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ABSTRACT

The aim of the research was to identify Golgi targeting motifs in the 
galactosyltransferase Gm al2p in Schizosaccharomyces pombe . For this 
study it was tagged at its C-terminal end with the Green Fluorescent 
Protein (GFP) allowing mutations that cause fusion protein 
mislocalisation to be easily identified by confocal microscopy.

All regions of the enzyme were studied for a possible role in 
localisation. Deletion analysis was carried out on the lumenal domain. 
This showed that the catalytic domain was not required for correct 
Golgi localisation. Deletion of parts of the stem region then showed 
that at least seventy three amino acids (from this region were required. 
The role of the TMD was also explored. Initially it was investigated 
what other TMDs could substitute for that of Gm al2p and still confer 
Golgi localisation. Therefore, the TMD was swapped with those of three 
homologues of Gmal2p, G thlp, GthSp, Gth5p. All three conferred 
Golgi localisation as measured by fluorescenj ' -^-^py. However,
these four TMDs show little sequence homology ana vary in length 
from approximately 22 to 28 residues. Therefore the TMD was 
specifically altered in length by the addition or deletion of three 
hydrophobic residues. The lengthening of the TMD by three residues 
caused substantial mislocalisation of the fusion protein. This 
mislocalisation was also seen when either or both of two threonine 
residues within the TMD were replaced with leucine. These m utant 
fusion proteins were localised to an endoplasmic reticulum (ER) 
compartment as shown by colocalisation with the ER chaperone BiP. 
The fusion proteins were shown to be folding correctly, making it 
unlikely that they are retained in the ER by quality control. Therefore, I 
propose that the two threonines in the TMD mediate a protein protein 
interaction that is required for efficient transport of Gmal2p from the 
ER to the Golgi apparatus.
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1.1 Overview of the secretory pathway

1.1.1 Introduction

Eukaryotic cells contain a complex network of organelles collectively 
making up the secretory pathway (see Figure 1.1). The organelles of this 
pathw ay have different functions, sizes and protein composition. 
Proteins destined to be secreted and membrane proteins are all first 
translocated into the endoplasmic reticulum and then transported to 
the appropriate destination. Thus, cargo proteins are constantly 
transported between the different compartments by vesicular 
intermediates. Despite this constant state of flux, each compartment 
retains its identity. Thus, the cell must be able to transport proteins 
selectively, discriminating between proteins that are destined to move 
to other compartments and those that remain behind.

1.1.2 Vesicular transport

As mentioned above the transport of proteins between the different 
compartments of the secretory pathway occurs by vesicular 
intermediates. The recruitment of cargo to the budding vesicles and the 
scission of the vesicles from the donor membrane are mediated by coat 
proteins. The first coat protein to be characterised was clathrin. Clathrin 
vesicles bud from the plasma membrane and the trans-Golgi network 
(TGN) in mammalian cells. Clathrin coats are made up of two main 
components, clathrin itself and protein complexes called adaptors that 
link clathrin to the membrane. The clathrin acts as a scaffold, self 
assembling into a cage-like structure enabling the membrane to 
vesiculate. The adaptor complexes appear to play a dual role, they link 
the clathrin to the membrane and also recruit cargo to the vesicle. 
Different forms of adaptor complexes are associated with clathrin 
coated vesicles at the plasma membrane and the TGN (reviewed 
Robinson, 1997). Two other types of coats have been characterised, both 
mediating vesicular traffic between the endoplasmic reticulum and the 
Golgi, called COPI and COPII. Although both these coats are strikingly 
different to clathrin, there is increasing evidence that they also mediate
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plasma membrane

endosome

Golgi complex

endoplasmic
reticulum

Figure 1.1 Schematic diagram of the secretory pathway 
The organelles of the secretory pathway are shown (with the exception of 
the lysosome) and the routes of transport between the organelles are indicated. 
The pink vesicles indicate clathrin coated vesicles, the blue COPII and the purple 
COPI coated vesicles.
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the recruitment of cargo into the budding vesicle (discussed in section 
1.2).

Once the vesicle has budded off the donor membrane it needs to be 
targeted to and fuse with the correct target membrane. This process is 
proposed to be mediated by proteins called SNAREs. The SNARE 
hypothesis, proposed by Sollner et al. 1993 , proposes that each vesicle 
contains a protein that specifies the vesicles target called a v-SNARE. 
Target membranes contain partner proteins called t-SNARE. The 
interaction of these two proteins then leads to the fusion event. Two 
cytosolic factors are also part of this complex, NSF and SNAP. These are 
general factors that mediate all SNARE mediated vesicular docking 
events. Recent evidence suggests that these two proteins act at a 
predocking and prefusion stage, rather than binding to the docked 
complex and promoting fusion (reviewed Hay and Scheller, 1997) . The 
first proteins proposed to be acting as t-SNAREs and v-SNAREs were 
isolated from bovine brain. These were the synaptic vesicle protein 
VAMP and the synaptic plasma membrane proteins syntaxin and 
SNAP-25. Strong support for the SNARE hypothesis came from the 
finding that there were homologues of the classic synaptic SNAREs 
that were required for different steps in the secretory pathway (Bennett 
and Scheller, 1993). Two other classes of proteins are also involved in 
SNARE mediated vesicular docking although they are not actually part 
of the SNARE complex. These are the small membrane bound GTPases 
Rabs, and the Seclp protein family.

1.1.3 Endoplasmic reticulum

All newly synthesised proteins destined for the secretory pathway are 
initially translocated into the endoplasmic reticulum (ER) where they 
are processed before being transported to their ultimate destination by 
vesicular carriers.

Proteins destined for the secretory pathway are directed to the ER by 
virtue of a signal peptide at their N-terminus. Signal peptides consist of 
a three domain structure, an amino terminal positively charged region 
(1-5 residues long), a central hydrophobic region (7-15 residues long)

13



and a more polar carboxy terminal domain (3-7 residues). However, 
beyond this domain structure no sequence homology has been found 
between signal peptides (reviewed Vonheijne, 1990). The translation of 
proteins destined for the secretory pathway begins in the cytoplasm. As 
soon as the N-terminus signal peptide of the protein is translated it is 
recognised by a ribonucleoprotein, the signal recognition particle (SRP). 
Once this occurs the whole complex containing the nascent chain, 
ribosome and SRP is targeted to the ER membrane where it interacts 
w ith the SRP receptor. The SRP is then released and the protein is co- 
translationally translocated into the ER lumen via the translocation 
pore (reviewed Wilkinson et ah, 1997). The signal peptide remains in 
the membrane throughout this process. In the case of soluble proteins 
and type I membrane proteins the signal peptide is cleaved by a signal 
peptidase. In the case of type II membrane proteins, however, the signal 
peptide is not cleaved and acts as the transmembrane domain (TMD).

As the protein is translocated into the ER it can be modified by the 
addition of N-linked oligosaccharide side chains, so called because they 
are attached to the side chain NH 2 group of an asparagine residue 
(reviewed Herscovics and Orlean, 1993; Kornfeld and Kornfeld, 1985). 
The consensus site for this modification is N-X-S/T, where X represents 
any amino acid except proline. The oligosaccharide is preformed on 
dolichyl pyrophosphate and transferred en bloc to the asparagine 
residues by an oligosaccharyltransferase. The oligosaccharide then 
undergoes further modification, first the a l,2  glucose is removed by 
glucosidase I followed by the two a l,3  glucose residues by glucosidase II. 
This process is coupled to the folding of the protein and its binding to 
the chaperone calnexin. In mammalian cells, several mannose residues 
are then removed before the glycoprotein is transported out of the ER 
to the Golgi apparatus.

The ER is the site at which secretory proteins are folded and assembled 
into oligomeric complexes. The folding of proteins in the ER is aided by 
molecular chaperones (reviewed Helenius et a l , 1992; Herbert et a l ,
1995). The role of chaperones is not to impart folding information but 
to prevent inappropriate intra- and inter-molecular interactions during 
the folding process. Most of the chaperones present in the ER are
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members of families that are also represented in the cytosol and 
mitochondria. The two most abundant chaperones in the ER are 
BiP/GRP78 and GRP94, homologues of the cytosolic chaperones Hsp70 
and Hsp90 respectively. Other folding proteins in the ER are unique to 
this compartment for example PDI and calnexin and calreticulin. PDI is 
involved in the formation and reshuffling of disulphide bonds. 
Calnexin and calreticulin are lectin like proteins that bind transiently to 
glycoproteins in the ER, specifically monoglucosylated glycoproteins. 
This binding is released by the removal of the glucose. Misfolded 
proteins are then reglucosylated and rebound. Both calnexin and 
calreticulin are chaperones in that they assist in the folding and 
assembly of proteins. Unlike other chaperones, however, they do not 
bind directly to proteins and this binding is not linked to ATP 
hydrolysis (reviewed Parodi, 1999).

1.1.4 Golgi apparatus

The Golgi apparatus has a characteristic structure consisting of a stack of 
flattened saccules or cisternae. The number of cisternae in the stack 
varies between different cell types, for example spermatids contain 
Golgi with 8 to 10 cisternae whereas the Golgi in hepatocytes contain 
only 3 to 4 (Rambourg and Clermont, 1997). Despite this variation in 
num ber of cisternae, all Golgi are considered to consist of three or four 
distinct compartments, the cis-Golgi, the medial-Golgi, trans-Golgi and 
the trans Golgi network (TGN). The four compartments contain 
different but overlapping subsets of enzymes and therefore carry out 
different functions (Roth, 1997). The Golgi apparatus is the main site of 
terminal N-glycosylation, O-glycosylation, synthesis of 
glucosaminoglycans, sulfation and the phosphorylation of lysosomal 
enzymes. The TGN is the site at which proteins are sorted to the correct 
destination and some proteins are proteolytically processed.

Although the compartmentalisation of the Golgi has been determined, 
there has been much debate as to how proteins are transported from 
one compartment to the next. This debate has centred on whether 
proteins are transported forward by vesicular intermediates or, 
alternatively, by a process called cisternal progression or maturation.
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The cisternal progression model of intra-Golgi transport was the first 
model proposed. This model, which was based on early morphological 
observations of the Golgi at the EM level, proposed that the Golgi 
apparatus was a transitory structure with the cis most cisternae 
constantly forming by the coalescence of vesicles from the ER then 
progressing through the stack before the trans most cisterna fragments 
again into vesicles destined for the plasma membrane or the lysosome. 
The evidence in support of this model came particularly from 
observations of cell surface scales in algae. These scales are large 
electron dense glycoconjugates that are synthesised within Golgi 
cisternae before being transported to the plasma membrane. Although 
these scales are clearly transported through the Golgi stack, they are 
never seen in the vesicles at the rims of the Golgi cisternae suggesting 
that they are not transported by vesicles (reviewed Becker and 
Melkonian, 1996). However, later observations were difficult to 
reconcile with this model.

One major observation that was irreconcilable with the cisternal 
progression model of the Golgi complex was that although secretory 
cargo molecules pass through the Golgi stack in minutes, resident Golgi 
proteins often have a half life of many hours. The cisternal progression 
model of Golgi transport implies that they should travel through the 
Golgi complex at the same rate (Meldolesi, 1974). Another major 
problem with this model is the observation that different regions of the 
Golgi complex contain different complements of carbohydrate 
modifying enzymes. This later observation in particular lead to the 
proposal of the stationary cisternae model by Earquhar and Palade 
((1981)). This model proposed that each cisterna or set of cisternae are 
separate compartments containing a distinct set of proteins. They also 
proposed that cargo is transported in ̂  anterograde fashion by vesicular 
intermediates between the compartments and that membrane is also 
recycled at each step. This picture of the Golgi as a 'static' set of 
compartments has predominated until the last few years, when there 
has been a revival of interest in the cisternal progression model, 
discussed in section 1.3.11.
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In mammalian cells, N-glycans are processed in the Golgi to form a 
large number of different end products (Kornfeld and Kornfeld,
1985).These can be divided into three types, high mannose, hybrid and 
complex. A typical sequence for the processing of a complex N-glycan is 
illustrated in Figure 1.2 and described below. In the cis or medial 
cisternae, mannose residues are trimmed by the Golgi a l,2  
mannosidase I to yield a MangGlcNAc2 structure (reaction 1, Figure 
1.2). This is then modified in the medial cisternae by the addition of a 
GlcNAc residue, catalysed by N-acetylglucosaminyltransferase I 
(NAGTI), followed by the trimming of two more mannose residues by 
a-mannosidase II (reactions 2 and 3, Figure 1.2). At this stage the glycan 
becomes resistant to the enzyme endoglycosidase H, a feature which is 
often used as a tool to follow the processing of N-glycans through the 
Golgi in mammalian cells (see section 1.2.8). A further GlcNAc residue 
is added by NAGTII and a fucose residue may be added to the first 
GlcNAc residue (reactions 4 and 5). In the trans cisternae the N-glycan 
is modified by the addition of galactose and sialic acid; catalysed by 
galactosyltransferase and sialyltransferase respectively.

1.1.5 Modern methods of studying the secretory pathway

The secretory pathway was initially characterised by morphological 
studies, particularly electron microscopy and combined 
autoradiography followed by electron microscopy (Palade, 1975). 
Subsequently the molecular requirements for trafficking within the 
secretory pathway have been characterised by a combination of three 
broad types of experiments. The proteins involved in the budding and 
targeting of vesicles have mainly been identified and characterised by a 
combination of genetic mutant screens in the yeast S. cerevisiae and in 
vitro transport assays using either semipermeable cells, or membrane 
fractions. The signals directing the targeting of proteins in the secretory 
pathway has been studied mainly by molecular cell biology.

The first secretory mutants {sec genes) were isolated by screening a 
collection of S. cerevisiae cells that were temperature sensitive for 
growth, for mutants that accumulated precursor forms of the exported 
proteins invertase and acid phosphatase (Novick and Schekman, 1979).
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©
trans

Golgi
complex

legend
■ N-acetylglucosamine 
o mannose
A fucose
■ galactose 
•  sialic acid

Figure 1.2 A typical sequence for the processing of a complex 
N-glycans.

The reactions are catalysed by the following enzymes:
(1) Golgi a  mannosidase I
(2) N-acetylglucosaminyltransferase I, (3) Golgi a  mannosidase II, 
(4) N-acetylglucosaminyltransferase II, (5) fucosyltransferase,
(6) galactosyltransferase, (7) sialyltransferase.
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Subsequently a further 23 sec complementation groups were isolated 
using a screen based on the increased density of mutagenised cells upon 
a shift to the non permissive temperature (Novick et al., 1980).
Another large group has been isolated based on defects in vacuolar 
protein sorting and transport (the so called vps mutants) (reviewed 
Stack and Emr, 1993). Further mutants have since been identified in a 
variety of different screens, such as, for example, screens for 
suppressors of conditional lethal defects.

The genetic approach has been complemented by the studies 
reconstituting intercompartmental transport in cell free systems 
reviewed by' (Fryer et a l, 1992). For example transport between Golgi 
compartments was reconstituted with Golgi membrane fractions from 
CHO cells (Balch et a l,  1984; Fries and Rothman, 1980). This allowed 
the characterisation of this transport step and a variation of this system 
allowed the purification of the coatomer complex (Serafini et al., 1991) 
(Waters et al., 1991). The COPII coat was also identified partly by a cell 
free assay system using S. cerevisiae membranes (Barlowe et al., 1994).

The molecular cell biology approach to the targeting of proteins to the 
secretory pathw ay involves making m utant fusion protein constructs, 
expressing them and examining their cellular localisation. This 
approach is exemplified by the studies identifying the KDFL signal of 
FR proteins, see section 1.2.2.
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1.2 Transport between the ER and the Golgi

1.2.1 Introduction

Once a protein is committed to the secretory pathway how is it directed 
to the right compartment? In principle this could be achieved in two 
ways. Each protein could contain a signal directing its transport along 
each step of the secretory pathway. For example, a protein destined for 
the plasma membrane would contain signals directing its recruitment 
into vesicles travelling from the ER to the Golgi, through the Golgi and 
from the Golgi to the plasma membrane. Proteins destined for a 
particular compartment along the route, would lack a signal for the 
next step, so a resident Golgi protein would contain a signal directing 
its exit from the ER, but lack a signal for transport from the Golgi to the 
plasma membrane. An alternative possibility for targeting within the 
secretory pathway is that transport from the ER to the plasma 
membrane is the default pathway, driven by a non selective process. 
Retention in any compartment would require a specific signal. 
Although specific signals have been found that direct proteins to 
particular compartments, supporting the second hypothesis of default 
transport from the ER to the plasma membrane, there is also evidence 
that forward transport is selective. Therefore, it is likely that proteins 
are targeted to the correct compartment by a combination of both 
mechanisms. Therefore in order to understand Golgi targeting 
transport steps both to and from the Golgi also need to considered. In 
addition, in order to understand whether transport from the ER is a 
selective process the mechanisms for retention in the ER will also be 
reviewed.

1.2.2 ER protein retention

There is strong evidence that many ER proteins are localised by a 
combination of retrieval and retention mechanisms. The first retrieval 
signal characterised was the C-terminal tetrapeptide sequence, lysine, 
aspartic acid, glutamic acid, leucine (KDEL), found on many soluble ER 
proteins in mammalian cells. Variations on this sequence are found on 
ER resident proteins in S. cerevisiae (HDEL) and S. pombe (ADEL)
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(Pidoux and Armstrong, 1992). Removal of this sequence from rat grp78 
(BiP) caused it to be secreted from COS cells (Munro and Pelham, 1987). 
Addition of this KDEL sequence to the C-terminal of both lysozyme and 
cathepsin D was sufficient to retain them in the ER in COS cells 
(Pelham, 1988). Cathepsin D retained by this mechanism was found to 
be modified by the c/s-Golgi enzyme
N-acetylglucosaminylphosphotransferase. This suggested that the 
KDEL sequence was a retrieval signal acting at a post ER compartment 
(Pelham, 1988). Subsequently, the genes encoding the KDEL receptor 
(ERD2) were cloned from both S. cerevisiae and mammalian cells, and 
found to localise mainly to the cis Golgi compartment (Lewis and 
Pelham, 1990; Tang et ah, 1993). The S. cerevisiae form of this 
tetrapeptide has also been found at the C-terminal of the two S. 
cerevisiae membrane proteins, Sec20p and Sed4p (Sweet and Pelham, 
1992).

Although the KDEL sequence is sufficient to localise a secretory protein 
to the ER, there is evidence that resident ER proteins in fact rarely leave 
the ER and that the KDEL retrieval system acts as a back up 
(Sonnichsen et ah, 1994). This viewpoint is supported by the finding 
that ER resident proteins appear to be specifically excluded from COPII 
vesicles budding from the ER (see section 1.2.7; | Balch et ah, 1994). 
Also although removal of the KDEL sequence from ER resident protein 
leads to their secretion, the secretion is slower than that seen for 
secretory proteins (Munro and Pelham, 1987). Also, ER resident 
proteins in general lack oligosaccharide modifications associated with 
the Golgi (Warren, 1987).

A second ER localisation signal characterised was the dilysine motif 
found on a subset of membrane proteins resident in the ER (Jackson et 
al., 1990). This motif consists of two lysine residues positioned two to 
five residues from the C-terminus of the cytoplasmic tail of type I 
membrane proteins, such as the adenovirus E19 protein and HMGCoA 
reductase (Jackson et ah, 1990). It is this motif that has been shown to 
interact with the coat proteins of the COPI coat, suggesting that these 
vesicles are involved in retrograde transport from the Golgi to the ER 
(see Sectionl.2.8 Cosson and Letourneur, 1994; Letourneur et ah, 1994).
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Secl2p is an example of a resident ER protein that contains neither of 
the two localisation motifs discussed above. Sato and colleagues (1996) 
found that Secl2p contained two independent localisation signals, one 
in the TMD and one in the cytoplasmic tail. The TMD was found to 
mediate the retrieval of the protein from the Golgi whereas the 
cytoplasmic tail appeared to mediate the retention. Rerlp, a protein 
isolated in a screen for proteins involved in the localisation of Secl2p, 
was found to only mediate localisation via the TMD (Sato et ah, 1995; 
Sato et al., 1996).

Although ER resident proteins are retained in the ER by specific signals, 
non resident proteins can also be retained in the ER by the quality 
control machinery. That is, if a protein is misfolded or not assembled 
correctly into an oligomeric complex it is retained in the ER.

1.2.3 Quality control in the ER

The quality control function of the ER is proposed to be carried out by 
the same proteins as carry out the folding and assembly functions in 
this compartment, see section 1.1.3. Thus, proteins that fail to fold 
properly or proteins that fail to form correct oligomeric complexes are 
retained within the ER and generally degraded. What is not currently 
known is how the cell can distinguish between proteins that are in the 
process of folding and proteins that should be degraded, especially as 
the same chaperones bind to both (reviewed Hammond and Helenius,
1995) 

1.2.4 ER membrane proliferation

The size of the ER is modified in response to its secretory workload, so, 
increased secretion correlates with a proliferation of the rough ER 
membrane in a wide variety of systems. For example, as a B lymphocyte 
differentiates the ER expands in response to the increased secretion 
(Wiest et ah, 1990). The ER also proliferates in response to the increased 
expression of certain ER resident proteins, such as, for example, 
HMGCoA reductase and cytochrome p450 (Lum and Wright, 1995; 
Schunck et ah, 1991; Wright et ah, 1988) .
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The synthesis of ER components is highly regulated. ER resident 
proteins are induced by the unfolded protein response pathway (UPR), 
and membrane lipid synthesis by the inositol response. Components of 
the UPR pathway that have been characterised are Irelp, a 
transmembrane kinase and Haclp, a transcription factor (Cox and 
Walter, 1996). Membrane lipid synthesis is controlled by the 
intracellular levels of free inositol, both at the level of transcription of 
the enzymes required and the activity of the enzymes. At high inositol 
concentrations transcription of phospholipid biosynthetic genes is 
repressed by the protein O pilp (Greenberg and Lopes, 1996). Disruption 
of the pathway causes cells to become inositol auxotrophs. A 
connection between the two pathways has been suggested by the 
finding that Airel cells are also inositol auxotrophs (Cox et al., 1997). 
Interestingly when HMGCoA reductase was overexpressed in Azrel or 
Ahacl cells it was lethal in the absence of inositol. However, in the 
double delete AirelAopil normal growth was restored (Cox et a l ,  1997).

1.2.5 ER and Golgi vesicular intermediates / exit from the ER

It is clear that some ER to Golgi transport is mediated by COPII coated 
vesicles. There is, however, ongoing controversy as to whether these 
are the only vesicles that contribute to anterograde traffic between these 
two compartments or whether COPI vesicles are also involved. The 
identification of both sets of coat proteins and the evidence relating to 
their precise function are discussed below.

1.2.6 COPII coat

Components of the COPII coat have been identified by a combination of 
biochemical and genetic approaches. Individual subunits were first 
identified by genetic screens in the yeast S.cerevisiae. These screens 
identified tem perature sensitive mutations in 9 S.cerevisiae genes that 
disrupted secretory protein transport between the ER and the Golgi 
(Novick et al., 1981). These sec mutations were analysed to determine 
whether they played a role in either vesicle formation or consumption. 
On the basis of this genetic and morphological characterisation four of 
the sec genes, SEC12, SEC13, SEC16 and SEC23, were identified as
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necessary for vesicle budding from the ER (Kaiser and Schekman, 1990). 
An additional gene SA R I  was identified as a multicopy suppressor of 
the se c l l  tem perature sensitive mutation (Nakano and M uramatsu, 
1989).

After the initiation of the genetic approach, a yeast cell-free transport 
assay was also developed, based on the transport and processing of the 
a-factor pheromone (Baker et ah, 1988). This allowed the biochemical 
characterisation of vesicle formation from the ER, and the elucidation 
of role of the components identified in the genetic screens. This ER to 
Golgi transport assay showed a requirement for cytosol, ATP and GTP. 
Subsequent studies in cell-free assay systems identified the cytosolic 
components required for budding from the ER. These were Sarlp, and 
two protein complexes, the Sec23p complex and the Secl3p complex 
(Hicke et ah, 1992; Salama et ah, 1993) . The Sec23p complex was found 
to consist of a heterodimer consisting of Sec23p and a lOSkDa protein 
subsequently | shown to be Sec24p (Hicke et ah, 1992). The Secl3p complex 
when purified was shown to be a high molecular weight complex (of 
700-800 kDa) that contained Secl3p and a 150 kDa protein, called pl50, 
later shown to be Sec31p (Salama et ah, 1997). This complex, in 
conjunction with Sarlp and the Sec23p/Sec24p complex, forms a coat 
on vesicles budding from the ER, and fulfils the requirement for 
cytosol in the in vitro assay (Barlowe et ah, 1994). Secl2p, identified in 
the genetic m utant screen, is a resident of the ER and recruits Sarlp, 
which is a ras-like GTP binding protein, onto the ER membrane to 
initiate vesicle budding (Barlowe and Schekman, 1993; Kaiser and 
Schekman, 1990; Nakano and Muramatsu, 1989; Yoshihisa et ah, 1993) . 
A sixth vesicle coat component, Secl6p, is tightly associated with the ER 
membrane and is proposed to act as a scaffold for the membrane 
association of the soluble coat proteins (Gimeno et ah, 1996)

The proposed mechanism for the formation of COPII coated vesicles is 
as follows: Sarlp is first recruited onto the ER membrane, this process is 
coupled to the exchange of GDP for GTP on Sarlp, a reaction catalysed 
by Secl2p. Secl2p is an ER membrane protein and does not get recruited 
into the resultant vesicle. The activated Sarlp then recruits 
Sec23p/Sec24p followed by the Secl3p complex. The ER-bound protein
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Secl6p interacts with both Sec23p and Sec24p and has been proposed to 
provide a scaffold for the assembly of the coat (Shaywitz et ah, 1997). 
After budding of the vesicle from the ER, Sec23p stimulates the 
hydrolysis of the Sarlp-bound GTP to GDP which allows the 
disassembly of the coat which is a prerequisite for fusion with the Golgi 
(see Figure 1.3, reviewed Kuehn and Schekman, 1997).

1.2.7 Selection of cargo by COPII coated vesicles

As mentioned in section 1.1.2, it is proposed that coat proteins in the 
secretory pathway serve two purposes, that of deforming the 
membrane into a budding vesicle and that of selecting the contents of 
the vesicle. In principle, any coat should at least be capable of mediating 
the recruitment of the proteins (i.e. SNAREs) required for its targeting. 
Although it was previously proposed that transport out of the ER was 
by default, there is now increasing evidence that this process is selective 
and that the COPII coat plays a role. Several lines of evidence suggest 
that export from the ER is selective. For instance, immuno-EM 
observations show that certain proteins are concentrated as they leave 
the ER. Quantitative immuno EM experiments on the viral protein 
VSV G expressed in digitonin permeabilised NRK cells found that this 
protein was concentrated 5-10 fold in COPII coated vesicles exiting the 
ER. It was also found that these vesicles lacked the ER resident protein 
calreticulin (Balch et ah, 1994).

Some progress has been made in identifying the signals contained in 
proteins that direct their recruitment into COPII coated vesicles. For 
example, studies have shown that when the cytoplasmic tail of the 
viral protein VSV G is removed, the trimers are assembled properly, 
yet fail to leave the ER (Nishimura and Balch, 1997). More recently it 
has been shown that the recruitment of VSV G into COPII coated 
vesicles facilitated by on the presence of a diacidic motif found in its 
cytoplasmic tail (Nishimura and Balch, 1997). How this motif mediates 
recruitment into COPII coated vesicles is not known although it 
appears that other proteins may also use this mechanism as other 
membrane proteins such as lysosomal acid phosphatase also contain 
this motif (Nishimura and Balch, 1997)
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Figure 1.3 The COPII coat
Schematic representation of the assembly of the COPII coat on budding vesicles
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Three types of proteins could be involved in facilitating the exit of 
proteins from the ER (Herrmann et ah, 1999). Firstly, there are 
chaperones that establish or maintain the protein in a secretion- 
competent conformation. A second group would be 'escort' proteins 
that accompany proteins to their destination preventing their 
activation in an inappropriate compartment. A third possible group of 
proteins would be transport receptors that would bind directly to 
secretory cargo and to cytosolic coat proteins, mediating their 
recruitm ent into vesicles.

Several proteins have been identified as having possible roles in the 
recruitment of cargo in ER to Golgi transport. The SHR3  gene was 
identified in a m utant screen looking for proteins involved in amino 
acid uptake into S. cerevisiae. ShrSp was found to be a membrane 
protein resident in the ER that was necessary for the export of amino 
acid permeases from the ER to the plasma membrane (Ljungdahl et al 
1992). Deletion of this gene, however, did not affect the packaging of the 
plasma membrane ATPase Pm alp or the yeast pheromone glycosylated 
pro a  factor into COPII coated vesicles (Kuehn et al., 1996) ShrSp was 
found to be necessary, along with COPII components, for the 
recruitment of Cap Ip  and Hip Ip (two amino acid permeases) to COPII 
coated vesicles. ShrSp itself was not incorporated into the vesicles, 
ruling out the possibility that it acts as a cargo receptor (Kuehn et a l ,  
1996) This suggests that Shr3p could be acting as a chaperone specific for 
the amino acid permeases, particularly as in the absence of ShrSp 
C ap lp  showed increased protease sensitivity (Ljungdahl et a l ,  1992).

Direct interaction between cargo and COPII components has been 
shown in a cross-linking study in S. cerevisiae. In this study, it was 
shown that , the pheromone lalphafactor is specifically associated 
with a subset of COPII components (Sec23p and Sarlp) both in ER 
derived vesicles and in prebudding complexes. The resident ER 
proteins Sec61p, BiP and Shr3p were not found in the pre-budding 
complexes. In addition to the COPII components, the cross-linked 
complexes contained two transmembrane proteins of 19 and 27 kDa.
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These two proteins were proposed to be receptors for soluble cargo, 
although they have not yet been characterised (Kuehn et ah, 1998)

A central requirement of the model of active recruitment of cargo into 
COPII coated vesicles is the presence of receptors that can cycle between 
the ER and the Golgi. One family of proteins that has been proposed to 
function in this role is the p24 family. S. cerevisiae has eight members 
of this p24 family of proteins. Deletion of one of these, EM P24, caused a 
defect in the ER to Golgi transport of invertase and G aslp, whereas the 
transport of a  factor, acid phosphatase and carboxypeptidase Y were 
unaffected. The folding of invertase and G aslp appeared to be 
unaffected in this strain, and Emp24p was also found to be a 
component of COPII coated vesicles, suggesting that Emp24p is acting as 
a cargo receptor rather than as a chaperone (Schimmoller et a l, 1995). 
Emp24p is found in a complex with another protein from the same 
family, Erv25p (Belden and Barlowe, 1996). Erv25p contains a dilysine 
motif in its cytoplasmic tail, presumably mediating retrieval of the 
complex to the ER, whereas the Emp24p cytoplasmic tail sequence can 
bind subunits of purified COPII in vitro (Barlowe, 1998). Thus these two 
proteins in combination appear to fulfil the requirement for recycling 
between the ER and the Golgi. Direct interaction, however, between 
them and cargo proteins has not been shown (Barlowe, 1998). Also, the 
deletion phenotype suggests that they could be playing a regulatory role 
rather than acting as cargo receptors. Deletion of EMP24 or ERV25, as 
well as disrupting the transport of a subset of proteins, also produces an 
erd phenotype where resident ER lumenal proteins are secreted. 
Deletion of either of these two genes also suppresses mutations of 
COPII subunits (ElrodErickson and Kaiser, 1996). This suggests that the 
p24 family of proteins could operate as negative regulators of COPII 
assembly rather than as cargo receptors (ElrodErickson and Kaiser,
1996).

A protein that has been proposed to act as a cargo receptor between the 
ER and the Golgi in mammalian cells is ERGIC-53. ERGIC-53 is a type I 
membrane protein with a dilysine ER retrieval motif in its cytoplasmic 
tail. Importantly for its proposed role as a cargo receptor, ERGIC-53 has 
been shown to constitutively recycle between the ER, ERGIC and the

28



c/s-Golgi (Tisdale et al., 1997). Two phenylalanines at the C-terminus of 
ERGIC-53 were found to be required for its ER exit, and in vitro binding 
assays found that they were required for the interaction between the 
cytoplasmic tail peptide of ERGIC-53 and the COPII component Sec23p 
(Rappeler et al., 1997). ERGIC-53 shows sequence homology with 
leguminous lectins and shows mannose specific binding (Itin et al.,
1996). On this basis it has been proposed to act as a cargo receptor for the 
transport of glycoproteins from the ER. Experiments in which 
transfected ERGIC-53 was mistargeted to the ER in HeLa cells showed 
that it was involved in the transport of the lysosomal enzyme 
cathepsin C (Vollenweider et al., 1998). ERGIC-53 has also been 
identified as the product of a gene responsible for the autosomal 
recessive bleeding disorder, combined deficiency of coagulation factors 
V and VIII. Both the mutations characterised in the gene encoding 
ERGIC-53 causing this disorder caused the complete loss of expression 
of ERGIC53 in the cells of affected individuals (Nichols et ah, 1998).
This supports the hypothesis that ERGIC-53 acts as a receptor for the 
transport of glycoproteins but suggests that it only mediates the 
transport of a small subset of proteins.

1.2.8 COPI (coatomer)

This coat was first purified using a modification of the cell-free system 
that reconstitutes vesicular traffic within the Golgi complex (Malhotra 
et ah, 1989). It was found that in the presence of GTPy-S, numerous 
vesicles are formed that cannot fuse to their target membrane. Large 
scale purification of these vesicles allowed the isolation of their coat 
components (Serafini et ah, 1991; Waters et ah, 1991). These were found 
to consist of eight distinct proteins, seven COPs and ARE. The seven 
COPs are: aCOP (150 kDa), (3COP (110 kDa), p'COP (100 kDa), 
yCOP(103kDa), ÔCOP (60 kDa), eCOP (35 kDa), ÇCOP (21 kDa). These 
seven proteins self assemble in the cytoplasm before binding to 
membranes. ARE, a small GTP binding protein, 'primes' the 
membrane, allowing coatomer to bind (Donaldson et ah, 1992; Palmer 
et ah, 1993).
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In S. cerevisiae, the genes encoding all of the coatomer subunits have 
been identified. They are: R E T l (a), SEC26 ((3), SEC27 ((3'), SEC21 (y), 
SEC28 {e), RET2 (5), and RET3 (Ç) (reviewed Gaynor et a l ,  1998). All 
these genes with the exception of SEC28 are essential for cell viability.

As discussed above, COPI was originally isolated as the coat on vesicles 
mediating intra-Golgi traffic. It was also proposed to mediate ER to 
Golgi traffic. One of the reasons for this proposal was the analysis of 
yeast mutants of COPI components. For instance, in the sec21-l m utant 
at non-permissive temperature, ER to Golgi transport of the vacuolar 
hydrolyse (CPY) is defective (Hosobuchi et ah, 1992). Morphological and 
genetic analysis of sec21-l, however, revealed a phenotype intermediate 
to that of genes involved in vesicle budding (class I) and those 
involved in vesicle fusion (class II). Studies in mammalian cells also 
support a role for COPI in ER to Golgi traffic. For instance, antibodies 
raised against (3-COP inhibit ER to Golgi traffic in CHO cells (Pepperkok 
et ah, 1993). Recent evidence, however, suggests that although COPI 
certainly is required for ER to Golgi traffic, its role may be indirect.

As discussed in sectionl.2.2, ER resident type I membrane proteins are 
retrieved via a dilysine motif in their cytoplasmic tails. Studies aimed 
at identifying components of the machinery involved in this retrieval 
found that partial COPI complex (consisting of a-COP, p'-COP and e- 
COP) bound to a fusion protein carrying this motif (Cosson and 
Letourneur, 1994). Letourneur et al (1994) also isolated yeast mutants 
that were defective in their ability to retain a KKXX tagged protein in 
the ER. All nine of the mutants isolated had defects in genes encoding 
subunits of coatomer, eight in RE Tl (a-COP) and one in RET2 (ô-COP). 
Two previously characterised mutant alleles of SEC21 (y-COP) and 
SEC27 (P'-COP) also showed defects in retrieval (Letourneur et ah,
1994).

As well as mediating the retrieval of proteins containing the dilysine 
motif, COPI coated vesicles are thought to mediate the Golgi to ER 
retrieval of K/HDEL containing proteins and also Secl2p. The KDEL 
receptor (Erd2p) is enriched in COPI vesicles and the retrieval of Erd2p 
is also blocked in one COPI mutant at the non-permissive temperature

30



(Lewis and Pelham, 1996; Orel et al 1997). The system that retrieves 
Secl2p is also thought likely to use COPI vesicles because an allele of a- 
COP shows a specific defect in the retrieval of Secl2p and its putative 
retrieval receptor Rerlp (Boehm et al., 1997).

Therefore it seems likely that COPI mediates retrograde transport from 
the Golgi to the ER. This leaves the question as to what role COPI plays 
within the Golgi itself. It was isolated as the coat required for intra- 
Golgi anterograde transport. However the 'static' model of Golgi 
transport on which this assay was based has recently been questioned. It 
has been proposed that vesicular transport in the Golgi apparatus is 
solely in the reterograde direction with anterograde cargo transported 
by cisternal progression. This is discussed in the section 1.3.11. COPI is 
also proposed to play a structural role in maintaining Golgi structure. 
This is based both on studies using the drug Brefeldin A (BFA) and on 
m utations in genes encoding subunits of coatomer.

1.2.9 Brefeldin A (BFA)

BFA is a fungal metabolite originally isolated from Pencillium  
brefeldium  (reviewed Dinter and Berger, 1998). Treatment of cells with 
BFA was found to inhibit protein secretion at an early stage in the 
secretory pathway (Oda et ah, 1990). Immunofluorescence and electron 
microscopy data then showed that secretory and membrane proteins 
are retained in the FR in these BFA treated cells (Fujiwara et ah, 1988; 
Lippincottschwartz et ah, 1989). It was then found that the newly 
synthesised secretory proteins found within the FR of these cells were 
modified by Golgi enzymes. Further analysis showed that within 1 
hour of BFA treatment the Golgi enzymes mannosidase II and 
pyrophosphatase redistributed to the FR, and that no Golgi apparatus 
was detectable in these cells (Lippincottschwartz et ah, 1989). When the 
morphological events in this breakdown of the Golgi in these cells 
were characterised it was found that the Golgi cisternae first appeared to 
swell, then extended long tubular processes out to the cell periphery, 
along microtubules (Lippincottschwartz et ah, 1990). No coat appeared 
to be associated with these tubules (Lippincottschwartz et ah, 1990).
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BFA has also been shown to have similar affects on the secretory 
pathw ay in the yeasts S. cerevisiae and S. pombe. W ildtype S. cerevisiae 
has been shown to be largely résistent to BFA. However, it is thought 
that this is due to a lack of uptake of the drug as in drug sensitive 
strains such as erg6, BFA has similar affects to those seen in 
mammalian cells. It causes the reversible inhibition of secretion 
(Graham et ah, 1993; Vogel et ah, 1993). In S. pombe BFA has also been 
shown to reversibly inhibit protein secretion and also to cause the 
dissassembly of the Golgi stacks as visualised by electron microscopy 
(Turi et ah, 1994).

The mechanism of action of BFA is the disassembly of coatomer. 
Biochemical studies first showed that BFA caused the rapid loss of p- 
COP from Golgi membranes (Donaldson et ah, 1991). Later work 
showed that BFA inactivates ARF by inhibiting the ARF nucleotide 
exchange factor (GEF) (Donaldson et ah, 1992; Helms and Rothman,
1992). Proteins containing so called Sec7 domains exhibit GEF activity 
and several of these proteins have been shown to be BFA sensitive 
(reviewed Chardin and McCormick, 1999).

Although the loss of coatomer binding can easily explain the inhibition 
of secretion seen in BFA treated cells, the reasons for the disassembly of 
the Golgi apparatus are less clear. It has been proposed that COPI plays a 
structural role in maintaining Golgi structure. As mentioned 
previously loss of COPI causes tubulation of the Golgi along 
microtubules and non-specific fusion with ER membranes (Guo et ah,
1994). One proposal is that the presence of COPI on Golgi membranes 
masks microtubule motor attachment sites. In the absence of COPI, 
therefore, these motors would pull out uncoated tubules that then fuse 
with the ER (Pelham, 1991).
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1.3 Golgi Protein Localisation

1.3.1 Introduction

Once a Golgi protein has reached the Golgi, how is it prevented from 
leaving? The studies that addressed this question have, in general, 
assumed that the transport of proteins in an anterograde direction is by 
default. They have also based the models proposed on the static view of 
the Golgi complex.

Early studies to determine targeting sequences contained in Golgi 
proteins found that, generally, the TMD mediated Golgi targeting. 
However, no homology has been found between the TMDs of Golgi 
proteins. In the light of this, two theories have been proposed as to 
possible mechanisms of Golgi retention. In this section the two models 
are first outlined. The research on Golgi targeting in both mammalian 
and S. cerevisiae cells and how the findings relate to the two models is 
then discussed. Finally, I will attempt to relate the two models to the 
different possibilities for intra-Golgi transport and to selective rather 
than default anterograde transport.

1.3.2 Kin Recognition hypothesis

This model proposes that Golgi enzymes from the same cisternae form 
long heteroligomers by alternating interactions between their lumenal 
and transmembrane domains. The cytoplasmic tails of these 
heteroligomers are then proposed to attach to an underlying matrix 
preventing them from entering budding vesicles (Nilsson et al., 1993). 
The authors outline three assumptions made in this model: First that 
all Golgi enzymes are homodimers via interactions in their lumenal 
domains, secondly that the TMDs of Golgi proteins can specifically bind 
to the TMDs of other Golgi enzymes in the same cisternae and thirdly 
that the cytoplasmic tails are capable of anchoring the oligomers but not 
the individual proteins (Nilsson et al., 1993, See Figure 1.4).
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1.3.3 Lipid sorting model

This model proposed by Bretscher and Munro (1993) is based on three 
observations. Firstly that, although the ER synthesizes cholesterol, the 
concentration of cholesterol is much higher in the plasma membrane 
than in the ER (Orci et al., 1981). This implies that transport vesicles 
traveling in an anterograde direction must contain a higher proportion 
of cholesterol than the compartment they budded from. The second 
observation is that addition of cholesterol to a phospholipid bilayer in 
vitro causes the thickness of the bilayer to increase (Levine and 
Wilkins, 1971; Nezil and Bloom, 1992). The third observation is that 
the TMDs of Golgi proteins are on average five amino acids shorter 
than those of type I or type II plasma membrane proteins (Munro, 
1995a). Therefore, on the basis of these observations Bretscher and 
Munro propose that Golgi proteins are specifically excluded from 
anterograde vesicles budding from the Golgi as their short TMDs make 
it energetically unfavourable for them to be included in a cholesterol 
rich lipid bilayer (see Figure 1.5)

1.3.4 Golgi localisation in mammalian cells

Most of the studies on Golgi localisation in mammalian cells have 
been carried out using either endogenous glycosylation enzymes or 
Golgi localised viral proteins. The glycosylation enzymes share a 
similar type II structural organisation. That is they have a short amino 
terminal cytoplasmic tail, a signal anchor transmembrane domain, a 
stem region followed by a carboxy terminal catalytic domain (Paulson 
and Colley, 1989). However, between the different families of 
glycosyltransferases there is no sequence homology and no discernible 
targeting motifs (Natsuka and Lowe, 1994). The requirements for Golgi 
localisation in three glycosyltransferases have been studied in detail, N- 
acetylglucosaminyltransferase I (NAGT) which is localised to the 
medial Golgi (Burke et al., 1992; Rabouille et al., 1995), a2,6- 
sialyltransferase (ST) and p 1,4-galactosyltransferase (GalT) both of 
which are localised to the trans-Golgi and the TGN in most cell types 
examined (Berger et al., 1995; Rabouille et al., 1995; Roth and Berger, 
1982; Russo et al., 1992) .
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1.3.5 Localisation of ST

Work carried out on the localisation of this enzyme has provided the 
strongest evidence in support of the lipid sorting model of Golgi 
retention. The TMD of this enzyme was found to contain Golgi 
targeting information; replacement of the TMD of ST with that of 
dipeptidyl peptidase IV (DPP IV) a type II plasma membrane protein 
caused the fusion protein to be localised to the cell surface in COS cells 
(Munro, 1991). The TMD was also found to be sufficient to localise a 
reporter protein to the Golgi; a fusion protein consisting of the TMD of 
ST, the cytoplasmic tail and stem region of DPP IV with lysozyme as the 
reporter protein, showed mainly Golgi localisation when expressed in 
COS cells (Munro, 1991). Further work showed that although the TMD 
of ST was required for Golgi localisation its length rather than its 
specific amino acid sequence was its Golgi retaining feature (Munro,
1995). Thus a fusion protein in which the TMD was replaced with 
17 leucine residues was correctly localised to the Golgi whereas one in 
which the TMD was replaced with 23 leucine residues was localised to 
the plasma membrane (Munro, 1995). This clearly supports the lipid 
bilayer model of Golgi retention.

Although there is good evidence for the requirement of the TMD of ST 
for its Golgi localisation, there is also evidence that the cytoplasmic tail 
and the stem region of ST play a role in Golgi localisation. Munro 
(1991) found that the presence of the TMD of ST conferred mainly Golgi 
localisation in a chimera consisting of the cytoplasmic tail and stem 
region of DPP IV with lysozyme as the reporter protein. However, this 
construct showed some plasma membrane localisation which was 
eliminated when either the cytoplasmic or stem region of ST were 
present, suggesting that all three regions contain some Golgi targeting 
information. Interestingly there appears to be some cell type variation 
in the requirement for regions flanking the TMD; the TMD of ST is 
sufficient for Golgi localisation in MDCK and COS cells, however 
fourteen amino acids of the stem region are required in CHO cells 
(Tang et ah, 1995)
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1.3.6 Localisation of GalT

Studies on this enzyme have also found that the TMD contains the 
Golgi retention information, however it is unclear whether there is a 
specific sequence requirement for this or whether there is a simple 
length requirement as for ST. Early studies demonstrated that the TMD 
and cytoplasmic tail of GalT were sufficient to localise the reporter 
proteins pyruvate kinase and the lip 31 invariant chain to the Golgi 
(Nilsson et ah, 1991; Russo et ah, 1992) . Teasdale et ah (1992; 1994) then 
showed that the TMD of GalT alone was sufficient to localise 
ovalbumin to the Golgi apparatus in murine L cells. The subsequent 
studies aimed at determining the specific sequence requirements 
within the TMD of GalT have come to different conclusions depending 
on the constructs and cell types used. Aoki et ah (1992) found that in 
COS cells the replacement of amino acids in the N-terminal half of the 
TMD of GalT, particularly a cysteine and a histidine in this region, lead 
to an increase in the cell surface expression of a hum an chorionic 
gonadotropin a  subunit chimera. However, Nilsson et ah (1991) 
showed that in HeLa cells replacement of this region of GalT with the 
equivalent half of the TMD from lip 31 still allowed mainly Golgi 
localisation of the chimera. Another study carried out in COS cells 
found that either insertion of hydrophobic residues in the TMD of GalT 
an d /o r the substitution of uncharged polar residues increased the cell 
surface expression of the enzyme (Masibay et ah, 1993). They suggest 
that specific residues are not required for the Golgi localisation of GalT, 
rather that a more general property of the TMD, such as its hydrophobic 
length or the presentation of uncharged polar residues mediate its 
Golgi localisation.

The evidence from these studies could support either model of Golgi 
retention. Increasing the length of the TMD of GalT increased its cell 
surface expression, suggesting that the length of the TMD may be a 
retaining feature as for ST (Masibay et ah, 1993). Interestingly, however, 
the TMD of ST cannot substitute for that of GalT, suggesting that they 
may not be localised by the same mechanism; a fusion protein 
consisting of the lumenal domain of GalT and the cytoplasmic tail and 
TMD of ST was unstable when expressed in COS-7 cells (Masibay et ah.
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1993). It is also possible to interpret the evidence in terms of GalT being 
localised by a protein protein interaction mediated by its TMD as 
predicted by the kin recognition model of Golgi retention. Although 
lengthening the TMD of GalT increased its cell surface localisation this 
could have been caused by the disruption of the positioning of polar 
residues within the TMD, rather than by any increase in the TMD 
length. However, GalT has not been shown to interact with ST which is 
localised to the same cisternae (Munro, 1995b).

There is currently some debate as to the role of the cytoplasmic tail in 
the localisation of GalT. Bovine and murine GalT exist as two forms 
because of differential transcription initiation, one form with a 
cytoplasmic tail of 24 amino acids and a shorter form with a 
cytoplasmic tail of only 11 amino acids (Russo et ah, 1990). There is 
evidence that in some cell types the larger form of GalT is found 
partially at the cell surface; in F9 embryonal carcinoma cells 
galactosyltransferase activity is significantly increased on plasma 
membranes isolated from cells transfected with the larger GalT as 
compared to the shorter form (Lopez et al., 1991). However, in other 
cell types no cell surface expression of either form is seen, for example 
both forms are localised to the Golgi in both stably transfected CHO cells 
and transiently transfected COS cells (Masibay et al., 1993; Russo et al., 
1992)

1.3.7 Localisation of NAGT

Studies on the enzyme NAGT have shown that both the TMD and the 
lumenal domain contain independent targeting information. Burke et 
al. (Burke et al., 1992) demonstrated that the TMD of NAGT was capable 
of conferring Golgi localisation on ovalbumin in both transiently 
transfected COS cells and stably transfected murine L cells. A later study 
by the same group found that all three regions of NAGT, the 
cytoplasmic tail, the TMD and the lumenal domain contained Golgi 
targeting information. The presence of any two of these domains or the 
TMD or lumenal domain alone conferred mainly Golgi localisation 
(Burke et ah, 1994). However, when transfected cells were examined for 
cell surface staining by FACS analysis rather than immunofluorescence
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microscopy, some cell surface localisation was detected for all constructs 
except the full length enzyme (Burke et ah, 1994). Burke et ah (1994) 
postulate that the requirement for all three regions suggests the 
enzyme is localised by a protein protein interaction.

Studies on this enzyme have shown that it is capable of forming a 
heteroligomer with another medial Golgi enzyme mannosidase II 
(Mannll) and has thus provided evidence in support of the kin 
recognition model of Golgi retention. When the ER retention signal 
from lipSl invariant chain was added to either M annll or NAGT and 
the resultant constructs expressed in transiently transfected HeLa cells, 
both enzymes were found to accumulate in the ER (Nilsson et ah, 1994). 
Nilsson et ah (1996) found that the interaction between the two 
enzymes was a function of the stem region. A series of chimeras were 
made consisting of an ER retention signal plus differing regions of 
NAGT and GalT. The authors found that M annll was only retained in 
the ER when the region of the stem of NAGT from amino acids 73-103 
was present. They also found that replacing the TMD of NAGT with 
either 23 or 27 leucines did not substantially affect its Golgi localisation 
whereas replacing the region of the stem shown to be critical for 
interaction with Mannll led to mislocalisation of the chimera to the 
cell surface (Nilsson et ah, 1996). This suggests that the interaction of 
NAGT with M annll is necessary for its Golgi retention, as would be 
predicted by the kin recognition model.

1.3.8 Other Golgi proteins

Little work has been done on any other glycosylation enzymes 
although it was shown that the TMD of a l,3  galactosyltransferase could 
replace that of GalT (Masibay et ah, 1993). One study has looked at a 
possible role for the cytoplasmic domain in localisation using the two 
enzymes al,2-fucosyltransferase (FT) and al,3-galactosyltransferase 
(GT). FT is localised to the medial Golgi and GT is localised to the trans 
Golgi. These enzymes use the same substrate to produce different 
products, they both use N-acetyllactosamine to synthesise fucosylated 
N-acetyllactosamine in the case of FT and Gal a  (1,3) Gal in the case of 
GT. When these two enzymes are coexpressed the FT product
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dominates. However, when the tails of the two enzymes are switched, 
the GT product then dominates. As Golgi enzymes are thought to act in 
the order in which they are localised the authors suggest that the 
cytoplasmic tails of the two enzymes are controlling their localisation, 
however, the localisation of the fusion proteins was not examined 
directly (Osman et a l, 1996)

1.3.9 Viral proteins

Golgi localisation has also been examined in some viral proteins; the 
majority of work has been done on the M glycoprotein (IBV M) of the 
avian coronavirus infectious bronchitis virus. This protein has a short 
lumenal domain that is glycosylated, three TMDs and a long 
amphiphilic cytoplasmic tail. When this protein is expressed in HeLa 
or COS cells, in the absence of any other viral proteins, it is localised 
correctly to the Golgi complex (Machamer et ah, 1990). Swift and 
Machamer (1991) demonstrated that the first TMD of IBV M is 
sufficient to localise a IBV M-VSV G fusion protein to the Golgi 
complex. Mutation of polar residues within this TMD resulted in the 
plasma membrane localisation of truncated IBV M, normally localised 
correctly to the Golgi. Mutation of these residues in the full length 
protein, however, resulted in retention in the ER (Swift and 
Machamer, 1991). Further work has shown that the IBV M-VSV G 
fusion protein forms oligomers and that this correlates with its Golgi 
retention (Weisz et ah, 1993). Although this protein forms homo
oligomers rather than hetero-oligomers, this work does demonstrate 
that oligomerisation can mediate Golgi retention, and thus supports 
the kin recognition model. *

1.3.10 Golgi Protein Localisation in Saccharomyces cerevisiae.

The signals for localisation to the cis and medial compartments of the 
Golgi have been studied for three enzymes in S. cerevisiae: the a l,3 - 
mannosyltransferase M nnlp, the a l,2  mannosyltransferase 
K re2p/M ntlp  and the Guanosine diphosphatase G dalp.

The a l,3  mannosyltransferase M nnlp is localised to the medial Golgi 
cisternae (Graham and Krasnov, 1995). The TMD of this enzyme is

^However, studies on the mouse coronovirus M glycoprotein have shown 41
that most regions of the protein are involved including the cytoplasmic 
tail (Armstrong and Patel 1991).



sufficient to localise invertase to the Golgi complex. However this 
chimera is not localised as efficiently as the full length chimera. A 
soluble form of M nnlp is also localised to the Golgi, suggesting that 
M nnlp has two independent Golgi localisation signals, one in the TMD 
and one in the lumenal domain (Graham and Krasnov, 1995).

Lussier et a/. (1995) found that the cytoplasmic tail of M ntlp, rather than 
its TMD, was required for its Golgi localisation. Thus, replacement of 
the cytoplasmic tail of M ntlp either with that from the vacuolar 
dipeptidyl endopeptidase B (Dap2p) or with a methionine arginine 
caused the fusion protein to be mislocalised to the vacuole. 
Interestingly, the later substitution also caused the fusion protein to 
exit the ER more slowly than the full length protein. The cytoplasmic 
tail of M ntlp, however, is not sufficient to target a fusion protein to the 
Golgi apparatus: a fusion protein consisting of the cytoplasmic tail and 
TMD of M ntlp but lacking part of the stem region with Pho8p as a 
reporter protein was localised to the vacuole (Lussier et ah, 1995).

A previous study on M ntlp had found evidence that the TMD of 
M ntlp  also contained targeting information (Chapman and Munro, 
1994). Two fusion proteins were expressed that consisted of the 
cytoplasmic tail and the full length lumenal domain of M ntlp  followed 
by a Kex2p cleavage site and invertase. The two fusion proteins varied 
only in their TMDs, one containing that from M ntlp and the other one 
from Pho8p. Cells expressing the two fusion proteins were assayed for 
their secretion of invertase and thus the contact of the fusion proteins 
with the TGN protease Kex2p. The TMD of Pho8p allowed secretion of 
invertase whereas the TMD of M ntlp did not. The authors also found 
that the replacement of the TMD of Pho8p with that of M ntlp was 
sufficient to slow the processing of Pho8p in the vacuole (Chapman 
and Munro, 1994).

Studies have also been carried out on the S. cerevisiae guanosine 
diphosphatase (Gdalp). G dalp is a type II glycoprotein with a similar 
structure to the Golgi glycosylation enzymes. G dalp cleaves GDP to 
GMP, which is essential to glycosylation, as the import of GDP- 
mannose is coupled to GMP export. As expected from its function, this
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enzyme is localised to both the cis and the medial cisternae, colocalising 
with both the cis-Golgi enzyme Ochlp and the medial enzyme M nnlp 
(Vowels and Payne, 1998). The regions of this protein required for Golgi 
localisation appear to be different again, as the lumenal domain 
appears to play more of a role in its localisation. In a similar way to 
M ntlp, the cytoplasmic tail, TMD and the first 34 amino acids of the 
lumenal domain were required to localise the reporter protein alkaline 
phosphatase to the Golgi while the cytoplasmic tail and TMD by 
themselves were not sufficient. However, in the context of the full 
length protein the cytoplasmic tail had no effect and the TMD little 
effect on the localisation of the enzyme (Vowels and Payne, 1998).

The differences in the regions required for Golgi localisation of the 
above three enzymes could reflect differences in their mechanisms of 
retention; when the localisation of Golgi enzymes was examined in the 
clathrin heavy chain temperature sensitive m utant it was found that 
M nnlp was mislocalised at the restrictive temperature (although much 
more slowly than TGN proteins) but G dalp was not (Graham et ah,
1994).

From the studies to date in S. cerevisiae there are some obvious 
similarities to Golgi retention in mammalian cells. In particular that 
the N-terminal region of the proteins contain the targeting 
information. However, in mammalian cells the TMD appears to play 
the most important role in localisation with the cytoplasmic tail and 
stem regions playing accessory roles, whereas in S. cerevisiae the TMDs 
of Golgi enzymes appear to be playing a much more subsidiary role.
This lesser role of the TMD in S. cerevisiae would appear to argue 
against the lipid bilayer model of Golgi localisation in this organism. 
Interestingly, full length rat ST is not localised correctly in S. cerevisiae, 
it is retained in the ER, although the cytoplasmic tail, TMD and stem 
region can confer Golgi localisation on the reporter protein invertase 
(Schwientek et ah, 1995).
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1.3.11 Summary

Since these two models of Golgi localisation were proposed there has 
been no definitive proof that either is correct. Although there is 
evidence for both models, the experimental evidence is not entirely 
compatible with either. It is possible that different enzymes are 
localised by different mechanisms, so, for example, the majority of the 
data on the localisation of NAGT supports the kin recognition model, 
whereas most of the data on ST supports the lipid bilayer model of 
retention. Thus enzymes from different cisternae could be localised by 
different mechanisms. However, although most of the data for ST 
supports the lipid bilayer model this model does not explain the 
demonstrated requirement for the stem region for efficient Golgi 
retention. Equally, although the data in general supports the kin 
recognition model of Golgi retention for the enzyme NAGT, it fails to 
explain why M annll and NAGT can form heteroligomers in the ER. 
Colley (1997) proposes that Golgi enzymes could be localised by a 
combination of the two mechanisms, with the relative importance of 
each mechanism varying with different enzymes and in different cell 
types. She proposes that oligomerisation could require a certain 
threshold protein concentration before it can occur. This initial 
concentration step could occur by a bilayer mediated mechanism with 
the Golgi proteins with short TMDs partitioning into lipid 
microdomains and thus becoming more concentrated and allowing 
oligomerisation. This oligomerisation would then mediate the 
retention of the enzymes.

Few experiments have looked directly at the mechanisms of Golgi 
localisation. One study has looked at the effect of cholesterol on Golgi 
localisation in insect cells. The localisation of two Golgi enzymes GalT 
and M annll were found to be unaffected by the depletion of cholesterol 
in these cells (Rolls et ah, 1997). However, nothing is known about the 
distribution of sphingolipids in these cells and these have also been 
proposed to mediate Golgi retention in the same way as cholesterol 
(Bretscher and Munro, 1993). In terms of the kin recognition model, 
one study has shown that in S cerevisiae, Golgi enzymes form 
oligomeric complexes. However, two different complexes are formed
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within the same cisterna and it has not been shown that their 
formation is necessary for the enzymes Golgi retention (Jungmann and 
Munro, 1998) .

All these studies assume the stable compartments model of intra-Golgi 
transport. Although this model has dominated, there has recently been 
a revival of interest in the cisternal progression model, see 1.1.4. This is 
because certain observations are difficult to explain in terms of the 
stable compartments model. Firstly it fails to explain the algal scales 
observations, that is that although these scales are clearly transported 
through the Golgi stack they are never seen in the vesicles at the rims 
of the Golgi cisternae. It also fails to explain the variation in the 
num ber of cisternae seen in different cell types. Also sufficient docking 
proteins have not been isolated to mediate all the proposed steps in 
Golgi trafficking in S. cerevisiae’ (Pelham, 1998).

A variation in the cisternal progression model has been proposed to try 
to reconcile all the evidence relating to intra-Golgi transport. This 
model, the cisternal maturation model, proposes that the anterograde 
transport of cargo through the Golgi complex occurs by cisternal 
progression, but Golgi resident proteins are maintained within the 
Golgi complex by retrograde vesicular transport mediated by COPI 
coated vesicles. Recently a study on the transport of procollagen 
through the Golgi stack in fibroblast cells has found evidence in favour 
of this model (Bonfanti et ah, 1998). By synchronising the transport of 
procollagen type I and following its progress through the Golgi complex 
by EM they were able to show that it traversed the Golgi stack without 
entering vesicular intermediates.

This model has obvious implications for the study of Golgi protein 
retention. It predicts that Golgi proteins rather than being retained 
within static Golgi cisternae are recruited into COPI coated vesicles.
That Golgi proteins can be packaged into COPI coated vesicles has been 
shown (Sonnichsen et a l, 1996). In this study, however, the amount of 
either Golgi enzymes, such as Mannll, or anterograde cargo was a lot 
lower than the amount of the KDEL receptor seen in the COPI coated 
vesicles (Sonnichsen et a l, 1996). Therefore these experiments provide
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better evidence for COPI vesicles in Golgi to ER traffic than for 
involvement in intra-Golgi traffic in either direction.

Returning to the question of the kin recognition versus lipid bilayer 
models, both can be modified to accommodate this different view of 
Golgi traffic. The lipid bilayer model can be modified by the assumption 
that retrograde vesicles could select thinner phospholipid rich 
membrane. Thus Golgi proteins with their shorter TMDs would be 
selectively partitioned into retrograde vesicles. There is evidence from 
electron micrographs that the bilayer of COPI coated vesicles is thinner 
than the cisternae they bud from (Orci et ah, 1996). However, the same 
observation was made for COPII coated vesicles budding from the ER 
(Orci et al., 1996).

The kin recognition model can also be modified to accommodate the 
cisternal maturation model of Golgi transport. Fullerkrug and Nilsson 
(1998) propose that oligomerisation of Golgi residents is induced by 
changes in the environment of the Golgi, particularly pH. They also 
propose that the ability to oligomerise at different pHs is related to 
which cisternae the enzymes are resident in and that this 
oligomerisation directly promotes incorporation of residents into 
retrograde transport vesicles. This model, unlike the others, provides a 
possible mechanism for the localisation of Golgi enzymes to the 
different cisternae. However, the finding that NAGT and M annll can 
associate in the ER is difficult to reconcile with this model.

Thus, although many studies have examined Golgi localisation, it is 
presently unclear even as to the mode of transport through the Golgi 
and thus whether the retention of Golgi proteins requires their 
recruitment into COPI coated vesicles or the absence of it.

One possible way to answer these questions could be genetic screens to 
identify the proteins invoved in the localisation of Golgi enzymes. 
However, it is not clear that the mechanisms of Golgi localisation are 
totally conserved between mammalian cells and S. cerevisiae, for 
example, the TMD appears to play a lesser role in the localisation of 
Golgi enzymes in S. cerevisiae (section 1.3.10). It is also worth noting
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that full length mammalian ST is correctly localised in plant cells but 
not in S. cerevisiae (Wee et ah, 1998). The reasons for these differences 
are not known but could be related to the different structure of the 
Golgi complex. In S. cerevisiae the Golgi does not show the stacked 
structure found in other eukaryotic cells. Instead it is present as single 
cisternae scattered throughout the cell rather than together in a stack. 
The kin recognition model also proposes that Golgi enzymes are 
localised partly by interactions with the Golgi matrix. It is difficult to 
envisage this mechanism in the absence of a Golgi stack. The yeast S. 
pombe, while amenable to many of the genetic techniques used in S. 
cerevisiae, has a Golgi complex that shows a stacked structure. This, 
therefore, makes S. pombe an attractive organism in which to look at 
Golgi localisation signals.
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1.4 Schizosaccharomyces pombe

1.4.1 S. pom be  as a model organism

Schizosaccharomyces pombe is a haploid fission yeast that is amenable 
to most of the molecular genetic techniques developed with S. 
cerevisiae. S. pombe has been used particularly to study the cell cycle, 
but has also been used to study other aspects of cell biology such as cell 
morphogenesis, the cytoskeleton and the secretory pathway. Although 
less work on the secretory pathway has been done in S. pombe as 
compared to S. cerevisiae, S. pombe has a Golgi with the stacked 
structure characteristic of higher eukaryotic cells. Certain features of 
S.pombe, such as the cell cycle, chromosome structure and RNA 
splicing are likely to be more similar between mammalian cells and S. 
pombe than mammalian cells and S.cerevisiae (Moreno et al., 1991).

S. pombe grows as a cylinder around 3-4 |im in diameter and 7-15 pm in 
length. It grows in a highly polarised fashion only at the cell ends. Thus 
growth in this yeast is accompanied by an increase in length. When the 
cell has nearly doubled its length, division of the nucleus takes place 
followed by the medial fission of the cell. The nuclear envelope 
remains intact throughout mitosis in S. pombe. After cell division the 
cells grow asymmetrically. That is growth is confined to the 'old ' end 
until G2 when growth becomes bipolar. This event is called new end 
take off (NETO).

During interphase, the microtubules in S. pombe extend along the long 
axis of the cell. Microtubules are required in S. pombe for cell 
morphogenesis, the correct distribution of the nucleus and 
mitochondria, and the integrity of the Golgi (reviewed Hagan, 1998). 
During interphase actin is concentrated at the cell tips in patches (May 
and Hyams, 1998, see Figure 1.6).

1.4.2 The secretory pathway in S. pom be

Although the secretory pathway in S. pombe has been studied less than 
that of S. cerevisiae and mammalian cells, it appears to be essentially
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the same as found in other cells. Homologues of genes involved in the 
secretory pathway can functionally replace those from S. pombe and 
vice versa. For example, canine rab5 can functionally replace its 
homologue ypt5  (Armstrong et ah, 1993). Also the Secl2p homologue 
from S.pombe, Stllp, can complement the secl2  ts m utation in S. 
cerevisiae (Denfert et ah, 1992). Certain aspects of the secretory pathway 
in S. pombe may be more similar to that from higher eukaryotes than 
S. cerevisiae. Of particular relevance to this study is the fact that the 
Golgi apparatus of S. pombe consists of stacked cisternae rather than the 
single scattered cisternae seen in S. cerevisiae (Chappell and W arren, 
1989). S. pombe contains multiple discrete Golgi stacks that are 
distributed, apparently randomly, throughout the cell (Ayscough et ah, 
1993, see Figure 1.6; Chappell and Warren, 1989) . The exact 
morphology of the Golgi varies but the maximal cisternal length is 
always around 1pm. Disruption of microtubules in S. pombe causes 
unstacking of the Golgi (Ayscough et ah, 1993). It is currently unclear as 
to why this should be the case as microtubules and Golgi stacks in this 
organism show no colocalisation (Ayscough et ah, 1993). Golgi stacks 
are completely disrupted by the inhibition of protein synthesis 
(Ayscough and Warren, 1994)

Another aspect of the secretory pathway proposed to be more similar to 
higher eukaryotes in S. pombe than S. cerevisiae is the calnexin 
glucosylation cycle in the ER (see section 1.1.3). S. pombe has been 
found to contain the UDP-Glc: glycoprotein glucosyltransferase and 
thus can reglucosylate misfolded proteins in the ER (reviewed Parodi 
1999). The calnexin homologue found in S. pombe shows 39.9% 
sequence identity with canine calnexin and its disruption is lethal, 
unlike in S. cerevisiae (Parlati et ah, 1995; Jannatipour and Rokeach,
1995). However, canine calnexin cannot complement the lethal 
disruption of the S. pombe gene (Parlati et ah, 1995). Morphologically 
the ER in S. pombe is distributed around the nucleus and the cell 
periphery (Pidoux and Armstrong, 1992). S. pombe contains multiple 
small vacuoles, on average 83 per cell, unlike the one or two seen in S. 
cerevisiae, (see Figure 1.6, Bone et ah, 1998).
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1.4.3 Glycosylation in S. pombe.

Although in many ways the glycosylation seen in S. pombe is similar to 
that seen in S. cerevisiae, in S. pombe unlike S. cerevisiae both N and 
O-linked glycans are modified by the addition of galactose as well as 
mannose residues (Moreno et ah, 1985; Bush et al., 1974). This galactose 
is present in terminal positions on the glycans as shown by their ability 
to bind to Bandeiraea simplicifolia lectin I and be eluted with a-m ethy l 
galactoside (Hayes and Goldstein, 1974). All the galactose detectable by 
NMR in the large S. pombe galactomannans is in the pyranose form, as 
found in higher eukaryotes. This contrasts with other galactomannan 
producing fungal species which add substantial amounts of galactose in 
the furanose form (Gemmill and Trimble, 1998). However, galactose 
addition to glycoproteins in S. pombe does not appear to be essential for 
viability as shown by the disruption of the genes encoding UDF 
epimerase and the UDP-Gal transporter (Huang and Snider, 1995; 
Tabuchi et ah, 1997).

1.4.4 Purification and sequencing of the galactosyltransferase Gm al2p

The observation that glycoproteins were modified by the addition of 
galactose as well as mannose was used to purify a galactosyltransferase 
from S. pombe as a probable Golgi apparatus marker (Chappell et ah, 
1994; Chappell and Warren, 1989). In order to do this an assay was 
developed for measuring galactosyltransferase activity in microsomal 
fractions. This assay was based on the release of radioactive galactose 
from UDP-galactose (UDP-Gal). The criteria for the activity measured 
being involved in oligosaccharide processing in the secretory pathway 
was that it was mannose dependent and present only in the membrane 
fraction from broken cells. The enzyme was purified in four steps. The 
enzyme activity was concentrated by an initial DEAE sepharose step 
followed by UDP-hexanolamine affinity chromatography. UDP- 
hexanolamine had been used previously for the purification of 
mammalian enzymes that use UDP sugars as substrates (Barker et ah, 
1972). The enzyme was further purified using conA affinity 
chromatography as the enzyme had been found to be a glycoprotein.
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followed by monoQ anion exchange chromatography. The purified 
enzyme consisted of a single protein of 61kDa.

The enzymatic activity of the purified protein was characterised. As 
found for mammalian galactosyltransferases its activity was dependent 
on the presence of manganese ions. The enzyme can transfer galactose 
from UDP-Gal to a variety of mannose, but not galactose, based 
acceptors to form an a l,2  galactosyl mannoside linkage.

The purified protein was used to generate peptide sequence and from 
this, degenerate oligonucleotides were made and used to screen an S. 
pombe genomic library. This allowed the sequencing of the gene 
encoding the full length protein, called gm al2  (for galactom annan 
alpha 1,2). The ORF encodes a protein of 375 amino acids with a single 
TMD of 25 amino acids at the N terminus. The predicted molecular 
weight of this protein is 42.6 kDa. This was significantly different to that 
of 61 kDa seen for the purified protein. The protein had previously 
been shown to be a glycoprotein capable of binding to both ConA and 
BSL lectins. As the sequence of the protein reveals no N-linked 
glycosylation consensus sequence, the protein must be modified by O- 
linked glycosylation. The N terminal region of the protein just after the 
TMD contains a high proportion of serines and threonines, similar to 
the O-glycosylated domains of human mucins, suggesting that this 
region is O-glycosylated. The glycosylation of the protein explains the 
discrepancy in the predicted and actual molecular weights.

In order to assess the role of Gmal2p in S. pombe, a strain was made in 
which gm al2  was disrupted by homologous recombination. The gene 
was found not to be essential for viability. However, it was found that 
the strain still contained some galactosyltransferase activity, by both 
galactosyltransferase assay and BSLI lectin binding to the cell surface. 
Subsequent to this study, six homologues of Gm al2p have been found 
in S pombe, at least three of which are thought to be 
galactosyltransferases, see 1.4.5 below.

That Gm al2p was indeed a marker for the Golgi apparatus was 
confirmed by both immunofluorescence and immuno-EM.
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Immunofluorescence was carried out using an affinity purified 
antibody raised against the purified protein. The antibody recognised 
multiple discrete structures scattered throughout the cells. ImmunoEM 
was carried out using an antibody raised against an epitope generated by 
Gm al2p. By immuno-EM this antibody labelled the Golgi but not the 
ER, showing that the epitope is created in the Golgi stacks and not in an 
earlier compartment.

1.4.5 Homologues of Gmal2p

In S. pombe, Gmal2p is a member of a seven protein family (called the 
gth  family, for galactosyltransferase homologues). Of this family, G th lp  
is the most closely related to Gmal2p showing 54% sequence identity 
(see Figure 1.7). These two proteins are the only proteins in the family 
that show some sequence identity at their N -term ini. Of the other five 
homologues Gth3p, Gth4p and Gth5p are the most closely related to 
Gm al2p and Gthlp. A strain in which Gth3p and GthSp in addition to 
G thlp  and Gmal2p were deleted no longer modifies oligosaccharyl side 
chains by the addition of terminal galactose in mitotically dividing cells 
(T. Chappell and B. Panaretou unpublished, see Chapter 3). This 
suggests that these four proteins at least are galactosyltransferases. The 
functions of Gmal2p and G thlp  have been examined in detail (see 
section 1.4.7). The functions of Gth4p, Gth2p and Gth6p are not 
currently known. However, both Gth2p and Gth6p are more related to 
the two S. cerevisiae homologues of the family, MnnlOp and M n n llp , 
suggesting that they could be mannosyltransferases rather than 
galactosyltransferases (see Figure 1.7).

The two S. cerevisiae homologues of the family are called MnnlOp and 
M nnllp . Both these proteins are found in a five protein complex in the 
cis-Golgi of S. cerevisiae. Analysis of the activity of this complex in 
vitro  and in vivo suggests that MnnlOp and M n n llp  are responsible 
for the majority of the a l,6  polymerising activity of the complex 
(Jungmann et al., 1999). Interestingly, m nnlO  was also isolated as 
corresponding to a bud emergence delay mutation bedl (Mondesert and 
Reed, 1996). It has been proposed that this is because cell wall integrity 
is particularly critical during budding, as bedl/m nnlO  shows synthetic
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lethality in a strain in which cell cycle delay in response to the 
morphogenesis checkpoint is impaired (Mondesert et a l, 1997). Three 
homologues of Gmal2p have also been found in the plant Arabadopsis 
tha liana .

1.4.6 N-linked glycosylation

The initial N-linked precursor in S. pombe is identical to that found in 
m ammalian cells and S. cerevisiae (Ziegler et al,, 1994). However, S. 
pombe lacks the specific ER Man9-a-mannosidase found in S. 
cerevisiae and higher eukaryotic cells (Ziegler et ah, 1994). Thus the 
core' oligosaccharide is MangGlcNAc2 rather than the MangGlcNAc2 

structure found in other yeasts and mammalian cells (Ziegler et ah,
1994).

This 'core' oligosaccharide is modified by the addition of both 
mannose and galactose residues. As in S. cerevisiae N-linked glycans in 
S. pombe can be divided into two types, very large glycans and smaller 
core-like species (Gemmill and Trimble, 1999a). The structure of the 
large glycans is similar to that seen in S. cerevisiae. The core 
oligosaccharide is extended by the addition of a poly a l,6  mannose 
backbone. This polymannose backbone is modified by the addition of 
a l,2  galactose and (31,3 linked pyruvylated galactose (Gemmill and 
Trimble, 1998, see figure 1.8). The enzymes involved in this process 
have not yet been characterised. Prior to this elongation of the 
galactomannan outer chain, the MangGlcNAc2 core is modified into a 
family of Hexio-i5GlcNAc2 structures by the addition of both Gal and 
Man residues (Ziegler et ah, 1994). The HexioGlcNAc2 structures have 
been examined in detail (Ziegler et ah, 1999). Five different 
oligosaccharides were isolated. The most abundant isomer was one in 
which a single Man is added at position 5 (see Figure 1.9B) which is the 
branch initiation for the poly a l,6  mannose backbone. Another isomer 
was isolated with a single mannose addition in an a l,2  linkage to 
residue 9 (see Figure 1.9A). Three oligosaccharides were isolated 
containing galactose, two containing galactose in an a l,2  linkage and
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Figure 1.7 Alignment of Gmal2p and homologues
A. The amino acid sequences of Gmal2p, G thlp, Gth2p, Gth3p, Gth4p, 

Gth5p, Gth6p and M nnlOp/Bedlp C terminal to the predicted TMDs 
were aligned with DNASTAR MegAlign, using the clustal method. 
The TMDs were aligned.

B. Phylogenetic tree of all known homologues of Gmal2p.

55



Gmal2p -------------------------------------------------------------------------------------------------FAPYLISAWITTIILGGAWWTSAM D---------
Gthlp MR--------------------------------------------------------------------------------------------------WYSYVIPAVILSIIAISGVWWNATLGT R—
Gth2p MWNPTKKSEALAKFKSFPYPKPGTSNVLDSKEGDTRRKYFTKTHLHR---------LFVFWLLLCSGYFL K-----------------------------
Gth3p MAVLQWKLSR---------------------------------------------------------------------------------- VIFVLLIIGISSFLIYFQFGNSFSASPAL E
GthSp MALMLSRIPRR-------------------------------------------------------------------------------- FFFLFLTVGLAGAFLYSLIYFV D---------------

MLSFFTKNTLTKRK------------------------------------------------------------------------- LIMLALAVFTFFAFGLYFIP H-------------------
MFNFRLFSRRGK----------------------------------------------------------------------------- SLGLLAIVLLLFGFYSL K-------------------------

Gth4p
Gth6p

Bedlp/MnnlOp MSSVPYNSQLPISNHLEYDEDEKKSRGSKLGLKYKMIYWRKTLCSSLARWRK LILLISLALFLFIWIS D-------------------------

TKLQTKMKEI-IDQHTSTWTPWSSVTSTQTDTLRVTISEWSVTATLTETFTATPTVTSWHALATTDPHPDNSKIVIL-MGSNFQNDANSPLHPFAQSIIKN 
— LDQKVQLF-LNEHSSILNAVYETTTIVYTEPLHTSVSETITSTSFVTETTTVTPTVTATAQELSTLNPHPENSKIVLL-MGSNAQNDPSSPLNPYIRTIIKN
HTLLTRP------------------------------------------------------------------------------------------------------------------------- KESNWMIFVNNIGGGVLDVKSPRQWELEKISTEN
---------RLQDV-FS------------------------------------------- KPSVQEYDYLVPLDEDMQGLSTTYHQATINEDDPQEPKSHEIVIL-LASDGRSSGNMAPETFNQCI-EN
VDLVSKVNQL-YDQQ------------------- lAPMLSDAIGTPSVNHSFELAPLDSHLVATSTTFHEASYESEPQQNPASQNIVLL-LVSDGHTSYNNGANTFEEAI-QN
---------DEISV-FD--------------------------------------- FKLPALQYETTVTSLDNFLIGGSTTLYTATVNHEDLNEPKSHEIVML-LASDG-NVGSFESNLLDDCF-KN
SSM---------------------------------------------- PVYSNSIGSPSAH----------------------------- SSSYKGVSKAKTSPQDPDSWMLIVSFDDHYDSSRSDSSSVFLDKVLSD
STISRNPSTTSFQGQNSNDNKLSNTGSSINSKRYVPP---------------------------------------- YSKRSRWSFWNQDPRIVIILAANEGGGVLRWKNEQEWAIEGISIEN

RREYAERHGYKFEFLDADAYASRVT-GHLMPWVKVPMLQDTMKKYPDAEWIWWLDHDALVMNKDLNWDHVLKHDRLNTILTREAEYKSGAGIPADGFR-TPKD- 
RRDYAERHGFKFEFLDLDEYKPSIG-DKPAPWAKIPMIKNVIRKYPDAEWVWWLDHDALIMNRDLNLVDHILKHEKLNSLLLRDTEYFSGFGIDSEGFR-TPKN- 
KKKYAERHGYHF-FVKSTGLKRRYAHEWRESWEKADYIMEAMKKYPHAEWFWWVDLTTFIMEPQYSLEKLII— NRLDH— lATRNITDSMEFNPKNFHE-IPF-
RINYAKHHNYGFEYVNVSQMNI----------- PPVWAKMPAIIQTMNKHPHAKWIWWLDQDALILNTELSIQEHILSPDVLVEKLMKNEPMIS-PFSAD-LERLTPSSY
RVDYSTKQNYNFEYVNVTGLPI----------- PAVWSKMPAVLQTMKKYPKAEWIWLLDQDAIITNTHLSLQDSFLKPENLQKTLITNTILTKRPINANGDLRYTPSNY
RIEYAKLQNYNFEFVNVSSLW----------- PPVWGKMPAILQTMRKYPSAKWIWWLDQDALIMNKNLSLQELFLSPAMLQKSLLREQPIIN-SFGED-NFRITPAAY
RTEYALRHGYTLVHKKARDIQARYG-VY-GTWSIIPALRETLAEYPDAGWIWLLDAKAVIMNPSESLKDRVLKPEKLSQHLLLNSPI--------------- DPLKNYIRTR
KKAYAKRHGYAL-TIKDLTTSKRYSHEYREGWQKVDILRQTFREFPNAEWFWWLDLDTMIMEPSKSLEEHIF— DRLET— LADRELK SFNPLNLRDDIPY-

— QDAKDVHFIISQDFNGINAGSLFIRNSEVGRWIVDLWFEPLYLDHIQG------YAEQQAFSHMVFYHPQVYKHVGWPLKAINAYDFDD--------- NIWGY-------DD
— QDPDDIHFIIAQDFNGINAGSFLIRNSEVGTWMLDFWNEPLYKEHNGV------FVEQQALSHMIYSHPIVHKHVGLVTLRSINAYDSSD--------- PAWGY-------ED
-VDYSEDINFILGQDCNGFSLGSFLVRRSDWTSRLMDFLWDPWYGQKHMDWPHDEQNAIEYFYENNAWLRSGMGFVPLRLFNSYPPGACAGEGENPRFFYNQKE
TVDSARSLGLLISQDLNGLNAGSFFVRRSPMMALFLDLWGDKSFRENKVA------DHEQALLGYFVRYHPEIAAIIGILPQTLINSYPVGQ--------- PEMGW-------KE
SLKDIENLMVIISQDHNGLNAGSILFRNSPATALFLDIWTDPWAECAKA------NNEQDMLGYLISKHSQLASLVGLIPQRKINAFHEGP--------- ENMEW-------QK
SKEMIEQIQFLISQDHNGLNAGSFLVRNSRSIALLMDLLTDPSLADAGW------RHEQDLIGYFIQKHSQVASMVGILPQRFINAFHEGP--------- PTMQW-------QE
RKMDPSDVFVITTSDYNGISTRSLLIKNNNFAPFLLDAWNEPLLKSAGFD------QAERSALSHLLEAHNTILDHVALVSPKVLNSYTNSA--------- VDLNY-------EE
-VDYSEEMEFLITQDCGGFNLGSFLIKNSEWSKLLLDMWWDPVLYEQKHMVWEHREQDALEALYENEPWIRSRIGFLPLRTINAFPPGACSEYSGDSRYFYSEKD

GDLCIHFAGCNYFKNCPEKFL-------------------KYAQILSSKQ-GSDWMSAQEKDHIQNLLKPS----------S
GDLCVHFAGCFVFQTCAQNFE-------------------KYGKIITEKQ-GHDWFDPSEKEYIEQRLFPQ----------P
GDFLVNLAGCNYGRDCLD---------------------EINHYKGLLAQR— KRGWRK----------------------------- LVPLL
GHLVIHFAGCWVENRCQVLWD-------------------EYRERVH
GHLVIHFAGCWVENRCDELWQ-------------------KFYALID
GDLALHFAGCWVENKCAELWT-------------------KYKDKII
GDFLVILQDCENAAACERIFEYVFYLSSWSLVFLLTLPATTINRENFQPLKSSFRKKRLMNNRRLVLS 
HDFWNMAGCNFGRDCWG---------------------EMQYYTTLMEK-LNRKWYT-----------------------------RFFFP
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Figure 1.9 Core N-glycans in S. pombe
Diagram of the five HexioGlcNAc2 structures characterised by Zeigler et 
a/., (1999).
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one with an a l,3  linkage. Gmal2p catalyses the addition of the a l,2  
linked galactose to mannose residues 9 or 10 (see Figure 1.9C) but not 
the addition of the a l,3  linked galactose (Ziegler et ah, 1999). Neither 
G m al2p or G thlp are involved in the addition of the a l,2  linked 
galactose to the polymannose backbone (Gemmill and Trimble, 1999b). 
This suggests that Gth3p or GthSp might be involved in this process.

1.4.7 O-linked glycosylation

O-glycosylation is very different in yeast cells as compared to 
mammalian cells, although both add monosaccharide residues directly 
to serine and threonine. Mammalian cells initiate synthesis by the 
addition of GalNAc residues in the Golgi apparatus using U D P- GalNAc 
as a sugar donor (reviewed Hounsell et al., 1996; VandenSteen et ah, 
1998). This is then elongated in the Golgi by the addition of GalNAc, 
Gal, fucose and sialyic acid residues.

Yeast, on the other hand, initiate O-linked glycosylation by the addition 
of mannose from Man-P-Dol in the ER (reviewed Gemmill and 
Trimble, 1999a). In S. pombe this monosaccharide is then elongated by 
the addition of either mannose or galactose residues to form a series of 
short oligosaccharide chains, containing up to five sugar residues 
(Gemmill and Trimble, 1999b). Gmal2p and G thlp both add terminal 
a l , 2  linked galactose to these side chains with overlapping specificity. 
That is Gmal2p can catalyse the addition of galactose to structures A, B 
or C whereas G thlp can catalyse the addition of galactose to either B or 
C , see Figure 1.10. These two proteins are solely responsible for all the 
a l,2  galactose on O-linked glycans. As with N-glycans, a l,3  linked 
galactose is also found on O-glycans.
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1.5 Aims of the project

The overall aim of the project was to identify Golgi localisation signals 
in the Golgi enzyme G m al2 p. The initial aim was to determine 
whether a Green Fluorescent Protein (GFP) tagged version of Gm al2p 
was localised correctly to the Golgi apparatus and thus could be used to 
determine the Golgi localisation signals in G m al2 p. Subsequently the 
aims were to determine the role of the TMD of Gm al2p in Golgi 
localisation, in particular whether the TMD of Gm al2p was sufficient 
to target GFP to the Golgi apparatus and to determine whether specific 
residues in the TMD or an overall property of the TMD, such as its 
hydrophobicity, influences the localisation of Gmal2p. Another aim 
was to determine which region (if any) of the lumenal domain was 
required for Golgi localisation
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CHAPTER 2 

MATERIALS AND METHODS
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2.1 Construction of plasmids

2.1.1 Starting plasmids 

pREP:gma-GFP
This plasmid consists of the coding region of the gm al2  gene with a c- 
myc tag encoding sequence followed by a GFP encoding sequence 
attached at the C-terminal end (see Chapter 3). The GFP sequence used 
was that of enhanced GFP (kindly provided by B. Cormack prior to 
publication). The internal Nde I site in gm al2 was mutated and an N de  
I site added at the start codon. A PstI site has been added at codon 31 and 
a Sac I site added at the last codon o i gm al2. This DNA encoding this 
fusion protein had been cloned into the Nde  I and Bam HI sites of the 
pREP41 expression vector. See Figure 2.1 
pREPigmaATM
This plasmid consisted of the Pst I Sac I fragment of gm al2 cloned into 
pSLllSO at these sites. The Nde I Sac I fragment was then cloned back 
into the pREP:gma-GFP vector. This allowed the differentiation of 
succesful ligations of changes in TMD, by loss of a Not I site 
pSLllSO
Supplied by Pharmacia. GenBank accession number U13865

2.1.2 Plasmids containing lum enal domain deletions

PGR reactions were carried out on the plasmid pREP:gma-GFP with the 
oligonucleotides nmt for and one of the primers listed below. The later 
oligonucleotide added a Sac 1 site by site directed mutagenesis allowing 
the subsequent PGR product to be digested with the restriction enzymes 
Pst 1 and Sac 1 and ligated into the pREP:gma-GFP plasmid that had also 
been digested with these two enzymes (Figure 2.2) 
plasmid pREP:gma-15aa primer lOaa Sac
plasmid pREP:gma-20aa primer 15aa Sac
plasmid pREP:gma-30aa primer 25aa Sac
plasmid pREP:gma-55aa primer 50aa Sac
plasmid pREP:gma-64aa primer 64aa Sac
plasmid pREP:gma-73aa primer 73aa Sac
plasmid pREP:gma-91aa primer 91aa Sac
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plasmid pREP:gma-100aa primer lOOaa Sac

The plasmid gma-lOaa was made in a similar manner but instead of 
amplifying the DNA by PCR, oligonucleotides Pst-5AA-Sac plus and 
minus were annealed and then ligated as for the PCR products (Figure 
2.2B)

The plasmids gma30-55aa and gma55-100aa were also made in a similar 
manner but a Psf I site was introduced 5' to the introduced Sac I site (see 
Figure 23). The plasmids pRFP:gmaA32 and pRFPigmaAlOO were made 
using PCR products from either the primers 25AA-Pst and GFP5' for 
pRFP:gmaA32 or 91AA-Pst and GFP5' for pRFP:gmaA100 using 
pRFP:gma-GFP as the template. The PCR products were digested with 
Pst I and Sac I and ligated as before (Figure 2.4)

2.1.3 Plasmids containing transmembrane domain alterations.

TMD swaps
The DNA encoding the TMD and cytoplasmic tail of the protein of 
interest was PCR amplified from S.pombe genomic DNA using 
oligonucleotides that introduced an Nde I site at the start codon and a 
Pst I site 3' of the TMD. The plasmids pRFP:gma-gth2 and pRFPigma- 
gth4 were made in an identical way except that the primer at the 5' end 
annealed at the region coding the beginning of the TMD of these 
proteins introducing a methionine and an arginine as a cytoplasmic 
tail. See Figure 5.1 and 1.7 for details of the TMDs. The PCR products 
were then digested with Nde I and Ps t I  and cloned into the 
pRFPigmaATM vector at these sites, see Figure 2.5. The following 
primers were used to make the following plasmids.

Plasmid pRFP:gma-gthl primers: G thl-N del and Gthl-PstI
plasmid pRFP:gma-gth2 primers: Gth2-MR and Gth2-Pstl
plasmid pRFP:gma-gth3 primers: Gth3-Ndel and Gth3-Pstl
plasmid pRFP:gma-gth4 primers: Gth4-MR and Gth4-Pstl
plasmid pRFP:gma-gth5 primers: Gth5-Ndel and Gth5-Pstl
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Substitution of aromatic resiues in the TMD
The plasmid pREP:gma-daro was made using the oligonucleotide 
primers (ARO to L)F and (Wto L)R. These were used to amplify the 
DNA encoding the gm al2  TMD and by site directed mutagenesis 
introduce leucine residues in place of the aromatic residues. The PCR 
product was then digested with Nde I and Pst I and ligated into the 
plasmid pREP:gmaATM at these sites.

Other deletions additions and mutations in the TMD of gmal2.
All other plasmids were made by ligating annealed oligonucleotides 
into Sac II and A v r  II sites introduced into the DNA encoding the TMD 
oi g m a l l . .  These sites were introduced in the following manner. DNA 
from the pREP:gma-GFP plasmid was amplified using the primers 
nmt-forl78 and SacII in TM. This PCR product was then digested with 
Sac II and Hind  III and ligated into the vector pSLllSO at these sites, to 
create the plasmid pSLrgmaSH. DNA from the pREP:gma-GFP plasmid 
was also amplified using the primers j-Nde-int and Avril in TM 
digested with Eco RI and A vr  II and ligated into the pSLllSO just 
modified (pSL:gmaSH) to form the plasmid pSLigmaSHAE. This 
plasmid was used for the ligation of the various annealed 
oligonucleotides. This allowed plasmids in which the oligonucleotides 
had been successfully ligated to be differentiated from starting vector by 
the loss of a Pvu  II site. Once the oligonucleotides had been successfully 
ligated in the DNA encoding the TMD was subcloned back into the 
pREP:gma-GFP plasmid at the Pst I and Nde I sites. See Figure 2.6. 
Olignucleotides used to make the following plasmids: 
pRFP:gma+lL SacAvr+L plus and minus
pRFP:gma+2L SacAvr+2L plus and minus

pRFP:gma+3L SacAvr+3L plus and minus
pRFP;gmaAVII SacAvr-VII plus and minus
pRFP:gmaTTI>3L SacAvrTTI plus and minus
pRFP:gmaTT>TL TT>TL plus and minus
pRFP:gmaTT>LT TT>LT plus and minus
pRFP:gmaTT>LS TT>LS plus and minus
pRFP:gmaTT>SL TT>SL plus and minus

pRFP:gmaTT>SS TT>SS plus and minus
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2.2 Methods

2.2.1 Restriction enzyme digests of DNA

Restriction enzymes were purchased from either Promega or New 
England Biolabs and the reactions carried out according to the 
m anufacturers recommendations

2.2.2 Agarose gel electrophoresis

DNA samples were size fractionated in horizontal agarose gels varying 
in concentration between 0 .8 -1 .2 % (w /v) Gels were prepared and 
electrophoresed in 1 x TAB. containing ethidium bromide at a final 
concentration of 0.5pg/ml. DNA samples were mixed with 6 x loading 
buffer before loading and gels were run ar 5V/cm. DNA was visualised 
by illumination with short wave ultraviolet light (except when DNA 
was to be cloned . The sizes of DNA fragments were
calculated/ calibrated by comparison with DNA of known sizes 
generally Lambda DNA digested with Bst Eli (NEB).

2.2.3 Recovery of DNA from agarose gels

After electrophoresis the DNA required was excised from the gel with a 
clean scalpel blade and put in an eppendorf.and spun in a Beckman 
TLX tabletop ultracentrifuge at 40,000 rpm. The supernatant was then 
phenol/ chloroform extracted and ethanol precipitated.

Alternatively the DNA was recovered from gel slices using Geneclean 
kit (supplied by BIO 101) according to the manufactures instructions.

2.2.4 Polymerase chain reaction (PCR)

PCR was used in this study to amplify sections of g m a l l  and introduce 
restriction enzyme sites for the deletion clones.
Reactions were carried out in lOOpl volumes as follows:

10 mM Tris. HCl pH9.0.
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50 mM KCl.
1.5 mM MgCl2 .
0.1% (v/v) Triton X-100.

50 |iM each dNTP (Boehringer Mannheim).
1 |LiM sense and antisense oligonucleotide primers.
1 unit Taq DNA polymerase .

The reactions were overlayed with 50ml of mineral oil to prevent 
evaporation then heated at 94°C for 2  minutes before the addition of 
Taq polymerase. They were then cycled as follows.
94°C 5 minutes 
then
94°C 15 seconds 
50°C 30 seconds 
72°C 90 seconds
repeated 30 times followed by a final 5 minutes at 72°C.

2.2.5 Phosphorylating synthetic oligonucleotides

This was done using T4 polynucloetide kinase which catalyses the 
transfer of the terminal (y) phosphate of ATP to the 5'-hydroxyl termini 
of DNA. The enzyme was supplied by NEB. The reaction was carried 
out in the buffer supplied plus ImM ATP, in a reaction volume of 10|il, 
for one hour at 37°C. The reaction was stopped by heating to 75°C for 10 
minutes. Oligonucleotides were then annealed to their appropriate 
partner and used in ligation reactions.

2.2.6 Ligation

Ligations were carried out using ligase supplied by New England 
Biolabs using the manufacturers buffer and a molar excess of insert 
DNA. Reactions were incubated overnight at 16°C

2.2.7 Transformation of E.coli by electroporation

Bacterial strain used in all experiments was XLl-Blue.
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Preparation of elecroporation competent cells
A single colony of E. coli cells was inoculated into 5ml LB medium and 

grown overnight at 37°C with moderate shaking. 2.5mls of the culture 
was then inoculated into SOOmls of LB medium in a sterile 2 litre flask 
and grown at 37°C with shaking (300rpm) to an OD 600 of -0.5-0.7. Cells 
were then chilled in an ice-water bath for 10-15 minutes and transfered 
to 250ml prechilled centrifuge bottles. Cells were kept at 2°C for all 
subsequent steps. Cells were washed three times in an equal volume 
(500mls) of ice-cold water, once in one tenth volume of ice-cold 10% 
glycerol and then frozen in an equal volume (to the pellet of cells) of 
10% glycerol on dry ice and stored at -80°C.

T ransf ormation
The ligation to be transformed was ethanol precipitated and 
resuspended in sterile water and mixed with 40|xl of competent cells in 
a sterile eppendorf on ice. This was then transfered to a electroporation 
cuvette (0.1cm) on ice. The cells were then elecroporated using a biorad 
electroporator (settings: 1500 volts, 200 Q 25 pF). 1ml of LB media was 
immediately added to the cells and they were allowed to recover for 
one hour at 37°C before plating on selective media (in all cases on LB 
agar containing 200pg/ml Ampicillin)

2.2.8 Small scale preparation of plasmid DNA

These were by the alkaline lysis method according to Sambrook et al. 

(1989)

2.2.9 Large scale preparation of plasmid DNA

This was done from a 500ml culture, grown overnight at 37°C. The 
plasmid was initially purified by the alkaline lysis method according to 
Sambrook et al. 1989. The plasmid was then further purified by 
equilibration centrifugation in cesium chloride-ethidium bromide 
gradients. The DNA pellet from the alkaline lysis purification 
procedure was resuspended in 3 mis of TE. 3.3g if cesium chloride was 
added followed by 0.3mls of a lOmg/ml solution of ethidium bromide.
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This solution was then transferred to a 3.9ml quickseal ultracentrifuge 
tube (Beckman), sealed and spun for - 1 8  hours at room temperature at
227,000 g in a TLN-100 rotor in a Beckman TLX tabletop ultracentrifuge. 
The lower band of DNA was visualised by side illumination with low- 
intensity shortwave uv light and removed using a syringe. The 
ethidium  bromide was then removed using TE saturated n-butanol. 
The solution was then diluted three fold with TE buffer and the DNA 
precipitated with 2  volumes of 1 0 0 % ethanol.

2.2.10 Purification of DNA from S. pombe

Cells were harvested then transfered to a screw cap eppendorf. An 
equal volume of glass beads (0.5 mm) was then added plus lysis buffer 
(1% SDS, lOOmM NaCl, IxTE) and an equal volume of 
phenol/chloroform . Cells were broken by a one minute burst in a Bead 
Beater. The supernatant was transfered to a clean eppendorf and the 
DNA ethanol precipitated.

2.2.11 ABI sequencing

Cycle sequencing using dye labeled terminators was done using the ABI 
PRISM'"’'̂  Dye or BigDyeterminator cycle sequencing ready reaction kits.

All sequencing was done from PCR products. PCR products were 
purified using Pharmacia S-400 columns. These columns were spun at 
735g (2800rpm) for 1 minute, the eluent discarded, the 50ml PCR 
reaction loaded (taking care not to load any mineral oil) and the spin 
repeated.

Sequencing reaction 
5|il of purified PCR product
0.5|xl primer (either nmt-for or GFP5' rev) (50pM stock)
8 jLil reaction mix 
6.5)il H 2O
24 cycles of: 96°C 10 seconds

50°C 10 seconds 
60°C 4 minutes
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Purification of sequencing reactions was done using pharmacia G50 
columns, spun at 2000g (4625rpm) for 1 minute and the samples then 
dried.

2.2.12 Transformation of S. pombe cells 

Lithium Acetate Procedure
Cells were grown in 150mls of low glucose (0.5%) minimal media with 
the appropriate supplements (for strain HPWlOO - adenine, uracil and 
leucine) at 32°C until they reached a cell density of 0.5— 1 X 10̂  
cells/m l. Cells were harvested by cenrifugation at 3000 rpm for 5 min at 
room temperature, then washed in water and resuspended at a density 
of 1 X 1 0  ̂ cells/m l in O.IM lithium acetate (adjusted to pH  4.9 with 
acetic acid). They were then dispensed in lOOjil aliquots into Eppendorf 
tubes and incubated at 30°C for 60-120 min. 1 |xg of plasmid DNA in 15 
^1 TE (pH 7.5) was added to each tube and mixed by gentle vortexing. 
290 pi of 50% (w /v) PEG 4000 prewarmed at 30°C was then added and 
the cells incubated at 30°C for 50 minutes. Cells were then 
heat-shocked at 43°C for 15 min, cooled and then resuspended in lOmls 
of YES media and allowed to recover at 32°C with shaking in a 50ml 
flask for an hour or more. Cells were then harvested, resuspended 
in 1 ml of 1.2M Sorbitol and plated onto PDOM plates that contained no 
leucine.

Electroporation
Cells were grown as for the lithium acetate method. They were then 
washed twice with one volume of ice cold water then with one tenth 
volume of ice cold 1.2M sorbitol. Cells were then resuspended in 1.2M 
sorbitol at a density of 1-5 x 10  ̂cells/ml. 40pl of these cells were then 
put in a 0.2cm electroporation cuvette on ice, 5pl of the plasmid DNA 
in water then added, and the cells electroporated using a Biorad 
electroporator (settings: 1.5kV, 200D and 25pF). Cells were then 
recovered for one hour or more at 32°C with shaking (200rpm) in 
lOmls of YES + 1.2M sorbitol and then plated as before.
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2.2.13 Microsome extract preparation, 

for protein gels
Cells from a 100-500ml culture at a density of approx 1 x 10  ̂cells/m l 
were harvested. They were transfered to a screw cap eppendorf, 
breaking buffer and 0.5mm glass beads added. They were then broken 
by 6  X 30 second bursts in a Bead Beater at full speed. The supernatnant 
was removed and saved and the procedure was repeated and the 
supernatants pooled. The pooled supernatants were then fractionated 
by a 20 minute centrifugation at 4°C in a TLA100.4 rotor in a Beckman 
TLX tabletop ultracentrifuge into a microsomal pellet and a cytosol 
supernatant. The microsomal pellet was then either resuspended in Ix 
sample buffer and stored at -80°C or was solubilised in breaking buffer 
plus 2% tritonX-100 and centrifuged as before.

for protein purification and galactosyltransferase assays 
The procedure was similar but 10 litres of cell culture was used. After 
the two rounds of bead beating unbroken cells, glass beads and large cell 
debris were removed by centrifugation at 10,000g for 15 minutes. The 
supernatant was then centrifuged at 100,000g for 1 hour in a Beckman 
L-70 ultracentrifuge in a 45Ti rotor. The microsomal pellet was 
resuspended using a dounce homogeniser in 20mM Tris-HCl (pH7.5) 
and 5mM MgCl2, triton X-100 added to a final concentration of 1% and 
centrifuged at 227,000g for 20 minutes in a TLA100.4 rotor in a Beckman 
TLX tabletop ultracentrifuge. The detergent solubilised material in the 
supernatant was retained and MnCl] added to a final concentration of 
O.lmM, just before use.

2.2.14 Affinity chromotography

4mls of the microsome extract described above was loaded onto a 2ml 
UDP- hexanolamine column, that had previously been equilibrated 
with the same buffer (20mM Tris-HCl, 5mM MgCl2, 0 .1 mMMnCl2, 1% 
Triton x-100). The column was then washed w ith 4mls of the same 
buffer and the protein eluted with 2mls of buffer + 0.5M NaCl. The
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flow through was loaded onto a second 2 ml column, and the washed 
and eluted in the same way.
The eluted protein from the first UDP-hexanolamine column was then 
loaded onto a 1ml Con A sepharose column. The column was washed 
and then the protein eluted with 1ml of buffer + lOOmM a-m ethyl 
mannoside. The protein in all the fractions was followed by a 
galactosyltransferase activity assay, and western blotting.

2.2.15 Galactosyltransferase assays

These assays were carried out in 50pl volume.
1 0 |il microsome extract/colum n wash /  flowthrough etc
0.1 M Hepes
O.OIM MgClz
O.OOIM MnClz
0.8% Triton X-100.

0.2mM UDP-[3H]Gal 
0.2M methyl mannose

The reactions were incubated at 37°C for 60 minutes and then stopped 
by the addition of EDTA to a final concentration of lOmM. The reaction 
product i.e. released tritiated Gal was seperated from the UDP-[3H]Cal 
using an anion exchange column. The lOOjxl reaction was loaded onto a 
1ml Dowex-100 (Cl" form, 200-400 dry mesh) anion exchange column, 
and the column washed twice with 1 ml of water and the eluate 
counted after the addition of 5mls of scintillation fluid.

2.2.16 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of proteins

All protein gels were elecrophoresed using a BIORAD protean minigel 
rig, using the discontinous buffer method. The resolving gel was 
poured up to 1cm below the bottom of the comb. The gel mix used was 
as follows:
10% acrylamide (Flowgen protogel™ 29.2% acrylamide, 0.8% N,N'- 
methylene-bis-acrylamide).
375mM Tris.HCl pH 8 . 8
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0.1% SDS
0.1% Ammonium persulphate 
0.004% TEMED.
The resolving gel was then overlayed with water saturated butanol and 
allowed to set for approximately one hour. The butanol was then 
poured off and a stacking gel poured consisting of the following:
4.7% acrylamide 
125mM Tris.HCl pH 6 . 8  

0.1% SDS
0 .1 % ammonium persulphate 
0.004% TEMED.
A comb was then inserted and the gel allowed to set for half an hour. 
Protein samples were mixed with 2x reducing sample buffer and heated 
to 95°C for 4 minutes before loading.The gels were run at constant 
voltage of 200 for 40-45 minutes, in SDS-PAGE running buffer.

2.2.17 Western blotting

After SDS polyacrylamide electrophoresis proteins were transfered onto 
PVDF (BIORAD) membrane using a BIORAD semidry electrophoretic 
transfer cell. The gel was initially soaked in transfer buffer for 15 
minutes. PVDF membrane cut to the correct size was first soaked in 
100% methanol and then transfer buffer. A sandwich was then 
assembled on the semi-dry blotter consisting of 3 sheets of 3MM soaked 
in transfer buffer, followed by the membrane and gel and then a further 
3 sheets of 3MM soaked in transfer buffer. Proteins were transferred for 
30 minutes at 17volts with a current limit of 5m A /cm ^. The membrane 
was then rinsed in 1 x PBS and then put in blocking solution (Ix PBS, 
0.2% Tween 20, 5% (w /v) fish skin gelatin) overnight at 4°C. All 
subsequent procedures were carried out at room temperature. Primary 
antibody (sheep polyclonal anti-GFP) was then added at a dilution of 1 
in 500 in blocking solution for an hour. The blot was then washed three 
times for at least fifteen minutes with blocking solution. Secondary 
antibody (rabbit anti-sheep IgG conjugated to alkaline phosphatase) was 
then added from the Western-Star™ Chemiluminescent Detection 
System (Tropix), at a dilution of 1 in 10,000 in blocking buffer. The 
membrane was then washed as before and the alkaline phosphatase

76



detected according to the manufacturers instructions. Rabbit polyclonal 
anti-GFP (kindly provided by K. Sawin and D. Shima, ICRF) and was 
detected using the ECL detection system (Amersham). The blots were 
treated in the same way except that 5%(w/v) skimmed milk powder 
was used instead of fish skin gelatin.

2.2.18 Induction of protein expression

S. pombe strains were grown overnight in liquid culture in minimal 
media plus 20pM thiamine at 30°C. The cells were then harvested at 
3000rpm and washed once in minimal media with no thiamine. 
Cultures were then set up so that the density of cells would be 
approximately 1 x 1 0 /̂m l after 16 hours of growth in minimal media in 
the absence of thiamine at 30°C.

2.2.19 BFA

After protein expression had been induced 1ml of cells were put in a 
sterile eppendorf. Thiamine was added to a concentration of 2 0 |l iM  in 
order to shut off expression of the fusion protein. Cells were then 
incubated for 1 hour with BFA at a concentration of 50pg/m l from a 
stock of 5m g/m l dissolved in ethanol. The cells were then examined by 
confocal microscopy. Controls were set up in the same way but with an 
appropriate amount of ethanol added instead of BFA.

2.2.20 Staining cells with FM4-64

FM4-64 was added to induced cells to a final concentration of 16)iM 
from a 16mM stock in DMSO. Cells were then incubated either at 32°C 
or 4°C for 30 minutes. The cells were then washed twice at room 
temperature with minimal media before being examined by confocal 
microsopy.

2.2.21 Confocal microscopy

Cells were mounted in approx 5|xl of 1% low melting point agarose. 
They were photographed using a BIORAD MRC1024 confocal
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microscope. All p ic tu re  shown are single sections. Cells stained with 
FM4-64 were photographed I  with red channel filters (excitation 568nm, 
emmission 585 EFLP) before GFP was photographed using green 
channel filters (excitation 488nm, emmission 522 DF32).

2.2.22 Flow cytometry

This was carried out u sng  a BECTON DICKINSON FACSCaliber. The 
settings used were: 
forward scatter (ESC)
voltage; EOO Ampgain; 1.50 mode; linear
side scatter (SSC)
voltage: 375 Ampgain; 1.00 mode; linear
FLl
voltage; 700 Ampgain; 1.00 mode; log

2.3 Materials

2.3.1 Media

Minimal media
( 1  litre)
KH phthalate 0.3%
'Na2HP0 4  0.22%
2 NH 4CI 0.5%
Glucose 2%
Salts stock (50x) 20 mis
Minerals stock (10,000x) 0.1 ml
Vitamins stock (lOOOx) 1 ml

For solid medium 2%(w/v) of agar was added (Difco Bacto)

Salts Stock (50x)
MgCl2~6H20
CaCl2-2H20
KCl
N a2 S0 4

5.2 mM 
0.1 mM 
3.4 mM 
0.28 mM
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Minerals Stock (10,000x)
H 3BO3

M nS0 4

Z n S 0 4 ~ 7 H 2 0

FeCl3~6H20
Mo0 4 ~2 H 2 0

KI
CUSO4 - 5 H 2O 
Citric acid

8.1 |l iM  

2.37 |xM 
1.39 \iM  
0.74 |l iM  

0.25 |l iM  

0.6 |iM 
0.16 |iM 
4.76 \lM

Vitamins Stock (lOOOx)
Nicotinic acid 81.2 |iM
Inositol 55.5 fxM
Biotin 40.8 jiM
Pantothenic acid 4.2 |l iM

Yeast extract media
Difco yeast extract 0.5%(w/ v)
Glucose 3% (w/v)
For solid medium 2%(w/v) of agar was added (Difco Bacto) 

Drop-out media
Bacto-yeast nitrogen base without amino acids and ammonium 
sulphate 0.17%
Am m om ium  sulphate 0.5%
Glucose 2 %
Bacto-agar 2%
Drop-out mix 0.2%
Uracil, adenine, leucine and histidine as appropriate

Drop-out mix
A lanine 2.0g
A rginine 2.0 g
Asparagine 2.0 g
Aspartic acid 2.0 g

Lysine 2.0 g
M ethionine 2.0 g
para-Aminobenzoic acid 0.2 g 
Phenylalanine 2.0 g
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Cysteine 2 .0 g Proline 2 .0 g
G lutam ine 2 . 0  g Serine 2 . 0  g
Glutamic acid 2 . 0  g Threonine 2 . 0  g
Glycine 2 . 0  g Tryptophan 2 . 0  g
Tyrosine 2 . 0  g Inositol 2 .0 g
Isoleucine 2 . 0  g Valine 2 .0 g

supplements

A denine
Uracil
Leucine
Histidine

50x
2 0 x
50x
lOOx

1 0 0 ml stock
0.375g
0.15g
1.25g
0.75g

final concentration 
75m g/litre 
75m g/litre 
250mg/litre 
75m g/litre

LB (Luria broth).
bacto-trypone 
bacto-yeast extract 
NaCl

1 % (w /v) 
1 % (w /v) 
0.5% (w /v)

2.3.2 Solutions

agarose gel loading buffer
6 x
bromophenol blue 0.25%
xylene cyanol FF 0.25%
glycerol 30%

TAB
Tris-acetate
EDTA

0.04 M 
O.OOIM

SDS-PAGE running buffer
Tris 25mM
Glycine 250mM 
SDS 1%

TE
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Tris.Cl (pH 7.5) ICmM
EDTA (pH 8.0) ImM

Breaking buffer
Tris.Cl pH  7.9 20mM
EDTA Im M
Sucrose 0.25M

Transfer Buffer
Tris 20mM
Glycine 192mM
M ethanol 20%

lOx phosphate buffered saline (PBS)
Na2HP04 0.58M
NaH2F04-H20 0.17M
NaCl 0.68M

Table 2 . 1  Strains

Esherichia coli strains
nam e genotype
XLl-Blue recA l e n d A l gyrAA6 thi hsdRV? swpE44 re lA l  lac~ 

F' [proAB+ lacH lacZAM.15 TnlO {tet^)]

Schizosaccharom yces pom be  strains
nam e genotype
HPWlOO /z", adel-D25, ade6-M210, leul-32, ura4-D18

HPW lOl HPWlOO + pREP:gma-GFP
HPW102 HPWlOO + pREP:gma-10aa
HPW103 HPWlOO + pREP:gma-15aa
HPW104 HPWlOO + pREP:gma-20aa
HPW105 HPWlOO + pREP:gma-30aa
HPW106 HPWlOO + pREP:gma-55aa
HPW107 HPWlOO + pREP:gma-64aa
HPW108 HPWlOO + pREP:gma-73aa
HPW109 HPWlOO + pREP:gma-91aa
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HP WHO HPWlOO + pREP:gma-100aa
HP w i l l HPWlOO + pREP:gma-30-55aa
HPW112 HPWlOO + pREP:gma-55-100aa
HPW113 HPWlOO + pREP:gmaA32
HPW114 HPWlOO + pREPigmaAlOO
HPW115 HPWlOO + pREP:gma-gthl
HPW116 HPWlOO + pREP:gma-gth3
HPW117 HPWlOO + pREP:gma-gth5
HPW118 HPWlOO + pREP:gma-gth2
HPW119 HPWlOO + pREP:gma-gth4
HPW120 HPWlOO + pREP:gma-daro
HPW121 HPWlOO + pREPigmaT
HPW122 HPWlOO + pREPigmaAVII
HPW123 HPWlOO + pREP:gma+L
HPW124 HPWlOO + pREP:gma+2L
HPW125 HPWlOO +pREP:gma+3L
HPW126 HPWlOO + pREP:gmaTTI>3L
HPW127 HPWlOO + pREP:gma-TL
HPW128 HPWlOO + pREP:gma-LT
HPW129 HPWlOO + pREP:gma-SS
HPW130 HPWlOO + pREP:gma-SL
HPW131 HPWlOO + pREP:gma-LS
HPW200 h~, adel-D25, ade6-M210, leul-32, ura4-D18, 

gmal2-D18::ura4, gthl-DlO, gth3-D10, gth5-D10

HPW201 HPW200 + pREP:gma-GEP
HPW202 HPW200 + pREP:gmaTTI>3L

Table 2.2 Plasmids

name of plasmid name of fusion protein
pREP:gma-GFP gma-GFP
pREP:gmaATM -

pREP:gma-10aa gma-lOaa
pREP:gma-15aa gma-15aa
pREP:gma-20aa gma-2 0 aa
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pREP:gma-30aa gma-30aa
pREP:gma-55aa gma-55aa
pREP:gma-64aa gma-64aa
pREP:gma-73aa gma-73aa
pREP:gma-91aa gma-91aa
pREP:gma-100aa gma-lOOaa
pREP : gma-30-55aa gma-30-55aa
pREP:gma-55-100aa gma-55-lOOaa
pREP:gmaA32 gmaA32
pREPrgmaAlOO gmaAlOO
pREP:gma-gthl gma-gthl
pREP:gma-gth2 gma-gth2

pREP:gma-gth3 gma-gth3
pREP:gma-gth4 gma-gth4
pREP:gma-gth5 gma-gth5
pREP:gma-daro gma-daro
pREPigmaT gmaT
pREP:gma+lL gma+lL
pREP:gma+2L gma+2L
pREP:gma+3L gma+3L
pREPigmaAVII gmaAVII
pREP:gmaTTI>3L gmaTTI>3L
pREP:gmaTT>TL gmaTT>TL
pREP;gmaTT>LT gmaTT>LT
pREP:gmaTT>SL gmaTT>SL
pREP:gmaTT>LS gmaTT>LS

Table 2.3 Oligonucleotides

name primer sequence (5’ to 3’)

nmt-for TOT GCA GCG AAA CTA A AA ACC

runt-forl78 AGA AAA GAG GGC AAA AGC A AA GCT TAA AGG

nmt41-F2 TTC TCA CTT TCT GAG TTA TAG TGG G

nm t-rev TGT GTT GGT GGA TGA TGT GG

GFP 5' e n  TAG TAG GGA GGT GTT GTT GAG
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(W  to L)R CTT CGT CTG GAG CTT GGT ATC CAT AGC TGA AGT CAA CAA  

AGC TCC

(ARO TO L)F AAA TCA TAT GCG GTT GGC TCC TIT GTTAATTAGTG

G th l-N d e l ATA CTT CAT ATG CGT TGG TAT TCT T

G th l-P stI AAT GTT CCC TGC AGG AAA AGT TGT AC

Gth2-M R CGC ATC ATA TGA GGT TAT TCG TCT TTG TGG

G th 2-P stl GGG ACG CGT CTG CAG TGT ATG CTT TAA A AA GTA GCC

G th 3-P stl GGA AAA TAG ATC CTG CAG ACG TTC TAA AGC AGG

G th 3 -N d e l GCT AAT CTT TCA TAT GGC AGT CCT ACA GTG G

Gth4-M R GAC TCA TAT GAG GCT TAT TAT GTT AGC TTT GG

G th4-Pst TAG TTT CAT ACT GCA GTG CAG GAA G

G th 5 -N d el GTT ATA ACC TAC AT ATG GCA CTT ATG TTA TCC A GG

G th 5-P stl ATA CAA CTG CAG AAC CTT CGA CAC C

A vril in TM ACA ACC ATA ATC CTA GGT GGA GCT TGG TGG

SacII in TM ATT ACA ACC GCG GTA ATT AAA TAA GGA GCG

SacAvr +LLL plus GGT TGT AAT TCT TCT TCT TAC AAC CAT AAT C

SacAvr+LLL

minus

CTA GGA TTA TGG TTG TAA GAA GAA GAA TTA CAA CCG C

SacAvr-VII plus GGT TAC AAC CATC

SacAvr-VII m inus CTA GGA TGG TTG TAA CCG C

SacAvr WT plus GGT TGT AAT TAC AAC CAT AAT C

SacAvr WT m inus CTA GGA TTA TGG TTG TAA TTA CAA CCG C

SacAvr+L plus GGT TGT AAT TCT TAC AAC CAT AAT C

SacAvr+L minus CTA GGA TTA TGG TTG TAA GAA TTA CAA CCG

SacAvr +LL plus GGT TGT AAT TCT TCT TAC AAC CAT AAT C

SacAvr 4-LL m inus CTA GGA TTA TGG TTG TAA GAA GAA TTA CAA CCG C

SacAvr TTI plus GGT TGT AAT TCT TCT TCT TAT C

SacAvr TTI m inus CTA GGA TAA GAA GAA GAA TTA CAA CCG C

plus TT>SS CCT TCT AAT TTC ATC CAT AAT C

m inus TT>SS CTA GGA TTA TGG ATG AAA TTA CAA CCG C

plus TT > LS GGT TGT AAT TCT TTC CAT AAT C

m inus TT> LS CTA GGA TTA TGG A AA GAA TTA CAA CCG C

plus TT>SL GGT TGT AAT TTC ACT TAT AAT C

m inus TT>SL CTA GGA TTA TAA GTG A AA TTA CAA CCG C

plus TT>LT GGT TGT AAT TCT TAC CAT AAT C
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m inus TT>LT CTA GGA TTA TGG TAA GAA TTA CAA CCG C

plus TT>TL GGT TGT AAT TAC ACT TAT AAT C

m inus TT>TL CTA GGA TTA TAA GTG TAA TTA CAA CCG C

25A A -Pst AGT ACC CAA CTG CAG ACT TTA CGT GTT ACC

55A A -Pst TTC ACT CTG CAG CCA ACT GTC ACT TCT GTA

91A A -Pst GAT GCT CTG CAG CCT CTC CAT CCT TTCGCT

lOAA-Sac CCA AGT GAG CTC GTG TTG GTC GAT GAT CTC

15A A -Sac GGA AAC GAG CTC GGT CCA AGT ACT CGT GTG

25A A -Sac TAA AGT GAG CTC TTG GGT ACT GGT TAC GGA

50A A ”Sac AGT GAC GAG CTC AGT AGC AGT GAA AGT TTC

64A A -Sac AGT GGT GAG CTC AGC ATG AAC TAC AGA AGT

73A A ”Sac GAT TTT GAG CTC ATC CGG ATG AGG ATC AGT

91A A -Sac AGG ATC GAG CTC AGA GTT AGC ATC ATT TTG

lOOAA-Sac TTG AGC TCA ATG GAC TGA GCG AAA GGA TGG
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stem catalytic domain
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c-myc
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I h n d m nmt poly A Eco RI

nmt 41 promoter
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Figure 2.1 Expression plasmid pREP:gma-GFP
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A.
starting vector pREP:gma-GFP

gm al2-
N d e  I P s t  I

J,
S a d

txMDl stem Ciitnlytic d o m n in

n m t- f o r
c -m y c  tag

PCR using  
primers
nmt-for andappropriate primer

I

I D igest with Pst I and 
Sac 1

r̂  H

Ligate fragments

GFP

D igest with Pst I and
Sac I

N d e  I P s t  I S ac  I

i

B.
Oligonucleotides used to make construct gma-lOaa

Pst I site

P G ACG AAG ATG AAG GAG G AG CT | Pst-5AA-Sac p lus  

ACGT C TGC TTC TAC TTC CTC C _ j
Pst-5A A -Sac m inus

Sac I site

Figure 2.2. Scheme for the construction of the stem region deletions.
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starting vector pREP:gma-GFP

N d e  I P s t  I

i  TMD I stem ca ta ly t ic  d o m a in

I Sac  I

PCR using  
primers

P s t  I Sac I

i Digest with Pst I and
Sac I

Ligate fragm ents

l=P

S a d

GFP
c -m y c  tag

D igest with Pst I and
Sac I

N d e  1 P s t  I Sac I

Figure 2.3. Scheme for the construction of the plasmids pREP:gma30-55 and 
pREP gma55-100



starting vector pREP:gma-GFP

N d e  I P s l  I

[ ...

PCR using  
y j  primers

GFP 5' and 25AA-Pst or 91 AA-Pst

D igest w ith Pst I and
Sac I

P s t  I
G F P  5 '

D igest with Pst I and 
Sac\

Ligate fragm ents

N d e  I P s t  I S ac I

Figure 2.4. Scheme for the construction of pREP:gmaA32 
and pREPigmaAlOO
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starting vector pREPrgmaATM

N d e l  P s t l S a c \

t ± stem c d lj lv t ic  d o m a in I
c-myc tag

ZEE

genom ic DNA

N d e l

PCR using  
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Figure 2.5. Scheme for the construction of the TMD swap plasmids
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Figure 2.6 Scheme for the construction of TMD mutation, addition and 
deletion plasmids

The following plasmids were created in this way: 
pREPigmaT, pREP:gma+L, pREP:gma+2L, pREP:gma+3L, 
pREP:gmaAVII,pREP:gmaTTI>3L, pREPigmaTL, pREPigmaLT, 
pREPigmaLS, pREPigmaSL, pREPigmaSS and the TT library.
A. Creation of A v r  II and Sac II site in TMD
B. Ligation of oligonucleotides and subcloning into the expression 

vector
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CHAPTER 3 

CHARACTERISATION OF GMA-GFP
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3.1 Introduction

The successive compartments of the • Golgi complex are 
characterised by specific oligosaccharide processing enzymes. Early 
studies that demonstrated the localisation of these enzymes to the 
Golgi were done by immunocytochemistry using antibodies raised 
against the purified proteins. For example, Roth and Berger (1982) used 
an affinity purified rabbit polyclonal antibody, raised against human 
milk galactosyltransferase, to localise this enzyme to the trans-Golgi in 
HeLa cells, by both immunofluoresence and protein-A gold 
immunolabeling and electron microscopy. Similar types of 
experiments have been done to localise other Golgi enzymes (Novikoff 
et ah, 1983; Roth et ah, 1985). Experiments such as these have provided 
major insights into the organisation and sub-compartmentation of 
oligosaccharide processing enzymes in the Golgi apparatus (reviewed 
Roth, 1987).

The molecular dissection of the Golgi localisation signals of these 
enzymes, however, could not be initiated until the primary cDNA 
sequences encoding Golgi-resident proteins was known. One of the first 
Golgi-resident proteins to be expressed and localised using recombinant 
DNA technology was the El glycoprotein from the avian coronavirus 
infectious bronchitis virus. Machamer and Rose (1987) expressed this 
protein, from the late SV40 promoter, in COS cells and detected its 
localisation by immunofluoresence using a rabbit polyclonal antibody 
raised against its cytoplasmic tail. They found that El accumulated in 
the Golgi apparatus in the absence of any other viral proteins, 
suggesting that it contained intrinsic Golgi retention sequences. El 
contains three TMDs. Expression of m utant forms of El in which either 
the first or last two TMDs were deleted, demonstrated that the first 
TMD contained a Golgi retention signal. Several other investigators 
used a similar approach to identify Golgi retention signals in the 
glycosylation enzymes (Colley et ah, 1992; Masibay et ah, 1993) . For 
example, Teasdale and colleagues (1992)expressed bovine GalT in COS 
cells under the control of the SV40 promoter and detected its 
localisation by immunofluoresence with an affinity purified rabbit 
antibody raised against the lumenal domain of the protein.
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While these studies have been very successful in furthering the 
understanding of Golgi localisation signals the problem with this 
experimental approach is that mutated forms of the protein have to be 
expressed in a cell background in which the epitopes that the antibodies 
recognise are absent. For the expression of viral proteins this does not 
present a problem. When endogenous glycosylation enzymes are under 
investigation, however, the mutated protein has to be expressed in a 
cell line from a different species and the antibodies used have to be 
carefully characterised to ensure no cross-reactivity with endogenous 
homologous proteins. Depending on the region to which the antibody 
has been raised this methodology also limits the regions of the protein 
that can be examined for targeting sequences.

An alternative approach that avoids the problems mentioned above is 
that of epitope tagging, which allows the protein of interest to be 
localised in most cell types. Generally this is done by tagging the protein 
of interest with an epitope which does not occur endogenously and 
against which a well characterised antibody is available. The epitope tag 
that has been most commonly used in Golgi localisation studies is the 
c-myc tag; a short peptide derived from the hum an c-myc proto
oncogene. This epitope tag has the advantage that the c-myc protein is 
not expressed in most cell types and well characterised monoclonal c- 
myc antibodies are commercially available. Tagging with c-myc has 
been used successfully in several studies to localise Golgi resident 
proteins and has allowed for example the expression and visualisation 
of m utated hum an NAGT in the hum an cell line HeLa (Nilsson et al., 
1994). A variation of epitope tagging involves the use of a reporter 
protein. Here a fusion protein is created consisting of a reporter protein 
and sequences from the glycosyltransferase of interest. For example, 
Munro (1991) constructed a fusion protein consisting of the first 44 
amino acids of ST, followed by the full length chicken lysozyme 
protein. This construct was expressed in COS cells and the localisation 
detected using antibodies (either rabbit, or mouse monoclonal) specific 
for lysozyme. This approach has the advantage that it allows for testing 
of targeting sufficiency; in the study mentioned above Munro (1991)
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dem onstrated that the first 44 amino acids of ST are sufficient for Golgi 
targeting.

W hen using chimeric proteins to study localisation signals it is 
im portant to ensure that the addition of an epitope tag or reporter 
protein does not alter either the folding or localisation of the protein 
under investigation. Indeed, addition of amino acid residues to the C- 
terminal of soluble ER resident proteins that have the carboxy terminal 
sequence KDEL disrupts the functioning of this tetrapeptide as an ER 
retrieval signal. For example, addition of two residues (Gly, Leu) to the 
C-terminal of rat grp78 (BiP) caused the mutant protein to be secreted, 
from COS cells (Munro and Pelham, 1987).

Recently an interesting new method for protein tagging has been 
developed that eliminates the need for primary and secondary antibody 
incubations and allows the visualisation of tagged proteins in living 
cells. This method makes use of the cloned fluorescent protein from 
the jellyfish Aequorea victoria, Green Fluorescent Protein (GFP). This 
protein was found to be fluorescent when expressed in both eukaryotic 
and prokaryotic cells (Chalfie et a l, 1994). GFP has been expressed as a 
wide variety of fusion proteins, in which both the fluorescence of GFP 
and the function of the host protein have been preserved (reviewed 
Cubitt et al., 1995; Tsien, 1998) . For example, Wang and Hazelrigg (1994) 
created a fusion protein consisting of the Drosophila protein Fxu and 
GFP fused at either the carboxy or amino terminus. These fusion 
proteins were both fluorescent and able to complement a null exu 
allele, when expressed in female germ cells. GFP has also been shown 
to be functional as a fusion protein in S. cerevisiae. Although there are 
no published examples of its use within the secretory pathway in S. 
cerevisiae, it has been used to tag transmembrane proteins such as 
alkaline phosphatase via their cytoplasmic tails w ithout affecting their 
localisation (Cowles et al 1997).

Within mammalian cells, GFP has been used successfully to visualise a 
wide variety of proteins and intracellular compartments (reviewed 
Tsien, 1998). For example, MAP4, a microtubule associated protein, has 
been tagged with GFP and expressed in BHK cells. This allowed analysis
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of the function of MAP4 subdomains (Olson et aL, 1995). GFP has also 
been targeted to the mitochondria in HeLa cells by the addition of an N- 
terminal mitochondrial targeting sequence (Rizzuto et aL, 1995). 
Moreover, GFP has been shown to be functional within the secretory 
pathway of mammalian cells; Kaether and Gerdes (1995) expressed GFP 
in the secretory pathway of HeLa cells, as a fusion with the secreted 
protein chromogranin B. Under normal culture conditions at 37°C GFP 
was not fluorescent within the cells even though the fusion protein 
was expressed and secreted. When vesicular transport was arrested by 
culturing the cells at 15°C or 20°C,intracellular fluorescent GFP was 
observed. This data suggests that at 37°C GFP was secreted from HeLa 
cells before the fluorescent form of GFP had time to form.

The time required for nascent GFP to mature to its fluorescent form 
potentially limits its use as a marker of secretory proteins. GFP 
undergoes post-translational self-modification in order to generate its 
fluorophore. The final oxidation step in this process proceeds with a 
time constant of ~ 4 hours at 22°C in E. coli cells (Heim et aL, 1994).
Thus there is a substantial lag between translation of the protein and its 
m aturation to the fluorescent form. Several new m utant versions of 
GFP show improved fluorophore formation: A m utated form of GFP, 
referred to as enhanced GFP, or eGFP, expressed in bacterial cells 
aquires fluorescence after only eight minutes as compared to one to two 
hours for wildtype GFP (Cormack et aL, 1996). In addition, when excited 
at 488nm eGFP fluoresces 100-fold more brightly in bacteria than 
wildtype GFP. This is partially due to a shift in excitation maximum 
from 395nm to 501nm, and partially due to the fact that almost all of 
the protein expressed in bacteria is soluble and therefore fluorescent, in 
contrast to wildtype GFP, much of which is found in inclusion bodies 
as non-fluorescent insoluble protein. This eGFP has been used to 
visualise the Golgi apparatus in HeLa cells by creating a fusion between 
the first 103 amino acids of NAGT and eGFP and expressing the 
resultant fusion protein from the cytomegalovirus prom oter (Shima et 
aL, 1997). This fusion protein allowed the observation of Golgi 
dynamics through the cell cycle in live cells (Shima et aL, 1997).
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The aim of this study was to analyse localisation signals in Golgi 
proteins in S. pombe. In particular, to analyse the signals contained in 
the S. pombe Golgi galactosyltransferase Gmal2p. The success of the 
approach described above in mammalian cells suggested that GFP 
might be used to visualise Gmal2p in the Golgi of S. pombe cells. 
Therefore, a fusion protein was made consisting of full length Gm al2p, 
with a c-myc tag at the C-terminus followed by full length eGFP minus 
the first methionine. This fusion protein (called gma-GFP) was then 
cloned into the expression vector pREP41 (Figure 3.1). Transcription 
from this vector is driven by the nmt41 promoter, which is a m utated 
version of the prom oter that drives expression of the n m tl  gene in S. 
pombe. The n m tl  prom oter is inducible and is active in cells grown in 
the absence of thiamine. The n m tl  promoter, in the absence of 
thiamine, is a strong promoter; six fold more active than the 
constitutive adh prom oter (Maundrell, 1990; M aundrell, 1993) The 
nmt41 and nm tSl prom oters are both modified versions of the n m tl  
prom oter in which regions of the TATA box have been deleted, 
producing prom oters that are weaker than n m tl,  but that still retain 
their thiamine responsiveness (Basi et al., 1993). The nmt41 prom oter 
which is of intermediate strength was used in this study for the 
following two reasons. Firstly the expression of gma-GFP had to be high 
enough to be detecttable. When proteins are visualised using primary 
and secondary antibody incubations a degree of amplification is 
inherent, such that each target protein molecule is generally 
represented by m any fluorophores. When GFP is used as a protein tag 
this amplification sttep is absent as each GFP contains only one 
fluorophore, and thus higher levels of protein expression are required. 
However, this had ito be counterbalanced by the second consideration; 
the fact that high levels of expression of the fusion protein could 
saturate its Golgi tairgeting or retention mechanism and lead to 
mislocalisation. For* example, when the Golgi enzyme Kre2p is 
overexpressed in S.. cerevisiae from the 2p based plasmid a proportion 
of the cells show vacuolar staining (Fussier et al., 1995).

The aim of the worlk described in this chapter was to characterise the 
fusion protein gma-GFP, in order to assess the feasibility of using this 
fusion protein to stiudy Golgi localisation signals. Initial experiments
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had shown gma-GFP to be fluorescent and localised to small structures 
scattered throughout the cell. Therefore I needed to assess whether 
these structures were Golgi and whether the fusion protein was folding 
properly. The criteria I used to assess Golgi localisation and fusion 
protein folding were:
• lack of co-localisation of the fusion protein with markers for other 

organelles, such as endosomes and vacuoles
• redistribution of the fusion protein back to the ER on treatment of 

the cells w ith BE A, as would be expected for a Golgi protein
• glycosylation of the fusion protein
• enzymatic activity of the fusion protein measured using a 

galactosyltransferase assay
• affinity chromatography with UDP-hexanolamine to assess the 

proportion of the fusion protein correctly folded

3.2 Induction of gma-GFP expression

Optimal conditions for protein induction were determined and used in 
all subsequent experiments. The promoter used (nmt41) is active only 
in cells grown in the absence of thiamine when the intracellular 
concentration of thiamine has fallen below 50 pmoles/lO^cells 
(Tommasino and M aundrell, 1991). Since the intracellular levels of 
thiamine are only reduced by growth and cell division, there is a time 
delay between removal of thiamine from the media and the onset of 
protein expression. The length of this delay is related to the rate of cell 
growth and the starting concentration of thiamine in the media.

Transcription from the nmt41 promoter was repressed by growing cells 
in pombe minimal m edia containing thiamine at a concentration of 
20pM at 32°C. The time required to initiate protein expression in 
HPWlOl cells was determined by measuring the fluorescence of the 
cells at regular time intervals after the removal of thiamine. The 
fluorescence emission of 10  ̂ cells was measured by flow cytometry, for 
each time point and the  data plotted as histograms (see Materials and 
Methods). A typical tiime course is shown in Figure 3.2A, fluorescence 
histograms from 5 different time points are overlaid. The cells showed 
a slight increase in flmorescence over the first 10-12 hours of growth in
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the absence of thiamine, to approximately 2-fold that of the starting 
culture. From 12-14 hours they show a sudden increase in fluorescence 
to approxim ately 8-fold that of the starting culture. The overall 
fluorescence of the cells remained relatively constant for the next eight 
hours, then overall fluorescence levels began to drop (Figure 3.2A). 
Longer term expression of the fusion protein appeared to be toxic 
(results not shown). Therefore, all subsequent experiments were carried 
out using cells grown in pombe minimal media lacking thiamine for 
12-18 hours at 32°C.

3.3 Subcellular localisation of gma-GFP

Cells expressing the fusion protein were examined by confocal 
microscopy. All images shown are single confocal planes. The fusion 
protein was localised to discrete punctate structures scattered 
throughout the celf, as shown in Figure 3.3 (a and b). These structures 
were visibly mobile in real time, moving around the cell and 
constantly changing shape. The Golgi complex in S. cerevisiae cells 
behaves similarly (Wooding and Pelham, 1998).

It seemed likely thait the structures seen were indeed Golgi complexes 
as S. pombe cells contain small stacks (maximal cisternal length 1pm) 
scattered throughout the cell rather than the large perinuclear structure 
seen in mammaliani cells (Ayscough et a l, 1993; Chappell and Warren, 
1989) . To confirm that the labelled structures were Golgi, two 
experiments were carried out. Since no other Golgi markers were 
available an indirect approach was taken. I eliminated the possibility 
that some of the structures seen were endosomal compartments by co- 
staining the cells wiith the dye FM4-64. This is a lipophylic styryl dye 
that stains vacuolair membranes in S.pombe and S. cerevisiae (Vida 
and Emr, 1995). Thiis dye has been shown to reach the vacuolar 
membrane from thte plasma membrane via the normal vesicular 
endocytic pathway and thus stains endosomal membranes en route 
(Vida and Emr, 1995). Cells were stained with FM4-64 at 4°C in order to 
arrest the internalisation process and then examined after a 10 minute 
pulse of endocytosks at 20°C. Under these conditions FM4-64 is present 
in small endosomall structures scattered throughout the cells, as shown
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in Figure 3.3c. Although these compartments were often juxtaposed to 
a gma-GFP containing compartment they are clearly separate structures. 
W hen cells were incubated with FM4-64 at 32°C for half an hour the 
vacuolar membranes are stained as expected, and again the FM4-64 
stained structure did not co-localise with gma-GFP (Figure 3.3 d and f).

The second experiment carried out to investigate whether gma-GFP 
was localised to the Golgi involved the use of the fungal metabolite 
BFA. In mammalian cells BFA causes an inhibition of protein 
secretion, the dissassembly of the Golgi complex and the redistribution 
of Golgi proteins and membranes into the ER (reviewed Dinter and 
Berger, 1998, see also section 1.2.9), In S. pombe BFA is thought to have 
similar effects; the Golgi apparatus has been shown to disassemble 
although the redistribution of Golgi proteins back to the ER has not 
been demonstrated (Turi et a l, 1994). Since BFA inhibits vesicular 
transport between the ER and the Golgi, expression of the fusion 
protein was repressed by the addition of thiamine before the cells were 
incubated with BFA, to ensure that any ER staining seen was not newly 
synthesised protein blocked in the ER. Figure 3.4 shows cells expressing 
gma-GFP incubated with BFA for 1 hour. In these cells the punctate 
structures almost entirely disappeared and the fusion protein was 
localised to the nuclear envelope and around the cell periphery. This 
distribution is typical of ER localisation in S. pombe (Pidoux and 
Armstrong, 1992). This experiment confirms that gma-GFP is Golgi 
localised and also shows that Golgi proteins in S. pombe cells indeed 
redistribute to the ER on treatment with BFA as seen in mammalian 
cells. No change in localisation was seen in control HPWlOl cells 
incubated in the equivalent concentration of ethanol rather than BFA 
(results not shown).

3.4. Biochemical characterisation of gma-GFP

Wild type GmalZp is a glycoprotein modified by the addition of O- 
linked oligosaccharides to its lumenal stem region. If the GFP tagged 
version of GmalZp is functionally identical to the wild type protein, it 
would be expected to be glycosylated in the same way. To investigate 
the glycosylation state of the fusion protein, its electrophoretic mobility
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was analysed by SDS-PAGE and Western blot (Figure 3.5A). The fusion 
protein was identified with a rabbit polyclonal antibody raised against 
GFP. This antibody showed no cross-reactivity with endogenous S. 
pombe proteins as shown in lanes 1 & 2. In order to show that all gma- 
GFP was associated with membrane compartments, microsomal and 
cytosolic fractions were prepared from crude S. pombe lysates and 
analysed in lanes 3 and 4 respectively. As expected, the fusion protein 
was found only in the microsomal fraction.

The predicted molecular weight of the gma-GFP fusion protein based 
on its amino acid sequence (calculated using the DNAstar FditSeq 
programme) is 70.6 kDa, see table below.

ORF MW (kDa) predicted
G m al2p 42.6
c-myc tag 1.3
GFP 26.7
total 70.6

Table 3.1 predicted molecular weights of components of 
gma-GFP

In addition, Gmal2p is O-glycosylated which increases its actual 
molecular weight as seen on SDS-PAGF by 21 kDa. The predicted and 
actual molecular weight of GFP is 26.7 kDa. Therefore, the expected 
molecular weight of the glycosylated fusion protein by SDS-PAGF is 
91.8 kDa. In lane 3 the antibody recognises two protein species of 83 kDa 
and 71 kDa respectively. On the basis of these molecular weights it 
seems likely that the 83 kDa species represents a glycosylated form of 
the protein , and the 71 kDa species a non-glycosylated form. 
Approximately 70% of the protein is present as the larger species 
suggesting that the majority of the fusion protein is glycosylated.

In order to confirm that the 83 kDa form of gma-GFP is glycosylated, its 
ability to bind the lectin ConcanvalinA was examined. Concanavalin A 
is a lectin from the common jack bean Canavalia ensiformis that binds 
to molecules containing a-D-mannopyranosyl moieties. The starting
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material for this experiment was a microsomal extract described in 
section 3.5. The extract consisted of a protein sample that had been 
partially purified by UDP-hexanolamine affinity chromatography and 
contained only the higher molecular weight species of gma-GFP (83 
kDa). The sample was applied to a ConA Sepharose column. The 
column was washed and bound protein eluted with O.IM a-m ethyl 
mannose. As shown in Figure 3.5 B lanes 2 and 3, no fusion protein 
was present in either the flowthrough or the wash fractions and thus 
the fusion protein bound quantitatively to the immobilised lectin. The 
bound fusion protein could be specifically eluted with O.IM a-m ethyl 
mannose as shown in Figure 5B, lane 4.

3.5. Activity of gma-GFP

The experiments described above have shown that gma-GFP was 
localised correctly and glycosylated. The following experiments were 
performed to determine whether the fusion protein was folded 
correctly. The GFP portion of the fusion protein is folding correctly as 
shown by its fluorescence, however, the folding of Gm al2p in the 
fusion protein could have been disrupted by the addition of GFP. The 
folding of the Gmal2p portion was assessed in two ways: Firstly, by 
examining the enzyme activity using a galactosyltransferase assay and 
secondly, by following binding of gma-GFP to UDP-hexanolamine.

In order to assay the fusion protein for enzymatic activity gma-GFP was 
expressed in an S. pombe strain in which endogenous terminal i  

galactosyltransferase activity was absent. Since three homologues of 
Gmal2p, G thlp, Gth3p and Gth5p, are also required for the presence of 
terminal galactose on the cell surface of mitotically growing cells, the 
strain used was one in which the genes for these four proteins had been 
deleted. This strain (HPW200) (see table 2.1), which was constructed in 
the laboratory by B. Panaretou and T. Chappell, no longer modifies 
oligosaccharyl side chains on proteins within the secretory pathway by 
the addition of terminal galactose in mitotically growing cells. 
Therefore, the lectin BSL I, which binds specifically to terminal a  
galactose residues (Hayes and Goldstein, 1974), cannot bind to the 
surface of these cells as shown in Figure 3.6.
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Additionally, this strain transformed with the expression plasmid 
pREP:gma-GFP (HPW201) was used to determine whether the absence 
of endogenous galactosyltransferases affected the targeting of gma-GFP. 
As shown in Figure 3.7, the fusion protein was found in discrete 
punctate structures scattered throughout the cell. The fluorescence 
pattern was identical to that seen when gma-GFP is expressed in strain 
HPWlOO, demonstrating that the four endogenous enzymes are not 
required for the Golgi localisation of gma-GFP. When gma-GFP 
expressed in strain HPW201 was examined by SDS-PAGE and Western 
blotting, a difference between expression in the two strains was noted; 
the proportion of the fusion protein in the 83 kDa form was increased, 
such that almost none of the 71 kDa molecular weight form was 
detectable (compare Figure 3.5A, lane 3 and Figure 3.8 A, lane 1). This 
suggests that gma-GFP may be more efficiently Golgi localised in strain 
HPW201 compared to strain HPWlOl.

Having determined correct localisation, the enzymatic activity of gma- 
GFP expressed in the strain HPW2Ü1 was examined. Initially, the ability of 
the fusion protein to restore galactosyltransferase activity to the Golgi and 
thus restore the appearance of galactosylated proteins at the cell surface 
was examined by BSL I binding. As shown in Figure 3.6, expression of the 
fusion protein indeed restored the ability of the cells to bind BSL I, thus 
demonstrating that the fusion protein has galactosyltransferase activity 
(this experiment was carried out by T. Chappell).

The second approach to study the folding of gma-GFP used affinity 
chromatography to immobilised UDP-hexanolamine. UDP-hexanolamine 
is an affinity ligand for galactosyltransferases (Chappell and Warren 
1989). It should be noted however that using this procedure, only -50% of 
the enzyme activity of Gmal2p bound due to a low affinity between the 
ligand and GmalZp (Chappell and Warren 1989). Microsomal extract from 
HPW201 cells expressing gma-GFP was applied to a UDP-hexanolamine 
column, washed, and bound protein eluted with buffer containing 0.5M 
NaCl. The starting material, wash and eluate were subsequently analysed 
for enzyme activity and by SDS-PAGE and Western blotting. This allowed
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me to determine whether the unbound portion of gma-GFP present in the 
wash fraction failed to bind because of misfolding or simply the low 
affininity of binding of Gmal2p to UDP-hexanolamine. The enzyme 
activity of the fusion protein was measured using the 
galactosyltransferase assay developed for the original purification of 
G m al2p (Chappell and Warren 1989). This assay measures the transfer of 
tritiated galactose from UDP-Gal to a-methyl mannose, with the 
remaining UDP-Gal separated from the reaction products using an anion 
exchange column (see Material and Methods). These results are 
summarised in Figure 3.8. Only a fraction (44%) of the total starting 
activity bound to the UDP-hexanolamine column and was eluted with 0.5 
M NaCl, which was consistent with the efficiency of binding and elution 
seen in the original purification of Gmal2p. This proportion correlated 
with the amount of the fusion protein seen by Western blot analysis, lane 
3. The protein present in the wash showed enzymatic activity, and thus its 
failure to bind to the UDP-hexanolamine was not due to misfolding. This 
experiment shows that the majority of the fusion protein gma-GFP is 
folding correctly, and the addition of a c-myc tag and GFP to the C- 
terminus of Gmal2p does not affect its function.

3.6 Discussion

The work described in this chapter established that the addition of GFP 
to the C-terminus of Gmal2p does not affect either its function or its 
localisation to the Golgi in S. pombe. According to the criteria laid out 
in the introduction, this tagged form of Gm al2p is correctly localised to 
the Golgi apparatus and folds correctly. After induction of protein 
expression the fluorescent structures seen were consistent with Golgi 
localisation of the fusion protein. No colocalisation was seen with 
FM4-64 showing that gma-GFP was not localised to either endosomes 
or vacuoles. Moreover, treatment of these cells with BFA caused gma- 
GFP to redistribute to the ER, confirming that it was localised in Golgi 
complexes.
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By a combination of Western blot analysis and ConA affinity 
chromatography the fusion protein gma-GFP was also shown to be 
glycosylated, as is native Gmal2p. By Western blot analysis two 
molecular weight species of the fusion protein are detectable, one of 83 
kDa and one of 71 kDa, with the majority in the larger molecular 
weight form. The smaller species corresponds to the predicted 
molecular weight for unmodified gma-GFP and thus I have assumed 
that this represents the unglycosylated form of the protein. This was 
confirmed later by experiments that are presented in Chapter 6. On the 
basis of its size and its binding to ConA I have concluded that the 83 
kDa species is O-glycosylated in a similar way to wild type Gmal2p. 
However, it should be noted that there is a slight discrepancy between 
the expected increase in molecular weight due to glycosylation, and that 
observed. While it remains possible that the fusion protein is not 
glycosylated in an identical manner to the wildtype protein, another 
explanation is a small error in sizing the protein due to the use of 
prestained molecular weight markers. In terms of folding, the fusion 
protein was shown to be enzymatically active using a 
galactosyltransferase assay and shown to be capable of binding the 
affinity ligand UDP-hexanolamine. I therefore concluded that the 
folding of Gmal2p was unaffected by the addition of the GFP tag.
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Figure 3.1 Expression vector.
The ORF encoding the fusion protein (shown at double the scale of the 
vector) consists of the full length Gmal2p coding sequence, followed by 
the c-myc epitope and eGFP coding sequence (eGFP contains the 
following amino acid substitutions 65 Ser > Ala, 68 Val>Leu and 72 
Ser>Ala). Expression of the fusion protein is driven from the thiamine 
repressible nmt41 promoter. The vector also contains the S. cerevisiae 
LEU2 gene for selection in leulS.pom be  cells and the PUC119 vector to 
allow growth in E. coli cells.
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Figure 3.2 Induction of gma-GFP expression.
A. Overlayed histograms of fluorescence intensity measurements of S. 
pombe strain HPWlOl at various time points after removal of 
thiamine. Two cultures of HPWlOl cells were grown in the absence of 
thiamine at 32 °C and aliquots analysed by flow cytometry at time 
points from 0 to 24 hours.

B. Comparison of strains HPWlOO and HPWlOl grown in the presence 
and absence of thiamine.
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Figure 3.3 Localisation of gma-GFP and costaining w ith FM4-64.
Confocal images of HPWlOl cells grown in the absence of thiamine for 
16 hours and then stained with FM4-64 for 30 minutes at either 4°C 
followed by 10 minutes at 20°C (c and e) or 32°C (d and f). The top 
panels (a and b) shows the localisation of gma-GFP, the middle panels 
(c and d) show the same cells stained with FM4-64, and the lower panel 
(e and f) shows an overlay of the two images (gma-GFP in green and 
FM4-64 in red). The scale bars represent 5|im.
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Figure 3.4 Localisation of gma-GFP in the presence or absence of BFA.
a. Confocal image of HPWlOl cells grown in minimal media in the 
absence of thiamine for 16 hours at 32°C. The scale bar represents 5|Lim.

b. Confocal image of HPWlOl cells treated as above but incubated in the 
presence of BFA at 50|LLg/ml for one hour in the presence of 20pM 
thiamine. The scale bar represents 5pm.
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Figure 3.5 Biochemical characterisation of gma-GFP.
A. Characterisation of gma-GFP
Protein extracts were analysed by SDS-PAGE followed by Western 
blotting and probed with rabbit polyclonal antibody raised against GFP. 
lane 1: microsomal fraction from HPWlOO cells
lane 2: microsomal fraction from HPWlOl cells grown in the presence 
of thiam ine
lane 3: microsomal fraction from HPWlOl cells grown in the absence of
thiamine at 32°C for 16 hours
lane 4: as lane 3 but cytosolic fraction.

B. ConA affinity chromatography
Fractions from a ConA Sepharose column were analysed by SDS-PAGF 
followed by Western blotting and probed with a sheep polyclonal 
antibody raised against GFP. An equal volume of each fraction was 
loaded on the gel.
lane 1: starting material (eluate from UDP-hexanolamine column see 
figure 3.8)
lane 2: flowthrough fraction
lane 3: wash fraction
lane 4: a-m ethyl mannose eluate.
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Figure 3.6 BSL I lectin binding
Confocal microscope images of the following S. pombe strains stained 
with Texas red conjugated BSL I lectin. (This experiment was carried 
out by T. Chappell.) The pictures shown are false coloured green. The 
scale bars represent 5pm.
a. HPWlOO cells
b. HPW200 cells
c. HPW201 cells grown in the presence of thiamine
d. HPW201 cells grown in the absence of thiamine for 12 hours.
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Figure 3.7 Localisation of gma-GFP in deletion strain HPW201.
Confocal microscope images of the GFP fluorescence of HFW 201 cells 
(a) and HPWlOl cells (b) (for comparison) grown for approximately five 
generations in minimal media without thiamine. The scale bar 
represents 5 pm.
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Figure 3.8 Affinity chromatography of gma-GFP with UDP- 
hexanolam ine.

Microsomal extract prepared from HPW201 cells expressing gma-GFP 
was loaded onto a UDP-hexanolamine agarose column and washed 
and eluted as described in Materials and Methods.
A. The fractions were analysed by SDS-PAGE followed by Western 

blotting. Equal volumes from each fraction were loaded onto the 
gel. The fusion protein was detected with a sheep polyclonal 
antibody raised against GFP.

B. The fractions were also analysed using the galactosyltransferase 
assay as described in Materials and Methods. The total 
galactosyltransferase activity in each fraction was calculated and 
compared. The proportion of fusion protein seen in each fraction 
on the Western blot was compared by comparing the density of the 
bands (determined using the NIH image programme). The 
percentages shown are corrected for the differences in volume of 
the fractions.
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CHAPTER 4

THE ROLE OF THE LUMENAL DOMAIN  
IN GOLGI LOCALISATION

124



4.1 Introductioi

All known Golgi glycosyltransferases are type II transmembrane 
proteins consistirg of four domains (Paulson and Colley, 1989) : a short 
N-terminal cytoplasmic tail, a single transmembrane domain that also 
acts as an unclea/ed signal peptide and, within the lumen of the Golgi, 
a stem region and a C-terminal catalytic domain. For the purposes of 
identifying Golgi targeting sequences Gmal2p can be considered to 
contain only three of these regions, because the cytoplasmic tail of 
G m al2p consists of only a methionine and arginine and is unlikely to 
contain targeting information. Based on the assumption that the 
region of sequence identity at the C-terminal portion of the protein that 
Gm al2p shares with its homologous proteins is the catalytic domain 
(see Figure 1.7) the stem region of Gmal2p consists of the 100 amino 
acids between this region and the TMD, residues 28 to 127; throughout 
this chapter these are referred to as amino acids 1 to 100.

In Chapter 3 I have shown that the GFP tagged version of Gm al2p 
behaves like the wildtype protein, and thus can be used as a tool to 
identify Golgi localisation sequences. Initially, I deleted regions of 
Gm al2p from gma-GFP in order to determine whether they were 
necessary for Golgi localisation. In several studies in mammalian cells, 
the TMD has been found to be sufficient to target a reporter protein to 
the Golgi; the first forty four amino acids of ST, which contain the 
cytoplasmic tail, the TMD and seventeen amino acids of the stem 
region were sufficient to target the reporter protein lysozyme to the 
Golgi apparatus in COS cells (Munro, 1991). As the TMD acts as the 
signal peptide its function in gma-GFP could not be analysed by 
deletion analysis. It could, however, be tested for targeting sufficiency 
as described below. Therefore the aims of the work described in this 
Chapter were:
• To determine whether the TMD of Gmal2p was sufficient to target 

GFP to the Golgi apparatus
• To determine which region (if any) of the lumenal domain was 

required for Golgi localisation

125



All the fusion proteins described in this chapter were cloned into the 
pREP:gma-GFP vector and transformed into HPWlOO cells as described 
in Materials and Methods. Protein expression prior to confocal 
microscopy, was induced by growing the cells in media containing no 
thiamine as described in Materials and Methods and Sections.2.

4.2 Subcellular localisation of the fusion protein lacking both 
the catalytic domain and stem region (gma-lOaa)

To determine whether the TMD of Gmal2p was sufficient for Golgi 
localisation I constructed a fusion protein between the first 37 amino 
acids of Gmal2p and GFP. This fusion protein, called gma-lOaa, 
contained the TMD and the first 10 amino acids of the lumenal stem 
region (see Figure 4.1 and Materials and Methods).

When this fusion protein was expressed in S. pombe cells (strain 
HPW102) it was localised to large round structures adjacent to the 
nucleus (Figure 4.2). Only one or two of these structures were seen in 
each cell. These cells also show a fluorescence pattern that is typical of 
ER staining in S. pombe (not shown). The compartment which 
contained gma-lOaa showed some resemblance to vacuoles, although, 
the structures seen were larger than vacuoles normally seen in S. 
pombe (Figure4.2a, compare green fluorescence and FM4-64 staining). 
Also, S.pombe normally has an average of eighty vacuoles per cell 
rather than one or two (Bone et a l, 1998). The possibility that this 
structure was vacuolar or endocytic in origin was investigated by 
costaining the cells with EM4-64 (see section 3.3). At neither 32°C when 
the vacuoles were stained nor at 4°C when the endosomes were stained 
was any co-localisation seen between gma-lOaa and FM4-64 (shown in 
Figure 4.2). The compartment containing gma-lOaa remained 
unaltered when HPW102 cells were treated with BFA (Figure 4.2b); I 
therefore concluded that this structure is not the Golgi complex.

The overall fluorescence of HPW102 cells in the absence of thiamine 
was measured by flow cytometry as before (see section 3.2) and 
compared to HPWlOl cells. As shown in Figure 4.3 the overall 
fluorescence of these cells was increased approximately 10 fold. I also
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analysed gma-lOaa expression by SDS-PAGE followed by Western 
blotting: the gma-lOaa fusion protein migrates as single band with a 
molecular weight consistent with that predicted, shown in Figure 4.10 
and Table 4.1. Its level of expression was increased compared to gma- 
GFP (compare lanes 13 and 10, Figure 4.10). Possible reasons for the 
increased fluorescence and protein levels were: increased levels of 
mRNA, increased rates of translation and, or a decreased rate of 
degradation.

The identity of the compartment in which gma-lOaa resides remains 
unknown. One possibility is suggested by a study done in S. pombe in 
which the S. cerevisiae enzyme HMG CoA reductase was 
overexpressed (Lum and Wright, 1995). HMG CoA reductase 
overexpression caused proliferation of the FR into karmellae, that is, 
stacked membranes next to the nucleus. These structures were 
visualised by fluorescence microscopy of DiOCe (a fluorescent dye 
specific for the FR) stained cells and by electron microscopy (Lum and 
Wright, 1995). The appearance of these karmellae is highly reminiscent 
of the structure seen in HPW102 cells suggesting that it is an FR 
derived compartment, and thus that gma-lOaa is failing to be exported 
from the FR.

The localisation of this fusion protein, gma-lOaa shows conclusively 
that the TMD alone of Gmal2p is not sufficient for Golgi localisation 
and that therefore some of the lumenal domain must be required for 
Golgi localisation. Judging from its localisation gma-lOaa is retained in 
the FR causing this compartment to proliferate. This would suggest 
that the lumenal domain is required for the fusion protein to exit the 
FR.

4.3 Role of the stem region in Golgi localisation

The role of the stem region was investigated to determine whether it 
was capable of restoring Golgi localisation to the GFP fusion protein, 
gma-lOaa. A series of gma-GFP chimeras were constructed containing 
increasing amounts of the stem region. I discuss the localisation of each 
of these below.
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4.3.1 Subcellular localisation of fusion proteins gma-15aa, gma-20aa and 
gma-30aa
The fusion proteins, gma-15aa, gma-20aa and gma-30aa comprise the 
TMD of Gmal2p followed by the first fifteen, twenty or thirty amino 
acids from the stem region respectively, (Figure 4.1). All three of these 
fusion proteins showed an identical fluorescence distribution to that 
shown by gma-lOaa, that is, one or two large round structures next to 
the nucleus, shown in Figure 4.4.

4.3.2 Subcellular localisation of fusion protein gma-55aa
The fusion protein gma-55aa contains the TMD plus the first 55 amino 
acids of the stem region. When this protein is expressed (strain 
HPW106) typical ER staining is seen in most cells (Figure 4.5i). In 
approximately 50% of the cells the fusion protein is also distributed to a 
'beads on a string' structure running from end to end of the cell, shown 
in Figure 4.5i. This distribution is very similar to that seen for 
microtubules in S. pombe cells (Hagan, 1998). This fusion protein 
shows no colocalisation with FM4-64 showing that this compartment is 
neither endosomal nor vacuolar in origin (Figure 4.5 iii and iv). The 
distribution of gma-55aa was identical in the presence or absence of 
BFA showing that no gma-55aa is localised to the Golgi (compare i and 
ii Figure 4,5). The experiments described above exclude both the Golgi 
and the endocytic pathway and some typical ER staining is seen 
suggesting that gma-55aa may be localised to a subcompartment of the 
ER. This hypothesis is supported by the Western blot analysis (section 
4.3.4)

4.3.3 Subcellular localisation of gma-64aa, gma-73aa, gma-91aa and 
gma-lOOaa
Fusion proteins were then made containing increasing lengths of the 
remaining stem region (see Figure 4.1). The numbers in the names 
indicate the proportion of the stem regions included in each fusion 
protein, for example gma-lOOaa contains the whole of the putative 
stem region from amino acids 1-100. HPW107 cells expressing gma-64aa 
show some fluorescence in a 'beads on a string' type distribution 
similar to that seen in HPW106 cells (Figure 4.6a). In addition, some 
scattered punctate structures were detected (Figure 4.6a). Addition of a
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further nine amino acids of the stem region restored Golgi localisation: 
gma-73aa was localised to punctate structures scattered throughout the 
cells. Figure 4.6. This fusion protein, gma-73aa, was redistributed to the 
ER on treatm ent with BFA, confirming this Golgi localisation (Figure 
4.6b right hand panel).

Further increasing the proportion of the stem domain included in the 
fusion proteins did not improve this Golgi localisation. Although a 
fraction of gma-91aa and gma-lOOaa appeared to be correctly localised to 
the Golgi both proteins also appeared in the vacuoles (Figure 4.6c and 
d). Neither fusion protein showed clear redistribution to the ER on 
treatm ent with BFA (results not shown).

4.3.4 Western blot analysis
The stem region of Gmal2p is the site of its O-linked glycosylation, 
although it is not known whether all the serines and threonines 
present in this region are modified in this way. O-linked glycosylation 
is thought to occur mainly in the Golgi in S. cerevisiae and, although 
little work has been done in S. pombe, it seems likely that this is also 
the case in this species. Therefore if the fusion protein gma-73aa is 
correctly localised to the Golgi it should be glycosylated, whereas if 
gma-55aa is localised to the ER it should be unmodified.

The electrophoretic mobilities of the fusion proteins were examined by 
SDS-PAGE followed by Western blotting with the fusion proteins 
identified using a sheep polyclonal antibody raised against GFP. This 
antibody was characterised and shown to be specific for GFP in the 
same way and with the same results as the rabbit antibody described in 
section 3.4.

As shown in Figure 4.10A, lane 5, gma-55aa migrated as a single band 
with a molecular weight of 40 kDa which corresponds approximately to 
the predicted molecular weight, based on its amino acid sequence, of
37.2 kDa. This suggests that this fusion protein is not glycosylated 
despite containing 70% of the serines and threonines in the stem 
region. When gma-64aa was analysed three molecular weight species 
were detected with apparent molecular weights of 44 kDa, 56 kDa and
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64 kDa (Figure 4.10A, lane 4). The predicted molecular weight of gma- 
64aa is 38 kDa. The antibody also recognised three protein species when 
gma-73aa was analysed by Western blot, see Figure 4.10, lane 3 .1 
propose that the lower band of both these proteins represents the non 
glycosylated form of the protein, with the minor size discrepancies 
caused by inaccuracies in the sizing due to the use of prestained 
molecular weight markers, and that the two larger species in both cases 
are the glycosylated forms of the proteins. The relative proportion of 
these proteins in the three different forms varied between gma-64aa 
and gma-73aa: only 25% of gma-64aa is present as the largest molecular 
weight form of 64 kDa whereas approximately 60-70% of gma-73aa is 
present as the 66 kDa form, see lanes 3 and 4, Figure 4.10A. Thus, the 
proportion of the protein present in the largest glycosylated form 
appeared to be related to the proportion of the protein present in the 
Golgi apparatus.

The fusion proteins gma-91aa and gma-lOOaa were also present as three 
molecular weight species on a Western blot (Figure 4.10A, lanes 2 and 
1). In both cases the lowest band seen is smaller by 7-8 kDa than the 
predicted molecular weight of the fusion proteins. For both gma-91aa 
and gma-lOOaa all three bands were also smaller than the 
corresponding gma-73aa bands despite the fact that gma-91aa and gma- 
lOOaa contain an extra eighteen and twenty seven amino acids 
respectively (Figure 4.10A, lanes 1 and 2 compared to lane 3). This 
suggests that these two proteins may be getting degraded. This supports 
the fluorescence microscopy data that suggested that a fraction of gma- 
91aa and gma-lOOaa were localised to the vacuoles.

4.4 Specific sequence requirement of the stem region

The data presented in section 4.3 demonstrated that at least a portion of 
the stem region of Gmal2p was required for Golgi localisation. In 
particular that addition of stem region residues 55-73 to gma-55aa 
restored Golgi localisation. This result could be interpreted in two 
ways: firstly the region 55 to 73 could contain a short peptide sequence 
that constitutes a targeting motif necessary for exit from the ER. 
Alternatively, a certain length of the stem domain could be necessary
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for exit from the ER without any specific sequence requirements. In 
order to investigate these two alternative possibilities, constructs were 
made that contained specific parts of the stem region. In particular, 
amino acids 30-55 and 55-100 were investigated.

4.4.1 Subcellular localisation of gma-30-55aa
The targeting properties of stem domain amino acids 30-55 were 
investigated because the localisation of the fusion protein gma-55aa 
differed from that of gma-30aa, even though gma-55a is not Golgi 
localised (compare the localisation of gma-30aa Figure 4.3 and gma-55aa 
Figure 4.5). A fusion protein was made that consisted of the TMD the 
first five amino acids of the stem region followed by residues 30-55, 
called gma-30-55aa, see Figure 4.1. This fusion protein is localised to a 
"beads on a string' structure like gma-55aa (Figure 4.5) but has the same 
overall length of stem domain as gma-30aa. The significance of this 
result is not clear. It is not known if this 'beads on a string' 
compartment is a naturally occurring part of the secretory pathway or 
an induced compartment.

4.4.2. Subcellular localisation of gma-55-lOOaa
To investigate the role of amino acids 55-100 of the stem domain in 
Golgi localisation a fusion protein (gma55-100aa) was expressed that 
consisted of the TMD, the first five and the last forty five amino acids 
of the stem domain (residues 1-5 plus 55-100), the c-myc tag and GFP 
(Figure 4.1). This fusion protein showed a localisation similar, but not 
identical, to that of gma-55aa (Figure 4.7). This protein gma-55-lOOaa 
did not colocalise with FM4-64 demonstrating that it was not resident 
in either endosomes or vacuoles (Figure 4.7). Although it is not clear in 
which compartment of the secretory pathway gma-55-lOOaa is localised 
to, this experiment demonstrated that the last 45 amino acids of the 
stem region in themselves were not capable of restoring Golgi 
localisation and therefore do notcontain a specific targeting motif.

4.4.3 Subcellular localisation of gmaA32 and gmaAlOO
Next 1 investigated the role of the stem domain in the presence of the 
catalytic domain. 1 constructed fusion proteins in which residues 5-32
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or 5-100 of the stem region were deleted, called gmaA32 and gmaAlOO 
respectively, see Figure 4.1.

As shown in Figure 4.8a gmaA32 was localised to small punctate 
structures scattered throughout the cell. This localisation suggested 
that this fusion protein was present in the Golgi complex. When these 
cells were stained with FM4-64 at 4°C little overlap was seen between 
the FM4-64 fluorescence and the gmaA32 fluorescence, indicating that 
gmaA32 was not localised to endosomes (compare Figure 4.8 a and d). 
Treatment of these cells with BFA caused the redistribution of gmaA32 
to the ER, confirming the Golgi localisation of this fusion protein 
(Figure 4.8b). When this fusion protein was examined by SDS-PAGE 
followed by Western blotting (see Figure 4.10, lane 9) it migrated as a 
broad band that ranged in size from 69 to 72 kDa. The predicted 
molecular weight of gmaA32 is 69 kDa, thus this fusion protein may be 
partially glycosylated. The extent of this glycosylation, however, was 
reduced compared to gma-GFP as only a third of the serines and 
threonines have been deleted in this fusion protein.

Deletion of the entire stem region appeared to affect the fluorescence of 
the fusion protein and thus no conclusions could be draw n as to the 
localisation of gmaAlOO. By flow cytometry cells expressing gmaAlOO 
(HPW114) were approximately three fold less fluorescent than cells 
expressing gma-GFP (Figure 4.9). In order to determine whether this 
lack of fluorescence was related to protein levels within the cell the 
expression level of this fusion protein was examined by Western blot 
analysis. As shown in Figure 4.10 lane 7 gmaAlOO was detected as a 63 
kDa band as expected and was expressed at higher levels than the full 
length fusion protein gma-GFP, (Figure 4.10, compare lane 7 with lane 
10). Therefore this suggested that the loss of fluorescence in these cells 
was related to a failure of GFP to form the fluorophore rather than 
degradation of the fusion protein. A possible explanation may be that 
deletion of the stem region caused misfolding of Gm al2p which in 
turn disrupted the folding of GFP.
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4.5. Discussion

The data presented in this chapter demonstrate that the TMD and the 
first 73 amino acids of the stem region of Gmal2p are capable of 
conferring Golgi localisation to GFP (Figure 4.6c). It would appear, 
however, that there are no specific sequence requirements within this 
73 amino acid stem region. Two fusion proteins in particular support 
this conclusion. Firstly the fusion protein gmaA32 in which amino 
acids 5-32 of the stem region are deleted is localised correctly. This 
suggests that there may simply be a certain length of stem region 
required for exit from the ER. This proposal is supported by the 
mislocalisation of the fusion protein gma55-100aa (see Figure 4.7). Even 
though addition of amino acids 64-73 to the fusion protein gma-64aa is 
sufficient to restore Golgi localisation this region of the stem region by 
itself is not. Flowever an alternative explanation is that something in 
both the region 32-55 and the region 64-73 is required for Golgi 
localisation.

The molecular weights of the fusion proteins were examined by SDS- 
PAGE followed by Western blotting. As expected the fusion proteins 
localised to the Golgi, in particular gma-73aa, migrated as several 
distinct bands suggesting that they were glycosylated. The glycosylation 
patterns of gma-73aa and gma-GFP, however, appeared to be slightly 
different despite the fact that they are both Golgi localised: gma-GFP 
was present in two molecular weight forms whereas gma-73aa was 
present as three or four bands. Also, the modification of gma-73aa 
alters the apparent molecular weight maximally by 20 kDa as opposed 
to 12 kDa seen for gma-GFP. The reasons for these differences remain 
unclear. One possibility is that they reflect subtle differences in the 
localisation of the proteins and thus the glycosylation enzymes they 
interact with. Alternatively the deletion of part of the lumenal domain 
in gma-73aa may have altered its interaction with glycosyltransferases 
because of steric hindrance by GFP.

The work presented in this chapter demonstrates that the stem region 
of Gmal2p is necessary for Golgi localisation, however, in most cases I 
was unable to identify the compartments containing the mislocalised
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fusion proteins. I assume that gma-lOaa, gma-15aa, gma20aa and gma- 
30aa are retained in an ER derived compartment, the same 
compartment that can be induced in S. pombe by the overexpression of 
HMG-CoA reductase. It remains unclear as to why these fusion 
proteins should cause proliferation of the ER. Although expression of 
proteins that fail to fold properly can induce proliferation of the ER the 
response seen to HMG CoA reductase is clearly not because it is 
unfolded. Also in the case of the fusion protein gma-lOaa, GFP is 
clearly folding correctly as it is fluorescent and aside from this there are 
only about 20 amino acids on the lumenal side. The fusion protein 
gma-55aa seems to be localised to a pre Golgi compartment, either a 
subcompartment of the ER or alternatively the intermediate 
compartment. The localisation of these fusion proteins to putative ER 
compartments does suggest that the cells may be recognising them as 
abberrant and that they are retained in the ER by the quality control 
machinery. It would appear however that they are not degraded rapidly 
as shown by the flow cytometry and Westerns (Figures 4.3 and 4.10). 
These questions are discussed further in Chapter 7.
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Figure 4.1 Fusion proteins containing lumenal domain deletions
This figure shows a schematic representation of all the fusion proteins 
used in this chapter, indicating which regions of Gm al2p were deleted.
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Figure 4.2 Localisation of fusion protein gma-lOaa.
A. Confocal images of HPW102 cells grown overnight in the absence of 

thiamine at 32°C and then stained with FM4-64 for 30 minutes at 
32°C (left hand panels) or at 4°C followed by 10 minutes at 20°C 
(right hand panels). Images were taken using the red/green  dual 
channel. Panels (i) and (ii) show GFP fluorescence, panels (iii) and 
(iv) show FM4-64 fluorescence and panels (v) and (vi) show the 
merged images, GFP in green and FM4-64 in red. The scale bars 
represent 5pm.

B. Confocal image of the GFP fluorescence of a HPW102 cell grown 
overnight in the absence of thiamine and then incubated with BFA 
at a concentration of 50pg/m l for 1 hr at 32°C in the presence of 
thiamine. The scale bar represents 5pm.
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Figure 4.3 Histogram of fluorescence intensity measurements of cells 
expressing gma-GFP or gma-lOaa

Individual cultures of S. pombe strains HPWlOl and HPW102 were 
grown at 32°C in the absence of thiamine for 16 hours and then the 
fluorescence intensity of 10,000 cells analysed by flow cytometry.

139



H PW  101 cells 

H PW 102 cells

a; 80

B 60
3
^ 40

10 100 1000 

f l u o r e s c e n c e  i n t e n s i t y  ( 5 1 5 - 5 4 5 n m )

10,000

140



Figure 4.4 Localisation of fusion proteins gma-lOaa, gmalSaa 
gma-20aa and gma-30aa by GFP fluorescence

Confocal images of S. pombe strains HPW102 (a), HPW103(b) 
HPW104 (c) and HPW 105 (d) after growth at 32°C in the absence 
of thiamine for approximately 16 hours. These strains express the 
following fusion proteins:
a. gma-lOaa
b. gma-15aa
c. gma-20aa
d. gma-30aa
The scale bars represent 5|LLm.
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Figure 4.5 Localisation of fusion proteins gma-55aa and gma30-55aa
A. Confocal images of the localisation of gma-55aa by GFP fluorescence

and FM4-64 staining.
(i). Confocal image of GFP fluorescence of HPW106 cells grown in 

the absence of thiamine at 32°C overnight.
(ii). Confocal image of GFP fluorescence of HPW106 cells grown as in 

(i) but incubated with 50|Xg/ml BFA and 20|aM thiamine before 
microscopy.

(iii). Confocal image of HPW106 cells grown as in (i) then incubated 
with FM4-64 for 30 minutes at 4°C followed by 10 minutes at 
20°C. GFP fluorescence is shown in green and FM4-64 
fluorescence is shown in red.

(iv). Confocal image of HPW106 cells grown as in (i) then incubated 
with FM4-64 for 30 minutes at 32°C. GFP fluorescence is shown 
in green and FM4-64 fluorescence is shown in red.

All scale bars represent 5pm.

B. Confocal images of the localisation of gma30-55aa by GFP
fluorescence.
(i) Confocal image of HPW 111 cells grown for 16 hrs at 32°C in the 

absence of thaimine
(ii). Confocal image of GFP fluorescence of H P W lll cells grown as 

in (i) but incubated with 50pg/m l BFA and 20pM thiamine before 
microscopy.

Scale bars represent 5pm.
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Figure 4.6 Localisation of fusion proteins gma-64aa, gma-73aa, gma- 
91aa and gma-lOOaa by GFP fluorescence.

Confocal images of S. pombe strains HPW 107(a), HPW108 (c), HPW109 
(e) and HPWllO (f), grown for 16-18 hrs in the absence of thiamine at 
32°C. Panels b and d show strains HPW107 and HPW108 grown as 
above then incubated with 50|ig/m l BFA plus 20|iM thiamine for 1 
hour. The scale bars represent 5pm.
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Figure 4.7 Localisation of gma55-100aa by GFP fluorescence and FM4-64 
staining.

a. Confocal image of GFP fluorescence of HPW112 cells grown for 16-18 
hours at 32°C.

b. Confocal image of GFP fluorescence of HPW112 cells grown as in (a) 
then incubated with 50jLig/ml BFA in the presence of 20|iM thiamine 
for 1 hour .

c. Confocal image of F1PW112 cells grown as in (a) then incubated with 
FM4-64 for 30 minutes at 32°C. GFP fluorescence is shown in green 
and FM4-64 fluorescence is shown in red.

d. Confocal image of HPW112 cells grown as in (a) then incubated with 
FM4-64 for 30 minutes at 4°C followed by 10 minutes at 20°C. GFP 
fluorescence is shown in green and FM4-64 fluorescence is shown in 
red.

All scale bars represent 5pm.
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Figure 4.8 Localisation of fusion protein gmaA32 by GFP fluorescence
and FM4-64 staining.
a. Confocal image of GFP fluorescence of HPW113 cells grown for 16-18 

hours at 32°C.
b. Confocal image of GFP fluorescence of HPW113 cells grown as in (a) 

then incubated with 50 |ig/m l BFA in the presence of 20gM thiamine 
for 1 hour .

c. Confocal image of HPW113 cells grown as in (a) then incubated with 
FM4-64 for 30 minutes at 32°C. GFP fluorescence is shown in green 
and FM4-64 fluorescence is shown in red.

d. Confocal image of HPW113 cells grown as in (a) then incubated with 
FM4-64 for 30 minutes at 4°C followed by 10 minutes at 20°C. GFP 
fluorescence is shown in green and FM4-64 fluorescence is shown in 
red.

All scale bars represent 5|im.
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Figure 4.9 Histogram of fluorescence intensity measurements of cells 
expressing gma-GFP or gmaAlOO.

Individual cultures of S. pombe strains HPWlOl and HPW114 were 
grown in the absence of thiamine for 16-18 hrs at 32°C and then the 
fluorescence intensity of 10,000 cells measured by flow cytometry.
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Figure 4.10 Western blot of GFP fusion proteins.
Total cell extracts from strains expressing the fusion proteins listed 
below were analysed by SDS-PAGE and Western blot. The proteins 
were detected with a sheep antibody raised against GFP. The molecular 
weight standards shown on the left were Biorad prestained broad range 
m arkers.

Lane 1: protein gma-lOOaa (strain HPWllO)
Lane 2: protein gma-91aa (strain HPW109)
Lane 3: protein gma-73aa (strain HPW108)
Lane 4: protein gma-64aa (strain HPW107)
Lane 5: protein gma-55aa (strain HPW106)
Lane 6: protein gma-GFP (strain HPWlOl)
Lane 7: protein gmaAlOO (strain HPW114)

Lane 9: protein gmaA32 (strain HPW113)
Lane 10: as lane 6.
Lane 11: protein gma55-100aa (strain HPW112)
Lane 12: protein gma-55aa (strain HPW106)
Lane 13: protein gma-lOaa (strain HPW102)
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1 2 3 4 5 6 9 10 11 12 13

175 —  

83 —  

62 —

47 —  

32 _

fusion protein predicted MW (kDa) estimated MW (kDa)

gma-lOaa 3&4 32

gma-55aa 3^2 40

gma-64aa 38 44

56

64

gma-73aa 39 46

59

66

gma-91aa 41 34

50

64

gma-lOOaa 4E9 32

50

60

gma55-100aa 375 36

39

gma-A30 6&9 69

gma-AlOO 627 63

Table 4.1 Table of the predicted molecular weights of fusion proteins 
based on their amino acid sequence compared to their estimated actual 
molecular weights seen by SDS-PAGE followed by Western blotting (see 
Figure 4.10.
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CHAPTER 5

ANALYSIS OF THE ROLE OF THE TMD 
IN GOLGI LOCALISATION
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5.1 Introductior

To date there are ao known Golgi proteins that do not contain at least 
one TMD. Numerous studies have shown that the TMDs of Golgi 
proteins are required for Golgi localisation although no specific 
targeting motif had been found within this region. Two main 
hypotheses have been put forward as to how these non homologous 
TMDs could mediate Golgi targeting. These two theories and the 
evidence for and against them are discussed in detail in Chapter 1 
section 1.3. In brief, the bilayer-mediated sorting model, proposed by 
Bretscher and Munro (1993) suggests that Golgi proteins are retained in 
the Golgi on the basis of the length of their TMDs, with type II proteins 
with shorter TMDs retained in the Golgi and those with longer TMDs 
transported on to the plasma membrane. An alternative model, the kin 
recognition hypothesis, proposed that Golgi proteins are retained by 
hydrophobic interactions between their TMDs (Nilsson et ah, 1993). 
These TMD interactions, in combination with homodimer formation, 
would lead to large heteroligomers, which it is proposed would be 
retained by interactions with an underlying cytoskeletal intercisternal 
matrix (Nilsson et ah, 1993). Both these models were based on the 
assumption that membrane proteins are transported from the ER to the 
Golgi and beyond the Golgi to the plasma membrane by default. As 
discussed in Chapter 1 section 1.2 this hypothesis has been re-evaluated. 
Several proteins have been found to contain specific signals directing 
exit from the ER. Therefore, Golgi proteins could be localised to the 
Golgi by a combination of signals directing them out of the ER and an 
absence of signals for transport out of the Golgi.

In Chapter 4 I have shown that portions of the stem region of Gm al2p 
in combination with the TMD, are capable of localising GFP to the 
Golgi. However, the finding that Gmal2p is rapidly secreted when 
expressed with a cleavable signal sequence (T. Chappell unpublished 
observations) shows that the stem region is not sufficient for Golgi 
localisation in the absence of the TMD and, therefore, the TMD of 
Gmal2p is necessary for Golgi localisation. The role of the TMD could 
be to simply tether the lumenal domain to the membrane;
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alternatively, the TMD could contain an active Golgi localisation 
signal.

In terms of the two models mentioned above Gmal2p has a relatively 
long TMD suggesting that it is not localised directly by the bilayer 
m ediated mechanism. However, Gmal2p is the only type II Golgi 
enzyme that has been definitely localised in S. pombe. This protein is a 
member of a seven protein family; of these seven, Gm al2p is Golgi 
localised and of the others G thlp, Gth3p and Gth5p are also thought 
likely to be Golgi localised, see Chapter 1 section 1.4. The TMDs of these 
four proteins are all over twenty amino acids in length, with GthSp and 
Gth5p possibly having TMDs as long as twenty eight amino acids. 
However for Gth3p and GthSp in particular the junction between the 
TMD and the stem region is not clear by Kyte-Doolittle hydrophobicity 
plots (Figure 5.1). Therefore, the TMDs of Golgi enzymes in S. pombe, 
on the evidence of the few cloned, appear to be longer than those of 
other organisms. As the localisation of no type 1 or type II vacuolar or 
plasma m em brane proteins have been characterised in S. pombe, 
however, it is difficult to draw any conclusions.

The aim of the w ork described in this chapter was to determine the role 
of the TMD of G m al2p in Golgi localisation. In particular to determine 
whether specific residues in the TMD or an overall property of the 
TMD, such as its hydrophobicity, influence the localisation of Gmal2p.
I investigated these questions in the following ways:
• by substituting; the TMD of Gmal2p with TMDs of differing lengths 

and sequence from  other type II membrane proteins from the same 
protein family..

• by specific substitution of residues within the TMD of Gmal2p
• by addition and  deletion of residues within the TMD of Gmal2p.

5.2 Substitution of TMDs

In order to investigate the characteristics of TMDs capable of conferring 
Golgi localisation, the lumenal domain of the gma-GFP fusion protein 
was targeted to thee secretory pathway by the signal-anchor domains of 
members of the gtih family. Three of these homologues G thlp , Gth3p

157



and Gth5p are thought to be galactosyltransferases. Since galactose is 
found only as a terminal modification of both N- and O-linked 
oligosaccharides in S. pombe, galactosyltransferases should be localised 
exclusively to the Golgi apparatus. The TMD of G thlp shows 33% 
sequence identity with Gmal2p, however the TMDs of Gth3p and 
GthSp show no homology, although all four TMDs contain the polar 
residues serine and threonine. These four TMDs also show little 
similarity in hydrophobicity, although they are all over twenty amino 
acids long see Figure 5.1. Two other homologues of Gmal2p, Gth2p and 
Gth4p may not be galactosyltransferases; cells containing Gth2p and 
Gth4p but in the absence of Gmal2p, G thlp, Gth3p and Gth5p no longer 
have terminal galactose on their cell surface. This does not, however, 
exclude the possibility as they could show non terminal 
galactosyltransferase activity and nothing is known about their 
expression in meiosis. It is not known which intracellular 
compartment Gth2p and Gth4p are localised to.

Three fusion proteins were created consisting of the lumenal domain 
of gma-GFP and the TMD and cytoplasmic tail of either G thlp, Gth3p or 
Gth5p (Materials and Methods). Figure 5.1 shows the exact amino acids 
from the TMD region of each of the homologues, included in each 
construct. These fusion proteins were expressed under the control of 
the nmt41 promoter as described in Chapter 3, section 3.1. Figure 5.2 
panels a, c and e, shows confocal images of cells expressing these fusion 
proteins: gm a-gthl, gma-gth3 and gma-gth5. All three fusion proteins 
showed a punctate distribution by confocal microscopy. When these 
cells were treated with BFA these proteins were redistributed to the ER 
as expected for Golgi localised proteins (Figure 5.2 panels b, d and f).
This indicates that these three fusion proteins are localised to the Golgi 
apparatus.

When each of these fusion proteins were examined by SDS-PAGE 
followed by Western blotting, an 83 kDa form was identified as the 
predom inant species, as found for gma-GFP, shown in Figure 5.3. Cells 
expressing the fusion proteins gma-gthl (HPW115) or gma-gth5 
(HPW118) show a 4 to 5 fold increase in fluorescence intensity
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compared to HPV^lOl cells, as measured by flow cytometry see Figure
5.3.

The TMD of the gma-GFP fusion protein was also replaced with those 
from Gth2p and Gth4p. The cytoplasmic tails of both these fusion 
proteins were maintained as the methionine and arginine found in 
Gm al2p. The localisation of both fusion proteins, gma-gth2 and gma- 
gth4 was then examined by confocal microscopy. As shown in Figure
5.4, these fusion proteins are localised to the nuclear envelope and to 
the cell periphery suggesting that they are localised to the ER.

These results show that the cytoplasmic tails and TMDs of G thlp,
GthSp and Gth5p can all substitute for those of Gmal2p. The TMDs of 
Gth2p and Gth4p, however, appear to confer ER localisation.

5.3 Substitution of aromatic residues

In section 5 .2 ,1 have shown that the cytoplasmic tails and TMDs of 
G thlp , GthSp and Gth5p can substitute for that of Gmal2p in the fusion 
protein gma-GEP. There is, however, little sequence homology between 
these four TMDs (see Figure 5.1). All four TMDs, however, contain 
aromatic residues. In the case of the TMD of Gmal2p compared to that 
of G th lp  three out of four of these aromatic residues are conserved 
(Figure 5.1). Therefore, I decided to investigate the role of aromatic 
residues in the Golgi localisation of Gmal2p.

The aromatic residue phenylalanine has been suggested to play a role, 
albeit a minor one, in Golgi localisation in mammalian cells; 
replacement of the phenylalanines in the TMD of ST in an ST- 
lysozyme chimera, expressed in COS cells, slightly increased its cell 
surface expression, particularly in the context of a TMD that was 
increased in length by two residues (Munro, 1995b). In addition, a high 
proportion of phenylalanine residues in the TMD has been found to be 
a general feature of Golgi proteins in mammalian cells ((Munro,
1995a)) However, no such role has been proposed for the other 
aromatic amino acids, tyrosine and tryptophan. The proportion of 
tryptophan is only slightly increased and tyrosine is decreased in type II
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Golgi proteins TMDs compared to type II proteins localised to the 
plasma membrane. These two residues have been observed to be 
preferentially localised towards the ends of TMDs (Schiffer et ah, 1992).
It is thought that tryptophan residues could stabilise the position of 
membrane proteins within the membrane by forming hydrogen bonds 
with lipid head groups while the hydrophobic portion of the molecule 
is buried in the lipid bilayer (Schiffer et ah, 1992).

In order to examine the role of these residues a GFP fusion protein was 
made in which all four of the aromatic residues in the TMD of Gm al2p 
were replaced with leucine by PGR mutagenesis. The serine residue at 
position 25 was accidentally substituted with a proline, probably as a 
result of a mutation in the PGR primer, see Figure 5.5. The localisation 
of this fusion protein, gma-daro, appeared identical to that of the wild 
type protein by confocal microscopy (Figure 5.6a). The staining of cells 
expressing gma-daro with FM4-64 showed that the fusion protein was 
not localised to either endosomes or vacuoles as no co-staining was 
seen (Figure 5.6c and d). The fusion protein was redistributed back to 
the ER on treatment with BFA as expected for a Golgi localised protein 
(Figure 5.6b). The only discernible difference between the two fusion 
proteins was seen when their expression was examined by flow 
cytometry: cells expressing gma-daro show a 5 fold increase in 
fluorescence as compared to cells expressing gma-GFP (Figure 5.7).

5.4 Length of TMD

As discussed in Ghapter 1 section 1.3 the length of the TMD of Golgi 
proteins has been proposed to be playing a role in Golgi localisation.
The length of the TMDs in the group of proteins Gmal2p, G thlp, GthSp 
and Gth5p, which have been shown to confer Golgi localisation, varies 
from 22 to 28 amino acids. Does any signal-anchor TMD within this 
length range serve to target the Gmal2p lumenal domain to the Golgi? 
In order to address this question, I varied the length of the Gmal2p 
TMD within the range of 22 to 28 amino acids by insertion and deletion 
mutagenesis. The approach used to construct fusion proteins with 
altered length TMDs involved the introduction of two restriction 
enzyme sites into the coding region of the TMD. While the restriction
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sites allowed different length oligonucleotide ''cassettes" to be cloned 
into the centre of the Gmal2p TMD, the introduction of the Sac II site 
caused the serine at position 9 to be mutated to a threonine. Therefore,
I needed to first determine whether this mutation affected the targeting 
of the fusion protein. The localisation of this fusion protein, gmaT, was 
examined by confocal microscopy. As shown in Figure 5.9, it shows a 
punctate distribution identical to that shown by gma-GFP. This 
indicates that gmaT is correctly Golgi localised. Therefore, the mutation 
of serine to threonine at position 9 does not affect Golgi localisation.

5.4.1 Shortened TMD
Initially, the TMD was shortened by the removal of three residues, a 
valine and two isoleucines (gmaAVII) (Figure 5.8). By confocal 
microscopy gmaAVII (strain HPW122) showed a punctate distribution, 
although in some cells it also showed a distribution reminiscent of ER 
staining (Figure 5.10a). The protein redistributes to a more obvious ER 
like staining on treatment of the cells with BE A (Figure 5.10b). The 
fusion protein gmaAVII showed no co-localisation with FM4-64 stained 
compartments (Figure 5.10 c and d) showing that it is not localised to 
either endosomes or vacuoles.

5.4.2 Lengthened TMD
The TMD was also lengthened by the addition of leucine residues 
(Figure 5.8). Addition of one leucine (gma+lL) had a minimal effect on 
localisation. The fusion protein gma+lL (strain HPW123) showed a 
punctate distribution indicative of Golgi localisation (Figure 5.11a). The 
fusion protein gma+2L showed a more ER like distribution, see Figure 
5.11 b. The lengthening of the TMD by the addition of three leucines, 
gma+3L (strain HPW125), caused substantial mislocalisation. Instead of 
the punctate distribution seen with Golgi localisation, the fusion 
protein is localised to ribbon-like structures, generally just under the 
plasma membrane though occasionally next to the nucleus, plus faint 
ER staining (Eigure 5.11c).

The expected localisation of mistargeted Golgi proteins is the vacuole 
in S. cerevisiae and the plasma membrane in mammalian cells as these 
are the "default" pathways in these cells (Colley, 1997; Cooper and
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Bussey, 1992; Nothwehr et al., 1993; Wilcox et ah, 1992). The fusion 
protein gma+3L was clearly not localised to the plasma membrane. 
However, the localisation seen was not incompatible with localisation 
to the endocytic pathway. In order to investigate this possibility, 
HPW125 cells expressing gma+3L were stained with the dye FM4-64 at 
both 32°C and 4°C. At these temperatures FM4-64 is localised to the 
vacuoles and endosomes respectively (see Chapter 3 section 3.3). As 
shown in Figure 5.12, gma+3L shows no colocalisation with FM4-64 in 
either endosomes or vacuoles. This demonstrates that the ribbon-like 
structures seen in HPW125 cells are not part of the endocytic pathway, 
at least by these criteria.

5.4.3 Substitution of polar residues within the TMD
There are two possible interpretations of the gma+3L result. Firstly, that 
the length of the TMD determines the localisation of Gma-GFP, and the 
increase in the length of the TMD caused by the addition of the three 
leucines causes its mislocalisation. Alternatively, the addition of the 
leucine residues could have altered the position of important TMD 
residues within the lipid bilayer. If this second possibility is the case, 
then it raises the question as to which residues are critical. The 
aromatic residues in the TMD have already been excluded from playing 
any major role in the localisation of Gmal2p. I decided, therefore to 
examine the role of polar residues within the TMD, in particular the 
role the two threonines at positions 14 and 15 which are adjacent to the 
site at which the leucines were added. Therefore, these two threonines 
along with the adjacent isoleucine at position 16 were replaced with 
three leucines. The resultant fusion protein, gmaTTI>3L, showed an 
identical localisation to gma+3L, that is, ribbon like structures generally 
just under the plasma membrane (Figure 5.13). This shows that the 
residues at positions 14 to 16 cannot be substituted with leucine for 
proper Golgi localisation.

5.4.4 Western blot analysis
The fusion proteins gma+3L, gmaTTI>3L and gmaAVII were analysed 
by SDS-PAGE followed by Western blotting in order to determine 
whether the alteration in localisation had affected their molecular 
weights. As shown in Figure 5.14 (lanes 1 and 2), the proportion of
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gma+3L in the 71 kDa form was greatly increased as compared to gma- 
GFP, from approximately 30% in the case of gma-GFP to about 90% in 
the case of gma+3L. This was also the case for gmaXTI>3L, see lane 3. As 
discussed in Chapter 3 section 3.4, this 71 kDa form of gma-GFP is 
hypothesised to be the non-glycosylated form of the protein. Therefore 
this suggests that the majority of gma+3L and gmaTTI>3L is not 
modified by glycosylation, in contrast to gma-GFP. Since O-linked 
glycosylation is carried out in the Golgi apparatus, this data, in 
combination with the confocal images, suggests that gma+3L and 
gmaTTI>3L are localised to the ER. I propose that this localisation has 
caused proliferation of regions of the ER to create the ribbon-like 
structures. The fusion protein gmaAVII, however, was almost entirely 
in the 83 kDa glycosylated form. This suggests that this fusion protein is 
reaching the Golgi apparatus.

5.5 Discussion

The data presented in this chapter demonstrates that the TMD of 
Gm al2p is required for its Golgi localisation.

Substitution of the TMD showed that not all TMDs can confer Golgi 
localisation on the lumenal domain of Gmal2p, as the TMDs Gth2p 
and Gth4p appear to confer ER localisation (Figure 5.4). However, it 
cannot be excluded that the replacement of the TMD in fusion proteins 
gma-gth2 and gma-gth4 has lead to the misfolding of the lumenal 
domain and thus the retention of these fusion proteins in the ER by a 
quality control mechanism. There are no obvious sequence differences 
between those TMDs that confer Golgi localisation (Gmal2p, G thlp, 
Gth3p and Gth5p) and those that do not (Gth2p and Gth4p), although 
Gth2p and Gth4p both have shorter TMDs. In the case of Gth3p and 
Gth5p, the cytoplasmic tail could also contain a targeting signal rather 
than the TMD. The correct localisation of gma-daro shows that the 
aromatic residues in the TMD of Gmal2p do not play a role in its 
localisation, although, the substitution of serine 25 for proline could 
also have affected the localisation of this fusion protein. The flow 
cytometry data also show that although gma-gthl, gma-gth5 and gma- 
daro are all localised to the Golgi, cells expressing them show an
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increase in fluorescence as compared to HPWlOl cells. Possible reasons 
for this increased fluorescence are increased levels of mRNA, increased 
rates of translation an d /o r decreased rates of degradation. These 
possibilities have not been investigated. If the differences are due to 
decreased rates of degradation this suggests that the TMDs of gma-gthl, 
gma-gth5 and gma-daro increase the length of time the fusion protein 
resides in the Golgi before it is degraded.

The role of the length of the TMD was examined directly with the 
fusion proteins gmaAVII, gma+lL, gma+2L and gma+3L. The 
localisation of these fusion proteins show that shortening the TMD had 
little impact of the localisation of Gmal2p whereas lengthening the 
TMD caused substantial mislocalisation of the fusion protein (Figures 
5.10 and 5.11). The localisation of the fusion protein gmaTTI>3L in 
which the residues TTI in positions 14 to 16 were substituted with 3 
leucines showed that this mislocalisation was probably caused by the 
displacement of critical polar residues within the TMD rather than the 
increase in length of the TMD. It should be noted, however, that 
although these residues are also displaced in gmaAVII this fusion 
protein does not show similar mislocalisation.

The localisation of gma+3L and gmaTTI>3L is hypothesised to be an ER 
compartment. These fusion proteins are clearly not localised to either 
endosomes or vacuoles as shown by the FM4-64 staining of cells. The 
Western blot analysis of these proteins supports the hypothesis that 
they are localised to the ER: the majority of gma+3L and gmaTTI>3L are 
present as the unglycosylated 71 kDa species suggesting that they are 
blocked in a pre-Golgi compartment. If these fusion proteins are 
retained in the ER this raises that possibility that the mislocalisation is 
caused by misfolding of the protein rather than by the specific 
disruption of targeting signals. These questions are examined in more 
detail in Chapter 6.

164



Figure 5.1 TMDs of gma-GFP gm a-gthl, gma-gth2, gma-gth3, gma-gth4, 
gma-gthS

A. Amino acid sequences of Gmal2p and homologues used to 
substitute the TMD of gma-GFP. The putative TMDs are underlined 
(stretch of relatively hydrophobic residues containing no charged 
residues). The adjacent residues shown were present in the 
constructs. The residues shown in blue are from Gmal2p. Serines 
and threonines within the TMDs are marked in red.

B. Hydropathy plots of the TMDs shown in A. These sequences were 
plotted using Kyte-Doolittle hydropathy values with a running 
average window of seven amino acids.
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TMD

Gmal2p

Gthlp MR F A P Y L IS A W IT T IIL G G A W W T S A M  DTK Q T . .

Gth2p
MR W Y SY V IPA V IL SIIA ISG V W W N A T L G T  R LD Q K V Q LFLQ T. .

MR L F V F W L L L C S G Y F L  K H T L Q T . .
GthSp

MAVLQWKLSR V IF V L L IIG IS S F L IY F Q F G N S F S A S P A L  ER  Q T . .

Gth4p
MR L IM L A L A IV F T F F A F G L Y F IP  H D E IS V F D F K L P A  Q T . .

GthSp
M A LM LSR IPR R F F F L F L T V G L IA G A F L Y S L IY F V  DVDLVSKV Q T . .
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Figure 5.2 Subcellular localisation of gma-gthl, gma-gth3 and gma-gthS 
by GFP fluorescence.

Strains HPW 115, HPW116 and HPW117 were grown for 16 hours in 
the absence of thaimine and either examined immediately by confocal 
microscopy (a, c and e) or incubated for a further hour with 50 |ig /m l 
BFA plus 20pM thiamine (b, d and f). The strains expressed the 
following fusion proteins: gma-gthl (a & b), gma-gth3 (c & d ) and gma- 
gthS (e & f ). The scale bars represent 5pm.
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Figure 5.3 Analysis of fusion proteins gm a-gthl, gma-gth3 and 
gma-gth5

A. Histogram of fluorescence intensity measurements of cells 
expressing gma-GFP, gma-gthl and gma-gth5. Individual cultures of 
S. pombe strains HPWlOl , HPW115 and HPW117 were grown in 
minimal media in the absence of thiamine for 16-18 hours at 32°C, 
then the fluorescence intensity of 10,000 cells analysed by flow 
cytometry.

B. W estern blot of fusion proteins
Microsomal extracts from strains expressing the fusion proteins
listed below were analysed by SDS-PAGE followed by Western
blotting. The proteins were detected with a sheep antibody raised
against GFP.
lane 1: gma-GFP
lane 2: gma-gthl
lane 3: gma-gth3
lane 4: gma-gth5
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Figure 5.4 Localisation of fusion proteins gma-gth2 and gma-gth4 by 
GFP fluorescence |

Confocal images of strains HPW118 (a) and HPW119 (b), that express 
fusion protein gma-gth2 and gma-gth2 respectively, grown for 16 
hours in the absence of thaimine. The scale bar represents 5pm.
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Figure 5.5 TMDs of fusion proteins gma-GFP and gma-daro
Sequence of the TMD of the gma-daro fusion protein compared to the 
TMD of gma-GFP. The TMDs are underlined and the altered amino 
acid residues are shown in red.
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gma-GFP

MR FAPYLISAWITTIILGGAWWTSAM DTKLQ
gma-daro

MR LAPLLISAWITT11LGGALLTPAM DTKLQ
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Figure 5.6 Localisation of gma-daro
Confocal image of GFP fluorescence of HPW120 cells grown for 16 
hours at 32°C in the absence of thiamine |(a). Confocal image of 
HPW120 cells grown in the same way as for (a) then incubated with 
lO ng/m l of BFA in the presence of 20|LiM thiamine (b). Confocal images 
taken using the dual red/green channel, of HPW120 cells grown as for 
(a) and stained for 30 minutes with FM4-64 at 32°C (c) or at 4°C 
followed by 10 minutes at 20°C (d) (GFP fluorescence shown in green 
and FM4-64 fluorescence shown in red). The scale bars shown represent 
5pm.
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Figure 5.7 Histogram of fluorescence intensity measurements of cells 
expressing gma-GFP or gma-daro

Individual cultures of S. pombe strains HPWlOl and HPW120 were 
grown for 16-18 hours at 32°C in the absence of thiamine, then the 
fluorescence intensity of 10,000 cells analysed by flow cytometry.
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Figure 5.8 TMDs of fusion proteins
Amino acid sequences of the TMDs of the following fusion proteins: 
gma-GFP gmaX, gmaAVII, gma+lL, gma+2L, gma+3L and gmaXTI>3L. 
XMDs are underlined and altered amino acids are shown in red.
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gma-GFP

MR FAPYLISAWITTIILGGAWWTSAM DTKLQ
gmaT

MR FAPYLITAWITTIILGGAWWTSAM DTKLQ
gmaAVII

MR FAPYLITAV— TT-ILGGAWWTSAM DTKLQ
gma+lL

MR FAPYLITAWITTIILGGAWWTSAM DTKLQ
--------------------------------t x -----------------------------------------L

gma4-2L

MR FAPYLITAWITTIILGGAWWTSAM DTKLQ
 ----------------------------------------

LL
gma+3L

MR FAPYLITAWITTIILGGAWWTSAM DTKLQ
-------------------------------7 ^ ----------------------------------------LLL

gmaAiri>3L

MR FAPYLITAWILLLILGGAWWTSAM DTKLQ
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Figure 5.9 Localisation of gmaT by GFP fluorescence
Confocal image of HPW121 cells grown for 16-18 hours at 32°C in the 
absence of thiamine. The scale bar shown represents 5|im.
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Figure 5.10 Localisation of fusion protein gma-AVII
Confocal image of GFP fluorescence of HPW122 cells grown for 16 
hours at 32°C in the absence of thaimine (a). Confocal image of 
HPW122 cells grown in the same way as for (a) then incubated with 
10 |ig/m l of BFA in the presence of 20pM thiamine (b). Confocal images 
taken using the dual red /green  channel, of HPW122 cells grown as for 
(a) and stained for 30 minutes with FM4-64 at 32°C (c) or at 4°C 
followed by 10 minutes at 20°C (d) (GFP fluorescence shown in green 
and FM4-64 fluorescence shown in red). The scale bars shown represent 
5pm.
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Figure 5.11 Localisation of gma+lL, gma+2L and gma+3L by GFP 
fluorescence.
Confocal images of the following strains grown for 16-18 hours in the 
absence of thiamine, the fusion protein expressed in each strain is 
shown in brackets.
a. HPW123 (gma+lL)
b. HPW124 (gma+2L)
c. HPW125 (gma+3L)
The scale bars shown represent 5pm.
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Figure 5.12 FM4-64 staining of HPW125 cells expressing gma+3L
Confocal images taken using the dual red/green channel, of HPW125 
cells grown for 16-18 hours in the absence of thiamine at 32°C and then 
stained for 30 minutes with FM4-64 at 32°C (a) or at 4°C followed by 10 
minutes at 20°C (b). GFP fluorescence is shown in green and FM4-64 
fluorescence is shown in red. The scale bars shown represent 5pm.
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Figure 5.13 Localisation of gmaTTI>3L by GFP fluorescence
Confocal images of S. pombe strain HPW126 grown for 16-18 hours in 
the absence of thiamine at 32°C. The scale bars shown represent 5pm.
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Figure 5.14 Western blot of GFP fusion proteins.
Microsomal extracts from strains expressing the fusion proteins listed 
below were analysed by SDS-PAGE followed by Western blotting. The 
proteins were detected with a sheep antibody raised against GFP. The 
panel to the left is part of the same gel with a longer exposure, 
lane 1: gma-GFP 
lane 2: gma+3L 
lane 3: gmaTTI>3L 
lane 4: gmaAVII
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CHAPTER 6

CONTINUED ANALYSIS OF THE ROLE 
OF THE TMD IN GOLGI LOCALISATION
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6.1 Introduction

In Chapter 5 I have shown that the TMD of Gmal2p is required for its 
Golgi localisation, in particular that the substitution of residues 
threonine, threonine, isoleucine in positions 14 to 16, with leucines, 
causes the mislocalisation of gma-GFP. I proposed that this fusion 
protein gmaTTI>3L is mislocalised to the ER, where it causes localised 
proliferation of regions of this compartment. The aims of the work 
described in this chapter were three fold:
• Firstly, to determine whether the substitutions in the TMD of 

gmaTTI>3L have caused it to misfold.
• Secondly, to determine whether gmaTTI>3L was indeed localised to 

regions of the ER as proposed.
• Thirdly, to determine the specific sequence requirements at 

positions 14 and 15 in Gmal2p.

6.2 Analysis of gmaTTI>3L

6.2.1 Activity of gmaTTI>3L

The fusion protein gmaTTI>3L is proposed to be mislocalised to the ER. 
There is, however, more than one possible reason for the retention of 
gmaTTI>3L in the ER. The substitution of residues threonine, 
threonine, isoleucine could have caused misfolding of Gmal2p. 
Misfolded proteins are retained within the ER by the quality control 
machinery and degraded (reviewed Hammond and Helenius, 1995). 
The aggregates of misfolded proteins formed are often associated with 
the ER chaperone BiP (Haas and Wabl, 1983). Alternatively, these 
substitutions could have disrupted a specific ER to Golgi targeting 
signal. To distinguish between these two possibilities the folding of 
gmaTTI>3L was examined. This was done in the same way as for gma- 
GFP, see Section 3.5.

In order to assay the fusion protein for enzymatic activity, gmaTTI>3L 
was expressed in an S. pombe strain in which endogenous 
terminal galactosyltransferase activity was absent. Since three
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homologues of Gmal2p, G thlp, GthSp and Gth5p have been shown to 
be necessary for this galactosyltransferase activity, the strain used was 
one in which the genes for all four of these proteins had been deleted. 
This strain (HPW200) (see table 2.1), which was constructed in the 
laboratory by B. Panaretou and T. Chappell, no longer modifies 
oligosaccharyl side chains on proteins within the secretory pathw ay by 
the addition of terminal galactose.

This strain (HPW202) was used initially to determine whether the 
localisation of gmaTTI>3L was affected by the deletion of these four 
endogenous galactosyltransferases. As shown in Figure 6.1 gmaTTI>3L 
is localised to the ribbon like structures as before. When the molecular 
weight of this protein was examined by SDS-PAGE followed by 
Western blotting a slight difference between the expression of the 
protein in the two strains, HPW126 and HPW202 was discernible. The 
proportion of gmaTTI>3L in the 83 kDa form is increased (compare 
lane 1 Figure 6.3 to lane 3 Figure 5.14) suggesting that in strain HPW202 
more of the fusion protein is reaching the Golgi apparatus as compared 
to strain HPW126.

Having determined the localisation of gmaTTI>3L in the strain 
HPW202, the activity of the fusion protein was then examined. Initially 
this was done by determining the ability of the fusion protein to restore 
galactosylated protein to the cell surface and thus BSL I binding. As 
shown in Figure 6.2, expression of gmaTTI>3L restored BSL I binding to 
the cell surface. This showed that some of the fusion protein was 
folding correctly and was active. However, it did not answer the 
question as to whether all of the fusion protein was folding correctly.

If gmaTTI>3L is properly folded it should bind to UDP-hexanolamine 
and have a galactosyltransferase activity similar to the gma-GFP fusion 
protein. The folding of gmaTTI>3L was then examined using affinity 
chrom atography to immobilised UDP-hexanolamine. Microsomal 
extract from HPW202 cells expressing gmaTTI>3L was applied to a 
UDP-hexanolamine column, washed and bound protein eluted with a 
buffer containing 0.5M NaCl. The starting material, wash and eluate 
were subsequently analysed for enzyme activity and by SDS-PAGE
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followed by Western blotting. This allowed me to determine whether 
the unbound protein present in the wash was active, and thus whether 
it failed to bind to the UDP-hexanolamine because of misfolding or 
simply the low affinity of binding of Gmal2p to UDP-hexanolamine 
(see Section 3.5 Chappell and Warren, 1989). The results are shown in 
Figure 6.3. The starting material appears to have lost some activity 
prior to the assay for enzyme activity and Western blotting, as the total 
activity for the wash and eluate is more than for the starting material. 
The protein present in the wash showed enzymatic activity 
approximately in proportion to the protein seen on the Western blot 
(lane 2, Figure 6.3). Both the 71 kDa species and the 83 kDa form of gma- 
TTI>3L bound to the UDP-hexanolamine Sepharose with similar 
efficiencies (lane 3 Figure 6.3). The 71 kDa form is hypothesised to be 
the unglycosylated, ER retained form of gmaTTI>3L; its binding to 
UDP-hexanolamine demonstrates that is not misfolded.

6.2.2 Glycosylation of gmaTTI>3L

As discussed in Chapter 5 and in section 6.2.1 when the molecular 
weight of gmaTTI>3L was examined by SDS-PACE and Western 
blotting the majority of the protein was present in the 71 kDa form 
rather than the 83 kDa form. This suggests that the majority of the 
fusion protein is failing to be glycosylated supporting the hypothesis 
that gmaTTI>3L is localised to the ER. In order to investigate this 
further the glycosylation of the two molecular weight forms of 
gmaTTI>3L was examined by ConA affinity chromatography in the 
same way as for gma-CEP (Section 3.4). The eluate fraction from the 
UDP-hexanolamine column described above was used as the starting 
material. This was applied to a ConA Sepharose column, washed and 
then bound protein eluted in half the starting volume with O.IM a- 
methylmannose. The fusion protein present in each fraction was 
determined by SDS-PACE followed by Western blotting. The 71 kDa 
form of gmaTTI>3L was only present in the flow-through fraction (lane 
2 Figure 6.4). The 83 kDa form bound to the lectin and could be eluted 
with the a  methyl mannose (lane 4 Figure 6.7). The differential binding 
of the two forms of gmaTTI>3L to the lectin Concanvalin A confirms
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the hypothesis that the lower 71 kDa band is unmodified by 
glycosylation.

6.2.3 Subcellular localisation of gmaTTI>3L

As described in Chapter 5, gmaTTI>3L is localised to ribbon-like 
structures generally just under the plasma membrane. These 
compartm ents were shown to be neither endosomes nor vacuoles as 
no colocalisation was seen with FM4-64. The distribution visualised by 
confocal microscopy and the alteration in molecular weight of 
gmaTTI>3L compared to gma-GFP suggested a possible ER localisation. 
This hypothesis was tested by costaining F1PW126 cells expressing 
gmaTTI>3L with an ER marker. The marker chosen was the ER 
chaperone BiP which was detected by indirect immunofluorescence 
(This experiment was carried out by T. Chappell.)

In Figure 6.5 two cells are shown stained with BiP. The left hand cell 
shows typical ER staining, that is staining mainly around the periphery 
of the cell and around the nuclear envelope. The cell on the right 
shows similar staining but in addition shows intense staining of 
subregions of the ER round the cell periphery. The cell on the right also 
shows gmaTTI>3L expression; gmaTTI>3L shows colocalisation with 
BiP in these intensely stained subregions of the ER. This confirms the 
hypothesis that gmaTTI>3L is localised to the ER.

The ribbon-like staining seen is not typical ER staining and appears to 
be caused by the expression of gmaTTI>3L in the cells, and thus I 
hypothesised that gmaTTI>3L causes localised proliferation of regions 
of the ER. This proposal was investigated by electron microscopy 
(carried out by T. Chappell and R. Watson). The structure of the ER was 
compared in HPW126 cells grown in the presence and absence of 
thiamine. These cells show no obvious difference in Golgi structure, 
however the ER in the absence of thiamine shows localised 
proliferation into stacked membranes (Figure 6.6A). Limited regions of 
the ER showed this proliferation, generally the ER found just under the 
plasm a membrane rather than the nuclear envelope. The ER in 
HPW126 cells grown in the presence of thiamine in contrast appeared
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identical to that seen in wildtype S. pombe cells (Figure 6.6B). Shown in 
Figure 6.7 is the control experiment carried out on FIPWlOl cells. These 
cells show no difference between their Golgi or ER structure in the 
presence or absence of thiamine (compare 6.7A and B).

6.3 Analysis of sequence requirements at positions 14 and 15 in 
Gmal2p

Having determined that the substitution of the three residues 
threonine, threonine, isoleucine at positions 14 to 16 w ith leucine 
caused the retention of Gmal2p in the ER without affecting the folding 
of the protein, I proceeded to determine whether the two threonine 
residues were required for Golgi localisation and whether any residues 
could substitute. I concentrated on the role of these two threonine 
residues at positions 14 and 15 (rather than the isoleucine) because 
polar residues have been shown in several studies to mediate both 
interhelical protein protein interactions and to be involved in Golgi 
protein targeting (Colley, 1997; Lemmon and Engelman, 1992;
Machamer et a l, 1993) The isoleucine at position 16 was restored in all 
the fusion proteins discussed below.

The first method used to investigate the properties of residues required 
for ER to Golgi targeting was the creation of a small library in which the 
two threonine residues were replaced with any combination of the 
following eight residues: serine, proline, alanine, valine, isoleucine, 
leucine, phenylalanine and threonine (Figure 6.8). Therefore the library 
consisted of 64 possible fusion proteins, 15 of which would have a 
threonine at one or both positions. This library was created by the 
ligation of annealed partially degenerate oligonucleotides into the A v r  
II and Sac II sites created in the centre of the coding region of the TMD 
of Gmal2p (see Materials and Methods and section 5.4). This library was 
transformed in to HPWlOO cells. Individual transformants were 
isolated, grown in culture in the absence of thiamine and the 
localisation of the expressed fusion proteins examined by fluorescent 
microscopy. The amino acid sequence of the TMDs of these fusion 
proteins was determined by sequencing of PGR products from DMA 
extracted from these S. pombe cells.
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Figure 6.8 shows the localisation of three fusion proteins created in this 
way. The fusion protein gmaXT>AI in which the two threonines have 
been replaced by the non polar residues alanine and isoleucine, shows a 
similar localisation to that seen with gmaXTI>3L (Figure 6.8 b). That is 
the ribbon-like structures just under the plasma membrane. The fusion 
protein gmaXX>SX, in which threonine 14 was substituted with a 
serine in the presence of threonine at position 15 showed a punctate 
distribution (Figure 6.8a). This distribution was indistinguishable from 
that seen for gma-GFP. The fusion protein gmaXX>WV, in which the 
two threonines had been replaced with a tryptophan and a valine also 
showed a punctate distribution (Figure 6.8c). These results show that 
the nonpolar residues alanine and isoleucine cannot substitute for the 
two threonines, however the polar residue serine can substitute for 
threonine at position 14 in the presence of a threonine at position 15. 
Interestingly a tryptophan at position 14 with the hydrophobic residue 
valine at position 15 also appears to confer Golgi localisation. 
Tryptophan is a bulky residue with both hydrophobic and polar 
properties. This suggests that a single polar residue at position 14 could 
restore Golgi localisation. This possibility was investigated below. The 
library approach proved more time consuming than expected due to 
sequencing difficulties. Therefore a more direct approach was taken.

In order to determine whether both the threonines were required, each 
threonine was replaced in turn with a leucine (see Figure 6.9). The 
results from the mini library had also suggested that other polar 
residues could functionally replace these threonines. This possibility 
was investigated by substituting both the threonines for the polar 
residue serine, fusion protein gmaSS (Figure 6.9). A further two fusion 
proteins, gmaSL and gmaLS, were constructed in which each threonine 
was replaced alternately with a serine and a leucine (Figure 6.9). All 
five fusion proteins were constructed using the A vr  II and Sac II sites 
introduced into the TMD (Materials and Methods 2.1.3). The 
localisation of the two fusion proteins, gmaTL and gmaLT, was 
examined by confocal microscopy. As shown in Figure 6.10 (a) and (b) 
the localisation of both these proteins was very similar, both showed 
fluorescence in ribbon like structures plus more typical ER type
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staining. This therefore shows that both threonines are necessary for 
Golgi localisation. The fusion protein gmaSS, when expressed in 
HPW129 cells showed a punctate distribution indistinguishable from 
that shown by gma-GFP (Figure 6.10c). This suggests that serines can 
functionally replace threonines 14 and 15 in ER to Golgi targeting. Both 
fusion proteins gmaSL and gmaLS, however, showed a localisation 
similar to that seen for gmaTTI>3L (Figure 6.10 d and e). Replacement 
of the polar residue at position 14 with leucine appears to cause less 
severe mislocalisation (compare Figure 6.10 a and b and Figure 6.10 & 
and e) than the substitution of the polar residue at position 15.

6.4 Discussion

The work described in this chapter established that the fusion protein 
gmaTTI>3L is correctly folded as shown by the UDP-hexanolamine 
affinity chromatography. The immunofluorescence data established 
that gmaTTI>3L is localised to regions of the ER, as shown by the 
colocalisation of gmaTTI>3L and BiP (Figure 6.5). Expression of this 
fusion protein caused regions of the ER to proliferate as shown by the 
electron microscopy data (Figure 6.7). Interestingly, the proliferation of 
the ER seen in FIPW126 cells is different to that seen in HPW102 cells 
in which gma-lOaa is overexpressed.

The finding that gmaTTI>3L is correctly folded rules out the possibility 
that it is localised to the ER due to interactions with the quality control 
machinery. This leaves at least two other possible reasons for the ER 
localisation. The fusion protein gmaTTI>3L could be reaching the Golgi 
apparatus but then recycling back to the ER. This possibility is excluded 
by the finding that the major 71 kDa form of gmaTTI>3L is not 
glycosylated, as shown by its failure to bind to Con A. Therefore it seems 
likely that gmaTTI>3L is mislocalised to the ER because of the 
disruption of a specific ER to Golgi targeting signal. The major question 
raised by the work described in this chapter is how these residues in the 
TMD mediate the ER to Golgi targeting of Gmal2p. It seems likely that 
they mediate a protein protein interaction with another membrane 
protein in the ER, necessary for recruitment of Gm al2p into COPII 
coated vesicles destined for the Golgi. Possible models for the Golgi
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targeting of Gm al2p are discussed in Chapter 7. Interestingly, when 
gmaTTI>3L is expressed in the deletion strain HPW202 an increased 
proportion of the fusion protein is found in the glycosylated 83 kDa 
form, suggesting that more of the fusion protein reaches the Golgi 
apparatus in this strain compared to the HPWlOO strain. The 
suggestion that some of the fusion protein gmaXTI>3L is reaching the 
Golgi in the deletion strain is supported by the BSL I binding data, as 
galactosylation of proteins is likely to only be able to occur in the Golgi. 
That deletion of these four endogenous proteins appears to improve 
the Golgi localisation of gmaTTI>3L (and gma-GFP , see Chapter 3) 
suggests that they are targeted by the same mechanism, although the 
possibility that this affect is solely the result of the deletion of Gm al2p 
has not been ruled out.

The consensus sequence for ER to Golgi targeting at positions 14 and 15 
in G m al2p was also examined in this chapter. Substitution of either 
threonine with a leucine caused ER localisation of the fusion protein. 
The polar residue serine could functionally substitute for the two 
threonines, but substitution of either with leucine again caused 
mislocalisation. The data therefore suggests that two polar residues at 
positions 14 and 15 are required for the Golgi targeting of gma-GFP. 
However an exception to this appears to be fusion protein gmaTT>WV 
in which a tryptophan was shown to be able to functionally substitute 
for the threonine at position 14 in the presence of the hydrophobic 
residue valine at position 15.
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Figure 6.1 Localisation of gmaTTI>3L in the deletion strain HPW202 
compared to the strain HPW126.

Confocal microscope images of HPW202 (a) and HPW126 (b) cells 
grown for approximately five generations in minimal media with no 
thiamine. The scale bars represent 5pm.
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Figure 6.2 BSL I lectin binding
Confocal microscope images of the following S. pombe strains stained 
with Texas red conjugated BSL I lectin. The pictures shown are false 
coloured green. (This experiment was carried out by T. Chappell)
a. HPWlOO cells
b. HPW200 cells
c. HPW202 cells grown in the presence of thiamine
d. HPW202 cells grown in the absenc of thiamine for 12 hours.
The scale bars represent Spm.
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Figure 6.3 Affinity chromatography of gmaTTI>3L with UDP- 
hexanolam ine.

Microsomal extract prepared from HPW202 cells expressing gmaXTI>3L 
was loaded onto a UDP-hexanolamine agarose column and washed 
and eluted as described in Materials and Methods.
A The fractions were analysed by SDS-PAGE followed by Western 

blotting. Equal volumes from each fraction were loaded onto the 
gel. The fusion protein was detected with a sheep polyclonal 
antibody raised against GFP.

B. The fractions were also analysed using the galactosyltransferase assay 
as described in Materials and Methods. The total 
galactosyltransferase activity in each fraction was calculated and 
compared. The proportion of fusion protein seen in each fraction on 
the Western blot was compared by comparing the density of the 
bands (determined using the NIH image programme). The 
percentages shown are corrected for the differences in volume of the 
fractions. The percentages shown in brackets are the relative 
proportions of the protein in the two different molecular weight 
forms in each fraction.

206



A
1 2 3

^  83 kDa

—  — ^  71 kDa

lane 1: starting material
lane 2: wash
lane 3: eluate

B

fraction volume total GT total GT % of protein
activity activity as % (Western blot

(nmoles/min) quatitation)

starting 4 mis 19.8 100 100 (50/50)
wash 4 mis 14.45 72 80 (50/50)
elution 2 mis 13.4 67 60 (60/40)
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Figure 6.4 ConA affinity chromatography
The affinity chromatography was carried out as described in Materials
and Methods using the eluted fraction from Figure 6.3 as the starting
material. Each fraction was analysed by SDS-PAGE followed by Western
blotting with a sheep polyclonal antibody raised against GFP. An equal
volume of each fraction was loaded onto the gel.
lane 1: starting material
lane 2: flow through
lane 3: wash
lane 4: eluate
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Figure 6.5 Localisation of gmaTTI>3L compared to BiP
HPW126 cells were grown for 16-18 hrs in the absence of thiamine, and 
then processed for immunofluorescence. The cells were stained with a 
rabbit polyclonal antibody raised against S. pombe BiP (kindly provided 
by J. Armstrong, University of Sussex) followed by Texas Red 
conjugated antirabbit IgG. The top panel (a) shows a confocal image of 
the localisation of gmaTTI>3L by GFP fluorescence, the middle panel 
(b) shows the same cell stained for BiP and panel (c) shows the two 
images overlayed (GFP in green and BiP in red).
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Figure 6.6 Electron micrographs of S. pom be  strain HPW126.
S. pombe HPW126 cells were grown in the presence (A) or the absence 
of thiamine (B) for 16-18 hours at 32°C. The cells were then fixed with 
potassium permanganate and embedded in epoxy resin (This 
experiment was carried out by T. Chappell and R. Watson). The ER is 
marked with arrow heads and the nucleus with N. The scale bar 
represents Ipm .
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Figure 6.7 Electron micrographs of S. pom be  strain HPWIOI.
S. pombe HPWlOl cells were grown in the presence (A) or the absence 
of thiamine (B) for 16-18 hours at 32°C. The cells were then fixed with 
potassium permanganate and embedded in epoxy resin (This 
experiment was carried out by T. Chappell and R. Watson). The ER is 
marked with arrow heads, the Golgi with arrows and G and the 
nucleus with N. The scale bar represents 1pm.
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Figure 6.8 The TT mini library
A. Possible amino acid substitutions in the TT mini library

Possible amino acids substitutions at postions 14 and 15 in the TT 
mini library are shown in red. Each threonine residue was replaced 
with any combination of the residues shown making a total of 64 
possible fusion proteins.

B. Localisation of three isolates
Confocal microscopy of three seperate isolates from the TT library 
grown for 16-18 hrs in minimal media with no thiamine. Their 
amino acid sequence at positions 14 and 15 is shown using single 
letter amino acid code. The scale bars represent 5pm.
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MR FAPYLITAWITTIILGGAWWTSAM DTKLQ
SS
FF
LL
PP
I I
W
AA
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a. gmaTT>ST

b. gmaTT>AI

c. gmaTT>WV
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Figure 6.9 TMDs of fusion proteins
Amino acid sequences of the TMDs of the following fusion proteins; 
gma-GFP, gmaX, gmaXL, gmaLX, gmaSS, gmaSL and gmaLS. The 
XMDs are boxed and the altered amino acids are shown in red.
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gma-GFP

MR FAPYLISAWITTIILGGAWWTSAM DTKLQ
gma-T

MR FAPYLI T A W  I TT 11LGGAWWT SAM DTKLQ
gma-TL

MR FAPYLITAWITLIILGGAWWTSAM DTKLQ
gma-LT

MR FAPYLITAWILTIILGGAWWTSAM DTKLQ
gma-SL

MR FAPYLITAWISLIILGGAWWTSAM DTKLQ
gma-LS

MR FAPYLITAWILSIILGGAWWTSAM DTKLQ
gma-SS

MR FAPYL ITAWI SSI ILGGAWWTSAM DTKLQ
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Figure 6.10 Localisation of gmaTL, gmaLT, gmaSS, gmaSL and gmaLS 
by GFP fluorescence.

Confocal images of the following strains grown in the absence of 
thiamine for 16-18 hours. The fusion protein expressed in each strain is 
shown in brackets
a. HPW127 (gmaTL)
b. HPW128 (gmaLT)
c. HPW129 (gmaSS)
d. HPW130 (gmaSL)
e. HPW131 (gmaLS)
The scales bars represent 5pm.
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CHAPTER 7 

DISCUSSION
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In this thesis I have used a GFP fusion protein to determine the 
localisation signals in the Golgi enzyme Gmal2p. I have shown that 
the addition of the GFP tag does not affect either its function or its 
localisation and that both the TMD and the stem region of the enzyme 
are required for its correct localisation to the Golgi complex.

The data presented in Chapters 5 and 6 demonstrates that the TMD of 
Gmal2p is required for its transport to the Golgi complex. In particular,
I have shown that the two threonines at positions 14 and 15 are 
required for this localisation. Substitution of these two threonines and 
the adjacent isoleucine with leucine leads to the mislocalisation of the 
fusion protein to the ER, but not to its misfolding. Substitution of 
either threonine individually with leucine also lead to the 
mislocalisation of the fusion protein, but when both threonines were 
substituted with the polar residue serine the fusion protein was 
localised to the Golgi. This raises the question of possible mechanisms 
by which ER to Golgi transport of Gmal2p is mediated and how the 
threonines are involved.

I propose that these residues in the TMD mediate a protein protein 
interaction. Several proteins are known to dimerize and oligomerize 
through their TMD (reviewed Lemmon and Engelman, 1992), such as, 
for example, the subunits of the T cell receptor. A nine amino acid 
segment of the TMD of TCRa subunit contains all the information 
necessary for its association with the other subunit CD3Ô (Manolios et  
aL, 1990). Another example of TMD interactions is that of the human 
erythrocyte sialoglycoprotein glycophorin A. This protein forms a stable 
homodimer mediated through its TMD. Even subtle alterations in its 
TMD, like a valine and leucine substitution, have been shown to 
significantly disrupt this association (Lemmon et  aL, 1992).

Assum ing that the TMD mediates a protein protein interaction, how  
could this lead to recruitment of Gmal2p into COPII coated vesicles and 
exit from the ER? There are several possible mechanisms for this 
depending on whether the protein protein interaction is transient or 
more permanent. To consider the possibility of permanent interactions 
first, Gmal2p could be part of a homo or heteroligomeric complex.
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Protein oligomers are usually assembled in the ER. Proteins that fail to 
assemble into the correct oligomeric complex, are often retained by the 
ER quality control machinery. Eor example, IgG immunoglobulins, 
consist of a heavy chain and a light chain. In the absence of the light 
chain, the heavy chain is retained in the ER by interactions with the ER 
chaperone BiP (Haas and Wabl, 1983). Similarly, Gmal2p may be part of 
an oligomeric complex and failure to be incorporated in this complex 
could lead to its retention by the quality control machinery in the ER 
(Eigure 7.1A). Alternatively Gmal2p could form a heteroligomer with a 
protein that contains a signal recruiting it to COPII coated vesicles 
(Eigure 7.IB). Little is known about the signals recruiting proteins to 
COPII coated vesicles. However, a phenylalanine motif in the 
cytoplasmic tails of the p24 family of proteins has been shown to 
mediate binding of these proteins to Sec23p, a component of the COPII 
coat. Mutation of this motif led to the mislocalisation of p24 to the ER 
in vivo (Dominguez et aL, 1998). Additionally, a diacidic motif has 
been identified in the cytoplasmic tail of VSV G as necessary for exit 
from the ER, but it is not currently known if this motif mediates 
binding to COPII components (Nishimura and Balch, 1997).

Pertinent to these oligomer models (Figure 7.1 A & B) is the evidence 
that Golgi proteins exist as heteroligomers. Eor example in S. cerevisiae 
two Golgi enzyme complexes have been isolated, one containing the 
enzymes Mnn9p and V anlp and the other containing the enzymes 
Mnn9p, A nplp , Hoclp, M nnllp , and MnnlOp (Jungmann et aL, 1999). 
Interestingly, overexpression of either A nplp or MnnlOp leads to the 
retention of the respective protein in the ER (Mondesert and Reed, 
1996) (Chapman and Munro, 1994). This suggests that oligomerisation 
is necessary for exit of these proteins from the ER. In addition deletion 
of proteins in this complex leads to loss of abundance of A npl protein. 
In mammalian cells the Golgi enzymes NAGT and M annll have also 
been shown to form complex with each other. Although this complex 
formation is proposed to occur in the Golgi, retention of NAGT in the 
ER by the addition of an ER retention signal causes the mislocalisation 

of Mannll showing that they can associate in the ER (Nilsson et aL,
1994).
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As mentioned previously, Gmal2p may be recruited into COPII coated 
vesicles via a transient interaction between the TMD and a receptor 
protein (Figure 7.1C). As discussed in the introduction, however, no 
receptors for the transport of cargo form the ER to the Colgi have been 
definitively identified, although the p24 family of proteins and ERCIC- 
53 have been proposed to play this role (see section 1.2.7). Of particular 
interest, in the case of Cmal2p, is the suggestion that enzymes are 
escorted to the compartment in which they are required to be active 
(Herrmann et aL, 1999). Thus Cm al2p could form a complex with a 
protein that played a dual role by recruiting Cm al2p to COPII coated 
vesicles and ensuring that the enzyme remained inactive until it 
reached the Colgi complex.

In terms of these three possible models (A, B or C) it is interesting to 
note that the glycosylation of gma-CFP and gmaTTI>3L appears to be 
increased in the strains HPW201 and HPW202 respectively (see Chapter 
6). I have suggested that this increase is due to an increased proportion 
of these fusion proteins being present in the Colgi in these strains. 
These strains have the genes encoding the endogenous proteins 
Cm al2p, C thlp , Cth3p and Cth5p deleted. C th lp  and Cm al2p show 
overlapping functions in terms of O-linked glycosylation thus they may 
be part of the same oligomeric complex. The functions of Cth3p and 
Cth5p are not known though they are proposed to be 
galactosyltransferases that act on N-linked glycans (see section 1.4.6). It 
is not clear whether the deletion of Cm al2p alone or of all four 
proteins increases the transport of gma-CFP and gma-TTI>3L to the 
Colgi. Nevertheless, this result suggests that Cm al2p does not form a 
complex with either C thlp , Cth3p or Cth5p. How could the deletion of 
these genes result in the increased Colgi localisation of both gma-CFP 
and gmaTTI>3L? One possible explanation of this is that one or more of 
the deleted proteins competes with the CFP tagged version of Cm al2p 
for some limiting factor necessary for exit from the ER. This could 
either be other proteins to form an oligomeric complex with or 
alternatively a receptor for ER to Colgi traffic. It would be interesting to 
determine whether the increase in glycosylation of gma-CFP and 
gmaTTI>3L required the loss of all four proteins.
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Figure 7.1 Models for the retention of gma-GFP in the ER
A. Oligomer model with gma-GFP retained in the ER by quality control 
machinery
B. Oligomer model with gma-GFP retained in the ER by the absence of a signal 
for recruitment into COPII coated vesicle.
C. Receptor model with gma-GFP retained in the ER by the absence of an 
interaction with a receptor.

228



The three models proposed above could be tested by identifying 
proteins that interacted with gma-GFP but not, or less efficiently, with 
gmaXTI>3L. This could be achieved by immunoprécipitation 
experiments or cross-linking followed by immunoprécipitation. The 
oligomer models (A &B) versus the receptor model (C) could be 
distinguished by pulse chase immunoprécipitations to determine 
w hether the interactions were transient. Thus, if Gm al2p formed a 
oligomer in the Golgi immunoprécipitations would bring down 
interacting proteins even after expression of Gma-GFP was repressed. 
Cross-linking followed by immunoprécipitation might be required if 
G m al2p interacted with a receptor transiently as only a small 
proportion of the protein would show the interaction at any one time. 
Also, determining the normal localisation of any identified protein or 
proteins would help clarify the issue since co-precipitation of an ER 
localised protein would support the receptor hypothesis whereas a 
Golgi localised protein would support the oligomer hypotheses.

An interesting question raised by this work is what region of the ER is 
gmaTTI>3L localised to? Although gmaTTI>3L colocalises with BiP, 
unlike BiP it is not distributed evenly through the ER but concentrated 
in certain regions, generally at the periphery of the cell. These regions 
show membrane proliferation as shown by the electron micrographs of 
cells expressing gmaTTI>3L. The ER has been shown to be composed of 
subregions, classically three, the rough ER, the smooth ER and the 
nuclear envelope. Recently, however, it has been proposed that the ER 
may be further divided into specialised subdomains (reviewed Sitia 
and Meldolesi, 1992). One of these proposed subdomains is the 
transitional ER, from which cargo is packaged into vesicles and 
transported to the Golgi. It is worth noting that the rubella virus El 
protein, which in the absence of E2 protein with which to form a 
heterodimer, is found in the ER, accumulates in a subdomain of the ER 
that colocalises with the components of COPII coats, Sec23p and Secl3p 
(Hobman et aL, 1998). In yeast transitional ER has also been examined. 
This was done by determining the localisation of Secl2p, a component 
of the COPII budding machinery that is not itself incorporated into 
COPII vesicles. In S. cerevisiae Secl2p is found throughout the ER, 
suggesting that in this yeast COPII vesicles bud throughout the ER,

229



however, in Pichia pastoris it is localised to particular regions of the ER 
(Rossanese et aL, 1999). If S. pombe has morphologically distinct 
transitional zones, identifying the subregion of the ER that gmaTTI>3L 
is localised to could help distinguish between the three different 
models. Thus, it could be mislocalised to a region of the ER in which 
proteins that cannot be degraded or transported forward are localised to. 
Alternatively, it could be localised to transitional ER which would 
support models B or C. Whether gmaXTI>3L is indeed localised to 
transitional ER could easily be tested by costaining cells expressing 
gmaXTI>3L with COPII components, since homologues of both Secl2p 
and Sarlp have been identified in S. pombe (Denfert et aL, 1992).

As discussed above in Chapters 5 and 6 I have demonstrated that 
specific residues within the XMD of Gmal2p are required for export 
from the ER. However, the XMD plus the first 10 amino acids of the 
lumenal domain are not sufficient to localise gma-GFP to the Golgi 
apparatus. Further fusion proteins containing increasing amounts the 
stem region showed that 73 amino acids of the stem region was the 
m inim um  requirement for Golgi localisation. Two main questions 
were raised by these fusion proteins. Firstly, why is the stem region 
required for Golgi localisation of the GFP tagged protein? Secondly, 
what is the localisation of the fusion proteins with the shorter stem 
regions?

Both the fusion proteins, gma-lOaa and gma-55aa, as discussed in 
Chapter 4, are clearly not localised to the Golgi apparatus. While it is 
not certain which compartment they are localised to, the evidence 
supports the hypothesis that both are localised to pre-Golgi 
compartments. Neither gma-lOaa nor gma-55aa show any alteration in 
their localisation after treatment of cells with BE A, they show no 
colocalisation with EM4-64 and neither is glycosylated. The fusion 
protein gma-55aa does show some localisation that is typical of the ER, 
that is around the nucleus and the cell periphery. In some cells, 
however, it is also localised to a 'beads on a string' structure that runs 
from one end of the cell to the other. This localisation is highly 
reminiscent of that seen for microtubules in S. pombe. In mammalian 
cells there is good evidence that microtubules and the ER are associated
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(Lee and Chen, 1988; Terasaki et al., 1986). Recently an integral ER 
protein, p63, has been shown to bind microtubules directly 
(Klopfenstein et al., 1998). I would therefore hypothesise that gma-55aa 
is localised partly to the ER and partly to a microtubule associated 
compartment that is a subcompartment of the ER. This hypothesis 
could be tested by costaining cells expressing gma-55aa with markers for 
the ER and microtubules. It is unclear as to why gma-55a and gma30- 
55aa should be associated with this putative microtubule associated 
compartment. This 'beads on string' compartment could also be 
separate from the ER, possibly an ER-Golgi intermediate compartment.

The localisation of the fusion proteins gma-lOaa, gma-15aa, gma-20aa 
and gma-30aa, also raises questions. These fusion proteins as described 
in chapter 4, are localised to a large round structure next to the nucleus, 
reminiscent of that seen in S. pombe when HMG-CoA reductase is 
overexpressed (Lum and Wright, 1995). In that paper the compartment 
was found to be a degradative compartment. As this enzyme is the rate- 
limiting enzyme of sterol biosynthesis, the membrane proliferation 
caused by its overexpression could be a regulatory mechanism by which 
the cell controls its activity. Similarly, the localisation of gma-lOaa, 
gma-15aa, gma-20aa and gma-30aa could be a means of the cell 
removing these non native proteins from the secretory pathway.
While the increase in overall cell fluorescence found in these cells by 
flow cytometry appears to argue against this hypothesis of a degradation 
compartment, this does not rule out the possibility that localisation to 
this compartment occurs to segregate proteins that require removal 
from the secretory pathway but cannot be degraded.

W hat are the possible reasons for the requirement for the stem domain 
in Golgi localisation of Gmal2p? As discussed in Chapter 4, 73 amino 
acids of the stem region are required but they can be from either end of 
the stem region, since both gma-73aa and gmaA32aa are correctly 
localised to the Golgi apparatus. One possible explanation is that the 
region of the stem from 32 to 73 contains a specific signal for Golgi 
localisation. This hypothesis could easily be tested by seeing if this 
region in conjunction with the TMD is capable of conferring Golgi 
localisation on GFP. However, there are two potential problems with
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this theory. Firstly, the distance of this region from the membrane 
differs between gma-73aa and gmaA32aa without affecting their Golgi 
localisation. Secondly, this region shows no sequence identity with 
other Golgi proteins.

An alternative possibility for the requirement for the stem region is 
that a particular length of stem region is required. One possible reason 
for this could be to prevent GFP sterically hindering protein-protein 
interactions mediated by the TMD. However, if this were the case I 
would expect the fusion proteins to effect the ER in the same way

as gmaTTI>3L. This is clearly not the case. An alternative 
explanation is that in the absence of the stem domain, the fusion 
protein is recognised as aberrant or non native.

In this thesis, I have shown that, as for all other Golgi glycosylation 
enzymes, the N -terminal region of Gmal2p rather than the catalytic 
domain, contains targeting information. However, all the deletions 
and mutations studied led to the failure of the enzyme to be 
transported to the Golgi complex, rather than to its transport beyond 
this organelle. This suggests that the exit of Golgi enzymes from the ER 
is a regulated process, rather than simply occurring by default. It would 
be interesting to examine whether this is a general feature of Golgi 
enzymes and whether the signals required for the exit from the ER are 
also required for Golgi localisation.
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