to Endo H treatment. The 70 kDa 

isomer immunoprecipitated from the medium was also Endo H resistant. B) COS-7 cells transfected 

with prosaposin-myc were labeled with Tran 
35

S-label and grown in presence or absence (control) of 

BFA. BFA caused intracellular retention of the 65 kDA protein. In control cells, the 65 kDa protein 

decreased intracellularly, while the 70 kDa increased in the medium. (Reproduced with permission from 

Zhao Q., Morales C.R. Identification of a novel sequence involved in lysosomal sorting of the 

sphingolipid activator protein prosaposin. J. Biol. Chem. 275: 24829-24839, 2000) 
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On the other hand, the band corresponding to the 70 kDa protein was resistant to Endo H 

treatment (Figure 4A). Similarly, the 70 kDa secretory protein immunoprecipitated from the 

medium was Endo H resistant (Figure 4B) [116]. This observation suggested that while the 65 

kDa lysosomal form of prosaposin exited from the medial Golgi compartment and/or from a 

distinct region of the TGN, the 70 kDa protein traversed the Golgi apparatus acquiring 

terminal glycosylation (Figure 1).  

 

Effect of Brefeldin A (BFA) Treatment  

BFA is a fungal metabolite that causes rapid redistribution of the cis and mid 

compartments of the Golgi apparatus to the ER and is frequently employed to examine the 

effect of a disrupted Golgi on the trafficking and sorting of glycoproteins [128, 129].  

COS-7 cells transfected with a wild-type prosaposin (PSAP-WT) were incubated with 

BFA 1 hour prior to trans
35

S-labeling. After labeling for 30 min, the cells were chased for an 

additional 30 min, 2h, and 4 h. In presence of BFA, the amount of intracellular prosaposin (65 

kDa) in cell lysates remained unchanged after chasing for 4h, while in cells not treated with 

BFA, the amount of protein decreased after chasing for 2h (Figure 4B).  

In the medium of cells incubated with BFA, there was a negligible amount of the 70 kDa 

protein. In contrast, in cells incubated without BFA, the amount of protein in the medium 

increased after 30 min and 2h (Figure 4B).  

These results suggest that the 65 kDa lysosomal precursor contains high mannose/hybrid 

sugar residues added in the proximal and mid regions of the Golgi apparatus and that the 70 

kDa secretory form achieves full glycosylation with complex sugar residues and exit from the 

most distal region of the Golgi apparatus (Figure 1) [116].  

 

Effects of Sequential Truncations of the Prosaposin C-Terminus  

To identify the specific region within the prosaposin C-terminus that binds sortilin, we 

generated several truncated prosaposin constructs (Figure 5A) [130]. Before engineering 

these constructs, we analyzed the predicted secondary structure of the C-terminus using 

EMBOSS Garnier [131]. The EMBOSS output file predicted the existence of two α-helices 

within the C-terminus. The first helix was localized to the linker region between aa518-523, 

and the second between aa540-550. The PredictProtein software, suggested that two pairs of 

cysteine residues (C528-C536 and C545-C551) may form two disulfide bonds that stabilize 

the tertiary structure of the C-terminus [132].  

Thus, to generate the first construct, termed P-75, and to avoid disruption of the predicted 

helices and disulfide bonds, we deleted the C-terminal region located immediately after C551. 

In the second construct, termed P-50, we deleted the region spanning between aa541-557 and 

eliminated the second helix (E540 to H550). In the third construct, termed P-25, the deletion 

spanned between aa531-557, resulting in the elimination of two cysteine residues. We also 

generated a construct, termed P-0, which lacked the entire A-type domain (aa524-557). The 

final construct, P-∆C, was a truncated prosaposin lacking the entire C-terminus and the linker 

that connects this region to saposin D (aa518-557). Subsequently, COS-7 cells were co-

transfected with sortilin and each of the prosaposin constructs described above. The cells 

were homogenized in lysis buffer (pH 6.0) and subjected to immunoprecipitation. The 

complexes were pulled down with anti-sortilin antibody and resolved on a 10% acrylamide 
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Figure 5. Effects of sequential truncations of the C-terminus of prosaposin. These truncations have been 

done with the purpose of identifying the putative sortilin binding site in the prosaposin C-terminus, also 

known as the A-type domain. A) Diagram of truncated prosaposin constructs. PSAP-WT is wild-type 

prosaposin; P-75 lacks 25% of the A-type domain; P-50, lacks 50% of the A-type domain; P-L50 lacks 

the first half of the A-type domain, but contains the second half; P-25 lacks 75% of the A-type domain; 

P-0 contains only linker region; and P-∆C lacks the whole C-terminus. B) Co-immunoprecipitation with 

anti-sortilin antibody was conducted to analyze the binding of truncated prosaposin to sortilin. While P-

75 and P-50 were precipitated by sortilin, P-0 and P-25 were not. PSAP-WT was used as positive 

control and P-∆C as negative control. NC was another negative control, in which the cells were only 

transfected with the sortilin construct. C) Contrary to PSAP-WT, P-L50 was not pulled-down by 

sortilin. WB, Western blot as 2% input of sortilin and prosaposin in this experiment. (Reproduced with 

permission from Yuan L., Morales C.R. A stretch of 17 Amino Acids in the Prosaposin C-Terminus is 

Critical for its Binding to Sortilin and Targeting to Lysosomes. J. Histochem. Cytochem. 58: 287-300, 

2010) 

gel. Immunoblotting with anti-myc antibody showed that sortilin pulled down the wild type 

prosaposin, PSAP-WT, and truncated constructs P75 and P50, while it failed to precipitate P-

25, P-0 and P-∆C (Figure 5B). These results demonstrated that the critical domain for the 

binding of prosaposin to sortilin is located within the first half of the C-terminus of 

prosaposin (aa524-540). To confirm that the external portion of the C-terminus is not 

involved in this process we generated a construct termed P-L50, lacking the first half of the 

A-type domain. In this construct, the external region of the A-type domain was attached to the 

linker region. As expected, P-L50 was not pulled down by sortilin (Figure 5C) [130]. To 

verify whether or not the truncations affected the transport of prosaposin to the lysosomes, 

COS-7 cells were transfected with each prosaposin construct and examined by confocal 

microscopy after immunofluorescence labeling. The wild-type and truncated prosaposin 

constructs were stained in green with anti-myc antibody. The TGN and lysosomes were 
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stained in red with an anti-Golgin 97 or with an anti-LAMP1 antibody respectively. The 

nuclei were counterstained blue with Hoechst 33342. The results demonstrated that wild type 

prosaposin exhibited vesicular and Golgi staining and overlaid with both TGN and lysosomal 

staining. The distribution of P75 and P50 was similar to that of PSAP-WT (Figure 6A). 

However, P-∆C, P0, and P-25 localized only in the perinuclear region and overlaid with anti-

Golgin 97, but not with anti-LAMP-1 staining (Figure 6A). Statistical analysis showed that 

the percentage of overlaid vesicles of P-∆C, P-0, P-25 and P-L50 significantly decreased as 

compared to PSAP-WT (P<0.01), while P-50 and P-75 did not (P>0.05) (Figure 6B). In 

conclusion, the combination of protein truncations has allowed us to identify the putative 

sortilin binding site in prosaposin. Our findings suggest that this region is located within the 

first half of the A-type domain on the C-terminus, which is located between aa524 and 540. 

According to the predicted secondary structure of the C-terminus, this region may contain a 

β-sheet and several turns, which may be stabilized by proline and tryptophan residues. We 

have shown that the deletion of this region and the substitution of critical hydrophobic 

residues abolished the binding of prosaposin to sortilin and the targeting of prosaposin to the 

lysosomes [130]. 

 

 

Figure 6. Lysosomal targeting of truncated prosaposin. A) COS-7 cells transfected with truncated 

prosaposin constructs were examined by confocal microscopy. Prosaposin was stained green with anti-

myc antibody, and the TGN or lysosomes stained red with anti-Golgin97 or anti-LAMP-1 antibody. 

Nuclei appear in blue. Anti-myc staining of cells transfected with PSAP-WT, P-75 and P-50 constructs 

labeled the perinuclear region and cytoplasmic vesicular structures and overlaid with anti-Golgin 97 

and anti-LAMP1 (left panel). P-L50, P-25, P-0 and P-∆C overlaid only with anti-Golgin staining and 

labeled the perinuclear region, but not the cytoplasmic vesicular structures (right panel). B) Percentage 

of LAMP-1 vesicles overlaid with prosaposin truncated constructs (histogram). P-∆C, P-0, P-25 and P-

L50 showed significant decreases in lysosomal transport. P-50 and P-75 revealed no significant 

difference from PSAP-WT. Error bars indicate ± S.E. and double asterisks represent P<0.01, compared 

with PSAP-WT. (Reproduced with permission from Yuan L., Morales C.R. A stretch of 17 Amino Acids 

in the Prosaposin C-Terminus is Critical for its Binding to Sortilin and Targeting to Lysosomes. J. 

Histochem. Cytochem. 58: 287-300, 2010) 
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V. GM2AP TRAFFICKING 
 

Like prosaposin, the GM2AP interacts with and requires the sortilin sorting receptor to 

mediate its exit from the TGN and transport to the lysosomal compartment [21]. As noted 

above, the C-terminal domain of prosaposin, which contains two small α-helices is implicated 

in the binding of prosaposin to sortilin [15, 16]. Comparison of the C-terminal domain of 

prosaposin and GM2AP reveals no sequence homology. However, structural analysis 

demonstrates the presence of a single α-helix in the middle of the GM2AP [17]. In addition, 

mutations in the α-helix lead to the absence of GM2AP activity in the lysosomes [18]. It was 

therefore postulated that the α-helix of GM2AP is implicated in its binding to sortilin [17]. To 

examine this hypothesis, point mutations were introduced to the GM2AP -helix to change the 

hydrophobicity, hydrophilicity and charge of selected amino acids. The selection of amino 

acids to be mutated was based on an analysis of mutations in the α-helix of GM2AP found in 

patients suffering from the AB variant form of GM2 gangliosidosis [18].  

The mutants included: M117V, D113A, D113K, D113Y, E123A, E123K, and E123Y 

(See Table I). The GM2AP mutants were generated in Dr. K. Sandhoff‟s lab (Kekulé-Institut, 

Bonn, Germany) and examined by circular dichroism spectroscopy to determine if any 

conformational changes introduced by the mutations. This structural analysis revealed that 

certain GM2AP mutants exhibited a normal conformation whereas other presented changes in 

their tertiary structure. Specifically, the structures of D113A, D113Y, E123A, and E123Y 

differed from the wild type. It was hypothesized that mutation of amino acids important in the 

interaction of GM2AP with sortilin, and in particular those causing conformation changes, 

would result in a reduced ability of GM2AP to bind sortilin. 

 

Table I 

 

Mutants  Mutations and Properties  
Comparison with Wild 

Type Conformation  

M117V  Met117  Val: hydrophobic to hydrophobique  Same  

D113A  Asp113  Ala: hydrophilic acid to hydrophobic  Different  

D113K  Asp113  Lys: hydrophilic acid to hydrophilic basic  Same  

D113Y  Asp113  Tyr: hydrophilic acid to hydrophobic  Different  

E123A  Glu123  Ala: hydrophilic acid to hydrophobic  Different  

E123K  Glu123  Lys: hydrophilic acid to hydrophilic basic  Same  

E123Y  Glu123  Tyr: hydrophilic acid to hydrophobic  Different  

 

The recombinant mutated proteins were translated in vitro. Co-IP assays were performed 

with these in vitro translated proteins and in vitro translated sortilin. Using this approach, 

experiments were performed to examine if the mutant forms of GM2AP could still interact 

with sortilin. Our in vitro Co-IP results showed that E123A and E123Y had a reduced ability 

to immunoprecipitate sortilin, confirming our predictions based on their structures (Figure 7).  
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Figure 7. Interaction of GM2AP and sortilin. COS-7 cells were transfected with mutant GM2AP 

constructs M117V, D113A, D113K, D113Y, E123A, E123K, or E123Y. Co-immunoprecipitation was 

then performed to test the ability of the mutant constructs to interact with and immunoprecipitate 

sortilin. All of the constructs tested except E123Y were able to immunoprecipitate sortilin, although to 

varying degrees. 

Both of these mutants represent the replacement of an acidic hydrophilic amino acid 

residue for a hydrophobic residue. However, when the same amino acid was replaced with a 

hydrophilic basic one, E123K, the binding to sortilin was unaffected. This suggests that it is 

the structure of GM2AP and not this specific residue that is important for binding to sortilin. 

This experiment also demonstrated that when D113 was mutated to D113Y or D113A, there 

was an altered protein conformation.  

Interestingly, while the D113Y mutant inhibited the ability of GM2AP to 

immunoprecipitate sortilin, the D113A mutant did not. It is possible that the D113Y mutation 

affected the GM2AP α-helical structure more severely than did the D113A mutation.  

 

 

VI. THE ROLE OF LIPID RAFTS IN LYSOSOMAL TRAFFICKING 
 

The inhibition of sphingomyelin synthesis with fumonisin B1 and D609 interferes with 

the transport of prosaposin to the lysosomes by misrouting this protein to the extracellular 

space [124].  

Given that sphingomyelin and cholesterol are enriched in DRMs, which serve as 

scaffolds for cellular signaling and trafficking events [133-136], we tested the hypothesis that 

sortilin and prosaposin reside in DRMs. We also examined whether prosaposin is segregated 

to DRMs prior to or after its interaction with sortilin. DRMs are defined as membrane 

microdomains that are insoluble at low temperatures using non-ionic detergents like Triton X-

100 [137, 138]. Using sucrose-gradient fractionation, we found that fractions 1 - 8 (10% - 

30% sucrose gradient) contained DRMs which floated towards the top of the centrifuge tube. 

Fractions 9-10 (40% sucrose gradient) possessed soluble proteins and fraction 11 

corresponded to the pellet containing insoluble cellular debris [139]. To determine the 

distribution of sortilin and prosaposin, the resulting fractions were immunoblotted with 

sortilin and prosaposin antibodies. As a marker for DRMs, the fractions were also blotted 

with anti-flotillin-1 and 2 antibodies (Figure 8A). Flotillin-1 (47 kDa) was found to be 

concentrated in fractions 4 and 5, while flotillin-2 was present in DRM fractions 5, 6, 7 as a 

42 kDa band. Anti-sortilin (100 kDa) and anti-prosaposin (65 kDa), antibodies yielded bands 

in DRM fractions 4 through 8 as well as in detergent-soluble fractions 9 and 10 [139].  

 



Role of the Trans-Golgi Network (TGN)… 135 

 

Figure 8. Localization of prosaposin and sortilin to DRMS. A) DRMs were isolated by sucrose gradient 

fractionation. Fractions 1-8 contain detergent-insoluble membrane fractions, whereas fractions 9 and 10 

are the soluble protein fractions. The fractions were immunoblotted with anti-flotillin-1 and 2 

antibodies as positive markers of DRMs. Sortilin and its ligand, prosaposin, were present in DRM 

fractions (5-8) as well as detergent-soluble fractions 9-10. B) COS-7 cells were co-transfected with 

sortilin-eGFP and the chimeric constructs (Alb/D, Alb/COOH, Alb/D/COOH) or empty pcDNA3.1 

vector. Expression of the chimeric constructs was verified by Western blotting. C) The same cells in as 

in panel B were lysed and immunoprecipitated with an anti-albumin antibody and subsequently 

immunoblotted with an anti-GFP antibody. Sortilin-eGFP was immunoprecipitated, as a 125 kDa band, 

by the Alb/D/COOH and Alb/COOH constructs. D) COS-7 cells were co-transfected with similar 

combinations of constructs as above, fixed, and labeled using anti-myc antibody (red). Cells expressing 

the Alb/D/COOH construct showed co-localization of the construct with sortilin-eGFP in punctate 

lysosomal structures, as well as in the perinuclear region (yellow). Alternatively, the Alb/COOH and 

Alb/D constructs co-localized in yellow with sortilin-eGFP in the perinuclear region, but not in 

punctate lysosomal structures. E) COS-7 cells that were mock transfected with shRNA or expressing 

sortilin-specific shRNA were submitted to sucrose-gradient fractionation and the distribution of the 

Alb/D/COOH construct in the resulting fractions analyzed. In fractions from mock-transfected cells the 

Alb/D/COOH chimeric construct was present at 80 kDa in both DRM and detergent-soluble fractions. 

Conversely, in cells expressing sortilin-specific shRNA the chimeric construct was only present in 

detergent-soluble fractions 10 and 11. (Reproduced with permission from Canuel M., Bhattacharyya N., 

Balbis A., Yuan .L, Morales C.R. Sortilin and mannose-6-phosphate receptor sort soluble lysosomal 

proteins in distinct membrane microdomains. Exp. Cell Res. 315: 240-247, 2009) 

We have reported that the D-domain and the C-terminus of prosaposin, together with 

sphingomyelin play a crucial role in the transport of prosaposin to the lysosomal compartment 

[140]. Additionally, the D-domain of prosaposin has been suggested to interact with 

sphingomyelin [121]. Based on these findings, we postulated that a conditional interaction 

between the D-domain of prosaposin and sphingomyelin was needed for the eventual binding 

of the C-terminus of prosaposin to sortilin in DRM platforms in the Golgi apparatus [21, 

141]. To test this hypothesis we first examined whether the interaction of prosaposin with 

sortilin required the D-domain or C-terminus of prosaposin or both [139]. Thus, COS-7 cells 

were co-transfected with a sortilin construct and one of the following three chimeric 

constructs: 1) albumin attached to the D-domain and C-terminus of prosaposin 

(Alb/D/COOH); 2) albumin and the D-domain (Alb/D); 3) albumin and the C-terminus of 

prosaposin (Alb/COOH). As a negative control, the empty pcDNA3.1 vector was also used. 

All three of the chimeric constructs produced bands between 70 and 80 kDa when 
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immunoblotted with anti-myc antibody. Lysate from cells transfected with the empty vector 

did not produce any bands when immunoblotted with anti-myc antibody (Figure 8B). 

While sortilin was not immunoprecipitated from the lysate of cells transfected with empty 

pCDNA3.1 vector or the Alb/D construct, as is seen by the absence of any bands in these 

lanes, both the Alb/D/COOH and Alb/COOH constructs immunoprecipitated sortilin (Figure 

8C). This finding suggests that the C-terminus, but not the D-domain of prosaposin, is 

required for binding to sortilin. 

To investigate the role of the D-domain and C-terminus of prosaposin in the trafficking of 

prosaposin to the lysosomes, confocal immunomicroscopy was performed. Given the ability 

of the Alb/D/COOH and Alb/COOH constructs to interact with sortilin, we predicted that 

these constructs should co-localize with sortilin in lysosomes, whereas the Alb/D construct, 

which does not interact with sortilin, should be excluded from these structures. As expected, 

the wild-type Alb/D/COOH was found in the perinuclear Golgi region, as well as in punctuate 

lysosomal structures (Figure 8D). On the other hand, the Alb/COOH and Alb/D constructs 

were found to label the perinuclear region exclusively (Figure 8D). Cells transfected with 

sortilin and an empty pcDNA3.1 vector were examined as a negative control (Figure 8D). 

These results indicate that while the D-domain of prosaposin is not implicated in the 

association of prosaposin with sortilin or DRMs, it is required for the exit of prosaposin from 

the TGN [139]. In addition, our results substantiates our previous observation that the 

efficient transport of prosaposin to the lysosomes is mediated by both its D-domain and C-

terminus [116]. 

We have also examined whether or not prosaposin is capable of interacting with DRMs 

without first binding to sortilin or if prosaposin enters the DRM domains only after binding to 

sortilin [139]. To address these questions, cells stably expressing short hairpin RNA (shRNA) 

specific to sortilin were transfected with the wild-type Alb/D/COOH construct and the 

distribution of the proteins in DRMs analyzed. The results of the DRM fractionation were 

compared to cells expressing Alb/D/COOH, but mock transfected with shRNA. 

Examination of the fractions confirmed that in cells expressing sortilin-specific shRNA, 

there was no sortilin expression, whereas in mock transfected cells sortilin was found in both 

DRM and detergent-soluble fractions (Figure 8E). Similarly, in mock transfected cells the 

wild-type Alb/D/COOH construct was found in DRM fractions as well as detergent-soluble 

fractions (Figure 8E). Conversely, in the absence of sortilin, the wild-type Alb/D/COOH 

construct was restricted to detergent-soluble fraction 10 (Figure 8E). Under both conditions, 

flotillin-1 was found in similar DRM fractions, 2-5, (Figure 8E). Thus, the interaction of 

prosaposin with sortilin is a necessary step for the entry of prosaposin in DRMs and this 

interaction must occur through the C-terminal domain of prosaposin.  

While the full functional significance of DRMs in lysosomal transport remains to be 

clarified, the high affinity of DRM-localized proteins to lipid rafts suggests that the physical 

state of the membrane is of functional importance for the proper sorting and/or segregation of 

molecules [142]. We have provided provide strong evidence that both sortilin and its cargo 

prosaposin are present in DRMs and that the segregation of prosaposin to DRMs occurs 

through an interaction of its C-terminus with sortilin.  
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VII. THE SORTILIN MODEL 
 

We have created a model for the mechanism of sortilin function using prosaposin as 

guiding protein. We have selected prosaposin because it is the first identified and best studied 

intracellular ligand of sortilin [21]. The model takes into consideration existing information 

from our and other laboratories (Figure 9). 

 

 

Figure 9. Model showing that the 65 kDa prosaposin must bind sortilin to be transported from TGN to 

lysosomes. A subset of prosaposin (70 kDa) is fully glycosylated in the TGN and secreted out of the 

cells. 

To be sorted from the Golgi apparatus, sortilin must bind first lysosomal prosaposin (65-

68 kDa), which is partially glycosylated. Since a subset of prosaposin is secreted out as a fully 

glycosylated protein (70 kDa), we postulate that sortilin operates under saturation conditions 

in the distal mid-saccules or in some distinct, possibly proximal region, of the TGN. In fact 

treatment with BFA suggests that this is the case, since it leads to the retention of the 65 kDa 
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prosaposin and inhibition of full glycosylation and secretion of the 70 kDa isomer. Next, 

sortilin must bind one of three ARF1-binding proteins (GGAs 1-3) [21, 82].  

Published evidence suggests that the cytoplasmic tail of sortilin also interacts directly 

with AP-1 and that this protein complex is required for the transport of sortilin and its cargo 

from the TGN to the endosomal/lysosomal compartments [103]. GGA and AP-1 recruitment 

to membranes requires the ARF-1 small G protein [143]. ARF-1 is converted from a GDP-

bound state to a GTP-bound state by a GEF [144], while GAPs induce hydrolysis of GTP to 

GDP to deactivate ARF-1 [145].  

Recently it has been shown that the GEF, BIG2, may be involved in the recruitment of 

the multimeric adaptor protein AP-1 to endosomal membrane [146]. However, we have 

shown that AP-1 is actually recruited to the TGN [103]. Once it has delivered its cargo to the 

endosomes, sortilin is then recycled back from the endosomes to the TGN via the retromer 

complex [103].  

In spite of recent progress, the mechanism of receptor trafficking is still poorly 

understood. Investigators working in the field of lysosomal transport suspect that the MPR 

and sortilin share a “conserved mechanism” that involves sorting and trafficking from the 

TGN to the endosomal compartment which is not only mediated by GGAs and AP-1, but also 

by switch proteins.  

 

 

Inactivation of the Sortilin Gene 
 

Because sortilin is the sorting and trafficking receptor for at least five soluble lysosomal 

proteins, we tested the hypothesis that inactivation of the sortilin gene would result in 

lysosomal storage disorders. To our surprise, none of the sortilin nullizygous mice exhibited 

clinical signs of lysosomal pathologies. Based on this observation we decided to quantify the 

concentration of prosaposin in the lysosomes of nonciliated epithelial cells lining the efferent 

ducts of sortilin
-/-

 and sortilin
+/+

 mice.  

The rationale for choosing the nonciliated cells of the efferent ducts was based on the 

following: 1) prosaposin is a major ligand of sortilin [21] and the nonciliated cells of the 

efferent ducts synthesize large amounts of endogenous prosaposin [115]; 2) the nonciliated 

cells contain a large number of lysosomes which are well labeled by anti-prosaposin allowing 

its easy quantification [115]; 3) the nonciliated cells are known to endocytose luminal 

prosaposin [114, 147].
  

In consequence, the nonciliated cells can target both exogenous and endogenous 

prosaposin to the lysosomes, and therefore, these cells constituted an excellent in vivo system 

to analyze the effect of sortilin gene inactivation in cells deprived or not of luminal 

prosaposin.  

First we examined the effect of sortilin inactivation on the level of prosaposin in 

endosomes and lysosomes in nonciliated cells of mouse efferent ducts using electron 

microscopy and immunogold labeling with an anti-prosaposin antibody. Our results 

demonstrated a 40% reduction in the level of prosaposin in endosomes of nonciliated cells of 

sortilin
-/- 

mice as compared to WT mice (Table 2). Similarly, we observed a 15% reduction in 

gold labeling of prosaposin in the lysosomes of sortilin
-/- 

mice (Table II). The differences 

between sortilin
-/-

 and sortilin
+/+

 mice were statistically significant (p≤0.05). 
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Prosaposin in the luminal fluid of the efferent ducts originates from testicular Sertoli cells 

and is endocytosed by the epithelial cells of the efferent ducts by an unknown mechanism that 

may or may not involve sortilin. Consequently, ligation of the efferent ducts of sortilin
+/+

 and 

sortilin
-/-

 constituted an exciting experiment to determine the luminal contribution of 

prosaposin to the lysosomes. In addition, this experiment allowed us to compare the effect of 

ligation on the labeling of endosomes and lysosomes in sortilin
+/+

 and sortilin
-/-

 mice.  

Our results demonstrated a 90% reduction of prosaposin labeling in the endosomes of 

sortilin
+/+

 mice after ligation (Table II) and a 76% reduction of prosaposin labeling in the 

endosomes of prosaposin
-/-

 mice (Table II). We observed a 25% reduction in prosaposin 

labeling in the lysosomes of WT
 
mice after ligation and a 22% reduction in prosaposin 

labeling in the lysosomes of prosaposin
-/- 

mice after ligation (Table II).  

The differences between ligated and non-ligated mice were statistically significant 

(p≤0.05). Prosaposin labeling of endosomes of non-ligated sortilin+/+ and sortilin-/- cells 

revealed no significant changes (Table II). 

 

Table 2. Immunogold labeling of lysosomes and endosomes 

 

Compartments WNL WL KONL KOL 

Lysosomes 86±5  92±3 329±2  259±2 

Endosomes 1±1 8±3  37±1 9±3 

 

WNL, wild type non ligated; WL, wild type ligated; KONL, KO non-ligated; KOL, KO ligated. 

The values are expressed as number of gold particles per 10
6 
pixels ± SEM. 

 

Thus, our results demonstrated that the inactivation produced a partial but significant 

reduction in the level of prosaposin in endosomes and lysosomes. Since the nonciliated cells 

are known to endocytose luminal prosaposin produced by the testis [114, 147], we decided to 

exclude this protein from the lumen of the efferent ducts by surgical ligation. The ligation of 

the efferent ducts resulted in a significant reduction of prosaposin labeling in endosomes and 

lysosomes of both WT and nullizygous mice. This observation was not surprising since 

prosaposin has been previously shown to be internalized and delivered to the lysosomal 

compartment via the LRP receptor [148]. 

In conclusion, our results validate the role assigned to sortilin as a sorting receptor and 

suggest the existence of an alternative pathway possibly mediated by another member of the 

VPS10 family, such as SorLA, SorCS1, SorCS2 and/or SorCS3. Some members of the 

VPS10 receptor family, however, may have intracellular domains containing imperfect 

sequences essential for lysosomal trafficking [149]. A compelling experiment would be the 

generation of double or triple knockouts for sortilin, SorLA and/or LRP. 

 

 

VIII. SIGNIFICANCE OF THIS STUDY 
 

Over the past ten years we have disclosed that the prosaposin C-terminus contains the 

binding site to sortilin which is located in the first half of this region (aa 524-540) [116, 130]. 

Using an in-silico based approach we have built a molecular 3D structural model of the 

binding site within the prosaposin C-terminus. This technique allowed us to propose a 
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molecular model that explains the formation of the prosaposin-sortilin complex. In the near 

future we also hope to identify the important amino acid residues in the sortilin receptor 

engaged in the recognition and binding of prosaposin. Eventually, the role of these residues 

will be verified by site-directed mutagenesis. The molecular structure of the prosaposin-

sortilin complex will be also built in conjunction with Cryo-EM or X-ray crystallography. 

Our laboratory also demonstrated that the 65 kDa prosaposin is partially glycosylated and 

transported to the lysosomes while the fully glycosylated 70 kDa prosaposin is secreted to the 

extracellular space [116, 118, 148]. The elucidation of the mechanisms that lead to different 

glycosylation forms and diverse trafficking are compelling. We have proposed a sortilin 

saturation model to explain why partially glycosylated prosaposin (65 kDa) escapes the Golgi 

via the sortilin pathway (Figure 9). According this model, sortilin binds only partially 

glycosylated prosaposin under saturation conditions before it reaches the TGN. On the other 

hand, the remaining unbound molecules of prosaposin flow to the TGN where they are fully 

glycosylated to a 70 kDa form. The 70 kDa prosaposin possibly aggregates in the TGN and is 

secreted via a regulated mechanism. The model also proposes that prosaposin bound to 

sortilin escapes full glycosylation because the receptor hinders the activator protein from the 

glycosylation enzymes. This explanation is supported by two reports on the composition of 

the oligosaccharide side chains on the four different saposin molecules, which represent the 

glycosylation status of the 65 kDa precursor. Indeed, saposin A, B and C have been found to 

contain mainly complex oligosaccharide chains while saposin D contains only oligomannose-

type oligosaccharides [150-154]. Since the saposin D domain is topologically closest to 

sortilin in the prosaposin-sortilin complex, as compared to the saposin A, B, and C domains, 

this receptor may be responsible for hampering the glycosylation of the saposin D domain. 

We are also interested in determining whether the 70 kDa prosaposin is endocytosed on 

the cell surface and transported to the lysosomes to yield mature saposins, in a similar fashion 

to the classical processing of prosaposin delivered from the Golgi apparatus [147, 155]. 

Preliminary evidence from two laboratories suggests that prosaposin may be internalized to 

the lysosomes via the LRPs 1 and 2 [148, 156]. In addition to LRPs, the MPR may also play a 

minor role in the endocytosis of prosaposin [148].  

The disclosure of this novel mechanism of sorting and trafficking of lysosomal proteins 

independent of the MPR pathway, and the identification of the prosaposin 

endosomal/lysosomal targeting motif may have great significance in the treatment of 

lysosomal storage disorders. We have demonstrated that albumin linked to the D-domain and 

C-terminus of prosaposin can be effectively directed to the lysosomes via the sortilin receptor. 

Thus, this sequence may also be used to target hydrolases and biologically active proteins to 

the lysosomes to restore defective proteins and/or to bypass the canonical pathway. 

Furthermore, a number of life threatening pathogens such as the hepatitis C virus [157], 

HIV [158], Trypanosome cruzi [158], Mycobacterium tuberculosis [159, 160], 

Mycobacterium leprae [160, 161] for which there are no effective treatments, enter the cell 

via endocytosis and through the endosomal/lysosomal compartment. The engineering of 

biologically active proteins against these pathogens can be effectively targeted to the 

endosomal/lysosomal compartment by linking them to prosaposin targeting sequence. 
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ABSTRACT 
 

Recent data suggest that the Golgi apparatus plays a key role in the homeostasis and 

detoxification of manganese. Manganese is an essential trace element but when high 

exposure conditions occur, manganese induces neurological symptoms in human. 

Manganese is also suspected to be an environmental risk factor in the aetiology of 

Parkinson‟s disease. However, the mechanisms regulating manganese homeostasis and 

detoxification in mammalian cells are largely unknown. Owing to the development of 

synchrotron radiation X-ray nano-chemical imaging, we revealed the specific 

accumulation of manganese in the Golgi apparatus of dopaminergic cells in culture.  

At both physiological and subcytotoxic concentrations of manganese, we found that 

manganese was essentially located within the Golgi apparatus. At cytotoxic concentration 

of manganese, we found a large increase of manganese content in the cytoplasm and the 

nucleus of dopaminergic cells. Similarly, if the Golgi apparatus is altered using brefeldin 

A, manganese reaches the nucleus and cytoplasm in higher content. The accumulation of 

manganese in the Golgi apparatus could have a preventative effect because manganese 

could be removed by exocytosis. However, vesicular trafficking could be disturbed by 

high concentrations of manganese leading to neuronal cell death. We will discuss the 

mechanisms involving the role of Golgi apparatus alteration in neurological disorders 

triggered by manganese. 

 

 

INTRODUCTION 
 

Manganese is an essential trace element for living cells but is toxic when present in high 

concentrations. Chronic exposure to manganese is toxic to the brain, resulting in manganism 
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(Couper, 1837), a neurological disorder with similar symptoms to Parkinson‟s disease (PD). 

In addition, occupational exposures to manganese are suspected to increase the risk of PD 

(Gorell et al., 1999; Lucchini et al., 2007) as well as being associated with high iron in dietary 

intakes (Powers et al., 2003). The biochemistry of manganese containing bio-molecules is 

now quite well characterized however this is not yet the case for the knowledge of manganese 

intracellular distribution and trafficking (for review: Reddi et al., 2009). It is only in recent 

years that the Golgi apparatus (GA) has been  discovered to be an important organelle in 

manganese homeostasis and detoxification (for review: Van Baelen et al., 2004).  

The determination of trace element distributions at the subcellular level, such as in the 

GA, is a challenging task because it requires the use of analytical tools with high spatial 

resolution and very high sensitivity, to target and detect trace elements within the intracellular 

organelles. This is particularly well illustrated in the case of GA and the discovery of its 

function in trace metal homeostasis.  

For instance, it was thanks to the development of SIMS, secondary ion mass 

spectrometry, and EELS, electron energy loss spectrometry, that calcium storage within the 

GA was discovered (Chandra, 1991; Pezzati, 1997). This pioneer work enabled further study 

of the role of this GA calcium store in cell functions (for review: Van Baelen, 2004). In a 

similar approach, owing to the recent development of nano-chemical imaging based upon 

synchrotron radiation X-ray fluorescence, we revealed the role of GA in Mn homeostasis and 

detoxification in animal cells (Carmona et al., 2010).  

In addition to results of manganese imaging in animal cells at low and high Mn 

concentrations, we will present new data on GA alteration after Mn exposure, and discuss 

how GA fractionation due to manganese accumulation could be involved in 

neurodegenerative diseases such as Parkinson's disease.  

 

 

METHODS 
 

Cell Culture 
Rat pheochromocytoma PC12 cells were used as in vitro model of dopaminergic cells 

(Greene et al., 1976). PC12 cells were routinely maintained in RPMI 1640 medium (2.0 g/L 

glucose, 2 mM glutamine) supplemented with 10% horse serum, 5% fetal bovine serum 

(Sigma), and 100 U/mL penicillin-streptomycin, at 37°C in a water-saturated atmosphere 

containing 5% CO2.  

For chemical nano-imaging, cells were cultured directly on sample holders specially 

adapted for X-ray fluorescence analysis as recently described (Carmona et al., 2008).  

Briefly, about 2∙10
4
 PC12 cells were split directly onto a 2 µm thin polycarbonate foil 

treated with gelatin gel mounted on a ESRF-ID22 sample holder with a 5 mm hole. PC12 

cells were treated with NGF (nerve growth factor) at 100 ng/mL every two days, during an 8 

day period, in order to obtain neuronal-like differentiated chromaffin cells. Exposure to 

manganese was carried out after NGF treatment. 

 

Treatment and Sample Preparation for Nano-Imaging 

Cells were exposed to 100 and 300 µM of MnCl2 over 24 hours, medium was replaced by 

fresh medium and cells rested over 24 hours in normal conditions.  
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In another instance, cells were cryofixed into liquid isopentane cooled by liquid nitrogen 

(-160°C) and freeze-dried at -35°C. This protocol allows preservation of the integrity of 

cellular morphology and chemical element distribution in the cells so sample preparation does 

not induce any morphological and/or chemical modification (Ortega et al., 1996; Carmona et 

al., 2010).  

For the brefeldin A treatment, cells were exposed to 300 µM of MnCl2 during 24 hours. 

After that, medium was removed and cells were incubated with fresh medium at 30 µg/ml of 

brefeldin A over a four hour period, as described by other authors also using PC12 cells 

(Greaves et al., 2010). Cells were then cryofixed and freeze dried as previously explained. 

 

Synchrotron X-Ray Fluorescence Nano-Imaging 

The experiments have been conducted at ESRF (European Synchrotron Radiation 

Facility) on the nano-imaging facility ID22NI. The experimental station is located at a 

distance of 64 m from the undulator source and at 37 m from the high power slits used as the 

secondary source in the horizontal direction. The synchrotron radiation is focused by an X-ray 

optical device consisting of two elliptically shaped mirrors acting in two orthogonal planes 

using the so-called Kirkpatrick–Baez geometry (Hignette et al., 2005).  

The first mirror, coated with a graded multilayer, plays both the role of vertical focusing 

device and monochromator, resulting in a very high and unique X-ray flux (up to 10
12 

photons/s) at energies between 15 and 29 keV. In this case, the energy of the pink photon 

beam was 16.4 keV, the flux 3.4 10
11

 photon/s and spatial resolution of 220 nm x 90 nm 

(VxH). 

The sample, mounted in air on a piezo nano-positioner stage, is scanned through the focal 

plane while the spectrum of the emitted fluorescence is recorded with an energy dispersive 

detector. The latter consists of a collimated silicon drift diode detector (SII Nanotechnology 

50 mm
2
 Vortex) placed in the horizontal plane at 90° from the incident beam and 45° to the 

sample surface normal.  

A dwell time of 1s or 0.5s was chosen per point and 5 pixels per micron, as a compromise 

between a good spatial resolution (200 nm) and reasonable acquisition times to preserve the 

sample from radiation damages.  

Spectra for each pixel were recorded in list mode so data treatment could be performed 

off-line. The recorded spectra are fitted to obtain maps of the element content using PyMCA 

software (Solé et al., 2007). PyMCA allows element-imaging reconstruction from recorded 

original spectra and also allows for obtaining the spectrum corresponding to a selected zone 

of the original image.  

By selecting zones corresponding to the Golgi apparatus, nucleus and cytoplasm of cells, 

the corresponding spectra can be obtained and the proportion of manganese in each 

compartment calculated. 

 

Golgi Apparatus Labeling 

PC12 cells were transduced with Organelle Lights reagent (Invitrogen). The reagent 

contains a baculovirus (BacMam technology) which allows the expression of autofluorescent 

proteins that are localized to specific subcellular compartments and organelles of mammalian 

cells.  

In this experiment green fluorescent protein (GFP) was used to mark the Golgi apparatus 

(Organelle Lights O36215).  
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The targeting sequence is the Golgi-resident N-acetylgalactosaminyltra-nsferase-2. PC12 

cells were transduced according to the manufacturer‟s instructions of Invitrogen.  

One day after transduction, cells were either exposed, or not, to manganese at 300 µM 

and 1200 µM during 24 h, and brefeldin A at 30 µg/mL during 4 h. Two days after 

transduction, organelle fluorescence was observed in living cells using an epifluorescence 

microscope (BX51, Olympus, Tokyo, Japan) and an U-MNIB2 filter. 

 

 

RESULTS 
 

X-ray fluorescence images reveal that in unexposed PC12 cells (control) manganese is 

located in the perinuclear region, always on one side of nucleus, identified as the Golgi 

apparatus (Figure 1A). When cells are exposed to a subcytotoxic dose of manganese (100 

µM), the same distribution is found (Figure 1B).  

 

 

Figure 1. Potassium, manganese and zinc distributions in PC12 single cells. (A) Control cell. (B) Cell 

exposed to 100 µM MnCl2 during 24 h. (C) Cell exposed to 300 µM MnCl2 during 24 h. (D) Cell 

exposed to 300 µM MnCl2 during 24 h and 30 µg/mL of Brefeldin A during 4 h. 
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At higher manganese concentration (300 µM), Mn is also localized in the perinuclear 

region although the distribution is more diffuse than in figures 1A and 1B with Mn evidenced 

in the cytoplasm (Figure 1C), as also confirmed by quantitative analysis (Table 1).  

The distribution of manganese is specific to the GA because other elements like K, or Zn 

are distributed differently into the cells. Potassium and zinc are quite homogeneously 

distributed, proportionate to the cell thickness, which explains the higher signal in the 

nucleus, as expected from the ubiquitous distribution of these elements in cells.  

After alteration of protein transport to the Golgi apparatus by brefeldin A, manganese is 

redistributed within the cell showing a distribution similar to those of K and Zn (Figure 1D).  

As explained in the „Methods‟ section, using PyMCA software, we have calculated the 

proportion of manganese in GA, nucleus and cytoplasm (excluding GA) compared to the 

whole cell (Table 1).  

For control cells, and cells exposed to 100 µM of Mn (non-toxic concentration), we 

found on average 60% of manganese in the GA, 20% in the nucleus, and 20% in the rest of 

cytoplasm.  

For cells exposed to 300 µM of Mn (toxic concentration) we obtained on average 40% of 

manganese in the GA, 20% in the nucleus and 40% in the cytoplasm. When cells are exposed 

to brefeldin A we found that 45% of Mn accumulates in the nucleus and that 55% are in the 

cytoplasm. 

 

Table 1. Absolute Mn content in cellular compartments of PC12 cells exposed to 

manganese at different concentrations and with brefeldin A. 

 

 Manganese content (10-15 g) 

 Whole cell Golgi Cytoplasm Nucleus 

Control < 1.2 < 0.72 < 0.24 < 0.24 

100 µM MnCl2 4 2.4 0.8 0.8 

 Manganese content (10-15 g) 

 Whole cell Golgi Cytoplasm Nucleus 

300 µM MnCl2 30 12 12 6 

300 µM MnCl2 + 30 

µg/mL brefeldin A 

80 - 44 36 

 

In order to check for GA damage due to Mn exposures, PC12 cells were labeled with a 

GFP tagged to the GA (Figure 2). In control cells, not exposed to Mn, the GA is always 

located in the perinuclear region (Figure 2A).  

After Mn exposure, evidence of GA fragmentation appears. This is particularly visible at 

high Mn concentration (Figure 2C), corresponding to 75% of PC12 cell death, but it is also 

observed in some cells at lower Mn concentrations (Figure 2B), corresponding to 25% PC12 

cell death. GA fragmentation due to Mn exposure differs from GA disruption following 

brefeldin A exposure (Figure 2D). 
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Figure 2. Golgi apparatus labeling with GFP Organelle Lights reagent in PC12 cells. (A) Control cells. 

(B) Cells exposed to 300 µM MnCl2 during 24 h corresponding to the IC25. (C) Cells exposed to 1200 

µM during 24 h corresponding to the IC75. (D) Cells exposed to 30 µg/mL of brefeldin A during 4 h. 

 

DISCUSSION 
 

Manganese is an essential trace element for human and chronic exposure to excess levels 

of Mn leads to neurotoxic symptoms; however, its subcellular distribution at physiological 

and toxicological concentrations remain to be elucidated. Using the direct chemical imaging 

nano-SXRF method, we provide evidence that Mn is located principally within the Golgi 

apparatus of PC12 cells cultured in normal conditions, without adding Mn to the culture 

medium (Figure 1A). In addition, with higher concentrations of Mn in the culture medium, 

100 and 300 µM respectively, Mn accumulates in the GA (Figure 1B and 1C). Additionally. 

when Golgi trafficking is perturbed by brefeldin A, manganese is redistributed within the 

whole cell (Figure 1D). 

 

Manganese Accumulation in GA 

It is now well known that manganese is an essential element in GA apparatus functions. 

For example, manganese is required for the activation of galactosyltransferase, a GA enzyme, 

important in the processing of secreted proteins in many types of secretory cells (Witsell et 

al., 1990; Kuhn et al., 1991). In human cells, Mn can enter the cells by Dmt1, a Nramp 

protein that has a role in dietary iron and manganese uptake. Once into the cell, Mn can be 

directed to the GA through the SPCA1 and SPCA2 transporters, for secretory-pathway 

Ca
2+

/Mn
2+

 transport ATPase, which are mainly targeted to the GA. These pumps supply the 

GA and other more distal compartments of the secretory pathway with the Ca and Mn 

necessary for the production and processing of secretory proteins. SPCA1 functions in both 
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calcium and manganese transport (for review: Vangheluwe et al, 2009). SPCA1 is found in a 

compact perinuclear distribution, which corresponds to the location of the Golgi apparatus 

(Wootton et al., 2004). SPCA2 does not function in calcium transport but has specifically 

evolved for manganese homeostasis (Xiang et al., 2005). Immuno-cytochemical localization 

in human colon sections presents a typical apical juxtanuclear Golgi-like staining of SPAC2 

(Vanoevelen et al., 2005).  

 

Role of GA in Mn Detoxification 

The first evidence that GA could be involved in Mn detoxification came from yeast 

studies. Pmr1, a P-type Ca
2+

- and Mn
2+

-transporting ATPase, is the yeast homolog for SPCA1 

(Durr et al, 1998). Pmr1 transports Mn with high affinity and is specific in the Golgi stacks, 

the trans-Golgi network, and the secretory vesicles. It has been, suggested that in yeast, the 

excess manganese pumped into the Golgi by Pmr1, proceeds to exit the cell via secretory 

pathway vesicles that merge with the cell surface and release the manganese contents back 

into the extracellular environment (for review: Reddi, 2009). Also, in yeast, the Ccc1 

polypeptide localizes to a Golgi-like organelle and can bind Mn in this organelle reducing the 

intracellular availability of the metal (Lapinski and Culotta, 1996).  

Over-expression of Ccc1 in yeast cells resulted in reduced Mn cytotoxicity without 

lowering total accumulation of the metal. Although less is known about the role of SPCAs in 

manganese detoxification in animal cells, it has been hypothesized that, as in yeast, SPCAs 

can pump excess cytosolic manganese into the GA for its removal via the secretory pathway 

(Mandal, 2000; Wuytak, 2003).  

Therefore, it can be expected that manganese in the GA would bind to a homolog of yeast 

Ccc1, which remains to be identified in animal cells. A similar mechanism of detoxification is 

also observed in plants such as Arabidopsis thaliana, a Golgi-based manganese accumulation 

resulting in manganese tolerance through vesicular trafficking and exocytosis (Peiter, 2007).  

Our results support such a mechanism of detoxification, as manganese toxicity begins at 

300 µM when Mn leaks out from the GA and reaches the cytoplasm and nucleus in a 

presumably toxic amount (Figure 1 and Table1). This is exemplified in the case of manganese 

co-exposure with brefeldin A, the amount of intracellular Mn being much higher than at 300 

µM Mn alone (Table 1). This result strongly indicates an active role of GA and vesicular 

trafficking in Mn efflux and detoxification.  

 

Manganese Alteration of GA and Neurodegenerative Diseases 

There is increasing evidence that the alteration of the Golgi apparatus by fragmentation, 

and aggregation of misfolded or aberrant proteins, could contribute to the pathogeneses of 

neurodegeneration (Fan et al., 2008). The central nervous system is particularly vulnerable to 

manganese toxicity. High cytosolic concentrations of manganese are cytotoxic because they 

can interfere with magnesium-binding sites on proteins, and compromise the fidelity of DNA 

polymerases (Beckman et al., 1985).  

On the other hand, incubation of mammalian cells, in the presence of millimolar 

concentrations of manganese, leads to a disruption of the normal membrane traffic, along the 

secretory pathway, most likely by interference with the motor proteins linking the membranes 

to the cytoskeleton (Towler et al., 2000). Our results evidence a fragmentation of GA at high 

Mn concentration (1200 µM) corresponding to the concentration of 75% of PC12 cells death 

(Figure 2C).  



Richard Ortega and Asunción Carmona 158 

At lower Mn concentration the fragmentation of GA is less obvious (Figure 2B) when 

compared to control cells (Figure 2A). Manganese alters the GA morphology in a more 

distinctive way than brefeldin A (Figure 2D).  

The interaction of Mn with the GA and secretory pathway is especially interesting 

regarding the possible involvement of Mn in the alteration of dopamine metabolism in the 

etiology of PD. There has been evidence that parkin, a protein mutated in the familial cases of 

PD, protects against Mn toxicity in dopaminergic cells but not in non-dopaminergic cells 

(Higashi, 2004).  

Treatment with manganese resulted in accumulation of parkin protein in SH-SY5Y 

dopaminergic cells and its redistribution to the perinuclear region, especially aggregated 

Golgi complex, while in nondopaminergic Neuro-2a cells neither expression nor 

redistribution of parkin was noted. Our data could explain that the parkin protein is 

redistributed to the Golgi apparatus in dopaminergic cells in order to protect cells from Mn 

toxicity.  

 

 

CONCLUSION 
 

By direct observation of manganese distribution in dopaminergic cells at physiological 

concentration, we have evidence that this element is preferentially located to the GA. This 

result confirms the essentiality of Mn in GA functions.  

Our results also suggest that the GA plays a role in manganese detoxification by storage 

of excess manganese and presumably exocytosis via the secretory pathway.  

At toxic concentration of manganese in dopamine producing cells, overwhelming the 

binding capacity of GA, at least 2 mechanisms of manganese toxicity could apply: 1) the 

redistribution of manganese from the GA store to the nucleus, the cytoplasm and presumably 

the mitochondria where it could inhibit several essential cellular functions; 2) the direct 

alteration of GA functions and vesicular trafficking, resulting in interference with the motor 

proteins linking the membranes to the cytoskeleton. Regarding what is found in yeast, we 

hypothesize the existence of a polypeptide within the GA of mammalian and human cells 

responsible for Mn sequestration in GA and working in coordination with Mn transporting 

proteins such as SPCA1 and SPCA2 to control Mn homeostasis (uptake, sequestration, and 

efflux). 

 

ACKNOWLEDGMENTS 
 

Authors acknowledge the ESRF for beam time allocation and to ESRF staff for technical 

support. We are especially grateful to Dr. Peter Cloetens and Dr. Sylvain Bohic from ESRF.  

 

 

REFERENCES 
 

Beckman, R.A., Mildvan A.S., Loeb L.A. (1985) On the fidelity of DNA replication: 

manganese mutagenesis in vitro, Biochemistry 24, 5810– 5817. 



Golgi Apparatus Functions in Manganese Homeostasis… 159 

Carmona, A., Devès, G., Roudeau, S., Cloetens, P., Bohic, S., Ortega, R. (2010) Manganese 

accumulates within Golgi apparatus in dopaminergic cells as revealed by synchrotron X-

Ray fluorescence nano-imaging. ACS Chemical Neurosciences 1, 194-203. 

Carmona, A., Devès, G., Ortega, R. (2008) Quantitative micro-analysis of metal ions in 

subcellular compartments of cultured dopaminergic cells by combination of three ion 

beam techniques. Anal. Bioanal. Chem. 390, 1585-94. 

Chandra, S., Kable, E.P., Morrison, G.H., Webb, W.W. (1991) Calcium sequestration in the 

Golgi apparatus of cultured mammalian cells revealed by laser scanning confocal 

microscopy and ion microscopy, J. Cell. Sci. 100, 747–752. 

Couper, J. (1837) Sur les effets du peroxide de manganèse. Journal de Chimie Médicale, de 

Pharmacie et de Toxicologie 3, 233-235. 

Durr, G., Strayle, J., Plemper, R., Elbs, S., Klee, S.K., Catty, P., Wolf, D.H., Rudolph, H.K. 

(1998) The medial-Golgi ion pump Pmr1 supplies the yeast secretory pathway with Ca
2+

 

and Mn
2+

 required for glycosylation, sorting, and endoplasmic reticulum-associated 

protein degradation. Mol. Biol. Cell 9, 1149–1162. 

Fan, J., Hu, Z., Zeng, L., Lu, W., Tang, X., Zhang, J., and Li, T. (2008) Golgi apparatus and 

neurodegenerative diseases. Int. J. Dev. Neurosci. 26, 523-34. 

Gavin, C.-E., Gunter, K.-K., and Gunter, T.-E. (1990) Manganese and calcium efflux kinetics 

in brain mitochondria. Relevance to manganese toxicity. Biochem. J. 266, 329-34. 

Gorell, J.-M., Johnson, C.-C., Rybicki, B.-A., Peterson, E.-L., Kortsha, G.-X., Brown, G.-G., 

and Richardson, R.-J. (1999) Occupational exposure to manganese, copper, lead, iron, 

mercury and zinc and the risk of Parkinson's disease. Neurotoxicology 20, 239-247. 

Greaves, J., Salaun, Ch., Fukata, Y., Fukata, M., Chamberlain, L.-H. (2008) Palmitoylation 

and membrane interactions of the neuroprotective chaperone cysteine-string protein. J. 

Biol. Chem. 283, 25014-25026. 

Greene, L.-A., and Tischler, A.-S. (1976) Establishment of a noradrenergic clonal line of rat 

adrenal pheochromocytoma cells which respond to nerve growth factor. Proc. Natl. Acad. 

Sci. USA 73, 2424-2428. 

Higashi, Y., Asanuma, M., Miyazaki, I., Hattori, N., Mizuno, Y., Ogawa, N. (2004) Parkin 

attenuates manganese-induced dopaminergic cell death. J. Neurochem. 89, 1490-1497.  

Hignette, O., Cloetens, P., Rostaing, G., Bernard, P., Morawe, C. (2005) Efficient sub 100 nm 

focusing of hard x rays. Rev. Sci. Instrum. 76, 063709. 

Kalia, K., Jiang, W., and Zheng, W. (2008) Manganese accumulates primarily in nuclei of 

cultured brain cells. Neurotoxicology 29, 466-470. 

Kuhn, N.J., Ward, S., Leong W.S. (1991) Submicromolar manganese dependence of Golgi 

vesicular galactosyltrasferase (lactose synthetase). Eur. J. Biochem. 195, 243-250. 

Lapinskas, P.J., Lin, S.J., Culotta, V.C. (1996) The role of the Saccharomyces cerevisiae 

CCC1 gene in the homeostasis of manganese ions. Mol. Microbiol. 21, 519-528. 

Lucchini, R.-G., Albini, E., Benedetti, L., Borghesi, S., Coccaglio, R., Malara, E.-C., 

Parrinello, G., Garattini, S., Resola, S., and Alessio, L. (2007) High prevalence of 

Parkinsonian disorders associated to manganese exposure in the vicinities of ferroalloy 

industries. Am. J. Ind. Med. 50, 788-800. 

Mandal, D., Woolf , T.B., Rao, R. (2000) Manganese selectivity of pmr1, the yeast secretory 

pathway ion pump, is defined by residue gln783 in transmembrane segment 6. Residue 

Asp778 is essential for cation transport. J. Biol. Chem. 275, 23933-23938. 



Richard Ortega and Asunción Carmona 160 

Morello, M., Canini, A., Mattioli, P., Sorge, R.-P., Alimonti, A., Bocca, B., Forte, G., 

Martorana, A., Bernardi, G., and Sancesario, G. (2008) Sub-cellular localization of 

manganese in the basal ganglia of normal and manganese-treated rats An electron 

spectroscopy imaging and electron energy-loss spectroscopy study. Neurotoxicology 29, 

60-72. 

Ortega, R., Moretto, P., Fajac, A., Benard, J., Llabador, Y., and Simonoff, M. (1996) 

Quantitative mapping of platinum and essential trace metal in cisplatin resistant and 

sensitive human ovarian adenocarcinoma cells. Cell Mol. Biol. 42, 77-88. 

Peiter, E., Montanini, B., Gobert, A., Pedas, P., Husted, S., Maathuis, F.J-., Blaudez, D., 

Chalot, M., Sanders, D. (2007) A secretory pathway-localized cation diffusion facilitator 

confers plant manganese tolerance. Proc. Natl. Acad. Sci. USA 104, 8532-8537. 

Pezzati, R., Bossi, M., Podini, P., Meldolesi, J., Grohovaz, F. (1997) High resolution calcium 

mapping of the endoplasmic reticulum-Golgiexocytic membrane system. Electron energy 

loss imaging analysis of quick frozen-freeze dried PC12 cells. Mol. Biol. Cell. 8, 1501–

1512. 

Powers, K.-M., Smith-Weller, T., Franklin, G.-M., Longstreth, W.-T.-Jr., Swanson, P.-D., 

and Checkoway, H. (2003) Parkinson's disease risks associated with dietary iron, 

manganese, and other nutrient intakes. Neurology 60, 1761-1766. 

Reddi, A.R., Jensen, L.T., Culotta, V.C. (2009) Manganese homeostasis in Saccharomyces 

cerevisiae. Chem. Rev. 109, 4722-4732.  

Solé, V.-A., Papillon, E., Cotte, M., Walter, Ph,. And Susini, J. (2007) A multiplatform code 

for the analysis of energy-dispersive X-ray fluorescence spectra. Spectrochim. Acta B 62, 

63-68. 

Towler, M.C., Prescott, A.R., James, J., Lucocq, J.M., Ponnambalam, S. (2000) The 

manganese cation disrupts membrane dynamics along the secretory pathway. Exp. Cell. 

Res. 259, 167-179. 

Van Baelen, K., Dode, L., Vanoevelen, J., Callewaert, G., De Smedt, H., Missiaen, L., Parys, 

JB., Raeymaekers, L., Wuytack, F. (2004) The Ca
2+

/Mn
2+

 pumps in the Golgi apparatus. 

Biochim. Biophys. Acta 1742, 103-112. 

Vangheluwe, P., Sepulveda, M-R., Missiaen, L., Raeymaekers, L., Wuytack, F., Vanoevelen, 

J. (2009) Intracellular Ca
2+

- and Mn
2+

-transport ATPases. Chem. Rev., 109, 4733–4759. 

Vanoevelen, J., Dode, L., Van Baelen, K., Fairclough, R.J., Missiaen, L., Raeymaekers, L., 

Wuytack, F. (2005) The secretory pathway Ca
2+

/Mn
2+

-ATPase 2 Is a Golgi-localized 

pump with high affinity for Ca
2+

 ions. J. Biol. Chem. 280, 22800-22808.  

Witsell, D.L., Casey, C.E., Neville, M.C. (1990) Divalent cation activation of 

galactosyltransferase in native mammary Golgi vesicles. J. Biol. Chem. 265, 15731-

15737. 

Wootton, L. L., Argent, C. C., Wheatley, M., Michelangeli, F. (2004) The expression, activity 

and localisation of the secretory pathway Ca
2+

-ATPase (SPCA1) in different mammalian 

tissues. Biochim. Biophys. Acta 1664, 189–197. 

Wuytack, F., Raeymaekers, L., Missiaen, L. (2003) PMR1/SPCA Ca
2+

 pumps and the role of 

the Golgi apparatus as a Ca
2+

 store. Pflugers Arch. 446, 148-153.  

Xiang, M., Mohamalawari, D., Rao, R. (2005) A novel isoform of the secretory pathway 

Ca
2+

,Mn
2+

-ATPase, hSPCA2, has unusual properties and is expressed in the brain. J. 

Biol. Chem. 280, 11608–11614. 

 



 

 

 

 

 

 

 

 

 

 

INDEX 
 

 

A 

acetylcholine, 78 

acid, viii, ix, 11, 20, 21, 34, 40, 41, 43, 44, 45, 54, 

59, 61, 65, 66, 72, 75, 78, 79, 84, 86, 88, 113, 

118, 119, 120, 121, 122, 125, 133, 134, 140, 143, 

144, 145, 149 

acidic, 23, 44, 49, 54, 120, 121, 125, 134, 143, 145 

activation complex, 18 

active site, 17, 22, 62, 120 

acylation, 51, 84 

adenocarcinoma, 112, 160 

adenosine, 6 

adenovirus, 102 

adipocyte, 75 

ADP, 34, 44, 46, 50, 71, 73, 75, 77, 78, 80, 82, 96, 

101, 145, 146, 148 

aetiology, x, 151 

aggregation, 125, 126, 147, 157 

albumin, ix, 27, 117, 126, 127, 135, 140 

Aldrich syndrome, 77 

algae, 27 

alters, 41, 73, 158 

amino, ix, 23, 48, 54, 59, 61, 65, 66, 69, 118, 122, 

124, 125, 128, 133, 134, 140, 148 

amino acid, ix, 48, 54, 59, 61, 65, 66, 69, 118, 122, 

124, 125, 133, 134, 140, 148 

amino acids, 48, 54, 65, 69, 122, 124, 133, 148 

amphibians, 118 

anchoring, 46 

angiogenesis, 21 

antibody, 28, 92, 125, 126, 127, 128, 129, 130, 131, 

132, 135, 136, 138 

antidepressant, 108 

antigen, 41, 65, 83 

antioxidant, 113 

apoptosis, vii, 1, 2, 9, 10, 11, 16, 17, 18, 19, 20, 22, 

23, 24, 25, 26, 37, 38, 39, 40, 41, 63, 75, 93, 97, 

109, 110, 111, 112, 113, 114, 115, 116 

apoptotic pathways, 16 

AR, 31, 112, 114 

Arabidopsis thaliana, 157 

arrest, 6, 16, 21, 37, 149 

arsenic, 115 

arteries, 115 

aspartate, 17 

astrocytes, 40 

atherosclerosis, 70 

atmosphere, 152 

atomic force, 69 

atomic force microscope, 69 

ATP, 13, 62, 73, 78, 80, 97, 98 

attachment, 8, 44, 48, 97 

autoantigens, 8, 29, 39 

autoimmune diseases, 8 

autosomal recessive, 70 

B 

basal ganglia, 160 

base, 31, 63, 84, 146 

bending, 48 

bile, 61 

biochemistry, 142, 152 

biological activities, ix, 105, 108, 109 

biological systems, 110 

biosynthesis, 15, 16, 19, 20, 21, 26, 35, 36, 51, 62, 

86, 87 

birthmarks, 113 

bladder cancer, 106, 109, 114 

brain, 40, 116, 119, 141, 142, 151, 159, 160 

breakdown, vii, 33, 94, 95 

breathing, 109 

budding, 3, 4, 6, 7, 8, 10, 12, 29, 32, 34, 45, 46, 47, 

48, 55, 57, 59, 71, 72, 96, 102 



Index 162 

C 

Ca2+, 17, 58, 83, 113, 125, 156, 157, 159, 160 

calcium, 38, 54, 55, 58, 74, 77, 115, 126, 152, 157, 

159, 160 

cancer, 39, 106, 109, 113, 114, 115, 116, 149 

cancer cells, 109, 113, 114, 115, 149 

candidates, 95 

carbohydrate, 119, 141 

carbohydrates, 129 

carcinoma, 109, 111, 112, 113, 114, 115, 116 

cardiovascular disease, 71 

cartoon, 5 

casein, 13, 63, 65, 104 

Caspase-8, 17, 110 

caspases, 17, 19, 22, 23, 24, 25, 38, 110, 111 

catabolism, 56, 121, 143 

catalysis, 30, 121 

catalytic activity, 58, 114 

cation, 118, 141, 144, 146, 147, 159, 160 

CD95, 41, 110 

cDNA, 80, 126 

cell cycle, 2, 5, 16, 21, 25, 26, 27, 28, 92, 93, 95, 97, 

98, 100, 101, 102, 104, 112 

cell death, viii, x, 2, 3, 16, 19, 21, 37, 38, 40, 41, 

109, 110, 111, 112, 113, 114, 115, 116, 151, 155, 

159 

cell differentiation, 40 

cell division, 21, 32, 92, 93, 98, 104 

cell fate, 76 

cell killing, 115 

cell line, 4, 13, 28, 116 

cell lines, 4, 116 

cell membranes, 61, 148 

cell movement, 78 

cell signaling, 40, 60 

cell surface, ix, 27, 30, 63, 75, 77, 117, 119, 122, 

140, 157 

central nervous system, 157 

centrosome, 4, 5, 9, 25, 28, 41, 92, 98 

cervical cancer, 106 

challenges, 26, 71 

chaperones, 81 

chemical, x, 48, 59, 141, 151, 152, 153, 156 

chemical properties, 48 

chemicals, 107 

chemiluminescence, 112 

chemotherapy, 105 

chicken, 141 

China, 105, 107, 111 

chitin, 34 

CHO cells, 61 

cholera, 8, 148 

cholesterol, viii, 14, 15, 36, 43, 45, 48, 51, 56, 57, 

58, 59, 60, 61, 63, 65, 66, 70, 71, 73, 77, 79, 80, 

82, 83, 84, 86, 87, 119, 134 

choline, 54, 57, 62, 84 

chromatography, 87, 142 

chromosome, 30, 80, 101, 120, 143 

chromosome 10, 120 

cilia, 41 

cleavage, 17, 18, 19, 22, 23, 24, 25, 37, 38, 39, 60, 

79, 110, 122 

clinical application, 105, 106, 107 

clinical presentation, 81 

clinical trials, 106 

cloning, 30, 35, 80, 141 

clusters, 3, 19, 104 

CO2, 152 

coagulopathy, 70 

coding, 143 

cognitive defects, 69 

cognitive impairment, 70 

collagen, 65 

colon, 112, 113, 116, 157 

colon cancer, 113, 116 

compaction, 57 

competition, 121, 128 

complexity, vii, 1, 28, 118 

complications, 106 

composition, 45, 51, 55, 60, 69, 73, 87, 107, 119, 

140, 141 

condensation, 20, 51, 109 

configuration, 60 

congenital cataract, 69 

connectivity, 8 

consensus, 55, 58 

conservation, 79 

consumption, 24, 45 

controversial, 8, 96 

COOH, 126, 127, 135, 136 

coronavirus, 27 

correlation, 36, 85 

crystal structure, 65 

CS, 111, 112, 113, 114 

culture, x, 129, 151, 156 

culture medium, 129, 156 

curcumin, 107, 113 

cure, 106 

cycling, 102, 148 

cysteine, 17, 33, 55, 122, 126, 130, 145, 159 

cytochrome, 16, 17, 23, 38, 109, 110 

cytokinesis, 6, 18, 39, 101 

cytometry, 109 

cytoplasm, x, 3, 8, 10, 17, 18, 92, 97, 98, 109, 151, 

153, 155, 157, 158 



Index 163 

cytoplasmic tail, 49, 123, 138, 145 

cytoskeleton, 4, 9, 10, 11, 12, 25, 31, 32, 33, 34, 69, 

71, 80, 157, 158 

cytotoxicity, 116, 157 

D 

database, 49, 62, 123 

decoding, 125 

defects, 16, 50, 69, 70, 76, 82, 143 

deficiencies, 120 

deficiency, 85, 120, 143, 144, 146 

deformation, 46, 49, 50, 51, 71, 72, 76 

degradation, 17, 22, 60, 63, 83, 85, 97, 119, 120, 

124, 142, 143, 144, 159 

dendrites, 141 

Denmark, 101, 104 

dephosphorylation, ix, 13, 52, 58, 65, 66, 77, 91, 98 

depolarization, 115 

depolymerization, 5, 11, 14, 25 

derivatives, 12, 15, 20, 62, 65, 112 

destruction, 113, 114 

detection, 102 

detergents, 60, 134 

detoxification, x, 151, 152, 157, 158 

diabetes, 108 

diacylglycerol, viii, 11, 33, 43, 44, 45, 71, 72, 75, 81, 

86, 147 

dietary intake, 152 

diffusion, 13, 71, 100, 110, 160 

digestion, 129, 142 

dimerization, 50, 64 

diploid, 109 

direct observation, 158 

disclosure, 140 

discs, 3 

diseases, 8, 39, 87, 105, 108, 109, 152, 159 

disorder, 69, 70, 88, 152 

displacement, 68 

dissociation, 22, 50, 65, 68, 73, 121 

distribution, viii, ix, 13, 14, 19, 28, 29, 31, 45, 49, 

54, 59, 83, 84, 91, 117, 132, 134, 135, 136, 143, 

152, 153, 154, 155, 156, 157, 158 

diversity, 27 

DNA, 16, 18, 21, 38, 41, 92, 93, 97, 109, 115, 157, 

158 

DNA damage, 16, 18, 41, 97 

DNA polymerase, 157 

dopamine, 158 

dopaminergic, x, 151, 152, 158, 159 

Drosophila, 3, 7, 10, 11, 15, 16, 19, 25, 26, 27, 29, 

37, 39, 71, 80, 84 

drug delivery, 112 

drug resistance, 105 

dysplasia, 115 

E 

earthworms, 35 

E-cadherin, 31 

electron, 4, 27, 28, 106, 110, 125, 138, 152, 160 

electron microscopy, 4, 27, 125, 138 

elucidation, 140, 143 

EM, 4, 37, 140 

encoding, 29, 70, 73, 126 

endothelial cells, 39, 70 

enemies, 37 

energy, 26, 49, 67, 106, 109, 114, 152, 153, 160 

energy input, 49 

engineering, 130, 140 

environment, 45, 60, 121, 157 

enzymatic activity, 12 

enzyme, 12, 15, 18, 22, 24, 29, 38, 60, 63, 97, 103, 

104, 120, 121, 141, 143, 144, 156 

enzymes, ix, 2, 3, 12, 45, 52, 54, 55, 62, 63, 69, 70, 

72, 86, 87, 98, 106, 117, 120, 140, 144, 145 

EPC, 22 

epithelial cells, 32, 48, 75, 138, 139 

epithelium, 32 

equilibrium, 32, 104 

esophagus, 106 

ester, 61, 70, 79, 113 

ethanol, 109 

etiology, 158 

eukaryotic, vii, 1, 2, 3, 8, 9, 66, 68, 79, 92, 119 

eukaryotic cell, vii, 1, 2, 9, 68, 119 

evidence, ix, 3, 10, 12, 26, 28, 36, 66, 80, 96, 102, 

105, 111, 121, 127, 136, 138, 140, 146, 148, 155, 

156, 157, 158 

evolution, 3, 92, 118 

exaggeration, 2 

exclusion, 59 

exocytosis, x, 74, 151, 157, 158 

exons, 142 

experimental condition, 98, 126 

export dynamics, 84 

exposure, x, 121, 126, 151, 152, 155, 156, 157, 159 

external environment, 45 

extraction, 60, 70 

extracts, 70, 100, 107 

extrusion, 70 

F 

FAD, 23 

families, 35, 81 

family members, 37, 49, 118 

fatty acids, 51, 60, 67 



Index 164 

fibroblasts, 6, 69, 75, 79, 80, 83, 121, 124, 144, 145, 

147, 149 

fidelity, 157, 158 

fission, viii, 12, 28, 33, 37, 43, 45, 50, 51, 54, 55, 72, 

74, 80, 82, 88, 91, 92, 95, 100, 102 

fluid, 139 

fluorescence, 112, 127, 152, 153, 154, 159, 160 

force, 69, 71 

Ford, 49, 76 

formation, viii, 7, 10, 11, 27, 29, 30, 32, 33, 39, 40, 

41, 47, 48, 50, 51, 52, 55, 56, 60, 63, 64, 67, 69, 

71, 72, 75, 76, 84, 87, 88, 91, 95, 96, 98, 102, 

103, 110, 122, 128, 140, 142, 148 

fragments, 9, 19, 24, 25, 95, 97, 98, 101, 103, 104 

France, 106, 151 

free radicals, 106 

functional analysis, 71 

functional changes, 115 

fungal metabolite, 130 

fusion, viii, 6, 8, 29, 43, 44, 45, 48, 50, 51, 55, 56, 

62, 67, 68, 69, 70, 71, 73, 76, 78, 81, 91, 92, 96, 

97, 98, 103, 127, 142 

G 

GDP, 46, 68, 73, 138 

gel, 131, 152 

gene expression, 19 

gene regulation, 25 

genes, 13, 19, 60, 70, 78, 118, 142 

genetic disorders, 45 

genetics, 143 

genitourinary tract, 107 

genome, 65 

geometry, 153 

Germany, 106, 133 

glioblastoma, 116 

glioma, 36, 109, 110, 114 

glucose, 28, 31, 152 

glucosidases, 20 

GLUT4, 31 

glutamine, 152 

glycerol, 44, 51, 75, 120 

glycoproteins, 2, 27, 120, 128, 130, 142 

glycosaminoglycans, 2 

glycosylation, ix, 2, 27, 62, 70, 81, 117, 123, 129, 

130, 138, 140, 143, 159 

grants, 99, 111 

granules, 144 

growth, 16, 19, 20, 31, 34, 37, 58, 62, 64, 72, 86, 93, 

102, 104, 113, 114, 122, 141, 144, 152, 159 

growth arrest, 37 

growth factor, 72, 93, 102, 104, 114, 122, 141, 144, 

152, 159 

GTPases, 29, 46, 78, 85, 99 

guanine, 44, 46, 68, 81, 85, 87, 123, 146, 148 

H 

halogen, 106, 107 

haptoglobin, 27 

healing, 30, 109, 114 

heart disease, 108 

hemoglobin, 114 

hepatitis, 140 

hepatocellular carcinoma, 112 

hepatocytes, 27, 121, 145, 147 

heterogeneity, 45 

HIV, 140 

HLA, 113 

homeostasis, x, 14, 15, 19, 21, 37, 45, 54, 55, 66, 86, 

151, 152, 157, 158, 159, 160 

Hong Kong, 105, 111 

host, 149 

hub, 2 

human, x, 9, 24, 29, 30, 35, 39, 40, 41, 45, 64, 65, 

72, 78, 79, 80, 81, 82, 86, 102, 105, 109, 112, 

113, 114, 115, 116, 142, 143, 146, 147, 149, 151, 

156, 158, 160 

human brain, 142 

human genome, 65 

human neutrophils, 72 

hybrid, 128, 130 

hydrogen, 23, 64, 65, 66, 106, 109, 115 

hydrogen peroxide, 23, 106, 109, 115 

hydrolysis, 11, 20, 33, 41, 46, 50, 52, 61, 63, 72, 97, 

98, 120, 125, 138 

hydrophilicity, 133 

hydrophobicity, 133 

hydroxyl, 57, 62, 106 

hydroxyl groups, 57 

hypothesis, ix, 103, 118, 126, 127, 133, 134, 135, 

138 

I 

ideal, viii, 2, 19, 23, 26 

identification, 14, 22, 24, 64, 125, 140, 142 

identity, 15, 29, 58, 59, 68 

illumination, 109 

image, 2, 153 

images, 4, 154 

immunity, 24, 37, 39 

immunofluorescence, 4, 125, 131 

immunoglobulin, 26, 64 

immunoprecipitation, 128, 130, 131, 134 

in vitro, 7, 34, 50, 51, 56, 58, 62, 86, 103, 128, 133, 

143, 152, 158 



Index 165 

in vivo, 24, 103, 112, 114, 120, 138, 143 

inducer, 22, 38, 110 

induction, viii, 6, 24, 43, 76, 109, 111, 116 

infection, 17, 18, 149 

inflammation, 16, 21 

inflammatory responses, 17 

inheritance, 10, 28, 32, 97, 98, 100, 101, 103, 104 

inhibition, 6, 8, 11, 22, 24, 38, 41, 51, 56, 66, 70, 94, 

102, 110, 113, 124, 134, 138 

inhibitor, 17, 38, 56, 68, 73, 94, 127 

initiation, 37, 40, 46, 116 

inositol, 12, 15, 33, 57, 59, 78, 81, 82, 83, 86, 88 

insects, 63 

insertion, 48, 50, 63 

insulin, 4, 31, 60, 141, 144 

integration, 26, 64 

integrity, 12, 76, 148, 153 

interface, 89 

interference, 8, 22, 25, 94, 142, 157, 158 

internalization, 122, 146, 149 

interphase, 5, 7, 92, 98, 104 

invaginate, 119 

invertebrates, 118 

ion transport, 69 

ions, 126, 159, 160 

iron, 152, 156, 159, 160 

irradiation, 41, 112 

ischemia, 116 

isolation, 82, 93 

isopentane, 153 

isozymes, 78 

issues, 7, 10, 19 

J 

Japan, 106, 154 

K 

kidney, 4, 28, 32, 33, 100 

kill, 106, 109 

kinase activity, 58, 77 

kinetics, 25, 159 

Krabbe disease, 120, 143 

L 

labeling, 126, 127, 128, 130, 131, 138, 139, 156 

lactose, 159 

LDL, 61, 86, 149 

lead, vii, 1, 3, 16, 21, 22, 57, 64, 120, 133, 140, 159 

leaks, 157 

lecithin, 33 

LED, 107, 113, 114 

leucine, 58, 60 

leukemia, 78 

ligand, 36, 84, 110, 121, 128, 135, 137, 138 

light, ix, 79, 105, 106, 107, 109, 111, 113, 114 

light emitting diode, 107 

lipases, 45 

lipid metabolism, 45, 60, 64, 66, 85 

lipids, vii, viii, 2, 6, 11, 12, 19, 20, 26, 34, 43, 45, 48, 

51, 52, 53, 54, 56, 57, 63, 67, 70, 76, 81, 83, 86, 

119, 120, 142, 143 

lipoproteins, 60, 61 

liposomes, 8, 48, 67 

liver, 33, 35, 70, 74, 76, 143, 144, 149 

localization, 12, 15, 18, 19, 20, 29, 31, 33, 34, 36, 

38, 39, 50, 54, 57, 58, 63, 64, 66, 67, 74, 79, 80, 

81, 82, 85, 87, 100, 101, 102, 110, 112, 119, 122, 

135, 145, 148, 157, 160 

low temperatures, 27, 134 

LSD, 120 

lumen, 14, 22, 36, 54, 61, 62, 119, 139 

lung cancer, 106, 113 

Luo, 112 

lymphocytes, 144 

lymphoid, 40 

lysine, 58 

lysis, 130 

lysosome, 6, 20, 48, 49, 61, 77, 110, 145 

M 

machinery, viii, 3, 10, 12, 17, 22, 23, 35, 43, 45, 56, 

77 

macromolecules, vii 

macrophages, 70, 80 

magnesium, 20, 157 

majority, 128 

malignant tumors, ix, 105 

mammalian cells, vii, x, 2, 3, 4, 7, 9, 10, 11, 13, 14, 

18, 27, 28, 50, 51, 63, 76, 86, 92, 101, 119, 151, 

153, 157, 159 

mammalian tissues, 160 

mammals, 15, 16, 20 

management, ix, 105, 112 

manganese, vii, x, 151, 152, 153, 154, 155, 156, 157, 

158, 159, 160 

mass, 59, 87, 152 

mass spectrometry, 152 

materials, viii, 43, 119 

matrix, viii, 29, 91, 92, 100, 101, 103, 104 

matter, iv, 39, 55 

measurement, 112 

measurements, 69 

medical, ix, 105 

medicine, 107, 111 

MEK, 93, 94, 100 



Index 166 

mellitus, 108 

metabolic pathways, 60 

metabolism, viii, 13, 15, 21, 36, 39, 41, 43, 45, 51, 

57, 60, 61, 63, 64, 66, 73, 75, 79, 83, 84, 85, 88, 

109, 114, 158 

metabolites, 40 

metabolized, 20 

metal ion, 159 

metal ions, 159 

metaphase, viii, 91, 92, 95, 97 

metastasis, 102 

methylene blue, 107, 113 

Mg2+, 78 

mice, 6, 16, 17, 24, 37, 83, 113, 115, 138, 139, 146 

microinjection, 10, 95 

microscope, 69, 110, 154 

microscopy, 4, 27, 32, 57, 100, 104, 125, 131, 132, 

138, 159 

migration, 2, 10, 21, 25 

mitochondria, 5, 7, 13, 16, 17, 23, 37, 51, 59, 109, 

110, 111, 114, 115, 158, 159 

mitochondrial damage, 109 

mitochondrial DNA, 115 

mitogen, viii, 58, 91, 100, 101 

mitosis, viii, 5, 7, 10, 11, 18, 25, 26, 28, 39, 91, 92, 

93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104 

mitotic index, 95 

mixing, 67, 81 

MMP, 109 

models, 62, 64, 69, 97 

modifications, 92, 97, 119 

modules, 56, 65 

molecular oxygen, 106 

molecular structure, 140 

molecular weight, 17, 145 

molecules, 2, 11, 12, 14, 15, 16, 17, 20, 22, 24, 25, 

26, 28, 50, 51, 80, 97, 106, 110, 111, 119, 125, 

136, 140, 152 

monoclonal antibody, 28 

morphology, 4, 16, 22, 25, 32, 34, 41, 56, 57, 92, 

153, 158 

mosaic, 142 

motif, ix, 13, 30, 35, 49, 50, 54, 55, 58, 62, 64, 65, 

66, 68, 72, 74, 75, 78, 79, 81, 97, 98, 117, 123, 

124, 140, 146 

motor neuron disease, 80 

mRNA, 24 

mutagenesis, 76, 140, 158 

mutant, 16, 37, 63, 68, 85, 97, 133, 134 

mutation, 60, 67, 70, 121, 124, 133, 134, 143 

mutational analysis, 126 

mutations, 49, 61, 68, 69, 70, 133 

mycobacteria, 149 

myosin, 10, 31, 32 

N 

NAD, 82 

nasopharyngeal carcinoma, 109, 111, 112, 114 

NCS, 58 

necrosis, 18, 20, 39, 40, 109 

nematode, 64 

neovascularization, 114 

nerve, 122, 152, 159 

nerve growth factor, 122, 152, 159 

nervous system, 125, 157 

neuroblastoma, 83 

neurodegeneration, 115, 157 

neurodegenerative diseases, 152, 159 

neuronal cells, 121 

neurons, 28, 141, 148 

neutral, 20, 23, 37, 40, 41, 126 

neutrophils, 72 

Niemann-Pick disease, 61 

nitrogen, 153 

NMR, 63, 64, 76, 149 

nucleation, 9, 11, 31, 77 

nuclei, 33, 132, 159 

nucleic acid, 106, 119 

nucleus, x, 13, 16, 18, 19, 25, 38, 60, 151, 153, 154, 

155, 157, 158 

O 

OH, 15, 34, 61, 65, 66, 76 

oil, 152 

oleic acid, 54 

oligomerization, 7, 17, 95, 96 

oligomers, 7, 95, 99 

oligosaccharide, 27, 70, 120, 140, 149 

organ, 70 

organelles, viii, 5, 7, 13, 14, 16, 17, 23, 25, 31, 32, 

43, 45, 55, 64, 65, 79, 91, 92, 110, 111, 118, 119, 

152, 153 

organize, 11, 123 

organs, 144 

overlap, 14, 18 

oxidative reaction, 106 

oxidative stress, 15, 16, 23, 24, 37, 41, 71, 83, 115 

oxygen, ix, 23, 105, 106, 107, 109, 110, 111, 112, 

114 

P 

p53, 17 

pancreas, 26 

parallel, 15, 69, 110 

pathogenesis, 84 



Index 167 

pathogens, 140 

pathophysiology, 85 

pathways, vii, viii, 15, 16, 17, 18, 20, 21, 23, 24, 26, 

36, 37, 40, 44, 46, 49, 52, 54, 59, 60, 70, 72, 93, 

96, 99, 103, 109, 110, 112, 115, 116, 118, 119, 

149 

penicillin, 152 

peptide, 72, 87, 147 

peptides, 129 

permeability, 37, 109 

permission, iv, 94, 126, 127, 129, 131, 132, 135 

permit, x, 118, 119 

peroxide, 23, 109, 115, 159 

pH, 20, 75, 110, 119, 125, 126, 130 

pheochromocytoma, 152, 159 

phosphate, viii, ix, 12, 13, 19, 20, 21, 34, 39, 40, 43, 

44, 49, 51, 52, 56, 72, 76, 78, 84, 85, 87, 117, 

118, 119, 121, 135, 141, 142, 144, 145, 146, 147 

phosphates, viii, 43, 45 

phosphatidylcholine, 11, 20, 33, 44, 71, 73, 79, 86, 

147 

phosphatidylethanolamine, 51 

phosphatidylserine, 51, 85, 109 

phosphoinositides, 12, 34, 74, 82, 84 

phospholipids, viii, 2, 10, 43, 45, 52, 56, 57, 63, 70 

phosphorylation, viii, 2, 5, 8, 12, 13, 15, 35, 36, 43, 

55, 58, 63, 65, 67, 79, 80, 82, 85, 91, 92, 95, 96, 

97, 101, 144 

photons, 106, 153 

photosensitivity, 107 

physical interaction, 60 

physical properties, 45 

PI3K, 21 

pituitary tumors, 114 

plants, ix, 8, 92, 105, 109, 114, 118, 157 

plasma membrane, ix, 2, 8, 9, 12, 14, 20, 21, 22, 23, 

25, 27, 33, 39, 45, 72, 73, 77, 79, 80, 83, 84, 87, 

117, 118, 119, 142, 145 

plasma proteins, 144 

plasminogen, 121, 144 

platelets, 82 

platform, viii, 2, 3, 9, 11, 19, 23, 26 

platinum, 160 

PM, 28, 31, 45, 46, 47, 49, 53, 55, 57, 58, 59, 60, 61, 

63, 64, 66, 69, 70, 112, 113, 114 

point mutation, 133 

point of origin, 118 

polar, 50, 51 

polarity, 9, 25, 30 

polarization, 10, 25 

polycarbonate, 152 

polymerization, 25, 49, 50, 85 

polypeptide, 126, 157, 158 

pools, viii, 43, 51 

population, 10, 33, 35, 57, 80 

porphyrins, 112 

port-wine stain, 113 

potassium, 128 

preparation, iv, 153 

preservation, 153 

primary function, vii 

priming, 67, 78 

principles, 145 

programming, 71 

prokaryotes, 118 

proliferation, 19, 20, 93 

proline, 95, 132 

promoter, 24, 41, 50, 65, 72 

prophase, viii, 91, 95, 100 

protein family, 37, 54, 71, 73, 80 

protein kinase C, 20, 40, 55, 79 

proteoglycans, 2 

proteolysis, 73, 84, 125 

pumps, 156, 160 

purification, 141 

Q 

quantification, 138 

quartz, 106, 107 

R 

Rab, 8, 68, 85 

radiation, x, 111, 113, 151, 152, 153 

Radiation, 153 

radiation damage, 153 

radiotherapy, 105 

reactions, 21, 62, 106 

reactive oxygen, ix, 23, 105, 106, 109, 110, 111, 112 

receptors, ix, 17, 21, 23, 38, 39, 40, 48, 49, 61, 76, 

103, 117, 118, 119, 121, 122, 123, 124, 128, 141, 

142, 144, 145, 146 

recognition, 34, 79, 80, 81, 87, 121, 140, 141, 146 

reconstruction, 5, 6, 153 

recruiting, viii, 12, 43, 122 

recurrence, 105 

recycling, 2, 11, 31, 84, 119, 124, 142, 148 

redistribution, 60, 61, 102, 130, 148, 158 

regeneration, 31 

regrowth, 92, 97, 98, 101 

relatives, 38 

relevance, 71, 95 

replication, 158 

residues, ix, 2, 17, 49, 50, 54, 62, 63, 64, 65, 66, 69, 

87, 118, 120, 121, 130, 132, 140, 141, 144 

resistance, ix, 105, 117 



Index 168 

resolution, 28, 64, 152, 153, 160 

response, 2, 13, 16, 17, 18, 23, 24, 25, 37, 40, 44, 51, 

59, 64, 66, 70, 75, 79, 83, 110, 115, 125 

reticulum, vii, viii, ix, 1, 2, 27, 31, 34, 35, 37, 43, 73, 

74, 78, 79, 80, 82, 83, 84, 85, 86, 88, 91, 92, 97, 

100, 101, 104, 110, 117, 118, 159, 160 

retinopathy, 114 

ribosome, 22 

rights, iv 

risk, x, 151, 152, 159 

risks, 160 

RNA, 8, 22, 25, 94, 136, 142 

RNAi, 48, 56, 58, 62, 63, 66 

root, 28 

routes, 13, 14, 20, 23 

rowing, 66 

S 

SAP, 128, 147, 149 

saponin, 125 

saturation, 128, 137, 140 

science, 113 

second generation, 113 

secretion, viii, ix, 25, 26, 30, 34, 43, 56, 58, 63, 117, 

118, 128, 138, 145 

seedlings, 113 

segregation, 11, 74, 101, 136 

selectivity, 159 

self-organization, 29 

serine, 13, 20, 41, 50, 61, 63, 65, 66, 78, 94, 95, 98 

Sertoli cells, 28, 126, 139, 142, 147 

serum, 58, 69, 152 

shape, 10, 34, 45, 51, 54, 60 

shock, 17 

showing, ix, 65, 118, 137, 155 

sialic acid, 120, 149 

side chain, 120, 121, 140 

signal transduction, 14, 19, 40, 72, 85, 148 

signaling pathway, vii, viii, 16, 17, 18, 19, 20, 24, 

25, 26, 36, 44, 60, 76, 93, 94, 99, 110 

signalling, 39, 40, 83, 101, 122, 149 

signals, vii, viii, 1, 16, 17, 18, 19, 22, 23, 24, 25, 38, 

40, 48, 63, 80, 91, 92, 95, 98, 104, 146, 148 

signs, 138 

SII, 153 

silicon, 113, 153 

siRNA, 51, 124, 128 

skeletal muscle, 119 

skeleton, 32 

skin, 106, 107, 143 

SMS, 44, 75, 80 

software, 130, 153, 155 

solubility, 60 

solution, 50, 63 

somata, 141 

somatic cell, 102 

Spain, 91 

species, ix, 3, 14, 23, 51, 105, 106, 109, 110, 111, 

112 

spectroscopy, 69, 133, 160 

speculation, 12 

sperm, 64 

spindle, viii, 10, 32, 91, 92, 95, 97, 98, 103, 104 

spleen, 149 

squamous cell, 112, 115 

squamous cell carcinoma, 112, 115 

stability, 8, 10, 41, 70, 73 

stabilization, 32, 45 

stars, 5 

starvation, 58 

state, 18, 22, 54, 106, 109, 129, 136, 138 

states, 69, 144 

stem cells, 40 

sterols, viii, 15, 36, 43, 63, 66, 67, 76 

stomatitis, 8 

storage, 15, 110, 120, 138, 140, 147, 152, 158 

stress, vii, 1, 3, 9, 10, 14, 15, 16, 17, 18, 19, 22, 23, 

24, 25, 26, 37, 38, 41, 71, 81, 83, 115 

stroke, 71 

structural protein, 6, 7, 9, 19, 22, 23, 25 

structure, iv, vii, viii, 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 

14, 18, 19, 20, 22, 24, 25, 26, 27, 28, 29, 30, 38, 

40, 43, 45, 55, 57, 59, 64, 65, 66, 68, 69, 77, 79, 

82, 84, 85, 86, 87, 88, 95, 100, 103, 104, 120, 

122, 130, 132, 133, 134, 140, 143, 146, 147, 148, 

149 

substrate, 6, 18, 24, 44, 46, 50, 55, 64, 67, 80, 82, 

120, 127, 143, 147 

substrates, 18, 21, 55, 99, 120 

sucrose, 134, 135 

sulfate, 62, 120, 149 

sulfonamide, 112 

Sun, 34, 72, 73, 87, 112, 114 

suppression, 56, 61, 62 

surface area, 45 

survival, viii, 2, 3, 16, 17, 19, 21 

symptoms, x, 111, 151, 152, 156 

syndrome, 30, 58, 69, 74, 75, 76, 78, 83, 85, 86 

synthesis, vii, viii, 1, 2, 12, 13, 14, 15, 20, 21, 23, 33, 

34, 35, 36, 41, 43, 45, 50, 52, 54, 56, 57, 60, 61, 

62, 63, 64, 65, 66, 67, 70, 71, 72, 74, 76, 77, 78, 

79, 85, 86, 88, 110, 127, 128, 134, 147 

T 

T cell, 39 



Index 169 

target, 6, 17, 46, 63, 67, 68, 73, 95, 97, 100, 101, 

110, 111, 115, 119, 126, 138, 140, 146, 152 

technical support, 158 

techniques, 32, 57, 104, 159 

technology, 153 

telophase, 6, 97, 98 

therapeutic approaches, x, 118, 119 

therapy, vii, ix, 105, 106, 109, 111, 112, 113, 114, 

115 

thoughts, 71 

threonine, 13, 41, 50, 63, 81 

time allocation, 158 

tissue, 4 

TLR, 63 

TNF, 18, 22, 23, 24, 39, 41, 63 

topology, 35, 76, 78, 103, 142, 143 

toxicity, 109, 157, 158, 159 

toxin, 8, 148 

transcription, 24, 51, 60, 73, 78, 82, 97 

transcription factors, 51, 60 

transduction, 14, 19, 40, 72, 85, 148, 154 

transfection, 126 

transformation, 102, 147 

translocation, 15, 35, 51, 58, 60, 66, 77 

treatment, 15, 18, 22, 23, 24, 30, 54, 94, 106, 110, 

114, 127, 128, 129, 130, 137, 140, 149, 152, 153 

triggers, 50, 63 

tryptophan, 132 

tuberculosis, 140 

tumor, ix, 18, 39, 62, 105, 106, 108, 109, 110, 111, 

114, 115 

tumor cells, 106, 109, 110, 111, 115 

tumor growth, 62 

tumor necrosis factor, 18, 39 

tumorigenesis, 102 

tumors, ix, 105, 106, 109, 111, 114 

tungsten, 106, 107 

turnover, 12, 40, 121 

tyrosine, 54, 146 

U 

ultrasound, 111 

uniform, 29, 57 

urine, 149 

urokinase, 144 

USA, 1, 106, 159, 160 

UVB irradiation, 41 

V 

vacuole, 34, 67, 77, 78, 81, 145 

variations, 129 

vector, 126, 135, 136 

vesicle, 6, 8, 13, 29, 30, 31, 33, 35, 44, 46, 47, 50, 

51, 52, 54, 57, 58, 59, 64, 67, 68, 69, 70, 71, 72, 

73, 80, 81, 83, 85, 88, 95, 96, 102, 103, 104, 142 

visualization, 29, 32, 103 

W 

water, 108, 120, 152 

wavelengths, 107 

Western blot, 127, 131, 135 

wild type, 97, 126, 127, 131, 133, 139 

Wiskott-Aldrich syndrome, 77 

wound healing, 30, 109, 114 

Y 

yeast, 3, 7, 9, 10, 11, 12, 15, 34, 54, 64, 66, 67, 78, 

118, 141, 145, 146, 157, 158, 159 

yield, 57, 140 

Z 

zinc, 20, 55, 74, 154, 155, 159 

 


	Copyright
	GOLGI APPARATUS: 

STRUCTURE, FUNCTIONS  

AND MECHANISMS 
	CONTENTS 
	PREFACE 
	Chapter 1
GOLGI ORGANIZATION AND STRESS SENSING
	ABSTRACT 
	1. INTRODUCTION 
	2. GOLGI STRUCTURE 
	3. APOPTOSIS AND GOLGI STRUCTURAL ORGANIZATION
	4. CELLULAR LOCATION OF THE GOLGI APPARATUS  

IN STRESS SENSING 
	CONCLUSION 
	REFERENCES 

	Chapter 2
FUNCTIONAL RELATIONSHIPS BETWEEN
GOLGI DYNAMICS AND LIPID
METABOLISM AND TRANSPORT
	ABSTRACT 
	ABBREVIATIONS 
	1. INTRODUCTION 
	2. LIPIDS AND PROTEINS INVOLVED IN MEMBRANE BUDDING 
	3. PROTEINS INVOLVED IN MEMBRANE TETHERING AND FUSION 
	4. DISEASES RELATED TO LIPID METABOLISM AND GOLGI FUNCTION 
	5. CONCLUSIONS AND FUTURE DIRECTIONS 
	REFERENCES 

	Chapter 3
SIGNALING PATHWAYS CONTROLLING MITOTIC
GOLGI BREAKDOWN IN MAMMALIAN CELLS
	ABSTRACT 
	1. INTRODUCTION 
	2. UNLINKING OF THE GOLGI RIBBON IN LATE G2 PHASE 
	3. GOLGI STACKS DISASSEMBLY AND VESICULATION 
	4. GOLGI APPARATUS INHERITANCE AND THE MITOTIC SPINDLE 
	5. GOLGI APPARATUS REASSEMBLY  
	CONCLUSION 
	ACKNOWLEDGMENTS 
	REFERENCES 

	Chapter 4
GOLGI APPARATUS AND
HYPERICIN-MEDIATED PHOTODYNAMIC ACTION
	ABSTRACT 
	1. AN ALTERNATIVE THERAPEUTIC MODALITY: PHOTODYNAMIC THERAPY 
	2. A PROMISING SECOND-GENERATION PHOTOSENSITIVE DRUG: HYPERICIN
	 3. THE MECHANISMS OF HYPERICIN-MEDIATED PDT AND GOLGI APPARATUS’S ROLE    
	ACKNOWLEDGMENTS 
	REFERENCES 

	Chapter 5
ROLE OF THE TRANS-GOLGI NETWORK (TGN) IN
THE SORTING OF NONENZYMIC
LYSOSOMAL PROTEINS
	ABSTRACT 
	I. EVOLUTIONARY SORTING SYSTEMS IN THE TGN  
	II. THE FUNCTION OF LYSOSOMAL PROTEINS 
	III. SORTING OF LYSOSOMAL PROTEINS 
	IV. PROSAPOSIN TRAFFICKING 
	V. GM2AP TRAFFICKING 
	VI. THE ROLE OF LIPID RAFTS IN LYSOSOMAL TRAFFICKING 
	VII. THE SORTILIN MODEL 
	VIII. SIGNIFICANCE OF THIS STUDY 
	REFERENCES 

	Chapter 6
GOLGI APPARATUS FUNCTIONS IN MANGANESE
HOMEOSTASIS AND DETOXIFICATION
	ABSTRACT 
	INTRODUCTION 
	METHODS 
	RESULTS 
	DISCUSSION 
	CONCLUSION 
	ACKNOWLEDGMENTS 
	REFERENCES 

	INDEX 

