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ABSTRACT 

The neuronal ceroid lipofuscinosis (NCLs, also known collectively as Batten disease) 

are a group of lysosomal storage disorders characterized by the accumulation of 

autofluorescent storage material in the brain. Although a number of genes underlying 

different forms of NCL have been cloned, the underlying mechanism for the 

neurodegeneration is still unknown. The most severe form of NCL (infantile NCL) is caused 

by mutations in the CLN1/PPT1 gene, which encodes a soluble lysosomal hydrolase 

(palmitoyl protein thioesterase-1) that removes fatty acids from lipid modified proteins in the 

lysosome. It has been postulated that abnormal dolichol metabolism might be involved in 

NCL pathogenesis because high levels of dolichol phosphate (Dol-P) and lipid linked 
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oligosaccharides (LLOs) accumulate in NCL patients including infantile NCL. Here, a 

possible relationship between fatty acid and dolichol metabolism in the neuropathogenesis of 

NCL has been explored by analyzing LLOs from mouse models of Batten disease and other 

non-NCL lysosomal storage diseases (LSDs), and by characterizing a unique fusion protein 

consisting of PPT1 and a dolichol metabolizing enzyme (DOLPP1) in Schizosaccharomyces 

pombe, which we named pdf1 (for ppt1-dolpp1 fusion1). 

To do this, first, I characterized S. pombe pdf1 by ablating the pdf1 gene and studying 

the function of each of the proteins (PPT1 and DOLPP1) independently. These results 

revealed that PPT1 and DOLPP1 may be co-regulated in lower organisms but the functional 

relationship in higher eukaryotes remains unclear.  

To further explore the relationship between PPT1 and DOLPP1 in mammalian cells, I cloned 

the mammalian ortholog of DOLPP1 and subsequently characterized the mouse Dolpp1p. 

Finally, I characterized and analyzed LLOs in various mouse models of NCL by 

FACE (fluorophore assisted carbohydrate electrophoresis). It was shown that LLOs 

accumulated in PPT1-deficient mouse brain and the level of LLO accumulation was 14.5-

fold higher as compared to wild type brain. Despite the striking accumulation of LLOs in 

PPT1-deficient brain compared to age-matched controls, I also found that the LLOs 

encompassed only 0.3% of the autofluorescent storage material by mass. Therefore, the 

abnormal dolichol catabolism is most likely a secondary phenotype to PPT1 deficiency 

during the pathogenesis of infantile Batten disease. 
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CHAPTER ONE 

Introduction 

1.1 Hypothesis 

As is true of many lysosomal storage disorders, the mechanism whereby the 

underlying enzyme deficiency leads to organ pathology in NCL (neuronal ceroid 

lipofuscinosis) is poorly understood. The storage material (granular osmophilic deposits, 

GROD) accumulating in infantile NCL patients’ brain and other peripheral tissues is 

heterogeneous and complex, largely defying attempts at characterization.  

PPT1 deficiency is the underlying cause of infantile NCL ( (Vesa et al. 1995). PPT 

ortholog in S. pombe is a fusion gene with a partner gene, which is an ortholog of mouse 

DOLPP1 that encodes dolichol pyrophosphate phosphatase-1 (Cho et al. 2004).  Dolpp1p is 

an enzyme that is implicated in dolichol recycling during N-glycosylation process (Rush et 

al. 2002). Furthermore, there have been numerous reports that high level of dolichol 

phosphate and its oligosaccharide intermediates are accumulated in the brain tissue of NCL 

patients including infantile NCL (Keller et al. 1984; Hall et al. 1985; Hall et al. 1987; Hall et 

al. 1988; Hall et al. 1992). All of these observations have led me to the hypothesis that 

abnormal dolichol metabolism may be involved in the pathogenesis of infantile NCL. 

Therefore, throughout the next three chapters of this dissertation, I will examine the 

function of S. pombe pdf1, an ortholog of PPT1 in fission yeast, by exploring whether Ppt1p 

and Dolpp1p are functioning as a single polypeptide that physically interact with each other 

or two proteins that eventually separate to function independently of each other. I will also 
 
1 



2 
investigate the possible link between these two proteins in mammalian cells by cloning and 

characterizing the mammalian ortholog of DOLPP1 from a mouse brain cDNA library. I will 

examine the subcellular localization of mammalian Dolpp1p to see whether these two 

proteins are able to physically interact in higher eukaryotic cells. Finally, I will analyze the 

accumulation of lipid linked oligosaccharides (LLOs) in infantile NCL using a PPT1 

knockout mouse model, other mouse models of NCLs and non-NCL lysosomal storage 

disease (LSD) mouse models which cause neuronal degeneration. 

 

1.2 Neuronal Ceroid Lipofuscinosis 

1.2.1 History 

The neuronal ceroid lipofuscinoses (NCL, also known collectively as Batten disease) 

are a group of progressive inherited neurodegenerative disorders of children characterized by 

the accumulation of autofluorescent inclusion bodies in the brain and other tissues (Mitchison 

et al. 2001; Hofmann 2002). In 1969, Zeman and Dyken first used the term ‘neuronal ceroid 

lipofuscinosis’ to distinguish the group of diseases, now known as NCL, from the 

gangliosidoses (Zeman et al. 1969). The historical description of the disorder was illustrated 

much earlier in the 19th century by Stengel  (Stengel 1826) in a case report of four siblings 

who suffered blindness, epilepsy, and motor dysfunction (Wisniewski et al. 2001a). 

The pathological assessments including electron microscopic (EM) studies on 

autopsy brain tissues from NCL patients have revealed unique pathological markers for 

different subtypes of NCL along with different ages of onset of symptoms. These four 

classical classifications are infantile, late-infantile, juvenile and adult NCLs. Each class of 
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NCL is represented by a unique pattern of lysosomal inclusion bodies including granular 

osmophilic deposits (GROD), curvilinear profiles (CV), fingerprint profiles (FP) and 

rectilinear complexes (RL), respectively (Wisniewski et al. 2001b). 

In 1995, mutations in a lysosomal enzyme called palmitoyl protein thioesterase-1 

were discovered to be the underlying cause of the infantile form of NCL (Vesa et al. 1995). 

Since the first gene (PPT1) was cloned for NCLs, rapid technical advances in molecular 

genetics and biochemistry allowed the identification of five more genes that are responsible 

for NCLs, demanding a new classification system. Therefore, a new gene designation (CLN) 

was introduced for NCLs including the four classical forms. To date, eight different forms of 

NCL are distinguished (CLN1 to CLN8) as summarized in Table 1.1.  

CLN1/PPT1, CLN2/TPPI, CLN3 and CLN4 were assigned for the four classical 

forms of NCLs; infantile, late-infantile, juvenile and adult, respectively (Lerner et al. 1995; 

Vesa et al. 1995; Schriner et al. 1996; Sharp et al. 1997; Sleat et al. 1997).  CLN4 is a 

reserved gene designation for adult-onset autosomal dominant NCL; the genetic locus has not 

been mapped (Kufs 1925; Das et al. 1998). The locus for CLN7, which represents the 

Turkish variant of late-infantile NCL, also has not been mapped, and CLN7 may be an allelic 

variant of one of the NCLs (Ranta et al. 1999; Mitchell et al. 2001). CLN5, CLN6 and CLN8 

represent Finnish variant late-infantile NCL, Gypsy/Indian late-infantile NCL and Northern 

epilepsy with mental retardation, respectively (Savukoski et al. 1994; Sharp et al. 1997; 

Savukoski et al. 1998; Ranta et al. 1999).  

 

1.2.2 Dolichol in NCLs 
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Table 1.1 Classifications of NCLs 

 

 

aGROD: granular osmophilc deposits; bCV: curvilinear profiles; cFP: fingerprint profiles; 
dRL: rectilinear complexes; eMixed: mixture of GROD, CV, FP and RL. 
f,gRef: reviewed in (Elleder et al. 1999; Wisniewski et al. 2001a). 

 
Gene 

 
Form 

 

 
Locus 

 
Protein encoding 

 
Characteristics 

 
f,gRef. 

 
CLN1 

 
Infantile NCL 

 
1p32 

 
Palmitoyl protein 
thioesterase-1 

 
Blindness 
Motor deterioration 
aGROD 

 
 

 
CLN2 

 
Late-infantile 
NCL 
 

 
11p15 

 
Tripeptidyl peptidase-I 

 
Seizures 
Motor deterioration 
bCV 

 
 

 
CLN3 

 
Juvenile NCL 

 
16p12 

 
Lysosomal 
transmembrane protein 

 
Visual loss and seizures 
Motor dysfunction 
cFP 

 
 

 
CLN4 
 

 
Adult NCL 

 
unknown 

 
unknown 

 
Myoclonic epilepsy 
Autosomal dominant 
Dementia, dRL / eMixed 

 

 
CLN5 
 

 
Finnish variant 
late-infantile 
NCL 

 
13q22 

 
Lysosomal 
transmembrane protein 

 
Motor deterioration 
Visual loss 

 

 
CLN6 

 
Gypsy/Indian 
late-infantile 
NCL 
 

 
15q21-23 

 
Putative transmembrane 
protein 

 
Visual loss 
Seizures 
Motor 

 
 

 
CLN7 

 
Turikish variant 
late-infantile 
NCL 

 
unknown 

 
unknown 

 
Motor dysfunction 
Seizure 

 

 
CLN8 

 
Epilepsy with 
mental retardation 
 

 
8p23 

 
Putative transmembrane 
protein 

 
Seizure 
Mental  deterioration 
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Ng Ying Kin et al reported significant amounts of dolichol in the storage material 

accumulating in human cerebral cortex from infantile, late-infantile and juvenile forms of 

NCL patients as compared to age-matched controls, implying possible defects in dolichol 

metabolism in NCL patients (Ng Ying Kin et al. 1983). Dolichols are α-saturated, long chain 

polyprenols with chain length of 14-21 isoprene units, as shown in Figure 1.1 (Schenk et al. 

 

2001).  

Figure 1.1 Structure of Dolichol 
 

n the early 1960’s dolichols were first described as a main component of 

unsapo ain of 

otic 

 the cell: free dolichol, dolichol esterified 

with fa

um 

I

nifiable lipid in animal tissues during studies on the polyisoprenoid side ch

ubiquinone (Pennock et al. 1960). Dolichols are found in almost all membranes in eukary

cells and tissues, and the amount of dolichols varies from 5 to 150 µg/g depending on tissue 

types in different animals (Valtersson et al. 1985). 

Dolichol exists in three different forms of in

tty acids and phosphorylated dolichol (Hemming 1992). The phosphorylated dolichol 

(Dol-P) and its oligosaccharyl derivatives (Dol-PP-OS) play a key role as a lipid carrier 

during the biosynthesis of asparagine (N)-linked glycoproteins in the endoplasmic reticul
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 be 

 

have also been reported in brains of the elderly, 

sugges

ith 

as a 

 

1.2.3 Phosphorylated dolichol (Dol-P) in NCLs 

ol in cells is phosphorylated dolichol 

(Dol-P)

 

CL, 

(ER). Eukaryotic cells have a very small amount of Dol-P as compared to total dolichols and 

the pool size of Dol-P is rate-limiting in glycosylation reactions in the ER (Carson et al. 

1981; Eggens et al. 1984). Free dolichols and esterified dolichols have been postulated to

involved in the modulation of membrane fluidity, stability and permeability (Valtersson et al.

1985; Wood et al. 1986; Monti et al. 1987). 

Elevated levels of dolichol, however, 

ting dolichol accumulation as a marker of aging (Pullarkat et al. 1982). Dolichol levels 

in normal human brain increases more than 10-fold from 18 µg/g (6-year-old) to 263 µg/g 

(68-year-old), and a similar pattern of increase has also been seen in mouse and rat brain w

age (Ng Ying Kin et al. 1983; Pullarkat et al. 1984). Later, the level of dolichol in Alzheimer 

patients (384 ± 90.7 µg/g) has also shown to be increased significantly compared to age-

matched control brains (190 ± 48.9 µg/g), implicating accumulation of dolichol in NCLs 

secondary phenotype of aging (Ng Ying Kin et al. 1983; Wolfe et al. 1983). Therefore, 

further work is needed to explain the precise mechanism of dolichol accumulation during

NCL pathogenesis and the aging process. 

 

The most metabolically active form of dolich

 (Kornfeld et al. 1985). One striking observation from the pre-genomic era was 

abnormally high levels of total Dol-P (measured after hydrolysis of all Dol-P containing

compounds) in brain tissue of all three childhood forms of NCL, adult NCL and canine N

reaching concentrations 10 to 20 fold higher than those of age-matched controls (Keller et al. 
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et 

 

f 

ow that the bulk of the Dol-P found 

in the c

iff reagent 

, 

r 

 

n of the storage material in the NCLs have led to 

several observations that may be of value in understanding the underlying pathophysiology 

of these disorders and their potential relation to changes that occur with normal aging. 

1984; Hall et al. 1985; Wolfe et al. 1988). Elevated Dol-P concentrations comparable to 

those of NCLs were, however, also shown in some of lysosomal storage diseases (LSDs)

such as GM1 gangliosidosis and Niemann Pick’s Type C disease (Wolfe et al. 1988; Hall 

al. 1989; Schedin et al. 1995). It turned out that dolichol levels were also shown to increase 

in some of these LSDs such as aspartylglucosamininuria (AGU), mannosidosis, Sanfilippo B

syndrome and  GM1 gangliosidosis (Humaloja et al. 1991; Jokelainen et al. 1992; Sakakihara 

et al. 1994; Schedin et al. 1995). These observations in LSDs imply that the high level of 

dolichol and/or Dol-P accumulations in cerebral cortex might be a secondary phenotype o

lysosomal dysfunction in neurodegenerative disorders.  

Interestingly, HPLC analysis was performed to sh

lassical childhood NCL patients was present as dolichol pyrophosphoryl 

oligosaccharides (lipid-linked oligosaccharides, LLO) because periodic acid-Sch

(PAS) staining had suggested that the storage material contains carbohydrate (Hall et al. 

1985; Hall et al. 1987; Hall et al. 1988; Daniel et al. 1992; Hall et al. 1992). Furthermore

oligosaccharide structure analysis suggested that the LLO were derived from catabolic rathe

than synthetic intermediates. These studies were, however, limited by uncertainties as to the 

genetic diagnosis in the clinical specimens, the use of autopsy material, the paucity of 

samples available for analysis, and technical limitations imposed by more cumbersome

analytical methods (Schedin et al. 1995). 

Still, early efforts at characterizatio
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1.2.4 Infantile NCL 

The most severe form among NCLs is infantile NCL, with age of onset of symptoms 

and premature death as early as age of  2-3 years (Vesa et al. 1995; Hofmann et al. 1997; 

as et al. 2001). As described above, accumulation of granular 

osmoph

, 

 

ge 

us 

the two nonsense 

mutatio vely) 

oduce the phenotypes of progressive 

Hofmann et al. 1999; D

ilic deposits (GROD) in the lysosomal storage material in patient’s brain tissues is a 

hallmark of INCL (Das et al. 1998). Although INCL patients are found worldwide, the 

carrier frequency of  one particular mutant allele is very high in the Finnish population

which is 1 in 70 (Vesa et al. 1995; Lu et al. 1996; Hofmann et al. 2001a). Affected Finnish 

infants are homozygous for a single missense mutation (A364T or R122W), and develop

visual loss, speech and motor deterioration and uncontrollable seizures beginning at the a

of 6-8 months. The neurodegeneration progresses with those symptoms, and affected 

children show flat electroencephalogram by the age of 3 (Das et al. 2001).  

Unlike the patients in Finland, it has been shown by Das et al. that those INCL 

patients in the U.S. and Canada exhibit a clinically and molecularly more heterogeneo

nature of the disorder. A total of 19 different mutations were identified, and 

ns (R151X and T75P) accounted for 53 % of the alleles (40% and 13 % respecti

(Das et al. 1998). This study has shown the broader spectrum of infantile NCL and that 

infantile NCL is no longer just a Finnish disease. 

1.2.5 Mouse models of NCLs 

Five well-defined genetic mouse models of the NCLs are available to date. As 

summarized in Table 1.2, all 5 mouse models repr
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e manifest in the corresponding human NCLs. Three 

models were generated by gene targeting of CLN1 (Gupta et al. 2001), CLN2 (Sleat, D.E. and 

Lobel, P., manuscript submitted), and CLN3 (Mitchison et al. 1999; Wheeler et al. 2002) and 

the other two have been isolated as spontaneous mutations in CLN6 (Gao et al. 2002a) and 

CLN8 (Ranta et al. 1999). 

Table 1.2 NCL mouse models 

 
Disorder 
 

 
Defective 
gene 

 
Affected protein 

 
Mouse phenotype 

 
Ref. 

neuronal storage disorders that ar

 
Infantile NCL 

 
CLN1/Ppt1 

 
Palmitoyl protein 
thioesterase-1 

 
Spasticity by age 5 months. 
Myoclonic jerking and 
seizures. Fatal by 10 months. 
 

 
(Gupta et al. 2001; 
Gupta et al. 2003) 
 

 
Late Infantile 
NCL 
 

 
CLN2/Tpp1 

 
Tripeptidyl 
peptidase-I 

 
Tremor at 7 weeks and then 
ataxia, median survival 4.5 
months. 
 

 
a 

 
Juvenile NCL 

 
CLN3 

 
Lysosomal 
transmembrane 
protein 

 
Neuropathological 
abnormalities. Motor 
coordination deficits at 6 
months. 
 

 
(Mitchison et al. 
1999), b 

 
Variant Late-
Infantile NCL 
 

 
CLN6(Nclf) 

 
Putative 
transmembrane 
protein 

 
Progressive retinal atrophy. 
Gait disturbance and weakness 
in limbs evident by 6 months 
and severe paralysis by 9 
months. 
 

 
(Bronson et al. 1998; 
Gao et al. 2002a; 
Wheeler et al. 2002) 
 

 
Epilepsy with 
mental 
retardation 

 
CLN8(Mnd) 

 
Putative 
transmembrane 
protein 

 
Hindlimb weakness and ataxia 
at 6 to 7 months. Behavioral 
abnormalities. 
 

 
(Bronson et al. 1993; 
Ranta et al. 1999; 
Bolivar et al. 2002) 
 

aSleat, D.E. and Lobel, P., unpublished data. 
bWeimer, J. M. and Pearce, D. A., unpublished data. 
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1.2.6 Neurodegeneration and the NCLs  

In contrast to the classical lysosomal storage disorders (LSDs), biochemical analyses 

of the storage material in the NCLs did not provide clues as to the underlying defects, due 

either to the heterogeneous nature of the metabolites (proteins or lipid-modified proteins) or 

perhaps because the metabolites are toxic. Whereas most other LSDs are characterized by 

engorgement of affected organs by copious amounts of storage material, the storage in the 

NCLs is relatively scant and the phenotype is predominantly one of cell loss and 

neurodegeneration. Because of these unique phenotypes of neuronal loss and 

neurodegeneration caused by storage material, NCLs were not initially understood to be as 

lysosomal disorders. However, with the appreciation that most of the underlying genes 

encode lysosomal enzymes or lysosomal proteins, it is now clear that the NCLs belong to the 

family of lysosomal storage disease (reviewed in section 1.3).  

Interestingly, all NCLs show a common phenotype, neuronal cell death, although 

individual defects, the age of onset of symptoms and progression of disease are all variable. 

Three types of mechanism for cell death are known as summarized in Table 1.3; apoptosis 

(type 1 cell death), autophagy (type 2 cell death) and necrosis (type 3 cell death) (Kerr et al. 

1972; Schweichel et al. 1973; Clarke 1990).  

Overall, the symptoms and the severity caused by the loss of function mutation 

each mouse model are closely consistent with its human counterparts. Even though there

still many gaps to fill in our understanding of the pathogenesis of NCLs, these mouse m

will serve as important tools to achieve further progress. 
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mmary of three different cell death mechanisms 

 
Type 
 

 
Characteristics 

 
Ref. 

Table 1.3 Su

 
Apoptosis Cell shrinkage, plasma membrane blebbing, nuclear (Kerr et al. 1972) 

 

pyknosis, Chromatin condensation, DNA fragmentation. 
 

 

 
Autophagy 

 
Formation of numerous cytoplasmic autophagic vacuoles 

 

 
(Schweichel et al. 1973) 

 Lysosomal degradation 

 
Necrosis 

 
Lack of lysosomal involvement 
Swelling of intracellular organelles 
Formation of empty space in the cytoplasm 
 

 
(Clarke 1990) 

 

The mechanisms of apoptotic pathways have been well documented in the last decade 

through identification of key components including a family of cysteine proteases called 

caspases, a family of adaptor proteins such as Apaf-1, and a family of mitochondria-

associated proteins called Bcl-2. These proteins have been shown to control apoptosis in 

many different systems, including neurons (Yuan et al. 2000). In NCLs, apoptosis is 

implicated to be a major mechanism of cell death (Mitchison et al. 2004). However, the role 

of autophagy either alone or in conjunction with apoptosis, cannot be excluded. For example, 

no apoptotic cell death of neurons was observed in CLN3 and CLN6 knockout mice. Instead, 

autophagic vacuoles were discovered in the electron micrographs in CLN3 knockout mice 

(Mitchison et al. 2004). 

Two major compartments for degradation of macromolecules and organelles in 

eukaryotic cells are the proteasome and the vacuole/lysosome. Under a variety of 

physiological conditions, most short-lived intracellular molecules are selectively turned over 
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y the ubiquitin-proteasome pathway (Hochstrasser 1996). The ubiquitin-proteasome utilizes 

a series of enzymatic actions of E1 (the ubiquitin-activating enzyme), E2 (the ubiquitin 

conjugating enzyme) and E3 (the ubiquitin-protein ligase) to tag the ubiquitin moiety to the 

target protein via lysine residues, which are subsequently recognized by the 26S proteasome. 

The 26S proteasome, which is comprised of the 20S core particle and 19S regulatory particle, 

degrades the ubiquitin tagged substrates into small peptides by proteases embedded inside the 

20S proteolytic core. However, the ubiquitin-proteasome pathway system functions in the 

degradation of smaller and soluble proteins (cytoplasmic or nuclear), while 

vacuole/lysosomal system targets the long-lived, larger and more complex substrates such as 

membrane proteins, protein complexes and organelles (Mortimore et al. 1987; Hochstrasser 

1996).  

Autophagy is a Greek word and means self (“auto”) eating (“phagy”). In biological 

terms, autophagy is a degradation pathway to the vacuole/lysosome involving the 

sequestration of cytoplasmic portions and intracellular organelles in a double membrane 

vesicle called the autophagosome (Klionsky et al. 2000). Although the origin of 

autophagocytic membrane is not yet clear, it has been suggested that the formation of 

autophagic vacuoles is initiated from the membranes of rough endoplasmic reticulum (RER) 

(Dunn 1990). Three types of mechanism have been suggested for autophagy: 

macroautophagy, microautophagy and chaperone-mediated autophagy (Seglen et al. 1992; 

Dunn 1994; Blommaart et al. 1997). Chaperone-mediated autophagy and microautophagy 

have not been characterized in detail. Chaperone-mediated autophagy is suggested as a 

secondary response to macroautophagy, which occurs temporally (Klionsky et al. 2000). 

b
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Microautopha organelles 

n. The 

duced by amino acid starvation. The 

autofluorescent drug m

induces the accumulation of autophagic vacuoles by preventing their degradation, which 

gy is triggered by invagination of vacuolar membrane to surround 

such as occurs in the degradation of peroxisomes (Yuan et al. 1997; Sakai et al. 1998).  

Macroautophagy is a conserved and well-controlled process that occurs in all 

eukaryotic cells. It is an important process controlling the balance between anabolism and 

catabolism during normal cell growth and development in response to starvation, 

differentiation, aging and death. At least two steps are involved in macroautophagy. Initial 

autophagosomes are formed after portions of cytoplasm are sequestered by membranous 

vesicles. By fusion of autophagosomes with pre-existing vacuole/lysosomes, the resulting 

autophagosomes will gain proteolytic enzymes and undergo autolysosomal degradatio

molecular mechanism of macroautophagy has been best revealed in yeast reverse genetics 

using Saccharomyces cerevisiae. Genes involved in the formation and regulation of the 

autophagosome were identified and characterized by genetic screening. At least 16 genes 

(APG and AUT) were identified that were required for formation of autophagosomes. For the 

docking and fusion of autophagosome and lysosome, Class C VPS genes are also required 

(Tsukada et al. 1993; Thumm et al. 1994; Sato et al. 2000; Seals et al. 2000; Khalfan et al. 

2002). Because many of these genes have their homologous counterparts in higher eukaryotic 

cells, study of autophagy genes in lower organisms has led to a better understanding of the 

process in mammalian cells. 

 In mammalian cells, autophagy is in

onodansylcadaverine (MDC) has been used as a specific marker for 

autophagosomes in CHO cells. Vinblastine, a microtubule depolymerizing agent, also 
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4 

 

em is still 

ion, autophagy will be discussed as a possible mechanism of lipid-linked 

oligosa

 

other final 

r 

increases the accumulation of MDC and alters the size and distribution of autophagic 

vacuoles (Munafo et al. 2001). It has been reported that the distribution of Rab24 is altered in 

CHO cells by induction of autophagy through amino acid deprivation. GFP-tagged Rab2

stained vesicles were labeled with the specific autophagosome marker MDC and colocalized

with autophagosome protein LC3 (the mammalian ortholog of the yeast protein Apg8/Aut7), 

suggesting Rab24 is involved in the autophagic pathway (Munafo et al. 2002).  

Autophagy is a dynamic process involving remodeling of cytoplasm and organelles 

by sequestering macromolecules for delivery to vacuole/lysosome so that the cargo is 

degraded and recycled. The mechanism of autophagy in the mammalian syst

unclear, although extensive studies in yeast have begun to reveal the molecular mechanism of 

autophagy and vacuole/lysosomal degradation in the past decade. In Chapter 4 of this 

dissertat

ccharide (LLO) accumulation in NCL mouse models. 

 

1.3 Dolichol Metabolism 

1.3.1 Dolichol biosynthesis 

As briefly mentioned earlier, dolichol is a long chain polyisoprenoid with 14-21

isoprene units with the chain length varying in different species (Pennock et al. 1960; Schenk 

et al. 2001). Dolichol is synthesized by the common isoprenoid pathway with 

products such as cholesterol and ubiquinone (Hemming 1992). These pathways diverge afte

the synthesis of farnesyl pyrophosphate (FPP) as shown in Figure 1.2, and cis-prenyl 
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l. transferase is the first enzyme in dolichol biosynthesis after the branching point (Voet et a

1990). 

Figure 1.2 Pathway of isoprenoid metabolism 
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Then, a series of isopentyl pyrophosphate (IPP) additions produces polyprenyl 

pyrophosphate. Isoprenoid phosphatase hydrolyzes two phosphate groups, yielding 

polyprenol. Finally, polyprenol reductase converts the polyprenol to the mature 

polyisoprenol, dolichol, in the presence of a cofactor, reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) as shown in Figure 1.3 (Grunler et al. 1994). All reactions 

down to the synthesis of FPP in Figure 1.2 are localized in cytosol where the enzymes and 

substrates are present, and the resulting cytosolic pool of FPP is then utilized as the substrate 

for cho

t al. 

es, 

sosomal 

ng synthesized in microsomes 

(Wong t al. 1982a; Wong et al. 1982b).  

most biologically active form of dolichol, Dol-P, is 

the first carbon of the α-isoprenoid group as shown in Figure 

1.3. In 

ild 

lesterol and dolichol biosynthesis in the ER and for ubiquinone biosynthesis in 

mitochondria (Trumpower et al. 1974; Wong et al. 1982b; Carroll et al. 1992; Cohen e

1992; Stamellos et al. 1993). cis-Prenyltransferase activity is also detected in peroxisom

implying dolichol biosynthesis is not restricted to microsomes (Appelkvist et al. 1989).  

Interestingly, Wong and Lennarz have demonstrated by kinetic studies and 

subcellular fractionation studies using rat liver that dolichol is transferred to the ly

fraction and preferentially accumulated in lysosomes after bei

 e

De novo synthesis of the 

catalyzed by dolichol kinase at 

S. cerevisiae, the SEC59 gene encodes dolichol kinase (DK). The temperature 

sensitive mutant, sec59-1, in mutant cells has only 48% of DK activity at the permissive 

temperature and less than 10% of DK activity at the restrictive temperature compared to w

type DK. The Dol-P pool in mutant cells dries up almost instantaneously upon the 

temperature shift to the restrictive temperature,  
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Figure 1.3 De novo utes, such as  synthesis of dolichol phosphate (Dol-P). Other ro
involving reduction of polyprenol-P or dephosphorylation of Dol-P-P, are also possible. 
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 1989; Heller 
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ation, 

 

se-P-

 
1.3.2 Dol-P in biosynthesis of asparagine (N)-linked glycoproteins 

Biosynthesis of N-linked glycoproteins involves a series of enzymatic reactions 

occurring on the both sides of endoplasmic reticulum (ER) membrane as shown in Figure 

1.4. The rate-controlling substrate Dol-P begins the synthesis of the lipid carrier (Dol-P-P-

OS) for oligosaccharide transfer to the asparagine residue of nascent polypeptides by 

accepting GlcNAc-1-P from one of the nucleotide-activated sugar donors (UDP-GlcNAc) 

(Burda et al. 1999). An additional unit of GlcNAc is added to produce a lipid-linked 

oligosaccharide (LLO) intermediate, GlcNAc2-P-P-dolichol. Then, five more mannose units 

are added successively from GDP-Man to yield Man5GlcNAc2-P-P-  

resulting in impairment of asparagine (N)-linked glycosylation (Bernstein et al.

et al. 1992). cDNA from human brain that encodes the mammalian ortholog of DK w

identified and characterized (Fernandez et al. 2002). 

Dol-P is also utilized in biosynthesis of serine/threonine (O)-linked mannosyl

and tryptophan (C)-linked mannosylation, as well as glycosylphosphatidylinositol (GPI)-

anchored proteins (Imperiali et al. 1995). During N-linked glycoprotein biosynthesis, Dol-P

is the substrate for at least 3 reactions on the cytoplasmic face of the endoplasmic reticulum 

(ER) membrane: syntheses of GlcNAc-P-P-Dol, mannose-P-dolichol (MPD) and gluco

dolichol (GPD) (Gao et al. 2002c). As mentioned earlier, the availability of Dol-P is a rate-

limiting factor in all of these lipid mediated glycosylations including N- and O-linked 

glycoprotein syntheses, and GPI-anchored protein synthesis.  
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Figure 1.4 Biosynthesis of lipid linked oligosaccharide (LLO) intermediates in the ER. 
The mechanism of Dol-P recycling remains uncertain. 
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dolichol (M5) on the cytoplasmic face of the ER membrane. The M5 is then flipped into the 

lumenal side of the ER membrane and four additional mannose units are added to produce 

Man9GlcNAc2-P-P- dolichol (M9). In S. cerevisiae, Rft1p is found to be necessary for this 

flippin  

se 

 

 

 from 

ase (OST) onto the target 

sparagine residue (Asn-Xxx-Ser/Thr) in the newly synthesized polypeptides in the lumen of 

the ER, generating N-linked glycoproteins (Gao et al. 2002c). 

Gao and Lehrman have introduced a modern technique of fluorophore-assisted 

carbohydrate electrophoresis (FACE) to study LLO biosynthesis (Gao et al. 2002b; Gao et 

al. 2002c; Gao et al. 2003). This FACE system is a relatively simple and exceptionally 

sensitive method for labeling and detecting LLO intermediates from cells and tissues without 

using radioisotopes. In Chapter 4 of this dissertation, LLO profiles of five neuronal ceroid 

lipofuscinosis (NCL) mouse models, 3 lysosomal storage disease (LSD) mouse models and a 

PPT2 knock-out mouse using FACE analysis will be presented, and LLO accumulation in 

NCLs will be discussed in detail. 

 
1.3.3 Recycling of dolichol phosphate (Dol-P) 

g process on the ER membrane (Helenius et al. 2002). M5 must be assembled outside

of the ER because GDP- Man cannot be translocated into the ER lumen, requiring a flippa

activity on the ER membrane (Burda et al. 1999). MPD and GPD, which are the donors of 

mannose and glucose onto LLO intermediates inside the ER, also have to be translocated into

the lumen of the ER. However, proteins mediating translocation of MPD and GPD have not 

been identified (Burda et al. 1999). On the lumenal side of the ER, 3 more glucose units are

added sequentially onto M9, yielding Glc3Man9GlcNAc2-P-P-dolichol (G3M9). Finally,

the mature LLO, G3M9 is transferred by oligosaccharyltransfer

a
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activ

lum

and further characterization of mouse Dolpp1p including its subcellular localization will be 

discussed in detail. 

The level of  Dol-P, a rate-controlling factor in the biosynthesis of N-linked 

glycoproteins, is proposed to be maintained by de novo synthesis from free dolichol by 

dolichol kinase (DK) (Burda et al. 1999). There is another way of maintaining the level of 

Dol-P by converting from Dol-P-P to Dol-P after the oligosaccharide (Glc3Man9GlcNAc2) 

transfer onto proteins (Schenk et al. 2001). Once the oligosaccharides are transferred onto the 

proteins, Dol-P-P is released on the luminal surface of the endoplasmic reticulum (ER). In 

order for Dol-P-P to be re-utilized as a glycosyl carrier lipid for additional rounds of LLO 

biosynthesis, it must be converted to Dol-P and translocated to the cytoplasmic side of the ER 

(Schenk et al. 2001).  

The S. cerevisae CWH8 locus is believed to encode this dolichol pyrophosphatase 

ity. CWH8 null mutant cells are viable but grow much more slowly than wild type cells. 

They also show inefficient N-linked glycosylation on secretory proteins such as carboxy 

peptidase Y (CPY). They produce normal dolichol and a normal length of dolichol-linked 

oligosaccharide (LLO) intermediates at a much reduced level (20%) as compared to wild-

type yeast (van Berkel et al. 1999). Later, it was confirmed that Cwh8p had dolichol 

pyrophosphate phosphatase activity in vitro specifically converting Dol-P-P to Dol-P on the 

enal side of the ER (it was therefore renamed as Dolpp1p) (Fernandez et al. 2001). 

Dolpp1p is recovered in crude microsomal fractions, but its subcellular location had not been 

established. In Chapter 3 of this dissertation, cloning of mouse DOLPP1 will be presented 
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1.4.2 

or farnesylation, a thioether linkage to the cysteine 

ester linkage. Therefore, it has been demonstrated that PPT1 

1.4 Palmitoyl Protein Thioesterase-1 (PPT1) 

1.4.1 Discovery 

In 1993, Camp and Hofmann first discovered palmitoyl protein thioesterase-1 (PPT1

from bovine brain as an enzyme that cleaved the palmitate from H-Ras in vitro (Camp et al. 

1993b), and the human PPT1 gene was then mapped to 1p32 to metaphase chromosomes by 

fluorescent in situ hybridization (FISH) (Schriner et al. 1996). Simultaneously,  the Peltone

group in Finland assigned the locus 1p32 as a candidate gene site for an autosomal recessive 

disorder called infantile neuronal ceroid lipofuscinosis (INCL) by positional cloning  (Jarvela

1991; Vesa et al. 1995). Eventually, the two groups agreed that they were studying ultimately

the same gene by confirming multiple mutations in PPT1 gene in INCL patients and by 

showing no residual PPT activity from brain tissues and lymphoblasts derived from the 

patients (Vesa et al. 1995).  

 
PPT1, a thioesterase  

The substrate H-Ras was used in the enzyme assay for PPT1 during the purification 

from bovine brain tissues, because H-Ras is palmitoylated via S-acylation at the two C-

terminal cysteine residues (Cys181 and Cys184) (Kato et al. 1992). S-acylation is a post-

translational modification of proteins that utilizes a thioester bond between the carboxyl end 

of the fatty acid and the sulfhydryl group of the cysteine residue (Casey 1995). In addition to 

palmitoylation, H-Ras also has a site for carboxy methylation and farnesylation (Cys186) at 

the C-terminus (Kato et al. 1992). F

residue is used instead of thio
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specifi amp et 

of all three sites inactivate PPT1 completely in vitro due to effects on 

protein en 

stal 

o 

yl CoA 

1.4.3 PPT1, a lysosomal enzyme 

PPT1 has been demonstrated to be a lysosomal enzyme by Verkruyse and Hofmann, 

although recombinant PPT1 showed a broad neutral pH optimum (Verkruyse et al. 1996). 

The experiments showed that recombinant PPT1 was taken up by COS cells via the mannose 

6-phosphate receptor pathway, a hallmark of lysosomal enzyme trafficking.  PPT1 activity 

cally cleaves off palmitate groups from H-Ras leaving farnesyl group intact (C

al. 1993b).  

In mammals, the PPT1 cDNA encodes 306 amino acids and contains an N-terminal 

leader sequence (first 25 amino acids). PPT1 is a classical globular monomeric enzyme, 

which possesses an α/β hydrolase fold typical of lipases and a classical catalytic triad 

consisting of serine, aspartic acid and histidine residues (Camp et al. 1993b; Bellizzi et al. 

2000). PPT1 also has three potential sites for asparagine (N)-linked glycosylation (Asn197, 

Asn212 and Asn232). Mutations of those glycosylation sites cause a reduction of enzyme 

activity and mutations 

 folding and stability (Bellizzi et al. 2000). An in vivo substrate for PPT1 has not be

identified but in addition to palmitoylated proteins,  PPT1 hydrolyzes long chain fatty acyl 

CoAs with fatty acid chain length of 14 to 18 carbons in vitro (Camp et al. 1994). The cry

structure for PPT1 has shown that PPT1 cannot bind lipid chains less than 10 carbons 

because they are not long enough to make contact with the critical residues of PPT1 (Caler

et al. 2003). This observation has explained why PPT1 had almost no activity with ac

substrates of six carbons or less (Camp et al. 1993b).  
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ity gradient analysis, strongly 

t omal localization (Verkruyse et al. 1996). Lysosomal localization of 

PPT1 w

 

e  

4). 

ophy, 

lysis 

also fractionated with lysosomal markers by Percoll dens

sugges ing its lysos

as also confirmed by immunofluorescence studies (Hellsten et al. 1996).  

Defective PPT1 initiates an accumulation of [35S]cysteine-labeled lipid thioesters in 

lymphoblasts derived from INCL patients (Lu et al. 1996).  The accumulation of lipid 

thioesters is time dependent and requires prior protein synthesis, indicating that the cysteine 

containing lipid thioesters probably originated from fatty acylated proteins. The 

accumulation is corrected by incubating the cells with recombinant PPT1, which was taken 

up via the mannose 6-phosphate receptor mediated pathway (Lu et al. 1996). It also has been 

shown that the accumulated radiolabeled lipid thioesters cosedimented with lysosomal 

markers, confirming that the accumulated  lipid esters were PPT1 substrates in vivo (Lu et al.

2002).  

 
1.4.4 PPT1 knock-out mous

Using a gene targeting strategy, a PPT1 null mutant mouse was engineered and its 

phenotypes were well characterized and documented (Gupta et al. 2001; Bible et al. 200

PPT1 knock-out mice are viable and fertile. However, the mice show severe cortical atr

spontaneous seizures and premature death by 10 months.  PPT1 knock-out mice exhibit a 

lack of grooming, frequent myclonic jerks and seizures from 3-4 mo of age. PPT1 deficiency 

also affects motor functions such as a progressive gait abnormality and spasticity (a 

“clasping” phenotype) beginning at 5 months of age which progresses to hind-limb para

(Gupta et al. 2001).  
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out mice examined (the earliest age of mice examined were 4 wk-old).  

Neuron

 

me in 

ng 

1.4.5 PPT1 ortholog in Schizosaccharomyces pombe 

cDNAs for PPT1 have been cloned and characterized from human, bovine, rat, 

mouse, fruit fly and fission yeast (Camp et al. 1994; Schriner et al. 1996; Salonen et al. 

1998; Glaser et al. 2003; Cho et al. 2004). The 25 amino acid-long N-terminus leader 

sequences are less obvious in PPT orthologs in Drosophila and S. pombe but the classical 

His in the active site of typical thioesterases are very 

well co

, 

Autofluorescent storage material accumulation is evident in brain tissues from all 

PPT1 knock-

al GROD (granular osmophilic deposits), a hallmark of INCL, are also identified in 

PPT1 knock-out brain and they are indistinguishable from GROD seen in human patients

(Das et al. 1998; Gupta et al. 2001). In PPT1 knock-out brain, a 46% reduction of volu

thalamus as well as a 35% and a 30 % reduction in the cortex and striatum are observed, 

respectively. Cortical thinning probably due to neuronal loss is also observed in different 

regions of the PPT1 knock-out brain (Bible et al. 2004). Terminal dUTP nick end-labeli

(TUNEL) assay shows apoptotic neurons in the Purkinje layer of the cerebellum in PPT1 

knock-out brain, implying apoptosis as a cell death mechanism in PPT1 knock-out mouse 

brain (Gupta et al. 2001).  

 

“catalytic triad” residues of Ser-Asp-

nserved in all the species from human to fission yeast (Glaser et al. 2003; Cho et al. 

2004). The Drosophila ortholog of PPT1 is 55% identical and 72% similar to human PPT1

and flies with a homozygous deletion of PPT1 show almost complete abolition of PPT1 

activity using the fluorometric substrate 4-methylumbelliferyl-6-thiopalmitoyl-β-D-
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n of a 

onal cell 

surviva

tures 

ny studies, 

g those underlying various metabolic, cardiac, renal, and neurological diseases, and 

ancer.  Most of these genes are also found in Saccharomyces cerevisiae (another common 

fungal model). However, two known disease-associated genes (SPAC630.13c and 

SPBC530.12c) are found only in S. pombe, and not in S. cerevisiae (Wood et al. 2002). One 

of the genes, SPBC530.12c, encodes the S. pombe ortholog of the human PPT1 gene. (The 

other encodes a gene associated with tuberous sclerosis (TSC2)).  

Interestingly, examination of SPBC530.12c reveals that it is a fusion gene consisting 

of the S. pombe PPT1 ortholog followed by a single in-frame open reading frame (ORF), 

which is an ortholog of DOLPP1, a gene encoding dolichol pyrophosphate phosphatase-1 

(Dolpp1p), an enzyme also implicated in dolichol metabolism as reviewed earlier. In Chapter 

glucoside, but no apparent  phenotype was observed (Glaser et al. 2003). Overexpressio

PPT1 ortholog in Drosophila, however, was reported to cause apoptotic cell death in the 

visual system, suggesting that tight regulation of PPT1 might be important in neur

l (Korey et al. 2003).  

S. pombe is a single-celled free living archiascomycete fungus sharing many fea

associated with more complex eukaryotic cells. Because the genome of S. pombe can be 

manipulated experimentally, it has served as an excellent model organism for ma

particularly those involving cell-cycle control, mitosis and meiosis (Davis et al. 2001), and 

DNA repair and recombination (Humphrey 2000).  S. pombe is also increasingly used for 

investigating the functions of human disease genes. About 50 genes (out of a total 

complement of approximately 4,800) are orthologous to known human disease genes, 

includin

c

 



27 

 

2 of this dissertation, the cloning and characterization of this S. pombe ortholog gene 

(SPBC530.12c) will be presented in detail. 

 



 

CHAPTER TWO 

PPT1 ortholog in Schizosaccharomyces pombe 

 
2.1 Introduction 

e 

ol-P-P-OS) in the 

ER.  

type yeast.   The presence of a putative fusion protein containing both PPT1 and DOLPP1 

As described in the introduction, S. pombe is fission yeast, a single-celled free living 

archiascomycete fungus sharing many features associated with more complex eukaryotic 

cells. Because the genome of S. pombe can be manipulated experimentally, it has served as 

an excellent model organism for many studies. Bioinformatics screening using amino acid 

sequence of human PPT1 has resulted in identification of an uncharacterized gene 

(SPBC530.12c) as the PPT1 ortholog in the S. pombe genome. Interestingly, examination of 

SPBC530.12c reveals that it is a fusion gene consisting of the S. pombe PPT1 ortholog 

followed in the same open reading frame (ORF) by sequence encoding an ortholog of 

DOLPP1, a dolichol pyrophosphate (Dol-P-P) phosphatase-1 (Dolpp1p), an enzym

implicated in dolichol metabolism. Dolpp1p is a transmembrane protein that catalyzes the 

conversion of Dol-P-P to Dol-P, and is postulated to play a role in the recycling of dolichol 

utilized in the synthesis of the dolichol pyrophosphate oligosaccharides (D

Dol-P-P-OS are intermediates in the asparagine (N)-linked glycosylation of proteins 

(Rush et al. 2002).  Dolpp1p null mutant alleles in S. cerevisiae produce normal dolichol and 

dolichol-linked oligosaccharide intermediates at a reduced level (20%) as compared to wild-

28 
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eptides 

In this chapter, I have ablated the SPBC530.12c gene (hereafter referred to as pdf1, 

ppt1-dolpp1 fusion 1) and determined the consequences of inactivating mutations in the 

Ppt1p and Dolpp1p domains through plasmid complementation assays.  I have also produced 

a polyclonal antibody against the C-terminus of Pdf1p to examine possible post-translational 

processing.  

 
2.2 Experimental Procedures 

2.2.1 Yeast strains, media and genetic methods 

Genotypes of S. pombe strains used in this study are listed in Table 2.1. All strains 

were maintained on yeast extract plus supplement (YES) agar plates or under selection on  

Table 2.1 S. pombe strains used in this study and their genotypes

 

orthologs in S. pombe suggests coordinate regulation of the synthesis of the two polyp

in S. pombe.   

Strain Genotype        Source 
  
 
SC 247      h+ his3-D1 ade6-M210 ura4-D18 leu1-32     Rokeach, L.
            
SC 248      h-   his3-D1 ade6-M216 ura4-D18 leu1-32     Rokeach, L. 
SC 2478      h+ /h- his3-D1/his3-D1 ade6-M210/ade6-M216 ura4-D18/ ura4-D18 leu1-32/leu1-32   This study   
SC 41      h+/ h- pdf1Δ:: his3+/ pdf1+ his3-D1/ his3-D1 ade6-M210/ade6-M216  
                   ura4-D18/ura4-D18 leu1-32/leu1-32       This study

              
SC41R      h+ pdf1Δ:: his3+ his3-D1 ade6-M210 ura4-D18 leu1-32 pREP1[pdf1+-LEU2+]            This study 
SC 41U      h+ pdf1Δ:: his3+ his3-D1 ade6-M210 ura4-D18 leu1-32 pAAU[pdf1+-ura4+]                This study 
SC 41L      h+ pdf1Δ:: his3+ his3-D1 ade6-M210 ura4-D18 leu1-32 pAAL[pdf1+-LEU2+]              This study 
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Edinburgh minimal media (EM  as described (Moreno et al. 

1991).Yeast cells were transformed using lithium acetate (Alfa et al. 1993). Standard 

molecular bio

and subcloning of pdf1+ 

 

 reaction 

M) with appropriate supplements

logical techniques were employed (Sambrook et al. 1989). 

 
2.2.2 Identification 

The SPBC530.12c gene of S. pombe was identified as containing sequences 

corresponding to a potential human PPT1 ortholog through a BLAST search of GenBankTM

using the human PPT1 amino acid sequence (NP_000301) as the query.  S. pombe cosmid 

530 (GenBankTM accession number: AL023634), which contains the SPBC530.12c gene, 

was obtained from the Sanger Center (http://www.sanger.ac.uk).  Polymerase chain

(PCR) was carried out using pfu polymerase (Stratagene)  and cosmid 530 DNA as a 

template DNA with primers 5’-TAAGAATTCGACTCAAGACAACAATCACT-3’ and

CTT

 5’-

GGATCCCCTTGGGTAATTTTCTGAAC-3’. The amplified product was digeste

EcoRI and BamHI (underlined in the forward and reverse primers, respectively) and 

subcloned into the plasmid vector pGEM-T-Easy (Promega) to create pGPD1. The entire 

open reading frame (ORF) was sequenced on both strands and corresponds exactly to 

nucleotides 37983 through 39794 of AL023634. 

 
2.2.3

d with 

 Construction of the pdf1 disruption  

Disruption of pdf1 was performed by removal of a large portion of the open reading 

frame (Figure 2.1, corresponding to amino acids 69 through 565) of pGPD1 and insertion of 

a his3+ gene.  Briefly, pGPD1 was digested with BbsI and BlpI to remove most of the open 

reading frame and the remaining 3.5 kb fragment (containing vector and flanking sequence) 
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ontrẻal) (Burke et al. 1994) was amplified using pfu polymerase and primers 

5’-CAA ’ 

 SC2478. His+ diploids were selected and designated as SC41. Replacement of 

e wild-type allele by the disrupted gene was confirmed by Southern analysis using a 

randomly primed labeled probe generated by PCR amplification of a 300 bp portion of pGPD 

GTCTT

upstream, do of the his3+ 

cassette. To determine the effect of the gene disruption on spore viability, SC41 cells were 

Steven Marcus, MD Anderson Cancer Center) and pAAL. The pAAL vector was created by 

was rendered blunt-ended.  The his3+ gene from pJB1 (a gift from Dr. Luis Rokeach, 

University of M

CGTTTTCTTTACTATTGCAC-3’ and 5’-ACGCGTGAATGGACTGTTGGCTG-3

and ligated into pGEM-T-Easy (Promega).  A 2.1 kb NotI fragment containing the his3+ gene 

was rendered blunt-ended and ligated to the 3.5 kb fragment of pGPD.  The resultant plasmid 

(pGPDH1) was digested with NotI and the 2.6 kb insert was transformed into a wild-type 

diploid strain

th

using primers 5’-CCCTTGGGTAATTTTCTGAAC-3’ and 

CAAATTCGTTGTCACC-3’.  The correct targeting of the deletion cassette into the 

genomic locus was also verified by PCR. Primers were designed that were specific to the 

wnstream and internal regions of the ORF, and to the internal region 

plated on malt extract (ME) plates to induce sporulation. After 36 to 48 hours, the presence 

of asci was confirmed under the light microscope and tetrad dissection was performed using 

a micromanipulator as described previously (Alfa et al. 1993). 

 
2.2.4 Expression Plasmids  

The ORF of pdf1+ was amplified by PCR using pGPD1 as a template and the 

amplified product was subcloned into three plasmid vectors; pREP1, pAAU (a gift from 
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ed 

struction of point 

utations are available upon request. The truncation mutation (∆373-602) was constructed 

by PCR using pGPD1 as template.  

 

ed 

 

2.2.6 Structure-function analysis of pdf1  by plasmid shuffling 

SC41U cells were transformed with wild type pAAL- pdf1+ or with plasmids 

 Legends. Transformants were selected on a 

medium

 

e 

replacing the ura4+ marker with LEU2+ in pAAU by digestion with HindIII and ligation. 

Point mutations were introduced in the pdf1+ ORF using the QuickChange Site-Direct

Mutagenesis Kit (Stratagene). Oligonucleotide sequences used in the con

m

2.2.5 Isolation of haploid pdf1∆ strains complemented by pdf1+ 

SC41 cells were transformed with pAAU-pdf1+, and his+ and ura+ transformants 

were selected on medium lacking adenine, histidine and uracil.  Transformants were induc

to sporulate on ME plates, the ascus walls were digested with glusulase (Sigma), and the 

individual spores were germinated on plates lacking histidine and uracil. The resulting

colonies were examined as his+, ade- haploids only if they were also ura+, indicating plasmid 

rescue of the disruption phenotype.  Loss of the wild-type allele was confirmed by Southern 

analysis.  The haploid strains were designated SC41R, SC41U or SC41L, for strains 

complemented by pREP1- pdf1+, pAAU- pdf1+ and pAAL- pdf1+, respectively. 

 
+

containing mutations as indicated in the Figure

 lacking leucine and uracil. Each transformant was then streaked onto medium 

containing 0.1% 5-fluoroorotic acid (5’FOA) and 50 µg/ml uracil (Liang et al. 2001) and was

grown at 30°C for 4 days to promote the loss of the ura4+ plasmid. The growth of cells in th
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 pdf1+ 

2.2.7 Vanadate and extracellular pH sensitivity  

Sodium orthovanadate (Sigma) was added to medium from a filter-sterilized stock 

solution (100 mM) after autoclaving. For pH sensitivity experiments, 50 mM MOPS and 50 

mM MES was included in the medium and the pH was adjusted by dropwise addition of 10 

N NaOH.  

 

zed with 300 µg of a synthetic 

 

n 

ling gel (Pierce). 

 immunoblotting 

 

presence of 5’FOA was scored to assess the ability of the wild type or mutated pAAL-

to promote viability of the haploid pdf1∆ strain. 

 

2.2.8 Affinity-purified polyclonal antibodies   

Three New Zealand White rabbits were each immuni

peptide corresponding to amino acid residues 583 to 603 of Pdf1p that was coupled to 

keyhole limpet hemocyanin using methods described previously (Rush et al. 2002). The 

antigen was injected intradermally in Freund’s complete adjuvant, and rabbits were boosted 

three times at 3-week intervals with 300 µg of peptide in Freund’s incomplete adjuvant. An

IgG fraction was prepared from preimmune and immune serum by specific binding to Protei

A-Sepharose CL-4B (Pharmacia). The IgG was affinity-purified by specific binding to a 

column consisting of the peptide cross-linked to SulfoLink coup

 
2.2.9 Protein extraction and

Cells were grown to mid-log phase in EMM with appropriate amino acids. The

harvested cells were washed twice with distilled water and cell lysates were prepared by 

glass bead lysis in homogenization buffer (20 mM HEPES, pH 7.0, 50 mM potassium 
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itol 

d 

 

ckman Optima TLX ultracentrifuge. The supernatant 

action was reserved and the membrane pellet was washed once with homogenization buffer 

and resuspended in 8 M urea for immunoblotting.  Samples were analyzed by electrophoresis 

in 12.5% SDS-PAGE gels and immunoblotting essentially as described (Rush et al. 2002). 

Filters were blocked for 1 h with Sea Block (East Coast Biologics) and washed in PBS-T 

(0.25% (v/v) Tween 20 in phosphate-buffered saline) followed by incubation for 1 h with 

rabbit anti-peptide polyclonal antibody (0.1 µg/ml). The filters were washed with PBS-T and 

incubated for 45 min in a solution containing horseradish peroxidase-conjugated secondary 

antibody (sheep anti-rabbit IgG, Amersham) diluted 1:2500 in PBS-T. The filters were 

washed and developed using ECL chemiluminescence reagents (Amersham). 

 
.3 Results 

2.3.1 

acetate, 5 mM magnesium acetate, 100 mM sorbitol) with the addition of 1 mM dithiothre

(DTT) and a cocktail of protease inhibitors (2 µg/ml each of leupeptin, pepstatin and 

aprotinin and 1 mM phenylmethylsulfonyl fluoride) (Liang et al. 2001). Lysates were cleare

by centrifugation at 500 x g for 1 min at 4 °C, and resulting supernatants were centrifuged at

20,000 x g for 30 min at 4 °C in a Be

fr

2

Cloning of the fission yeast pdf1 gene 

A BLAST search of the S. pombe genome database using the human PPT1 amino 

acid sequence yielded a gene (SPBC530.12c) that encodes a 603-amino acid residue protein 

that contains a Ppt1p domain (31% identical to human Ppt1p), a linker region, and a domain 

that shares 33% sequence identity to mouse Dolpp1p (Figure 2.1).  Residues of human Ppt1p 
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Figure 2.1 Amino acid sequence alignment (A) and domain structure (B) of proteins 
encoded by S. pombe pdf1, human PPT1, and mouse DOLPP1. Gaps in the sequences are 
indicat s are 
light gray. The linker region contains two distinct clusters (*) of basic amino acids, which are 

catalysis and that were mutated to catalytically inactive residues for the purposes of this 

ed by dashes. Identical amino acid residues are shaded dark gray; similar residue

putative cleavage sites of serine endopeptidase Krp1. Amino acids that participate in 

study are indicated ( ). An acidic linker region of 76 amino acids between the Ppt1p and 
Dolpp1p domains is indicated by a shaded bar. 
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and mouse Dolpp1p known to participate in catalysis (i.e., catalytic triad residues Ser115, 

Asp233 and His289 of human PPT1) (Bellizzi et al. 2000) and the consensus lipid-pho

phosphatase motif of mouse Dolpp1p (Lys455,  His478 and His530) (Rush et al. 2002) are 

conserved in Pdf1p.(Figure 2.1A).  The linker region (Figure 2.1B) contains sequences that 

conform to cleavage recognition sites for a kex-related processing protease, Krp1 (Powner e

al. 1998).  

 

2.3.2 Disruption of fission yeast pdf1 is lethal 

To investigate the function of pdf1, I constructed and examined the phenotypes of S. 

pombe strains in which pdf1 was deleted. The pdf1 gene is 1812 base pairs in length and 

contains no predicted intron sequences (Figure 2.2A). One copy of the pdf1 open reading 

frame (comprising amino acids 69 to 565) was replaced with the his3

sphate 

t 

 

rn 

d 1.8 kb bands 

 heterozygous diploids (lane 2), and a single band of 5.5 kb in the disruption strain rescued 

by a plasmid (pREP1- pdf1+) in the haploid state (lane 3).   Correct targeting of the deletion 

ed by PCR as described in Experimental 

Procedures. Sporulation and tetr

+ selectable marker in a

diploid S. pombe strain and chromosomal deletion of the gene was confirmed by Southe

analysis (Figure 2.2B), which yields a 2.2 kb band in wild type (lane 1), 2.2 an

in

cassette into the genomic locus was also confirm

ad analysis of independently derived heterozygous diploid 

strains (∆ pdf1:: his3+/ pdf1+) resulted in only two viable spores, showing a 2:0 segregation 

(Figure 2.2C). All of the viable spores were his- and pdf1+, indicating that pdf1 is an essential 

gene in S. pombe. 
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Figure 2.2 Disruption of pdf1+. (A) Restriction map and schematic of the pdf1+ locus. T
direction and location of the pdf1

he 
+ ORF are indicated. The position of the probe used for 

Southern blot analysis is indicated as a shaded box. The location of the his3+ gene in the 
pdf1 ::his3+ disruption construct is shown. An additional HindIII site is located within the 
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was digested with HindIII, resolved on a 1% agarose gel, and probed with the 0.3-kb 

heterozygous pdf1

his3+ gene. (B) Southern blot analysis of the chromosomal pdf1+ deletion. Genomic DNA 

fragment indicated in panel A. Lane 1, homozygous wild type pdf1+/pdf1+; lane 2, 
/pdf1  strain; lane 3, homozygous pdf1+ /pdf1  strain rescued with a 

ratio resulted from microdissection of heterozygous diploid (pdf1
plasmid bearing pdf1+. (C) Tetrad analysis of the pdf1+ gene disruption. A 2:0 segregation 

::his3 /pdf1 ) cells after 

 

sential for viability whereas the Ppt1p 

domain is dispensable 

 To gain a further insight into ains of the pdf1, I analyzed a pdf1∆ 

strain complemented by various plasmids as shown in Figure 2.3.  Of note, the analysis was 

complicated by an inability to express the S. pombe Dolpp1p domain alone in the absence of 

needed for proper Dolpp1p membrane insertion and folding. 

A structure-function analysis was performed using a plasmid shuffling technique. 

First, I isolated a haploid strain SC41U which contains the pdf1 deletion and harbors the wild 

type pdf1+ gene within a complementing plasmid (pAAU). Because pdf1 is an essential gene, 

only haploid cells containing the plasmid were viable. The SC41U cells were transformed 

with a second plasmid (pAAL) containing a series of mutant constructs, or S. cerevisiae 

DOLPP1 or human PPT1 cDNAs. Those plasmids included specific point mutants, deletion 

and nonsense mutants within the pdf1 coding sequences on the plasmid. The growth of each 

transformant in the presence and absence of 5’FOA was scored (Figure 2.3). As a result, I 

observed that plasmids bearing inactivating mutations in the Ppt1p domain (Hofmann et al. 

2002) (S106A and D226A) that contained an intact Dolpp1p domain complemented the 

+ +

sporulation. The spores that formed colonies in any tetrad were his– and hence pdf1+.  

 
2.3.3 The Dolpp1p domain of Pdf1p is es

the role of two dom

upstream sequences, presumably due to the need for a signal sequence or other sequences 
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Figure 2.3 Plasmid shuffling by counterselection on 5-FOA reveals that the Dolpp1p 
domain is essential for viability. The ability to grow in the presence of 5-FOA indicates 
complementation of pdf1  by the indicated plasmid in SC41U haploid cells. The schematic 
(1 to 8) indicates the amino acid sequences encoded by the complementing plasmid with 
inactivating point mutations, deletions, or nonsense mutations as indicated: 1, wild-type 
Pdf1p; 2, Pdf1p  373 to 602; 3, Pdf1p (S106A); 4, Pdf1p (D226A); 5, Pdf1p (K302Stop); 6, 
Pdf1p (H478A); 7, human Ppt1p; 8, S. cerevisiae Dolpp1p. The transformants were streaked 
to EMM plates supplemented only with adenine (–5'FOA) or adenine, uracil, and 5-FOA 
(+5'FOA). The growth of each transformant on the plates was scored. +, growth; –, no 
growth.  

 

lethal phenotype (Figure 2.3, sectors 3 and 4), whereas plasmids truncated before the 

Dolpp1p domain or bearing a mutation in a highly conserved residue in the phosphate 

binding pocket of Dolpp1p (Studdert et al. 1991) (H478A) did not rescue the phenotype 

(Figure 2.3, sectors 2, 5 and 6). Therefore, it is clear that loss of the Dolpp1p domain is 
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responsible for the lethal phenotype.  Interestingly, neither human Ppt1p nor S. cerevisiae 

Dolpp1p expression plasmids alone complemented the lethal phenotype.  

 
2.3.4 Phenotype of Ppt1p-deficient mutants 

 

I observed that while pdf1∆ mutants rescued by functional Dolpp1p alone were 

s 

pdf1+ gene (Figure 2.4, left panel). This growth retardation 

phenot

e 

ackground signals in the assay). 

viable, the growth rate of these cells was somewhat slower than that of the haploid cell

containing the wild type 

ype was reversed by a second plasmid encoding a wild type Ppt1p domain (Figure 2.4, 

right panel) and an inactivated Dolpp1p domain, suggesting that the growth retardation was 

caused by the lack of Ppt1p function.  Therefore, I have further examined the phenotype of 

these strains.  (Of note, Ppt1p enzymatic activity in these strains could not be measured du

to interfering activities or substances in the yeast that raised b

 

Figure 2.4 Growth retardation of cells harboring point mutants in the Ppt1p domain. 
(Left panel) pdf1 ::his3+ haploids were rescued by plasmids containing wild-type pdf1+ or 
plasmids bearing mutations in active site residues of the Ppt1p domain (S106A and D226A). 
(Middle panel) Rescue of growth retardation by a second plasmid containing a wild-type 
Ppt1p domain and catalytically inactive Dolpp1p domain. Serial 10-fold dilutions were 
spotted onto plates containing the relevant amino acid supplement.  
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2.3.5 Ppt1p-deficient mutants are abnormally sensitive to vanadate and elevated 

extracellula

of interest to see 

vacuolar m al pH (Banta 

et al. 1988; Kitam

vanadate, w

cells were transform ain and an 

 

 

sensitivity was reversed when the cells were transformed with a second plasmid containing a 

).  

otype 

r pH  

As Ppt1p is a lysosomal enzyme in mammalian cells and as the fungal vacuole is the 

equivalent organelle of mammalian lysosome, I thought that it would be 

whether deficiency of Ppt1p function would lead to phenotypes normally associated with 

utants in fungi, such as sensitivity to sodium orthovanadate or extern

oto et al. 1988; Klionsky et al. 1990; Takeshige et al. 1992; Iwaki et al. 

2003). As shown in Figure 2.5A, cells harboring a wild type pdf1 gene were not affected by 

hile cells harboring inactivating mutations in Ppt1p are sensitive to vanadate in a 

concentration dependent manner (sectors 2 and 3). This sensitivity was reversed when the 

ed with a second plasmid containing the wild type Ppt1p dom

inactive Dolpp1p domain (Figure 2.5A, center column). Inactivating mutations in the Ppt1p

domain were also associated with an abnormal sensitivity to elevated extracellular pH, as 

shown in Figure 2.5B.  At pH 5.5, cells complemented with either wild type or plasmids 

bearing mutations in the Ppt1p domain grow normally. However, when the external pH was 

elevated above pH 6.0, the haploid cells lacking functional Ppt1p did not grow. This pH

wild type Ppt1p domain and an inactive Dolpp1p domain (Figure 2.5B, center column

Transformation of cells with an empty plasmid vector had no effect on the phen

(Figure 2.5A and B, third column).  These results strongly suggest that Ppt1p activity is 

required for normal vacuolar function in S. pombe.
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Figure 2.5 Sensitivity of PPT-deficient cells to sodium orthovanadate and to 
ally inviable pdf1extracellular pH. (A) Norm ::his3+ haploids rescued by wild-type pAAL-

pdf1  (1), mutated pAAL-pdf1(S106A) (2), or pAAL-pdf1(D226A) plasmids with mutations 
in the P
4 days at 30°C. Mutations in the Ppt1p domain conferred sensitivity to sodium orthovanadate 

transformed with a second plasmid, pAAU-pdf1(H478A), containing wild-type PPT and an 

shown in sectors 7 to 9. (B) Yeast cells were incubated at 30°C for 4 days on EMM adjusted 

pH to the cells. The sensitivity to higher pH was reversed when the cells were transformed 
ion 

in the Dolpp1p domain (sectors 4 to 6). This suggests that the pH sensitivity is due solely to 

were unable to grow at pH 7.0. Empty vector controls are shown in sectors 7 to 9. (C) The 

A second plasmid containing a human PPT1 cDNA (pAAU-hPPT1) was transformed into the 
te 

or medium buffered to pH 6.5. 

incubat

ces in vacuolar morphology, and no clear 

accumulations of granular osmiophilic deposits were noted.  In addition, heat sensitivity (as 

+

pt1p domain (3) were exposed to various concentrations of sodium orthovanadate for 

in a concentration-dependent manner. The sensitivity was reversed when the cells were 

inactivating mutation in the Dolpp1p domain (sectors 4 to 6). Empty vector controls are 

to the indicated pH. Ppt1p-inactivating mutations conferred an abnormal sensitivity to high 

with a second plasmid containing a wild-type PPT domain and an inactivating point mutat

the absence of wild-type Ppt1p activity in the cells. Note that even normal S. pombe cells 

human PPT1 gene activity was able to complement the phenotypes of PPT-deficient mutants. 

cells. Transformants were streaked onto plates containing either 4 mM sodium orthovanada

 

I also tested for a number of other phenotypes, especially those associated with 

defects in cell wall integrity, as is seen in Dolpp1p (CWH8) mutants in S. cerevisiae (van 

Berkel et al. 1999; Fernandez et al. 2001).  Ppt1p deficient growth was unaffected in the 

presence of calcofluor white (up to 1 mg/ml), sorbitol or glucose (2 M), potassium chloride 

(0.9 M) or glycerol (as a sole carbon source).  In addition, staining with the dye FM4-64, 

which reveals defects in endocytosis in S. pombe vps mutants (Takegawa et al. 1995), was 

unaffected, when observed after 30 minutes of incubation and up to 16 hours after 

ion. Addition of vanadate (4 mM) or upward adjustment of extracellular pH to 6.5 for 

3 h prior to staining had no effect. Evaluation of wild-type and Ppt1p deficient cells by 

electron microscopy revealed no significant differen
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assessed by growth at 37 C) were indistinguishable 

from wild-type. 

 
2.3.6 

t1p function allowed 

testing of whether the hum S. pombe gene to 

complement n PPT1 cDNA 

reestablished S. pombe tracellular 

pH.  These results indicate that 

Batten disease. 

 
2.3.7 

In order to determ main associated 

as a single polypeptide o roteolytic 

processing, I ma inus of Pdf1p, and used it to 

examine the molecular m rived expression of 

Pdf1p (Figure 2.6).  Membrane fractions were yeast and solubilized 

samp lose membranes for 

immunoblotting. In Figu jor band at 31 kDa and two minor 

bands at 101 kDa and 33 kDa are seen.  Th

predicted molecular ma

whereas the upper mi ll-length unprocessed Pdf1p.  

The Pdf1p linker region contains two putat -related 

°C) and cold sensitivity (growth at 23°

Functional equivalence of human and S. pombe Ppt1p domains   

The presence of vacuolar phenotypes in the cells lacking Pp

an PPT1 ortholog would substitute for the 

 these phenotypes.  As shown in Figure 2.5C, a huma

 cell viability in the presence of vanadate and at elevated ex

S. pombe can be used as a model organism for the study of 

Posttranslational processing of Pdf1p. 

ine whether the two functional domains of Pdf1p re

r whether they are subject to post-translational p

de an antibody that recognizes the carboxyl term

asses of proteins produced from plasmid-de

 prepared from the 

les were subjected to SDS-PAGE and transferred onto nitrocellu

re 2.6A, lane 1 (wild type), one ma

e major band corresponds precisely to the 

ss of the Dolpp1p domain (in the absence of the linker region), 

nor band at 101 kDa corresponds to the fu

ive cleavage sites for the kex
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Figure 2.6 Posttranslational processing of Pdf1p at dibasic cleavage sites. (A) Membrane 
fractions of cell lysates were prepared, separated by SDS-PAGE, and transferred to 
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f 
Pdf1p. Cells were expressing either wild-type Pdf1p or Pdf1p that contained point mutations 

ain (R344A, R354A, or both mutations). Substitution of alanine for arginine 
at position 354 blocks the proteolytic cleavage, suggesting that arginine 354 is crucial for the 

osttranslational processing. (B) Schematic of Pdf1p cleavage sites. Two clusters of dibasic 
 sites for Krp1p 

within Krp1p itself (autocatalytic sites) versus putative Krp1p cleavage sites within the Pdf1p 
linker r 94; 
Powner et al. 1998) along the polypeptide is reversed and the number of intervening amino 

 the 
primary site of Krp1 is replaced by leucine in Ppt1p.

in 

e 2) but did increase the ratio of the unprocessed to the processed form. 

owever, mutation of the dibasic motif at the internal site (R354A) (Figure 2.6B, C) 

essentially abolished cleavage (Figure 2.6A, lane 3). Mutation of the dibasic motifs at both 

the primary and internal sites also prevented the processing of Pdf1p and increased the level 

of precursor Pdf1p (Figure 2.6A, lane 4).  These results suggest that Pdf1p is proteolytically 

cleaved to form distinct Ppt1p and Dolpp1p domains and that Arg354 is crucial for the 

posttranslational processing. 

 

g 

tic 

p1p function 

nitrocellulose for immunoblotting with an antibody that recognizes the carboxyl terminus o

in the linker dom

p
motifs, KR344 and RKR354, are indicated. (C) Comparison of known cleavage

egion. Note that the order of internal and primary sites for Krp1p (Davey et al. 19

acids between the two sites is smaller in Pdf1 (10 versus 20). In addition, the arginine in

 

endopeptidase designated Krp1p (Davey et al. 1994; Powner et al. 1998).  Mutation at one of 

the two putative Krp1p cleavage sites (R344A) did not prevent cleavage of the linker doma

(Figure 2.6A, lan

H

2.4 Discussion 

In the present study, I demonstrated that an ortholog of human PPT1 is present in the 

genome of S. pombe as a fusion gene with a partner, DOLPP1.  The entire open readin

frame of the pdf1 gene is translated as a unit and subjected to post-translational proteoly

processing.  Mutation at either one of two consensus sequences for the endopeptidase Krp1p 

inhibits processing whereas mutation at both sites abolishes it.  I found that Dolp
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is absolutely

an PPT1 

cDNA comp  has been 

Abnor  of Batten 

mbrane 

spanning intrinsic lysosom erner et al. 1995). 

The orthologous 

Ppt1p-deficient 

ine growth inhibitor, 

D-(-)-threo-2-am ance of 

BTN1∆

medium, and 

substitutes f

al. 2000). Ob

hold in yeast, m ans 

(Goebel 1995). 

 essential for viability in S. pombe.  However, lack of Ppt1p function causes 

hypersensitivity to elevated extracellular pH and to sodium orthovanadate.  The hum

lements these phenotypes, suggesting that the function of PPT1

conserved throughout evolution.  

malities in lysosomal pH homeostasis in the juvenile-onset form

disease were first uncovered through the study of a yeast model of the disease (Pearce et al. 

1997; Pearce et al. 1998; Pearce et al. 1999a; Pearce et al. 1999b; Pearce 2000).  Juvenile 

onset Batten disease is caused by mutations in CLN3, which encodes a multi-me

al membrane protein of unknown function (L

S. cerevisiae gene, BTN1, is an intrinsic vacuolar protein.  In contrast to 

S. pombe, BTN1∆ cells do not exhibit an overt phenotype referable to 

defective vacuolar function (in over 100 experimental conditions screened (Pearce et al. 

1999a)), with the exception that the cells are resistant to a primary am

ino-1[p-nitrophenyl]-1, 3-propanediol (ANP). The ANP resist

 cells was shown to be related to a subtly enhanced acidification of the external 

BTN1∆ strains have a slightly more acidic vacuolar pH in early phases of 

growth (Pearce et al. 1999a). The human CLN3 cDNA complements this phenotype and 

unctionally for BTN1 (Pearce et al. 1998; Pearce et al. 1999b; Chattopadhyay et 

servations of more robust phenotypes in Ppt1p vs. Cln3p deficiency appears to 

ice (Katz et al. 1999; Mitchison et al. 1999; Gupta et al. 2001) and hum
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t al. 2000; Iwaki et al. 2003). Vma 

mutants carry mutations in subunits of the vacuolar H+-ATPase (an enzyme responsible for 

the acidification of vacuolar contents and maintenance of intracellular pH) and class C and 

class D vps mutants display defects in vacuole morphogenesis (Rothman et al. 1986; 

Robinson et al. 1988). These mutants are also sensitive to environmental manipulations such 

as external pH and sodium orthovanadate (Banta et al. 1988; Kitamoto et al. 1988; Klionsky 

et al. 1990; Takeshige et al. 1992; Iwaki et al. 2003). Therefore, the data in S. pombe suggest 

that Ppt1p functions in the vacuole, just as it functions in the analogous structure (lysosome) 

of mammalian cells.  

The observed proteolytic processing of the Pdf1p fusion protein in S. pombe is also 

entirely consistent with the known subcellular compartmentalization of Ppt1p and Dolpp1p 

.  As described earlier, Ppt1p is a resident soluble lysosomal enzyme in 

higher 

; 

p 

The phenotypes I observed in Ppt1p loss of function mutations in S. pombe 

(hypersensitivity to elevated extracellular pH and vanadate), while not seen in the yeast 

model of late-onset Batten disease, do overlap some of those previously described in the vma

(vacuolar membrane ATPase) and class C and D vps (vacuolar protein sorting) mutants of S. 

cerevisiae  and vps33 mutants of S. pombe (Bankaitis et al. 1986; Robinson et al. 1988; 

Nelson et al. 1990; Oluwatosin et al. 1998; Yoshida e

in mammalian cells

organisms that traffics through the classical mannose 6-phosphate receptor pathway 

(Verkruyse et al. 1996), whereas  Dolpp1p is a resident ER protein (Fernandez et al. 2001

Rush et al. 2002).  Therefore, the data are consistent with a model that in S. pombe, the Pdf1

fusion protein is directed into the secretory pathway by virtue of the Ppt1p signal sequence, 

with appearance of the Ppt1p domain on the lumenal side, followed by cotranslational 
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 physiological substrate for Krp1p remains to be 

determ nd 

 

 into 

03).  

 

 

pathogenesis of Batten Disease. 

incorporation of Dolpp1p into the ER membrane.  The fusion protein would then become 

available for processing by Krp1p (or a related enzyme) and the Ppt1p domain would be free 

for transport to the vacuole. 

Whether Pdf1p is indeed a

ined experimentally.  Deletion of Krp1 in S. pombe is lethal (Powner et al. 1998), a

as deletion of Dolpp1p is also lethal, one may speculate that lack of processing of Dolpp1p 

by Krp1p is responsible for the lethality in Krp1 null strains.  (Of note, Dolpp1p processing

mutants created in this study were viable, but the mutants appeared to be leaky, because 

small amounts of processed Ppt1p were detectable on longer exposures).   

The translation of Pdf1p as a single polypeptide suggests that there may be an 

advantage in coordinately regulating levels of Ppt1p and Dolpp1p in S. pombe.  In 

mammalian cells, a number of lysosomal enzymes are coordinately upregulated in a 

compensatory fashion under conditions of lysosomal dysfunction (Cataldo et al. 1991; 

Kopacek et al. 2000; Tyynela et al. 2000).  

Studies in lower organisms, particularly yeast, have provided surprising insights

human biology, even in the area of human neurodegenerative disease (Sherman et al. 20

The two yeast models of Batten disease have provided evidence for abnormal vacuolar 

function due to lack of the relevant disease proteins and have begun to implicate 

abnormalities in pH homeostasis in the pathogenesis of these disorders, with implications for

therapy.  Future work in these genetically tractable organisms may therefore provide further

insights into the 

 



 

CHAPTER THREE 

Cloning and characterization of mammalian DOLPP1 

The multisubunit oligosaccharyltransferase (OST) complex (Silberstein et al. 1996) 

catalyzes the transfer of Glc

3.1 Introduction 

 

 alian 

  

 

  

 et al. 2001). Although it is possible that Dol-P-P, or 

perhaps Dol-P, diffuses transversely 

  

 

  

 

 

 

  

been reported that crude microsomal fractions from a variety of mammalian cells contain 

3Man9GlcNAc2 from dolichyl pyrophosphate (Dol-P-P) to 

asparagine residues of the N-glycosylation in theconsensus sequence (Asn-Xxx-Ser/Thr) 

during the co-translational N-glycosylation of nascent polypeptides in yeast and mamm

cells (Herscovics et al. 1993; Burda et al. 1999; Schenk et al. 2001). During the process, 

Dol-P-P is released on the luminal surface of the endoplasmic reticulum (ER). In order for 

Dol-P-P to be re-utilized as a glycosyl carrier lipid for additional rounds of lipid intermediate 

biosynthesis, it has to be converted to dolichyl phosphate (Dol-P) and translocated to the 

cytoplasmic face of the ER (Schenk

from the luminal leaflet to the cytoplasmic face by a 

protein-mediated mechanism, it is hypothesized that it is dephosphorylated on the luminal 

surface to form free dolichol that could more readily diffuse back to the cytoplasmic leaflet. 

Then, free dolichols in the cytoplasm would be re-phosphorylated by dolichol kinase (Allen

et al. 1978; Fernandez et al. 2001). It has been shown that the CWH8 gene in Saccharomyces 

cerevisiae encodes a Dol-P-P phosphatase that actively converts Dol-P-P to Dol-P 

(Fernandez et al. 2001). Moreover, the yeast Dol-P-P phosphatase is recovered in crude 

microsomal fractions, but its subcellular location has not been established. Although it has 

50 
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olf et al. 1991; Toke et al. 1998; Faulkner et al. 1999; 

Toke et al.

enzymes that can hydrolyze exogenous Dol-P-P, the identity, specificity and exact 

subcellular location of the enzymes catalyzing the hydrolysis of Dol-P-P have not been 

established (Scher et al. 1984a; W

 1999; Fernandez et al. 2001; Schenk et al. 2001).  

In this chapter, I will present the data of cloning and characterization of mammalian 

ortholog of CWH8, including a subcellular localization study. The identification of the 

mammalian ortholog of CWH8 as a Dol-P-P pyrophosphate phosphatase is based on its 

ability to complement defects in growth and protein N-glycosylation in the cwh8  mutant

and to prevent the accumulation of Dol-P-P in the mutant cells (van Berkel

  

 et al. 1999; 

Fernandez

amed 

DOLPP1) was utilized in subcellular localization 

studies. 

3.2 Experimental Procedures 

3.2.1 Materials 

Plasmid YEp352 containing the yeast gene CWH8 coding sequence and 240 bp of 5'-

flanking sequence was a gift from Drs. Fabiana Fernandez and Markus Aebi (ETH, Zurich, 

Switzerland). Yeast strains W303-1A, cwh8

 et al. 2001).  These studies were done in collaboration with Dr. Skip Waechter’s 

group at University of Kentucky. The mammalian ortholog gene of CWH8 is then ren

as mouse DOLPP1 (dolichol pyrophosphate phosphatase 1). Polyclonal antibody against a 

synthetic peptide corresponding to amino acid residues (86-105) of mouse DOLPP1 has been 

generated. This polyclonal antibody (anti-m

 

 

, and lpp1 /dpp1  were the generous gifts 

from Dr. George Carman, Department of Food Science, Rutgers University, New Brunswick, 
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NJ. n-Octyl-β-D-glucopyran -Novabiochem. Triton X-

100 was from Pierce. Trichloroacetonitrile, tetrabutylammonium hydroxide, and anhydrous 

acetonit ber 

n (D-8894) were obtained from Sigma. Dolichol (C95) was a generous 

gift from  32

 ). 

TM  cts 

 

  

 r: 

 

 ptor 

 

 

 

 

  

  

oside was purchased from Calbiochem

rile were obtained from Aldrich. Nycodenz, dioleoylphosphatidic acid (lot num

129F8359), and diolei

 Dr. M. Mizuno, Kuraray Chemical Co. (Okayama, Japan). Carrier-free [ P] 

phosphoric acid was purchased from American Radiolabeled Chemicals (St. Louis, MO

Econo-safe  biodegradable scintillation counting mixture is a product of Research Produ

International (Mount Prospect, IL). Yeast nitrogen base, yeast extract, and BactoPeptone are 

products of BD Biosciences. Casamino acid is a product of Fisher. Antibodies were obtained

from the following commercial sources and used according to instructions from the supplie

rabbit anti-calnexin polyclonal antibody and mouse anti-KDEL monoclonal antibody 

(StressGen Biotechnologies, Victoria, British Columbia, Canada); mouse anti-KDEL rece

monoclonal antibody, mouse anti-β-COP monoclonal antibody, horseradish peroxidase-

conjugated sheep anti-rabbit IgG, horseradish peroxidase-conjugated sheep anti-mouse IgG 

(Amersham Biosciences); and fluorescein isothiocyanate-conjugated goat anti-rabbit IgG and 

Texas Red-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR). Anti-CPY 

antiserum was generously provided by Dr. Neta Dean, State University of New York, Stony

Brook, NY. All other chemicals and reagents were purchased from standard commercial

sources.  

 
3.2.2 Affinity-purified rabbit anti-Dolpp1p antibodies and immunoblotting 
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nthetic 

ole 

boosted three times at 3-week 

interva

se 

n 

oresis 

y 

se-conjugated secondary antibody (sheep anti-rabbit IgG, Amersham Biosciences) 

diluted 1:2500 in PBS-T. The filters were washed and developed using ECL 

m Biosciences).  

Three New Zealand White rabbits were each immunized with 300 µg of a sy

peptide corresponding to amino acid residues 86-105 of mouse Dolpp1p coupled to keyh

limpet hemocyanin as described previously (Camp et al. 1994). The antigen was injected 

intradermally in Freund's complete adjuvant, and rabbits were 

ls with 300 µg of peptide in Freund's incomplete adjuvant. An IgG fraction was 

prepared from preimmune and immune serum by specific binding to protein A-Sepharo

CL-4B (Amersham Biosciences). IgG was affinity-purified by specific binding to a colum

consisting of the Dolpp1p peptide cross-linked to SulfoLink coupling gel (Pierce). For 

analysis of DolPP1 expression by immunoblotting, samples were analyzed by electroph

in 15% SDS-PAGE gels and immunoblotting essentially as described (Verkruyse et al. 

1997). Filters were blocked for 1 h with Sea Block (East Coast Biologics, North Berwick, 

ME) and washed in PBS-T (0.25% (v/v) Tween 20 in phosphate-buffered saline) followed b

incubation for 2 h with rabbit anti-Dolpp1p polyclonal antibody (1 µg/ml). The filters were 

washed with PBS-T and incubated for 45 min in a solution containing horseradish 

peroxida

chemiluminescence reagents (Amersha

 
3.2.3 Preparation of radiolabeled phosphorylated lipid substrates 

[32P]PA, [32P]Dol-P, [ 32P]Dol-P-P, and [, - -32P]Dol-P-P were chemically 

synthesized in anhydrous acetonitrile from the appropriate lipid using 

[32P]tetrabutylammonium phosphate and trichloroaceton  by Danilov et al.itrile as described  
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3.2.4 Northern blotting 

Plasmid and genomic DNA preparation, restriction enzyme digestion, and DNA 

ligations were performed by standard methods (Sambrook et al. 1989). Transformation of 

yeast and Escherichia coli were performed as described(Sambrook et al. 1989; Schiestl et al. 

1989). For blot hybridization of RNA, total RNA was isolated from mouse tissues as 

described (Gupta et al. 2001). Blots were pre-hybridized for 30 min at 65 °C in Rapid-Hyb 

buffer (Amersham Biosciences), followed by hybridization with a random hexamer-primed 

P-labeled mouse cDNA fragment corresponding to the entire 717-bp coding region of 

DolPP1 for 3 h at 65 °C. The blots were washed in 2× SSC (1× SSC = 150 mM NaCl and 

15 mM sodium citrate (pH 7)), 0.1% SDS at ambient temperature for 30 min, followed by 

stringent washes in 0.5× SSC, 0.1% SDS at 65 °C for 15 min and in 0.1 × SSC, 0.1% SDS at 

65 °C for 15 min.  

 

ast cultures were grown at 30 °C in either 1% yeast extract, 2% BactoPeptone, and 

% dextrose or in yeast nitrogen base (6.7 g/liter), 50 mM sodium succinate (pH 5.0), 2% 

dextrose, amino acids (25 mg/liter), and purine and pyrimidine bases (25 mg/liter) as required 

to meet auxotrophic requirements for selective growth. Yeast transformants were screened on 

(Danilov et al. 1989). Unlabeled polyisoprenyl phosphates were synthesized using 

tetrabutylammonium phosphate. Synthetic substrates were purified by preparative thin layer 

chromatography on Baker Si250 thin layer plates developed in CHCl /CH OH/H O/NH OH

(65:35:6:1,

3 3 2 4

 v/v).  
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3.2.5 Yeast culture 

Ye

2
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2% aga

 al. 

3.2.6 Measurement of cellular levels of Dol-P and Dol-P-P in yeast cells 

Yeast cells (1 liter) were grown in YPD containing 2% dextrose to 1-4 A600 and 

collected by centrifugation at 1,000 × g, 20 min. The cells were resuspended in distilled 

water, sedimented again, resuspended in distilled water to 200 A600/ml, and incubated for 

30 min at 30 °C in 50 mM Tris-HCl (pH 7.4), 10 mM MgCl2 containing 1 mg/ml lyticase 

(Sigma). The yeast spheroplasts were sedimented at 1,000 × g for 20 min; the supernatant 

was decanted, and the pellet was mixed vigorously with 40 volumes of CHCl3/CH OH (2:1, 

v/v). Dol- P and Dol-P- P (5,000 cpm of each) were added as recovery markers, and the 

insoluble material was sedimented in a clinical centrifuge. The organic layer was removed 

and reserved on ice. The insoluble pellet was sequentially extracted twice with 5 ml of 

CHCl3/CH3OH (2:1 v/v) and twice with 5 ml of CHCl3/CH3OH/H2O (10:10:3, v/v). The 

pressur g 0.1 M 

tralized with acetic 

r plates containing 6.7 g/liter yeast nitrogen base, 0.5% casamino acids, 50 mM 

sodium succinate (pH 5.0), 2% dextrose, and 25 mg/liter adenine or leucine as required.  

Yeast microsomal fractions for the routine analysis of lipid phosphatase activities 

were prepared exactly as described previously (Fernandez et al. 2001). Assays of Dol-P-P, 

Dol-P, and PA phosphatase activities were performed as described previously (Scher et

1984a; Scher et al. 1984b).  

 

 

  

 

 

 
3

32 32

 

 

 

organic extracts were combined, taken to dryness by rotary evaporation under reduced 

e at 30 °C, and then saponified in 1 ml of toluene/CH3OH (1:1, v/v) containin

KOH on ice for 30 min. Following saponification, the reaction was neu

acid, diluted with 5 ml of CHCl /CH OH (2:1 v/v), and partitioned3 3
 with 1 ml of water. The 

 



   56 
  

ice with 

 

 

ere separated by ion exchange chromatography on a 20-ml column of 

EAE-650M (Toyopearl, Supelco, Bellefonte, PA) equilibrated with CHCl3/CH3OH/H2O 

(10:10:3, v/v) and eluted with a linear gradient of 0 to 0.2 M ammonium acetate (60 ml). The 

fractions containing Dol-P and Dol-P-P were pooled separately and supplemented with 

CHCl3 and water to give a final composition of CHCl3/CH3OH/H2O (3:2:1, v/v). The phases 

were separated by a brief centrifugation, and the aqueous layer was discarded. The organic 

layer was then partitioned once with 1/5 volume of CHCl3/CH3OH/H2O (3:48:47, v/v), taken 

to dryness under a stream of N2 gas, and redissolved in a small volume of

CHCl3/CH3OH/H2O (10:10:3, v/v). Aliquots representing equivalent portions of the initial 

extracts were spotted on 10 × 20-cm Baker Si250 Silica Gel thin layer plates and developed 

in CHCl3/CH3OH/H20/NH4OH (65:35:6:1,v/v). Following chromatography, the thin layer 

plates were allowed to air dry and were visualized by staining with anisaldehyde (Dunphy et 

al. 1967). The migration positions of radioactive standards were determined with a Bioscan 

System 200 Imaging Scanner (Bioscan Inc. Washington, D. C.).  

3.2.7 Expression of pCHA7/DOLPP1 in COS cells 

To construct a Dolpp1p transient expression plasmid for mammalian COS cells, the 

expressed sequence tag division of GenBank  was searched for clones homologous to 

S. cerevisiae Cwh8p, and yielded IMAGE clone 1974625, GenBank  accession number 

aqueous layer was discarded, and the organic phase was subsequently partitioned tw

1 ml of CHCl /CH OH/H O3 3 2
 (3:48:47, v/v). The organic phase was dried under a stream of N

3 3 2

2

gas and redissolved in 0.2 ml of CHCl /CH OH/H O (10:10:3, v/v). Dol-P and Dol-P-P in the

organic extracts w

D
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ove.) 

 at 

the 5' e  

orm the reverse transcription according to the supplier's 

rotocol. PCR was performed using the supplied universal primer mix, a gene-specific primer 

(5'-CTGGGAATGGCTGGAGGGCATCCCG-3'), and a nested primer (5'-

CGCCCTGATTCAGTGCCAGTCCCCC-3') to obtain the 5' terminus of mouse DOLPP1 

cDNA. The PCR was performed using a PerkinElmer Life Sciences GeneAmp System 

9600 using the Advantage 2 PCR kit (Clontech Laboratories, Inc., Palo Alto, CA) under 

conditions suggested by the supplier. The resulting fragment was subcloned into the plasmid 

pGEM-T-Easy (Promega, Madison, WI), sequenced, and shown to be complete at the 5' end.   

The entire open reading frame was then amplified from total mouse brain cDNA using 

primers corresponding to sequences within the 5'-RACE product and mouse expressed 

sequence tag IMAGE clone 1974625 (5'- ATGGCAGCGGACGGACAGTGC-3' and 5'-

TCACTGCAGTTTTGTTCCAAG-3'). PCR conditions for the amplification consisted of the 

following: 95 °C, 5 min, one cycle; 94 °C, 30 s, 68 °C to 58 °C ("touch down" protocol), 

30 s, 72 °C, 1 min for 10 cycles; 94 °C, 30 s, 58 °C, 30 s, 72 °C, 1 min for 25 cycles; 72 °C, 

10 min. The resulting PCR product was subcloned into pCHA7 using SalI and BamHI 

restriction sites at the 5' and 3' ends of the insert, respectively (Cha et al. 2000). The construct 

AI876279. (This clone was obtained independently of gene 2-23 sequence described ab

Both strands of the cDNA were sequenced, which revealed that the clone was incomplete

nd. Therefore, a 5'-RACE procedure was employed using 1 µg of mouse total brain

mRNA and a SMART RACE cDNA Amplification Kit (Clontech Laboratories, Inc., Palo 

Alto, CA). Briefly, Moloney murine leukemia virus-reverse transcriptase Superscript II 

(Invitrogen) was used to perf

p
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-

e 

l 

n at 4 °C. The 

3.2.8 Subcellular localization of Dolpp1p 

ted using pCHA7/DOLPP1 as 

describ

 

was verified by sequencing, and the open reading frame was found to be 100% identical to 

GenBankTM AB030189, which was deposited subsequently (Inoue et al. 2000).  

Simian COS-7L cells were maintained in Dulbecco's modified Eagle's medium (high 

glucose), supplemented with 10% (v/v) fetal bovine serum, 100 units/ml penicillin, 

100 µg/ml streptomycin, and 0.25 µg/ml amphotericin B. Cells were plated on Day 0 in 100

mm dishes and were transiently transfected on Day 1 using 6 µg of DNA (pCHA7/DOLPP1) 

and 18 µl of FuGEN 6 reagent (Roche Molecular Biochemicals) per plate. The cells wer

harvested 48 h post-transfection into ice-cold phosphate-buffered saline and pelleted at low 

speed. Cell pellets were resuspended in a homogenization buffer containing 50 mM Tris-HC

(pH 7.5), 0.25 mM sucrose, 5 mM EDTA, and 5 mM 2-mercaptoethanol and sonicated briefly. 

Nuclei and intact cells were removed by centrifugation at 500 × g for 5 mi

postnuclear supernatant was further centrifuged at 100,000 × g for 1 h at 4 °C in a Beckman 

Optima TLX ultracentrifuge. The resulting supernatant (S100) was reserved, and the 

membrane pellet (P100) was washed once and resuspended in homogenization buffer for 

immunoblotting or in 10 mM HEPES (pH 7.0), 0.25 M sucrose at a concentration of 10 mg of 

protein per ml for analysis of enzyme activity.  

 

COS-7L cells (six 100-mm dishes) were transfec

ed above and washed twice in a buffer consisting of 10 mM triethanolamine, 10 mM 

acetic acid, 250 mM sucrose, 1 mM EDTA, and 1 mM dithiothreitol. Cells were harvested

with a rubber policeman in 800 µl of buffer containing 10 µg/ml each of chymostatin, 
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DTA) 

erate a nonlinear 

 

h 

p, 

leupeptin, and pepstatin and homogenized by 15 passages through a 25-gauge needle on a 1-

ml syringe. Nuclei and intact cells were removed by microcentrifugation at 1,200 × g for 

5 min at 4 °C. The postnuclear supernatant was loaded on preformed Nycodenz gradients 

prepared exactly as described (Rickwood et al. 1982). Briefly, linear Nycodenz gradients 

were prepared for the Beckman SW 41 Ti rotor from initial discontinuous gradients 

(24, 19, 15, and 10% Nycodenz in 10 mM Tris-HCl (pH 7.4), 3 mM KCl, and 1 mM E

that were allowed to diffuse in a horizontal position for 45 min at room temperature and then 

centrifuged for 4 h at 37,000 rpm in a Beckman L8-M ultracentrifuge to gen

density gradient profile. The postnuclear supernatant was loaded on top of the gradients and

centrifuged for 1.5 h at 37,000 rpm. Fifteen fractions were collected, and aliquots of eac

fraction were subjected to electrophoresis on SDS-PAGE gels. The distribution of Dolpp1

calnexin (ER marker), KDEL receptor (Golgi marker), and -COP (Golgi marker) in the 

gradients was determined by immunoblotting using ECL chemiluminescence reagents 

(Amersham Biosciences).  

 

 

 

 

 

  

3.2.9 Immunofluorescence 

COS-7L cells were grown on 12-mm diameter coverslips and transfected with 

pCHA7/DOLPP1 using FuGEN 6 as described above. At 48 h post-transfection, the cells 

were fixed for 15 min in 4% formaldehyde and permeabilized for 10 min with 0.05% Triton 

X-100 at room temperature. The cells were doubly stained using the rabbit anti-Dolpp1p 

antibody and either the anti-KDEL monoclonal antibody or anti-KDEL receptor monoclonal 

antibody. The secondary antibodies used were fluorescein isothiocyanate-conjugated goat
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3.2.10 Preparation of sealed microsomal vesicles and general analytical methods 

Sealed microsomal vesicles were prepared from the pertinent yeast strains and 

evaluated for integrity as described previously (Rush et al. 1998; Fernandez et al. 2001). 

Protein was determined by the method of Rodriquez-Vico et al. using a commercial protein 

assay reagent (BCA, Pierce) and bovine serum albumin as standard. Lipid-phosphorus 

analysis was according to Bartlett (Bartlett 1959; Rodriguez-Vico et al. 1989). Radioactivity 

was measured by liquid scintillation spectrometry in a Packard Tri-Carb TR-2100 Liquid 

Scintillation Analyzer (Packard Instrument Co., Meriden, CT) in the presence of Econo-Safe 

Biodegradable Counting Mixture (Research Products International, Mount Prospect, IL).  

 

3.3 Results 

, the GenBankTM expressed sequence tag 

 to S. cerevisiae Cwh8p, yielding IMAGE clone 

6279. As described in Experimental 

Proced ino 

. 

 

anti-rabbit IgG and Texas Red-conjugated goat anti-mouse IgG. Immunofluorescence was 

visualized under a Zeiss Axiophot immunofluorescence microscope. 

 

 

 

  

 

  

3.3.1 Mammalian cells express an ortholog of the yeast CWH8 gene 

To find a mammalian ortholog of CWH8

division was searched for clones orthlogous

1974625, GenBankTM accession number AI87

ures, the full length cDNA clone of mouse DOLPP1 was obtained. Its deduced am

acid sequences are 29.8% identical and 49.4% strongly similar to sequences of yeast Cwh8p

In addition, Dolpp1p contains the consensus lipid-phosphate phosphatase motif, suggesting

that Dolpp1p is the mammalian ortholog of yeast CWH8 (Stukey et al. 1997). 
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(20 µg) from various tissues was subjected to electrophoresis and transferred to a nylon 

panel) followed by washing as described under "Experimental Procedures." The filter was 

(20 µg) from various tissues was subjected to electrophoresis and transferred to a nylon 

panel) followed by washing as described under "Experimental Procedures." The filter was 

Figure 3.1 RNA blot hybridization of DOLPP1 RNA from mouse tissues. Total RNA 

membrane. Hybridization was performed using a 32P-labeled DOLPP1 cDNA probe (upper 

exposed to Amersham Biosciences Hyperfilm MP film with an intensifying screen at 

Figure 3.1 RNA blot hybridization of DOLPP1 RNA from mouse tissues. Total RNA 

membrane. Hybridization was performed using a 32P-labeled DOLPP1 cDNA probe (upper 

exposed to Amersham Biosciences Hyperfilm MP film with an intensifying screen at 85

the filter with a 

 °C 
for 4 days. The integrity of RNA in each lane was demonstrated by stripping and repro ing 

 

The DOLPP1 mRNA was found to be widely expressed in various mouse tissues as 

assessed by RNA blotting (Figure 3.1). A single transcript migrating at 2.0 kb was observed 

in all tissues examined, with highest expression in brain, kidney, lung, and intestine and low 

leen, and uterus. The broad tissue distribution is consistent 

with th

3.3.2 Overexpression of Dolpp1p corrects defects in growth rate and N-glycosylation 

of CPY in the cwh8

b
32P-labeled cDNA probe encoding mouse cyclophilin A (lower panel). 

 

but detectable levels in liver, sp

e ER Dol-P-P phosphatase having an essential function in the lipid intermediate 

pathway for protein N-glycosylation in all mammalian cells. 

 

 mutant 

The mutant yeast strain, cwh8 , grows at an abnormally slow rate and exhibits a 

defect in protein N-glycosylation (van Berkel et al. 1999; Fernandez et al. 2001). To  
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e determine whether expression of mammalian DOLPP1 corrects the growth deficiency of th

cwh8  yeast strain, the DOLPP1 gene was subcloned into YEp352 under the control of the 

utative yeast CWH8 promoter and transformed into cwh8p . The effect on rate of growth in 

complete media was then assessed. As shown in Table 3.1, the cell density of wild type yeast 

cultures typically doubles approximately every 2 h, whereas the doubling time (T2×) for 

cwh8

 

  

 was ~4 h. Overexpression of DOLPP1 in cwh8  reduces the doubling time to 3 h, 

similar to the effect of transformation with YEp352 containing the yeast CWH8 gene 

(T2× = 2.5 h). 

ate 

 

 

Table 3.1 Overexpression of either DOLPP1 or CWH8 partially restores the normal r

of growth in the cwh8∆ yeast mutant 

 
Yeast strain 

 
Doubling time (h) 

 
Wild type 

1.9 

 4.0 
cwh8∆ 
 3.0 
cwh8∆/DOLPP1 
 
cwh8∆/CWH8 

2.5 

 

As reported previously, mutation of the CWH8 gene in yeast results in defects in 

protein N-glycosylation, as assessed by N-glycosylation of carboxypeptidase Y (CPY) (van 

Berkel et al. 1999; Fernandez et al. 2001)(Figure 3.2). Although SDS-PAGE of wild type 

yeast extracts revealed a single protein band corresponding to mature, fully N-glycosylated 

CPY (Figure 3.2, lane 1), extracts from the cwh8  mutant contain several bands 
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corresponding to underglycosylated isoforms of CPY (Figure 3.2, lane 2). (The migration 

positions of CPY lacking 1-4 oligosaccharide chains are indicated by the arrows.) Expression 

of YEp352 carrying either the DOLPP1 gene or the yeast CWH8 gene restored full 

glycosylation to CPY (Figure 3.2, lanes 3 and 4, respectively). 

Figure 3.2 Overexpression of DOLPP1 cDNA corrects hypoglycosylation of CPY in the 
yeast cwh8  mutant. Total cell extracts from the various yeast strains were separated by 
SDS-PAGE and analyzed by Western blotting using -CPY serum as described previously 
(56). Lane 1, wild type; lane 2, cwh8 ; lane 3, cwh8 /DOLPP1; and lane 4, cwh8 /CWH8
The positions of mature CPY and underglycosylated isoforms are indicated.

. 

ccumulation of Dol-P-

 
 
3.3.3 Overexpression of either Dolpp1p or Cwh8p reverses the a

P in the cwh8  mutant 

Abnormally high levels of Dol-P-P accumulate in cwh8  yeast cells, due to a lack of 

the Dol-P-P phosphatase activity responsible for the hydrolysis of the Dol-P-P released 
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Figure 3.3 Overexpression of Dolpp1p corrects Dol-P-P accumulation in the yeast 
cwh8

during the transfer of the precursor oligosaccharide from Glc3Man9GlcNAc2-P-P-Dol to 

nascent polypeptides in the lumen of the ER (Fernandez et al. 2001).

 mutant. Dol-P-P was extracted from either wild type (lane 1), cwh8  (lane 2), 
cwh8 /DOLPP1 (lane 3), or cwh8 /CWH8 yeast strains and chromatographed on Baker 
Si250 Silica Gel thin layer plates as described under "Experimental Procedures." Dol-P-P 
was visualized by anisaldehyde staining (Dunphy et al. 1967).  

 

To determine whether overexpression of Dolpp1p in cwh8  will restore normal Dol-

P-P levels, total lipid extracts were prepared from either wild type, cwh8  plus YEp352, 

cwh8  plus YEp352/yPro-DOLPP1, or cwh8  plus YEp352/CWH8 yeast cells and analyzed

for Dol-P-P (Figure 3.3, panel A, lanes 1-4). As reported earlier (Fernandez et al. 2001), th

lipid extracts from cwh8

 

e 

 cells (Figure 3.3, panel A, lane 2), contained a prominent 

anisaldehyde-positive compound with the chromatographic mobility of standard Dol75-P-P. 
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In contrast to this result, virtually no Dol-P-P was detected in extracts from wild type cells 

(Figure 3.3, panel A, lane 1) or from cwh8  yeast cells expressing either the DOLPP1 gene 

(Figure 3.3, panel A, lane 3) or the CWH8 gene (Figure 3.3, panel A, lane 4). To con

identity of the anisaldehyde-positive compound as Dol-P-P, this

firm the 

 lipid was quantitatively 

converted to a product chromatographically identical to Dol75-P by mild acid hydrolysis (2 h 

at 80 °C in CHCl3, CH3OH, 2 N HCl, 10:10:3, v/v). It should be noted that the levels of Dol-

P in the various yeast strains were not significantly different (Figure 3.3; panel B, lanes 1-4). 

 
3.3.4 Increase in Dol-P-P phosphatase activity upon overexpression of Dolpp1p in 

COS cells 

The results described above (obtained from collaborative work with Dr. Waechter’s 

group) indicate that the DOLPP1 gene encodes a functional ortholog of the yeast Cwh8p. To 

explore the properties of the DOLPP1 expressed in mammalian cells, the full-length mouse 

brain DOLPP1 cDNA was inserted into the eukaryotic expression vector pCHA7 to yield the 

DTA, 0.6% n-

ctylglucoside, 25 mM citrate-sodium phosphate (pH 7), and 20 µM of substrate in a total of 

0.02 ml. Three different substrates were assayed; [β-32P] Dol-P-P, [32P] Dol-P or [32P] PA. 

The reaction mixture was incubated with the substrate for 5 min at 30 ˚C and the rates of 

dephosphorylation of each substrate were assayed as described previously (Scher et al. 

1984a; Scher et al. 1984b). As shown in Table 3.2, a substantial increase (12-16-fold) of Dol-

plasmid pCHA7/DOLPP1. Microsomal fractions were prepared from the COS cells after 

transient transfection with either pCHA7/DOLPP1 or vector alone. Phosphatase reaction 

mixtures contained microsomes from COS cells (10 µg of protein), 10 mM E

o
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lls 

omitant increase in Dol-

P or PA dephosphorylation was observed, corroborating the specificity for Dol-P-P. 

Table 3.2 Dol-P, Dol-P-P and PA phosphatase activities assayed in microsomes from 

COS cell lines expressing Dolpp1p. 

 

s 

cation of the yeast enzyme 

had no  

 a 

lp  

 

 of Dolpp1p predicted from

 
Phospholipid substrate (nmol/min/mg) 

P-P phosphatase activity was seen compared with identical microsomal fractions from ce

transfected with the empty vector alone. It is noteworthy that no conc

 
Yeast strain 

 
Dol-P-P 

 
Dol-P 

 
PA 

 
COS cells 

 
1 

 
<0.01 

 
0.03 

 
COS cells 

 
0.8 

 
<0.01 

 
0.06 

 
COS(DOLPP1) 

 
16.2 

 
0.03 

 
0.09 

 
COS(DOLPP1) 

 
12.2 

 
<0.01 

 
0.08 

 

3.3.5 Expression and Subcellular Localization of Dolpp1p in COS Cells 

Although mutations in the CWH8 gene affect the rate of lipid intermediate synthesi

and protein N-glycosylation in the ER, the precise subcellular lo

t been firmly established. Soluble (S100) and particulate (P100) fractions from 

DOLPP1-transfected COS cells were analyzed by SDS-PAGE and immunoblotting using 

rabbit polyclonal antibody raised against a Do p1p peptide (Figure 3.4). This analysis 

revealed a single band in the P100 fraction (Figure 3.4, lane 4) at a Mr of 27 kDa in accord 

with the molecular mass  the DOLPP1 cDNA sequence 
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Figure 3.4 Dolpp1p expressed in COS cells is membrane-associated. COS-7L cells were 

48 h later. Cells were sonicated briefly and centrifuged at 100,000 × g to obtain a soluble 

appears exclusively in the particulate fraction (lane 4) as visualized by immunoblotting using 

molecular mass of Dolpp1p (27 kDa).  

 

ent 

aller 

(27.1 kDa). No bands were visible in the S100 fraction or the fractions from the vector-

transfected cells (Figure 3.4, lanes 1-3).

transfected with pCHA7 (lanes 1 and 3) or pCHA7/DOLPP1 (lanes 2 and 4) and harvested 

fraction (S100, lanes 1 and 2) and a particulate fraction (P100, lanes 3 and 4). A single band 

a rabbit anti-Dolpp1p peptide antibody. The visualized band corresponds to the predicted 

 

To determine further the subcellular location of Dolpp1p, transfected COS cells were

fractionated on nonlinear Nycodenz gradients, using a method previously developed to 

provide effective separation of ER and Golgi complex proteins (Rickwood et al. 1982). As 

shown in Figure 3.5, >95% of the immunoreactivity sedimented to the bottom of the gradi

(upper panel), co-sedimenting with calnexin, a well established ER marker. A much sm

amount was found at the top of the gradient co-fractionating with the Golgi markers, KDEL 
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Figure 3.5 Subcellular localization of Dolpp1p on Nycodenz density gradients. COS-7L 
cells were transfected with pCHA7/DOLPP1 and cell homogenates separated on preformed 
Nycodenz gradients. Fractions along the gradient were analyzed by immunoblotting using 
anti-Dolpp1p anti-peptide antibodies and other markers as indicated. Marker proteins were 
calnexi R membrane marker), 

receptor and β-COP (Figure 3.5). The minor immunoreactivity in Golgi shown in Figure 3.5 

was not observed in every experiment and seemed to correlate with higher levels of Dolpp1p 

expression.

n (E -COP (Golgi marker), and KDEL receptor (Golgi 
l). The results 

ted in

d no 

marker). A predominantly ER localization for Dolpp1p was observed (top pane
illustra  this figure are representative of three separate experiments.  

 

A reticular and nuclear envelope pattern, which is characteristic of ER localization, 

was observed when COS cells overexpressing DOLPP1 were examined by immuno-

fluorescence microscope using a specific Dolpp1p antibody (Figure 3.6). This pattern 

essentially completely overlapped with the ER marker (KDEL, upper panel) and showe

overlap with a Golgi marker (KDEL receptor, lower panel). 
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Figure 3.6 ER localization of Dolpp1p by immunofluorescence in fixed and 
permeabilized COS-7L cells. COS-7L cells were transfected with pCHA7/DOLPP1 and 
simultaneously stained with anti-Dolpp1p antibodies (green, A and D) and one of two 
markers, anti-KDEL antibody (ER marker, red, B and C) or anti-KDEL receptor (Golgi 

3.3.6 opological Orientation of the Active Site of Dolpp1p 

ity 

marker, red, E and F). Dolpp1p (green) shows a reticulated and nuclear envelope pattern 
typical of ER localization, an impression that is confirmed by the overlapped images (merge, 
C). Dolpp1p staining was distinct from Golgi staining (F). Weak nuclear labeling was 
evident in some preparations and was deemed nonspecific because it appeared in the 
presence of either anti-Dolpp1p or non-immune antibodies (not shown). Experiment shown is 
one of two yielding similar results.  

 

T

To determine whether the active site of Dolpp1p faces the lumen of the ER or the 

cytoplasm, protease-sensitivity studies were conducted on the Dol-P-P phosphatase activ

in intact and unsealed ER vesicles from the lpp1 /dpp1 /DOLPP1 yeast strain. When 

detergent-disrupted ER vesicles (Table 3.3) were treated with trypsin, the Dol-P-P 

phosphatase activity was extensively inactivated (74.8% of control). However, the 

phosphatase activity was found to be relatively resistant to proteolysis in intact ER vesicles 
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bation and that 0.2% Triton X-100 was sufficient to unseal >95% of the yeast ER 

vesicles (Rush et al. 1998). Thus, it appears that the mammalian Dol-P-P phosphatase has a 

trypsin-sensitive site, perhaps part of the reactive site of the enzyme, which is luminally 

oriented, as in the yeast enzyme.

Table 3.3 Effect of trypsinization on Dol-P-P phosphatase activity in intact and 

disrupted microsomal vesicles from lpp1∆/ dpp1∆/DOLPP1 yeast 

epared 

tes were assayed; [β-32P] Dol-

P-P, [32P] Dol-P or [32P] PA. The reaction mixture was incubated with the substrate for 10 

min at 30 ˚C except for  [β-32P] Dol-P-P which was incubated for 3 min at 30 ˚C, and the 

 
Dol-P-P phosphatase activity 

(87.5% of control). Separate pilot experiments employing latency of glucosidase I/II 

established that the sealed vesicles used in this experiment were >98% intact throughout the 

time of incu

 
Vesicle treatment 

 
Time of exposure 
to trypsin (min)   

(nmol/min/mg) (% control) 
 
None 

 
0 

 
3.3 

 
100 

 
None 

 
60 

 
2.9 

 
87.5 

 
Unsealed with 0.2% Triton X-100 

 
0 

 
3.7 

 
100 

 
Unsealed with 0.2% Triton X-100 

 
60 

 
0.98 

 
26.2 

 

 

3.3.7 Dolpp1p activity in PPT1 knockout mouse brain 

To further explore the functional relationship between PPT1 and DOLPP1, I pr

microsomal fractions from brain tissues of wild type, PPT1 and PPT2 knockout mice and 

assayed Dol-P-P phosphatase activity. Three different substra
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rates of dephosphorylation of each substrate were assayed as described previously (Scher et 

al. 1984a; Scher et al. 1984b).  

As shown in Table 3-4, Dolpp1p activity was decreased in the brain microsomes of 

PPT1 knockout mouse compared to wild type and PPT2 knockout mouse, indicating loss of 

PPT1 activity somehow affected the Dolpp1p activity in the brain.

Table 3.4 Dol-P, Dol-P-P and PA phosphatase activities assayed in microsomes from 

wild type, PPT1 and PPT2 knockout mice brain. 

3.4 Discussion 

e a Dol-P-P-specific 

pyroph he 

ivities in 

 

 
Phospholipid substrate (nmol/min/mg) 

 
Mouse strain 

 
 

Dol-P-P 
 

Dol-P 
 

PA
 
Wild type brain 

 
0.128 

 
0.107 

 
0.129 

 
PPT1 knockout brain 

 
0.025 

 
0.138 

 
0.160 

 
PPT2 knockout brain 

 
0.089 

 
0.101 

 
0.131 

 

 

The CWH8 gene in S. cerevisiae has been shown to encod

osphate phosphatase that was proposed to function in a model for the recycling of t

carrier lipid (Fernandez et al. 2001). This chapter describes the identification and 

characterization of a mammalian ortholog of the yeast CWH8 gene, DOLPP1, from the 

GenBankTM expressed sequence tag (EST) division.  

Although there have been reports describing Dol-P-P/Dol-P phosphatase act

crude microsomal fractions from various mammalian tissues, the exact number, location, and
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lkner 

 

specificity have not been rigorously defined (Scher et al. 1984a; Wolf et al. 1991; Fau

et al. 1999; Fernandez et al. 2001). Previous studies have been complicated by an inability to

study the enzymatic properties of these proteins independent of the activities of other 

contaminating phosphatases. Expression of Dolpp1p in the lpp1 /dpp1  yeast strain has 

allowed characterizing the brain Dol-P-P phosphatase in the absence of other endogenou

lipid phosphatase activities hydro

s 

lyzing Dol-P-P and Dol-P. As collaborative work with Dr. 

Waechter’s group at University of Kentucky, the comparisons reported in Tables 3.2 show 

that expression of Dolpp1p in COS cells results in a substantial and highly specific increase 

in Dol-P-P phosphatase activity.  

DOLPP1 shares a high degree of sequence identity with CWH8 and is shown to be a 

functional ortholog in the cwh8  mutant yeast strain. This conclusion is based on the 

following observations that overexpression of mouse DOLPP1 in cwh8  yeast cells: 1) 

complements the growth defect; 2) corrects the deficiency in protein N-glycosylation; and 3) 

reverses the accumulation of Dol-P-P resulting from defective Dol-P-P phosphatase activity. 

Moreover, as noted above, expression of the DOLPP1 gene in the lpp1 /dpp1  yeast strain, 

or mammalian COS cells produces large increases in Dol-P-P phosphatase activity, indicating 

lipid ph

l 

that Dolpp1p is an essential component of the brain enzyme. The presence of a consensus 

osphatase motif within the amino acid sequence and the observations that 

overexpression of DOLPP1 in yeast and COS cells produces dramatic increases in the leve

of Dol-P-P phosphatase activity strongly suggest that Dolpp1p contains the catalytic site. 

Whether other components may be needed for full activity is a question that will only be 
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d 

 

t for this conclusion. The 

immunofluorescence microscopy and subcellular fractionation studies described in this 

chapter represent the first direct evidence that Dolpp1p is located in the ER in COS cells. In 

addition, protease sensitivity studies indicate that the mammalian Dol-P-P phosphatase has a 

critical domain that is luminally oriented. It is clear from these studies that the DOLPP1 gene 

product is predominantly localized in the ER, the site of lipid intermediate biosynthesis, and 

protein N-glycosylation. 

The specificity, location in the ER, and luminally oriented active site of Dolpp1p 

meet all the criteria for a role in the recycling of Dol-P-P released during primary protein N-

glycosylation reactions on the luminal surface. There is substantial evidence that cellular 

e a rate-controlling factor in the regulation of lipid intermediate 

biosynt 86). 

ggesting 

rick 

g the impressive effect (~80% 

reducti

answered upon successful solubilization, isolation, and reconstitution of the recombinant 

enzyme in active form.  

Although the effects of mutations in the CWH8 gene on protein N-glycosylation, lipi

intermediate synthesis, and the accumulation of Dol-P-P are consistent with the yeast enzyme

being located in the ER, these observations are only indirect suppor

levels of Dol-P ar

hesis (Harford et al. 1977; Lucas et al. 1977; Harford et al. 1980; Spiro et al. 19

The induction of cis-isoprenyltransferase activity correlates closely with the onset of 

developmental increases in Dol-P and Glc3Man9GlcNAc2-P-P-Dol biosynthesis, su

that de novo synthesis is an important source of Dol-P for lipid intermediate synthesis (C

et al. 1994a; Crick et al. 1994b). However, considerin

on in Glc3Man9GlcNAc2-P-P-Dol synthesis) produced by mutations in CWH8 (van 
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e is 

 gle 

e 

g 

 al. 2001).  

Berkel et al. 1999; Fernandez et al. 2001), it seems likely that recycling of Dol-P-P plays an 

important role in maintaining Dol-P supplies for Glc3Man9GlcNAc2-P-P-Dol biosynthesis.  

The decrease in Dolpp1p activity in PPT1 knockout mouse brain suggests ther

possible co-regulation of PPT1 and DOLPP1. These preliminary results prepared on a sin

set of samples would have to be repeated to be meaningful. Because PPT1 and DOLPP1 ar

localized in different subcellular compartments (lysosome vs. ER), it is impossible that the 

two proteins physically interact. Then, it has been shown PPT1 did not interact with any 

other proteins co-expressed from cDNA library derived from human cerebellum in vivo usin

the two-hybrid system (Cottone et

 



 

CHAPTER FOUR 

L

 

ally high levels of dolichol pyrophosphoryl 

oligosaccharides were demonstrated in brain 

ulation is 

precursors. 

ipid linked oligosaccharide (LLO) accumulation in mouse 

models of neuronal ceroid lipofuscinosis (NCL) 

4.1 Introduction 

As stated earlier, the neuronal ceroid lipofuscinoses are a group of lysosomal storage 

disorders characterized by the accumulation of autofluorescent storage material in the brain 

and other tissues (Mitchison et al. 2001; Hofmann 2002). Although vigorous efforts have 

been made in the last a couple of decades, the underlying basis for the neurodegeneration is 

still unknown.  Previously, abnorm

tissue from several NCL patients (in the era 

before the genetics of the NCLs were defined) but the specificity of the effect for the NCLs 

has been unclear.   

In this chapter, I present data that lipid-linked oligosaccharide (LLO) accum

selective for the NCLs, with particularly striking accumulation in CLN1, CLN6 and CLN8 

models using modern fluorophore assisted carbohydrate electrophoresis (FACE). The 

accumulated LLO in brain and liver tissues are rigorously characterized using the 

CLN1/PPT1 (the most severe form of NCL) null mutant mouse model. The accumulation of 

dolichol pyrophosphoryl oligosaccharides is postulated to result from inhibition of late stages 

of lysosomal degradation of autophagosomes, which may be enriched in these metabolic 

75 
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4.2 Experimental Procedures 

4.2.1 

were a kind gift of Dr. Beverly 

Davidson, University of Iowa College of Medicine. Frozen brain tissues derived from 

CLN2/TPPI knockout mice (129SvEv) were a kind gift of Drs. Peter Lobel and David Sleat, 

University of Medicine and Dentistry of New Jersey. Mouse models of juvenile-onset 

NCL/CLN3 (7-months of age, 129S6-Cln3tm1Nbm/J, stock#: 004072), variant late-infantile 

NCL, CLN6/nclf (B6.Cg-Cln5nclf/J, stock#: 003605), Northern epilepsy, CLN8/mnd (B6.KB2-

Cln8mnd/MsrJ, stock#: 001612), Niemann-Pick Type C/Npc1spm (C57BLKS/J-Npc1spm/J, 

stock#: 002760) (Loftus et al. 1997), Sanfilippo Type B/Naglu (B6.129S6-Naglutm1Efn/J, 

stock#: 003827) (Li et al. 1999) and Krabbe disease/Galctwi (B6.CE-Galctwi/J, stock#: 

000845) (Luzi et al. 2001) were obtained from Jackson Laboratory stocks and maintained at 

the University of Rochester. All of the animals were euthanized in accordance with NIH and 

institutional guidelines. Tissues were harvested immediately and frozen under liquid 

nitrogen, except tissues used for the microsomal preparation and subcellular localization 

studies, which were freshly prepared. 

 

Rodent tissues 

Gene-targeted CLN1/PPT1 -/-, PPT2 -/-, and littermate control mice were maintained 

on a mixed C57BL/6J X 129S6/SvEv background in the animal facility of the University of 

Texas Southwestern Medical Center, Dallas, Texas, as described previously (Gupta et al. 

2001; Gupta et al. 2003). The CLN1/PPT1 -/- and PPT2 -/- mice used in this study resulted 

from four to six generations of backcrosses from 129S6/SvEv onto C57BL6J. Frozen brain 

tissues derived from CLN3 knockout mice (20-months of age) 
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4.2.2 FACE analysis 

from mouse tissues was performed essentially as described (Gao et al. 2002b; Gao et al. 

2003). Briefl rinkmann) 

d dried under a stream of nitrogen. The dried pellet was extracted sequentially with 

:1(v/v), water and chloroform/methanol/water, 10:10:3 (v/v/v) 

(CMW

 

 ml 

d 

treatment with 0.1 N HCl in 50% isopropanol for 1h at 50˚C. 

Residu

ic 

lved on an 

 

FACE (fluorophore-assisted carbohydrate electrophoresis) analysis of LLOs derived 

y, tissues were homogenized in ice-cold methanol using a Polytron (B

an

chloroform/methanol 2

). The organic phase from the final extraction was loaded onto a column containing 1 

ml DEAE-cellulose (Whatman) in the acetate form equilibrated with CMW. The column was

washed to remove contaminating glycogen fragments with 10 ml of CMW followed by 10

of CMW containing 3 mM ammonium acetate. LLOs were eluted with 10 ml of CMW 

containing 300 mM ammonium acetate. Chloroform (4.4 ml) and water (1.4 ml) were then 

added to remove ammonium acetate and the lower phase (containing LLOs) was recovere

after centrifugation and dried under nitrogen gas. The oligosaccharides were released from 

dolichol lipid by mild acid 

al ammonium acetate was removed by desalting with Dowex (Biorad) ion exchange 

resins AG50-X8 (hydrogen form) and AG1-X8 (formate form). The released 

oligosaccharides were labeled with 150 mM ANDS (7-amino-1, 3-naphthalenedisulfon

acid, Molecular Probes) and 1 M sodium cyanoborohydride solution, and then reso

oligosaccharide profiling gel as described previously (Gao et al. 2003). The gel was imaged 

with a Biorad Fluor-S MultiImager using a 530DF60 filter. Electronic gel images were 

generated, and individual ANDS-positive species were quantified using software supplied
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ith the scanner. The linearity and sensitivity of oligosaccharide detection by FACE was 

determined with known quantities of  α1, 4-linked glucose oligomers as described previously 

t

type 

 at 4˚C 

 (50 

nd 5 mM MgCl2) and incubated with 0.2 µCi per ml 

w

(Gao e  al. 2003).  

 

4.2.3 Enzymatic digestion of ANDS-labeled oligosaccharides 

ANDS-oligosaccharides were dissolved in 100 mM sodium acetate (pH 5.0) and 

incubated with 0.1 U  per reaction (typical reaction, 50 µl) of jack bean α-mannosidase 

(Glyko) or dissolved in 100 mM Na-MES (pH 6.5) containing 0.2 % Triton X-100 and 

incubated with 270 ng recombinant Golgi endomannosidase (a gift of Dr. Robert Spiro) at 37 

˚C for 18 hours. For endoglycosidase H (Endo H) digestions, ANDS-oligosaccharides (or 

unlabeled oligosaccharides) were incubated with 0.1 U Endo H (New England Biolabs) in 50 

mM sodium citrate (pH 5.0) containing 5% glycerol and 0.1% Triton X-100 at 37˚C for 30 

minutes to 18 hours as indicated in the Figure Legends.  

 
4.2.4 Microsomal preparation, LLO synthesis and oligosaccharide transfer assays 

To prepare microsomes, fresh tissues from CLN1/PPT1 -/- and age-matched wild 

mice were pooled (two animals from each group) and homogenized in ice-cold buffer 

containing 50 mM Tris-HCl (pH 7.5) and 250 mM sucrose using a motor driven Dounce 

homogenizer. The homogenate was centrifuged at 1,000 X g at 4 ˚C for 15 min to remove 

nuclei and cell debris. The supernatant was subjected to centrifugation at 100,000 X g

for 1 h to sediment the microsomal pellet. The microsomes were resuspended in Buffer A

mM K-HEPES (pH 7.5), 25 mM KCl a

 



   79 
  

f GDP-[2-3H] mannose, 1 µM UDP-GlcNAc and 400 µM acceptor peptide (Ac-Asn-Tyr-

Thr-CONH2) or control peptide (Ac-Gln-Tyr-Thr-CONH2). The reaction mixture was 

incubated for 30 min at 37˚C and LLOs were recovered by extraction into chloroform/ 

methanol/water (CMW, 10:10:3, v/v/v) as described previously (Pan et al. 1990; Zeng et al. 

1990; Gao et al. 2002b). The incorporation of [2- H] mannose into newly-synthesized LLOs 

was determined by counting a portion (5 %) of the organic phase from the CMW extraction. 

The remaining organic phase was dried under nitrogen gas and the oligosaccharides were 

released by mild acid, labeled with ANDS, and analyzed by FACE as described above. 

 

la et 

 = 

l 

ng a Zeiss 

4.2.6 Differential fractionation of mouse brain tissue 

Microsomes were prepared from fresh brain tissue from CLN1/PPT1 -/- and age-

matched wild type mice (two mice per group) by Dounce homogenization in sucrose buffer 

as described above and subjected to a series of stepwise centrifugations (1,000 X g for 10 

o

3

4.2.5 Isolation of autofluorescent storage material 

Storage material was isolated as described previously (Palmer et al. 1986; Tyyne

al. 1993) with modifications. Briefly, CLN1/PPT1 -/- and age-matched wild type mouse 

brains were homogenized in Milli-Q water using a Polytron (Brinkmann). The homogenate 

was filtered through glass wool and sonicated for 1 min. The resulting homogenate was 

centrifuged at 500 X g for 20 min and the pellet was resuspended in 16.75% CsCl (w/v, ρ

1.13 g/cm3) and centrifuged at 1,500 X g for 20 min. The pellet was washed twice with CsC

and resuspended with Milli-Q water. The isolation was monitored visually usi

Axiophot epifluorescence microscope. 
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or 

 

4.3.1 

s in 

sis 

e 

d this technique to the 

t

Dr. Ningguo Gao, who developed this m

ted 

(Gao et al. 2003).  

min, 3,000 X g for 10 min, 6,000 X g for 10 min, 9,000 X g for 15 min, and 100,000 X g f

1 h). Each pellet was washed once with Buffer A and subjected to fluorescence microscopy 

and FACE analysis.

 

4.3 Results 

LLO accumulates in CLN1/PPT1 -/- mouse brain and peripheral tissues 

Lipid linked oligosaccharides (LLOs) corresponding to the structure 

Glc3Man9GlcNAc2-P-P-dolichol are typically the precursors of asparagine-linked glycan

mammalian cells. The steady state concentrations of LLOs are normally low in biological 

systems, in the range of 1 nmol/gm tissue. Fluorophore-assisted carbohydrate electrophore

(FACE) analysis allows for the sensitive detection and structural characterization of 

monosaccharides and oligosaccharides in biological samples without the need for radioactiv

metabolic labeling (Gao et al. 2002b). Therefore, I applie

charac erization of LLOs extracted from CLN1/PPT1 -/- mouse tissues in collaboration with 

ethod. Briefly, tissues were homogenized rapidly in 

methanol, dried under nitrogen, and the dried pellets extracted with chloroform/methanol 2:1 

(vol/vol) and water sequentially to remove contaminants. The resulting pellets were extrac

again with chroloform:methanol:water 10:10:3 (vol/vol/vol) to recover the LLOs, and the 

LLOs were treated with mild acid to cleave the pyrophosphate linkage. The released 

oligosaccharides were then reacted with the fluorophore 7-amino-1, 3-naphthalenedisulfonic 

acid (ANDS), resolved by gel electrophoresis and visualized with a fluorescence scanner 
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d 

/- 

Os 

ofmann et al. 2001b). 

To estimate the composition of accumulated LLOs from CLN1/PPT1 -/-  and normal 

mouse brains, LLOs were derivatized with ANDS as described and varying amounts of 

labeled LLOs were loaded onto FACE gels and quantitated in comparison with known 

standards. Of note, the dry weight of CLN1/PPT1 -/-  mouse brain (75.9 ± 4.0 mg) was 23% 

less than that of wild type brain (98.0 ± 5.0 mg), presumably due to massive neuronal loss 

during the progression of the disease (Bible et al. 2004). As suggested by the results in 

Figure 2.1D, the increase in LLOs in the CLN1/PPT1 -/- mouse brain is confined to the non-

glucosylated intermediates (Man5-9GlcNAc2), which were accumulated to an overall level 

that was 14.5-fold higher as compared to wild type brain. The mature species 

 type brain, estimated at about 1 

nmol p

As shown in Figure 4.1, striking accumulations of LLO intermediates were observe

in brain, kidney and liver (the three tissues chosen for examination) from CLN1/PPT1 -

mice. In brain (Figure 4.1A), the accumulation appeared to be relatively specific for LL

migrating as Man5-9GlcNAc2, with little or no increase in Glc1-3Man9GlcNAc2 species. In 

contrast, in the kidneys of CLN1/PPT1 -/- mice, all species of LLO were increased to about 

the same extent (Figure 4.1B). The pattern of accumulation in liver was similar to that of 

brain, but the accumulation was not nearly as striking (Figure 4.1C). Of note, the liver is 

particularly poor in storage material accumulation in different forms of Batten disease 

(H

(Glc3Man9GlcNAc2), which is the major species in the wild

er gram of dry weight, is actually decreased (to 47% of the wild type level) in 

CLN1/PPT1 -/- brain (asterisk in Figure 4.1). 
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Figure 4.1 Lipid-linked oligosaccharide intermediates (LLOs) accumulate in 

and processed for fluorophore-assisted carbohydrate electrophoresis (FACE) analysis as 

liver as described (Gao et al. 2002b). The positions of Glc

CLN1/PPT1 -/- mouse tissues.  (A), brain; (B), kidney; and (C), liver. LLOs were extracted 

described under Material and Methods. LLO standards were prepared from wild type mouse 

Man GlcNAc -ANDS and Man5GlcNAc2-ANDS are indicated as G3M9, M9, and M5, 
 and lane 2 in each panel corresponds to the ANDS-labeled LLOs from 

3Man9GlcNAc2-ANDS, 
9 2

respectively. Lane 1
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wild ty
from one organ was loaded. Results shown represent one of 3 experiments giving similar 

CLN1/PPT1 -/- and wild type mouse brains (nmol per g dry weight) were shown. Values 

Glc3Man9GlcNAc2 in the PPT1 knock-out mouse was repeatable. 

4.3.2 Structural characterization of LLOs from CLN1/PPT1 -/- mouse brain 

To characterize the composition and structure of LLOs that accumulate in the tissues 

of CLN1/PPT1 -/- mice, several analytical enzyme treatments were performed. Jack bean α-

mannosidase hydrolyzes exposed α-mannosyl residues on oligosaccharides.  One or more 

glucosyl residues on the " 

digestion of the α 1,3 arm by mannosidases, and they retard digestion of exposed mannosyl 

residues on the α 1,6 arm by jack bean α -mannosidase (Beeley 1985; Cacan et al. 2001). 

 Therefore, the enzyme may be used to test for the presence of glucosylated Glc

Man GlcNAc  species. As shown in Figure 4.2A, ANDS-labeled oligosaccharides from a 

standard LLO mix prepared from normal mouse liver (which appears largely as 

Glc Man GlcNAc plus various unglucosylated LLOs) was converted to the relatively 

protected Glc Man GlcNAc -ANDS (Figure 4.2A, lane 2, asterisk) and Man GlcNAc -

ANDS (containing a β-mannosyl residue) as the result of digestion of the unglucosylated 

species (Figure 4.2A, lane 2) (Gao et al. 2003).  The mannosyl residues most likely removed 

by jack bean mannosidase to generate Glc Man GlcNAc -ANDS are indicated in Figure 4.3 

(cleavage sites labeled "a").  In contrast, all of the ANDS-labeled LLOs from the 

CLN1/PPT1 -/- mouse brain were converted to a product that migrated as Man1GlcNAc2-

pe and PPT1 knockout mice, respectively. One tenth of the total derivatized extract 

results. (D) The quantities of each ANDS-labeled LLO intermediate extracted from 

shown represent mean ± S.D. (n=3).  The asterisk (*) in panel D indicates that this result for 

 

 
 

α 1, 3" arm of the oligosaccharide have two effects: they block 

1-

3 5-9 2

3 9 2 

3 6 2 1 2

3 6 2
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ANDS after digestion with jack bean α-mannosidase (Figure 4.2A, compare lanes 4 and 5). 

This result suggests that LLOs from the CLN1/PPT1 -/- brain consist of oligomers of 

mannose units that are not capped by glucose units. 
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Figure 4.2 Characterization of ANDS-labeled LLO intermediates from CLN1/PPT1 -/-
mouse brain. (A) α-mannosidase and Golgi endomannosidase treatment. Glc Std, 
oligomerized glucose standards (G

 

/- mouse 

 and lane 6).  The asterisk 
(*) denotes Glc3Man6GlcNAc2-ANDS. (B) Endo H treatment after ANDS labeling. (C) Endo 
H treatment before ANDS labeling. LLOs extracted from a CLN1/PPT1 -/- mouse brain 

anes 3, 4) or control Lec35.1 cells (lanes 1, 2) were treated with endoglycosidase H (Endo 
 and 

analyzed by FACE.  

al. 

t 

, 

 

CLN1/P 6); 

es are 

 H 

ed 

H, because 

d 

4 through G7). LLOs extracted from CLN1/PPT1 -
brain (lanes 4-6) and control LLOs prepared from normal mouse liver (lanes 1-3) were 
treated with buffer alone (lane 1 and lane 4) or were digested with either jack bean α-
mannosidase (lane 2 and lane 5) or Golgi endomannosidase (lane 3

(l
H) at 37˚C for 30 min (B) and 18 hours (C). Subsequently, the LLOs were resolved

 

Golgi endomannosidase specifically converts Glc1-3Man9GlcNAc2-ANDS to 

Man8GlcNAc2-ANDS (Figure 4.3; cleavage site marked as “b”) (Spiro et al. 2000; Gao et 

2002b). The result of enzyme treatment of the normal mouse liver LLO mix was consisten

with this specificity, shifting the glucosylated species to Man8GlcNAc2-ANDS (Figure 4.2A

compare lanes 1 and 3) without affecting other intermediates. Treatment of LLOs from the

PT1 -/- brain caused no changes in migration (Figure 4.2A, compare lanes 4 and 

again suggesting that the accumulated LLO intermediates lack glucosyl residues. LLO 

biosynthesis occurs in a well-ordered series of reactions in which mannose residu

added sequentially to the growing oligosaccharide chain (Figure 4.3). Endoglycosidase

(Endo H) recognizes a particular mannose residue (Figure 4.3, shaded circle) that is add

only after the “core” five mannose residues have been added (Figure 4.3, M5) and then 

cleaves the growing chain at the β(1→4) linkage between the two GlcNAc molecules already 

present on the molecule (Figure 4.3, cleavage site marked as c). Therefore, “authentic” 

Man5GlcNAc2 (M5) derived from the biosynthetic pathway is insensitive to Endo 

it does not contain the sixth mannose residue recognized by the enzyme (Figure 4.3, shade
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5 2 

dition 

 2001) is shown to be resistant to 

Endo H treatme CLN1/PPT1 -/- 

brain (F 2 were sensitive 

CLN1/PPT1 -/- 

brain contain the sixth m ediates 

annose and 

subsequently lost residues via de

beled oligosaccharides 

(thereby precluding an exam e Endo H reaction), 

we performe

labeling. In these experim

lane 4), confirmi

nnosidase 

digestion resu ovide strong evidence 

that the LLOs accum  a catabolic, 

rather than from

 

4.3.3 

circle). This is illustrated in Figure 4.2B, lanes 1 and 2, in which authentic Man GlcNAc

prepared from CHO-K1 mutant Lec35.1 cells (which lacks a factor required for the ad

of the sixth mannose) (Camp et al. 1993a; Anand et al.

nt. In contrast, the species migrating as Man5GlcNAc2 in 

igure 4.2B, lane 4) as well as the species migrating as Man4GlcNAc

to Endo H (lane 4). This result suggests that Man4-5GlcNAc2 (M4/M5) LLO in 

annose residue, and that rather than being “authentic” interm

in the biosynthetic pathway, they are atypical LLOs that have gained the sixth m

gradation by a catabolic pathway.  

Because Endo H treatment removes the ANDS group from la

ination of the oligosaccharide products of th

d experiments in which we incubated the LLOs with Endo H prior to ANDS 

ents, we demonstrated that Endo H causes a shift of 

oligosaccharides corresponding to a loss of one GlcNAc residue (Figure 4.2C, lane 3 and 

ng the presence of the expected products of the Endo H reaction. 

The absence of glucose (as indicated by α-mannosidase and endoma

lts) together with the observation of Endo H sensitivity pr

ulating in CLN1/PPT1 -/- mouse brain are derived from

 the normal biosynthetic pathway.  

LLO synthesis is normal in CLN1/PPT1 -/- mouse brain microsomes 
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Figure 4.3 Schematic representation of LLO intermediate synthesis in the lumen of 
endoplasmic reticulum (ER). Man5GlcNAc2-P-P-dolichol is synthesized on the cytosolic 
side of the ER and then flipped into the luminal side.  Four more mannose units and three 
glucose units are sequentially added to produce the mature species Glc3Man9GlcNAc2-P-P-
dolichol (Helenius et al. 2002). Likely cleavage sites in Glc3Man9GlcNAc2 for jack bean α-
mannosidase (a) and Golgi endomannosidase (b) are indicated. Endoglycosidase H (End
recognizes specifically 6

o H) 
es the 

ve 

om 

, 

 

 

th mannose (closed circle) added onto the “core” M5, and cleav
β (1→4) linkage between two GlcNAc molecules (c). 
 

 To determine whether LLO synthesis proceeds normally in CLN1/PPT1 -/- mouse 

brain, incorporation of [2-3H]mannose into LLOs was measured using an in vitro quantitati

assay as previously described (Gao et al. 2002c). Microsomal fractions were prepared fr

CLN1/PPT1 -/- and wild type brain and liver as described in Material and Methods. In short

brain (Figure 4.4A) and liver (Figure 4.4B) microsomes were incubated with 0.2 µCi/ml

GDP-[2-3H] mannose, 1 µM UDP-GlcNAc for 30 min at 37 ˚C and LLOs recovered by 

extraction into chloroform/methanol/water (CMW, 10:10:3). GDP-[2-3H]- 
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Figure 4.4 LLO synthesis in liver and brain of CLN1/PPT1 -/- mice and age-matched 
wild type mice. Incorporation rate of [2-3H] mannose into LLOs was measured in normal or 
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peptides are available (Gao et al. 2002c). As shown in Figure 4.4, there were no significant 

ifferences in rates of discharge of LLOs 

onto th

4.3.4 Accumulated LLOs in CLN1/PPT1 -/- mouse brain are not discharged by 

oligosaccharyltransferase (OST)

CLN1/PPT1 -/- brain (A) and liver (B) microsomes in the presence of 400 µM of acceptor or 
non-acceptor tripeptide for oligosaccharyltransferase. (C) % discharge of oligosaccharide 
intermediates onto the target peptides were calculated for brain and liver of CLN1/PPT1 -/- 
and wild type mice, respectively. The results shown are typical of two independent 
experiments.

 

mannose incorporated into LLOs was counted, and assays were performed with acceptor 

(Ac-Asn-Tyr-Thr-CONH2) tripeptide and non-acceptor (Ac-Gln-Tyr-Thr-CONH2) peptides 

for oligosaccharyltransferase (OST) to measure the rate of discharge as well. OST is an ER 

lumenal enzyme that transfers oligosaccharide from the mature LLO (Glc3Man9GlcNAc2-P-

P-dolichol) to appropriate asparagine residues of newly synthesized polypeptides. OST, 

however, also transfers immature LLO intermediates to the target peptide if excess acceptor 

differences in LLO synthesis between wild type and CLN1/PPT1 -/- brain (A) and liver (B) 

microsomes.  

As anticipated, liver microsomes showed higher OST activity than brain microsomes 

(Figure 4.4 C). However, there were no significant d

e target peptide between wild type and CLN1/PPT1 -/- microsomes observed. These 

results suggest that LLO synthesis, extension and transfer are normal in the CLN1/PPT1 -/- 

mouse. 
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Figure 4.5 LLOs accumulating in CLN1/PPT1 -/-  mouse are not competent for transfer 
to the acceptor peptide. Brain (A) and liver (B) microsomes were incubated in the presenc
of acceptor or control peptides for 30 min at 37˚C and the extracted LLOs were resolved and 
analyzed by FACE.  LLOs from normal brain transfer readily to the acceptor peptide (lanes 

e 
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xperiments presented above suggest that the accumulated LLOs in CLN1/PPT1 

-/- mouse brain are catabolic products. Extracted LLOs from CLN1/PPT1 -/- brain and liver 

microsomes were also analyzed by FACE after treatment with acceptor and non-acceptor 

peptides for oligosaccharyltransferase (OST) (Figure 4.5). LLOs in wild type brain (Figure 

4.5A, lanes 1-3 vs. lanes 4-6) and liver (Figure 4.5B, lanes 1-3 vs. lanes 4-6) were efficiently 

discharged while almost none of accumulated LLOs in both CLN1/PPT1 -/- brain (4.5A, 

lanes 7-9 and 10-12) and liver (Figure 4.5B, lanes 7-9 and 10-12) were discharged, implying 

that the accumulated LLOs are either not substrates for OST or that they are present in a 

different subcellular localization that is inaccessible to OST.  As noted earlier (Camp et al. 

1993a; Gao et al. 2002c), appreciable deglucosylation of pre-formed Glc3Man9GlcNAc2-P-P-

dolichol can occur during the incubation.  This explains the predominance of Man9GlcNAc2-

P-P-dolichol in the liver LLO samples incubated with control peptide (Figure 4.5B, lanes 1-3 

and 7-9). 

 

rain 

One of the distinctive pathological characteristics of infantile Batten disease is the 

accumulation of autofluorescence storage material (also known as granular osmophilic 

deposits, or GROD) in brain and other tissues. To determine whether LLOs are enriched in 

this material, storage deposits were isolated by CsCl density centrifugation and analyzed by 

4-6) but not control peptide (lanes 1-3), whereas the LLOs specific to the PPT1 knockout 
tissues do not (compare lanes 7-9 and 10-12). 

 

The e

4.3.5 Enrichment of LLOs in autofluorescence storage material from CLN1/PPT1 -/- 

mouse b
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epifluorescence m

a and b) 

croscope 

(Figure 4.6A, N1/PPT1 -/- 

hom ment 

(Figure 4.6B

CLN1/PPT1

3). Extracts from

 brain 

storage m age 

material in the 

norma

form

accumu ent 

icroscopy (Figure 4.6A) and FACE analysis (Figure 4.6B). The crude and 

CsCl purified storage material were visualized under Nomarski optics (Figure 4.6A, 

and these images were compared with images visualized under the fluorescence mi

c and d). Autofluorescence in storage material purified from CL

brain covered nearly 100% of the area the seen in the bright field (b and d), whereas in crude 

ogenates it represented a minor fraction (a and c), indicating that significant enrich

of autofluorescent material was accomplished by CsCl centrifugation. Next, LLOs were 

extracted directly from the CsCl purified storage material pellet and analyzed by FACE 

). As a control, LLOs were extracted directly from the unfractionated 

 -/- brain (lane 4) and wild type brain subjected to the same procedures (lanes 1-

 equivalent amounts of brain (wet weight) were loaded.  

As can be seen in Figure 4.6B, most of the truncated LLOs in CLN1/PPT1 -/-

present in the crude homogenate (Figure 4.6B, lane 4) were recovered in the CsCl purified 

aterial (lane 5), indicating that accumulated LLOs are enriched in the stor

CLN1/PPT1 -/- mouse (57.3-fold enrichment, see Table 4.1). Note that in 

l and PPT1 defective tissue, the mature species Glc3Man9GlcNAc2 was not recovered 

 the CsCl pellet but rather from the supernatant (compare Figure 4.6B, lanes 4 and 6 vs. 

lanes 1 and 3).  Taken together with the results of Figure 4.5, this confirms that the 

lated LLOs in the storage material are associated with a subcellular compartm

distinct from those LLOs that are utilized in asparagine-linked glycosylation. Using data 

similar to that presented in Figure 4.1D, we calculate that LLOs constitute 0.3% of the dry 

weight of storage material from CLN1/PPT1 -/- mouse brain. 
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Figure 4.6 Enrichment of autofluorescent storage material and LLOs from CLN1/P
-/- mouse brain by CsCl density gradient centrifugation.  (A) Autofluorescent storage 
material was purified on a 16.75 % CsCl density gradient (ρ= 1.13 g/cm

PT1 

LLOs extracted from crude unfractionated normal brain (lane 1), the CsCl purified pellet 

3) and the resulting 
pellet was resuspended in Milli-Q water. A suspension of the pellet was analyzed by 
epifluorescence microscopy (panels c and d), and Nomarski optics (panels a and b). (B) 
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procedure was applied to age-matched CLN1/PPT1 -/- brain (lanes 4-6).  Extracts from 

of two independent experiments yielding similar results. 

Table 4.1 LLO Composition of Mouse Brain and Purified Storage 

Bodies

  

(lane 2) and supernatant (lane 3) were analyzed by FACE. An identical purification 

equivalent amounts of brain (based on wet weight) were loaded. Results shown represent one 

 

LLOs 

 

(nmol/g dry weight) 
  

 

 

 

LLOs 

 
Wild type 

 
1.2 

- - 

Crude CsCl purified 

 

Enrichment of 

in Storage Bodies 

    
7.3-fold PPT KO 19.1 1090 5

 

ed. 

n high 

0 

essed and analyzed by FACE.  

To further elucidate the association of the LLOs with autofluorescent storage 

material, differential centrifugation of a homogenate of CLN1/PPT1 -/- brain was perform

Brain homogenates from CLN1/PPT1 -/- and age-matched wild type mice were centrifuged 

as described in Experimental Procedures and the resulting pellets were observed under 

Nomarski and epifluorescence microscopy (Figure 4.7A). Consistent with the know

density of the storage material, the majority of autofluorescent material sedimented at 6,00

X g or lower (Figure 4.7A, panels f, g, h), whereas the material sedimenting at higher g 

forces displayed little autofluorescence (Figure 4.7A, panels i and j). As shown in Figure 

4.7B, the pellets from the differential centrifugation were proc
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Figure 4.7 Co-fractionation of LLOs accumulating in CLN1/PPT1 -/- mouse brain wi
autofluorescent storage material and non-ER fractions. Brain homogenates from age-
matched wild type and CLN1/PPT1 -/- brains were fractionated by differential centrifuga
(A) The fractionated homogenates from CLN1/PPT1 -/- brain were analyzed by 
epifluorescence microscope (lanes f-j) and Nomarski opti

th 

tion. 

cs (lanes a-e). (B) The resulting 
fractions from wild type (lanes 1-5) and CLN1/PPT1 -/- (lanes 6-10) brains were subjected to 
FACE analysis. (C) An aliquot of each fraction was incubated with GDP-[2-3H] mannose for 
30 min at 37 °C to monitor the extent of incorporation of [2-3H] mannose into LLOs.  Results 
shown are o k (*) 
denotes Man9GlcNAc2-ANDS. 

 

In wild type brain, the bulk of LLOs sedimented in the 100,000 X g microsomal 

fraction (Graham 1984) and appeared as the mature LLO, Glc3Man9GlcNAc2-ANDS (Figure 

4.7B, lane 5). However, in the CLN1/PPT1 -/- brain, most of the accumulated LLOs were 

sedimented between 1,000 X g and 6,000 X g in fractions that were also highly enriched in 

autofluorescent material. As a metabolic marker for each fraction, the extent of incorporation 

of [2-3H] mannose into LLOs was monitored (Figure 4.7C).  An aliquot of each fraction was 

incubated with GDP-[2-3H] mannose for 30 min at 37ºC followed by CMW 10:10:3 

(vol/vol/vol) extractions. A portion of the organic phase of the extract was counted to 

determine the rate of LLO synthesis.  As expected, [2- H] mannose incorporation into LLO 

was predominantly observed in the 100,000 X g fractions from wild type and CLN1/PPT1 -/- 

brains, which is consistent with the known subcellular localization of LLO synthesis in the 

endoplasmic reticulum.   

Interestingly, the major band observed in 100,000 X g pellet of CLN1/PPT1 -/- brain 

was Man9GlcNAc2-ANDS (asterisk) rather than Glc3Man9GlcNAc2-ANDS, and the level of 

Glc3Man9GlcNAc2-ANDS was reduced as compared with wild-type.  It is possible that this 

ne of two independent experiments yielding similar results.  The asteris

3

 



   97 
  

4.3.6 Age-dependent accumulation of LLOs in brains of CLN1/PPT1 -/- mice 

The accumulation of LLO intermediates was age-dependent as assessed in the brains 

of 2-week to 6-month-old PPT1 knockout mice (Figure 4.8). Mannosylated LLO 

intermediates were the predominant component of the accumulation and started to 

accumulate as early as 2 weeks of age. Greater than 10-fold accumulation of LLOs as 

compared to the wild type were observed by the age of 6 months, an age at which 50 to 75% 

of mice develop neurological abnormalities such as clasping and myoclonic jerks (Gupta et 

al. 2001). 

Figure 4.8 Accumulation of LLO intermediates in CLN1/PPT1 -/- mouse brain is age-
dependent. Brains from CLN1/PPT1 -/- mice from 2 weeks to 6 months of age were 
analyzed by FACE. A wild type mouse brain at 6 months of age is shown for comparison 

 

was caused by deglucosylation of pre-formed Glc3Man9GlcNAc2-P-P-dolichol during 

fractionation. 
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(lane 1). Each lane represents 10% of one whole brain. The result shown is one of two 

LLO accumulation in the neuronal ceroid lipofuscinosis. 

yielding similar results.  
 

4.3.7 Accumulation of LLO intermediates in mouse models of lysosomal storage 

disease (LSD) 

In each case, brains from at least three clearly symptomatic animals were examined 

and representative results are shown. (Of note, all mouse models represent complete loss of 

function mutations, with the exception of the CLN6/nclf, and CLN8/mnd; in these two 

models, the impact of underlying missense mutations on protein function is unknown.) 

Marked LLO accumulation was observed in the brains of CLN1/PPT1-/- (Figure 4.9A, lane 

2), CLN6 -/- (lane 8) and CLN 8 -/- (Figure 4.9B, lane 8) mice.  These models have all been 

shown to demonstrate copious amounts of autofluorescent storage material in brain tissue 

(Bronson et al. 1993; Bronson et al. 1998; Ranta et al. 1999; Gupta et al. 2001; Bolivar et al. 

2002 ; Gao et al. 2002a; Wheeler et al. 2002). Lesser but significantly increased LLOs were 

seen in CLN2 -/- (Figure 4.9C, lane 2), and CLN3 -/- (Figure 4.9A, lane 6) mouse brains. 

Accumulation of LLOs in PPT2 knockout mice was modest (Figure 4.9B, lane 10) consistent 

with the scant amounts of storage material in brains of mice at this age (Gupta et al. 2003). 

Quantitation of LLOs by densitometric scanning of gels in comparison with standards 

revealed that brains from symptomatic mice with Niemann Pick type C (NPC), Sanfilippo 

syndrome type B (NAGLU) and Krabbe disease (GALC) were not significantly different 

from normal (Figure 4.9D). These results, taken together with the demonstration of LLOs in 

the autofluorescent storage material of PPT/CLN1 mice, support a relative specificity for 
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Table 4.2 Characteristics of NCL mouse mutants in this study 

Disorder Defective gene Affected protein Mouse phenotype Age at 
this study 

 
 

Ref. 

Infantile 
NCL 

CLN1/Ppt1 Palmitoyl protein 
thioesterase-1 

Spasticity by age 5 
months. Myoclonic 
jerking and 
seizures. Fatal by 

7-mo (Gupta et 
al. 2001; 
Gupta et 
al. 2003) 

10 months. 
 

Late 
Infantile 
NCL 
 

CLN2/Tpp1 Tripeptidyl peptidase-I Tremor at 7 weeks 

months. 

3.5 to 4- a 

deficits at 6 

 

evident by 6 2002a; 
er 

Epilepsy 

retardation 

CLN8(Mnd) Putative transmembrane Hind mb weakness 

months. Behavioral 

7-mo (Bronson 

1993; 

 
Palmitoyl protein 
thioesterase 2 

Spasticity and 
ataxia by 13 mo. 

marrow infiltration 

he atopo

14-mo (Gupta et 
al. 2003) 

and then ataxia, 
median survival 4.5 

 

mo 

Juvenile 
NCL 

CLN3 Lysosomal 
transmembrane protein 

Neuropathological 
abnormalities. 
Motor coordination 

months. 

6-mo and 
20-mo 

(Mitchiso
n et al. 
1999), b 

Variant 
Late-
Infantile 
NCL 

CLN6(Nclf) Putative transmembrane 
protein 

Progressive retinal 
atrophy. Gait 
disturbance and 
weakness in limbs 

months and severe 
paralysis by 9 
months. 
 

6-mo (Bronson 
et al. 
1998; Gao 
et al. 

Wheel
et al. 
2002) 

with mental protein 
li

and ataxia at 6 to 7 

abnormalities. 
 

et al. 

Ranta et 
al. 1999; 
Bolivar et 
al. 2002) 

Unknown PPT2 

Scant neuronal 
storage. Bone 

and extramedullary 
m iesis. 

Death by 17 mo. 
 

 

aSleat, D.E. and Lobel, P., unpublished data. 
bWeimer, J. M. and Pearce, D. A., unpublished data. 
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 LLO profiles of five homozygous NCL m CLN1/PPT1-/-, CLN2/TPPI

/-, CLN3 -/-, CLN6/nclf

ouse models ( -

, and CLN8/mnd), three non-NCL models (Niemann Pick Type C, 

PPT2 -/- m

ent 

 

study 

 

designated NPC -/-, Sanfilippo Type B, NAGLU -/-, and Krabbe disease, GALC -/-) and the 

ouse were analyzed by FACE (Figure 4.9). 

The characteristics of the animal models and the ages of mice used in the experim

are summarized in Tables 4.2 and 4.3. 

Table 4.3 Characteristics of non-NCL LSD mouse mutants in this study 

Disorder Defective gene Affected protein Mouse phenotype Age at this 

 

Ref. 

Niemann-
Pick Type C 

NPC1 Transmembrane 
protein with sterol-
sensing domain 

Weight loss, 
tremor and ataxia 
by 7 wks. 

2-mo (Miyawaki et 
al. 1982; 
Loftus et al. 
1997; Patel et 
al. 1999) 
 

 

Sanfilippo 
Type B 
 

 (Li et al. 
1999) 

Krabbe 
Disease 

 (Duchen et 
al. 1980; 
Luzi et al. 
2001; Biswas 
et al. 2002) 

NAGLU α-N-acetyl-
glucosaminidase 

Ganglioside 
accumulation in 
brain. Heparan 
sulfate in liver 
and kidney. Death 
at 8 to 12 mo. 
 

9-mo

GALC Galactocerebrosidase Normal at birth. 
Progressive 
tremor, weakness 
and wasting at 3-
wk. Death at 3 
mo. 
 

1-mo
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Figure 4.9 LL NCL 
lysosomal storage disorders. All mice demonstrated overt neurological signs at the time of 
analysis, with the exception of 7 month old CLN3 -/- mice, which are shown for comparison. 
Three representative gels (A, B, and C) are shown.  Lanes represent paired wild-type 
littermate controls (odd lanes) and mouse models (even lanes) as indicated.  The mouse 
models analyzed and their corresponding human disorders are CLN1/PPT1 -/- (infantile 
NCL), CLN3 -/- (juvenile NCL), CLN6/nclf (variant late infantile), NPC -/-(Niemann-Pick 
Type C), NAGLU (Sanfilippo B), GALC (Krabbe disease), CLN8/mnd (Northern epilepsy), 
and PPT2 -/- (unknown).  In Figure 2.9C, lane 1, only heterozygous littermate controls were 
available for analysis (designated +/-).  Each lane represents 10% of a single whole brain. 
Three brains from each model (and an equal number of littermate controls) were analyzed. 
(D) Quantitation of LLO profiles determined by densitometric scanning of FACE gels.  
Values shown represent mean ± standard error of the mean.

 

4.4 Discussion 

In the present study, a 15-fold elevation of lipid-linked oligosaccharide (LLO) 

intermediates was demonstrated in the brains (and lesser increases in other tissues) of mice 

representing models of neuronal ceroid lipofuscinosis. The LLOs represent intermediates in a 

catabolic pathway, as determined by structural characterization through enzymatic digestion 

and FACE analysis. The rate of incorporation of [3H] mannose into new LLO synthesis in 

brain and liver microsomes of CLN1/PPT1 -/- mice was normal, as was the rate of 

oligosaccharide discharge from LLO to an oligosaccharyltransferase acceptor peptide, again 

supporting the idea that the accumulation of LLOs is related to a defect in LLO degradation 

rather than synthesis or transfer. Excess LLOs co-localized with autofluorescent CsCl 

purified storage material from CLN1/PPT1 -/- mouse brain and sedimented in the heavy 

lysosome-like fraction rather than the microsomal fraction. Quantitative analysis showed that 

the LLOs constituted only a minor proportion of the autofluorescent storage material (0.3 %) 

by mass. The accumulation of LLOs was age-dependent and specific for mouse models of 

O profiles of brain tissue from mouse models of NCL and non-
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NCL (CLN1, CLN2, CLN3, CLN 6 and CLN8) and 

ed on brain 

material obtained at autopsy from

aterial measured in brain tissue from human 

(Daniel 7.2 ± 

 In a previous studies, no differences in incorporation of [3H]-mannose or 

oligosaccharidyl transferase (OST) activity were found in cells derived from JNCL as 

compared to control cells (Hall et al. 1992; Van Dessel et al. 1992). The results in this 

not seen in three mouse models of other 

lysosomal storage disorders (Niemann Pick type C, Sanfilippo syndrome type B, and Krabbe 

disease). 

In several respects, I have confirmed and extended earlier studies perform

 NCL patients in the era before NCL genetics were defined. 

The quantitation of LLOs in the storage m

et al. 1992) and mouse (this study) were remarkably similar (13.7 nmol/g vs. 1

1.4 nmol/g and 2.1 ± 1.9 nmol/g vs. 1.2 ± 0.7 nmol/g for infantile NCL/CLN1 and normal 

brain, respectively). The dolichol-phosphate content measured in two infantile NCL brain 

samples (0.3 and 0.37% by mass) (Hall et al. 1989) agree well with our estimation of LLO 

from CsCl purified storage material from CLN1 mouse brain (0.3%). The results in this 

chapter confirm that LLO does not constitute a major portion of the mass of the material. 

The structural characterization of LLOs in mouse CLN1 brain was also consistent 

with experiments performed by others (Daniel et al. 1992; Hall et al. 1992) and support the 

conclusion that these LLOs represent catabolic rather than synthetic intermediates. In this 

study, I was, in addition, able to cleanly separate the abnormal catabolic products from the 

normal synthetic products by differential centrifugation, with the catabolic intermediates 

pelleting in the dense fraction and the normal intermediates fractionating as expected in the 

100,000 X g microsomal fraction.  
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An alternative explanation may be that a small fraction of the LLO pool is always missorted 

chapter have confirmed the normal incorporation of [3H] mannose into brain and liver 

microsomes prepared from CLN1 mice. In addition, it has been shown that there was no 

block in transfer of the oligosaccharide from dolichol-PP to nascent protein, because the 

discharge rate of LLOs onto an acceptor peptide was normal. Thus, the failure to transfer as a 

mechanism for accumulation of LLO is ruled out in this form of NCL. 

Why might catabolic LLOs accumulate in NCL tissues?  Any model must account for 

the appearance of LLOs in the dense fraction, the complete absence of glucosyl residues, and 

the partial loss of mannosyl residues.  A potential explanation for the appearance of LLOs in 

dense membranes may be autophagocytosis. The lipofuscin pigments and residual storage 

bodies observed in NCL have structural properties reminiscent of autophagolysosomes, 

sometimes containing clear morphological evidence of partially autolyzed mitochondria or 

other organelles. These ‘tertiary lysosomes’ are believed to form from the fusion of 

autophagosomes and mature lysosomes as a late step in the process of autophagy (Dunn 

1990; Cuervo et al. 1998; Kim et al. 2000). In the NCLs, the metabolism or removal of these 

autophagolysosomes appears to be inhibited.  Although the origin of autophagocytic 

membrane is not yet clear (Dunn 1990; Klionsky et al. 2000), it has been suggested that the 

formation of autophagic vacuoles is initiated from the membranes of rough endoplasmic 

reticulum (RER) (Dunn 1990) which is also the site of LLO synthesis and transfer to 

proteins. Therefore, it is likely that ‘catabolic’ LLOs accumulating in NCLs are derived from 

autophagocytic membranes, and that the accumulation of LLO in the NCLs may result from 

their over-representation in membranes (such as RER) destined for autophagocytic removal.  
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see 

rried 

 

 

H is insufficient to ensure 

complete degradation of LLOs at this step. Alternatively, it is possible that the Man5-

hol forms aggregates, or are in some other way inaccessible to lysosomal 

α-mann  in the 

ol that is 

to lysosomes and rapidly degraded.  However, due to a lysosomal dysfunction in NCL (

below) these LLOs would accumulate as storage material. 

Degradation of Man9GlcNAc2-P-P-dolichol would normally be expected to be ca

out by lysosomal α-mannosidase, a housekeeping enzyme. The optimal physiological pH for

lysosomal α-mannosidase is 4.5 (Merkle et al. 1997; Stinchi et al. 1999).  However, it has 

been reported that lysosomal pH in fibroblasts derived from NCLs is elevated by as much as

1 pH unit (Holopainen et al. 2001). Perhaps the lysosomal p

9GlcNAc2-P-P-dolic

osidase.  It is also plausible that one of the other storage products (for example,

case of PPT1 a palmitoylated peptide) acts as a mannosidase inhibitor. 

The absence of glucosyl residues from the accumulated LLOs in PPT1 defective 

tissue may simply indicate that deglucosylation occurs efficiently in the dense membranes.  

Alternatively, for some reason the LLOs in dense membranes may be selectively derived 

from  non-glucosylated LLOs generated from the pool of Man9GlcNAc2-P-P-dolich

normally present in equilibrium with Glc3Man9GlcNAc2-P-P-dolichol as a result of the 

glucosytransferase-glucosidase shuttle in the ER (Spiro et al. 1991).  

 



 

CHAPTER FIVE 

Conclusions and Future Directions  

s.  It 

 

T1 

wo 

indepe  

 

LPP1 gene from a mouse brain cDNA library, which 

encode  

In this dissertation, I have cloned and characterized pdf1, an ortholog of PPT1 in S. 

pombe, by ablating the gene and determining the consequences of inactivating mutations in 

the Ppt1p and Dolpp1p domains independently through plasmid complementation assay

was demonstrated that pdf1 ablation causes lethality, and that Dolpp1p alone can rescue the 

lethal phenotype.  It was also shown that cells containing no functional copy of Ppt1p are 

abnormally sensitive to sodium orthovanadate and elevated external pH, which are 

phenotypes associated with vacuolar dysfunction in yeast. Furthermore, I have demonstrated

that Pdf1p in S. pombe expressed as a single polypeptide with the orthologs of human PP

and mouse DOLPP1. However, these two proteins are post-translationally processed into t

ndent proteins. By immunoblotting yeast extracts with antibodies that recognize the

carboxyl terminus of Pdf1p, I have provided evidence that Pdf1p is produced as a precursor 

protein that is cleaved to two separate polypeptides, probably as a result of a kex-related 

protease, Krp1. Finally, it has been shown that a human PPT1 cDNA is able to complement

the phenotypes of Ppt1p deficiency, demonstrating that S. pombe provides a new genetic 

model for the study of Batten disease. 

I have also cloned mouse DO

s a dolichol pyrophosphatase 1. The mouse DOLPP1 has been confirmed to

complement the defects in growth and protein N-glycosylation, and to correct the 

accumulation of Dol-P-P in the cwh8  yeast mutant. Northern blot analysis has demonstrated 
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ion of 

ns. 

sults of protease 

sensitiv

a wide distribution of the DOLPP1 mRNA in mouse tissues. In COS cells, overexpress

Dolpp1p has produced substantial increases in Dol-P-P phosphatase activity but not in 

dolichyl monophosphate or phosphatidic acid phosphatase activities in microsomal fractio

Subcellular fractionation and immunofluorescence studies have localized the enzyme 

encoded by DOLPP1 to the endoplasmic reticulum of COS cells. The re

ity studies with microsomal vesicles from the lpp1 /dpp1  yeast mutant expressing 

DOLPP1 are consistent with Dolpp1p having a luminally oriented active site. The sequence 

of the DOLPP1 cDNA predicts a polypeptide with 238 amino acids, and a new polypeptide 

corresponding to 27 kDa has been observed when DOLPP1 is expressed in COS cells. I hav

presented the first identification and characterization of

e 

tial 

tic 

phore-

ls 

 a cDNA clone encoding an essen

component of a mammalian lipid pyrophosphate phosphatase that is highly specific for Dol-

P-P. 

Finally I have examined brain and tissue samples from the five well-defined gene

mouse models of the NCLs and other mouse models of lysosomal storage disorders with 

central nervous system neurodegenerative phenotypes using a newly developed fluoro

assisted carbohydrate electrophoresis (FACE) technique to analyze the characteristics of the 

LLO in these well-defined specimens. I have confirmed that LLO accumulate to high leve

in five types of NCL but not in three non-NCL lysosomal storage disorders. I have 

characterized these in detail in CLN1/PPT1 -/- mice. There was an age-dependent 

accumulation of LLO, which are highly enriched in storage material yet constitute only a 

small fraction (0.3%) of its mass. Detailed structural characterization revealed that the LLO 
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e 

9GlcNAc2). 

d 

ents. 

lpp1p 

infantile NCL using 

PPT1 k

eral 

interesting questions. First, how do LLOs accumulate in the storage material during the 

neuropathogenesis of infantile NCL? As I discussed earlier, it would be worthwhile to 

investigate whether autophagy plays a role during the development of the disorder. Mouse 

embryonic fibroblasts (MEF) from PPT1 null mutant mice are an important tool for this kind 

of studies. It will be interesting to see whether LLOs accumulate in autophagic vacuoles that 

are consistent with catabolic products, and the increase in LLOs in the CLN1/PPT1 -/- mous

brain is confined to non-glucosylated intermediates (Man5-

In conclusion, the data presented in this dissertation describe that Ppt1p and Dolpp1p 

are functioning as independent polypeptides, and no direct interaction between the two is 

evident in higher eukaryotic cells. Although the gene structure of pdf1 in S. pombe suggeste

a certain degree of interaction between Ppt1p and Dolpp1p, it was demonstrated that the two 

proteins are processed post-translationally and probably localized in different compartm

Furthermore, subcellular localization studies of mouse Dolpp1p demonstrated that Do

is localized in the ER membrane (PPT1 is a soluble lysosomal enzyme). Therefore, it is less 

likely that these two proteins are physically interacting in higher eukaryotic cells. Finally, the 

analysis of the accumulation of lipid linked oligosaccharides (LLOs) in 

nockout mouse model has revealed that those LLOs are the accumulation of 

‘catabolic’ products rather than that of ‘metabolic’ intermediates, which might be caused by 

defects in dolichol recycling. Therefore, it is more likely that the abnormal dolichol 

metabolism in infantile NCL results as a secondary phenotype of lysosomal dysfunction 

triggered by PPT1 deficiency, rather than an effect directly from Dolpp1p function. 

Future studies into the molecular mechanisms of infantile NCL could address sev
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are induced by vinblastine or o in wild type and the PPT1 

deficient cells.  

Are LLOs sub l in PPT1 deficient 

tissues?

d 

 

bating the patient’s lymphoblastoid cells with 

recomb

ly radio-

ar mainly 

ther drugs that blocks autophagy 

strates for Dolpp1p? And is Dolpp1p activity norma

 Preliminary data have shown that Dolpp1p activity in PPT1 deficient mouse brain 

was reduced. The assays should be repeated to provide a more definitive answer for these 

questions. One improvement that could be made would be to separate out the catabolic LLOs 

(in the non-ER, lysosomal fraction) from the microsomal fraction by differential 

centrifugation. In this way, possible interference by the accumulated LLOs can be prevente

during the enzyme assay for Dolpp1p activity. 

Another question is what are the direct, physiological substrates of PPT1 in vivo? 

PPT1 deficiency should lead to the accumulation of acylated peptides in the lysosomes of 

affected brain tissues. It has been shown that [35S] cysteine-labeled lipid thioesters derived 

from fatty acylated proteins accumulate in lymphoblastoid cells derived from infantile NCL

patients (Lu et al. 1996). These metabolically radio-labeled lipids from PPT1-deficient 

infantile NCL lymphoblastoid cells are separated as five distinctive bands by high-

performance thin layer chromatography (TLC). These infantile NCL specific bands are 

associated with the dense lysosomal fraction and the accumulation of these infantile NCL 

specific thioesters are corrected by incu

inant PPT1 in prior to the metabolic labeling (Lu et al. 1996; Lu et al. 2002). 

There have been attempts to purify those infantile NCL specific, metabolical

labeled thioesters from the patient’s cells. However, the efforts are not fruitful so f

because the mass of the accumulated thioesters in the cells is too low. The storage material 

 



   110 
  

 

 

 

I have shown that the mutations on dibasic motifs in the linker domain of pdf1, the S. 

pombe 

ng 

e whether 

n in S. 

accumulated in infantile NCL is extremely heterogeneous.  Furthermore, the major 

component of the storage material has not yet been elucidated. As I have demonstrated,

accumulated LLOs constitute only a minor portion (0.3% by mass) of the autofluorescent 

storage material in the PPT1 deficient mouse. Therefore, in order to identify the 

physiological substrate for PPT1, it is necessary to use a method that can specifically 

separate the substrate from the heterogeneous, hydrophobic storage material. One possibility

is to use of biotin-streptavidin system. Biotinylated-HPDP (hexyl-3’-(2’pyridyldithio-

propionamide)) can be useful because HPDP is able to react with the thiol groups in the 

putative PPT1 substrates (acylated small peptides) in the storage material (Jaffrey et al. 

2001a; Jaffrey et al. 2001b). If this works, the molecule trapped by biotin-streptavidin will be

identified by mass spectrometry. 

ortholog of PPT1, completely impair the posttranslational processing. Another 

question that remains to be answered is how impairment of the post-translational processi

affects the function of pdf1. So, it will be interesting to see whether this impairment affects 

the function of Ppt1p and Dolpp1p individually. The preliminary observation was that the 

cells harboring the double mutants (R344A, R354A) were significantly growth retarded 

compared to the cells harboring wild type plasmid. It would be also interesting to se

the PPT active site mutants and the processing mutants cause any LLO accumulatio

pombe. LLO profiling by FACE analysis in yeast has not been reported and it would be 

worthwhile to verify the profile of LLO intermediates in these mutants. 
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m, it will be 

necessa

can 

 I have shown that the S. pombe system can be used as a model organism for infantile 

NCL. To further extend the benefit of this lower eukaryotic model syste

ry to construct mutant strains that have PPT active site mutations integrated into the 

chromosomal allele. Once these mutant strains are constructed, then suppressor screening 

be done by transforming human cDNA library to discover human gene(s) that complement 

the vacuolar dysfunction phenotypes of S. pombe. The analysis of suppressor genes may 

provide a clue as to the mechanism of infantile NCL. 

There are many gaps to be filled understanding how PPT1 deficiency leads to 

neurodegeneration in affected children. I have valuable information that can be used to fill 

these gaps. However, more pieces are required to solve this puzzle. That effort will lead to a 

better understanding of the neuropathogenesis of infantile NCL and will eventually elucidate 

the molecular mechanisms of infantile NCL.
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CHAPTER ONE

Introduction


CHAPTER THREE


Cloning and characterization of mammalian DOLPP1

3.1 Introduction


The multisubunit oligosaccharyltransferase (OST) complex (Silberstein et al. 1996) catalyzes the transfer of Glc3Man9GlcNAc2 from dolichyl pyrophosphate (Dol-P-P) to asparagine residues of the N-glycosylation in theconsensus sequence (Asn-Xxx-Ser/Thr) during the co-translational N-glycosylation of nascent polypeptides in yeast and mammalian cells (Herscovics et al. 1993; Burda et al. 1999; Schenk et al. 2001). During the process, Dol-P-P is released on the luminal surface of the endoplasmic reticulum (ER). In order for Dol-P-P to be re-utilized as a glycosyl carrier lipid for additional rounds of lipid intermediate biosynthesis, it has to be converted to dolichyl phosphate (Dol-P) and translocated to the cytoplasmic face of the ER (Schenk et al. 2001). Although it is possible that Dol-P-P, or perhaps Dol-P, diffuses transversely from the luminal leaflet to the cytoplasmic face by a protein-mediated mechanism, it is hypothesized that it is dephosphorylated on the luminal surface to form free dolichol that could more readily diffuse back to the cytoplasmic leaflet. Then, free dolichols in the cytoplasm would be re-phosphorylated by dolichol kinase (Allen et al. 1978; Fernandez et al. 2001). It has been shown that the CWH8 gene in Saccharomyces cerevisiae encodes a Dol-P-P phosphatase that actively converts Dol-P-P to Dol-P (Fernandez et al. 2001). Moreover, the yeast Dol-P-P phosphatase is recovered in crude microsomal fractions, but its subcellular location has not been established. Although it has been reported that crude microsomal fractions from a variety of mammalian cells contain enzymes that can hydrolyze exogenous Dol-P-P, the identity, specificity and exact subcellular location of the enzymes catalyzing the hydrolysis of Dol-P-P have not been established (Scher et al. 1984a; Wolf et al. 1991; Toke et al. 1998; Faulkner et al. 1999; Toke et al. 1999; Fernandez et al. 2001; Schenk et al. 2001). 


In this chapter, I will present the data of cloning and characterization of mammalian ortholog of CWH8, including a subcellular localization study. The identification of the mammalian ortholog of CWH8 as a Dol-P-P pyrophosphate phosphatase is based on its ability to complement defects in growth and protein N-glycosylation in the cwh8(van Berkel et al. 1999; Fernandez et al. 2001) INCLUDEPICTURE "http://www.jbc.org/math/12pt/normal/Delta.gif" \* MERGEFORMATINET 


 mutant  and to prevent the accumulation of Dol-P-P in the mutant cells .  These studies were done in collaboration with Dr. Skip Waechter’s group at University of Kentucky. The mammalian ortholog gene of CWH8 is then renamed as mouse DOLPP1 (dolichol pyrophosphate phosphatase 1). Polyclonal antibody against a synthetic peptide corresponding to amino acid residues (86-105) of mouse DOLPP1 has been generated. This polyclonal antibody (anti-mDOLPP1) was utilized in subcellular localization studies.


3.2 Experimental Procedures


3.2.1 Materials


Plasmid YEp352 containing the yeast gene CWH8 coding sequence and 240 bp of 5'-flanking sequence was a gift from Drs. Fabiana Fernandez and Markus Aebi (ETH, Zurich, Switzerland). Yeast strains W303-1A, cwh8[image: image1.png]



, and lpp1[image: image2.png]
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 were the generous gifts from Dr. George Carman, Department of Food Science, Rutgers University, New Brunswick, NJ. n-Octyl-β-D-glucopyranoside was purchased from Calbiochem-Novabiochem. Triton X-100 was from Pierce. Trichloroacetonitrile, tetrabutylammonium hydroxide, and anhydrous acetonitrile were obtained from Aldrich. Nycodenz, dioleoylphosphatidic acid (lot number 129F8359), and diolein (D-8894) were obtained from Sigma. Dolichol (C95) was a generous gift from Dr. M. Mizuno, Kuraray Chemical Co. (Okayama, Japan). Carrier-free [32P] phosphoric acid was purchased from American Radiolabeled Chemicals (St. Louis, MO). Econo-safeTM biodegradable scintillation counting mixture is a product of Research Products International (Mount Prospect, IL). Yeast nitrogen base, yeast extract, and BactoPeptone are products of BD Biosciences. Casamino acid is a product of Fisher. Antibodies were obtained from the following commercial sources and used according to instructions from the supplier: rabbit anti-calnexin polyclonal antibody and mouse anti-KDEL monoclonal antibody (StressGen Biotechnologies, Victoria, British Columbia, Canada); mouse anti-KDEL receptor monoclonal antibody, mouse anti-β-COP monoclonal antibody, horseradish peroxidase-conjugated sheep anti-rabbit IgG, horseradish peroxidase-conjugated sheep anti-mouse IgG (Amersham Biosciences); and fluorescein isothiocyanate-conjugated goat anti-rabbit IgG and Texas Red-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR). Anti-CPY antiserum was generously provided by Dr. Neta Dean, State University of New York, Stony Brook, NY. All other chemicals and reagents were purchased from standard commercial sources. 


3.2.2 Affinity-purified rabbit anti-Dolpp1p antibodies and immunoblotting


Three New Zealand White rabbits were each immunized with 300 µg of a synthetic peptide corresponding to amino acid residues 86-105 of mouse Dolpp1p coupled to keyhole limpet hemocyanin as described previously (Camp et al. 1994). The antigen was injected intradermally in Freund's complete adjuvant, and rabbits were boosted three times at 3-week intervals with 300 µg of peptide in Freund's incomplete adjuvant. An IgG fraction was prepared from preimmune and immune serum by specific binding to protein A-Sepharose CL-4B (Amersham Biosciences). IgG was affinity-purified by specific binding to a column consisting of the Dolpp1p peptide cross-linked to SulfoLink coupling gel (Pierce). For analysis of DolPP1 expression by immunoblotting, samples were analyzed by electrophoresis in 15% SDS-PAGE gels and immunoblotting essentially as described (Verkruyse et al. 1997). Filters were blocked for 1 h with Sea Block (East Coast Biologics, North Berwick, ME) and washed in PBS-T (0.25% (v/v) Tween 20 in phosphate-buffered saline) followed by incubation for 2 h with rabbit anti-Dolpp1p polyclonal antibody (1 µg/ml). The filters were washed with PBS-T and incubated for 45 min in a solution containing horseradish peroxidase-conjugated secondary antibody (sheep anti-rabbit IgG, Amersham Biosciences) diluted 1:2500 in PBS-T. The filters were washed and developed using ECL chemiluminescence reagents (Amersham Biosciences). 


3.2.3 Preparation of radiolabeled phosphorylated lipid substrates


[32P]PA, [32P]Dol-P, [[image: image4.png]
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-32P]Dol-P-P, and [[image: image6.png]



-32P]Dol-P-P were chemically synthesized in anhydrous acetonitrile from the appropriate lipid using [32P]tetrabutylammonium phosphate and trichloroacetonitrile as described by Danilov et al. (Danilov et al. 1989). Unlabeled polyisoprenyl phosphates were synthesized using tetrabutylammonium phosphate. Synthetic substrates were purified by preparative thin layer chromatography on Baker Si250 thin layer plates developed in CHCl3/CH3OH/H2O/NH4OH (65:35:6:1, v/v). 


3.2.4 Northern blotting


Plasmid and genomic DNA preparation, restriction enzyme digestion, and DNA ligations were performed by standard methods (Sambrook et al. 1989). Transformation of yeast and Escherichia coli were performed as described(Sambrook et al. 1989; Schiestl et al. 1989). For blot hybridization of RNA, total RNA was isolated from mouse tissues as described (Gupta et al. 2001). Blots were pre-hybridized for 30 min at 65 °C in Rapid-Hyb buffer (Amersham Biosciences), followed by hybridization with a random hexamer-primed 32P-labeled mouse cDNA fragment corresponding to the entire 717-bp coding region of DolPP1 for 3 h at 65 °C. The blots were washed in 2× SSC (1× SSC = 150 mM NaCl and 15 mM sodium citrate (pH 7)), 0.1% SDS at ambient temperature for 30 min, followed by stringent washes in 0.5× SSC, 0.1% SDS at 65 °C for 15 min and in 0.1 × SSC, 0.1% SDS at 65 °C for 15 min. 


3.2.5 Yeast culture


Yeast cultures were grown at 30 °C in either 1% yeast extract, 2% BactoPeptone, and 2% dextrose or in yeast nitrogen base (6.7 g/liter), 50 mM sodium succinate (pH 5.0), 2% dextrose, amino acids (25 mg/liter), and purine and pyrimidine bases (25 mg/liter) as required to meet auxotrophic requirements for selective growth. Yeast transformants were screened on 2% agar plates containing 6.7 g/liter yeast nitrogen base, 0.5% casamino acids, 50 mM sodium succinate (pH 5.0), 2% dextrose, and 25 mg/liter adenine or leucine as required. 


Yeast microsomal fractions for the routine analysis of lipid phosphatase activities were prepared exactly as described previously (Fernandez et al. 2001). Assays of Dol-P-P, Dol-P, and PA phosphatase activities were performed as described previously (Scher et al. 1984a; Scher et al. 1984b). 


3.2.6 Measurement of cellular levels of Dol-P and Dol-P-P in yeast cells


Yeast cells (1 liter) were grown in YPD containing 2% dextrose to 1-4 A600 and collected by centrifugation at 1,000 × g, 20 min. The cells were resuspended in distilled water, sedimented again, resuspended in distilled water to 200 A600/ml, and incubated for 30 min at 30 °C in 50 mM Tris-HCl (pH 7.4), 10 mM MgCl2 containing 1 mg/ml lyticase (Sigma). The yeast spheroplasts were sedimented at 1,000 × g for 20 min; the supernatant was decanted, and the pellet was mixed vigorously with 40 volumes of CHCl3/CH3OH (2:1, v/v). Dol-32P and Dol-P-32P (5,000 cpm of each) were added as recovery markers, and the insoluble material was sedimented in a clinical centrifuge. The organic layer was removed and reserved on ice. The insoluble pellet was sequentially extracted twice with 5 ml of CHCl3/CH3OH (2:1 v/v) and twice with 5 ml of CHCl3/CH3OH/H2O (10:10:3, v/v). The organic extracts were combined, taken to dryness by rotary evaporation under reduced pressure at 30 °C, and then saponified in 1 ml of toluene/CH3OH (1:1, v/v) containing 0.1 M KOH on ice for 30 min. Following saponification, the reaction was neutralized with acetic acid, diluted with 5 ml of CHCl3/CH3OH (2:1 v/v), and partitioned with 1 ml of water. The aqueous layer was discarded, and the organic phase was subsequently partitioned twice with 1 ml of CHCl3/CH3OH/H2O (3:48:47, v/v). The organic phase was dried under a stream of N2 gas and redissolved in 0.2 ml of CHCl3/CH3OH/H2O (10:10:3, v/v). Dol-P and Dol-P-P in the organic extracts were separated by ion exchange chromatography on a 20-ml column of DEAE-650M (Toyopearl, Supelco, Bellefonte, PA) equilibrated with CHCl3/CH3OH/H2O (10:10:3, v/v) and eluted with a linear gradient of 0 to 0.2 M ammonium acetate (60 ml). The fractions containing Dol-P and Dol-P-P were pooled separately and supplemented with CHCl3 and water to give a final composition of CHCl3/CH3OH/H2O (3:2:1, v/v). The phases were separated by a brief centrifugation, and the aqueous layer was discarded. The organic layer was then partitioned once with 1/5 volume of CHCl3/CH3OH/H2O (3:48:47, v/v), taken to dryness under a stream of N2 gas, and redissolved in a small volume of CHCl3/CH3OH/H2O (10:10:3, v/v). Aliquots representing equivalent portions of the initial extracts were spotted on 10 × 20-cm Baker Si250 Silica Gel thin layer plates and developed in CHCl3/CH3OH/H20/NH4OH (65:35:6:1,v/v). Following chromatography, the thin layer plates were allowed to air dry and were visualized by staining with anisaldehyde (Dunphy et al. 1967). The migration positions of radioactive standards were determined with a Bioscan System 200 Imaging Scanner (Bioscan Inc. Washington, D. C.). 


3.2.7 Expression of pCHA7/DOLPP1 in COS cells


To construct a Dolpp1p transient expression plasmid for mammalian COS cells, the expressed sequence tag division of GenBankTM was searched for clones homologous to S. cerevisiae Cwh8p, and yielded IMAGE clone 1974625, GenBankTM accession number AI876279. (This clone was obtained independently of gene 2-23 sequence described above.) Both strands of the cDNA were sequenced, which revealed that the clone was incomplete at the 5' end. Therefore, a 5'-RACE procedure was employed using 1 µg of mouse total brain mRNA and a SMART RACE cDNA Amplification Kit (Clontech Laboratories, Inc., Palo Alto, CA). Briefly, Moloney murine leukemia virus-reverse transcriptase Superscript II (Invitrogen) was used to perform the reverse transcription according to the supplier's protocol. PCR was performed using the supplied universal primer mix, a gene-specific primer (5'-CTGGGAATGGCTGGAGGGCATCCCG-3'), and a nested primer (5'-CGCCCTGATTCAGTGCCAGTCCCCC-3') to obtain the 5' terminus of mouse DOLPP1 cDNA. The PCR was performed using a PerkinElmer Life Sciences GeneAmp System 9600 using the Advantage 2 PCR kit (Clontech Laboratories, Inc., Palo Alto, CA) under conditions suggested by the supplier. The resulting fragment was subcloned into the plasmid pGEM-T-Easy (Promega, Madison, WI), sequenced, and shown to be complete at the 5' end.   The entire open reading frame was then amplified from total mouse brain cDNA using primers corresponding to sequences within the 5'-RACE product and mouse expressed sequence tag IMAGE clone 1974625 (5'- ATGGCAGCGGACGGACAGTGC-3' and 5'-TCACTGCAGTTTTGTTCCAAG-3'). PCR conditions for the amplification consisted of the following: 95 °C, 5 min, one cycle; 94 °C, 30 s, 68 °C to 58 °C ("touch down" protocol), 30 s, 72 °C, 1 min for 10 cycles; 94 °C, 30 s, 58 °C, 30 s, 72 °C, 1 min for 25 cycles; 72 °C, 10 min. The resulting PCR product was subcloned into pCHA7 using SalI and BamHI restriction sites at the 5' and 3' ends of the insert, respectively (Cha et al. 2000). The construct was verified by sequencing, and the open reading frame was found to be 100% identical to GenBankTM AB030189, which was deposited subsequently (Inoue et al. 2000). 


Simian COS-7L cells were maintained in Dulbecco's modified Eagle's medium (high glucose), supplemented with 10% (v/v) fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml amphotericin B. Cells were plated on Day 0 in 100-mm dishes and were transiently transfected on Day 1 using 6 µg of DNA (pCHA7/DOLPP1) and 18 µl of FuGEN 6 reagent (Roche Molecular Biochemicals) per plate. The cells were harvested 48 h post-transfection into ice-cold phosphate-buffered saline and pelleted at low speed. Cell pellets were resuspended in a homogenization buffer containing 50 mM Tris-HCl (pH 7.5), 0.25 mM sucrose, 5 mM EDTA, and 5 mM 2-mercaptoethanol and sonicated briefly. Nuclei and intact cells were removed by centrifugation at 500 × g for 5 min at 4 °C. The postnuclear supernatant was further centrifuged at 100,000 × g for 1 h at 4 °C in a Beckman Optima TLX ultracentrifuge. The resulting supernatant (S100) was reserved, and the membrane pellet (P100) was washed once and resuspended in homogenization buffer for immunoblotting or in 10 mM HEPES (pH 7.0), 0.25 M sucrose at a concentration of 10 mg of protein per ml for analysis of enzyme activity. 


3.2.8 Subcellular localization of Dolpp1p


COS-7L cells (six 100-mm dishes) were transfected using pCHA7/DOLPP1 as described above and washed twice in a buffer consisting of 10 mM triethanolamine, 10 mM acetic acid, 250 mM sucrose, 1 mM EDTA, and 1 mM dithiothreitol. Cells were harvested with a rubber policeman in 800 µl of buffer containing 10 µg/ml each of chymostatin, leupeptin, and pepstatin and homogenized by 15 passages through a 25-gauge needle on a 1-ml syringe. Nuclei and intact cells were removed by microcentrifugation at 1,200 × g for 5 min at 4 °C. The postnuclear supernatant was loaded on preformed Nycodenz gradients prepared exactly as described (Rickwood et al. 1982). Briefly, linear Nycodenz gradients were prepared for the Beckman SW 41 Ti rotor from initial discontinuous gradients (24, 19, 15, and 10% Nycodenz in 10 mM Tris-HCl (pH 7.4), 3 mM KCl, and 1 mM EDTA) that were allowed to diffuse in a horizontal position for 45 min at room temperature and then centrifuged for 4 h at 37,000 rpm in a Beckman L8-M ultracentrifuge to generate a nonlinear density gradient profile. The postnuclear supernatant was loaded on top of the gradients and centrifuged for 1.5 h at 37,000 rpm. Fifteen fractions were collected, and aliquots of each fraction were subjected to electrophoresis on SDS-PAGE gels. The distribution of Dolpp1p, calnexin (ER marker), KDEL receptor (Golgi marker), and [image: image7.png]



-COP (Golgi marker) in the gradients was determined by immunoblotting using ECL chemiluminescence reagents (Amersham Biosciences). 


3.2.9 Immunofluorescence


COS-7L cells were grown on 12-mm diameter coverslips and transfected with pCHA7/DOLPP1 using FuGEN 6 as described above. At 48 h post-transfection, the cells were fixed for 15 min in 4% formaldehyde and permeabilized for 10 min with 0.05% Triton X-100 at room temperature. The cells were doubly stained using the rabbit anti-Dolpp1p antibody and either the anti-KDEL monoclonal antibody or anti-KDEL receptor monoclonal antibody. The secondary antibodies used were fluorescein isothiocyanate-conjugated goat anti-rabbit IgG and Texas Red-conjugated goat anti-mouse IgG. Immunofluorescence was visualized under a Zeiss Axiophot immunofluorescence microscope.


3.2.10 Preparation of sealed microsomal vesicles and general analytical methods


Sealed microsomal vesicles were prepared from the pertinent yeast strains and evaluated for integrity as described previously (Rush et al. 1998; Fernandez et al. 2001). Protein was determined by the method of Rodriquez-Vico et al. using a commercial protein assay reagent (BCA, Pierce) and bovine serum albumin as standard. Lipid-phosphorus analysis was according to Bartlett (Bartlett 1959; Rodriguez-Vico et al. 1989). Radioactivity was measured by liquid scintillation spectrometry in a Packard Tri-Carb TR-2100 Liquid Scintillation Analyzer (Packard Instrument Co., Meriden, CT) in the presence of Econo-Safe Biodegradable Counting Mixture (Research Products International, Mount Prospect, IL). 


3.3 Results


3.3.1 Mammalian cells express an ortholog of the yeast CWH8 gene


To find a mammalian ortholog of CWH8, the GenBankTM expressed sequence tag division was searched for clones orthlogous to S. cerevisiae Cwh8p, yielding IMAGE clone 1974625, GenBankTM accession number AI876279. As described in Experimental Procedures, the full length cDNA clone of mouse DOLPP1 was obtained. Its deduced amino acid sequences are 29.8% identical and 49.4% strongly similar to sequences of yeast Cwh8p. In addition, Dolpp1p contains the consensus lipid-phosphate phosphatase motif, suggesting that Dolpp1p is the mammalian ortholog of yeast CWH8 (Stukey et al. 1997). 


[image: image42.wmf] 





Figure 3.1 RNA blot hybridization of DOLPP1 RNA from mouse tissues. Total RNA (20 µg) from various tissues was subjected to electrophoresis and transferred to a nylon membrane. Hybridization was performed using a 32P-labeled DOLPP1 cDNA probe (upper panel) followed by washing as described under "Experimental Procedures." The filter was exposed to Amersham Biosciences Hyperfilm MP film with an intensifying screen at [image: image8.png]



85 °C for 4 days. The integrity of RNA in each lane was demonstrated by stripping and reprobing the filter with a 32P-labeled cDNA probe encoding mouse cyclophilin A (lower panel).


The DOLPP1 mRNA was found to be widely expressed in various mouse tissues as assessed by RNA blotting (Figure 3.1). A single transcript migrating at 2.0 kb was observed in all tissues examined, with highest expression in brain, kidney, lung, and intestine and low but detectable levels in liver, spleen, and uterus. The broad tissue distribution is consistent with the ER Dol-P-P phosphatase having an essential function in the lipid intermediate pathway for protein N-glycosylation in all mammalian cells.


3.3.2 Overexpression of Dolpp1p corrects defects in growth rate and N-glycosylation of CPY in the cwh8[image: image9.png]



 mutant


The mutant yeast strain, cwh8[image: image10.png]



, grows at an abnormally slow rate and exhibits a defect in protein N-glycosylation (van Berkel et al. 1999; Fernandez et al. 2001). To determine whether expression of mammalian DOLPP1 corrects the growth deficiency of the cwh8[image: image11.png]



 yeast strain, the DOLPP1 gene was subcloned into YEp352 under the control of the putative yeast CWH8 promoter and transformed into cwh8[image: image12.png]



. The effect on rate of growth in complete media was then assessed. As shown in Table 3.1, the cell density of wild type yeast cultures typically doubles approximately every 2 h, whereas the doubling time (T2×) for cwh8[image: image13.png]



 was ~4 h. Overexpression of DOLPP1 in cwh8[image: image14.png]



 reduces the doubling time to 3 h, similar to the effect of transformation with YEp352 containing the yeast CWH8 gene (T2× = 2.5 h).
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Table 3.1 Overexpression of either DOLPP1 or CWH8 partially restores the normal rate of growth in the cwh8Δ yeast mutant

As reported previously, mutation of the CWH8 gene in yeast results in defects in protein N-glycosylation, as assessed by N-glycosylation of carboxypeptidase Y (CPY) (van Berkel et al. 1999; Fernandez et al. 2001)(Figure 3.2). Although SDS-PAGE of wild type yeast extracts revealed a single protein band corresponding to mature, fully N-glycosylated CPY (Figure 3.2, lane 1), extracts from the cwh8[image: image15.png]



 mutant contain several bands corresponding to underglycosylated isoforms of CPY (Figure 3.2, lane 2). (The migration positions of CPY lacking 1-4 oligosaccharide chains are indicated by the arrows.) Expression of YEp352 carrying either the DOLPP1 gene or the yeast CWH8 gene restored full glycosylation to CPY (Figure 3.2, lanes 3 and 4, respectively). 


[image: image44.wmf] 





Figure 3.2 Overexpression of DOLPP1 cDNA corrects hypoglycosylation of CPY in the yeast cwh8[image: image16.png]



 mutant. Total cell extracts from the various yeast strains were separated by SDS-PAGE and analyzed by Western blotting using [image: image17.png]



-CPY serum as described previously (56). Lane 1, wild type; lane 2, cwh8[image: image18.png]



; lane 3, cwh8[image: image19.png]



/DOLPP1; and lane 4, cwh8[image: image20.png]



/CWH8. The positions of mature CPY and underglycosylated isoforms are indicated.

3.3.3 Overexpression of either Dolpp1p or Cwh8p reverses the accumulation of Dol-P-P in the cwh8[image: image21.png]



 mutant


Abnormally high levels of Dol-P-P accumulate in cwh8[image: image22.png]



 yeast cells, due to a lack of the Dol-P-P phosphatase activity responsible for the hydrolysis of the Dol-P-P released during the transfer of the precursor oligosaccharide from Glc3Man9GlcNAc2-P-P-Dol to nascent polypeptides in the lumen of the ER (Fernandez et al. 2001).


[image: image45.wmf] 


 


Figure 3.3 Overexpression of Dolpp1p corrects Dol-P-P accumulation in the yeast cwh8[image: image23.png]



 mutant. Dol-P-P was extracted from either wild type (lane 1), cwh8[image: image24.png]



 (lane 2), cwh8[image: image25.png]



/DOLPP1 (lane 3), or cwh8[image: image26.png]



/CWH8 yeast strains and chromatographed on Baker Si250 Silica Gel thin layer plates as described under "Experimental Procedures." Dol-P-P was visualized by anisaldehyde staining (Dunphy et al. 1967). 

To determine whether overexpression of Dolpp1p in cwh8[image: image27.png]



 will restore normal Dol-P-P levels, total lipid extracts were prepared from either wild type, cwh8[image: image28.png]



 plus YEp352, cwh8[image: image29.png]



 plus YEp352/yPro-DOLPP1, or cwh8[image: image30.png]



 plus YEp352/CWH8 yeast cells and analyzed for Dol-P-P (Figure 3.3, panel A, lanes 1-4). As reported earlier (Fernandez et al. 2001), the lipid extracts from cwh8[image: image31.png]



 cells (Figure 3.3, panel A, lane 2), contained a prominent anisaldehyde-positive compound with the chromatographic mobility of standard Dol75-P-P. In contrast to this result, virtually no Dol-P-P was detected in extracts from wild type cells (Figure 3.3, panel A, lane 1) or from cwh8[image: image32.png]



 yeast cells expressing either the DOLPP1 gene (Figure 3.3, panel A, lane 3) or the CWH8 gene (Figure 3.3, panel A, lane 4). To confirm the identity of the anisaldehyde-positive compound as Dol-P-P, this lipid was quantitatively converted to a product chromatographically identical to Dol75-P by mild acid hydrolysis (2 h at 80 °C in CHCl3, CH3OH, 2 N HCl, 10:10:3, v/v). It should be noted that the levels of Dol-P in the various yeast strains were not significantly different (Figure 3.3; panel B, lanes 1-4).


3.3.4 Increase in Dol-P-P phosphatase activity upon overexpression of Dolpp1p in COS cells


The results described above (obtained from collaborative work with Dr. Waechter’s group) indicate that the DOLPP1 gene encodes a functional ortholog of the yeast Cwh8p. To explore the properties of the DOLPP1 expressed in mammalian cells, the full-length mouse brain DOLPP1 cDNA was inserted into the eukaryotic expression vector pCHA7 to yield the plasmid pCHA7/DOLPP1. Microsomal fractions were prepared from the COS cells after transient transfection with either pCHA7/DOLPP1 or vector alone. Phosphatase reaction mixtures contained microsomes from COS cells (10 μg of protein), 10 mM EDTA, 0.6% n-octylglucoside, 25 mM citrate-sodium phosphate (pH 7), and 20 μM of substrate in a total of 0.02 ml. Three different substrates were assayed; [β-32P] Dol-P-P, [32P] Dol-P or [32P] PA. The reaction mixture was incubated with the substrate for 5 min at 30 ˚C and the rates of dephosphorylation of each substrate were assayed as described previously (Scher et al. 1984a; Scher et al. 1984b). As shown in Table 3.2, a substantial increase (12-16-fold) of Dol-P-P phosphatase activity was seen compared with identical microsomal fractions from cells transfected with the empty vector alone. It is noteworthy that no concomitant increase in Dol-P or PA dephosphorylation was observed, corroborating the specificity for Dol-P-P.

Table 3.2 Dol-P, Dol-P-P and PA phosphatase activities assayed in microsomes from COS cell lines expressing Dolpp1p.
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3.3.5 Expression and Subcellular Localization of Dolpp1p in COS Cells


Although mutations in the CWH8 gene affect the rate of lipid intermediate synthesis and protein N-glycosylation in the ER, the precise subcellular location of the yeast enzyme had not been firmly established. Soluble (S100) and particulate (P100) fractions from DOLPP1-transfected COS cells were analyzed by SDS-PAGE and immunoblotting using a rabbit polyclonal antibody raised against a Dolpp1p peptide (Figure 3.4). This analysis revealed a single band in the P100 fraction (Figure 3.4, lane 4) at a Mr of 27 kDa in accord with the molecular mass of Dolpp1p predicted from the DOLPP1 cDNA sequence (27.1 kDa). No bands were visible in the S100 fraction or the fractions from the vector-transfected cells (Figure 3.4, lanes 1-3).
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Figure 3.4 Dolpp1p expressed in COS cells is membrane-associated. COS-7L cells were transfected with pCHA7 (lanes 1 and 3) or pCHA7/DOLPP1 (lanes 2 and 4) and harvested 48 h later. Cells were sonicated briefly and centrifuged at 100,000 × g to obtain a soluble fraction (S100, lanes 1 and 2) and a particulate fraction (P100, lanes 3 and 4). A single band appears exclusively in the particulate fraction (lane 4) as visualized by immunoblotting using a rabbit anti-Dolpp1p peptide antibody. The visualized band corresponds to the predicted molecular mass of Dolpp1p (27 kDa). 

To determine further the subcellular location of Dolpp1p, transfected COS cells were fractionated on nonlinear Nycodenz gradients, using a method previously developed to provide effective separation of ER and Golgi complex proteins (Rickwood et al. 1982). As shown in Figure 3.5, >95% of the immunoreactivity sedimented to the bottom of the gradient (upper panel), co-sedimenting with calnexin, a well established ER marker. A much smaller amount was found at the top of the gradient co-fractionating with the Golgi markers, KDEL receptor and β-COP (Figure 3.5). The minor immunoreactivity in Golgi shown in Figure 3.5 was not observed in every experiment and seemed to correlate with higher levels of Dolpp1p expression.
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Figure 3.5 Subcellular localization of Dolpp1p on Nycodenz density gradients. COS-7L cells were transfected with pCHA7/DOLPP1 and cell homogenates separated on preformed Nycodenz gradients. Fractions along the gradient were analyzed by immunoblotting using anti-Dolpp1p anti-peptide antibodies and other markers as indicated. Marker proteins were calnexin (ER membrane marker), [image: image33.png]



-COP (Golgi marker), and KDEL receptor (Golgi marker). A predominantly ER localization for Dolpp1p was observed (top panel). The results illustrated in this figure are representative of three separate experiments. 

A reticular and nuclear envelope pattern, which is characteristic of ER localization, was observed when COS cells overexpressing DOLPP1 were examined by immuno-fluorescence microscope using a specific Dolpp1p antibody (Figure 3.6). This pattern essentially completely overlapped with the ER marker (KDEL, upper panel) and showed no overlap with a Golgi marker (KDEL receptor, lower panel). 
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Figure 3.6 ER localization of Dolpp1p by immunofluorescence in fixed and permeabilized COS-7L cells. COS-7L cells were transfected with pCHA7/DOLPP1 and simultaneously stained with anti-Dolpp1p antibodies (green, A and D) and one of two markers, anti-KDEL antibody (ER marker, red, B and C) or anti-KDEL receptor (Golgi marker, red, E and F). Dolpp1p (green) shows a reticulated and nuclear envelope pattern typical of ER localization, an impression that is confirmed by the overlapped images (merge, C). Dolpp1p staining was distinct from Golgi staining (F). Weak nuclear labeling was evident in some preparations and was deemed nonspecific because it appeared in the presence of either anti-Dolpp1p or non-immune antibodies (not shown). Experiment shown is one of two yielding similar results. 

3.3.6 Topological Orientation of the Active Site of Dolpp1p

To determine whether the active site of Dolpp1p faces the lumen of the ER or the cytoplasm, protease-sensitivity studies were conducted on the Dol-P-P phosphatase activity in intact and unsealed ER vesicles from the lpp1[image: image34.png]
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/DOLPP1 yeast strain. When detergent-disrupted ER vesicles (Table 3.3) were treated with trypsin, the Dol-P-P phosphatase activity was extensively inactivated (74.8% of control). However, the phosphatase activity was found to be relatively resistant to proteolysis in intact ER vesicles (87.5% of control). Separate pilot experiments employing latency of glucosidase I/II established that the sealed vesicles used in this experiment were >98% intact throughout the time of incubation and that 0.2% Triton X-100 was sufficient to unseal >95% of the yeast ER vesicles (Rush et al. 1998). Thus, it appears that the mammalian Dol-P-P phosphatase has a trypsin-sensitive site, perhaps part of the reactive site of the enzyme, which is luminally oriented, as in the yeast enzyme.


Table 3.3 Effect of trypsinization on Dol-P-P phosphatase activity in intact and disrupted microsomal vesicles from lpp1Δ/ dpp1Δ/DOLPP1 yeast
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3.3.7 Dolpp1p activity in PPT1 knockout mouse brain


To further explore the functional relationship between PPT1 and DOLPP1, I prepared microsomal fractions from brain tissues of wild type, PPT1 and PPT2 knockout mice and assayed Dol-P-P phosphatase activity. Three different substrates were assayed; [β-32P] Dol-P-P, [32P] Dol-P or [32P] PA. The reaction mixture was incubated with the substrate for 10 min at 30 ˚C except for  [β-32P] Dol-P-P which was incubated for 3 min at 30 ˚C, and the rates of dephosphorylation of each substrate were assayed as described previously (Scher et al. 1984a; Scher et al. 1984b). 


As shown in Table 3-4, Dolpp1p activity was decreased in the brain microsomes of PPT1 knockout mouse compared to wild type and PPT2 knockout mouse, indicating loss of PPT1 activity somehow affected the Dolpp1p activity in the brain.


Table 3.4 Dol-P, Dol-P-P and PA phosphatase activities assayed in microsomes from wild type, PPT1 and PPT2 knockout mice brain.
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3.4 Discussion

The CWH8 gene in S. cerevisiae has been shown to encode a Dol-P-P-specific pyrophosphate phosphatase that was proposed to function in a model for the recycling of the carrier lipid (Fernandez et al. 2001). This chapter describes the identification and characterization of a mammalian ortholog of the yeast CWH8 gene, DOLPP1, from the GenBankTM expressed sequence tag (EST) division. 


Although there have been reports describing Dol-P-P/Dol-P phosphatase activities in crude microsomal fractions from various mammalian tissues, the exact number, location, and specificity have not been rigorously defined (Scher et al. 1984a; Wolf et al. 1991; Faulkner et al. 1999; Fernandez et al. 2001). Previous studies have been complicated by an inability to study the enzymatic properties of these proteins independent of the activities of other contaminating phosphatases. Expression of Dolpp1p in the lpp1[image: image36.png]
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 yeast strain has allowed characterizing the brain Dol-P-P phosphatase in the absence of other endogenous lipid phosphatase activities hydrolyzing Dol-P-P and Dol-P. As collaborative work with Dr. Waechter’s group at University of Kentucky, the comparisons reported in Tables 3.2 show that expression of Dolpp1p in COS cells results in a substantial and highly specific increase in Dol-P-P phosphatase activity. 


DOLPP1 shares a high degree of sequence identity with CWH8 and is shown to be a functional ortholog in the cwh8[image: image38.png]



 mutant yeast strain. This conclusion is based on the following observations that overexpression of mouse DOLPP1 in cwh8[image: image39.png]



 yeast cells: 1) complements the growth defect; 2) corrects the deficiency in protein N-glycosylation; and 3) reverses the accumulation of Dol-P-P resulting from defective Dol-P-P phosphatase activity. Moreover, as noted above, expression of the DOLPP1 gene in the lpp1[image: image40.png]
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 yeast strain, or mammalian COS cells produces large increases in Dol-P-P phosphatase activity, indicating that Dolpp1p is an essential component of the brain enzyme. The presence of a consensus lipid phosphatase motif within the amino acid sequence and the observations that overexpression of DOLPP1 in yeast and COS cells produces dramatic increases in the level of Dol-P-P phosphatase activity strongly suggest that Dolpp1p contains the catalytic site. Whether other components may be needed for full activity is a question that will only be answered upon successful solubilization, isolation, and reconstitution of the recombinant enzyme in active form. 


Although the effects of mutations in the CWH8 gene on protein N-glycosylation, lipid intermediate synthesis, and the accumulation of Dol-P-P are consistent with the yeast enzyme being located in the ER, these observations are only indirect support for this conclusion. The immunofluorescence microscopy and subcellular fractionation studies described in this chapter represent the first direct evidence that Dolpp1p is located in the ER in COS cells. In addition, protease sensitivity studies indicate that the mammalian Dol-P-P phosphatase has a critical domain that is luminally oriented. It is clear from these studies that the DOLPP1 gene product is predominantly localized in the ER, the site of lipid intermediate biosynthesis, and protein N-glycosylation. 

The specificity, location in the ER, and luminally oriented active site of Dolpp1p meet all the criteria for a role in the recycling of Dol-P-P released during primary protein N-glycosylation reactions on the luminal surface. There is substantial evidence that cellular levels of Dol-P are a rate-controlling factor in the regulation of lipid intermediate biosynthesis (Harford et al. 1977; Lucas et al. 1977; Harford et al. 1980; Spiro et al. 1986). The induction of cis-isoprenyltransferase activity correlates closely with the onset of developmental increases in Dol-P and Glc3Man9GlcNAc2-P-P-Dol biosynthesis, suggesting that de novo synthesis is an important source of Dol-P for lipid intermediate synthesis (Crick et al. 1994a; Crick et al. 1994b). However, considering the impressive effect (~80% reduction in Glc3Man9GlcNAc2-P-P-Dol synthesis) produced by mutations in CWH8 (van Berkel et al. 1999; Fernandez et al. 2001), it seems likely that recycling of Dol-P-P plays an important role in maintaining Dol-P supplies for Glc3Man9GlcNAc2-P-P-Dol biosynthesis. 


The decrease in Dolpp1p activity in PPT1 knockout mouse brain suggests there is possible co-regulation of PPT1 and DOLPP1. These preliminary results prepared on a single set of samples would have to be repeated to be meaningful. Because PPT1 and DOLPP1 are localized in different subcellular compartments (lysosome vs. ER), it is impossible that the two proteins physically interact. Then, it has been shown PPT1 did not interact with any other proteins co-expressed from cDNA library derived from human cerebellum in vivo using the two-hybrid system (Cottone et al. 2001). 


In conclusion, the data presented in this dissertation describe that Ppt1p and Dolpp1p are functioning as independent polypeptides, and no direct interaction between the two is evident in higher eukaryotic cells. Although the gene structure of pdf1 in S. pombe suggested a certain degree of interaction between Ppt1p and Dolpp1p, it was demonstrated that the two proteins are processed post-translationally and probably localized in different compartments. Furthermore, subcellular localization studies of mouse Dolpp1p demonstrated that Dolpp1p is localized in the ER membrane (PPT1 is a soluble lysosomal enzyme). Therefore, it is less likely that these two proteins are physically interacting in higher eukaryotic cells. Finally, the analysis of the accumulation of lipid linked oligosaccharides (LLOs) in infantile NCL using PPT1 knockout mouse model has revealed that those LLOs are the accumulation of ‘catabolic’ products rather than that of ‘metabolic’ intermediates, which might be caused by defects in dolichol recycling. Therefore, it is more likely that the abnormal dolichol metabolism in infantile NCL results as a secondary phenotype of lysosomal dysfunction triggered by PPT1 deficiency, rather than an effect directly from Dolpp1p function.


Future studies into the molecular mechanisms of infantile NCL could address several interesting questions. First, how do LLOs accumulate in the storage material during the neuropathogenesis of infantile NCL? As I discussed earlier, it would be worthwhile to investigate whether autophagy plays a role during the development of the disorder. Mouse embryonic fibroblasts (MEF) from PPT1 null mutant mice are an important tool for this kind of studies. It will be interesting to see whether LLOs accumulate in autophagic vacuoles that are induced by vinblastine or other drugs that blocks autophagy in wild type and the PPT1 deficient cells. 


Are LLOs substrates for Dolpp1p? And is Dolpp1p activity normal in PPT1 deficient tissues? Preliminary data have shown that Dolpp1p activity in PPT1 deficient mouse brain was reduced. The assays should be repeated to provide a more definitive answer for these questions. One improvement that could be made would be to separate out the catabolic LLOs (in the non-ER, lysosomal fraction) from the microsomal fraction by differential centrifugation. In this way, possible interference by the accumulated LLOs can be prevented during the enzyme assay for Dolpp1p activity.


Another question is what are the direct, physiological substrates of PPT1 in vivo? PPT1 deficiency should lead to the accumulation of acylated peptides in the lysosomes of affected brain tissues. It has been shown that [35S] cysteine-labeled lipid thioesters derived from fatty acylated proteins accumulate in lymphoblastoid cells derived from infantile NCL patients (Lu et al. 1996). These metabolically radio-labeled lipids from PPT1-deficient infantile NCL lymphoblastoid cells are separated as five distinctive bands by high-performance thin layer chromatography (TLC). These infantile NCL specific bands are associated with the dense lysosomal fraction and the accumulation of these infantile NCL specific thioesters are corrected by incubating the patient’s lymphoblastoid cells with recombinant PPT1 in prior to the metabolic labeling (Lu et al. 1996; Lu et al. 2002).


There have been attempts to purify those infantile NCL specific, metabolically radio-labeled thioesters from the patient’s cells. However, the efforts are not fruitful so far mainly because the mass of the accumulated thioesters in the cells is too low. The storage material accumulated in infantile NCL is extremely heterogeneous.  Furthermore, the major component of the storage material has not yet been elucidated. As I have demonstrated, accumulated LLOs constitute only a minor portion (0.3% by mass) of the autofluorescent storage material in the PPT1 deficient mouse. Therefore, in order to identify the physiological substrate for PPT1, it is necessary to use a method that can specifically separate the substrate from the heterogeneous, hydrophobic storage material. One possibility is to use of biotin-streptavidin system. Biotinylated-HPDP (hexyl-3’-(2’pyridyldithio-propionamide)) can be useful because HPDP is able to react with the thiol groups in the putative PPT1 substrates (acylated small peptides) in the storage material (Jaffrey et al. 2001a; Jaffrey et al. 2001b). If this works, the molecule trapped by biotin-streptavidin will be identified by mass spectrometry.


I have shown that the mutations on dibasic motifs in the linker domain of pdf1, the S. pombe ortholog of PPT1, completely impair the posttranslational processing. Another question that remains to be answered is how impairment of the post-translational processing affects the function of pdf1. So, it will be interesting to see whether this impairment affects the function of Ppt1p and Dolpp1p individually. The preliminary observation was that the cells harboring the double mutants (R344A, R354A) were significantly growth retarded compared to the cells harboring wild type plasmid. It would be also interesting to see whether the PPT active site mutants and the processing mutants cause any LLO accumulation in S. pombe. LLO profiling by FACE analysis in yeast has not been reported and it would be worthwhile to verify the profile of LLO intermediates in these mutants.


 I have shown that the S. pombe system can be used as a model organism for infantile NCL. To further extend the benefit of this lower eukaryotic model system, it will be necessary to construct mutant strains that have PPT active site mutations integrated into the chromosomal allele. Once these mutant strains are constructed, then suppressor screening can be done by transforming human cDNA library to discover human gene(s) that complement the vacuolar dysfunction phenotypes of S. pombe. The analysis of suppressor genes may provide a clue as to the mechanism of infantile NCL.


There are many gaps to be filled understanding how PPT1 deficiency leads to neurodegeneration in affected children. I have valuable information that can be used to fill these gaps. However, more pieces are required to solve this puzzle. That effort will lead to a better understanding of the neuropathogenesis of infantile NCL and will eventually elucidate the molecular mechanisms of infantile NCL.


This dissertation was typed by Steve K. Cho.
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